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The decline in the eastern North American population of the monarch butterfly population

since the late 1990s has been attributed to the loss of milkweed during the summer

breeding season and the consequent reduction in the size of the summer population

that migrates to central Mexico to overwinter (milkweed limitation hypothesis). However,

in some studies the size of the summer population was not found to decline and

was not correlated with the size of the overwintering population. The authors of these

studies concluded that milkweed limitation could not explain the overwintering population

decline. They hypothesized that increased mortality during fall migration was responsible

(migration mortality hypothesis). We used data from the long-term monarch tagging

program, managed by Monarch Watch, to examine three predictions of the migration

mortality hypothesis: (1) that the summer population size is not correlated with the

overwintering population size, (2) that migration success is the main determinant of

overwintering population size, and (3) that migration success has declined over the last

two decades. As an index of the summer population size, we used the number of wild-

caught migrating individuals tagged in the U.S. Midwest from 1998 to 2015. As an

index of migration success we used the recovery rate of Midwest tagged individuals

in Mexico. With regard to the three predictions: (1) the number of tagged individuals in

the Midwest, explained 74% of the variation in the size of the overwintering population.

Other measures of summer population size were also correlated with overwintering

population size. Thus, there is no disconnection between late summer and winter

population sizes. (2) Migration success was not significantly correlated with overwintering

population size, and (3) migration success did not decrease during this period. Migration

success was correlated with the level of greenness of the area in the southern U.S.

used for nectar by migrating butterflies. Thus, the main determinant of yearly variation in

overwintering population size is summer population size with migration success being a

minor determinant. Consequently, increasing milkweed habitat, which has the potential

of increasing the summer monarch population, is the conservation measure that will have

the greatest impact.
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INTRODUCTION

Since the late 1990s, the monarch butterfly, Danaus plexippus,

population has declined significantly based on measurements

made at the Mexican overwintering grounds (Brower et al.,
2011; Semmens et al., 2016). Identifying the cause or causes

of the decline is important in order to focus conservation
measures appropriately. Two explanations for the decline in the
size of the overwintering population dominate the literature.
The first, known as the “milkweed limitation” hypothesis, posits
that the decline in the number of milkweed host plants in the
major summer breeding area in the Upper Midwest of the U.S.
(Figure 1) has led to a reduction in the size of the migratory
population (Pleasants et al., 2017). The second, known as the
“migration mortality” hypothesis, posits that the resources and
conditions during the fall migration have declined resulting in an
increase in mortality during the migration and a decline in the
overwintering population (Agrawal and Inamine, 2018).

The milkweed limitation hypothesis is supported by data
showing that in the early 2000s the majority of monarch
production came from common milkweed, Asclepias syriaca,
in corn and soybean fields in the Midwest (Oberhauser et al.,
2001) and that the abundance of those milkweeds declined
precipitously due to glyphosate herbicide use in those fields
(Pleasants and Oberhauser, 2013; Flockhart et al., 2015; Pleasants
et al., 2017; Thogmartin et al., 2017a; Saunders et al., 2018). The
loss of the milkweeds from corn and soybean fields began in
the late 1990s with the adoption of glyphosate-tolerant crops.

FIGURE 1 | All wild-caught butterflies tagged from north of 40◦ latitude and east of 100◦ longitude were included in the study. This area includes the region we are

calling the Midwest, encompassing the area from 40 to 50◦ latitude and 80 to 100◦ longitude (outlined in red) and the region we are calling the Northeast,

encompassing the area from 40 to 50◦ latitude and 65 to 80◦ longitude (outlined in blue). What we are calling the Total Area is the Midwest and Northeast combined.

The NDVI values (Saunders et al., 2019) come from the region that encompasses the area from 30 to 40◦ latitude and 90 to 105◦ longitude (outlined in green). The

dark blue square indicates the location of the overwintering colonies. Butterflies were tagged in other sectors besides the Midwest and Northeast but those data are

not included in this study.

Milkweeds had been nearly eliminated from these fields by 2006
(Pleasants, 2017). During this period, an estimated 71% of the
monarch production potential of milkweeds on the Midwest
landscape was eliminated, amounting to 25 million hectares of
agricultural habitat that no longer had milkweeds (Pleasants,
2017). The subsequent decrease in the availability of milkweed
is thought to have limited the size of the summer breeding
population. Support for this hypothesis comes from the pattern
of decline in milkweed availability that parallels the decline in
the size of the overwintering population (Pleasants et al., 2017).
Further support comes from the strong correlation between
yearly late summer Midwest monarch egg production and yearly
overwintering population size (Pleasants and Oberhauser, 2013;
Pleasants et al., 2017).

The migration mortality hypothesis was proposed to explain
the results of studies that found a disconnection between
monarch numbers measured during the summer and early fall
and the size of the overwintering population, and no decline
in the summer population in contrast to the decline in the
overwintering population (Davis, 2012; Davis and Dyer, 2015;
Ries et al., 2015a,b; Inamine et al., 2016; Agrawal and Inamine,
2018). Other studies found no correlation between the size of
the migratory population passing through prominent peninsular
points and the size of the overwintering population (Badgett
and Davis, 2015; but see Crewe and McCracken, 2015). These
observations led to the presumption that there had to be
another explanation for the monarch overwintering population
decline, and these authors proposed an alternative hypothesis.
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The migration mortality hypothesis states that mortality during
the fall migration has a significant effect on monarch numbers,
accounts for much of the year to year variation in overwintering
numbers, and is an important contributor to the long-term
decline of the monarch population. The possible causes of
migration mortality include degradation of habitat for nectar
resources needed during migration, increased parasite load,
and road kills (Agrawal and Inamine, 2018). Support for this
hypothesis requires data showing that these potential mortality
factors have increased during the period of monarch decline.
However, those mortality factors that have been examined to date
show no increase. Saunders et al. (2019) found that parasite load
had not increased over time. They did find that the greenness of
Texas and the surrounding region in the fall, thought to be an
important nectaring area for migration success, explained some
of the variation in overwintering population size but had not
declined over time. Despite the lack of supporting evidence, the
migration mortality hypothesis has continued to be posited as
a possible explanation for the monarch decline (Agrawal, 2019;
Popkin, 2020). This assertion has created some uncertainty with
regard to the value of the extensive monarch conservation efforts
focused on establishing more milkweed habitat (Thogmartin
et al., 2017b).

