Annals of the Entomological Society of America, 115(1), 2022, 10-24

https://doi.org/10.1093/aesa/saab036 2 1 ENTOMOLOGICAL

Advance Access Publication Date: 25 October 2021 Q Ve SOCIETY OF AMERICA
9 SHARING INSECT SCIENCE GLOBALLY

Review -

Review

The Role of Experiments in Monarch Butterfly
Conservation: A Review of Recent Studies and
Approaches

Victoria M. Pocius,'*“ Ania A. Majewska,? and Micah G. Freedman®*

'Department of Biological Sciences, University of Alabama, Tuscaloosa, AL, USA, 2Department of Biology, Emory University, Atlanta,
GA, USA, *Department of Ecology and Evolution, University of Chicago, Chicago, IL, USA, and “Corresponding author, e-mail:
vmpocius@gmail.com

Subject Editor: Lawrence Hurd

Received 7 January 2021; Editorial decision 21 August 2021

Abstract

Monarch butterflies (Danaus plexippus) (Lepidoptera Danaidae Danaus plexippus (Linnaeus)) are an iconic
species of conservation concern due to declines in the overwintering colonies over the past twenty years.
Because of this downward trend in overwintering numbers in both California and Mexico, monarchs are cur-
rently considered ‘warranted-but-precluded’ for listing under the Endangered Species Act. Monarchs have a
fascinating life history and have become a model system in chemical ecology, migration biology, and host-
parasite interactions, but many aspects of monarch biology important for informing conservation practices
remain unresolved. In this review, we focus on recent advances using experimental and genetic approaches
that inform monarch conservation. In particular, we emphasize three areas of broad importance, which could
have an immediate impact on monarch conservation efforts: 1) breeding habitat and host plant use, 2) natural
enemies and exotic caterpillar food plants, and 3) the utility of genetic and genomic approaches for under-
standing monarch biology and informing ongoing conservation efforts. We also suggest future studies in these
areas that could improve our understanding of monarch behavior and conservation.
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Observational data are a necessary starting point for conserva-
tion; researchers, land managers, and citizens need to know where
the organism of interest occurs and the timing of its occurrence
on the landscape (Haila and Margules 1996). In the case of the
monarch butterfly (D. plexippus), well known for its spectacular
long-distance migration, bright coloration, and dependence on
toxic milkweed plants as larvae, observational studies initiated in
the 1960s and 1970s were critical for illuminating fundamental
aspects of the monarch’s migratory life cycle (Reichstein et al.
1968; Urquhart and Urquart 1976; Brower 1977; Gustafsson
et al. 2015). For example, the monarch’s primary overwintering
sites in Mexico were not described to science until 1976 (Urquhart
and Urquhart 1976), a breakthrough only made possible through
years of tagging and releasing butterflies by Fred and Nora
Urquhart (Urquhart and Urquhart 1978). Even today, much of
our base knowledge of monarch distribution (Vidal and Rendén-
Salinas 2014, Kinkead et al. 2019, Antonsen et al. 2021) and mi-
gration patterns (Walton et al. 2005, Gibbs et al. 2006, Badgett
and Davis 2015, Davis and Dyer 2015, Inamine et al. 2016) has
been synthesized from both survey programs and citizen science
efforts based on observational data (Swengel 1995, Howard
and Davis 2009, MLMP 2020, NABA 2020, Taylor et al. 2020).
Insights from both surveys and citizen science projects—across
different regions in North America and during different phases of
the monarch’s annual cycle—form the basis of our understanding
about broad-scale monarch biology.

Although ongoing observational and survey work is crucial
for conservation, some aspects of monarch biology can only be
understood using experimental approaches. The literature on

experiments involving monarchs is vast, and the goal of this re-
view is not to provide a comprehensive overview of all experi-
ments relevant to monarch conservation; we do not discuss
findings of studies that focus on migratory physiology, naviga-
tion (Merlin et al. 2009; Reppert et al. 2010; Zhan et al. 2011;
Heinze and Reppert 2011, 2012; Guerra et al. 2012, 2013,2014;
Heinze et al. 2013; Shlizerman et al. 2016; Reppert and de Roode
2018, Tenger-Trolander et al. 2019, Yang et al. 2019, Nguyen
et al. 2021), diapause termination and induction (Herman 1981,
Goehring et al. 2004, Green and Kronforst 2019), stress (Pelling
et al. 2009, Davis et al. 2018, 2020), or immune response (Lindsey
and Altizer 2009, Decker et al. 2021). We note that these studies
are important to further understanding of monarch biology and
warrant investigation; however, that body of research does not
directly inform strategies for monarch conservation that can be
applied today. Here we review three lines of research that in-
corporate experimental approaches to directly inform monarch
conservation and habitat restoration efforts: 1) the influence of
different milkweed diets and habitat types; 2) monarch inter-
actions with natural enemies and exotic milkweeds; and 3) the
application of genetic and genomic approaches to monarchs.
Following the petition to list the monarch under the Endangered
Species Act in 2012, a groundswell of habitat establishment and res-
toration efforts on local, state, and federal levels have been started
(Monarch ESA Petition 2014). These projects have focused on
adding milkweed plants and nectar sources to the landscape with
hopes of boosting monarch numbers, but few account for differences
among milkweed species (e.g., plant defenses, differences among
habitat types for monarch success, or the impacts of larval host
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plant on adult traits. Recent work on survival, growth, oviposition,
and physiology has revealed the importance of plant host for mon-
arch survivorship and oviposition as well as the influence of larval
host plant on adult traits, providing guidance on which milkweeds
produce healthy butterflies and therefore may be most beneficial to
plant on the landscape.

The monarch butterfly has various natural enemies of which a
protozoan parasite, Ophryocystis elektroscirrha (Neogregarinorida:
Ophryocystidae), remains the best studied. The environmental per-
sistence of the protozoan poses risk for monarchs in habitats used by
multiple generations. Often considered ‘debilitating’, this parasite can
have significant impacts on monarch population size, particularly in
patches of the exotic milkweed, Asclepias curassavica (Gentianales,
Apocynaceae, Asclepias, tropical milkweed). While the vast majority
of milkweeds used by monarchs are native to North America, intro-
duced milkweeds are present and empirical work shows that exotic
milkweeds vary in their effects on monarch survival and physiology.

