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1 | INTRODUCTION
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Abstract

Marine environments are inhabited by a broad representation of the tree of life, yet
our understanding of speciation in marine ecosystems is extremely limited compared
with terrestrial and freshwater environments. Developing a more comprehensive
picture of speciation in marine environments requires that we 'dive under the sur-
face' by studying a wider range of taxa and ecosystems is necessary for a more com-
prehensive picture of speciation. Although studying marine evolutionary processes
is often challenging, recent technological advances in different fields, from maritime
engineering to genomics, are making it increasingly possible to study speciation of
marine life forms across diverse ecosystems and taxa. Motivated by recent research
in the field, including the 14 contributions in this issue, we highlight and discuss six
axes of research that we think will deepen our understanding of speciation in the
marine realm: (a) study a broader range of marine environments and organisms; (b)
identify the reproductive barriers driving speciation between marine taxa; (c) under-
stand the role of different genomic architectures underlying reproductive isolation;
(d) infer the evolutionary history of divergence using model-based approaches; (e)
study patterns of hybridization and introgression between marine taxa; and (f) imple-
ment highly interdisciplinary, collaborative research programmes. In outlining these
goals, we hope to inspire researchers to continue filling this critical knowledge gap

surrounding the origins of marine biodiversity.
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of biodiversity. The study of how reproductive barriers between

marine organisms accumulate resulting in new species in a broadly

Marine ecosystems harbour an important component of Earth's
biodiversity. This is particularly well illustrated at high taxonomic
levels, where 16 phyla are unique to the marine realm, whereas only
one phylum is unique to terrestrial and none to freshwater environ-
ments (Jezkova & Wiens, 2017). Investigating the main processes
underlying diversification in marine environments is thus crucial

for a more general understanding of the origins and distribution

connected environment is also vital for the long-standing evolu-
tionary debate concerning the importance of isolation by physical
barriers in speciation.

During most of the last century, our knowledge about the or-
igin of species in the marine realm was very limited, with the ex-
ception of a few taxonomic groups (e.g. sea urchins; Mayr, 1954;
Palumbi, 1992, 1994). This was actually stated explicitly by one of
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the most prominent researchers of speciation, Mayr (2001): ‘For
most animal groups, particularly the marine ones, we have no clues
whatsoever what facilitates speciation. Here even the nature of the
separating barriers between different water masses is unknown’.

There are several reasons for this knowledge gap. First, the study
of speciation in the sea/ocean is inherently challenging. For example,
sunlight usually penetrates only tens of metres below the water's
surface. Thus, despite recent technological advances we still heavily
rely on echo sounding, or destructive methods such as trawling, to
map many marine habitats on the seafloor, which provides a very in-
complete picture of the existing diversity. Consequently, most of the
seascape remains uncharacterized. Second, the number of laborato-
ries with resources to conduct expensive and time-consuming sur-
veys, including access to research vessels and submersible vehicles,
is also limited. Third, it is difficult to complete the life cycle of many
marine organisms in the laboratory, impeding the creation of lines,
the implementation of crosses and the quantification of reproduc-
tive isolation, all of which are important tools in speciation research.
Additionally, manipulative experiments in the field or the study of
hybrid zones are very challenging for many marine organisms, fur-
ther limiting the study of reproductive barriers in situ. Finally, unlike
a few specific biogeographic regions such as the Baltic Sea or the
Isthmus of Panama (Andrén et al., 2011; Knowlton et al., 1993), vast
areas of our oceans remain poorly characterized, limiting our knowl-
edge of the geographic and demographic history of speciation in the
sea. Thus, it is no surprise that a more complete knowledge about
speciation in marine organisms comes from a limited number of taxa,
including rocky shore snails (Johannesson et al., 1995), rock pool co-
pepods (Ellison & Burton, 2008), Atlantic cod and anadromous fresh-
water forms of three-spined sticklebacks (Barth et al., 2019; Jones
et al,, 2012), killer whales (Foote et al., 2016) and Prochlorococcus
cyanobacteria (e.g. Johnson et al., 2006).

Despite pointing out the need for a better understanding of the
nature of isolating barriers between most marine species, Mayr was
a keen proponent of the importance of allopatric speciation, both
in terrestrial and marine environments. Supported by early work on
sea urchins (Mayr, 1954), he championed the idea that geographic
isolation was the main driver of speciation in the sea—a view that
prevailed for several decades (Palumbi, 1992). Most marine organ-
isms have high dispersal, with passive drift of larvae and/or adults
by ocean currents over large distances, which may prevent differ-
entiation across extensive marine areas. Thus, students of marine
speciation were faced with a well-known paradox: if most speciation
in the sea is allopatric, how can new species form in the absence of
complete geographic barriers (Johannesson, 2009)?

