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Spatiotemporal dynamics in butterfly hybrid zones
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Abstract Evaluating whether hybrid zones are stable or mobile can provide novel
insights for evolution and conservation biology. Butterflies exhibit high sensitivity to envi-
ronmental changes and represent an important model system for the study of hybrid zone
origins and maintenance. Here, we review the literature exploring butterfly hybrid zones,
with a special focus on their spatiotemporal dynamics and the potential mechanisms that
could lead to their movement or stability. We then compare different lines of evidence
used to investigate hybrid zone dynamics and discuss the strengths and weaknesses of
each approach. Our goal with this review is to reveal general conditions associated with
the stability or mobility of butterfly hybrid zones by synthesizing evidence obtained us-
ing different types of data sampled across multiple regions and spatial scales. Finally, we
discuss spatiotemporal dynamics in the context of a speciation/divergence continuum, the
relevance of hybrid zones for conservation biology, and recommend key topics for future
investigation.

Key words butterflies; human impacts; hybrid zones; movement; spatiotemporal
dynamics; stability

Introduction

Hybrid zones (HZs) have long been considered natural
laboratories for investigating evolutionary processes
(Hewitt, 1988; Barton & Hewitt, 1989). HZs can be
defined as regions where genetically distinct populations
within a parapatric distribution mate and produce viable
mixed offspring (Barton & Hewitt, 1985, 1989; Hewitt,
1988; Mallet, 2005). Studies on HZs have allowed us
to explore the persistence of distinct lineages despite
gene flow (Barton & Gale, 1993; Harrison & Larson,
2014; Larson et al., 2014), the spread of advantageous
alleles throughout populations (Arnold & Martin, 2009;
Edelman & Mallet, 2021), the accumulation of incompat-
ibilities between divergent populations (Jiggins & Mallet,
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2000), the strengthening or weakening of reproductive
isolation in the face of gene flow (Barton & Hewitt, 1985,
1989; Smadja & Butlin, 2011), as well as helping to iden-
tify candidate adaptive loci (Pardo-Diaz et al., 2012).

HZs have commonly been described as a collection of
clines using a single-locus model, where each cline repre-
sents the gradual frequency change of a trait or allele over
a geographical range (Endler, 1977; Barton & Hewitt,
1985). In a Heliconius erato hybrid zone (HZ) in Panama,
for example, the transition of distinct phenotypes charac-
terized by the presence or absence of a yellow hindwing
bar is controlled by a single locus and can be represented
as a cline in which allele frequency change has the shape
of a sigmoid curve (Fig. 1). However, more complex
genetic architectures involving, for instance, epistasis
(Cordell, 2002; Phillips, 2008) and linkage disequilib-
rium (LD) (Nordborg & Tavaré, 2002; Slatkin, 2008),
required the development of more complex multilocus
models (Barton, 1983; Szymura & Barton, 1986, 1991;
Barton & Gale, 1993; Barton & Shpak, 2000;
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Fig. 1 Example of a Heliconius erato hybrid zone in Panama
showing the transition of a phenotype characterized by the pres-
ence of a yellow hindwing bar, crossing hybrids presenting a
faint bar (visible as a shadow on the ventral hindwing), to a
phenotype without the bar (for more details about phenotypes,
see Mallet, 1986 and Thurman et al., 2019). (A) Wing patterns
and genotypes of H. e. petiverana or H. e. demophoon, hybrid
(heterozygous), and H. e. hydara. H. e. petiverana and H. e. de-
mophoon are two H. erato subspecies presenting very similar
phenotypes, and as both cooccur in Panama, it is difficult to
classify a yellow bar individual based solely on color pattern.
(B) Black sigmoid curve represents the CrHYD allele frequency
change across a 600 km transect. The light gray area repre-
sents the cline width (i.e., width is determined by the strength
of selection and dispersal), which tends to become wider (rep-
resented by a double blue arrow) with the increase of parental
dispersal into the zone and narrower (represented by red arrows)
as selection against hybrids gets stronger. This figure is adapted
from the results of Thurman et al. (2019).

Gompert & Buerkle, 2009). In particular, in cases
where several loci affect fitness, multiple clines are
steeper and coincident at the center of the HZ where
recombination is lower and the whole genome tends to
be in LD. On the other hand, cline tails are discontinu-
ous, with different loci experiencing distinct patterns of
selection (Barton, 1983) (Fig. 2).

Clines are maintained in a stable position by a bal-
ance between dispersal and selection against hybrids,
which can include endogenous (i.e., genetic incompat-
ibilities) and/or exogenous (i.e., environmental) selec-
tive pressures (Barton, 1979; Barton & Hewitt, 1985,
1989) (Figs. 1 and 2). Nonetheless, various forces can
disrupt stability and cause a HZ geographic movement
(Barton, 1979; Barton & Hewitt, 1985; Buggs, 2007).
For instance, if selection on distinct phenotypes results
in parental populations adapted to different habitats, an

environmental change can generate asymmetric selection
favoring one population, increasing its frequency, and
causing an asymmetric parental migration that leads to
the HZ movement. Accordingly, the movement can cease
if the HZ reaches a new dispersal-selection equilibrium
(Barton, 1979; Barton & Hewitt, 1985; Mallet, 1993).

Butterflies are a well-studied group that have been used
as a key model organism in HZ investigations, with a
vast literature dating back to Henry Walter Bates (1862).
There are a number of reasons that butterflies have been
the focus of hybrid zone research. Foremost, they are
easy to study in the field and have relatively short gener-
ation times, which facilitates collection of temporal data
(Watt & Boggs, 2003; Kral et al., 2018; Freitas et al.,
2021). In addition, their basic ecology is well understood,
and selection pressures can often be determined and
measured (Gilbert & Singer, 1975; Boggs et al., 2003;
Monteiro, 2015; Van Belleghem et al., 2021). Moreover,
many species can be kept under controlled conditions,
making analysis of mating preferences, reproductive
incompatibilities, and the genetic characterization of key
phenotypic traits possible (Jiggins et al., 2004; Concha
et al., 2019; Orteu & Jiggins, 2020; Rossi et al., 2020;
Livraghi et al., 2021; Jay et al., 2022). The result is
that butterfly HZ studies have greatly contributed to our
understanding of hybrid zone dynamics (Scriber et al.,
2014; Dupuis & Sperling, 2016; Gauthier et al., 2020)
and revealed evolutionary and ecological outcomes,
including the discovery of adaptive loci and their effects
on population dynamics (Mallet, 1993; Merrill et al.,
2015; Capblancq et al., 2019; Morris et al., 2019; Zhang
et al., 2021). Butterflies are also well represented in mu-
seum collections around the world (Brown, 1991; Watt
& Boggs, 2003; Brooks et al., 2014), which facilitates
temporal and regional assessments (Parmesan, 2003;
Thomas, 2005, 2016). Importantly, under the current
global environmental change, the spatiotemporal dynam-
ics of butterfly HZs stand out as an important indicator
of the impacts of climate change due to butterflies’ high
sensitivity to environmental changes (Bonebrake et al.,
2010; Taylor et al., 2015; Freitas et al., 2021; Hill et al.,
2021), such that environmentally driven changes and
movements of population ranges can be detected using
standardized sampling methods.

Herein, we review published papers to investigate
the spatiotemporal dynamics of butterfly HZs and the
potential mechanisms that could lead to their move-
ment or stability. We examine and compare different
types of evidence obtained across multiple regions and
spatial scales and evaluate their respective advantages
and disadvantages. We then discuss the effects of HZ
spatiotemporal dynamics on evolution and conservation
biology. Finally, we discuss future directions for research
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330 A. R. P. Martins et al.