Besides testing the migration mortality hypothesis indirectly
by examining the changes in factors that might affect migration
success, as done by Saunders et al. (2019), the hypothesis could be
tested directly by examining changes in migration success over
time. Here we examine migration success using the probability
that a butterfly tagged during migration will be recovered in
Mexico (recovery rate). Migrating monarch butterflies have been
tagged since 1992 by >10,000 citizen scientists through the
Monarch Watch1 (MW) program. Tagging is conducted from
August 1 to November 15 throughout the eastern monarch
population range (Supplementary Figure 1). Tag recoveries are
made by guides and residents in Mexico who search for tagged
butterflies among those that have died beneath the colonies or
along the trails in the oyamel fir forests. MW representatives visit
the overwintering sites each season to acquire these recovered
tags. From its inception to the present, this program has tagged
over 1.8 million monarchs with more than 18,000 tags recovered
in Mexico. In this paper, we test the migration mortality
hypotheses using a subset of these data, the tagging and recovery
data from 1998 to 2015 (about 1.4 million tagged individuals and
about 14,000 tag recoveries in Mexico).

To determine whether there is support for the migration
mortality hypothesis using the tagging data, we addressed the
following questions:

(1) Is there is a disconnection between the size of the summer
population and the size of the overwintering population as
the migration mortality hypothesis presumes? To examine
this question we used the number of tagged individuals as
a measure of the summer population size. When comparing
number tagged with overwintering population size, we have
considered the total number tagged but have also subdivided

1monarchwatch.org

the total tagged individuals into those tagged in the Midwest
and those tagged in the Northeast (Figure 1). The Midwest
has been identified as the major source of monarchs in
the overwintering population (Wassenaar and Hobson, 1998;
Flockhart et al., 2017). Butterflies from the Midwest use the
Central Flyway during fall migration whereas those from the
Northeast use the Atlantic or Eastern Flyway (Howard and
Davis, 2009). We have analyzed migration success for the
Midwest and Northeast separately because it is possible that
migration mortality might have changed in different ways
according to which flyway is used.

(2) Is migration success the main determinant of overwintering
population size? We used the tag recovery rate as an
index of migration success and examined its correlation
with overwintering population size. We also examined the
contribution ofmigration success to overwintering population
size after accounting for the effect of the size of the
summer population.

(3) Has migration success declined over the last two decades?
We examined whether there was a trend in annual migration
success for the Midwest and Northeast regions. We also
examined whether annual migration success was related to
the greenness of the Southwest region used by migrating
monarchs for nectar resources (Figure 1).

METHODS

Tagging
Monarch tagging kits are issued byMonarchWatch to volunteers
broadly distributed east of the Rocky Mountains in the U.S.
and Canada each August-September (Supplementary Figure 1).
The number of tags distributed to each participant or group is
recorded. Tags are applied to migratory monarchs during a 3-
months period from early August into November. The circular
tags (diameter 9mm) are applied to the discal cell on the
underside of a hindwing, a location close to the center of lift and
gravity of the butterfly. Themass of the tags (10mg) is about a 2%
of the mass of an average monarch and tags are unlikely to affect
flight performance. Tagging data are sent to MW as a digital or
hard copy. The date, location and identity of the person tagging
each butterfly is logged into a database. Additional information
gathered includes the sex of each butterfly, and starting in 2004,
whether the butterfly was wild-caught or reared in captivity and
released. Each tag bears an individual code and the codes of
recovered monarchs are matched to the person and the data on
returned data sheets.

As an index of summer population size, we used the number
of individuals that were tagged north of 40◦ latitude north and
east of 100◦ longitude west (Figure 1). This region includes the
primary production area for monarchs (Flockhart et al., 2017).
Although some individuals south of 40◦ latitude were tagged, our
goal was to estimate the size of the summer population before
significant migration mortality had occurred so these data were
not included.

To determine whether tagging effort might have changed
over the last two decades, we examined the number of tags
distributed every year. The number of tags distributed could be
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a measure of the level of interest and possible effort volunteers
put into tagging.

The butterflies tagged each year include individuals that
were caught and tagged while migrating and individuals reared
to adulthood from eggs or larvae found on milkweeds and
tagged and released. While both the number of wild-caught
and reared individuals may reflect the size of the summer
population, our analysis is limited to wild-caught monarchs
since the data show that reared monarchs have a lower recovery
rate than their wild counterparts (Steffy, 2015). Beginning in
2004 volunteers were asked to record whether the butterflies
were wild-caught or reared. For butterflies tagged before 2004,
we estimated the proportion of those tagged that were reared
using the procedure described in Supplementary Appendix 1

and adjusted the number tagged to approximate only wild-caught
individuals. Although the MW tagging program began in 1992,
the current tagging system including protocols and a program for
purchasing recovered tags did not become well-established until
1998. Hence, the focus on data from 1998 to 2015. Because it may
take several years before all of the recovered tags from a particular
year are returned to MW, data beyond the year 2015 have not
been included.

We have examined migration success of butterflies tagged in
the Midwest and the Northeast separately. The region we are
calling the Midwest encompasses the area from 40 to 50◦ latitude
north and 80 to 100◦ longitude west (Figure 1). This region
corresponds to the Midwest plus Northwest and most of North
Central as defined by Flockhart et al. (2017) and the Midwest as
defined by Agrawal and Inamine (2018) and the North Central
plus mid-Central regions of Stenoien et al. (2015). The region
we are calling the Northeast encompasses the area from 65
to 80◦ longitude north and 40 to 50◦ latitude west (Figure 1).
This region corresponds to that defined as the Northeast by
Flockhart et al. (2017) and Agrawal and Inamine (2018) and
the Mideast plus Northeast regions defined by Stenoien et al.
(2015). The Total area is the combination of the Midwest and
Northeast regions.

