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The monarch butterfly is one of the most easily recognized and frequently studied insects

in the world, and has recently come into the spotlight of public attention and conservation

concern because of declining numbers of individuals associated with both the eastern

and western migrations. Historically, the larger eastern migration has received the most

scientific attention, but this has been changing in recent years, and here we report the

largest-ever attempt to map and characterize non-overwintering habitat for the western

monarch butterfly. Across the environmentally and topographically complex western

landscape, we include 8,427 observations of adults and juvenile monarchs, as well

as 20,696 records from 13 milkweed host plant species. We find high heterogeneity

of suitable habitats across the geographic range, with extensive concentrations in the

California floristic province in particular. We also find habitat suitability for the butterfly to

be structured primarily by host plant habitat associations, which are in turn structured by

a diverse suite of climatic variables. These results add to our knowledge of range and

occupancy determinants for migratory species and provide a tool that can be used by

conservation biologists and researchers interested in interactions among climate, hosts

and host-specific animals, and by managers for prioritizing future conservation actions

at regional to watershed scales.

Keywords: monarch butterfly, Danaus plexippus, milkweed, Asclepias, habitat, species distribution model,

MAXENT, citizen-science

INTRODUCTION

Species with exceptionally large geographic ranges are not often the focus of conservation and
management attention, simply because large ranges typically encompass many populations or
subpopulations, which buffer against stressors that are of concern in species with more restricted
distributions (Brook et al., 2008). However, in at least some cases, migratory species are an
exception in that they can be composed of a single population that covers a large geographic
area, and thus may be uniquely exposed to stressors but without the resilience afforded by
metapopulation structure (Drechsler et al., 2003). With such species, one of the central challenges
is to understand habitat requirements or associations in different parts of the range so that
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conservation and management effort can be focused
appropriately (Martin et al., 2007). Depending on requirements
or preferences at different life history stages or at different times
of the year, a widespread migratory species might have relatively
simple or complex habitat associations. This may be of applied
interest if the goal is to target certain habitats for protection
(Guisan and Thuiller, 2005). The issue is of basic interest as well,
as it bears on the structure and limits of broad geographic ranges.
Here we examine habitat and host associations for the western
migration of the monarch butterfly, Danaus plexippus plexippus.

The monarch is a relatively large butterfly in the family
Nymphalidae that specializes on milkweed larval hosts in
the genus Asclepias. The geographic range of the monarch
encompasses a large portion of the North American continent
and Caribbean islands, with disjunct populations in other
areas including northern South America, Australia, the Iberian
Peninsula, and islands in the Pacific. In North America, the
monarch range is primarily composed of two subpopulations
with mostly independent migratory phenomena that are
genetically very similar (Zhan et al., 2014). In the eastern
migration, monarchs overwinter in Mexico and move north
during the summer, expanding across more than half of the
continent. In the western migration, the overwintering sites are
along the Pacific coast of North America, while the breeding
ground is roughly characterized as west of the Rocky Mountains,
but has not been described with greater precision [an unknown
proportion of monarchs breed west of the Rocky Mountains but
overwinter in Mexico (Morris et al., 2015)]. In recent years, both
the eastern and westernmigrations have shown dramatic declines
in numbers of individuals: in the East, this has been most evident
at the overwintering grounds (Brower et al., 2012; Inamine et al.,
2016; Semmens et al., 2016); in the West, the decline has been
notable both in overwintering numbers (Schultz et al., 2017) and
in observations during the breeding season (Espeset et al., 2016).
The decline in the western population has been estimated at
>95% since the 1980s (Schultz et al., 2017), which is arguably
more severe than the magnitude of the decline in the larger
eastern population (Semmens et al., 2016). These declines have
triggered conservation concern (Oberhauser et al., 2017), and
the monarch butterfly is currently under consideration for listing
as threatened under the Endangered Species Act (79 FR 78775).
Though smaller, the western population is significant to the
species’ viability as a whole in that it adds resiliency, or ability
to withstand environmental stochasticity, and redundancy, or
ability to withstand environmental catastrophes (Shaffer and
Stein, 2000) by having healthy populations distributed across
multiple heterogenous geographic regions. Monarchs have also
experienced heightened interest within the general public in
recent years and have long been one of the most widely-
recognized and appreciated insects (Gustafsson et al., 2015).

Despite an increase in professional and amateur interest in
monarch butterflies in recent years, very little has been quantified
with respect to habitat associations for the western migration,
especially during the breeding season. Informally, the monarch
is often considered a host specialist but a habitat generalist,
since adults travel great distances and are expected to find host
plants under a wide range of conditions, but this assumption

has not been tested. One of the challenges of working with
a widespread species in the western U.S. is the occupancy of
large stretches of unpopulated, inaccessible, and infrequently
studied areas. The state of Nevada, for example, has over 150
individual mountain ranges, many of which are not easily
accessed by roads. Given that challenge, we have crowd sourced
a diversity of records and monitoring efforts with the goal
of developing a better understanding of habitat and climate
associations and requirements for the western monarch and its
major host plant species. Specifically, we address the following
questions (and note that habitat associations include climate
variables in all cases). (1) What are the environmental habitat
associations of 13 western Asclepias species (Figure 1, Table 1)
that are known to be larval hosts of monarch butterflies? These
species include both widespread, abundant plants, and species
with more restricted distributions for which we had sufficient
data. (2) What are the non-overwintering habitat requirements
of the western monarch? How do habitat requirements change
when considering different life history stages? In particular, we
consider adult observations as distinct from breeding records
(observations of eggs and caterpillars), and we develop a model
including all three life history stages (eggs, caterpillars, and
adults). (3) Finally, we ask: how do non-overwintering habitat
requirements or characteristics differ across themonarchmodels,
from host plants to breeding records to adults and to all monarch
observations combined? The first two questions are directly
relevant to conservation and management of the monarch, while
the last question is of general interest to the extent that it
gives insight into the spatial scale of habitat specialization and
generalization in a widespread species. In particular, it is of
interest to know if monarch habitat associations are structured
primarily by host plants alone or by host plants as well as climatic
factors (either directly or indirectly through climatic effects on
hosts). The distinction between those possibilities bears on our
expectations as to how the monarch will respond to climate
change and shifting abiotic conditions in the western U.S.

