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Abstract 

Geographic isolation often leads to the emergence of distinct genetic lineages that are at least partially reproductively isolated. Zones 
of secondary contact between such lineages are natural experiments that allow investigation of how reproductive isolation evolves 
and co-existence is maintained. While temporal isolation through allochrony has been suggested to promote reproductive isolation 
in sympatry, its potential for isolation upon secondary contact is far less understood. Sampling two contact zones of a pair of mainly 
allopatric Alpine butterflies over several years and taking advantage of museum samples, we show that the contact zones have 
remained geographically stable over several decades. Furthermore, they seem to be maintained by the asynchronous life cycles of the 
two butterflies, with one reaching adulthood primarily in even and the other primarily in odd years. Genomic inferences document 
that allochrony is leaky and that gene flow from allopatric sites scales with the degree of geographic isolation. Overall, we show that 
allochrony has the potential to contribute to the maintenance of secondary contact zones of lineages that diverged in allopatry.
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Lay summary 

Many species have persisted in warmer geographic refugia during the last glaciation period. Since then, they have recolonized for-
merly glaciated areas, often coming into contact with close relatives from other refugia. Coexistence between these lineages is possi-
ble if there are enough isolating barriers that prevent gene flow between them. However, closely related taxa often lack strong barriers 
and form contact zones instead, where they hybridize to some degree. The factors that maintain such contact zones over time differ 
among species and are often unknown. Here, we studied two contact zones between a pair of closely related Alpine butterfly lineages. 
Over the 4 years that we sampled, we found that one lineage occurred predominantly in even and the other one predominantly in 
odd years, suggesting that their biennial life cycle enables them to spatially coexist in contact zones, with limited interbreeding. Using 
museum specimens, we confirmed that temporal isolation has been at play for at least several decades, and based on observation 
record data, we showed that biannual life cycles broadly differed between the two lineages across Switzerland. However, temporal 
isolation is leaky and hybridization occurs, especially when the contact zone is more connected to other populations. Taken together, 
our study highlights how asynchronous biennial life cycles, which are common in Alpine butterfly species, have the potential to con-
tribute as a barrier to gene flow and may promote coexistence.

Introduction
The evolution of new species by geographic isolation is among the 
commonest modes of speciation (Coyne et al., 2004). While such 
allopatric speciation may reach completion in geographic sepa-
ration, diverging lineages often remain at least partially interfer-
tile over long periods of time. When they come into secondary 
contact, the progression (or the collapse) of speciation very much 
depends on the presence and strengths of barriers to gene flow 
and thus on the level of reproductive isolation between them 
(Coyne et al., 2004; Kulmuni et al., 2020). Also, additional repro-
ductive barriers may evolve or existing ones may be reinforced 
to reduce costly hybridization events upon secondary contact 
(Servedio & Noor, 2003). Barriers that maintain lineages in sec-
ondary contact commonly involve ecological differentiation, or 

differentiation in morphology, physiology, or behavior of mating 
(Johannesson et al., 2020; Weber & Strauss, 2016). Here, we study 
the potential for another type of isolating mechanism, the asyn-
chrony in the life cycle of diverging lineages, called allochrony.

Temporal isolation through allochrony has been suggested to 
promote speciation in sympatry (Rosser et al., 2022). Empirical 
examples of sympatric speciation associated with allochrony 
include Rhagoletis fruit flies that differ in seasonal emergence 
and are specialized either on wild or cultivated fruits (Inskeep et 
al., 2022; Rosser et al., 2022), or Coregonus whitefish that spawn 
in summer or winter (Hudson et al., 2011). Allochrony may 
also involve temporal isolation across many years, as in North 
American periodical cicadas (Magicicada spp.), which emerge after 
13 or 17 years and co-emerge only every 221 years (Simon et al., 
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2000). However, while temporal isolation between closely related 
species has been frequently documented, comparatively few 
examples of allochronic speciation are known reviewed in Taylor 
& Friesen (2017). Similar to sympatric speciation, allochrony has 
been suggested to provide the potential to promote co-existence 
or even advance speciation between diverging lineages in zones 
of secondary contact (Taylor & Friesen, 2017). Allochronic isola-
tion through different migration patterns has, for example, been 
suggested between closely related species or lineages of birds 
(Green et al., 2022; Tang et al., 2022). Speciation in these systems is 
often advanced and gene flow is strongly limited or absent. Here, 
we describe a case in the genus Erebia, one of the most diverse 
Palearctic butterfly genera (Peña et al., 2015), in which gene flow 
is still possible.

