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Abstract. 1. The size of the Mexican overwintering population of monarch butter-
flies has decreased over the last decade. Approximately half of these butterflies come
from the U.S. Midwest where larvae feed on common milkweed. There has been a
large decline in milkweed in agricultural fields in the Midwest over the last decade.
This loss is coincident with the increased use of glyphosate herbicide in conjunction
with increased planting of genetically modified (GM) glyphosate-tolerant corn
(maize) and soybeans (soya).
2. We investigate whether the decline in the size of the overwintering population

can be attributed to a decline in monarch production owing to a loss of milkweeds in
agricultural fields in the Midwest. We estimate Midwest annual monarch production
using data on the number of monarch eggs per milkweed plant for milkweeds in dif-
ferent habitats, the density of milkweeds in different habitats, and the area occupied
by those habitats on the landscape.
3. We estimate that there has been a 58% decline in milkweeds on the Midwest

landscape and an 81% decline in monarch production in the Midwest from 1999 to
2010. Monarch production in the Midwest each year was positively correlated with
the size of the subsequent overwintering population in Mexico. Taken together, these
results strongly suggest that a loss of agricultural milkweeds is a major contributor
to the decline in the monarch population.
4. The smaller monarch population size that has become the norm will make the

species more vulnerable to other conservation threats.
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Introduction

Monarch butterflies (Danaus plexippus L. Lepidoptera: Danai-
nae) in the Eastern North American migratory population

undergo a multi-generation annual cycle that includes wintering
in central Mexico. In the spring, adults that have overwintered
migrate north and reproduce in Texas and states to the north

and east. Their offspring move farther north into much of the
eastern half of the United States and southern Canada, and two
to three more generations are produced (Cockrell et al., 1993;

Malcolm et al., 1993; Prysby & Oberhauser, 2004). Most adults
that emerge after mid-August are in a state of reproductive dia-
pause (Herman, 1985; Goehring & Oberhauser, 2002) and

migrate from the summer breeding range to their wintering
grounds, where they remain until spring (Solensky, 2004).
Annual counts of the size of the overwintering population in

Mexico indicate that themonarch population has been declining

over the last decade and a half (Rendón-Salinas et al., 2011;
Brower et al., 2011b). One possible explanation for this decline
is that monarch production has been decreasing as a result of a

reduction in the availability of the larval host plant. Monarch
larvae feed primarily on milkweeds (genus Asclepias- Family
Apocynaceae, subfamilyAsclepiodeae). On the basis ofmilkweed

cardenolide fingerprints, it has been estimated that 92% of the
monarchs wintering inMexico had fed as larvae on the common
milkweed, Asclepias syriaca (Malcolm et al., 1993). Studies in

Iowa found a large reduction in A. syriaca in corn (maize, Zea
mays) and soybean (soya,Glycine max) fields from 1999 to 2009
(Hartzler & Buhler, 2000; Hartzler, 2010). It is likely that a simi-
lar reduction has occurred throughout the region where corn

and soybeans are predominantly grown. Eighty per cent of both
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corn and soybeans are grown in the Midwest (USDA, National
Agricultural Statistics Service, 2011c), which is composed of the

states of North and South Dakota, Nebraska, Kansas, Mis-
souri, Iowa, Minnesota, Wisconsin, Illinois, Indiana, Michigan,
and Ohio. A study in 2000 (Oberhauser et al., 2001) found that

monarchs heavily used milkweeds in corn and soybean fields.
On the basis of stable isotope analysis, Wassenaar and Hobson
(1998) estimated that half of the monarchs overwintering in

Mexico in 1997 came from the Midwest. Thus, the Midwestern
United States is at the epicentre of a reduction in milkweeds in
agricultural fields and is also an area that has in recent history

contributed a large component of the monarch population. In
this study, we estimate the magnitude of this milkweed loss and
its consequences formonarch production.
Milkweed in agricultural fields has long been a concern for

farmers as its presence reduces yield (Bhowmik, 1994). In the
1970s and 1980s, milkweed infestation in agricultural fields was
viewed to be on the increase with 10.5 million ha infested in the

north-central states (Martin & Burnside, 1980). Herbicides have
been increasingly used to control weeds in row crops. Many of
these herbicides produce only moderate control of milkweed,

but glyphosate, often referred to as Roundup� (Monsanto, St.
Louis, MO, USA), is more effective (Bhowmik, 1994; Pline
et al., 2000). However, it also has a detrimental effect on crop
plants, so until the development of genetically modified (GM)

glyphosate-tolerant (RoundupReady�,Monsanto) crop plants,
herbicides other than glyphosate were used to control weeds.
Glyphosate-tolerant soybeans were introduced in 1996 and had

reached a 94% adoption level by 2011, and glyphosate-tolerant
corn was introduced in 1998 and had reached a 72% adoption
level by 2011 (USDA, Economic Research Service, 2011).