MATERIALS AND METHODS

Occurrence Data and Study Extent
We used occurrence records from 11U.S. states whose
boundaries lay entirely or at least partially west of the
Continental Divide (California, Oregon, Washington, Idaho,
Nevada, Arizona, Utah, Montana, Wyoming, Colorado, and
New Mexico) to create four models partitioned by life history
stages, using only non-overwintering records (i.e., occurrences
that were recorded April through October). The first model used
all occurrence records regardless of life history stage (adults,
eggs, and caterpillars). We refer to this as the “all” model. The
second model used only those occurrence records that were
recorded as “adult,” thus omitting records that were only of
larvae and eggs. The third model included only records that
indicate breeding (eggs and caterpillars) which we refer to as
the “breeding” model. The breeding records necessarily involve
observations on milkweed hosts, while the adult records include
both observations of adults in association with host plants and
in other settings (e.g., nectaring on other flowering plants).
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FIGURE 1 | Focal milkweed species: (A) Asclepias speciosa, (B) A. fascicularis, (C) A. subulata, (D) A. eriocarpa, (E) A. californica, (F) A. asperula, (G) A. tuberosa,

(H) A. viridiflora, (I) A. erosa, (J) A. subverticillata, (K) A. cryptoceras, (L), A. incarnata. All photo credits Stephanie McKnight, except as follows: Brianna Borders (A.

subulata); Kathryn Price (A. californica); Lee Adamson (A. asperula); Aaron Carlson (A. tuberosa); National Park Service (A. viridiflora); Sally King (A. subverticillata).

Finally, since tropical milkweed (Asclepias curassavica)—a non-
native species commonly planted in gardens, which persists year-
round in areas with mild winters—has been implicated as a
contributing factor for parasitism by the protozoan parasite,
Ophryocystis elektroscirrha, and in disruption of reproductive
behavior (Satterfield et al., 2016, 2018; Malcolm, 2018), we
considered a fourth model of only breeding records that occur

in areas >3.6 km from known occurrences of A. curassavica
(based on a 3,600m grid), which we refer to as our “non-tropical
breeding” model.

In addition to modeling habitat suitability for the monarch
butterfly, we created models for its host plants in the Asclepias
(milkweed) genus (Figure 1).We selected 13 species with enough
occurrence records to generate models with good predictive
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TABLE 1 | Model name, number of records prior to applying geographic thinning,

number of records after applying geographic thinning, and the ratio of pre- to

post-thinning records.

Model Pre-thinning

records

Post-thinning

records

Percent of

original (%)

Danaus plexippus–all records 8,427 1,505 18

Danaus plexippus–adult records 5,236 924 18

Danaus plexippus–breeding

records

1,498 635 42

Danaus plexippus–breeding

records without Asclepias

curassavica

1,406 586 41

Asclepias speciosa 9,256 1,219 13

Asclepias fascicularis 3,260 226 7

Asclepias subulata 609 47 8

Asclepias eriocarpa 838 42 5

Asclepias californica 637 40 6

Asclepias asperula 1,511 39 3

Asclepias tuberosa 695 37 5

Asclepias viridiflora 246 35 14

Asclepias erosa 532 34 6

Asclepias subverticillata 1,448 33 2

Asclepias cordifolia 758 30 4

Asclepias cryptoceras 640 24 4

Asclepias incarnata 266 21 8

In addition to the 13 milkweeds that were modeled there were 35 additional milkweed

species in the database that were not included in the model due to small samples sizes

which are shown in Supplementary Table 1.

performance based upon area-under-the-curve of the receiver-
operator characteristic plot (validation AUC > 0.7). AUC is a
threshold independent measure of model performance that has
been commonly used in many fields including ecology (Fielding
and Bell, 1997). Similar to the monarch models, we used data
from the 11western states as training and validation formilkweed
models (more details on training and validation are given below).

Although the combined monarch and milkweed database
contained 39,327 occurrence points, these data were collected
from a variety of sources, including museum databases
such as CalFlora and the Global Biodiversity Information
Facility, citizen science efforts, such as the Southwest Monarch
Study, Journey North, and iNaturalist, and targeted field
sampling by a wide variety of state and federal agencies, non-
governmental organizations, and university groups, and were
often collected opportunistically (see Supplementary Table 1 for
details on databases). Data used in this model and additional
data can be accessed via the Western Monarch Milkweed
Mapper website (www.monarchmilkweedmapper.org) (Western
Monarch Milkweed Occurrence Database, 2018) and included
records through January of 2017. To minimize the effects of
sampling bias in our data we used geographic thinning, which
has been shown to be one of the more effective approaches for
reducing sampling bias in occurrence data (Kramer-Schadt et al.,
2013; Fourcade et al., 2014). To implement geographic thinning,
we first removed records with a known accuracy coarser than