Fig. 2 Hybrid zone classification according to different criteria (Endler, 1977; Barton, 1983; Barton & Hewitt, 1985, 1989; Harrison
& Bogdanowicz, 1997; Jiggins & Mallet, 2000; Harrison & Larson, 2016; Abdelaziz et al., 2021).

on HZ spatiotemporal dynamics under the context of
global environmental changes.

Literature search

We searched articles on Google Scholar, Web of
Science, Scopus, and the WorldCat platforms us-
ing the following terms: “Hybrid zone” OR “cline”
OR “tension zone” AND “movement” OR “mov-
ing” OR “shift” OR “stasis” OR “stability” OR
“static” OR “stable” OR “maintain” OR “main-
tained” OR “maintenance” OR “trapped” OR “dy-
namics” OR “spatiotemporal dynamics” OR “position”
OR “location” AND “butterfly” OR “butterflies” OR
“Lepidoptera.” We selected publications that explic-
itly tested for hybrid zone spatiotemporal dynamics,
as well as papers from which we could hypothesize a spa-
tiotemporal classification based on indirect evidence or
authors’ untested suggestions. We excluded review arti-
cles, book chapters, and studies in which the hybridizing
taxa were unclear. Our final database contains 36 arti-
cles, encompassing 13 butterfly genera (Table 1). Among
these, two articles focused on hybrid zones of multiple

heliconiine and ithomiine species. We included them in
our database as they contain important generalizations
regarding suture zones (i.e., geographic areas in which
multiple hybrid zones overlap; Remington, 1968).

Mechanisms driving hybrid zones spatiotemporal
dynamics

Hybrid zones can be classified according to different
criteria (Fig. 2). Most HZs are suggested to be clines
subject to environment-independent selection (Barton &
Hewitt, 1985) (Figs. 1 and 2). These are known as tension
zones and can move across the geographic landscape
when the balance between endogenous selection against
hybrids and dispersal is disturbed (Barton, 1979; Barton
& Hewitt, 1985, 1989). Various forces can disrupt the
tension zone equilibrium, including dominance drive
(i.e., a mechanism of allelic asymmetric selection in
which movement is determined by the spatial expansion
and fixation of a dominant allele [Mallet, 1986; Mallet
& Barton, 1989]), gradients in population density, differ-
ential parental migration, and asymmetries in selection
(Barton, 1979; Barton & Hewitt, 1985; Mallet, 1986). In
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addition, stochastic processes, such as random changes
in population sizes and random dispersal can also affect
tension zone dynamics (Barton, 1979; Barton & Hewitt,
1989). In particular, genetic drift may affect popula-
tion structures, leading to misleading cline estimates
(Polechová & Barton, 2011).

There are many examples of moving and stable tension
zones in butterflies (Table 1). However, despite many
studies assuming an environment-independent cline
model, it is unrealistic to completely exclude environ-
mental factors when empirically testing HZ spatiotem-
poral dynamics. Since HZs occupy a geographic space,
they are intrinsically subjected to exogenous influences
(Barton & Hewitt, 1985; Mallet, 1993; Curry, 2015), even
if these influences are relatively weak compared to en-
dogenous selection. For this reason, studies proposing the
stability or movement of a tension zone generally do not
discard minor and indirect effects of exogenous selection.
Thurman et al. (2019), for example, showed the west-
ward movement of a tension zone in Panama following
the advance of the genetically dominant Heliconius erato
hydara and the retraction of H. e. demophoon/petiverana
(Fig. 1A). This result corroborated the prediction made
more than 30 years earlier (Mallet, 1986) and tested
17 years later (Blum, 2002). These studies suggested that
westward movement was mainly caused by dominance
drive (Mallet, 1986; Mallet & Barton, 1989). Neverthe-
less, Blum (2002) hypothesized that differences in habitat
preferences, particularly forest type, also contributed to
the cline’s movement as a consequence of the increasing
deforestation in Panama. As such, environmental factors
and dominance drive would be acting in concert, leading
to asymmetric selection and migration favoring H. e.
hydara expansion. Thurman et al. (2019) tested the
habitat-preference hypothesis and did not find strong ev-
idence for associations between HZ movement and forest
change. Yet, they did not discard indirect and/or weak
environmental effects on the HZ, since results pointed to
a decrease in the movement velocity and an increase in
the cline width over the years. These findings suggested
that selection has become weaker, possibly because
intense deforestation has impacted bird populations and
consequently reduced Heliconius predation.

In a different tension zone in Panama, Dasmahapatra
et al. (2002) documented an eastward movement favoring
the advance of Anartia fatima and the spatial replacement
of A. amathea (Table 1). The authors suggested that dif-
ferences in population density have caused asymmetric
migration and/or asymmetric hybridization, initiating
movements in the direction of the lower density region.
As in Thurman et al. (2019) and Blum (2002), this study
also discussed the potential influences of deforestation

across Panama in the HZ. However, like Heliconius erato,
Anartia butterflies are adapted to open areas. As such, if
deforestation were a major force influencing movement,
it would be expected that Heliconius and Anartia HZs
would shift in the same direction, which was not the case.
The authors suggested that rather than an abiotic environ-
mental effect, unknown ecological and genetic factors are
creating population density differences and driving these
distinct movement patterns (Dasmahapatra et al., 2002).

Our compiled dataset also contains studies indicating
the stability of butterfly tension zones (Table 1). For
example, Mallet et al. (1990) predicted a westward
movement of two Müllerian comimic tension zones in
Peru, one between subspecies of Heliconius erato and
another between subspecies of H. melpomene. However,
in this study, tension zones appeared to be stable on
the slopes of the Andes. This pattern is probably due to
the presence of a physical barrier and/or high rainfall
rates, which impede dispersal. Indeed, high rainfall can
suppress butterfly activity (Mallet et al., 1990; Mallet,
1993), resulting in low population density and preventing
cline movements (Barton, 1979). Rosser et al. (2014)
revisited these tension zones and found stability over a
period of 25 years. The authors found a strong positive
correlation between rainfall and the proportion of het-
erozygotes and argued that the low population density
on the slopes of the Andes is probably due to the intense
pluviosity, and thus that low population density in the
transition zone was the main cause of the stability.

Hybrid zones that are moving or stable as a primary
response to exogenous selection do not fit the tension
zone model. Studies focusing on HZs between Papilio
glaucus and P. canadensis, for example, have showed
varying patterns, including movement due to asymmetric
selection associated with climate warming (Scriber,
2002; Ryan et al., 2018), stability despite temperature
increasing due to phenotypic plasticity (Scriber et al.,
2014), and stability as a response to the coupling effects
of endogenous barriers and local adaptation to climatic
gradients (Ryan et al., 2017). Importantly, HZs that are
mainly subject to exogeneous selection can still be char-
acterized as clines when the frequency of traits or alleles
follow environmental gradients (e.g., Ryan et al., 2017;
Capblancq et al., 2020). However, empirical examples
have documented significant variation in allele/trait
frequency between populations across distinct regions,
potentially due to habitat preference and abiotic local
selection (e.g., Ross & Harrison, 2002; Vines et al.,
2003; Curry, 2015). Therefore, HZs characterized by
high levels of spatial structure are better represented
under a two-dimensional model, termed as mosaic hybrid
zones (Fig. 2) (Harrison & Rand, 1989). Accordingly,

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
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Butterfly hybrid zone dynamics 339

spatiotemporal dynamics characteristics will depend
on the location of the zone. In HZs between Papilio
canadensis and P. glaucus, for instance, it has been
shown that specific geographical locations on the ther-
mal landscape created distinct selection regimes, leading
to different voltinism patterns (Scriber, 2002).

