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The migratory monarch butterflies (Danaus plexippus) of eastern North America have

undergone large-scale declines, which may be attributable to a variety of underlying

causes. The uncertainty about the primary cause of declines and whether individual

threats are likely to increase in the future presents challenges for developing effective

conservation management and policy initiatives that aim to improve population viability.

This paper identifies five potential threats and classifies these threats according to the

types of studies (observational, experimental, simulation/models) and their current impact

and anticipated risk. Broadly, the threats can be classified into five categories: (1) change

in suitable abiotic environmental conditions; (2) deforestation in the overwintering range;

(3) exposure to contaminants including the bacteria Bacillus thuringiensis, herbicides,

and insecticides; (4) loss of breeding habitat; and (5) predation, parasitism, and

species-specific pathogens. The vast distribution of the monarch butterfly makes it likely

that population declines are attributed to a suite of interacting factors that vary spatially

and temporally in their contribution. Nonetheless, the published papers we reviewed

suggest the decline in suitable environmental conditions in addition to overwintering (i.e.,

deforestation) and breeding habitat loss are the most likely threats to continue to affect

the population viability of monarch butterflies.

Keywords: conservation threats, habitat loss, population declines, migration, Ophryocystis elektroscirrha,

contaminants, climate change, deforestation

INTRODUCTION

Insect populations are experiencing rapid declines globally (Dirzo et al., 2014; Stork et al., 2015)
that may have implications for ecosystem function and contributions to economic services (Allen-
Wardell et al., 1998; Potts et al., 2010). Changes in the suitability of environmental conditions
driven by extreme weather and climate change (Batalden et al., 2007; Barve et al., 2012; Brower
et al., 2017), habitat loss (Didham et al., 1996; Fattorini, 2011; Thogmartin et al., 2017b), exposure
to contaminants (Stanley-Horn et al., 2001; Thogmartin et al., 2017b), and changes in species
interactions (e.g., invasive species, Burghardt and Tallamy, 2015) can have profound effects on
biodiversity. The substantial loss of biodiversity within the insect taxon emphasizes their sensitivity
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to environmental perturbations, but also makes them ideal
bioindicators (Lenhard and Witter, 1977; Nummelin et al., 2007)
for testing the impact of threats and their downstream effects.
By integrating an array of research methods and disciplines, the
ramifications of declines on biological systems can be better-
anticipated and incorporated into conservation management
plans and policy initiatives (Vanbergen and Garratt, 2013).

A multi-disciplinary approach is needed to address the
loss of insect diversity and to understand the potential
mechanisms driving declines. Extending research initiatives
beyond traditional economically significant species may allow for
identification of shared mechanisms behind observed declines.
In doing so, it is important to consider the type and strength
of evidence for threats to a population, emphasizing varying
susceptibility at different life stages and across the species
range. Therefore, the dynamic and synergistic nature of potential
threats can be evaluated and considered when developing
conservation strategies, especially for animals that cross national
and international boundaries.

The eastern migratory North American population of
monarch butterflies (Danaus plexippus) undergoes an annual
migration between the Sierra Madre Mountains of Mexico and
the northern United States and southern Canada (Urquhart,
1960; Urquhart and Urquhart, 1978; Brower, 1995). In Mexico,
monarchs overwinter in large colonies for 4–5 months and
remain in a reproductive diapause. In spring, individuals
begin mating and migrate north to lay eggs on emerging
milkweed (Asclepias spp.) in the southern United States (Brower,
1995). Over successive generations the population colonizes
much of the eastern and central United States and parts of
southeastern and south central Canada (Brower, 1995; Flockhart
et al., 2013). The complex nature of the annual cycle and
habitat specialization provides a rare opportunity to investigate
ecological pressures across a variety of temporal and geographical
scales. Moreover, such an understanding can improve our
knowledge of the international cooperation required to preserve
this flagship species-at-risk.

Conservation management plans rely on the accurate
estimation of species abundance. Over the last 2 decades the
eastern population of monarch butterflies has declined more
than 80% at overwintering sites (Thogmartin et al., 2017b).
Arguably overwintering population size determined by the
occupied surface area represents the most reliable estimates
and denotes the effective population size (i.e., number of
individuals contributing to the next generation, Davis, 2012; Ries
et al., 2015b). However, counts taken in the northerly portion
of the range during pre-migration do not always correspond
with those at overwintering sites, which may suggest either
methodological issues in estimating population size or high
mortality during migration (Davis, 2012; Badgett and Davis,
2015; Ries et al., 2015b; Inamine et al., 2016; Pleasants et al.,
2017). Regardless, despite substantial interannual variation in
monarch population size (>10-fold, Swengel, 1995; Rendón-
Salinas et al., 2014), summer and winter counts show consistent
year-to-year fluctuations (Ries et al., 2015a,b). The discrepancy
between population estimates in winter and summer highlights
the need to distinguish independent threats contributing to

potential declines observed throughout the annual cycle and at
different developmental stages.

