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2. Monarch butterflies Danaus plexippus are commonly infected with the protozoan

and flight performance, and because migratory monarchs have experienced de-

of infection.

Handling Editor: Elise Zipkin 3. Here we compiled data on OE infection spanning 50 years, from wild mon-
archs sampled in the United States, Canada and Mexico during summer
breeding, fall migrating and overwintering periods. We examined eastern
versus western North American monarchs separately, to ask how abundance
estimates, resource availability, climate and breeding season length impact
infection trends. We further assessed the intensity of migratory culling,
which occurs when infected individuals are removed from the population
during migration.

4. Average infection prevalence was four times higher in western compared to
eastern subpopulations. In eastern North America, the proportion of infected
monarchs increased threefold since the mid-2000s. In the western region, the
proportion of infected monarchs declined sharply from 2000 to 2015, and in-
creased thereafter. For both eastern and western subpopulations, years with
greater summer adult abundance predicted greater infection prevalence, indi-
cating that transmission increases with host breeding density. Environmental
variables (temperature and NDVI) were not associated with changes in the pro-
portion of infected adults. We found evidence for migratory culling of infected
butterflies, based on declines in parasitism during fall migration. We estimated
that tens of millions fewer monarchs reach overwintering sites in Mexico as a
result of OE, highlighting the need to consider the parasite as a potential threat
to the monarch population.

5. Increases in infection among eastern North American monarchs post-2002 sug-

gest that changes to the host’s ecology or environment have intensified parasite
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1 | INTRODUCTION

Parasites are ubiquitous in natural insect populations, yet most
knowledge of insect-parasite dynamics is derived from studies of
managed species (e.g. European honeybees; Mondet et al., 2014;
Wilfert et al., 2016) and pest insects (e.g. western tent caterpillars
and gypsy moths; Elderd et al., 2008; Cory & Myers, 2009). Because
insect host abundance can fluctuate dramatically over time, through
seasonal cycles and inter-annual variation (Dwyer et al., 2000;
Haynes et al., 2009; Myers & Cory, 2013), studies of insect-
pathogen interactions are especially useful for uncovering forces
affecting pathogen transmission and examining pathogen impacts in
natural populations. Numerous studies show that insect-pathogen
dynamics can depend strongly on host abundance or density (Bartel
et al., 2011; Majewska, Sims, et al., 2019; Ryder et al., 2005), and
abiotic factors (including habitat configuration, temperature and
rainfall; Saunders et al., 2018). Temperature, in particular, can drive
changes in insect abundance and also determine the rates of within-
host replication (Mohamed et al., 1985; Wada & Kobayashi, 1980),
decay of environmental transmission stages (Kolman et al., 2015;
Paaijmans et al., 2012) and host susceptibility to infection (Laughton
et al., 2017; Thomas & Blanford, 2003).

Long-term changes in parasite prevalence could cause host
population declines (Pedersen et al., 2007; Skerratt et al., 2007;
Smith et al., 2006). Anthropogenic activities can intensify
pathogen-mediated declines through environmental alterations
such as large-scale loss of habitat and climate change (Brearley
et al., 2013; Gottdenker et al., 2014; Rohr et al., 2011). Among
insects, declines in native bees and other pollinators have been
caused by pathogens introduced through human movement (e.g.
commercially bred bees) and pathogen spillover from managed
to wild insect populations (Goulson & Hughes, 2015). Moreover,
habitat loss and degradation can increase host contact rates by
crowding individuals into smaller habitats, an effect suggested to
increase parasite transmission in bumblebees and butterflies in-
habiting urban areas (Goulson et al., 2012; Majewska, Satterfield,
et al., 2019). Climate warming might increase the transmission of
some insect pathogens through milder winters (increasing the
survival of environmental stages) and longer growing seasons
over which transmission occurs. Insects exposed to environmen-
tal stressors such as pesticides or thermal stress could become
more susceptible to pathogen-mediated declines, making efforts
to detect and characterize changes in the prevalence of insect

transmission. Further work is needed to examine the degree to which human
practices, such as mass caterpillar rearing and the widespread planting of exotic

milkweed, have contributed to this trend.

animal migration, Danaus plexippus, environmental change, milkweed butterfly, neogregarine,
Ophryocystis elektroscirrha, population abundance, seasonality

pathogens increasingly important for insect conservation (Bartel
& Altizer, 2012).

Hosts have evolved several behavioural mechanisms that result
in avoidance of parasites and reduced prevalence in the population.
Seasonal long-distance migration in particular can reduce parasite
transmission, when migrants periodically leave behind habitats
that have accumulated infectious stages (i.e. migratory escape;
Loehle, 1995; Altizer et al., 2011). Similarly, migratory culling occurs
when infected hosts migrate less well and are more likely to per-
ish during the journey than healthy animals, thus lowering infection
prevalence (Bartel et al., 2011; Bradley & Altizer, 2005). For some
migratory species, the recolonization of breeding habitats also re-
duces host density by dispersing animals across the landscape.
This could lower the risk of infection for pathogens with density-
dependent transmission (Ezenwa, 2004; Loehle, 1995), and dis-
tribute hosts more evenly across diverse habitats. To counter host
behavioural defences, some parasites have evolved transmission via
multiple routes, increasing the likelihood of persistence in the host
population (Loehle, 1995; Majewska, Sims, et al., 2019).

