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ABSTRACT

Background: Studies of ecological speciation tend to focus on a few model biological systems.
In contrast, few studies on non-model organisms have been able to infer ecological speciation as
the underlying mechanism of evolutionary divergence.

Questions: What are the pitfalls in studying ecological speciation in non-model organisms
that lead to this bias? What alternative approaches might redress the balance?

Organism: Genetically differentiated types of the killer whale (Orcinus orca) exhibiting
differences in prey preference, habitat use, morphology, and behaviour.

Methods: Review of the literature on killer whale evolutionary ecology in search of
any difficulty in demonstrating causal links between variation in phenotype, ecology, and
reproductive isolation in this non-model organism.

Results: At present, we do not have enough evidence to conclude that adaptive phenotype
traits linked to ecological variation underlie reproductive isolation between sympatric killer
whale types. Perhaps ecological speciation has occurred, but it is hard to prove. We will probably
face this outcome whenever we wish to address non-model organisms – species in which it is not
easy to apply experimental approaches and comparative studies among multiple taxon pairs.
We need new genomic approaches that identify genes under selection and then link alleles to
phenotypic differences and reproductive isolation.

Keywords: ecological speciation, genome-wide scans, killer whale, niche variation,
non-model organism, phenotypic variation, reproductive isolation.

INTRODUCTION

Ecological differences have long been recognized as having a key role in promoting
speciation through natural selection (Darwin, 1859). Early studies on speciation were primarily
descriptive and species were typically categorized based on phenotypic traits. Subsequently,
reproductive isolation rather than simply phenotypic divergence came to be recognized
as the critical indicator of speciation (Dobzhansky, 1937; Mayr, 1942). Modern studies use the
term ‘ecological speciation’ to refer to a three-stage process that encompasses and links
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ecological divergence, phenotypic divergence, and reproductive isolation: ecological contrast
or an ecological gradient promotes divergent natural selection; this causes adaptive
divergence of phenotypic traits between individuals in the different ecological contexts;
when one or several of these adaptations are also associated with reproductive compatibility,
divergence in these traits results in reproductive isolation either through assortative mating
or low hybrid fitness (Schluter, 2001, 2009; Rundle and Nosil, 2005; Funk et al., 2006; Hendry, 2009a, 2009b; Nosil et al.,

2009). Therefore, robustly determining that ecological speciation is the underlying mechanism
of any evolutionary divergence requires each of the following steps to be achieved:

1. The identification of ecological differences between speciating taxa.
2. The identification of adaptive divergence due to natural selection of phenotypic traits

associated with these ecological differences.
3. Determining that these diverging taxa are reproductively isolated.
4. The identification of a causal link between the adaptive traits under natural selection

and reproductive isolation.

A series of studies on model systems has led to the development of a framework of
investigations, including investigating parallel divergences, translocation experiments,
and mate-choice experiments, with which to robustly test if observations of ecological,
phenotype, and genetic variation are consistent with ecological speciation (e.g. Schluter and Nagel,

1995; Orr and Smith, 1998; Schluter, 2001; McKinnon and Rundle, 2002; Hendry, 2009a; Nosil et al., 2009). These
investigations into ecological speciation have led to the identification of the underlying
mechanisms linking natural selection and reproductive isolation in some well-studied
natural model systems, e.g. Darwin’s finches Geospiza spp., threespine sticklebacks
Gasterosteus aculeatus, and Anolis lizards Anolis sagrei, to name a few (McKinnon and Rundle,

2002; Grant and Grant, 2008; Losos, 2009).

Ecological speciation in non-model organisms

The recent high level of interest in ecological speciation has led to investigations exploring
its prevalence in a broader range of taxa (e.g. Funk et al., 2006). However, studies robustly
identifying ecological speciation in non-model systems and determining the underlying
mechanisms are still relatively few and some studies have over-interpreted ecological,
phenotypic, and neutral genetic differences between populations as conclusive support for
ecological speciation (see Hendry, 2009a). There are arguably understandable reasons for why
investigations on non-model systems might have difficulty establishing the causal links
between ecological differences, selection on adaptive traits, and reproductive isolation,
needed to robustly infer ecological speciation. For example, many non-model organisms are
long-lived, making it unviable to track evolution across multiple generations. There can
be ethical and logistical constraints on experimental work such as translocations and
mate-choice experiments. There can also be difficulty in finding multiple taxon pairs to
allow comparisons of parallel evolution. However, studying ecological speciation and
understanding the processes underlying reproductive isolation between putative species
or ‘evolutionarily significant units’ is now an important and widely accepted aspect of
conservation genetics (see Crandall et al., 2000). Ecological speciation is, after all, a key
component of the generation of biodiversity. Therefore, we should not give up on our
efforts to broaden investigations of ecological speciation to a wider range of taxa.
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Top-down and bottom-up approaches

