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Steep declines in North American monarch butterfly (Danaus plexippus) populations

have prompted continent-wide conservation efforts. While monarch monitoring efforts

have existed for years, we lack a comprehensive approach to monitoring population

vital rates integrated with habitat quality to inform adaptive management and effective

conservation strategies. Building a geographically and ecologically representative dataset

of monarchs and their habitat will improve these efforts. These data will help track

long-term changes in the distribution and abundance of monarchs and their habitats,

refine population and habitat models, and illuminate how conservation activities affect

monarchs and their habitats. The Monarch Conservation Science Partnership developed

the Integrated Monarch Monitoring Program (IMMP) to profile breeding habitats and their

use by monarchs in North America. A spatially balanced random sampling framework

guides site selection, while also allowing opportunistic inclusion of sites chosen by

participants, such as conservation areas. The IMMP weaves new protocols together

with those from existing monitoring programs to improve data compatibility for assessing

milkweed (Asclepias spp.) density, nectar resources, monarch reproduction and survival,

and adult monarch habitat use. Participants may select a protocol subset according to

interests or local monitoring objectives, thereby maximizing contributions. Conservation

partners, including public and private land managers, academic researchers, and citizen

scientists contribute data to a national dataset available for analyses at multiple scales.

We describe the program and its development, implementation elements that make the

program robust and feasible, participation to date, and how IMMP data can advance

research and conservation for monarchs, pollinators, and their habitats.

Keywords: butterfly counts, citizen science, conservation effectiveness, habitat assessment, monarch butterflies

(Danaus plexippus), cooperative monitoring, milkweed, nectar plants
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PURPOSE AND RATIONALE

Monarch butterflies (Danaus plexippus) exhibit one of the most
spectacular animal migrations (Urquhart, 1976; Brower, 1977).
East of the Rocky Mountains in North America, monarchs
migrate up to 4,500 km each fall to overwinter in high-altitude
fir forests in central Mexico; west of the Rockies, monarchs
overwinter in groves along the California coast. In spring,
monarchs return to their breeding grounds; several generations
move and breed across most of North America throughout
the summer. Migrating and breeding butterflies rely on nectar
sources for food; to reproduce monarchs depend solely on larval
host plants in the milkweed subfamily (primarily Asclepias spp.).

Like many pollinator species (Biesmeijer et al., 2006; Potts
et al., 2010; Powney et al., 2019), North American monarch
populations have declined over the past two decades (Brower
et al., 2012; Vidal and Rendón-Salinas, 2014; Semmens et al.,
2016; Schultz et al., 2017), motivating range-wide conservation
efforts. Breeding range conservation has focused on enhancing
milkweed and nectar availability, as reduction of these resources
is implicated in monarch population declines (Pleasants and
Oberhauser, 2013; Pleasants, 2017; Thogmartin et al., 2017a; Zaya
et al., 2017; Malcolm, 2018; Stenoien et al., 2018). Conservation
efforts are driven by population targets, e.g., those in the national
pollinator strategy (Pollinator Health Task Force, 2015) and
related national habitat goals (Thogmartin et al., 2017b).

Monarch conservation goals are generally based on models
of monarch population viability (Semmens et al., 2016; Schultz
et al., 2017), geographic prioritization (Flockhart et al., 2015;
Oberhauser et al., 2017), threats (Saunders et al., 2017;
Thogmartin et al., 2017a), and habitat (Thogmartin et al.,
2017b) developed using limited datasets and expert opinion.
While some studies have examined breeding habitat use (e.g.,
Stenoien et al., 2015; Kasten et al., 2016; Pitman et al.,
2018; Kantola et al., 2019), they are limited in scope and
geography. Citizen science program (e.g., Journey North1,
MonarchWatch2, Monarch LarvaMonitoring Project (MLMP)3)
data have been instrumental to modeling efforts and expanding
general knowledge ofmonarchs (Oberhauser et al., 2015; Ries and
Oberhauser, 2015; Tracy et al., 2019), but are often concentrated
near population centers and lack geographical balance (Bird
et al., 2014; Nail et al., 2015). Furthermore, use of largely self-
selected monitoring locations that often contain high-quality
habitat (e.g., butterfly gardens or butterfly monitoring sites)
prevents robust statistical inference about average conditions or
extrapolation to other land-use types (Bird et al., 2014). Lastly,
many programs record monarch locations opportunistically,
without measured and repeated effort, making it difficult to
identify long-term trends. A monitoring scheme that overcomes
these limitations is needed (National Research Council, 2007)
to accurately track progress toward habitat and population
goals, identify habitat deficiencies, and assess the success of
conservation actions.