We emphasize that caution is warranted while as-
sessing HZ spatiotemporal dynamics, as well as with
its potential causes, since multiple mechanisms could
create genetic patterns, fitness estimates, and population
structures similar to those produced by movement or
stability (e.g., Zhang et al., 2022). In this review, we have
included studies that did not directly test spatiotemporal
dynamics as these can also offer important insights
on HZ characteristics, along with inferences based on
indirect evidence or authors’ untested suggestions. In
the following sections, we discuss how different lines
of evidence can be used to make hypotheses about the
spatiotemporal dynamics of hybrid zones, highlighting
the strengths and limitations of each approach.

Interpreting distinct lines of evidence

Repeated observations of clines over time are the
most reliable evidence of a HZ movement (Buggs, 2007;
Wielstra, 2019). Using this approach, Dasmahapatra et al.
(2002) reported a spatial movement of 50 km in the HZ
between Anartia fatima and A. amathea over a period of
23 years. In addition, repeated sampling over multiple
years showed an acceleration in the rate of HZ movement
during the study period. Blum (2002) and Thurman et al.
(2019) also inferred movements of 47 and 64 km after 17
and 33 years, respectively, when revisiting a Heliconius
HZ that had previously been assessed by Mallet (1986).
Ryan et al. (2018) projected a movement of 68 km using
simulation modeling and documented a 40 km shift us-
ing empirical evidence over the period of 32 years in a
HZ between Papilio glaucus and P. canadensis (Table 1).
Besides movement, our literature review also revealed
studies suggesting stability based on temporal monitor-
ing. For instance, the overall stability of Heliconius HZs
in French Guiana (Blum, 2008) and Peru (Rosser et al.,
2014) was proposed based on temporal comparisons of
31 and 27 years, respectively.

Even when cline parameters (i.e., position, width, and
slope) are not temporally compared, indirect evidence
can be useful when studying HZ dynamics. For example,
two studies using 30-year temporal comparisons sug-
gested stability in the HZs between Papilio glaucus and
P. canadensis based on results of phenotypic and climate
change associations (Scriber et al., 2014), and between

P. machaon and P. zelicaon based on genetic clustering
of microsatellite and single nucleotide polymorphism
data (Dupuis & Sperling, 2016). However, when direct
evidence is lacking, a spatiotemporal hypothesis should
be proposed by combining varying lines of indirect
evidence and assessing HZ classification using different
criteria (Fig. 2). This is justified because distinct HZ
characteristics have specific assumptions. For instance,
the cline model predicts that HZ movement will occur in
the direction of the lower fitness phenotype and/or lower
population density. The best-adapted phenotype tends
to increase in frequency and is more likely to send out
emigrants, reducing the distribution of the lower fitness
phenotype (Barton, 1979; Barton & Hewitt, 1985, 1989).
On the other hand, in a mosaic structure, hybridization
occurs in several areas because discontinuous parental
distributions create distinct contact zones. For this rea-
son, the spatial scale of sampling is crucial, as at a large
scale, this structure can be represented by several clines
with geographically varying parameters and dynamics
(Bridle et al., 2001; Ross & Harrison, 2002; Curry, 2015)
(Fig. 2). In the next section, we explore in more detail
how distinct lines of evidence may contribute to our
understanding of HZs spatiotemporal dynamics.

Simulation models

Simulation models are simplified representations of
the real world in which, using computer programs, it is
possible to manipulate distinct parameters of complex
systems (Peck, 2004; Jørgensen & Fath, 2011). As such,
in biology, models represent important tools to predict
species distributions and population dynamics while also
including information about past, current, and/or future
climatic scenarios (Getz et al., 2018). Our compiled data
presents nine studies in which simulation models were
used (Table 1). Of these, we highlight a few studies simu-
lating changes in Heliconius genotype frequencies to pre-
dict whether a HZ is moving or stable.

Mallet (1986) showed a HZ tendency to move due to
dominance drive, using a single-locus, two-allele, and
one-dimension cline model in Heliconius erato (Fig. 1),
assuming environment-independent selection. The author
discussed movement under distinct selection and disper-
sal scenarios and their consequences for the divergence
process. If selection and dispersal were assumed to be
low, the model predicted slow HZ movement and that
the current parapatric distribution is most likely the re-
sult of secondary contact. If selection and dispersal were
considered high, rapid HZ movement could hide patterns
of past distributions or movement could be hampered

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 328–353
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340 A. R. P. Martins et al.

by counter-effect factors, such as population structure
(Barton, 1979). Importantly, Mallet (1986) recognized
the necessity of better estimates of dispersal and selec-
tion for more robust inferences regarding the velocity of
movement.

Using a three-locus model, Mallet et al. (1990) also
predicted movement in H. erato and H. melpomene HZs
in Peru as a result of dominance drive. However, the
authors suggest that the presence of the Andes might
hamper cline movement, possibly because it represents
a barrier to butterflies’ dispersal and/or harsh ecologi-
cal conditions that could reduce population density. Thus,
although modeling results pointed to the movement of
comimics’ hybrid zones, knowledge about butterfly habi-
tat suitability and the presence of physical barriers sup-
port a hypothesis contrary to the one suggested by the
model.

Combining empirical phenotypic and haplotype cline
analyses, Meier et al. (2021) proposed the coemer-
gence of a hybrid morph in two parallel Heliconius HZs
across an elevation gradient. The authors simulated two
loci with complete dominance to test whether positive
frequency-dependent selection could maintain the hybrid
morph. Model results suggested that comimetic clines
are expected to move together, although field collec-
tions and literature indicate stability. The authors dis-
cussed whether additional balancing factors that were
not included in the model could be acting in the sys-
tem or if this could be a case of hybrid fitness superiority
(Table 1).

As shown by our compiled data (Table 1), modeling
studies can be performed using different methods, such
as estimating cline parameters (Mallet, 1986; Mallet
et al., 1990; Meier et al., 2021), using species distri-
bution modeling (Ryan et al., 2018; Marabuto et al.,
2023), simulating demographic scenarios and times of
divergence (Dasmahapatra et al., 2010; Capblancq et al.,
2015, 2019), or testing associations between phenotypic
diversity and spatial landscape (Rosser et al., 2021).
While simulations have the advantage of not requiring
sampling across multiple time frames and/or locations,
which is often financially and logistically consuming
(Buggs, 2007; Wielstra, 2019), it should be noted that
models can miss important variables and sometimes
depend on scarce and/or dubious occurrence data, or can
include erroneous or biased prior assumptions (Merow
et al., 2013; Wisz et al., 2013; Duputié et al., 2014;
Guillera-Arroita et al., 2015; Marabuto et al., 2023).

Phenotypic and fitness estimates

We identified two studies using fitness estimates and
18 articles reporting population phenotypic structures,
phenotypic clines, and/or testing for phenotypic and cli-
matic associations (Table 1).

Studies of fitness estimates can offer valuable insights
on the dynamics of HZs even if not reporting a spatial
context. For instance, testing the effects of host plants
on larval survival of pure forms of Pieris napi and
P. bryoniae, Porter (1997) showed a slightly higher sur-
vival of P. napi, even on plants that are restricted to
P. bryoniae habitat. As such, a potential HZ movement
could occur due to the expansion of P. napi distribution
range, although other factors besides host plant availabil-
ity could also determine range expansions and contrac-
tions (Martelli et al., 2022; Hällfors et al., 2023).