Most studies of ecological speciation have adopted what Schluter (2009) referred to as a
top-down approach – that is, first identifying phenotypic traits under divergent selection
due to ecological differences (e.g. Nagel and Schluter, 1998); second, identifying which of these traits
are associated with reproductive isolation (e.g. McKinnon et al., 2004); and lastly, understanding
the underlying genes associated with those traits and reproductive isolation (e.g. Peichel et al.,

2001). However, the advent of high-throughput sequencing methods and growing ease and
accessibility of genomic approaches such as genome-wide scans through RAD-sequencing
(Baird et al., 2008; Elshire et al., 2011) allow for more widespread application of a bottom-up
approach (sensu Schluter, 2009), i.e. identifying outlier loci for which allele frequencies differ
between ecotypes more than expected under a neutral model, suggesting evolution under
positive selection due to being associated with adaptive divergence. This can then be
followed by mapping these genes under selection to phenotypic traits, and an investigation
of how alternative alleles in those genes are expressed as phenotypic differences, and
lastly how they are linked to reproductive isolation. For example, recent studies have
found parallel divergences in loci linked to armour plate phenotype, salinity tolerance, and
immune function in different populations of marine–freshwater species pairs, and in loci
linked to pigmentation and immune function in multiple benthic–limnetic lake pairs of
threespine stickback (Hohenlohe et al., 2010; Jones et al., 2012). Using this approach, studies on model
and non-model organisms should be on more of an equal footing, as experimental
work, multi-generational studies or comparisons of multiple taxon pairs are not required to
initially identify adaptive differences.

KILLER WHALES AS A NON-MODEL ORGANISM FOR
STUDYING ECOLOGICAL SPECIATION

Here, I first adopt a top-down approach to critically review the evidence that distinct
ecotypes of a non-model organism, the killer whale Orcinus orca, are a product of
ecological speciation, as has recently been suggested by Riesch et al. (2012). I then outline
how a bottom-up approach might help resolve some of the uncertainties and result in
a more conclusive assessment.

Is there evidence for ecological divergence?

The best-studied populations of the Northeast Pacific exhibit strong ecological contrast:
populations of the ‘transient’ ecotype specialize in hunting mammals and occur in partial
sympatry with populations of the ‘resident’ ecotype, which specialize in hunting fish, in
particular salmonids (Ford et al., 1998; Saulitis et al., 2000; Burdin et al., 2005; Herman et al., 2005) (Fig. 1).
A third Pacific ‘offshore’ ecotype is thought to be pisciverous, with a diet that includes shark
species (Dahlheim et al., 2008; J.K.B. Ford et al., 2011).

In the waters around Antarctica, several discrete morphotypes (types A, B, C, and D)
have recently been described (Pitman and Ensor, 2003; Pitman et al., 2007, 2011) (Fig. 1). Studies on the
ecological differences between Antarctic types are at an earlier stage than studies in the
Northeast Pacific, but suggest types A and D mainly inhabit open waters, while types B and
C are more often found in the pack ice (Pitman and Ensor, 2003; Andrews et al., 2008; Pitman and Durban,

2010, 2012; Pitman et al., 2011; Durban and Pitman, 2012). Furthermore, while diets may not be exclusive
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Fig. 1. Phenotype variation among killer whale types (for details, see main text). Illustrations of adult
male killer whales drawn to scale by Uko Gorter based on published (Pitman et al., 2007; Fearnbach et al.,

2011) and unpublished data collected by John W. Durban and Robert L. Pitman.
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to each type, there does appear to be differences in the dominant prey that each type has
been observed hunting: type A have mainly been observed hunting minke whales, type B
seals and penguins, and type C Antarctic tooth fish (Pitman and Ensor, 2003; Pitman and Durban, 2010,

2012). Recent studies suggest there is potentially more variation in both morphology
and ecology within type B than previously recognized, and there may be a smaller
penguin-eating form and a larger seal-eating form (Pitman and Durban, 2010, 2012).

