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Hybridizing species provide a powerful system to identify the processes that shape genomic variation and maintain species bound-

aries. However, complex histories of isolation, gene flow, and selection often generate heterogeneous genomic landscapes of di-

vergence that complicate reconstruction of the speciation history. Here, we explore patterns of divergence to reconstruct recent

speciation in the erato clade of Heliconius butterflies. We focus on the genomic landscape of divergence across three contact zones

of the species H. erato and H. himera. We show that these hybridizing species have an intermediate level of divergence in the

erato clade, which fits with their incomplete levels of reproductive isolation. Using demographic modeling and the relationship

between admixture and divergence with recombination rate variation, we reconstruct histories of gene flow, selection, and demo-

graphic change that explain the observed patterns of genomic divergence. We find that periods of isolation and selection within

populations, followed by secondary contact with asymmetrical gene flow are key factors in shaping the heterogeneous genomic

landscapes. Collectively, these results highlight the effectiveness of demographic modeling and recombination rate estimates to

disentangling the distinct contributions of gene flow and selection to patterns of genomic divergence.
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Disentangling the factors that drive genomic divergence is nec-

essary for advancing our understanding of speciation. Targets of

selection, for example, may be responsible for adaptive differ-

ences between species and their number, distribution, and effect

on gene flow along the genome define the architecture of species

boundaries. In population genomic studies, targets of selection

are expected to show elevated divergence between species (Wolf

and Ellegren 2017). These highly divergent loci often reflect lo-

cal adaptation and/or incompatibilities between species, and can

be considered the loci that define the species (Wu 2001; Ravinet

et al. 2017). Natural selection thus acts to produce local genomic

“barriers” to gene flow between hybridizing species (Arias et al.
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2016; Tavares et al. 2018; Edelman et al. 2019; Martin et al.

2019). In contrast, the rest of the genome, which is not under

such selective pressures, is often expected to be exchanged more

freely between the species (i.e., gene flow). However, genetic

variation at these latter genomic regions can be greatly influenced

by neutral demographic processes (i.e., population size and mi-

gration) and the indirect effects of nearby targets of selection. Lo-

cal recombination rates can further influence the extent to which

selection impacts these nearby targets of selection or linked ge-

netic variation, which collectively results in highly heterogeneous

patterns of divergence (Charlesworth 2009; Aeschbacher et al.

2017; Burri 2017; Wolf and Ellegren 2017; Martin et al. 2019;

Stankowski et al. 2019). Thus, to make correct inferences about

the contribution of selection to the evolution of barrier loci, it is

important to consider all processes that can shape the genomic

landscape of divergence.

Heliconius butterflies have several hybridizing species that

provide a powerful system to study the evolution of species barri-

ers. Heliconius erato represents an adaptive radiation from Cen-

tral and South America of about 25 geographic color pattern

morphs. These color pattern morphs have evolved to signal their

unpalatability to bird predators and mimic locally frequent phe-

notypes (Mallet and Joron 1999; Chouteau et al. 2016). From

within the H. erato radiation, two populations are known to show

reproductively isolating traits beyond the ecological postmating

isolation from selection on warning coloration: H. himera from

Andean valleys in Ecuador is known to have premating isolation

based on mate choice but little or no post-mating reproductive

barriers (McMillan et al. 1997; Merrill et al. 2014) and H. e.

chestertonii occurring in Colombia is known to have both pre-

mating isolation based on mate choice and postmating isolation

resulting from sex-chromosome linked incompatibilities (Muñoz

et al. 2010; Van Belleghem et al. 2018). Despite mate preference

between H. erato and H. himera, they are known to hybridize

across at least three geographically distinct contact zones.Helico-

nius himera is found in dry forest areas of southern Ecuador and

northern Peru (Jiggins et al. 1996). It comes into contact with H.

e. cyrbia on the western slopes of the Ecuadorian Andes and with

H. e. favorinus and H. e. emma on the eastern slopes of the An-

des, both areas with wet forest (Fig. 1). Hybridization is ongoing

and hybrids are easily identifiable by their wing color patterns. In

Ecuador, hybrids compose approximately 5% of the population

in the contact zone (McMillan et al. 1997), and, although poorly

characterized, hybridization is known to occur in the other con-

tact zones.

Here, we focus on reconstructing the history of divergence

between the two hybridizing Heliconius butterfly species Helico-

nius erato and Heliconius himera, and the extent to which isola-

tion and selection have shaped their genomic divergence. First,

we start by characterizing the genome-wide divergence patterns

among several of the hybridizing H. erato populations that vary

in their degree of reproductive isolation (RI), which we compare

to patterns of divergence across three contact zones between H.

erato and H. himera. We use these data to explore the relation-

ship between RI and genomic divergence and test whether the

H. erato x H. himera comparisons show the expected patterns

of divergence based on the degree of RI between the species,

when compared to other populations that show weaker or greater

degrees of RI. Placing H. erato × H. himera in the spectrum

of RI across the erato clade allows us to better understand the

relationship between incomplete barriers and the realized inter-

mediate patterns of genomic divergence. To understand this, we

construct demographic models of their evolutionary history from

genome-wide SNP data that we use to explore the extent that iso-

lation and selection have shaped genomic divergence. For ex-

ample, we use coalescent simulations informed by the demo-

graphic models to test whether selection can explain the observed

heterogeneity of divergence and admixture across the genome.

Specifically, the coalescent simulations explore the genome-wide

impact of selection on linked sites. Selection on an allele within

one population will increase divergence between populations and

the amount of genomic sites linked to this pattern will be depen-

dent on the local recombination rate (Kaplan et al. 1989). Hence,

we expect a negative association between recombination rate and

divergence across the genome (Keinan and Reich 2010; Brand-

vain et al. 2014; Aeschbacher et al. 2017; Stankowski et al. 2019).

This pattern, however, is not indicative of a barrier locus, because

such pattern could arise from selective sweeps within popula-

tions even between geographically isolated populations. Instead,

if the species continue to hybridize and selection acts against in-

trogression at many sites throughout the genome, we may expect

a positive association between recombination rate and admixture.

This is because neutral alleles in regions with a high recombina-

tion rate will be more likely to escape selection at nearby barrier

loci and introgress (Barton and Bengtsson 1986; Schumer et al.

2018; Martin et al. 2019). This latter pattern would not be ex-

pected if they diverged in isolation (Nachman and Payseur 2012;

Aeschbacher et al. 2017). Thus, we can use the relationships of

recombination rate with divergence and admixture to infer the

relative importance of selection at many loci during speciation.