Changes in suitable environmental conditions (Barve et al.,
2012; Thogmartin et al., 2017b) and habitat at both breeding
(Pleasants, 2017; Thogmartin et al., 2017a) and overwintering
(Oberhauser et al., 2017) sites, as well as contaminant exposure
(Oberhauser et al., 2006, 2009; Pecenka and Lundgren, 2015), are
thought to be foremost threats to monarch butterfly populations.
Suboptimal environmental conditions during the overwintering
period, such as unseasonably warm temperatures (Hunt and
Tongen, 2017) or cold and wet microclimates that pose a risk
of freezing (Anderson and Brower, 1996), can accelerate lipolysis
that quickly depletes lipid stores needed for overwinter survival
(Alonso-Mejía et al., 1997). Overwintering lipid stores may be
further reduced by limited availability of nectar sources due
to habitat loss and a northward shift in monarch movements
expected with climate change (Batalden et al., 2007; Brower
et al., 2015; Lemoine, 2015). The introduction and widespread
adoption of glyphosate resistant corn and soybean has greatly
increased the use of herbicide, causing up to 68% loss ofmilkweed
in some areas of the central United States (Pleasants and
Oberhauser, 2013; Flockhart et al., 2015; Zaya et al., 2017), and
logging and rural development have limited suitable habitat for
overwintering sites (Brower et al., 2011b). Finally, environmental
contaminants, including genetically-modified (GM) pollen (i.e.,
Bacillus thuringiensis (Bt), Anderson et al., 2004, 2005) and
insecticides (e.g., neonicotinoids, Pecenka and Lundgren, 2015;
pyrethroids, Oberhauser et al., 2006, 2009), as well as pathogens
[notably, Ophryocystis elektroscirrha (OE)], could contribute to
elevated rates of mortality. As a species at risk (SARA 2017,
US Fish & Wildlife Service 2017) it is imperative that research
identifies the foremost threat(s) resulting in decreased fitness
and survival and the relative contribution of each threat to the
cumulative population decline.

To better understand the main drivers of monarch decline
it is important to evaluate the type of study investigating the
threat and strength of evidence (i.e., support) for each potential
threat in terms of their effect on monarch butterflies and
possible future risk to population viability. Though it is probable
that other threats exist beyond those identified in this review,
we focus on five broad potential threats commonly reported
for the eastern migratory North American population of the
monarch butterfly: (1) change in suitable abiotic environmental
conditions, (2) deforestation in the overwintering range, (3)
exposure to contaminants including the bacteria Bt, herbicides,
and insecticides, (4) loss of breeding habitat, and (5) predation,
parasitism, and pathogens. We modify a previously established
scoring system (Godfray et al., 2013, 2014), sorting and
summarizing peer-reviewed research papers into three groups
based on the type of study. For each research paper we then assign
the level of support for the potential threat affecting monarch
butterflies and assess the likelihood of the threat persisting and/or
increasing. Though a recent review highlighted anthropogenic
impacts on monarch populations (Malcolm, 2017), our aim is
to evaluate the strength of evidence available for each threats
and highlight key gaps in research needed to guide conservation
management plans and policy development.
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TABLE 1 | Summary of search terms associated with the declines in the eastern

migratory North American population of monarch butterflies (Danaus plexippus)

used in the comprehensive literature review using Web of ScienceTM.

Topic Search term

Species-related “monarch butterfly” OR “Danapus plexippus”

“milkweed” OR “Ascelpias”

