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1- Species studied and the continuum of divergence 

Table S1: Summary of methods and references (numbers in brackets) for all species pair considered in this study 

LF exp: Life-female experiment, NA: absence of quantified data, probably NS: based on unquantified observations, probably not a significant parameter. 
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(Colour) 

Mate choice 
(Male 

behaviour) 

Mate choice 
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survival 

Mating 
success of F1 

F1 Fertility  
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CPxMP 

H. cydno 
chioneus / H. 
melpomene 

rosina 

Panama Sympatric 0.05% [1] 
[2]-  

Fig. S1 
Models [3] LF exp [4] 

Tetrad [3]   
+ no-choice [5] 

[6]   
Predation 
exp with 

models [7] 
no-choice [5] 

[6] 
This study  
(Table S10) 

CCxMC 

H. cydno 
cordula / H. 
melpomene 
melpomene 

Colombia Sympatric 

intermediate 
phenotype observed 
around San Cristobal 

but no admixed 
genotype [8] 

 
Models [8] Models [8] 

no-choice 
 + Tetrad [8] 

[6]  
This study 
(Table S7)   

[6] 

HxMC 

H. heurippa / 
H. 

melpomene 
melpomene 

Colombia 
Parapatric/
Sympatric 

intermediate 
phenotype observed 

but no admixed 
genotype [8] 

This study 
(Fig. S1) 

Models [8] LF exp [8] 
no-choice  

+ Tetrad [8] 
[9] 

This study 
(Table S7) 

co-mimic 
with H. 

melpomene 

no-choice 
This study 
(Table S8) 

[9] 

TxM 

H. timareta 
thelxinoe /       

H. 
melpomene 

amaryllis 

Northern 
Peru 

Parapatric/
Sympatric 

0.6-1.5% of F1; 3-5% 
admixed genotype  

[10, 11] 

[11] 
Fig S1 

Models [12] LF exp [12] no-choice   [12] 

This 
study 
(Table 

S4) 

This study 
(Table S4) 

co-mimic 
with parents 

no-choice/LF 
exp  

This study 
(Table S5-6) 

This study  
(Table S4) 

TfxMm 

H. timareta 
florencia /       

H. 
melpomene 

malleti 

Colombia 
Parapatric/
Sympatric 

about 2% [13] 
This study 

(Fig. S1) 
Models [14] 

 
no-choice [13] [14] 

 
co-mimic 

with parents 

no-choice 
This study 
(Table S9) 

[14] 

CPxMG 

H. cydno 
chioneus / H. 
melpomene 
melpomene 

Panama/
Guiana 

Allopatric NA   Models [3] LF exp [3] Tetrad [3]  [6]       [6] 
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Mate choice 
(mating) 
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success of F1 
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CCxH 
H. cydno 

cordula / H. 
heurippa  

Colombia 
Parapatric/ 

limited 
contact 

no hybrids detected 
[8] 

  Models [8] LF exp [8] 
no-choice + 
Tetrad [8] 

[9] 
This study 
(Table S7) 

    [9] 

CxP 
H. cydno 

galanthus/ 
H. pachinus 

Costa 
Rica 

Allopatric/ 
limited 

contact ? 
7% [15] 

 
Models [16] LF exp [4, 16]  Tetrad [17] 

NA 
(probably 

NS, see 
[16]) 

similar 
host-plant 
(probably 

NS, M. 
Kronforst) 

F1 are co-
mimic with 

H. cydno 
Models [16] 

NA (probably 
NS, see [16]) 

MGxMP 

H. 
melpomene 

melpomene / 
H. 

melpomene 
rosina 

Panama/
Guiana 

Allopatric NA   Models [3] LF exp [3] Tetrad [3] [18]       [18] 

Lo
w

 d
iv
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ge

n
ce

 

CyxCw 
H. cydno 
alithea 

white/yellow 
Ecuador Sympatric 

unestimated:  
likely very high 

    
LF exp [4, 16, 

19] 
  

NA 
(probably 

NS) 

similar 
host-plant 
(probably 

NS) 

F1 are co-
mimics with 

white alithea 
 
Predation at 
yellow site 

[20] 

[19] 
NA (probably 

NS) 

TfxTl 

H. timareta 
florencia /       

H. timareta 
linaresi. 

Colombia 

Parapatric/ 
Small 
hybrid 
zone 

~3% phenotypic 
hybrid, 

underestimated by 
Dennis-ray 
dominance  

[14] 
 

 
Models [14] 

 
No-choice [14] [14] 

similar 
host-plant 
(probably 

NS) 
 

NA (probably 
NS) 

[14] 

MaxM 

H. 
melpomene 
aglaope / H. 
melpomene 

amaryllis 

Panama/
Guiana 

Parapatric/ 
Small 
hybrid 
zone 

unestimated: likely 
very high. About 10% 
of phenotypic hybrid 

in the hybrid zone 

    
Individual 
 LF exp [3] 

  
NA 

(probably 
NS) 

similar 
host-plant 
(probably 

NS) 
 

NA (probably 
NS) 

NA (probably 
NS) 



Table S2: Genetic divergence 

Mean FST values between pairs of taxa based on different genetic markers (RAD-seq markers, 

AFLP and mitochondrial DNA) from the litterature [19, 21, 22]. * denote significant genetic 

divergence under a permutation test or no significant divergence (n.s.). Detailled methods and 

results can be found in original publications. The grey scale describe the continuum of 

divergence with the “high” category corresponding to pairs of taxa involving a representative of 

the melpomene-clade and the cydno-clade, and “intermediate” and “low” including pairs of taxa 

belonging to the same clade, respectively with and without significant genetic divergence. 