In the Northeast Atlantic, two types were recently described based on tooth wear
patterns in museum samples (Foote et al., 2009). Adult specimens of one type had severely worn
teeth, while adult specimens of the other had little or no apical tooth wear (Fig. 1). The
specimens with worn teeth shared mitochondrial DNA haplotypes with local populations
known to feed on herring and mackerel, and tooth wear was seen in the wild in killer whales
in these populations. Comparatively little is known about the ecology of the type with
unworn teeth, but invariant stable isotope values suggest a specialized diet (Foote et al., 2009).
Interestingly, in the type with worn teeth, a large variance in stable isotope values indicates a
broad niche width within each lineage (individuals sharing mtDNA haplotype). Figure 2
compares the standard deviation in isotopic values for one of these lineages with isotope
values from both the mammal-eating and fish-eating types of the Pacific. The variance
appears to indicate trophic level differences within a lineage. However, the presence of tooth
wear in individuals at both ends of the scale suggests some overlap in diet or foraging
strategy (Foote et al., 2009) (Fig. 2). There have been a few observations of photo-identified
groups from herring-eating populations hunting seals off the coast of Norway (Stenersen and

Similä, 2004) and stomach contents of museum specimens also contained mammals (Foote et al.,

Fig. 2. Nitrogen and carbon stable isotope ratios of epidermal collagen samples for Pacific transient
and resident killer whales from the Eastern Aleutian Islands in the North Pacific (Herman et al., 2005),
and bone or tooth collagen samples for a northeastern Atlantic killer mtDNA lineage (Atl_1_33)
from the North Sea (Foote et al., 2009). The worn teeth of northeastern Atlantic killer whales with
low δ

15N values (e.g. bottom left whale has δ
15N = 12.8) and high δ

15N values (e.g. top left whale
has δ15N = 16.1 and had marine mammal remains in its stomach) suggest some overlap in the diet
(Foote et al., 2009).
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2009). Therefore, there is ecological contrast both between and within some lineages in the
Northeast Atlantic.

Based on phylogenetic analyses, the ecological divergences listed above in the North
Pacific, Northeast Atlantic, and Antarctic appear to have arisen to some extent inde-
pendently in each ocean basin (Morin et al., 2010; Foote et al., 2011a) (Fig. 3). Divergent types in the
North Pacific and Northeast Atlantic appear to have existed in allopatry prior to their
current sympatric existence following secondary contact (Foote et al., 2011a). The Antarctic
types sequenced to date are sister taxa and so may have diverged within this region (Morin

et al., 2010; Foote et al., 2011a). However, the extent of the Southern Ocean prohibits inferring
sympatric divergence from biogeography alone (Foote et al., 2011a). The divergence in stable
isotopes of individuals from a localized geographic area within the Northeast Atlantic
sharing the same mitochondrial DNA haplotype could suggest a partially sympatric
diversification (Foote et al., 2009).

In summary, there is evidence for ecological differences between killer whale types
in the North Pacific, Antarctic, and Northeast Atlantic. However, the exact nature of
ecological diversification and the extent of ecological discreteness are different in each
ocean basin.

Fig. 3. Phylogenetic reconstruction based on mitochondrial genome sequences, adapted from Foote
et al. (2011a). Clades are collapsed and colours indicate geographic origin of samples as follows:
Antarctic (grey), Atlantic (black), and Pacific (white). The predominant ecotype or type in each clade
is as follows: clade 1, Pacific transient; clade 2, Atlantic haplotypes from the Icelandic and Norwegian
herring-eating populations and Gibraltar tuna-eating population; clade 3, Pacific resident; clade 4,
Atlantic haplotypes from UK, Canary Islands, and Iceland; clade 5, Pacific offshore; clade 6,
Antarctic type C; clade 7, Antarctic type B; clade 8, Antarctic type A; clade 9, Atlantic haplotypes
from Scotland, Canary Islands, and Gulf of Mexico.
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Is there evidence for adaptive divergence due to natural selection on
phenotypic traits associated with ecology?

Natural selection can act on, and lead to divergence of, both genetically heritable traits
and plastic traits (Crispo, 2008). The relationship between selection, adaptation (genetic and
plastic), and reproductive isolation can be complex and adaptation of plastic traits can both
constrain and/or promote progress towards ecological speciation. The key difference
between these two forms of adaptive divergence is that while the divergence of heritable
traits will be constrained by gene flow, plastic traits are directly influenced by ecological
factors and unaffected by the levels of gene flow (Crispo, 2008; Thibert-Plante and Hendry, 2011).
Plasticity can therefore lead to rapid adaptation to novel ecological niches, and this
dispersal potential can reduce genetic differentiation across ecological gradients (Crispo, 2008;

Thibert-Plante and Hendry, 2011). However, the ability to rapidly adapt to novel ecological niches
through plasticity can then promote adaptive divergence of the genotype due to natural
selection and therefore promote ecological speciation (Crispo, 2008; Thibert-Plante and Hendry, 2011). It
is therefore important to distinguish between plastic and heritable traits when identifying
adaptive divergence.