The observation of extensive hybrid zones between closely re-
lated species further suggested that marine speciation could occur
without complete geographic isolation (Bierne et al., 2003). This in-
cludes cases where gene flow occurred during the entire speciation
process (primary differentiation) and/or after an initial period of geo-
graphic isolation (secondary contact); hereafter we refer to all these
cases as ‘speciation with gene flow’ for convenience. Together with

the identification of many different reproductive barriers between
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closely related marine species, including the existence of gamete
recognition mechanisms (Palumbi, 1994; Swanson & Vacquier, 1998),
habitat choice and asynchronous spawning (Bierne et al., 2003), this
caused a paradigm shift in marine speciation research. As a conse-
qguence, the number of examples of speciation with gene flow in
marine environments has been increasing (reviewed by Potkamp &
Fransen, 2019). Despite these advances, our knowledge about spe-
ciation is still largely biased towards terrestrial organisms (figure 1 in
Miglietta et al., 2011).

Benefiting from recent technological advances in different fields,
from maritime engineering to genomics, we now have access to in-
creasingly large biological and environmental data sets from the
oceans, including areas or habitats that were previously inaccessible
such as the deep sea (Costa et al., 2020). This offers an unprecedented
opportunity to characterize the main reproductive barriers and evolu-
tionary mechanisms underlying speciation of marine life forms across
multiple ecosystems and taxa, and to provide a more complete view
of speciation across a diverse range of marine environments. Inspired
by the discussions during a symposium of the international Marine
Evolution conference in Sweden organized in 2018 by the Linnaeus
Centre of Marine Evolutionary Biology, University of Gothenburg, we
compiled this special issue containing 14 contributions on current re-
search progress on speciation in marine environments.

This editorial piece highlights some of the main findings of these
contributions. We propose six main research axes that we think will
move the field forward, resulting in a more comprehensive and bal-
anced knowledge about the origin of species in the sea: (a) studying
speciation across more diverse marine ecosystems and a broader
phylogenetic range of organisms; (b) identifying the full diversity
of reproductive barriers between species in diverse marine ecosys-
tems; (c) understanding the role of different genomic architectures
in promoting reproductive isolation between closely related marine
species; (d) inferring the evolutionary history of divergence using
model-based approaches; (e) studying hybridization and introgres-
sion especially in marine hybrid zones; and (f) implementing inte-
grative interdisciplinary research, to establish a better link between
genotypes, phenotypes and the environment, and to understand
how their interaction drives speciation in marine organisms.

Ultimately, we hope that this special issue helps to inspire future
research programmes to address key evolutionary questions in specia-
tion research, such as: Is there a qualitative or quantitative difference
between the mechanisms and rates of speciation in marine, terrestrial
and freshwater ecosystems? What can we learn about speciation by
specifically studying marine organisms? What are the main differences
between the prevailing reproductive barriers and evolutionary pro-

cesses involved in speciation across different marine environments?

2 | DIVING UNDER THE SURFACE

Before trying to answer these questions, perhaps one should first
ask what the main reasons are for hypothesising that there may

be something unique about speciation in marine environments?
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On one hand, it could be argued that the types of (post-zygotic or
prezygotic) reproductive barriers and processes involved (natural
selection, sexual selection, drift, etc.) should be the same in ma-
rine, terrestrial and freshwater ecosystems. However, it is often
argued that populations of many marine species show higher con-
nectivity due to the prevalence of pelagic free-swimming or plank-
tonic stages and fewer dispersal barriers than in most terrestrial
and freshwater environments (e.g. Palumbi, 1992; Puebla, 2009).
Furthermore, many marine species tend to have large effective
population sizes, which may impact speciation in two ways. First,
theory suggests that larger populations should contain higher
levels of genetic diversity, meaning that more genetic variation is
available to fuel speciation. Second, selection—including divergent
selection that opposes gene flow between taxa—is expected to be
more effective in larger populations (Barrio et al., 2016). However,
the relationship between population size and adaptation is prob-
ably not as simple as commonly thought (Galtier, 2016; Lourenco
et al., 2013). Thus, it is not clear whether speciation with gene flow
should be more common in marine than in terrestrial environments.
Moreover, this expectation will inevitably differ among taxa. Lower
divergence and speciation rates are expected in marine species
with long-lived larval dispersal stages than in species with brief lar-
val dispersal phases or with direct development. It would therefore
be important to investigate beyond some initial attempts (Bierne
et al., 2016) whether selection is more powerful in marine species
with large population sizes associated with particular characteris-

tics of the ecosystem, reproductive strategies and/or taxonomic

group. We next discuss some research directions that we think are
needed to fill these knowledge gaps.

2.1 | Studying speciation across diverse marine
ecosystems and taxonomic groups

Among the broad representation of biodiversity that is available in
the sea, most of our knowledge on marine speciation is derived from
a small and biased fraction of organisms and ecosystems (Miglietta
et al., 2011; Potkamp & Fransen, 2019; Rocha & Bowen, 2008). In
part, this is because some marine ecosystems or groups of organ-
isms are much more accessible than others. This is well illustrated
in this special issue, where the majority of the contributions target
common organisms inhabiting the intertidal realm (Table 1). The geo-
graphic coverage of marine speciation studies is also uneven, with
the circumpolar regions traditionally underrepresented, despite
recent findings suggesting higher speciation rates at high latitudes,
at least in fishes (Rabosky et al., 2018). Even for the best studied
ecosystems and geographic regions, the number of extant marine
species is likely underestimated. After generalized access to molecu-
lar markers in the 1980s, many cryptic species were revealed (e. g.
Knowlton et al., 1993; Laakkonen et al., 2021), and this number is
expected to increase even further with the advent of environmental
DNA metabarcoding studies (Holman et al., 2019).

