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There is strong evidence that a major driver of the decline of eastern North American
monarch butterflies (Danaus plexippus) is the loss of breeding habitat in the upper
midwestern United States. Grasslands, including conservation areas, provide some of
the largest remaining tracts of breeding habitat available to monarchs. While grassland
conservation has been well-studied, little is known about how monarchs interact
with these areas, or how planting and management practices impact the quality of
habitat for monarchs. Here, we evaluate monarch habitat and use by monarchs in 61
conservation grasslands (including restoration sites in the U.S. Department of Agriculture
Conservation Reserve Program, U.S. Fish and Wildlife Service Partners for Fish and
Wildlife Program, and privately funded restored prairies) in Minnesota, Wisconsin, and
lowa. We documented milkweed (Asclepias spp.) density and diversity, blooming plant
frequency and richness, and immature monarch density during the monarch breeding
seasons of 2016 and 2017, along with seeding and management histories. Milkweed
was observed at 60 of 61 study sites with a mean density of 1,390 plants per
hectare (median = 783), a greater density than previously estimated in conservation
grasslands. Monarchs were observed at 57 of 61 sites. Asclepias syriaca was the most
frequently observed species, regardless of whether it was planted. Asclepias tuberosa
and Asclepias incarnata may be the most cost-effective milkkweeds to seed in our study
geography, given that they were both more likely to be present and occurred at higher
densities when planted than when not planted. Forb establishment rate varied across
species planted and seeding rates. Increased rates of forb establishment were observed
at larger sites, sites planted in the fall, and sites with fewer species in the seed mix. We
observed a relatively low frequency of early season nectar sources, suggesting that
managers should consider including more early blooming species in seed mixes and on
existing conservation lands. We present establishment information for consideration in
seed mix design and describe how our findings can be used to inform monarch habitat
availability models, future studies, and conservation efforts.

Keywords: monarch butterfly, Danaus plexippus, milkweed, Asclepias, nectar plants, habitat monitoring, habitat
management, prairie reconstruction
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INTRODUCTION

The decline of the eastern migratory North American
monarch butterfly (Danaus plexippus) population has been
well documented (Brower et al., 2012; Rendon-Salinas et al,,
2018). Annual population estimates in the overwintering sites
in Mexico have revealed a steep decline in the area occupied by
monarchs over the last two decades (Rendon-Salinas et al., 2018).
Measurements of egg density in the northern United States
suggest a similar trend during the summer breeding season
(Stenoien et al,, 2015). Projection models suggest that the
monarch decline is worrisome enough to predict a monarch
quasi-extinction probability of 11-57% over the next 20 years
(Semmens et al., 2016).

While eastern monarchs experience many threats throughout
their annual migration cycle, research suggests that a main
cause of their population decline is the loss of breeding
habitat in the Upper Midwest of the United States (Semmens
et al., 2016; Pleasants et al., 2017; Thogmartin et al.,, 2017a).
Monarch larvae consume plants in the genus Asclepias
(and a few closely related genera), commonly known as
milkweeds. Twenty years ago, a significant portion of monarchs
originating in the Upper Midwest utilized milkweed found
in agricultural habitats (Oberhauser et al., 2001). Since the
introduction of genetically modified herbicide-tolerant row
crops (corn and soybeans), milkweed within these crop fields
has largely disappeared, significantly reducing the availability
of monarch host plants in agricultural settings (Hartzler,
2010; Pleasants and Oberhauser, 2012; Stenoien et al., 2016;
Thogmartin et al., 2017b).

Nectar resources are also an important component of
monarch habitat. More than 99% of native northern tallgrass
prairie has been lost since European settlement, and with it,
many of the nectar resources that previously existed in these
habitats (Samson and Knopf, 1994). Lark et al. (2015) estimate
that 5.7 million acres of grassland in the U.S. were converted to
cropland from 2008 to 2012, accounting for 77% of the overall
cropland conversion during that time. This, coupled with the loss
of milkweed in agricultural fields, has made monarch breeding
habitat increasingly rare in much of their eastern breeding range
(Pleasants, 2017).

Current population viability models estimate that 1.3—
1.6 billion milkweed stems need to be added throughout
the eastern migratory range to bring the eastern migratory
monarch population back to a sustainable level (Pleasants,
2017; Thogmartin et al., 2017a). Many habitat conservation
or restoration initiatives, including programs like the U.S.
Department of Agriculture Farm Service Agency’s Conservation
Reserve Program (CRP), are being engaged to help reach this
habitat target. Despite conservation activities already being
implemented, there have been few studies to examine the
quality of restored or conserved habitats for monarchs, or
how monarchs are using those habitats. Since conservation
practitioners rely on a variety of pre- and post-planting tools
and methodologies for a successful habitat project, understanding
how these factors interact is critical to guiding future monarch
habitat conservation activities.