Glyphosate use in soybeans went from 1.4 million kg in 1994 to
41.7 million kg in 2006 (the last year forwhich data are available
and when adoption of glyphosate-tolerant soybeans was 89%)

and glyphosate use in corn went from 1.8 million kg in 2000 to
28.5 million kg in 2010 when the adoption level was 70%
(USDA,National Agricultural Statistics Service, 2011a,b).
The time period (1999–2009) over which the Iowa studies

found a large reduction in A. syriaca in corn and soybean fields
(Hartzler & Buhler, 2000; Hartzler, 2010) is coincident with the
period when use of glyphosate herbicide increased in conjunc-

tion with the increased adoption of glyphosate-tolerant corn
and soybeans. It is very probable that a similar milkweed reduc-
tion has occurred throughout theMidwest because adoption lev-

els of herbicide-tolerant crops are similar throughout this region
(USDA, Economic Research Service, 2011). How much milk-
weed loss does this represent on a landscape scale? To address
this question, we need information on the density of milkweeds

in different habitats and the landscape area covered by those
habitats. Common milkweed tends to be found in habitats with
a moderate degree of disturbance, including roadsides, pastures,

old fields, prairies and agricultural fields (Bhowmik, 1994).Mul-
tiple data sets provide information on the density of milkweeds
in different habitats over the last decade. The studies byHartzler

and Buhler (2000) and Hartzler (2010) surveyed a number of
milkweed habitats in Iowa, including agricultural fields. Addi-
tionally, a number ofMidwest volunteers in theMonarch Larva

Monitoring Project (2011), hereafter referred to as MLMP,

measuredmilkweed density in their non-agricultural observation
patches over several consecutive years. Milkweed density data

can be combined with published statewide land-use data to esti-
mate the number of milkweeds in different habitats. Some of the
data sets we use come from Iowa because for some parameters

only Iowa data are available. However, we use data from the
Midwest as a whole whenever possible and make the case that
the resulting estimates of monarch production are representative

of theMidwest.
What is the significance of the loss of milkweeds in agricul-

tural fields for monarchs? To address this issue, we need to esti-

mate annual monarch production in the Midwest over the last
decade to determine whether there has been a significant down-
ward trend. Obtaining data to estimate production is difficult,
despite the fact that the monarch butterfly is such a well-studied

species. One approach would be to use the number of migrants
that come out of theMidwest at the end of the summer as amea-
sure of production. A monarch tagging programme begun

20 years ago (MonarchWatch, 2011) has been tracking migrat-
ing butterflies. The number of monarchs tagged shows a decline
from 2004 to 2010 (Brower et al., 2011a). However, it is difficult

to obtain accurate measures of production from this tagging
programme because of the variability among the years in the
number of person-hours involved in capture and tagging, the fall
conditions when tagging occured and the locations where tag-

ging occured. Alternatively, one could use counts of the number
of migrating monarchs passing particular locations where they
tend to be funnelled because of passage over water or geogra-

phy. Such counts have been made for over a decade in upper
Michigan and New Jersey (Davis, 2011) but these sites do not
monitormonarchs from theMidwest.

Rather than trying to count adults, another approach to
estimating Midwest monarch production is to focus on the
number of eggs and larvae found on milkweed plants. This

requires monitoring many patches of milkweed in different
habitats, including agricultural fields. Production can then be
estimated from the average number of monarchs per plant in
each habitat and the number of milkweeds in each habitat

on the landscape. We have combined several existing data
sets that provide this information. The MLMP (2011), which
has been operational for over a decade, provides data on egg

and larva density on milkweeds. MLMP volunteers are
located throughout the monarch breeding range and monitor
sites of their choosing weekly over the summer months,

reporting the number of plants (stems) monitored and the
number of eggs and larvae observed. They learn the proce-
dures of the project through workshops, by reading directions
on the project website (MLMP, 2011) and via communica-

tion with the project managers (Prysby & Oberhauser, 2004).
The sites they monitor, however, are not in agricultural fields.
But one of us (Pleasants) has monitored eggs and larvae on

milkweeds in both agricultural fields and non-agricultural
habitats for several years in central Iowa and a study with
larger spatial scale quantified monarch density in both agri-

cultural and non-agricultural habitats in 2000 (Oberhauser
et al., 2001). We will make the case that the relative use of
milkweeds in agricultural and non-agricultural habitats

observed over those years can be extrapolated to provide
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data on monarch use of agricultural milkweeds in years
where only MLMP data exist. There is a question of what

aspect of production to use to estimate monarch population
changes. The latest stage for which we have density data,
and thus which is closest to actual production of adult mon-

archs, is the fifth instar (L5, the last larval instar). However,
there are many factors that can affect survivorship from egg
to L5 that have nothing to do with milkweed availability,

such as predation and weather. Our goal was to examine the
effect of milkweed resource limitation on monarch produc-
tion. Consequently, we chose to focus on eggs per plant that

represents potential production.