In addition, our general knowledge about the history and dis-

tribution of marine species is strongly biased towards marine

TABLE 1 Manuscripts published in this special issue, with information about the focal taxa, type of environments and focal geographic/

oceanographic region for each study

Reference

Berdan et al. (2021)

Choo et al. (2021)

Costa et al. (2021)
Galindo et al. (2021)
Prada and Hellberg (2021)
Hudson et al. (2021)

Kess et al. (2021)
Laakkonen et al. (2021)

Leder et al. (2021)

Popovic et al. (2021)

Ravinet et al. (2021)

Ribardiére et al. (2021)

Simon et al. (2021)

Tatarenkov et al. (2021)

Taxa

Fish: killifish

Molluscs: shelled pteropods

Mammals: bottlenose dolphins

Molluscs: flat periwinkles
Cnidarian: corals

Tunicates: sea squirts

Molluscs: rough periwinkles

Mammals, Molluscs, Fish,

Crustaceans, Polychaetes,

Echinoderms
Fish: gobies

Molluscs: Mytilus mussels

Fish: sticklebacks

Crustaceans: isopods

Molluscs: Mytilus mussels

Fish: killifish

Environment(s)
Marine/freshwater
Open ocean
Coastal/offshore

Rocky intertidal
Shallow/deep reefs
Rocky intertidal/subtidal
Rocky intertidal
Multiple

Marine/brackish
Rocky intertidal

Marine/brackish/
freshwater

Rocky intertidal
Rocky intertidal

Mangrove

Geographic; oceanographic regions

North America; North Atlantic

Atlantic

South America; South Atlantic

Europe; North Atlantic

North America; North Atlantic, Caribbean Sea
Africa; South Atlantic, Indian Ocean

Europe; North Atlantic

Europe, North America, Northeast Asia; North
Pacific, North Atlantic, Arctic Ocean

Europe; North Atlantic, Baltic Sea

Europe, North America, Africa and Oceania;
Atlantic, Pacific, Mediterranean and Tasman Sea

Asia; North Pacific, Japan Sea

Europe; North Atlantic

Europe and North America; North Pacific, North
Atlantic, Mediterranean, North Sea, Baltic Sea
and Black Sea

North America; North Atlantic, Caribbean Sea
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vertebrates, such as fish and mammals. Although Mollusca is the phy-
lum with the highest number of marine species, information about
genetic divergence and speciation in marine molluscs is limited to a
few very common and easily accessible species. For example, mus-
sels of the genus Mytilus form a complex system with multiple hybrid
zones between various species that have been intensively studied
(Bierne et al., 2003; Popovic et al., 2021; Simon et al., 2021). Another
taxon that has become a model in the study of ecotype evolution
and ecological speciation comprises the gastropods of the genus
Littorina (Galindo et al., 2021; Johannesson, 2015; Kess et al., 2021;
Stankowski et al., 2020; Westram et al., 2018). Some species of cor-
als, seaweeds, seagrasses or sea squirts have also been important
targets for studies focusing on genetic divergence and species evo-
lution (Monteiro et al., 2016; Olsen et al., 2004; Pereyra et al., 2013;
see also Hudson et al., 2021; Prada & Hellberg, 2021), as have a few
species of microalgae and bacteria (Johnson et al., 2006). Although
it is not possible to represent all major groups of marine organisms
in this special issue, it actually covers notable taxonomic breadth,
including fish, molluscs, mammals, polychaetes, echinoderms, cnidar-
ian, tunicates and crustaceans, although we regret plants and algae
are lacking (Table 1). This organismal, geographic and ecological bias
makes it impossible to establish general principles of speciation that
are independent of ecosystem, life-history characteristics and tax-
onomic position. Therefore, further studies covering a wider range
of organisms and ecosystems are needed before we can reach more
general conclusions about main patterns and processes of speciation
in marine environments.

2.2 | ldentifying the main reproductive barriers
between marine species

Geographic isolation was initially considered the main factor driving
speciation in marine organisms. Thus, our focus on understanding the
factors promoting the evolution of reproductive barriers under gene
flow is relatively recent (Bierne et al., 2003; Palumbi, 1994; Swanson &
Vacquier, 1998). However, examples of speciation with gene flow have
become more common, including many cases where ecology plays an
important role (reviewed by Potkamp & Fransen, 2019). Despite these
advances, systems for which reproductive barriers have been well-
characterized remain scarce (as notable examples, see Littorina saxa-
tilis: Johannesson, Zagrodzka, et al., 2020; Perini et al., 2020; Westram
et al., 2018; Mytilus spp.: Bierne et al., 2003; Bierne, 2011; stick-
lebacks: Jones et al., 2012; Lackey & Boughman, 2016; sea urchins:
Lessios, 2007; Lucania killifish: Berdan et al., 2021). Oceans are far from
being a homogenous mass of water where environmental conditions
are constant across space and time. Moreover, they are so big that even
with wide dispersal there is opportunity for selection to overcome
gene flow. Thus, detailed characterization of environmental param-
eters with ecological relevance (e.g. salinity, temperature and depth) is
needed to understand how natural selection contributes to reproduc-
tive isolation, both directly, via habitat or allochronic isolation, immi-

grant inviability (prezygotic isolation) or extrinsic post-zygotic isolation,
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and indirectly, via reinforcement (Berdan et al., 2021; Butlin, 1987;
Smadja & Butlin, 2011).

