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Abstraet From the surface, the world's oceans appear vast and boundless. Ocean
currents, which can transport marine organisms thousands of kilometers, coupled
with species that spend some or all of their life in the pelagic zone, the open sea,
highlight the potential for well-mixed, panmictic marine populations. Yet these
ocean habitats do harbor boundares. In this largely three-dimensional marine
environment, gradients form boundaries. These gradients include temperature, salin-
ity, and oxygen gradients. Ocean currents also form boundaries between neighboring
water masses even as they can break through barmiers by transporting organisms
huge distances. With the advent of next-generation sequencing approaches, which
allow us to easily generate a large number of genomic markers, we are in an
unprecedented position to study the effects of these potential oceanic boundaries
and can ask how often and when do locally adapted marine populations evolve. This
knowledge will inform our understanding of how marne organisms respond to
climate change and affect how we protect marine diversity. In this chapter I first
discuss the major boundaries present in the marine environment and the implications
they have for marine organisms. Next, I discuss the how genomic approaches are
impacting our understanding of genetic comnectivity, ocean fisheries, and local
adaptation, including the potential for epigenetic adaptation. 1 conclude with
considerations for marine conservation and management and future prospects.
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M. F. Oleksiak
1 Introduction

The world's oceans are seemingly without boundaries. This vast environment covers
70% of the world and contains approximately 2.2 million eukaryotic marine species
{Mora et al. 2011). The world’s oceans’ apparent boundlessness results from this
vast environment combined with the large distances ocean currents can transport the
eges, larvae, and juveniles of many marne species. The combination of this dis-
persal potential with highly mobile adults in many marine species results in species
occupying large areas encompassing diverse marine ecosystems. Not surprisingly,
many genetic studies have shown apparent panmixia in ocean populations.

Historically, genetic studies using a few presumably neutral markers show litle
genetic differentiation among many marine species’ populations (Waples 1998;
Conover et al. 2006). Population genetic studies use Fgr values (Wright 1949),
which measure the genetic variance among populations relative to the total varance
{within plus between), to determine interpopulation genetic differentiation. Indeed,
the average Fyp value across 57 marine fish species was 0,062, while the median was
only 002 (Ward et al 1994; Waples 1998) (though note that in very large
populations, even low Fgr values can be statistically significant), and many marine
species with dispersive life stages show limited genetic differentiation (Palumbi
2003). Based on selectively neutral markers, it has been shown that even rare,
long-distance dispersal can maintsin genetic homogeneily between populations
{Waples 1998). Additionally, many marine species have large population sizes,
which also tend to minimize genetic divergence due to genetic drifi, because the
amount of change due to neutral processes decreases as the population size increases
{Kliman et al. 2008). Overall, many large marine populations show minimal among-
population genetic differentiation at neutral loci.

This historical perspective is changing. Recently, biologists have gone from
looking at a few targeted genes or a few genetic markers o looking at whole
genomes, and this is rapidly changing our perspective from the idea of well-mixed
populations to that of intraspecific differences — some due o local adaptations — that
reflect the ecological settings of local populations (Hand et al. 2015; Rudman et al
2015; Barabas and D" Andrea 2016; Messer et al. 2016; Wood and Brodie 2016).
This challenges the assumptions aboul marine species dispersal and raises the
questions: how connected are marine populations, what physical and biological
factors affect this connectivity, how rampant is local adaptation, and what are the
biological, evolutionary, and conservation implications?

The change in our perspective about the adaptive potential of marine organisms
despite large dispersal in large part reflects the availability of genome-wide infor-
mation facilitated by next-generation sequencing (NGS) technologies that allow us
1o sequence many thousands of genes in any organism (Crawford and Oleksiak
2016). Population biologists have gone from looking at target genes or a few genetic
markers to looking at whole genomes using these high-throughput sequencing
technologies. For marine species, these recent genomic approaches have opened
up the world of marine population genomic studies because now one can quantify
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the nucleotide variation at thousands of loci without needing a complete reference
genome. Instead, by sampling loci across the genome, NGS can be applied and used
to analyze any species, from those with small genomes (million of base pairs, bp) to
those with very large genomes (100 s of billions of bp). Yet, even though NGS can
be applied to most marine species, many marine species are logistically difficult o
study because they are often difficult to observe, collect, identify, and study either in
sil or in the laboratory.