Population declines decline OR abund*

Climate change climate change OR weather OR storm* OR oscill* OR

temp*

Deforestation deforest* OR forest* OR log* OR industrial* OR fire OR

clear* OR storm*

GM crop mod* OR genetically modif* OR trangenic* OR agri*

OR Bt OR Bacillus thuringiensis

Contaminants pollut* OR contamin* Or insectic* OR pestic* OR

metabolit* OR permethrin OR lead OR neonic* OR

imidaclo* OR acetami* OR clothian* OR thiamethox* OR

dinofur* OR nithiaz* OR nitenpyr* OR herbic* OR

glyphosate

Habitat loss habitat loss OR habitat degradation OR fragment* OR

loss* OR abund* OR eutroph* OR phospho* OR nitro*

OR nectar OR distrib* OR invas*

Predation, parasites,

and pathogens

pest* OR parasit* OR patho* OR prey* OR bird* OR mite*

OR wasp* OR virus* OR ant* OR beetle* OR aphid* OR

Ophryocystis

METHODS

A systematic review of available peer-reviewed literature was
performed following the procedure outlined in Bechshoft
et al. (2017), but using monarch-specific terms associated
with hypotheses regarding population declines in the Web of
ScienceTM (Reuters, 2016). An initial list of papers was established
through a literature search of all databases, including the Web
of Science Core Collection, Current Contents Connect, FSTA
(The Food Science Resource), KCI (Korean Journal Database),
MEDLINE, Russian Science Citation Index, SciELO Citation
Index, and Zoological Record, with no limitations placed on
the publication date. This list was later refined to retain only
peer-reviewed research papers on the eastern migratory North
American population of monarch butterflies in English. Search
terms (“topic”) were combined in pairs using the Boolean
operator “and,” with select terms having wildcard truncation (∗)
to allow for various word endings (Table 1).

We sorted and summarized individual peer-reviewed research
papers (n = 115) published up to December 2018 by potential
threat and assessed the type of study (e.g., [Control_data],
[Field_data], [Mod]) using a scoring systemmodified fromGodfray
et al. (2013, 2014) with the following unranked categories:

[Control_data] evidence involving controlled
experimental studies.
[Field_data] evidence involving data collected in the field but
without experimental control.
[Mod] indirect evidence based on previously collected
experimental and/or field collected data to assess the impact
of threats on the population or make projections of future
environmental and conservation scenarios. Models reflect a

degree of uncertainty that cannot be fully accounted for as
conditions encountered in the future may deviate from those
defined in the model.

After classifying the type of study, we then identified whether
research papers independently provided support (i.e., whether
a threat was supported [S] or not [N]) for the threat as
having a current impact on monarch butterflies and whether
there was potential for the threat to pose continued risk to
population viability. Support for future risk to the eastern
migratory North American population of monarch butterflies
was assigned based on when impacts were identified from multi-
year and/or historical data or from model projections. Studies
where no conclusion could be drawn about the future risk to
the population were identified by [-]. We then calculated the
percentage of research papers (i.e., number of research papers
of the total available studies within each type of threat) for: (1)
the type of study, (2) whether the study provided support for
a threat to monarch butterflies, and (3) the future risk posed
to the population. Papers classified in multiple categories (e.g.,
[Control_data] and [Field_data]) contributed an equivalent number
of times to the total number of available studies. Where described
in the Results, we also calculated the percentage of represented
papers for subcategories within each threat category for the type
of study or level of support. For example, within the category
of changes in suitable environmental conditions, we calculated
the percentage of studies addressing periodic, adverse weather
conditions (relative to long-term climate change).

RESULTS

The summary of peer-reviewed literature, sorted by threat and
type of study, assessing the impact, and future risk imposed to the
easternmigratory North Americanmonarch butterfly population
is presented in Supplementary Table 1. The percentage of
research papers assigned to each type of study and their support
for the specific threat on monarch butterflies and potential risk to
the population is presented in Table 2.

Change in Suitable Abiotic Environmental
Conditions
Field studies constituted one of the principal methods
documenting the effects of sudden changes in environmental
conditions and adverse weather patterns in the decline of
monarch butterflies (50% of total studies on adverse weather
events, Brower et al., 2015, 2017), but only a single study
considered the effect of extreme weather patterns before fall
migration (25% of total studies on adverse weather events, Hunt
and Tongen, 2017). Field studies examined the physiological
response of monarchs to changes in environmental conditions
in the southern portion of the migratory range (Brower et al.,
2015), but controlled studies that assessed field-realistic, short-
term changes in environmental variables such as temperature,
humidity, precipitation, or solar radiation on the physiological
condition and survival during the breeding season were absent.
Similarly, few studies applied modeling techniques that evaluated
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TABLE 2 | The proportion of peer-reviewed research papers classified by the type

of study, effect on monarchs, and potential risk imposed by the threat to the

eastern migratory North American population of monarch butterflies (Danaus

plexippus).

No. of studies Percentage of

total studies

(A) Type of study

AVAILABILITY OF SUITABLE ENVIRONMENTAL CONDITIONS

[Control_data] 1 7

[Field_data] 3 20

[Mod] 11 73

DEFORESTATION

[Control_data] 0 0

[Field_data] 14 82

[Mod] 3 18

CONTAMINANTS

[Control_data] 16 55

[Field_data] 9 31

[Mod] 4 14

BREEDING HABITAT LOSS

[Control_data] 10 31

[Field_data] 10 31

[Mod] 12 38

PREDATION, PARASITES, AND PATHOGENS

[Control_data] 17 34

[Field_data] 30 60

[Mod] 3 6

(B) Is there an effect on monarch butterflies?