Methods

Data sources for milkweed density

Habitats in which milkweeds are found include primarily
roadsides, corn fields, soybean fields, pastures, old fields, and
land set aside from farming and enrolled in the Conservation

Reserve Program (CRP). CRP land is typically planted to a vari-
ety of cover plants including grasses and forbs. To estimatemilk-
weed densities in these habitats, we used data from several
sources: Iowa censuses carried out in 1999 and 2009 (Hartzler &

Buhler, 2000; Hartzler, 2010), and data from some MLMP vol-
unteers who measured milkweed density at their sites in several
Midwest states. To calculate monarch production for each year,

it is necessary to know how milkweed densities have changed
over the last decade in non-agricultural and agricultural
habitats.

Non-agricultural habitats. For roadsides, there was little
observed change in milkweed density in Iowa between 1999

and 2009 (Hartzler, 2010) so we have assumed that milk-
weed density did not change in that habitat over the entire
period of the analysis. Hartzler (2010) measured milkweed
densities for CRP land and pastures in 1999 but not

in 2009 so any change that may have occurred could not be
determined from the Iowa data. However, a subset of
MLMP volunteers (n = 16) measured milkweed density at

their sites (which included natural areas, CRP land, pastures
and old fields) for at least 4 years over this period (97
total observations). Measurements by individual MLMP

volunteers did not cover the entire period but there were
sufficiently long and overlapping sequences to provide a
complete picture. Volunteers either measured the area of
their site and did a complete count of milkweed stems, or

used a modified belt transect to sample milkweed density in
100 1 · 1 m plots. We have used those data to estimate the
change in milkweed density in CRP land and pasture land

over the last decade.
For the data from the MLMP volunteers, we used log of

milkweed density as the variate and used an SAS mixed model

and restricted maximum likelihood estimation with fixed effects
being ‘habitat’, ‘year’ and ‘habitat by year’. We did not find a
‘habitat by year’ effect so we reran the analysis with this

removed. There was a significant ‘year’ effect (F1,85 = 9.35,

P = 0.003). The slope of the regression (on a log scale) was
)0.0536, which corresponds to a decline in density of 5.2% per
year.We found no ‘habitat’ effect so we applied the same rate of
decline to bothCRP land and pastures (Fig. 1).

Agricultural habitats. We have values for milkweed density
in Iowa agricultural fields for 1999 and 2009 (Hartzler & Buhler,

2000; Hartzler, 2010). To calculate milkweed density in fields for
the intervening years, we have tomake an assumption about the
shape of the decline. Pleasants observed the change in the num-

ber of milkweeds in plots in seven agricultural fields in Iowa
from 2000 to 2008 (Fig. 1). The observed decline is best
described by an exponential decay function. Such a function is

also consistent with more acres of glyphosate-tolerant corn and
soybeans being planted each year over the last decade (USDA,
Economic Research Service, 2011). We have therefore assumed
thatmilkweed density in fields decreased as an exponential decay

function from its 1999 value to its 2009 value (see Table 1). This
corresponds to a 14.2% decline per year (Fig. 1). Other decline
functions, ranging from a linear decline to a more precipitous

exponential decay, had no significant effect on the overall
results.

Data sources for land use

Weobtained data on the acres occupied by roadsides and pas-

tures on the Iowa landscape in 2002 fromLubowski et al. (2006)
and, because no more recent data exist, we have assumed the
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Fig. 1. Decline of milkweeds in agricultural and non-agricultural

habitats. The line depicting the decline in non-agricultural habi-

tats is based on a regression using data from MLMP volunteers.

The line depicting the decline in agricultural habitats is based on

an exponential decay function connecting the 1999 and 2009 val-

ues from the Iowa surveys (see Methods). Also shown is the pro-

portional change in the number of milkweed stems in all

monitored plots in seven agricultural fields in Iowa starting with

998 stems in 2000. The increase in milkweed stems observed in

the agricultural sites in 2005 was attributed to the influence of

fields where corn was planted 2 years in a row. Some agricultural

fields received glyphosate herbicide treatment and others non-

glyphosate treatment. No observations were made in 2006.
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acres in roadside and pasture have not changed substantially
over the last decade. Data on the acres planted to corn or soy-
beans by year were obtained from Iowa State Agricultural Sta-
tistics (2010) and the amount of Iowa CRP land from the

USDAConservation Programs (2010).

