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Abstract: Alternative life history strategies are mechanisms
by which organisms are able to maximize fitness across a
range of environmental conditions. Fitness is maximized
by different strategies depending on context, resulting
in trade-offs between life history strategies. Monarch
butterflies (Danaus plexippus) employ both migratory
and resident life history strategies. Since residents
breed throughout the year, but migrants overwinter in
reproductive diapause, there are fitness trade-offs between
the two strategies. We used stable isotope analysis to
evaluate the geographic origins of monarchs in a year-
round population in south Florida. Based on stable isotope
profiles of hydrogen and carbon (6°H and 6°C values), we
found that 48% (16/33) of monarchs collected in south
Florida are migrants that originated from outside the
sampling region. Migrants had a larger wing length than
residents; thus, switching to a resident strategy could alter
their probability of reproductive success. Further work is
needed to investigate the mechanism underlying this
pattern, but these findings show that alternate life history
strategies and sex-specific behaviors are underexplored
factors influencing monarch migration and evolution.
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1 Introduction

Alternative life history strategies are found in a wide
variety of taxa, including birds [1], butterflies [2], crickets
[3], frogs [4], grasshoppers [5], horseshoe crabs [6], lizards
[7], and salmon [8]. In particular, populations that exhibit
alternative life history strategies in migratory behavior
are termed to show “partial migration,” with some
individuals exhibiting residency and some engaging in
migration [9]. While the details between strategies vary
as widely as the taxa in which they are observed, a key
component in all cases is a trade-off, often between a
strategy that is best under one set of conditions, and an
alternate strategy that provides a fitness advantage under
a different set of conditions. The relevant conditions may
be environmental, physiological or a combination of both.
Selection of a strategy therefore involves one or more
environmental or physiological thresholds that lead to an
individual following a particular strategy.

Monarch butterflies (Danaus plexippus) are a
charismatic species of conservation concern that also
employ two contrasting life history strategies: migratory
or resident. Little is known about why individuals follow
one strategy or another. Over the last two decades, the
Eastern migratory monarch population at the Mexican
overwintering colonies has declined by approximately
80%, and recent models predict a substantial probability
of quasi-extinction in the next 20 years [10]. Adults
deposit eggs on many milkweed species (Asclepias spp.),
the leaves of which are consumed by developing larvae.
A loss of this breeding habitat has been suggested as
the major cause for the population decline, as milkweed
has been reduced in agricultural areas with the use of
herbicides and adoption of genetically modified crops [11-
13], although other evidence suggests that this population
may be limited by factors that occur during migration [14,
15]. In either case, characterizing the migratory strategies
and geographic distribution of this species is critical to
create spatially explicit demographic models for directing
conservation measures [11, 16].
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Monarchs that follow the migratory strategy are
found in the temperate zone in North America, and
this migration pattern consists of several successive
generations that migrate northward through the spring
and summer. Butterflies in these generations usually
have 6-8 week life spans, although the average life span
can vary with temperature. Eastern North American
monarchs that emerge in the late summer or fall, however,
are in a reproductive diapause [17]. This generation delays
reproduction until the following spring after they have
undertaken the arduous migration southward to the
overwintering grounds in central Mexico along several
major routes. In the spring, these same butterflies break
diapause and mate before beginning the migration north,
beginning the first generation of many that continue the
migration northward. The overwintering generation of
monarchs thus have life spans nearly three times as long
as their spring and summer counterparts.

Individuals following a resident strategy, however,
neither enter diapause nor migrate, and are reproductively
active throughout the year. Monarchs that follow this
alternative life history strategy are found in isolated
resident colonies scattered at locations across the
southern United States [18-22] that are consistent with
the predicted range of temperature and moisture regimes
that would permit adult survival during the winter [23].
Decreasing photoperiod and lower temperature are
environmental cues that trigger monarch diapause during
larval development [17], and the changes in photoperiod
and temperature at sub-tropical and tropical latitudes are
likely insufficient to trigger diapause. Thus, monarchs
born into a resident population in sub-tropical or tropical
latitudes are unlikely to enter diapause and are therefore
unlikely to adopt a migratory strategy. However, it is
possible that some monarchs born in the main migratory
population could enter resident populations, break
diapause, and switch to a resident life history strategy to
breed year-round [24].

