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ABSTRACT There is compelling evidence that numbers of eastern North American monarchs are de-
clining, as documented by the area they occupy in their Mexican overwintering grounds. Decreasing
availability of breeding habitat has been implicated in this decline. However, it is difficult to document
population size during the breeding phase of the annual cycle because monarchs are dispersed over a
large area, and eggs and larvae are only monitored in remaining milkweed patches. We assess monarch
egg densities on a per host plant basis from 1997 to 2014, using data from the Monarch Larva Monitoring
Project (MLMP), a citizen science program. We analyzed the effects of habitat characteristics and overall
trends in monarch egg densities within and between years. Gardens and sites with fewer milkweed plants
tended to have higher egg densities, and natural areas tended to have lower densities. While there was a
great deal of year-to-year variation in monarch egg densities, MLMP data document declining densities
after 2006. Finally, breeding area egg density is a significant positive predictor of the area occupied in the
Mexican overwintering grounds. Additionally, the area planted in herbicide-tolerant crops is a significant
negative predictor of the area occupied in the Mexican overwintering grounds. Our findings suggest that
monarchs are not compensating for the loss of breeding habitat by laying more eggs in the remaining
habitat. We conclude that declining egg densities over the past eight years could indicate a lack of critical
mass needed to ensure that monarchs find remaining habitat.
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The annual migratory cycle of eastern North American
monarchs includes wintering in central Mexico and
breeding in the eastern half of the United States and
southern Canada. Most adults that emerge after mid-
August are in a state of reproductive diapause (Herman
1985, Goehring and Oberhauser 2002), and migrate
from the northern part of their breeding range to their
Mexican wintering grounds. In the spring, these same
individuals migrate north and reproduce in northern
Mexico and the southeastern United States. Their off-
spring move north and two to three more generations
are produced before the fall migration. During this an-
nual cycle, monarch larvae feed on a variety of host
plants, mainly milkweed in the genus Asclepias. Most
monarchs wintering in Mexico have fed on common
milkweed, Asclepias syriaca (Malcolm et al. 1993), and
have originated from the Upper Midwestern United
States and southern Ontario (Wassenaar and Hobson
1998).

Monarchs use milkweed plants in a variety of habi-
tats, from urban gardens to pristine prairies to highly
disturbed areas such as agricultural fields. However,
surprisingly little is known about their relative use of
different habitat types. Oberhauser et al. (2001) and
Pleasants and Oberhauser (2013) found higher per
plant densities of monarch eggs in agricultural than
natural areas. Other authors have documented impacts
of management regimes on monarch egg densities;
milkweed plants that have resprouted after mowing
(Fischer et al. 2015, Baum and Mueller 2015) or burn-
ing (Baum and Sharber 2012, Baum and Mueller 2015)
support higher egg densities. We know that agricultural
fields contained a significant portion of the milkweeds
on the Midwest landscape in 1999 (Taylor and Shields
1999), and a study conducted in 2000 (Oberhauser
et al. 2001) estimated that the vast majority of mon-
archs in the Midwestern United States originated from
agricultural fields.

Recent evidence suggests that the eastern migratory
monarch (Danaus plexippus [Lepidoptera: Nymphali-
dae]) population is declining, at least as documented by
abundance in their Mexican overwintering sites
(Brower et al. 2012, Rendón-Salinas and Tavera-Alonso
2014, Vidal and Rendón-Salinas 2014). While many fac-
tors could be contributing to this decline, increasing
use of herbicide-tolerant, genetically modified crops
and the resultant loss of monarch host plants, mainly
A. syriaca (common milkweed), in crop fields in the
Upper Midwestern United States has been strongly
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implicated. Before the advent of these crops, it is likely
that the vast majority of monarchs that migrated to
Mexico each fall originated in corn and soybean fields
(Oberhauser et al. 2001), but the milkweed in these
fields has been almost completely eliminated as the
adoption of herbicide-tolerant crops has approached
100% (Fig. 1).

