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Abstract The Eastern North American monarch butterfly
population has severely declined over the past decade. The
decreasing availability of larval host plants (milkweeds)
due to the use of herbicide-tolerant crops has been impli-
cated in this decline. Roadsides could provide additional
habitat for monarchs. In this study we document the occur-
rence of milkweed and monarchs on roadsides, and dis-
cuss whether roadsides are appropriate targets for monarch
habitat restoration. We sampled roadside rights-of-way in
the Upper Midwestern U.S. during the summer of 2015 to
estimate the abundance, distribution, and diversity of milk-
weeds and the extent to which monarchs use these milk-
weeds. We then compared monarch densities in roadsides
to other habitat types and modelled immature monarch
densities based on several site characteristics. Our find-
ings suggest that roadsides have conservation potential for
monarchs, especially when other habitat is scarce and if
wildlife-friendly management practices are enacted. Milk-
weeds were found on ~60% of roadside transects. Asclepias
syriaca was the most common of the seven species encoun-
tered, occurring on 97% of transects with milkweed. Imma-
ture monarchs were observed in roadsides, but in lower
densities than other habitats during the same time period.
At lower milkweed densities, immature monarch density
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per unit area is positively correlated with milkweed den-
sity. However, milkweed density weakens as a predictor of
immature monarch density over ~0.6 plants per m?, possi-
bly indicating a saturation effect.
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Introduction

The recent decline of the eastern migratory North Ameri-
can monarch butterfly (Danaus plexippus) population has
been well documented. Annual population estimates in the
overwintering sites in Mexico reveal a decline in the area
occupied by monarchs over the past decade (Brower et al.
2012; Vidal and Rendén-Salinas 2014), albeit with a prom-
ising uptick in the winter of 2015-2016 (World Wildlife
Fund-Mexico 2016). Additionally, measurements during
the breeding season in the Northern U.S. indicate that the
density of monarch eggs per milkweed stem has declined
since 2006 (Stenoien et al. 2015). Overlaid on this decline
is a great deal of year to year variation that appears to be
weather-driven (Zipkin et al. 2012; Saunders et al. 2016).
While many factors could be contributing to declining
monarch numbers, there is strong evidence that the loss of
the host plant resource in the Upper Midwestern U.S. (Mid-
west) has been especially detrimental (Brower et al. 2012;
Pleasants and Oberhauser 2013; Flockhart et al. 2015;
Stenoien et al. 2016).

Monarch larvae consume plants in the genus Ascle-
pias (and a few closely related genera), commonly known
as milkweeds. For much of the twentieth century, the vast
majority of monarchs produced in the eastern U.S. likely
originated from milkweed growing in agricultural fields,
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primarily corn (Zea mays) and soy (Glycine max) (Ober-
hauser et al. 2001). However, since the introduction of
genetically modified herbicide-tolerant row crops (corn and
soybeans), milkweed has virtually disappeared from within
these fields (Hartzler and Buhler 2000; Hartzler 2010;
Pleasants and Oberhauser 2013; Pleasants 2016). Pleas-
ants (2016) estimates a 40% decline in milkweed present
to the Midwest landscape from 1999 to 2014. The major-
ity of these milkweeds were lost from agricultural fields,
which average 3.9 times more monarch eggs than milk-
weeds in non-agricultural habitats, thus the potential mon-
arch support capacity loss has been 71% (Pleasants and
Oberhauser 2013; Pleasants 2016). Projection models esti-
mate that milkweed abundance will continue to decrease
by another 14% within a century, a slower decline than has
been experienced to date, but worrisome enough to predict
a monarch quasi-extinction (<1000 individuals) probability
greater than 5% within the same timeframe (Flockhart et al.
2015). A more recent population viability analysis (Sem-
mens et al. 2016) suggests that the current risk of reaching
a population size that would occupy 0.15 ha at the Mexican
wintering sites, a value less than a quarter of the previous
low, in the next 10 years is 30%.