 

   

Mean FST 

(RAD markers) 

[22] 

 

 

FST 

(AFLP) 

[21] 

 

 

FST 

(mtDNA) 

[21] 

 

 

FST 

(AFLP) 

[19] 

 

 

FST 

(mtDNA) 

[19] 
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H. c. chioneus (CP) 

H. m. rosina (MP) 
0.34 0.23* 0.93   

      

H. c. cordula (CC) 

H. m. melpomene (MC) 
0.35 0.25* 0.91   

      

H. heurippa (H) 

H. m. melpomene (MC) 
0.42 0.35* 0.93   

      

H. c. chioneus (CP) 

H. m. melpomene (MG) 
0.44 0.29* 0.83   

      

H. t. thelxinoe (T) 

H. m. amaryllis (M) 
0.36     

      

H. t. florencia (Tf) 

H. m. malleti (Mm) 
 0.21* 0.70   

In
te

rm
ed
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te

 

      

H. heurippa (H) 

H. c. cordula(CC) 
0.38 0.35* 0.85   

      

H. c. galanthus (C) 

H. pachinus  (P) 
 0.07* 0.66 0.17*  

      

H. m. rosina (MP) 

H. m. melpomene (MG) 
0.37 0.30* 0.62   

L
o

w
 

      

H. c. alithea 

white/yellow (Cw/Cy) 
   

0.001 

(ns) 
0.057 (ns) 

      

H. t. florencia (Tf) 

H. t. linaresi  (Tl) 
 0.02 (ns) 0.33   

      

H. m. amaryllis (M) 

H. m. aglaope (Ma) 
0.16     

 

  



2- Quantifying the strength of reproductive isolation (Methods and 

additional results) 

Co-occurrence in sympatry 

- H. timareta thelxinoe and H. melpomene amaryllis were collected at seven locations along an 

altitudinal gradient between 1100 and 1600m. Those were collected in North-Eastern Peru 

around Tarapoto, in the Alto Mayo (05°39'58"S; 77°44'35"W) and the Escalera area (06°27'28" 

S; 76°17'53" W) during from multiple fieldtrips (2005, 2007, 2011, 2012 and 2013). Information 

about collection and distribution analysis can be found in [11].  

 

- H. cydno chioneus and H. melpomene rosina were collected along a track running through a 

gradient between open forest and closed-forest habitat [2]. We categorized this gradient in 

adjacent, 2-km wide segments.   

 

- H. heurippa and H. melpomene melpomene were collected at six locations along an altitudinal 

gradient between 1150 and 1450m encompassing two areas of Colombia: the Villavicencio 

foothills around Buenavista (Meta; 4°10'30" N 73°40'41"W) and Chirajara (Cundinamarca; 

4°12'48" N 73°47'70"W) and the area of DeleB, (Casanare; 5º 25'5"N, 72º 31'20"W). 

 

- H. timareta florencia and H. melpomene malleti were collected at four locations along an 

altitudinal gradient between 673 and 1400m in the foothills of Florencia, Caqueta in Colombia, 

from Paraiso (01°45'02" N 75°37'55"W) to Sucre (01°48'12" N 75°39'19"W). 

 

 

To estimate the reproductive isolation due the ratio of species co-occurrencce, RIco-occurrence, we 

calculated the mean expected frequency of hetero-specific mating and the mean expected 

frequency of conspecific mating across the transect. At each location, the frequency of hetero-

specific mating and the frequency of conspecific mating were define, respectively, as follow: 

 

𝐻𝑖 =  (𝐹𝑖𝐵×𝐹𝑖𝐴 + 𝐹𝑖𝐴×𝐹𝑖𝐵)               𝐶𝑖 =  (𝐹𝑖𝐴×𝐹𝑖𝐴 + 𝐹𝑖𝐵×𝐹𝑖𝐵) 

 

where Fi A and Fi B are the relative frequencies of species A and B at location i  

(𝐹𝑖𝐴 =
𝑁𝑖𝐴

𝑁𝑖𝐴+𝑁𝑖𝐵
;  𝐹𝑖𝐵 =

𝑁𝑖𝐵

𝑁𝑖𝐴+𝑁𝑖𝐵
 , in which Ni A and Ni B are the number of individual from species 

A and B collected at location i). 