Of the 18 articles using phenotypic data, we highlight
Boyd et al. (1999) and Pereira Martins et al. (2022). Both
studies investigated the distribution of phenotypes across
space using transects crossing distinct hybrid zones.
Boyd et al. (1999) used wing traits and male genitalia
to score samples across two HZs between Limenitis
weidemeyerii and L. lorquini in different regions of the
United States. Importantly, although both hybrid zones
could be classified as stable, they presented very distinct
characteristics. The first showed a bimodal distribution
and presented overall stability due to a balance between
selection and dispersal, although some sites showed a
moving pattern favoring L. weidemeyerii; while the sec-
ond HZ showed a unimodal phenotypic distribution, and
its stability was suggested to be due to hybrid superiority
and weak parental dispersal.

In Pereira Martins et al. (2022), phenotypic frequency
changes between forms of the comimics Heliconius erato
and H. melpomene were analyzed in pairs of HZs located
in distinct regions of the Brazilian Amazon Forest.
Interestingly, the expectation for similar comimic cline
patterns was not observed in the first HZ. The authors
suggested that differences in historical or contemporary
dispersal patterns could be driving the distinct patterns
between mimetic species. On the other hand, results
from the second HZ showed that frequency change of
comimics were highly concordant. Overall, results from
studies such as Boyd et al. (1999) and Pereira Martins
et al. (2022) highlight the importance of context and
scale dependence, as HZs can show distinct patterns in
different regions and even within the same HZ.

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
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Butterfly hybrid zone dynamics 341

Genetic patterns

The majority of our compiled studies combined genetic
evidence with other types of data, such as phenotypic
patterns, interspecific crosses, mating experiments, and
fitness estimates (Table 1). While temporal comparisons
using genetic clines were discussed in previous sections,
here we highlight studies using patterns of introgression,
measures of linkage disequilibrium, Hardy-Weinberg es-
timates, and population genetic structure as indirect evi-
dence to hypothesize HZ dynamics.

According to Barton and Hewitt (1985), HZ movement
can be inferred when consistent asymmetric introgression
is observed in multiple unlinked neutral molecular mark-
ers. One expects to observe a set of long cline tails in the
advancing population, representing the genetic traces of
the displaced genotype (Riemsdijk et al., 2019) (Fig. 3A).
It is important to mention, however, that despite being
widely used, asymmetric introgression has been consid-
ered dubious evidence for HZ movement because differ-
ential introgression can also be the outcome of other pro-
cesses (Sequeira et al., 2020). Zhang et al. (2022), for
example, investigated patterns of population differentia-
tion and introgression between Lycaeides melissa and the
Jackson Hole Lycaeides population. Overall, asymmet-
ric introgression was observed, with an excess of Jack-
son Hole population ancestry. These patterns suggest HZ
movement attributed to environment-driven asymmetric
selection. However, the same asymmetry could be the
result of mechanisms that do not require a HZ move-
ment. In this case, the authors suggested that the observed
asymmetry could be the result of Dobzhansky-Müller in-
compatibilities (DMIs) accumulation. Since DMIs are the
outcome of negative epistatic interactions between alleles
from distinct parental populations (Matute et al., 2010;
Moyle & Nakazato, 2010; Xiong & Mallet, 2022), there
would be stronger selection against L. melissa alleles in
the formation of hybrids (Fig. 4). Notably, as the Jackson
Hole Lycaeides population is an ancient hybrid taxon in
which L. melissa is one of the ancestors, it is expected
that contemporary hybrids between L. melissa and Jack-
son Hole Lycaeides present a skewed contribution of an-
cestry.

Asymmetric introgression can also show patterns that
contradict other lines of evidence (Devitt et al., 2011;
Riemsdijk et al., 2019) as it can be context and scale de-
pendent (Bierne et al., 2013; Zieliński et al., 2019). It is
also possible that markers that are assumed to be neutral
are actually under selection, resulting in erroneous in-
ferences about HZ dynamics (Toews & Brelsford, 2012;
Wang et al., 2019). For instance, mitochondrial (mtDNA)
markers are often assumed to be selectively neutral

(Harrison, 1989). As a result, mtDNA asymmetries are
often presented as evidence of HZ movement. However,
the neutrality assumption does not always hold as true
(Mishmar et al., 2003; Kivisild et al., 2006; Ruiz-Pesini
& Wallace, 2006). In particular, mtDNA can exhibit
pervasive interactions with the nuclear genome and be
subject to strong selection pressure (Burton & Barreto,
2012). In the Anartia HZ studied by Dasmahapatra et al.
(2002), for instance, eastward movement was shown
using temporal comparisons, but mtDNA clines did not
show asymmetric patterns and instead coincided very
closely with nuclear clines, suggesting strong epistasis.
Without the use of temporal tracking, these patterns
could be falsely interpreted as a stable zone. The authors
suggested that asymmetric introgression is not a strong
line of evidence for describing HZ dynamics and that
measures of linkage disequilibrium should be more
reliable.

Patterns of linkage disequilibrium (LD) and Hardy-
Weinberg Equilibrium can be informative when hypoth-
esizing hybrid zone dynamics. For instance, Ryan et al.
(2017) suggested HZ stability between Papilio glaucus
and P. canadensis based on the coincident geographic
positions of the LD peak and cline centers. In contrast,
elevated LD is expected to be located at the leading edge
of a moving hybrid zone due to a higher concentration
of early-generation hybrids and lower frequency of
recombined haplotypes (Fig. 3B). Arias et al. (2008)
combined population genetic structure, patterns of LD,
phylogenetic data, and Hardy-Weinberg estimates to
suggest the bimodality of a hybrid zone between Heli-
conius erato venus and H. e. chestertonii. The deficit of
heterozygotes, the monophyletic grouping of subspecies,
and the high LD estimate between color loci under strong
selection and neutral markers imply strong reproductive
isolation. In sum, these results were suggestive of a stable
hybrid zone.

Another challenge in using genetic data to make in-
ferences about current spatiotemporal status is infer-
ring whether the HZ has a primary or secondary origin
(Endler, 1977; Barton & Hewitt, 1985) (Fig. 2). Sec-
ondary HZs occur from historical demographic expan-
sion after the disappearance of a geographical barrier,
whereas a primary contact scenario occurs when dif-
ferentiation has occurred along an environmental gradi-
ent (Barton & Hewitt, 1985). If suitable habitats have
been stable over time, the HZ position will also be sta-
ble (Vines et al., 2003; Morales-Rozo et al., 2017). Here,
genetic data can be misleading when evaluating the ori-
gins of a HZ because genetic signatures can erode by re-
combination over time and hinder the detection of past
movements (Endler, 1977; Durrett et al., 2000). Thus, the