Here, we (1) provide metrics of monarch habitat and use
by monarchs in midwestern conservation grasslands and (2)
investigate factors important for developing and maintaining
monarch habitat and monarch use, including seeding and other
management practices. We used an observational approach to
address the following questions regarding the establishment
and availability of milkweeds and blooming nectar plants, the
defining features of monarch butterfly breeding habitat. What
is the availability of milkweeds and blooming plants in these
conservation grasslands and how do these metrics vary within
growing seasons? For each milkweed species, is its inclusion in
the seed mix or its seeding rate predictive of its establishment and
density? How do seed mix characteristics (diversity and seeding
rates), site age, planting season, and other management actions
influence the frequency and establishment of milkweeds and
blooming plants? Finally, are any site characteristics predictive
of immature monarch abundance? Addressing these questions
will inform monarch population and habitat modeling, land
management decisions, as well as continued research on the
importance of conservation lands for supporting monarchs and
other pollinators.

MATERIALS AND METHODS

Site Selection

We surveyed 61 conservation sites in Minnesota, Wisconsin,
and Iowa during the growing seasons of 2016 (n = 23) and
2017 (n = 38) (Figure 1). Landowner and manager participants
were recruited through outreach from local conservation offices,
researchers, and other conservation stakeholders. Thirty nine
sites were enrolled in CRP, 10 were part of the U.S. Fish and
Wildlife Service Partners for Fish and Wildlife Program, and 12
were privately funded native prairie restorations that were not
enrolled in formal conservation programs. Prior to restoration or
conservation practices, most sites (1 = 46) were used for row-crop
agriculture, primarily corn or soybeans. Other previous land-use
types included agricultural conservation land (expired WRP and
CRP parcels, n = 4), pasture (n = 2), unmanaged grassland (n = 2),
and remnant prairie (n = 1). The remaining six sites did not
have information on previous use. All sites were seeded except
for the remnant prairie and one unmanaged grassland. Time
since seeding (site age) ranged from 1 to 32 years (mean = 8.4,
median = 6), based on the most recent seeding of the entire
site area, and size ranged from 1 to 38 hectares (mean = 11,
median = 7).

Field Survey Methods

Field sampling procedures followed the Integrated Monarch
Monitoring Program (2017 version) (Commision for
Environmental Cooperation, 2017; Cariveau et al, 2019a).
Sites were surveyed 3-5 times during the monarch breeding
season (May-September), with crews examining 150 1 m?
quadrats (0.5 m x 2.0 m) placed 7 m apart along a series of
parallel transects during each visit. The number of transects
varied depending on site dimensions and size, and placement
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FIGURE 1 | Location of study sites surveyed for monarchs, milkweed, and blooming plants during 2016 and 2017 by county.
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and orientation were randomized for each visit using Geographic
Information Systems software (ESRI, 2011).

The following data were collected on milkweeds, blooming
plants, and monarchs:

o

)

Milkweed density and species richness: Within each
quadrat, the number of milkweed plants by species
was recorded. Milkweed stems separated by soil were
recorded as distinct plants, regardless of whether they
were clonal or genetic individuals (following Kasten
et al., 2016; Commision for Environmental Cooperation,
2017; Cariveau et al, 2019a). Following the quadrat
survey, a meandering walk survey was conducted to
check for additional milkweed species not observed
in quadrats to accurately capture species diversity at
each site.

Blooming plant frequency and species richness: Three
nested sections within quadrats aided in frequency
sampling for blooming plants (Elzinga et al., 1998).
The presence of blooming plant species was recorded
within each quadrat, with blooming defined as having

(©)

4

at least one flower open. Opportunistic observations of
blooming plant species found outside of quadrats (but
within the site boundaries) were recorded separately during
quadrat sampling and during the meandering walk survey
completed afterward. Data collected in the meandering
survey were only used to supplement a species list for each
site. Such methodology is useful for detecting rare species
that would be less likely to occur in the quadrats (Szigeti
et al., 2016; Larson et al., 2018).

Monarch egg and larva per milkweed plant density:
Each milkweed plant within quadrats was searched
for the presence of monarch eggs and larvae. To
increase the number of plants sampled, milkweed plants
between quadrats and within 1 m of each side of the
transect line were also searched. After a total of 100
milkweed plants had been examined, only milkweeds
within quadrats were searched.

Incidental adult monarchs: Opportunistic sightings of
adult monarchs were recorded while surveying each
site. If observed nectaring, the nectar plant species was
also identified.
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Seeding and Management History

Landowners or managers provided seeding and management
data for each site to identify characteristics that could have
influenced milkweed and blooming plant establishment. Seed
quantities were reported in one of three units: pure live seed
(PLS), bulk, or number of plugs. PLS, referring to the amount
of viable seed, provides greater reliability in comparing across
seed mixes (Englert, 2007; Houck, 2009), and therefore only sites
that reported PLS were used in our seed rate analyses (n = 19).
Landowners and managers reported using a combination of
management practices, including prescribed burning, mowing,
and herbicide use. Because all sites had been mowed or treated
with herbicide at least once, yet detailed records of management
dates and specific treatment areas were lacking from most
managers, we excluded these practices from our analyses. Dates
of prescribed burns were known for 55 of the 61 sites; 35 sites
were burned at least once since planting (mean number of
burns = 1.23, median = 1, range = 0-6).