 

Confidence interval was drawn by bootstrapping. We sampled with replacement the same total 

number of individuals (Ni A+Ni B ), at each location, in a pool composed of the same ratio (Ni A 

/Ni B), and followed the same method to infer frequencies and calculate RI. This procedure was 

repeated 1000 times and the 2.5- 97.5% quantiles on the distribution of bootstrapped values of 

RI were taken as limits for the confidence interval. 



 
 

           Escalera                   Alto Mayo 

 
            Villavicencio foothills                   DeleB 

 
Florencia foothills  

Fig. S1: Species co-occurrence.  
(A) Distribution of H. melpomene rosina and H. cydno chioneus collected along the Pipeline Road 

(Parque Soberania, Panama,[2]). (B) Distribution of H. melpomene amaryllis and H. timareta thelxinoe 

collected along an altitudinal transect in the sympatric zone of Cordillera Escalera and Alto Mayo (Peru). 

[11] (C) Distribution of H. melpomene melpomene and H. heurippa collected along an altitudinal 

transect in the sympatric zone of Villavicencio foothills and at DeleB location in Casanare (Colombia). 

(D) Distribution of H. melpomene malleti and H. timareta florencia collected along an altitudinal transect 

in the Florencia foothills (Caqueta, Colombia). 

Visual cues 

Different studies have recorded the number of courtships by males of a given species towards 

wing models. We analysed these raw data following [3] and as described in [12] to obtain a 

probability PiA of courting a A-model rather than a B-model for a male of species i by 

maximizing the loge-likelihood expression given by 

𝑀𝐿(𝑃𝑖𝐴) =  ∑( 𝐴𝑖𝑗 log𝑒(𝑃𝑖𝐴)

𝑗

 + 𝐵𝑖𝑗 log𝑒(1 − 𝑃𝑖𝐴) )  

where j is the experimental session, Aij the total number of courtships towards the A model 

within this session and Bij the total number of courtships towards the B model. The 95% 

confidence intervals are equivalent to the parameter value that decreases the maximum value of 

ML of two units [23]. The individual contribution of colour preference to reproductive isolation 

was calculated with courtship probabilities as follow (for the value and its confidence interval): 

𝑅𝐼𝑐𝑜𝑙𝑜𝑢𝑟 𝑐𝑢𝑒𝑠 (𝐴x𝐵) = 1 − 2×
𝑃𝐴𝐵

𝑃𝐴𝐵 + 𝑃𝐵𝐵
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Male choice  

Data counting the number of courtship by a given male species towards a live virgin female (LF 

exp) were extracted from each study and analysed as described above to obtain a probability PiA 

of courting a A female rather than a B female for a male of species i by maximizing the loge-

likelihood expression given by 

𝑀𝐿(𝑃𝑖𝐴) =  ∑( 𝐴𝑖𝑗 log𝑒(𝑃𝑖𝐴)

𝑗

 + 𝐵𝑖𝑗 log𝑒(1 − 𝑃𝑖𝐴) ) 

where j is, a male monitored, Aij the total number (or duration) of courtship of the male j 

towards the A female and Bij the total number (or duration) of courtship towards the B female. 

Confidence intervals were estimated as describe above. 

 

The individual contribution of male preference to reproductive isolation was calculated as 

follow (for the value and its confidence interval): 

𝑅𝐼𝑚𝑎𝑙𝑒 𝑐ℎ𝑜𝑖𝑐𝑒 (𝐴x𝐵) = 1 − 2×
𝑃𝐴𝐵

𝑃𝐴𝐵 + 𝑃𝐵𝐵
 

Achieved mating 

The distribution of getting mij realised mating out of Nij trials between males from species i and 

a female of species j follows a binomial law B (Pij, Nij). The probability Pij of mating can be 

calculated by maximising the loge-likelihood expression given by 

𝑀𝐿(𝑃𝑖𝑗) =  𝑚𝑖𝑗 log𝑒(𝑃𝑖𝑗) +  (𝑁𝑖𝑗 − 𝑚𝑖𝑗) log𝑒(1 − 𝑃𝑖𝑗)   

Therefore, the value of the probability Pij corresponds to the value which gives 𝑀𝐿′(𝑃𝑖𝑗) = 0; 

(ML' being the derivative of ML) and can be calculated as 𝑃𝑖𝑗 =
𝑚𝑖𝑗

𝑁𝑖𝑗
. Confidence intervals were 

estimated as describe above. 

 

 

In no choice experiment, PAB represents a probability of mating rather than avoiding mating.  

Without isolation, the expected probability of hetero-specific mating would be the same as the 

probability of conspecific mating. Therefore, we used the second expression of the index RI. 

