
 
 

 

Distribution Agreement  

In presenting this thesis or dissertation as a partial fulfillment of the requirements for an 

advanced degree from Emory University, I hereby grant to Emory University and its agents the 

non-exclusive license to archive, make accessible, and display my thesis or dissertation in whole 

or in part in all forms of media, now or hereafter known, including display on the world wide 

web. I understand that I may select some access restrictions as part of the online submission of 

this thesis or dissertation. I retain all ownership rights to the copyright of the thesis or 

dissertation. I also retain the right to use in future works (such as articles or books) all or part of 

this thesis or dissertation. 

 

 

Amanda Pierce          Date 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Determining the effects of animal migration and range 
expansion on population genetics 

 
By 

 
Amanda Pierce 

Doctor of Philosophy 
 

Graduate Division of Biology and Biomedical Sciences 
Population Biology, Ecology, and Evolution 

 
 
 

Jacobus de Roode, Ph.D. 
Advisor 

 
 

 
Nicole Gerardo, Ph.D. 
Committee Member 

 
 

 
Timothy Read, Ph.D. 
Committee Member 

 
 
 

Leslie Real, Ph.D. 
Committee Member 

 
 
 

Michael Zwick, Ph.D. 
Committee Member 

 
 

Accepted: 
 
 
 

Lisa A. Tedesco, Ph.D. 
Dean of the James T. Laney School of Graduate Studies 

 
 
 

Date 
 
 



 
 

 

Determining the effects of animal migration and range 
expansion on population genetics 

 
 
 
 

By 
 
 
 
 

Amanda Pierce 
B.S. University of Kansas, 2010 

 

Advisor: Jacobus C. de Roode 

 

 

 

 

An abstract of 
A dissertation submitted to the Faculty of the 

James T. Laney School of Graduate Studies at Emory University 
in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 
Graduate Division of Biological and Biomedical Sciences 

Population Biology, Ecology, and Evolution 
2015 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

Abstract 
 

Determining the effects of animal migration and range expansion on 
population genetics 
By Amanda Pierce 

 
 
Animal movement does not only affect the individual, but can also have profound implications 
for population dynamics and species distributions. In this thesis, I use the monarch butterfly, 
Danaus plexippus, as a model system to understand the connectivity and genetic differentiation 
among populations with different migratory strategies, as well as the effects of range expansion 
on population genetics and structure. Monarchs are known for their fall migration from eastern 
North America to their overwintering sites in Mexico, but also occur west of the Rocky 
Mountains, from which they migrate to the California coast. Using microsatellite markers, I 
found that despite differences in migration destination and the Rocky Mountains to serve as a 
potential barrier, eastern and western North American monarchs are genetically 
indistinguishable. This indicates that monarchs are able to maintain divergent migratory 
pathways despite high genetic similarity. I expanded this study to include additional sampling 
sites located south of the Mexican overwintering sites. It has long been believed that monarchs 
have a two-way migration in which all monarchs return north after the overwintering period. 
However, I found that monarchs in Costa Rica and Belize are not genetically differentiated from 
their northern counterparts. A hypothesis is that rather than a strict two-way migration, some 
percentage of monarchs instead radiate outwards from the overwintering sites. Moreover, the 
monarchs in Costa Rica and Belize are non-migratory, which again demonstrates how different 
migratory strategies are maintained despite high similarity among neutral genetic sites. In 
addition to the monarchs mentioned, there are also non-migratory monarchs located around the 
world wherever temperature and larval food plant abundance allow. Despite monarchs 
colonizing these locations fairly recently, my research found high levels of genetic structure and 
differentiation across areas and continents that are separated by seas and oceans. My work also 
suggests that despite the high proclivity for dispersal, genetic drift still plays a major role in 
shaping allele frequencies in these newly colonized areas, through multiple and serial founder 
effects. Future work coupling population genetic theory with next generation technologies will 
lead to additional breakthroughs in this field. 
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Chapter 1 

Introduction 

This dissertation focuses on the effects of animal movement on population structure and 

genetics. Animal movement can have immediate and long term effects by impacting 

reproduction and survival. Movement does not only affect the individual, but can also have 

profound implications for population dynamics and species distributions (Birand et al. 2012; 

Johst & Brandl 1997; Slatkin 1987). Additionally, animal movement affects local community 

ecologies through changing trophic interactions, bringing in or removing vectors of disease, or 

by moving genetic material (Holdo et al. 2011). Two forms of movement that I focus on, and 

which differ in directionality and function, are dispersal and migration.  

Dispersal is the permanent movement of an individual away from a source population, 

and affects the range in which genetic mixing occurs. Consequently, dispersal has effects on 

inbreeding and adaptation based on the associated levels of gene flow (Ebert et al. 2002; Johst 

& Brandl 1997; Pusey & Wolf 1996). Animals can disperse actively as a means to find mates or to 

escape deteriorating conditions when resources become scarce, or passively through weather 

events such as strong winds or hurricanes. In addition to dispersal events, each year, millions of 

animals undertake long-distance migrations to escape changing habitats, competition, and 

predation (Alerstam 2006; Alerstam et al. 2003; Altizer et al. 2011; Dingle 1972, 1996; Fricke et 

al. 2011; McKinnon et al. 2010). Migratory behavior, which involves synchronized and 

directional movement, requires navigational abilities (Liedvogel et al. 2011), and can have 

profound effects on species interactions and habitat ecology (Birand et al. 2012; Johst & Brandl 

1997; Slatkin 1987). Some of the most impressive animal migrations involve the directed 

movement of millions of individuals across distances that span whole continents or hemispheres    

(Alerstam et al. 2003).  
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Dispersal and migration can result in speciation by creating geographic, behavioral, or 

temporal reproductive barriers. Conversely, movement can impede speciation by increasing 

gene flow amongst populations, which consequently hampers adaptation (Lenormand 2002). 

Gene flow can also have important consequences for the spread, persistence and evolution of 

infectious diseases (Cronin 2009; Ostfeld et al. 2005; Riley 2007; Thrall & Antonovics 1995; 

Thrall & Burdon 1997). Host movement can dramatically affect host-parasite interactions by 

allowing animals to escape from parasitized locations (Hassell et al. 1991). In addition, it can 

also affect host-parasite interactions by resulting in the spread of host resistance genes and 

parasites across landscapes (Best et al. 2011; Carlsson-Graner 2006; Carlsson-Graner & Thrall 

2002). Due to the large effects that animal movement has on a multitude of processes, 

uncovering its patterns and mechanisms is critical for our understanding of population genetics 

and evolution. 

 

1.1 Animal dispersal and its effects on population genetics 

Animal dispersal can have profound effects on population structure and genetics through 

founder effects and alterations in gene flow. These effects can have lasting impacts on the 

evolution of a species, as founder effects and other forms of genetic drift can leave a persistent 

signal over time even in the face of strong natural selection (Kolbe et al. 2012). Similarly, the 

degree of gene flow can either assist in speciation through a reduction in interbreeding or 

impede local adaptation through an influx of non-adapted alleles. Due to these effects, there is 

considerable interest in understanding how animal dispersal further affects genetic and 

evolutionary processes. For my thesis, I focus on the specific effects of range expansion, as well 

as understanding the role of current gene flow, on population genetic makeup.  

Typically, range expansions are characterized by a decrease in genetic diversity and an 

increase in among-population differentiation with increasing geographic distance from the 

source population (Eckert et al. 2008; Peter & Slatkin 2013; Schulte et al. 2013). Theoretical 



3 
 

and empirical studies have shown that in the case of a range expansion, the highest levels of 

genetic diversity tend to be located in the oldest portions of the range (Francois et al. 2008; 

Slatkin & Excoffier 2012; Taberlet et al. 1998), and that genetic diversity decreases with 

increasing distance from the source range due to serial founder events (Austerlitz et al. 1997). 

One way in which this has been detected is through measures of heterozygosity.  In Homo 

sapiens, migration out of Africa has resulted in a number of serial founder effects, resulting in a 

decrease in heterozygosity with increasing distance from the African origin in Ethiopia 

(Deshpande et al. 2009; Li et al. 2008; Prugnolle et al. 2005; Ramachandran et al. 2005). 

Theory dictates that genetic drift should play a large role in the genetic structuring of newly 

formed populations along a range expansion front due to low population density and the 

potential for high growth rate (Edmonds et al. 2004; Klopfstein et al. 2006).  

One genetic phenomenon that results from this is gene surfing (Figure 1), in which 

neutral, or even deleterious alleles, reach higher than expected frequencies along the front of an 

expansion wave and can result in genetic differentiation among populations (Biek et al. 2007; 

Edmonds et al. 2004; Flaxman 2013; Hallatschek & Nelson 2008; Klopfstein et al. 2006; 

Slatkin & Excoffier 2012). An experimental study using fluorescently labeled bacteria 

demonstrated that genetic drift can strongly change allele frequencies during range expansion, 

letting some go to fixation and others to extinction (Hallatschek et al. 2007). In fact, genetic 

drift can be such a powerful force during a range expansion that another study on budding yeast 

found that drift was able to override selection for mutualistic cooperation (Muller et al. 2014). 

As a result of gene surfing, clinal patterns in allelic frequencies are typically observed, in which 

the frequency of certain alleles increase and become more dominant along the wave front 

(Slatkin & Excoffier 2012), resulting in an increase in genetic differentiation among spatial 

groups (Excoffier & Ray 2008). The changing of allelic frequencies in combination with an 

increase in differentiation can even give the appearance of natural selection (Excoffier et al. 

2009).  
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Figure 1.1. Genetic drift occurring at the wave front of an expanding population, 
leading to changes in allele frequencies and surfing. (a) Initial conditions show an 
equal proportion of two alleles (red and green). (b) The red allele found by chance at the tip of 
the wave front in (a) increases in frequency. (c) The red allele has become fixed by drift at the 
wave front. Reprinted from Trends in Ecology and Evolution, 23, Excoffier & Ray, Surfing 
during population expansions promotes genetic revolutions and structuration, 347-351, 2008, 
with permission from Elsevier 
 

Gene surfing has been observed after range expansions in multiple species, including the 

bank vole, Myodes glareolus, in Ireland (White et al. 2013) and the tortoise Testudo graeca in 

Northern Africa and south-eastern Spain (Gracia et al. 2013), both of which have relatively low 

rates of dispersal. While these studies have demonstrated the powerful effects of genetic drift in 

shaping population genetics due to range expansions in both natural and invasive species, few 

studies have been carried out on organisms with great dispersal ability. In these situations, 

geographic distance among populations may not be as important, and consequently, gene flow 

may override genetic drift. In simulations investigating the effect of long range dispersal, it was 
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indeed found that while serial founder events tend to result in a loss of genetic diversity, 

diversity can be preserved through high rates of long-distance dispersal (Fayard et al. 2009). 

These long-distance dispersal events can also result in a reduction of genetic differentiation 

between populations, thus lessening many of the effects of gene surfing (Bialozyt et al. 2006; 

Ray & Excoffier 2010). In fact, the disappearance or reduction of an isolation-by-distance 

pattern has been shown in a handful of instances involving long-range dispersal, as is the case 

with invasive European starlings in South Africa (Berthouly-Salazar et al. 2013) and peat mosses 

in the Stockholm archipelago in Sweden (Szovenyi et al. 2012). 

Similar to species with long distance dispersal, a highly mobile migrating species may 

also experience sufficient gene flow between populations to override the loss of genetic diversity. 

Each year, millions of animals undertake long-distance migrations to escape changing habitats, 

competition, and predation (Alerstam 2006; Alerstam et al. 2003; Altizer et al. 2011; Dingle 

1972, 1996; Fricke et al. 2011; McKinnon et al. 2010). During migration, some individuals may 

be either blown off course, or drop out along the way, resulting in the formation of small 

colonies and subsequent range expansion. In species with limited dispersal, this may result in 

isolation by distance; however, with the high mobility of migrating species, higher levels of gene 

flow may exist among populations along the expansion wave front. 

 

1.2 Animal migration genetics and its effects on population structure 

Migration can affect levels of gene flow within and genetic differentiation among populations, 

especially when species occupy multiple breeding grounds and migration destinations (Haig et 

al. 1997). Divergent migratory pathways and destinations could lower opportunities for genetic 

mixing, and hence result in genetic divergence. For example, the Old World noctule bats, 

Nyctalus noctula, which migrate between hibernating and summer nursing sites, are genetically 

differentiated with respect to overwintering sites and migration flyways (Petit & Mayer 2000). 

Similarly, beluga whales, Delphinapterus leucas, migrate between wintering sites in arctic pack 
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ice and summering grounds in arctic and subarctic offshore waters, and there are considerable 

levels of differentiation between belugas using different summering grounds (O'Corry-Crowe et 

al. 1997).  

In contrast, the use of common migratory flyways, breeding grounds, or overwintering 

areas can lead to high levels of genetic mixing, even when populations experience different 

selection pressures or population sub-structuring at other points in their migratory cycle. For 

example, red-billed quelea birds, Quelea quelea, in southern Africa undergo long-distance 

migrations in response to seasonal patterns of rainfall and grass seed production. Although 

different groups of birds move in north-westerly or south-easterly directions (Dallimer & Jones 

2002), genetic analysis shows high levels of mixing between these groups, which probably 

occurs when birds re-colonize the same areas in the following season (Dallimer et al. 2003).  

As with other species, the use of widely dispersed breeding grounds, distinct wintering 

sites, and different migratory flyways could cause local genetic differences in migratory monarch 

butterfly populations, the focus of this thesis. The earliest published population genetic study on 

monarch butterflies examined this issue using allozymes. In a seminal paper, Eanes and Koehn 

(1978) examined the population structure of eastern North American monarchs by collecting 30 

geographic samples throughout the monarchs’ summer breeding grounds and along their fall 

migration routes in the eastern United States. Using six allozyme loci, Eanes and Koehn found 

differentiation between monarch groups during the summer breeding season. They 

hypothesized that this differentiation may result from genetic drift. Because monarchs are more 

regionally contained during the summer than during the migration, random drift could result in 

differences in allele frequencies between sub-populations. It is also possible that differential 

selection could cause allele frequencies to vary among sampling locations. Such differential 

selection may act on allozyme markers, some of which have been linked with flight metabolism 

(Hughes & Zalucki 1993; Solensky & Oberhauser 2009; Zalucki et al. 1993). Eanes & Koehn also 

found that the annual migration erased the genetic differentiation detected across summer 
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breeding sites, by mixing monarchs from different breeding regions. Thus, as with red-billed 

quelea birds (Dallimer et al. 2003), monarchs originating from a range of breeding sites appear 

to mix randomly during the migration season.  

Migration has also been deemed a “magic trait”, or a trait that drives speciation, as 

differences in migration destination or timing could result in reproductive isolation and 

eventually species divergence (Irwin & Irwin 2005; Servedio et al. 2011). In addition to 

understanding its effects on population genetics and structure, it is also crucial to uncover the 

underlying genetic architecture of migratory ability. Although migration plays a large role in 

evolution, the mechanisms by which migrating animals navigate are not fully understood 

(Alerstam 2006). It appears circadian rhythm, (Froy et al. 2003), geomagnetic fields 

(Benhamou et al. 2011), polarized light (Reppert et al. 2004), and use of a celestial compass are 

some of the potential mechanisms involved in various animal migrations (Åkesson et al. 2001; 

Merlin et al. 2009; Reppert et al. 2010). However, the underlying genetic mechanisms of 

navigation remain a puzzle. Studies using neutral markers to investigate intraspecific divergent 

migratory phenotypes have found that differences in traits either do not, or only weakly, 

correlate with large scale genetic differentiation (Bensch et al. 2002; Bensch et al. 1999; Buerkle 

1999; Wolf et al. 2010). It is becoming clear that differences in migratory phenotypes may 

instead be caused by differences in relatively few genomic regions, resulting in the alteration of 

gene networks and the expression levels of many genes (Liedvogel et al. 2011).  

 

1.3 Using monarch butterflies as a model system to test the effects of dispersal and 

migration on population genetics 

To investigate the genetic effects of migration and long-distance dispersal, I use the 

monarch butterfly as a model system. The monarch butterfly, Danaus plexippus, is an ideal 

study system for these objectives. Monarchs are found in populations worldwide with highly 

variable between-population geographic distances and dispersal barriers, and occur wherever 
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temperature and larval food plant distribution allow, as the caterpillars are specialist herbivores 

feeding only on milkweed plants in the family Asclepiadaceae. Monarchs have only recently 

formed stable colonies in the majority of these locations, providing a unique look at the effects of 

recent dispersal events on gene flow and genetic diversity. Monarch butterflies also have a 

naturally occurring protozoan parasite, Ophryocystis elektroscirrha, which allows for the 

investigation of the effects of host movement on parasite prevalence. Finally, monarchs are well 

known for their autumnal migration from eastern North America to Mexico; hundreds of 

millions of monarchs escape freezing temperatures and dying larval food plants in eastern North 

America, travel upwards of 4000 km to overwinter in the Oyamel fir forests of the Mexican 

Transverse Neovolcanic Range, then re-migrate to eastern North America in the spring 

(Urquhart & Urquhart 1978, 1979). Each migrating butterfly makes the journey only once, and 

3-4 generations separate each migration. Therefore, the navigation and homing mechanisms 

involved must be innate. This makes the monarch butterfly an exceptional organism to study the 

effects of migratory strategy on genetics.  

 
Figure 1.2. Overwintering sites of the eastern monarchs in Mexico (left) and the western 
monarchs in California (right). 
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Aside from this eastern group, monarchs also occur west of the Rocky Mountains, from 

which they migrate to the California coast (Tuskes & Brower 1978; Figure 2). Conventional 

wisdom suggested that these monarchs were geographically separated by the Rocky Mountains, 

thus preventing gene flow from occurring, but studies with adequate genetic markers and 

samples have been lacking (Figure 3). 

 

Figure 1.3. Map showing the location and migratory patterns of eastern and 
western North American monarchs. Eastern North American monarchs migrate between 
eastern North America and Mexican overwintering sites. Western North American monarchs 
migrate to the California Pacific Coast and are believed to be geographically and genetically 
separated from the eastern monarchs by the Rocky Mountains (indicated in the white dashed 
line). 
 

Importantly, monarchs also occupy locations ranging from the New World tropics to 

more recently-colonized Pacific islands (Ackery & Vane-Wright 1984) to Europe (Figure 4), and 

most of these populations are non-migratory (Altizer et al. 2000; James 1993). A population is 

deemed non-migratory if its habitat range does not significantly differ throughout the year. The 

wide distribution of monarchs raises important questions regarding the genetic differences 

between and interconnectedness among existing populations. For example, is genetic separation 

a prerequisite for monarch populations to maintain different migration strategies and 
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destinations; and have non-migratory populations repeatedly arisen from migratory ancestors? 

The occurrence of monarchs around the world raises the additional question of where all these 

monarchs came from. Which ancestral populations served as sources for more recent 

colonization events, and in what patterns did monarchs spread across the Atlantic and Pacific 

Oceans from the New World (Vane-Wright 1993; Zalucki & Clarke 2004)? 

 

Figure 1.4. Worldwide distribution of monarchs. Orange shading and circles indicate 

known monarch range, following Ackery and Vane-Wright (1984) and updated following Neves 

et al. (2001) and personal communications. 

 

Gene flow can also have important consequences for the spread, persistence and 

evolution of infectious diseases (Cronin 2009; Ostfeld et al. 2005; Riley 2007; Thrall & 

Antonovics 1995; Thrall & Burdon 1997). Host movement can allow animals to escape from 

parasitized locations (Hassell et al. 1991) as well as result in the spread of host resistance genes 
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and parasites across landscapes (Best et al. 2011; Carlsson-Graner 2006; Carlsson-Graner & 

Thrall 2002).  

Monarchs are affected by a naturally occurring protozoan parasite, O. elektroscirrha, 

which is transmitted when infected adults scatter parasite spores onto their eggs and 

surrounding milkweed leaves. Larvae ingest the spores, parasites replicate within larval and 

pupal tissues, and butterflies emerge with dormant spores on the outsides of their bodies (Leong 

et al. 1997a; McLaughlin & Myers 1970).  Parasites can be transferred vertically, from infected 

adults to their progeny, and horizontally, when unrelated larvae ingest spores (Altizer 2004; de 

Roode et al. 2009). Previous work has shown that parasite infection reduces host fitness by 

causing reduced pre-adult survival, smaller adult body mass and wing size, and shorter adult 

fecundity and lifespan (Altizer & Oberhauser 1999; de Roode et al. 2009; de Roode et al. 2007). 

All monarch populations examined to date are parasitized by O. elektroscirrha, and 

prevalence is highly variable among regions (Altizer et al. 2011; Altizer et al. 2000). Monarchs in 

southern Florida and Hawaii that breed year-round and are non-migratory populations have the 

highest average parasite prevalence rate with up to 85% heavily infected. Roughly 30% of 

western North American monarchs are heavily infected whereas less than 8% of eastern North 

American monarchs are heavily infected (Altizer et al. 2011; Altizer et al. 2000). These patterns 

suggest a negative relationship between migratory distance and parasite prevalence, which could 

be due to losses of infected individuals along migratory routes and escape from infected habitats 

(Bartel et al. 2011).  

Given the popularity of monarchs and the long history of scientific study focused on 

them, it is perhaps surprising that many questions regarding their migration and evolutionary 

history remain unanswered. The recent development and use of microsatellite markers (Lyons 

et al. 2012; Pierce et al. 2015; Pierce et al. 2014a; Pierce et al. 2014b), the publication of the 

monarch’s genome sequence (Zhan et al. 2011), and the genomic work that preceded it (Zhu et 

al. 2008) now offer the potential to explore many aspects of monarch biology from a genetic 
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perspective. The monarch genome is 273 Mb, contains 29-30 chromosomes, and has a GC 

content of 31.6% (Zhan et al. 2011). The genome and EST library have already been used to 

identify genes potentially important in the navigational mechanisms involved in monarch 

migration (Zhu et al. 2009; Zhu et al. 2008). Further use of these tools will allow for additional 

investigation of animal migration and other aspects of monarch ecology and evolution. In this 

thesis, I address some of these topics and discuss answers offered by recent analyses. I also 

describe how the use of microsatellite markers provides insight into the genetic connectedness 

between monarch populations and worldwide monarch dispersal, and how these studies may 

change our thinking on monarch migration.  

On a broader scale, I examine questions such as: Is wide-scale genomic differentiation 

necessary in order to maintain divergent migratory strategies? What effect does the migration of 

one population have on other non-migratory populations? Does the proclivity for long distance 

movement override the effects of genetic drift after a global range expansion? Finally, do host 

movement and population structure drive differences in disease patterns? 