The contention that the loss of milkweed in agricul-
tural crops is driving the decline in monarch numbers
is based on analyses by Pleasants and Oberhauser
(2013) and Pleasants (2015), who estimated monarch
production using the number of eggs per milkweed,
the density of milkweeds in different habitats, and the
area of available habitat. They showed that the area oc-
cupied by wintering monarchs is strongly correlated
with these estimates of monarch production. However,
monarchs do not appear to be milkweed limited; they
rarely use all of the host plants in a patch (defined as a
discrete area that contains milkweed and nectar plants
required for monarch survival and reproduction). Thus,
understanding trends in monarch numbers will require
understanding how monarchs use the remaining breed-
ing habitat.

The number of adult monarchs produced each sum-
mer will depend on the vital rates of fecundity and sur-
vival. Many factors could affect both of these rates,
such as interactions with predators and parasitoids such
as interactions with predators and parasitoids (reviewed
by Oberhauser et al. 2015), disease (Altizer and Ober-
hauser 1999; Satterfield et al. 2015), abiotic conditions
that affect larval mortality or adult lifespan, and

migration success (Brower et al. 2015, Nail and Ober-
hauser 2015). The analysis presented here is relevant to
our understanding of how habitat availability, which we
know is declining, might be expected to affect fecundity
and survival. If females have difficulty finding the re-
maining habitat patches with milkweed, they may have
lower realized fecundity; this possibility was modeled
by Zalucki and Lammers (2010), who suggested that
monarch fecundity could be reduced by !20% when
milkweed in the “matrix” was removed. In this case,
the matrix refers to the land between habitat patches.
In most of the monarch’s breeding range, the matrix is
composed of agricultural fields. The matrix may contain
some isolated milkweed plants, but no milkweeds ag-
gregated into patches. The agricultural matrix, for mon-
archs, is now largely devoid of host plants due to the
increasing use of herbicide-tolerant crops (Fig. 1).

The ability of ovipositing females to find the remain-
ing breeding habitat patches (their dispersal success;
Conradt et al. 2003, Merckx and Van Dyck 2007,
Zalucki and Lammers 2010) will affect the degree to
which the loss of agricultural milkweed drives monarch
abundance. Dispersal success will be manifested in egg
density in the remaining habitats, and will affect overall
female fecundity in ways that depend on their propen-
sity to stay in habitat patches, their ability to find habi-
tat patches and isolated plants, the proportion of the
environment that has suitable habitat, and the availabil-
ity of host plants in the matrix (Zalucki and Lammers
2010).

Strong search and flight abilities could allow mon-
archs to compensate for breeding habitat loss, as the
milkweed within patches rarely appears to be a limiting
resource. Indeed, several researchers have shown that
monarchs do leave patches (their patch edges are effec-
tively “permeable”; Zalucki and Kitching 1982a, Ries
and Debinski 2001), and, when it is available, use milk-
weed in the matrix (Zalucki 1981, Zalucki and Kitching
1982b, Oberhauser et al. 2001). In fact, egg and larval
survival rates on isolated, matrix milkweed plants have
been documented in multiple studies to be higher than
they are in milkweed patches (Zalucki 1981; Zalucki
and Kitching 1982 a,b,c; Oberhauser et al. 2001;
Zalucki and Rochester 2004; Pleasants and Oberhauser
2013).