 

𝑅𝐼𝑏𝑎𝑟𝑟𝑖𝑒𝑟1 = 1 −
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ℎ𝑦𝑏𝑟𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (𝑤𝑖𝑡ℎ 𝑜𝑛𝑙𝑦 𝑏𝑎𝑟𝑟𝑖𝑒𝑟1)

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 ℎ𝑦𝑏𝑟𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (𝑤𝑖𝑡ℎ 𝑜𝑛𝑙𝑦 𝑏𝑎𝑟𝑟𝑖𝑒𝑟1)
 

 

 and calculate the individual contribution of mating to reproductive isolation as follows (for the 

value and its confidence interval): 

𝑅𝐼𝑚𝑎𝑡𝑖𝑛𝑔 (𝐴x𝐵) = 1 −
𝑃 𝐴𝐵

𝑃 𝐵𝐵
 

 

In the tetrads experiment, PAB represents a probability of mating a species over the other species. 

Therefore, the expected probability of heterospecific mating is 0.5, which is equal to 
𝐻+𝐶

2
 so RI 

was calculated using the first expression (for the value and its confidence interval).  



𝑅𝐼 𝑚𝑎𝑡𝑖𝑛𝑔 (𝐴x𝐵) = 1 − 2×
𝑃𝐴𝐵

𝑃𝐴𝐵 + 𝑃𝐵𝐵
 

 

One should be aware that the two methods might bias the estimation in opposite directions. No-

choice experiment might over-estimate hetero-specific mating rate due to the high density of 

males within the cage. On the contrary, tetrad experiments might under-estimate hetero-specific 

matings because it stops at the first mating and therefore evaluate the relative speed of 

conspecific and hetero-specific mating. 

Hatch rate and hybrid sterility 

Fertility was defined as the hatch rate, the percentage of egg hatched over the total number of 

eggs laid. Confidence interval were drawn as standard binomial proportion confidence interval.   

 

The individual contribution of hybrid sterility to reproductive isolation was calculated as follow 

(for the value and its confident interval): 

𝑅𝐼ℎ𝑦𝑏𝑟𝑖𝑑 𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦 (𝐴x𝐵) = 1 − 2×
𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝐴𝐵

𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝐴𝐵 + 𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝐵𝐵
 

in which 𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝐴𝐵 =
𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝑚𝑎𝑙𝑒𝑠 𝐴𝐵+ 𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝑓𝑒𝑚𝑎𝑙𝑒𝑠 𝐴𝐵 

2
  because the sex-ratio was never 

found to be significantly different from 0.5. 

Hybrid adult fitness 

Then, the contribution of adult survival to reproductive isolation was calculated as follow (for 

the value and its confidence interval): 

𝑅𝐼𝑎𝑑𝑢𝑙𝑡 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 (𝐴x𝐵) = 1 − 2×
𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝐴𝐵

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝐴𝐵 + 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝑝𝑢𝑟𝑒 𝑝𝑎𝑟𝑒𝑛𝑡𝑠
 

 

The contribution of adult mating success (with each parental species separately) to reproductive 

isolation was calculated as follow (for the value and its confidence interval): 

𝑅𝐼𝑚𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 (𝐴x𝐵) = 1 − 2×
𝑀𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 𝐴𝐵

𝑀𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 𝐴𝐵 + 𝑀𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 𝑝𝑢𝑟𝑒 𝑝𝑎𝑟𝑒𝑛𝑡
 

 

in which 𝑀𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝐴𝐵 =
𝑀𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑚𝑎𝑙𝑒𝑠 𝐴𝐵+ 𝑀𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑒𝑚𝑎𝑙𝑒𝑠 𝐴𝐵 

2
 . 

Total reproductive isolation 

For some pairs of taxa, we could calculate a cumulative degree of isolation by considering the 

contribution of each barrier to total reproductive isolation in a sequential order (following [24, 

25]). We assumed that larval survival is not a significant isolating barrier and that co-mimetic 

hybrids do not suffer from higher predation. 

 

Between H. c. chioneus and H. m. rosina, total RI reaches 100% [confidence intervals: 0.99-1], 

fitting the estimated frequency of 0.05% of F1 on the field [1]. For co-mimetic pairs, total RI is 

just slightly lower, with 98% [confidence intervals: 0.93-0.99] between H. t. florencia and H. m. 

malleti and 97% [confidence intervals: 0.89-0.99]  between H. t. thelxinoe and H. m. amaryllis, 

also fitting the frequency of F1 in the sympatric area (0.6-4 %,[10, 11]).  



Table S3: Strength of reproductive isolation and confidence intervals associated with each barrier to gene flow  
RI ranges from -1 to 1 (full isolation) with 0 corresponding to no isolation (non-significant barrier and a probability of gene flow of 0.5, e.g. random mating, etc). 

For each pair of species, the two lines correspond to the two possible directions of heterospecific mating with the female/mother given first. Barriers that could 

not be estimated are not shown. Dash indicates unestimated barriers that are likely non-significant. Numbers in bold are significant isolating barriers. 
 

