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Abstract
Background: Selective pressures that occur during long-distance migration can influence morphological traits
across a range of taxa. In flying insects, selection should favour individuals that have wing morphologies that
increase energy efficiency and survival. In monarch butterflies, differences in wing morphology between migratory
and resident populations suggest that migratory populations have undergone selection for larger (as measured by
length and area) and more elongated (as measured by roundness and aspect ratio) forewings. However, selection
on wing morphology may also occur within migratory populations, particularly if individuals or populations
consistently migrate different distances.
Results: Using 613 monarch butterflies that were collected on the Mexican wintering grounds between 1976 – 2014,
we tested whether monarch wing traits were associated with migratory distance from their natal areas in eastern
North America (migration range: 774–4430 km), as inferred by stable-hydrogen (δ2H) and -carbon (δ13C) isotopic
measurements. Monarchs that migrated farther distances to reach their overwintering sites tended to have longer
and larger wings, suggesting positive selective pressure during migration on wing length and area. There was no
relationship between migration distances and either roundness or aspect ratio.
Conclusions: Our results provide correlative evidence that the migratory period may act as a selective episode on
monarch butterfly wing morphology, although selection during other portions of the annual cycle, as well as extensive
mixing of individuals from various natal locations on the breeding grounds, likely counteracts directional selection of
migration on morphology.
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Background
The selective pressures associated with long-distance
migration can influence morphology in a variety of taxa,
including birds, insects and fish [1–4]. Because migration is energetically expensive [3] and high mortality is
predicted during the migratory phase of the annual cycle
[5, 6], selection should favour individuals that have morphological advantages that increase efficiency and hence
migratory success. For example, populations of birds
that migrate longer distances have longer and more
pointed wings than sedentary populations or populations
that migrate shorter distances [7–11]. Long and thin
wings with elongated tips improve aerodynamics and
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reduce drag during gliding flight [12, 13]. The same
selection pressures should operate on migratory insects
[4, 14], but examining this hypothesis is hampered by
the challenges associated with assigning insect origins
and tracking long-distance movements.
One way to estimate migratory distance of insects is
through the use of endogenous markers such as stable
isotopes [15, 16]. Stable isotope relative abundances (e.g.
δ2H, δ15N and δ13C) are translated up the food chain
[15, 17] and, if they vary in a spatially predicable manner
(termed isoscapes; [18]), reflect the geographic origin of
where tissues are grown in herbivores and higher order
consumers [15]. Since stable isotopes in the chitin of
wing tissue of adult flying insects is metabolically inert
after formation [15, 19, 20], stable isotope measurements
can be used to identify the geographic natal origin of
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adults regardless of how far they have flown from the
natal site [21]. Stable isotope measurements have
been used successfully to determine natal origin of
migratory insects such as butterflies [22–24] and
dragonflies [21].
Monarch butterflies (Danaus plexippus) in eastern
North America are known for their fall migration up to
5000 km from their northernmost breeding range in
Canada to overwintering sites in central Mexico [25].
Migratory monarchs are known to have longer wings
compared to resident populations [26–28]. Individuals
with more elongated wings tended to be seen earlier in
migration than those with short wings, suggesting that
elongated wings increase the speed of migration [29]. At
overwintering grounds in Mexico [30] and the west
coast of the U.S. [31], there is a negative correlation between hydrogen isotope values (δ2H) and wing size, suggesting that individuals with larger wings derived from
more northern locations and so migrate longer distances. These studies were based on single-year sampling, and recent work showed that patterns of monarch
natal origin can vary annually [32]. Furthermore, both
studies used δ2H values as a proxy for migration distance, which, in some cases, can introduce a significant
source of variation because δ2H values do not necessarily correlate directly with distance travelled. At the same
time, larger adult wing sizes may arise when larvae develop at lower mean temperatures at northern latitudes
[33] and this parameter must be controlled for in statistical analyses.
Here we examined the hypothesis that migration distance acts as a selective episode on monarch wing
morphology because of the energetic costs of longer
flights. To examine this hypothesis, we estimated migration distance of overwintering monarchs in Mexico sampled over five decades by estimating natal origin from
two stable isotopes (δ13C and δ2H) in their wing tissue
[22, 34–36]. Given that last generation monarchs in
eastern North America migrate directly to a few
spatially clustered locations in central Mexico [37], fall
migration distance and ambient temperature experienced during larval development can be estimated
as a direct function of natal origin in eastern North
America. We considered that individuals sampled in
Mexico to be representative of those that survived the
migratory journey. Thus, if migration distance influenced wing morphology by selecting for individuals
with more efficient long-distance flight [26], after controlling for temperature we predicted that fall migration
distance would be positively related to i) forewing size
(as measured by length and area; Fig. 1) and ii) the
degree of elongation in the forewing (as measured by
roundness and aspect ratio; Fig. 1) in monarchs
sampled on their overwintering grounds.
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Fig. 1 The forewing measurements made for each butterfly in
ImageJ [38] include the length (l), width (w), and surface area (a).
From these measurements we calculated the roundness 4(a/(πl)2)
and aspect ratio (l/w). Measurements followed that of [26] and [37]
(for roundness)