Data Analysis

All statistical tests were performed in R version 3.5.1 (R Core
Team, 2018). We excluded Asclepias verticillata (whorled
milkweed) from all milkweed density analyses because its growth
form and biomass are very different from the other species
observed (small statured, dense clusters of stems), and because
it was not included in models used to generate milkweed density
targets (Thogmartin et al., 2017a). Blooming plant frequency was
calculated as the proportion of subplots occupied by blooming
plants. We calculated this in three ways: (1) the frequency of each
forb species independently, (2) the total frequency of all planted
forb species at a site, and 3) the frequency of all forb species at a
site including those not planted. Blooming plant establishment
rate refers to the proportion of forb species planted that were
observed blooming at each site. Milkweed establishment rate
refers to the proportion of sites in which a planted species of
milkweed was observed. Milkweed colonization rate refers to
the proportion of sites in which a species was observed but
not planted. Immature monarch density is reported as the sum
of the eggs and larvae divided by the number of milkweed
plants examined.

We used Fisher Exact Tests to compare the establishment
and colonization of the four milkweed species observed, and
Kruskal-Wallis tests to determine whether planting milkweed
seeds led to greater observed densities. Linear models were used
to examine the effect of milkweed seeding rates on observed
milkweed density.

To assess the effect of the time of sampling on milkweed
density and the frequency of planted blooming species, we built
two linear mixed-effects models (Ime4 package) (Bates et al.,
2015). In these models, we used the ordinal day of visit, with site
ID as a random effect, as predictor variables. Date of sampling
was treated as a second order polynomial variable because we
predicted that milkweed density and blooming plant frequency
would have curvilinear relationships with time. Sites at which
milkweeds were never detected were excluded from the milkweed
density analysis.

We used a two-step process to examine the effects of several
predictors on four response variables of interest: milkweed
density, blooming plant frequency (planted forb species only),
blooming plant establishment rate, and immature monarch
density. First, we built multivariate linear regression models
using the Imer function in R, including the factors we
hypothesized to be most important (Tables 1A,B) (Ime4 package,
Bates et al, 2015). We used generalized linear regression
models (GLMs) with a binomial distribution and logit link
function for blooming plant frequency and establishment
rate. Next, we performed backwards model selection by AIC
value using the MASS package step function to identify the
relationship between each set of predictors and response variables
(Venables and Ripley, 2002).

In these models, milkweed density, blooming plant frequency,
and immature monarch density were averaged across visits for
each site. We log-transformed milkweed density and immature
monarch density to normalize the error terms of these otherwise
right-skewed response variables. Site visits in which milkweeds
were not detected were excluded from the immature monarch
density model. Response variables were visually inspected for
egregious outliers, and one site was removed from milkweed
models because it had a milkweed density three times greater
than the next largest value. Because only two sites were seeded
during winter and one of them was never seeded with forbs
(only grasses), we excluded winter plantings from all models.
Two sites (the remnant prairie and existing grassland) were
also excluded since they were never seeded, and therefore, age
values were null.

Using Pearson’s product moment correlation, we examined
the correlation between site age, forb seeding rate, and number of
planted forb species. We also examined the relationship between
planting season and site age, and the relationship between
planting season and forb seeding rate with ANOVA and Tukey’s
HSD. We considered them significantly correlated if p < 0.05.
Variables with statistically significant correlations were included
as interactions in each model.

Due to limited sample sizes, burning frequency and forb
seeding rate were examined univariately with each response
variable. Because a significant portion of our study sites were
younger than 3 years old and because plantings are not typically
burned until the third or fourth year, we only included sites
that were older than 3 years in the burning models (n = 30).
Burning frequency was calculated as the total number of entire
site burns divided by site age. Only sites that included seeding
rate information in PLS were included in forb seeding rate
analyses (n = 27).

RESULTS
Milkweed

Across sites, we observed four milkweed species: Asclepias
syriaca (common milkweed), A. incarnata (swamp milkweed),
A. tuberosa (butterfly milkweed), and A. verticillata (whorled
milkweed). At least one milkweed plant was observed at 60 of
61 study sites. Total milkweed density (A. syriaca, A. incarnata,
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TABLE 1 | (A) Planting and post-planting management variables included in analyses of milkweed density, blooming plant frequency (planted forb species only), and
blooming plant establishment rate. (B) Predictor variables included in immature monarch density analysis.