Other measures of the size of the summer population exist
so we examined the correlation between those measures and
the number tagged. The number of tagged butterflies was
compared with the Midwest NABA (North American Butterfly
Association—www.naba.org) summer butterfly counts and an
index of Midwest monarch egg production. NABA counts were
obtained from Saunders et al. (2019). These are midsummer
counts of adults that will produce the generation that migrates
to Mexico. As an index of egg production, we used the average
maximum number of eggs per stem for each year obtained from
the Monarch Larva Monitoring Project (MLMP2). These eggs
will produce the adults that will migrate to Mexico. Because both
NABA counts and eggs per stem data did not include sampling
in agricultural fields, in comparing these data with number of
butterflies tagged we only used data from 2006 to 2015 to avoid
the sampling bias in NABA counts and eggs per stem for the

2monarchlab.org/mlmp

period before 2006 (Pleasants, 2017; Pleasants et al., 2017; and
see Discussion).

Tag Recovery
Monarchs usually begin arriving at the overwintering sites in
the last days of October and conspicuous colonies form by mid-
November (Monarch Watch, 2019). Tags are recovered from
dead monarchs found beneath the colonies by guides and ejido
(local community) members throughout the winter months. To
reward their search efforts, MW representatives purchase the
recovered tags from guides and residents in late winter each year.
People with tags save them in the hope that they will be present
whenMW representatives arrive to buy tags. Some residents hold
on to tags for many years. These delays in connecting sellers with
buyers means that it may take 3–4 years before there is a nearly
complete picture of recoveries for any given year. While MW
representatives purchase tags from people living near most of the
colonies open to the public, over 80% of the tags are obtained
from the site of the largest colony, El Rosario, with the majority
of the remainder obtained from Cerro Pelon and Sierra Chincua,
all sites within the State of Michoacan, Mexico (Figure 1).

The recovery rate for any particular year is calculated as the
number of tags recovered divided by the number of butterflies
tagged. Note that this is not the same as mark-recapture; the
number of untagged butterflies encountered while searching for
tagged one is not counted. The recovery rate is the product of
three factors, (1) the probability that a tagged butterfly will arrive
in Mexico (migration success), (2) the probability that a tagged
butterfly will die while in Mexico (overwinter mortality), and (3)
the probability that someone will find that tagged dead butterfly
(detection probability). Each of the probabilities that make up
recovery rate may vary over the years for a variety of reasons.
We are most interested in the variation in migration success over
the years. To use recovery rate as a measure of migration success,
we assumed that the annual variation in overwinter mortality
and detection probability was random with respect to migration
success and to year. Because the migration mortality hypothesis
posits that migration success has declined substantially, such a
trend should be apparent in the recovery rate despite random
variation in overwinter mortality and detection probability.

The detection probability may vary due to seasonal changes
as monarchs seek water or colonies shift in location which can
result in off-site mortality where tags are not likely to be found.
Other site issues that affect detection include the density of the
understory, with denser cover limiting the ability to spot tags.
There are also human factors involved in detection, such as
the accessibility of the colonies to the searchers, the shifting
population of searchers due to the turnover in guides, the overall
number of searchers and the economic conditions that motivate
the searchers. We have no quantitative or anecdotal information
suggesting that any of these factors might have changed over time
so we have assumed that variation in detection is random.

Overwintermortality varies from year to year due to predation
by birds and mice, and open canopies that contribute to greater
exposure and mortality (Calvert et al., 1979; Glendinning et al.,
1988; Brower, 1996; Brower et al., 2004). Mortality due to
predation and exposure to average winter conditions are treated
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as normal mortality in our analysis. We do not have direct
measures of normal overwinter mortality but shrinkage in the
size of the colonies over time, which may be related to mortality,
appears to be similar among years (Vidal and Rendón-Salinas,
2014). So, we have assumed the annual variation in normal
overwinter mortality to be random.

However, there were 3 years in the data set when the
assumption of normal overwinter mortality was not met. Major
winter storms resulted in mass mortality in 2002, 2004, and
2016. These storms occurred after the colony sizes had been
measured and affected recovery rates for the 2001, 2003, and
2015 populations. Approximately 70% mortality was estimated
for the 2001 and 2003 populations and 40%mortality for the 2015
population as a result of the winter storms (Brower et al., 2004,
2017; Taylor, 2004). Mass mortality events create a larger pool of
dead butterflies from which recoveries are made. Consequently,
the recovery rates were substantially higher for these years and
cannot be compared to the recovery rates for years with normal
mortality. We have excluded the data for these years from the
analysis of yearly changes in recovery rate.

We tested themigrationmortality hypothesis three ways using
tag recovery rates. (1) We examined the correlation between
recovery rate and the size of the overwintering population. This
hypothesis posits that migration success rather than the size of
the summer population will be correlated with overwintering
numbers. (2) We examined the extent to which recovery rate
could explain overwintering population size after accounting
for the effect of summer population size. We tested the model
that (overwintering hectares) = (summer population size) ×

(recovery rate). Taking the log of these variables results in log
(overwintering hectares) = log (summer population size) + log
(recovery rate). This approach allows the variables to be used in
a multiple regression. (3) In addition, we examined the trend in
recovery rate over the period from 1998 to 2014 to determine if
there had been a decline in migration success that would account
for the decline in the size of the overwintering population.

Since migration success depends on acquiring sufficient
lipid stores for the journey to Mexico and overwintering, the
areas in Oklahoma and Texas that provide nectar resources
to migrating butterflies are important (Brower et al., 2015).
Autumn greenness based on satellite imagery can be a proxy
for nectar plant availability. Saunders et al. (2019) examined the
NDVI (Normalized Difference Vegetation Index) for the region
indicated in Figure 1 for the period September 15–October 15 as
ameasure of nectar availability. They found a correlation between
NDVI and overwintering population size after accounting for
the role of the size of the summer population. We examined
the correlation between NDVI for this region and recovery rate.
NDVI values from 2000 to 2014 were obtained from Saunders
et al. (2019).