Hybrid zones are particularly informative about the spatial dis-
tribution of genotypes and phenotypes in relation to environmen-
tal gradients (e.g. Johannesson et al., 2020; Westram et al., 2018)
(also, see Section 2.5). Although not very frequent, detailed studies
of hybrid zones in marine environments have provided important
information about the role of local adaptation in speciation (Kess
et al., 2021; Leder et al., 2021; Prada & Hellberg, 2021; Westram
et al., 2018), the presence of genetic incompatibilities (Simon
et al., 2021) or the coupling between these two types of barriers
(Bierne, 2011). Extensive mixing in hybrid zones may also make it
possible to identify candidate SNPs or genomic regions underly-
ing reproductive barriers through genome-wide association tests
(Duranton et al., 2020).

The genetic and phenotypic characterization of populations as-
sociated with different habitats (Costa et al., 2021) also offers in-
sights about the role of divergent selection in speciation with gene
flow. Evidence is strongest when it comes from studies of parallel
divergence, where multiple populations have diverged due to sim-
ilar selection pressures at several geographic locations (Galindo
et al., 2021; Jones et al., 2012; Morales et al., 2019). Field trans-
plants between different habitats and/or laboratory experiments
also provide crucial information about the contribution of environ-
mental selection relative to other barriers such as intrinsic incom-
patibilities (Berdan et al., 2021; Prada & Hellberg, 2013). The role of
behavioural isolation and sexual selection in speciation is perhaps
more difficult to study in many marine organisms (but see Barth
et al., 2019; Perini et al., 2020). Although for some fish species it
is obvious that homing and habitat choice have profound roles in
speciation (e.g. Barth et al., 2019), information remains limited for
most taxa (but see Berdan et al., 2021; Costa et al., 2021; Ravinet
et al., 2021, for a possible role of habitat isolation). In this special
issue, two contributions tried to fill this gap. A study using intertidal
isopods by Ribardiére et al. (2021) evaluated the role of mate choice
in the laboratory showing that sexual selection at least partially con-
tributes to reproductive isolation between two diverging species
(Jaera albifrons and J. praehirsuta). The authors suggest that the role
of sexual selection in reproductive isolation is independent of eco-
logical isolation. Similarly, behavioural isolation seems to contribute
to reproductive isolation between two killifish species (Lucania parva
and L. goodei), even though it was not possible to identify whether
this was mediated by female preference and/or male courtship per-
formance (Berdan et al., 2021).

Finally, although the view that geographic isolation plays the
main role in speciation in marine environments is losing strength,
this does not mean that vicariance or physical barriers are not im-
portant in facilitating the evolution of reproductive isolation (Hodge
& Bellwood, 2016). Oceans are highly connected environments, but
there are still opportunities for allopatric differentiation. Indeed,
studies of population differentiation in multiple marine species using
genetic markers have suggested that there might be more spatial

barriers than previously envisioned (Miglietta et al., 2011). This is
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especially true for organisms that release their gametes into the
water as well as those with passive larval or adult dispersal. The con-
tribution by Laakkonen et al. (2021) highlights the influence of vi-
cariance in shaping diversification of European amphiboreal marine
organisms. Together with geographic barriers, currents may play a
major role in population divergence in the oceans (Choo et al., 2021;
van der Ven et al., 2020), similar to the role of wind for dispersing
seeds of terrestrial plants. Thus, the comparison of patterns of dis-
persal predicted from biophysical models with those inferred from
genetic data allows us to understand how currents influence specia-
tion in the sea (Sjoqvist et al., 2015).

Speciation usually involves the accumulation of multiple repro-
ductive barriers that interact with each other during the process of
divergence (Smadja & Butlin, 2011). Thus, in order to fully under-
stand the causes of reproductive isolation, future studies must try to
identify all contributing barriers. The extensive variation in life-his-
tory traits (including sex determination) among marine species offers
unique opportunities to test hypotheses about the relative contri-
butions of various reproductive barriers to speciation in different
marine organisms and ecosystems. However, despite some progress,

also illustrated in this special issue, we still have a long way to go.

2.3 | Characterising the genomic architecture of
reproductive isolation

Understanding the genomic architecture of speciation—that is
the number, relative effect sizes and genomic distribution of
loci that underlie reproductive barriers—is currently one of the
main endeavours of speciation research (Ravinet et al., 2017).
Methodologies for studying genomic architecture have traditionally
been classified as either being ‘top-down'—that is, those that
attempt to identify loci underlying putative barrier traits—or being
‘bottom-up’'—that is, those that attempt to identify signatures of
selection in the genome without prior knowledge about isolating
traits (Barrett & Hoekstra, 2011). Rather than taking one of these
approaches, we encourage studies that use a combination of top-
down and bottom-up approaches.