270m, leaving mostly data from the GPS era (starting in the mid
1990’s), then we applied a 3,600m grid over the study area and
retained a single occurrence point closest to the centroid of each
cell. The 3,600m grid was identified by Steele et al. (2016) because
it minimized spatial clustering of occurrence points that typically
occur due to biased sampling (for example along roads or near
urban areas) and was found to result in more generalizable
models in that study. The resulting occurrence dataset contained
4,569 records among the 13 milkweed species and four categories
of monarch models (all records, adult-only records, breeding
records, and breeding records without A. curassavica; Table 1).
We did not apply other methods of bias correction, such as
target group sampling, because that approach assumes an equal
probability of detection for all species (Ponder et al., 2001). We
could not assume that observers would necessarily have observed
or recorded any milkweed had it been present, nor could we
be certain that evidence of monarchs and lack of milkweeds
represents a true absence of host plants.

Environmental Covariates
Since the goal of our work was to assess the general
characteristics of habitat associates between monarch butterflies,
milkweeds, and the abiotic environment, we tested a wide
range of environmental variables in the models that represented
topographic, climatic, edaphic, hydrologic, and land use
gradients (Table 2). Variables assessed in the model included
actual evapotranspiration, climatic water deficit, number of
degree days, annual precipitation, precipitation of the coldest
season, precipitation seasonality, precipitation of the warmest
season, temperature range, temperature seasonality, maximum
temperature of the warmest season, soil bulk density, clay
content, sand content, silt content, pH, aspect, slope, compound
topographic index (topographic wetness index), distance to
intermittent stream, distance to perennial stream, and land cover
types. All variables are on a continuous scale except for land
cover, which is a categorical variable, and it included classes
such as urban, suburban, agriculture, shrubland, coniferous
forest, and deciduous forest (further discussion of the land cover
variables are in Supplementary Materials—additional methods
and Supplementary Table 3). All covariates were resampled to a
common resolution of 270m. Details about the environmental
covariates and how they were resampled to a single resolution for
modeling are included in the Supplementary Material and the
native resolution of each covariate is shown in Table 2.

Background Selection
Our habitat modeling approach builds off of the previous
monarch habitat modeling effort by Steele et al. (2016) in that
it takes a four step approach that includes optimal background
selection, optimization of Maxent parameters (feature types and
regularization), variable reduction, and finally map projection.
We applied a presence-background habitat modeling approach
known as maximum entropy (Maxent) to create relative habitat
suitability models (Phillips et al., 2006). In contrast to presence-
absence modeling methods, presence-background approaches,
such asMaxent, randomly select background points from a frame
of pixels that may include both presence and absence locations.
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TABLE 2 | Environmental covariates used in modeling, their data source, and

original cell size of the raster data. Further details about the variables are in

Supplementary Table 2.

Covariates Source Cell Size (m)

Actual evapotranspiration Bachelet (2013); Dobrowski et al.

(2013)

800

Annual precipitation PRISM; Daly et al. (2008) 800

Climatic water deficit Bachelet (2013); Dobrowski et al.

(2013)

800

Maximum temperature of

warmest month

PRISM; Daly et al. (2008) 800

Mean annual temperature PRISM; Daly et al. (2008) 800

Mean temperature of

warmest month

PRISM; Daly et al. (2008) 800

Mean temperature of

wettest month

PRISM; Daly et al. (2008) 800

Minimum temperature of the

coldest month

PRISM; Daly et al. (2008) 800

Number of warming degree

days

ClimateWNA; Wang et al. (2012) 1,000

Precipitation of coldest

season

PRISM; Daly et al. (2008) 800

Precipitation of the warmest

season

PRISM; Daly et al. (2008) 800

Precipitation seasonality WORLDCLIM; Hijmans et al.

(2005)

1,000

Temperature range PRISM; Daly et al. (2008) 800

Temperature seasonality WORLDCLIM; Hijmans et al.

(2005)

800

Percent clay POLARIS; Chaney et al. (2016) 90

Percent sand POLARIS; Chaney et al. (2016) 90

Percent silt POLARIS; Chaney et al. (2016) 90

pH POLARIS; Chaney et al. (2016) 90

Soil bulk density POLARIS; Chaney et al. (2016) 90

Aspect USGS National Elevations

Dataset

90

Compound topographic

index

Evans et al. (2014) 90

Distance to intermittent

water

USGS National Hydrography

Dataset

Vector

Distance to perennial water USGS National Hydrography

Dataset

Vector

Land cover Landfire; Rollins (2009) 30

Slope USGS National Elevations

Dataset

30

We selected restricted background areas on a species-specific
basis for each of the milkweed species (VanDerWal et al., 2009),
with the exception of Asclepias speciosa, for which we used the
entire 11 western states. Likewise, all four Danaus plexippus
plexippus models used the entire 11 states. For the remaining
milkweed species we used the approach presented by Iturbide
et al. (2015), in which species occurrence points are buffered by
increasingly large buffers, models are run using default Maxent
parameters, and selected based upon their inflection curves. We
calculated a Michaelis-Menten function (Iturbide et al., 2015) to

identify the saturation point and selected the first model that was
within the 95% confidence interval for that point. Buffer distances
ranged from 175 to 300 km depending upon the species and are
shown in more detail in Supplementary Table 4.