Predictor variables Response Rationale References Mean Range
variable
(A)
Site age: time since All Outcome variables could change over Middleton et al., 2010 8 1-29
planting (years) time
Site size (ha) All Larger areas could harbor more species Grman et al., 2015 10.858 1.129-37.969
Season in which site was All Planting season may influence Larson et al., 2011, 2017 Spring (most NA
planted blooming plant community common)
establishment
Seeding rate, PLS (kg/ha) All High seeding densities may enhance Dickson and Busby, 2009 Milkweed: Milkweed:
(milkweed, forbs) the establishment of some species 0.069, forbs: 0-0.702 forbs:
1.446 0.076-3.537
Number of forb species Blooming plant More species could increase Carter and Blair, 2012 29 4-64
planted establishment rate, competition
frequency
Index of prescribed burn All Burning may encourage native Bowles and Jones, 2013 0.151 0-0.5
frequency (inverse of blooming plant establishment rate and
average number of years frequency
between entire burns)
(B)
Average milkweed density Immature monarch Greater milkweed density may lead to Oberhauser, 2004; Kasten 1,419 0-16,880
at site density more immature monarchs et al., 2016
Average blooming plant Immature monarch Greater nectar plant diversity may lead Majewska et al., 2018 16 7-27
richness at site (all species) density to increased monarch abundance
Average blooming plant Immature monarch Greater number of nectar plants may Majewska et al., 2018 0.451 0.085-0.925
frequency at site (all density lead to increased monarch abundance
species)
Site size (ha) Immature monarch Movement of adults is affected by size Grant et al., 2018 10.858 1.129-37.969

density of a milkweed patch

TABLE 2 | Milkweed density by species across sites (plants/ha) (n = 61).

A. syriaca A. incarnata A. tuberosa A. verticillata All All, excluding A. verticillata
Mean 1212 129 50 473 1,864 1,390
Median 717 0 0 0 1,000 783
Range 0-16,733 0-5,767 0-1,217 0-19,800 0-19,883 0-16,880

and A. tuberosa combined) ranged from 0-16,880 plants/ha with
a mean of 1,390 plants/ha (median = 783). Individual species
densities are listed in Table 2.

Milkweed density varied significantly across the sampling
period (Supplementary Figure S1). Based on the coeflicients
from the mixed-effects model, milkweed density peaked in mid-
July (Supplementary Table S1).

Levels of establishment (Fisher Exact Test, p < 0.0001) and
colonization (Fisher Exact Test, p < 0.0001) varied among
milkweed species (Figure 2 and Table 3). Asclepias syriaca was
observed at 24 of 25 sites in which it was planted, and at all 33
sites in which it was not planted (1 = 58, two sites were not seeded,
one site lacking seed mix data). Asclepias incarnata was observed
at 12 of 14 sites in which it was planted, and 21 of 44 sites in
which it was not planted. Asclepias tuberosa was observed at 14
of 25 sites where planted, and 5 of 33 in which it was not planted.
Lastly, Asclepias verticillata was never observed at sites in which
it was planted (0 of 8) but was observed at 13 of 50 sites where it
was not planted.

To determine whether planting any milkweed (regardless of
seeding rate) leads to greater milkweed density, we compared
densities based on whether a given species was planted or not
(Table 3). When planted, Asclepias incarnata and A. tuberosa
had significantly higher densities than when not planted, and
A. verticillata and A. syriaca densities did not depend on whether
they were planted. Seeding rate had a similarly varied effect
on milkweed densities. When milkweed species were combined
(A. syriaca, A. incarnata, and A. tuberosa), total milkweed density
was significantly correlated with seeding rate (Fi,;5 = 12.5,
p = 0.003) (Figure 3A). Species-specific linear models indicated
that A. incarnata was significantly and positively related to
seeding rate (Fy,5 = 7.892, p = 0.038, Figure 3B). Asclepias syriaca
and A. tuberosa densities did not significantly relate to seeding
rate (Fp,3 = 0.208, p = 0.661, Fy,19 = 0.800, p = 0.392, respectively,
Figures 3C,D).

After backwards model selection, seeding rate and site age
were left as the best predictors of milkweed density, but neither
was significant (Table 4). We did not detect any effects of
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FIGURE 2 | Milkweed occurrence by species. Total number of sites = 58; seed mix data were not available for 3 of 61 sites.
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TABLE 3 | Comparison of the presence and densities of milkweed species at sites where milkweeds were planted (establishment) and at sites where they were not

(colonization).
A. syriaca A. incarnata A. tuberosa A. verticillata

Question: Is milkweed more likely to be Establishment rate 0.960 0.857 0.560 0.000
present at sites where it was planted?

Colonization rate 1.00 0.477 0.156 0.260

p-value (Fisher’s Exact test) 0.431 0.015* 0.002* 0.178
Question: Is milkweed density higher at Mean density when planted (plants/ha) 1526 367 132 0.00
sites where it was planted?

Mean density when not planted (plants/ha) 1217 1 2 285

p-value (Kruskal-Wallis) 0.215 0.029* 0.015* 0.365

Note that milkweed could have established on its own at some of the sites at which it was planted, but we assumed that it had established from planted seeds; (*)

indicates significance at o = 0.05.

prescribed burn frequency on milkweed density (Fj,29 = 0.069,
p =0.794) (Supplementary Table S3).