Here, we assess egg densities in remaining milkweed
patches from 1997 to 2014, which includes the period
during which milkweed in corn and soybean fields de-
clined from being a main source of monarch recruit-
ment (Oberhauser et al. 2001) to having virtually no
milkweed (Fig. 1), and overwintering monarch abun-
dance declined precipitously (Brower et al. 2012,
Rendón-Salinas and Tavera-Alonso 2014, Vidal and
Rendón-Salinas 2014). While we know that overall
monarch numbers are declining, we do not know how
the densities in the remaining breeding habitat will re-
spond to this decline. There are three possibilities.
First, if per-plant egg and larva densities mirror the de-
cline in overall habitat abundance, ovipositing females
are finding and using the remaining habitat in the same
proportion over time, relative to their abundance. This
would suggest that they are unable to navigate the
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Fig. 1. The percent of soybean and corn acreage
planted with genetically modified, herbicide-tolerant (i.e.
glyphosate resistant, also known as Roundup Ready) crops.
Corn acreage includes both herbicide-tolerant only and
“stacked” (containing both Bt and herbicide-tolerant genes)
crops. Data before 2000 were from James (2001) and from
2000 on from U.S. Department of Agriculture–National
Agricultural Statistics Service (USDA NASS; 2014). The
curve labeled “mean adoption” represents the percent of the
total acreage planted to corn and soybeans that was herbicide
tolerant in any given year (assuming equal amounts of corn
and soy on the landscape), and the curve labeled “ongoing
soy effect” assumes that milkweed did not grow in corn fields
in year t if the field had been planted in herbicide-tolerant
soy in year t"1.
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now-empty matrix effectively. Second, relatively con-
stant monarch egg densities in the remaining habitat
would suggest that ovipositing females are searching
for, finding, and using the remaining breeding habitat
at higher rates of habitat use per female than before,
but perhaps avoiding overcrowding by leaving these
habitats after laying a certain number of eggs. Third,
increasing densities would suggest that ovipositing fe-
males are searching for, finding, and using the remain-
ing habitat at even higher rates than suggested in
scenario two, and partially compensating for the de-
creased habitat availability by laying more eggs per
milkweed. However, if the overall monarch population
continues to decline, initially constant or growing local
densities (scenarios two or three) could be followed by
declining densities, if the population reaches a point at
which it is so low that no or very few females find some
of the remaining patches. Here, our goals are to 1) as-
sess the effects of site characteristics on monarch egg
densities, addressing the lack of information on the
productivity of different habitats, and 2) report on
changes in egg densities over the past 18 yr, to docu-
ment monarch responses to the loss of matrix milk-
weed. We also assess the relative importance of egg
densities in predicting the overwintering colony size.
We used data from the Monarch Larva Monitoring
Project (MLMP), a citizen science program that began
in 1997 (MLMP 2015). We do not assess the impor-
tance of other factors that are likely to be contributing
to declining monarch numbers, such as climate, defor-
estation in the Mexican overwintering sites, or increases
in pathogen prevalence.

Materials and Methods

Monarch Larva Monitoring Project. We used
data on the number of monarch eggs per milkweed
(Asclepias spp.) plant from the MLMP to assess mon-
arch production within breeding habitat patches from
1997 to 2014 (note that we refer to milkweed stems as
plants, even though, in the case of many Asclepias spe-
cies, a single genetic plant (genet) can have many stems
(ramets) over a large area). MLMP volunteers are
located throughout the monarch breeding range
(Fig. 2) and monitor sites of their choosing weekly dur-
ing the time that milkweed is growing, reporting the
number of plants observed and the number of eggs
and larvae (identified to instar) found on these plants.
They also report several characteristics of the site and
the area surrounding it (for more detail on monitoring
procedures, see Prysby and Oberhauser 2004, MLMP
2015). Volunteer-reported characteristics that are rele-
vant to this analysis include whether or not the milk-
weed at the site was planted (vs. growing naturally), the
type of site in which the milkweed is found, and the
surrounding area. Both site type and surrounding area
are chosen from drop-down menus (that include
“other” categories). We divided sites into six types: gar-
dens, natural areas (reported by volunteers as prairies,
nature preserves, state parks, and state natural areas),
roadsides, crop-based agriculture, noncrop-based agri-
culture (reported by volunteers as pastures, old fields,

and Conservation Reserve Program (CRP) land), and
other habitat types (city parks, golf courses, abandoned
lots, backyards, undescribed sites, etc.). The surround-
ing area was classified as undisturbed, agricultural,
small town, suburban, or urban.

We know from communication with volunteers that
most of them with smaller sites (<!100 milkweed
plants) monitor all of the plants at their sites. Those
with larger sites, such as CRP fields or native prairies,
monitor a randomly chosen subset, usually at least 100,
but often up to 400–500 plants. While it is possible that
observers might monitor smaller sites with higher levels
of accuracy, our training materials (online written direc-
tions, online video tutorials, in-person trainings, and
frequent communication from project managers)
include directions on the importance of and methods
for assessing each plant. We have also watched many
volunteers in the field, and verify the patterns from the
volunteer data by monitoring several sites of different
types ourselves.