Methods
Butterfly collections and wing morphology measurement

Monarch butterflies (Danaus plexippus) (N = 613) from
the eastern North American migratory population were
collected from the Sierra Chincua Sanctuary in Mexico
during the overwintering period (November - February)
from 1976–2015; samples from 1988 did not have any
colony location recorded (Additional file 1: Table S1).
Forewings were detached from body using forceps and
scanned on an HP PSC 750 flatbed scanner at 300 dots
per inch [38]. ImageJ software [39] was used to take
wing morphology measurements (length, width, area) of
forewings images following Altizer and Davis [26].
Length was defined as the point of attachment at the
thorax to the distal tip of the wing, width was defined as
the longest line drawn perpendicular to the length axis,
and area was defined as the total surface area of the
forewing (Fig. 1). These measurements were then used
to calculate wing roundness (4 × [area/(π × length)2];
[38]) and aspect ratio (length/width; [26]). Our measurements of roundness reduced the skew of perimeter measurements that occurred from variance due to wing wear
[38] and resulted in data that were normally distributed
in order to meet the assumptions of linear models. Individuals with wings that were frayed or damaged that
would have resulted in inaccurate forewing length measurements were excluded from our analyses (N = 91).
The distance measurements using the centroid method
(see below) did not vary between the butterflies included
and those excluded (t = −1.19, p = 0.24). However, in a
pattern opposite to our expectations, butterflies with
worn wings (mean distance: 2900 km) had shorter
migration distances using the high point method
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(see below) compared to butterflies with pristine wings
(3104 km; t = −2.13, p = 0.04).
Stable H and C isotope analysis

Butterflies were stored in glassine or paper envelopes
and frozen or stored in desiccators until analysis. Wing
tissue membrane was washed twice in 2:1 chloroform:methanol solution to remove surface oils and contaminants. Wing chitin subsamples (1.0 ± 0.1 mg) for δ13C
were loaded into 8.0 mm × 5.0 mm pressed tin capsules
and combusted online using a Eurovector 3000 (Milan,
Italy – www.eurovector.it) elemental analyzer. The
resulting CO2 and N2 gases were separated by gas chromatography (GC) and introduced into a Nu Horizon
(Nu Instruments, Wrexham, UK – www.nu-ins.com)
triple-collector isotope-ratio mass-spectrometer via an
open split and compared to a pure CO2 or N2 reference
gas. Wing chitin subsamples (0.35 ± 0.02 mg) for δ2H
isotopes were loaded into 4.0 mm × 3.2 mm silver capsules, loaded into a zero-blank carousel and combusted
using flash pyrolysis (1350 °C). Hydrogen gas was separated in a Eurovector Elemental Analyzer (Milan, Italy)
and isotopic measurements made using an interfaced
Elementar Isoprime™ (Isoprime, Manchester, UK) Continuous Flow Isotope Mass Spectrometer (CFIRMS).
Non-exchangeable hydrogen δ2H values for monarch
wing chitin were obtained using the Comparative Equilibrium procedure [40], with results normalized to the
VSMOW-SLAP scales. Laboratory keratin standards
were equilibrated with the lab atmosphere for 72 h along
with samples. The assigned values for hydrogen isotopes
were CBS and KHS standards, currently having
δ2HVSMOW values of −197‰ and −54‰, respectively.
Within-run reproducibility (n = 5) for δ2H values of
keratin standards were better than ± 2‰. Laboratory
standards for δ 13C were BWBII and PUGEL with
assigned δ13CVPDB values of −18.5‰ and −13.6‰ vs. the
VPDB primary standard. The within-run precision of
laboratory keratin control standards (n = 5) were better
than ± 0.15‰ for δ13C. All analyses were conducted at
the Stable Isotope Hydrology and Ecology Laboratory,
Environment Canada, Saskatoon, Saskatchewan.
Migratory distance measurements