In contrast to the relatively high rates of current hybridiza-

tion between the H. erato and H. himera species pair, which fit

well with intermediate levels of both RI and genomic divergence,

our demographic models suggest that a period of reduced mi-

gration rates and subsequent admixture have contributed to the

observed heterogeneous patterns of genomic divergence. More-

over, coalescent simulations that explore a scenario of recent and

strong selective events on linked sites in the absence of gene flow

best fit the observed relationship of genomic divergence, admix-

ture, and recombination rate in H. erato and H. himera. Despite
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Figure 1. Geographical distribution, population structure and phylogeny of the focal populations in relation to the Heliconius erato

radiation. (A) Maximum likelihood tree built using FastTree and using only autosomal sites from 121 whole genome resequenced indi-

viduals (see Fig. S1 for the uncollapsed tree). Nodes in the tree that represent the major clades within H. erato (east and west of Andes)

obtained high support (= 1) from the Shimodaira-Hasegawa test. (B) Principal Component Analysis (PCA) of the focal samples (colored

points) among all the available whole genome data for the H. erato radiation (black points). (C) We sampled H. himera, H. e. cyrbia, H.

e. emma and H. e. favorinus from two separate geographic areas each, indicated as North, South, East or West. The distribution of H.

himera (red) covers dry valleys in the Andes of South Ecuador and North Peru. In the North, H. himera (N) comes into contact with a

western H. e. cyrbia (S) population. In the South, H. himera comes into contact with an eastern H. e. emma (W) and H. e. favorinus (W)

population. These contact zones are indicated with parenthesis.

this history of isolation, we also show that the current species

boundary between H. himera and H. erato is porous and that

signals of recent admixture are asymmetrical, suggesting higher

gene flow from H. himera into H. erato. We suggest that this

asymmetrical signal of gene flow may be the result of either a

polygenic architecture of the species boundaries that restrict in-

trogression into H. himera or adaptive introgression of H. himera

alleles into H. erato. Overall, our results highlight the contribu-

tion of both isolation and selection to the heterogeneous genomic

divergence patterns between the species pair H. erato and H.

himera and help us understand how demographic and selective

processes contribute to speciation.
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Methods
GENOMIC SAMPLING

We obtained whole genome resequence data for a total of 122He-

liconius butterflies with a coverage between 15 to 30× (112 pre-

viously published and 10 H. e. cyrbia from North Ecuador newly

sequenced; Table S1). These include H. e. cyrbia to the north

(North Ecuador, n = 10) and south (South Ecuador H. himera

contact zone, n = 4), H. e. emma to the west (Peru H. himera

contact zone, n = 4) and east (Peru H. e. favorinus contact zone,

n = 7) and H. e. favorinus to the west (Peru H. himera contact

zone, n = 4) and east (Peru H. e. emma contact zone, n = 8).

We used these populations to study admixture patterns with H.

himera to the north (Ecuador H. e. emma/favorinus contact zone,

n = 5) and south (Peru H. e. cyrbia contact zone, n = 4). Ad-

ditionally, samples from H. e. petiverana (Mexico, n = 5), H. e.

demophoon (Panama, n = 10), H. e. hydara (Panama, n = 6 and

French Guiana, n = 5), H. e. erato (French Guiana, n = 6), H.

e. amalfreda (Suriname, n = 5), H. e. notabilis (Ecuador Helico-

nius erato lativitta contact zone, n = 5 and Ecuador H. e. etylus

contact zone, n = 5), H. e. etylus (Ecuador, n = 5), H. e. la-

tivitta (Ecuador, n = 5), H. e. phyllis (Bolivia, n = 4), H. e. venus

(Colombia, n = 5), and H. e. chestertonii (Colombia, n = 7) were

used for contact zone divergence analysis and population struc-

ture visualization as well as samples of H. hermathena (Brazil, n

= 3) as an outgroup to root the phylogenetic inference and po-

larize site frequency spectra. All data have been previously pub-

lished (Van Belleghem et al. 2017, Van Belleghem et al. 2018),

apart from the ten H. e. cyrbia from North Ecuador. Genotypes

were obtained as in Van Belleghem et al. (2018), see Supporting

Information Methods for details.

GENOMIC DIVERGENCE AND PHYLOGENETIC

RELATIONSHIPS

We estimated levels of relative divergence (FST) (Hudson et al.

1992) between populations in non-overlapping 50 kb windows

using Python scripts and egglib (De Mita and Siol 2012). For this

analysis, we only considered windows for which at least 10%

of the positions were genotyped for at least 75% of the individ-

uals within each population. On average 96% of windows met

this criterion. To discern population structure among the H. er-

ato and individuals, we performed principal component analysis

(PCA) using EIGENSTRAT SmartPCA (Price et al. 2006). For

this analysis, we only considered autosomal biallelic sites that

had coverage in all individuals, were at least 1000 bp apart and

excluding the Z chromosome (164,398 SNPs). Using autosomal

biallelic sites that had coverage in all individuals and including

the outgroupH. hermathena (4,927,152 SNPs), we used FastTree

version 2.1 (Price et al. 2010) to infer an approximate maximum

likelihood phylogeny using the default parameters.

MEASURE OF REPRODUCTIVE ISOLATION

We correlated measures of Reproductive Isolation (RI) with pat-

terns of genome-wide divergence between hybridizing pairs ofH.

erato color pattern morphs, H. himera and H. e. chestertonii. RI

was estimated for 13 hybridizing pairs from theH. erato clade us-

ing information on isolating barriers from existing literature and

the methods of Sobel and Chen (2014). For each pair, the strength

of post-mating barriers due to selection on individual color pat-

tern loci was determined using selection coefficients based on

cline widths for the color pattern loci (Mallet 1986, 1993; Mallet

et al. 1990; Jiggins et al. 1996; Shaak 2015), premating isolation

due to sexual selection was obtained from previous mate prefer-

ence studies (Jiggins et al. 1996; Muñoz et al. 2010; Merrill et al.

2014), and post-mating isolation estimates due to hybrid inviabil-

ity that has been reported for H. e. chestertonii and H. e. venus

was obtained from Muñoz et al. (2010). For more details on esti-

mates of each of the Reproductive Isolation (RI) values, see Sup-

porting Information Methods. To estimate Total Isolation (TI) for

each hybridizing pairs, we used the RI values for each individ-

ual barrier and the TI calculator from Sobel and Chen (2014). We

have included a version of the Sobel and Chen (2014) RI calcu-

lator in the supplementary information, to show the values of RI

for each barrier used to estimate TI (Table S2).

DEMOGRAPHIC MODELING

To infer the demographic history of the H. erato and H. himera

populations, we used the joint site-frequency spectra (JSFS) of

five population comparisons and a modified version of ∂a∂i ver-

sion 1.7 (Gutenkunst et al. 2009). The five population compar-

isons included the threeH. erato andH. himera hybrid zones plus

a comparison of theH. erato populations east and west of the An-

des and between H. e. emma and H. e. favorinus. Models tested

include four basic scenarios in addition to 22 extensions of the

basic models that allowed for independent assessment of addi-

tional selective and demographic parameters, including a growth

rate parameters (g), heterogeneity in Ne across the genome

(2N), heterogeneous migration rates (2m) (Rougeux et al. 2017;

Table S3).