Assessing Egg Density. Milkweed densities and
species vary across regions and seasons in ways that are
likely to affect monarch egg and larval density. To control
for these factors in our analysis of the effects of site char-
acteristics and time, we assigned sites to regions that are
relevant to monarch biology (Fig. 2). For each site in a
particular year, we determined the maximum egg density
(eggs per plant) observed during 2-mo periods which
correspond to different monarch generations: March–
April (production of first generation in the southern
United States, offspring of monarchs returning from
their Mexican wintering sites), May–June (production of
second generation, in the northern United States and
southern Canada), July–August (production of the third–
fourth generation, in the northern United States and
southern Canada), and September–October (production
of a fourth–fifth generation in the mid- and southern
United States that occurs during the fall migration). The
correspondence between these time periods and genera-
tions is not perfect, but we are confident that the time
periods capture the peak egg densities in each region.
By the end of summer and early fall, generations
become less distinct, as monarch adults lay eggs over a
2- to 4-wk period and the time to develop from egg to
adult is about a month (thus we refer to the July–August
and September–October time periods as producing third
and fourth, and fourth and fifth generations, respec-
tively). Note that only a portion of the population repro-
duces during the final time period. Most individuals are
in a state of reproductive diapause, and migrate to
Mexico, where they stay until the following spring, when
they break diapause and migrate north to reproduce
(Herman 1981; Malcolm et al. 1993; Goehring and
Oberhauser 2002, 2004; Batalden and Oberhauser
2015).

We used the maximum egg density at a given site
during a given 2-mo period as a metric of egg produc-
tion rather than the cumulative egg density over all
sampling times because not all observers consistently
visited their site every week. This metric thus repre-
sents relative numbers of eggs produced on the plants
the volunteers monitored, and not the total number
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that were produced during the time period. It reflects
potential monarch production; actual production will
be determined by the number of adults that come from
those eggs (Nail et al. 2015), which will depend on a
variety of factors that affect survival.

We excluded data from sites in any given 2-mo
period for several reasons: 1) if the average number of
milkweeds monitored was 10 or fewer, because sites
with very few milkweed plants often contain abnor-
mally high egg densities; 2) if there were fewer than
four sampling events, to increase the likelihood that the
volunteer monitored during the week of peak monarch
abundance; 3) if volunteers observed more early-instar
larvae (either first or second) than eggs because these
volunteers may not have been able to discern monarch
eggs accurately; 4) if more fifth-instar caterpillars than
eggs were reported, which could indicate that they
were selectively monitoring plants on which they saw
caterpillars (fifth instars are often visible from a dis-
tance); 5) if they were not in the eastern United States,
because our focus was the eastern migratory popula-
tion; 6) if they were in southern Florida, because
observed monarchs could be part of a nonmigratory
population; and 7) if observations occurred between
November and February, because we were focusing on
the migratory population. We termed this process “data
cleaning.”

Analysis. For all models of the factors that affect
egg density, we used generalized linear mixed models

implemented via the lme4 package (Bates et al. 2015)
in R 3.1.2 (R Core Team 2014). We used backwards
selection and Akaike information criterion (AIC) scores
to choose the top supported comparable models. To
assess the effects of site characteristics, our global
model included site (individual sites monitored by one
person or team) and year as random factors. For mod-
els that included sites from all regions, we controlled
for region or season effects using single region and
season random factors (e.g., north-central and July–
August). Whether or not the site was planted, the site
type, the surrounding area, and the average number of
milkweeds sampled (a proxy for the number of plants
in the site) were fixed effects.