AVAILABILITY OF SUITABLE ENVIRONMENTAL CONDITIONS

[S] 9 56

[N] 7 44

DEFORESTATION

[S] 17 100

[N] 0 0

CONTAMINANTS

[S] 20 65

[N] 11 35

BREEDING HABITAT LOSS

[S] 30 91

[N] 3 9

PREDATION, PARASITES, AND PATHOGENS

[S] 45 94

[N] 3 6

(C) Is there evidence the threat will persist/increase?

AVAILABILITY OF SUITABLE ENVIRONMENTAL CONDITIONS

[S] 9 60

[N] 3 20

[-] 3 20

DEFORESTATION

[S] 9 53

[N] 2 12

[-] 6 35

(Continued)

TABLE 2 | Continued

No. of studies Percentage of

total studies

CONTAMINANTS

[S] 8 31

[N] 3 12

[-] 15 57

BREEDING HABITAT LOSS

[S] 14 44

[N] 2 6

[-] 16 50

PREDATION, PARASITES, AND PATHOGENS

[S] 5 11

[N] 2 4

[-] 41 85

the impact of weather extremes on monarch population viability
(Flockhart et al., 2015; Hunt and Tongen, 2017).

The peer-reviewed literature suggested a negative impact of
adverse weather patterns on monarch butterflies (50% of total
studies on adverse weather events, Brower et al., 2017; Hunt
and Tongen, 2017) and these conditions could impact monarchs
at each stage of their life cycle (Hunt and Tongen, 2017).
Though sporadic events may result in considerable losses, the
timing of the events is also suggested to alter the severity of the
impact. Brower et al. (2015) noted that nectar sources available
in the southern portion of the migratory range might offset
the energetic cost of adverse conditions experienced earlier in
migration, therefore having less impact than extreme weather on
overwintering populations. Further, though Hunt and Tongen
(2017) showed a negative effect of increasing extreme weather
events on monarch butterflies, no studies evaluated the effect of
adverse weather patterns in long-term datasets or the extent to
which populations are capable of recovering afterwards.

Few controlled experiments investigated the effects of
predicted long-term climatic conditions on the condition,
growth, and reproduction of monarch butterflies (9% of total
studies on climate change) and only a single study explored how
rising temperatures impacted host plants at different latitudes
(9% of total studies on climate change, Couture et al., 2015).
Though no multi-year field studies exist, a substantial number
of predictive models (82% of total studies on climate change)
attempted to disentangle the effects of long-term climate change
on breeding habitat (Zipkin et al., 2012; Lemoine, 2015; Zalucki
et al., 2015; Thogmartin et al., 2017b), overwintering conditions
(Oberhauser and Peterson, 2003; Barve et al., 2012; Sáenz-
Romero et al., 2012; Zalucki et al., 2015; Thogmartin et al.,
2017b), and overall distribution (Batalden et al., 2007).

Climatic conditions are anticipated to change drastically
overtime. In line with the temperature-dependent growth of
monarchs (Zalucki, 1982), elevated temperatures are likely to
positively affect larval growth and survival during the breeding
season (Couture et al., 2015). Couture et al. (2015) predicted
that larvae growth will increase under temperature- and
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water-stressed conditions, though it is unclear whether the
shorter generation time will result in a greater number of
generations overall during the breeding season. Beyond the
direct effects on larval growth, models suggest climate change
is anticipated to result in a northward expansion of the
breeding range (Batalden et al., 2007; Lemoine, 2015) and that
elevated temperatures (Zipkin et al., 2012) are likely to facilitate
population growth. As such, other threats likely have a greater
potential to drive monarch declines (Flockhart et al., 2015;
Zalucki et al., 2015). Nonetheless, the effect of climate change
on monarchs at overwintering sites in Mexico may contribute to
lower population viability as rising temperatures may generate
unsuitable conditions for diapause (Oberhauser and Peterson,
2003; Barve et al., 2012; Sáenz-Romero et al., 2012). Taken
together, the majority of studies implied that the threat of
climate change is likely to continue (73% of total studies on
climate change, Oberhauser and Peterson, 2003; Batalden et al.,
2007; Barve et al., 2012; Sáenz-Romero et al., 2012; Flockhart
et al., 2015; Lemoine, 2015; Thogmartin et al., 2017b), but
the analysis of multi-year datasets suggest that it may affect
population viability (Zipkin et al., 2012; Flockhart et al., 2015);
(Zalucki et al., 2015).

Deforestation in the Overwintering Range
The level and effect of deforestation is quantified in the peer-
reviewed literature primarily by means of field studies (82%,
Table 2A). Field observations and aerial surveys assessed the
extent of forest canopy loss (Brower et al., 2002; Ramírez et al.,
2003; García, 2001; Honey-Rosés et al., 2011; Navarrete et al.,
2011; Champo-Jiménez et al., 2012; Vidal and Rendón-Salinas,
2014; Vidal et al., 2014), microclimate suitability (Anderson
and Brower, 1996; Alonso-Mejía et al., 1997; Brower et al.,
2009, 2011b) and predation levels (Alonso-Mejía et al., 1998)
under changing forest conditions. Models (18%, Table 2A),
relative to controlled studies (no studies, Table 2A), were used
to quantify the likelihood that forest loss contributed to monarch
butterfly declines.