All variables were log10 transformed before statistical analyses.
Relationships among variables were analyzed using regression
procedures in the Data Analysis package of Excel3 and
JMP (SAS)4.

3Microsft.com/Microsoft/Excel
4JMP.com

RESULTS

Number Tagged
Comparison With Overwintering Population Size
The first test of the migration mortality hypothesis is to examine
whether the size of the summer population is correlated with the
size of the overwintering population; the hypothesis presumes
that it does not. We used the number of monarchs tagged
within the summer breeding region as an indicator of late
summer population size. The number of monarchs tagged in
the Midwest and Northeast portions of the geographic sectors
north of 40◦ latitude north and east of 100◦ longitude west
(Figure 1) are shown in Table 1 for each year from 1998 to
2015. To determine how well the number of tagged individuals
explained the variation in overwintering numbers, we subdivided
the analyses by Midwest, Northeast and Total area (Midwest plus
Northeast). We compared regressions using the Total tagged and
Midwest and Northeast tagged alone (Supplementary Table 1).
Based on the lowest AIC value, log Total number tagged
was the best predictor of overwintering hectares. However, log
Midwest tagged was a close second. Because we wished to
compare number tagged as a measure of population size to other
population size measures that are Midwest-based, we focused on
the number tagged in the Midwest. The number tagged in the
Midwest alone explained 74% of the variation in overwintering
hectares (Supplementary Table 1 and Figure 2). The number
tagged in the Northeast was somewhat less strongly correlated
with overwintering hectares (Table 2 and Figure 2). The number
tagged in the Midwest was correlated with the number tagged in
the Northeast (Table 2). The number of individuals tagged in the
Midwest and Northeast both declined over the period from 1998
to 2015 as did the overwintering hectares (Table 2).

Two other measures of summer population size, Midwest
monarch egg production and Midwest NABA butterfly counts,
are shown in Table 1. The number tagged in the Midwest was
highly correlated with Midwest late summer egg production and
also correlated with midsummer NABA counts for the years
from 2006 to 2015 (Table 2). NABA counts and eggs per stem
were highly correlated with each other (Table 2). Egg production
and NABA counts were also correlated with the overwintering
population size (Table 2). Thus, three independent measures of
summer population size: number tagged, NABA counts, and eggs
per stem, were correlated with each other and correlated with the
size of the overwintering population. This result is contrary to the
prediction of the migration mortality hypothesis.

Recovery Rate
Relation to Overwintering Population Size and

Change Over Years
Another test of the migration mortality hypothesis is to examine
whether migration success, as measured by tag recovery rate, is
correlated with overwintering population size and whether it has
declined over time. The numbers of tags recovered each year
in the Midwest and Northeast and these two regions combined
(Total) are shown in Table 3. The recovery rate for the Midwest
was used in these analyses because this region has been shown
to be the core area for monarch production (Flockhart et al.,
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TABLE 1 | The number of wild-caught tagged monarchs for all geographic sectors north from 40 to 50◦ latitude and east from 100 to 65◦ longitude and the numbers

tagged for the Midwest and Northeast portions of that region (see Figure 1).

Year Tags Tagged OW (ha) Eggs/stem NABA

Distributed Total MW NE

1998 212,948 19,085 12,126 6,959 5.56

1999 240,863 35,242 22,003 13,239 9.05

2000 242,057 27,201 21,405 5,797 2.83

2001* 249,466 44,616 30,838 13,778 9.35

2002 280,207 29,022 20,631 8,391 7.54

2003* 247,591 38,117 25,768 12,348 8.50

2004 169,198 13,830 10,042 3,788 2.19

2005 174,425 28,732 19,761 8,971 5.92

2006 183,450 28,011 17,627 10,384 6.87 0.360 7.47

2007 189,050 30,143 18,601 11,542 4.61 0.339 5.55

2008 202,075 23,783 16,617 7,166 5.06 0.254 3.22

2009 197,475 14,930 12,304 2,626 1.92 0.194 2.28

2010 181,950 24,726 18,569 6,157 4.02 0.349 5.43

2011 198,599 22,547 15,159 7,388 2.89 0.309 4.36

2012 213,851 17,577 6,751 10,826 1.19 0.218 4.68

2013 143,700 7,265 6,043 1,222 0.67 0.095 0.79

2014 165,525 15,698 12,325 3,373 1.13 0.215 2.25

2015* 218,150 20,217 16,830 3,387 4.01 0.387 6.85

Number tagged from 1998 to 2003 have been adjusted to estimate wild-caught only (Supplementary Figure 2 and Supplementary Appendix 1). An * indicates a year with storm-

related mass mortality. Also included are yearly indices of the size of the overwintering population (Monarch Watch, 2019), the average number of monarch eggs per stem from MLMP

data (Pleasants et al., 2017), and the NABA butterfly counts for the Midwest from Saunders et al. (2019).

2015) and because the number tagged in the Midwest was a
good predictor of overwinter population size. For the analysis of
recovery rates, the mass mortality years, 2001, 2003, and 2015
were not included for reasons explained in Methods. Midwest
recovery rate was not correlated with overwintering population
size (Table 2 and Supplementary Table 1).

Although the size of the late summer population explained a
large amount of the annual variation in the size of the overwinter
population, it is possible that some of the variation in overwinter
population size is due to annual variation in migration success.
To examine this possibility, we ran a multiple regression
using Midwest tagging numbers and Midwest recovery rates
(Supplementary Table 1). The equation for the regression of
log MW Number Tagged and log MW Recovery Rate on log
Overwintering Hectares (OW) was: log OW = −6.3127 + 1.6466
log MW Number Tagged + 0.2461 log MW Recovery Rate (F2, 12
= 15.5268, p = 0.0005, R2, adjusted = 0.6748). The standardized
regression coefficients (src) were 0.8602 for log MW Number
Tagged and 0.1772 for log MW Recovery Rate. The square of each
standard regression coefficient, indicates the amount of variation
explained by each variable. Src2 was 0.74 (p= 0.0001) for logMW
Number Tagged and 0.03 (p= 0.2739) for log MW Recovery Rate,
indicating that log Number Tagged accounted for about 74% of
the variation in log OW while log Recovery Rate accounted for
about 3%.

