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Supplementary materials S1 - interspecific changes in wing shape and sex differences 

Methods 

Interspecific wing shape differences, as previously identified between H. erato and H. melpomene [1,2], 

could potentially affect color pattern comparisons by overcompensating the pattern alignment compared 

to its relative position in the wing. Therefore, we compared two sets of landmarks: (1) one with all 18 vein 

intersection points and (2) a second analysis excluding landmarks that caused interspecific tension in the 

alignment (Figure S1). Landmarks were placed on one forewing of each individual using ImageJ [3]. 

Landmarks were superimposed using Procrustes superimposition with the procSym function in the R 

package Morpho [4]. This superimposition transforms the raw landmark coordinates to a common 

centroid, scaling to unit centroid size, and rotating the shapes until the sum of squared distances between 

landmarks is minimized. The resulting Procrustes coordinates then describe shape differences between 

the samples. Tension maps (Figure S1) represent the Euclidean distance between the average H. erato 

and H. melpomene Procrustes landmark arrangement and were created with a modified tps_iso and 

tps_arr function of the R package Momocs [5]. Landmark Principal Component Analysis (PCA) was 

performed with the procSym function in the R package Morpho [4] and ignoring size differences between 

wings (i.e. sizeshape = FALSE).  

To test the effect of sex and species on shape variables, we used a two-way multivariate analysis of 

variance (MANOVA) as implemented in R v3.5.1 [6]. For this, we used only the values of samples along 

significant PC axes as determined by the permutationPA function in the R package jackstraw [7]. Shape 



discrimination between H. erato and H. melpomene and posterior probability of classification was studied 

using linear discriminant analysis (LDA) as implemented in the R package MASS [8]. 

 

Results  

We investigated potential non-linear interspecific differences in wing shape that might affect the 

downstream color pattern analysis. PCA of the complete set of 18 landmarks placed at the intersection of 

wing veins in the total set of 281 samples showed significant interspecific wing shape differences with a 

posterior probability of classification of 94.3 % and 87.2 % for H. erato and H. melpomene, respectively 

(F1,280 = 86.6, p < 0.001; Table S3; Figure S1A, B). These differences were mainly concentrated in the first 

two PC axes which explained a combined 40 % of the variation in the dataset (Table S3). Interspecific 

shape differences were most apparent at landmarks 2, 3, 7, 8 and 9 and affected mostly the alignment at 

the posterior proximal to medial area and the anterior medial to distal area of the wing (red areas in top 

part Figure S1B). While significant interspecific differences remained after occluding landmarks 2-5 and 7-

9 (F1,280 = 15.5, p < 0.001; Table S3), the posterior probability of classification dropped to 61.4 % and 68.1 

% for H. erato and H. melpomene, respectively (Table S3). Only small interspecific tension areas remained 

in the alignment in the subset landmark alignment (Figure S1B). Therefore, in the next sections describing 

the MFB color pattern analysis we mainly present results obtained from the subset landmark set. 

Comparing wing shape between males and females using the subset landmark set showed significant 

differences in sex in both H. erato and H. melpomene mostly along the first PC axis (F1,280 = 14.0, p < 0.001; 

Table S3; Figure S1C). However, sex had generally a low posterior probability of classification of 67.6 % 

and 63.2 % for males and females, respectively, indicating large overlap in the phenotypes of the sex 

classes.  

 

Despite existing interspecific shape changes observed between H. erato and H. melpomene 

(Supplementary Materials S1; Table S4; Figure S1), wing color pattern alignments using an extended set 

of 18 landmarks showed very similar PCA clustering for all populations and phenotypes compared to the 

subset of 11 landmark analysis (Figure S2, 3). Similarly, removing females from our dataset did not change 

the results (Figure S4). 
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