1https://journeynorth.org/
2https://www.monarchwatch.org/
3www.mlmp.org

The Monarch Conservation Science Partnership (MCSP), a
collaborative group of scientists addressing information gaps
in monarch conservation and ecology, developed an integrated
strategy for monitoring conservation progress, starting with
the end goal and working backward to determine the details
(Thogmartin et al., 2015; Reynolds et al., 2016). Through
review of existing programs (Oberhauser et al., 2009), 3 years
of design meetings, and pilot testing, the strategy became
the Integrated Monarch Monitoring Program (IMMP). The
IMMP collects geographically and ecologically representative
data using a stratified randomized sampling framework. Data
from conservation sites, such as private lands enrolled in Farm
Bill conservation programs, are included to provide insight
into the effectiveness of management actions. The sampling
framework optimizes statistical robustness while minimizing the
number of samples needed by prioritizing sites where collecting
information will be most valuable.

The IMMP has three primary objectives: to (1) track long-
term changes in the distribution and abundance of monarchs
and their habitats (2) provide geographically and ecologically
representative information to fill data gaps and update current
population and habitat models, and (3) acquire information
about how habitat conservation actions affect monarchs and
their habitat. Metrics include milkweed density, indices of
blooming plant abundance, adult monarch abundance, egg and
larval abundance, egg and larval survival estimates, and fire
ant occurrence.

Below, we highlight design elements of the newly
implemented IMMP that make it robust, efficient, and feasible
for large-scale, multi-partner data collection and use. We discuss
the benefits of the program to researchers, land managers,
and citizen scientists, as well as the benefit of compatible and
representative long-term data generated over a broad geography.

SPATIALLY BALANCED RANDOM
SAMPLING

A key IMMP element is its proactive sampling design that obtains
geographically and ecologically representative data throughout
the monarch’s breeding range. Geographically distributed data
allow evaluation of how monarch habitat and its use vary
across ecoregions, latitude, elevation, and climatic conditions.
Ecologically representative sampling emphasizes all habitats that
may be suitable for monarchs rather than just easily accessible
sites or known habitat locations (Bird et al., 2014).

To establish representative sampling locations for the IMMP,
we used a Generalized Random Tessellation Stratified (GRTS)
sampling design (Stevens and Olsen, 1999, 2003, 2004). GRTS
provides a spatially balanced set of sample units with a
randomized component for unbiased representation and can
represent multiple strata to reduce variability of parameter
estimates. GRTS produces a hierarchical sample list such that for
any sample size or geographic subset, the sample will be spatially
balanced if the sample list is followed in order (Loeb et al., 2015).

We applied GRTS to rank, and thereby prioritize for sampling,
each 10 × 10-km cell within a grid of cells (“blocks” hereafter)
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FIGURE 1 | Top 500 randomized [Generalized Random Tessellation Stratified (GRTS)] 10-km by 10-km sampling cells (‘monarch blocks’) for the western North

American population of monarch butterflies (in yellow) and the eastern population (in blue). Inset 1: an example monarch block in the range of the western population,

showing three strata, areas modeled as low-, medium-, and high-suitability for milkweed, per the western milkweed habitat suitability project (Dilts and Forister, 2017).

Inset 2: an example monarch block from the eastern population depicting top random site locations for each of the five major land-use strata for sampling

(Thogmartin et al., 2017b).

superimposed over the contiguous United States (Figure 1).
Within each block, a second-stage GRTS draw ranked points
for unbiased plot location within each sampling stratum in each
block. For the eastern population, the strata comprise five land
types associated with milkweed: agriculture, protected grassland-
shrubland, unclassified grassland-shrubland, rights-of-way, and
developed areas (Thogmartin et al., 2017b). In the west, a model
of habitat suitability for milkweed was built from environmental
variables (Dilts and Forister, 2017), so western strata are high,
medium, and low expected suitability for milkweed.

GRTS can also incorporate data from non-random locations,
such as legacy or volunteer-selected sites (Overton and
Stehman, 1993; Olsen et al., 1999). Non-random sites may
not represent the full landscape (Williams et al., 2001;
Kinkead et al., in review), but can provide data from
spatially rare land-use types that are poorly represented
in the random draw but might be of particular interest
(e.g., state parks, Conservation Reserve Program). During
analysis, data from non-random sites can be down-weighted
to reduce bias while improving statistical power for the entire
dataset (Austin, 2011).