Finally, approaches from genetics and genomics have recently
been applied to understand aspects of basic monarch biology. Over
the past three decades, genetic approaches have become an increas-
ingly important part of conservation decision-making (reviewed in
Allendorf et al. 2010), and monarchs are no exception to this pat-
tern. Recent research into monarch butterfly genetics and functional
genomics has provided important context for understanding differ-
entiation among populations, describing the underlying basis of the
migratory phenomenon, and characterizing naturally occurring vari-
ation in ecologically relevant traits.

Monarch Breeding Habitat and Milkweed Use

Habitat loss and land use change have been reported as two
of the main threats to the monarch population in the Mexican
overwintering colonies and throughout the breeding range
(Flockhart et al. 2015, Thogmartin et al. 2017a, Zaya et al. 2017).
It is important to note that monarch population size and decline
remain a contentious issue with studies both supporting (Espeset
et al. 2016, Pleasants et al. 2017, Schultz et al. 2017, Zaya et al.
2017, Stenoien et al. 2018, Pelton et al. 2019) and refuting popu-
lation decline (Davis 2012, Badgett and Davis 2015, Inamine et al.
2016, Davis 2020). Monarch butterflies are well-known milkweed
specialists and will feed on roughly 40 of the 100+ milkweed spe-
cies across North America (Ackery and Vane-Wright 1984, Malcolm
and Brower 1986, Malcolm 1994). Before the widespread adoption
of herbicide-resistant crops, the most productive summer breeding
areas for monarchs were located in midwestern agricultural fields
with Asclepias syriaca (Pleasants 2017, Pleasants and Oberhauser
2013, Stenoien et al. 2018). A. syriaca (Gentianales, Apocynaceae,
Asclepias syriaca, common milkweed) was found in over half of
Towa crop fields in 1999, but only in 8% of fields during a follow
up survey in 2009 (Hartzler 2010). This decline represents a 97%
decline in agricultural milkweed density, in Iowa alone, in a decade
(Pleasants 2017) and effective elimination of agricultural milkweed
from the monarchs’ historic core breeding range (Wassenaar and
Hobson 1998, Flockhart et al. 2015).

Monarchs encounter and utilize a variety of different milk-
weed species, which vary in toxicity and chemical content, during
their multi-generational annual cycle (Malcolm and Brower 1989).
Therefore, it is important to understand both how females perceive
and use different milkweed species throughout the breeding range
as well as larval survival on different species (Agrawal 2017, Pocius
et al. 2018b). As both public and private entities move forward with

monarch habitat restoration plans from community gardens to large
swaths of planted roadsides (Thogmartin et al. 2017b), detailed in-
formation is needed about how monarchs use established habitat,
which nectar sources and milkweed species are most used by larvae
and adults, and how larval host plants impact adult traits, especially
those important for migration (e.g., wing morphology and migra-
tory physiology). In the following sections, we detail recent work
on larval survival and growth, milkweed oviposition preference, the
influence of larval diet on adult traits, and monarchs’ attraction to
different habitat types and arrangements with the goal of providing
succinct guidance for habitat restoration.

Larval Survival and Growth

Several studies have investigated various aspects of monarch survival
from larva to adult over the past four decades, including recent com-
parative work on multiple milkweed species (Agrawal et al. 2015;
Pocius et al. 2017a, b, 2018a; Jones and Agrawal 2019; see Table
1 for milkweed traits). Although A. syriaca is the most abundant
plant on the landscape, it is important to understand how larvae
respond to a variety of traits, including physical and chemical de-
fenses. Larvae can eat most milkweeds (Malcolm and Brower 1989,
Agrawal et al. 2015), though their growth rate, mass, and survivor-
ship can vary widely among milkweed diets (Ladner and Altizer
2005; Yeargan and Allard 20053 Zalucki et al. 2012; Agrawal et al.
2015; Pocius et al. 2017a,b).

Many larvae do not survive past the first or second instar as
they are more vulnerable to both predators (see Natural Enemies
below) and plant defenses including cardenolides, milkweed-derived
cardiac glycosides sequestered by larvae for their own defense (see
Natural Enemies; Reichstein et al. 1968, Duffey and Scudder 1972,
Brower and Glazier 1975, Agrawal 2017), and milkweed latex, the
white, milky emulsion exuded at point of plant damage (Oyeyele
and Zalucki, 1990; Zalucki et al., 1990, 2001a,b). Monarchs have
evolved behaviors that circumvent latex exudation including cut-
ting small trenches through leaves (Dussourd 1990, Dussourd and
Denno 1991, Zalucki and Brower 1992) or severing leaf petioles to
stem latex flow before consuming them (Brewer and Winter 1977,
Zalucki and Brower 1992) and incorporate cardenolides into their
own tissues for defense (Malcolm and Brower 1989, Jones et al.
2019, Agrawal et al. 2021). Both defenses have been implicated in
lowering monarch survival (Zalucki and Brower 1992, Zalucki et al.
2001b). In fact, latex exudation has been identified as the strongest
predictor of early instar monarch survival across milkweed species
even after controlling for phylogenetic relatedness (Agrawal et al.
2015) but latex exudation does not have a similar effect on later
instars.

Taken together, results from studies examining the impact of
milkweed species, latex exudation, and cardenolide content suggest
that latex is a major source of mortality for early instar monarchs
while cardenolide content may slow growth rate in combination
with other physical defenses (e.g., latex, trichomes, leaf toughness;
Malcolm 1994, Malcolm and Zalucki 1996, Pocius et al. 2017b).
Growth may also slow in response to apolar cardenolide conver-
sion in vivo (Agrawal et al. 2021), as monarch preferentially se-
quester more polar cardenolides (Reichstein et al. 1968, Roeske
et al. 1976, Seiber et al. 1980, 1983, Frick and Wink 1995). High
cardenolide, high latex milkweeds such as A. humistrata and
A. syriaca are associated with slower larval growth, mainly due to
latex exudation and latex cardenolide content when compared to
low latex, low cardenolide species such as A. incarnata (Zalucki
and Malcolm 1999; Zalucki et al. 2001a, b; Pocius et al. 2017a,b).
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These differences between species remain particularly important
for early instar survival in the field (Zalucki and Malcolm 1999,
Zalucki et al. 2001b) and additional work is needed to determine
the volume, latex cardenolide content, and rate of exudation detri-
mental to larval survival.