Optimization of Regularization and Feature
Types in Maxent (Model Selection)
Several recent studies recommend species-specific tuning of the
default settings for the regularization parameter and feature types
(i.e., linear, quadratic, product, threshold, and hinge) (Anderson
and Gonzalez, 2011; Warren and Seifert, 2011; Radosavljevic
and Anderson, 2014). To perform species-specific tuning for the
17 milkweed and monarch models, we tested a combination of
five regularization levels (1–5) and five combinations of feature
types (linear, linear + quadratic, linear + quadratic + product,
linear+ quadratic+ product+ threshold, hinge), representing a
gradient of models ranging from simple to complex. Determining
the best model that optimizes both fit and generalizability is an
ongoing area of research in species distribution modeling and no
clear consensus has yet emerged as to how to create an optimal
model (Merow et al., 2013; Radosavljevic and Anderson, 2014;
Warren et al., 2014). We derived validation AUC withholding
50% of records as a measure of model fit and the difference
between training and validation AUC (AUCdiff) as a measure of
model overfit (Warren and Seifert, 2011). Combining these two
approaches, we define in this paper a new metric that we term
“penalized AUC” (pAUC), which combines validation AUC and
AUCdiff order to identify models that maximize model fit while
minimizing overfit. We calculate

pAUC = validation AUC− (AUCdiff) or

pAUC = validation AUC− (AUCtraining− validation AUC).

For each species, we chose the model with the highest pAUC and
identified the combination of regularization values and feature
types that produced that model (Supplementary Table 2).

Variable Reduction
Although Maxent can accommodate a large number of predictor
variables, to aid in the interpretation of the models and to reduce
multicollinearity we used a variable reduction approach with
the following steps. First, models were run using all covariates
present (25 for the milkweed models and 38 for the monarch
models; the latter have more variables because they include
milkweeds as covariates). Maxent software allows variables to be
ranked based upon a measure that the authors call permutation
importance. Second, we ranked variables based on their
permutation importance and variables with <3% contribution
were removed from the model. Permutation importance, a
standard output fromMaxent software, is calculated by randomly
permuting the values of each predictor variable among the
training points and measuring the decrease in training AUC
(Phillips et al., 2006). Three percent was chosen as a threshold for
dropping variables because it allowed us to assess the impact that
removing a handful of variables at a time has on the importance
of the other variables. Third, variables that remained but had a
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TABLE 3 | Number of samples used in model building, training AUC, validation AUC, AUCdiff, and pAUC for the final habitat models.

Model n Training AUC Validation AUC AUCdiff pAUC

Danaus plexippus–all records 732 0.825 0.822 0.003 0.819

Danaus plexippus–adult records 924 0.817 0.810 0.007 0.803

Danaus plexippus–breeding records 635 0.834 0.822 0.012 0.809

Danaus plexippus–breeding records without Asclepias curassavica 586 0.846 0.841 0.005 0.837

Asclepias speciosa 1,219 0.855 0.850 0.005 0.846

Asclepias fascicularis 226 0.829 0.828 0.000 0.828

Asclepias subulata 47 0.880 0.869 0.011 0.858

Asclepias eriocarpa 42 0.918 0.910 0.008 0.902

Asclepias californica 40 0.881 0.874 0.007 0.867

Asclepias asperula 39 0.966 0.905 0.060 0.845

Asclepias tuberosa 37 0.978 0.906 0.071 0.835

Asclepias viridiflora 35 0.887 0.875 0.012 0.863

Asclepias erosa 34 0.789 0.755 0.034 0.721

Asclepias subverticillata 33 0.792 0.780 0.012 0.767

Asclepias cordifolia 30 0.901 0.856 0.044 0.812

Asclepias cryptoceras 24 0.977 0.856 0.121 0.735

Asclepias incarnata 21 0.990 0.870 0.120 0.750

correlation of > 0.7 with another variable were removed keeping
the variable with the higher permutated importance value. This
was repeated until all variables had a minimum contribution of
10% or greater.

Model Evaluation and Mapping
After selecting a parsimonious set of covariates for each model,
we performed cross validation using 25 replicates withholding
20% of the sample points for validation in each iteration.
Creating replicate maps allowed us to calculate the standard
deviation of the predictive maps which we used as a measure
of model uncertainty. We projected habitat models to the seven
westernmost contiguous states of the United States using raster
covariates at 270m resolution and the logistic transformation
in Maxent software to scale the suitability values from 0 to 1.
While data for the states of Colorado, Montana, New Mexico,
and Wyoming were used for model-building, limited fieldwork
and outreach in those states resulted in few occurrences, thus we
chose to limit the final predictive maps to California, Oregon,
Washington, Idaho, Nevada, Utah, and Arizona. Finally, we
used the equal sensitivity and specificity method to divide
the continuous relative habitat suitability into binary maps of
suitable and unsuitable areas for each species and monarch
life history stage (Supplementary Table 7). These areas are
depicted as gray lines on the full page supplemental maps
(Supplementary Figure 2).

RESULTS

Model Performance
Thirteenmilkweed species and four life history stages of monarch
butterflies producedmodels with validation AUC> 0.7 (Table 3).
Monarch models ranged in validation AUC from 0.81 to 0.87.
Milkweed models had validation AUC values ranging from 0.75

to 0.91 with A. eriocarpa, A. tuberosa, and A. viridiflora showing
the best performance and A. erosa and A. subverticillata showing
the worst performance. A. speciosa and A. fascicularis showed
mid-range performance with validation AUC values of 0.86
and 0.83.