Migratory distance was defined as the distance between
collection location at the overwintering colonies in
Mexico and the isotopically assigned natal origin of each
monarch using δ13C and δ2H measurements. Details of
probabilistic assignment of natal origin are found in [32]
but we briefly summarize the approach below. We used
multivariate normal distribution assignment models to
calculate the probability of natal origin to each pixel in a
continuous landscape that spans the monarch breeding
distribution [34, 36, 41]. For each butterfly, the model
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calculated the probability of natal origin to each pixel in
our study area based on the correspondence between
δ2H and δ13C values in wing tissue to the isoscapepredicted values of monarch δ2H and δ13C wing tissue
of each geographically indexed cell in the landscape [42].
The probability density of individual i having location j
as the natal origin is Yi ~ N(μj, Σ) where Yi is a vector of
observed δ2H and δ13C values, μj is a vector of predicted
δ2H and δ13C values derived from calibrated isoscapes
[32], and Σ is the positive-definite variance-covariance
matrix of δ2H and δ13C. Here, Σ was assumed to be constant across the entire isoscape and was estimated based
on all values from known-location butterflies from data
in [15]. We applied Bayes’ rule to invert the conditional
probabilities of natal origin based on isotopes as:


f JjY ;X;M J ¼ jjY ¼ yij ; X ¼ xj





f Y jX Y ¼ yij jX ¼ xj f JjM ðJ ¼ jjM Þ


¼ X
f
Y ¼ yij jX ¼ xj f JjM ðJ ¼ jjM Þ
j Y jX

where fJ|Y,X,M is the spatially explicit posterior probability
density function for location j as the true origin of individual with measured isotope value y, given the measured isotope values yij for locations xj. The function
fY|X represents the conditional distribution on Yj from
above. The function fJ|M is the probability of occurrence
for locations J, using a distributional prior of the breeding distribution, M, as described in [32].
From this probabilistic surface we calculated that latitude and longitude of natal origin in two ways. The high
point method considered the latitude and longitude of
the pixel with the highest probability to be the natal origin; we present the statistical results using the high point
method in the main text of the manuscript. The centroid
method calculated the mean latitude and mean longitude of the natal origin based on the odds that a given
assigned origin was correct relative to the odds that it
was incorrect as 2:1 and coded the upper 33% of the assignment surface for each butterfly as a binary surface
[43]. The odds ratio constitutes the compromise between having sufficient geographic structure in the assignments while correctly assigning the natal origin of
an individual [44], and is akin to choosing a type I error
rate (e.g. α = 0.05) in a traditional statistical test to determine significance. The centroid method accounts for uncertainty in the assignment of natal origin and reduces
the potential effects of natal origins that are assigned
near the edge of the breeding distribution based on a
limited geographic extent of the isoscapes. The statistical
results using the centroid method are presented in the
supplementary material. Migration distance was calculated as a straight-line distance from the latitude and
longitude of the assigned natal origins to the Sierra
Chincua colony (19°40’20.6”N, 100°17’42.6”W; [45]).
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Weather data

Temperature-dependent development in monarchs may
result in butterflies from northern areas developing at
slower rates than southern areas [32]. If so, then controlling for temperature at the natal location in statistical
analysis would allow us to account for environmental effects on wing morphology. Daily maximum temperature
data for North America was downloaded [46, 47] and we
calculated the mean maximum daily temperature between July 20 and August 9, which is the development
period for overwintering butterflies when they are larvae
(following Flockhart et al. [32]). For each butterfly, we
extracted the mean maximum daily temperature value at
both the high point and centroid location. To assess the
effects of collinearity, we calculated the variance
inflation factor for each variable in generalized linear
models [48]. Variance inflation factors assess the boosted
standard errors of parameters in generalized linear
models which may obscure significant relationships
between explanatory and response variables. The variance inflation factors of the variables in our models were
generally lower than 3 (Additional file 1: Table S2) which
is the recommended value when analysts should to take
action to address collinearity [48] so we so ran analyses
(see below) both with and without mean maximum daily
temperature.
Statistical analysis