Due to their collective acreage, roadsides could provide
an important source of monarch habitat if managed prop-
erly (Ries et al. 2001; Mueller and Baum 2014; Hopwood
et al. 2015). They comprise over 10 million acres of land
in the U.S. (Forman et al. 2003) and in many states they are
the largest holdings of public land (Hopwood et al. 2015).
Past studies highlight benefits that roadsides can have on
survival, reproduction, and migration for various butterfly
species in Iowa (Ries et al. 2001; Hopwood et al. 2015),
especially when planted with appropriate host plants and
nectar plants. In particular, studies that have looked spe-
cifically at monarchs suggest that their populations would
benefit from increased abundance and connectivity of
milkweed habitat (Zalucki and Kitching 1982; Zalucki and
Lammers 2010; Zalucki et al. 2015). In highly developed
areas such as agricultural or urban settings, roadsides may
provide the only semi-natural habitat available for milk-
weeds. In fact, Flockhart et al. (2015) estimated that road-
sides account for 10% of the remaining milkweed in the
central U.S. region. Hartzler (2010) documented a 15%
increase in milkweed abundance in Iowa roadsides between
1999 and 2009, perhaps due to a decreased herbicide use
in roadside rights-of-way as part of an Integrated Roadside
Vegetation Management (IRVM) program started in 1988.

Here, we assess the abundance of milkweed plants
along roadside rights-of-way in the Midwest, a region that
appears to contain the most important natal grounds for
eastern migratory North American monarchs (Malcolm
et al. 1993; Wassenaar and Hobson 1998), although these
estimates were made before the advent of herbicide-tolerant
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row crops, and thus the relative importance of the area
to monarchs could have declined as milkweed has disap-
peared from agricultural fields. Despite research on declin-
ing milkweed in agricultural habitats (Pleasants and Ober-
hauser 2013), there is a lack of comprehensive data on the
abundance, diversity, and density of milkweed in roadside
rights-of-way. If roadsides represent a significant source
of habitat, these data could inform ongoing conservation
priorities and practices. We also assess the extent to which
monarchs use roadside habitat for reproduction and larval
development by comparing the productivity of roadsides to
that of other habitat types using citizen science data from
the Monarch Larva Monitoring Project (2016).

Methods
Site selection

We randomly selected 212 roadside sites within a 250 mile
radius of Minneapolis, Minnesota, an area that included
portions of Minnesota, Wisconsin, South Dakota, and
Iowa (Fig. 1). Large urban and heavily forested locations
(including most of northeastern Minnesota and northern
Wisconsin) were excluded from the sampling area because
few milkweeds grow in these ecosystems. Each day, we
selected groups of sites to sample that minimized distance
traveled and maximized the number of sites visited. Driv-
ing direction also changed each week in order to sample all
areas using a temporally balanced method (this was impor-
tant for studying monarch phenology). Surveys were con-
ducted from July 13th to October 15th, 2015. Within each
site, we sampled for milkweed species richness, milkweed
density, monarch egg and larval density, and adult monarch
presence.

Sampling technique

We used a modified interrupted belt transect sampling
method. Throughout this paper, “sites” refer to the ini-
tial randomly generated points and associated five-mile
stretches of road, and “transects” refer to each of the five
associated surveys at 1 mile intervals from the initial point.
In a few cases, the 5 mile-long sites overlapped; when
this occurred, both were sampled since the 50 m transects
(spaced 1 mile apart) never overlapped. Upon arrival at
each site, we first flipped a coin to choose a side of the road
to sample, then ran the transect line from the front of the
car in the direction it was facing. We measured five tran-
sects at 1 mile intervals (stop, survey, drive 1 mile, stop,
survey, etc.); each transect was 50 m long parallel to the
road, and the width extended from the road edge (where
vegetation began growing) to an obvious outer edge barrier
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Fig. 1 Locations of 1045 sampled transects. Each cluster of points represents five transects at a randomly-selected site

(fence, agricultural field, wooded area, lawn edge, etc.). For
transects adjacent to “grassland” (see Table 1), there was
often no clear delineation of where the roadside ended. In
such cases, we measured roadside width to telephone or
electrical poles adjacent to the road. At roadsides adjacent
to “forest,” we measured width to where mature trees were
growing. Thus, the sampling width included the non-for-
est roadside patch as well as 1-3 m into the wooded area.
Plants in these margins were treated equally in our analy-
sis. Roadside width was used to calculate area sampled and
milkweed density (plants/m?), and was also used in mod-
els predicting densities of monarch eggs and larvae. GPS
coordinates were recorded at a single point on the transect,
designated at the north, east, northeast, or southeast end of
each transect.