Monarchs are capable of overcoming a variety of milkweed de-
fenses as larvae, reaching adulthood on a wide range of milkweed
species (Ladner and Altizer 2005, Robertson et al. 2015, Pocius
et al. 2017b). High larval mortality has been correlated with both
high cardenolide content and high latex exudation across milk-
weed species (see Agrawal et al. 2009, Rasmann and Agrawal
2011 for cardenolide content by species and details of monarch
resistance to cardenolides), although latex becomes less dangerous
as larvae reach later instars. While monarchs successfully develop
on a wide variety of milkweeds, we recommend planting native
milkweeds such as A. syriaca and A. incarnata (Gentianales,
Apocynaceae, Asclepias incarnata, swamp milkweed) with low
cardenolide content, lower latex exudation, and consistently high
larval survival when possible (Ladner and Altizer 2005, Pocius
et al. 2017a, b), but we acknowledge that other species such as
A. asperula (Gentianales, Apocynaceae, Asclepias virids, ante-
lope horn milkweed) and A. viridis (Gentianales, Apocynaceae,
Asclepias virids, green antelope horn milkweed), both high in
cardenolide content, are crucial hosts for spring generation mon-
archs in Texas and Oklahoma. Future studies must compare the
wide variety of native milkweeds in California and Texas, both of
which are critical areas for monarch population growth, as mon-
arch hosts. Plant traits such as cardenolide content and trichome
density should be assessed in addition to monarch survival on
native milkweeds with narrow ranges. Additional work is also
needed to understand the mechanisms inhibiting monarch growth
and survival on milkweed species beyond A. curassavica with dif-
ferent concentrations and/or combinations of cardenolides.

Oviposition Preference

Female oviposition preference plays a large role in boosting monarch
numbers as larval success depends on where they hatch. Monarch
oviposition preference is related to plant height, species identity,
and foliar chemical concentrations including cardenolides and quer-
cetin glycosides (Oyeyele and Zalucki 1990; Zalucki et al. 19905
Haribal and Renwick 1996, 1998a,b; Agrawal et al. 2021). Prior
work focused on the chemical composition of milkweeds (Zalucki
et al. 1990; Haribal and Renwick 1996, 1998a,b) and formed the
basis of later experiments considering chemical content and compos-
ition as a factor in oviposition preference. Specifically, female mon-
archs rejected high cardenolide hosts (Oyeyele and Zalucki 1990,
Zalucki et al. 1990, Haribal and Renwick 1998a) and preferred to
deposit eggs on milkweeds with intermediate cardenolide content
and relatively high levels of nitrogen (Oyeyele and Zalucki 1990,
Zalucki et al. 1990, Agrawal et al. 2021). Females likely rejected
these high cardenolide hosts in response to chemical cues deter-
mined by alighting on the plant and scratching or drumming the leaf
surface (Oyeyele and Zalucki 1990). High cardenolide levels have
been linked with low larval survival and slower development rates
(Erickson 1973; Zalucki et al. 2001a, b, 2012, see Larval Survival).
Alternatively, high quercetin glycoside level located on the leaf sur-
face stimulate oviposition (Agrawal 2017); monarchs respond to
these chemicals as part of host plant recognition and females have
laid eggs in response to these chemicals without a plant (Haribal and
Renwick 1996). When these compounds were isolated monarchs
were stimulated to oviposit only when exposed to these compounds

at unrealistically high concentrations (Agrawal et al. 2021).
Therefore, cardenolide concentration and plant height remain strong
predictors of oviposition (Agrawal et al. 2021), although more work
needs to investigate the role of flower and nectar cues in oviposition
as some results show an impact of nectar cardenolides on monarch
oviposition (Jones and Agrawal 2016).

Other research has focused on oviposition between different
milkweed species. This work revealed monarch preferences for some
milkweed species over others in the field within localized areas in
Texas, Florida, and Kentucky. In Texas, eggs were observed on 7
endemic milkweed species, with the highest proportion of eggs per
meter of stem recorded on A. latifolia (Gentianales, Apocynaceae,
Asclepias latifolia, broadleaf milkweed) (Calvert 1999). In Florida,
more eggs were counted on larger A. humistrata (Gentianales,
Apocynaceae, Asclepias virids, pinewoods milkweed) plants with
intermediate cardenolide content and on A. curassavica compared
to A. incarnata in mixed stands (Cohen and Brower 1982, Malcolm
and Brower 1986, Zalucki et al. 1990). In Kentucky, monarchs pre-
ferred A. syriaca to Cynanchum laeve (Gentianales, Apocynaceae,
Cynanchum laeve, honeyvine milkweed) when both plant spe-
cies inhabited the same field but used either plant in single species
stands (Bartholomew and Yeargan 2002); they also preferred taller,
broad-leaved milkweed species to shorter, narrow-leafed species
in common gardens (Baker and Potter 2018). Importantly, an ex-
perimental study revealed that monarchs originating from spatially
distant populations (East of the Rocky Mountains vs West of the
Rocky Mountains designated by overwintering location) did not dis-
play preferences for milkweed species grown in their natal region.
Specifically, females captured from Michigan and California choose
to deposit higher egg totals on A. incarnata compared to three
other species (A. syriaca, A. Fasicularis (Gentianales, Apocynaceae,
Asclepias fasicularis, narrowleaf milkweed), and A. Speciosa
(Gentianales, Apocynaceae, Asclepias speciosa, showy milkweed))
regardless of their source population (Michigan vs. California;
Ladner and Alitizer 2005). Experimental studies in Iowa, New York,
and Kentucky have revealed similar monarch oviposition prefer-
ences for A. incarnata and A. syriaca over other species. In both
field and lab experiments, monarchs laid more eggs on A. incarnata
and A. syriaca compared to other milkweed species including A.
Exaltata (Gentianales, Apocynaceae, Asclepias exaltata, poke milk-
weed), A. Hirtella (Gentianales, Apocynaceae, Asclepias hirtella,
tall green milkweed), A. Speciosa (Gentianales, Apocynaceae,
Asclepias incarnata, swamp milkweed), A. Sullivantii (Gentianales,
Apocynaceae, Asclepias sullivantii, prairie milkweed), A. Tuberose
(Gentianales, Apocynaceae, Asclepias tuberosa, butterfly milkweed),
and A. verticillata (Gentianales, Apocynaceae, Asclepias verticillata,
whorled milkweed) (Pocius et al. 2018a, b), and in general taller
plants with broad leaves recruited the most eggs across studies
(Baker and Potter 2018, Pocius et al. 2018b, Jones and Agrawal
2019). Similarly, wild monarchs readily colonized planted gardens
in Kentucky, but laid more eggs on broad-leafed milkweeds when
compared to species with other growth forms (Baker and Potter
2018). A mix of available milkweeds may also be important for
increasing oviposition, as monarchs laid 2.5 times more eggs when
there were multiple species of milkweeds present compared to only
one (Pocius et al. 2018a). Across all experiments, monarchs show a
willingness to oviposit on all available milkweed species, but prefer
species and perhaps individual plants with intermediate cardenolide
levels (Agrawal et al. 2021); monarchs display preferences for
the wide-ranging A. incarnata and A. syriaca when compared to
A. tuberosa, A. fascicularis, A. verticillata, A. speciosa, A. hirtella,
and A. sullivantii, and monarchs may favor taller, more apparent
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milkweeds in the field (Baker and Potter 2018; Pocius et al. 2018a,
b; Jones and Agrawal 2019; Agrawal et al. 2021).