Estimating monarch use of non-agricultural milkweeds

To estimate monarch use of non-agricultural milkweeds, we

used data on the number of monarch eggs per milkweed stem
from theMLMP.We examinedMLMPdata from 1999 to 2010
for sampling localities within theMidwest (easternKansas, east-

ern Nebraska, eastern North and South Dakota, Minnesota,
Iowa,Missouri,Wisconsin, Illinois, Michigan, Indiana and wes-
tern Ohio). Sites were excluded in any given year if the average

number of milkweeds monitored was <25 and if there were
fewer than five sampling events in July and August. We also
excluded garden sites because they represent aminor component
of milkweeds on the landscape. Sites were excluded if volunteers

observed more larvae than eggs because these volunteers may
not have been able to discern monarch eggs accurately. We ini-
tially divided sites into two groups based on the habitats in

which themilkweeds were found: ‘natural areas’ (prairies or nat-
ure preserves) and ‘other’ (pastures, old fields, roadsides and
CRP land); there were no sites in agricultural fields. However,

‘natural areas’ and ‘other’ were not significantly different from
each other in egg density and were combined in the analysis into
a single ‘non-agricultural’ category.

For any site, the number of eggs per plant varies over the
course of the season. However, there is a population build-up
during July and August when the second ⁄ third generation

Table 1. Estimates of the amount of milkweed in non-agricultural habitats, agricultural fields and total milkweeds in Iowa from 1999 to

2010.

Year

Milkweeds in non-agricultural habitats

CRP hectares* CRP mlkwds� Pasture mlkwds� Roadside mlkwds§ Total non-ag mlkwds–

1999 601 127.4 19.8 38.2 185.4

2000 647 130.1 18.8 38.2 187.1

2001 729 139.0 17.8 38.2 195.0

2002 755 136.4 16.9 38.2 191.5

2003 762 130.5 16.0 38.2 184.7

2004 767 124.5 15.2 38.2 177.9

2005 776 119.5 14.4 38.2 172.0

2006 793 115.7 13.6 38.2 167.5

2007 797 110.3 12.9 38.2 161.4

2008 733 96.2 12.3 38.2 146.6

2009 690 85.8 11.6 38.2 135.7

2010 663 78.2 11.0 38.2 127.4

Milkweeds in agricultural fields

Year Total ag hectares** Mlkwd density�� Total ag mlkwds�� Total milkweeds§§

1999 9267 23.00 213.2 398.5

2000 9308 19.75 183.8 370.9

2001 9186 16.92 155.4 350.4

2002 9166 14.55 133.4 324.8

2003 9267 12.49 115.8 300.4

2004 9267 10.73 99.4 277.3

2005 9247 9.21 85.2 257.2

2006 9207 7.91 72.8 240.3

2007 9247 6.79 62.8 224.2

2008 9328 5.83 54.4 201.0

2009 9389 5.00 46.9 182.6

2010 9389 4.29 40.3 167.6

*·1000; from USDA Conservation Programs (2010).

�m2 · 1000; CRP ha · 212 m2 ha)1 (milkweed density from H&B, 2000) · 0.948x (where x = 0 for 1999).

�m2 · 1000; 1416 ha (Lubowski et al., 2006) · 14 m2 ha)1 (milkweed density from H&B, 2000) · 0.948x (where x = 0 for 1999).

§m2 · 1000; 386 ha (Lubowski et al., 2006) · 99 m2 ha)1 (average milkweed density from H&B, 2000 and H, 2010).

–m2 · 1000; Conservation Reserve Program (CRP) milkweeds + Pasture milkweeds + Roadside milkweeds.

** ·1000; from Iowa State Ag. Statistics (2010).

��m2 ha)1; 1999 value from H&B (2000), 2009 value from H (2010); others = 1999 value · 0.858x, where x = 0 for 1999.

��m2 · 1000; Ag ha · Milkweed density.

§§m2 · 1000.
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occurs (MLMP, 2011). We used egg density at the peak of this
build-up as a metric of annual production. For each year, our

estimate of production was based on the average maximum egg
density over all MLMP sites. This metric does not include all of
the annual production but does allow us to examine the relative

differences in production among years.

Monarch use of milkweeds in agricultural fields

Pleasants monitored milkweed populations and monarch
activity in agricultural fields and non-agricultural habitats in

Iowa from 2000 to 2003. Initially six study sites were selected.
Each site included a field planted to soybeans, another field adja-
cent or nearby that was planted to corn and a nearby non-agri-

cultural habitat. Non-agricultural habitats included natural
areas, pastures, old fields and roadsides. CRP land was not
explicitly included as a habitat type but the non-agricultural hab-

itats selected are similar in vegetative characteristics to CRP
land. Sites were all locatedwithin a 10 km radius ofAmes, Iowa,
except for one site located 40 km south of Ames. Over the years

of study, a few sites were removed frommonitoring for logistical
reasons and a few others added but in all years, both agricultural
and non-agricultural plots were examined. Within each site,
patches of milkweeds were marked (milkweed plots). These

patches were relatively discrete units that ranged in area from
3 · 3 to 6 · 10 m and contained 10–150 milkweed stems. In
each field, approximately 10 milkweed plots were chosen and

mapped using a global positioning system device so they could
be relocated in subsequent years. Sites were visited at weekly
intervals: in 2000 from late May to late August; in 2001 from

early July through late August; and in 2002 and 2003 from early
June to late August. During each visit, every milkweed stem in
eachmilkweed plot was inspected formonarch eggs and larvae.