Roadside description

We recorded the land use/cover of the land adjacent to each
roadside transect (Table 1). Adjacent landcover was not
recorded for 13 sites in the beginning of our study. These
sites were revisited using Google Maps (Google Maps
2016), and all were corn, soy, or forest. Corn and soy were
combined into one category because these crops are often

grown on a rotational basis. Adjacent land types found on
fewer than ten transects (e.g. tomato field, tree farm, lettuce
field) were combined into an “Other” category. If a tran-
sect spanned two different roadside types, its label reflected
the land use that covered most of the transect. Some of the
non-“Town or city” or non-“Lawn” sites included an area
that was mowed, such as crop margins. To account for this,
we recorded if roadsides had been recently mowed (within
2-3 weeks) at the time of observation. Transect locations
that were not safely accessible (e.g. a cliff, area under a
bridge, or on an interstate), were not sampled.

Milkweed sampling

We recorded the total number of milkweed stems in each
transect, referred to from here on as “plants.” A milkweed
stem was counted as a plant if soil separated stems of the
same species. While multiple stems of several species, such
as A. syriaca and A. verticillata may be ramets from a sin-
gle plant (genet), this was impossible to distinguish using
our sampling method. The exception was A. tuberosa, for
which we counted stem clusters that were clearly part of a
single plant, and separately recorded the number of stems
observed. A. verticillata occurred in high densities that
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Table 1 Descriptions of roadside categories, based on land cover of adjacent area

Category Description of land adjacent to roadside Frequency Mean of width
(m) (+SE)
Corn/soy Corn or soybean crop field 449 12.88 (+0.254)*
Forest Wooded area 149 11.00 (20.495)"°
Town or city (non- No public roadside (includes lawn, parking lot, sidewalk, etc.); not sampled because 141 N/A
farm) no public roadside was present or transect appeared to be private property (e.g.
lawn, parking lot, sidewalk, garden)
Lawn Non-urban sites where grass was regularly mown to the road edge, such as the yard 83 N/A
of a farmhouse between agricultural fields
Grassland (or natural ~ Large area of undeveloped and non-cropped grassland 52 11.55 (£0.836)%°
area)
Pasture Fenced area with short grass 44 9.79 («1.09)%°
Water body Lake, marsh/wetland, or riverbank 41 13.34 (10.891)bc
Hay alfalfa Hay alfalfa field 36 12.76 (+£0.897)%¢
Developed Residential or commercial building(s) separated from right-of-way by a clear 32 14.53 (+0.992)*
delineation of public from private, such as a fence
Other Land types not included in above categories (e.g. tomato field, tree farm, lettuce 18 14.17 (£1.12)2®

field)

Roadside width was not recorded for adjacent land types “Town or city” and “Lawn”. Shared alphabetic superscripts denote no significant differ-
ence between widths of roadside type (Tukey pairwise comparisons, P <0.05)

made individual stem counting difficult. Thus, A. verticil-
lata counts were estimated by counting individual stems
in two randomly selected 1 m? quadrats within the larger
patch, and multiplying the mean count for these quadrats
by the area of the patch. Our sampling timeframe captured
milkweed once it was fully vegetated, and ended when A.
syriaca was mostly senesced throughout the Midwest.

Monarch presence

We monitored the first 15 plants encountered, then every
additional fifth plant, for the presence of monarch eggs
and larvae (identified to stadium). Transects wider than
10 m were sampled by walking from road to boundary at
5 m intervals. This allowed us to monitor a smaller swath
of vegetation at a time, and still cover the full transect. The
number of adult monarchs observed during each transect
sampling period was also recorded.