There was no decline in the tag recovery rate over the period
1998–2014 for either the Midwest or the Northeast (Table 2 and

Figure 3). The recovery rates for the Midwest were correlated
with the recovery rates for the Northeast (Table 2).

Correlates of the Recovery Rate
The recovery rates for the Midwest were correlated with yearly
values for NDVI, an index of greenness of the region that
provides nectar formigrating butterflies (Table 2). The year 2000,
which had the lowest recovery rate, had the lowest NDVI value,
and the year 2008, which had the highest recovery rate, had the
highest NDVI value (Table 3 and Figure 3).

We also examined whether NDVI itself, could explain
any of the annual variation in overwintering hectares
(Supplementary Table 1). The standardized regression
coefficients (src) were 0.8917 for log MW Number Tagged
and 0.1668 for log MW NDVI. Src2 was 0.80 (p <

0.0001) for log MW Number Tagged and 0.03 (p = 0.16)
for log MW NDVI, indicating that log Number Tagged
accounted for about 80% of the variation in log OW
while log NDVI accounted for about 3%. While NDVI is
correlated with migration success, just like migration success
itself, there was no decline in NDVI from 2000 to 2015
(Table 2).

The yearly recovery rates for butterflies from the Northeast
were correlated with those from the Midwest (Table 2) but
consistently lower (Table 3 and Figure 3). The recovery rate for
all the normal mortality years 1998–2014 combined was 0.94%
for those tagged in the Midwest and 0.24% for those tagged
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FIGURE 2 | Number of tagged individuals in the Midwest and Northeast (log)

from 1998 to 2015 vs. overwintering population size (log hectares). For the

Midwest R2
= 0.74, p < 0.0001, n = 18 (log OW ha = −5.98 + 1.56 log MW

tag). For the Northeast R2
= 0.58, p < 0.001, n = 18 (log OW ha = −2.87 +

0.90 log NE tag). 95% confidence intervals shown.

in the Northeast (Supplementary Table 2). Thus, the average
recovery rate for the Midwest was 3.93 times greater than for
the Northeast (Supplementary Table 2). For the mass mortality
years 2001 and 2003, the ratio of Midwest to Northeast recovery
rates were similar to that of all normal mortality years (4.18
and 3.58) but, for the mass mortality year 2015, the recovery
rate for the Midwest was not that much greater than for the
Northeast (1.19) (Supplementary Table 2). For normal and mass
mortality years combined, the recovery rate for the Midwest was
3.65 times that for the Northeast (Supplementary Table 2). Thus,
a tagged butterfly from the Midwest was about 4 times more
likely to be recovered than a tagged butterfly from the Northeast.
Of the butterflies recovered in Mexico from the region above
40◦ latitude, 89% came from the Midwest with 11% coming
from the Northeast. These percentages contrast to those for
number tagged with 69% from the Midwest and 31% from
the Northeast.

DISCUSSION

Number Tagged
Comparison of Number Tagged and Overwintering

Population Size
The migration mortality hypothesis presumes that the size of the
summer population in the U.S. Midwest is not correlated with the
size of the overwintering population in Mexico. We found that
the number of monarchs tagged each season in the Midwest was
highly correlated with the size of the overwintering population as
was the number tagged in the Northeast, although not as highly
(Table 2). It could be argued that the number of individuals
tagged is more a reflection of the size of the migratory population
rather than the summer population. As such, number tagged
may already have incorporated some degree of migratory failure
and thus would be more likely to be correlated with overwinter
hectares. We chose to look at number tagged above 40◦ latitude
and east of 100◦ longitude because this is the prime summer
breeding region for monarchs (Flockhart et al., 2017). Individuals
tagged in this region are closer to their natal origin than those
tagged below 40◦ latitude. Butterflies tagged above 40◦ latitude
have traveled southwest for at most two 5 × 5 latitude/longitude
sectors (Figure 1) before capture and have 4–6 5 × 5 sectors
remaining in their journey. Although it is certainly the case that
some percentage of individuals leaving from a particular natal
origin point will not make it to a tagging point above 40◦ latitude,
the majority of migration mortality has yet to occur. So, the
number of butterflies available to be tagged above 40◦ latitude is
similar to the summer population size.

The underlying premise of the migration mortality hypothesis
is that there is a lack of correlation between summer and winter
population sizes. Studies showing a lack of correlation used
summer population estimates based on data sets including the
annual butterfly counts by NABA and butterfly counts made
in Ohio and in Illinois (Ries et al., 2015a; Inamine et al.,
2016; Saunders et al., 2016). However, there are methodological
problems with these summer butterfly counts that make them
inaccurate measures of population size (Pleasants et al., 2016,
2017). Sampling is limited in geographic scope and time and
focuses on the early rather than the late summer population.
More significantly, no counts were made in corn and soybean
fields in the late 1990s and early 2000s when monarchs and
milkweeds were still present in those fields. Surveys made during
that period therefore underestimated the actual size of the
monarch population. Survey data from after that period do show
a correlation with overwintering population size (Crewe et al.,
2019; Saunders et al., 2019) as does egg production for the last two
decades that incorporates information on milkweed abundance
(Pleasants and Oberhauser, 2013; Pleasants et al., 2017). Because
migrating butterflies come from all habitats, including corn and
soybean fields, the sampling bias seen in butterfly counts in the
late 1990s and early 2000s is not an issue.

In comparing eggs per stem and NABA counts with
overwintering population size, we were restricted to the years
since 2006 to remove the sampling bias for not surveying
in agricultural fields. But in comparing number tagged with
overwintering population size we can use data for years before
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TABLE 2 | Summary of correlations and probabilities.