 

1.4 Summary of Chapters 2, 3, 4, 5, and 6 

Monarch butterfly migration and range expansion provide an excellent opportunity to 

investigate the effects of both of these types of movement on underlying population genetics. In 

Chapter 2, I first examine the effect of divergent migratory pathways and overwintering sites on 

population genetics and structure. This work was published in Molecular Ecology in a study 

entitled “Lack of genetic differentiation between monarch butterflies with divergent migration 

destinations” (Lyons, Pierce et al. 2012). It has long been assumed that eastern and western 

North American monarchs, which are separated by the Rocky Mountains and travel to different 

overwintering sites, must be genetically distinct; however, my work has dispelled this notion and 

shown that based on neutral genetic markers, the two groups are genetically indistinguishable. 
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This demonstrates that alternate migratory strategies are able to be maintained despite 

extensive gene flow. 

Chapter 3 expands on this study by further adding sample sites in the Americas: 

Bermuda, Mexico, Puerto Rico, Belize, Costa Rica, and Ecuador. This work has been published 

as a chapter entitled “Unraveling the mysteries of monarch migration and global dispersal 

through molecular genetic techniques” in the book Monarchs in a Changing World: Biology and 

Conservation of an Iconic Butterfly (Pierce et al. 2015). Monarchs from Belize and Costa Rica, 

which are populations south of the Mexican overwintering site, show minimal genetic 

differentiation from the eastern migratory population and even cluster with the migratory 

population as one panmictic group. This work suggests that rather than a strict two-way 

migration, monarchs may instead radiate outwards from the Mexican overwintering sites in 

search of larval food plants.  

In Chapter 4, I added further sample sites from around the globe in order to determine 

the route by which monarchs expanded their range as well as the effect of this range expansion 

on population genetics. The results of this study were published in the Proceedings of the Royal 

Society B in a publication entitled “Serial founder effects and genetic differentiation during 

worldwide range expansion of monarch butterflies” (Pierce et al. 2014). Across the Pacific, 

monarchs appear to have colonized in a serial stepwise fashion with North America serving as 

the source population; whereas across the Atlantic, I observed signatures of multiple 

colonization events. Additionally, I found that genetic drift seems to have played the major role 

in shaping current allele frequencies and population genetics in these colonized populations.  

In Chapter 5, I investigated the role of host population structure and genetics on 

infection status among monarchs distributed throughout the Hawaiian Islands. This work was 

published in Plos ONE and was entitled “Extreme heterogeneity in parasitism despite low 

population genetic structure among monarch butterflies inhabiting the Hawaiian Islands” 

(Pierce et al. 2014b). In this study, I found high heterogeneity in parasite prevalence both within 
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and between islands but found no evidence of host population structure. I also did not find 

evidence of host heterozygosity correlating with infection status. These results indicate that 

particular host genes, parasite genetics, or environmental factors may instead play a 

determining role in infection status and prevalence patterns. 

In my final chapter, Chapter 6, I summarize my findings as well as describe limitations 

to my studies. The monarch butterfly genome has recently been sequenced (Zhan et al. 2011), 

but further exploration of the genome is needed to fully understand the migratory behavior. 

While some genes have been identified, like those associated with flight muscle (Zhan et al. 

2014), we still lack a functional understanding of how migration genes ultimately enable the 

spectacular flight of several thousand kilometers (Ffrench-Constant 2014). Indeed, whether 

monarch butterflies are true navigators (meaning they are able to correct their directionality to 

reach a specific target), or instead employ vector navigation (meaning they simply fly in a 

southerly direction), is still hotly debated (Mouritsen et al. 2013a; Mouritsen et al. 2013b; 

Oberhauser et al. 2013). In this chapter I provide future directions in which questions such as 

these may be resolved. 
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Chapter 2 

Lack of genetic differentiation between monarch butterflies with divergent 

migration destinations 

Reprinted material from: J. I. Lyons*, A. A. Pierce*, S. M. Barribeau, E. D. Sternberg, A. J. 

Mongue, & J. C. de Roode. Molecular Ecology 21, 14(Jul, 2012). *Co-first authorship listed in 

alphabetical order. Used  by permission of the publisher, John Wiley and Sons. 

 

Introduction 

Each year, a wide variety of animals – including mammals, birds, fish and insects – undergo 

long-distance seasonal migrations to escape deteriorating habitats, colonize new resources and 

avoid predation, competition and parasitism (Alerstam 2006; Alerstam et al. 2003; Altizer et al. 

2011; Dingle 1972, 1996; Fricke et al. 2011; McKinnon et al. 2010). Some of the most spectacular 

animal migrations involve the directed movement of millions of individuals across distances 

that span whole continents or hemispheres (Alerstam et al. 2003). Animal migration has great 

relevance to species persistence, ecosystem functioning and conservation biology (Bowlin et al. 

2010), yet the mechanisms by which animals navigate between their seasonal migration sites are 

still unclear (Alerstam 2006).  

Many migratory species consist of populations that utilize varying breeding sites and 

migratory destinations, and such variation may have important consequences for the genetic 

structuring of these populations (Haig et al. 1997). On the one hand, divergent migratory 

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 considerable levels of genetic 
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differentiation between belugas using different summering grounds (O'Corry-Crowe 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 experience 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 re-colonize the same areas in the following 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 differentiation. Monarchs are best known for their autumnal 

migration from eastern North America to Mexico; hundreds of millions of monarchs escape 

freezing temperatures and dying larval food plants in eastern North America, overwinter in the 

Oyamel fir forests of the Mexican Transverse Neovolcanic Range, and then re-migrate to eastern 

North America in the spring (Brower 1995; Urquhart 1976; Urquhart & Urquhart 1977, 1978). 

Allozyme analyses have indicated that these migrating monarchs form a large panmictic 

population, due to the genetic mixing of butterflies at the Mexican overwintering 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 (Brower 1995; Urquhart & Urquhart 1977, 1978). The exact 

mechanisms by which eastern North American monarchs navigate to these sites remains a 

puzzle, although polarized light and circadian rhythms appear to be involved (Froy et al. 2003; 

Merlin et al. 2009; Reppert et al. 2004; Zhan et al. 2011; Zhu et al. 2008).  

Monarch butterflies also occur in western North America (Brower 1995; Dingle et al. 

2005; Tuskes & Brower 1978; Urquhart & Urquhart 1977). These monarchs overwinter in 
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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). 

Due to their different overwintering sites, eastern monarchs may fly up to 2500 miles to reach 

the Mexican Oyamel fir forests, while western monarchs generally reach the California Coast by 

flying less than 500 miles.  

 

 

Figure 2.1. 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 population migrates between eastern North America and its 
Mexican overwintering site. The western North America population migrates along the 
California Pacific Coast and is believed to be geographically separated from the eastern 
monarchs by the Rocky Mountains (indicated in the white dashed line). The Hawaii and New 
Zealand populations are non-migratory. 

 

Monarch butterfly migration has been the subject of decades’ worth of research and has 

inspired large numbers of North American citizens. However, it is still unknown whether the 

different migratory pathways and destinations of eastern and western monarchs depend on 

genetic divergence of these butterflies, and disagreement on the occurrence and amount of gene 
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flow is ongoing (Brower & Pyle 2004; MonarchWatch 2011; Shephard et al. 2002; Urquhart & 

Urquhart 1977). In particular, Monarch Watch, an acclaimed educational outreach and citizen 

science research program 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 federal 

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 challenge the claim that eastern and western monarchs form distinct genetic 

populations (Brower & Pyle 2004; Shephard et al. 2002; Urquhart & Urquhart 1977).  

Amid these conflicting views, we set out to determine whether eastern and western 

butterflies are genetically differentiated from each other. This is not only necessary to elucidate 

the genetics of monarch migration, but is also essential for monarch butterfly conservation. 

Monarch migration has been coined an endangered phenomenon, mostly due to the illegal 

deforestation of monarch overwintering sites in Mexico (Brower & Malcolm 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 

migration 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 butterflies are genetically differentiated on the basis of these neutral genetic markers. 

Polymorphic microsatellite repeats were identified from a monarch expressed sequence tag 

(EST) database (Zhu et al. 2008) and Primer 3 (Rozen & Skaletsky 2000) was used to design 
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primers based on the contigs containing the repeats. Forward primers were fluorescently labeled 

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 abdomen (male butterflies) using the DNeasy Blood and Tissue Kit from Qiagen 

(Valencia, CA) 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 carried out in 15 μl multiplex reactions using the 

Type-It Microsatellite PCR kit (Qiagen). Each reaction contained 0.2 μM 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 annealing 

temperature (see Table S1), and 30 s at 72°C. A final step of 30 min at 60°C was included to 

complete any partial polymerizations. Amplified DNA was genotyped on an ABI 3100 genetic 

analyzer (Perkin Elmer, Applied Biosystems Foster City, CA) at the Cancer Genomics Shared 

Resource (CGSR; Atlanta, GA) and alleles were scored using Genemarker v.4.0 (SoftGenetics 

LLC., State College, PA). 

Table 2.1. Microsatellite loci developed in this study, showing locus name, multiplex reaction, 

fluorescent label, primers sequences, repeat motif and primer annealing temperature (TA). Number of 

alleles and allele size range were determined by analyzing 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). 

Locus Multiplex 
reaction 

Label Primer sequence Repeat 
motif 

TA No. 
alleles 

Allele size 
range 

168 1 FAM F: AGTTCAGGGTTTACGTGAGCA tcata 57°C 6 143-168 
   R: CATTATGTGAAGTGTTGCATGG     
153 1 FAM F: TGCGAAAAATGGTTTGAGGT ta 57°C 10 228-258 
   R: TTATCGCCAAGTAAGTAATTTCG     
320 2 HEX F: AATTTCTTGAGCGCTTTATCC at 57°C 18 153-187 
   R: CTGATCCTCGTCATCTCTCG     
197 2 FAM F: TGTCATTTCGATGTCGGCTA att 57°C 4 174-183 
   R: CAGAGAGAGCCTCGGGTAAA     
208 3 FAM F: TTTAGGACCCCAATCGGATTTTCG at 60°C 19 178-242 
   R: CGCGGACATTTTCACTTTCACGAT     
203 3 HEX F: TGACATACTTTATGTTCGTGGAAGG at 60°C 14 196-222 
   R: CCGCTCGCCTATATACAGGACACA     
141 4 FAM F: TCAAACCCGCATCCCTAGTGGTA tc 60°C 13 150-178 
   R: TGGCAACGTACAGGGACGTGA     
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1679 4 FAM F: ATAGCCCTTCGACTTGTCGTTTCTC tat 60°C 4 215-224 
   R:TCGACTGATGTTTTCGGGACTACGA     
137 5 HEX F: AAGGTGGCGGTAAAAAGGCACAGA aag 60°C 3 239-248 
   R: TCGCTTTCTTCCTCTTCCTCCTCA     
122 5 FAM F: TTATAAGACCTCAACACCCACGAA tta 60°C 6 228-252 
   R: CGCCGCTTCTAAATGAGTGGGATT     
494 6 HEX F: CCGCGCTAGTCATTGTGTGAATGT att 60°C 7 160-181 
   R: CCTCGACTGATAGCCTTCGAAACG     
983 6 FAM F:AGACGCTTTGTTCAGCTTCGACCAC ac 60°C 15 223-257 
   R: TTTACGATCACTCATACGAAACGGTA     
223 7 HEX F: TCAAAGAATCCCGGAAACAG tg 52°C 21 182-248 
   R: CGCTACAGTAGGAGGCAGGA     
854 8 HEX F:AACGTCATCTGCACACGCCATACTA at 67°C 8 230-254 
   R:TCCAATTAAACGTGACGCCATTTTG     
165 8 FAM F:CCTCCGGAACCTGTCAAGAAAAAGA tat 67°C 8 189-213 
   R:CACTCATCAGAACTGAAAAGTTCGAGACC     
819 8 FAM F:GACTCGGAGACATGAGATCGACGAC cacga 67°C 11 213-263 
   R:TCGTCAGACAATTGCTCAAAATGGA     
519 9 FAM F:GTGGCGGGGCTTTGTGTAAATAAGA att 63°C 15 221-263 
   R:CAGGGTTCCATACAAACGTGTGATACAATA     

 

Monarch butterfly collections  

Our main interest was to estimate genetic differentiation between eastern and western North 

American monarch butterflies. However, to ensure that our microsatellite markers are able to 

detect population genetic differentiation we included non-migratory monarch 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 Californian overwintering sites in Pismo Beach (50 in February 2009; 34 February 

2010) and Santa Barbara (12 in Nov 2009; 4 in Nov 2010). Finally, we obtained 46 butterflies 

from non-migratory populations in Hawaii (14, 15 and 17 from Oahu, Kauai and Maui 
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respectively in Nov 2009) and 16 non-migratory butterflies from New Zealand (Christchurch, 

Jan 2011). 

 

Microsatellite analyses  

We determined the genotype of each of the 262 butterflies 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 4 monarch populations: eastern 

North America, western North America, Hawaii and New Zealand. We also used Arlequin 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 (α= 0.05). As 

shown in the results and Table 2, we discarded 6 of the 17 loci due to departure from Hardy-

Weinberg equilibrium.  

Table 2.2. Observed (Ho) and expected (He) heterozygosity at each locus within each of 4 populations, as 

determined by analyses in Arlequin 3.5.1.2 (Excoffier & Lischer 2010). Loci for which observed and 

expected hererozygosities are significantly different are indicated with asterisks; significance was 

determined using an α of 0.05 and a sequential Bonferroni correction (Rice 1989). Loci for which at least 

3 populations were in Hardy-Weinberg equilibrium were used for subsequent analyses and are indicated 

in grey shading. Dashes indicate monomorphic loci. 

  Eastern North 
America 

 Western North 
America 

 Hawaii  New Zealand 

Locus  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 
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519  0.83 0.80  0.84 0.80  0.65 0.67  0.81 0.68 

 

 

Population genetic analyses  

We used a series of analyses to test for genetic differentiation between monarchs from different 

populations. First, we used the Bayesian clustering analysis as implemented in the software 

STRUCTURE version 2.3.2.1 (Pritchard et al. 2000) to investigate population structure. We 

used an admixture model with uncorrelated allele frequencies to avoid the risk of overestimating 

the number of populations, K, and used the LOCPRIOR model to provide the software with 

location information (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 simulations with K=7, to reflect the7 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 panmictic 

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 allele model that underlies 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 pair-
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wise FST and RST values between the 4 populations using the software Genepop version 4.1.0 

(Rousset 2008), using the 11 microsatellite markers that were in Hardy-Weinberg in at least 3 

out of 4 populations (see results and Table 2). To ensure that our estimates were not affected by 

the potential occurrence of null alleles, we re-calculated FST and RST values using corrected allele 

frequencies as determined by the software MICROCHECKER, version 2.2.3 (Van Oosterhout et 

al. 2004). Overall, statistics based on corrected and uncorrected allele frequencies were almost 

identical (see results), and resulted in identical conclusions.  

Permutation tests (using 10,000 permutations), as implemented in the “Population 

comparisons” calculations in Arlequin 3.5.1.2 (Excoffier & Lischer 2010) were used to determine 

significance of pair-wise 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 analyzed the correlation 

between geographic distance 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 variance (Excoffier et al. 1992) using Arlequin 3.5.1.2 (Excoffier & Lischer 2010). In 

this analysis, we combined eastern and western North American populations to compare genetic 

variation among geographic groups (North America versus Hawaii versus New Zealand), and 

compared this to the variation among populations within groups (i.e. variation among eastern 

and western North America) as well as genetic variation within populations (i.e. variation within 
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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 observed allele frequencies. We restricted 

these analyses to eastern and western North America only (since 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-corrected 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 similar our 

study (see Table 3), and because FST calculations generally provided slightly lower estimates of 

genetic differentiation than did RST calculations (see Table 3), the power calculations on the 

basis of FST values provide a conservative estimate of power to detect genetic differentiation 

using our genetic markers and sample sizes.  

 

Results 

A total of 6 out of 17 loci were out of Hardy-Weinberg equilibrium in at least 2 of the 4 

populations, and we excluded these loci from subsequent analyses (see Table 2 for details). Of 

the remaining 11 loci, 9 were in Hardy-Weinberg equilibrium in all populations, and 2 were in 

Hardy-Weinberg equilibrium in 3 out of 4 populations. 
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Clustering analyses in STRUCTURE suggested that our monarch butterflies most likely 

form three genetically distinct populations: eastern + western North America, Hawaii, and New 

Zealand (Fig. 2). 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 artifact of our microsatellite markers because these markers clearly pick up the 

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 2 of the 11 loci are out of Hardy-Weinberg equilibrium. 

 

Figure 2.2. Inferred genetic proportion of individual butterflies to each of three genetic 
populations. Analyses were started with seven populations to reflect the seven sample locations 
(Fig. 1A). Bayesian analysis suggest that there are three genetic populations: eastern+western 
North America (indicated in red), Hawaii (orange), and New Zealand (NZ; yellow). Individual 
monarchs are indicated by vertical bars. 

 

We confirmed our results by calculating genetic differentiation using FST and RST 

statistics. We first calculated pair-wise genetic differentiation using the same 11 loci that we used 

for genetic structure analysis using Genepop version 4.1.0 (Rousset 2008). We then calculated 

pair-wise FST and RST values based on corrected genotype and allele frequencies as obtained by 

the software MICROCHECKER (Van Oosterhout et al. 2004). For both uncorrected and 
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corrected allele frequencies, both FST and RST values were much lower for the comparison 

between eastern and western North America than for any of the other comparisons (Table 3).  

 

Table 2.3. Pairwise FST and RST values between the four studied monarch butterfly populations, as 
calculated in Genepop version 4.1.0 (Rousset 2008). 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). 

 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)* 

 

Indeed, population comparison calculations in Arlequin (Excoffier & Lischer 2010) 

suggest that the low FST and RST values calculated for the eastern-western North American 

comparison are not significantly different from 0, suggesting a lack of genetic differentiation 

between these populations (Table 3). In contrast, our analyses suggest that all other pair-wise 

FST and RST values are significantly different from 0, suggesting significant genetic 

differentiation between monarchs in North America, Hawaii and New Zealand (Table 3). 

Moreover, butterflies were more differentiated from each other when they were farther apart 

geographically (Fig. 3), suggesting that greater geographic distances reduce levels of gene flow. 
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Figure 2.3. Isolation by distance. There is a strong pattern of isolation by distance 
demonstrated by a correlation between geographic and genetic distance, whether based on FST 
(panel A: r=0.85, P=0.040) or RST (panel B: r=0.95, P=0.039). Note that the graphs show 
corrected FST and RST values. Similar results were obtained for uncorrected values (FST: r=0.85, 
P=0.042; RST: r=0.95, P=0.037). 
 

To study genetic diversity within and between populations, we first used the 11 

microsatellite loci to calculate genetic diversity (using the value 1-Qinter) and allelic richness in 

each population using Genepop version 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 marginally non-significant 

(F1,42=3.10, P=0.085). Allelic richness 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 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 butterflies colonized the Pacific Ocean in a stepwise fashion from an origin in 

North America (Vane-Wright 1993).  
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Figure 2.4.  Measures of genetic diversity for eastern North America, western North America, 
Hawaii, and New Zealand (NZ) monarchs. (A) Genetic diversity (using the value 1-Qinter, the 
inter-individual diversity within populations) was highest in eastern and western North America 
and tended to decrease with increasing distance from North America. (B) Allelic richness was 
highest in eastern and western North America and significantly lower in New Zealand. Error 
bars show ± 1 s.e. across 11 loci. 

Analysis of molecular variance (AMOVA) further confirmed 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 non-significant 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 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). 
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Table 2.4. Results of Analysis of Molecular Variance (AMOVA) comparing samples from 4 populations 
(eastern North America, western North America, Hawaii and New Zealand). 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 done 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. 

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)  

 

 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 statistical power to detect significant population differentiation 

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 butterflies is unlikely to be the result of 

inadequate molecular markers or sample sizes, and is more likely to reflect genetic mixing 

between these butterflies. 

 

Figure 2.5. Statistical power to detect significant population genetic differentiation as a 
function of FST. Statistical power was determined as the proportion of POWSIM 4.1 (Ryman & 
Palm 2006) simulations for which Fisher’s exact (A) and Chi-square tests (B) showed a 
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significant deviation from 0 (i.e. significant genetic differentiation). Vertical dashed lines 
indicate that FST values as low as 0.0025 can be detected with more than 80% probability. 
 

Discussion 

Our analyses suggest that eastern and western North American monarch butterflies form one 

panmictic population. These results are surprising, since these 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 

extensive gene flow. 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 neutral 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 European 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, divergent migration may not be subject to 

genetic differentiation, but may instead be based on differential gene expression based on 

varying and changing environmental conditions (Liedvogel et al. 2011). Such a scenario has 

been suggested for North American populations of Mexican free-tailed bats, which are not 

genetically 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, re-

sequencing the genomes of migratory and non-migratory butterflies will allow for the 

identification of genomic regions that are associated with migratory behaviors and for the 
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detection of differences in these regions between eastern and western North American 

butterflies. In addition, next-generation sequencing of the transcriptome of eastern and western 

migratory butterflies may reveal differential expression of genes resulting in divergent 

migrations; such an approach has already revealed differential expression of genes in breeding 

and migratory monarchs in the eastern North American population (Zhu et al. 2009; Zhu et al. 

2008).  

 Although our results did not show genetic differentiation between eastern and western 

North American butterflies, we found that Hawaiian and New Zealand monarch butterflies are 

differentiated from North American butterflies. Although these two populations are non-

migratory, these genetic differences from migratory monarchs do not necessarily mean that 

their lack of migration is genetically determined, as they are also differentiated from one 

another. Instead, their divergence is consistent with their recent dispersal across the Pacific 

Ocean from a source population in North America (Shephard et al. 2002; Vane-Wright 1993; 

Zalucki & Clarke 2004).  

 Until now, the question of genetic mixing of eastern and western North American 

butterflies had been unresolved, 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 observational 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 

overwintering 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 re-migrating western monarchs and a lack of eastern spring re-migrants in 

1996 coincided with a westward shift of spring wind patterns and a corresponding shift of the 
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northward spring migration of song birds (Brower & Pyle 2004), suggesting that eastern and 

western monarchs do at least occasionally intermix. 

 Genetic mixing of eastern and western monarch populations does not invalidate the 

claim that eastern and western monarchs are subject to different selection pressures (Altizer et 

al. 2011; Altizer & Davis 2010; Brower et al. 1995). Although our results suggest that eastern and 

western butterflies form one panmictic population, genetic exchange is probably subject to 

strong seasonality, occurring during the overwintering and spring re-migration of these 

butterflies. This exchange is followed by a long breeding season during which there may be 

ample opportunity for natural selection to favor those genotypes that best suit eastern and 

western habitats (Altizer & Davis 2010; Dingle 1972). For example, eastern and western North 

American butterflies have divergent wing morphology, which is likely the result of differential 

selection (Altizer & Davis 2010). Moreover, strong selection may favor different genotypes at 

important genetic loci that go undetected with approaches based on neutral markers such as 

microsatellites (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 regulations to restrict 

the human-facilitated movements of eastern and western monarchs (Brower et al. 1995). In 

addition, previous work has shown that western butterflies are subject to more virulent 

protozoan parasites than eastern butterflies (De Roode & Altizer 2010; De Roode et al. 2008). 