As described above, we used the maximum number of eggs
per stem observed during the weekly censuses from July through
August as the measure of production. Egg densities in different
non-agricultural habitat types were not statistically different, so

they were combined into one category. Egg densities on milk-
weed in corn and soybean fields in any year were not statistically
different from each other and were combined into a single cate-

gory. The results are shown in Table 2. Egg densities on milk-
weeds in agricultural fields were significantly higher than on

milkweeds in non-agricultural habitats in each year by an aver-
age factor of 3.89.

Estimating potential monarch production

Potential monarch production for any year is equal to the
sum of egg production from two sources: non-agricultural and
agricultural milkweeds. To calculate production from non-agri-
cultural milkweeds, we first determined the number of milk-

weeds in non-agricultural habitats. This is equal to the area
occupied by each habitat type (CRP land, pasture and roadside)
multiplied by the density of milkweeds in that habitat (see

Table 1).We then multiplied the total number of non-agricul-
tural milkweeds by the average number of eggs per non-agricul-
tural milkweed plant for that year from the MLMP data (see

Table 3). To calculate production from agricultural fields, we
first determined the number of milkweeds in fields. This is equal
to the area occupied by agricultural land multiplied by the milk-

weed density in fields (see Table 1). The number of agricultural
milkweeds in each year was multiplied by the eggs per agricul-
tural milkweed plant. For the years 2000–2003, we used Iowa
data for the eggs per agricultural milkweed (from Table 2). For

each of the other years, the egg density on agricultural milk-
weeds was taken to be 3.89 times theMLMP value for that year
(see Table 3).

Results

Estimates of milkweed numbers on the Iowa landscape
(Table 1) show that milkweeds declined in both agricultural

fields and non-agricultural habitats from 1999 to 2010. There
was a 31% decline for non-agricultural milkweeds and an 81%
decline for agricultural milkweeds with a 58%overall decline for
total milkweeds. In 1999, milkweeds in agricultural fields consti-

tuted 53%of total milkweeds, but by 2010 were only 24%of the
total. The 58% loss of milkweeds on the landscape actually
underestimates the loss of resource for monarchs, because most

Table 2. Maximum eggs per milkweed stem July through August for agricultural and non-agricultural sites in Iowa where ‘n’ is the

number of fields examined. Egg densities on milkweeds in agricultural fields were significantly higher than on milkweeds in non-

agricultural habitats in each year (2000: t = 3.97, d.f. = 11; 2001: t = 2.90, d.f. = 4; 2002: t = 3.35, d.f. = 4: t = 4.54, d.f. = 5; all

P-values < 0.02).

Year

Maximum eggs per milkweed

Ratio ag ⁄ non-ag

Agricultural Non-agricultural

Avg. SE n Avg. SE n

2000 0.796 0.140 10 0.197 0.049 8 4.05

2001 1.661 0.459 5 0.329 0.021 3 5.05

2002 0.659 0.123 4 0.205 0.056 4 3.21

2003 1.125 0.108 5 0.345 0.133 3 3.26

Average ratio 3.89
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of the loss was in agricultural fields and each agricultural
milkweed represents 3.89 times more monarch eggs than a non-
agricultural milkweed (Table 2). If the numbers of agricultural
milkweeds in Table 1 are multiplied by 3.89 to convert them to

their resource potential, the decline in the milkweed resource
base is 72%. Of this potential resource lost, 92% comes from
agricultural fields and 8% from non-agricultural habitats.

Table 3 shows the conversion of yearly milkweed numbers into
monarch production. The relative contribution of agricultural
milkweeds to total monarch production went from 82% in 1999

to 55% in 2010.
There has been a significant decline in monarch egg produc-

tion over the last decade (Fig. 2 – linear regression F1,11 = 13.7,

P = 0.004, r2 = 0.58). On the basis of regression equation for

this decline (y = 254.4 ) 17.21x, where x = 1when the year is
1999), we estimate that between 1999 and 2010 monarch egg
production in the Midwest was reduced 81%. This decline in

production would not have occurred if monarchs had increased
their use of the remaining milkweeds as agricultural milkweeds
declined. However, egg density on non-agricultural milkweeds

from the MLMP data did not show a significant change over
the years (Fig. 3) (because of non-normality, a Poisson regres-
sion was used; Wald v2 = 0.15; d.f. = 1; n = 398, NS). We

Table 3. Estimate of egg production in the Midwest from 1999 to 2010. Note that values in the final three columns are relative; egg

densities are in eggs ⁄ stem whereas milkweed densities are not in stems ha)1 but m2 ha)1.

