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Abstract

Host movement and spatial structure can strongly influence the ecology and evolution of infectious diseases, with limited
host movement potentially leading to high spatial heterogeneity in infection. Monarch butterflies (Danaus plexippus) are
best known for undertaking a spectacular long-distance migration in eastern North America; however, they also form non-
migratory populations that breed year-round in milder climates such as Hawaii and other tropical locations. Prior work
showed an inverse relationship between monarch migratory propensity and the prevalence of the protozoan parasite,
Ophryocystis elektroscirrha. Here, we sampled monarchs from replicate sites within each of four Hawaiian Islands to ask
whether these populations show consistently high prevalence of the protozoan parasite as seen for monarchs from several
other non-migratory populations. Counter to our predictions, we observed striking spatial heterogeneity in parasite
prevalence, with infection rates per site ranging from 4-85%. We next used microsatellite markers to ask whether the
observed variation in infection might be explained by limited host movement and spatial sub-structuring among sites. Our
results showed that monarchs across the Hawaiian Islands form one admixed population, supporting high gene flow among
sites. Moreover, measures of individual-level genetic diversity did not predict host infection status, as might be expected if
more inbred hosts harbored higher parasite loads. These results suggest that other factors such as landscape-level
environmental variation or colonization-extinction processes might instead cause the extreme heterogeneity in monarch
butterfly infection observed here.
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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

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 [1]. 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 [2-4]. 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 [2,5-8]. Some studies have shown that host movement
among patches can facilitate pathogen persistence at the landscape
level [9-11]. On the other hand, directed seasonal movement (i.e.,
long distance migration) can lower parasite transmission by
allowing hosts to escape from parasitized locations [10], as has
been suggested for warble flies affecting reindeer [12], and
protozoan parasites infecting monarch butterflies [13]. Movement
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disease-free [14-16].

Here, we examined spatial heterogeneity in the occurrence of

an obligate protozoan parasite (Ophryocystis elektroscirrha, hereafter
called OF) 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 [17]. Monarchs are best known for
undertaking a spectacular long-distance migration (up to
5000 km roundtrip) in eastern North America [18,19], 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-1800 s [20,21] following the
mtroduction of their host plants, and now occupy most of the eight
Hawaiian islands [17]. Monarchs in Hawaii breed year-round in
habitats containing introduced larval host plants, especially
Asclepias  physocarpa, Calotropis gigantea, and C. procera. Hawaiian
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monarchs are smaller than North American migratory monarchs
[22], and microsatellite markers showed that Hawaiian monarchs
are genetically distinct from those in North America and New
Zealand [23].

All monarch populations examined to date are parasitized by
OFE, and prevalence varies widely among regions [24]. 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 [25-27]. In particular,
non-migratory monarchs likely experience higher rates of trans-
mission due to continuous breeding activity and extended use of
the same host plants for egg deposition [10,28], as parasites are
transmitted when infected adults scatter spores onto milkweed
leaves [25,29]. Larvae ingest the spores, parasites replicate
internally, and adults emerge with millions of dormant spores on
the outsides of their bodies [25,30]. 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 [13,31,32].

In this study, we sampled monarchs and recorded OF 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 OF 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 OF 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 [33-36].

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 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 [37]. 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).

The field collections for this project did not involve endangered
or protected species. We collected at three different private sites

PLOS ONE | www.plosone.org

Host Movement and Spatial Structure on Infection

(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 14°C for up to 6 hr
prior to sampling. We recorded sex and forewing length to the
nearest 0.01 mm. 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. [38].

Measuring Parasite Prevalence and Transmission

Adult monarchs captured at each site were scored for parasite
infection status based on the number of OF spores transferred to a
2.5 cm-diameter transparent sticker pressed against adult abdo-
mens (described in Altizer et al. [26]). 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 Log, of quantitative spore loads
[39] 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. [26]. 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 [30]. In contrast, lower spore numbers can result from
passive transfer of spores between adult butterflies [28,30,39];
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
[23]. Briefly, DNA for PCR was extracted from a 0.5 mm section
of butterfly abdomen (male butterflies) or thorax (female butter-
flies) 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 ul 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 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
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Figure 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 OF 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.

doi:10.1371/journal.pone.0100061.g001
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on Maui (Maui377, N'=9) for 16 microsatellite loci (Table S3). 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
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Figure 2. Proportion of monarchs heavily infected with OF 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.

doi:10.1371/journal.pone.0100061.g002
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Makalapua, East Side, North Shore, Paakea and Palia).
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Table 2. Results of analysis of molecular variance (AMOVA) comparing samples from locations within two islands (Kawaihae,

within groups

Among individuals within 174 38319.251 (603.755)
populations
Total 179 41372.506 (639.561)

Variance Percentage
Source of variation d.f. Sum of squares components variation P-value
Among groups 1 1416.861 (17.408) 9.701 (0.134) 4.08 (3.66) 0.14467 (0.06940)
Among populations 4 1636.393 (18.399) 7.752 (0.046) 3.26 (1.27) 0.01564* (0.12219)

220.226 (3.470) 92.66 (95.07) 0.00000* (0.00000)*

237.679 (3.650)

v3.5.1.2, are indicated with asterisks.
doi:10.1371/journal.pone.0100061.t002

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 Supporting Information).