All field studies and models suggested that forest loss is
a likely contributor to declines in individual condition and
population viability of monarch butterflies through its effect on
available overwintering habitat (Brower et al., 2002; Ramírez
et al., 2003; García, 2001; Honey-Rosés et al., 2011; Navarrete
et al., 2011; Champo-Jiménez et al., 2012; Vidal and Rendón-
Salinas, 2014; Vidal et al., 2014; Flockhart et al., 2015; Hunt and
Tongen, 2017; Oberhauser et al., 2017) and suitable environment
conditions (Anderson and Brower, 1996; Alonso-Mejía et al.,
1997, 1998; Brower et al., 2009, 2011b). However, studies varied
on their assessment of the potential future risk to monarch
populations. Multi-year data sets and modeling experiments
showed continued forest loss within the Monarch Butterfly
Biosphere Reserve (Brower et al., 2002; Ramírez et al., 2003;
García, 2001; Navarrete et al., 2011; Champo-Jiménez et al., 2012;
Vidal and Rendón-Salinas, 2014; Vidal et al., 2014; Flockhart
et al., 2015) that may increase the exposure of monarchs
and therefore the probability of a mass mortality event (53%,
Table 2C). Improving habitat protection and availability at
overwintering sites in Mexico is also considered a potential

means to reduce losses (Oberhauser et al., 2017). Yet, other
studies suggested that, though illegal logging and deforestation
likely contributes tomonarch declines, it is not the primary driver
(Flockhart et al., 2015; Hunt and Tongen, 2017) and further
forest canopy losses would be required to significantly impact
monarch populations (Hunt and Tongen, 2017). The results from
the remaining studies (Brower et al., 2009, 2011b; Honey-Rosés
et al., 2011; 35%, Table 2C, Anderson and Brower, 1996; Alonso-
Mejía et al., 1997, 1998) did not suggest a continued threat
from deforestation.

Exposure to Contaminants
The type of study assigned to peer-reviewed research papers
investigating the effects of environmental contaminants varied
depending on the nature of the contaminant. Control (56%
of total studies on Bt) and field-based (44% of total studies
on Bt) studies were principally used to assess the effects of Bt
exposure from GM crops. Control studies (75% of total studies
on insecticides) pre-dominated for work on insecticides and
modeling experiments examined the effect of insecticides (13%
of total studies on insecticides) and herbicides (100% of total
studies on herbicides) on population abundance. Though, certain
types of studies are notably absent for each contaminant, perhaps
most importantly the lack of field-based studies on the effect
of contaminants limits extrapolation of results to field-realistic
scenarios. Further, the majority of studies did not investigate
multi-year datasets (57%, Table 2C) and control and field studies
were limited to individual chemicals without considering the
wide-range of potential agrochemicals or their interactions.

Controlled laboratory experiments showed a negative effect
of Bt on larval development and survival (Losey et al., 1999;
Hansen Jesse and Obrycki, 2000; Stanley-Horn et al., 2001;
Anderson et al., 2004, 2005; Dively et al., 2004) and reproduction
(Tschenn et al., 2001), but effects were dependent on age
(Hansen Jesse and Obrycki, 2000; Hellmich et al., 2001) and
Bt-transformation event (i.e., specific occurrence of the uptake
of genetic material via transformation of cells of Bt, Stanley-
Horn et al., 2001). Studies also confirmed that range overlap
with Bt-exposed fields (Oberhauser et al., 2001; Pleasants
et al., 2001) could contribute to lower reproductive output
(Stenoien et al., 2015), though larval mortality is not always
associated with proximity to Bt-exposed fields (Zangerl et al.,
2001). Similarly, insecticide use showed effects on individual
survival (pyrethroids, Oberhauser et al., 2006, 2009; clothianidin,
Pecenka and Lundgren, 2015, λ-cyhalothrin, Stanley-Horn
et al., 2001) and herbicide application (i.e., glyphosate) is
known to influence population size (Thogmartin et al., 2017b).
However, the strength of the effects varied depending on the
agrochemical (i.e., significant effects not shown for dicamba and
2,4-dichlorophenoxyacetic acid use, Thogmartin et al., 2017b),
geographic location (Thogmartin et al., 2017b), and life stage
(Pan et al., 2017). Overall, few studies suggested a potential
future risk to monarch population viability from Bt-exposure
(31% of total studies on Bt, Hansen Jesse and Obrycki, 2000;
Pleasants et al., 2001; Dively et al., 2004; Stenoien et al.,
2015), dicamba (33% of total studies on herbicides, Thogmartin
et al., 2017b), 2,4-dichlorophenoxyacetic acid (33% of total
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studies on herbicides, Thogmartin et al., 2017b), and glyphosate
(33% of total studies on herbicides, Thogmartin et al., 2017b)
applications. Neonicotinoids also did not contribute significantly
to monarch declines in a population model (25% of total studies
on neonicotinoids, Thogmartin et al., 2017b).