♀ X ♂ Co-occurrence Mating F1 egg F1 larva F1 adult F1 mating with  #1 F1 mating with  #2 F1 fertility 

CPxMP 0.74 [0.71;0.90] 1 [0.91;1] -0.03 [-0.06;0] 
 

0.35 [0.33;0.36] 0.2 [0.09;0.22] 0.52 [0.36;0.67] 0.32 [0.27;0.37] 

MPxCP 0.74 [0.71;0.90] 1 [0.91;1] - 
 

0.35 [0.33;0.36] 
  

0.15 [0.09;0.21] 
         

CCxMC 
 

0.82 [0.69;0.92] -0.05 [-0.37; 0.12] -0.03 [-0.24;0.18] 
   

0.29 [0.01;0.54] 

MCxCC 
 

0.88 [0.78;0.95] 0.06 [ ] 0.39 [0.22;0.53] 
   

0.18 [0;0.33] 
         

HxMC 0.91 [0.87;0.96] 0.93 [0.84;0.98] -0.07 [-0.33; 0.26] 0.06 [-0.18;0.32] 
 

0.44 [0.16;0.76] 0.29 [0.15;0.71] 0.27 [0.02;0.51] 

MCxH 0.91 [0.87;0.96] 0.9 [0.78;0.97] -0.12 [-0.42;0.36] -0.18 [-0.38;0.05] 
 

0.75 [0.08;0.98] 0.2 [0.07;0.76] 0.05 [-0.19;0.30] 
         

CPxMG no overlap 0.78 [0.36;0.95] 0.02 [-0.09;0.03] 
    

0.48 [0.36;0.61] 

MGxCP no overlap 1 [0.80;1] -0.02 [ ] 
    

0.34 [0.31;0.37] 
         

TxM 0.63 [0.55;0.75] 0.86 [0.72;0.94] 0.09 [-0.18;0.48] 0.02 [-0.20;0.18] - 0.48 [0.42;0.81] -0.02 [-0.04;0.25] 0.33 [0.25;0.40] 

MxT 0.63 [0.55;0.75] 0.85 [0.66;0.95] 0.05 [-0.08;0.17] 0.12 [-0.30;0.58] - 0.87 [0.69;0.97] 0.06 [0;0.17] 0.16 [0.07;0.24] 
         

TfxMm 0.48 [0.41;0.56] 0.9 [0.81;0.96] - 
 

- 
  

0.33 [0.17;0.44] 

MmxTf 0.48 [0.41;0.56] 0.96 [0.89;0.99] 0.23 [-0.24;0.83] 
 

- 0.52 [0.28;0.75] 1 [0.72;1] 0.19 [-0.17;0.61] 
         

         

CCxH 
 

0.56 [0.36;0.75] 0.18 [-0.06;0.45] 0.02 [-0.16;0.21] 
   

0 [-0.13;0.11] 

HxCC 
 

0.98 [0.90;1] 0.06 [-0.21;0.41] 0.16 [-0.13;0.53] 
   

0.07 [-0.21;0.44] 
 

        CxP 
 

0.83 [0.35;0.99] - - 
 

-0.06 [-0.07;-0.04] 0.94 [0.76;0.99] - 

PxC 
 

1 [0.6;1] - - 
 

-0.06 [-0.07;-0.04] 0.94 [0.76;0.99] - 
         

MGxMP no overlap 1 [0.69;1] -0.01 [-0.06;0.03] - 
   

0.07 [-0.05;0.21] 

MPxMG no overlap 0.48 [0.04;0.81] 0.04 [-0.06;0.14] - 
   

0.32 [0.28;0.34] 

 

        

         

CyxCw 
 

0.26 [0.17;0.35] - - 0.18 [0.12;0.27] - 0.26 [0.17;0.35] - 

CwxCy 
 

0.07 [-0.02;0.16] - - 0.18 [0.12;0.27] - 0.26 [0.17;0.35] - 

 
        

TfxTl 
 

0.02 [0;0.14] 0 [-0.15;0.13] - 
   

0.09 [-0.09;0.25] 

TfxTl 
 

0.48 [0.21;0.75] 0.12  [-0.07; 0.30] - 
   

0.09 [-0.08;0.26] 

 

        

MaxM 
 

0.4 [0.11;0.66] - - 
   

- 

MxMa 
 

0 [-0.28;0.32] - - 
   

- 



3- New data: Survival, fertility and mating success for H. timareta thelxinoe 

x H. melpomene amaryllis hybrids  

Methods: 

• Fertility and survival 

Females of H. melpomene amaryllis, H. timareta thelxinoe and hybrid females were provided 

young shoots of Passiflora menispermifolia, P. triloba, P. edulis, P. riparia, P. seratodigitata, 

P.oestredii. We collected the eggs every two days. Females from crosses or laying backcross 

eggs were kept individually. Most pure females were kept in large “stock” cages and some of 

them were isolated. Fertility of hybrid males and females was estimated as the hatching rate of a 

cross between a hybrid and a pure parent. Fertility was analysed using a GLM with a quasi-

binomial distribution, to model for over-dispersion of those data, and a logit-link function with 

the library lme4 in R [26]. The binomial response variable was the number of hatched eggs, the 

binomial total was the total number of eggs and the predictor was the type of crosses 

(heterospecific vs. conspecific). 