To examine how migration distance influenced wing
morphology, we constructed global linear mixed effects
models using the lme4 package [49] in program R for
each response variable: forewing area, forewing length,
roundness, and aspect ratio. These global models
included sex and migration distance as fixed effects and
year as a random effect. Sex was included because males
had larger wings than females [26, 27]. We included year
as a random effect because selection pressures likely
change each year based on regional temperaturedependent development schedules that influence breeding distribution [36, 50–52] and autumn weather
patterns that influence survival during migration, but
these conditions were not expected to change in a
predictable pattern over time. In a repeated analysis we
also included mean maximum daily temperature as a
fixed factor.
After constructing each global model, we removed the
distance parameter for each response variable, and compared the reduced model to the global model using a
likelihood ratio test [53]. This allowed us to evaluate
whether the distance parameter significantly improved
the model fit. We also ran the same series of global
models as generalized linear models, substituting the
Southern Oscillation Index (SOI) for year as a fixed
effect in the model. SOI is a large-scale measure of
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climate that would influence all monarchs similarly in a
given year and has a significant influence on the
assigned natal origins of monarchs overwintering in
Mexico [32]. Model outputs from the generalized linear
models, as well as all models that include mean maximum daily temperature at the natal location, raw data,
and R code are found in the Additional files 1, 2, and 3.

Results
Monarchs in our study were estimated to have migrated
between 774 km and 4430 km from natal locations to
overwintering sites. Migratory distance was correlated
with δ2H values but this relationship was not linear
(Additional file 1: Figure S1), suggesting that our twoisotope assignment approach was likely a better estimate
of migration distance than using δ2H values alone. Mean
maximum daily temperature at natal origins ranged
between 15.1–38.3 °C and, as expected, migratory
distance and mean maximum daily temperature were
correlated (high point: r = −0.78; centroid: r = −0.8;
Additional file 1: Figure S1).
There were no significant differences between males
and females in migration distance (t = −0.01, p = 0.99).
On average, male monarchs had longer forewings and
greater forewing area than females, but males and
females had similar wing roundness and aspect ratios
(Additional file 1: Table S2). Using mixed-effects models
that included year as a random effect (Additional file 1:
Figure S2), both male and female monarchs that
migrated longer distances had wings that were longer
and had larger wing area (Table 1, Fig. 2). Although the
parameter estimates were in the predicted direction,
monarchs that migrated longer distances did not have
more pointed wings or larger aspect ratios (Table 1).
The direction of the parameter estimates and statistical
inference between migratory distance and wing morphology was consistent when considering these relationships
with generalized linear models that quantified annual variation using global oscillations indices (Additional file 1:
Table S3). Global oscillation indices were not significant
predictors of wing area (t = 0.57, p = 0.57), wing length
(t = 1.47, p = 0.14) or aspect ratio (t = 1.73, p = 0.08) but
were negatively related to wing roundness (β = −0.0008,
t = 3.17, p = 0.001). Results using the high point method
were consistent with the centroid method for estimating
migration distance in both mixed-effects (Additional
file 1: Table S4) and generalized linear models (Additional
file 1: Table S5).
Variance inflation factors were generally less than 3 indicating that collinearity would have limited effects on
drawing inference on the effects of migration distance
on wing morphology (Additional file 1: Table S2). After
controlling for mean maximum daily temperature, monarchs that migrated longer distances had wings that were
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Table 1 Results of likelihood ratio tests used to test the effect of migration distance on wing morphology using the high point method
Response variable