To assess whether roadside milkweeds were used by
monarchs at the same rate as plants in other habitats, we
compared egg and larval densities recorded in this study
to densities measured by Monarch Larva Monitoring Pro-
ject (MLMP) volunteers within the same spatial and tem-
poral boundaries. For more detail on these citizen science
monitoring procedures, see Prysby and Oberhauser (2004).
Briefly, MLMP volunteers monitor sites with milkweed
on a weekly basis, counting the number of eggs and lar-
vae (identified to stadium) observed on a known number of
milkweed plants. Their sites include backyard gardens, nat-
ural areas (such as state parks and other nature preserves),
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pastures, old fields, and other areas that contain milkweed.
Thus, we compared our roadside data to all of the data col-
lected by MLMP volunteers, with exceptions described
below.

All MLMP data were taken from within the same lati-
tudinal and longitudinal bounds as the area we sampled.
We then systematically excluded MLMP data that were
likely to be inaccurate or unrepresentative of the landscape.
MLMP data were excluded if: (1) they were from garden
sites, because gardens tend to have higher per plant mon-
arch densities than other site types (Stenoien et al. 2015)
(30.5% of sites were excluded by this criterion); (2) they
were from roadside sites, because we wanted to compare
our randomly selected roadsides to other types of habitats
(6% of sites were excluded by this criterion); (3) volunteers
observed unrealistic ratios of eggs to larvae throughout
the entire season, indicating that they may not have been
able to accurately discern monarch eggs or that they selec-
tively monitored plants on which they saw late instar lar-
vae, which are often more visible from a distance (4.2%
of sites were excluded by these criteria). Sites monitored
fewer than four times were not excluded based on criterion
three because seasonal fluctuations in immature monarch
density mean that it is common to find more late-instar lar-
vae than early instar larvae or eggs during some parts of
the summer with infrequent monitoring. However, given
that relatively few sites were excluded on the basis of ratios
of eggs to larvae in sites monitored more frequently, we
assumed these volunteers monitored accurately. A total of
239 MLMP sites (37.8% of a possible 633) were excluded
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because of one or a combination of the above criteria. The
final MLMP dataset included 394 sites.

We used £ tests to compare egg and larval per plant den-
sities (combining all larval instars into a single category)
between roadside transects and MLMP sites in Minnesota,
Towa, Wisconsin, and North Dakota during the same week.
For this analysis, each MLMP site visit or roadside transect
was treated as a single monitoring event.

To assess the effect of adjacent habitat type on immature
monarch presence we used linear models and linear mixed
effects models implemented via the Ime4 package (Bates
et al. 2015a) in R 3.2.2 (R Core Team 2014). Two models
were created to assess the effects of several site characteris-
tics on the observed densities of immature monarchs. These
models differed in that one predicted monarchs per m? and
the other predicted monarchs per plant. Monarchs per m?
was calculated as follows:

where M =the number of immature monarchs found on the
transect, p=the number of plants checked for monarchs,
P=the total plants on the transect, and A =the area of the
transect. Monarchs per plant was calculated as %, the same
metric used by the MLMP to measure immature monarch
density (Oberhauser and Prysby 2008; Monarch Larva
Monitoring Project 2016). We used backwards model
selection based on Akaike Information Criterion (AIC) val-
ues (Akaike 2011) to select the best fitting model that still
included adjacent habitat as a predictor for immature mon-
arch presence. Our initial model included adjacent habitat
type, day of year, roadside width, and milkweed density as
linear fixed effects; and site ID as a random effect. The
Ime4 package was initially used, but if site ID was
excluded, we used the Im function (base R) for the remain-
der of the model selection. Milkweed density was treated as