DATA COLLECTION

Integrated Monarch Monitoring Program (IMMP) surveys are
modular; data are valuable regardless of whether all protocols
are completed at each site. Participants collect data relevant
to their interests using Survey123 (data survey application,
Esri, Redlands, California) on a mobile device or paper
with online data entry. Below, we give a brief overview of
the primary field surveys; a complete guide (Monarch Joint
Venture, 2019) is posted on the IMMP webpage4. A U.S.
Fish and Wildlife Service (USFWS) protocol will provide
full documentation of the purpose, rationale, and monitoring
procedures from design to reporting, to be posted in ServCat5

(USFWS information repository).

Plot Description
A site is sampled by a 1-hectare (ha) rectangle (200 × 50m)
or square (100 × 100m) monitoring plot originating from

4https://www.monarchjointventure.org/IMMP/
5https://ecos.fws.gov/ServCat/Reference/Profile/109175
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a random starting point (Figure 2A). Longer, narrower plots,
(400–500m long) are used in linear areas (e.g., rights-of-way);
alternative configurations fit irregularly shaped sites. Consistency
in monitoring plot size reduces variation from area effects
and differential effort. Participants collect data regarding site
characteristics and management practices in consultation with
project managers and/or landowners. Continuity in monitoring
sites across years is preferred for trend detection, but shorter-
term inventories can inform regional and sector comparisons.

Milkweed and Blooming Plant Survey
Participants survey milkweed and blooming plants in 100
quadrats placed every 5m along transects (0.5 × 1-m frames are
placed to each side of transects equaling 1-m2 area per quadrat).
Transects run the length of the plot, 25-m apart (Figure 2B),
with variation for small, linear, and irregularly shaped sites.
Three nested sections within quadrats aid in frequency sampling
(Elzinga et al., 1998). To estimate milkweed density, milkweed
plants and stems are counted by species within quadrats. To
generate an index of nectar availability, all blooming plants are
either identified or their presence simply noted and assigned
to the smallest quadrat section in which they occur to generate
frequency scores (when species are identified, richness and
diversity are also calculated). Additional blooming species are
recorded during a meandering walk through the plot (following
Szigeti et al., 2016a). Surveys average 2.5 h; the recommended
interval is monthly during the season of monarch use.

Egg and Larva Survey
Egg and larva data are used to examine how immature monarch
densities (monarchs per plant) vary spatially, within seasons,
and among years. Surveyors examine up to 100 milkweed plants
within the monitoring plot, recording the number of monarch
eggs and larvae per milkweed plant observed, and identifying
larvae to stadium (instar) using visual cues. To representatively
sample (and account for aggregations; Zalucki and Kitching,
1982; Pitman et al., 2018), surveyors search milkweed within
quadrats. If milkweed is sparse, surveyors also search within 1m
of transects. If milkweed is abundant, only every second, third
or fifth plant is searched. This protocol was adapted from the
MLMP, allowing data to be combined for analysis. Survey time
averages 1 h, and weekly surveys are recommended.

Adult Monarch Survey
Adult monarch surveys provide data on the abundance and
phenology of monarchs throughout breeding and migration
periods. Participants conduct a modified Pollard walk (Pollard,
1977), counting adult monarchs within 5m on each side of a 500-
m transect (Figure 2C) and documenting monarch behaviors
(e.g., nectaring and associated plant species). Surveys produce
a time-specific index of adult monarch abundance (number/ha)
compatible with existing butterfly monitoring programs (e.g.,
North American Butterfly Monitoring Network6). Surveys
average 25min to complete; bi-weekly surveys are recommended
during the season of monarch use. Nectar plant selection can be

6https://www.thebutterflynetwork.org/

FIGURE 2 | (A) Standard 1-ha sampling plot layout, anchored at random

sampling point (red dot), 200m by 50m. Plots are defined with an ArcGIS

Online mapping tool to minimize bias derived from habitat conditions

encountered in the field. From a random point, we anchor a rectangle within

patch of particular land-use type (must include<10% non-target land-use type).