NUMBER TAGGED 1998–2015 MW RECOVERY RATE 1998–2014

vs. OW (ha) r p vs. r p

Midwest 0.86 <0.0001 OW (ha) 0.04 0.91

Northeast 0.76 <0.001 OW (ha)* 0.30 0.27

Total 0.88 <0.0001 NE 0.72 <0.01

Midwest vs. Northeast 0.64 <0.01 NDVI 0.56 0.05

OTHER 2006–2015 vs. Year r p

r p

OW ha −0.66 <0.01

MW tagged vs. Eggs/stem 0.86 <0.01 Midwest tagged −0.53 0.03

MW tagged vs. NABA 0.69 0.03 Northeast tagged −0.54 0.12

NABA vs. Eggs/stem 0.96 <0.0001 MW rec rate 0.34 0.22

Egg/stem vs. OW (ha) 0.86 <0.01 NE rec rate 0.31 0.25

NABA vs. OW (ha) 0.80 <0.01 NDVI 0.13 0.64

NUMBER TAGGED and OTHER 1998–2015 (N = 18). RECOVERY RATE excludes the mass mortality years 2001, 2003, and 2015 (N =15). NABA counts and eggs per stem include

only the years from 2006 to 2015 for reasons discussed in Methods (N = 10). NDVI for years 2000–2015. MW, Midwest; NE, Northeast; OW, overwintering population. * Indicates the

correlation after accounting for the variation explained by number tagged in the Midwest.

TABLE 3 | The number of recoveries and recovery rates for wild-caught butterflies for the total monarch range north from 40 to 50◦ latitude and east from 100 to 65◦

longitude and for the Midwest and Northeast (see Figure 1).

Recovered Recovery rate (%)

Year Total MW NE Total MW NE NDVI

1998 88 80 8 0.46 0.66 0.12

1999 300 261 39 0.85 1.19 0.30

2000 64 63 1 0.23 0.29 0.01 0.453

2001* 1,500 1,355 145 3.36 4.39 1.05 0.530

2002 146 135 11 0.50 0.65 0.14 0.518

2003* 1,269 1,120 150 3.33 4.34 1.21 0.540

2004 52 51 1 0.38 0.51 0.03 0.538

2005 83 69 14 0.29 0.35 0.16 0.542

2006 244 233 11 0.87 1.32 0.11 0.538

2007 274 224 50 0.91 1.20 0.43 0.554

2008 441 375 66 1.85 2.26 0.92 0.564

2009 106 104 2 0.71 0.85 0.08 0.521

2010 247 241 6 1.00 1.30 0.10 0.537

2011 85 78 7 0.38 0.51 0.09 0.462

2012 112 83 29 0.64 1.23 0.27 0.494

2013 70 68 2 0.96 1.13 0.16 0.536

2014 96 87 9 0.61 0.71 0.27 0.542

2015* 603 516 87 2.98 3.07 2.57 0.533

Number recovered from 1998 to 2003 have been adjusted to estimate wild-caught only (Supplementary Figure 2 and Supplementary Appendix 1). Recovery rate is expressed as

a percent. An * indicates a year with storm-related mass mortality. The NDVI index of greenness for the region shown in Figure 1 is from Saunders et al. (2019).

2006 because butterflies during migration have come from all
possible habitats, including agricultural fields. For the years
2006–2015, eggs per stem and NABA counts of summer
population size were highly correlated with Midwest number
tagged counts (Table 3). All three of these measures of summer
population size were correlated with overwintering hectares

(Table 2). These results are counter to the foundational assertion
of the migration mortality hypothesis that the size of the
summer breeding population does not predict the size of the
overwintering population (Ries et al., 2015a; Inamine et al., 2016;
Agrawal and Inamine, 2018). The relationship between summer
population numbers and overwintering hectares suggests that
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FIGURE 3 | Tag recovery rate (percent) for the Midwest and the Northeast for

different years (N = 15). The years 2001, 2003, and 2015 were excluded

because a major winter mortality event in those years greatly increased the

recovery rate. There is no significant trend in recovery rate. Log MW rec. rate

= −31.84 + 0.016 year (R2
= 0.11, p = 0.22), Log NE rec. rate = −56.33 +

0.028 year (R2
= 0.10, p = 0.25). Note that the graphs have different scales

for recovery rate; Northeast recovery rates are always lower.

factors affecting monarch breeding population development
from March through October, rather than migration success,
primarily determine overwintering population size. While
physical factors, such as weather and spring and summer
temperatures are important determinants of population growth
each year (Saunders et al., 2016, 2018, 2019; Crewe et al., 2019),
there is also strong evidence for the role of milkweed availability
(Pleasants andOberhauser, 2013; Flockhart et al., 2015; Pleasants,
2017; Pleasants et al., 2017).

Tagging data arguably can provide a better picture of the size
of themigrating population than countsmade at peninsula points
where monarchs stop over during migration. Counts made at
Cape May, New Jersey and Peninsula Point, Michigan were not

correlated with the size of the overwintering population (Davis,
2012; Badgett and Davis, 2015), but Crewe and McCracken
(2015) did find a positive correlation between counts and
overwintering numbers for Long Point in Ontario. Possible
reasons for the lack of correlation between stopover points and
overwintering numbers include the issue of double counting
when counts are made more than once a day or when monarchs
remain at stopover points for multiple days due to weather. Other
reasons are discussed in Pleasants et al. (2016).

While we used numbers of butterflies tagged as an indicator
of population size, we recognize that it is not a perfect
representation of the summer population size. The tagging
effort is influenced by weather events that limit tagging and
the times when people are available to tag. In addition, there
are few people tagging west of 95◦ longitude an area known
to produce a substantial number of monarchs most years
(Supplementary Figure 1). High populations are likely to be
underestimated by tagging as well since taggers often run out
of tags. It is also the case that many taggers only tag during
the beginning of the migration, leaving the tail of the migration
underrepresented in the tagging records. There was a 27% decline
in the number of tags distributed from 1998 to 2015 (Table 1)
(R2 = 0.33, p = 0.013). This decline may represent a general
loss of interest in tagging, or reduced expectations because of
low population size that discouraged tagging. The proportion of
tags that are affixed to butterflies reared in captivity has increased
(Supplementary Figure 2) possibly reducing the effort to tag
wild butterflies. In spite of these limitations, the fact that this
index of population size is highly correlated with other measures
of summer population size and overwinter population size lends
it credibility.