For marine species that can be studied, NGS offers two different approaches for
conducting genomic studies, each with different challenges: (1) sequencing whole
genomes or (2) sequencing selected portions of genomes (selecied fragments,
expressed sequences, or targeted sequences). Sequencing the complete or whole
genome of marine organisms offers the advantage of identifying nearly all informa-
tive DNA sequence changes. Yet, whole genome sequencing for non-model species
is not trivial because genome assembly requires high-performance computing and
extensive bioinformatics (Willette et al. 2014). This problem becomes much more
severe for population genomic studies where many hundreds of individuals need to
be compared to determine fisheries stocks, demographic parameters, or adaptive
changes. Thus, wuntil whole genome bioinformatics methods (e.g., staring with
whole genome assembly and annotation followed by variant detection and analyses)
for hundreds of individuals are possible, a more effective approach for many studies
on marine species is likely o use the second approach of selective sequencing
(though see Therkildsen and Palumbi (2016) for progress on whole genome
sequencing for multiple individuals and Reid et al. (2016, 2017) for a population
genomics approach using whole genome sequencing). The exceptions are commer-
cially important species, especially fish species, with an abundance of resources
(MNielsen et al. 2009b).

For marine species without whole genome resources, population genomic studies
are more likely to sequence only a portion of the genome or a reduced subset of a
species’ genome, for example, transeripiomes (lranscriplome or gene expression
studies are not discussed here though they have been used with a wide varety of
marine organisms to infer adaptation and response to climate change (Oleksiak
2010; Stllman and Armstrong 2015)), a selected subset of the genome (e.g.,
exome caplure hybridization followed by sequencing (Ng et al. 2009)) or a reduced
representation of the genome (e.g., Rad-seq (Baird et al. 2008; Etter et al. 2011) or
genotyping by sequencing, GBS (Elshire et al. 2011)), where tens of thousands of
restriction endonuclease fragments are sampled and sequenced). These genomic
approaches allow researchers to identify and quantify single nucleotide polymor-
phisms (SNPs) for marine population genomics studies. The development of thou-
sands of polymorphic DNA markers provided by high-throughput sequencing
approaches has given researchers the unprecedented capability to interrogate across
the entire genomes of virmally any species. Researchers can use these partial
genomic approaches on just about any infractable marine species, as long as the
appropriate samples can be collected. The advantage of these genomic approaches is
that they require httle development. That is, unlike microsatellites that require
extensive marker development, including identification and optimization, these
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genomic approaches remove one of the botilenecks in ecological genetic and
genomic studies. For difficult-to-study marine species, this capability opens the
door 1o studies that identify populations, population parameters, population struc-
ture, and the processes that affect these attributes.

2  Major Population Boundaries in the Oceans

2.1 Environmental Temperature Changes

Many marine populations are large and inhabit environments without obvious
physical barriers. Coupled with high dispersal of different life stages, this suggests
that populations should be panmictic. Yet physical barrers do exist in marine
environments, and these barrders can isolate populations and potentially drive both
random (genetic drift) and adaptive variation among populations. What are these
physical barriers?

One of the most important physical barriers is temperature differences among
population locations. Indeed, the fronts and major currents defined by Dana’s
temperature boundaries (Dana 1853) continue to define the major pelagic habitats
in the world’s oceans (Spalding et al. 2012). Although temperature changes in the
oceans are not as extreme as those on land, water's large heat capacity, which is
approximate 4 times that of air, and large heat conduction, which 5 approximately
25 times that of air (Ricklefs 1979), means that most marine organisms are eclo-
therms and have body temperatures equal to the water emperature. Thus because of
water’s heat conduction and capacity, water temperature differences directly affect
body temperatures and metabolic processes that rely on temperature: there is a two-
to threefold change in chemical and physiological processes with every 10°C change
in temperature. Consequently, temperature clines have long been recognized as
important features for marine organism distributions (Dana 1853) (Fig. 1), with
temperatures affecting either survival or reproduction (Hutchins 1947).