 

After recording hatching, larvae were raised in individual plastic containers for the first instars. 

Then, they were gathered by family group in a larger box. They were fed ad libitum on young 

shoot of Passiflora sp.  

 

All larvae with a H. t. thelxinoe mother (H. t. thelxinoe, F1 from TxM, and backcrosses to H. t. 

thelxinoe) were fed on P. granadilla riparia, chosen by most H. t. thelxinoe females in our 

insectaries. All larvae with a H. m. amaryllis mother (H. m. amaryllis, F1 from MxT and 

backcrosses to H. m. amaryllis) were given P. triloba, host-plant of H. m. amaryllis. 

 

Survival rate was calculated for each family as the proportion of larvae growing until imago. 

Association between larval survival rate and identity of the parent (hybrid vs. pure parent) was 

analysed as hatching rate, using a GLM with a quasibinomial distribution with lme4 in R [26].  

 

• Hybrid mating success 

- Females  

In large insectaries, a virgin female was released singly during 48h in the presence of ten mature 

males, either ten H. melpomene or ten H. timareta. Mating was checked every hour between 

6AM and 6PM. To ensure that no unobserved mating had occurred, male spermatophore 

presence in the genital tracts of the female was controlled in the evening of the first and second 

day and at the end of the experiment. For each experiment, a group of males was randomly 

composed from a stock of 20 to 50 mature males. The stock was continuously renewed as new 

mature males became available.  

 

We analysed the probability of mating and calculated confidence interval as described in [5]. 

Briefly, the distribution of getting mij realized mating out of Nij trials between males of species i 

and a female of species j follows a binomial law B (Pij, Nij). The probability Pij of mating can be 

calculated by maximising the loge-likelihood expression given by: 

 



𝑀𝐿(𝑃𝑖𝑗) = 𝑚𝑖𝑗 log𝑒(𝑃𝑖𝑗) + (𝑁𝑖𝑗 − 𝑚𝑖𝑗) log𝑒(1 − 𝑃𝑖𝑗)   

 

Therefore the value of the probability Pij corresponds to the value which gives 𝑀𝐿′(𝑃𝑖𝑗) = 0  

(ML' being the derivative of ML) and can be calculated as 𝑃𝑖𝑗
∗ =

𝑚𝑖𝑗

𝑁𝑖𝑗
. The 95% confidence 

intervals are equivalent to the parameter value that decreases the maximum value of ML by two 

units [23]. 

 

- Males (see also [12]) 

In experimental cages of 2x1x2m, 3 to 5 mature males (>8 days old) were marked on the wing 

patch so as to be individually identified when flying or courting. Experiments were performed 

under sunny conditions between 9AM and 4PM. Males were presented a young virgin female of 

one species (H. timareta thelxinoe) for ten minutes and then a young virgin female of the other 

species (H. melpomene amaryllis) for ten minutes again. Females were matched by age and 

were under five days old. Each male was monitored individually and repeated the experiment at 

least 5 times with different female pairs, randomizing the presentation order and on a different 

day. Mating was recorded when it occurred, but male and female were separated gently and 

quickly.  

 

 

Results: 

 

• F1 hatch rate: 

F1 hybrid broods show no significant reduction of hatch rate (p=0.58). 

 

• F1 larval survival: 

For the H. t. thelxinoe/H. m. amaryllis experiment, hybrid larvae were fed on the plant 

corresponding to their mother’s oviposition preference, i.e. the plant on which they could have 

hatched.  Under those conditions, MxT hybrid survival rate is slightly lower than pure broods 

but the difference is not significant (Table S4, p=0.23). Similarly, no significant effect on 

survival was observed in the second generation (Table S4).  

 

However, we can note that earlier attempts of feeding of H. m. amaryllis and some hybrids 

(back-crosses towards H. m. amaryllis) with P. edulis or P. granadilla (well-accepted by H. t. 

thelxinoe) led to reduced growth and higher mortality rate.   

 

 

• F1 fertility: 

 

F1 hybrid males between H. t. thelxinoe and H. m. amaryllis show no reduction of hatch rate 

compare to control broods (Table S4, p=0.58).  

 

F1 hybrid females with a H. t. thelxinoe mother (TxM females) showed complete sterility: they 

tended to lay smaller eggs and none of the 102 eggs hatched (Table S4). 



 

 

F1 hybrid females (MxT) have a lower sterility compared to pure broods (Table S4, p<0.001) but 

the pattern of fertility is not uniform (dispersion =10.04) . We tested 16 females from 3 different 

MxT hybrid families. Seven of them were fully-fertile with a hatch rate about 0.7-0.9, similar to 

pure broods, (p=0.58), three had a lower fertility than pure brood, with hatch rate reaching 0.1 to 

0.3, (p<0.001) and six were sterile. Among sterile females, four laid eggs which never hatched 

(0 out of 121 eggs) and two never laid any eggs despite spending over 14 days in a cage with 

access to young shoots of several Passifloras and pollen. 