To check for model convergence, a total of 20 independent

optimizations were performed for each model on each popula-

tion comparison. When running these models, consistency in the

likelihood scores generally increased as the best optimized pa-

rameters from previous steps were incorporated into subsequent

steps. To score the models and account for overparameterization,

the Akaike Information Criterion (AIC: Burnham and Anderson

2004) was used and parameters from the top five scoring runs

for each model were averaged. The models with the best aver-

age AIC score were retained for each comparison. The highest

and lowest optimized parameter values in the top five replicate

runs for each model were used to construct intervals to estimate
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uncertainty. For details on SNP filtering, demographic model ex-

tensions, and transformation of parameter estimates to absolute

units, see Supporting Information Methods.

ADMIXTURE STATISTICS

We estimated admixture proportions for 50 kb non-overlapping

windows using the fd statistic (Martin et al. 2015a). This statistic

is based on the ABBA-BABA test or Patterson’s D statistic that

measures an excess of derived allele sharing between sympatric

non-sister taxa in a tree of three populations and an outgroup with

the relationship (((P1, P2), P3), O) (Durand et al. 2011; for details

see Supplemental Methods). The populations included as P1, P2,

and P3 are indicated in the figures. Heliconius hermathena sam-

ples were consistently used as the outgroup taxa (O).

To quantify the distribution of tracks in the genome with

high fd in the hybrid zones, we modeled a loess regression to

the fd data in R (span = 0.005, degrees of freedom = 2). We ob-

tained tracks of multiple adjacent 50 kb windows with high fd
where a loess fit rose above an fd threshold of 0.062 for the H.

himera – H. e. cyrbia and H. himera - H. e. emma comparisons

and above an fd threshold of 0.071 forH. himera – H. e. favorinus

comparisons. While these fd thresholds represent a low absolute

proportion of admixture for that window, we note that a single

H. erato sample carrying an allele with ancestry from H. himera

would result in an admixture proportion of maximally 0.125 if 4

samples are used in each population for the admixture test. Fur-

ther, as fd estimates generally give a substantial underestimate

of expected admixture proportions (∼0.5 lower, see Martin et al.

2015a), we used half of the expected admixture proportion for a

single individual (0.063) as a threshold for admixture in our loess

fit regression. While this is likely an approximation, visual in-

spection between of the extracted high fd tracks shows that these

generally match well to sharp increases in fd at multiple adjacent

50 kb windows. To understand whether the fd tracks result from

single introgressed haplotypes rather than from multiple smaller

haplotypes introgressed in multiple individuals, we compared the

fd signals to relative divergence patterns between H. himera and

single individuals of H. erato. For this, we used the measure da,

which subtracts the average nucleotide diversity of both popula-

tions from pairwise nucleotide differences (dXY) between popu-

lations (Nei and Li 1979). These analyses allowed us to address

whether the length of fd tracks could be explained by introgres-

sion of multiple smaller haplotypes fromH. himera into H. erato.

If we found that track lengths of low divergence, when using sin-

gle H. erato individuals, corresponded to the tracks of high fd,

this would suggest that the high fd tracks can be explained by in-

trogression of single long haplotypes from H. himera into H. er-

ato, rather than resulting from the introgression of several tightly

linked haplotypes in multiple individuals.

ADMIXTURE DIRECTIONALITY

By expanding the four-taxon D statistic to a five-taxon scenario,

it is possible to obtain information on the directionality of admix-

ture (i.e., donor versus recipient population). A set of statistical

measures that use a five-taxon symmetric phylogeny to infer both

the taxa involved in and the direction of admixture are called the

DFOIL statistics (Pease and Hahn 2015; for details see Support-

ing Information Methods). We assessed admixture directionality

in 50 kb non-overlapping windows in the three H. himera con-

tact zones with H. erato populations using the available dfoil

software (www.github.com/jbpease/dfoil). Samples from the H.

himera North and South populations were specified as the P1 and

P2 group, whereas samples from the considered H. erato popu-

lations were specified as P3 and P4. Heliconius hermathena was

used as the outgroup taxon (ID hermathena_13 in Table S1). The

DFOIL statistics were calculated between each possible combina-

tion of available ingroup taxa (i.e., one sample for each taxon

group); 800 combinations for H. himera – H. e. cyrbia, 500 for

H. himera – H. e. emma and 480 for H. himera – H. e. favorinus.

Among these sample combinations, significant DFOIL signatures

(χ2 goodness-of-fit test) were counted and used to obtain hetero-

geneous patterns of admixture directionality along the genome.

RECOMBINATION RATE ESTIMATES

We estimated fine-scale variation in population recombination

rate (ρ = 4Ner; r = probability of recombination per gener-

ation per bp) along the H. erato chromosomes from linkage-

disequilibrium in population genetic data using LDhelmet version

1.7 (Chan et al. 2012). Individual genotypes were phased from

13 H. erato populations (i.e. H. e. cyrbia, H. e. venus, H. e. de-

mophoon, H. e. hydara (Panama), H. e. emma, H. e. etylus, H. e.

lativitta, H. e. notabilis, H. e. favorinus, H. e. phyllis, H. e. erato,

H. e. hydara (French Guiana), and H. e. amalfreda) using Beagle

version 4.1 (Browning and Browning 2016) with default param-

eters. To reduce the potential effect of locus-specific changes in

effective population size (Ne) on population recombination rate

(ρ) estimates (e.g., due to population specific selective sweeps or

background selection), we estimated ρ for each H. erato popu-

lation separately and obtained averages across50 kb interval (see

Supplemental Methods for details).

DIVERGENCE AND ADMIXTURE SIMULATIONS

To compare patterns in our data to expectations, we simulated ge-

nealogies near a selected locus. Genealogies were simulated us-

ing the coalescent simulator msms (Ewing and Hermisson 2010)

and from these genealogies 10 kb sequences were simulated (For

details see Supporting Information Methods). The genealogies

were sampled at 100 kb increments from the selected locus. This

was achieved by using an infinite recombination sites model and

changing the position of the selected locus in increments of 10
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neutral locus units (i.e., 10×10 kb) away from the sampled lo-

cus. Divergence (FST) was calculated as in Hudson et al. (1992)

and admixture (fd) was calculated as in Martin et al. (2016) us-

ing Python scripts and egglib version 3 (De Mita and Siol 2012).

We investigated the correlation between FST, fd and recombina-

tion rate at a distance of 500 kb from a selected locus but similar

expectations are obtained from wide range of distances to the se-

lected locus. Simulations were run with 100 replicates for each

parameter combination. Pseudocode to run the msms command

lines are provided in Table S4.

Results
PHYLOGENETIC RELATIONS

As previously observed in Van Belleghem et al. (2017), phylo-

genetically, two distinct clades can be recognized within the H.

erato radiation: a clade west of the Andes and a clade east of the

Andes (Fig. 1A). The clade west of the Andes also includes popu-

lations from Panama and Mexico. The newly obtained sequences

of the H. e. cyrbia population from North Ecuador are phyloge-

netically indistinguishable from the South Ecuador populations.