A classic example of temperature affecting fitness and causing natural selection
occurs in the saltmarsh minnow, Fundulus heteroclitus. F. heteroclifus is distributed
along a steep thermocline, the East Coast of the United States of America. Here, for
every degree latimde change, there is approximately a 1°C temperature change.
Thus, F. heteroclifus populations living in Maine experience approximately =12°C
colder mean annual temperatures than F. heteroclifus populations living in Georgia.
This thermal cline is thought to be responsible for the adaptive divergence in enzyme
biochemistry and expression (Powers et al. 1991; Oleksiak et al. 2002).

A well-characterized example of adaptive divergence is lactate dehydrogenase B
(LDH-B) in F. heteroclitus (Fig. 2). LDH-B has two common alleles and is expressed
in the heart, liver, and red blood cells (Powers et al. 1991). The two common LDH-B
allele frequencies are strongly differentiated with latitude. Elegant enzymatic studies
showed that not only do LDH-B alleles vary with latitude, so too do catalytic
efficiencies (Place and Powers 1979, 1984). One allele (LDH-B"), which is fixed
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Fig.1 Average sea surface tempemture. Note the variation of the temperature by latitude, from the
warm region along the equator to the cold regions near the poles. Image courtesy of NASA/Goddard
Space Flight Center
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Fig. 2 Ldh-B. (a) Variation in the LDH-BEb allele frequencies with latitude. (b) Reaction rates
(kmvkcat) for three LDH-B genotypes (aa, ab, and bb). Notice that at 10°C the bb genotvpe had a
greater reaction rate than the other genotypes, while at temperatures above 25°C, this was revesed.
Adapted from Powers and Place (1978) and Place and Powers (1979

in southern populations but nearly absent from northern populations (Place and
Powers 1978), has the highest catalytic efficiency near 40°C. In contrast, the
allemative allele (LDH-B®), which i common in nothem F. heteroclitus
populations, has the highest catalytic efficiency near 10°C. In fact, LDH-B allele
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frequency is a function of latitude between northern Maine and South Carolina, a
distance of over 1,600 km, and is consistent with kinetic variation among the LDH-B
genotypes (Powers et al. 1991). The differences in LDH-B enzyme kinetics have
important biological effects. The LDH-B genotypes affect hemoglobin-oxygen
affinity, hatching time, and adult swimming performance (DiMichele and Powers
19824, b; DiMichele et al. 1991). In additon to biochemical differences between
LDH-B alleles, there are adaptive differences in LDH-B enzyme levels, which
compensate for colder northern temperatire and affect cardiac metabolism
(Crawford and Powers 1989; Pierce and Crawford 1997; Podrabsky et al. 2000).
These studies, with functional enzyme biochemistry tied to evolved gene expression,
provide one of the clearest examples of natural selection occuming in natural
populations.

This adaptive divergence in enzyme kinetics and expression occurs in
F. heteroclitus, which do not have a pelagic larval stage and have a relatively
small home range (Lotrich 1975; Able et al. 2006, 2012). With limited dispersal,
one might expect natural selection to affect genotypes along a temperature cline. In
contrast, during sexual reproduction the sea anemone (Metridium senile) releases
sperm and eggs into the water column. Fertilized gametes drift in the plankton for
1-6 months before setiling and metamorphosing into juveniles. Due to this relatively
long pelagic larval duration (pld), M. senile can spread hundreds of kilometers from
its origins (Hoffmann 1981). Yet, M. senile phosphoglucose isomerase (GPI) allele
frequencies vary along a steep thermal gradient (Hoffmann 1981), and similar to
LDH-B alleles, the different alleles differ in their kinetic properties, with greater
differences evident at low temperatures. Consistent with temperature maintaming
this allelic vanation, the allelic variants showed the highest pentose-shunt metabolic
flux differences at low temperatures (Zamer and Hoffmann 1989).