Plant age also influences milkweed attractiveness to ovipositing
females. Because plant age can impact leaf levels of both water and
nitrogen, caterpillars often perform better on younger plants com-
pared to those near senescence (Scriber and Slansky 1981, Slansky
1993). Monarchs clearly prefer to oviposit upon young milkweed
stems (Urquahrt 1987, Bergstrom et al. 1994), but young milkweeds
or newly regenerated stems may also harbor fewer natural enemies
of young larvae (see Natural enemies). Recent work has shown that
targeted mowing and burning produces new growth on existing
milkweed plants and increases the number of eggs laid on mowed vs.
unmowed plants in roadsides (Knight et al. 2019) and in grasslands
(Haan and Landis 2019b) which could be crucial for late-breeding
monarchs (Baum and Mueller 2015). These new, tender stems are
both attractive to ovipositing females and the disturbance caused
by mowing provides 2-4 wk of reduced natural enemy presence po-
tentially allowing young larvae to develop successfully (Haan and
Landis 2019a). Disturbance regimes timed for specific latitudes could
improve phenological diversity of milkweeds in a variety of habi-
tats, increasing the number of stems used by ovipositing females and
reducing pressure from natural enemies (Baum and Mueller 2015,
Haan and Landis 2019b). Disturbance should therefore be fully ex-
plored as part of a comprehensive monarch conservation strategy.

Rearing Conditions

Environmental conditions, including temperature, are key to the de-
velopment of immature monarch stages. Warming spring and summer
temperatures (above 12°C) increase the developmental rate (Barker
and Herman 1976), although extreme heat is detrimental and even
lethal (York and Oberhauser 2002). In particular, the high heat of the
southern US states is thought to limit monarch’s ability to reproduce
successfully during the summer months, resulting in most monarch
generations originating at higher latitudes (Malcolm et al. 1987). On
the other hand, cooling fall temperatures slow development and play
a role in inducing the migratory state in monarchs, including repro-
duce diapause (Goehring and Oberhauser 2002), elongated wings (Li
etal. 2016), lower flight metabolism (Schroeder et al. 2020), and flight
oriented towards the overwintering sites (Zhu et al. 2009). Decreasing
daylight is also an important factor in the migratory state induction
(Zhu et al. 2009). Cooling temperatures and decreasing daylength in
the fall months are more clearly demarked in northern compared to
southern latitudes which might explain why the majority of migratory
monarchs originate from this region (Hobson et al. 1999, Flockhart
et al. 2017). For this reason, the practice of collecting and rearing cat-
erpillars indoors, which can alter both temperature and light regime,
has raised concerns. Indeed, fall monarch tagging studies recovered
fewer captive reared monarchs than wild counterparts (Malcolm
2018, Pelton 2018). Several recent experiments examined the im-
pact of indoor rearing and found that indoor reared monarchs did
not orient south on flight simulator (Tenger-Trolander and Kronforst
2020), but once released some adults did orient southward (Wilcox
et al. 2021). Additional work indicates that captive reared monarchs
might be weaker than wild reared adults (Davis et al. 2020). Together,
these studies suggest that the development and unique physiological
state of the fall generation can be easily disrupted.

Impact of Larval Diet on Adult Traits

Although larvae can eat a large variety of milkweed species, there are
noted differences in larval mass, growth rate, and survival on different
milkweed species (Agrawal et al. 2015, Pocius et al. 2017b). Recent

work has also revealed that larval diet impacts adult traits such as
wing length, wing shape, wing toughness, body mass, and initial lipid
store in larvae reared under summer conditions (Pocius et al. 2017b,
Davis and De Roode 2018, Decker et al. 2019, Soule et al. 2020).
Adults that fed on A. incarnata and A. syriaca as larvae had more
elongated wings, a better shape for sustained migratory flight, than
those that fed on A. curassavica or A. speciosa (Soule et al. 2020).
Similarly, adults that fed on A. incarnata and A. tuberosa as larvae
eclosed with the largest initial lipid stores and high dry mass, although
A. curassavica was not included in this study (Pocius et al. 2017b).
A. curassavica-fed larvae also emerged with lower wing density as
adults whereas those that fed on A. syriaca had higher wing loading,
a trait associated with powered flight, further supporting the import-
ance of a native milkweed diet for long-distance migrants (Soule et al.
2020). Larval diet also impacts both adult resting and flight metabolic
rate, with those that fed on A. curassavica investing more heavily in
flight musculature but incurring the highest energetic cost of flight per
unit body mass (Pocius et al. 2021). This was in contrast to larvae
that fed on native milkweeds (A. exaltata, A. incarnata, A. sullivantii,
A. syriaca, A. speciosa, A. tuberosa, and A. verticillata) and eclosed
as relatively small adults with lower energetic costs for both flight
and maintenance (Pocius et al. 2021). These differences in metabolic
rate could be due to tradeoffs in processing apolar cardenolides con-
tained in A. curassavica (Agrawal et al. 2021) and highlight the lasting
impacts of larval diet on adult physiology. More work needs to be
done to elucidate the links between the components of the larval diet
(phytochemicals, cardenolide content, nitrogen content) and adult me-
tabolism in relation to long distance migratory flights, during which
even small metabolic differences could influence migration success.