Previous research indicates resident populations in
south Florida occur year-round [e.g., 21, 25-28], but the
degree of connectivity with the migratory population has
not been examined. The use of cardenolide fingerprinting
has revealed that southern Florida populations receive
northern-origin migratory monarchs during the autumn
that break diapause and begin breeding [21]. However, the
geographic scope of the cardenolide fingerprinting method
isbroad, such that the possible range of migrantindividuals
spans Georgia to Canada [21]. Thus, the purpose of our
study was to determine the geographic origin of monarchs
in south Florida populations. We hypothesized that natal
location would be a key determinant of life history strategy:
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butterflies eclosing in a resident population would follow
a resident strategy, and butterflies eclosing elsewhere
would follow a migratory strategy. Extrinsic factors such
as weather displacement could result in conditions that
would cause migrating monarchs to break diapause and
start mating. However, if intrinsic factors are involved in
determining migratory destination, then the trigger to
switch to an alternate destination most likely occurs prior
to or during migration toward the overwintering colonies.
Therefore, we further hypothesized that this trigger would
be condition-dependent.

Stable isotopes are commonly used as indicator of
geographic origin for migratory species [29]. Organisms
integrate the local isotopic signal from their diet and
drinking water during the period of tissue synthesis,
and inert tissues such as chitin remain unchanged when
an individual migrates. The isotopic signals in adult
monarch wings are assimilated during the larval stage
prior to metamorphosis and therefore reflect natal origin
[30]. Hydrogen isotope (6°H) values in monarch wings are
related to those in precipitation, and carbon (6"°C) isotope
values reflect nutrients obtained from milkweed plants
[31]. The geographic distribution of both 6°H and 62C values
is largely latitudinal. For precipitation, rainout of heavy
isotopes as airmasses move northward and inland across
continents results in lower §°H values in more northern
latitudes [32]. In milkweed, these patterns are driven by
climate and water availability, with higher §°C values at
more northern latitudes [33]. Probabilistic assignments
incorporating both elements were used to designate south
Florida monarchs as migrants or residents. To investigate
characteristics related to condition and potential fitness
of immigrant individuals, we also examined wing size
between migrants and residents. Wing-size in monarch
has been previously linked to migratory status and may
be influenced by sexual selection, and thus may be key
component of the monarch life history strategy [34, 35].

2 Methods

2.1 Specimen Collection

Monarchs were collected from three sites in south Florida
(n=33)in 2011 (Table 1). Live specimens were immediately
placed in glassine envelopes after capture and stored at
20°C for at least 12 hours prior to measurement and
dissection. Sex was determined by presence or absence of
the androconium on the dorsal side of the hindwing before
separating wings from bodies, and wings were returned to
the glassine envelopes for later stable isotope analysis.

Unauthenticated
Download Date | 12/20/18 3:45 PM



76 —— H.B.VanderZanden, etal.

DE GRUYTER

Table 1. Collection site and natal origin summary for monarch butterflies collected in south Florida. See Sup. Mat. Fig. S3 for individual

origin maps.
Site Name Collection dates Location (Lat/Long) # Specimens
Male (n = 25) Female (n=8)
Resident Migrant Resident Migrant

Homestead, FL Feb - Mar2011 N 25.47 2 4 4 0

W 80.44
Miami, FL Feb — Mar 2011 N 25.69 2 3 3 0

W 80.29
Naples Botanical Garden, Oct-Dec 2011 N 26.11 6 8 0 1
FL W81.77

Total 10 15 7 1

Forewing size was measured as a proxy for body
size. Forewing morphology is also likely to be important
during soaring flight, as monarchs cover the majority of
their hindwings while soaring [34]. Forewing length was
measured from the white spot adjacent to the body to the
point between the two white spots at the tip of the forewing
(see Sup. Mat. Fig. S1 for illustration of wing landmarks).
Although there were slight variations in wing patterns,
these two markers were consistently used to ensure
that homologous sections of the wing were measured.
Measurements were recorded to the nearest millimeter.