Heliconius himera and H. e. chestertonii form distinct genetic

clusters, separated from geographically closely related H. erato

populations (Fig. 1B). We find increased divergence between H.

himera and H. erato from the western Andes slopes compared to

H. erato from eastern Andes slopes. As seen in the PCA and phy-

logenetic inference, this results from a deeper split between H.

himera and H. e. cyrbia from the western Andes slope compared

toH. himera and theH. erato that are found east of the Andes, in-

cluding H. e. emma and H. e. favorinus (Fig. 1A, B). This is con-

sistent with previous phylogenetic studies that placed H. himera

nested within the H. erato clade and not as a sister species to H.

erato (Supple et al. 2015; Van Belleghem et al. 2017).

REPRODUCTIVE ISOLATION AND GENOMIC

LANDSCAPES OF DIVERGENCE

Correlations of RI with genome-wide estimates of relative diver-

gence (FST) show that divergently selected color patterns between

hybridizing color pattern morphs of H. erato are likely not suffi-

cient to drive genome-wide increases in divergence when pre- or

post-mating barriers are absent (Fig. 2A). In these hybridizing H.

erato morphs, there are only narrow peaks of divergence largely

centered over the loci known to be responsible for color pat-

tern differences (Fig. 2B). In contrast, genomic divergence was

highest and elevated genome-wide between H. e. venus and H.

e. chestertonii from Colombia, where both mate preference and

hybrid inviability have been reported (Muñoz et al. 2010). As

predicted, the H. erato and H. himera comparisons showed inter-

mediate levels of divergence that corresponded to their relatively

stronger, but incomplete levels of reproductive isolation. Across

all three studied contact zones between H. erato and H. himera,

divergence has increased to the extent that FST peaks near the

known color pattern lociWntA (chr 10), cortex (chr 15), and optix

(chr 18) are largely not detectable (Fig. 2B). However, there are

clear differences in the degree of divergence between the species

among the three contact zones, with the H. himera and H. erato

contact zones on the eastern Andes (H. e. emma and H. e. fa-

vorinus) showing lower overall genomic divergence than in the

western Andes contact zone. Also as expected, we observe a no-

table increase in divergence on the Z chromosome relative to the

autosomes (Fig. 2) that appears to be accentuated with stronger

reproductive isolation. This is in line with previous work on H. e.

chestertonii, which suggested Z chromosome divergence was in-

flated by an important barrier to gene flow (Van Belleghem et al.

2018).

DEMOGRAPHIC MODELING

We compared the estimated joint site-frequency spectrum (JSFS)

for the three geographically distinct contact zones between H. er-

ato and H. himera to 26 alternative demographic scenarios that

varied in split times, migration rates and population sizes. All

threeH. erato andH. himera contact zones best fit models that in-

cluded secondary contact (SC) after a period of isolation without

gene flow (Figs. S2 and S3; Table S5). Figure 3 presents a com-

posite of the best model for each pairwise H. erato and H. himera

hybrid zone comparison plus a comparison of the H. erato popu-

lations east and west of the Andes and betweenH. e. emma andH.

e. favorinus (parameter estimates of best pairwise ∂a∂i models is

shown on Table S6). We also performed demographic modeling

using geographic population subsets as a check to make sure that

additional geographic population structure does not change our

main results (Table S5). For all three zones we found support for

asymmetrical migration. In each case, migration rates were pre-

dominantly in one direction, with on average 0.5 to 0.6 migrants

per generation moving from H. erato into H. himera, compared

to 0.07 to 0.13 moving from H. himera into H. erato. This re-

sult would be consistent with the effective migration rates being

driven by the marked population size differences between the two

species (Fig. 3B).

Nearly all the models that included exponential population

growth (G) best fit the JSFS, with the exception of the H. himera

and H. e. emma comparison. Estimates of ancestral and contem-

porary population sizes suggest strong expansions in H. himera

and H. erato. These inferred changes in population sizes broadly

fit previous results obtained from pairwise sequentially Marko-

vian coalescent (PSMC) analysis (Van Belleghem et al. 2018),

which suggested an overall population growth in H. erato east

and west of the Andes in the past 1 million years ago and size

reduction for H. himera in the past 200,000 years ago (Fig. S4).
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Figure 2. Reproductive isolation and divergence among Heliconius erato populations. (A) Genome-wide averages of relative divergence

(FST) show a sharp increase with increasing measures of reproductive isolation between parapatric H. erato populations. The measure of

reproductive isolation (RI) was obtained by weighting ecological (RIec), pre-isolation (RIpre) and post-isolation (RIpost) components using

the method of Sobel and Chen (2014) (Table S2). Horizontal bars indicate a range of RI estimates based on uncertainties in RI components.

Dashed lines indicate a non-linear least-squares fit for autosome (black) and Z chromosome (gray) relation between FST and RI. Higher

relative divergence on the Z chromosome can be observed for themore divergent parapatric comparisons, however, incompatibilities that

are potentially Z-linked have only been suggested for H. e. chestertonii crosses (Muñoz et al. 2010; Van Belleghem et al. 2018). (B) Plots

of relative divergence (average FST in 50 kb windows) between parapatric H. erato populations along the genome. Plots are ordered

according to the measure of reproductive isolation (RI). Colored circles match color codes used for the focal populations in this study.

Divergence peaks on chromosome 10, 15 and 18 correspond to the divergently selected color pattern genes WntA (affecting forewing

band shape), cortex (affecting yellow hindwing bar), and optix (affecting red color pattern elements), respectively (Van Belleghem et al.

2017).

However, we found that estimates of contemporary population

sizes varied greatly depending on the population comparison

(Fig. 3B, C), a result possibly explained by unaccounted popula-

tion structure and difficulties in estimating growth (G). For H. e.

favorinus, estimates of contemporary population size were gen-

erally much smaller than the ancestral population. This result fits

the observation that H. e. favorinus is a smaller Andean popu-

lation of the “postman” color pattern (i.e., red forewing band).

Collectively, the models support a history that includes periods

of allopatry, followed by lineage specific changes in population

size that coincide with more recent gene flow.

To investigate if the JSFS contained evidence of selection

driving patterns of divergence across the contact zones, we in-

corporated heterogeneity in population size (2N) and migration

rate (2M) into the models, similar to Rougeux et al. (2017) and

Tine et al. (2014), respectively. The 2N model allows heterogene-

ity in population size estimates across loci that result from the

differences in allelic variation caused by linked selection (ls =
effective population size of locus relative to neutral loci; Q =
proportion of the genome affected by ls). We found that all con-

tact zones between H. erato and H. himera well supported 2N

models, suggesting the effect of linked selection in shaping pat-

terns of genomic variation and divergence between the species.

The strongest ls was observed for the population comparisons of

H. erato East and West (ls = 0.10; Q = 0.35) and H. himera and

H. erato West (ls = 0.15; Q = 0.90) and the lowest observed

between H. e. emma and H. e. favorinus (ls = 0.07; Q = 0.04;

Fig. 3C; Table S6).

Selection on locally adapted alleles will also result in regions

containing these variants showing much lower rates of migration

compared to the rest of the genome. The 2Mmodels allow for this

type of heterogeneity in migration rates across the genome. Both

contact zones in the eastern Andes supported these models for H.

himera and H. erato, suggesting that these populations have ge-

nomic regions with much lower rates of introgression than other

parts of the genome.