 

 

Table S4: Hatch rate, survival rate, sex-ratio for control, F1 and backcross broods between H. 

melpomene amaryllis (M) and H. timareta thelxinoe (T). (mean ± sd) 

Brood Genotype Mother Father 

N 

broods 

N 

eggs 

N 

adults Hatch rate 

Survival 

rate 

Mean sex-ratio  

(Males/Total) 

control MxM M M 10 241 49 0.88±0.12 0.24±0.15 0.53±0.26 

control TxT T T 4 147 16 0.88±0.13 0.20±0.25 0.60 

control MxM M M stock 977 179 0.89 0.21 0.44 

control TxT T T stock 680 127 0.85 0.22 0.55 

          F1 TxM T M 2 158 28 0.73±0.28 0.21 0.71 

F1 MxT M T 7 574 68 0.80±0.15 0.17±0.12 0.40±0.08 

          Bx pure x (TxM) M/T (TxM) 3 268 38 0.89±0.09 0.23±0.18 0.61±0.10 

Bx pure x (MxT) M/T (MxT) 15 808 172 0.92±0.06 0.21±0.16 0.47±0.13 

Bx sterile (TxM)x pure (TxM) M/T 4 102 0 0.00  * na na 

Bx partially-

fertile 
(MxT)x pure 

 

(MxT) 

 

M/T 

 

16 

 

582 

 

43 

 

0.36±0.39* 

 

0.15±0.16 

 

0.53±0.16 

 

       details: 

         Bx fully-fertile (MxT)x pure (MxT) M/T 7 327 43 0.81±0.13 0.17±0.16 0.53±0.16 

Bx partially-f (MxT)x pure (MxT) M/T 3 134 0 0.21±0.14 * 0.00 na 

Bx sterile (MxT)x pure (MxT) M/T 4 121 0 0.00 * na na 

Bx sterile (MxT)x pure (MxT) M/T 2 0* 0 na na na 

 

  



 

• F1 mating success: 

 

Table S5: Probability of mating in no-choice experiments for F1 female hybrids between H. 

melpomene amaryllis  (M) and H. timareta thelxinoe (T). [Confidence interval] 

Controls are from [12] 

  

Female Male N Trials Mating probability 

M
a

ti
n

g
 s

u
cc

es
s 

w
it

h
 H

. 

m
el

p
o
m

en
e Control M M 19 0.89 [0.71-0.98] 

F1 females 
TxM M 2 1 [0.37-1] 

MxT M 15 0.87 [0.64-0.98] 

 

M
a

ti
n

g
 

su
cc

es
s 

w
it

h
 

H
. 

ti
m

a
re

ta
 

Control T T 15 0.93 [0.73-0.99] 

F1 females 
TxM T 2 1 [0.37-1] 

MxT T 12 0.25 [0.07-0.53] 

 

Table S6: Probability of mating for F1 male hybrids in a total of 5 experiments of 10 minutes 

with H. melpomene amaryllis (M) female. [Confidence interval] 

  

Female Male N Trials Mating probability 

M
a
ti

n
g
 s

u
cc

es
s 

w
it

h
 

 H
. 
m

el
p
o
m

en
e 

Control M M 60 0.33 [0.22-0.46] 

F1 males 
M TxM 22 0.32 [0.15-0.53] 

M MxT 22 0.27 [0.12-0.48] 

Back-crosses 

males 
M 

 

 

MxF1 or 

(MxT)xM 

60 

 

0.47[0.34-0.60] 

 

 
 

 

We decided to attribute a null mating success to males F1 with H. t. thelxinoe females because 

this type of back-crosses never occurred naturally despite numerous trial experiments, neither in 

the 10-minute behavioural experiments nor in longer trials (pers. obs.). 

  



 

4- New data: Survival and mating success for H. heurippa/ H. melpomene 

melpomene/ H. cydno cordula hybrids 
 

Larvae were raised in individual plastic containers for the first instars. Then, they were gathered 

by family group in a larger box. H. heurippa, H. c. cordula and H. m. melpomene and their F1 

hybrids were fed ad libitum on young shoot of Passiflora oesterdii, which is used as oviposition 

plants by all three species [9]. Survival rate was calculated for each family as the proportion of 

larvae growing until imago. Association between larval survival rate and identity of the parent 

(hybrid vs. pure parent) was analysed as hatching rate, using a GLM with a quasibinomial 

distribution with lme4 in R [26]  

 

Hybrid ability of mating has been investigated with no-choice experiment as described in [8] 

and analysed with likelihood methods as described earlier and in [12]. 