The most common approach to understanding the genomic ar-
chitecture of isolating traits is quantitative trait locus (QTL) map-
ping (Moyle & Payseur, 2009). Facilitated by easy-to-use software
(e.g. Broman et al., 2003) and new methods for marker discovery
and genetic map construction (e.g. RADseq, Baird et al., 2008;
Rastas, 2017), QTL mapping has now been applied to a wide vari-
ety of isolating traits, including prezygotic, extrinsic and intrinsic
post-zygotic barriers (Berdan et al., 2021; Moyle & Payseur, 2009).
The biggest technical challenge for most systems is the need to pro-
duce and rear large mapping families in the laboratory, an issue that
is especially pertinent to the study of marine organisms, as previ-
ously mentioned. When this cannot be done, genome-wide associa-
tion studies (GWAS) may provide an alternative means for inferring
the architecture of isolating traits from natural populations (Kess

etal., 2021). However, GWAS methods usually require a high-quality

reference genome, resequencing data for many individuals and are
based on assumptions that are unlikely to hold in many cases of
speciation, such as absence of population structure and high levels
of historical recombination. These limitations can be partly circum-
vented by methods that take ancestry in interbreeding populations
into account (so-called admixture mapping; Buerkle & Lexer, 2008).

Working from the bottom-up, genome scans have now become
a widely used tool for identifying putative barrier loci based on mo-
lecular signatures of selection (Ravinet et al., 2017). These methods
involve measuring genetic divergence (e.g. F¢; or dxy) or admixture
proportions (Martin et al., 2015) for thousands to millions of loci in
order to identify sites in the genome where variation is inconsistent
with a model of neutral divergence. Although the interpretation
of patterns of genome-wide variation is not as straightforward as
once thought (Ravinet et al., 2017), regions of the genome exhibit-
ing exceptional divergence may be considered candidate barrier loci.
Inferences from genome scans are strongest when they are based on
whole-genome sequences rather than reduced-representation se-
quencing methods (e.g. RADseq), and when potentially confounding
factors are also taken into account (Ravinet et al., 2017; see Ravinet
et al., this issue, for an example).

These two approaches have also proven useful in revealing how
structural genomic variation has contributed to the architecture of
speciation. Given that strong reproductive isolation is usually caused
by genetic differences at many loci, any mechanism or genomic fea-
ture that strengthens barriers is likely to favour local adaptation
and speciation (Butlin & Smadja, 2018; Yeaman & Whitlock, 2011).
Chromosomal rearrangements, especially inversions, are thought to
play an important role in speciation by drastically reducing recom-
bination across potentially large regions of the genome in interspe-
cific hybrids with alternative arrangements (Faria & Navarro, 2010;
Kirkpatrick & Barton, 2006). If inversions trap or accumulate mul-
tiple barrier loci, this can strengthen the integrity of reproductive
barriers through the maintenance of linkage disequilibrium in the
presence of gene flow (i.e. coupling). Given the relatively high disper-
sal of many marine species, it can be hypothesized that chromosomal
rearrangements (and regions of low recombination in general) could
play a particularly important role in facilitating speciation in marine
ecosystems, mainly across steep environmental gradients. However,
evaluating the relative importance of chromosomal rearrange-
ments, namely inversions, in adaptation and speciation, is not always
straightforward. Linkage disequilibrium within inverted regions can
result in high differentiation across large genomic distances, even if
they only contain a single locus involved in adaptation and reproduc-
tive isolation (Westram et al., 2020). This can make it seem like inver-
sions contribute more to adaption and speciation than they really do.

New approaches for identifying structural variation sug-
gest that inversions are not uncommon among marine species
(Johannesson et al., 2020; Mérot et al., 2020). Data recently gath-
ered from some marine fish species support that inversions might
play a central role in local adaptation, population divergence and
potentially also speciation (Barth et al., 2019; Cayuela et al., 2020;
Han et al., 2020; Le Moan et al.,, 2020). Notably, several large
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putative inversions recently detected in the marine snail Littorina
saxatilis (Faria et al., 2019) are enriched for loci involved in diver-
gence between ecotypes across the species’ distribution (Kess
et al., 2021; Morales et al., 2019; Westram et al., 2018). Something
similar could shape ecotype divergence in the related species L.
fabalis (Galindo et al., 2021; Tatarenkov & Johannesson, 1999). The
contribution of Berdan et al. (2021) highlights another interest-
ing example, where a chromosomal fusion was found to harbour
both loci involved in sex determination and intrinsic incompati-
bility, in line with the expectations of Haldane's rule. Despite
these advances, the study of the role of chromosomal rearrange-
ments in the diversification of marine life is still in its infancy.
In a recent review, only 2 of 23 species showing inversions re-
cently studied using genomic tools were marine (Wellenreuther &
Bernatchez, 2018). More work is needed to establish a clear link
between chromosomal rearrangements and reproductive isolation

to evaluate their general importance in marine speciation.