ADMIXTURE DIRECTIONALITY

To investigate the impact of hybridization on genomic diver-

gence, we explored patterns of admixture along chromosomes for
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Figure 3. Composite of best pairwise Secondary Contact (SC) demographic models of the H. himera and H. erato population history

using ∂a∂i. (A) Joint Site Frequency Spectra (JSFS) for data and best model (see Table S5 and Figure S2-3 for AIC values (Akaike Information

Criterion)). (B) Reconstruction of historical demography of H. himera and H. erato populations using models with best AIC scores. All best

models included a period of isolation and secondary contact. Arrows indicate effective migration rates (2Nam). Migration from H. himera

into H. erato is indicated in orange, migration from H. erato into H. himera is indicated in blue. (C) Table with parameter ranges obtained

from five best scoring models out of twenty runs. Na = ancestral population size, N1 = Size of population 1, N2 = size of population 2,

g1 = growth coefficient of population 1, g2 = growth coefficient of population 2, ls = linked selection, Q = proportion of the genome

with a reduced effective size due to linked selection (ls),m1←2 = migration from population 2 into 1,m2←1 = migration from populations

1 into 2, tsplit = split time, tSC = time of secondary contact, P = proportion of the genome evolving neutrally.

the three contact zones betweenH. erato andH. himera. We were

interested in both the patterns of admixture across our three repli-

cate hybrid zones and inferring the direction of admixture. To de-

termine if patterns of admixture were similar across the three con-

tact zones, we used the fd statistic which indicates admixture pro-

portions (proportion of sites that are shared between taxa) within

genomic windows (Martin et al. 2015a). Across several chromo-

somes we observed long tracks of increased fd, particularly in the

hybrid zone between H. himera and H. e. cyrbia west of the An-

des (Fig. 4A). These high fd tracks included a total of 37.97 Mb

and had an average length of 2.53 Mb (SD = 3.31 Mb) (Fig. S5).

High fd tracks included 35.67 Mb between H. himera and H. e.

emma (average length: 1.00 Mb ± 1.34 Mb) and 29.49 Mb be-

tween H. himera and H. e. favorinus (average length: 1.23 Mb

± 1.017 Mb) and were distributed more evenly along the chro-

mosomes (Fig. 4A). In general, there was a lack of overlap be-

tween genomic regions with high fd in the different hybrid zone

comparisons. We found 4.48 Mb (6.5 %) of high fd tracks were
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Figure 4. Admixture (fd) and admixture directionality (DFOIL) between H. himera and H. erato in three contact zones. (A) Points show

admixture (fd) values, whereas coloring shows directionality (DFOIL) in 50 kb non-overlapping windows for the contact zones H. himera –

H. e. cyrbia (top), H. himera – H. e. emma (middle) and H. himera – H. e. favorinus (bottom). Blue indicates predominant admixture from

H. erato into H. himera (12 → 34), whereas red indicates predominant admixture from H. himera into H. erato (12 ← 34) based on the

DFOIL tests. (B) Summary of admixture versus directionality with points above the 95% quantile indicated in blue (12 → 34) and red (12

← 34) demonstrates that the majority of windows with high fd indicate admixture from H. himera into H. erato. The green line indicates

a loess fit of the data. Colored circles match color codes in Figure 1.

shared between the H. himera/H. e. cyrbia and H. himera/H. e.

emma hybrid zone, 3.83 Mb (6.0 %) were shared between the H.

himera/H. e. cyrbia and H. himera/H. e. favorinus hybrid zone

and 8.04 Mb (14.1 %) were shared between the H. himera/H. e.

emma and H. himera/H. e. favorinus hybrid zone.

To determine the directionality of introgression across the

genome we used a five-taxon DFOIL-statistic (Pease and Hahn

2015). This test considers all available taxa (i.e., two populations

of H. himera and two populations of H. erato) and calculates all

possible four-taxon D-statistic comparisons to infer admixture as

well as directionality of admixture. While the DFOIL-statistic is

calculated using a single genome for each taxon, we performed

this test on all possible combinations of available samples and

represented the DFOIL signal as the proportion of significant com-

parisons (Fig. 4A). Comparing fd and DFOIL results revealed that

among loci that show strong evidence of admixture (high fd),

there is a relative paucity of loci in H. himera individuals car-

rying H. erato alleles (Fig. 4B). This result contrasts with the de-

mographic modeling which suggested higher rates of gene flow

from H. erato into H. himera (Fig. 3) and likely results from dif-

ferences in temporal dynamics measured by each method, with

∂a∂imodels fitting older signals of admixture that are potentially

driven by a higher effective population size of H. erato compared

to H. himera. This asymmetry suggests H. erato is more porous

to introgressed alleles fromH. himera than vice-versa. Consistent

with a well characterized “large X(Z) effect” in speciation, on the

sex (Z) chromosome there are only a few loci that show signals

of admixture (high fd) and again the DFOIL tests only show sig-

nals of introgression of H. himera alleles into H. erato on the Z

chromosome (Fig. 4A).

Because long tracks of increased fd may result from ei-

ther introgression of long haplotypes or introgression at multi-

ple tightly linked loci, we next investigated divergence signals

between single H. erato individuals from hybrid zones with the

H. himera populations (Fig. S6). In all three contact zones, we

find that many of the high fd tracks correspond to tracks of re-

duced divergence between a single H. erato individual and H.

himera. This is in line with the high fd tracks being largely driven

by H. erato individuals carrying a haplotype with H. himera

ancestry.
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ASSOCIATION OF DIVERGENCE AND ADMIXTURE

WITH RECOMBINATION RATE

Because the effect of selection on linked sites will depend

on recombination rate, differences in the relationships between

recombination rate and relative divergence (FST) and between re-

combination rate and admixture (fd) can be used to determine how

selection may have shaped genomic divergence between H. erato

and H. himera. We first explored this relationship of recombina-

tion rate, relative divergence, and admixture across the optix lo-

cus. The optix locus controls red wing pattern differences among

H. erato color pattern morphs, as well as between H. erato and

H. himera and is a target of strong selection (Fig. 5A) (Counter-

man et al. 2010; Supple et al. 2015; Van Belleghem et al. 2017).

We found recombination rate (ρ) estimates were markedly lower

upstream, compared to downstream of the optix gene (Fig. 5C).

Such sharp decreases in recombination rate near chromosome

ends have been observed in otherHeliconius species (Martin et al.

2019) and likely explain the decrease in recombination rate up-

stream of the optix gene. To test if selection at the optix locus

has produced the expected negative relationship of recombina-

tion rate with divergence and positive relationship of recombina-

tion rate and admixture, we visualized these relationships 500 kb

from the center of the peak of the divergence at optix (Fig. 5D) so

they could be directly compared to the simulation results, which

were also sampled 500 kb from the target of selection (see “Di-

vergence and admixture simulations”). As expected, we observe a

negative relationship between recombination rate and divergence

(FST) but no obvious correlation between recombination rate and

admixture (fd).