In this study, we examined temporal infection dynamics in mon-
arch butterflies Danaus plexippus as a widespread migratory species.
We focus on North American monarchs, which migrate annually
from breeding grounds in the northern United States and southern
Canada to wintering sites in central Mexico (Brower, 1995). West
of the continental divide, a smaller monarch population migrates
shorter distances to wintering sites along the coast of California
(Leong et al., 2004; Figure 1). Monarchs lay eggs on milkweed (family
Asclepiadaceae) during the spring and summer. After several breed-
ing generations, monarchs that emerge in late summer and fall enter
a state of reproductive diapause, which facilitates energy conserva-
tion during their migration and long overwintering period (Goehring
& Oberhauser, 2002). Throughout the winter, adults form clusters
and remain in a non-reproductive state until the following spring,
when the same adults and their progeny recolonize their summer
breeding range (Flockhart et al., 2013). In recent decades, mon-
arch numbers at overwintering sites in eastern and western North
America have declined (Pelton et al., 2019; Thogmartin, Wiederholt,
et al., 2017), prompting concern for the future of their spectacular
migration.

Monarchs have several parasites including the specialist pro-
tozoan Ophryocystis elektroscirrha (OE hereafter; Apicomplexa:
Neogregarinida) (McLaughlin & Myers, 1970), which occurs in all
monarch populations examined to date (Altizer et al., 2000; Altizer
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FIGURE 1 Map of North America indicating the eastern (light orange area) and western (yellow area) regions where monarch
subpopulations breed. Grey and orange symbols indicate sampling sites. Light blue arrows show approximate migration pathways monarchs

undertake during the fall to overwintering sites (star symbols)

& de Roode, 2015). This parasite forms spores on the outside of the
body of adults, and infection occurs when caterpillars ingest para-
site spores. Parasites replicate internally in caterpillars and pupae,
and infected adults emerge covered in dormant parasite spores (de
Roode et al., 2006). Parasite spores can be transmitted from females
to their offspring during oviposition. In addition, adults can scatter
spores onto milkweed leaves which are later consumed by unrelated
caterpillars, and males can transfer spores to females during mating,
which are later ingested by their offspring (Altizer et al., 2004; de
Roode et al., 2009; Majewska, Sims, et al., 2019). In the latter case,
females that do not emerge as infected themselves can act as carri-
ers of spores.

Long-distance migration in monarchs is known to reduce par-
asite prevalence through migratory culling and migratory escape
(Altizer et al., 2011; Bartel et al., 2011). Infected monarchs fly less
well, have shorter adult life spans and are less likely to survive the
long journey to wintering sites (Altizer & Oberhauser, 1999; Bartel
et al., 2011; Bradley & Altizer, 2005). Moreover, parasite spores
are known to build up on milkweed plants throughout the breed-
ing season (Bartel et al., 2011; Majewska, Sims, et al., 2019). Fall
migration allows monarchs to periodically escape contaminated
plants and habitats. Because some infected adults successfully mi-
grate and survive overwintering, and because healthy adults can
become carriers of the parasite via contacts with infected adults,

the parasite persists in migratory populations (Altizer, Hobson,
et al., 2015).

Here we compiled previously published and unpublished data
on protozoan infection in wild monarchs across North America to
examine temporal trends in infection, ask whether eastern and
western monarch subpopulations differ in infection rates, and
test whether fall migration leads to lower prevalence of infec-
tion. We also investigated whether the loss of monarchs during
the fall migration (from late summer to arrival at the wintering
sites) is associated with a greater proportion of infected adults.
In our analysis of temporal trends in infection, we tested whether
abiotic (spring and summer temperatures, and breeding season
length) and biotic (monarch abundance and resource availabil-
ity) variables predict changes in parasite prevalence. We chose
spring and summer temperatures because conditions during
these seasons have been shown to predict the number of mon-
arch generations per year and overall adult abundance (Saunders
et al., 2018; Zipkin et al., 2012) which might increase transmis-
sion. Warm temperatures increase monarch’s developmental
rates (Zalucki, 1982) and lower parasite survival in the environ-
ment (Nail et al., 2015; Sadnchez et al., 2021), potentially impact-
ing infection risk. Finally, we examined a subset of data collected
each fall at a single migratory stopover site over 14 years by the
same researcher (JCdR), to assess finer scale trends in infection
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and contamination of fall migrants, and ask how these relate to

annual environmental predictors.