Year

Total non-ag

milkweeds*

Total ag

milkweeds*

Eggs ⁄
plant-non-ag�

Eggs ⁄
plant-ag�

Production

non-ag§ Production ag– Total production**

1999 185.4 213.2 0.243 0.945 45.0 201.4 246.5

2000 187.1 183.8 0.144 0.796 26.9 146.3 173.2

2001 195.0 155.4 0.299 1.661 58.3 258.2 316.5

2002 191.5 133.4 0.197 0.659 37.6 87.9 125.5

2003 184.7 115.8 0.173 1.125 31.9 130.2 162.1

2004 177.9 99.4 0.102 0.395 18.1 39.3 57.4

2005 172.0 85.2 0.205 0.796 35.2 67.8 103.0

2006 167.5 72.8 0.277 1.077 46.4 78.5 124.9

2007 161.4 62.8 0.274 1.066 44.2 66.9 111.1

2008 146.6 54.4 0.154 0.599 22.6 32.6 55.2

2009 135.7 46.9 0.120 0.465 16.2 21.8 38.0

2010 127.4 40.3 0.311 1.210 39.6 48.7 88.4

*m2 · 1000; from Table 1.

�from MLMP.

�Non-ag eggs ⁄ plant · 3.89 (ratio of ag to non-ag, see Table 2 ), except for 2000–2003 from Table 2.

§Total non-ag milkweeds · Eggs ⁄ plant non-ag.
–Total ag milkweeds · Eggs ⁄ plant ag.
**Production non-ag. + Production ag.
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sites in Iowa (from Table 2). The Iowa value for each year was

not significantly different from the MLMP value.
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also compared our estimate of potential monarch production in
each summer with the size of the population that subsequently

overwintered in Mexico (Fig. 4). Yearly production values were
positively correlated with the size of the overwintering popula-
tion (linear regressionF1,11 = 8.97,P = 0.01, r2 = 0.47).

Discussion

Our estimate of monarch production decline in theMidwest was
based in part on Iowa data. To what extent do Iowa data reflect
the Midwest as a whole? We used Iowa data to estimate (i) the

proportion of milkweed in various habitats, (ii) the density of
milkweeds in each habitat, (iii) the decline in milkweeds in agri-
cultural fields and (iv) the relatively higher egg density on agri-

cultural milkweeds compared to non-agricultural milkweeds.
We examine each of these aspects of the data. (i) Data on land
use for the Midwestern states (Lubowski et al., 2006) show that

of the potential milkweed habitat 73% was in crop production
and 27% in non-agricultural habitats (6% in CRP land, 6% in
cropland pastures, 11% in grassland and range pastures, and

4% in roadsides). This is similar to the 79% in crop production
for the state of Iowa and 21% in non-agricultural habitats (6%
in CRP land, 5% in cropland pastures, 7% in grassland and
range pastures and 3% in roadsides). Note that these values do

not include forested land as this is not milkweed habitat. This
comparison excluded the Northern Plains states (Kansas,
Nebraska, N. and S. Dakota), which have extensive grasslands

and rangeland in the western sections. If those states are
included, the per cent ofMidwest land in crops falls to 60%with
40% of land non-agricultural. (ii) Iowa data were used to esti-

mate milkweed densities for agricultural and roadside habitats;
the change in milkweed density in other non-agricultural habi-
tats was based on Midwest MLMP data. There has not been a

long-term study of milkweed density in agricultural habitats

outside of Iowa so the similarity between Iowa and theMidwest
in this aspect can only be assumed. (iii) Other Midwest areas

have seen a decline inmilkweed density in agricultural fields over
the past decade. Two of theWisconsin fields originally surveyed
byOberhauser in 2000 (Oberhauser et al., 2001) were resurveyed

in subsequent years. In 2000, these sites had an average of
0.28 milkweed stems m)2, and in 2002–2006, after the growers
began to use glyphosate-tolerant soybeans in 2001, no milk-

weeds were found. (iv) Higher egg densities on agricultural milk-
weeds were also observed in other states in the Midwest in 2000
(Oberhauser et al., 2001).