2.2 Stable Isotope Analysis

One hindwing from each specimen was washed in
a 2:1 chloroform:methanol solution, then air dried.
Small sections of hindwing of both black and orange
pigmentation [36] were cut and placed into capsules
(3x5mm silver capsules for hydrogen and 5x9mm tin
capsules for carbon) for stable isotope analysis. All
results are expressed in the following conventional delta
(6) notation § = (Rsample - Rstandard) -1 in units per mil
(%0) where Rsample and Rstandard are the corresponding
ratios of heavy to light isotopes in the sample and
international standard, respectively. International
standards include Vienna Standard Mean Ocean Water
(VSMOW) for 2H, Vienna Pee Dee Belemnite (VPDB) for C,
and atmospheric N, for ®N.

Hydrogen isotope values were measured in samples
weighing 0.35 (¢ 0.02) mg using the comparative
equilibration process [37] at one of two labs. Homestead
and Miami samples were analyzed at the Colorado
Plateau Stable Isotope Laboratory at Northern Arizona
University using a thermo-chemical elemental analyzer
(Thermo Electron) interfaced via a CONFLO II to a Delta
XL isotope ratio mass spectrometer (Thermo Scientific).
The following Kkeratin reference materials were used to

calibrate all hydrogen results: CBS (caribou hoof standard)
and KHS (kudu horn standard) with isotopic compositions
of -197 and -54.1%0, respectively. The standard deviation of
the in-house keratin SJ reference was 1.5%o (n = 7). Naples
samples were analyzed at the University of Western Ontario
in London, Ontario using a Uniprep-System (Eurovector)
connected to a high temperature conversion elemental
analyzer (Thermo Scientific) interfaced to a DeltaV isotope
ratio mass spectrometer (Thermo Scientific). CBS and KHS
were used to calibrate all hydrogen results. The standard
deviation of the in-house keratin Spectrum 1 reference
was 0.51%o (n=3).

Carbon isotope values were also measured at one of
two labs. Homestead and Miami samples weighing 0.825
(+ 0.05) mg were analyzed at the Light Stable Isotope
Mass Spec Lab at the University of Florida using a Carlo
Erba NA 1500 CNS elemental analyzer (Thermo Scientific)
interfaced via a ConFlo II to a DeltaV Advantage isotope
ratio mass spectrometer (Thermo Scientific). The reference
material USGS40 (L-glutamic acid, §°C = -26.29%0) was
used to calibrate carbon results. The standard deviation
of USGS40 was 0.05%o (n = 5). Naples samples weighing
1.0 (20.1) mg were analyzed at the University of Western
Ontario in London, Ontario using a ECS 4010 elemental
analyzer (Costech) interfaced to a DeltaV Plus isotope
ratio mass spectrometer (Thermo Scientific). The standard
deviation of USGS40 was 0.01%o0 (n = 2).

2.3 Estimating Geographic Origin

The residency status of the monarchs from both Florida
sites was estimated with a likelihood-based approach
using isotopic maps, or isoscapes, to evaluate the potential
geographic origin of each individual across the spatial
range evaluated. We used both amount-weighted growing
season precipitation (62precip) [38] and wing-chitin
(6-C ) [39] isoscapes for assignment. We rescaled

monarch
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the 6°H . values to those expected for monarch wing
tissue using the previously published linear relationship
(6°H_ .. =062* (‘)‘ZHprecip -76) [39]. The 6°C__ . isoscape
[39] was originally derived from kriging of monarch and
milkweed samples (corrected to monarch tissue using
a discrimination factor of -0.5%o0) from across eastern
North America [31, 40], and the geographic extent of the
6°C_ ... isoscape served as the spatial range considered
in the assignment to origin process. The resolution of both
6*H . and§"C_ . isoscapes was 20’ cells (Fig. 1).