Associations Between the Monarch
Butterfly, Milkweeds, and Abiotic Gradients
In general, the milkweed species were associated with a diversity
of abiotic variables (Figure 2), with land cover being the most
common (seven out of 13 species), followed by precipitation of
the warmest season (five out 13 species), climatic water deficit
(four out of 13 species), slope (three out of 13 species), actual
evapotranspiration (three out of 13 species), and minimum
temperature of the coldest month (three out of 13 species). Mean
temperature of the warmest quarter was only chosen for three
species, but it constituted 81% of the permuted importance for
A. subulata. While land cover was the most common variable
selected across the models, due to the categorical nature of land
cover, the association betweenmilkweed and land cover varied by
species. Urban land cover types were positively associated with
A. speciosa, A. subulata, A. asperula, and A. tuberosa. Riparian
vegetation was positively associated with A. subulata and A.
asperula. Oak woodlandwas positively associated withA. speciosa
and A. tuberosa.

In contrast, all four of the monarch models showed similarity
among the covariates chosen with the milkweed covariates
consistently the most important predictors (four out of four
models) followed by land cover (adult and breeding models),
climatic water deficit (adult model), mean temperature of
the warmest quarter (breeding model), minimum temperature
of the coldest month (breeding without tropical milkweed),
and precipitation of the warmest season (breeding without
tropical milkweed) (Figure 2). The adult monarch model and the
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FIGURE 2 | Variable importance for the monarch and milkweed models from the Maxent permutation importance. Hotters colors, such as pink and orange, indicate-

that a variable was more important for the particular model whereas cooler colors such as green or blue indicates that it was less important. Gray indicates that the

variable was not important at all. Due to multicollinearity (particularly among climatic variables) we cannot rule out a functional relationship between covariates that

were not selected by the models. Cells in the lower right are empty (but filled in the lower left) because milkweeds were only used as predictors in the monarch models.
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breeding monarch model both showed associations with urban
land cover types with the breeding model showing additional
associations with riparian land cover types. Of the milkweed
covariates,A. fasciculariswas selected in all four monarch models
and constituted between 23 and 40% of permuted importance.
A. speciosa was selected in the “all model” and the “breeding
without tropical milkweed model” and ranged from 34 to 38%
permuted importance. A. subverticillata was the next most
important species selected in both versions of the breeding model
and ranged from 12 to 22% of permuted importance. Finally,
A. subulata was selected in the “all model” and was 32% of
permuted importance.

Relationships between milkweed occurrence and abiotic
gradients included a diversity of functional forms, including
linear responses with thresholds, as well as smooth Gaussian-like
curves, consistent with ecological niche theory. In contrast, the
relationships between monarchs and their milkweed covariates
showed largely linear relationships with monarch habitat
suitability increasing with milkweed suitability (see Figure 3 for
monarch response curves, and Figure 4 for milkweed response
curves). The selection of particular milkweed covariates (in the
monarch models) may reflect the fact that two of these species
(A. speciosa and A. fascicularis) are the most geographically
widespread species that we studied and the two remaining
species (A. subverticillata and A. subulata) occur in areas where
monarchs are known to exist but A. speciosa and A. fascicularis
are limited. Our findings do not suggest that milkweed species
not selected by models are unsuitable for breeding but rather
that their geographic range coincides less with the current
documented range of D. plexippus plexippus in the West.

Geographic Patterns of Habitat Suitability
The habitat suitability models highlighted broad areas of
suitability across the seven states, with notable concentrations
in California, the Snake River Plain in southern Idaho, the
Columbia Basin in easternWashington, as well as areas of eastern
Oregon, northern Nevada and Utah, and southern Arizona
(Figure 5). The influence of the tropical milkweed A. curassavica
in the Los Angeles Basin of Southern California can be seen
in the comparison between Figures 5C,D. In general, suitability
for milkweed species tended to be very species-specific with
the ranges of the different milkweed species typically showing
unique geographic patterns. The area with the highest diversity of
habitat suitable for multiple milkweed species is in the California
floristic province which had seven of the 13 milkweed species.
In contrast, the Pacific Northwest has far fewer species of
milkweed, and predicted suitability was generally consistent with
the known ranges of each milkweed species. Only A. speciosa,
A. fascicularis, and A. cordifolia were predicted to be suitable in
parts of western Oregon. Arizona was predicted to have high
suitability for a number of species (A. subulata, A. asperula,
A. tuberosa, A. subverticillata, and A. erosa) but low suitability
for the two most widely distributed species, A. speciosa and A.
fascicularis. For monarchs, model uncertainty varied depending
upon the model being used. For example, the models that used
all records, adults, and breeding records omitting A. curassavica
all showed high uncertainty in parts of Sonoran and Mojave

Deserts whereas the model using breeding records (including
A. curassavia) indicated higher uncertainty in the Central Valley
of California (Figure 6). Similar to habitat suitability, maps
of habitat uncertainty were characterized by species-specific
differences. Correlations amongst predictive maps show high
similarity for the monarch models with one another (R =

0.72), low correlations among the milkweed species (R = 0.16),
and moderate correlations between the monarch and milkweed
maps (R = 0.24) being mostly driven by the overlap between
monarch models and A. fascicularis (R = 0.67) and A. speciosa
(R= 0.52) (Figure 7).