Thus, even if eastern and western monarch 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 conservation of the spectacular migration of 

monarch butterflies. Monarch butterfly migration is at risk (Brower & Malcolm 1991), partly due 

to 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 sub-population requires influxes from eastern North America for its 
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survival (Brower & Pyle 2004). Our results support this hypothesis, 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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Chapter 3 

Unraveling the mysteries of monarch migration and global dispersal through 

molecular genetic techniques 

Reprinted material from: A.A. Pierce, N. Chamberlain, M. Kronforst, J.C. de Roode. In: 

Monarchs in a changing world: biology and conservation of an iconic insect (eds. Oberhauser 

K, Nail KR, Altizer S). Copyright © 2015 by Cornell University. Used by permission of the 

publisher, Cornell University Press. 

 

Introduction 

Monarchs are iconic insects best known for their spectacular annual fall migration from Canada 

and the United States to Mexico (Urquhart & Urquhart 1978). Despite decades of study, many 

aspects of this migration remain clouded in mystery (Brower 1995, 1996). Unsolved questions 

regarding the monarchs’ southward fall migration focus on the mechanisms by which monarchs 

orient towards and locate their overwintering sites (Guerra et al. 2012; Merlin et al. 2009; 

Reppert et al. 2004; Zhan et al. 2011; Zhu et al. 2009; Zhu et al. 2008) and the relative role of 

active navigation and passive wind-based movement (Wenner & Harris 1993). Importantly, 

monarchs occupy locations ranging from the New World tropics to more recently-colonized 

Pacific islands (Ackery & Vane-Wright 1984) to Europe, and most of these populations are non-

migratory (Altizer et al. 2000; James 1993). A population is deemed non-migratory if their 

habitat range does not significantly differ throughout the year. The wide distribution of 

monarchs raises important questions regarding the genetic differences between and 

interconnectedness among existing populations (Lyons et al. 2012). For example, is genetic 

separation a prerequisite for monarch populations to maintain different migration strategies 

and destinations; and have non-migratory populations repeatedly arisen from migratory 

ancestors? The occurrence of monarchs around the world raises the additional question of 

where all these monarchs came from. Which ancestral populations served as sources for more 
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recent colonization events, and in what patterns did monarchs spread across the Atlantic and 

Pacific Oceans from the New World (Vane-Wright 1993; Zalucki & Clarke 2004)? 

Given the popularity of monarchs and the long history of scientific study focused on 

them, it is perhaps surprising that many questions regarding their migration and evolutionary 

history remain unanswered. However, modern molecular genetic approaches are required to 

investigate many of these issues, and these techniques have not been widely available for 

monarchs until recently. The recent development of microsatellite markers (Lyons et al. 2012), 

the publication of the monarch’s genome sequence (Zhan et al. 2011), and the genomic work 

that preceded it (Zhu et al. 2008) now offer the potential to explore many aspects of monarch 

biology from a genetic perspective. In this chapter, we address some of these questions and 

discuss answers offered by recent analyses. We begin by summarizing early genetic work on 

monarchs based on studies of allozyme variation and mitochondrial DNA. We then describe how 

the use of microsatellite markers provides insight into the genetic connectedness between 

monarch populations and worldwide monarch dispersal, and how these markers may change 

our thinking on monarch migration. Finally, we briefly describe how genomic work has provided 

insights into monarch navigation and how it is likely to improve our understanding of monarch 

migration.   

 

Allozyme markers show seasonal mixing and shed light on the origins of Pacific 

monarchs 

Migration can affect levels of gene flow within and genetic differentiation among populations, 

especially when species occupy multiple breeding grounds and migration destinations (Haig et 

al. 1997). Divergent migratory pathways and destinations could lower opportunities for genetic 

mixing, and hence result in genetic divergence. For example, the Old World noctule bats, 

Nyctalus noctula, which migrate between hibernating and summer nursing sites, are genetically 

differentiated with respect to overwintering sites and migration flyways (Petit & Mayer 2000). 
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Similarly, beluga whales, Delphinapterus leucas, migrate between wintering sites in arctic pack 

ice and summering grounds in arctic and subarctic offshore waters, and there are considerable 

levels of differentiation between belugas using different summering grounds (O'Corry-Crowe et 

al. 1997). In contrast, the use of common migratory flyways, breeding grounds, or overwintering 

areas can lead to high levels of genetic mixing, even when populations experience different 

selection pressures or population sub-structuring at other points in their migratory cycle. For 

example, red-billed quelea birds, Quelea quelea, 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 directions (Dallimer & Jones 

2002), genetic analysis shows high levels of mixing between these groups, which probably 

occurs when birds re-colonize the same areas in the following season (Dallimer et al. 2003).  

As with other species, the use of widely dispersed breeding grounds, distinct wintering 

sites, and different migratory flyways could cause local genetic differences in migratory monarch 

populations. The earliest published population genetic study on monarchs examined this issue 

using allozymes. In a seminal paper, Eanes and Koehn (1978) examined the population 

structure of eastern North American monarchs by collecting 30 geographic samples throughout 

the monarchs’ summer breeding grounds and along their fall migration routes in the eastern 

United States. Using six allozyme loci, Eanes and Koehn found differentiation between monarch 

groups during the summer breeding season. They hypothesized that this differentiation may 

result from genetic drift, which involves random processes that alter allelic frequencies such as 

founder effects. Because monarchs are more regionally contained during the summer than 

during the migration, such random effects could result in differences in allele frequencies 

between sub-populations. It is also possible that differential selection could cause allele 

frequencies to vary among sampling locations. Such differential selection may act on allozyme 

markers, some of which have been linked with flight metabolism (Hughes & Zalucki 1993; 

Solensky & Oberhauser 2009; Zalucki et al. 1993). Eanes & Koehn also found that the annual 
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migration erased the genetic differentiation detected across summer breeding sites, by mixing 

monarchs from different breeding regions. Thus, as with red-billed quelea birds (Dallimer et al. 

2003), monarchs originating from a range of breeding sites appear to mix randomly during the 

migration season.  

 Allozymes have also helped elucidate the genetic origin of monarchs in Australia and 

showed that the lack of migration of Australian monarchs affects their genetic structure 

(Shephard et al. 2002). Monarchs likely spread beyond the New World within the last 200 

years, across the Pacific and Atlantic Oceans to destinations as distant as Australia and Spain 

(Fig. 1). But the exact routes by which they have done so remain unclear (Vane-Wright 1993; 

Zalucki & Clarke 2004); in particular, did monarchs spread in a stepwise fashion from North 

America to far-flung locations across the Pacific and Atlantic oceans (Vane-Wright 1993), or did 

multiple independent dispersal events occur (Zalucki & Clarke 2004)? To address this question, 

Shephard and colleagues (2002) collected 1194 butterflies from 15 sites in Australia, North 

America, and Hawaii. They found that the North American monarchs had more allelic diversity 

than monarchs from Hawaii and Australia, and that Australia and Hawaii had different subsets 

of alleles. These results suggest that both Hawaiian and Australian monarchs are derived from 

North America, but that the colonization of each location resulted from an independent 

dispersal event. Had the Australian population derived from the Hawaiian population, the 

alleles found in Australia would have been a subset of those found in Hawaii. Shephard and 

colleagues also found that monarchs obtained from different regions in Australia were more 

similar genetically than they were to monarchs from either Hawaii or North America, suggesting 

that monarchs colonized Australia in a single event. The lack of genetic differentiation among 

Australian sites also suggests seasonal mixing; this supports the hypothesis that, despite their 

lack of a two-way migration, Australian monarchs undergo alternating bouts of seasonal 

dispersal and range contraction through which monarchs from different regions mix (James 

1993).  
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Figure 3.1. Worldwide distribution of monarchs. Orange shading and circles indicate 
known monarch range, following Ackery and Vane-Wright (1984) and updated following Neves 
et al. (2001) and personal communications. 
 
East meets west: on the origins of and mixing between North American monarchs 

One long-standing question in monarch biology has been whether monarchs in the eastern and 

western regions of the United States and Canada are genetically similar or distinct. Although 

monarchs are best known for their migration from eastern Canada and the United States to the 

Oyamel fir forests in central Mexico, monarchs in the western states embark on a shorter-

distance migration to overwinter in eucalyptus and Monterey pine groves along coastal 

California (Brower 1995; Dingle et al. 2005; Tuskes & Brower 1978; Urquhart & Urquhart 1977). 

Conventional wisdom suggested that these monarchs were geographically separated by the 

Rocky Mountains and continental divide (Fig. 2A). Moreover, due to their different 

overwintering sites, eastern monarchs can travel up to 3500 km during the fall migration 

(Urquhart & Urquhart 1979), while western monarchs generally fly shorter distances, usually 

less than 500 km. Until recently, it was unknown whether the different migratory pathways and 

destinations of eastern and western monarchs depend on, or have resulted in, genetic 
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divergence of these butterflies, and disagreement on the amount of gene flow is ongoing (Brower 

& Pyle 2004; MonarchWatch 2011; Shephard et al. 2002; Urquhart & Urquhart 1977).  

Brower and Boyce (1991) used mitochondrial DNA markers to determine whether 

eastern and western migratory monarchs were genetically differentiated, and to compare these 

monarchs with those from ancestral populations in the neotropics. Mitochondrial DNA 

(mtDNA) is a useful genetic marker for several reasons. First, it is relatively easy to replicate and 

thus generates high numbers of copies to study in the laboratory. Second, it contains highly 

conserved regions (found across a wide range of species) that make it possible to use the same 

primers for replication across species and populations. These conserved regions surround 

regions with an elevated mutation rate that can cause differences between isolated populations 

of the same species. Brower and Boyce used 12 butterflies from each of the eastern and western 

migratory groups, and also included monarchs from the West Indies islands of Trinidad and 

Tobago. Surprisingly, in the fragments of mtDNA that they examined, they found virtually 

identical patterns in all of the populations. The only unique variants discovered were in one 

individual from the eastern population and one individual from the western population. This 

indicates that based on mtDNA fragments alone, eastern and western migratory monarchs 

cannot be distinguished from each other, nor can they be distinguished from monarchs in the 

neotropics, despite the large distances and geographic barriers separating them (Brower & 

Boyce 1991).  

Brower and Boyce hypothesized three non-exclusive explanations for such low 

polymorphism and variability: low mutation rates, stabilizing natural selection, and random 

processes. However, they believed the most plausible of these explanations lay in random 

processes driven by a recent genetic bottleneck. A bottleneck would reduce overall levels of 

genetic diversity, especially because mtDNA is maternally inherited and genetic recombination 

does not occur. Thus, their data indicate that monarchs may have experienced a significant 

population reduction sometime in the recent past, followed by a rapid radiation into the 
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temperate zone from the tropics. This was later confirmed by Brower and Jeansonne (2004), 

when mtDNA markers indicated a lack of genetic divergence between North American and 

South American monarchs, despite clear differences in morphology and behavior. 

 

 

Figure 3.2. East meets west (adapted from Lyons et al. 2012). A) Location and 
migratory patterns of sampled populations (Lyons et al. 2012): 1-St. Marks FL (n=100); 2-Pismo 
Beach CA (n=84), 3-Santa Barbara CA (n=16); 4-Kauai HI (n=15); 5-Oahu HI (n=14); 6-Maui 
HI (n=17); 7-Christchurch, New Zealand (n=16). Eastern and western North America 
populations are at least somewhat separated by the Rocky Mountains (black dashed line). 
Hawaii and New Zealand populations are non-migratory. B) Inferred genetic proportion of 
individual butterflies from each of three populations. Genetic clustering analysis was used to 
determine the likely proportion of alleles of each butterfly that originates from each of three 
genetic populations: eastern+western North America (dark grey), Hawaii (light grey), and New 
Zealand (NZ; white). Individual monarchs are indicated by vertical bars; bars for butterflies with 
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alleles from different populations are divided into different portions accordingly. Genetic 
asignments were determined on the basis of 11 microsatellite loci using the software 
STRUCTURE (Pritchard et al. 2000). C) There is a strong pattern of isolation by distance 
demonstrated by a correlation between geographic and genetic distance (r=0.95, P=0.037). RST 
values closer to zero indicate a lack of genetic differentiation. D) Allelic richness was highest in 
North America and significantly lower in New Zealand. Error bars show ± 1 s.e. across 11 loci. 
 

To better resolve genetic variation within and among contemporary monarch 

populations, Lyons et al. (2012) recently developed microsatellite markers. Microsatellites are 

selectively neutral markers comprised of repeats of nucleotide sequences that are scattered 

throughout the genome and tend to show extreme variability, which makes them ideal for 

studying genetic variation within and between populations. To compare eastern and western 

migratory monarchs, Lyons and colleagues collected 100 butterflies from St. Marks Florida, a 

stopover location along the eastern autumn migration to Mexico (Urquhart & Urquhart 1978), 

and another 100 butterflies from Pismo Beach and Ellwood California, two western North 

American overwintering sites. To ensure that their microsatellite markers were able to detect 

subtle genetic differentiation, they also included monarchs from Hawaii and New Zealand in 

their analysis (Fig. 2A).  

Using a set of 11 polymorphic microsatellite markers and a series of population genetic 

analysis tools, Lyons et al. (2012) found that, despite differences in migration destination and 

the Rocky Mountains to serve as a potential barrier, eastern and western North American 

monarchs are genetically indistinguishable on the basis of their microsatellite genetic make-up. 

Using a genetic clustering analysis to determine the most likely number of genetic populations 

from which these 262 butterflies were derived (Fig. 2B), this work offered support for three, 

rather than four, genetically distinct populations. Briefly, this clustering analysis assigned 

individual butterflies to a source population based on which alleles are present in each butterfly, 

and whether those alleles appear to be shared across all populations, or restricted to a single 

population. In some cases, an individual butterfly will show up as a single-color bar in Fig. 2B; if 

a butterfly has alleles representative of two or more populations, it will show up as a bar with 
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multiple colors. The results of this clustering analysis showed that eastern and western 

monarchs belong to a single genetic population (all North American monarchs are all 

represented by dark grey bars in Fig. 2B). Thus, sufficient gene flow exists between eastern and 

western migratory monarchs to homogenize the selectively neutral molecular variation 

examined in this analysis.  

The results of Lyons et al. (2012) indicate that eastern and western migratory monarchs 

regularly exchange genes, despite the Rocky Mountains separating their breeding ranges. Such a 

conclusion was suggested by Shephard and colleagues, who found high levels of gene flow 

between monarchs from California and Michigan based on allozyme analysis (Shephard et al. 

2002). How these genetic exchanges occur is not clear, although it has been suggested that 

monarchs dispersing from Mexico in the spring can populate areas in the western United States 

in high numbers (Brower & Pyle 2004; Vandenbosch 2007), and some monarchs tagged in the 

west are retrieved at overwintering sites in Mexico (Southwest Monarch Study 2012).  

Results of Lyons et al. (2012) further suggest that large-scale genetic differentiation is 

neither a prerequisite for, nor a result of, differential migration of eastern and western 

monarchs. This does not necessarily mean that there is no differential selection operating on 

eastern and western monarchs; despite a lack of genetic differentiation of neutral genetic 

markers, eastern and western monarchs could still show divergence of particular genes that are 

involved in migration and that are under strong selection. Alternatively, divergent migration 

pathways might arise from differential gene expression (based on varying and seasonally 

changing environmental conditions) rather than genetic differences per se (Liedvogel et al. 

2011). Such a scenario has been suggested for North American populations of Mexican free-

tailed bats, Tadarida brasiliensis, which are not genetically differentiated despite their varying 

migration routes and overwintering sites (Russell et al. 2005). Next-generation sequencing of 

the transcriptome (which provides information on the genes that are being transcribed at a 

given time) of eastern and western migratory butterflies might reveal differential expression of 
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genes resulting in divergent migrations; such an approach has already revealed differential 

expression of genes in breeding versus migratory monarchs in the eastern United States and 

Canada (Zhu et al. 2009; Zhu et al. 2008). 

Although Lyons and colleagues did not find genetic differentiation between eastern and 

western migratory butterflies, they did find that Hawaii and New Zealand monarchs are 

differentiated from North American monarchs as well as from each other (Fig. 2B). They also 

found that monarchs were more differentiated from one another when they were farther apart 

geographically (Fig. 2C), suggesting that greater geographic distances reduce levels of gene flow. 

Levels of genetic diversity, as measured by allelic richness, appeared similar in the eastern and 

western United States, decreased in Hawaii and decreased further in New Zealand (Fig. 2D). 

This trend of decreasing genetic diversity with increasing distance from North America is 

consistent with the hypothesis that monarchs dispersed across the Pacific Ocean from an origin 

in North America (Clarke & Zalucki 2004; Vane-Wright 1993; Zalucki & Clarke 2004). 

Moreover, the lower genetic diversity in New Zealand than Hawaii is consistent with serial 

dispersal events, each leading to an additional loss in genetic diversity. However, an alternative 

hypothesis for this pattern is that monarchs dispersed to Hawaii on more occasions than to New 

Zealand. Further studies, including a greater number of Pacific islands, are necessary to 

distinguish between these hypotheses.  

 

Does open water impede gene flow? 

The long-distance migration and dispersal of monarchs across the globe demonstrate that 

monarchs have strong flight ability and therefore the potential to exchange genes between 

distant geographic regions. At the same time, the study by Lyons et al. (2012) suggests that 

although monarchs can traverse seas and oceans to colonize distant islands, such large water 

bodies also present barriers (albeit imperfect) to high and recurrent gene flow. We tested this 

idea in a separate analysis by estimating the amounts of genetic exchange between several North 
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American monarch populations that are varying distances from each other and that are either 

connected by land or separated by sea. 

Between 2007-2012, we obtained 144 monarchs from Mexico overwintering sites, 

Bermuda, Belize, Costa Rica, Puerto Rico, and Ecuador (see Fig. 3 for locations and sample 

sizes), and compared them to the 200 butterflies collected from St Marks, FL and coastal 

California for the study by Lyons et al. (2012). We refer to the original 200 butterflies as the 

United States sample from here on. Monarchs collected from Ecuador represent the subspecies 

Danaus plexippus megalippe, while all other butterflies represent Danaus plexippus plexippus. 

Like Lyons et al. (2012), we used 11 polymorphic microsatellite markers to determine whether 

the butterflies are genetically differentiated by location, or whether extensive gene flow occurs. 

DNA extractions and PCR protocols followed those published by Lyons et al. (2012). To 

investigate population structure, we used the same genetic clustering analysis and software 

settings in STRUCTURE version 2.3.2.1 (Pritchard et al. 2000) as described in Lyons et al. 

(2012). The parameters were sensitive enough to detect subtle or newly formed population 

structure, and thus to determine the most likely number of genetic populations present. 
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Figure 3.3. Location and hypothesized historical dispersal of sampled monarch 

populations. Letters represent the sample sites as follows: A-Mexico (n=27), B-United States 

(n=200), C- Puerto Rico (n=29), D-Bermuda (n=13), E-Belize (n=31), F-Costa Rica (n=30), G-

Ecuador (n=14). 

 

Our analysis showed that monarchs from the United States, Mexico, Belize, and Costa 

Rica are genetically indistinguishable (i.e., they are all derived from a single genetic population, 

indicated in dark grey in Fig. 4), suggesting significant genetic mixing between the monarchs 

from these locations. In addition, although butterflies from Bermuda and Puerto Rico are 

genetically similar to mainland North-American monarchs, we found moderate genetic 

differentiation between island and mainland populations (island butterflies carry high 

proportions of alleles from both the dark and light grey populations in Fig. 4). Furthermore, 

monarchs from Ecuador form a very distinct population (indicated in black in Fig. 4), different 

from all other mainland and island groups, a finding that is not surprising given that these 

monarchs have been previously characterized as a different subspecies.  

 

 

Figure 3.4. Inferred genetic proportion of individual butterflies to each of seven 

populations. Genetic clustering analysis suggests that there are three genetic populations: 

North America (United States, Mexico, Belize, Costa Rica (CR); indicated in dark grey), island 

populations including Bermuda (BM) and Puerto Rico (PR; light grey), and Ecuador (EC; black). 

Individual monarchs are indicated by vertical bars. Genetic asignments were determined on the 

basis of 11 microsatellite loci using the software STRUCTURE (Pritchard et al. 2000). 
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To confirm our STRUCTURE results, we used FST and RST statistics (Holsinger & Weir 

2009) to measure genetic population sub-structuring among the six D. plexippus plexippus 

populations. These statistics are frequently used to measure genetic differentiation, with levels 

of 0 indicating that individuals belong to the same panmictic population, and values higher than 

0 indicating genetic differentiation. Typically, population geneticists consider a value of 0-0.05 

to indicate little differentiation; 0.05-0.15 as moderate; 0.15-0.25 as great and >0.25 as very 

great; and permutation tests are often used to determine if a value is considered significantly 

different than 0. 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 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 six D. plexippus plexippus 

populations using the software Genepop version 4.1.0 (Rousset 2008). Permutation tests (using 

10,000 permutations), as implemented in the ‘Population comparisons’ calculations in Arlequin 

3.5.1.2 (Excoffier & Lischer 2010) were used to determine whether pairwise FST and RST values 

differed significantly from 0 (i.e. to determine if populations are differentiated from each other).  

Our analyses of FST and RST confirm the results from our STRUCTURE analysis; there 

was no significant genetic differentiation between monarchs obtained from the United States, 

Mexico, Belize, and Costa Rica, but Bermuda and Puerto Rico were differentiated from each 

other and from the mainland populations (Table 23.1). Thus, populations separated by land 

masses did not show genetic differentiation, whereas populations separated by water bodies did. 

This suggests that monarchs are able to travel across land freely enough for gene flow to occur, 

even across large geographic distances. However, large expanses of open water appear to limit 

the amount of genetic mixing, resulting in population differentiation of island monarchs. 
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Table 3.1 Pairwise RST and FST values between monarchs from 7 geographic 

regions. 

       

  
United 
States Mexico Belize Costa Rica Bermuda Puerto Rico 

Mexico Rst: -0.01046      

 Fst: -0.00044      

Belize Rst: -0.02144 Rst: -0.01301     

 Fst: -0.00062 Fst: 0.00044     
Costa 
Rica Rst: -0.00964 Rst: 0.00658 Rst: 0.00074    

 Fst: -0.00153 Fst: 0.00565 Fst: -0.00042    

Bermuda Rst: 0.00458 Rst: 0.01936 Rst: 0.04018* Rst: 0.00521   

 Fst: 0.07429* Fst: 0.06768* Fst: 0.08379* Fst: 0.08776*   
Puerto 

Rico Rst: 0.01794* Rst: 0.09878* Rst: 0.08454* Rst: 0.03750* Rst: 0.06209*  

 Fst: 0.08264* Fst: 0.11018* Fst: 0.08456* Fst: 0.09715* Fst: 0.16965*  

Ecuador Rst: 0.13180* Rst: 0.25540* Rst: 0.20782* Rst: 0.20677* Rst: 0.28394* Rst: 0.27552* 

  Fst: 0.18721* Fst: 0.24336* Fst: 0.21644* Fst: 0.20134* Fst: 0.30676* Fst: 0.34122* 

       

Values near zero indicate that populations are not genetically distinct, whereas higher values 

indicate differentiation. Asterisks and shading denote values that are significantly different from 

zero (indicating that those populations are significantly differentiated from each other). 