Closely related Erebia species and lineages often diverged 
from one another in distinct glacial refugia and established 
narrow zones of secondary contact following their postglacial 
range expansions (Lucek et al., 2020; Schmitt & Müller, 2007; 
Sonderegger, 2005). Erebia euryale is a common species that is 
widespread across Europe, occurring in light forests and mead-
ows in the subalpine zone from Spain to Russia, without any 
apparent habitat-dependent differentiation between distinct 
glacial lineages (Cupedo, 2010, 2014; Schmitt & Haubrich, 2008; 
Sonderegger, 2005). Also in the Alps, closely related E. euryale lin-
eages are associated with distinct glacial refugia in unglaciated 
foothills and peripheric nunataks surrounding the Alps (Cupedo 
& Doorenweerd, 2022). Like other Erebia species, E. euryale is 
thought to take 2 years to develop, often resulting in variable 
abundance of flying adults between alternating years (Kleckova 
et al., 2015; Sonderegger, 2005). The biennial occurrence can 

vary regionally, but neither the underlying biological drivers nor 
the potential biogeographic patterns of bienniality are under-
stood (Kleckova et al., 2015; Sonderegger, 2005). In the current 
study, we focus on two of these mainly allopatric lineages from 
the Alps, one with a more northern and the other with a more 
southern distribution, E. euryale isarica and E. euryale adyte (further 
referred to as isarica and adyte), respectively. We studied two of 
their known contact zones in Switzerland that are about 8 km 
apart and separated by Lake Lucerne (Figure 1A). These contact 
zones were initially described in the 1980s as being a few hun-
dred meters wide and with only a small number of intermediate 
phenotypes (Rezbanyai-Reser, 1991; Sonderegger, 2005). Similar to 
other Erebia that form secondary contact zones (Augustijnen et 
al., 2022; Sonderegger, 2005), isarica and adyte differ phenotypi-
cally in their wing patterns and male genital morphology, which 
are also traits that could be linked to prezygotic isolation through 
sexual selection and lock–key mechanisms, respectively. In addi-
tion, the presence of the endosymbiotic bacterium Wolbachia has 
been suggested to play a role in maintaining stable and narrow 
secondary contact zones in Erebia (Augustijnen et al., 2022; Lucek 
et al., 2020). However, this is unlikely the case for the studied E. 
euryale contact zones because the prevalence of Wolbachia is com-
paratively low and both lineages share the same Wolbachia strain 
(Lucek et al., 2021).

By sampling the two contact zones of E. isarica and adyte over 
4 consecutive years, a the first goal was to describe patterns of 
phenology within and between the two lineages across time and 
space using morphology. Historic patterns of phenology in the 
contact zones were further analyzed based on museum speci-
mens. The second goal was to assess the impact of recurrent gene 

Figure 1.  Phenotypic changes through time. (A) Map of Switzerland with sampling sites indicated: NAW/NAE = northern allopatric E. euryale isarica 
west/east; CZW/CZE = contact zone west/east of Lake Lucerne (in bright blue); SAW/SAE = southern allopatric E. euryale adyte west/east. (B) Violin 
plots for the leading principal component (PC1) on genital morphology separately for sampling site and year. (C) Violin plots for PC1 on wing pattern 
separately for sampling site and year for museum samples. (D) Violin plots for PC1 on wing pattern separately for sampling site and year for 
contemporary samples. Dots indicate individual PC scores. Dark colors indicate allopatric populations (blue = isarica, orange = adyte), and light colors 
alternating years of sampling at the contact zones. For B-D the respective ANOVA statistics are indicated, using Site (contact zone), Type of year (even 
or odd), and Biannual period (2018/2019 and 2020/2021) as factors (see main text for details). Because of the uneven sampling, only Type of year and Site, 
was included in the analysis of historic samples.

D
ow

nloaded from
 https://academ

ic.oup.com
/evlett/article/7/6/436/7299433 by guest on 16 January 2024



438  |  Bouaouina et al.

flow on genetic differentiation during secondary contact, which 
was achieved by genomic analysis of collected samples. We pre-
dicted that gene flow was higher in the western compared to the 
eastern contact zone because of the lower degree of geographic 
isolation by topography, both among allopatric sites of the two 
lineages and with the contact zone (Figure 1A). A key finding was 
an alternating phenotypic and genetic shift between sampling 
years in the contact zones, consistent with the alternating pres-
ence of isarica and adyte at different frequencies, which we dis-
cuss in the context of allochrony during secondary contact.

