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Statistical analysis
We first confirmed the parentage of our samples using 
the Colony2 program, assuming polygamous, random 
mating [88]. In order to determine the degree to which 
diapause status was biased between families, we fit a basic 

linear model in R version 4.2.2 [89] using phenotypic 
status as the response variable and maternal family as a 
fixed effect. Phenotypic status was coded as 0, 1, or 2 for 
reproductively immature, partially mature, or mature (as 
described above), respectively. We used an ANOVA test 
in R to determine if maternal ID significantly improved 
model fit. To determine the expected phenotypic distri-
bution for each family sorted by mean reproductive rank 
(calculated from the individual 0, 1, 2 scores rescaled to 
0, 0.5, and 1 for immature, partially mature, or mature, 
respectively such that a family with 100% reproductively 
mature individuals would have a score of 1) under a null 
distribution, we randomly permuted individuals between 
families 10,000 times and then ranked each family for 
reproductive score.

We conducted a Genome-Wide Association Study 
(GWAS) to determine if any loci were significantly 

Fig. 2 Genome-wide association results for diapause in Australian monarch butterflies. A Example egg development for the three stages used 
to phenotype adult females as reproductively mature, partially mature, and immature. B Average reproductive development scores for maternal 
families. Average scores were significantly more skewed than expected by chance (orange line). C Quantile–quantile plot for association results 
showing a few strong outliers but otherwise conformance to the expected distribution of p-values. D Manhattan plot showing the strength 
of association with reproductive status genome-wide. Values above the upper, blue line indicate significant associations after false discovery rate 
p-value adjustment

Table 1 Counts of immature, partially mature, and mature 
female monarch butterflies reared and sequenced in each 
sampling year and the number of maternal families from which 
they came

Year Immature Partially 
Mature

Mature Total 
Individuals

Maternal 
Families

2016 12 22 6 40 12

2018 11 56 97 164 20

Total 23 78 103 204 32