Table 2 Summary of milkweed presence by species

a second order polynomial variable because when plotted
on a scatterplot against immature monarch density, the rela-
tionship appeared to be curvilinear (non-linear, but display-
ing a smooth data trend). We used ggplot2 (Wickham 2009)
in R3.2.2 (R Core Team 2014) to construct this plot. These
data were fitted with a loess line because this fit our data
best. The line was used to visualize what seemed to be a
nonlinear relationship between milkweed and egg density
without any a priori hypotheses, and was not used to
extrapolate any further conclusions. The span parameter in
this figure determines the curve’s sensitivity to variation in
the data. The span we used gave the smoothest line while
still fitting the data. While monarch densities in this region
tend to have two peaks across the summer (Stenoien et al.
2015), our sampling period started at approximately the
time of the second peak, after which monarch egg and lar-
vae densities begin to decline as the population switches
from breeding to migratory behavior. We only included
sites with either A. syriaca or A. incarnata in our models;
other milkweed species were rarely observed (Table 2), and
more difficult to monitor accurately. Roadsides that had
been recently hayed, or where vegetation was taller/thicker
made species like A. verticillata more difficult to detect
given its smaller structure. Additionally, the difference in
biomass is a confounding variable for modelling when den-
sity is measured in plants/m>. To account for this, we did
not include A. verticillata density in our linear models in
which milkweed density was included as a predictor of
monarch density.

We used Chi square tests to determine if the pres-
ence of adult monarchs on a transect was associated with
milkweed presence. We did this for (1) all transects up
to August 20 (when breeding monarchs are likely to be
present, based on egg presence), and (2) all transects
observed from August 20 to September 21 (when primar-
ily non-breeding, migratory monarchs are expected to be
present) (Stenoien et al. 2015).

Total individual # transects where

% transects where

% occurrence in transects with at ~ Median plant density

plants found present present least one milkweed plant (when present, plants/
m?)
A. syriaca 28,406 604 57.8 97.1 0.0274
A. verticillata 17,146 28 2.70 4.50 0.1305
A. incarnata 165 25 2.39 4.02 0.0045
A. ovalifolia 121 1 0.096 0.161 0.1131
A. tuberosa 41 7 0.670 1.13 0.0123
A. sullivantii 12 1 0.096 0.161 0.0085
A. exaltata 1 1 0.096 0.161 0.0017

@ Springer
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Results
Sites sampled

We sampled 1045 roadside transects. Corn/soy was the
most common roadside type observed (Table 1), with 250
transects adjacent to corn fields (23.5% of total), 158 adja-
cent to soybean fields (14.9%), and 41 adjacent to a har-
vested field that had been corn or soy (3.86%). Roadside
width ranged from 2 to 37.2 m, with 68% of roadsides
between 5 and 15 m wide, and an overall mean of 12.47 m
(SE=+0.204). Roadside width varied among the catego-
ries for adjacent land type (Fjo 195, =114.8, P<0.0001),
but the means of all categories were within 5 m of each
other (Table 1).

Milkweed species

We found at least one milkweed plant on 622 of the 1045
transects surveyed (59.5%). We observed seven different
milkweed species, but the majority of the plants were A.
syriaca, which occurred in 57.8% of surveyed transects
and 97.1% of transects with milkweed (Table 2). When
milkweed was present on a transect, density appeared to
vary between species, with A. verticillata and A. ovalifo-
lia growing at higher mean densities. We did not test the
significance of these density differences due to small sam-
ple sizes; only one transect contained A. ovalifolia and 28
had A. verticillata. There was no difference in milkweed

Fig. 2 Frequency distribution 450
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density between different roadside types (F; g59 = 0.112,
P=0.998 [excluding sites with A. verticillata]).

Because A. syriaca was the dominant milkweed in
roadsides surveyed, we present summary statistics on
its density. When present on a transect, A. syriaca den-
sity ranged from 0.000809 to 5.235 plants/m? (Fig. 2,
n=>595, mean=0.0884, SE=+0.0118, median=0.027).
The median A. syriaca density for all transects, including
those without milkweed, was 0.0036 plants/m2 (n=1,062,
mean=0.0508, SE=+0.00681), and 0.011 plants/m2
(n=2838, mean=0.0650, SE=+0.00887) for all transects
with potential habitat (excluding lawn and town/city).

We surveyed three transects with A. syriaca milkweed
densities greater than 5 SDs from the mean for all tran-
sects. These were considered outliers, and were removed
from further analysis. These densities were: 5.24 plants/
m? (23.8 SDs from mean), 3.56 plants/m2 (15.8 SDs from
mean), 1.37 plants/m2 (5.92 SDs from mean). All other
densities observed were within 4 SDs of the mean.