Results
We collected between 32 and 101 E. euryale specimens in each 
of 4 consecutive years (2018–2021) in the two contact zones in 
central Switzerland as well as from nearby, putatively allopatric 
locations (Figure 1A; Supplementary Table S1). To track pheno-
typic shifts among sampling years, we quantified genital mor-
phology and wing pattern and performed principal component 
(PC) analyses across all contemporary individuals. The leading 
PC axes accounted for 94.8% and 46.5% of the total variation for 
genital morphology and wing pattern, respectively. For genital 
morphology, contact zone (F1,295 = 35.2, p < .001), type of year (even 
or odd; F1,295 = 15.1, p < .001), and biannual period (2018/2019 and 
2020/2021; F1,295 = 12.5, p < .001) were significantly different. Here, 
the interaction between type of year and site (F1,295 = 10.9, p = .001) 
but not the one between biannual period and site (F1,295 = 2.3, p = 
.131) was significant, highlighting that phenotypic shifts among 
sampling years were more pronounced in the eastern contact 
zone (Supplementary Figure S1A). For wing pattern, site (F1,315 = 
38.0, p < .001) and type of year (F1,315 = 67.4, p < .001) but not bian-
nual period (F1,315 = 0.7, p = .383) were significantly different with 
no significant interaction (type of year × site: F1,315 = 3.1, p = .081; 
biannual period × site: F1,315 = 2.0, p = .155). This suggests that for 
wing patterns annual phenotypic shifts follow a similar trajec-
tory among contact zones (Supplementary Figure S1B). Focusing 
on the four subsequent PC axes that accounted for more than 5% 
of the total variation in wing pattern, type of year was significant 
in three cases, and the interaction with contact zone twice (PC 
axes 4 and 5; Supplementary Figure S2). Overall, more individuals 
collected in the contact zones during even years resembled allo-
patric isarica, while more individuals from odd years resembled 
allopatric adyte (Figure 1), consistent with allochronic life cycles.

We addressed the longer-term temporal stability of allochrony 
in the contact zones by analyzing historic samples. We photo-
graphed the museum specimens that had been used to initially 
describe the contact zones, but, although collected over several 
years, between 1978 and 1982, had not been analyzed in regard 
to sampling year yet (Rezbanyai-Reser, 1991). Although we found 
phenotypic shifts, i.e., from more isarica like phenotypes in even 
to more adyte like phenotype in odd years for wing pattern, 
these were not significant along PC1 (type of year: F1,106 = 1.9, p = 
.173; Figure 1C) with no significant difference between contact 
zones (F1,106 = 2.9, p = .094). Type of year differed though for PC2 
(11.1%) and PC5 (6.5%), while contact zone was never significant 
(Supplementary Figure S3). These results suggest that the pattern 
of allochrony was already present at the contact zones more than 
four decades ago, consistent with the previous recorded presence 
of both adyte and isarica (Rezbanyai-Reser, 1991).

To test to which degree these phenotypic changes are also asso-
ciated with genetic shifts, we genotyped 180 contemporary indi-
viduals from the two contact zones and their respective allopatric 
sites using restriction-site-associated DNA (RAD) sequencing. The 

leading axis of the genomic PCA across all genotyped individuals 
accounted for 39.4% of the total variation and separated isarica 
and adyte (Figure 2). Its scores were significantly correlated with 
the scores of the leading axes of the phenotypic PCAs, for both 
genital morphology (west: Pearson r = 0.504, t1,87 = 5.4, p < .001; 
east: r = 0.560, t1,66 = 5.5, p < .001) and wing pattern (west: r = 0.617, 
t1,87 = 7.3, p < .001; east: r = 0.600, t1,85 = 6.9, p < .001). However, for 
both genital morphology and wing pattern, the scores of the phe-
notypic PCA overlapped between isarica and adyte, with admixed 
individuals having intermediate PC scores which overlapped with 
those of unadmixed individuals (Figure 2). This overlap highlights 
that wing pattern and genital morphology likely do not act as 
strong prezygotic barriers and that gene flow leads to intermedi-
ate phenotypes that fall within the natural spectrum of pheno-
typic diversity.

We then inferred gene flow for each contact zone separately by 
running the program Admixture, assuming two genetic clusters, 
based on the PC analysis. Our results confirmed the phenotypic 
observations, i.e., that in even years primarily isarica individuals 
fly in both contact zones, whereas adyte was only found in the 
odd year (Figure 3A and C). Gene flow between the two lineages 
occurred but differed quantitatively between the contact zones. 
We found few unadmixed adyte but more early-stage hybrids in 
the western contact zone. This contrasts with the eastern contact 
zone, in which we primarily caught adyte in the odd year with only 
one single admixed individual. We estimated the level of genetic 
differentiation among sites and sampling years (Figure 4A and B). 
Allopatric isarica and adyte were strongly differentiated (west: FST 
= 0.576; east: FST = 0.656; Supplementary Table S3), while with-
in-lineage differentiation among sites and/or years in isarica and 
adyte was low (all FST < 0.100). Consistent with the yearly pheno-
typic shifts, FST was high between even and odd years in the east-
ern contact zone, while the genetically admixed sample of 2019 
from the western contact zone was genetically closer to isarica. 
The degree of genetic differentiation thus scales with the level of 
geographic isolation, with higher differentiation in the western 
than the eastern contact zone.