Further evidence suggesting that our approach, which com-
bines data from Iowa andMidwest sources, does reflect produc-
tion for the Midwest as a whole comes from the significant
positive correlation between the annual estimate of monarch

production and the size of the subsequent overwintering popula-
tion (Fig. 4). Because the Midwest contributes about half of the
individuals to the overwintering population (Wassenaar &

Hobson, 1998), we would expect such a correlation if Midwest
production were accurately estimated. We note, however, that
the estimate of the Midwest contribution to the overwintering

population was made before significant glyphosate use in row
crops and only represents 1 year of data.
Although our estimates of annual Midwest monarch produc-

tion were highly correlated with the size of the subsequent over-

wintering population, these estimates explained only 47% of the
variation in the size of the overwintering population. In particu-
lar, our production value for 2003 underestimated the overwin-

tering population size and our value for 2000 overestimated it.
We suggest four possible reasons for such deviations. (i) Devia-
tionsmay be due to the fact that we have used egg density as our

measure of production, which is a measure of potential produc-
tion, while actual production is adult butterflies. The relation-
ship between potential and actual production will depend on

survivorship from egg to adult, which may vary among years (J.
M. Pleasants &K. S. Oberhauser, unpubl. data). (ii) The relative
contribution of the Midwest to the population as a whole is
likely to vary from year to year (K. S. Oberhauser, unpubl.

data). (iii) The amount of mortality during the fall migration is
likely to vary among years depending on conditions along the
migratory route including nectar availability, temperature,

weather events, drought conditions and wind conditions. (iv)
We used a factor of 3.89, the average of 4 years of Iowa data, to
convert agricultural milkweeds into their monarch egg produc-

tion. The factor varies among years, as seen in Table 2, andmay
be somewhat different in other areas of theMidwest.
The differences between years in egg density per stem seen in

the MLMP data (Fig. 3) are likely to be caused by factors in

addition to the effect of resource availability. The MLMP egg
densities we used came from the second and third generation of
monarchs. The size of each generation will depend on the size of

the previous generation, each of which will be influenced by the
prevailingweather conditions during egg laying and larval devel-
opment (Zalucki & Rochester, 2004). Although the overwinter-

ing population begins this sequence, we found no correlation
between the size of the overwintering population and monarch
production the following summer. This indicates that other fac-

tors, principally temperature and weather conditions, can erase
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the influence of the starting population. But environmental con-
ditions alone do not govern population size. Even if favourable

conditions exist, the potential production of the monarch popu-
lation is dampened by the loss ofmilkweeds.
As previouslymentioned, the loss ofmilkweeds in agricultural

fields would not have affected total monarch production if mon-
arch use of the remainingmilkweeds, both agricultural and non-
agricultural, had increased sufficiently. We do not have data on

the use of agricultural milkweeds over the last decade but data
from the MLMP indicate that there was no increase in use of
non-agriculturalmilkweeds over this period (Fig. 3). In amodel-

ling study, Zalucki and Lammers (2010) found that removing
small patches ofmilkweed from thematrix (the area between lar-
ger patches of milkweed) made it harder for monarch females to
achieve their egg production potential because of increased

search time. In their model, a decrease in milkweed availability
in the agricultural crop matrix, such as what would result from
herbicide use, could significantly reduce the lifetime number of

eggs laid by individual females.
Davis (2011) has suggested that there has been no downward

trend in monarch production, based on monitoring data at two

sites at which monarchs congregate during the fall migration.
The monarchs that appear at these two sites, Peninsula Point in
Upper Michigan and Cape May in New Jersey, are migrants
from the Upper Peninsula of Michigan and south central Can-

ada, and the Eastern United States, respectively. However, the
isotope analysis of (Wassenaar andHobson (1998) indicates that
monarchs from these areas constitute a much smaller portion of

the total monarch population thanmonarchs from theMidwest.
Consequently, the lack of decline Davis observed will not reflect
the population as a whole. Similar points have also been argued

byBrower et al. (2011a).
The lack of decline in migrating Eastern monarchs, noted by

Davis, further illustrates the connection between glyphosate use

in corn and soybean fields andmonarch decline.Monarchs from
the Northeast and Canada may not be experiencing a decline
because they come from areas with less corn and soybean agri-
culture and thus less milkweed loss because of herbicide use. In

2010, there were 25.1 million soybean hectares and 25.5 million
corn hectares in the Midwest but only 0.4 million soybean hect-
ares and 0.7 corn hectares in the Northeast (USDA, National

Agricultural Statistics Service, 2011c).
We estimated that monarch production in the Midwest had

declined 81% from 1999 to 2010. For comparison, there was a

65%decline in the size of the overwintering population over this
same period (Brower et al., 2011b). The similarity of these per-
centages, and the fact that our estimate of Midwest production
is strongly correlated with the size of the overwintering popula-

tion, clearly show the dominance ofMidwest production for the
population as a whole. However, the fact that the size of the
overwintering population has declined less than the population

contribution from the Midwest reflects the mitigating effect of
portions of the range of the species that are not dominated by
corn and soybean agriculture and have not been impacted by

milkweed loss. As the monarch production contribution from
the Midwest declines, the relative contribution from other parts
of the range increases. A reassessment of the production contri-

bution of theMidwest and other parts of the range, such as that

performed earlier by Wassenaar and Hobson (1998), would be
useful.