There were 3 years where the number of monarchs tagged
in the Midwest was outside the 95% confidence interval in
the regression of number tagged vs. overwintering hectares
(Figure 2). In the year 2000 Midwest tagging overestimated the
size of the overwintering population (Figure 2). The recovery
rate for 2000 was the lowest seen (Table 3 and Figure 3) and
corresponded to a year when NDVI values were the lowest
(Table 3). Thus, in this year, drier than normal conditions in
the southern region may have significantly affected migration
success and reduced the number of individuals arriving in
Mexico relative to what was expected from tagging numbers.
The number tagged in the year 2014 also overestimated the size
of the overwintering population (Figure 2). Recovery rate and
NDVI were not unusual for that year (Table 3). Migration was
later than normal in 2014 (Journey North5). Late migrations are
associated with low recovery rates (Taylor et al., 2019). It is also
possible that there was an increased effort in tagging following
the report in 2013 of the lowest overwintering population size
ever recorded. In 1998, the number tagged underestimated the
size of the overwintering population (Figure 2). The recovery
rate was not particularly high that year so higher than normal
migration success is probably not the explanation. The number
of tags applied was the fifth lowest in the record (Table 1),

5journeynorth.org

Frontiers in Ecology and Evolution | www.frontiersin.org 9 August 2020 | Volume 8 | Article 264

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


Taylor et al. Test of the Migration Mortality Hypothesis

suggesting that tagging simply underrepresented the size of the
migratory population.

In the regression of number tagged in the Northeast vs.
overwintering hectares, the year 2012 was an outlier (Figure 2).
The number of butterflies tagged in the Northeast in 2012 greatly
overestimated the actual overwintering population size. There
was an early spring in 2012 (Ault et al., 2013) and monarchs
colonized the Northeast earlier than normal (Journey North5).
The resulting population in the Northeast, as represented by
the monarchs per hour count at Cape May, New Jersey, was
the third highest in the 27 years of that program (Cape May
Monarch Monitoring Project6). On the other hand, extremely
high temperatures in the Midwest, with drought conditions in
much of the area (Taylor et al., unpublished data), reduced the
2012 migration in the Midwest and the number tagged in the
Midwest to the second lowest total in the record (Table 1).

The number tagged in the Midwest from 1998 to 2015 was
correlated with the number tagged in the Northeast with an r
value of 0.64 (Table 2). The Midwest and Northeast populations
are partially but not completely independent. There is some
evidence that the Northeast is colonized by monarchs that were
born in the first generation in the Midwest (Miller et al., 2011).
But there is also evidence that some of the monarchs colonizing
the Northeast have come directly from the Texas generation
(Journey North, 2019).

Recovery Rate
Relation to Overwintering Population Size and

Change Over Years
Migration success, as measured by recovery rate, was not
correlated with overwintering population size (Table 2). Nor did
recovery rates decline from 1998 to 2014 (Table 2, Figure 3)
as would be expected if migration success was driving the
decline in the overwintering population. That said, migration
success may play a small role in determining the annual
variation overwintering population size. After most of the
variation in overwintering population size was accounted for
by summer population size, migration success accounted for an
additional 3% of the variation. In addition to migration success,
recovery rate is a function of overwinter mortality and detection
probability. We have no data on the annual variation in those
two factors. High levels of variation in those two factors could
swamp out changes in migration success. However, the migration
mortality hypothesis predicts a substantial decline in migration
success which should be detectable despite variation in the other
two factors. The fact that there was a significant relationship
between recovery rate and NDVI, a factor suspected of affecting
migration success, also indicates that variation in these other two
factors are insufficient to undermine the use of recovery rate as a
measure of migration success..

Other Correlates of the Recovery Rate
Although recovery rates did not decline from 1998 to 2014, they
did vary over those years (Figure 3). This variation may be due
to a variety of causes, some associated with the conditions during

6https://capemaymonarchs.blogspot.com/

the migration, such as parasite load (Bartel et al., 2011), road kills
(Kantola et al., 2019) and nectar availability. However, Saunders
et al. (2019) did not find a significant correlation between
Ophryocystis elektroscirrha (OE) parasite load and overwintering
population size from 2004 to 2015. They also did not find a
decline over time in parasite load, suggesting that this factor
was not directly involved in the monarch population decline.
They did find that the level of greenness along the southern
fall migration corridor was correlated with the size of the
overwintering population size, after accounting for the role
of summer population size. However, they did not find that
greenness had decreased over time.

We found that the greenness index, NDVI, was positively
correlated with migration success. The lowest NDVI value
and the lowest recovery rate was for the year 2000 (Table 3
and Figure 3) and was associated with drought in Texas
(drought.gov7). The highest recovery rate observed was in 2008
which had the highest NDVI value (Table 3 and Figure 3). The
year 2011, when there was also a drought in Texas (Brower
et al., 2015), had the second lowest NDVI and the third lowest
recovery rate (Table 3 and Figure 3). The fact that recovery rate
is correlated with NDVI, a proxy for nectar availability, which we
know to be important for monarch migration success (Brower
et al., 2015), lends credibility to the use of recovery rate as a
measure of migration success.