Because gene flow between the lineages may not be equal 
across the genome, e.g., as a result of adaptive introgression or 
the presence of barrier regions (Ravinet et al., 2017), we next tried 
to pinpoint such genomic regions. We first identified 135 single 
nucleotide polymorphisms (SNPs) (7.8% of all SNPs) that were 
fixed (i.e., FST = 1) between non-admixed allopatric isarica and 
adyte. Overall, there was more introgression at these loci in the 
western than the eastern contact zone as indicated by the higher 
number of early-stage hybrids and heterozygous sites (Figure 3B 
and D). Fitting genomic clines, we identified 34 outlier loci for the 
western and 15 for the eastern contact zone that showed less or 
more introgression than expected by chance. Of these, five loci 
overlapped between the two contact zones (Figure 3B and D; 
Supplementary Table S2). Out of the 44 outlier loci in total, 24 
(54.5%) were within or nearby coding regions (Supplementary 
Table S2), and two of these belonged to the outliers that over-
lapped between both contact zones (apolipoprotein D, paired box 
protein Pax-6).

Finally, we mapped the phenology of E. euryale across 
Switzerland by including more than 15,031 observations of the 
species, including the three subspecies adyte, isarica, and tramel-
ana from the Swiss faunistic database (www.infofauna.ch). 
E. euryale tramelana does not occur in the Alps, but in the low-
er-elevated Jura mountains of western Switzerland (Figure 5). 
Phenology varied across 5 × 5 km grid cells, with individuals 
flying either predominantly in even years or in odd years within 
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grid cells (Figure 5). The observational data did not distinguish 
between the three subspecies, but based on their suggested dis-
tributions (Figure 5; Cupedo & Doorenweerd, 2022; Sonderegger, 
2005), phenological patterns seem to differ among the three sub-
species. In the southern Alps where adyte occurs predominantly, 
records were mostly from odd years. In the northern Alps where 
isarica is common, records were primarily from even years. Also, 
E. euralye tramelana were caught predominantly in even years 
(Cupedo & Doorenweerd, 2022). Consistent with former sugges-
tions that life cycles may not always be biennial (Kleckova et al., 
2015; Sonderegger, 2005), some exceptions to the aforementioned 
patterns occurred across the respective distributions of all three 
lineages. It is also important to note that the observational data at 
hand reports the presence or absence rather than the abundance 

of E. euryale. Despite these caveats, our analysis highlights that 
allochronic differentiation seems to be a widespread phenome-
non in E. euryale.

Discussion
By studying two contact zones between a pair of closely related 
Erebia butterfly lineages, we identified phenotypic shifts between 
consecutive sampling years, with individuals caught in even or 
odd years resembling individuals that were collected at the allo-
patric sites of the respective lineage (Figure 1). Similar pheno-
typic shifts already occurred in these contact zones more than 
four decades ago (Figure 1C), suggesting that they have remained 
stable over time. The presence of stable and narrow contact zones 

Figure 2.  Relationship between genotypes and phenotypes. Scores of the leading principal components (PC1) of the genomic data against those of (A) 
genital morphology of the western contact zone, (B) genital morphology of the eastern contact zone, (C) wing pattern of the western contact zone, and 
(D) wing pattern of the eastern contact zone. Colors and shapes depict different sampling sites and years for each site. Dark colors indicate allopatric 
populations (blue = isarica, orange = adyte), light colors alternating years at the contact zones. Abbreviations: NAW/NAE = northern allopatric  
E. euryale isarica west/east; CZW/CZE = contact zone west/east, SAW/SAE = southern allopatric E. euryale adyte west/east.
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has been reported also for other Erebia species (Augustijnen et 
al., 2022). The genomic analyses were consistent with the pheno-
typic shifts. Furthermore, they revealed differences in gene flow 
in the two contact zones associated with geographic isolation 
(Figure 3). We showed further that phenology in E. euryale varies 
at a broader geographic scale (Figure 5; Supplementary Figure S4). 
Together, results provide evidence for allochronic temporal isola-
tion between the two Erebia lineages at their point of contact, with 
potential implications for their species integrity and speciation.

Allochrony, whereby temporal isolation causes reproductive 
isolation (Taylor & Friesen, 2017), is likely an important isolating 

mechanism at the zones of secondary contact in our system. 
From a theoretical perspective, allochrony has the potential to 
contribute to the process of species divergence under any geo-
graphic mode of speciation, ranging from sympatry to allopatry, 
and could also become the target for reinforcing selection follow-
ing secondary contact by promoting isolation (Taylor & Friesen, 
2017). Theory outlines three key components to demonstrate spe-
ciation by allochrony (Taylor & Friesen, 2017). The first is that the 
two lineages or species have to be sister species. The phylogeny of 
Erebia remains largely unresolved (Peña et al., 2015), which equally 
applies to the E. euryale complex (Cupedo & Doorenweerd, 2022). 