2.4 | Inferring the history of
divergence and speciation

One of the most challenging areas of speciation research, not
limited to marine systems, is concerned with understanding the
historical demographic events that accompany the evolution of
reproductive isolation. This problem has a long history centred
mainly around debates about the relative importance of different
geographic modes of speciation in generating the current diver-
sity and distribution of organisms (i.e. allopatric, parapatric and
sympatric speciation). However, this traditional classification of
speciation in terms of geographic context of divergence has more
recently fallen out of favour (Butlin et al., 2008). Speciation can
involve changes in the size of populations (i.e. population expan-
sions and contractions) and episodes of isolation alternated by
periods of gene flow associated with major environmental, geo-
logical and oceanographic changes (e.g. glaciations; see Laakkonen
et al., 2021). Although clues about the demographic history of
speciation can be inferred from geological evidence or climate
modelling, it is often unclear whether divergence occurred with
continuous gene flow or during a period of geographic isolation
subsequently maintained by barriers to gene flow upon secondary
contact. The main problem for speciation researchers is that these
alternative histories can have very similar genetic signatures,
so they are extremely difficult to tell apart (figure 3 in Ravinet
et al., 2017). The recent access to large genomic data sets, which
are information-rich and can be analysed using model-based infer-
ence tools, has proven very valuable in helping to distinguish alter-
native demographic scenarios also in marine taxa (e.g. Duranton
etal, 2018; Le Moan et al., 2020; Momigliano et al., 2017; Popovic
et al., 2021; Stankowski et al., 2020).

In this issue, Leder et al. (2021) used such a data set to infer the
historical demography associated with speciation in sand gobies

that inhabit a steep salinity gradient between the Baltic Sea and the
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North Sea. Many of the successful colonizers of the Baltic Sea show
evidence of adaptation to lower salinity and reproductive isolation
from North Sea populations (Johannesson et al., 2020). However,
it is sometimes not clear whether the divergence of brackish pop-
ulations occurred with continuous gene flow along the gradient, or
whether local adaptation was facilitated by a period of geographic
isolation between high and low salinity populations. Using demo-
graphic modelling, the authors suggest that divergence between
low- and high-salinity populations (~200,000 years ago) predates
the formation of the Baltic Sea (8,000-10,000 years ago), although
the period of secondary contact, when the current barriers proba-
bly emerged, roughly corresponds to the last glacial retreat.

In another contribution to this volume, Prada and Hellberg (2021)
revisited the history of divergence between two ecotypes of the
Caribbean candelabrum coral associated with a steep environmen-
tal gradient in water depth. Analysing an unprecedented number of
markers for this system with demographic modelling tools, the au-
thors aimed to distinguish between primary divergence and second-
ary contact between the two ecotypes. However, they show that
the divergence scenario may have been more complex, with an initial
period (~800,000 years ago) of asymmetric gene flow followed by a
phase of complete isolation, and a more recent period where gene
flow was re-established symmetrically at lower levels. Interestingly,
this sequence of events is similar to that found in two other coral
species whose divergence is also related to a depth gradient, making
the authors ask whether an intermediate period of isolation is critical
for speciation in these and other corals.

As Leder et al. (2021) point out, distinguishing alternative demo-
graphic histories is difficult even with modern genomic data sets, so
individual studies should be interpreted with some caution (see also
Momigliano et al., 2020). However, by applying a similar approach to
many marine organisms inhabiting a broad range of environments,
we may eventually be able to address more general questions about
the history of speciation in our oceans. Is geographic isolation less
important in marine compared with terrestrial organisms? Does the
demography of speciation vary strongly between marine biomes,
including costal versus benthic environments and the open ocean?
Finally, does the greater dispersal propensity of some marine organ-

isms prevent allopatric speciation altogether?

2.5 | Studying hybridization and introgression

We also encourage more in-depth studies of hybridization and in-
trogression encompassing a diverse array of marine organisms and
environments. In general, it is difficult to overstate the contribu-
tion that hybrid zones have made to our general understanding of
the speciation process. Unlike experimental crosses in the labora-
tory, hybrid zones allow us to understand how barriers to gene flow
play out in the real world over time scales that are more relevant
to the long-term persistence of species boundaries. Coupled with
a rich body of theoretical work and powerful methods (Barton &
Gale, 1993; Barton & Hewitt, 1985), it is not surprising that hybrid
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zones have been described as ‘natural laboratories’ and ‘windows’ of
the evolutionary process (Harrison, 1990; Hewitt, 1988).

Although some highly detailed studies of marine hybrid zones
have been conducted (e.g. Westram et al., 2018), the vast majority
have focused on terrestrial environments. For example, in a recent
meta-analysis of hybrid zones by McEntee et al. (2020), only 6 of
131 (4.58%) were conducted on marine systems. This strong bias
towards terrestrial studies is unlikely to be due to a lower incidence
of hybridization in marine organisms, which is now thought to be rel-
atively common (Gardner, 1997; Johannesson et al., 2020). Instead,
it is more likely to reflect the general challenges mentioned above
that come with working in many marine environments. For example,
some hybrid zones are known to occur along light and depth gradi-
ents rather than across two-dimensional space (Hudson et al., 2020;
Prada & Hellberg, 2021), making them difficult to discover and sam-
ple. A higher abundance of cryptic species could also reduce our
capacity to identify marine hybrid zones (Gardner, 1997). Finally,
because patterns of dispersal in marine organisms can be long range
and strongly impacted by currents, patterns of hybridization can
sometimes be spatially complex, making the geographic character-
ization and analysis of marine hybrid zones more difficult.