 

Apart from generating insights into monarch dispersal ability, our results might also 

change the way scientists view monarch migration. The migration of monarchs from Canada 

and the United States to Mexico and back again has generally been viewed as a directed two-way 

migration. A major reason for this view is that monarch migration has been best studied by 

United States and Canadian citizens and scientists who observe monarchs flying 

south/southwest towards Mexico in the fall and returning in the spring. However, an alternative 

scenario is that North-American monarchs aggregate in Mexico during the winter, and then 

disperse in all directions, not just northwards to the United States and Canada, during the 

spring. Such undirected dispersal has been suggested by Wenner and Harris (1993) with regards 

to spring migrants in California, although the number of monarchs returning to the south 

central U.S. in the spring is evidence that at least a large number of monarchs from Mexico do 

return to the breeding range of the eastern migratory population (Miller et al. 2012). 
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Importantly, either of these scenarios would result in the genetic mixing of monarch populations 

north and south of the Mexican overwintering sites that our analyses showed. Further study into 

dispersal from the overwintering sites is required to understand the full implications of these 

results as well as their relevance to understanding the navigational and homing mechanisms 

involved in monarch migration. 

 

A new view of monarch migration and evolution in the genomic era 

Past studies of gene flow within and among monarch populations were aided by genetic markers 

that are selectively neutral, including allozymes, mitochondrial DNA markers, and 

microsatellites. But different genetic approaches are required to examine evolutionary changes 

in monarchs that might have arisen from selection pressures, including those driven by long-

distance migration. For example, even though selectively neutral markers have suggested a lack 

of genetic differentiation between monarchs with different migration destinations in eastern and 

western North America (Lyons et al. 2012), monarchs from these different locations could still 

be differentiated at loci that are under differential selection in their respective geographic areas. 

Thus, it is possible that locally adapted variants of specific genes are selected for during the 

breeding and migration seasons despite a high influx of neutral genes via gene flow. Likewise, 

despite the lack of differentiation of neutral markers across migratory and non-migratory 

monarch populations in the New World, these same populations could be differentiated at loci 

that influence traits such as flight ability or metabolism, being favored in populations that 

migrate annually, but not in populations that do not migrate.  

 Work on phenotypic variation across wild monarch populations already supports the 

idea that populations experiencing gene flow can continue to diverge at traits under selection. 

For example, a recent study focused on wing morphology across multiple wild monarch 

populations and showed that forewings were larger and more angular in shape (higher aspect 

ratio) in North American migratory monarchs relative to non-migratory monarchs in Hawaii, 
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South Florida, and Costa Rica (Altizer & Davis 2010); this work further showed that wing traits 

were heritable and among-population differences were maintained even when monarchs were 

reared in common garden experiments. A similar study on monarchs in Cuba showed that 

resident individuals (identified based on stable isotopes and cardenolide fingerprints) had 

shorter wings than migrants from eastern North America (Dockx 2007, 2012).  

Molecular genetics approaches allow us to examine variation across multiple traits, 

including those that might be difficult to measure phenotypically, such as flight metabolism or 

navigational systems. One way to identify such “migration genes” is to carry out a candidate 

gene approach, in which specific genes are sequenced in migratory and non-migratory 

monarchs. One likely candidate is the phosphoglucose isomerase (Pgi) gene; Pgi is a central 

enzyme in glycolysis and affects the flight and dispersal ability of monarchs and other butterflies 

(Hughes & Zalucki 1993; Niitepõld et al. 2009). It is likely that butterflies that migrate 

seasonally will carry different alleles of this gene than non-migratory butterflies. Indeed, 

preliminary analyses have found that migratory and non-migratory monarch populations from 

North and South America are nearly fixed for different Pgi haplotypes (NLC & MRK, 

unpublished data).  

The downside of a candidate gene approach is that most candidate sites that could be 

responsible for differences in migration are currently unknown. With this in mind, a genome-

wide analysis of genetic differences between migratory and non-migratory monarchs might offer 

more promise, and the recently published sequence of the full monarch genome (Zhan et al. 

2011) will make this approach feasible. In particular, by sequencing the genomes of monarchs 

from migratory and non-migratory populations, as well as related Danaus species that do not 

migrate, we can investigate associations between particular genes and alleles and the extent to 

which populations undergo long-distance migration. Such sequencing, currently underway, will 

provide a powerful way to uncover novel migration genes, and could confirm whether migratory 

monarchs have variations in genes that are involved in flight ability, such as Pgi. 
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Recent work in developing an expressed sequence tag library and the sequencing of the 

monarch genome has opened the door to almost unlimited possibilities in monarch genetics 

(Zhan et al. 2011; Zhu et al. 2008). This work has identified multiple genes that may be involved 

in circadian rhythm and other aspects involved in migration (Zhu et al. 2008). For example, by 

comparing expressed sequences in the brains of summer breeding versus fall migratory 

monarchs, Zhu and colleagues showed that genes like turtle, which affects fruit fly locomotion, 

are up-regulated during migration and could be involved in migratory locomotor behavior. 

Another gene, rosy, related to increased longevity in fruit flies, was also found to be up-

regulated in migratory monarch adults, which in North America live for up to 8 months, 

compared to only about a month for their summer counterparts. Thus, along with 70 other 

genes identified in the genome, rosy could account for the increased lifespan of migratory 

monarchs (Zhu et al. 2008). Genes relating to eye development and neural processing have also 

been identified, which may provide insights into the monarchs’ possible use of a sun compass 

(Zhan et al. 2011). These genomic tools have just begun to allow researchers to discover genes 

related to the monarch’s fascinating migration. They will surely prove themselves invaluable in 

the future understanding of monarch biology in general. 

 

Outlook 

The field of monarch genetics has rapidly expanded and this growth will continue with 

improving technologies. Recent years have seen the transition from the use of traditional 

population genetics approaches to the use of genomics and the investigation of genome-wide 

gene expression, and the recently sequenced monarch genome has much to offer in determining 

the underlying mechanisms of monarch migration. Efforts to resequence, where part of an 

individual’s genome is sequenced and compared to the standard genome to detect differences, 

will help identify genes that underlie migration, and transcriptomics will continue to offer 

insights in the role of differential gene expression in monarch migration. Moreover, the 



51 
 

monarch genome can now be mined for thousands of single nucleotide polymorphisms, which 

will help scientists more accurately quantify the evolutionary history of monarch populations 

worldwide. The enticing aspect of genetic studies is that they can show us what is currently 

happening with monarchs, and can also give insights into their past. Differing allele frequencies 

and genetic diversity levels provide glimpses into monarchs’ historical colonization pathways 

and evolutionary history. We can use the monarch genome to better understand how and when 

monarchs colonized the world, and how the exposure of monarchs to novel habitats and 

environments has affected their genetic adaptation.  

Although most previous genetic studies on monarchs have focused on some aspect of 

migration, scientists have now reached an era where genetics can be used to investigate a wide 

variety of monarch features and behaviors. For example, recent genomic studies have identified 

the genetics underlying the chemical defense mechanism of monarchs, which includes a variant 

of the sodium/potassium pump that makes them more resistant to the toxic effects of milkweed 

chemicals (Dobler et al. 2012; Zhan et al. 2011; Zhen et al. 2012; Zhu et al. 2008). We expect 

that the ongoing development of genetic tools will help scientists better understand the 

evolution of monarch metamorphosis, host plant specialization, warning coloration, and 

resistance to disease, to name just a few topics. Undoubtedly, future work in genetics, coupled 

with traditional studies and observation, will lead to exciting new breakthroughs in the field of 

monarch biology. 
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Chapter 4 

Serial founder effects and genetic differentiation during worldwide range 

expansion of monarch butterflies 

Reprinted material from: A.A. Pierce, M.P. Zalucki, M. Bangura, M. Udawatta, M. 
Kronforst, S. Altizer, J. Fernandez Haeger,  J.C. de Roode. Proc. R. Soc. B. 281 (Dec, 2014). Used 
by permission of the publisher, Elsevier. 
 

Introduction 

Range expansions often result in decreased genetic diversity and increased between-population 

differentiation with increasing geographic distance from the source population (Eckert et al. 

2008; Peter & Slatkin 2013; Schulte et al. 2013). Theoretical and empirical studies show that 

genetic drift and serial founder events are important mechanisms producing such patterns 

(Austerlitz et al. 1997; Francois et al. 2008; Slatkin & Excoffier 2012; Taberlet et al. 1998). In 

Homo sapiens, migration out of Africa resulted in serial founder effects, including a decrease in 

heterozygosity with increasing distance from the African origin (Deshpande et al. 2009; Li et al. 

2008; Ramachandran et al. 2005), as well as a loss of genetic diversity in their accompanying 

human malaria parasite, Plasmodium falciparum (Tanabe et al. 2010). Importantly, genetic 

drift in edge populations can override selection during range expansion (Muller et al. 2014), 

sometimes causing fixation of harmful alleles and extinction of beneficial alleles (Hallatschek et 

al. 2007). 

Serial founder events can result in gene surfing: this spatial analog of genetic drift occurs 

when neutral or even deleterious alleles reach higher than expected frequencies along the front 

of an expansion (Edmonds et al. 2004; Flaxman 2013; Hallatschek & Nelson 2008; Klopfstein et 

al. 2006; Slatkin & Excoffier 2012). Gene surfing has been observed in multiple species, many 

with relatively low dispersal rates (Gracia et al. 2013; White et al. 2013). While these studies 

demonstrated the effects of genetic drift in shaping population genetics associated with range 

expansions, few studies have been carried out on organisms that undertake frequent and long-
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distance migrations. Simulations predicted that while serial founder events can cause genetic 

diversity loss and greater differentiation, these effects can be reduced by high dispersal (Bialozyt 

et al. 2006; Fayard et al. 2009; Ray & Excoffier 2010). Indeed, the disappearance or reduction 

of an isolation-by-distance pattern has been shown in a handful of species cable of long-range 

dispersal (Berthouly-Salazar et al. 2013; Szovenyi et al. 2012). 

Here we study how the range expansion of a migratory species has shaped its population 

genetics. We focus on the monarch butterfly, Danaus plexippus, which has expanded its 

ancestral range to colonize locations around the globe (Ackery & Vane-Wright 1984). Monarchs 

are famous for their annual migration from the eastern parts of Canada and the United States to 

overwintering sites in central Mexico (Urquhart & Urquhart 1978); however, monarchs also 

occur in locations around the world, ranging from the New World tropics to the Pacific islands 

(Ackery & Vane-Wright 1984; Zalucki & Clarke 2004) and southern Europe (Fernandez Haeger 

& Jordano Barbudo 2009). Most monarch populations outside of North America are, in fact, 

non-migratory (Altizer et al. 2000; James 1993), or locally travel only short distances in the 

form of modest range shifts (Dingle et al. 1999). Historical records and recent genomic analyses 

suggest that monarchs colonized other locations throughout the world from North American 

origins (Zhan et al. 2014). 

Records of monarchs outside of the New World are limited to the last 200 years, after 

suitable milkweed host plants (mostly in the genus Asclepias) were introduced (Zalucki & Clarke 

2004); however, recent genome-wide analyses suggest that these colonizations may have 

occurred earlier (Zhan et al. 2014). Monarchs likely colonized locations around the world 

through serial founder effects (stepwise dispersal) or multiple independent colonization events 

(Shephard et al. 2002; Zalucki & Clarke 2004), and were aided in reaching new locations 

through human transportation of both milkweeds and monarchs (Vane-Wright 1993), and 

extreme weather events (Clarke & Zalucki 2004). For example, monarchs were recorded in 

Australia in 1870, and were most likely carried there on cyclonic winds from a source population 
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in New Caledonia (Clarke & Zalucki 2004). Regarding eastward dispersal across the Atlantic 

Ocean, monarchs have been spotted along the southern Iberian peninsula and northern Africa, 

where their population sizes vary seasonally (Fernandez Haeger et al. 2011), pointing to a 

potential role for multiple introductions in facilitating population persistence (Fernandez 

Haeger et al. 2013).  

We sampled monarchs from 18 locations worldwide (Fig. 1) and used microsatellite 

analyses to investigate patterns of isolation by distance and genetic diversity. We found that 

monarch populations connected with the North-American source population by land 

maintained high levels of gene flow. We also detected strong genetic differentiation associated 

with range expansion out of North America. Across the Pacific Ocean, we found evidence of gene 

surfing and colonization through a pattern of serial stepwise dispersal. Conversely, across the 

Atlantic, monarchs showed evidence for multiple colonization events and dramatic founder 

effects within small, isolated populations.  

 

Figure 4.1. Map showing sampling locations of monarchs used for this study. 

Numbers represent sample sizes for each location. The inset shows a cluster of North American 

migratory monarchs at an overwintering site in Central Mexico (left) and a female monarch 

laying eggs on the tropical milkweed Asclepias curassavica (right). (Photos by J.C. de Roode). 
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Methods 

Monarch field collections: We obtained 746 monarchs from 18 locations around the 

world between 2007-2011(Fig. 1; Table 1). From North American migratory monarchs we 

included samples from one fall migratory stopover site in north Florida (St Marks: 100 

monarchs), two California overwintering sites (Pismo Beach and Santa Barbara: 100 monarchs) 

and two Mexico overwintering sites (Cerro Pelon and Sierra Chincua: 27 monarchs). We refer to 

the monarchs sampled from the eastern and western United States as the USA sample from 

hereon because despite overwintering in different locations, eastern and western North 

American monarchs are genetically indistinguishable on the basis of microsatellites (Lyons et al. 

2012). We also included samples from non-migratory New World monarchs inhabiting South 

Florida, southern North America (Costa Rica and Belize), Caribbean and Atlantic Islands 

(Puerto Rico and Bermuda), and South America (Ecuador and Aruba). Additionally, we included 

non-migratory monarchs from islands across the Pacific Ocean (Hawaii, Samoa, Fiji, New 

Caledonia, New Zealand and Australia) and monarchs from the Iberian Peninsula and northern 

Africa (Spain, Portugal, and Morocco). 

 

Table 4.1. Sampling sites and numbers of monarch butterflies 

Region 
Sampling 
location 

Number of 
monarchs 

Year collected 

North America 

United States 200 2009, 2010 

Mexico 27 2008 

Belize 31 2011 

Costa Rica 30 2009, 2010 

South Florida 36 2008, 2009 

Bermuda 13 2012 

Puerto Rico 29 2010 

South America 
Ecuador 14 2008 

Aruba 29 2012 

Hawaiian Islands Hawaii 114 2007, 2009, 2010 

Pacific Islands 

Samoa 32 2006, 2007 

Fiji 10 2009, 2010 

New Caledonia 40 1991, 2008, 2010 
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New Zealand 22 2007, 2011 

Australia 27 2009 

Iberian Peninsula 
Spain 31 2012 

Portugal 32 2012 

northern Africa Morocco 29 2012 

 

Genetic work: We used 16 microsatellite markers [48] to genotype each of our 

samples. For PCR, genomic DNA was extracted from a 0.5 mm section of butterfly thorax 

(females) or abdomen (males) using the Ultraclean DNA Isolation Kit from Mo-Bio (Carlsbad, 

CA, USA) and quantified using a Nanodrop 2000. We extracted DNA from females from the 

thorax rather than the abdomen to avoid possible contamination from male sperm. We followed 

PCR protocols as described [ref 48]. Amplified DNA was genotyped on an ABI 3100 genetic 

analyzer (Perkin Elmer, Applied Biosystems, Foster City, CA, USA) at the Emory Integrated 

Genomics Core (EIGC; Atlanta, GA, USA) and alleles were scored using Genemarker v. 4.0 

(SoftGenetics LLC, State College, PA, USA). 

Microsatellite analyses: We used the software Arlequin 3.5.1.2 (Excoffier & Lischer 

2010) to calculate observed and expected heterozygosity at each locus in each population and 

calculated deviations from Hardy-Weinberg equilibrium using sequential Bonferroni correction 

at α= 0.05 (Rice 1989). For subsequent analyses, we used 11 microsatellite loci that were in 

Hardy-Weinberg equilibrium in at least 11 out of 18 sampling locations (Table S1). 

Worldwide population genetic analyses: To investigate worldwide population 

structure, we used the software STRUCTURE version 2.3.3 (Pritchard et al. 2000) and 

implemented 100,000 burn-ins and 200,000 MCMC runs after the burn-in. We used an 

admixture model with uncorrelated allele frequencies to avoid the risk of overestimating the 

number of populations and used the LOCPRIOR model to provide the software with location 

information for each butterfly to ensure the detection of subtle population structure. We started 

simulations with K=18, to reflect the 18 sampling locations, and then ran simulations for K 

values of 18 through 1. For each K we ran ten simulations to check for consistency between runs, 
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and used the log likelihood (Pritchard et al. 2000) and delta K method (Evanno et al. 2005) to 

determine the most likely number of genetic populations.  

We calculated Nei’s standard genetic distance (DST) (Nei 1973) using the GenAlEx Excel 

plugin (Peakall & Smouse 2012). With this measurement, we created a distance matrix and used 

it to build a neighbor-joining distance tree in MEGA5 (Tamura et al. 2011) to visualize the 

genetic relationships between monarchs from our sampling sites. With the same distance 

matrix, we performed a Principal Coordinate Analysis using the cmdscale function in R (version 

3.0.1). 

To confirm our results, we used FST and RST statistics (Holsinger & Weir 2009; Slatkin 

1995) to measure genetic differentiation between monarch populations. Permutation tests 

(using 10,000 permutations), implemented in Arlequin 3.5.1.2 (Excoffier & Lischer 2010) were 

used to determine whether pairwise FST and RST values were significantly different from 0. To 

account for the potential occurrence of null alleles, we recalculated FST and RST values using 

corrected allele frequencies as determined by the software MICRO-CHECKER, version 2.2.3 

(Van Oosterhout et al. 2004). Overall, statistics based on corrected and uncorrected allele 

frequencies were highly similar (Table S2 and Table S3), and resulted in the same conclusions. 

Population genetic analyses of monarchs across the Pacific and Atlantic: 

We used STRUCTURE (settings and determination of K as above) to investigate population 

structure at a smaller scale among locations across the Pacific versus the Atlantic. For six 

locations across the Pacific, we began with K=6 and ran simulations for K values 6 through 1. 

For eight locations across the Atlantic, we started simulations with K=8 and ran simulations for 

K values of 8 through 1.  To analyze isolation by distance, we analyzed the correlation between 

geographic distance and genetic differentiation (FST and RST ) for locations across the Pacific and 

across the Atlantic using Mantel tests implemented in the vegan library version 2.0-0 (Oksanen 

et al. 2011) in the statistical package R (version 3.0.1).  
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  To determine likely dispersal routes, we resampled monarchs from each location with 

replacement using Poptools (Hood 2010) to standardize sample size across sites (n=22) prior to 

comparison of relative levels of genetic diversity (using the value 1-Qinter, the inter-individual 

diversity within populations), which were measured using Genepop version 4.1.0 (Rousset 

2008). We also calculated allelic richness, the number of alleles per locus, using ADZE-1.0 

(Szpiech et al. 2008), which utilizes a rarefaction approach to account for differences in sample 

size. Locations with fewer than 20 samples were excluded from these analyses. We then grouped 

locations based on proximity to either the Pacific or Atlantic Ocean to investigate the possibility 

of allelic clinal patterns. 

We calculated levels of gene flow, measured as the number of migrants reaching one 

population from another per generation, using likelihood ratio tests implemented in the 

coalescent-based software package MIGRATE-N 3.2 (Beerli 2009). We used a Brownian motion 

approximation to the ladder model and Bayesian inference with multiple heating chains to 

jointly estimate parameters (Beerli 2006; Beerli & Felsenstein 2001). We arbitrarily limited four 

locations for analysis of gene flow across the Pacific and four locations for determining gene flow 

across the Atlantic to maintain program accuracy and efficiency. Each analysis was run 

independently with five replicates. 

 

Results 

Worldwide patterns: Monarchs showed substantial genetic differentiation among the 

sampled locations (Fig. 2). STRUCTURE analyses supported a total of seven worldwide 

monarch populations composed of (i) North America (including USA, Mexico, Central America, 

and neighboring Caribbean/Atlantic islands), (ii) South America (Ecuador), (iii) Aruba, (iv) 

Spain, (v) Portugal/Morocco, (vi) the Hawaiian Islands, and   (vii) a series of Pacific Islands 

(including Australia and New Zealand; Fig. 2).  
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Figure 4.2. Worldwide structure plot showing that K (number of distinct 
populations) = 7. Microsatellite loci show that monarchs across the globe form seven genetic 
populations (orange bar=North America, dark blue bar= Aruba, purple bar= South America 
(S.A.), green bar= Spain, yellow bar= Portugal & Morocco, red bar= Hawaiian Islands, blue bar= 
Pacific Islands). The North American population is composed of the United States, Mexico, 
Belize, and Costa Rica (CR) as well as slightly more genetically differentiated locations such as 
South Florida (S. Florida), Puerto Rico (PR), and Bermuda (BM). South America is composed of 
Ecuador (Ec) and the Pacific Islands are composed of Samoa, Fiji, New Caledonia (NC), 
Australia, and New Zealand (NZ). Individual monarchs are indicated by vertical bars and color 
denotes population membership 
 

We inferred similar relationships from a distance tree based on Nei’s standard genetic 

distance (Fig. 3) with the locations grouping intuitively based on geographic proximity. In 

addition, the relatively long branch lengths between USA/Mexico monarchs and those from two 

neighbouring locations (Puerto Rico and South Florida/Bermuda) support the intermediate 

levels of differentiation identified by STRUCTURE. The nested structure of the distance tree 

(Fig. 3) also offers insight into the colonization route. For example, the branch capturing the 

Pacific Islands shows Hawaii having intermediate differentiation, with other Pacific sites 

showing increased differentiation from the USA; this pattern supports the serial stepwise 

dispersal hypothesis. Similarly, the clustered nature of the Iberian Peninsula and northern 

Africa locations suggest common colonization events. Similar patterns were observed using 

Principal Coordinate Analysis (Fig. S1). These relationships are further supported by FST and RST 

values, which are much lower between populations within the same geographic group and in 

closer geographic proximity than between populations in different geographic groups (Tables 

S2, S3).  
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Figure 4.3. Distance tree based on Nei’s standard genetic distance (DST). Sampling 

locations group intuitively based on geographic proximity and indicate groupings similar to the 

STRUCTURE plot in Fig 1. Branches are colored to demonstrate group membership 

(orange=North America, dark blue= Aruba, purple= South America (S.A.), green = Spain, 

yellow= Portugal & Morocco, red = Hawaiian Islands, blue = Pacific Islands). 