 

• F1 survival 

For H. heurippa/H. m. melpomene/H. c. cordula, hybrids were all raised on the same plant, P. 

oesterdii, used by the three species in the wild. Therefore, differences in survival rate was not 

expected nor observed (Table S7, H/M: p=0.22; C/M: p=0.92; H/C: p=0.33) 

 

Table S7: Survival rate for control, F1 and backcross broods between H. melpomene melpomene 

(MC), H. cydno cordula (CC) and H. heurippa (H).  (mean ± sd) 

Brood Genotype Mother Father N broods N adults Survival rate 

control CCxCC CC CC 27 336 0.62±0.30 

control MCxMC MC MC 24 224 0.51±0.26 

control HxH H H 22 241 0.68±0.26 

       
F1 CCxH CC H 21 233 0.62±0.28 

F1 HxCC H CC 5 46 0.47±0.27 

F1 CCXMC CC MC 14 143 0.61±0.28 

F1 MCxCC MC CC 2 25 0.25±0.29 

F1 HxMC H MC 7 63 0.53±0.23 

F1 MCxH MC H 2 78 0.89±0.16 

       
Bx 75% CC  / 25% H 19 143 0.59±0.25 

Bx 75% H    / 25% CC 11 96 0.62±0.26 

Bx 75% CC  / 25% MC 72 601 0.55±0.30 

Bx 75% MC / 25% CC 9 94 0.57±0.35 

Bx 75% MC / 25% H 9 121 0.59±0.30 

Bx 75% H   / 25% MC 9 46 0.46±0.20 

 

  



• F1 mating success 

 

Table S8: Probability of mating in no-choice experiments for F1 hybrids between H. melpomene 

melpomene (MC) and H. heurippa (H). [Confidence interval] 

  

Female Male N Trials Mating probability 

M
a

ti
n

g
 s

u
cc

es
s 

w
it

h
 

H
. 
m

el
p

o
m

en
e 

Control M M 17 1 [0.89-1] 

F1 females 
HxM M 12 0.42 [0.17-0.7] 

MxH M 10 0.6 [0.3-0.86] 

F1 males 
M HxM 2 1 [0.35-1] 

M MxH 1 1 [0.13-1] 

 

M
a
ti

n
g

 s
u

cc
es

s 
w

it
h

 

H
. 

h
eu

ri
p

p
a
 

Control H H 22 1 [0.91-1] 

F1 females 
HxM H 9 0.44 [0.16-0.75] 

MxH H 2 0.5 [0.04-0.96] 

F1 males 
H HxM 6 0.67 [0.27-0.94] 

H MxH 1 0 [0-0.87] 

 
No-choice experiments 

(Mavarez et al, 2006 [8]) 

H M 55 0.07 [0.02-0.16] 

M H 40 0.1 [0.03-0.22] 

 

5- New data: Mating success for H. melpomene malleti X H. timareta 

florencia hybrids  
 

Hybrid ability of mating has been investigated with no-choice experiment as described in [8] 

and analysed with likelihood methods as described earlier and in [12]. 

 

Table S9: Probability of mating in no-choice experiments for F1 hybrids between H. melpomene 

malleti (Mm) and H. timareta florencia (Tf). [Confidence interval] 

 
Female Male N Trials Mating probability 

Mating success with 

H. melpomene 

malleti 

Mm Mm 35 0.86 [0.72-0.95] 

MmxTf Mm 23 0 [0-0.083] 

Mm MmxTf 8 0 [0-0.221] 

Mating success with 

H. timareta florencia 

Tf Tf 45 0.91 [0.80-0.97] 

MmxTf Tf 24 0.38 [0.20-0.58] 

Tf MmxTf 10 0.2 [0.04-0.50] 

  



6- New data: Fertility for H. melpomene rosina X H. cydno chioneus hybrids 
Four hybrid females from the same family (H. melpomene rosina mother X H. cydno chioneus 

father) were provided young shoots of Passiflora sp in captivity. Eggs were collected 

individually in plastic cup and hatch rate was recorded.  

 

Partial fertility was observed, with a low hatch rate compared to pure individuals. Given the 

small sample size, no statistics were drawn on those data. However, additional observations 

(unquantified) on several hybrids females from other families (same direction of cross) also 

support the observed partial fertility.  

 

Table S10: Hatch rate for control and F1 females between H. melpomene rosina (MP) and H. 

cydno chioneus (CP). (mean ± sd) 

 

 

 

From 

(Naisbit 

et al, 

2002 [6]) 

 

Brood 

 

Genotype 

 

Mother 

 

Father 

 

N 

broods 

 

N eggs 

 

Hatch 

rate 

 

control MPxMP MP MP 22 943 0.95±0.05 

control CPxCP CP CP 16 820 0.86±0.15 

       Bx sterile 

 
(CPxMP)x pure 

 

(CPxMP) 

 

MP/CP 

 

25 

 

209 

 

0.00  

  

New 

data 
Bx partially-

fertile 
(MPxCP)x pure 

 

(MPxCP) 

 

MP/CP 

 

4 

 

149 

 

0.32±0.08 
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