2 | MATERIALS AND METHODS

2.1 | Infection data

We compiled samples from our previous field studies of wild North
American monarchs (and from samples provided by L.P. Brower) dur-
ing periods of summer breeding, fall migrating and overwintering.
Samples span the time frame of 1968-2019 (N = 58,926 adults sam-
pled; details provided in Table S1). For each monarch, we recorded
the date and location of sampling, phase of monarch’s annual cycle
(summer breeding, fall migrating and overwintering) and infection
status as described below. We used standard aerial nets to capture
adults in flight, or while nectaring on flowers. At overwintering sites,
expandable poles were used to capture butterflies in clusters (see
Table S2 for locations and details on sampling overwintering mon-
archs). Monarchs in Mexico were sampled under permits issued from
SEMARNAT (Secretaria de Medio Ambiente y Recursos Naturales,
including permit numbers 0015, 07840, 08202, 00217).

Field samples were combined with published data from the pri-
mary literature on OE infection in wild-caught monarchs (see Table
S3). From the five published studies that met our criteria, we ex-
tracted the date, location (city, state and country) of sampling, phase
of monarch’s annual cycle (summer breeding, fall migrating and over-
wintering) along with the total numbers of wild-caught adults, and
the proportions of contaminated and heavily infected adults (based
on criteria defined below). When the phase of the annual cycle
during which monarchs were sampled was unclear, we assumed that
adult monarchs sampled in the breeding range in spring and summer
months (April-August) were breeding, and that monarchs sampled in
fall months (September-November) were fall migrating.

Monarch infection status was determined via non-destructive
sampling by pressing a clear sticker (ranging from 1 to 2 cm?) to the
adult’s abdomen. Stickers were transferred to an index card or glass
slide and scored under a microscope at 50x magnification for OE
spores. Samples with more than 100 spores were scored as heavily
infected (infection was acquired at the larval stage following Bartel
et al. (2011)), while samples with fewer than 100 spores were scored
as contaminated (spore transfer between adult monarchs, Altizer
et al., 2004; de Roode et al., 2009; Majewska, Sims, et al., 2019).
Contaminated adults are temporary, asymptomatic carriers of the
parasite spores, most of which are lost within a week of acquisition
(Altizer et al., 2004). In contaminated adults, spores cause no harm
to the individual, yet the carriers play an important role in the spread
and persistence of the parasite in the host population (Majewska,
Sims, et al., 2019). This study did not require ethical approval.

For both previously published and newly assembled data, we
used information on wild-caught adults only, avoiding possible non-
independence of multiple caterpillars collected at a site or plant, and
potential effects of captive rearing on infection. We excluded data

from sites where adults were identified as year-round breeding mon-
archs (e.g. south Florida population) that are known to have very high
infection rates associated with continual use of non-native milkweed
plants and lack of migratory behaviour (Satterfield et al., 2015).

Given the differences in climate, migration distance and routes,
and overwintering locations between eastern and western mon-
archs, we assigned each sampled adult in the United States and
Canada east of 108.5°W (east of the continental divide) to the east-
ern subpopulation and west of 108.5°W to western subpopulation
(Figure 1; eastern vs. western region). The subset of data collected at
St. Marks, Florida, USA (within the eastern subpopulation) includes
fall migrating adults only.

Because some studies did not include exact dates of sampling
and other studies sampled over several weeks to months, we aggre-
gated data by migration phase, year, and subpopulation. The sample
sizes tended to be large (mean = 583.4 adults; median = 282 adults;
Table S1), and we excluded records with fewer than five individuals
sampled per year-phase combination. We calculated the proportion
of infected adults (scored as heavily infected, >100 spores) and the
proportion of contaminated adults (<100 spores) relative to the total
number of sampled adults (Table S1). For analyses in which propor-
tions were examined (see below), each year-phase-population com-
bination was treated as the sample unit (N = 101 lines of data).

2.2 | Monarch abundance estimates
We estimated eastern monarch subpopulation size in two ways:
(a) based on summer adult counts coordinated and archived by the
North American Butterfly Association (NABA, naba.org), and (b)
from immature monarch density (egg and larva counts) reported
by the Monarch Larva Monitoring Project (MLMP). NABA summer
monarch counts for June-August were collected across the United
States by volunteers from 1977 to 2019 (described further in Ries
et al., 2015). Counts are performed in 1 day within a 15-mile (24-
km) diameter buffer of a designated site (total of 450 sites), and
corrected for number of volunteers and the number of hours vol-
unteers dedicated to counting. We summed NABA butterfly counts
for each year and subpopulation to estimate monarch summer
population size. Immature monarch (egg and larva) density counts
were available from the monarch larva monitoring project (MLMP;
Prysby & Oberhauser, 2004) for 1992-2019. The MLMP monitors
sites with milkweed plants on a weekly basis for immature stages,
reporting the number of eggs and larval instars seen relative to the
number of milkweed stalks surveyed (for more details, see Prysby &
Oberhauser, 2004). From these counts we calculated a mean density
for each year and subpopulation as a second estimate of the mon-
arch summer population size. Preliminary analyses indicated that
NABA monarch counts and MLMP monarch density were strongly
positively correlated (see Figure S1) and therefore we excluded im-
mature monarch density from further analyses.