Blooming Plant Frequency

The average frequency of planted blooming species (those
included in the seed mix) across sites was 0.29 (median = 0.20,
range = 0-0.97). In other words, we observed planted blooming
species in 29% of the 1 m? quadrats sampled, on average, during
any given site visit. The average frequency of all blooming species
(including weedy and volunteer species) was 0.45 (median = 0.44,
range = 0-0.99). During peak bloom for each site (the visit for
each site with the highest frequency of blooming plants), the
average frequency of planted species was 0.54 (median = 0.60,
range = 0.01-0.97), and the average frequency of any blooming
species was 0.70 (median = 0.74, range = 0.17-0.99).

The frequency of planted blooming species varied significantly
across the sampling period (p = < 0.001) (Supplementary
Figure S2). Based on the coefficients from the mixed-effects
model, blooming plant frequency at these sites peaked on August
2 (Supplementary Table S2).

Forb seeding rate was negatively correlated with site age
(p = 0.01) and positively correlated with the number of forb
species planted (p = 0.049). The number of forb species planted
varied across planting seasons (p = 0.014). More forb species
were planted in fall than in spring (p = 0.011) but summer was
not significantly different from spring or fall (p = 0.132, 0.437,
respectively). Similarly, site age varied across planting seasons
(p = 0.018). Sites that were planted in the spring were typically
older than those planted in summer (p = 0.030). Fall plantings did
not significantly differ in age from spring or summer plantings
(p=0.071, p = 0.999, respectively), nor did forb seeding rate differ
across seasons (p = 0.144). There was a trend for higher numbers
of forb species planted on more recently established sites, but the
correlation was not statistically significant (p = 0.102).

After backwards model selection by AIC value, site age
remained as the best predictor of blooming plant frequency
but was not significant (Table 4). We did not detect any
effect of forb seeding rate or prescribed burn frequency on
blooming plant frequency (p = 0.199, p = 0.962, respectively,
Supplementary Table S3).
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FIGURE 3 | Milkweed seeding rate (kg/ha) and observed density (plants/ha) by species and combined. (A) A. syriaca, A. incarnata, and A. tuberosa combined:
Linear model, F1,15 = 12.5, p = 0.008. (B) A. syriaca: Linear model, F1,g = 0.208, p = 0.661. (C) A. incarnata: Linear model, F1,5 = 7.892, p = 0.038. (D)
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TABLE 4 | Model selection results for milkweed density, blooming plant establishment rate, blooming plant frequency, and immature monarch density.

Response variable Predictor variable Estimate  Std.error  t/zvalue  Pr(> [t]
Milkweed density (plants/ha) Intercept 6.074 0.351 17.292 < 0.001*
Seeding rate (kg/ha) 3.508 1.998 1.755 0.089
Site age 0.057 0.038 1.487 0.147
Blooming plant frequency (planted species only) Intercept —0.497 0.476 —1.045 0.296
Site age -0.074 0.058 —1.285 0.199
Blooming plant establishment rate Intercept (planting season: fall) 0.670 0.327 2.051 0.031*
Planting season: summer —1.087 0.421 —2.464 0.014*
Planting season: spring —0.392 0.340 —1.006 0.315
Number of forb species planted —0.032 0.008 —4.132 < 0.001*
Site size (ha) 0.017 0.007 2.417 0.016*
Planting season and number of species planted interaction 0.033 0.010 3.115 0.002*
Immature monarch density (monarchs/plant) Intercept 0.011 0.002 4.697 < 0.001*
Milkweed density (plants/ha) < —0.001 < 0.001 —0.947 0.348

(*) Indlicates significance at a = 0.05. Milkweed model estimates represent the log of the effect.

Blooming Plant Establishment

We documented a total of 288 blooming plant species across
sites, with a mean of 36 blooming species per site (median = 34,
range = 18-80) and 13 planted species (median = 12,
range = 1-33). An average of 47% of blooming species planted

at study sites were observed during sampling (median = 46%,
range = 21-100%). The average number of forb species included
in a seed mix was 29 (median = 29, range = 4-64). On average, we
observed ten colonizing species per site that were not included
in the mix (median = 9, range = 0-52). Erigeron annuus
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TABLE 5 | Establishment and colonization patterns of the 10 most commonly planted forbs across study sites (for all forbs, see Supplementary Table S4).

Species No. sites Avg PLS seeding No. sites observed Establishment  No. sites observed Avg
planted rate (kg/ha) (where planted) rate (where not planted) frequency

Dalea purpurea 50 0.181,n=27 38 0.76 7/11 0.051
Rudbeckia hirta 50 0.092,n =25 50 1.00 7/11 0.250
Monarda fistulosa 46 0.040,n =24 44 0.96 6/15 0.224
Solidago rigida 4 0.055,n =21 21 0.51 2/20 0.084
Dalea candida 39 0.107,n =20 26 0.66 6/22 0.103
Ratibida pinnata 39 0.083,n =25 39 1.00 9/22 0.250
Zizia aurea 38 0.053,n =17 23 0.61 6/23 0.047
Heliopsis helianthoides 33 0.087,n=14 30 0.91 11/28 0.150
Astragalus canadensis 32 0.050,n =16 11 0.34 0/29 0.023
Symphyotrichum novae-angliae 32 0.025,n=17 9 0.28 2/29 0.016

(daisy fleabane), Cirsium arvense (Canada thistle), and Melilotus
alba (white sweet clover) were among the most commonly
observed colonizing species across sites (observed at 58, 49, and
38 sites, respectively; see also Supplementary Table $4).