Figure 3.  The genomic outcome of secondary contact. Individual-based assignments by ADMIXTURE analysis assuming two genetic clusters (K = 2) 
for (A) the western and (C) eastern contact zone, respectively. Fixed SNPs for allopatric isarica (blue) and adyte (orange) with respective heterozygous 
sites (brown) across the genome for all individuals from (B) the western and (D) eastern contact zones. White squares in B and D indicate missing 
data. Arrows above the allele tables indicate SNPs with significantly lower or higher introgression than expected by introgress. Red arrows indicate 
outliers that were detected in both contact zones. Abbreviations: NAW/NAE = northern allopatric E. euryale isarica west/east; CZW/CZE = contact zone 
west/east, SAW/SAE = southern allopatric E. euryale adyte west/east.

Figure 4.  Heatmaps depicting the level of genetic differentiation among sampling sites and years for the (A) western and (B) eastern contact zones. 
Abbreviations: NAW/NAE = northern allopatric E. euryale isarica west/east; CZW/CZE = contact zone west/east, SAW/SAE = southern allopatric  
E. euryale adyte west/east.
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Both isarica and adyte are thought to be closely related and associ-
ated with distinct glacial refugia near the Alps. This contrasts, for 
example, with the subspecies tramelana from western Switzerland 
(Figure 5A), which is more closely related to E. euryale subspecies 
from the Pyrenees than the Alps (Cupedo & Doorenweerd, 2022). 
Consequently, isarica and adyte can be considered sister lineages.

Taylor and Friesen (2017) further highlight that differences 
in phenology require a genetic basis for allochronic specia-
tion. In our system, allochrony is expressed by a biannual life 
cycle, which has been suggested for E. euryale from the Alps 
(Sonderegger, 2005; Wipking & Mengelkoch, 1994) and other 
parts of its range (Kleckova et al., 2015). However, the causes 

Figure 5.  Distribution of E. euryale across the Alps and their phenology throughout Switzerland from 1876 to 2021. (A) Approximated distribution of 
E. euryale subspecies across the European Alps (modified from Johannesson et al., 2020). White circles indicate the location of the two studied contact 
zones. (B) Variation in phenology across Switzerland based on records from the Swiss faunistic database and individuals sampled for this study. Dot 
colors indicate the observed years of flight, ranging from purely flying in even (red) and odd (blue) years within 5 × 5 km grid cells. Dot size indicates 
sample size (N), ranging from 1 to 343.
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underlying biannual life cycles are unknown (Kleckova et al., 
2015). Given the broadscale and often consistent pattern of 
a biennial phenology across Switzerland, including along dif-
ferent elevational gradients (Figure 5), it is likely that it has 
a genetic component, potentially with some plastic adjust-
ments depending on environmental conditions. To disentangle 
the role of plasticity and shifts in allele frequencies, lab rear-
ing experiments under natural conditions would be required. 
The intriguing aspect, however, is how it became rather syn-
chronous within lineage. For E. euryale specifically, it has been 
hypothesized that biennial cycles could be driven by fluctuat-
ing parasitoid pressure, although empirical evidence is limited 
(Wipking & Mengelkoch, 1994). Other potential reasons include 
Allee effects, whereby densities for mating are too low if only a 
fraction of the population flies in one year. The annual occur-
rence of isarica individuals in the western contact zone could 
nevertheless be a result of cohort splitting, whereby some indi-
viduals would only take one year to develop (Crowley & Hopper, 
2015). For allochrony to maintain narrow hybrid zones such 
as in our case, a further aspect is how the shift in periodicity 
between the lineages established. Again, given the broadscale 
pattern within lineages of isarica and adyte, it is likely that the 
shift happened prior to their range expansions as a random 
event.

The third requirement is that allochrony has to be the initial 
cause of divergence. Again, given the variation in phenology asso-
ciated with the distinct E. euryale lineages (Figure 5; Cupedo & 
Doorenweerd, 2022), phenological differences are likely to be ances-
tral and thus have established in allopatry prior to secondary contact. 
Consequently, E. euralye is not a classic case of allochronic speciation 
(Taylor & Friesen, 2017), but an example where allochronic isolation 
contributes to maintain co-existence of both lineages at the contact 
zones for at least several decades (Figure 1). The alternative sce-
nario whereby the contact zones represent recurrent recolonization 
events from allopatric sites seems unlikely as migration in Erebia 
is limited (Polic et al., 2014). While allochrony seems leaky to some 
degree (Figure 1; Supplementary Figure S4), our finding of overall 
consistent allochronic patterns between isarica and adyte as well as 
another E. euryale subspecies across Switzerland and about 40 gener-
ations back in time suggests that allochrony could be a rather stable 
isolation mechanism.