 
We found evidence for a panmictic population spanning the continent of North America, 

composed of the USA, Mexico, Belize, and Costa Rica. South Florida, Puerto Rico, and Bermuda 

were clearly differentiated from these North American mainland populations, as indicated by 

FST and RST values (Tables S2, S3), and STRUCTURE analysis (Fig. 2). 

 

Monarchs across the Pacific: In our worldwide analyses, when compared with other 

populations, monarchs from the Pacific Islands appear very homogeneous. To examine more 

subtle patterns of variation, we ran STRUCTURE for the Hawaiian and Pacific Islands only (Fig. 

4E), and were able to detect more population differentiation among the Pacific Island locations. 

To further explore this pattern, we examined allele frequencies for each of the 11 loci and found 

a distinct clinal pattern (Fig. S2), consistent with stepwise dispersal and gene surfing. Allelic 

richness was highest in the USA, with subsequent loss of some alleles and enrichment of others 
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with increasing distance westward towards Australia and New Zealand. This pattern was 

observed across all 11 loci (Fig. S2), which is highly indicative of a stepwise dispersal across the 

Pacific, and the presence of gene surfing in these colonization events.  

In addition to this clinal pattern, we found a decrease in genetic diversity and allelic 

richness as monarchs moved farther west from North America (Fig. 4A, 4B), further supporting 

stepwise serial dispersal. Conversely, the observation of relatively high frequencies of rare alleles 

in more distant locations is also consistent with the possibility that some sites were founded by 

independent colonization events. Additionally, there was only a weak pattern of isolation by 

distance (Fig. 4C; p=0.06), as has been seen in other highly  mobile species, such as the 

European Starling in South Africa (Berthouly-Salazar et al. 2013), which might arise from 

ongoing gene flow or intermittent dispersal events among colonized locations. To determine 

levels of gene flow, we ran Migrate-N using samples across the Pacific. Estimated number of 

migrants per generation between locations ranged from only two individuals from New Zealand 

to Australia to 15 individuals from Hawaii to the USA (Fig. 4D). This confirms the presence of 

ongoing gene flow even among distantly separated populations. 
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Figure 4.4. Genetic trends across the Pacific. A) Genetic diversity (using the value 1-

Qinter, the inter-individual diversity within populations) was highest in the USA and tended to 

decrease with increasing distance from the source population. B) Allelic richness was higher in 

the United States and significantly decreased across the Pacific. C) No pattern of isolation by 

distance was found (r=0.3833, p=0.062). D) Gene flow ranged between 2 and 15 individuals per 

generation and was highest from Hawaii to the United States. E) Pacific STRUCTURE plot 

indicating K=3. Increased population differentiation and a clinal pattern appear when examined 

at a finer spatial scale. 
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Monarchs across the Atlantic: We ran STRUCTURE using samples from the USA and 

locations across the Atlantic Ocean, including South Florida, Puerto Rico, Bermuda, Spain, 

Portugal, and Morocco. Results supported the same structure shown in Fig. 2, which is 

unsurprising as we were already able to detect ample population structure. We observed a 

decrease in allelic richness and genetic diversity among monarchs sampled in these Old World 

locations relative to the USA, although the pattern was not as strong as that observed across the 

Pacific (Fig. 5A, 5B). To investigate potential allelic clinal patterns, we examined allele 

frequencies for the USA, Spain, Portugal and Morocco. Many of the alleles found in the Iberian 

Peninsula and northern Africa represent a subset of alleles found in the USA (Fig. S3), indicative 

of founder effects.  

We found a weak pattern of isolation by distance (Fig. 5C, p=0.048), with increasing 

distance from the USA associated with increasing genetic differentiation. To determine gene 

flow across the Atlantic and among Old World locations, we ran Migrate-N and found relatively 

low levels of gene flow in comparison to the sites across the Pacific (Fig. 5D). This suggests that 

while there may have been multiple colonization events from North America, they occur 

infrequently or involve few individuals.  
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Figure 4.5. Genetic trends across the Atlantic. A) Genetic diversity (using the value 1-

Qinter, the inter-individual diversity within populations) was highest in the United States and 

tended to decrease with increasing distance from the source population. B) Allelic richness was 

higher in the United States and significantly decreased across the Atlantic. C) A weak pattern of 

isolation by distance was found (r=0.3181, p=0.048), with increasing geographic distance 

correlating with increasing genetic distance. D) Gene flow ranged between 2 and 6 individuals 

per generation. 

 

 
Discussion 
 

A strong signal of worldwide genetic population structure was detected in monarch 

butterflies, despite their high propensity for flight and their long-distance migration. With 
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increasing distance from the likely source population in North America, we found a trend of 

decreasing genetic diversity and clines in allelic richness, with some alleles disappearing and 

others becoming enriched. It thus appears that genetic drift has been the main driver in 

determining allele frequencies as monarchs colonized new areas. Importantly, spatial 

expansions can result in rare alleles reaching high frequencies through gene surfing, a process 

associated with genetic drift (Slatkin & Excoffier 2012), and this process has likely been a strong 

force shaping allele frequencies of newly colonized monarch populations across both the 

Atlantic and the Pacific Oceans. 

 

Pacific versus Atlantic 

Our results support a serial founder effect in monarchs from locations across the Pacific. The 

robust clinal pattern in allele frequencies (Fig. S2) and decreased allelic richness and genetic 

diversity (Fig. 4) strongly suggest that stepwise dispersal was the primary mechanism of 

colonization (see also ref (Shephard et al. 2002)), as has been seen in other range expansions 

like that of the spur-thighed tortoise in Spain (Gracia et al. 2013). Conversely, across the 

Atlantic, we found relatively higher genetic diversity as well as evidence for multiple 

colonization events and dramatic founder effects with rare alleles in the donor population found 

at relatively high frequencies. This pattern is more similar to that found in the speckled wood 

butterfly, in which range expansion was characterized by multiple colonization events resulting 

from long distance dispersal. There, it was found that while dispersal events resulted in reduced 

genetic diversity, this effect was lessened by subsequent gene flow (Vandewoestijne & Van Dyck 

2010). Indeed, in monarchs, historical records provide evidence of infrequent “migrants” or 

vagrants that strayed across the Atlantic on winds from North America with only a few 

individuals arriving in each dispersal event. In the Iberian Peninsula and northern Africa, 

monarchs are faced with hot and dry summers, resulting in host plants being scattered and 

restricted to wet soils (river beds, ponds, etc.) (Fernandez Haeger & Jordano Barbudo 2009). 
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Although this fragmented distribution could contribute to reduced gene flow between different 

patches, the most likely explanation for rare alleles is the high fluctuations in butterfly density in 

those patches. It is common for Iberian monarchs to suffer periodic bottlenecks as a 

consequence of excessive larval density or the destruction of plants by flooding rivers 

(Fernandez Haeger et al. 2013). 

Like many introduced or invasive species, monarch colonization across both the Pacific and 

the Atlantic was made possible by anthropogenic interactions, specifically human-driven 

colonization by milkweeds (which are non-native in most locations where monarchs are now 

found). Additionally, colonization was likely affected by between-location distances and wind 

patterns (Zalucki & Clarke 2004). The distances between locations inhabited by monarchs in the 

Iberian Peninsula and northern Africa are much shorter (and often connected by land) relative 

to the distances between oceanic islands in the Pacific. Importantly, both normal wind patterns 

and severe weather events such as hurricanes or cyclones have been known to transport 

monarchs across oceans (Clarke & Zalucki 2004), thus facilitating colonization and gene flow. 

Winds in both directions moving east and west away from of North America might have aided 

monarchs in trans-oceanic movements; additionally, the presence of the Gulf Stream and strong 

winds in middle latitudes from the USA to Europe may have resulted in more regular 

introductions across the Atlantic. Our analyses suggest that gene flow was generally higher 

among the Pacific locations than among those across the Atlantic, suggesting that monarchs 

move frequently enough between Pacific islands to limit population divergence. 

 

Implications 

Our analyses show that monarch migration provides sufficient gene flow to create a 

panmictic population of butterflies that spans the mainland North-American continent. These 

results indicate that the long-distance migration of monarchs from the USA and Canada to 

Mexico each year likely results in genetic mixing which affects monarchs in other North 
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American locations. One hypothesis for how this occurs is that rather than solely re-migrating 

north each spring, a portion of monarchs radiate outwards from their overwintering sites in 

search of larval host plants (Pierce et al. 2015; Wenner & Harris 1993). Due to the panmictic 

nature of the population in North America, our results provide a new outlook on monarch 

butterfly migration pathways.  

Results here also indicate that different migration strategies, such as the use of different 

overwintering sites or the presence of non-migratory behavior, can be maintained between 

populations despite high levels of gene flow (Lyons et al. 2012) as also seen in the admixed 

populations of migratory and sedentary groups of broad-tailed hummingbirds in North America 

(Malpica & Ornelas 2014). A similar lack of neutral genetic differentiation has been observed in 

other highly mobile, migrating species, such as hoverflies with different overwintering strategies 

in France (Raymond et al. 2013) and Blackcaps with different migratory behaviors and 

destinations in Europe (Mettler et al. 2013).  

To investigate evolutionary changes in monarchs and other species that might have 

arisen from the selective pressures of long-distance migration, different genetic approaches are 

required. For example, despite a lack of genetic differentiation based on selectively neutral 

markers, monarchs from populations with different migratory destinations or strategies could 

be differentiated at loci under differential selection in their respective geographic areas (Altizer 

& Davis 2010; Zhan et al. 2014). Thus, it is possible that locally adapted alleles are selected for 

during the breeding and migration seasons despite a high influx of neutral genes via gene flow. 

To better understand the role of genetics in migration as well as the potential role of local 

adaptation, comparative studies investigating non-neutral alleles and traits should be addressed 

in the future.  

With respect to other systems, our work clearly demonstrates that range expansion 

crucially affects levels of genetic diversity and population differentiation. Although these results 

are generally expected for species with low levels of dispersal, theoretical models have suggested 



68 
 

that high levels of dispersal could limit the effects of range expansion on reducing genetic 

diversity and creating genetic differentiation (Bialozyt et al. 2006; Fayard et al. 2009; Ray & 

Excoffier 2010). Some empirical studies have confirmed these predictions. In European 

Starlings inhabiting South Africa, for example, and peat mosses in the Stockholm archipelago, 

long-distance dispersal events have maintained genetic diversity (Berthouly-Salazar et al. 2013; 

Szovenyi et al. 2012) and multiple colonization events are hypothesized to have maintained 

relatively high genetic diversity in expanding populations of the Mediterranean damselfly 

(Swaegers et al. 2013). Additionally, when comparing bats with different dispersal abilities 

suffering from habitat fragmentation, highly mobile bats presented less genetic diversity loss 

(Meyer et al. 2009). In contrast to these findings, our results suggest that the genetic signature 

of range expansion can be maintained even in species with great capacity for dispersal. Beyond 

furthering our understanding of the population genetic effects of range expansion, these results 

are relevant for conservation biology by showing that even highly mobile species can suffer from 

reduced genetic diversity in widely separated geographic fragments.  

In summary, our work demonstrates that genetic drift has played a key role in shaping 

allele frequencies in colonized monarch butterfly populations throughout the world. In addition 

to demonstrating the impact of migration on gene flow and its role in creating a panmictic 

population spanning the North American continent, this work is also relevant for conservation, 

as connectivity impacts population size and dynamics. Especially with global climate change 

becoming increasingly important and resulting in habitat and range shifts for numerous species 

(Thomas et al. 2001), a deeper understanding of the mechanisms and effects of range 

expansions are critical in conservation efforts and the prevention and control of invasive species. 

Finally, our results confirm theoretical predictions that range expansions can result in allele 

clines (Excoffier et al. 2009; Slatkin & Excoffier 2012) and gene surfing  (Edmonds et al. 2004; 

Excoffier & Ray 2008; Flaxman 2013; Hallatschek & Nelson 2008; Klopfstein et al. 2006), and 

suggest that these patterns may occur even for species with great migratory ability.
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Supplementary Figures/Tables 

 

Table S4.1 Observed (HO) and expected (HE) heterozygosity for each population at each locus as determined by Arlequin 3.5.1.2 (Excoffier and 

Lischer 2010). 

  Locus 168 153 320 197 208 203 141 1679 137 122 494 983 854 165 819 519 

United States Ho 0.690 0.565 0.605 0.305 0.455 0.725 0.515 0.460 0.025 0.015 0.305 0.415 0.372 0.270 0.780 0.835 

 
HE 0.619 0.676 0.884 0.373 0.771 0.802 0.662 0.622 0.025 0.035 0.300 0.782 0.589 0.526 0.844 0.800 

Mexico Ho 0.629 0.703 0.778 0.444 0.519 0.519 0.481 0.519 - - 0.111 0.407 0.462 0.192 0.852 0.667 

 
HE 0.561 0.710 0.860 0.488 0.784 0.789 0.613 0.638 - - 0.108 0.806 0.609 0.438 0.832 0.684 

Belize Ho 0.742 0.645 0.677 0.129 0.323 0.710 0.548 0.581 - - 0.167 0.367 0.300 0.200 0.733 0.556 

 
HE 0.637 0.670 0.888 0.182 0.323 0.710 0.548 0.668 - - 0.160 0.794 0.524 0.454 0.805 0.741 

Coasta Rica Ho 0.600 0.500 0.600 0.267 0.345 0.933 0.533 0.533 0.000 0.000 0.233 0.467 0.300 0.345 0.733 0.800 

 
HE 0.552 0.705 0.868 0.282 0.683 0.802 0.569 0.602 0.235 0.131 0.268 0.814 0.581 0.649 0.799 0.786 

South Florida Ho 0.639 0.833 0.556 0.722 0.417 0.667 0.361 0.722 - - 0.566 0.444 0.306 0.194 0.619 0.806 

 
HE 0.644 0.644 0.734 0.520 0.720 0.690 0.513 0.640 - - 0.055 0.769 0.372 0.440 0.694 0.682 

Puerto Rico Ho 0.483 0.551 0.621 0.069 0.207 0.517 0.276 0.517 - - - 0.345 0.379 0.069 0.690 0.517 

 
HE 0.494 0.578 0.782 0.131 0.324 0.586 0.319 0.602 - - - 0.664 0.422 0.463 0.729 0.667 

Aruba Ho 0.517 0.214 0.448 0.034 0.370 0.607 0.414 0.571 - - - 0.621 0.241 0.069 0.620 0.690 

 
HE 0.668 0.560 0.661 0.034 0.673 0.674 0.515 0.689 - - - 0.843 0.313 0.346 0.713 0.766 

Ecuador Ho 0.286 0.143 0.214 0.286 0.077 0.214 0.357 0.000 - - 0.071 0.071 0.143 0.143 0.571 0.500 

 
HE 0.423 0.518 0.532 0.254 0.151 0.206 0.614 0.138 - - 0.071 0.071 0.349 0.519 0.582 0.598 

Bermuda Ho 0.615 0.462 0.692 0.462 0.462 0.692 0.538 0.615 - - - 0.538 0.154 0.231 0.769 0.500 

 
HE 0.624 0.723 0.806 0.369 0.806 0.766 0.710 0.732 - - - 0.732 0.148 0.532 0.649 0.797 

Spain Ho 0.419 0.452 0.097 0.258 0.710 0.516 0.839 0.387 - - 0.516 0.226 0.542 0.097 0.581 0.709 
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HE 0.424 0.552 0.531 0.275 0.774 0.658 0.643 0.379 - - 0.439 0.762 0.597 0.288 0.633 0.664 

Portugal Ho 0.219 0.375 0.167 0.226 0.313 0.686 0.313 0.563 - - 0.438 0.594 0.469 0.250 0.656 0.625 

 
HE 0.299 0.651 0.658 0.252 0.605 0.792 0.425 0.616 - - 0.563 0.776 0.565 0.573 0.803 0.607 

Morocco Ho 0.620 0.172 0.000 - 0.172 0.483 0.103 0.620 - - 0.517 0.172 0.655 0.069 0.620 0.655 

 
HE 0.460 0.588 0.361 - 0.477 0.477 0.650 0.608 - - 0.527 0.379 0.563 0.131 0.660 0.641 

Hawaii Ho 0.684 0.491 0.614 0.412 0.245 0.558 0.675 0.351 - - 0.070 0.286 0.315 0.228 0.640 0.640 

 
HE 0.593 0.588 0.718 0.404 0.676 0.665 0.648 0.489 - - 0.069 0.502 0.562 0.486 0.645 0.634 

Samoa Ho 0.531 0.031 0.419 0.250 0.452 0.133 0.031 0.094 - - - 0.594 0.387 0.186 0.844 0.613 

 
HE 0.448 0.031 0.601 0.268 0.508 0.325 0.031 0.091 - - - 0.726 0.542 0.376 0.788 0.707 

Fiji Ho 0.800 - 0.500 0.000 0.600 - 0.100 - - - - 0.900 0.500 - 0.700 0.900 

 
HE 0.611 - 0.395 0.189 0.526 - 0.100 - - - - 0.574 0.395 - 0.700 0.595 

New 
Caledonia Ho 0.462 0.256 0.385 0.179 0.462 0.243 0.179 0.053 - - - 0.667 0.459 0.237 0.821 0.676 

 
HE 0.533 0.295 0.569 0.165 0.499 0.434 0.213 0.052 - - - 0.774 0.507 0.235 0.765 0.700 

Austalia Ho 0.593 0.037 0.556 0.370 0.370 0.629 0.222 0.037 - - 0.037 0.556 0.222 0.481 0.444 0.593 

 
HE 0.498 0.037 0.531 0.307 0.509 0.498 0.208 0.037 - - 0.037 0.711 0.391 0.498 0.532 0.623 

New Zealand Ho 0.136 0.350 0.136 0.409 0.409 0.619 0.227 0.227 - - - 0.455 0.273 0.500 0.727 0.714 

  HE 0.132 0.594 0.132 0.332 0.467 0.535 0.284 0.485 - - - 0.614 0.383 0.502 0.659 0.670 

Significant differences between observed and expected heterozygosities are indicated in bold and were determined using an α of 0.05 and a 

sequential Bonferroni correction (Rice 1989). Loci for which at least eleven 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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Table S4.2 Pairwise FST and RST values between 18 sampling locations, as calculated by Genepop version 4.1.0 (Rousset 2008). Shading indicates 

values significantly different from 0. 

 
USA Mexico Belize 

Costa 
Rica 

S. 
Florida 

Puerto 
Rico Aruba 

Ecuado
r 

Bermu
da Spain 

Portug
al 

Moroc
co Hawaii Samoa Fiji 

New 
Caledo

nia 
Austral

ia 

Mexico 
RST: 
0.008 

                

 

FST: 
0.004 

                
Belize 

RST: -
0.005 

RST: -
0.010 

               

 

FST: 
0.005 

FST: 
0.004 

               
Costa Rica 

RST: 
0.002 

RST: 
0.034 

RST: 
0.032 

              

 

FST: 
0.002 

FST: 
0.009 

FST: 
0.006 

              
S. Florida 

RST: 
0.002 

RST: -
0.003 

RST: 
0.008 

RST: 
0.034 

             

 

FST: 
0.037 

FST: 
0.029 

FST: 
0.032 

FST: 
0.039 

             
Puerto Rico 

RST: 
0.041 

RST: 
0.162 

RST: 
0.137 

RST: 
0.050 

RST: 
0.152 

            

 

FST: 
0.075 

FST: 
0.096 

FST: 
0.078 

FST: 
0.090 

FST: 
0.143 

            
Aruba 

RST: 
0.060 

RST: 
0.076 

RST: 
0.102 

RST: 
0.113 

RST: 
0.101 

RST: 
0.265 

           

 

FST: 
0.079 

FST: 
0.090 

FST: 
0.065 

FST: 
0.072 

FST: 
0.096 

FST: 
0.172 

           
Ecuador 

RST: 
0.07 

RST: 
0.192 

RST: 
0.170 

RST: 
0.144 

RST: 
0.200 

RST: 
0.186 

RST: 
0.233 

          

 

FST: 
0.164 

FST: 
0.201 

FST: 
0.184 

FST: 
0.177 

FST: 
0.232 

FST: 
0.333 

FST: 
0.213 

          
Bermuda 

RST: 
0.004 

RST: 
0.040 

RST: 
0.053 

RST: 
0.017 

RST: 
0.027  

RST: 
0.117 

RST: 
0.159 

RST: 
0.162 

         

 

FST: 
0.071 

FST: 
0.067 

FST: 
0.088 

FST: 
0.086 

FST: 
0.060 

FST: 
0.188 

FST: 
0.151 

FST: 
0.272 

         
Spain 

RST: 
0.140 

RST: 
0.139 

RST: 
0.117 

RST: 
0.167 

RST: 
0.146 

RST: 
0.241 

RST: 
0.212  

RST: 
0.171 

RST: 
0.089 

        

 

FST: 
0.081 

FST: 
0.094 

FST: 
0.090 

FST: 
0.099 

FST: 
0.125 

FST: 
0.238 

FST: 
0.189 

FST: 
0.221 

FST: 
0.166 

        
Portugal 

RST: 
0.066 

RST: 
0.052 

RST: 
0.074 

RST: 
0.088 

RST: 
0.088 

RST: 
0.224 

RST: 
0.155 

RST: 
0.200 

RST: 
0.074 

RST: 
0.150 

       

 

FST: 
0.089 

FST: 
0.112 

FST: 
0.114 

FST: 
0.085 

FST: 
0.140 

FST: 
0.218 

FST: 
0.176 

FST: 
0.276 

FST: 
0.194 

FST: 
0.146 
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Morocco 
RST: 
0.040 

RST: 
0.029 

RST: 
0.031 

RST: 
0.047 

RST: 
0.047 

RST: 
0.138 

RST: 
0.142 

RST: 
0.131 

RST: 
0.026 

RST: 
0.090 

RST: 
0.013 

      

 

FST: 
0.138 

FST: 
0.174 

FST: 
0.170 

FST: 
0.174 

FST: 
0.211 

FST: 
0.263 

FST: 
0.282 

FST: 
0.380 

FST: 
0.292 

FST: 
0.133 

FST: 
0.116 

      
Hawaii 

RST: 
0.010 

RST: 
0.035 

RST: 
0.013 

RST: 
0.011 

RST: 
0.025 

RST: 
0.056 

RST: 
0.112 

RST: 
0.124  

RST: 
0.024 

RST: 
0.137 

RST: 
0.103 

RST: 
0.059 

     

 

FST: 
0.052 

FST: 
0.050 

FST: 
0.059 

FST: 
0.066 

FST: 
0.067 

FST: 
0.150 

FST: 
0.142 

FST: 
0.251 

FST: 
0.140 

FST: 
0.136 

FST: 
0.139 

FST: 
0.192 

     
Samoa 

RST: 
0.026 

RST: 
0.008 

RST: 
0.021 

RST: 
0.070 

RST: 
0.024 

RST: 
0.189 

RST: 
0.055 

RST: 
0.177 

RST: 
0.055 

RST: 
0.151 

RST: 
0.059 

RST: 
0.065 

RST: 
0.067 

    