For each individual, geographic assignments were
made usingboth &°H_ __  and6°C_ . valuesof the wing
sample to estimate the likelihood that each pixel within
the considered spatial domain was the natal origin with

the following bivariate normal probability function:

1 O R T N R T
z,y| i, X) = exp [ — 4
1oyl 2) (2ro,00/1 — p?) P ( 2(1 = p?) { o3 oy
20z — ) (y — 1)
Oz0y

where f(x, y, | u, 2) is the likelihood that an individual with
H . value=xand 6°C___ . value =y originated from
cell i with mean °H_ . and 6°C___ . values equal to
the components in the vector y, derived from the #H
and 6°C__ . isoscapes. The variance—covariance matrix
2 is decomposed on the right-hand side of the equation
such that p is the correlation between &H_ . and
6°C_ .. values in chitin, which was estimated from 124
known-origin monarchs in North America [31]. The error

100°W

90°W
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inéH___ . and 6°C values is represented by ¢ and
C 'monarch x
o, respectively. Two error sources were pooled using the

equation:
[ +2 2
Uamong + Oiso

O pooled =

These variance estimates were calculated from the
known-origin monarchs in the Hobson et al. [25] dataset
such that 0% one TEDIESENLS the average variance among
individuals ata site (6°H____ . azamong =29.2%o0and 6°C___ .
azamong = 0.07%o) and azkﬁg represents the average variance
in the difference between the measured values in the
monarch sample and the predicted values at the collection
locations on the isoscape (6°H . 0% = 125.4%0 and
8°C, 0% =0.82%o).

To classify individuals as residents or migrants,
we used an odds ratio (OR) framework to determine the
likelihood of the capture site as the natal origin. In this
approach, the odds of any given cell are compared to
the most probable cell. The posterior odds of each cell
P(i)/(1-P(i)) were compared to the odds of the cell with
the maximum probability P(max)/(1-P(max)) with the

following equation:
P(i)
1-P(i)
P(max)
1—P(maxzx)
We used a 2:1 odds ratio threshold. If the posterior
odds ratio at the capture location did not meet the 2:1

OR =
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Figure 1. Derived hydrogen (a) and carbon (b) isoscapes of monarch tissue. The §°H
values [32] using the rescaling equation (6H
isoscape was interpolated from a combination of §'*C measurements from monarch wing tissue and measurements of milkweed

season precipitation °H
01C

‘monarch

adjusted to monarch tissue [33].

precip

nonarch 1505€ape is based on amount-weighted growing
=0.62*9°H - 76) determined by Flockhart et al. [33].The

monarch precip
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threshold, the individual was classified as a migrant, while
a value above the threshold was classified as a resident.
Migrant and resident maps were summed separately after
thresholding to depict overall patterns of origin in the two
groups.

2.4 Statistical Analysis

We tested the difference in size between resident and migrant
males but not females, as only one female was determined to
be a migrant. Because sample sizes were small even for the
males, we conducted the analysis by randomly shuffling the
residency status variable five hundred times and observing
the distribution of F statistics from the one-way ANOVA
of each permuted dataset. The program R was used for all
spatial and statistical analysis [41].

3 Results

Using the combined 6°H___ . and 6°C__  values, 16
(48%) individuals were classified as migrants and 17
(52%) were classified as residents (Table 1, Sup. Mat.
Table S1). Over half of the males (15 of 25) were migrants,
while the majority of females (7 of 8) were residents
(Table 1), though fewer females were sampled overall.
The percentage of migratory individuals ranged from
38-60% among the three collection sites (Fig. 2). Based
on natal origin, migrant monarchs that entered the south
Florida population originated from throughout the North
American breeding territory, with a higher density of likely

80°W
T

|:| Resident
. Migrant

30°N

Homestead %

0 100
[ = == ]
Kilometers

25°N |-

Figure 2. Map of monarch collection sites with percentage of indivi-
duals classified as migrant or resident based on 2H and 6**C values.
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origin in the regions of the midwest and southwest (Fig. 3,
Sup. Mat. Fig. S3). Migrant male monarchs that entered
the south Florida population were larger than resident
males based on wing length (Figs. 4 and S2; P = 0.024).