Monarch density and presence

Monarch eggs and larvae were observed during every
week from July 13th to September 9th (Fig. 3). We con-
tinued sampling for monarchs past this date, in case
fresh milkweed growth promoted by mowing resulted
in late-season laying, but no more eggs were found.
Using September 9th as a cut-off, monarch eggs and
larvae were found on 23.5% of our surveys on transects
with milkweed plants (91 of 387 sites). Combining all

Density range of A.syriaca (plants/m?)
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Fig. 3 Immature monarch 035
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Our backwards model selection started using the Ime4
package (Bates et al. 2015b), where site ID was treated as
a random variable. Site ID was eliminated based on AIC
value and then we switched to Im for the remainder of the
model selection process. Following the full backwards
selection, roadside width and site ID were excluded from
the final model testing factors that affect immature mon-
arch density on a per area basis (Table 3a). Monarchs per
m? decreased with day of year as the population shifted
from breeding to migratory behaviors. Sites adjacent to
forest had significantly higher and sites adjacent to corn/
soy had marginally higher densities of immature monarchs
than sites adjacent to grassland. Monarchs per m* was
positively affected by milkweed density at low and moder-
ate milkweed densities, but at higher densities, the overall
effect weakened or became negative, as evidenced by the
negative coefficient for squared milkweed density. These
coefficients were used to generate a point estimate of milk-
weed density at which the density of immature monarchs
is maximized. This point estimate was determined to be
1.40 milkweeds/m?. Furthermore, when considered in iso-
lation of other predictors, milkweed density appears to have

a non-linear relationship with immature monarch density
per unit area (Fig. 4). At low and medium milkweed den-
sities (0 to ~0.6 milkweed/m?) immature monarch density
increased linearly with milkweed density, but as milkweed
densities increased above ~0.6 milkweed/m?, immature
monarch density remained constant or decreased (although
we observed few sites with milkweed densities at the high
end of the range we modeled).

Backward selection of a model predicting immature
monarchs per plant (Table 3b) excluded roadside width,
site ID, and milkweed density as predictors (we used the
same combination of Ime4 and Im as described above).
This model showed that sites adjacent to forests had more
immature monarchs per plant, and that monarch per plant
density decreased with day of year, but no other predictors
were statistically significant.

The presence of adult monarchs on roadsides was asso-
ciated with the presence of milkweed during the breeding
period, but not during the migratory period. From July 20 to
August 20, adult monarchs were more likely to be observed
in roadside transects with milkweed. Adults were seen in
49 of 240 sites with milkweed, and 6 of 147 sites without

Table 3 Results of model

o 5 Estimate SE t value Pr (>11)

predicting monarchs per m” (A)

and results of model predicting (AP

monarchs per plant by adjacent Intercept* 0.0214 0.00412 5.192 <0.0001

land type (B)
Milkweeds/m>* 0.0708 0.0105 6.727 <0.0001
(Milkweeds/m?)>* —-0.0253 0.0102 —2.468 0.0139
Adjacent: corn/soy 0.00293 0.00166 1.769 0.0774
Adjacent: developed 0.00368 0.00263 1.399 0.162
Adjacent: forest* 0.00610 0.00187 3.264 0.00116
Adjacent: hay alfalfa 0.00236 0.00250 0.943 0.346
Adjacent: other 0.00136 0.00343 0.396 0.692
Adjacent: pasture 0.00296 0.00242 1.224 0.221
Adjacent: water body —0.0000143 0.00241 0.006 0.995
Day of year* —0.0000963 0.0000177 —5.438 <0.0001

B)

Intercept™® 0.382 0.0520 7.346 <0.0001
Adjacent: corn/soy 0.00688 0.0213 0.322 0.747
Adjacent: developed 0.0297 0.0339 0.876 0.381
Adjacent: forest* 0.0508 0.0241 2.106 0.0356
Adjacent: hay alfalfa 0.0223 0.0320 0.698 0.486
Adjacent: other 0.000219 0.0442 0.005 0.996
Adjacent: pasture —0.00351 0.0313 —0.112 0911
Adjacent: water body —0.0120 0.0307 —0.390 0.696
Day of year* —0.00158 0.000223 —17.083 <0.0001

*Predictors significant at a=0.05

*AIC global model =-3660.8, AIC, best model=—3779.6. The intercept represents Adjacent: Grassland
because this site type had the lowest mean egg densities. Milkweed density and week were included in the
model as continuous variables, with adjacent land types as categorical factors

bAIC global model =—656.2, AIC, best model =—-732.0
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milkweed (;(12 =19.95, df.=1, n=387, P<0.0001) This
was not the case from August 20 to Sept 21, when adults
were seen in 16 of 204 sites with milkweed, and 6 of 131
sites without milkweed; (;(12 = 1.38, n=335, P=0.239).