 

FST: 
0.146 

FST: 
0.166 

FST: 
0.226 

FST: 
0.203 

FST: 
0.205 

FST: 
0.266 

FST: 
0.323 

FST: 
0.427 

FST: 
0.233 

FST: 
0.267 

FST: 
0.252 

FST: 
0.299 

FST: 
0.143 

    
Fiji 

RST: 
0.170 

RST: 
0.135 

RST: 
0.174 

RST: 
0.283 

RST: 
0.206 

RST: 
0.461 

RST: 
0.213 

RST: 
0.428 

RST: 
0.231 

RST: 
0.219 

RST: 
0.153 

RST: 
0.168 

RST: 
0.245 

RST: 
0.07 

   

 

FST: 
0.196 

FST: 
0.217 

FST: 
0.269 

FST: 
0.256 

FST: 
0.264 

FST: 
0.314 

FST: 
0.366 

FST: 
0.497 

FST: 
0.279 

FST: 
0.296 

FST: 
0.287 

FST: 
0.313 

FST: 
0.208 

FST: 
0.042 

   New 
Caledonia 

RST: 
0.002 

RST: 
0.039 

RST: 
0.044 

RST: 
0.016 

RST: 
0.043 

RST: 
0.082 

RST: 
0.119 

RST: 
0.141 

RST: 
0.037 

RST: 
0.180 

RST: 
0.085 

RST: 
0.058 

RST: 
0.022 

RST: 
0.036 

RST: 
0.232 

  

 

FST: 
0.138 

FST: 
0.162 

FST: 
0.216 

FST: 
0.192 

FST: 
0.181 

FST: 
0.262 

FST: 
0.306 

FST: 
0.412 

FST: 
0.207 

FST: 
0.268 

FST: 
0.244 

FST: 
0.313 

FST: 
0.126 

FST: 
0.009 

FST: 
0.075 

  
Australia 

RST: 
0.006 

RST: 
0.037 

RST: 
0.054 

RST: 
0.043 

RST: 
0.027 

RST: 
0.132 

RST: 
0.124 

RST: 
0.211 

RST: 
0.060 

RST: 
0.198 

RST: 
0.117  

RST: 
0.081 

RST: 
0.034 

RST: 
0.026 

RST: 
0.257 

RST: 
0.003 

 

 

FST: 
0.154 

FST: 
0.177 

FST: 
0.216 

FST: 
0.203 

FST: 
0.180 

FST: 
0.302 

FST: 
0.305 

FST: 
0.403 

FST: 
0.220 

FST: 
0.248 

FST: 
0.250 

FST: 
0.325 

FST: 
0.125 

FST: 
0.081 

FST: 
0.167 

FST: 
0.044 

 New 
Zealand 

RST: 
0.032 

RST: 
0.118 

RST: 
0.113 

RST: 
0.045 

RST: 
0.121 

RST: 
0.096 

RST: 
0.191 

RST: 
0.124 

RST: 
0.071 

RST: 
0.173 

RST: 
0.117 

RST: 
0.082 

RST: 
0.042 

RST: 
0.098 

RST: 
0.345 

RST: 
0.020 

RST: 
0.066 

 

FST: 
0.157 

FST: 
0.179 

FST: 
0.214 

FST: 
0.189 

FST: 
0.161 

FST: 
0.324 

FST: 
0.278 

FST: 
0.398 

FST: 
0.213 

FST: 
0.245 

FST: 
0.225 

FST: 
0.328 

FST: 
0.132 

FST: 
0.147 

FST: 
0.253 

FST: 
0.093 

FST: 
0.084 
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Table S4.3 Pairwise FST and RST values between 18 sampling locations, as calculated by Genepop version 4.1.0 (Rousset 2008). Values based on 

corrected allele and genotype frequencies as determined by MICRO-CHECKER version 2.2.3 (Van Oosterhout et al. 2004). Shading indicates 

values significantly different from 0. 

 
USA Mexico Belize 

Costa 
Rica 

S. 
Florida 

Puerto 
Rico Aruba 

Ecuado
r 

Bermud
a Spain 

Portug
al 

Moroc
co Hawaii Samoa Fiji 

New 
Caledo
nia 

Austral
ia 

Mexico 
RST: 
0.013 

                

 

FST: 
0.001 

                
Belize 

RST: -
0.005 

RST: -
0.010 

               

 

FST: 
0.007 

FST: 
0.005 

               
Costa Rica 

RST: 
0.008 

RST: 
0.044 

RST: 
0.041 

              

 

FST: 
0.002 

FST: 
0.010 

FST: 
0.011 

              
S. Florida 

RST: 
0.004 

RST: -
0.003 

RST: 
0.001 

RST: 
0.048 

             

 

FST: 
0.029 

FST: 
0.015 

FST: 
0.037 

FST: 
0.037 

             
Puerto Rico 

RST: 
0.057 

RST: 
0.201 

RST: 
0.177 

RST: 
0.067 

RST: 
0.192 

            

 

FST: 
0.073 

FST: 
0.084 

FST: 
0.058 

FST: 
0.084 

FST: 
0.129 

            
Aruba 

RST: 
0.029 

RST: 
0.021 

RST: 
0.018 

RST: 
0.076 

RST: 
0.038 

RST: 
0.267 

           

 

FST: 
0.075 

FST: 
0.094 

FST: 
0.064 

FST: 
0.074 

FST: 
0.108 

FST: 
0.148 

           
Ecuador 

RST: 
0.081 

RST: 
0.203 

RST: 
0.165 

RST: 
0.152 

RST: 
0.221 

RST: 
0.192 

RST: 
0.266 

          

 

FST: 
0.165 

FST: 
0.207 

FST: 
0.194 

FST: 
0.175 

FST: 
0.254 

FST: 
0.332 

FST: 
0.214 

          
Bermuda 

RST: -
0.014 

RST: 
0.012 

RST: 
0.024 

RST: -
0.005 

RST: 
0.012 

RST: 
0.125 

RST: 
0.064 

RST: 
0.174 

         

 

FST: 
0.071 

FST: 
0.071 

FST: 
0.112 

FST: 
0.096 

FST: 
0.075 

FST: 
0.155 

FST: 
0.175 

FST: 
0.301 

         
Spain 

RST: 
0.082 

RST: 
0.084 

RST: 
0.057 

RST: 
0.127 

RST: 
0.085 

RST: 
0.224 

RST: 
0.056 

RST: 
0.130 

RST: 
0.079 

        

 

FST: 
0.077 

FST: 
0.081 

FST: 
0.082 

FST: 
0.083 

FST: 
0.133 

FST: 
0.201 

FST: 
0.184 

FST: 
0.179 

FST: 
0.194 

        
Portugal 

RST: 
0.078 

RST: 
0.040 

RST: 
0.083 

RST: 
0.092 

RST: 
0.095 

RST: 
0.252 

RST: 
0.082 

RST: 
0.208 

RST: 
0.090 

RST: 
0.160 
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FST: 
0.095 

FST: 
0.115 

FST: 
0.128 

FST: 
0.085 

FST: 
0.165 

FST: 
0.220 

FST: 
0.201 

FST: 
0.273 

FST: 
0.213 

FST: 
0.135 

       
Morocco 

RST: 
0.019 

RST: -
0.002 

RST: 
0.005 

RST: 
0.017 

RST: 
0.023 

RST: 
0.127 

RST: 
0.036  

RST: 
0.114 

RST: 
0.015 

RST: 
0.105 

RST: 
0.010 

      

 

FST: 
0.107 

FST: 
0.121 

FST: 
0.112 

FST: 
0.115 

FST: 
0.188 

FST: 
0.198 

FST: 
0.240 

FST: 
0.290 

FST: 
0.258 

FST: 
0.083 

FST: 
0.091 

      
Hawaii 

RST: 
0.003 

RST: 
0.038 

RST: 
0.0178 

RST: 
0.006 

RST: 
0.016 

RST: 
0.062 

RST: 
0.037 

RST: 
0.099 

RST: -
0.006 

RST: 
0.077 

RST: 
0.106 

RST: 
0.038 

     

 

FST: 
0.042 

FST: 
0.041 

FST: 
0.056 

FST: 
0.060 

FST: 
0.058 

FST: 
0.123 

FST: 
0.153 

FST: 
0.256 

FST: 
0.152 

FST: 
0.140 

FST: 
0.146 

FST: 
0.166 

     
Samoa 

RST: 
0.034 

RST: 
0.008 

RST: 
0.012 

RST: 
0.074 

RST: 
0.023 

RST: 
0.204 

RST: 
0.020 

RST: 
0.171 

RST: 
0.027 

RST: 
0.075 

RST: 
0.034 

RST: 
0.025 

RST: 
0.064 

    

 

FST: 
0.165 

FST: 
0.189 

FST: 
0.263 

FST: 
0.227 

FST: 
0.223 

FST: 
0.294 

FST: 
0.360 

FST: 
0.471 

FST: 
0.225 

FST: 
0.298 

FST: 
0.272 

FST: 
0.315 

FST: 
0.181 

    
Fiji 

RST: 
0.216 

RST: 
0.151 

RST: 
0.204 

RST: 
0.316 

RST: 
0.232 

RST: 
0.508 

RST: 
0.218 

RST: 
0.439 

RST: 
0.242 

RST: 
0.193 

RST: 
0.150 

RST: 
0.157 

RST: 
0.273 

RST: 
0.074 

   

 

FST: 
0.226 

FST: 
0.241 

FST: 
0.304 

FST: 
0.284 

FST: 
0.290 

FST: 
0.344 

FST: 
0.395 

FST: 
0.517 

FST: 
0.262 

FST: 
0.329 

FST: 
0.312 

FST: 
0.335 

FST: 
0.259 

FST: 
0.067 

   New 
Caledonia 

RST: 
0.005 

RST: 
0.045 

RST: 
0.046 

RST: 
0.016 

RST: 
0.045 

RST: 
0.088 

RST: 
0.077 

RST: 
0.123 

RST: -
0.001 

RST: 
0.118 

RST: 
0.069 

RST: 
0.023 

RST: 
0.018 

RST: 
0.036 

RST: 
0.235 

  

 

FST: 
0.158 

FST: 
0.185 

FST: 
0.260 

FST: 
0.226 

FST: 
0.210 

FST: 
0.297 

FST: 
0.357 

FST: 
0.460 

FST: 
0.208 

FST: 
0.304 

FST: 
0.277 

FST: 
0.332 

FST: 
0.164 

FST: 
0.006 

FST: 
0.101 

  
Australia 

RST: 
0.010 

RST: 
0.046 

RST: 
0.054 

RST: 
0.049 

RST: 
0.029 

RST: 
0.149 

RST: 
0.088 

RST: 
0.206 

RST: 
0.016 

RST: 
0.138 

RST: 
0.106 

RST: 
0.044 

RST: 
0.026 

RST: 
0.026 

RST: 
0.261 

RST: 
0.001 

 

 

FST: 
0.175 

FST: 
0.201 

FST: 
0.258 

FST: 
0.234 

FST: 
0.215 

FST: 
0.307 

FST: 
0.356 

FST: 
0.447 

FST: 
0.249 

FST: 
0.285 

FST: 
0.279 

FST: 
0.320 

FST: 
0.171 

FST: 
0.079 

FST: 
0.186 

FST: 
0.043 

 New 
Zealand 

RST: 
0.044 

RST: 
0.140 

RST: 
0.137 

RST: 
0.057 

RST: 
0.146 

RST: 
0.114 

RST: 
0.157 

RST: 
0.117 

RST: 
0.070 

RST: 
0.156 

RST: 
0.129 

RST: 
0.077 

RST: 
0.045 

RST: 
0.098 

RST: 
0.359 

RST: 
0.016 

RST: 
0.065 

 

FST: 
0.145 

FST: 
0.163 

FST: 
0.225 

FST: 
0.184 

FST: 
0.174 

FST: 
0.310 

FST: 
0.311 

FST: 
0.404 

FST: 
0.206 

FST: 
0.250 

FST: 
0.229 

FST: 
0.297 

FST: 
0.142 

FST: 
0.114 

FST: 
0.250 

FST: 
0.082 

FST: 
0.087 

 



75 
 

 

Figure S4.1 Principal Coordinate Analysis Sampling locations are color coordinated to correspond with populations as 

depicted in Fig 4.2 and Fig 4.3. Variance explained by each axis is given in parantheses. 
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Figure S4.2 Allelic clinal pattern across Pacific. The change in the frequency of alleles across 11 loci as colonies move further 

west from the United States. Allele frequency values have been corrected to account for differences in sample sizes. The increase of 

some alleles with the disappearance of others along the wave front of the range expansion is indicative of gene surfing and genetic 

drift. 
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Figure S4.3 Allele frequencies across the Atlantic. The change in the frequency of alleles across 11 loci as colonies move 

further east from the United States. Values based on corrected allele frequencies to account for differences in sample sizes. Allelic 

clinal patterns demonstrate gene surfing but the relatively high frequency of rare alleles in more eastern colonies indicates multiple 

colonizations and founder effect.
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Chapter 5 

Extreme heterogeneity in parasitism despite low population genetic structure 

among monarch butterflies inhabiting the Hawaiian Islands 

Reprinted material from: A.A. Pierce, J. C. de Roode, S.M. Altizer, R.A. Bartel. PLoS ONE. 

9,6:e100061(June, 2014) 

 

Introduction 

Much work during the past two decades has focused on understanding the spatial ecology of 

host-pathogen interactions. Some studies have shown that genetic variation in traits affecting 

host resistance and pathogen virulence can generate spatial variation in infection patterns 

(Ravensdale et al. 2011). Other work demonstrated that landscape-level heterogeneity in factors 

such as habitat quality, the relative abundance of host species, and geographic features such as 

rivers and mountains, can affect the spatial spread and prevalence of pathogens (Allan et al. 

2003; Ostfeld et al. 2005; Smith et al. 2002). Understanding the pattern of spatial heterogeneity 

in infection is crucial for identifying key drivers of pathogen persistence and for predicting and 

managing disease risk. 

 Host dispersal patterns can have important consequences for spatial processes and the 

ecology and evolution of host-pathogen interactions (Cronin 2009; Ostfeld et al. 2005; Riley 

2007; Thrall & Antonovics 1995; Thrall & Burdon 1997). Some studies have shown that host 

movement among patches can facilitate pathogen persistence at the landscape level (Altizer et 

al. 2011; Hassell et al. 1991; Johnson et al. 2011). On the other hand, directed seasonal 

movement (i.e., long distance migration) can lower parasite transmission by allowing hosts to 

escape from parasitized locations (Altizer et al. 2011), as has been suggested for warble flies 

affecting reindeer (Folstad et al. 1991), and protozoan parasites infecting monarch butterflies 
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(Bartel et al. 2011). Movement can further result in gene flow and the spread of host resistance 

alleles across a landscape, with studies of anther-smut in plants and viruses in moths showing 

that limited host movement or gene flow can generate high spatial heterogeneity in prevalence, 

allowing some patches to become heavily infected while others remain disease-free (Best et al. 

2011; Carlsson-Graner 2006; Carlsson-Graner & Thrall 2002).  

Here, we examined spatial heterogeneity in the occurrence of an obligate protozoan 

parasite (Ophryocystis elektroscirrha, hereafter called OE) infecting monarch butterflies 

(Danaus plexippus) on the island chain of Hawaii. Monarchs inhabit islands and continents 

worldwide and occupy a subset of the range of their larval milkweed host plants (Ackery & Vane-

Wright 1984). Monarchs are best known for undertaking a spectacular long-distance migration 

(up to 5000 km roundtrip) in eastern North America (Brower & Malcolm 1991; Urquhart & 

Urquhart 1978), but they also form non-migratory populations that breed year-round in tropical 

and subtropical locations such as the Caribbean Islands, Central America and Hawaii. Monarchs 

colonized Hawaii and other Pacific Islands in the mid-1800s (Shephard et al. 2002; Zalucki & 

Clarke 2004) following the introduction of their host plants, and now occupy most of the eight 

Hawaiian islands (Ackery & Vane-Wright 1984). Monarchs in Hawaii breed year-round in 

habitats containing introduced larval host plants, especially Asclepias physocarpa, Calotropis 

gigantea, and C. procera. Hawaiian monarchs are smaller than North American migratory 

monarchs (Altizer & Davis 2010), and microsatellite markers showed that Hawaiian monarchs 

are genetically distinct from those in North America and New Zealand (Lyons et al. 2012).  

All monarch populations examined to date are parasitized by OE, and prevalence varies 

widely among regions (Altizer & De Roode 2013). Prevalence reaches the highest levels in 

monarch populations that breed year-round (e.g., South Florida, Cuba) and is much lower in 

populations that migrate long distances (Altizer et al. 2000; Leong et al. 1997a; Leong et al. 

1997b). In particular, non-migratory monarchs likely experience higher rates of transmission 

due to continuous breeding activity and extended use of the same host plants for egg deposition 
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(Altizer et al. 2011; Altizer 2004), as parasites are transmitted when infected adults scatter 

spores onto milkweed leaves (Leong et al. 1997b; McLaughlin & Myers 1970). Larvae ingest the 

spores, parasites replicate internally, and adults emerge with millions of dormant spores on the 

outsides of their bodies (de Roode et al. 2007; Leong et al. 1997b). While no further parasite 

replication occurs at the monarch adult stage, infected adults suffer from decreased body size, 

eclosion success, lifespan, flight performance and migration success (Altizer & Oberhauser 1999; 

Bartel et al. 2011; Bradley & Altizer 2005).  

In this study, we sampled monarchs and recorded OE infection across replicate sites 

within each of four Hawaiian Islands over multiple years. Based on previously documented 

associations between monarch migratory ecology and parasite prevalence, we expected that OE 

prevalence would reach high levels across all sites sampled owing to year-round breeding and 

the limited potential for long-distance movement among monarchs inhabiting these oceanic 

islands. Because our field analysis showed extreme heterogeneity in OE prevalence within and 

among islands (and lower than expected prevalence overall), we further used neutral genetic 

(microsatellite) markers to examine evidence for host population structure. In particular, we 

asked whether genetic evidence indicates that host movement within and among islands might 

be limited, such that between-site variation in prevalence could be attributed to locally 

structured host sub-populations that are isolated from other patches. Finally, we asked whether 

measures of host neutral diversity (as indicators of genome-wide heterozygosity) might correlate 

negatively with parasite infection probability at the individual or patch level, as suggested by 

prior work in Soay sheep, sea lions and several other species, whereby animals with greater 

genome-wide diversity can better resist parasite infections than more inbred hosts (Acevedo-

Whitehouse et al. 2009; Coltman et al. 1999; Smith et al. 2012; Whitehorn et al. 2011). 
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Figure 5.1. Variation in parasite prevalence on four islands of Hawaii based on 

field sampling from 2007-2010. Dark shading indicates the proportion of monarch infected 

with OE within subpopulations. Sample sizes are indicated within parentheses. Red dots 

indicate sites from which samples were further analyzed for microsatellite markers (Table S2). 

Photographs show two representative host plant species common throughout most islands. 

 

Materials and Methods 

Field sampling. We sampled monarchs and their parasites once per year in each of three 

years (2007, 2009, 2010) across four islands in Hawaii: Hawaii (Big Island), Oahu, Maui, and 

Kauai (Figure 1; Table 1). These islands differ in their total area and human population density. 

On each island, we identified 3-5 representative habitat patches where monarchs and their 
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milkweed host plants (Calotropis or Asclepias spp.) occur (Table S1). Sites were separated by a 

minimum of 5 km and early site visits indicated that monarch adults and larvae were 

concentrated in host plant patches, as has been shown before for monarchs (Zalucki & Kitching 

1982). Field surveys occurred during the rainy season (Jan-Feb), and with each progressive year, 

we identified additional sampling sites (Table 1). In 2007, only the Big Island and Oahu were 

visited and sampled (N = 117 monarchs, 3 sites).  In 2009, we expanded field efforts to Kauai 

and Maui and included more sites on the Big Island and Oahu (N = 388 monarchs, 10 sites), and 

in 2010, we added sites on all islands (N = 380, 15 sites). 

Table 5.1. Monarchs sampled in Hawaii by collection site and year, with sample sizes (count) 

and the proportion of monarchs heavily infected with O. elektroscirrha. Sites in boldface were 

also examined for microsatellite markers (Table S3). 

  2007   2009   2010   

Total 

Count 

Total 

Proportion 

Infected 

  Count 

Average 

Proportion 

Infected Count 

Average 

Proportion 

Infected Count 

Average 

Proportion 

Infected     

Big Island 65 0.48 100 0.36 81 0.54 246 0.45 

Kailua-Kona 

    

8 0.50 8 0.50 

Kawaihae 

    

14 0.14 14 0.14 

Konacopia Farms 

    

17 0.88 17 0.88 

Makalapua   65 0.48 100 0.36 42 0.55 207 0.43 

Kauai 

  

102 0.45 101 0.45 203 0.45 

Kealia Beach 

  

43 0.81 46 0.48 89 0.64 

Kekaha Beach 

  

26 0.23 11 0.36 37 0.27 

Waimea 

  

22 0.18 33 0.42 55 0.33 

West Waimea 

  

11 0.09 11 0.45 22 0.27 

Maui 

  

106 0.20 97 0.49 203 0.34 

Kihei 

    

29 0.48 29 0.48 

Maui 377 

  

100 0.20 61 0.49 161 0.31 

Maui-Lani 

  

6 0.17 7 0.57 13 0.38 
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Oahu 52 0.13 80 0.21 101 0.19 233 0.18 

East Side 

    

23 0.04 23 0.04 

Nehoa St. 

    

6 0.33 6 0.33 

North Shore 

  

5 0.00 30 0.10 35 0.09 

Paakea Rd. 21 0.24 12 0.17 

  

33 0.21 

Palai St. 31 0.06 63 0.24 42 0.31 136 0.22 

Grand Total 117 0.32 388 0.31 380 0.41 885 0.35 

 

The field collections for this project did not involve endangered or protected species. We 

collected at three different private sites (Palia, Nehoa, and Konacopia) after receiving 

permission from S. and A. Montgomery, S. Marques, and E. Kilpatrick. The remaining collection 

sites consisted of roadsides, parks, or unprotected areas. No permits were necessary to collect 

these monarchs in Hawaii (collecting non-endangered butterflies in public areas is not 

prohibited in the United States, and monarchs themselves are not native to the Hawaiian 

Islands). All butterflies were transported to the University of Georgia, Athens, GA, under 

permission from the United States Department of Agriculture (USDA PPQ-526 Permit #11-

04112 and Permit #06-01690 to S. Altizer).  