χ2

df

p

Wing Area

5.62

1

0.02

0.0124

0.0022, 0.0226

Wing Length

5.20

1

0.02

3.966e-4

5.577e-5, 7.374e-4

Roundness

1.99

1

0.159

3.084e-6

−1.21e-6, 7.38e-6

Aspect Ratio

0.19

1

0.659

1.89e-6

−6.52e-6, 1.03e-5

Distance parameter estimate

95% confidence interval

For each wing morphology response variable, a global linear mixed effects model was constructed with sex, mean maximum daily temperature and
migration distance as fixed effects, and year as a random effect. Distance was then removed from each model and compared to the global model using a
likelihood ratio test. The χ2 test statistic was used to calculate the p-value for each likelihood ratio test

longer and had larger wing area but there was no effect
of migration distance on wing roundness and aspect ratio (Additional file 1: Tables S6). Using generalized linear
models, there was no effect of mean maximum daily
temperature on any wing attribute but the effect of
migration distance on wing area and length remained
significant (Additional file 1: Tables S7). There was no
effect of migration distance on wing roundness or aspect
ratio (Additional file 1: Tables S7). Similar to above, after

Fig. 2 Wing area (a) and wing length (b) of monarch butterflies that
successfully migrated to overwintering areas plotted against the
migratory distance between natal origins and the Sierra Chincua
overwinter colony in Mexico. The mean (line) and 95% confidence
interval (shading) are the model-estimated relationship for females
(red dashed line) and males (blue solid line). Raw data are presented
as points for females (red) and males (blue). Note the reduced range
of the y-axis is shown to depict the relationships for wing area
(range: 636 – 1027 mm2) and wing length (range: 42.7–57.3 mm)

controlling for mean maximum daily temperature the
results using the high point method were consistent with
the centroid method for estimating migration distance
in both mixed-effects (Additional file 1: Table S8) and
generalized linear models (Additional file 1: Table S9).