We used overwintering colony size estimates to understand
the relative change in monarch population size between summer
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and overwintering seasons, to ask how that relates to the propor-
tion of infected adults. Specifically, we tested the extent to which
parasite-related migratory culling reduces overwintering colony
size. For the eastern subpopulation, we acquired available overwin-
tering estimates (1993-2019) in Mexico, which are measured by the
World Wildlife Fund Mexico and the Monarch Butterfly Biosphere
Reserve (Vidal & Rendoén-Salinas, 2014). These estimates provide a
snapshot in time of forest hectares occupied by clusters of over-
wintering monarchs (Thogmartin, Diffendorfer, et al., 2017; Vidal &
Renddén-Salinas, 2014). Previous work indicates that the overwinter-
ing population size in Mexico is affected by summer breeding abun-
dance and processes that occur during the fall migration (Agrawal
& Inamine, 2018; Saunders et al., 2019). For the western subpop-
ulation, we used available estimates (1997-2019), from the Xerces
Society (www.westernmonarchcount.org; Pelton et al., 2019). For
each subpopulation, we divided the overwintering population esti-
mate by the monarch population estimated during the prior summer
breeding season (i.e. NABA monarch counts) for each year avail-
able, to acquire a ratio of the two estimates. Because the units of
these two measures are vastly different (colony area vs. counts of
monarchs corrected by the number of volunteers and hours), the
absolute values of the ratios are not meaningful. Instead, we focus
on the relative difference in the two metrics; higher ratios suggest
less change in population size from summer to winter (and therefore
less migratory culling), whereas lower values suggest greater loss of
monarchs from summer to overwintering seasons, as might occur

with high mortality from infection.

2.3 | Environmental correlates

We acquired climate data from PRISM (https://www.prism.orego
nstate.edu) using the r package ‘Prism’ (Hart & Bell, 2015). We used
minimum, mean and maximum temperatures from 1968 to 2019,
and averaged these values across the western and eastern regions
(as defined above, Figure 1). Averages were obtained for each year,
separated by spring months (April-May) and summer months (June-
August). For the western region, we restricted the environmental
data to west of 114°W and between latitudes 32.5° and 42°N to
avoid underestimating values for this region, which occurs when
including high elevation sites unsuitable for monarch breeding. We
chose spring temperatures because past work showed that they
predict monarch abundance later in the summer, and summer tem-
peratures impact the number of generations per year and total adult
abundance (Barker & Herman, 1976; Saunders et al., 2018; Zipkin
et al., 2012), all of which could impact crowding of monarchs and
parasite transmission (Lindsey et al., 2009). Similarly, hot summer
temperatures might negatively affect OE survival in the environ-
ment based on experimental work in captivity (Sanchez et al., 2021).
Preliminary analyses revealed that minimum, mean and maximum
summer temperatures are highly positively correlated (correlation
coefficient > 0.7) and therefore we only include mean temperature
in our analyses.

2.4 | Resource availability

To estimate resource availability (milkweed and nectar plants), we
used the normalized difference vegetation index (NDVI; https://
www.ncei.noaa.gov; Vermote, 2019) derived from satellite im-
agery, following Saunders et al. (2019). NDVI quantifies live green
vegetation and is assumed to indicate the availability of plant re-
sources, including the abundance of caterpillar host plants and adult
nectar plants (e.g. Graham et al., 2016; Hu et al., 2021; Saunders
et al., 2019). We acquired NDVI values for all years available (1980-
2019) and averaged the values for year and region (as defined above)
for the month of July, when vegetation greenness is expected to
be high. While systematic milkweed (Asclepias spp.) counts across
North America would be an appropriate estimate of resource avail-

ability to include in this study, such estimates are lacking.

2.5 | Breeding season length

We included an estimate of the breeding season length each year,
since a longer growing season is expected to provide more oppor-
tunities for parasite transmission. We estimated the breeding sea-
son length by calculating the cumulative number of days for which
average temperature was greater than 12°C between April and
October, as this temperature threshold permits development in
monarchs (Zalucki, 1982). We used the minimum daily temperature
from PRISM climate data to calculate the daily average minimum
temperature for each region and counted the number of days with
temperature greater than 12°C. This approach provided us with a
conservative estimate of the breeding season length for each sub-

population and year.