The geographic complexity of marine hybrid zones is highlighted
by a paper in this issue that elucidates patterns of hybridization
and introgression in a species complex of marine mussels (Simon
et al., 2021). Overall, complex spatial patterns of hybridization and
introgression between different Mytilus taxa have been shaped by
both contemporary and historical contacts during the Quaternary
period, including asymmetrical introgression at specific loci in pop-
ulations closer to hybrid zones than further apart. Importantly,
this study highlights the utility of studying genome-wide patterns
of hybridization across populations at different distances from the
contact zone to inform us about adaptive introgression and on how
reproductive barriers decay (Ravinet et al., 2021; Simon et al., 2021).

The repeatability of differentiation among multiple introduced
populations can also be informative about genomic signatures of re-
productive barriers. In this volume, Popovic et al. (2021) used tran-
scriptome markers to characterize multiple introductions of Mytilus
galloprovincialis across the world. Their results showed that pre-in-
troduction introgression with M. edulis in its native range was im-
portant for shaping the genomic patterns of hybridization patterns
between introduced and native species. This adds to the evidence
for an influence of ancient introgression in shaping the current ge-
nomic architecture of reproductive isolation between marine spe-
cies (Duranton et al., 2018; Simon et al., 2021).

Another manuscript in this issue characterizes genome-wide
patterns of introgression to understand how variation in the degree
of habitat isolation shapes barriers to gene flow between anadro-
mous Japan Sea stickleback (G. nipponicus) and the Pacific Ocean
three-spined stickleback (G. aculeatus; Ravinet et al., 2021). Using a
combination of ABBA-BABA statistics and window-based topology
weighting to analyse whole-genome sequence data (among other
approaches), the authors show that the overall levels of introgres-

sion were higher in a pair of populations with overlapping breeding

habitats than in a pair with separated spawning sites. Although this
pattern suggests that isolation between breeding habitats contrib-
utes to reproductive isolation in this system, Ravinet et al. (2021)
concluded that other reproductive barriers, including post-zygotic
isolation, must be important in keeping the species distinct.

The comparison of hybridization rates between allopatric and
sympatric species pairs offers a generally useful strategy to test
for reinforcement in marine systems (e.g. Hollander et al., 2018). In
this special issue, Tatarenkov et al.’s (2021) study of hermaphroditic
Rivulus mangrove killifish that reproduce mainly by self-fertilization
revealed higher hybridization and introgression between sympatric
than allopatric populations of divergent lineages, a pattern that is
opposite to that predicted by reinforcement. In contrast, the con-
tribution by Berdan et al. (2021) suggests that reinforcement could
have occurred during the divergence of Lucania killifish species asso-
ciated with a salinity gradient. Clearly, more such studies are needed
before strong conclusions about the contributions of reinforce-
ment in marine speciation can be drawn. The study by Tatarenkov
et al. (2021) also suggests that self-fertilization does not completely
prevent gene flow between mangrove Rivulus killifish lineages and
that hybridization can be important to avoid inbreeding depression
and the extinction of different lineages. The study of how warming
conditions can influence hybridization and species ranges is also im-
portant to predict how anthropogenic changes may influence spe-
ciation patterns in marine environments (Hudson et al., 2021).

Finally, another interesting outcome of hybridization is the
formation of new hybrid species (i.e. hybrid speciation: Abbott
et al., 2013). Hybrid speciation has been suggested for a variety of
marine organisms, including fishes, molluscs, algae and even mam-
mals (Amaral et al., 2014; Bringloe et al., 2020 and refs. therein;
Véinola & Johannesson, 2017; but see Schumer et al, 2014).
However, information is yet too scarce to understand its relative fre-
quency and importance in marine environments.

All these different investigations highlight how detailed studies
of hybridization and introgression can enhance our understanding
of many processes that are relevant to speciation. However, as pre-
viously mentioned, intertidal and estuarine habitats are easier to
access than other marine environments such as the deep sea and
open ocean. Despite this, there are a few pioneering studies that
have explored the geographic and genomic complexity of organ-
isms in these challenging environments (Choo et al., 2021; Faure
et al., 2009; Kashtan et al., 2014). More studies of hybridization and
hybrid zones are clearly needed.

2.6 | Implementing highly collaborative,
interdisciplinary research

One of the main roadblocks to our understanding is that the study
of speciation requires integration of detailed information from
multiple sources. For example, although they have become a major
focus of speciation studies, genomic data alone are unlikely to

be sufficient to identify the main reproductive barriers between
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closely related species (Ravinet et al., 2017). Studies targeting traits
and environmental parameters that are candidates to be involved in
speciation are also necessary to establish links between genotypes,
phenotypes and environments during the evolution of reproduc-
tive isolation.