A key predictor for testing if the divergence of phenotypic traits is adaptive due to
natural selection is if parallel evolution of phenotype divergence occurs across the same
ecological gradient independently in multiple taxon pairs (Schluter, 2001). Due to the differences
in ecological niche partitioning and phenotypic divergence, these three sets of ecotypes
in the North Pacific, Northeast Atlantic, and Antarctic do not appear to be completely
homologous in the same way as the parallel divergences in many model organisms are, such
as the multiple benthic–limnetic lake threespine stickleback species pairs (McKinnon and Rundle,

2002). Instead, they appear more akin to the different systems within the threespine stickle-
back species complex (see McKinnon and Rundle, 2002). This confounds comparative investigations
of parallel evolution. The different populations of the resident and transient ecotype found
around the North Pacific Rim appear to have arisen from a single divergence rather than
multiple parallel divergences, further reducing the opportunity for comparative studies.
This is also probably the case in the other ocean basins, based on the almost complete
monophyletic lineage sorting of each type (Morin et al., 2010). However, recent comparative
studies in the Northeast Atlantic have been able to draw useful parallels with results from
the North Pacific (Deecke et al., 2011; Beck et al., 2012).

One of the strongest examples of an adaptive phenotypic trait linked to ecology in
killer whales is vocal behaviour, which contrasts between groups hunting mammals and
those hunting fish (Morton, 1990; Barrett-Lennard et al., 1996; Deecke et al., 2005, 2011). Marine mammals
such as porpoise and seals have hearing ranges that overlap with the frequency range of
vocalizations produced by killer whales, whereas most fish species have relatively poor
hearing and over a narrow bandwidth (Foote and Nystuen, 2008). The cost of vocalizing by killer
whales hunting mammals has been experimentally demonstrated by playing back killer
whale calls to seals, which respond in a way that could reduce the risk of capture (Deecke et al.,

2002). Consequently, in the Northeast Pacific, the mammal-eating transients rarely vocalize
when they are hunting, in contrast to the fish-eating resident type, which frequently
vocalizes when foraging (Morton, 1990; Barrett-Lennard et al., 1996; Deecke et al., 2005). The risk of being
detected when hunting mammals has also led to the evolution of consistently small group
sizes in mammal-eating killer whales (Morton, 1990; Baird and Dill, 1996). In contrast, in fish-eating
killer whales, group size varies markedly (Morton, 1990). Both these traits, vocal rates and group
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size, show a strong parallel contrast between killer whale groups hunting mammals and
killer whale groups hunting fish in the Pacific and Atlantic, suggesting parallel evolution of
adaptive traits due to natural selection (Deecke et al., 2011; Beck et al., 2012) (Fig. 4).

Although there is variation in body size between the Pacific types, to date no variation in
genetically heritable traits have been shown to be due to ecological adaptation. Differences
in morphological traits such as pigmentation patterns and body size are more pronounced
among Antarctic types than Pacific types (Pitman and Ensor, 2003; Pitman et al., 2011) (see Fig. 1). The
degree of divergence in a phenotypic trait when compared with phylogenetic divergence can
indicate the rate of divergence in these traits and therefore act as a proxy of the strength of
natural selection (Barraclough and Nee, 2001; Schluter, 2001; Nosil et al., 2009). Given the more recent
phylogenetic divergence of the Antarctic types, it is hard to imagine that the morphological
differences between them arose solely from drift. However, these variable traits have yet to
be shown conclusively to be ecologically adaptive.

Natural selection has been suggested to be the driver of genetic changes in the cytochrome
b gene in both Antarctic types B and C (Foote et al., 2011b). A single non-synonymous amino
acid substitution resulting in a directional change in amino acid polarity was estimated
to have occurred under positive selection and was close to fixation in type C. A non-
synonymous amino acid substitution at another site, which resulted in the opposite change
in the polarity of the amino acid, was found to be fixed in type B and was also estimated to
have occurred under positive selection (Foote et al., 2011b). The changes are expected to have an
impact on adenosine triphosphate (ATP) production and hence metabolic performance
(Foote et al., 2011b). Both these types, which are sister taxa, inhabit the Antarctic pack ice and
the thermal challenges of this environment may be an important selection pressure. The
substitution found in type C may be additionally linked to body size, as this is the smallest
of the killer whales types described to date (Pitman et al., 2007) (Fig. 1). Non-synonymous amino
acid changes were found at the same or a neighbouring site, resulting in the same directional
change in local polarity, and a signature of positive selection of similar magnitude in

Fig. 4. Parallel divergence in phenotype traits associated with ecology. (a) Differences in the rate of
vocalization by killer whales observed hunting either mammalian or fish prey types in the Northeast
Pacific and Northeast Atlantic. Horizontal bars give median call rate, boxes show the interquartile
range. Adapted from Deecke et al. (2005, 2011). (b) Differences in group size (mean ± 1 ..) between
killer whales observed hunting either mammalian or fish prey types in the Northeast Pacific and
Northeast Atlantic. Adapted from Beck et al. (2012) and Zerbini et al. (2007).
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comparisons of the cytochrome b gene of the sperm whale Physeter macrocephalus with
the dwarf and pygmy sperm whales Kogia spp., and the hippopotamus Hippopotamus
amphibius with the pygmy hippopotamus Choeropsis liberiensis (A.D. Foote, unpublished data).