Differences in wing or color patterns as well as differences 
in genital morphology could similarly contribute to reproduc-
tive isolation. Indeed, differentiation in wing morphology or 
coloration contributes to prezygotic isolation in other butter-
flies through sexual selection (Lukhtanov et al., 2005; Merot et 
al., 2017). Likewise, differences in genital morphology have been 
suggested to result in prezygotic isolation through lock and key 
mechanisms among closely related butterflies, including between 
some Erebia species (Masly, 2012). We found that E. euryale isarica 
and adyte from the putative allopatric sites differed significantly 
from each other in wing pattern, i.e., the shape of the orange wing 
spots, and to a lesser extent in male genital morphology, but there 
was phenotypic overlap for both body parts (Figures 1 and 2). If 
strong divergent selection acted on these traits, we would predict 
increased phenotypic differentiation between adyte and isarica 
in the contact zones compared to their allopatric occurrences 
(Butlin & Smadja, 2018). Against this prediction, we found that 
individuals from the contact zones were phenotypically often 
similar to allopatric adyte or isarica in odd and even years, respec-
tively, for both wing pattern and genital morphology (Figure 2). 
The phenotypic overlap of admixed with nonadmixed adyte or 
isarica individuals further suggests that wing pattern and genital 

morphology are unlikely to be under strong or even reinforcing 
selection or act as a strong prezygotic barrier.

Co-existence and widespread sympatry of sibling species is 
one of the possible outcomes of the speciation process (Coyne 
et al., 2004; Stankowski & Ravinet, 2021), but may not always be 
achieved. Instead, they may form zones of secondary contact, 
where novel barriers could evolve or existing barriers be rein-
forced to avoid maladaptive gene flow (Butlin & Smadja, 2018). 
The strengthening of reproductive isolation could, however, be 
swamped through recurrent maladaptive gene flow from popu-
lations outside the contact zone (Comeault & Matute, 2016). As 
a consequence, the evolutionary outcome of secondary contact, 
even between the same lineages, may differ among distinct con-
tact zones if the selective regime and/or levels of gene flow vary. 
The latter is likely what we observed among our studied contact 
zones: gene flow between the two lineages was more pronounced 
in the western compared to the eastern contact zone (Figures 3 
and 4). In the west, both isarica and adyte occurred in 2019, when 
in the eastern contact zone only a single early-stage hybrid was 
collected (Figure 3). Levels of population structure scale similarly 
between the two contact zones (Figure 4). Given the higher geo-
graphic connectivity of the western contact zone to putatively 
allopatric occurrences of either lineage, the observed pattern 
could also reflect higher levels of gene flow of allopatric isarica 
into the contact zone as well as to the allopatric adyte population. 
The increased phenotypic intergradation associated with such 
gene flow (Figure 1) could therefore be the result of introgression, 
promoting admixture, and prevent the build-up of additional 
prezygotic reproductive barriers that would counteract gene 
flow (Comeault & Matute, 2016). The two lineages are genomi-
cally as strongly divergent as other, taxonomically resolved, 
Erebia species that form secondary contact zones (Augustijnen et 
al., 2022; Lucek et al., 2020), but similarly fail to co-exist. Given 
that the potential for admixture at the contact zones depends 
on the degree of geographic isolation to more distant locations 
of either lineage could suggest that gene flow by individuals with 
weaker lineage-specific mate-recognition capabilities from out-
side the contact zones could swamp divergent selection in the 
contact zones (Servedio & Noor, 2003). The fine-scale patterns of 
gene flow seem to be dynamic (Figure 3), suggesting that barrier 
regions exist across the genome that are in some cases nearby to 
our genotyped regions (Butlin & Smadja, 2018; Seehausen et al., 
2014).

Taken together, we show that our studied E. euryale lineages 
form very narrow contact zones that have been remarkably sta-
ble in their geographic positions over several decades (Figure 
1; Rezbanyai-Reser, 1991). Gene flow between both lineages is 
still possible, but likely maladaptive given the limited level of 
admixture. The apparent stable co-existence of both lineages 
at a narrow scale seems to have been maintained by temporal 
isolation through allochrony. The lack of broadscale coexistence 
between the two lineages is consistent with other Erebia species 
(Augustijnen et al., 2022; Schmitt & Müller, 2007; Sonderegger, 
2005) and E. euryale lineages (Cupedo, 2014) and may suggest 
other mechanisms such as niche conservatism (Klečková et al., 
2022) or competitive exclusion through reproductive interference 
(Vodă et al., 2015). Our studied lineages therefore fall within the 
“grey zone” of late-stage speciation (Roux et al., 2016), where the 
level of genomic isolation is strong (Figures 3 and 4) but repro-
ductive isolation incomplete, preventing large-scale co-existence 
in sympatry. Finally, allochrony could be a barrier to gene flow 
during secondary contact of lineages that diverged in allopatry in 
systems where gene flow is still possible.