2.6 | St.Marks migratory monarchs

The subset of data from St. Marks, Florida, USA yielded 14 con-
secutive years of data collected at the end of October each year,
2009-2019, during the peak of migration. The continuity of the
data from the same location provided us with the opportunity to
examine finer scale (spatial and temporal) impacts of abiotic and bi-
otic factors on infection. We acquired NABA monarch counts, aver-
age spring and summer temperatures, breeding length season and
NDVI, as before. Given that the monarchs passing through north-
eastern region of Florida during migration most likely originate from
the Atlantic coastal regions of the United States, we calculated the
abiotic and biotic variables for a portion of the eastern region (see
Figure S2).

2.7 | Statistical approach

We used R programming for all analyses (R Core Team, 2021). We
first asked whether infection and contamination of adults differed
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between the eastern and western subpopulations. We used logistic
regression with probability of infection (or contamination) modelled
as the number of healthy versus infected individuals (binary re-
sponse) in a year-phase-population combination. Next, we used lo-
gistic regression to examine whether the probability of infection and
contamination differed between years and migration phases (sum-
mer breeding, fall migrating and overwintering), with separate analy-
ses for eastern and western subpopulations. To compare infection
probability by migration phases, we used Tukey’s contrasts with the
glht function in the ‘MuLTicomp’ package in r (Hothorn et al., 2017). We
also tested whether proportions of contaminated adults were pre-
dicted by the proportion of heavily infected adults using Pearson’s
correlation.

To evaluate migratory culling, we used a simple linear regres-
sion model to test for an association between infection prevalence
in a given year-phase (predictor variable) and the ratio of estimated
overwintering monarch population size to summer breeding popu-
lation size (response variable). Because the visual inspection of the
relationship between infection prevalence versus the ratio of pop-
ulation sizes suggested the presence of outliers, we used Rosner’s
test (function rosnerTest; ENvSTATS package in r) to check for influen-
tial data points (Millard et al., 2020). Six outliers were identified in
eastern subpopulation (ratios = 11.4, 17.9 and 21.8) and three in the
western subpopulation (ratios = 163.9). We present results of statis-
tical analyses without the outliers but include the outliers in figures

of raw data (Figure 4). We further explored the estimated impact of

—
>
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o

infection on overwintering colony size as described in Supporting
Information.

To examine how the proportions of heavily infected and con-
taminated monarchs varied over time (years), we used generalized
additive models (GAMs) using the r package ‘mccv' (Wood, 2015);
these models were able to characterize the nonlinear relation-
ships we noted upon visual inspection of time-series infection data
(Figure 2C-F). We analysed the two subpopulations separately, and
included year as a smooth term using the default thin plate regres-
sion splines with smoothing parameter selection set to restricted
maximum likelihood (RELM; Wood, 2011).

We also examined the extent to which the proportion of heavily
infected adults was predicted by monarch population size (i.e. NABA
monarch count), average spring and summer temperatures, breeding
length season, and NDVI. We restricted the infection data to mon-
archs collected during migrating and overwintering phases because
these data offer aggregate population-wide prevalence estimates.
We employed generalized additive mixed effects models (GAMMs)
using the r package ‘mccv' (Wood, 2015) to capture nonlinear rela-
tionships and temporal correlation structure, which GAMM allows
(Wood, 2006). We included the proportion of infected adults as
the response variable, and NABA counts, average spring and sum-
mer temperatures, breeding length season and NDVI as smoothing
terms. We also included year as a first-order autoregressive correla-
tion term to account for temporal autocorrelation (Zuur et al., 2009).

We set the basis dimension (k) for the smooths equal to 5 to allow
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sufficient degrees of freedom to run the model and assure we set
adequate basis dimension with function k.check (‘mccv’ package;
Wood, 2015). We used thin plate regression splines and RELM for
smoothing parameters. We used the same approach to examine
trends in the proportion of contaminated adults in relation to NABA
counts, average spring and summer temperatures, breeding length
season and NDVI: we employed GAMMs as before with smoothing
terms (k = 5) and a first-order autoregressive correlation term for
year.

Finally, we characterized trends in infection and contamination
within the St. Marks, Florida, USA dataset. We examined the re-
lationship between the proportion of heavily infected adults and
year using GAMM. In a separate analysis, we applied GAMM and
included NABA monarch abundance estimates, average spring
and summer temperatures, breeding length season and NDVI as
smoothing terms and year as a first-order autoregressive correla-
tion term.

3 | RESULTS

The average prevalence of heavily infected monarchs in North
America was 10.0% across the entire dataset, including western and
eastern subpopulations and all years that monarchs were sampled.
For the eastern subpopulation, the prevalence of heavily infected
monarchs across all years was 5.5% (N = 40,542 adults sampled from
1968 to 2019) compared to 19.8% (N = 18,384 adults sampled from
1979 to 2019) in the western subpopulation (Figure 2A). Logistic re-
gression indicated that the probability of infection was significantly
higher in the western than the eastern subpopulation (z = 50.4,
df =100, p < 0.001). For the subset of data which contained informa-
tion on contamination status, the prevalence of contaminated adults
was 37.1% (N = 55,820). The probability of adult contamination was
significantly lower (24.8%) in the eastern (N = 37,608) compared to
the western subpopulation (62.6%; N = 18,184; Figure 2B; z = 83.5,
df =92, p < 0.001).