In summary, there is evidence for adaptive divergence among killer whale types due to
natural selection in the North Pacific and Northeast Atlantic, but to date this has been
limited to non-heritable plastic traits, which as noted above and in the following sections,
could promote or constrain the progress towards ecological speciation. There is some
evidence for adaptive divergence among Antarctic killer whale types of heritable traits.

Is there evidence for reproductive isolation?

In four decades of field-based studies in the Northeast Pacific, the transient and resident
types have appeared to be completely socially isolated (Ford and Ellis, 1999; Ford et al., 2000). In fact,
transients have been observed to change course to avoid contact once calls of the resident
type have been detected, and there have been a few observations of aggressive interactions
between them (Morton, 1990; Ford and Ellis, 1999). Analysis of mitochondrial DNA and micro-
satellites detected no permanent dispersal and high genetic differentiation among North
Pacific ecotypes (Hoelzel et al., 1998, 2007; Barrett-Lennard and Ellis, 2001; Morin et al., 2010; M.J. Ford et al., 2011).
Uncertainty remains over the degree of reproductive isolation, as some studies have
reported estimates of low-level ongoing male-mediated gene flow between types (Hoelzel et al.,

2007; Pilot et al., 2010) and incongruence between nuclear and mitochondrial DNA trees
(Barrett-Lennard and Ellis, 2001; Pilot et al., 2010); others have found no evidence for contemporary
male-mediated gene flow (M.J. Ford et al., 2011). Therefore, although there is some debate over
whether it is complete or not, there does appear to be some degree of reproductive isolation
between North Pacific killer whale ecotypes. Genetic differentiation, based on microsatellite
genotypes, indicates there is also a degree of reproductive isolation between Antarctic types
(Morin et al., 2010). There are currently no data to test this with for the North Atlantic.

Is reproductive isolation associated with adaptations to ecology and
therefore consistent with ecological speciation?

Comparing genetic differentiation within and between ecotypes

The review above shows that three of the key prerequisites for ecological speciation –
ecological variation, adaptive phenotype variation, and reproductive isolation – are to some
degree present in our study subject, the killer whale. However, to robustly infer ecological
speciation, a causal mechanism linking these different components must be demonstrated.
A key indicator of this link and therefore a predicted outcome of ecological speciation is
that the level of differentiation should be greater among populations of different ecotypes
than among populations of the same ecotype (Schluter, 2001). Studies comparing genetic
differentiation among populations in the North Pacific have found there is typically greater
genetic differentiation between ecotypes than within each ecotype (e.g. Barrett-Lennard and Ellis,

2001; Hoelzel et al., 2007) (see Fig. 5). However, the differences may be partially explained by the
time since divergence, as the degree of reproductive isolation is expected to correlate with
time since divergence (see Coyne and Orr, 1989, 2004) (see Fig. 6). In comparisons of genetic
differentiation between ecotypes, the variation that is not explained by time since divergence
(see Fig. 6) is interesting, as it may give an indication of differences in the rate of evolution
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of reproductive isolation between different killer whale types. This would suggest that
reproductive isolation may be more strongly promoted between the resident and the
transient ecotypes than between the offshore and transient ecotypes in the North Pacific,
and between types A and both types B and C than between type B and type C in the
Antarctic (Fig. 6).

Post-mating isolation

Ecology-dependent adaptations could result in reproductive isolation through reducing
immigrant or hybrid fitness or through assortative mating. As noted above, long-term
studies of identified individuals have never observed permanent immigration into a
population (Ford et al., 2000). Although there has been hybridization between different killer

Fig. 5. Genetic differentiation between populations of North Pacific killer whales based on neutral
nuclear DNA markers (microsatellites) using Weir and Cockerham’s (1984) FST based on data in
Hoelzel et al. (2007) and Barratt-Lennard and Ellis (2001).