4 Discussion

4.1 Migration strategy

Our results suggest that migratory monarchs enter the
non-migratory south Florida population. Monarchs
following the Atlantic flyway could end up in south
Florida simply by continuing to follow the Atlantic coast,
rather than heading west across Georgia or the Florida
peninsula to continue along the Gulf coast. However, our
stable isotope data suggest that monarchs in south Florida
originated from locations throughout most of the summer
range of the migratory population, rather than solely from
animals expected to follow the Atlantic coast route (Fig.
2a). The summary map depicts regions with high density
of individuals originating from the Midwest and near
the Texas-Oklahoma border. The Midwest corresponds
with the natal region that has contributed the highest
proportion of individuals to the Mexican overwintering
population over nearly four decades [42]. While there was
low likelihood of origin from more northern areas in the
breeding range, it is possible that these northern regions
with lower relative contributions to the overwintering
population [42] were not detected in the migrant
population as a result of the small sample size. Similarly,
a previous study used a combination of chemical tracer
techniques to reveal an influx of migrants into resident
Cuban populations over multiple years [43]. The origin of
the migrant monarchs to Cuba was mostly southeastern
Canada and the eastern United States, and the migrant
subspecies (D. p. plexippus) was likely hybridizing with
the resident subspecies (D. p. megalippe) [43].

The proportion of individuals classified as migrants in
this study was 48%, which was much higher than the 7%
immigration rate measured at a south Florida population
through cardenolide fingerprinting [21]. The percentage of
migrants ranged from 38-60% among sites, and two sites
measured in a previous study had significant differences
in the proportions of northern migrants [21]. Collections
from two of the three sites in this study occurred in
February and March, which would suggest that the
migrant monarchs had likely overwintered in Florida. The
Naples sample collections occurred in October through
December, and so we cannot be certain if they remained to
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Figure 3. Summary maps of likely origin for (a) migratory (n = 16) and (b) resident monarchs (n = 17) based on geographic assignment using
0°H and 0*C values in wing tissue. Each cell depicts the sum of the number of individual monarchs for which the likely region of origin

included that cell.

overwinter or continued on to other areas of the Caribbean
or to Mexico by using this alternate migration route [44].

It is not unusual for migratory patterns to vary among
individuals and populations, and partial migration is
a widely documented phenomenon within vertebrate
groups, in which a portion of the population migrates,
while the remainder are resident [45-48]. The classic form
of non-breeding partial migration occurs when migrants
and residents breed sympatrically but overwinter apart,
and a separate partial migration, termed breeding partial
migration, occurs when migrants and residents overwinter
together but breed allopatrically [9]. Often, the migratory
tendency tends to be conditionally based on asymmetries
of individuals [9]. The partial migration observed in this
study of monarchs is unique, as migrants and residents
would not overlap geographically, if it were not for the
individuals with incomplete migration that switch from a
migratory to a resident strategy. Because this pattern fits
neither of the established partial migration definitions [9],
we refer to it as alternate migration.

We have developed two hypotheses that explain
the pattern we observed. One hypothesis is that these
results are due to random chance, including butterfly
displacements by weather [26]. Alternatively, monarchs
may employ condition-dependent alternative migration
strategies. Since environmental conditionsin south Florida
do not favor diapause, monarchs entering this population
are likely to exit diapause and begin reproducing without
the need to overwinter first, regardless of the cause for

55

]
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Wing Length (mm)
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35
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Natal Origin

Figure 4. Wing length differences between migrant and resident
monarchs collected in south Florida. Points indicate individuals.
Box limits show first and third quartiles, whiskers indicate 1.5 *
inter-quartile range, and horizontal bar indicates median. Only one
female was classified as migrant.

settling in south Florida. Thus, this alternative migration
strategy may provide a reproductive advantage for
individuals whose condition makes it unlikely they would
survive the winter in Mexico. Physiological triggers for
condition-dependent responses have been shown to vary
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by sex for some Lepidoptera [49], which may contribute to
the differing ratios of migrant males versus females that
we observed.

There are two components of condition, not mutually
exclusive, that might serve as triggers for selecting either
a migratory or a resident life history strategy. Larval
condition could determine the strategy that an adult
would pursue, for example, as determined by the quality
of milkweed upon which a larva feeds [17, 50, 51]. The life
history strategy could also be determined by the condition
of the adult and could potentially change in the midst of
migration if lipid stores fall below a certain threshold, as
stored lipids are critical to surviving the winter [52]. Further
collection would be necessary to test these hypotheses.

Other possible explanations for recovering large
numbers of migrants in south Florida include biases in
our sampling protocol, or releases of farmed butterflies.
Migrant butterflies were distributed across all three
collection sites on both the east and west coast of south
Florida, so our sampling protocol does not include
obvious biases that would explain our findings.