(Continued)
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FIGURE 2 | If this does not fit, we rotate the plot clockwise, shift the rectangle while still encompassing the point, use a square, or delineate an irregular shape to fit

within the patch (in decreasing order of preference). For non-random sites, plots are centered within the field or management unit of interest, following the same

guidelines. Within plots, nectar plants and milkweed are surveyed along two 200-m transects and one 100-m transect (indicated by yellow lines with black hash

marks), and adult monarch surveys are conducted around the plot perimeter (blue solid line). (B) Rectangular quadrats are placed first to the left and then to the right

of transects, every 5m, for a total of 100 quadrats per plot. (C) To count adult monarchs, surveyors move along the perimeter of the rectangle, using a modified

Pollard walk with a moving data recording window of 5m on both sides.

quantified by combining nectaring adult data and the relative
abundance of nectar plant species at the same site and date
(Manly et al., 2002).

Survival and Parasitism
To estimate larval survival and measure spatiotemporal variation
in mortality, participants collect fourth or fifth instar larvae
from just outside the monitoring plots and rear them indoors
to track outcomes (e.g., adult monarch, parasitism by tachinid
fly, mortality due to other causes). Before releasing the newly
emerged monarchs, participants use a sticker to screen for a
protozoan parasite, Ophryocystis elektroscirrha; stickers are sent
to Project Monarch Health (PMH)7. While daily monitoring
of known cohorts would provide more complete survival data,
rearing late instars with ample exposure to disease, parasites,
and parasitoids provides a broad-scale relative index of larval
outcomes across time, regions, dates, and land use types. Rearing
and parasite testing protocols were adapted from the MLMP and
PMH, yielding compatible data sets.

PILOT TESTING AND PROTOCOL
REFINEMENT

Field testing and protocol refinement spanned 2016–2018, on
97 sites surveyed by USFWS technicians, 82 by Monarch Joint
Venture (MJV) staff, 60 by University of Wisconsin technicians,
and 127 by MJV-trained volunteers. During 2017–2018, the MJV
trained 171 citizen scientists, biologists, and conservation staff
representing 25 organizations.

A power analysis was conducted on 2016 and 2017 data
to estimate the sampling effort needed to detect trends in
densities of milkweed, eggs, and adult monarchs and to compare
densities across strata or regions (insufficient pilot nectar data
were available; Weiser et al, in revision). The consequences of
survey frequency (surveys per year), numbers of quadrats for
milkweed, and the number of sites and years were examined.
Based on limited pilot data, the numbers of sites and years
contributed more than the number of quadrats or visits per year
to the statistical power to detect trends or differences, indicating
the importance of repeatedly sampling large numbers of sites
through time.

The power analysis and feedback from participants led to
protocol revisions to improve ease of data collection, including
simplification of the transect placement process, reductions in the
number of quadrats, and capping the number of milkweed plants
examined for eggs and larvae. These changes reduced the time
required to collect data and improved participant experiences. In
2018, 86% of participant survey respondents (n = 43) reported

7www.monarchparasites.org

positive program experiences and intent to participate in the
next season.

DATA MANAGEMENT

A centralized database and GIS platform readily available to
participants and partners is hosted by the MJV8; USFWS
maintains a database for their staff. Data are documented
according to the Darwin core standards as described in
(Wieczorek et al., 2012) and are shareable with efforts such as
the Trinational Monarch Knowledge Network9. Data sharing
agreements enable land owners to specify the level of geographic
precision for data sharing (e.g., at the scale of the monarch
block rather than at a specific point location). Data are available
to participants and researchers upon request. Web-hosted data
summaries and visualization tools (e.g., graphs and maps) for
milkweed densities, monarch distributions, and nectar plant
species composition are in development.

PARTICIPATION

Involvement from a broad array of partners is essential for
implementing a successful monitoring program for such a widely
distributed species. Integration with existing naturalist networks
has been a successful strategy for spurring participation in
the IMMP. Collaboratives (e.g., Monarchs Across Georgia10),
nature centers, government agencies, or volunteer groups serve as
IMMP “hubs.” These entities connect IMMP methods with local
conservation goals and expand implementation by recruiting and
training local participants. Outreach and training workshops held
with these groups have amplified data collection in new localities
and mobilized larger audiences.

Participation is fostered by a number of tools hosted by
MJV on the IMMP webpage, including activity instructions,
training resources (including video), mapping tools, and data
entry portal. USFWS hosts guidance documents, site-screening
and mapping tools, data collected by their staff, and associated
products on ServCat11.

By participating in the IMMP, citizen scientists and
private landowners deepen their connection with monarchs
and appreciation for their conservation challenges. Their
participation can broaden civic engagement within local
communities (Lewandowski and Oberhauser, 2017), and
contribute more representative data than is possible by agencies
working alone.