A final example of emperature effects on marine community structure is exem-
plified by enzymatic swudies across closely related barracuda species (genus
Sphyraena), including north temperate, subtropical, and south temperate species.
Lactate dehydrogenase-A (LDH-A) proteins in six barracuda species have different
apparent Kms for substrate and cofactor. For all species, Km increases with increas-
ing assay emperature. However, the Kms for the six species are all the same when
measured at the fish’s normal temperature { Holland et al. 1997). This conservation of
Kms arises from ~1.7-fold differences in the Kms when they are measured at a
common temperature. These barracuda species have evolved different LDH-A pro-
teins, yet unlike F. heterclitus populations that inhabit waters that differ by up to
12°C, the barracuda only inhabit waters that differ by 3—4°C. This suggests that even
small temperature changes can drive natural selection, and thus global climate
change might have significant effects on ectotherm survival and evolution.

Temperamre cleardy affects the population structre in the above examples.
Indeed, temperature alone can predict 53-99% of the present day population struc-
ture along coastlines for shallow benthic faunas (Belanger et al. 2012). Yet because
temperature differences often fall along a latitudinal cline, care must be taken to
differentiate adaptive responses from demographic ones (Vasemagi 2006; Strand
etal. 2012).
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2.2  Salinity Changes

Salinity is another potential barrier in the marine environment, especially near
coastlines, which can be significantly affected by freshwater input and evaporation
from tidal pools and esmaries. Dealing with changing salinities can be energetically
costly due o the need 1o either osmoregulate or osmoconform 1o maintain homeo-
stasis. The blue mussel, Mytilus eduwlis, is an osmoconformer and accumulates
intracellular organic osmolytes to maich the ambient osmotic pressure in response
to mcreased salinities. M. edulis® life history suggests that M. edulis populations
should exhibit litde genetic structure. They release fertilized eges into the water
column, and pelagic larvae remain in the water column for 3—-7 weeks and can travel
several hundred kilometers before settling (Newell 1989). Indeed, many loci exhibit
litle differentiation in protein polymorphisms (Levinton 1976). However, M. edulis
LAP (leucine aminopeptidase [) alleles and LAP activities are associated with
changing salinity. LAP's importance for osmoregulation is the production of
amino acid osmolytes: LAP cleaves neutral or hydrophobic amino acids from
N-terminal polypeptide ends, and M. edulis release these free amino acids into the
cytosol to balance mcreased osmotic pressure due to ncreased salinity. Although
adult M. edulis populations have altered LAP allele frequencies dependent on
salinity, different LAP allele frequencies are not found in the setding larvae
suggesting that differential juvenile morality establishes the allelic difference in
response 1o the salinity cline (Hilbish and Koehn 1985). This adaptive divergence
occurs despite high gene flow.

The above four enzymatic studies characterizing allele frequency differences in
targeted genes (LDH-B, GPI, LDH-A, and LAP) reveal biochemical differences that
can be related to environmentally dependent, whole organism physiology. Thus,
they illustrate how environmental variation can shape and maintain allele frequency
differences between populations even in populations with high gene flow. Such local
adaptation is dependent on gene flow and selection and often involves a genotype by
environmment mieraction (Conover et al. 2006).