D
ow

nloaded from
 https://academ

ic.oup.com
/evlett/article/7/6/436/7299433 by guest on 16 January 2024

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad046#supplementary-data


Evolution Letters (2023), Vol. 7  |  443

Methods
Sample collection
Sampling focused on two contact zones of E. euryale isarica and 
E. euryale adyte in the central Alps of Switzerland (sites CZE and 
CZW in Figure 1A). In each year, we sampled between 9 and 71 
specimens (Supplementary Table S1) along similar transects 
as outlined by Rezbanyai-Reser (1991), covering each of the 
described contact zones. We further sampled individuals from 
distant, putatively allopatric sites for isarica in the north (sites 
NAE and NAW) and adyte in the south (SAE and SAW). While allo-
patric sites were on different mountain ridges in the east, they 
were geographically connected in the west, although separated 
by less suitable open meadows used for agriculture. Individuals 
from both contact zones were collected in summers 2018–2021 
during similar periods of the year (Supplementary Table S1). 
Allopatric individuals were collected in 2019. For each specimen, 
we recorded the GPS location where it was caught. Individuals 
were killed with acetone, their wings clipped for morphological 
investigation and the bodies stored at −20°C for morphological 
and genetic analyses.

We obtained pictures of the forewings from mounted individ-
uals that were used for the original description of the contact 
zones (Rezbanyai-Reser, 1991) from the Natural History Museum 
Lucerne. These individuals were collected during summers 1978–
1982 (Supplementary Table S4). Collection policy did not allow us 
to analyze genital morphology.

Phenotypic data collection and analyses
Forewings of Erebia butterflies often differ phenotypically between 
species in terms of wing pattern, i.e., the size of the orange spots 
and the number, size, and position of eyespots (Cupedo, 2014; 
Sonderegger, 2005). To capture this phenotypic variation among 
our samples, we digitized the wings for all males from the con-
tact zones and the respective distant sites (N = 425) with a flat-
bed scanner. We selected 27 geometric morphometric landmarks 
that covered wing pattern based on vein intersections or termi-
nations as well as the extent and position of the white, black, and 
orange spots of the right dorsal forewing (Supplementary Figure 
S5; Supplementary Table S5). In case of damaged wings, we used 
the left forewing and flipped the picture horizontally. Landmarks 
were set in tpsDig2 v2.31 (Rohlf, 2010). We used MorphoJ v1.07a 
(Klingenberg, 2011) to calculate Procrustes coordinates. The same 
landmarks were used for the museum specimens for the right 
forewing.

Similar to wing pattern, male genital morphology is com-
monly used to distinguish between E. euryale subspecies 
(Cupedo, 2014; Sonderegger, 2005). We dissected the genital 
apparatus of each male and macerated it for 24 hr in 13% 
sodium hydroxide at room temperature. We stained the gen-
italia with a 3% eosin Y solution in 70% ethanol for 5 min and 
then washed the genitalia in 70% ethanol for 5 min, followed by 
another wash with 70% fresh ethanol for 20 min before storing 
the genitalia in 90% ethanol. We took pictures of the valves for 
a total of 402 specimens with a microscope (Leica M205 C, Leica 
Microsystems, Wetzlar, Germany) and digitized four linear 
measurements in ImageJ v1.52i (Schneider et al., 2012) based 
on five landmarks that covered the extent of the valve as well 
as the position of the first to third tooth (Supplementary Figure 
S6; Supplementary Table S1). For 23 males, genitalia were dam-
aged and could not be measured. To account for size, we nor-
malized the linear measures by the respective total length of 
the valve.

For wing pattern, including the shape of the orange spots, and 
genital morphology, we conducted separate PC analyses, based on 
the Procrustes coordinates or the linear measurements, respec-
tively, in R v3.6.1 (R Core Team, 2021). Because hybrids may show 
phenotypes that are outside of either parental lineage, we used 
only specimen from the allopatric sites to construct the multi-
variate morphospace and then projected individuals from the 
contact zones into this morphospace following Lucek et al. (2014). 
To test for phenotypic changes in the contact zones between 
subsequent years, we employed ANOVAs on the scores of the 
PC axes that explained more than 5% of variation for wing pat-
tern and genital morphology. The factors were the biannual period 
(2018/2019 and 2020/2021), type of year (even or odd), and site (con-
tact zone), including the two two-way interactions with hybrid 
zone. Because of the uneven sampling of the contact zones over 
time, only the factors type of year and site, without interaction, was 
included in the analysis of historic samples.