To understand how recombination rate variation, selection

and admixture have contributed to patterns of genome-wide di-

vergence, we next compared recombination rates with divergence

and admixture across the whole genome. In line with expected

patterns of linked selection, we found a significant negative as-

sociation between recombination rate (ρ) and relative divergence

(FST) between H. himera and H. erato populations (Fig. 5A) but

no association with admixture (fd) (Fig. 6B).We also observed a

positive association between the proportion of coding sequence

and relative divergence, further suggesting the importance of

linked selection for genome divergence (Fig. S7). Additionally,

we found a significant negative relationship between FST and fd
in the H. himera – H. e. cyrbia and H. e. emma hybrid zones,

which indicates that admixture can partly explain reduced FST

(Fig. 6C).

DIVERGENCE AND ADMIXTURE SIMULATIONS

We used a range of estimates of divergence times, population size

changes, and migration from the demographic models to seed co-

alescent simulations and investigate expected patterns of recom-

bination rate on divergence and admixture rates. Specifically, the

simulations test the prediction whether selection (i.e., recent se-

lective sweeps) and isolation (i.e., secondary contact) in the past

million year of divergence between H. himera and H. erato can

explain the observed relationships of recombination rate with rel-

ative divergence (FST) and admixture (fd).

From our demographic models, the split between H. himera

and H. erato (East) was estimated between 215 and 527 thou-

sand years ago. In our simulations this time point fits the split

between (P1, P2) and P3, which we modeled at 2 million gener-

ations (t2; Fig. 7A). Assuming a generation time of 0.25 years,

2 million generations match a split of 500,000 years ago. After

these populations split, migration (m) was restricted between P2

and P3 only, with symmetrical migration rates starting at time

tm. In accordance with our demographic modeling results, we

ran simulations by also varying the parameters ts (selection start

time), m (migration rate) and ρ (population recombination). In

Figure 7, we highlight two extreme scenarios of migration and

selection start time which we denoted as “Isolation with Migra-

tion” (IM) and “Secondary Contact” (IM). As demonstrated by

other studies, in a scenario of IM with long periods of migra-

tion and divergent selection, our simulations predicted a strong

negative correlation between recombination rate and FST (Keinan

and Reich 2010; Brandvain et al. 2014; Crawford et al. 2015) and

a strong positive correlation between recombination rate and fd
(Aeschbacher et al. 2017; Martin et al. 2019; Fig. 7C, left). The

correlation pattern between recombination rate and FST reflects

the degree of linkage disequilibrium between neutral sites and

loci under divergent selection (Charlesworth 1998; Nachman and

Payseur 2012). In contrast, our simulations show that the rela-

tionship between recombination rate and fd is reduced when mi-

gration is more recent or low (Fig. 7C, left). For example, in a

SC scenario that is characterized by a more recent onset of mi-

gration, the simulations show that FST values are generally high

and fd values close to zero (Fig. 7C, right). This results in the ab-

sence of a relationship between recombination rate and FST or fd
in most SC scenarios when the onset of migration started less than

10,000 generations ago and in IM models with migration rates

(2Nem) lower than 2. However, when selection in the genome is

recent (∼selective sweeps), a negative relationship between re-

combination rate and divergence, but not admixture, emerges in

the SC scenario (Fig. 7C). This relationship arises due to linked

selection that reduces diversity within populations and increases

the relative divergence, FST, between populations over larger ge-

nomic regions with lower recombination rate (Cruickshank and

Hahn 2014). The relationship holds for lower selection strengths

at relatively short distances from the selected site (s = 0.02;

Fig. S8).

The simulated secondary contact model is an extreme sce-

nario with recent onset of strong migration (start migration <<

100,000 generations). However, similar relationships between
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Figure 5. Divergence (FST), admixture (fd) and recombination rate (ρ) near the red color pattern gene optix. (A) The optix gene is located

near the start of chromosome 18 and has been demonstrated to control the expression of red color pattern elements in Heliconius wings

(Reed et al. 2011). (B) Relative divergence (FST) and admixture (fd) comparisons performed between H. himera, H. e. cyrbia, H. e. emma

and H. e. favorinus. Colored circles match color codes in Figure 2. (C) Lines show FST, fd and recombination rate (ρ) calculated in 50 kb

non-overlapping windows. The green line in the bottom plot shows a loess fit of the recombination rate. Gene models including the

location of the optix gene are presented at the top. (D) Relationship between FST and recombination rate (ρ) 500 kb left and right from

the center of the optix regulatory sequence divergence peak. The relation between fd and recombination rate (ρ) is near zero and not

shown.
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Figure 6. Correlations of divergence and admixture proportions with recombination rate in the three H. himera – H. erato contact zones.

(A) Relative divergence (FST) versus population recombination rate (ρ). (B) Admixture proportion (fd) versus population recombination

rate (ρ). (C) Relative divergence (FST) versus admixture proportion (fd). Statistics were calculated in 50 kb non-overlapping windows.

Recombination rates were calculated from eachH. erato population separately and averaged over populations (seemethods) and showed

a genome-wide average of ρ equal to 0.071 (SD = 0.026; ρ = 4Ner). Colored circles match geographic distributions and contact zones in

Figure 2.

recombination rate, relative divergence and admixture arise in

a scenario where secondary contact is older (>> 100,000 gen-

erations) but migration rates are low (Fig. 7C). This latter

scenario fits the observed demographic estimates forH. erato and

H. himera, with low migration rates (2Nem < 0.2) estimated to

start at 100,000 - 750,000 generations ago.

Finally, we note that the observed relationship between re-

combination rate and divergence may include the effects of ge-

netic hitchhiking, selection against gene flow as well as back-

ground selection. While our genomic dataset does not allow us to

differentiate background selection from genetic hitchhiking and

selection against gene flow, our simulations suggest that the ob-

served patterns can be explained by these latter two processes,

and other studies suggest background selection may be too subtle

to cause these patterns (Stankowski et al. 2019).

Discussion
By relating patterns of genomic divergence to ecological and

other barriers to gene flow, our results provide a view into the

genomic landscape among lineages with increasing degrees of

reproductive isolation (Kronforst et al. 2013; Roux et al. 2016).

In line with theoretical expectations of the speciation process

(Barton and De Cara 2009; Nosil et al. 2017), the increase in
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Figure 7. Expected relationship of recombination rate with divergence (FST) and admixture (fd) near a divergently selected locus.