DISCUSSION

Our study is the first peer-reviewed paper to apply maximum
entropy habitat modeling to the western monarch and a majority
of the important milkweed hosts in the western U.S. (but see
Lemoine, 2015 for a continental study of eight different milkweed
species). The extensive spatial coverage and broad suite of species
makes this a useful tool for landmanagement planning, including
identification and prioritization of key monarch breeding habitat
where active management and protection efforts may be most
efficiently directed, as well as identification of regions and sites
where restoration may be an appropriate monarch conservation
strategy or where additional monitoring is needed. Within key
geographic areas where habitat restorationmay be an appropriate
conservation strategy, these models can inform which species
of milkweed to plant. The geographic distribution of western
monarch butterflies is characterized by high heterogeneity of
suitable habitat (Figure 5), as has been seen with other wide-
ranging species, particularly in western North America (e.g.,
Lozier et al., 2013). The greatest continuous expanse of suitable
habitat encompasses much of California, both the agricultural
Central Valley, parts of the Coast Ranges, the western foothills
of the Sierra Nevada Mountains and the southern deserts, all
of which highlight the general importance of the region for the
western monarch butterfly. This concentration of suitable habitat
is consistent with a recent isotopic analysis of natal origins for
monarchs collected at overwintering sites (Yang et al., 2016), as
well as a previous spatial analysis that found precipitation within
the core of the California floristic province to be most closely
associated with annual fluctuations in monarch densities at the
overwintering sites (Stevens and Frey, 2010). Vast stretches of
the Intermountain West also contain pockets of high-quality
monarch and milkweed habitat, which could provide ecologists
and conservation biologists numerous opportunities for further
exploration of habitat-host-monarch interactions. The Columbia
River Basin in Washington State and the Snake River Plain in
Idaho are also notable concentrations of suitable habitat that have
historically been near the northern edge of the monarch breeding
range (Dingle et al., 2005; Pyle, 2015) but could potentially be
more heavily utilized if migration patterns shift under warming
climatic conditions.

Four of the milkweed species that we modeled for the western
U.S. were also modeled by Lemoine (2015). These included
A. speciosa (showy milkweed), A. fascicularis (narrowleaf
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FIGURE 3 | Marginal response curves for the monarch habitat models which consider each variable as it is influenced by all other variables in the model (as opposed

to solitary response curves that consider only the relationship between the variable and habitat suitability). Land cover is not shown for clarity’s sake because it is a

categorical variable. (A–C) Danaus plexippus–all records, (D,E) D. plexippus–adult records, (F–H) D. plexippus–breeding records, (I–M) D. plexippus–breeding

records w/o Ascelpias curassavica.
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FIGURE 4 | Marginal response curves for the milkweed habitat models which consider each variable as it is influenced by all other variables in the model (as opposed

to the solitary response curves that consider only the relationship between the variable and habitat suitability). Land cover is not shown for the sake of clarity because

it is a categorical variable. (A–C) A. speciosa, (D,E) A. fascicularis, (F) A. subulata, (G–J) A. eriocarpa, (K,L) A. californica, (M,N) A. asperula, (T,U) A. tuberosa, (V–X)

A. virdiflora, (Y-CC) A.erosa, (DD-FF) A. subverticillata, (GG-HH) A. cryptoceras. For simplicity, A. incarnata is not shown.
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FIGURE 5 | Maps of monarch and milkweed habitat suitability with red indicating higher habitat suitability and blue indicating lower habitat suitability. (A) Danaus D.

plexippus–all records, (B) D. plexippus–adults, (C) Danaus plexippus–breeding, (D) D. plexippus–breeding without A. curassavica, (E) A. speciosa, (F) A. fascicularis,

(G) A. subulata, (H) A. eriocarpa, (I) A. californica, (J) A. asperula, (K) A. tuberosa, (L) A. virdiflora, (M) A.erosa, (N) A. subverticillata, (O) A. cordifolia, (P) A.

cryptoceras. For simplicity, A. incarnata is not shown. Full page maps for each species and monarch life history stage are included in Supplementary Figure 2.
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FIGURE 6 | Maps of monarch and milkweed habitat uncertainty (standard deviation of 25 Maxent models) with purple indicating higher uncertainty and brown lower

uncertainty. (A) D. plexippus–all records, (B) D. plexippus–adults, (C) D. plexippus–breeding, (D) D. plexippus–breeding without A. curassavica, (E) A. speciosa, (F) A.

fascicularis, (G) A. subulata, (H) A. eriocarpa, (I) A. californica, (J) A. asperula, (K) A. tuberosa, (L) A. virdiflora, (M) A.erosa, (N) A. subverticillata, (O) A. cordifolia, (P)

A. cryptoceras. A. incarnata is not shown for clarity’s sake. Full page maps for each species and monarch life history stage are included in Supplementary Figure 3.
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FIGURE 7 | Pearson’s correlation coefficients for entire predictive maps using all grid cells. Blue colors indicate a high degree of similarity among predictive maps of

habitat and red colors indicate more dissimilarity between maps.

milkweed), A. tuberosa (butterfly weed), and A. incarnata
(swamp milkweed). In general, our maps bear great resemblance
to those of Lemoine (2015), despite the fact that they were
developed at different spatial scales using different covariates and
different numbers of occurrence records.A. speciosawas themost
widely distributed milkweed in the western U.S. with suitable
areas distributed in all seven of the states that we modeled.
Compared to Lemoine (2015), our habitat models show more
gradation in habitat suitability, particularly in the cold desert
regions of easternOregon, northernNevada, and southern Idaho.
This is likely due to the inclusion of land cover as a variable in our
model, which may reflect the fact that A. speciosa is commonly
found in or around agricultural areas and other disturbed sites.
The next most widely distributedmilkweed species in the western
U.S. was A. fascicularis. Like A. speciosa, our habitat maps for
A. fascicularis resembled Lemoine (2015) but also show more
complexity, likely because distance to perennial water was found
to be an important variable in our models. A. tuberosa also

generally agrees with Lemoine (2015), showing suitable habitat
in the mountainous regions of Arizona. A. incarnata, which was
relatively uncommon in the western U. S., showed some scattered
occurrences in the Salt Lake Valley of Utah and the Snake River
Plain of Idaho, areas that are shown as being moderately suitable
by Lemoine (2015).