Adult monarchs were captured using an aerial net between 0900 and 1600 hr. Following 

capture, monarchs were stored individually in glassine envelopes and held at 14ºC for up to 6 hr 

prior to sampling. We recorded sex and forewing length to the nearest 0.01mm. Wing condition, 

which qualitatively reflects age or distance traveled, was recorded in two ways. First, we 

recorded wing damage on a 0-4 scale, based on the number of wings with evidence of tears or 

other physical damage as might be caused by predators or contact with hard surfaces. Second, 

we recorded wing wear on an ordinal scale of 1-5, based on the level of scale loss (from newly 

emerged to nearly transparent wings) following Cockrell et al. (Cockrell et al. 1993).  



84 
 

Measuring parasite prevalence and transmission:  Adult monarchs captured at 

each site were scored for parasite infection status based on the number of OE spores transferred 

to a 2.5 cm-diameter transparent sticker pressed against adult abdomens (described in Altizer et 

al. (Altizer et al. 2000)). Samples were examined at 63X magnification to record infection scores 

on a 0-5 scale. This method is highly sensitive and past work showed that categorical scores are 

highly correlated with Log10 of quantitative spore loads (de Roode et al. 2009) measured using 

an agitation and hemocytometer counting chamber method as described in Leong et al. [25] and 

Altizer et al. [26]. Samples with more than 100 spores were considered heavily infected; this 

classification includes the two highest spore load categories defined by Altizer et al. (2000). 

Importantly, heavily infected monarchs are those with infections likely caused by the ingestion 

of one or more spores as larvae, thus resulting in these individuals experiencing negative 

consequences of within-host replication (de Roode et al. 2007). In contrast, lower spore 

numbers can result from passive transfer of spores between adult butterflies (Altizer 2004; de 

Roode et al. 2009; de Roode et al. 2007); these dormant spores cannot directly infect adults and 

must be ingested by a larva to cause a new infection. Following scoring infection status, we 

released the majority of monarchs at the collection site and kept a subset for genetic analysis 

(Table S2). 

Microsatellite analyses: We used polymorphic microsatellite markers to determine 

whether monarchs were genetically differentiated between sites, or whether extensive gene flow 

occurs. Microsatellite marker development and PCR protocol were as described in Lyons et al 

2012. Briefly, DNA for PCR was extracted from a 0.5 mm section of butterfly abdomen (male 

butterflies) or thorax (female butterflies) using the UltraClean DNA Isolation Kit from Mo-Bio 

(Carlsbad, CA, USA) and quantified using a Nanodrop 2000. We did not use female abdominal 

tissue as this could possibly contain DNA from male sperm. PCR was carried out in 15 µl 

multiplex reactions using the Type-It Microsatellite PCR kit (Qiagen). Only a subset of 

monarchs scored for infection status were collected for genetic work, so sites with nine or more 
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samples were chosen to genotype (Table S2). In total, we genotyped 42 butterflies from two sites 

on the Big Island (Kawaiahea, N = 9; Makalapua, N = 33), 48 from four sites on Oahu (East 

Side, N = 9; North Shore, N = 9; Paakea, N = 11; Palia, N = 19), and 9 from one site on Maui 

(Maui377, N = 9) for 16 microsatellite loci (Table S3).  

Analysis of field and genetic data: For field-collected samples, we used logistic 

regression (IBM SPSS Statistics 20.0) to examine the main effects of year, island, and site (as a 

random effect, nested within island) on variation in monarch infection status (at the individual 

level) as a binomial variable. We also included the island*year interaction effect, and individual-

level predictors of sex, forewing length, wing damage and wing wear in the full model.  Prior to 

analysis we excluded data from sites for which fewer than 5 samples were available. In a 

separate analysis, we investigated whether site-level variation in patch size, land use type 

(categorized as urban, suburban or rural), and host plant species explained variation in average 

prevalence measures (with details provided in Supplementary Materials).   

To investigate host genetic differentiation, we used the software Arlequin 3.5.1.2 (Excoffier & 

Lischer 2010) to calculate observed and expected heterozygosity at each microsatellite locus for 

each site. We also used Arlequin to calculate deviations from Hardy-Weinberg equilibrium for 

each locus at each site, and used a sequential Bonferroni correction (Rice 1989) to determine 

whether observed and expected heterozygosity levels were significantly different (α=0.05). We 

excluded locus 137, which was not polymorphic or in Hardy-Weinberg in at least 5 out of 7 

populations; the remaining 15 loci were used in subsequent analyses (Table S4).   

Samples for each site were resampled with replacement using Poptools (Hood 2010) to 

standardize sample size across sites for comparison of relative levels of genetic diversity. To do 

this, we calculated genetic diversity (using the value 1-Qinter) using Genepop version 4.1.0 

(Rousset 2008) and allelic richness using ADZE-1.0 (Szpiech et al. 2008), which utilizes a 

rarefaction approach to account for differences in sample size. To understand the relative 
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magnitude of within- and between-population genetic diversity, we carried out a locus by locus 

analysis of molecular variance using 10,000 permutations in Arlequin 3.5.1.2 (Excoffier & 

Lischer 2010) for six of the sites (Kawaihae, Big Island; Makalapua, Big Island; East Side, Oahu; 

North Shore, Oahu; Paakea, Oahu; Palia, Oahu). In this analysis, we combined sites based on 

island, and compared this to the variation among populations within groups (i.e. variation 

among sites within the same island) as well as genetic variation within sites.  

We used the software STRUCTURE version 2.3.2.1 (Pritchard et al. 2000) to investigate 

population structure. We used an admixture model with uncorrelated allele frequencies to avoid 

the risk of overestimating the number of populations, K, and used the LOCPRIOR model to 

include location information for each butterfly. We did the latter to ensure that STRUCTURE 

would be able to detect subtle population structure. We also included 16 butterflies from New 

Zealand (Christchurch, Jan 2011) for comparison, as 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 (Shephard et al. 2002; Vane-Wright 1993; Zalucki & 

Clarke 2004). Therefore, the inclusion of the New Zealand population allows us to determine 

that our markers are able to detect subtle and newly formed population structure.  

We also examined population genetic structure using FST and RST statistics. These 

statistics are commonly used to calculate genetic differentiation, with levels of 0 indicating 

panmixia, and values higher than 0 indicating genetic differentiation. RST was developed as a 

more appropriate statistic for microsatellite markers, based on its use of a stepwise mutation 

model (Slatkin 1995), rather than the infinite alleles model utilized in FST statistics (Balloux & 

Lugon-Moulin 2002). Permutation tests (using 10,000 permutations), as implemented in 

Arlequin 3.5.1.2 (Excoffier & Lischer 2010) were used to determine whether pairwise FST and RST 

values were significantly different from 0. To further examine population genetic structure, we 

analyzed the correlation between site collection time and measures of genetic differentiation 
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using Mantel tests implemented in the vegan library version 2.0-0 (Oksanen et al. 2011) in the 

statistical package R version 3.0.1. Finally, we calculated heterozygosity at the individual level by 

determining the proportion of heterozygous loci per butterfly. To investigate the effect of 

heterozygosity on infection status, we treated infection status as a binomial variable and 

performed a logistic regression using a generalized linear model (GLM with binomial error 

distribution, logit link) in R version 3.0.1. 

 

Results 

Parasite prevalence and transmission:  On average, 35.5% of monarchs were heavily 

infected with OE across all sites and years (N = 885; Table 1). We detected high variation in 

prevalence both within and among islands on the Hawaiian archipelago (Table 1; Figures 1-2), 

with the average proportion of heavily infected monarchs per site per year ranging from 0.00 to 

0.88. Logistic regression showed a significant main effect of island on infection probability 

(Wald χ2 = 10.17, d.f. = 3, P = 0.017). In particular, the outer islands of Kauai and the Big Island 

showed the highest average infection levels (e.g., proportion of heavily infected monarchs on the 

Big Island, N = 246, and Kauai, N = 203, were both 0.45 when averaged across sites and years). 

By comparison, average prevalence was much lower on Oahu (proportion infected = 0.19, N = 

233). Although we also observed a significant main effect of year (Wald χ2 = 16.13, d.f. = 2, P < 

0.001), with infection prevalence higher for 2010 than for 2007 or 2009 (Figure 2), differences 

in infection probability across islands were generally consistent among years (Table 1; Figure 2), 

as supported by a non-significant interaction between island and year (Wald χ2 = 5.20, d.f. = 4, 

P = 0.26).  
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Figure 5.2. Proportion of monarchs heavily infected with OE for four Hawaiian 

Islands from 2007-2010. Sample sizes are in parentheses. Average prevalence per island 

over all sample years is shown in bold type. Field surveys in 2007 focused on the Big Island and 

Oahu only. Beginning in 2009, we sampled Maui and Kauai, and visited 3-5 sampling sites for 

each of the 4 islands. Sample sizes per island per year ranged from 56 to 105 (Table 1). Error 

bars indicate standard errors. 

At a finer scale, we detected strong within-island heterogeneity in the proportion of infected 

monarchs (Figure 1), and the effect of site nested within island was highly significant (Wald χ2 = 

40.38, d.f. = 4, P < 0.001). Of the 16 sites monitored through 2010, 9 were assessed for two or 

more consecutive years for monarch presence and parasite prevalence (Figure 2).  Although 

some sites showed consistently low or high prevalence (Table 1), a separate simple linear 

regression analysis showed that OE prevalence per site in a given year was not predictive of 

prevalence the following year (R2 = 0.144, t11 = 1.30, P = 0.224).  

Our multivariate logistic regression analysis further controlled for individual-level 

variables that might explain variation in OE infection. At the individual level, males (proportion 

infected = 0.49, N = 548) had higher infection prevalence than females (proportion infected = 

0.44, N = 337) and this effect was highly significant (Wald χ2 = 16.0, d.f. = 1, P < 0.001). 
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Forewing length was negatively associated with infection status, such that infected monarchs 

had smaller wings than healthy butterflies (Wald χ2 = 9.95, d.f. = 1, P = 0.002). Wing wear 

(reflecting wing scale loss) also predicted variation in infection probability (Wald χ2 = 10.51, d.f. 

= 1, P = 0.001), such that infected monarchs were more likely to show greater wing scale loss. 

Wing damage (as an index of tatter), however, was not associated with monarch infection status 

(Wald χ2 = 0.32, d.f. = 1, P = 0.57). 

A separate analyses of variance based on average prevalence by site and year (N = 28) 

showed that no site-level measurements (e.g., patch area, host plant species, habitat type) were 

significant predictors of variation in parasitism (results presented in Supplementary Materials). 

Although collection times (within the 0900 – 1600 hr range) varied among sites, there was no 

correlation between collection time and average infection prevalence (P=0.52 for 2009, when 

detailed collection times were recorded).  

Table 5.2. Results of analysis of molecular variance (AMOVA) comparing samples from 

locations within two islands (Kawaihae, Makalapua, East Side, North Shore, Paakea and Palia) 

Source of variation d.f. Sum of squares 

Variance 

components 

Percentage 

variation P-value 

Among groups 1 1416.861 (17.408) 9.701 (0.134) 4.08 (3.66) 0.14467 (0.06940) 

Among pop. within groups 4 1636.393 (18.399) 7.752 (0.046) 3.26 (1.27) 0.01564* (0.12219) 

Among individuals within pop. 174 38319.251 (603.755) 220.226 (3.470) 92.66 (95.07) 0.00000* (0.00000)* 

Total 179 41372.506 (639.561) 237.679 (3.650)     

In this analysis, Kawaihae and Makalapua were grouped into the same group (Big Island) while 
East Side, North Shore, Paakea and Palia formed another group (Oahu). The analysis was 
carried out based on RST and FST values; results for the latter are shown in parentheses. 
Significant P-values, based on permutation tests in Arlequin v3.5.1.2, are indicated with 
asterisks. 

 

Neutral genetic variation and population structure:  An AMOVA analysis using RST 

demonstrated that differences among sites, rather than among islands, are responsible for much 

of the observed variation in allele frequencies (Table 2). Therefore, our subsequent analyses 
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were performed on the site scale. FST and RST analysis of site comparisons revealed moderate 

clustering based on island with the sites on Oahu differentiated from those on the Big Island 

(Table 3). The sites within Oahu were not significantly differentiated from one another except 

for one pairwise comparison (East Side and Palia). According to FST calculations, the Maui site 

was significantly different when compared to one of the Big Island sites (Kawaihae) and one of 

the Oahu sites (East Side). However, RST values for these comparisons were not significant.  

Table 5.3. Pairwise RST and FST values between seven monarch buttterfly populations, as 
calculated in Arlequin v3.5.1.2 

  Kawaihae Makalapua Maui 377 East Side North Shore Paakea 

Makalapua RST: 0.01886 

     

 

FST: 0.00524 

     Maui 377 RST: 0.02309 RST: 0.01747 

    

 

FST: 0.06087* FST: 0.03410 

    East Side RST: 0.07261* RST: 0.11108* RST: 0.04457 

   

 

FST: 0.03481* FST: 0.05370* FST: 0.06896* 

   North Shore RST: 0.01119 RST: 0.04047* RST: -0.01476 RST: 0.03341 

  

 

FST: 0.04989* FST: 0.02963* FST: 0.00106 FST: 0.02524 

  Paakea RST: 0.11897* RST: 0.10292* RST: 0.00858 RST: 0.03400 RST: 0.00520 

 

 

FST: 0.08489* FST: 0.06238* FST: 0.01235 FST: 0.03855 FST: -0.00344 

 Palia RST: 0.11233* RST: 0.03965* RST: 0.01722 RST: 0.08108* RST: 0.03968 RST: 0.04376 

  FST: 0.08310* FST: 0.03434* FST: 0.00090 FST: 0.05444* FST: -0.01063 FST: 0.00153 

Asterisks and shading denote values that are significantly different from zero. Note that all 

values are less than 0.12, and that significance is at the 0.05 level.  

 

For thoroughness, we also looked at differentiation among islands and found similar results, 

with slight genetic differentiation detected between Oahu and the Big Island, as well as slight 

differentiation detected using FST between the Big Island and the other islands (Table S5). Thus, 

although there were some significant differences between sites, the observed levels of 

differentiation were low. This low level of genetic differentiation was confirmed with the analysis 
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in STRUCTURE, which did not indicate any significant population structure (Figure 3). The lack 

of genetic structure is unlikely to be an artifact of our microsatellite markers as they clearly 

detect genetic differentiation between Hawaii and New Zealand butterflies.  We also ran 

STRUCTURE without the inclusion of New Zealand, and still found a lack of population 

structure among the Hawaiian sites (Figure S1). We performed a Mantel test to determine 

whether genetic differentiation correlated with differences in site collection time and found that 

the relationship was not significant for FST (r=0.04, P=0.54) or RST (r=0.22, P=0.43). This lack 

of a correlation indicates that differences in collection times are not responsible for the small 

amount of genetic variation found. 

 
Figure 5.3. Structure plot showing that K (number of distinct populations) = 2. 

Monarchs on the Hawaiian Islands form one admixed genetic population (red text=Big Island, 

orange text=Maui, blue text=Oahu). New Zealand monarchs are differentiated from Hawaii and 

form their own genetic group.  

 

Mean heterozygosity levels among sites ranged from a low of 0.333 in Palia to a high of 

0.474 in North Shore (both of these sites are within Oahu) and did not significantly differ among 

sites within islands (F6,98=0.65, P=0.69; Figure 4A).  Allelic richness ranged from a low of 2.702 

(Paakea, on Oahu) to a high of 3.266 (Makalapua, on the Big Island) but did not significantly 

differ among sites (F6,98=0.44, P=0.85; Figure 4B). Genetic diversity ranged from 0.385 in Palia 
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to 0.522 in East Side (both of these sites are within Oahu) and did not differ significantly 

(F6,98=0.66, P=0.68; Figure 4C).  

Associations between genetic diversity and infection status.  No site-level 

measures of genetic diversity (mean heterozygosity, P=0.22; allelic richness, P=0.30; genetic 

diversity, P=0.42) were found to correlate significantly with site-level averages of parasite 

prevalence (Figures 4D, 4E, 4F). At the individual level, average microsatellite heterozygosity 

was not found to predict infection status (χ2= 126, d.f. = 1, P= 0.67). 
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Figure 5.4. Measures of genetic diversity for monarchs from seven sites in Hawaii 

(red=Big Island, brown=Maui, blue=Oahu). ES refers to East Side and NS refers to North 

Shore, both of which are located on Oahu (A) Heterozygosity was found to be similar among the 

sites. (B) Allelic richness was similar amongst the sites. (C) Genetic diversity (using the value 1-

Qinter, the inter-individual diversity within populations) was also found to be similar. (D) 

Heterozygosity did not correlate with parasite prevalence (r=-0.53; p=0.22). (E) Allelic richness 

was not found to correlate with parasite prevalence (r= 0.46; p=0.30). (F) Genetic diversity was 

not found to correlate with parasite prevalence (r= -0.36; p=0.42). Error bars in panels A-C 

show ±1 SE across loci. 

 

Discussion 

Parasite prevalence was highly variable among and within the Hawaiian Islands. These results 

are unexpected, because the non-migratory status of monarchs of the Hawaiian Islands would 

lead us to predict that parasite prevalence should be relatively high across all sites. Instead, 

patterns identified here suggest that factors other than migratory behavior can play a major role 

in driving heterogeneity in parasite prevalence in this system.  

In this paper, we examined whether population sub-structuring might be responsible for the 

among-site variation in parasite prevalence. In particular, limited host movement might allow 

for local inbreeding and the loss of genetic diversity in sites with small populations, which is 

known to increase pathogen susceptibility in other systems (Acevedo-Whitehouse et al. 2009; 

Coltman et al. 1999; Smith et al. 2012; Whitehorn et al. 2011), and could more generally allow 

for the spatial segregation of host resistance alleles, leading to some sites with high resistance to 

infection and other sites with high susceptibility (Carlsson-Graner 2006; Carlsson-Graner & 

Thrall 2002). Although we found slight to moderate genetic differentiation among sites and 

islands when using RST and FST statistics, we found no evidence of population structure using the 

program STRUCTURE. Moreover, parasite prevalence was not explained by variation in genetic 

diversity, heterozygosity, and allelic richness among sites. Thus, it appears that population 

genetic variation cannot explain the observed heterogeneity in parasite prevalence in this 
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system. Instead, spatial environmental heterogeneity or ecological metapopulation processes 

might play stronger roles in determining infection heterogeneity in this host-parasite 

interaction. 

Spatial variations in patch size, isolation and quality have been shown to alter parasite 

transmission and spatial spread in other host-pathogen systems. For example, empirical work 

demonstrated that landscape-level heterogeneity in habitat quality, host species diversity, and 

major geographic features such as water bodies affected the spatial spread and prevalence of 

pathogens ranging from rabies virus in raccoons to Lyme disease in white-footed mice (Allan et 

al. 2003; Almberg 2010; Real 2005; Smith et al. 2002). More generally, the dynamic structure 

of landscapes, particularly as a result of habitat fragmentation and other anthropogenic effects, 

can impact infectious diseases by affecting host species vital rates, density and distribution 

(Hess 2002). The Hawaiian Islands are known to vary in key ecological parameters such as total 

area, elevation, and human population density. Moreover, patches examined here differed in 

host plant species, patch size, and surrounding urban development. Although basic site level 

measurements collected here (Table S1) were not found to be correlated to infection prevalence, 

more comprehensive site-level data should be collected in the future, including actual numbers 

and distribution of host plants, elevation, temperature, precipitation, and monarch larval and 

adult densities. Host density in particular might correlate positively with parasite prevalence, as 

demonstrated by previous work on parasite infection in summer breeding North American 

monarchs (Bartel et al. 2011).  

Metapopulation ecology could offer a different perspective for understanding how spatial 

processes cause infection heterogeneity in the monarch-pathogen interaction (Hanski & Gilpin 

1991; Hess 1996, 2002). Specifically, extinction and colonization processes across 

interconnected patches might generate spatial variation in prevalence (even in the absence of 

other environmental gradients) simply because sites differ in the timing of host and pathogen 
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colonization (Gog et al. 2002; McCallum & Dobson 2002).  Here, we considered the possibility 

that patch age might predict infection probability, if older habitat patches are more likely to be 

colonized by the pathogen. One specific prediction might be that patches with older monarchs 

(with more worn wings) should be more likely to harbor infected butterflies.  Unfortunately, 

known pathogen effects on monarch wing characteristics make testing this idea challenging, 

because patches with more infected monarchs might have higher average wing wear measures 

simply because parasites negatively affect wing development.  Indeed, at the individual level, 

infected monarchs sampled here had smaller wings and greater wing scale loss (but not greater 

wing damage); consistent with prior studies showing that infection lowers monarch wing area 

and body size (Altizer & Oberhauser 1999; de Roode et al. 2007) and reduces the density of 

black pigmentation on monarch wings (Lindsey & Altizer 2009).  Thus additional studies 

examining host patch age could provide insight into the potential role of metapopulation ecology 

in this host-parasite dynamic. 

In conclusion, we observed drastically varying prevalence of a protozoan parasite in 

monarchs inhabiting the Hawaiian Islands, despite high levels of butterfly gene flow and a lack 

of host population structure. The impact of site-level characteristics and landscape 

heterogeneity, in addition to colonization-extinction processes, are promising directions that 

could provide insight into the dynamics of this host-parasite interaction. 
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Supplementary Materials 

Analysis for site-level characteristics and infection prevalence.  To test whether site-

level variables predicted infection prevalence, we calculated average prevalence per site per year, 

and used arcsin-square root-transformed values (to normalize the error variance) as the 

dependent variable in an analysis of variance. The following main effects were included in the 

model: Island, Year, Host Plant Species and Patch Type (treated as categorical variables), and 

Log10-transformed Patch Area (treated as a continuous covariate). Each site was assigned a 

Patch Type  (urban, suburban, rural) based on qualitative assessment of distance to nearest city, 

impervious surface and human activity.  We measured Patch Area as the area of coverage of 

milkweed plants per site in m2. Host plant species was represented per site as presented in Table 

S1. The analysis was weighted using sample size per year-site combination (to reflect better 

confidence in samples for which more monarchs were tested).  Results showed that infection 

prevalence was not predicted by any independent variable included in the multivariate model, 

with significance tests as follows:  LogArea (F 1,17 = 2.90; P = 0.11); Island (F 3,17 = 1.52; P = 

0.25);  Year (F 2,17 = 1.04; P = 0.38); HostPlant (F 2,17 = 2.58; P = 0.11);  PatchType (F 2,17 = 1.52; 

P = 0.25). The lack of significant effects can partly be explained by limited statistical power from 

low sample size (N = 28 site by year combinations) and by the high variation in prevalence 

among sites relative to any mean differences in levels of each independent variable. 

 

Table S5.1. Field collection site variables, including site latitude and longitude, site type, site 

area and perimeter (based on the estimated area of the actual plants and not the entire patch), 

and milkweed species (Asclepias physocarpa, Calotropis gigantea, and Calotropis procera) 

were recorded. Only sites with 5 or more monarchs sampled are shown below, as sites with 

fewer monarchs were excluded from analyses. 