Loss of Breeding Habitat
The effects of habitat availability and the influence of
urbanization are rarely examined for their impacts on monarch
butterflies. In fact, habitat fragmentation was only evaluated in
the context of field studies of vehicular collisions or roadsides
serving as ecological traps (McKenna et al., 2001; Mueller
and Baum, 2014) and through 2 modeling experiments that
examined the impact of fragmented landscapes on movement
rate (Collingham and Huntley, 2000) and path (Grant et al.,
2018). Likewise, only a single study investigated how the
availability of nectar resources affected monarch population
growth (Oberhauser et al., 2017). Projections on the threat of
habitat fragmentation and urbanization were absent, but the
reduction in nectar availability (Oberhauser et al., 2017) was
suggested to pose a sustained risk.

The literature on optimal breeding habitat for monarch
butterflies is dominated by studies on the potential declines in
survival on different host plants (35% of total studies on breeding
habitat loss) and the declines in common milkweed (Asclepias
syriaca) in agricultural fields (47% of total studies on breeding
habitat loss). Controlled laboratory experiments investigated the
oviposition tendencies on different host plants and the effect on
larval growth (DiTommaso and Losey, 2003; Mattila and Otis,
2003; Yeargan and Allard, 2005; Casagrande and Dacey, 2007;
Pocius et al., 2017a,b), except for two studies that found higher
oviposition on common and swamp milkweed (A. incarnata,
Pocius et al., 2018) and greater numbers of immature larvae
on tropical milkweed (A. curassavica; Malcolm and Brower,
1986) relative to other milkweed species. The effect of the
loss of milkweed, principally on agricultural plots, was limited
principally to field studies (40% of total studies on milkweed
loss, Hartzler, 2010; Pleasants and Oberhauser, 2013; Inamine
et al., 2016; Kasten et al., 2016; Zaya et al., 2017) and modeling
experiments (60% of total studies on milkweed loss) relating
overwintering population abundance to milkweed availability
(Zalucki and Lammers, 2010; Flockhart et al., 2015; Zalucki et al.,
2016; Hunt and Tongen, 2017; Oberhauser et al., 2017; Pleasants,
2017; Thogmartin et al., 2017a,c).

Studies provide competing evidence that select species of
plants (e.g., dog-strangler vine (Cynanchum rossicum), swallow-
worts (Vincetoxicum spp.) resulted in changes in oviposition
tendencies (DiTommaso and Losey, 2003; Mattila and Otis, 2003;
Casagrande and Dacey, 2007), and larval survival (Mattila and
Otis, 2003). Larval survival also varied across milkweed species
and was generally higher on common milkweed (Yeargan and
Allard, 2005; Pocius et al., 2017a,b). Tropical milkweed posed a
more substantial threat as a greater number of larvae are found
on this species relative to common milkweed (Malcolm and
Brower, 1986) and year-round availability may alter migration
patterns (Satterfield et al., 2015, 2018). At the same time, declines
in common milkweed was almost unanimously agreed upon as

a threat to monarchs, with the exception of a 22-year study
that showed monarch population size is predictable along the
migratory route and monarchs are capable of recovering during
the breeding season (Inamine et al., 2016; but see Pleasants
et al., 2017). Studies did not evaluate the sustained risk of
the use of different host plant species during oviposition. The
threat imposed by milkweed loss (Hartzler, 2010; Pleasants and
Oberhauser, 2013; Flockhart et al., 2015; Zalucki et al., 2016;
Hunt and Tongen, 2017; Oberhauser et al., 2017; Pleasants, 2017;
Pleasants et al., 2017; Thogmartin et al., 2017a,c; Zaya et al., 2017)
to the eastern migratory North American population of monarch
butterflies is anticipated to continue (80% in support from the
total studies on milkweed loss), though present-day loss may
occur at a lower rate than historical levels (Pleasants, 2017).