Fig. 6. A comparison of genetic differentiation between North Pacific ecotypes (solid diamonds) and
between Antarctic ecotypes (open diamonds) based on neutral nuclear DNA markers (microsatellites)
using Hedrick’s (2005) G�ST, plotted against time since divergence, based on data in Morin et al. (2010).
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whale types in captivity, it is not known if these are viable (see Riesch et al., 2012), and does not
allow a test of their fitness under natural conditions. One genetics study identified potential
hybrids in the North Pacific (Pilot et al., 2010), but no studies have investigated differences
in fitness between these few individuals and non-hybrids. To date, no published reports
have identified individuals with intermediate morphological traits of the Antarctic types
(Pitman and Ensor, 2003), suggesting a low frequency of hybridization. Theoretically, any of the
genetically heritable traits mentioned above, if under selection due to ecology, could reduce
hybrid fitness. However, the plastic traits such as vocal rates and group size, for which the
most convincing evidence of ecological selection exists, are thought to be culturally
inherited, with predominantly vertical transmission within matrilineal groups (see Riesch et al.,

2012). Cultural inheritance of these behavioural differences might be expected to select
against immigrants, especially if behavioural plasticity is limited at the age the immigrant
individual disperses (Riesch et al., 2012; see Thibert-Plante and Hendry, 2011). However, adaptive culturally
inherited traits would not select against hybridization through male-mediated gene flow, as
the offspring would still culturally inherit the adaptive phenotype suited to the ecology of its
natal group (Hoelzel et al., 2007).

Pre-mating isolation

Riesch et al. (2012) recently suggested a role for culturally transmitted traits, in particular
stereotyped call repertoires, as cues for assortative mating in killer whales. These stereotyped
call dialects are thought to be a product of cultural drift, social selection, and founding
effects (Filatova et al., 2012). If killer whale dialects are not under natural selection due to
ecology, each dialect will be neutral with regard to its fitness in different ecological contexts.
Assortative mating based on cultural traits that evolve solely through founding effects,
social selection, and cultural drift would not be an example of ecological speciation
(Price, 2008; Schluter, 2009).

Assortative mating would have to be based on ecology-dependent characteristics of killer
whale call repertoires for such a mechanism to be classified as ecological speciation (for a

reviews on this process, see Boughman, 2002; Slabbekoorn and Smith, 2002). For example, Foote and Nystuen
(2008) found some correlations between the frequency characteristics of a selection of calls
produced by each North Pacific ecotype and the hearing characteristics of their preferred
prey and background noise of their preferred habitat. These putatively adaptive ecology-
dependent characteristics were hypothesized to reduce detection by prey and enhance
transmission characteristics (Foote and Nystuen, 2008). Assortative mating based on ecology-
dependent characteristics of cultural traits such as killer whale calls or birdsong could also
be based on a relationship between physical differences linked to ecology, which are then
somehow reflected in the vocalizations. For example, beak size in Darwin’s finches can be
under natural selection due to preferred diet; beak size then influences song pitch, which
influences mate choice and leads to assortative mating between ecologically divergent types
(see De León et al., this issue and references therein). Miller et al. (2007) found differences in the
spectral characteristics – the distribution of energy across harmonics – in comparisons
between males and females, which given the marked sexual size dimorphism in killer whales,
they attributed to differences in body size. In a recent study, M.J. Ford et al. (2011) found that
within a killer whale population, only the largest full-grown adult males had sired offspring.
Therefore, these vocal cues based on physical size could potentially act in mate choice.
Female mate choice based on body size within a population would be an example of sexual
selection rather than ecological speciation. However, if the variation in body size exhibited
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among killer whale types results from natural selection, and this in turn causes differences
in mate choice cues such as the spectral characteristics of vocalizations, then this could
potentially lead to the evolution of ecology-dependent divergence in sexual signalling and
mate choice that would be considered an example of ecological speciation (Schluter, 2000).

At present, however, these ideas remain speculative and the hypotheses untested. To date
there is no conclusive evidence other than descriptive correlations that call dialects or any
other phenotype traits are a causal link to mate choice or low hybrid fitness and underlie
reproductive isolation between killer whale ecotypes. So the case for robustly determining if
ecological speciation is the mechanism driving evolutionary divergence in killer whales
falters at conclusively finding the causal links between ecological variation, phenotype
variation, and reproductive isolation. I suspect that this is probably the case for many
studies striving to determine if ecological speciation is operating in non-model organisms.
Without the ability to perform experimental investigations such as translocations and
laboratory experiments on mate choice, studies remain purely descriptive, and without large
numbers of taxon pairs with clear parallel divergences in ecology and adaptive traits to
compare between, such descriptive studies lack power.