To assess the effects of year, we used a second linear
mixed-effects model with site and region and year com-
binations as random effects and year as a fixed effect.
We also included the same fixed effects variables as in
the best model, described above. We ran this model
three times, twice using year as a linear term, and once
as a categorical variable. The linear models used data
from 1997–2006 and 2007–2014, respectively. This
breakpoint was determined by a piecewise linear model
(R package SiZer, Sonderegger 2015) of year on egg
density, which estimates the point at which a change in
slope occurred. We used these partial time periods to
determine if the effect of time changed in concert with
a strong pattern of decline in the wintering sites. We
also used year as a categorical variable to compare

Fig. 2. Locations of regions, with all MLMP sites monitored through 2014. The southern regions are the first to be
occupied by monarchs returning from their Mexican wintering sites; the middle regions are likely reached by some returning
migrants, as well as first-generation individuals flying north; and the northern regions represent summer breeding locations.
There is little summer breeding in the southern and middle regions, except in areas where milkweed (usually nonnative) is
maintained in gardens. The east–west dividing lines represent two fairly distinct migratory pathways (Howard and Davis 2009),
roughly defined by the Appalachian Mountains.
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model fit and see effects of individual years on mon-
arch density.

Because the milkweed species present in monitoring
sites vary with regions, and monarchs are likely to use
different host plant species differently, it is difficult to
use MLMP data to compare regional monarch den-
sities. However, the vast majority of sites in the two
northern regions contain A. syriaca (this species is not
present in most southern sites). Therefore, to assess the
effects of site characteristics while better controlling for
milkweed species, and to compare egg densities across
seasons and regions, we modeled egg density using
only data from the north-central and north-east
regions.

Finally, we used a multiple regression to assess the
relative importance of monarch egg density on over-
wintering population size. We regressed overwintering
area against mean egg density in the north-central
region during July and August (the region and time
period which are known to be the most important con-
tributors to the overwintering population) and the
adoption rate of herbicide-tolerant crops (as a proxy for
the amount of habitat available, Pleasants and Ober-
hauser 2013). We ran these models using two assump-
tions about the effects of glyphosate on milkweed in
row crop fields (see Fig. 1): First, assuming that there
is no carry-over effect from one year to the next, and
second, assuming that if glyphosate is used on a field
one year, milkweed is not present the following year.

Results

Outcome of “Data Cleaning”. Initially, our data-
set included 1,309 sites across the United States
(Fig. 2), which had been monitored from 1 to 18 yr.

After removing observations based on the previously
described criteria, we used data from 572 sites, with
363 sites in the north-central, 73 in the north-east, 33
in the mid-central, 49 in the mid-east, 54 in the south-
central, and 0 in the south-east regions. Sites were
removed from the analysis if they had unrealistic ratios
of immature monarchs (29% of the original 1,309 sites),
were monitored too few times (27%), or included too
few milkweeds (13%; many sites were disqualified for
multiple reasons). One additional site-year-time period
sample was removed because it was an extreme outlier
(egg density z-score¼ 27.95). The number of sites
included in our analysis increased for the first seven
years of the project, and then leveled off (Fig. 3). There
was some variation in the ratio of different site types
over time, most notably large numbers of agricultural
and noncrop agricultural sites included in 2000, when
we were studying the potential impacts of Bt corn on
monarchs with several colleagues throughout the
United States and Canada (Oberhauser et al. 2001).

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Year

setislatoT
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Garden
Natural
NonCropAg 
Other
Roadside

Fig. 3. Site types monitored by MLMP volunteers. The large representation of agricultural and noncrop agricultural sites
in 2000 is due to data collection for a large-scale analysis of the potential effects of Bt corn on monarchs (Oberhauser et al.
2001).

Table 1. Effects of the average number of milkweed plants
monitored and site type on monarch egg density (see text for full
descriptions of all factors)

Parameter Estimate SE t value

Intercept 0.372 0.115808116 3.21
AvgMwds "0.00054 0.000112 "4.81
Type: garden 0.178 0.0896 1.99
Type: natural "0.0880 0.0869 "1.01

Random effects included site and year (both as factors), and region
and season combination (see text). AIC, global model¼ 3456. AIC,
best model (full output shown)¼ 3424. The intercept represents crop-
based agricultural sites. Only levels of predictors with t>j1j are illus-
trated. For full model output, see Table S1.