Predation, Parasitism, and
Species-Specific Pathogens
Predation and parasitism events experienced by monarch
butterflies were recorded in controlled experiments (34%,
Table 2A) and in field observations (60%, Table 2A). A variety
of species were noted to prey upon monarch butterflies (e.g.,
flies, Arnaud, 1978; spiders, Borkin, 1982; orioles and grosbeaks,
Fink and Brower, 1981). Moreover, a single quantitative risk
assessment model determined the impact of the Asian lady
beetle (Harmonia axyridis) on monarch butterflies (Koch
et al., 2006). The effect of OE on body condition (Altizer
and Oberhauser, 1999), flight capacity (Bradley and Altizer,
2005), reproduction (Altizer and Oberhauser, 1999), survival
(Altizer and Oberhauser, 1999), and virulence, spore load and
transmission (Leong et al., 1997; de Roode et al., 2008a,b,
2009; de Roode and Altizer, 2010; Satterfield et al., 2015) was
principally quantified using controlled experiments (63% of total
studies on OE), but OE detection was also available through
in-field observations (32% of total studies on OE, Urquhart,
1966; Leong et al., 1992). Thogmartin et al. (2017b) provided the
sole instance modeling the effect of OE on population size. In-
field observations based on counts during migration determined
the potential for migratory culling (80% of total studies on
migratory culling, Altizer et al., 2000; Bartel et al., 2011; Badgett
and Davis, 2015) and a single model determined that there
was not a disconnect between monarch population estimates on
summering and overwintering grounds, as would be predicted
for migratory culling (20% of total studies on migratory culling;
Pleasants et al., 2017).

A negative effect of predation and parasitism was found in
all peer-review literature studying such events (94%, Table 2B),
but few papers examined multi-year datasets or modeled the
potential for the threat to pose future risk to the eastern
migratory North American population of monarch butterflies
(85%, Table 2C). Of those available, parasitism by OE was
likely to have a continued negative effect, particularly with the
increased availability of year-round tropical milkweed in the
South (Satterfield et al., 2015, 2018; Thogmartin et al., 2017b).
Though migratory culling due to OE infection may reduce
population abundance at overwintering sites (Altizer et al., 2000;
Bartel et al., 2011), other studies suggested this is unlikely the case
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(Pleasants et al., 2017). Badgett and Davis (2015) also highlight
that monarch population abundance at survey sites in Michigan
remained constant from 1996 to 2014, potentially due to the
high concentration of monarchs in this region that were born in
the Upper Peninsula and Canada, but also suggesting that larval
survival during the breeding season could offset losses observed
at overwintering sites.

DISCUSSION

Our review focused on five broad threats to the eastern
migratory North American population of monarch butterflies
and highlights the dynamic factors that influence monarch
butterfly reproduction and survival at different stages of their
life cycle and throughout their range. Though evidence exists
in support of each threat contributing to the declines in the
eastern population of monarch butterflies, based on the potential
future risk, we suggest that the change in suitable environmental
conditions, specifically that related to climate change, and habitat
loss on overwintering (i.e., via deforestation) and breeding
grounds are likely the greatest threats.

For each threat, the most common methodology applied was
somewhat different. Projections on the decline in the availability
of suitable of environmental conditions were evaluated using
models (73%, Table 2A) estimating range expansion and optimal
abiotic conditions under climate change scenarios for both
monarchs and their host plant. Studies quantifying deforestation,
as expected, principally used observational field methods (82%,
Table 2A). Models (18%, Table 2A) were then used to associate
rates of loss and degradation to declines in monarch abundance.
The toxicological effects of contaminants on monarch butterflies
were principally evaluated using controlled designs (55%,
Table 2A) and models (14%, Table 2A), though few studies
were conducted and only 9 agrochemicals (i.e., herbicides and
insecticides) were assessed. Study type was equally weighted in
evaluating the impact and requirements needed for restoration
of breeding habitat, though variability existed when assessing the
influence of different host species ([Control_data]: 82%, [Field_data]:
18% of total studies on host plant species). More, field studies
and models contributed the most in research on the effects
of milkweed loss ([Field_data]: 40%, [Mod]: 60% of total studies
on milkweed loss). Finally, the effect of predation, parasites,
and pathogens on monarch butterflies was determined primarily
through field observations (60%, Table 2A), though the effect
OE was quantified through controlled experiments (63% of total
studies on OE).

Based on the current literature on potential threats in the
declines of the eastern migratory North American population of
monarch butterflies, the availability of suitable environmental
conditions (i.e., climate change) and overwintering and
breeding habitat loss arguably have the greatest impact on
population viability and potential for continuing risk to monarch
populations (Brower et al., 2011a). However, some threats are
understudied and should not be discounted in their potential
impact to the population. Contaminant exposure may also
potentially drive declines based on evidence of the toxicological

effects and potential for cumulative sublethal effects, but it is
unknown whether the threat will rise given current high level
of agrochemical use (Thogmartin et al., 2017b). Risk imposed
from predation is also likely to continue given the interaction
with climate warming and potential year-round residency by
monarchs in the southern US (Sáenz-Romero et al., 2012;
Satterfield et al., 2015, 2018).