Monarch Attraction to Restored Habitats
and Gardens
Although monarchs are obligate milkweed specialists, the location
of milkweed stands within habitats may also influence females’ at-
traction to milkweed. Recent work has revealed the importance of
both larger-scale conservation areas and gardens for both the re-
cruitment and survival of monarchs (Geest et al. 2019). Tachinid fly
(Diptera: Tachinidae) parasitism was 25% lower in larvae collected
from conservation sites compared to those collected from gardens,
but monarch recruitment did not differ by site type (Geest et al.
2019). Additionally, milkweed position and garden composition
were important although milkweed density did not impact ovipos-
ition (Baker and Potter 2019, Nestle et al. 2020). Oviposition on
garden milkweeds was higher when milkweeds were evenly spaced
around garden perimeters or when milkweeds were spatially isolated
than when milkweeds were interspersed with nectar plants and na-
tive grasses (Baker and Potter 2019). Oviposition was 22% higher in
more diverse plantings (milkweed plus nectar species) than in milk-
weed monoculture without increased predation rates of monarch
larvae (Nestle et al. 2020). However, it is important to note that
high density of immature stages on milkweed can have consequences
for transmission of infectious pathogens (Lindsey et al. 2009) and a
very high oviposition rate per plant can lead to food limitation for
larvae, resulting in unintended consequences (see Natural Enemies).
These results suggest that both resource availability for both larvae
and adults as well as garden layout are important factors to con-
sider when planning future conservation planting endeavors for
monarchs.

In summary, this section provides an overview of the milk-
weed species monarchs use successfully, the impact of larval host
plant identity and rearing conditions on adult traits, and monarch
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Table 2. Overview of the array monarch natural enemies, life stages they affect most often, and the main takeaways of recent work on each

category of natural enemies

Natural enemy and stage affected Example

Main takeaways

Predators

all stages (eggs and early instar stages are most
vulnerable)

Examples:

Mantids such as Iris oratoria

Wasp Polistes dominulus

Lacewing larvae Chrysoperla rufilabris

Fire ants Formica montana

Photo by J. Dicus

Parasitoids
Late stage larvae and pupae

Examples:
Parasitic wasp Pteromalus cassotis
Tachinid fly Lespesia archippivora

Photo by AAM
Infectious pathogens
all stages

Examples:

Ophryocystis elektroscirrha (OE) protozoan
Nuclear polybedrosis virus

Beauvaria bassiana fungus

Pseudomonas bacteria

Microsporidian fungus

Photo by J. Arnold

More than 30 genera of invertebrate predators have been
identified. Invertebrate predators likely pose the biggest
threat to immature stages. For example, the introduced
fire ant causes high mortality (nearing 100%) of eggs
and early instar larvae). Some milkweed herbivores
‘accidentally’ consume monarch eggs. Adults are
thought to have fewer predators than all other stages,
however adults may be particularly vulnerable to bird
and mice predation when roosting at overwintering
sites. Cardenolide toxin concentrations found in milk-
weeds can provide some protection against predators
whereby monarchs sequester the toxins, causing them
to be less palatable to predators. The more ‘toxic’ the
milkweed, the greater the protection. For example,
paper wasps (Polistes dominulus) were less likely to
consume caterpillars raised on more toxic tropical
milkweed (A. curassavica) compared to a native
swamp milkweed (A. incarnata) or common milkweed
(A. syriaca), both of which have a lower concentration
and diversity of cardenolide toxins.

Parasitoid flies and wasps cause significant mortality to
monarch butterfly. Over 15 species of parasitoids have
been documented infecting caterpillars and pupa. Adult
parasitoid oviposits eggs into caterpillar or fresh pupa.
Those eggs develop into larvae and slowly consume the
monarch leading to its death.

While OE is the best-studied parasite of the monarch,
multiple other microscopic pathogens can kill mon-
archs. ‘Black death’ in which the caterpillar or pupa
becomes increasingly dark and eventually black is fatal
and caused by virus, bacteria, or fungus.

attraction to different habitats. Larvae develop successfully on a
wide variety of milkweed species but have the highest survival on
plants with intermediate cardenolide content and lower latex exud-
ation, especially in early instars (Zalucki et al. 2001b; Agrawal et al.
2015; Pocius et al. 2017a,b). Monarchs prefer to lay their eggs on
young milkweed stems (Haan and Landis 2019a), taller stems with
intermediate cardenolide content (Cohen and Brower 1982, Agrawal
et al. 2021) and produce the highest egg counts in areas that contain
a mix of milkweed species (Pocius et al. 2018a). Together, studies
examining oviposition reveal preferences for more apparent plants
on the landscape with intermediate cardenolide concentrations.
Studies that examine the impact of milkweed diet on adult traits
have revealed differences between adults that fed on native milk-
weeds vs. A. curassavica. While temperatures during development
may show stronger effects on adult traits than larval diet (Soule et al.
2020), higher metabolic rate per unit body mass in monarchs that fed
on A. curassavica may indicate a higher cost for body maintenance
and sustained flight (Pocius et al. 2021). We encourage managers

to allow monarchs to develop outside, lessening the chance of tem-
perature interference with their development. In conclusion, we rec-
ommend planting native milkweeds on the landscape including, but
not limited to A. syriaca and A. incarnata to boost the potential for
oviposition, larval survival, and development of healthy adults with
wing traits suitable for long distance flight. We also encourage land
managers to establish pollinator habitat with milkweeds along the
perimeter for maximum monarch utility (Baker and Potter 2018)
as well as timing mowing during the early summer between gener-
ations, allowing fresh milkweed to sprout for monarch use later in
the summer where possible (Haan and Landis 2019a, b).