The proportions of both infected and contaminated adults
varied significantly over time in both subpopulations (Figure 2C-
F). Year was a significant smooth term in the GAMMs for both
the proportions of infected monarchs (eastern: F = 11.1, edf (ef-
fective degrees of freedom) = 7.2, p < 0.001; western: F = 26.1,
edf =8.0,p < 0.001) and contaminated monarchs (eastern: F = 2.3,
edf = 5.8, p = 0.04; western: F = 4.0, edf = 8.2, p < 0.01). We
observed a long-term trend towards greater parasite prevalence
in eastern subpopulation starting around 2002 (increasing three-
fold; Figure 2C). In contrast, the proportion of infected monarchs
in western region showed a historical high prevalence from 1979
to 2002, followed by a drop in prevalence from 1996 to 2012, and
a more recent rise (Figure 2D).

The proportion of heavily infected monarchs differed between
migration phases (Figure 3A). Tukey’s contrasts indicted that in the
eastern subpopulation, infection probability was highest for mi-
grating adults and lower for overwintering and summer breeding

adults (overwintering vs. migrating: z = -8.5, p < 0.001; breeding
vs. migrating: z = -3.2, p < 0.01; breeding vs. overwintering: z = 2.2,
p = 0.06). In the western subpopulation, infection probability was
highest for summer breeding monarchs (breeding vs. migrating:
z = 7.6, p < 0.001; breeding vs. overwintering: z = 8.9, p < 0.001;
Figure 3A), but did not differ between overwintering and migrating
monarchs (z=-0.3, p =0.96). The proportion of contaminated adults
was positively correlated with the proportion of infected adults in
both subpopulations (eastern: r = 0.5, t = 4.1, df = 60, p < 0.001;
western: r = 0.5, t = 3.0, df = 29, p = 0.01; Figure S3), and varied
among migration phases in the subpopulations (Figure 3B). Tukey’s
contrasts showed that in the eastern subpopulation, contamination
probability was lowest among summer breeding individuals (breed-
ing vs. migrating: z = -10.9, p < 0.001; breeding vs. overwintering:
z=-20.7,p < 0.001), and highest for overwintering monarchs (over-
wintering vs. migrating: z = 32.9, p < 0.001). In the western subpop-
ulation, summer breeding monarchs also showed lower probability
of contamination compared to migrating (z = -16.0, p < 0.001) and
overwintering monarchs (z = -14.3, p < 0.001), with overwintering
monarchs having lower contamination probability than migrating
monarchs (z=-6.1, p < 0.001; Figure 3B).

The ratio of overwintering to summer population estimates, an
inverse indicator of migratory culling, decreased with the proportion
of infected adults within both eastern (t = -2.3, df =47, p = 0.03) and
western (t = -3.0, df = 22, p = 0.01) subpopulations. In other words,
the strength of migratory culling increased during years with higher
infection prevalence (Figure 4).

The analyses of infection prevalence in relation to NABA counts,
average spring and summer temperatures, breeding length season
and NDVI indicated that in both eastern and western subpopula-
tions, summer adult abundance (i.e. NABA count) predicted greater
parasite prevalence (Table 1; Figure 5A,C). In the eastern subpopu-
lation, no other variable was significantly associated with infection
prevalence. In the western subpopulation, breeding season length
predicted lower infection prevalence (Figure 5C). The analyses of
the prevalence of contaminated adults in the eastern subpopulation
showed significant effect of summer adult abundance and summer
temperatures (Table 1; Figure 5B). In the western subpopulation,
spring temperature was found to be a significant predictor of the
proportion of contaminated adults, while summer adult abundance
had a marginally significant effect (p = 0.08; Table 1; Figure 5D).

Average infection prevalence among fall migratory monarchs
captured at St. Marks, Florida, USA across all years (2006-2019)
was 7.7% (N = 4,909), and the average prevalence of contaminated
monarchs was 20.8% (N = 4,891). GAM analysis of St. Marks data
suggested that infection did not differ significantly across years
(F=0.5df =1, p = 0.5; Figure 6). Further GAMM analysis of in-
fection prevalence in relation to NABA counts, average spring and
summer temperatures, breeding length season and NDVI indicated
that only summer temperatures had a marginal positive effect on in-
fection (p = 0.09; Table 1; Figure 6A). For the proportion of contam-
inated adults, we found nonlinear effects of summer temperatures
on contamination (p = 0.05; Table 1; Figure 6B).
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4 | DISCUSSION theory suggests that high host density can amplify transmission
(Begon et al., 2002; Swinton et al., 2002). Besides density effects,