The five threats highlighted in our review vary temporally
(e.g., early vs. late migrants) and spatially (e.g., migrants vs.
breeding populations) in their imposed risk. For instance, while
exposure to Bt pollen generally reduces survival (Hansen Jesse
and Obrycki, 2000; Dively et al., 2004), threat level may be
minimized if larval populations do not occur at the same
time as pollen shedding (Bartholomew and Yeargan, 2001)
and/or contact with toxins is reduced during early development
(Hansen Jesse and Obrycki, 2000; Sears et al., 2001). Each
factor could interact synergistically, with the strength of effects
varying over time. As the availability of milkweed declines
around crops, the risk imposed by exposure to agricultural
chemicals (e.g., Bt, insecticides, herbicides) is likely to decline in
tandem, though no studies have assessed this long-term change.
Interactions between threats may also vary in accordance with
the pre-dominant threats in a particular region. For instance,
climate change may result in phenological mismatch (e.g.,
milkweed availability during oviposition and nectar sources
during breeding and migration) if environmental conditions
drive changes in plant growth or the pattern of monarch butterfly
migration. Simultaneously, if, as in other species (i.e., honeybees,
Mason et al., 2013; Sánchez-Bayo et al., 2015), agrochemical
exposure reduces immune system function, the potential elevated
risk of exposure to pathogens with climate warming (Altizer
et al., 2011) may reduce survival. Thus, a complex array of
factors and their interactions must be examined with different
methodological protocols to resolve how each potential threat
contributes to declines.

Our results are based on the available published peer-reviewed
literature, but bias may exist in the publication and dissemination
of research that may unintentionally affect meta-analyses and
systematic reviews. Though we conducted an extensive literature
review, recently completed, unpublished literature may not yet
be accessible and thus is unable to be accounted for in the
results (Møller and Jennions, 2001). Further, publication bias
during the submission, review, and editorial processes may also
influence the likelihood of research being available and accessed
(Møller and Jennions, 2001). Not only are significant results
more likely to be submitted, but novel research with large
sample sizes and greater statistical power are more likely to be
published (Tregenza, 2002; Joober et al., 2012; Mlinarić et al.,
2017). Interestingly, publication record and identity of the author
(e.g., gender, nationality, non-English surnames, alphabetical
position of the surname in reference list) can also affect the
likelihood of publication and subsequent citation rate (Tregenza
and Wedell, 1997; Kothiaho, 1999a,b; Møller and Jennions,
2001; Einac and Yariv, 2006). The purpose of the research (e.g.,
natural history or multi-year modeling experiments) may also
influence results. For instance, natural history studies on the
effects of predators, parasites, and pathogens highlight the threat
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to monarchs, but were not intended as long-term studies and
we therefore cannot extrapolate from these initial results. As
research continues to expand reviews will need to incorporate
new knowledge to properly evaluate the strength of evidence
and potential threats to the eastern migratory North American
population of monarch butterflies.

The threats examined in this review also pose considerable
risk to other insect species. We suggest that the monarch
butterfly is an ideal candidate to evaluate the contribution and
the spatiotemporal interactions of each threat at different stages
along themigratory route. Research should contribute to effective
conservation management plans aimed at protecting habitat
and raising population abundance, while also emphasizing the
importance of international cooperation in the protection of
species at risk. To accomplish this, studies should tackle questions
in an interdisciplinary manner, taking a whole-systems approach,
and integrate multiple biological disciplines that address major
gaps in methodological procedures (i.e., type of study) and
knowledge. An integrated approach to understanding the
mechanisms underlying declines will be important in mitigating
further losses under escalating and interacting threats and will be
vital to developing management responses.

CONCLUSION

In this review, we sort and summarize 115 peer-reviewed
research papers based on the type of study existing within five
broad potential threats, evaluating the effect and potential risk
imposed by each threat to the eastern migratory North American
population of monarch butterflies. We recommend that research
initiatives address hypotheses examining the spatiotemporal
nature of each risk and how each factor interacts by integrating
fields spanning a range of biological disciplines including,

though not limited to, ecology, physiology, endocrinology, and
conservation management. Without thorough knowledge and
management action plans, declines in monarch butterflies may
have unintended downstream effects. For example, butterflies are
valued for their cultural economic services and socioeconomic
benefits in terms of ecotourism in the southern portion of their
range (Semmens et al., 2018). We encourage more detailed
studies on the mechanisms driving declines, particularly those
evaluating the relative contribution of each threat throughout
the monarch life cycle and its geographic distribution. We
also suggest that studies investigate potential interacting
factors that may limit capacity to implement conservation
management plans.
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