Natural Enemies and Exotic Caterpillar
Food Plants
The monarch butterfly is a prey and a host to numerous natural en-

emies (Table 2). All life stages are faced with a repertoire of vertebrate
and invertebrate predators with monarch eggs and caterpillars being
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the most vulnerable stages to predation: less than 3% eggs survive to
pupation (Nail et al. 2015, Grant et al. 2020). Arthropods have long
been recognized as significant sources of mortality, yet the introduced
fire ant (Solenopsis invicta (Formicidae, Hymenoptera, Solenopsis
invicta)) is particularly concerning (Oberhauser et al. 2015). A study
in Texas suggested the introduced fire ant caused 0% survival of eggs
and early instar caterpillars (Calvert 1996). It is important to note that
ants, including native species, are a common monarch predator and
milkweed plants with aphids are more likely to attract ants and in-
crease predation of eggs and caterpillars (Presby 2004). Experimental
work in grasslands indicated that mowing in mid-summer can de-
crease predation risk (Haan and Landis 2019a, b), which might be
due in part to both a reduction of the plant’s aphid population, which
attract predators, and changes in habitat complexity. This work sug-
gests that mowing could be used as a management strategy to offset
high predation rates by ants, yet whether this might work for reduc-
tion of the introduced fire ants remains unstudied.

Natural Enemies

Monarchs’ immature stages are susceptible to infection by various
microscopic pathogens. For instance, unexpected mortality of cat-
erpillars in lab experiments (e.g., Yeargan and Allard 2005) is often
attributed to the nuclear polyhedrosis virus (Arnott et al. 1968),
commonly referred to as ‘black death’ (Table 2). The best known
pathogen of the monarch butterfly is a neogregarine protozoan para-
site, Ophryocystis elektroscirrba (OE). Generally, the proportion of
infected adults in eastern North America is relatively low (<10%),
with a somewhat higher proportion in the western United States (De
Roode et al. 2008), and a very high infection rate (50-100%) in non-
migratory populations (e.g., southern Florida; Altizer et al. 2000,
Satterfield et al. 2015, Satterfield et al. 2016). However, OE poses
concerns due to its virulence and the overall increase in prevalence
over the last few decades (Majewska et al. 2021, under review).

While OE is often broadly described as ‘debilitating’, recent work
has estimated its virulence given all of the documented negative effects,
including reduced adult lifespan (De Roode et al. 2007), decreased
fecundity (Altizer and Oberhauser 1999), lower mating success, and
poor flight performance (Bradley and Altizer 2005). Together these
effects result in OE reducing monarchs’ population size, although the
severity of this impact depends on the proportion of the population
that is infected during the breeding season. For instance, when a very
high proportion (nearing 100%) of adults are infected, the population
is reduced by 50% (Majewska et al. 2019). The high loss of monarchs
due to the pathogen calls for efforts to reduce OE spread.

OE is predominantly transmitted during egg laying through
spores that are ingested by caterpillars (McLaughlin and Myers
1970, De Roode et al. 2009). Extensive lab and field experiments
show that besides mother to offspring transmission (vertical), OE is
also transmitted by two additional routes: (1) environmental trans-
mission where unrelated infected monarchs that scatter spores onto
milkweed, which can persist for weeks on the plant (Satterfield et al.
2017), and by (2) adult transfer, where contacts such as the mating
of infected and healthy monarchs leads to transfer of spores, which
are then passed to the offspring (Altizer et al. 2004, De Roode et al.
2009, Majewska et al. 2019). Given that a single spore can cause
infection in monarchs and that spores can persist on milkweed for
extended periods of time, milkweed sites that are crowded by mon-
archs and used by multiple generations for oviposition pose a risk of
infection for the butterfly. This might occur when patches of milk-
weed are isolated in the landscape due to habitat fragmentation or
planted in habitats where naturally occurring milkweed is generally
scarce (e.g., southeastern United States).

Exotic Caterpillar Food Plants

Monarchs oviposit and successfully develop on a variety of native
and exotic milkweeds (Ackery and Vane-Wright 1984, Malcolm
and Brower 1986, Malcolm 1994), although several species of in-
vasive swallow-wort, namely Cynanchum louisea and Cynanchum
rossicum, are not suitable as caterpillar food plants for monarch de-
velopment and cause 100% larval mortality (DiTommaso and Losey
2003). Exotic milkweed species, those not native to North America,
have been introduced via the horticulture trade and are widely avail-
able in the United States. While most exotic milkweeds are suitable
hosts and allowed monarchs to colonize and persist in new regions
of the world (e.g., Azores), the full breadth of impacts of planting
exotic milkweeds need to be considered, especially in the context of
disrupting monarch migration.

One exotic milkweed species which has received considerable at-
tention is tropical milkweed, A. curassavica, due to its widespread
planting and link to high infection rates in non-migratory monarch
populations in the southern latitudes in the United States (see section
on disease; (Satterfield et al. 2015, Majewska et al. 2019)). Field ex-
periments have shown that tropical milkweed is highly attractive to
monarch females resulting in high oviposition rates (Majewska et al.
2018), presumably due to the high cardenolide content that pro-
vides some protection from predators and parasites. However, the
increased density of monarchs on milkweed results in an increased
risk of infection (Lindsey et al. 2009). Indeed, experimental gardens
containing tropical milkweed in coastal Georgia show a high density
of eggs and caterpillars and high transmission rates of OE infection
(Majewska et al. 2019). Further, the tropical milkweed gardens have
continual adult, egg and caterpillar presence into the winter months
(Majewska et al. 2019), causing a buildup of OE spores on the plants
and resulting in 100% infection rates.

Observations of winter-breeding monarchs have raised concern
about the impact of tropical milkweed on monarchs’ migration in
the fall months. Because tropical milkweed does not enter dormancy
in the fall, continual breeding activity is possible until a freeze event
severely damages the plant. Indeed, experimental work indicates
that tropical milkweed promotes the reproductive state in the fall
months. In particular, when monarch caterpillars were reared in fall-
like conditions on tropical milkweed, emerging adults were more
likely to emerge reproductive than those reared on native milkweed
(Majewska and Altizer 2019). Further, migrating adults exposed to
tropical milkweed in the fall show considerable risk of halting dia-
pause and becoming reproductive (Majewska and Altizer 2019).
With evidence pointing towards impact of tropical milkweed on
monarch migration, cutting the milkweed back in the fall has been
recommended. However, the population level impact of this manage-
ment strategy remains to be examined.