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
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Fig. 3 Genetic patterns used as indirect evidence of stable and moving hybrid zones. (A) Cline patterns. Gray lines represent multiple
asymmetric clines resulting from a greater introgression of neutral alleles from population B to population A (direction represented by
a bold orange arrow) than from population A to population B (direction represented by a thin orange arrow). Asymmetric introgression
produces tails of introgression, which has been used as indirect evidence of hybrid zone movement toward the introgressive population
(movement direction represented by a bold black arrow). The black cline represents the average pattern of asymmetric clines, and the
vertically traced black line represents the dislocated center of the moving hybrid zone (CM). The blue cline represents a symmetric
cline pattern, and the vertically traced blue line shows the center of a stable hybrid zone (CS). The Y axis is the allele frequency of
population B, and the X axis shows a transect of 100 Km, crossing the pure population A (dark gray area in the X axis), a hybrid zone
(gray area in the X axis), and the pure population B (light gray area in the X axis). (B) Admixture linkage disequilibrium (D’) across
stable and moving hybrid zones. Blue curve represents a stable hybrid zone in which the peak of D’ and the center of the hybrid zone
(CS) are coincident. Black curve represents a moving hybrid zone with the peak of D’ (red traced line—D’M) dislocated from the hybrid
zone center (black traced line—CM), following the direction of movement. According to theory, the peak of D’ is predicted to be in the
lead edge of a moving hybrid zone, where early-generation hybrids are found (i.e., D’ is highest when two parental populations first
hybridize, and it decays over time due to recombination). Figure based on the model presented in Currat et al. (2008), results from Gay
et al. (2008), Wang et al. (2011), and Riemsdijk et al. (2019).

genomic signatures between primary and secondary con-
tact HZ will be very similar despite very different histo-
ries.

Nevertheless, the advantage of using genetic patterns
in HZ spatiotemporal studies are significant, allowing a

better understanding of historical processes that can be
challenging with phenotypic data alone (Buggs, 2007;
Savolainen et al., 2013). However, the use of a single
type of analysis can lead to erroneous conclusions as
discussed in this section. As shown by the selected

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 328–353
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Butterfly hybrid zone dynamics 343
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Fig. 4 Simplified view of the Dobzhansky-Müller incompatibility model. The model predicts that hybrid breakdown is a response to
negative epistatic interactions between alleles from different parental genetic backgrounds. (A) Hypothesized parental population 1. (B)
Hypothesized parental population 2. (C) F1 hybrid is not viable as it accumulates three Dobzhansky-Müller incompatibilities (DMIs):
a–b, c–d, and E–F (represented by black dotted lines). (D) F1 viable hybrid as it does not present any DMIs. Red arrows in (B) and (C)
indicate alleles in which selection is acting negatively due to DMI.

literature (Table 1), stronger hypotheses are built with
the combination of multiple analysis using genetic data,
and preferably including different lines of evidence.

Effects of hybrid zone spatiotemporal dynamics

Evolution The HZ concept has important implications
for our view of speciation as a dynamic and continuous
process (Fig. 5A) (Mallet et al., 2007; Kronforst et al.,
2013; Wolf & Ellegren, 2017). Hybridization can either
facilitate or hamper speciation depending on the stage
of the process, the spatial scale evaluated, the regional
and temporal contexts, and the specific taxa involved
(Abbott, 2017). Considering that HZs can alternate be-
tween stability and movement, a pair of hybridizing taxa
can move back and forth across the speciation continuum
depending on the varying factors acting on the HZ
during different periods of time (Barton, 1979). Thus,
studying spatiotemporal dynamics will typically reveal
a snapshot of the entire history of interactions among
populations, and inevitably do not capture the impacts
of earlier changes in population sizes, connectivity, and

interactions with other taxa and abiotic factors (Hewitt,
1996, 2011; Abbott et al., 2013).

In our review, we examine butterfly HZs belonging
to different stages along the speciation continuum. At
one end of the continuum are HZs between taxa where
hybridization is rare and parental forms maintain their
distinctiveness in sympatry. For instance, in the HZ
between Erebia tyndarus and E. cassioides (Augustijnen
et al., 2022), genomic and phenotypic data showed
clear species separation, few F1 hybrids, and absence of
backcrossing. We hypothesize this HZ is stable, repre-
sents a well-advanced stage along the continuum, and
is nearly completely reproductively isolated (Fig. 5A).
Other HZs are more intermediate; for example, in HZs
between Heliconius erato and H. himera, hybrids and
backcross individuals are found in areas where the two
species cooccur, but they are rare relative to the parental
types and gene flow remains low. Thus, genetic dif-
ferences between species are maintained resulting in a
bimodal distribution of genotypes (Fig. 2). In the case
of H. erato and H. himera, divergence is driven by the
coupling of strong premating isolation with ecological
adaptation to distinct habitats (i.e., H. erato is common

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 328–353
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Fig. 5 Speciation continuum and heterogeneous divergence across the genome. (A) Speciation continuum ranging from a stage in
which there is no reproductive isolation (RI) between populations and high levels of gene flow, forming a single species, to the opposite
end characterized by complete reproductive isolation, absence of gene flow, and the formation of multiple species. Positions of butterfly
hybrid zone examples (yellow rectangles) along the speciation continuum are proposed based on distinct hybrid zone classification
criteria (Fig. 2) and genomic patterns of divergence. Lycaeides melissa X L. idas (Gompert et al., 2010); Heliconius erato hydara X H.
e. demophoon (Mallet, 1986; Blum, 2002; Thurman et al., 2019); H. e. notabilis X H. e. lativitta (Meier et al., 2021); H. melpomene
amaryllis X H. m. aglaope (Mallet et al., 1990; Rosser et al., 2014; Van Belleghem et al., 2021); Anartia fatima X A. amathea
(Dasmahapatra et al., 2002); H. e. cyrbia X H. himera (Jiggins et al., 1996; McMillan et al., 1997; Supple et al., 2015; Van Belleghem
et al., 2021); H. e. chestertonii X H. e. venus (Arias et al., 2008; Van Belleghem et al., 2021); and Erebia tyndarus X E. cassioides
(Lucek et al., 2020; Augustijnen et al., 2022). (B) Heterogeneous pattern of genomic divergence between Heliconius butterflies along
21 chromosomes (calculated as the fixation index, FST). Orange curves represent the genomic divergence pattern between hybridizing
taxa (colored squares represent the same taxa from Fig. 5A). In the first panel, divergence between Heliconius erato hydara and H. e.
demophoon has only one peak of differentiation associated with the gene cortex, which affects the yellow hindwing bar trait. The other
two panels show high levels of divergence across the entire genome, including regions known to underlie wing color pattern differences.
Fig. 5B is adapted from Van Belleghem et al. (2021).
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Butterfly hybrid zone dynamics 345

in wet forests, while H. himera is typically found in dry
forests) and selection by predators (McMillan et al.,
1997). Interestingly, Van Belleghem et al. (2021) showed
that different subspecies of H. erato show varying pat-
terns of genomic differentiation with H. himera. Within
the continuum framework, H. erato and H. himera HZs
are closer to complete reproductive isolation but not as
close to the end as found in E. tyndarus and E. cassioides,
given the presence of backcrossing individuals in the He-
liconius HZs (Fig. 5A). Somewhat intermediate between
E. tyndarus/E. cassioides and H. erato/H. himera are the
hybridizing populations of H. erato chestertonii and H. e.
venus (Fig. 5A). This HZ is characterized by a deficit
of heterozygotes and strong pre- and postmating repro-
ductive isolation (Arias et al., 2008; Muñoz et al., 2010).
In addition, genomic data reveal large differentiation be-
tween these subspecies, with several peaks of divergence
across the genome, which could be comparable to pat-
terns between species (Fig. 5B). Indeed, results from Van
Belleghem et al. (2021) suggest stronger reproductive
isolation between these subspecies of H. erato than be-
tween the distinctive species H. e. cyrbia and H. himera.