(A) The population tree shows the simulated scenario with the onset of divergent selection on a derived allele indicated in red

and in which migration rate (m) and migration time (tm) between P2 and P3 and selection start time (ts) are varied. Left and

right of the simulated scenario are parameter combinations for two extreme scenarios that both include linked selection; on the

left a scenario with Isolation with Migration (IM) and on the right a scenario reflecting Secondary Contact (SC). (B) Effect of pop-

ulation recombination rate (ρ) on relative divergence (FST) and admixture (fd) near a divergently selected locus for the two sim-

ulated scenarios with parameter combinations as in panel A. The selected allele occurs at position 0. The dashed red line indi-

cates a locus at 500 kb from the selected locus at which the relationship between ρ, divergence and admixture is assessed in

panel C. (C) The effect of migration start time (tm) and selection start time (ts) on the relation between ρ, divergence and admix-

ture. Apart from the respective parameters being evaluated, other parameters were fixed as in panel A, with the red lines indi-

cating the exact parameter combinations as in panel A and B. For simulations with a lower selection coefficient (s = 0.02), see

Figure S8.

divergence does not seem to be a linear process. Rather, there is a

marked increase in divergence associated with assortative mating

which has evolved between H. himera and H. erato, highlighting

the global impacts that incomplete pre-mating barriers could have

in the genome. We also observed a notable increase in divergence

on the Z chromosome relative to the autosomes which supports a

large effect of the Z chromosome in the genomic divergence dur-

ing the early stages of speciation (Sperling 1994; Prowell 1998).

Despite being able to reconstruct this progression of genomic

divergence from increased reproductive isolation, it remains
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difficult to determine if genomic peaks of divergence result from

barrier loci that are resistant to ongoing gene flow (heterogeneous

gene flow), from recent selective sweeps in isolated populations

(heterogeneous selection), or both. Nevertheless, from comparing

the observed patterns of genomic divergence with demographic

models and coalescent simulations, we can test various hypothe-

ses of the architecture of the species boundaries between H. er-

ato and H. himera that allow us to determine the extent isolation

and selection contribute to the heterogeneous landscapes of di-

vergence.

ARCHITECTURE OF THE SPECIES BOUNDARIES

Our data favors a history of isolation accompanied with selection.

From our coalescent simulations, we found that heterogeneity in

levels of divergence (FST) may largely be explained by selection

acting on alleles within isolated populations and is not represen-

tative of selection against gene flow. In contrast, observed signals

of admixture (fd) and the length of high admixture tracks may re-

flect a snapshot from recent hybridization events. Although we

note that the expectations of admixture track lengths may differ

when there is selection against recombinants, we argue that the

long length of high fd tracks compared to the linkage disequi-

librium breakdown within 1 to 2 kb estimated in H. melpomene

(Martin et al. 2016) together with single H. erato individuals har-

boring long haplotypes of H. himera ancestry (Fig. S6) suggests

these patterns may represent recent and independent admixture

events at the three contact zones. The heterogeneous signal of ad-

mixture may thus be the result of a few generations of backcross-

ing of hybrid individuals even in the absence of selection. Never-

theless, whether introgressed haplotypes may become purged by

selection or result from adaptive introgression is hard to predict

with the current data. One possibility is that the multitude of loci

with asymmetrical gene flow from H. himera into H. erato repre-

sents the genetic signal of a polygenic species barrier. These bar-

riers could result from co-adapted loci in H. himera that cannot

be replaced by H. erato alleles without fitness consequences. The

inference that this pattern of asymmetrical gene flow results from

a polygenic species barrier and not from mate choice directional-

ity or demographic factors (e.g., larger effective population size

of H. erato) is further strengthened by two observations. First,

H. himera males have been shown to mate more frequently with

F1 hybrids compared to H. erato males (McMillan et al. 1997),

which should result in an opposite asymmetric admixture pattern

than what we found (Latour et al. 2013), with more alleles intro-

gressing from H. erato into H. himera. Second, the smaller effec-

tive population size estimates of H. himera should also result in

the same opposite pattern of asymmetric admixture (Frantz et al.

2014). This latter expectation is observed in the demographic

modeling results, which show greater migration of alleles from

H. erato into H. himera and corresponds to their estimated differ-

ences in population size between the species (Fig. 3B) but is not

seen in the more recent signals of admixture as measured by fd.

This discrepancy between the migration rates estimated from the

demographic modeling and the fd statistic potentially results from

differences in the temporal dynamics measured by each method,

with ∂a∂i models fitting older signals of admixture.

The finding that selection at multiple loci may have resulted

in a polygenic species boundary would add to a number of studies

that illustrate how pervasive selection along the genome can lead

to the evolution of polygenic architectures of species boundaries

(Brandvain et al. 2014; Janousek et al. 2015; Aeschbacher et al.

2017; Berner and Roesti 2017; Martin et al. 2019). This is also

consistent with evidence that many loci contribute to population

divergence among hybridizing population in the H. erato clade

(Lewis et al. 2020). However, it also possible that asymmetrical

adaptive introgression could contribute to the observed patterns

of divergence and admixture between H. erato and H. himera.

Adaptive introgression has been well documented at color pattern

loci across Heliconius (Dasmahapatra et al. 2012; Wallbank et al.

2016; Van Belleghem et al. 2017; Edelman et al. 2019) but larger

genomic datasets are often needed to perform these more rigorous

tests for signatures of selection and introgression (Edelman et al.

2019; Meier et al. 2020; Moest et al. 2020). We find very few ge-

nomic regions that show admixture across all threeH. himera and

H. erato contact zones, which would be expected if these regions

represent random tracts of admixture from recent gene flow, but

not if adaptive introgression were driving admixture of specific

alleles with selective advantage. Therefore, it seems possible that

the patterns reflect a polygenic species boundary driven by se-

lection against gene flow. However, further data and analyses are

needed to assess the possible contribution of adaptive introgres-

sion.

DIFFERENT HISTORIES CAN GENERATE SIMILAR

HETEROGENEOUS DIVERGENCE PATTERNS

Although the genomic landscape of divergence between hybridiz-

ing taxa reflects the history of selection and demographic changes

they have experienced, different histories can generate strikingly

similar heterogeneous patterns. This can greatly limit our ability

to make inferences about the evolutionary processes driving ge-

nomic change (Ravinet et al. 2017). For example, in Heliconius

melpomene there is, at first sight, a similar heterogeneous land-

scape of divergence to those we report here for H. erato and H.

himera, despite known differences in their evolutionary histories

(Quek et al. 2010; Martin et al. 2013). Heliconius melpomene

and H. erato are co-mimics and experience similar strong se-

lective pressures on wing color patterns throughout their distri-

butions. In the H. melpomene clade, H. melpomene comes into

contact and hybridizes with H. cydno in Panama and occasion-

ally with H. timareta in Ecuador and northern Peru. Although the
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genomic landscapes in the erato and melpomene clades appear

similar at first sight, correlation analyses reveal potential differ-

ences in the relative importance of admixture. The H. melpomene

comparisons showed strong correlations of recombination rate

with divergence as well as admixture, which supports a long his-

tory of divergent selection with gene flow (Martin et al. 2019) and

agrees with our coalescent simulations. In contrast,H. himera and

H. erato comparisons showed recombination rate correlated with

divergence, but not admixture. We propose two possible expla-

nations for this difference between the Heliconius clades. First,

there may be differences in the genetic architecture of the species

barriers, such that there are fewer or more tightly clustered barrier

loci in the H. erato and H. himera comparisons, thereby limiting

the ability for a correlation between recombination rate and ad-

mixture to arise. However, the genetic architectures of adaptive

divergence (e.g., color pattern) are strikingly similar in the er-

ato and melpomene clades, and in melpomene, loci responsible

for mate preference and adaptive traits (e.g., color pattern) have

been demonstrated to be tightly linked (Jiggins et al. 2001; Kro-

nforst et al. 2006; Merrill et al. 2019). Therefore, differences in

the number or having too few barrier loci is likely insufficient

to explain this difference in admixture patterns between the H.

erato - H. himera and H. melpomene – H. cydno/timareta popu-

lations. Alternatively, there may not have been sufficient migra-

tion events and time for selection to remove foreign alleles after

introgression and thus for a correlation between recombination

rate and admixture to arise between H. erato and H. himera. In

this latter case, genetic differences that accumulated in periods

of isolation would have had more profound effects on the diver-

gence landscape of H. erato and H. himera whereas gene flow

has likely been more continuous throughout the divergence his-

tory of the species pair in the H. melpomene clade (Martin et al.