4.2 Monarch wing size and fitness indicators

Wing size was larger for migratory individuals than the
residents, which concurs with previously documented
correlations between migratory status and distance with
wing size of monarchs [34, 35, 53, 54]. The size advantage
migratory males hold over their resident counterparts
might increase their reproductive success when switching
to a resident life history strategy, as wing size has been
documented an indicator of mating success [34, 55]. The
size advantage may be particularly important if males
were in poor condition with respect to lipid stores, as
the migrant males would have the opportunity to mate
immediately, rather than needing to survive until spring
for mating opportunities at the overwintering colonies.
However, research at the overwintering sites in Mexico
suggests that mated males were smaller and had shorter
wings [56]. Future studies at these sites would benefit from
determining the reproductive status of all individuals.
Measuring and comparing the lipid stores in migrants
entering south Florida and overwintering in Mexico could
provide a more direct assessment of the condition of these
butterflies and as a possible trigger of changing life history
strategy. The fitness of migratory monarchs overwintering
in Mexico depends not only on traversing thousands of
kilometers from their summer range to the overwintering
colonies, but also on accumulating sufficient lipid stores
to survive the reproductively inactive winter period [52,
57]. Lipids could further be important via male investment

DE GRUYTER

in spermatophores, which is positively correlated with
male mating success [58, 59]. Accordingly, males with
a poor body condition may experience greater mating
success if they pursue an alternative strategy by migrating
a shorter distance, and/or to a location where they will be
able to mate more quickly.

However, there may be a tradeoff in reproductive
output for migrants that settle in Florida, where they may
be susceptible to the protozoan parasite Ophryocystis
elektroschirrha. Of the three populations studied across
North America, the non-migratory population in southern
Florida had the highest parasite prevalence (over 70%)
compared to the infection rates of the eastern migratory
population (8%) and western migratory population (30%)
[60]. Parasites can be transmitted horizontally during
mating or other contact as well as vertically from infected
females to their offspring [61-63], and infected individuals
experience decreased lifespan and reproductive success
[64]. It is unlikely that any potential inbreeding in
the resident population contributes to the parasite
susceptibility [65]. Rather, it has been suggested that
migration allows individuals to escape parasites [66-68],
as infection prevalence is highest in year-round breeding
monarchs where parasite spores can accumulate with
the extended breeding season [60, 69]. Thus, the Florida
population may not be sustainable without the influx of
breeding migrants that have lower parasite infection rates.

4.3 Conclusions

Much of what is known about monarch migration patterns
comes from large-scale, multi-decadal mark-recapture [70]
or observational [71] studies. These studies demonstrated
that there are corridors of high migration, or “flyways”,
from the northern summer breeding areas to the southern
overwintering colonies. Our results, combined with stable
isotope data demonstrating trans-Appalachian flight
[40], and genetic data which failed to detect population
structure within North America [72], indicate that
migration routes and strategies may be more complex
than these broad studies indicate. It is also possible
that changing climate or other unmeasured variables
have altered migration patterns within the last decade.
Additional studies with larger sample sizes and the use of
variable and/or denser genetic markers may add further
detail to the overall pattern of the major routes.
Condition-dependent alternative strategies must meet
three criteria to be evolutionarily stable: (1) environmental
variation must be discrete, (2) environmental cues are
reliable, and (3) alternatives maximize fitness in different
environments [73]. Because the environmental cues in
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south Florida do not favor continuation of diapause
over the winter season, the migratory and resident
alternative strategies fit the first two criteria, and our
results suggest that these strategies may also meet the
third criterion. Further investigation of our hypotheses
on condition-dependent alternate migration strategies
is needed to evaluate how well the change to a resident
strategy can maximize fitness, but the results of this
study lead to an important overall conclusion: monarch
migration behavior is more complex than implied by the
major migratory routes. Monarch migration is a unique
phenomenon, and understanding sex-specific behaviors
and the role of alternative life history strategies in the
migration is critical to understanding the evolutionary and
conservation implications of these movements. Moreover,
our findings indicate that the explanation regarding
discrepancies between population estimates should
include an evaluation of the factors affecting alternate
migration strategies to provide a more complete picture of
the factors influencing monarch population size.
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