The U.S. Southwest (Arizona, Utah, Nevada, and the
California deserts) had large areas that were suitable for
monarchs despite the lack of the two most widespread milkweed
species, A. speciosa and A. fascicularis. In states such as
Arizona, less geographically-extensive milkweed species, such
as A. subverticillata (whorled milkweed), A. subulata (rush
milkweed), A. asperula (spider milkweed), A. tuberosa (butterfly
weed), and A. erosa (desert milkweed), are the primary host
plants, yet these species appear to occur in different habitat types.
For example, A. subverticillata, A. tuberosa, and A. asperula tend
to occupy higher elevation areas, compared to A. erosa and A.
subulata which appear to favor lower elevation, more arid areas.
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These areas may benefit from further studies that explore more
fine-scale associations between environmental associations and
milkweed occurrence, in order to guide the selection of potential
restoration species.

The area that had the highest diversity ofmilkweed species was
clearly the California floristic province, which contained both
A. speciosa and A. fascicularis as well as a number of milkweed
species that were less common throughout the range such as A.
eriocarpa, A. californica (California milkweed), and A. cordifolia
(heartleaf milkweed). Areas north of San Francisco Bay and in
the mountain ranges of southern California were predicted to
be suitable for as many as four or five milkweed species. Areas
inland from the central coast and parts of the Sacramento Valley
were also projected to have high species richness with suitability
for three to four species of milkweed. Restoration of milkweed in
the California floristic province should take into account the high
species diversity, and California, like Arizona, may benefit from
finer-scale studies of environmental associations and milkweed
occurrence, in order to identify which milkweed species may be
suitable for restoration in particular locations.

These results can serve as a baseline against which future
habitat models for the western monarch and milkweeds can be
compared, and could be used to guide future sampling efforts, in
order to maximize knowledge gained relative to effort expended.
Compared to a similarly large-extent habitat modeling effort
that used occurrence records prior to 2016 (Steele et al., 2016),
we were able to model additional milkweed species (13 rather
than five) and had better validation statistics for both monarchs
(validation AUC increased from 0.7 to 0.834 for the breeding
model) and milkweeds (validation AUC increased 0.157 on
average for the five species in common between the studies).
Because the methods in the two studies (Steele et al., 2016 and the
present study) were similar, we attribute the improved validation
statistics to the larger-scale and geographically more widespread
efforts to capture data on monarch occurrences. These efforts
coordinated and focused field collection techniques and data
sharing between the Xerces Society, the U. S. Fish and Wildlife
Service, the Washington Department of Fish and Wildlife and
the Idaho Department of Fish and Game, which enhanced
data collection throughout Nevada, Washington, and Idaho,
and specifically on wildlife refuges in Oregon, Washington,
and Idaho.

One of our chief biological findings is that the monarch
larval host plants of the genus Asclepias varied greatly in
their abiotic habitat associations, while monarch habitat models
were more consistent (among adult, breeding, and all-record
models) and largely shaped by host plant associations (Figure 2).
Thus, the monarch butterfly in the western U. S. is indeed
a habitat generalist, a condition which can be considered an
epiphenomenon of host specialization in a region where the host
plants are diverse and include species with specific and divergent
habitat requirements. The relatively minimal direct influence of
climatic factors in monarch models (Figure 2) is generally in
agreement with a recent analysis of inter-annual variation in
observations across the Northern California breeding range by
Espeset et al. (2016), who found a positive influence of warmer
temperatures and (to a lesser extent) spring precipitation on the

probability of observing monarchs during the breeding season,
but with most of the inter-annual variation left unexplained by
climatic factors. It is also in agreement with the findings of
Lemoine (2015), who found that milkweed distributions appear
to be a much stronger predictor of monarch distributions than
climate alone.

With respect to determinants of milkweed habitat, different
species had idiosyncratic climatic associations while generally
sharing a common response to land cover that was an important
variable in seven out of 13 milkweed models. Somewhat
surprisingly, topographic variables were only important for
four species and soil variables were only important for one
milkweed species. The role of climate in shaping plant species
distribution has been well-documented in ecology since the
time of Merriam (1895). Indeed, climatic variables are typically
among the most predictive variables when it comes to species
distribution models conducted at broad spatial scales. However,
the lack of importance for soil and topographic variables was
especially surprising for the milkweed species, especially given
that there have been increasingly strong calls for the inclusion
of soil variables into species distribution models for plants
(Bertrand et al., 2012; Diekmann et al., 2015; Velazco et al.,
2017), and the recent improvements in spatial prediction of
soil variables (Chaney et al., 2016; Ramcharan et al., 2018). It
is possible that, although important, the soils and topographic
variables may be more predictive at both finer spatial scales and
more limited spatial extents.