In the previous examples, speciation has arguably
occurred, and hybridizing taxa can maintain species
defining differences in ecology and behavior. In these
cases, differentiation can build up rapidly across the
genome (Van Belleghem et al., 2021). However, many
butterfly HZs fall close to the panmictic end of the
speciation continuum. This area is often referred to as
the “gray zone” of speciation and represents the states
in which species definition is controversial and pairs of
populations can change their positions relatively rapidly
(De Queiroz, 2007; Supple et al., 2015; Roux et al., 2016;
Zhang et al., 2019; Xiong & Mallet, 2022). Dasmahapa-
tra et al. (2002), for example, suggested that the Anartia
HZ represented an intermediate case between a panmictic
and a bimodal distribution, in which there are moder-
ate barriers to reproduction and frequent hybridization
(Fig. 5A). According to authors, this case was “at or just
beyond the threshold of speciation.” Notably, HZs located
at the “gray zone” and closer to the end of the continuum
representing a single species are very often characterized
as the distributional overlap of subspecies. Accordingly,
the term “subspecies” was proposed to indicate varieties
within species that replaced one another across the
geographic landscape (Mayr, 1966, 1970, 1982; Mallet,
2007; Braby et al., 2012), and its use is very common in
the butterfly literature (Braby et al., 2012) (Table 1).

Several HZs between distinctive wing patterns of He-
liconius erato and H. melpomene fall closer to the end
where reproductive isolation is weak and gene flow is
high. Accordingly, HZs between H. e. notabilis and H.

e. lativitta (Meier et al., 2021), H. m. amaryllis and
H. m. aglaope (Mallet et al., 1990; Rosser et al., 2014),
and H. e. hydara and H. e. demophoon (Mallet, 1986;
Blum, 2002; Thurman et al., 2019) are placed in prox-
imity to the single species end, although we suggest the
last one is nearest to the end due to its wider HZ width
and minor color pattern differences (Fig. 5A). Similarly,
despite being classified as distinct species, we also pu-
tatively include the Lycaeides melissa and L. idas HZ
(Gompert et al., 2010) as closer to this extreme based on
the overall weak selection against hybrids, the observed
extensive hybridization, and the high parental dispersal.
The authors reported a unimodal genomic distribution
(Fig. 2), which could be used as an indicator of HZ sta-
bility since hybrids would have higher local fitness com-
pared to parental genotypes and movements would only
be expected with an environmental change (Stankowski
et al., 2021). However, we suggest there is still potential
for movement due to the reported absence of elevated LD
in the center of the hybrid zone (Fig. 3B), presence of
asymmetric clines, and the absence of an isolated hybrid
lineage.

According to the genic view of speciation, divergence
is heterogeneous across the genome, with some regions
exhibiting high levels of differentiation between popula-
tions as they are subjected to stronger selection and/or
low gene flow, in contrast to the rest of the genome,
which is predictably neutral and homogenized by gene
flow (Fig. 5B) (Wu, 2001). Thus, in Heliconius HZs,
for instance, it is possible to observe varying patterns of
genomic divergence, such that HZs between subspecies
will often show high levels of gene flow at most of the
genome, except for genomic regions involved in wing
color patterns, which are under strong selection (Fig. 5B).
Following this view, speciation is a process of gradual
accumulation of loci under selection (and loci linked to
those under selection) (Turner et al., 2005; Harr, 2006;
Nosil et al., 2009).

Studies with HZs showing high levels of gene flow can
also take advantage of admixture mapping to identify
variation potentially under selection and, consequently,
involved in the buildup of reproductive isolation or the
maintenance of adaptive differences (reviewed in Buerkle
& Lexer, 2008; Gompert et al., 2017). This approach tests
for associations between genetic variants and phenotypes
based on ancestry patterns and linkage disequilibrium
(Fig. 6). As an example, Meier et al. (2021) recently used
admixture mapping to identify functionally important
genetic variation contributing to wing pattern mimicry
and divergence between high- and lowland subspecies of
distantly related, yet phenotypically identical, Heliconius
species. The authors revealed strong association between

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 328–353
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LD

FnF6F4F2

F1

P2

X

P1

Fig. 6 Admixture mapping in Heliconius erato. P1 parental individual has red hindwing rays and a red patch at the forewing base,
known as the “dennis patch” (represented by a red circle), P2 parental individual has a red forewing bar (represented by a yellow circle),
and the F1 generation has a distinct intermediate phenotype (represented by a black circle). F1 crosses and backcrosses will result in
recombined chromosomes, such that later generations (e.g., F2, F4, F6, and Fn) will have a higher frequency of recombined haplotypes
and lower linkage disequilibrium (LD), revealing more precise associations between phenotypes and genetic variants. In the example,
the phenotype characterized by red hindwing rays and a dennis patch is strongly associated with the genetic variant represented by the
gray rectangle, while the red forewing bar is strongly associated with the genetic variant represented by the white rectangle. Fig. 6 is
based on Van Belleghem et al. (2017).

highly differentiated genomic regions and wing color
pattern differences in two-comimetic pairs, suggesting
that color pattern mimicry was achieved using the same
genomic intervals. These intervals were in noncoding
regions of known mimicry genes, suggesting parallel
regulatory changes. In Heliconius, admixture mapping
has been used to better reveal genotype by phenotype
associations. For example, Bainbridge et al. (2020) sug-
gested that although the same major effect color loci are
involved in mimetic patterns, minor effect loci control

subtle changes in the shape and size of Heliconius erato
and H. melpomene mimic red forewing bands. Similarly,
recent studies using other methods, such as genome edit-
ing, transcriptome analysis, and epigenomic profiling,
are highlighting the molecular nature of convergent evo-
lution. These studies demonstrate that, although a small
number of major effect genes are generating pattern
variation across the genus, how these loci are deployed to
output matching phenotypes differs between comimetic
species (Concha et al., 2019; Hanly et al., 2019;

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 328–353
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Lewis & Van Belleghem, 2020; Van Belleghem et al.,
2020, 2023).

HZs located nearer the “no reproductive isolation”
end of the continuum will have fewer divergent genomic
regions and consequently are more likely to move across
space and along the speciation continuum (Fig. 5). We
argue that while defining populations as subspecies
and species has been useful for the systematic study of
evolutionary, ecological, and biogeographical patterns
(Descimon & Mallet, 2009), the use of a single and
universal criterion to draw boundaries in nature may not
be realistic. Ultimately, the decision of how to classify
hybridizing populations should depend on the evaluation
of how populations are structured, which species defini-
tion is adopted, and the purposes of the study (Wu, 2001;
Descimon & Mallet, 2009).

Conservation The alteration of abiotic factors can
have major effects on HZ characteristics, and conse-
quently have important implications for conservation
management. HZ movements due to climatic warming
have been predicted in Papilio glaucus and P. canadensis
(Scriber, 2002; Scriber et al., 2002; Ryan et al., 2018),
Polyommatus agestis and P. artaxerxes (Mallet et al.,
2011) and Coenonympha macromma and C. gardetta
(Capblancq et al., 2020) (Table 1), indicating potential
threats to the dislocated species. The threat to butter-
fly populations is heightened because even rare weather
extreme events are enough to disrupt the stability of
butterfly geographic distributions (Scriber et al., 2002).
In addition to rising temperatures, other anthropogenic
activities can directly and/or indirectly affect the equi-
librium of HZ distributions. For instance, deforestation
can have large effects on butterfly population densities
(Dasmahapatra et al., 2002), on the intensity of predation
(Thurman et al., 2019), and on the availability of host
plants (Benson, 1978; Merrill et al., 2013). The high sen-
sitivity of butterfly HZs to habitat alterations, together
with the multiple methods for tracking their population
changes, can potentially provide a useful tool for assess-
ing human environmental impacts.