8https://monarchjointventure.org/IMMP/
9https://birdscanada.org/birdmon/tmkn/
10https://www.eealliance.org/monarchs-across-ga
11https://ecos.fws.gov/ServCat/Reference/Profile/109175
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RELEVANCE

Monitoring is a key element of adaptive management and
strategic habitat conservation (National Ecological Assessment
Team, 2006). The IMMP will provide conservation professionals
with an enhanced understanding of the dynamics of monarch
populations, their habitats, and their response to conservation
efforts. IMMP results can readily be entered to the USFWS’s
Monarch Conservation Database12, which tracks monarch
conservation efforts and informs decisions about the butterfly’s
status. The IMMP may be used to achieve research and
monitoring objectives within monarch conservation plans
(e.g., Midwest Association of Fish and Wildlife Agencies,
2018), including monitoring monarch habitat, estimating
milkweed distribution across different land-use sectors,
monarch distribution, vital rates, nectar resource selection, and
understanding effects of disease and pathogens.

The IMMP is already instrumental to local, regional, and
national conservation assessment and research programs. Several
county conservation boards in Iowa (K. Kinkead personal
communication) and dozens of private landowners in the
eastern U.S. are using it to evaluate the quality of monarch
habitat on their conservation lands. Statewide collaboratives
such as Missourians for Monarchs13 employ it to track
progress toward achieving their statewide milkweed stem
goals. IMMP data were used to parameterize a milkweed
density index in a model of monarch reproductive use
on an Iowa landscape (Grant et al., 2018; Grant and
Bradbury, 2019). Regionally, IMMP protocols were used by
(Lukens et al., in review) to evaluate conservation projects in the
Upper Midwest and in landscape-scale studies of habitat quality
and monarch survivorship at University of Wisconsin. Federal
programs also use the IMMP, for example, to assess monarch
habitat and use on USFWS refuges, and to compare with the U.S.
Department of Agriculture’s Natural Resources Conservation
Service assessment of monarch habitat (i.e., Wildlife Habitat
Evaluation Guide).

IMPACT

The scale and potential impact of the IMMP compare to other
large-scale programs such as the United Kingdom Butterfly
Monitoring Scheme (Roy et al., 2001; Brereton et al., 2006),
North American BatMonitoring Program (Loeb et al., 2015), and
the Breeding Bird Survey, which have influenced conservation
policy (Hudson et al., 2017). In three pilot years, the IMMP has
already been implemented at hundreds of sites across Georgia,
Iowa, Illinois, Kentucky, Michigan, Minnesota, Missouri, North
Dakota, Ohio, Oklahoma, Texas, andWisconsin, showing strong
potential to reach the scale and impact of other successful large-
scale monitoring programs.

The IMMP will greatly improve our knowledge of monarch
biology, particularly in historically under-surveyed geographies
and land-use types. The multi-dimensionality of IMMP

12https://www.fws.gov/savethemonarch/mcd.html
13http://www.moformonarchs.org/

data, which pairs quantitative habitat data with monarch
use, provides an opportunity to assess how monarchs in
several life stages interact with a variety of spatially and
temporally explicit habitat characteristics. IMMP protocols
can also be used to address priority research questions
such as the location of gaps in nectar resources along
migration routes, or how proximity to fields routinely treated
with pesticides affects monarch recruitment and survival
(Midwest Association of Fish and Wildlife Agencies, 2018).

IMMP nectar plant information can benefit broader pollinator
conservation efforts and efforts for other declining species
that rely on flowering plants (e.g., Rusty-patched Bumblebee).
Data on nectar plant species richness and frequency can
help land managers gauge progress toward habitat goals,
such as establishing plants with staggered bloom times
recommended by many pollinator plans. While more frequent
visits may better characterize nectar availability for pollinators
(Szigeti et al., 2016b, 2018), IMMP data can contribute to larger
phenology databases (e.g., USA National Phenology Network14)
and ultimately contribute to our understanding of habitat
availability in a changing climate.

Broad and diverse participation is necessary to achieve the
desired breadth and depth of sampling and to ensure the IMMP’s
long-term sustainability. Success will depend on mobilizing
partners across government, academia, and NGOs, alongside a
cadre of citizen scientists. These efforts are only just beginning,
and the potential for long-term scientific payoff is enormous.
Ultimately, monarch conservation relies on the cooperation of all
stakeholders not only in protecting and restoring habitat, but also
in understanding and evaluating this species and the habitats on
which it relies.
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