Discussion

Monarchs use milkweed growing along roadsides as breed-
ing habitat. The distribution and abundance of milkweeds
in our randomly surveyed sites suggests that these habitats
are important for monarchs, but that roadside milkweeds
have lower per plant use than milkweeds in other habitats.
Further augmentation and management practices that favor
the continued presence of milkweeds and other desirable
habitat features such as nectar plants are likely to benefit
monarchs.

Milkweed occurred on 59.5% of roadsides within our
sampling area. We found seven species, but only A. syri-
aca was frequently observed. Three species (A. exaltata,
A. ovalifolia, A. sullivantii) were found at only one site
each, and three (A. verticillata, A. incarnata, A. tuberosa)
at fewer than 30 sites each. It should be noted that A. sulli-
vantii is considered threatened in Minnesota (USDA 2016).
The success of A. syriaca in roadside sites relative to other
species suggests that it may be best suited to survival in
roadsides, and thus a good candidate for inclusion in res-
toration efforts aimed at adding milkweed plants into road-
side vegetation. However, the fact that it is already present
in most roadside transects, at least in the Midwest, suggests
that consideration be given to effective management of
existing resources rather than planting new roadside habi-
tat. For example, roadsides already containing milkweed
could be mowed at times that limit monarch egg and larval
mortality, and the addition of nectar sources should be con-
sidered. A study in Germany and Switzerland concluded
that there was a positive correlation between nectar plant
abundance and increased fecundity in the map butterfly
(Araschnia levana) (Mevi-Schutz and Erhardt 2005). Fur-
ther research is needed to determine how monarchs respond
to increased nectar plant abundance in restored habitats.

Although we did find comparatively high overall den-
sities of A. verticillata, these were skewed by very high
densities in a few scattered patches. This finding suggests
that A. verticillata can do well on roadsides, and may be
an appropriate species to consider in new plantings. Ascle-
pias ovalifolia grew at a very high density in the one site
in which we found it, so it may also be a candidate worthy
of further consideration for roadside restorations. However,
these species could have been found at few sites because
they have highly specific habitat requirements.

The density of milkweed plants varied substantially
across the sampled transects, both within and between

species. For example, at one transect we found 1231 A.
syriaca plants, and on the very next transect in the site (one
mile down the road), we found zero plants in what appeared
to be equally suitable habitat. The high variance in milk-
weed density, illustrated in Table 3, reflects its patchy dis-
tribution across the landscape.

The variability of milkweed presence and density calls
for a multi-faceted approach to improving roadside habi-
tat for monarchs. Roadsides that contain milkweed should
be managed to benefit monarch presence (mowing sched-
ule, inclusion of nectar plants, minimized risk of pesticide
exposure). In areas devoid of milkweed, milkweed should
be included in seed mixes or plug planting, and then man-
aged accordingly.

We recorded if sites we surveyed had been recently
mowed, but because we only visited sites once, these
data do not include information on roadside mowing fre-
quency or succession after mowing events. As such, we do
not report on the frequency with which our sites had been
recently mowed. Studies on the effect of early-season mow-
ing in New York, and the Midwest have found that mowing
conducted around July Ist or July 24th actually sustained
suitable egg-laying habitat for longer than naturally grown
habitat (Baum and Mueller 2015; Fischer et al. 2015).
Female monarchs preferentially oviposit on fresh milk-
weed growth, which occurs after mowing, but it is not yet
clear whether the number of juveniles lost to mowing may
be offset by increased egg densities due to enhanced egg-
laying (Fischer et al. 2015). Further research is needed to
determine how effective Integrated Roadside Vegetation
Management (IRVM) programs can be towards improving
roadside habitat quality for monarchs.