Conclusion

Our findings show that butterflies, especially Heliconius
and Papilio, represent an important model organism in
which foundational knowledge regarding HZs and their
evolutionary consequences has been developed. How-
ever, we highlight the need for research concentrating on
other butterfly genera, and in a range of spatial contexts,
because regional, scale, and taxon-specific characteris-
tics can have important effects on HZ patterns. We also

highlight the importance of including the investigation
of spatiotemporal dynamics as a primary research goal.
These needs are justified by the importance of butterflies
and HZ dynamics as indicators of environmental change,
which may contribute to the development of useful
conservation strategies. We argue that the temporal
comparison of phenotypic and/or genotypic data across
space is still the most reliable evidence of HZs dynamics.
However, as an alternative to the high demands of this
type of study, a good alternative is the combination of
multiple lines of evidence using different types of data,
distinct transects crossing the same HZ, HZs in different
regions, and multiple spatial scales. Accordingly, we
suggest three key research areas for future investigation
that do not necessarily require temporal comparisons:
(1) predictions of HZs distributions using future climatic
scenarios, different butterfly species, and multiple spatial
scales; (2) HZ investigations within areas of current
intense environmental change; and (3) comparisons
of HZs located in distinct regions, as well as varying
locations within a single HZ to evaluate the effects of
context-dependent factors.
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A., Aldás, I. et al. (2021) Haplotype tagging reveals paral-
lel formation of hybrid races in two butterfly species. Pro-
ceedings of the National Academy of Sciences USA, 118,
e2015005118.

Merow, C., Smith, M.J. and Silander, J.A. (2013) A practical
guide to MaxEnt for modeling species’ distributions: what
it does, and why inputs and settings matter. Ecography, 36,
1058–1069.

Merrill, R.M., Dasmahapatra, K.K., Davey, J.W., Dell’Aglio,
D.D., Hanly, J.J., Huber, B. et al. (2015) The diversification
of Heliconius butterflies: what have we learned in 150 years?
Journal of Evolutionary Biology, 28, 1417–1438.

Merrill, R.M., Naisbit, R.E., Mallet, J. and Jiggins, C.D. (2013)
Ecological and genetic factors influencing the transition be-
tween host-use strategies in sympatric Heliconius butterflies.
Journal of Evolutionary Biology, 26, 1959–1967.

Mishmar, D., Ruiz-Pesini, E., Golik, P., Macaulay, V., Clark,
A.G., Hosseini, S. et al. (2003) Natural selection shaped re-
gional mtDNA variation in humans. Proceedings of the Na-
tional Academy of Sciences USA, 100, 171–176.

Monteiro, A. (2015) Origin, development, and evolution of but-
terfly eyespots. Annual Review of Entomology, 60, 253–271.

Morales-Rozo, A., Tenorio, E.A., Carling, M.D. and Cadena,
C.D. (2017) Origin and cross-century dynamics of an avian
hybrid zone. BMC Evolutionary Biology, 17, 257.

Morris, J., Navarro, N., Rastas, P., Rawlins, L.D., Sammy, J.,
Mallet, J. et al. (2019) The genetic architecture of adaptation:
convergence and pleiotropy in Heliconius wing pattern evo-
lution. Heredity, 123, 138–152.

Moyle, L.C. and Nakazato, T. (2010) Hybrid incompatibility
“Snowballs” between Solanum species. Science, 329, 1521–
1523.

Muñoz, A.G., Salazar, C., Castaño, J., Jiggins, C.D. and Linares,
M. (2010) Multiple sources of reproductive isolation in a bi-
modal butterfly hybrid zone. Journal of Evolutionary Biol-
ogy, 23, 1312–1320.

Nordborg, M. and Tavaré, S. (2002) Linkage disequilibrium:
what history has to tell us. Trends in Genetics, 18, 83–90.

Nosil, P., Funk, D.J. and Ortiz-Barrientos, D. (2009) Divergent
selection and heterogeneous genomic divergence. Molecular
Ecology, 18, 375–402.

Orteu, A. and Jiggins, C.D. (2020) The genomics of coloration
provides insights into adaptive evolution. Nature Reviews Ge-
netics, 21, 461–475.

Pardo-Diaz, C., Salazar, C., Baxter, S.W., Merot, C.,
Figueiredo-Ready, W., Joron, M. et al. (2012) Adaptive intro-
gression across species boundaries in Heliconius butterflies.
PLoS Genetics, 8, e1002752.

Parmesan, C. (2003) Butterflies as bioindicators for climate
change effects. In Butterflies: Ecology and Evolution Taking
Flight (eds. C.L. Boggs, W.B. Watt & P.R. Ehrlich), pp. 541–
560. University of Chicago Press, Chicago.

Peck, S.L. (2004) Simulation as experiment: a philosophical
reassessment for biological modeling. Trends in Ecology &
Evolution, 19, 530–534.

Pereira Martins, A.R., Martins, L.P., Ho, W., McMillan, W.O.,
Ready, J.S. and Barrett, R.D.H. (2022) Scale-dependent en-
vironmental effects on phenotypic distributions in Heliconius
butterflies. Ecology and Evolution, 12, e9286.

Phillips, P.C. (2008) Epistasis—the essential role of gene in-
teractions in the structure and evolution of genetic systems.
Nature Reviews Genetics, 9, 855–867.

Polechová, J. and Barton, N. (2011) Genetic drift widens the ex-
pected cline but narrows the expected cline width. Genetics,
189, 227–235.

Porter, A. (1997) The Pieris napi/bryoniae hybrid zone at Pont
de Nant, Switzerland: broad overlap in the range of suitable
host plants. Ecological Entomology, 22, 189–196.

Porter, A.H., Wenger, R., Geiger, H., Scholl, A. and Shapiro,
A.M. (1997) The Pontia daplidice-edusa hybrid zone in
Northwestern Italy. Evolution; Internation Journal of Or-
ganic Evolution, 51, 1561–1573.

Remington, C.L. (1968) Suture-zones of hybrid interaction be-
tween recently joined biotas. In Evolutionary Biology (eds.
T. Dobzhansky, M.K. Hecht & W.C. Steere), pp. 321–428.
Springer International Publishing, Boston.

Riemsdijk, I., Butlin, R.K., Wielstra, B. and Arntzen, J.W.
(2019) Testing an hypothesis of hybrid zone movement for
toads in France. Molecular Ecology, 28, 1070–1083.

Ross, C.L. and Harrison, R.G. (2002) A fine-scale spatial anal-
ysis of the mosaic hybrid zone between Gryllus firmus and
Gryllus pennsylvanicus. Evolution; Internation Journal of
Organic Evolution, 56, 2296–2312.

Rosser, N., Dasmahapatra, K.K. and Mallet, J. (2014) Stable
Heliconius butterfly hybrid zones are correlated with a local
rainfall peak at the edge of the Amazon basin. Evolution; In-
ternation Journal of Organic Evolution, 68, 3470–3484.

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 328–353

 17447917, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1744-7917.13262, W

iley O
nline L

ibrary on [14/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



352 A. R. P. Martins et al.

Rosser, N., Shirai, L.T., Dasmahapatra, K.K., Mallet, J. and
Freitas, A.V.L. (2021) The Amazon river is a suture zone for
a polyphyletic group of co-mimetic heliconiine butterflies.
Ecography, 44, 177–187.