Progress towards understanding the mechanisms of speciation in
marine organisms will likely benefit from collaborations of multiple
researchers from different areas of expertise, as well as from im-
proved integration of knowledge from multiple sources ranging from
marine ecology to engineering. Although crucial also in other envi-
ronments, the technological component may be greater in marine
ecosystems, mainly for targeting less accessible habitats. Geological
and paleontological studies are also essential for understanding the
evolutionary history of species including the dating of divergence
times (e.g. the Messenian crisis in the Mediterranean Sea; Hodge &
Bellwood, 2016; Knowlton et al., 1993), as well as to inform about
historical connectivity and gene flow between basins that are no
longer interconnected. The study of post-glacial formations of new
marine environments due to sea level rises offers interesting oppor-
tunities to study overlapping hybrid zones of multiple species and
the importance of in situ divergence and reinforcement of older bar-
riers formed during periods of isolation (Johannesson et al., 2020).
Combining empirical data with modelling or theoretical approaches
further aids in contrasting various evolutionary hypotheses under a
proper statistical framework (Westram et al., 2018).

The potential for the spread of seeds or larvae can be modelled
by combining species biology and oceanographic information into
biophysical models (Jahnke et al., 2018). Structural biology, as ex-
emplified by the classical studies of sea urchin and abalone egg-
sperm incompatibilities, is also highly important for the study of
reproductive barriers in broadcast spawning taxa, so more studies
of gametic interactions are warranted (Palumbi, 2008). Functional
and physiological studies are also crucial to understand the link be-
tween genotype and phenotype during local adaptation and specia-
tion (e.g. Colosimo et al., 2005). Recent tools (e.g. CRISPR-Cas9) are
now starting to be applied in some marine organisms (Momose &
Concordet, 2016), offering promising new methods to experimen-
tally investigate genes that have been identified as candidates play-
ing a role in reproductive isolation using other approaches.

Some species of microalgae and bacteria have dormant stages
that can be revived from dated sediment layers. These can be used as
historical archives spanning several thousands of generations back
in time, offering unique possibilities to detect evolutionary changes
in both phenotype and genotype (e.g. Harnstrom et al., 2011). The
study of ancient DNA in marine organisms also opens the possibil-
ity for directly assessing range shifts related to major geological or
climatic events, to identify demographic changes and to validate the
history of divergence inferred from modern samples (e.g. Rey-Iglesia
et al., 2020), including the question of whether gene flow has been
decreasing during divergence.

Fostered by climate change research, environmental data for

multiple parameters that can influence speciation are increasingly
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available worldwide (e.g. temperature). High-resolution characteri-
zation of the local environment using multiple tools for environmen-
tal monitoring (Bates et al., 2018) and niche modelling are essential
for understanding the impact of ecology and natural selection on
speciation in diverse marine environments. Studies establishing a
connection between global and local environmental or ecological
changes (Helmuth et al., 2014) are further needed to fully under-
stand how global patterns influence speciation in specific marine

biogeographic regions and local ecosystems.

3 | CONCLUDING REMARKS AND
CONSERVATION IMPLICATIONS

In this special issue, we assembled several contributions to help
highlight the need to learn more about speciation in marine environ-
ments. Although we acknowledge that many of the examples reflect
our own (taxonomic, geographic, etc.) biases, we hope to inspire fu-
ture research efforts in this topic to continue filling this critical gap.

The research on marine speciation highlighted here allows us
to draw some preliminary conclusions. First, the term marine spe-
ciation encapsulates a huge diversity of life-history traits and re-
productive barriers across multiple marine taxonomic groups and
ecosystems. Thus, except for the sake of convenience, the classi-
fication of speciation as being marine, terrestrial and freshwater is
probably not so useful to move the field forward. This, however,
does not exclude the possibility of some reproductive barriers
being more common in marine organisms or ecosystems. Second,
in agreement with the relatively high dispersal of many marine spe-
cies and the frequent lack of clear geographic barriers, gene flow
seems common during speciation. Third, the large effective popula-
tion size of many marine species probably entails increased levels of
standing genetic variation upon which selection can act. Together
with the role of ecology in driving marine species divergence, this
suggests that natural selection may be particularly important in
driving speciation at least in some marine taxa and ecosystems.
Fourth, studies showing that particular genomic architectures (e.g.
chromosomal rearrangements) prevent recombination between al-
lelic variants underlying various reproductive barriers are relatively
common in marine species. The large effective population sizes
and connectivity observed in many marine species can maintain
polymorphic rearrangements for long periods of time, which may
at some point become instrumental in speciation (Wellenreuther
& Bernatchez, 2018). Nevertheless, none of these conclusions are
exclusive to marine ecosystems. Thus, more work is needed to de-
termine what, if anything, makes speciation in marine environments
different from terrestrial or freshwater ecosystems.

The patterns of biodiversity observed in our oceans reflect
a balance between speciation and extinction. It is important to
emphasize that anthropogenic threats to marine life (overfishing
and hunting, acidification, warming, habitat fragmentation, the in-

troduction of invasive species, pollution, etc.) do not only affect
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extinction of marine populations and species, but also can have
important consequences for the rates and dynamics of speciation
in marine environments as well (e.g. Viard et al., 2020). Now that
we are entering the United Nations decade of ocean science for
sustainable development (2021-2030), there is urgent need for
understanding how anthropogenic disturbances (global warming,
ocean acidification, etc.) influence not only population and species
survival (Fuller et al., 2020), but also the outcomes of hybridization
(Hudson et al., 2021) and, ultimately, speciation rates. Enhanced
knowledge of marine speciation will therefore improve marine
biodiversity forecasting and lead to more informed conservation

measures for many marine organisms.
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