In short, the monarch is the prey of numerous predators and host
of various parasitic organisms. Although not considered problematic
for monarchs, the well-studied protozoan parasite is in fact viru-
lent and might play a larger role in population size than previously
thought. In addition to the natural enemies, the monarch is chal-
lenged by introduced milkweed species, of which few have signifi-
cant effects on caterpillar survival and infection dynamics.

Genetics and Genomics in Monarch
Conservation

Genetic variation provides the raw material upon which natural se-
lection acts, and the ability for species and populations to adapt to
changes in their environment depends on levels of standing genetic di-
versity. Therefore, efforts to preserve genetic diversity have become a
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central paradigm in conservation biology (e.g., Allendorf et al. 2010).
Monarch conservation has traditionally focused on census-based and
observational methods for determining population numbers, popula-
tion trends through time, and movement patterns during migration,
but more recently, genetic and genomic approaches have been applied
to monarchs to shed light on important aspects of their biology.

Genetics and genomics have contributed to our understanding of
monarchs in two broad ways. First, population genetic and genomic
studies have revealed how monarch populations in North America and
around the world are related to one another, as well as highlighting
genes likely involved in migration (Zhan et al. 2014). Second, controlled
rearing experiments have revealed patterns of quantitative genetic vari-
ation in ecologically important traits. In part due to their unique mi-
gration biology, monarchs have recently become a model system in
ecological genomics (see Reppert and de Roode 2018, Merlin et al. 2020
for recent reviews), with multiple genome assemblies (Zhan et al. 2011,
Zhan and Reppert 2013), including recent chromosome-level assemblies
(Gu et al. 2019, Ranz et al. 2020). An array of tools for gene editing has
also been developed for monarchs, allowing for novel gene knockout-
based approaches to studying migration (e.g., Markert et al. 2016, liams
et al. 2019) and wing patterning (Mazo-Vargas et al. 2017).

Population Genetic and Genomic Approaches

Applied to Monarchs

Monarchs were among the first species in which patterns of genetic
variation were documented: Eanes and Koehn (1978) used allozyme
markers and found that monarchs sampled from locations throughout
North America show little evidence for geographical differentiation.
Subsequent studies have corroborated this pattern and strongly suggest
that monarchs across all of their migratory North American range—
including populations in eastern and western North America—repre-
sent a single genetically indistinguishable population (Shephard et al.
2002, Lyons et al. 2012, Talla et al. 2020). This genetic panmixia likely
results from random mating at overwintering sites and during their
spring return migration into the southern United States, as well as gene
flow between eastern and western monarchs.

The lack of detectable population structure within North American
monarchs has a number of important conservation implications.
Unlike many other migratory species such as Chinook (Oncorbynchus
tshawytscha) and steelhead salmon (O. mykiss)—where species-wide
genetic diversity is partitioned across many spatially subdivided popu-
lations (Waples et al. 2004, Prince et al. 2017)—genetic diversity in
North American monarchs is shared evenly among the tens of millions
of butterflies that comprise the whole population. This continent-scale
lack of genetic differentiation suggests that monarchs originating from
disparate locations throughout North America are functionally equiva-
lent and that conservation efforts that increase monarch numbers in one
location are broadly beneficial to monarch numbers in other locations
as well. The lack of genetic differentiation between eastern and western
monarchs is also important for contextualizing the conservation sig-
nificance of the recent precipitous declines in numbers of overwintering
western monarchs (Espeset et al. 2016, Schultz et al. 2017, Pelton et al.
2019). Rates of gene flow between eastern and western monarchs are
high enough to prevent any strong genomic signature of divergent nat-
ural selection from developing, despite differences in their migratory
behavior (Talla et al. 2020; reviewed in Freedman et al. 2021).

In accordance with the lack of overall population structure in North
America, studies that have estimated metrics of genome wide diversity
in monarchs generally indicate a very large migratory population, with
an estimated effective population size of >2 x 107 (Zhan et al. 2014).
These estimates are consistent with a robust monarch population

harboring high levels of genetic diversity. High levels of genetic diver-
sity are generally considered to be beneficial and contribute to adap-
tive capacity (but see Teixeira and Huber 2021). However, high levels
of heterozygosity in migratory North American monarchs can also
mask the presence of rare deleterious recessive alleles, which may help
to explain why North American monarchs are susceptible to strong
inbreeding depression (Mongue et al. 2016).

By contrast, monarch populations in locations outside of North
America show clear genetic differences from their North American
ancestors (Lyons et al. 2012, Pierce et al. 2014, Zhan et al. 2014,
reviewed in Pierce et al. 2015). Non-migratory monarchs also
have reduced genetic diversity and effective population sizes (Zhan
et al. 2014), and the genetic differences between migrants and non-
migrants are generally accompanied by phenotypic differences
(e.g., wing size and shape) associated with loss of seasonal migra-
tion. Thus, non-migratory monarch populations outside of North
America may not possess genetic variants associated with seasonal
migration and therefore may not be adequate stand-ins for their mi-
gratory ancestors in conservation efforts aimed at preserving func-
tional genetic variation.

Finally, another advantage of studying genomic diversity in mon-
archs is that it can enable estimates of changes in population size
across various time scales. Demographic models using allele fre-
quency data from contemporary specimens have been used to esti-
mate historical population fluctuations over evolutionary time scales
and suggest a recent population expansion around 20, 000 yr ago
(e.g., Zhan et al. 2014, 2017), coinciding with the end of the last
glacial maximum in North America. More recently, ongoing research
has compared genomic diversity from present-day versus historical
monarch specimens to test whether published accounts of declines
in overwintering monarchs in Mexico (Brower et al. 2012, Semmens
et al. 2016) are corroborated by reductions in genomic diversity
over the same time frame (Talla and de Roode, in prep). Together,
demographic inferences from genomic data can provide important
context for understanding changes in monarch population size over
both macro-evolutionary and contemporary timescales.