2015 STENOIEN ET AL.: MONARCH EGG DENSITIES 5



Effects of Site Characteristics. Several site char-
acteristics affected per plant monarch egg density
(Table 1). Sites in which fewer plants were monitored
(i.e., smaller sites) tended to have more eggs per plant
(see negative effect of Avg. Milkweeds). Gardens
tended to have more eggs per milkweed and natural

areas fewer. Whether or not the site was planted and
the surrounding area were not included in the best
model.

Changes in Egg Density Over Time. Egg den-
sities over the time of our study are illustrated in
Fig. 4a for the first and second generations of the year
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Fig. 4. Mean egg densities per milkweed plant in the (a) spring (eggs of the returning migrants in the south-central region
and the first generation in the north-central region), (b) summer (eggs of the second and third generation in the north-central
and north-east regions), and (c) fall (fall migrants in the south). Error bars¼ s.e.m.; note that some error bars are truncated on
our vertical scale. We only illustrate time series data in Figure 4 for region and month combinations for which >40 sites met
our inclusion criteria over the 18-yr time period, although all sites were included in the analyses shown in Tables 1 and 2.
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(in the south-central and north-central regions), Fig. 4b
for the third and fourth generations (in the north-east
and north-central regions), and Fig. 4c for the fourth
and fifth generation (south-central region). The piece-
wise linear model of year on egg density estimated a
change in slope from positive to negative at the year
2007.0. Based on 1,000 bootstrap samples, the 95%
confidence interval (CI) for the change in slope was
2006.3 to 2012.0. The 95% CI for the slope from the
earlier portion of the study was 0.009 to 0.044, while
the 95% CI for the slope from the later portion of the
study was "0.031 to "0.201. We used this empirically
derived breakpoint to inform our mixed-effect models
of changes in egg density by subsetting the data into
portions including 1997–2006 and 2007–2014. The
effects of the number of milkweeds and garden sites
were similar in both time periods (Table 2—a and b).
However, the effect of year as a linear variable switched
from positive during the earlier period (0.0105,
t¼ 1.38) to negative during the later period ("0.454,
t¼"5.74). When comparing across all years of study,
the model with year as a factor (Table 2—c) was a bet-
ter predictor of egg density than a model with year as a
linear term (not shown; AIC¼ 3472, year as a factor;
vs. AIC¼ 3516, year as a linear term), reflecting the
large year-to-year variation in egg densities. Egg den-
sities tended to be high in 2007, and low in 1998, 2004,
2011, 2013, and 2014.

In order to understand the effects of site characteris-
tics, regional differences, and seasonality, while control-
ling for milkweed species and year, we modeled egg

density using only data from the north-central and
north-east regions, where the vast majority of milkweed
plants monitored are A. syriaca. Sites in which more
milkweed plants were monitored tended to have lower
egg densities (Table 3). Egg densities were higher in
the north-central than the north-east region, and in
May–June (although the latter effect was stronger in
the north-central region; note the negative effect of the
interaction between the north-east region and May–
June). Finally, sites described as natural tended to have
depressed egg densities, while those sites in or near
small towns had slightly elevated egg densities.

In a multiple regression testing the effects of the
overall prevalence of herbicide-tolerant crops (Fig. 1)
and the mean maximum egg density in the north-cen-
tral region during July–August (the main source of win-
tering monarchs, Fig. 4b) on the overwintering colony
area, both predictors are significant. The percent of
crop area being planted in herbicide-tolerant crops had
a negative effect, and egg density a positive effect on
area occupied (Table 4). The inclusion of both predic-
tors produced more accurate models than either pre-
dictor alone, and the average crop area planted in
herbicide-tolerant corn and soy was a better predictor
than the total crop area expected to be affected if fields
treated with herbicide in year t"1 remain devoid of
milkweeds during year t.