2015b, Martin et al. 2019). These differences in the history of di-

vergence among the co-mimetic species highlights the power of

approaches like those applied here to resolve the roles of different

evolutionary processes in generating seemingly similar heteroge-

neous patterns of genomic divergence.
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Table S1. Samples used in this study. Samples fromH. himera populations andH. erato populations that come into contact with H. himera are indicated in
color.H. himeraNorth, light red;H. himera South, dark red;H. e. cyrbiaNorth, light yellow,H. e. cyrbia South, dark yellow;H. e. emma East, light green;
H. e. emmaWest dark green;H. e. favorinus East, light blue;H. e. favorinusWest, dark blue. Earthcape IDs are available through https://heliconius.ecdb.io.
Table S2. Hybrid zone characteristics between H. erato and H. himera populations. Major color pattern (CP) loci include the genes optix (∼red), WntA
(∼forewing band shape) and cortex (∼yellow hindwing bar and white fringes) Reproductive isolation (RI) was estimated as a combination of ecological
isolation (RIec) due to divergent selection on color patterns, pre-mating isolation (RIpre) due to mate preference, and post-mating isolation (RIpost) due to
hybrid sterility.
Table S3. 2D δaδi model descriptions.
Table S4. Bash pseudocode to run msms (Ewing and Hermisson 2010) simulations. Note that mutation rate is only used by seq-gen when simulating the
sequences, population size is used to scale times, selection and migration proportions.
Table S5. AIC weights dadi models. AIC scores for each model are averages of the top 5 runs. Shaded cells indicate lowest AIC values.
Table S6. Best model parameters for best model class as well as alternative model classes. Split times are given as Ttotal+TAM in AM, and Ttotal+TSC
in SC. Although all best fitting demographic models include secondary contact (SC), several alternative models including AM (Ancient Migration) and
IM (Isolation and Migration) fit relatively well to the observed JSFS (Figure 3A; Figure S4-5). However, in these models, migration rates generally scale
proportionately with migration duration compared to the SC models, indicating that our interpretations on migration rates should not be affected by the
uncertainty of finding a best demographic model.
Figure S1. FastTree of samples used in this study. Node support values are based on the Shimodaira–Hasegawa test.
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Figure S2. Average AIC (Akaike Information Criterion) of all tested δaδi models for twenty runs. SI = Strict Isolation, IM = Isolation and Migration,
AM = Ancestral Migration, SC = Secondary Contact, G = exponential growth, 2N = heterogeneous effective population size (with 2 classes of loci
shared by the two populations = Hill-Robertson effects), and 2m = 2 migration rates.
Figure S3. Average AIC (Akaike Information Criterion) of all tested δaδi models for twenty runs using subpopulations. SI = Strict Isolation, IM =
Isolation and Migration, AM = Ancestral Migration, SC = Secondary Contact, G = exponential growth, 2N = heterogeneous effective population size
(with 2 classes of loci shared by the two populations = Hill-Robertson effects), and 2m = 2 migration rates.
Figure S4. Inference of historical effective population size changes using pairwise sequentially Markovian coalescent (PSMC) analysis. Lines and shading
in the left panel represent the average effective population size and 95% CI, respectively, estimated from PSMC analyses on individual genome samples
as shown in the panels on the right. The PSMC estimates are scaled using a generation time of 0.25 years and a mutation rate of 2e-9. Data adopted from
Van Belleghem et al. (2018).
Figure S5. Loess fit to admixture (fd) between H. himera and H. erato in three contact zones. Points show admixture (fd) values, whereas coloring shows
directionality (DFOIL) in 50 kb non-overlapping windows for the contact zones H. himera ¬– H. e. cyrbia (top), H. himera – H. e. emma (middle) and H.
himera – H. e. favorinus (bottom) as in Figure 3. Blue indicates predominant admixture from H. erato into H. himera (12 ← 34), whereas red indicates
predominant admixture from H. himera into H. erato (12 → 34) based on the DFOIL tests. Green lines indicate the Loess fit.
Figure S6. Comparison of admixture (fd) signals with relative divergence (da) of single H. erato individuals to H. himera. Panels with black points show
the fd signals between contact zones of H. himera with H. e. cyrbia (top), H. e. emma (middle) and H. e. favorinus (bottom). Panels with colored points
show relative divergence da, calculated from pairwise sequence differences minus the average nucleotide diversity of both populations, between H. himera
and a single individual of a hybridizing H. erato population. Green rectangles are high fd tracks as identified from a Loess fit to continues windows of fd
larger than 0.06 for the H. e. cyrbia and H. e. emma contact zones and 0.07 for the H. e. favorinus contact zone.
Figure S7. Correlations of divergence and admixture proportions with recombination rate and gene density in H. himera – H. erato contact zones. (A)
Relative divergence (FST) versus gene density and recombination rate (ρ). (B) Admixture proportion (fd) versus gene density and recombination rate
(cM/Mb). (C) Relative divergence (FST) versus admixture proportion (fd). Statistics were calculated in 50 kb non-overlapping windows. Colored circles
match color codes in Figure 2.
Figure S8. Expected relationship of recombination rate with divergence (FST) and admixture (fd) near a divergently selected locus (s = 0.02). (A) The
population tree shows the simulated scenario with the onset of divergent selection on a derived allele indicated in red and in which migration rate (m) and
migration time (tm) between P2 and P3 and selection start time (ts) are varied. Left and right of the simulated scenario are parameter combinations for
two extreme scenarios that both include linked selection; on the left a scenario with Isolation with Migration (IM) and on the right a scenario reflecting
Secondary Contact (SC). (B) Effect of population recombination rate (ρ) on relative divergence (FST) and admixture (fd) near a divergently selected locus
for the two simulated scenarios with parameter combinations as in panel A. The selected allele occurs at position 0. The dashed red line indicates a locus
at 500 kb from the selected locus at which the relationship between ρ, divergence and admixture is assessed in panel C. (C) The effect of migration start
time (tm) and selection start time (ts) on the relation between ρ, divergence and admixture. Apart from the respective parameters being evaluated, other
parameters were fixed as in panel A, with the red lines indicating the exact parameter combinations as in panel A and B.
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