Sites monitored by MLMP volunteers had significantly
higher per plant monarch densities than roadside habitats
throughout the summer. However, this does not mean that
roadsides are not an important source of habitat for mon-
archs. The presence of 5th instar larvae on roadside milk-
weed plants indicates that monarch caterpillars are able to
develop within the confines of roadsides. In fact, imma-
ture monarchs were significantly more abundant on road-
sides adjacent to forest, with a trend toward higher mon-
arch abundances adjacent to corn/soy sites. These two land
cover categories are likely to have less monarch habitat
available than many of the other categories we measured,
which suggests that monarchs use roadsides more when
other habitat is not available. Testing this possibility will
require more detailed landscape-level analyses and a site
selection process designed to include more equal represen-
tation of adjacent land categories.

Although our research was not focused on adult monarch
behavior, during the time that egg laying took place, there
was a significant positive correlation between adult occur-
rence and milkweed presence. This correlation disappeared
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in the late summer/early fall; in fact, we saw few monarchs
along roadsides while monitoring during the fall migration.
The fact that adult monarchs are more likely to be found
in habitats containing milkweeds than other habitats dur-
ing the breeding period, suggests that breeding monarchs
are able to locate isolated milkweed patches in roadsides. It
should be noted that we spent more time in transects with
milkweed, and did not control for unequal sampling times
in this analysis; thus, the value of roadsides to adult mon-
archs needs further study. Furthermore, a fruitful avenue
for further research will be to document the current value
of roadsides with respect to adult monarch food sources
and the potential for increasing this value.

Monarch egg and larval density had a complex relation-
ship with milkweed density. We analyzed egg and larval
density in two ways: monarchs per plant and monarch per
m?. The number of monarchs per plant was not affected by
plant density. However, monarchs per m?> had an asymp-
totic or parabolic relationship with milkweed density that
suggests an upper threshold or decline in egg and larval
density when milkweed density was high (~0.6 milkweeds/
m? (Fig. 4), although this relationship is dependent on other
features of the habitat). Thus, the addition of milkweed to
roadsides (and potentially other habitat) appears to have an
upper limit, beyond which more milkweed does not lead
to more monarchs per unit area. There are several possible
explanations for this, including potential density depend-
ent effects on immature survival, and female preference for
laying eggs over a wider area rather than in a single high-
density milkweed patch. For management, this could mean
that low density, high frequency milkweed patches are
more beneficial than high density, low frequency patches. It
should be noted that these patterns may not apply to milk-
weed densities beyond those used to generate our model,
and that more complicated non-linear relationships may
underlie these patterns.

We suggest optimism for the conservation potential of
roadsides, especially when other habitat is scarce and wild-
life-friendly roadside management practices are in place.
Conservation efforts on roadside habitat require special
consideration, because of the proximity to dangers from the
road and surrounding landscape. Pesticide contamination
from nearby agricultural fields (Krischik et al. 2007; Hop-
wood et al. 2015; Mogren and Lundgren 2016; Xu et al.
2016), mortality due to traffic (Mckenna et al. 2001; Ries
et al. 2001), effects of runoff from road salt application
(Snell-Rood et al. 2014), heavy metal build-up from brake
pads (Lagerwerff and Specht 1970; Jaradat and Momani
1999), and vegetation management practices have all been
examined as threats to pollinators in roadside habitats (Ries
et al. 2001; Hopwood et al. 2015). Because we visited each
site only once, we cannot estimate monarch survival, and
thus cannot provide insights into the magnitude of these

@ Springer

risks. Future studies that include survival data could offer a
better picture of how certain roadside types affect monarch
production, particularly in terms of risks specific to adja-
cent land types such as pesticide drift or excessive mow-
ing. Nonetheless, our results demonstrate that roadsides can
support both milkweed and immature monarchs while also
attracting breeding monarchs when milkweeds are present.
Even if productivity is lower in roadsides than other types
of sites, the overall contribution is large now and has even
more potential with wise management of this high-acreage
habitat resource.
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