Discussion

There is a great deal of current public interest in
monarch conservation, evidenced, for example, by the
focus on this topic at the summit of North AmericanTable 2. Effects of the average number of milkweed plants

monitored, site type, and year on monarch egg density

Parameter Estimate SE t value

a. Year as a linear predictor, 1997–2006
Intercept "20.5 15.1 "1.35
Avg. milkweeds "0.00052 0.00014 "3.81
Type: garden 0.260 0.103 2.53
Type: natural "0.119 0.0924 "1.29
Year 0.0105 0.00755 1.38
b. Year as a linear predictor, 2007–2014
Intercept 91.4 15.9 5.76
Avg. milkweeds "0.000549 0.000188 "2.93
Type: garden 0.255 0.176 1.45
Type: roadside 0.196 0.192 1.02
Year "0.0454 0.00791 "5.74
c. Year as a categorical predictor, 1997–2014
Intercept 0.433 0.185 2.34
Avg. milkweeds "0.000543 0.000113 "4.82
Type: garden 0.183 0.0904 2.02
1998 "0.256 0.175 "1.46
2004 "0.177 0.152 "1.16
2007 0.158 0.153 1.03
2011 "0.181 0.152 "1.19
2013 "0.318 0.153 "2.07
2014 "0.281 0.153 "1.84

Site and region and season combinations were included as random
effects. (a) Year included as a linear factor, data collected during
1997–2006. (b) Year included as a linear factor, data collected during
2007–2014. The breakpoint was informed by a piecewise linear
regression of year on maximum egg density. (c) Year included as a cat-
egorical factor; intercept includes the year 1997. This model was more
robust than an otherwise identical model that used year as a linear
predictor (not shown). For all models, only levels of predictors with
t>j1j are illustrated. For model output, see Tables S2a-c.

Table 4. Effects of the overall prevalence of herbicide-tolerant
crops and the mean maximum summer egg density in the north-
central region on overwintering colony size (hectares)

Parameter Coefficient SE t value P value

Intercept 5.81 1.81 3.21 0.00588
% HT crops "0.0716 0.0206 "3.48 0.00338
Egg density 10.6 4.24 2.50 0.0247

Adjusted R-Squared¼ 0.485. F-statistic: 9.004 (2 and 15 DF;
P¼ 0.002698). This model was a better fit (AIC¼ 84.6) than a model
incorporating an ongoing effect of herbicide-tolerant crops
(AIC¼ 89.6, adjusted R-Squared¼ 0.319).

Table 3. Effects of average milkweeds, site type, surrounding
area, and month$ region interactions on monarch egg density in
the north-central and north-east regions

Parameter Estimate SE t value

Intercept 0.398 0.102 3.90
Avg. milkweeds "0.000499 0.000107 "4.65
NE region "0.174 0.0512 "3.40
May–June 0.0501 0.0247 2.03
Surr. area: small town 0.110 0.0911 1.21
Type: natural "0.132 0.0917 "1.44
NE region$May–June "0.247 0.0985 "2.51

Site and year were included as random effects. The intercept
includes sites of the crop-based agricultural type, in the north-central
region, during July–August, which lacked data on the surrounding
area. Only levels of predictors with t>j1j are illustrated. For full
model output, see Table S3.
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leaders (Baker and Malkin 2014), the petition to the
United States Fish and Wildlife Service (USFWS) to
list the species as threatened (Center for Biological
Diversity et al. 2014), and the cooperation of many
groups through the Monarch Joint Venture in the
United States (MJV 2015). Reversing the downward
trend in monarch numbers will require increasing the
available breeding habitat, and because this study
documents monarch use of different habitat types, it
can inform conservation efforts.

There was a small but statistically significant negative
effect of the number of milkweed plants monitored on
egg density, suggesting that sites with fewer milkweed
plants tend to host higher per plant egg densities. This
conclusion is supported by the fact that gardens have
relatively higher per plant egg densities than other
sites; this trend could be the result of management of
these habitats (e.g., weeding and watering), or an arti-
fact of ovipositing females finding these small habitats
and laying more eggs per plant before dispersing.
Despite their higher per plant densities, small garden
sites cover much less area and thus contribute less to
the overall population than larger sites (Pleasants and
Oberhauser 2013). However, human habitation (and
lawns) are spread over large areas of the monarch
breeding range. Converting some of the land that is
currently covered with monocultures of lawn grasses to
native plantings that include milkweeds and nectar
plants would replace at least some of the matrix milk-
weeds that have been lost to herbicide-tolerant crops,
and thus may help ovipositing females realize their
potential fecundity. The effects of surrounding area on
egg density are not consistent in our models. Including
the effects of the surrounding area lessened the predic-
tive power of the models that included the whole
breeding range, and no category had a significant