Rossi, M., Hausmann, A.E., Thurman, T.J., Montgomery, S.H.,
Papa, R., Jiggins, C.D. et al. (2020) Visual mate preference
evolution during butterfly speciation is linked to neural pro-
cessing genes. Nature Communications, 11, 4763.

Roux, C., Fraïsse, C., Romiguier, J., Anciaux, Y., Galtier, N.
and Bierne, N. (2016) Shedding light on the grey zone of
speciation along a continuum of genomic divergence. PLoS
Biology, 14, e2000234.

Ruiz-Pesini, E. and Wallace, D.C. (2006) Evidence for adaptive
selection acting on the tRNA and rRNA genes of human mi-
tochondrial DNA. Human Mutation, 27, 1072–1081.

Ryan, S.F., Deines, J.M., Scriber, J.M., Pfrender, M.E., Jones,
S.E., Emrich, S.J. et al. (2018) Climate-mediated hybrid zone
movement revealed with genomics, museum collection, and
simulation modeling. Proceedings of the National Academy
of Sciences USA, 115, E2284–E2291.

Ryan, S.F., Fontaine, M.C., Scriber, J.M., Pfrender, M.E.,
O’Neil, S.T. and Hellmann, J.J. (2017) Patterns of divergence
across the geographic and genomic landscape of a butterfly
hybrid zone associated with a climatic gradient. Molecular
Ecology, 26, 4725–4742.

Savolainen, O., Lascoux, M. and Merilä, J. (2013) Ecological
genomics of local adaptation. Nature Reviews Genetics, 14,
807–820.

Scriber, J. (2002) Latitudinal and local geographic mosaics in
host plant preferences as shaped by thermal units and voltin-
ism in Papilio spp. (Lepidoptera). European Journal of Ento-
mology, 99, 225–239.

Scriber, J., Elliot, B., Maher, E., McGuire, M. and Niblack, M.
(2014) Adaptations to “Thermal Time” Ccnstraints in Pa-
pilio: latitudinal and local size clines differ in response to
regional climate change. Insects, 5, 199–226.

Scriber, J.M. (1990) Interaction of introgression from Papilio
Glaucus Canadensis and diapause in producing “Spring
Form” Eastern Tiger Swallowtail Butterflies, P. Glaucus
(Lepidoptera: Palilionidae). The Great Lakes Entomologist,
23, 127–138.

Scriber, J.M., Keefover, K. and Nelson, S. (2002) Hot summer
temperatures may stop movement of Papilio canadensis but-
terflies and genetic introgression south of the hybrid zone
in the North American Great Lakes Region. Ecography, 25,
184–192.

Sequeira, F., Bessa-Silva, A., Tarroso, P., Sousa-Neves, T.,
Vallinoto, M., Gonçalves, H. et al. (2020) Discordant pat-
terns of introgression across a narrow hybrid zone between
two cryptic lineages of an Iberian endemic newt. Journal of
Evolutionary Biology, 33, 202–216.

Slatkin, M. (2008) Linkage disequilibrium—understanding the
evolutionary past and mapping the medical future. Nature Re-
views Genetics, 9, 477–485.

Smadja, C.M. and Butlin, R.K. (2011) A framework for com-
paring processes of speciation in the presence of gene flow.
Molecular Ecology, 20, 5123–5140.

Stankowski, S., Shipilina, D. and Westram, A.M. (2021) Hybrid
zones. eLS, 2, 1–16.

Stump, A.D., Sperling, F.A.H., Crim, A. and Scriber, J.M.
(2003) Gene flow between Great Lakes region populations of
the Canadian Tiger Swallowtail Butterfly, Papilio canaden-
sis, near the hybrid zone with P. glaucus (Lepidoptera: Papil-
ionidae). The Great Lakes Entomologist, 36, 41–53.

Supple, M.A., Papa, R., Hines, H.M., McMillan, W.O. and
Counterman, B.A. (2015) Divergence with gene flow across
a speciation continuum of Heliconius butterflies. BMC Evo-
lutionary Biology, 15, 204.

Szymura, J.M. and Barton, N.H. (1986) Genetic analysis of
a hybrid zone between the Fire-Bellied Toads, Bombina
bombina and B. variegata, near Cracow in Southern Poland.
Evolution; Internation Journal of Organic Evolution, 40,
1141–1159.

Szymura, J.M. and Barton, N.H. (1991) The genetic structure
of the hybrid zone between the Fire-Bellied Toads Bombina
bombina and B. variegata: comparisons between transects
and between loci. Evolution; Internation Journal of Organic
Evolution, 45, 237–261.

Taylor, S.A., Larson, E.L. and Harrison, R.G. (2015) Hybrid
zones: windows on climate change. Trends in Ecology & Evo-
lution, 30, 398–406.

Thomas, J.A. (2016) Butterfly communities under threat. Sci-
ence, 353, 216–218.

Thomas, J.A. (2005) Monitoring change in the abundance and
distribution of insects using butterflies and other indicator
groups. Philosophical Transactions of the Royal Society B,
360, 339–357.

Thurman, T.J., Szejner-Sigal, A. and McMillan, W.O. (2019)
Movement of a Heliconius hybrid zone over 30 years: a
Bayesian approach. Journal of Evolutionary Biology, 32,
974–983.

Toews, D.P.L. and Brelsford, A. (2012) The biogeography of
mitochondrial and nuclear discordance in animals. Molecular
Ecology, 21, 3907–3930.

Turner, T.L., Hahn, M.W. and Nuzhdin, S.V. (2005) Genomic
islands of speciation in Anopheles gambiae. PLoS Biology,
3, e285.

Van Belleghem, S.M., Cole, J.M., Montejo-Kovacevich, G.,
Bacquet, C.N., McMillan, W.O., Papa, R. et al. (2021) Se-
lection and isolation define a heterogeneous divergence land-
scape between hybridizing Heliconius butterflies. Evolution;
Internation Journal of Organic Evolution, 75, 2251–2268.

© 2023 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 328–353

 17447917, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1744-7917.13262, W

iley O
nline L

ibrary on [14/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Butterfly hybrid zone dynamics 353

Van Belleghem, S.M., Rastas, P., Papanicolaou, A., Martin,
S.H., Arias, C.F., Supple, M.A. et al. (2017) Complex modu-
lar architecture around a simple toolkit of wing pattern genes.
Nature Ecology & Evolution, https://doi.org/10.17863/CAM.
8233.

Van Belleghem, S.M., Ruggieri, A.A., Concha, C., Livraghi, L.,
Hebberecht, L., Rivera, E.S. et al. (2023) High level of nov-
elty under the hood of convergent evolution. Science, 379,
1043–1049.

Van Belleghem, S.M.V., Roman, P.A.A., Gutierrez, H.C.,
Counterman, B.A. and Papa, R. (2020) Perfect mimicry
between Heliconius butterflies is constrained by genetics
and development. Proceedings of the Royal Society B, 287,
20201267.

Vines, T.H., Kohler, S.C., Thiel, M., Ghira, I., Sands, T.R.,
MacCallum, C.J. et al. (2003) The maintenance of reproduc-
tive isolation in a mosaic hybrid zone between the fire-bellied
toads Bombina bombina and B. variegata. Evolution; Inter-
nation Journal of Organic Evolution, 57, 1876–1888.

Wang, L., Luzynski, K., Pool, J.E., Janoušek, V., Dufková, P.,
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