The most commonly sown species are listed in Table 5.
Rudbeckia hirta (black-eyed Susan) and Ratibida pinnata (yellow
coneflower) were most successful among these species; they
were observed growing at all sites in which they were
planted (n = 50, n = 39, respectively) and with the highest
average frequency across sites. Astragalus canadensis (Canada
milkvetch) and Symphyotrichum novae-angliae (New England
aster) were least successful when planted; they were only
observed at 28 and 34% of sites in which they were sown
(n = 11, n = 9, respectively), and at the lowest average
frequency across sites (Table 5). Two commonly planted
species, Ratibida pinnata and Astragalus canadensis, showed a
positive frequency response to seeding rate while others did
not (Figure 4).

After backwards model selection, the number of planted
species, planting season, site size, and the interaction of number
of planted species and planting season remained as the best
predictors of blooming plant establishment rate (Table 4).
The number of species planted was negatively related to forb
establishment rate while site size was positively related to
establishment rate (p < 0.001, p = 0.016 respectively, Table 4).
Sites seeded in the fall (September-November) had higher
establishment rates than those seeded in the summer (July-
August, p = 0.031) (spring plantings did not significantly
differ from either other season). We did not detect any
effect of forb seeding rate or prescribed burn frequency on
blooming plant establishment rate (p = 0.265, p = 0.173,
Supplementary Table S3).

Monarch Occupancy

Monarchs (eggs, larvae, or adults) were observed at 57 of 61
sites surveyed. At least one adult monarch was observed at
54 of 61 sites. We observed direct use of habitat including
nectaring and oviposition at 34 of 61 sites; at the other sites,
adult monarchs were simply observed flying over the habitat.
We observed 71 adult monarchs nectaring on 31 different
blooming plant species across sites. The species on which they

were most frequently observed nectaring were Monarda fistulosa
(wild bergamot) (n = 10), Asclepias spp. (n = 8), Liatris spp.
(blazing star) (n = 7), and Solidago spp. (goldenrod) (n = 5)
(Supplementary Figure S3).

Milkweed density remained as the best predictor of immature
monarch density after backwards model selection but was not
significantly related to monarch density (p = 0.348, Table 4).

DISCUSSION
Milkweed

Regardless of whether or not they were planted, milkweeds
were present at almost every site we studied. This suggests
that Asclepias species in general, especially A. syriaca, are good
colonizers, either due to viable seeds remaining in localized
natural seedbanks or by dispersal from surrounding areas.
However, since the effectiveness of herbicide tolerant technology
has dramatically reduced the number of milkweeds within the
agricultural landscape during the last 20 years (Pleasants and
Oberhauser, 2012; Stenoien et al., 2016), the potential for future
recolonization could be limited because of a reduced natural
seedbank. On the other hand, studies in roadsides and urban
areas have document a high presence of milkweeds (Kasten et al.,
2016; Cariveau et al., 2019b; Johnston et al., 2019), which could
support recruitment and colonization. Thus, while colonization
success could be altered given changing milkweed abundance on
the landscape, our study suggests that land managers can expect
some degree of milkweed colonization.

Asclepias incarnata and A. tuberosa were more likely to
be present and found at higher densities when they had
been planted; A. syriaca was equally likely to be present
in sites in which it was not planted, and we did not find
A. verticillata in any of the sites in which it had been
planted (although it colonized approximately one fourth of
sites where it was not planted). Asclepias incarnata was the
only species that showed a significant positive correlation
between seeding rate and density. Based on these results,
A. incarnata and A. tuberosa appear to be the most cost-
effective milkweed species to include in seed mixes within
our study geography. Additional considerations for establishing

Frontiers in Ecology and Evolution | www.frontiersin.org

February 2020 | Volume 8 | Article 13


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Lukens et al. Monarch Habitat in Conservation Grasslands
Dalea purpurea Rudbeckia hirta Monarda fistulosa
. 08 K .
0.20 06
: . 06 *
201 >
3 . g . . €04 .
£0.10 : . 3041 * .. . . g |+ . .
i & . . . & -
0.05 . 02 . 021 o .
. . . R
0001 3o Beuou e eiee . 001t s R °. < 004 S0 .
0.0 02 04 0.00 0.05 0.10 0.15 020 025 0.00 0.05 0.10 0.15 020
Seeding rate (kg/ha) Seeding rate (kg/ha) Seeding rate (kg/ha)
Solidago rigida Dalea candida Ratibida pinnata
0.081 « . 08 O
03
0.06 06 .
>
g . Zo2
2 0.04 . 2 g.'o 4
& & - &
0.02 02
- L °
. . . .
000] = o oo o e ee . 001 * . - % . . 00l . L4
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 020
Seeding rate (kg/ha) Seeding rate (kg/ha) Seeding rate (kg/ha)
Zizia aurea Heliopsis helianthoides Astragalus canadensis
* 06 . .
020
o8 . : z04 < 005
s 3 . H
go.10 g % g
w w02 . e
0.05 . 0.00
. . .
0.00 o't WY . o * 0.0 b .
0.00 0.05 0.10 0.15 00 0.1 02 0.00 0.05 0.10 0.15
Seeding rate (kg/ha) Seeding rate (kg/ha) Seeding rate (kg/ha)
FIGURE 4 | Observed frequency of the most commonly planted forb species as a function of seeding rate (kg/ha PLS). Linear regressions with 95% confidence
intervals are displayed only for species with statistically significant relationships between seeding rate and measured frequency (o < 0.05). (Symphyotrichum
novae-angliae is excluded from the figure due to the fact that it was never detected within quadrats at sites in which it was planted. It was only detected during the
meandering walk and therefore has frequency scores of zero).

