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Fig. 4. (A) Time series showing change in wing size for Pacific island populations. Of the seven best-sampled Pacific island populations, five show significant
decreases in forewing size through time. Top horizontal line corresponds to the historical migratory North American mean; bottom horizontal line corre-
sponds to the historical nonmigratory Caribbean mean. Dashed red vertical lines are the earliest known establishment dates of monarchs in each location,
based on museum records or historical accounts (14). Note that most Pacific populations begin at or above the mean for North American forewing size. (B)
Atlantic specimens also show a significant decrease in forewing size through time. (C) North American monarchs show an increase in forewing size through
time. (D) Model-estimated coefficients describing wing size evolution through time across all six regions of interest. Error bars correspond to the 95%
confidence intervals. Note the contrast between nonmigratory populations from Central/South America and the Caribbean versus recently established
nonmigratory populations from the Pacific and Atlantic. (E) Model-estimated coefficients for wing shape evolution also show reductions in forewing
elongation for Pacific and Atlantic specimens. Model summaries are provided in S/ Appendix, Table S1. Panel C reprinted with permission from ref. 39.

of hatching, five neonate larvae were transferred onto a single live host
plant from one of six milkweed species grown from seed. Wild plant seed
was collected in regions of origin of each population, except for Asclepias
speciosa, which was grown from commercially available seed. Plants were
propagated in greenhouses at the University of California, Davis. Upon
eclosion, adult F1 monarchs were given 6 to 8 h for their wings to dry and
were then weighed to the nearest 0.1 mg. Monarchs were then frozen and
later dissected and dried at 60 °C. We measured wing morphology using the
procedure described above and also recorded the dry mass of abdominal
and thoracic tissue separately. Phenotypes of interest for common-garden
reared monarchs were forewing and hindwing morphological variables,
eclosion mass (both wet and dry), wing loading (forewing area/wet mass),
and dry mass of abdominal and thoracic tissue (S/ Appendix, Fig. S2).

Data Analysis. As in Altizer and Davis (2010) (28), we combined measurements
of forewing length, width, and area to generate principal components de-
scribing wing size, with size principal component 1 (PC1) explaining 96.4%
of forewing size variation. Forewing aspect ratio (length/width) and fore-
wing roundness (4r*area/perimeter?) were used to generate shape prin-
cipal components, with shape PC1 explaining 86% of variation. Size PC1
and shape PC1 were then used as response variables in analyses of wing
morphological variation. We included a fixed effect for region, with year
as a continuous predictor and a region*year interaction. Butterfly sex
was included as a fixed effect, latitude of collection and image type (scan
vs. photo) were covariates, and collection ID and country/archipelago of
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collection were random effects. Continuous predictor variables (year, lati-
tude) were centered and scaled. For both forewing size and shape analyses,
the primary effect of interest was the interaction between region*year, as
this effect captures the different evolutionary trajectories of the ancestrally
migratory North American population, the recently derived nonmigratory
Atlantic and Pacific populations, and the longer established nonmigratory
Central American, South American, and Caribbean populations. Models
were implemented in the Ime4 package (56) in R v 3.6.3 (57) and were of
the form:

response ~ region*year + sex + latitude + image type + (1|collection ID) +
(1]archipelago)

For common-garden reared butterflies, we used the same size PC1 and
shape PC1 measures and also conducted analyses of wet and dry body mass,
wing loading (body mass/forewing area), and the mass of thoracic and ab-
dominal tissue. In all analyses using common-garden reared monarchs, we
included infection level (approximate logqo spore counts) with the proto-
zoan parasite Ophryocystis elektroscirrha (OE) as a covariate in accordance
with previous studies (58) (see results in S/ Appendix, Table S7).

We used the program driftsel (44) to estimate the strength of divergent
selection between migratory North American and nonmigratory Pacific
populations. Briefly, we used RAFM (59) to estimate the ancestry-coancestry
matrix using 1,000 randomly sampled single-nucleotide polymorphisms
(SNPs) and then analyzed both univariate and multivariate signatures of
selection for quantitative traits. To test for relaxed selection, we compared
the coefficient of variation (CV) for wing morphological traits between
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Fig. 5. (A) Wing size of common-garden reared monarchs from six populations around the world. Abbreviations correspond to map at right. Numbers inside
of boxplots correspond to total number of measured adults for each population. Measured offspring were the F1 progeny of wild-caught females from 11 to
15 maternal families per population. Letters above boxplots denote significant group-level differences in a linear mixed model after correcting for multiple
comparisons. (B) Map of sampling locations. Eastern and western North American monarchs are migratory, and genomic data suggest that they form a single
undifferentiated population (ref. 10 and Fig. 1C). Populations from Hawaii, Guam, and Australia are all nonmigratory and represent a serial stepwise con-
temporary range expansion across the Pacific over the last 170 y. The Puerto Rican population represents a less recent loss of migration. (C) Side-by-side
comparison of a Puerto Rican (Left) and eastern North American (Right) monarch reared at the same time on the same individual host plant.

monarch populations for both wild-caught and common-garden reared
monarchs. To test for among-group differences, we calculated 95% boot-
strapped confidence intervals for CV, estimated using the package cvcqv
v.1.0.0 (60). Full details for all analyses are provided in the S/ Appendix.

Data Availability. All raw data, metadata, and associated code used in
analyses have been deposited with Dryad (https:/doi.org/10.25338/B8157C)
(61) and are also available through GitHub (https:/github.com/micahfreedman/
manuscripts). Images from museum specimens are copyright protected and
cannot be made publicly accessible without permission but are available
upon request.
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