Our study showed significant differences in infection rates and tem- infection trends in the western region were impacted by breeding
poral infection trends by a protozoan parasite in eastern and west- season length, with longer growing seasons associated with lower
ern North American monarchs. We found that the western monarch infection rates. This was counter to our expectation that longer
subpopulation had nearly four times greater prevalence compared to breeding intervals would provide more time for environmental build
the eastern subpopulation, suggesting that host-parasite dynamics up and transmission of the protozoan, and for additional contacts
within each region differ, with higher transmission rates in the west. between infected and healthy adults, yielding higher overall preva-
Trends over time in the proportion of infected monarchs differed lence. One possible explanation for the unexpected trend might be
between the subpopulations: infection rates generally increased in that longer breeding seasons result in further dispersion of individ-
the eastern region for the last two decades, whereas in the west, uals across the landscape, effectively lowering host density. At the
infection rates declined prior to 2012 and then increased. same time, longer breeding seasons for monarchs might also cor-

Despite the opposing temporal infection trends in eastern and relate with greater availability of milkweed plants for reproduction,
western subpopulations, we found that adult monarch abundance further diluting the risk of infection.
predicted greater infection rates in both subpopulations, highlighting We did not find significant effects of spring or summer tem-
the importance of host density for the transmission of this parasite. perature on infection trends, despite evidence that temperatures
Past experimental work suggested that higher density of immature can influence OE persistence as well as monarch development

stages may increase susceptibility to OE (Lindsey et al., 2009) and and abundance (Sanchez et al., 2021; Zalucki, 1982; Zalucki &
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TABLE 1 Results of generalized additive mixed effects models for eastern subpopulation, western subpopulation and St. Marks subset
of data examining proportion of (a) heavily infected, (b) contaminated monarchs in relation to temperatures (spring and summer), NABA
monarch count, NDVI and breeding season length. Models include year as a first-order autoregressive term. Bold font indicates significant
effects (p-value < 0.05) and edf reflects the effective degrees of freedom

Eastern subpopulation

Western subpopulation

St. Marks migrating

Variable F-value edf p-value
(a) Heavily infected
Spring temperatures 0.69 1.00 0.41
Summer temperatures 0.74 1.58 0.59
NABA count 17.49 1.00 <0.001
NDVI 0.02 1.00 0.90
Breeding season length 1.58 1.00 0.22
R?=0.54
(b) Contaminated
Spring temperatures 0.89 1.00 0.35
Summer temperatures 9.15 3.12 <0.001
NABA count 20.12 1.00 <0.001
NDVI 2.22 2.07 0.12
Breeding season length 4.19 1.60 0.07
R?=0.26

Rochester, 1999). However, when we examined a single site, St.
Marks, Florida, we found some evidence, although marginally sig-
nificant, for the impact of summer temperature on infection, sug-
gesting the scale at which we test the relationships is important. We
noted nonlinear impacts of temperature (summer for eastern and St.
Marks, spring for western) on contamination trends, indicating that
temperature might be more important for this route of transmission
on the regional scale.

Although direct associations between infection prevalence and
temperature were not detected by our analyses, temperature likely
has pervasive effects on OE-monarch dynamics by affecting both
milkweed and host abundance, and through possible effects on
monarch migratory behaviour. Deciphering the impact of climate
change on monarchs and other insects is difficult given a multitude
of simultaneous environmental changes (e.g. habitat loss and deg-
radation). Recent work on over 50 butterfly species of the western
United States showed that higher summer temperatures predicted
butterfly population growth, whereas higher fall temperature pre-
dicted population declines (Forister et al., 2021). The global decline
in butterflies and other insects (Forister et al., 2021; Hallmann
et al., 2017) is expected to continue with anthropogenic activities
and environmental changes, including global climate change.

In both eastern and western North America, the proportion of
contaminated adults increased from summer breeding to the over-
wintering season. One possible explanation for this pattern is that
contact rates between infected and healthy adults increase when
monarchs aggregate during migration and overwintering. Monarchs
are generally solitary during the breeding season, although contacts
occur during mating events. Adults become more social during fall
migration and form roosts at stopover sites, and massive clusters

F-value edf p-value F-value edf p-value
0.03 1.00 0.87 0.24 1.00 0.64
1.58 1.00 0.23 3.85 1.00 0.09
5.81 1.00 0.03 1.13 1.00 0.32
0.39 1.26 0.73 0.54 1.00 0.48
5.27 1.00 0.03 0.14 1.00 0.72

R?=0.33 R?=0.39
9.75 3.56 0.01 0.15 1.00 0.71
1.49 1.00 0.25 4.79 191 0.05
2.85 1.94 0.08 1.42 1.10 0.24
1.90 2.97 0.16 0.20 1.00 0.67
0.65 1.00 0.44 0.15 1.00 0.71

2-0.48 R?=0.45

of thousands or more individuals upon reaching overwintering sites
(Brower, 1995; Davis et al., 2012). The shift to a social lifestyle is
thought to be necessary for monarchs to survive the overwintering
period, yet it might also allow the parasite to persist in the host pop-
ulation. Contamination could also be caused by observer sampling
methods, as multiple monarchs are often caught using the same nets
(e.g. during fall migration tagging efforts). How much contamina-
tion occurs ‘naturally’ as opposed to being an artefact of sampling
or capture methods remains an open question and warrants further
investigation.