A. verticillata may be needed if it is a desired species for a
conservation project.

Milkweed densities in our study sites peaked during mid-
July, suggesting that monitoring efforts intending to capture
peak milkweed density for similar sites in this bioregion
should occur during mid-summer, after seedlings and ramets
have emerged, but prior to senescence. Because milkweed
density varies throughout the season, the highest densities
that could be used to assess a site’s contribution to national
milkweed stem targets should occur mid-summer. Although
we did not observe any effects of planting season, site age,
or burning frequency on milkweed density, these factors may
be worthy of further study, given that milkweed and monarch
oviposition have been shown to respond favorably to landscape
disturbance (Evetts and Burnside, 1972; Baum and Mueller, 2015;
Haan and Landis, 2019).

Previous studies have estimated an average density of 277
stems per hectare in CRP lands and 8 stems per hectare in
protected grasslands (Hartzler and Buhler, 2000; Hartzler, 2010;
Thogmartin et al., 2017a). We observed a mean milkweed density
of 1,390 plants per hectare (median = 783), approximately five
times higher than these previous estimates. However, given

that the landowners volunteered to participate in a study of
monarch habitat, it is possible that the milkweed densities
in our study sites may be higher than what is present on a
random sample of CRP lands or conservation grasslands. Most
of the participating landowners in this study expressed a desire
to conserve pollinators and wildlife in general and managed
their sites for these objectives. Nevertheless, the high milkweed
densities on these sites set a standard for a quality that can be
achieved across conservation grasslands.

Kasten et al. (2016) found that immature monarch density is
positively correlated with milkweed density up to 4,942 plants per
acre in roadsides. This suggests that managing for even higher
densities than we observed could benefit breeding monarchs.
However, managing for highly diverse grassland habitats that are
rich with timely blooming species as well as milkweed host plants
will benefit many additional species.

Blooming Plant Frequency and

Establishment
Previous studies have identified the importance of nectar plants
as a component of monarch habitat (Stenoien et al, 2016;
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Thogmartin et al., 2017a,b; Kinkead et al, 2019), and have
proposed that a loss of nectar plant resources could be a
significant contributor to increased mortality during migration
(Agrawal and Inamine, 2018). The general lack of data on
monarch habitat as a whole (milkweed plus nectar plants) makes
studies like ours even more necessary. Because nectar plants are
used by many species beyond monarchs, we stress the importance
of tracking and gathering data on nectar availability.

We chose frequency sampling over other options (e.g.,
densities or aerial cover) because it is highly repeatable across
observers and field conditions, is robust across seasonal variation,
and is highly efficient (Elzinga et al., 1998). This method
enabled us to assess relative frequency of species included in the
seed mix and to characterize the blooming plant communities
at each site. To detect more rare species, we conducted a
meandering walk survey following quadrat sampling (following
Szigeti et al., 2016; Larson et al, 2018), creating a more
complete species richness list for each site. This allowed us
to better characterize plant establishment, and the success
of the seed mix.

We observed a higher frequency of blooming species in
mid- and late-summer, suggesting greater nectar availability
during those times. The relatively low frequency of early
season nectar resources suggests that managers should consider
including more early blooming species in seed mixes for new
plantings and enhance existing conservation lands with these
species. While monarchs need nectar resources during both the
breeding and migration periods within our study geography,
more early-blooming species may be especially important
for monarchs arriving from an energy-intensive northward
migration (Alonso-Mejia et al., 2011).

Our study sites were planted with a wide range of blooming
plant species (194 species across all sites). Similar to milkweed,
the establishment rates of these plants were variable and species-
specific. Some species grew in all or most sites in which they were
planted (Rudbeckia hirta, Ratibida pinnata) while others grew in
very few (Astragalus canadensis, Symphyotrichum novae-angliae).
Other species had high colonization success (establishing in
sites where they were not planted). The colonization success of
certain species (such as Dalea purpurea and Rudbeckia hirta)
may give reason to reduce them in future seed mixes with
the expectation that they may appear on their own, especially
if their seeds are costly. However, though some species may
have higher establishment success across projects, we stress the
importance of diversity in conservation grasslands; a diverse
group of blooming plants provide nectar resources throughout
the growing season, supply host plants for a suite of insects,
and are more ecologically resilient (Naeem and Li, 1997; Tilman,
1997; Timberlake et al., 2019).