In addition to normal overwinter mortality caused by
predators, broken wings, exposure or weather conditions, death
may also result from inadequate lipid stores obtained during
migration (Brower et al., 2015) or neogregarine parasite load
that butterflies bring with them (Bartel et al., 2011; Altizer
et al., 2015). We considered death due to lipid shortage as
add-on mortality. We have to consider the possibility that
years with poor migration success may also have increased
add-on mortality if butterflies arrive in Mexico with reduced
lipid supplies. The recovery rate is based on the product of
migration success and overwinter mortality, including add-on
mortality. What happens if low migration success is always
coupled with high add-on mortality? In a poor migration year,
lower migration success will have the effect of decreasing the
recovery rate, but add-on mortality will have the effect of
increasing the recovery rate. Because of these opposing effects
on recovery rate, the question is whether we can compare
recovery rates for different years and interpret those differences
as differences in migration success. Lipid analysis by Brower
et al. (2015) can provide some insight into this question. In
2011, which was a drought year in Texas, they found lower
lipid levels in butterflies in Texas than in non-drought years.
Surprisingly however, they found that November lipid levels of
butterflies at the overwintering sites in Mexico were not lower
than in non-drought years. The difference in lipid levels in
Texas and Mexico could be due to the acquisition of nectar and
lipids as the Texas monarchs continued to the overwintering
sites through Northeastern Mexico or selective mortality that
eliminated monarchs with low lipid levels. While Brower et al.
(2015) did find individuals with low lipid levels in Mexico, their

7drought.gov/drought/states/texas
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data suggest that the frequency of such individuals, and the
amount of add-on mortality that might accrue from it, was no
different between drought year and normal years. Thus, add-on
mortality and overall migration success may not be interrelated.
If this is the case, recovery rates are primarily a measure of
migration success.

Overall, the recovery rate for monarchs tagged in the Midwest
from 1998 to 2014 was about four times greater than for
monarchs tagged in the Northeast. Thus, monarchs tagged in
the Midwest have a higher probability of making it to Mexico
than monarchs tagged in the Northeast. The greater distances
from Northeast locations to Mexico may account for lower
recovery rates from that region due to longer flight times and
greater mortality. In addition, monarchs from the Northeast
using the Eastern flyway appear to take two paths, one along
the east coast from Maine to at least South Carolina and an
interior path along the Appalachians. Monarchs then move
west along the Gulf coast from Florida to Brownsville, Texas
(Journey North5). Brindza et al. (2008) found that butterflies
tagged in more inland areas of the Northeast were more likely
to be recovered than those tagged in coastal areas. Some east
coast migrants may also end up in Florida (Vander Zanden
et al., 2018). The Central Flyway, used by the butterflies from
the Midwest, provides a clear southwest track to the Texas
border with Mexico. Differences in recovery rate between
the Central Flyway and the Eastern Flyway may also be
the result of differences in wind patterns and temperature.
Geographic differences in recovery rate on a finer scale are
being investigated.

The significant correlation between the recovery rates for
the Midwest and Northeast (Table 2) suggests that, although
migration success for the Northeast is generally lower than
the Midwest, there is an overarching factor that affects both
regions similarly. Both Midwest and Northeast monarchs must
traverse similar terrain in southern Texas and northeastern
Mexico although they may take different routes to get to that
point. The correlation between migration success and NDVI
suggests that nectar availability in this region affects migration
success of all butterflies, no matter their point of origin. In
addition, there may be weather related timing delays inmigration
from 1 year to the next that can affect migration success for
both regions.

The recoveries from the 3 years (2001, 2003, and 2015), with
mass mortality due to winter storms, were not included in the
analysis because the majority of these deaths were decidedly
storm related rather than caused by attrition factors occurring
in a normal year. Because recovery rate is based on dead
butterflies, to use recovery rate as an index of migration success
requires the assumption that normal overwinter mortality is
a random variable over time. Mass mortality years violate
that assumption and are not be included in the temporal
analysis. Yet, recoveries in mass mortality years can tell
us; (1) that large numbers of tagged monarchs were still
alive at the time of these events and (2) that years with
normal mortality and mass mortality both provide a random
sample of the population, only differing in sample size, as
evidenced by the similarity in the ratio of Midwest to Northeast

recovery rates between normal and mass mortality years
(Supplementary Table 2).

CONCLUSIONS

Two competing hypotheses have been offered as the major reason
for the decline in the number of monarchs overwintering in
Mexico. The milkweed limitation hypothesis is based on data
showing a massive loss of milkweeds due to herbicide use in
agricultural fields and additional losses due to changes in land use
from the expansion of agriculture and development (Lark et al.,
2015; Pleasants, 2017; World Wildlife Fund Plowprint Report,
2018). While weather related factors may play an important
role in the annual variation in population size, the decreased
abundance of milkweeds and the greater dispersion of milkweed
patches effectively caps the maximum size the population can
attain under favorable conditions (Pleasants, 2017).

In contrast, the migration mortality hypothesis assumes that
the amount of habitat is sufficient to support large monarch
populations and that milkweeds are not limiting (Ries et al.,
2015a,b; Inamine et al., 2016; Agrawal and Inamine, 2018).
Rather, based on a perceived disconnection between observed
summer monarch populations and overwintering numbers, the
advocates of this hypothesis posit that increasing monarch
mortality during themigration over the last two decades accounts
for the decline in monarch numbers. Using data of about 500,000
wild-caught monarchs tagged from 1998 to 2015 along with 6,000
tag recoveries inMexico during this period we show that (1) there
was no disconnection between late summer and overwintering
numbers, (2) the recovery rate of tagged monarchs (migration
success) was not correlated with overwintering numbers, and
(3) the recovery rate (migration success) had not decreased over
time. In sum, none of the expectations of the migration mortality
hypothesis were supported by the tagging and recovery data.
Although there was no pattern indicating an increase inmortality
during the migration, it is clear that low NDVI values, which
indicate drought years and low nectar availability, are associated
with lower than expected numbers of monarchs reaching the
overwintering sites and lower recovery rates. Thus, migration
success may determine some of the variation in the overwintering
population size, but the main determinant is the size of the
summer population.

Given historic, recent and continuing milkweed losses
(Pleasants, 2017), and the importance of the Midwest to the
overwintering monarch population (Flockhart et al., 2015), the
challenge ahead is how to sustain the monarch population.
The “all hands-on deck” approach (Thogmartin et al., 2017b)
indicated that returning monarch numbers to a mean of 6
hectares of overwinter habitat occupied, a level that could assure
survival of the migration given known causes of mortality
(Semmens et al., 2016), would require the restoration of 1.4
billion milkweed stems primarily on landscapes in the Midwest.
But we should not ignore the benefit to the monarch population
that could come from restoring quality nectar habitats for
both the migratory and breeding phases of the monarch
annual cycle.
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