Discussion
Consistent with previous studies [26, 28, 30, 31], our results showed that monarchs that migrated the farthest
distance on average from natal grounds to wintering
sites had the longest and largest wings. This observation
suggests that migration acted as a selective episode on
monarch butterfly wing morphology, specifically on wing
length and area, and this relationship did not arise from
temperature-dependent effects on wing morphology.
Our study extended previous findings by proposing a
mechanism by which natural selection may operate on
wing morphology in migratory populations – longer and
larger wings lead to higher survival of monarch butterflies during long-distance migration. In other words,
monarchs that initiate fall migration from the most extreme
limit of their range are more likely to successfully reach
their wintering sites if they have longer wings and greater
wing surface area, whereas shorter winged monarchs with
small wing surface area have a greater chance of successful
migration if they start from locations closer to the wintering
sites. This result appeared to be consistent over the 40-year
time series of monarchs collected in Mexico.
Efficient flight is important for small insects flying
thousands of kilometers between breeding and nonbreeding areas, and for which lipid accumulation during
long distance movement is important for migration and
overwinter survival [3, 54]. During migration, monarchs
use both powered and gliding flight [55, 56]. Powered
flight is more efficient with long wings and gliding/
soaring flight is more efficient with reduced wing loading
(ratio of mass:wing area; [13]). While we did not measure
wing loading directly, we found a positive relationship between migration distance and forewing area, one component of wing loading. Moreover, prior work showed that
wing area is strongly positively correlated to both body
length (from head to abdomen) and total body mass of
monarchs [26], suggesting that monarchs with larger wing
area are also larger in body size overall. Thus, work here
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provides partial evidence that selection might operate
on monarch wing length and area that influences wing
loading during migration. This finding has also been reported for studies on migratory birds, which found a
relationship between migration distance, wing morphology and body size at both the genus [7, 10] and species [8, 9, 11] levels. Skeletal morphology that promotes
efficient travel has also been reported for salmon that
migrated long distances [2], illustrating that selection
for efficient travel during migration is important in
non-flying migrants as well.
There was no evidence that wing roundness and aspect ratio correlated with migratory distance in our sample of monarchs, although the parameter estimates
measured here were in the predicted direction of greater
distance being associated with more angular (less round)
wings. In a cross-population comparison, Davis and
Altizer [26] found that non-migratory monarchs from
Central America, Florida and the Caribbean have
rounder (less elongated) forewings than migratory monarchs from eastern North America. Moreover, Dockx
[27] showed that among monarchs captured in Cuba,
migrants originating from northern latitudes had more
angular wings than those identified as year-round residents. In more recent work, however, Li et al. [28] found
no difference in wing shape among monarchs from
migratory versus non-migratory populations, and Altizer
et al. [30] also found no relationship between wing shape
and estimated migration distance among eastern North
American migrants. Thus, evidence for selection operating
on wing shape in migratory monarchs appears to be mixed.
While evidence suggests that wing traits linked to
migration in monarchs are genetically heritable [26], it is
important to note that the fitness benefit of longer and
larger wings could vary over different portions of the
monarch’s annual cycle or even after arriving at the
overwintering colonies. Monarchs overwinter in dense
colonies of millions of individuals with specific microclimatic conditions [57]. Clusters of butterflies retain heat,
and monarchs in the middle of clusters are more sheltered
from extreme temperatures and moisture on their wings
that can freeze and kill them [57, 58]. Theoretically, larger
monarchs might compete better for positions near the
core of clusters; this advantage could be bolstered by earlier arrival times at the overwintering colonies. On the
other hand, high conspecific density in colonies [up to 50
million butterflies per hectare [57] may result in large individuals having a disadvantage for obtaining an optimal
roosting location, which requires precise and controlled
flight in confined spaces. Smaller males are also more
likely to mate at the overwintering sites than larger males
[59], although this appears to be caused more by small
males initiating mating attempts as opposed to a selective
advantage conferred by small wings, as captive experiments
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showed that males with larger wings mated more often
than small males [60]. Additionally, monarchs breed over
successive generations [36, 51] and summer migratory distances must be significantly shorter than the fall migration
distances and hence selection may not be as strong during
the breeding season. Wing measurements of butterflies
collected during the breeding season coupled with
migratory distance estimates derived from stable isotopes
would inform whether selection operates during the
breeding season.
Individuals with larger wings might experience lower
wing loading and greater flight efficiency during longdistance migration [12, 61]. On the other hand, Borland
et al. [62] found no difference in the wing length of
butterflies captured during migration through the USA
in Minnesota versus Texas, which suggests that if
smaller individuals were dying during migration, this
happened after monarchs entered Mexico [54]. If so,
then we would also predict that monarchs that remigrate
from Mexico to Texas to breed would also have longer
wings than those migrating through Texas the previous
autumn. Given the prediction that longer wings should
increase survival of monarchs during migration, we
would also predict that larger butterflies could amass
great fat reserves to fuel the long overwintering period.
Monarchs in particular accumulate fat reserves during
that last portion of migration between Texas and overwintering colonies in Mexico [63]. From this perspective,
there could be a complex interaction among wing loading, lipid reserves and successful migration.
Although results here indicate that long-distance migration selects for larger wings, we are not suggesting that this
will necessarily result in the evolution of longer-winged
sub-populations within the eastern migratory population.
Since monarchs of all migratory distances overwinter together each winter and breed in the spring, any effect of
wing size selection will be limited by population mixing
during migration itself and at the overwintering sites
[22, 31, 64–66]. Moreover, because of the multiplegeneration aspect of monarch migration, individuals do not
usually return and breed in their natal region [35], making
it unlikely that the same selection pressures will act on the
genetic line of longer-distance migrants in the following migratory season. Therefore, although the migratory population in eastern North America is morphologically different
from non-migratory ones in other parts of the world, it is
unlikely that eastern monarchs will experience directional
selection on wing morphology. The recurring selective
disappearance of individuals with shorter wings during
autumn migration arises from a dilution of the selection
pressures acting on wing morphology across multiple
breeding generations. If this dilution effect operates in other
multivoltine insects, then migratory behaviour may be less
likely to evolve in insects compared to vertebrate taxa.
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Conclusions
Understanding the determinants of successful migration
during the annual cycle could improve understanding of
how populations will respond to future conditions. For
example, over the coming century, the distribution of
both monarchs and their host plants are predicted to
move northward due to climate change [67, 68]. If this
bears out, these distributional changes will require individuals to successfully complete longer autumn migrations to traditional overwintering areas in Mexico. The
prospect that individuals with longer wings have an
advantage during long-distance migration suggests that
at least some monarchs should be able to conduct this
longer migration to overwintering locations in Mexico in
the future. Although monarchs may colonize and
successfully breed in more northern areas in coming
decades, biologists should not assume that that will
automatically enhance or stabilize population persistence
if these same morphologies are more strongly selected
against at different portions of the annual cycle. Future
work might well consider how competing selective
forces of flight maneuverability, thermoregulation, and
migration distance interact to influence wing morphology and the consequences for population distribution
of the monarch butterfly.
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