Functional Genetic Diversity in Monarchs

Even in the absence of direct DNA sequencing, experimental ap-
proaches can still provide valuable information about functional
genetic variation in natural populations. This is most commonly
accomplished through quantitative genetic approaches, particularly
controlled experiments with breeding designs (e.g., comparisons
among half-sib or full-sib families) that enable estimates of genetic
variation from levels of measured phenotypic variation. Monarchs
are well-suited for these approaches: larvae are comparatively easy
to rear in large numbers under controlled conditions, and virgin fe-
males can be hand-mated with males to make targeted crosses (e.g.,
Solensky and Oberhauser 2009).

Studies that rear the offspring of wild-caught monarchs under
controlled conditions have provided important context about levels
of standing variation for ecologically important traits, even when
this is not an explicit aim of the experiment. These studies most
commonly involve using either wild-caught gravid females or wild-
collected caterpillars reared to adults and then used to make crosses.
Some of the traits assayed using experiments that explicitly track ef-
fects of family of origin include wing morphology (Altizer and Davis
2010), oviposition preference and host plant performance (Ladner
and Altizer 2005, Freedman et al. 2020), induction of reproductive
diapause (Freedman et al. 2018), and resistance and tolerance to OE
(De Roode and Altizer 2010, Sternberg et al. 2013; see Table 3).
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Table 3. Example of studies that have used rearing designs that explicitly recorded family-level variation in ecologically important monarch

traits. Monarch family refers to all offspring from one female butterfly

Study Trait(s) assayed

Finding

Altizer and Davis (2010) Forewing size, forewing shape

Ladner and Altizer (2005)

oviposition preference
Freedman et al. (2020)
Freedman et al. (2018) Induction of reproductive arrest
Davis et al. (2005) Larval and adult melanism

De Roode and Altizer (2010)
Sternberg et al. (2013)

Resistance to OE
Tolerance to OE

Larval performance across host plants,

Larval performance across host plants

Substantial variation among families; substantial variation
among populations (eastern, western, South Florida) corres-
ponding to migratory status

Substantial variation among families for oviposition preference
and performance across hosts

Substantial variation in family quality, but little family-level
variation in performance rank order across host species

Substantial family-level variation in post-eclosion reproductive
development in monarchs from Australia

Substantial variation among families and between populations
(eastern, western, South Florida)

Strong host family effects for level of parasite virulence

Substantial variation among families and between populations
(eastern, western, South Florida, Hawaii)

Table 4. Outstanding monarch research questions that would directly inform ongoing conservation efforts

Question Research need

Does larval diet influence mating suc-  Assessment of nutritional quality and diet toxicity on adult traits that influence mating behavior, success, and

cess and egg production (both larval  egg production.
and adult diet)?

Diet effect on milkweed preference-
generational esp. during the summer

Impact of including targeted disturb-

ance into conservation plans

What chemical features of exotic

milkweeds decrease odds of repro- summer to autumn

Comparison of larval and adult milkweed preferences based on natal diet and plant quality
Examination of timing and frequency of disturbance and the interactions between monarchs, enemies, and
other milkweed specialists in different habitat types (grasslands, roadsides, right of ways, managed gardens)

Comparing changes in nutritional quality and cardenolide content of native vs. exotic milkweeds from late

ductive dormancy in fall generation (1) Comparison of overwintering monarch stable isotopes across years to see if natal origins have changed

monarchs? (e.g., Flockhart et al. 2017)

Have natal origins and the prevalence (2) Comparison of cardenolide fingerprints across years to see if A. curassavica fingerprint has become more

of winter breeding changed in west- ~ common through time.

ern North American monarchs?

Have monarch overwintering numbers Comparison of polymorphism data from DNA sequences of historical versus contemporary specimens to see

in Mexico declined since collections
there began?

whether there is an appreciable change in genetic diversity

An example of an insight gained through controlled rearing experi-
ments is that monarch maternal families differ substantially in their
wing morphology even when reared under identical environmental
conditions (Altizer and Davis 2010), suggesting that varying selec-
tion pressures across the migratory life cycle may maintain variation
in wing morphological traits. Rearing approaches are most inform-
ative about levels of standing genetic variation when they include
the F1 progeny of wild-caught monarchs, though approaches using
lab-reared colonies may still be ecologically informative if they are
regularly supplemented with genetic variants from wild, outbred
monarchs.

Overall, recent research has shown that North American mon-
archs comprise a single genetically panmictic population with high
levels of genetic diversity. This genetic diversity is also apparent
from experimental rearing studies, which consistently find substan-
tial phenotypic variation among monarch families, offspring derived
from the same adult female butterfly, in ecologically important traits.
An important future direction will be identifying the genetic basis
of traits associated with migration (e.g., diapause induction, lipid
metabolism, wing morphology, parasite resistance) and measuring
changes in the frequency of the underlying alleles through time. For
example, under climate warming scenarios that predict a longer

growing season for milkweed, natural selection may favor genetic
variants associated with earlier spring return migration and/or in-
creased voltinism in monarchs. A priori knowledge of the genetic
variants underlying these traits provides the opportunity to directly
measure evolution in action.

Conclusion

Although research into monarch biology and behavior is ongoing,
we propose key questions that will help to advance understanding
of monarch populations and interactions with other plants and in-
sects to help inform best conservation practices (Table 4). First,
a better understanding of the contributions of larval diet and en-
vironmental conditions to migratory potential and ability are
needed to better understand the nutritional and habitat require-
ments of the developing migratory generation. Second, the in-
corporation of targeted disturbance regimes must be evaluated in
restored habitats across monarch breeding sites to provide insight
into the interactions between timing and frequency of disturbance
with monarchs, other milkweed specialists, and natural enemies
across different habitat types. Third, studies examining monarchs’
interaction with and attraction to exotic milkweeds including
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chemical differences compared to native species throughout the
growing season would help conservation managers choose milk-
weed varieties that boost monarch migratory potential. Fourth,
additional DNA sequencing data across multiple years would
be useful for understanding how, if at all, population genetic di-
versity has changed in North American monarchs through time.
These efforts would be especially helpful to better understand the
historic fluctuations in average overwintering numbers. Together,
results of these studies would add much needed depth to current
conservation plans.

Supplementary Data

Supplementary data are available at Annals of the Entomological Society of
America online.
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