Though forb seeding rate and blooming plant frequency were
not significantly correlated in multivariate models, the sample
size for our seed rate analyses was small. More than half of
our sites reported seeds in bulk or seedlings or did not have
seeding information available. For two planted species in our
study, a positive correlation between frequency and seeding
rate was observed (Ratibida pinnata, Astragalus canadensis),
suggesting that planting more seeds of these species may lead to

a greater abundance at a site. Our study does not present enough
information to identify site or species characteristics that affect
overall forb frequency, and therefore more research is needed to
determine those effects.

We did not observe an effect of burn frequency or forb
seeding rate on blooming plant frequency or establishment rate.
However blooming plant establishment rate responded to seed
mix forb diversity, site size, and planting season. Overall, the
highest establishment rates were observed at larger sites planted
in the fall, when fewer species were included in the seed mixes.
However, there were a number of interactions between these
variables. Almost half of the sites in our study sample (n = 25)
were planted 1-3 years prior to sampling, and these sites tended
to have more diverse seed mixes. Because prairie species may
take many years to establish, younger sites may not have had
a chance to establish as fully as those seeded a decade or more
ago, and establishment rate might still increase through time on
those sites. Furthermore, higher diversity seed mixes may include
species that are more difficult to establish, whereas low-diversity
seed mixes may be more likely to include those known to have
high establishment success. Diverse seed mixes are valuable if
they may yield a fuller array of native prairie species; further
research into rates of establishment for various species may assist
future conservation efforts.

Fall planted sites had higher establishment rates than sites
planted in summer. Fall plantings are favored by many managers
in this region to ensure that seeds are cold-stratified prior to
the first growing season (Kurtz, 2001), and our findings suggest
that this is a good strategy. However, because this was not
a randomized experimental design, we recommend continued
investigation regarding the efficacy of seeding seasons.

Monarch Use of Sites

Monarch eggs, larvae, or adults were observed at most
sites, suggesting that they provided suitable monarch habitat.
Because monarch population estimates were well below historical
averages during the study period (Rendon-Salinas et al., 2018),
observed monarch densities across sites were also very low,
making it difficult to detect any relationships between site
characteristics and monarch numbers. More data are needed to
better understand how relevant site characteristics (milkweed
density, blooming plant richness and abundance) might impact
monarch use (Leone et al., 2019).

Adult monarchs were observed nectaring from 31 blooming
plant species, confirming that many blooming plant species on
conservation grasslands provide nutritional resources for adult
monarchs. While we noted that Monarda fistulosa was the
most commonly utilized nectar plant, it was also commonly
encountered on our sites, so we cannot make conclusions about
monarch nectar plant preference.

CONCLUSION

Conservation grasslands represent an important source of
existing and potential monarch habitat (Thogmartin et al., 2017a)
and our study demonstrates that they provide milkweed in
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abundance; milkweed was observed at nearly every site and
at densities much higher than previously estimated for similar
grasslands (Thogmartin et al., 2017a). In a landscape drastically
transformed by agriculture and development, this conserved
habitat is critical for supporting monarchs and other wildlife.

The quality of habitat varied across sites, with a diverse
suite of species at some, and few at others. Continued research
on a larger sample of sites will further our understanding of
the relationship between seeding and management practices
and habitat responses across conservation grasslands. Other
factors such as landscape context, weather during establishment,
and soil characteristics could play a role in the establishment,
colonization, and abundance of milkweed and nectar plants
(Grman et al., 2015; Kaul and Wilsey, 2019), but these analyses
were beyond the scope of our study.

Through the course of this study, multiple landowners
suggested that many of the sites were managed for pollinators,
and thus were likely to have better habitat resources than other
similarly categorized sites. Management actions included manual
or chemical weed removal and mowing, targeting species such
as wild parsnip (Pastinaca sativa), thistles (Cirsium spp.), and
buckthorn (Rhamnus spp.). Such actions were conducted with
the intent of benefiting the native prairie plants, but due to a
lack of spatial and temporal data on the extent of the actions, we
were unable to determine their effects on the plant community.
More detailed tracking by land managers can help to inform
future conservation effectiveness studies to illustrate the benefits
of these practices.

Our study required detailed information on seed mixes,
seeding methods, and management actions. Ongoing studies will
benefit from cooperation with landowners and managers who
keep detailed records of management actions and who are open
to sharing their practices with researchers. The protocols we used
were prototypes for the Integrated Monarch Monitoring Program
(IMMP), which monitors monarch habitat and monarch use
throughout the North American breeding range (Cariveau et al.,
2019a). The IMMP is an effective tool for addressing these
questions. We encourage future researchers, landowners, and
conservation practitioners to participate in the IMMP in order
to build a more robust dataset for addressing questions relating
to the effectiveness of their conservation practices. Ultimately,
these data will lead to more efficient and effective conservation
for monarchs and other pollinators.
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