ALTERNATIVE MECHANISMS TO ECOLOGICAL SPECIATION

Given that the case for ecological speciation in the killer whale is inconclusive, what
alternative mechanisms should be considered that could underlie the observed population
structure? Temporary bottlenecks, such as caused by founder events or periods in glacial
refugia, can cause a substantial and prolonged loss of genetic and cultural diversity (Mayr,

1942; Templeton, 1980; Baker and Jenkins, 1987; Powell et al., 2009; Atkinson, 2011). Smaller populations will
diverge more rapidly due to genetic and cultural drift, which can promote phenotypic
divergence, genetic divergence, and ultimately speciation (e.g. Mayr, 1942; Templeton, 1980; Powell et al.,

2009; Atkinson, 2011; Kolbe et al., 2012).
A mechanism along these lines was suggested as the underlying basis for population

structure in killer whales (Hoelzel et al., 2007). There is low genetic variation both locally and
globally in killer whales, potentially linked to a historic bottleneck and local founding
events (Hoelzel et al., 2002; Morin et al., 2010; Foote et al., 2011a). Estimates of effective migrants that
moved from the Atlantic to the Pacific and founded the resident and offshore ecotypes were
very small, perhaps even a single female (Foote et al., 2011a). Additionally, all individuals within
local populations of each ecotype often have single fixed haplotypes, suggesting additional
localized founding events (Barrett-Lennard and Ellis, 2001; Hoelzel et al., 2007; Foote et al., 2011c). Hoelzel
et al. (2007) argued that social philopatry within regional populations would explain
the fixation of mtDNA haplotype, and suggested that the level of male-mediated gene
flow during temporary interactions between populations would be dependent upon the
probability of such interactions occurring. They proposed that differences in habitat usage
would reduce the number of temporary interactions between different ecotypes relative to
the number of interactions between populations of the same ecotype. This explanation
would be consistent with the difference in the level of genetic differentiation between
populations in comparisons between and within ecotypes (Hoelzel et al., 2007).

Of course, these ideas are not mutually exclusive with ecological speciation due to natural
selection. A recent experimental study on Anolis lizards found evidence for a role of both
natural selection and founder effects in evolutionary divergence (e.g. Kolbe et al., 2012). Natural
selection led to directional evolution of adaptive phenotypes in several independent
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locations; founder effects led to additional morphological and genetic variation among
locations (e.g. Kolbe et al., 2012). There are other possible mechanisms underlying speciation,
such as Dobzhansky-Muller incompatibilities between mutations accumulated in different
populations, sexual selection, and polyploidy, but I will not consider these in detail here.
Suffice to say, there are other possible scenarios other than divergence due to ecological
speciation that could have led to the observed pattern of ecologically and phenotypically
divergent, reproductively isolated killer whale types.

A BOTTOM-UP APPROACH TO STUDYING ECOLOGICAL SPECIATION
IN NON-MODEL ORGANISMS

Population genomic studies using genome-wide scan data from multiple individuals are now
becoming more accessible due to the advent of highly parallel, high-throughput sequencing
and newly developed restriction assay digest (RAD) methods, allowing the cost-effective
sequencing of reduced representation libraries (RRLs) of the genome (e.g. Baird et al., 2008; Elshire

et al., 2011). These protocols are useful in investigations of ecological speciation not only
because of the sheer magnitude of genetic data they produce, but because they can include
loci linked to adaptive traits and therefore evolving under natural selection (e.g. Hohenlohe et al.,

2010; Jones et al., 2012). Studies of killer whale population structure have used microsatellite loci,
thought to be neutral with respect to natural selection. These markers are commonly used in
studies on ecological speciation (e.g. Huber et al., 2007; Berner et al., 2009). However, neutral loci can
fail to detect the effects of natural selection on loci linked to adaptive traits (Thibert-Plante and

Hendry, 2010). The assumption made when using neutral genetic markers to investigate the
progress towards ecological speciation is that selection on adaptive markers will cause a
generalized barrier to gene flow that will then be detectable using non-linked neutral loci
(Thibert-Plante and Hendry, 2010). However, under many conditions detection of this barrier
is unlikely to occur. For example, in scenarios with low levels of migration between
small populations, as in the case of North Pacific killer whales (Hoelzel et al., 2007), genetic
differentiation will build up between all populations caused by divergence due to drift,
which will mask any influence of a generalized barrier to gene flow caused by natural
selection (Thibert-Plante and Hendry, 2010). There can also be sharing of neutral loci unlinked to
selected markers due to gene flow between ecotypes, but post-zygotic barriers (e.g. low
hybrid fitness) to the gene flow of adaptive alleles at loci under selection between ecotypes.
This can result in a pattern of homogenization of allele sharing at neutral loci across
ecological barriers, but differentiation based on ecologically selected alleles at loci linked to
adaptive traits (e.g. Jones et al., 2012).