To investigate host genetic differentiation, we used the software
Arlequin  3.5.1.2 [40] 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 [41] to determine whether observed and
expected heterozygosity significantly ~ different
(¢ =10.05). 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 [42] 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 [43] and allelic richness using ADZE-1.0
[44], which utilizes a rarefaction approach to account for

levels were

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

differences in sample size. To understand the relative 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 [40] 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 [45] to
investigate population structure. We used an admixture model
with uncorrelated allele frequencies to avoid the risk of overesti-
mating 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 estab-
lished within the last 170 years, and are thought to originate from
North America through trans-Pacific dispersal [20,21,46]. There-
fore, the inclusion of the New Zealand population allows us to
determine that our markers are able to detect subtle and newly
formed population structure.

PLOS ONE | www.plosone.org

Table 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
Fsr: 0.06087* Fst: 0.03410
East Side Rst: 0.07261% Rst: 0.11108% Rst: 0.04457
Fer: 0.03481% Fer: 0.05370% Fer: 0.06896*
North Shore Rsr: 0.01119 Rsr: 0.04047% Rsy: —0.01476 Ry 0.03341
Fsr: 0.04989% Fsr: 0.02963* Fsr: 0.00106 Fer: 0.02524
Paakea Rer: 0.11897% Rer: 0.10292% Rer: 0.00858 Rsr: 0.03400 Rer: 0.00520
Fsr: 0.08489*% Fsr: 0.06238% Fsr: 0.01235 Fsr: 0.03855 Fer: —0.00344
Palia Rsr: 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 Fsr: 0.00153
Asterisks 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.
doi:10.1371/journal.pone.0100061.t003
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Figure 3. Structure plot showing that K (humber of distinct populations) =2. Monarchs on the Hawaiian Islands form one admixed genetic
population (red text =Big Island, orange text = Maui, blue text=0ahu). New Zealand monarchs are differentiated from Hawaii and form their own
genetic group.
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We also examined population genetic structure using Fgp and genetic differentiation, with levels of 0 indicating panmixia, and
Rgr statistics. These statistics are commonly used to calculate values higher than O indicating genetic differentiation. Rgp was
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Figure 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.

doi:10.1371/journal.pone.0100061.g004
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developed as a more appropriate statistic for microsatellite
markers, based on its use of a stepwise mutation model [47],
rather than the infinite alleles model utilized in Fgr statistics [48].
Permutation tests (using 10,000 permutations), as implemented in
Arlequin 3.5.1.2 [40] were used to determine whether pairwise
Fgr and Rgr 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
using Mantel tests implemented in the vegan library version 2.0-0
[49] 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 OF
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 3> =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 y?=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 x> =5.20, d.f. =4, P=0.26).

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 2 =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 OF prevalence per site in a
given year was not predictive of prevalence the following year
(R?2=0.144, t;; = 1.30, P=0.224).

Our multivariate logistic regression analysis further controlled
for individual-level variables that might explain variation in OF
infection. At the individual level, males (proportion infect-
ed =0.49, N =548) had higher infection prevalence than females
(proportion infected =0.44, N =337) and this effect was highly
significant (Wald %?=16.0, d.f. =1, P<0.001). Forewing length
was negatively associated with infection status, such that infected
monarchs had smaller wings than healthy butterflies (Wald
%=9.95, d.f.=1, P=0.002). Wing wear (reflecting wing scale
loss) also predicted variation in infection probability (Wald
X2 =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 x> =0.32, d.f. =1, P=0.57).

PLOS ONE | www.plosone.org

Host Movement and Spatial Structure on Infection

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 Support-
ing Information). 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).

Neutral Genetic Variation and Population Structure

An AMOVA analysis using Ry 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 were performed on the site scale. Fgp and
Rgr 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 Fsr
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, Rgp values for these
comparisons were not significant. 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 Fgsr
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 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 butter-
flies. 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 differ-
ences in site collection time and found that the relationship was
not significant for Fsp (r=0.04, P=0.54) or Rgp (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.

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 (Fs 95 =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 (#5905 =0.44, P=0.85; Figure 4B). Genetic diversity
ranged from 0.385 in Palia to 0.522 in East Side (both of these sites
are within Oahu) and did not differ significantly (/4 9g=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 (x> =126, d.f.=1, P=0.67).
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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 [33-36], 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 [14,15]. Although we found slight to moderate
genetic differentiation among sites and islands when using Rgt and
Fyr 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 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
[3,4,50,51]. 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 [52]. 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 [13].

Metapopulation ecology could offer a different perspective for
understanding how spatial processes cause infection heterogeneity
in the monarch-pathogen interaction [52-54]. Specifically,
extinction and colonization processes across Iinterconnected
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 colonization [55,56].
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
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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 [30,31] and reduces the density
of black pigmentation on monarch wings [57]. 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.

Supporting Information

Figure S1 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).

(TIFF)

Table S1 Field collection site variables. 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.

(DOCX)

Table S2 Monarchs used for genetic analysis by sam-
pling site and sampling year.

(DOCX)

Table 83 Microsatellite loci used in this study. Locus
name, multiplex reaction, fluorescent label, primer sequences,
repeat motif and primer annealing temperature (Ts). Number of
alleles and allele size range were determined by Lyons et al (2012).

(DOCX)

Table S4 Observed (H,) and expected (H,) heterozygos-
ity at the seven Hawaiian sites at each locus as
calculated by Arlequin 3.5.1.2.

(DOCX)

Table S5 Pairwise Ryt and Fgtp values between four
islands, as calculated in Arlequin version 3.5.1.2.

(DOCX)

File S1 Analysis for site-level characteristics and infec-
tion prevalence.

(DOCX)
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