Genomic sample preparations and analyses
We extracted DNA from thorax tissue using the Qiagen DNA 
Blood and Tissue kit (Qiagen, Zug, Switzerland). Genotyping of the 
individuals was conducted by RAD with the restriction enzyme 
SbfI for samples collected in 2018 and 2019 and the compatible 
enzyme PstI for all 2020 and part of the 2019 samples. RAD library 
preparation and sequencing was outsourced to Floragenex, Inc. 
(Portland, OR, USA). Libraries were single-end sequenced in three 
batches on an Illumina HiSeq2500. Only a subset of the collected 
individuals could be genotyped (N = 180), aiming to cover the 
observed phenotypic diversity for both wing pattern and genital 
morphology.

We filtered the obtained reads to have intact restriction sites, 
and demultiplexed and barcode-trimmed them with the function 
process_radtags from Stacks v1.48 (Catchen et al., 2013). Using 
the FastX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), we 
removed reads containing bases with a Phred quality score <10 
or more than 5% of base pairs with quality <30. We then mapped 
the reads of each individual against the reference genome of 
Erebia ligea (Lohse et al., 2022), a close relative to E. euryale. We 
used MiniMap2 (Li, 2018) to map and SAMTools v1.7.20 (Li et al., 
2009) to filter reads with a mapping quality < 20. We called vari-
ants with BCFTools (Li, 2011) and extracted SNP sites covered by 
the SbfI dataset and obtained the same sites from the PstI data-
set. Using VCFtools v0.1.14 (Danecek et al., 2011) we filtered the 
merged VCF file by removing genotypes with quality < 20, a depth 
< 6, sites with > 25% missing data, nonbiallelic sites, indels, and 
SNPs with minor allele frequency < 0.03. We removed 15 individ-
uals due to high rates of missing sites. Our filtering resulted in 
1,727 SNPs for 180 individuals.

In a first step, genomic data were used to confirm shifts in adyte 
and isarica abundances in the contact zones and to estimate the 
genetic structure across sites and years. Using GenoDive v3.04 
(Meirmans, 2020), we performed PC analyses on the genomic data 
separately for the western and eastern contact zone, each includ-
ing individuals from the respective allopatric sites. Because the 
leading PCs separated adyte and isarica, we further inferred the 
potential for interspecific gene flow between adyte and isarica with 
Admixture v1.3.0 (Alexander et al., 2009). Admixture implements 
a maximum likelihood approach to estimate ancestry, and we ran 
the program for all individuals assuming two genetic clusters (K 
= 2). Furthermore, we estimated the level of genetic differentia-
tion (FST) with GenoDive for each locus between isarica and adyte 
individuals from the distant locations that showed no gene flow 
in the Admixture analysis.
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In a second step, we quantified introgression. We identified the 
SNPs that were fixed (FST = 1) for different alleles between the 
subspecies in each of the two contact zones and then extracted 
the allele frequencies of these SNPs for all individuals. With the R 
package introgress (Gompert & Buerkle, 2010), we fitted genomic 
clines for each locus for all individuals from the western and the 
eastern contact zone, respectively. Specifically, introgress com-
pares each genomic cline against a null model of neutral intro-
gression to identify SNPs that show patterns of introgression 
inconsistent with neutral expectations. These non-neutral SNPs 
could reflect reduced introgression or a deficit of heterozygotes, 
possibly linked to genes that contribute to reproductive isolation; 
alternatively, outliers may indicate increased introgression or an 
excess of heterozygotes due to hybrid vigor (Gompert & Buerkle, 
2010). Deviation from neutral expectation was assessed with 
1,000 permutation steps for each SNP position, applying a false 
discovery rate correction across all significant values for each 
contact zone. Because the E. ligea genome lacks an annotation, 
we extracted 1,000 bps around each outlier locus and used blastx 
(Boratyn et al., 2013) to assess if outliers overlapped with coding 
regions. We employed blastx for each sequence against the pro-
tein database of Maniola jurtina, Pararge aegeria, and Bombyx mori.

Phenology of E. euryale across Switzerland
Finally, to assess the phenology of E. euryale spp. in a broader con-
text, we obtained a total of 15,031 observation records in addi-
tion to our 425 individuals from the Swiss faunistic database 
info fauna (www.infofauna.ch). Records stem from 1876 to 2021 
with a large majority of individuals being reported since 1970 
(Supplementary Figure S7). We projected a 5 × 5 km grid over 
Switzerland and calculated for each cell the percentage of obser-
vations that occurred in odd years. We did this using either all 
available data or for records of the faunistic data base between 
1960 and 1979, 1980 and 1999, and 2000 and 2019.

Supplementary material
Supplementary material is available online at Evolution Letters.
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