Genome-wide scans used to detect loci under positive selection and loci/trait mapping to
identify which phenotypic traits these are linked to, can provide insights into whether
parallel evolution of traits under natural selection is occurring independently in different
populations (e.g. Deagle et al., 2012; Jones et al., 2012; Roesti et al., 2012). In non-model organisms such as
killer whales this is useful, as it can potentially increase the number of traits identified as
being under selection, and allows a standardized quantitative comparison for measuring
the strength of selection across all identified adaptive loci/traits and between different
populations (Linnen and Hoekstra, 2009). This can increase the power of comparative studies of
non-model organisms such as the killer whale, which may have few taxon pairs to compare
among for signs of parallel divergence, i.e. a high number of traits/loci in few taxon pairs
approach, versus few traits in larger numbers of taxon pairs approach used in many classic
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studies of model organisms. However, it may be that there are a number of combinations of
genotypic variation that could arrive at the same adaptive phenotypic outcome (Elmer and

Meyer, 2011), which may hamper identifying parallel evolution from genome-wide scan data.
A bottom-up approach to robustly determining if ecological speciation is the underlying

mechanism of evolution divergence of a non-model organism would therefore address the
key questions in the following way:

1. The identification of ecological differences between speciating taxa. Samples would be
binned based on ecological differences a priori to the genetic investigation.

2. The identification of adaptive divergence due to natural selection of phenotypic traits
associated with these ecological differences. Adaptive divergence would be identified by
outlier loci within genes exhibiting particularly high differentiation compared with the
majority of neutral loci scanned across the genome in pairwise comparisons between
ecotypes. Higher differentiation at a locus would result from alternative adaptive alleles
reaching fixation in a different ecotype due to natural selection. This is expected to be most
effective in scenarios where there is ongoing gene flow to reduce differentiation across the
neutral regions of the genome.

3. Determining that these diverging taxa are reproductively isolated. The degree of sharing
of alleles of both neutral and adaptive markers would indicate the degree of reproductive
isolation.

4. The identification of a causal link between the adaptive traits under natural selection and
reproductive isolation. Outlier loci indicate that alleles at these loci are being exchanged
between ecotypes at a lower rate than the rest of the genome. Therefore the adaptive
mutations in these genes must also be linked to reproduction isolation. This could either be
due to mate choice based on the phenotypic expression of adaptive alleles, or low fitness of
hybrids lacking the adaptive allele for their ecological niche. The exact mechanism linking
the adaptive alleles and reproductive isolation may not be identified by genome-wide scans
alone, but this approach can then be followed up by genetic mapping to link these alleles to
phenotypic traits and then more traditional approaches can be applied to investigate the
role of these traits in reproductive isolation.

Caveats to the use of genome-wide scans to investigate speciation processes

The application of genome-wide scans to better understand speciation is still in its infancy
and as such some of the limitations of this approach are only just starting to be better
appreciated. Ultimately, this method relies upon the ability to discriminate between loci
under selection and those evolving under neutrality. There are a number of processes that
can reduce the resolution of identifying genes under selection from genome-wide scans. For
example, it is important to have some previous understanding of the geographic context of
speciation and the level of gene flow in the study system; since at one extreme, generalized
barriers to gene flow such as allopatric divergences would lead to differentiation across the
whole genome and mask any regions under selection. Even in the face of gene flow, the
ability to detect adaptive changes will depend upon the strength of selection compared with
the rate of neutral gene flow, and loci evolving under weak selection may not be detected.
Neutral regions adjacent to loci under selection are also expected to show high differen-
tiation due to linkage. The size of these outlier regions, or ‘genomic islands’, surrounding
selected loci will depend upon the recombination rate and may therefore vary widely. These
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factors can make it difficult to identify the particular loci under selection and low-density
genome-wide scans run the risk of misidentifying neutral regions flanking outlier loci as
being adaptive and evolving under selection (see Roesti et al., 2012). A recent collection of papers
on patterns and processes of genomic divergence during speciation edited by Nosil and
Feder (2012) provides an excellent overview of these issues and caveats.

CONCLUSIONS

The difficulty of robustly determining if ecological speciation underlies the pattern of
evolutionary variation observed in some non-model organisms is highlighted by this case
study on the killer whale. However, there is much promise in new molecular approaches that
initially identify selection on the genotype rather than the phenotype. Model biological
systems that have provided robust evidence for ecological speciation are likely to remain
the most useful systems for furthering our understanding of ecological speciation, e.g.
investigating the role of individuality in initiating speciation (see De León et al., this issue), or
variables that determine the rate of speciation (Grant and Grant, 2002; Losos et al., 2006; Taylor et al., 2006;

Berner et al., 2009). However, it is important that we strive to move beyond merely describing
differentiation of ecological, morphological, and neutral genetic markers in non-model
organisms, and try to understand the underlying processes determining diversification (see

Crandall et al., 2000). Understanding the process can help inform management decisions such as
selection of individuals for translocations and reintroduction programmes and a more
qualified determination of taxonomic status.
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