The loss of milkweeds in agricultural fields is particularly
devastating for the monarch population because agricultural
milkweeds are more heavily used than non-agricultural milk-

weeds (Table 2). This difference in egg density could result if
females that find patches of milkweeds in agricultural fields
lay more eggs per stem or if more females find patches of

agricultural milkweeds. Patch size is typically smaller in agri-
cultural fields than in non-agricultural habitats (J. M. Plea-
sants & K. S. Oberhauser, pers. obs.), and higher egg

densities per stem are observed in smaller milkweed patches
(Zalucki & Suzuki, 1987). Monarch females may seek out
smaller patches and oviposit more heavily there, perhaps
because small patches tend to support greater larval success

(Zalucki, 1981; Zalucki & Kitching, 1982). Greater oviposi-
tion by individual females may also be due to their perception
of agricultural milkweeds as being of higher quality. Agricul-

tural milkweed leaves have higher nitrogen content (J. M.
Pleasants, unpubl. data) and tend to be in better condition.
Finally, the milkweed chemical signal that attracts monarch

females may be more apparent against the monoculture back-
ground of agricultural fields making it easier for females to
find milkweeds in this habitat.
One unexpected finding in this study was the decline in milk-

weed density in non-agricultural habitats based on measure-
ments by MLMP volunteers. These patches were not chosen at
random, and it is possible that this decline is not representative

of milkweeds in non-agricultural habitats across the landscape.
Milkweed is a disturbance species and as such we would expect
colonisation of disturbed areas followed by a population

increase for a number of years and then a population decline as
milkweed is outcompeted by later successional species. Moni-
tored patches were chosen because they contained high milk-

weed densities. Thus, they may represent populations that had
already experienced some growth and were now in the declining
phase. A more thorough survey of milkweed densities in ran-
domly chosen non-agricultural habitats over time is needed. If

milkweed densities in non-agricultural habitats are not declining,
then the loss of monarch production is not as large as we have
estimated. We reran our calculations assuming no decline, and

the estimated loss of monarch production from 1999 to 2010
was 76%, somewhat lower than the 81%decline estimated using
decreasingmilkweed densities in non-agricultural habitats.

Given the disappearance of milkweeds in agricultural fields,
milkweeds present in other habitats become more important for
monarch populations. Table 1 indicates that the habitat of
greatest importance is CRP land. However, the amount of CRP

land is also declining; in 2010, the number of CRP hectares for
the Midwestern states had declined by 0.5 million from its high
in 2007 of 3.8 million hectares (USDA, Conservation Programs,

2010). Farmers have a number of options with regard to what
types of vegetation to use as cover on CRP land, with grasses
predominating. Adding forbs, including milkweeds, to planting

mixes would provide nectar sources that could benefit many
insect species and provide host plants for monarchs. While per-
suading farmers to include milkweed seed in the mix may be dif-

ficult, milkweed is capable of colonising such habitats on its own
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and education efforts about the value ofmilkweed and themany
non-weedy milkweed species available are underway (Monarch

Joint Venture, 2011). Further research needs to be undertaken
on CRP land to see how different types of cover vegetation and
landmanagement practices affectmilkweeds andmonarchs.

Roadsides can provide important milkweed habitat; in 2010,
20% of the milkweeds were in roadsides (Table 1), and this
value will increase as the remaining agricultural milkweeds dis-

appear. The treatment of roadsides by departments of transpor-
tation could influence their value to monarchs. Roadsides are
often mowed and sprayed with herbicides to eliminate forbs but

roadside management plans compatible with monarch conser-
vation could be developed. Many states are implementing
programmes to plant native species along roadsides; such pro-
grammes could consider addingmilkweeds.

We have not yet seen the full impact that the use of glyphosate
herbicides and the consequent reduction in milkweed resources
will have on the monarch population. At present, some milk-

weeds still remain in agricultural fields. Given the established
dominance of glyphosate-tolerant crop plants and widespread
use of glyphosate herbicide, the virtual disappearance of milk-

weeds from agricultural fields is inevitable. Thus, the resource
base for monarchs in the Midwest will be permanently reduced.
This will set a new, lower ceiling for monarch population size. A
lower population size could lead to greater vulnerability of the

population to deforestation on the overwintering sites and to
extreme weather events or climate changes on the overwintering
sites, in breeding areas and along migratory routes (Brower

et al., 2011b).
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