Site Island Latitude Longitude Site Type Area (m
2
) 

Perimeter 

(m) 

Milkweed 

Species 

Kailua-Kona Big Island 19.64 -155.99 Urban 2535.78 203.35 C. gigantea  

Kawaihae Big Island 20.04 -155.82 Rural 15352.53 575.54 C. gigantea  

Konacopia Farms Big Island 19.46 -155.89 Rural 817.71 145.91 C. gigantea  

Makalapua Big Island 19.65 -156.00 Urban 297.15 119.17 C. gigantea  

Kealia Beach Kauai 22.09 -159.31 Rural 14903.32 496.41 C. gigantea  

Kekaha Beach Kauai 21.97 -159.73 Suburban 918.60 156.50 C. procera 

Waimea Kauai 21.96 -159.67 Urban 103623.17 1382.26 C. gigantea  

West Waimea Kauai 21.96 -159.69 Suburban 84.26 37.14 C. procera 
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Kihei  Maui 20.73 -156.45 Suburban 365.35 74.91 C. gigantea  

Maui 377 Maui 20.83 -156.32 Rural 396.98 76.22 A. physocarpa 

Maui-Lani Maui 20.86 -156.48 Suburban 46.42 27.42 C. procera 

East Side Oahu 21.55 -157.85 Suburban 488.42 105.42 C. gigantea  

Nehoa St. Oahu 21.31 -157.83 Suburban 758.39 111.76 C. gigantea  

North Shore Oahu 21.68 -158.03 Suburban 56168.23 1034.63 C. gigantea  

Palia St. Oahu 21.40 -158.02 Suburban 225.27 60.91 C. gigantea  

Paakea Rd. Oahu 21.45 -158.18 Suburban 215 45.25 C. gigantea 

 

 

 

Table S5.2. Monarchs used for genetic analysis by sampling site and sampling year.  

  2007 2009 2010 Total 

Proportion 

Infected 

Big Island 

     Kawaihae 

  

9 9 0.11 

Makalapua 11 5 17 33 0.55 

Oahu 

     East Side 

  

9 9 0.11 

North Shore 

  

9 9 0.33 

Paakea 11 

  

11 0.00 

Palia 7 7 5 19 0.63 

Maui 

     377     9 9 0.00 
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Table S5.3. Microsatellite loci used in this study, showing locus name, multiplex reaction, 

fluorescent label, primer sequences, repeat motif and primer annealing temperature (TA). 

Number of alleles and allele size range were determined by Lyons et al (2012). 

Locus Multiplex 
reaction 

Label Primer sequence Repeat 
motif 

TA No. 
alleles 

Allele 
size 

range 

168 1 FAM F: AGTTCAGGGTTTACGTGAGCA tcata 57°C 6 143-168 
   R: CATTATGTGAAGTGTTGCATGG     
153 1 FAM F: TGCGAAAASTGGTTTGAGGT ta 57°C 10 228-258 
   R: TTATCGCCAAGTAAGTAATTTCG     
320 2 HEX F: AATTTCTTGAGCGCTTTATCC at 57°C 18 153-187 
   R: CTGATCCTCGTCATCTCTCG     
197 2 FAM F: TGTCATTTCGATGTCGGCTA att 57°C 4 174-183 
   R: CAGAGAGAGCCTCGGGTAAA     
208 3 FAM F: TTTAGGACCCCAATCGGATTTTCG at 60°C 19 178-242 
   R: CGCGGACATTTTCACTTTCACGAT     
203 3 HEX F: TGACATACTTTATGTTCGTGGAAGG at 60°C 14 196-222 
   R: CCGCTCGCCTATATACAGGACACA     
141 4 FAM F: TCAAACCCGCATCCCTAGTGGTA tc 60°C 13 150-178 
   R: TGGCAACGTACAGGGACGTGA     
1679 4 FAM F: ATAGCCCTTCGACTTGTCGTTTCTC tat 60°C 4 215-224 
   R:TCGACTGATGTTTTCGGGACTACGA     
137 5 HEX F: AAGGTGGCGGTAAAAAGGCACAGA aag 60°C 3 239-248 
   R: TCGCTTTCTTCCTCTTCCTCCTCA     
122 5 FAM F: TTATAAGACCTCAACACCCACGAA tta 60°C 6 228-252 
   R: CGCCGCTTCTAAATGAGTGGGATT     
494 6 HEX F: CCGCGCTAGTCATTGTGTGAATGT att 60°C 7 160-181 
   R: CCTCGACTGATAGCCTTCGAAACG     
983 6 FAM F:AGACGCTTTGTTCAGCTTCGACCAC ac 60°C 15 223-257 
   R: TTTACGATCACTCATACGAAACGGTA     
854 8 HEX F:AACGTCATCTGCACACGCCATACTA at 67°C 8 230-254 
   R:TCCAATTAAACGTGACGCCATTTTG     
165 8 FAM F:CCTCcGGAACCTGTCAAGAAAAaGA tat 67°C 8 189-213 
   R:CACTCATCAGAACTGAAAAGTTCGAGACC     
819 8 FAM F:GACTCGGAGACATGAGATCGACGAC cacga 67°C 11 213-263 
   R:TCGTCAGACAATTGCTCAAAATGGA     
519 9 FAM F:GTGGCGGGGCTTTGTGTAAATAAGA att 63°C 15 221-263 
   R:CAGGGTTCCATACAAACGTGTGATACAATA     
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Table S5.4. Observed (Ho) and expected (He) heterozygosity at the seven Hawaiian sites at 
each locus as calculated by Arlequin 3.5.1.2  

  Kawaihae Makalapua Maui 377 EastSide NorthShore Paakea Palia 

Locus H0 He H0 He H0 He H0 He H0 He H0 He H0 He 

168 0.778 0.542 0.424 0.516 0.778 0.529 0.667 0.582 0.889 0.739 0.909 0.671 0.474 0.650 

153 0.667 0.627 0.364 0.553 0.333 0.386 0.444 0.627 0.333 0.464 0.273 0.385 0.053 0.235 

320 0.444 0.673 0.667 0.723 0.222 0.627* 0.667 0.712 0.667 0.660 0.364 0.671 0.556 0.641* 

197 0.444 0.471 0.424 0.429 0.333 0.307 0.444 0.471 0.444 0.366 0.455 0.368 0.222 0.203 

208 0.444 0.542 0.438 0.546 0.556 0.569 0.778 0.699 0.556 0.699 0.455 0.541 0.211 0.568 

203 0.444 0.529 0.594 0.604 0.556 0.712 0.556 0.634 0.444 0.752 0.364 0.498 0.789 0.596 

141 0.444 0.556 0.485 0.502 0.444 0.399 0.778 0.778 0.889 0.667 0.455 0.593 0.474 0.538 

1679 0.222 0.471 0.545 0.516 0.222 0.209 0.222 0.582 0.333 0.425 0.545 0.589 0.474 0.494 

137 - - - - - - - - - - - - - - 

122 0.333 0.294 0.061 0.060 - - 0.222 0.209 0.111 0.111 - - - - 

494 0.333 0.294 0.030 0.030 0.222 0.209 0.111 0.111 - - - - - - 

983 0.222 0.209 0.242 0.322 0.111 0.503 0.556 0.503 0.333 0.425 0.545 0.610 0.261 0.627 

854 0.333 0.503 0.303 0.505* 0.444 0.399 0.333 0.425 0.000 0.366 0.300 0.268 0.389 0.417 

165 0.111 0.307 0.273 0.373 0.333 0.542 0.222 0.366 0.333 0.503 0.400 0.505 0.167 0.475 

819 0.778 0.569 0.727 0.669 0.444 0.569 0.444 0.503 0.667 0.627 0.700 0.595 0.500 0.422 

519 0.667 0.719 0.636 0.729 0.667 0.654 0.667 0.582 0.667 0.569 0.545 0.515 0.421 0.632 

Loci for which observed and expected heterozygosities are significantly different are indicated 
with asterisks; significance was determined using an α of 0.05 and a sequential Bonferroni 
correction. Loci for which at least four populations were in Hardy-Weinberg equilibirum and 
which were polymorphic were used for subsequent analyses and are indicated in shading. 
Dashes indicate monomorphic loci. 
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Table S5.5. Pairwise RST and FST values between four islands, as calculated in Arlequin version 
3.5.1.2 

  Big Island Kauai Maui 

Kauai RST: 0.00000 

  

 

FST: 0.02133* 

  Maui RST: 0.01155 RST: 0.00000 

 

 

FST: 0.03755* FST: 0.00593 

 Oahu RST: 0.02054* RST: 0.00000 RST: 0.00165 

  FST: 0.04943* FST: 0.01376* FST: 0.00729 

Asterisks and shading denote values that are significantly different from zero. 

 

 

Figure S5.1. Structure plot showing that K (number of distinct populations)  = 1. 

Monarchs on the Hawaiian Islands for one admixed genetic population (red text = Big Island, 

orange text = Maui, blue text = Oahu). 
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Chapter 6 

Summary and Conclusions 

6.1 Animal dispersal and its effects on population genetics 

One of the aims of this dissertation was to determine the role of animal dispersal and range 

expansion in shaping population genetics. Chapter 4 addresses this by examining 18 worldwide 

populations of monarch butterflies. Monarchs are hypothesized to have expanded their range 

from North America to form stable colonies around the globe within the last 200 years (Vane-

Wright 1993; Zalucki & Clarke 2004) and thus provide an excellent system to examine long-

distance dispersal and its subsequent effects on population genetics.  

By using microsatellites, I found that among 18 sampling sites, which were distributed as 

far west as Australia and as far east as the Iberian Peninsula, there are seven genetically distinct 

monarch populations. Additionally, it appeared the colonies across the Pacific Ocean were 

formed via a stepwise dispersal in which serial founder effects occurred. This was demonstrated 

by decreasing genetic diversity and allelic richness with increasing distance from the North 

American source population. Moreover, the frequencies of some alleles heavily declined with 

increasing distance from the source population while others were enriched, producing a clinal 

pattern across all loci, which is indicative of gene surfing, a spatial analog of genetic drift, 

playing a large role in shaping population genetics of these colonies. For colonies across the 

Atlantic Ocean, I found evidence supporting multiple colonization events shown by genetic 

diversity remaining relatively high. The colonies across the Atlantic likely also suffered from 

multiple bottlenecks due to excess larval density or destruction of host plants by flooding rivers 

(Fernandez Haeger et al. 2013). This was shown through the relatively high frequency of rare 

alleles in the colonies in the Iberian Peninsula and northern Africa. All of these results indicate 

that despite the relatively recent dispersal, I was still able to detect genetic differentiation and 
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population genetic trends. Furthermore, this genetic differentiation appeared to be the result of 

genetic drift through serial founder effects and bottlenecks.  

 Previous empirical studies have shown that genetic drift can be a strong force in 

determining allele frequencies after a range expansion, but these studies have been primarily 

limited to species with low-dispersal capabilities, like the spur-thighed tortoise in Spain or the 

bank vole in Ireland (Gracia et al. 2013; White et al. 2013). In these situations, we again saw 

genetic diversity loss and greater differentiation with increasing distance. However, theoretical 

studies have shown that these effects can be reduced or removed through long distance dispersal 

(Bialozyt et al. 2006; Fayard et al. 2009; Ray & Excoffier 2010). Some empirical studies have 

confirmed these predictions. In European Starlings inhabiting South Africa, for example, and 

peat mosses in the Stockholm archipelago, long-distance dispersal events have maintained 

genetic diversity (Berthouly-Salazar et al. 2013; Szovenyi et al. 2012) and multiple colonization 

events are hypothesized to have maintained relatively high genetic diversity in expanding 

populations of the Mediterranean damselfly (Swaegers et al. 2013). In contrast, in Chapter 4, I 

present one of the few studies that indicate that even in a species with high-dispersal 

capabilities, genetic drift can still be a leading force in shaping population genetics.  

While it appears that genetic drift, rather than natural selection, has played the primary 

role in determining allele frequencies after this range expansion, I am limited from further 

understanding population differentiation by having examined only neutral sites. These sites 

indicate general patterns shown across the genome (assuming our microsatellite markers are 

distributed around the genome), but do not exclude differentiation or selection on certain genes 

or genomic regions. It is possible that local adaptation has also played a role in the genetic 

differentiation of these colonies, and that selection is acting on specific genes. For example, 

many of these locations differ in the milkweed host plant species present, as well as the 

prevalence and virulence of the parasite Ophryocystis elektroscirrha (Sternberg et al. 2012; 

Sternberg et al. 2013), both of which could result in selection on particular genes involved in 
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chemical processing and disease resistance. Additionally, while I found evidence for serial 

founder effects, it is possible that some monarchs have a higher affinity for dispersal and were 

more likely to be founders, thereby affecting subsequent allele frequencies. One candidate gene 

to investigate is the phosphoglucose isomerase (Pgi) gene; Pgi is a central enzyme in glycolysis 

and is involved in the flight and dispersal ability of monarchs and other butterflies (Hughes & 

Zalucki 1993; Niitepõld et al. 2009). Preliminary analyses have shown that migratory and non-

migratory monarch populations from North and South America are nearly fixed for different 

haplotypes around Pgi (N. Chamberlain & M. Kronforst, unpublished data). It would therefore 

be interesting to examine if there are greater levels of the “migratory” Pgi haplotype in the non-

migratory colonies than expected due to monarchs with a higher propensity for dispersal acting 

as founders. 

  

6.2 Animal migration and its effects on population genetics 

A second major aim of this dissertation was to examine the effects of animal migration on 

population genetics. This was addressed in Chapters 2, 3 and 5. In Chapter 2, I used 

microsatellites to examine two North American groups of migratory monarchs which travel to 

different locations to overwinter, with eastern North American monarchs overwintering in 

Mexico and western North American monarchs overwintering in California (Urquhart & 

Urquhart 1977, 1978). During the summer breeding season these eastern and western monarchs 

are separated by the Rocky Mountains and it has long been assumed that these two groups form 

distinct populations. However, even though these two groups are separated by a geographic 

barrier and overwinter in different countries, my work found that they are not genetically 

differentiated based on neutral genetic markers and are considered to form one large panmictic 

population. This work indicates that divergent migratory strategies are not dependent on whole 

genome differentiation. Instead, migratory differences may be driven by few genetically 
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differentiated loci or differences in gene expression subject to varying environmental conditions 

(Liedvogel et al. 2011).   

 In Chapter 3, I expanded the study to include non-migratory samples from sites in the 

Caribbean, South America, and locations in Central America that are south of the Mexican 

overwintering sites. With this I found that while locations south of the overwintering sites, such 

as Belize and Costa Rica, exhibited slight genetic differentiation, they were still considered part 

of the same panmictic population as eastern and western North American monarchs based on 

microsatellite markers. Again, while particular genes may differ between the migratory and non-

migratory groups, this result indicates that sufficient gene flow is occurring to prevent 

population structure formation. A hypothesis as to how this occurs is that rather than a strict 

two way migration in which monarchs travel from the northern US and Canada to Mexico in the 

Fall, and then return to the north in the Spring, there is some portion of monarchs radiating 

outwards from the Mexican overwintering sites. This would result in the necessary gene flow to 

prevent the non-migratory monarchs in Belize and Costa Rica to significantly differentiate 

genetically. 

As mentioned, though neutral markers do not distinguish between groups with various 

migratory strategies studied in Chapters 2 and 3, monarchs from these different locations could 

still be differentiated at loci that are under selection in their respective geographic areas. These 

monarchs could be differentiated at loci that influence traits such as flight ability or metabolism, 

where certain haplotypes would be favored in populations that migrate annually, but not in 

populations that do not migrate. Thus, it is possible that locally adapted variants of specific 

genes are selected for during the breeding and migration seasons despite a high influx of neutral 

genes via gene flow. Comparative genomics studies, which I address in the following section, 

offer a way to examine this. 

 Finally, in Chapter 5, I studied the effects of migration on population genetics from a 

disease dynamics perspective. Previous research has found that migratory populations of 
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monarchs have lower parasite prevalence than their non-migratory counterparts (Altizer et al. 

2000; Bartel et al. 2011). Therefore, it is hypothesized that in locations where all individuals 

were equally non-migratory, one would expect to see equal levels of infection. However, I found 

that in monarchs among the Hawaiian Island chain, there is extreme heterogeneity in parasite 

prevalence despite all monarchs in this location being non-migratory. Using microsatellite 

markers, I found that despite the variation in parasite prevalence, there was no host population 

structure. Furthermore, I found no correlation between host neutral-site heterozygosity and 

infection status. It seems that in Hawaii, host-parasite dynamics may instead be driven by 

environmental factors, parasite genetics, or specific host genes linked to immunity rather than 

by host population structure. Each of these possibilities has been shown in many other host-

parasite systems. For example, environmental factors, such as snail habitat and agricultural and 

sanitation practices, were found to significantly impact schistosomiasis in western China (Liang 

et al. 2007). Additionally, parasite genetics, like variation in copy number of a specific genic 

region in Wolbachia, was shown to alter virulence and affect host-parasite interactions 

(Chrostek & Teixeira 2015). Conversely, rather than genome-wide heterogeneity, specific host 

genes or regions, like the major histocompatibility complex in vertebrates, may be under 

selection (Tracy et al. 2015). Finally, parasite dynamics often result in variable levels of 

prevalence during different parts of an epidemic, both seasonally and over years. While there 

was some consistency over years in parasite prevalence in this study, more data are needed to 

determine how dynamic the system really is. 

 

6.3 Future directions: from population genetics to population genomics 

Through my dissertation work I have advanced our current knowledge in a number of ways. 

Specifically in the field of monarch butterfly research, I have dispelled the assumption that 

eastern and western North American monarchs form two distinct populations. I have also 

shown high levels of gene flow occurring between migratory North American monarchs and 
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non-migratory monarchs south of the Mexican overwintering sites, which challenges our view of 

a strict two-way migration. From a broader perspective, I demonstrated that even a species with 

a high capacity for dispersal is subject to the influences of genetic drift after a range expansion. I 

have also shown that divergent migratory strategies are not dependent on whole genome 

differentiation. However, to push this work and the field forward even further, additional 

experiments must be completed and next generation technologies can be used to allow us to 

gain a more complete picture. 

The monarch butterfly genome has recently been sequenced (Zhan et al. 2011); however, 

the genetic basis of traits related to migration is still unknown. Previous genomics studies have 

shown differential expression of specific genes such as turtle, which affects locomotion (in fruit 

flies), and rosy, related to increased longevity in fruit flies, between summer-breeding and fall-

migratory monarch butterflies (Zhu et al. 2009). Other genes have been identified, like those 

associated with the formation and efficient function of flight muscles (Zhan et al. 2014); 

however, we still lack a functional understanding of how migration genes ultimately enable the 

spectacular flight of several thousand kilometers (Ffrench-Constant 2014). Although the exact 

mechanisms by which eastern North American monarchs navigate to the overwintering sites 

remain a puzzle, monarch butterfly navigation involves a time-compensated sun compass, 

polarized light and circadian rhythms (Froy et al. 2003; Merlin et al. 2009; Reppert et al. 2004; 

Zhan et al. 2011; Zhu et al. 2008). Indeed, whether monarch butterflies are true navigators 

(meaning they are able to correct their directionality to reach a specific target), or instead 

employ vector navigation (meaning they simply fly in a southerly direction), is still hotly debated 

(Mouritsen et al. 2013a; Mouritsen et al. 2013b; Oberhauser et al. 2013). 

 Recent work on phenotypic variation across wild populations supports the idea that 

populations experiencing gene flow can continue to diverge at traits under selection. For 

example, a study examining wing morphology across multiple wild monarch populations 

showed that forewings were larger and more elongated in North American migratory monarchs 
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relative to non-migratory monarchs in South Florida (Altizer & Davis 2010); indeed, this study 

also found differences in wing morphology between eastern and western North American 

monarchs, which were not genetically differentiated based on neutral markers as shown in 

Chapter 2. These results suggest that migratory differences or traits linked to migration may 

instead be driven by few genetically differentiated loci or differences in gene expression subject 

to varying environmental conditions (Liedvogel et al. 2011).   

With this in mind, a genome-wide analysis of genetic differences between groups with 

divergent migratory strategies might be the key to understanding migration genetics, and the 

published sequence of the full monarch genome (Zhan et al. 2011) makes this approach feasible. 

I am currently revisiting the eastern and western North American migratory groups, but rather 

than using microsatellite markers, I have performed whole genome resequencing. This approach 

allows me to investigate whether certain genes or genomic regions are under selection, or 

whether divergent migratory pathways are maintained despite a lack of genetic differentiation.  

Such sequencing will provide a powerful way to uncover novel migration genes, and 

could confirm whether monarchs with different migration strategies have variations in genes 

that are involved in flight ability, such as Pgi, or genes involved in circadian rhythm, such as 

cry1 and cry2 (Zhu et al. 2008). I am also examining multiple overwintering sites along the 

California coast. While the eastern monarch overwintering sites are fairly centralized and result 

in large-scale genetic mixing (Eanes & Koehn 1978), California wintering sites are found along 

the coast hundreds of miles apart. It has been hypothesized that during the return migration 

north, some eastern monarchs fly in a north westerly direction and reach the western range, 

resulting in gene flow between the two migratory groups. However, due to the distribution of the 

California overwintering sites over a large area, it is possible that some western overwintering 

sites, specifically more southern ones closer to Mexico, receive a larger influx of eastern 

migrants than other sites (Brower & Pyle 2004). The comparative genomics approach will allow 

us to determine if gene flow between eastern and western monarchs are evenly distributed 
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throughout the western range or whether certain overwintering locations receive a higher influx 

of eastern migrants.  

Additional research combining genome techniques and between-population crosses 

could also prove useful in identifying genetic regions associated with migration. For example, 

newly colonized monarch populations described in Chapter 4 are phenotypically distinct from 

the migratory population in terms of migratory status and wing shape; moreover, I have shown 

that these populations are differentiated at neutral genetic loci. Future projects can take 

advantage of the differences in migratory status of monarchs from these locations: in particular, 

the populations in Australia and Spain experience differing levels of gene flow with the North 

American migratory source population. A future project could be crossing monarchs from 

multiple non-migratory populations with monarchs from the migratory population from eastern 

North America and perform quantitative trait loci analyses to determine genetic regions 

affecting migratory traits. By including several non-migratory populations, this provides a 

unique opportunity to examine multiple instances of independent loss of migration. In addition, 

varying levels of connectivity between migratory and non-migratory monarchs allow 

investigators to determine the effects of differential gene flow on the genetics of migration loss. 

The field of population genomics has rapidly expanded and this growth will continue 

with improving technologies. Recent years have seen the transition from the use of traditional 

population genetics approaches to the use of genomics and the investigation of genome-wide 

gene expression. The use of these techniques to address other important questions in ecology 

and evolution, like migration and dispersal behavior, will also open the door to new findings. 

The enticing aspect of genetic studies is that they not only can show us what is currently 

happening with a species, but can also give insights into their past as differing allele frequencies 

and genetic diversity levels provide glimpses into historical movement and evolutionary history. 

Undoubtedly, future work in population genomics, coupled with traditional studies and 

observation, will lead to exciting new breakthroughs. 
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