It is important to note that other human activities, which are
difficult to estimate, might have influenced monarch infection rates
over the last two decades in both subpopulations. For instance,
captive rearing and mass breeding of monarchs by companies for
sale and release at events (e.g. weddings), as well as butterfly en-
thusiasts raising caterpillars at home, can result in high transmission
rates, with the release of infected adults to the population (Altizer,
Lewandowski, et al., 2015). Recent work on tagging efforts of east-
ern migratory monarchs revealed that an increasing proportion of
tagged monarchs are reared by volunteers (Taylor Jr et al., 2020; see
Figure S4), suggesting the practice of captive rearing has become
more common. Yet, the extent of captive-rearing practices across
seasons and regions, and the effect on parasite infection at the pop-
ulation scale remain largely unknown.

We found evidence for migratory culling in the monarch-OE
system, particularly in the eastern North America subpopulation,
where the proportion of infected adults collected during the over-
wintering season was lower compared to summer breeding adults.
This is in agreement with past work showing that OE prevalence de-
clines during long-distance migration (Altizer, Hobson, et al., 2015;
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Bartel et al., 2011). For western North America, we also observed
a signal of migratory culling; however, the proportion of infected
adults sampled during the overwintering season was similar to that
of migrating adults. The lack of a detectable difference between
migrating and overwintering adults might be due to the fact that
western migration is about a third of the distance of the eastern mi-
gration (Solensky, 2004), and possibly too short to cull more infected
migrants.

Additional factors might be interfering with monarch migration
and migratory culling in the western subpopulation. We suspect
that the increase in abundance of exotic A. curassavica over the
last two decades (see Satterfield et al., 2015 supplemental materi-
als, and Figure S5), and the presence of non-migratory populations
breeding year-round on this exotic milkweed have increased para-
site transmission over time. Previous studies indicate that the mon-
arch’s use of exotic milkweed for reproduction is associated with
high infection rates (50%-100%; Satterfield et al., 2015; Satterfield
et al., 2016). Evidence also suggests that exotic milkweed impacts
migratory adults’ reproductive diapause, encouraging the forma-
tion of non-migratory populations that breed year-round (Batalden
& Oberhauser, 2015; Majewska & Altizer, 2019). Because migrating
monarchs can interact with non-migratory monarchs in places such
as Texas and Florida, this could increase exposure to infection among
migrants (Satterfield et al., 2018). Indeed, it has been suggested that
western monarchs are changing from a migrating to a non-migratory
population (Crone & Schultz, 2021; James, 2021), which we expect
will lead to future increases in parasite prevalence.

Host regulation by parasites is common in wildlife (Thompson
et al., 2010) and often best recognized following outbreaks of novel
pathogens that trigger declines in host abundance (e.g. phocine dis-
temper virus in harbour seals (Rijks et al., 2005) and bacterial con-
junctivitis in house finches (Hochachka & Dhondt, 2000)). Negative
effects of pathogens on host abundance can be devastating and
even cause local extirpation (e.g. ape population declines following
outbreaks of Ebola virus; Walsh et al., 2003). Although previously
not considered a threat, we suspect that the cryptic negative fitness
effects of OE have long affected the monarch population, potentially
contributing to density-dependent regulation. In more recent years,
rising infection rates in eastern North America could contribute to
substantial loss of monarchs during fall migration, and will likely
continue to do so. Indeed, our calculations for the eastern subpop-
ulation, taking into consideration the estimates of total monarch
population size, overwintering population size and the degree of
migratory culling, indicate that the increases in parasite prevalence
over time might be killing tens of millions of migratory monarchs on
a yearly basis (see Table S4).

In conclusion, our study provides evidence for temporal changes
in infection prevalence in eastern North American monarchs, shows
effects of host density on infection and indicates the loss of mon-
archs due to infection via migratory culling. Surprisingly, we did not
find evidence for large-scale climate variables (temperature) affect-
ing infection. ldentifying drivers of monarch-OE dynamics is com-
plicated by human activities such as mass rearing of caterpillars,

widespread planting of exotic milkweed (A. curassavica) and the cap-
ture of large numbers of monarchs during migration, which could
contribute to changing infection trends. Our results emphasize the
need to consider the effects of infection when formulating conser-
vation strategies for monarchs, and to reconsider some of the cur-
rent human practices (such as caterpillar rearing) which likely amplify
transmission.
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