t-value, suggesting that ovipositing females are equally
likely to find sites in undisturbed, agricultural, small
town, suburban, and urban areas, and thus that they
are efficient searchers over broad areas. However, in
the models that included only the north-eastern and
north-central regions, sites in small towns tended to
have higher egg densities. Additionally, sites in undis-
turbed areas had marginally more monarchs
(coefficient¼ 0.0704, t¼ 0.955), suggesting that
females may be less likely to find sites in areas with
higher human impacts (large cities, suburbs, and agri-
cultural areas).

Because the vast majority of the milkweed plants
monitored in the north-central and north-east regions
are A. syriaca, we were able to make comparisons
between and within these regions. Egg densities are
consistently lower in the north-east than the north-
central region (Fig. 4b; Table 3). In these two regions,
there were higher egg densities in the May–June time
period, although this effect was driven by densities in
the north-central region, and could reflect the arrival of
monarchs before all of the milkweed has emerged.
Indeed, the number of plants monitored by volunteers
in the early part of the summer is lower than in the
later part (data not shown). These high spring densities
in the north-central region could result in lower mon-
arch survival (Nail et al. 2015).

By definition, MLMP sites have milkweed, so we are
only able to estimate the population in these remaining
habitat sites. However, because both the number of
monarchs and the amount of milkweed available across
the United States has declined over the past two deca-
des, both the numerator and denominator of per plant
calculations of egg density have changed over the dura-
tion of this study. Thus, a lack of decline in egg den-
sities in these sites would not be antithetical to an
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Fig. 5. Relationship between monarch egg density in the north-central region during the July–August time period and
area occupied by wintering monarchs.
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overall population decline, but would mean that
females are at least somewhat compensating for the
loss of matrix milkweed by finding and using remaining
habitat at higher per female rates than before. How-
ever, our assessment of monarch egg densities over the
past eight years document a decline over time, though
we have also shown large year-to-year variation and
found that using year as a categorical variable produces
more robust models (Table 2—c). This finding suggests
that females are not compensating for the loss of host
plants in the matrix. The fact that the egg densities are
declining after 2006 (Table 2—a vs. b) suggests that the
population has reached a point that some of these
remaining sites are being found by fewer or no females
as the overall population declines. A piecewise linear
regression estimated that the slope of the regression of
egg density on year changed from flat or slightly posi-
tive to negative at the year 2007, a point at which the
mean crop area planted in herbicide-tolerant crops
became greater than 70% (Fig. 1) and corresponding
to recent lows in measurements of the monarch over-
wintering area. This finding is disheartening, and
underscores the importance of augmenting milkweed
availability in the matrix and creating new large habitat
patches as quickly as possible.

The large year-to-year variation illustrated in Fig. 4
and Table 2c is likely driven by abiotic factors, most
importantly weather (Zalucki and Rochester 2004, Zip-
kin et al. 2012, Zalucki et al. 2015), which were not
included in our model. However, egg densities, when
combined with the decline in available habitat caused
by adoption of herbicide-tolerant crops (Fig. 1; Table 4),
do predict the size of the overwintering population.
While this effect was also documented by Pleasants
and Oberhauser (2013) and Pleasants (2015), those
analyses were based only on milkweed densities in
Iowa. Our analysis incorporates the actual loss of agri-
cultural habitat throughout the Corn Belt, an important
source of monarchs to the overwintering population
(Wassenaar and Hobson 1998).

Perhaps most importantly, this analysis represents
the potential for positive outcomes of public action to
create monarch habitat. While many declining species
depend on rare, pristine habitat, monarchs can use
habitat in a variety of settings. Indeed, until the rela-
tively recent advent of an advanced weed control tech-
nology, they thrived in one of the most disturbed of all
habitats, agricultural row crops (Pleasants 2015).

Supplementary Data

Supplementary data are available at Annals of the Ento-
mological Society of America online.
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