Further research is needed to assess how different species
of milkweeds may promote or hinder different life history
stages of the monarch butterfly. In any event, the lack of
geographic overlap among many of the milkweed species may
offer restoration practitioners an opportunity to plant or restore
milkweed species that are climatically suited to their area in
regions where planting milkweed is an appropriate conservation
strategy. It should be noted that none of our results either support
or refute the idea that milkweed availability is a limiting factor
for the western monarch or that a lack of milkweed has led
to the recent decline in monarch numbers in the West (for
comparison, see Inamine et al., 2016; Thogmartin et al., 2017 for
discussions of milkweed limitation and other factors affecting the
eastern monarch migration). The results of the breeding model
identify geographic areas, which are suitable and important for
monarch breeding, and which could be prioritized for protection
and targeted habitat management efforts that consider the needs
of monarchs. In areas which are highly suitable for milkweed
and monarch breeding, but which may have lost habitat, habitat
restoration including planting milkweed and nectar plants, may
be appropriate. For example, restoration might be particularly
impactful in the Central Valley of California, which this study
identified as highly suitable for monarch breeding and Asclepias
fascicularis (as well as multiple other milkweed species within
the Sacramento Valley) but which has undergone major changes
in land use due to conversion of grassland and shrubland to
agriculture and urban or ex-urban development (Lark et al.,
2015; Sleeter, 2016) and intensification of farming with increased
pesticide use. It is also important to note that areas which show
low suitability for specific milkweed species or monarchs, but
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which also have high uncertainty values, may indeed be more
suitable if additional data was collected and added to future
iterations of modeling. These areas should not be considered low
priority for protection or restoration necessarily; they are simply
data deficient.

Other conservation uses for these models include planning
and monitoring. Landowners and managers can identify which
milkweed species that they might expect on their lands and
develop appropriate actions to identify and conserve those
milkweeds. Conservation actions may include abstaining from
mowing or treating milkweeds with herbicides. Our models
can also be used to identify data gaps. For example, areas that
are projected to have high suitability may be ideal locations
to identify new populations of milkweeds and areas of high
model uncertainty are areas that may benefit from additional
data collection. The maps resulting from this work may also be
useful for identifying potential sites for long-term monitoring.
These maps may be important tools for incorporation into other
conservation plans, such as multi-species connectivity plans,
where the benefits of monarch habitat conservation may be
augmented by benefits accrued from conserving other species.
Finally, the data and habitat modeling techniques used in
this study can be adopted to finer spatial or temporal scales
using higher-resolution covariates (such land cover models
derived from high resolution imagery ∼1m cell size) and
occurrence data that is local to that area of interest. These
scaled-down habitat models may be useful for restoration
planning and provide insights regarding local patterns of
habitat selection within a portion of the range or within a
temporal subset.

Along with the tremendous advantages of using citizen-
science and museum databases (Ries and Oberhauser, 2015),
our study highlights a number of challenges associated with
these types of data. To minimize spatial bias in occurrences, we
applied geographic thinning of the occurrence data, a widely
practiced, and effective method for dealing with sampling bias
(Kramer-Schadt et al., 2013). However, this resulted in a large
number of occurrence points that could not be used because
they were spatially redundant, usually between 2 and 40 times
the number of occurrences used in modeling. The Western
Monarch and Milkweed Mapper website and database (Xerces
Society, 2018)—which contains all the data used in this study and
more recently contributed records—could be used to coordinate
efforts to conduct a more geographically representative sampling
of milkweed and monarch populations across the western U.
S., potentially reducing the costs and maximizing the benefits
obtained from sampling. Additional survey efforts in areas west
of the Continental Divide in New Mexico, Colorado, Wyoming,
and Montana will be particularly important in understanding
the relative importance of these habitats to the western
monarch population.

Another challenge in working with museum databases in
particular, and in many cases with citizen-science databases,
is the lack of true absence data. Although methods exist to
help deal with these issues, such as target-group sampling
(Ponder et al., 2001), they rely on the assumption that the
lack of a presence of one species can be treated as an absence

of another species. This assumes that occurrence points are
being contributed by trained observers who are equally likely
to report other species if present. With our citizen-science
and museum databases and varied taxa (different butterfly life
history stages and multiple host plants) this assumption could
not be met. Modification of the Western Monarch Milkweed
Mapper and other citizen-science databases to incorporate
information regarding search effort across species could allow
the database to be used to perform presence-absence habitat
modeling rather than just presence-background modeling.
Where available, such as within portions of the National
Wildlife Refuge System, presence-absence data can also be used
to perform local calibration of the models to probability of
occurrence. This would be valuable given the strong assumptions
that the default logistic transformation in Maxent software
makes (Merow et al., 2013).

Finally, we should note that our modeling approach is
correlative and not intended for the inference of direct causation,
although basic ecological knowledge suggests that causality
undoubtedly underlies many of the patterns including the
connection between milkweed habitat and monarch presence.
The habitat associations reported here could be considered a
starting point for common garden experiments designed to assess
germination and growth of milkweed species under different
abiotic conditions, and to assess monarch preference for and
development on different hosts and under different conditions
(Robertson et al., 2015; Hoang et al., 2017). The latter issue
(monarch performance on different host species) is particularly
important given the diversity of hosts used by the western
monarch, and the extent to which different hosts appear to
have distinct associations with climate. Such field studies could
be combined with gridded environmental covariates to make
predictive maps that could be compared with the maps produced
from this study. Future efforts could also incorporate more
complete habitat associations for the most widespread milkweeds
(extending beyond our focal western states), as well as the
mapping of habitat suitability for the California overwintering
sites, which was beyond the scope of our present efforts (but
see Fisher et al., 2018). In summary, it is our hope that the
results presented here both advance our basic understanding of
the biology of a widespread and relatively well-studied insect, as
well as provide an important tool for conservation biologists and
land managers.
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