2.3 Ocean Currenis

In contrast to temperature and salinity clines, ocean currents tend to homogenize
populations by increasing gene flow between populations. Ocean currents are
continuous, directed movement of seawater generated by forces, such as wind
combined with the Coriolis effect, temperature and salinity differences, and breaking
waves. Winds plus the Coriolis effect drive ocean surface currents. They can move
huge volumes of water in well-defined, predictable patterns. Many currents are fast
with strong thermal boundaries between the surrounding ocean water. These surface
currents can transport marine species’ eggs and larvae long distances. They also can
form fronts, where two curents or water masses collide or where eddies shoot off.
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Because many marine species have long pelagic larval durations (pld), marine
populations thousands of kilometers apart can be well-comnected (Kinlan and
Gaines 2003).

Currents can enhance the connectivity among populations, yet currents and the
resulting fronts formed between distinet water masses also can form important
physical barriers in the world’s oceans. These water mass differences can impose
selection pressures or gene flow barriers, resulting in genetic differentiation between
continuously distributed marine organisms (Saunders 1986). The genetic differenti-
ation of marine organisms based on geographic distrbutions can reveal
phylogeographic patterns where populations diverge and there is similar population
structure for one or many species. Similar phylogeographic patterns among inde-
pendent species suggest similar vicariant histories potentially related o periodic
environmental changes during the Pleistocene as well as the species’ life history
patterns and dispersal capabilities (Avise 1992). Many of these marine
phylogeographic patterns are found near land, for example, Cape Canaveral, Florida,
on the East Coast of the United States (Avise 1992) and the Indo-West Pacific
marine environment (Memillan and Palumbi 1995; Williams and Benzie 1998;
Barber et al. 2000). Cape Mendocino off the California coast of the United States
is another region where range limits of multiple species suggest a sharply delimited
transiion zone, yet here, intraspecific genetic divergences are nol common
{Burton 1998).

In contrast to these near shore oceanographic features, the Antarctic Polar Front
has been proposed as a biogeographical barder in an open-ocean environment
{Clarke et al. 2005). The Antarctic Polar Front (Fig. 3) forms a barrier where cold,
northward-flowing Antarcfic waters meet the relatively warmer waters of the sub-
antarctic and prevent a free north-south water exchange. The Antarctic Polar Front is
large and deep. It has strong prevailing currents and a steep (3—4°C) temperature
cline (Eastman 1993). Even if organisms do traverse this front, the temperature
difference across the front likely limits many Antarctic and subantarctic species from
establishing viable populations: it is o hot or too cold on the other side. A number
of taxa show genetic divergence between South American and Antarctic locations.
These include a varety of species, many with long-lived larvae, such as ribbon
worms (Thornhill et al. 2008), bivalves (Page and Linse 2002), brittle stars (Hunter
and Halanych 2008), krill (Patarnello et al. 1996), fish (Shaw et al. 2004), and
colonial alga (Medlin et al. 1994). These data show that even though these species
can disperse over large geographic areas, the Antarctic Polar Front and associated
Antarctic Circumpolar Current form a physical oceanographic barrier that restricts
such dispersal over evolutionary time (Thombhill et al. 2008).

Another potential oceanographic barrier to population connectivity is the Eastern
Pacific Barrier. The Eastern Pacific Barrer is an ~5,000 km stretch of uninterrupted
water with depths between 5,000 and 8,000 km (Grigg and Hey 1992) that separates
the ceniral from the eastemn Pacific Ocean. While the Eastern Pacific Barder is not a
barrier to fish (Rosenblatt and Waples 1986; Lessios et al. 1998; Lessios and
Robertson 2006), sea urchins, Tripneustes sp. (Lessios et al. 2003), and crown-of-
thoms seastar, Acanthaster planci (Nishida and Lucas 1988), it does form an almost
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Fig. 3 Sea surface temperature (S5T) map of the Southem Ocean in summer. Three fronts can be
seen as areas where the tempemture change from north to south is particulady fast. (1) The polar
front, (2) the subantarctic front, and (3) the subtropical front — the northern boundary of the
Southern Ocean. White outlined arrows indicate the flow of the Antarctic Circumpolar Current.
Source: NOC from SST climatology data. httpy/feww seos-project. ew'modules foceancurrents)
ooeancuments-c02-503-p03. html. This work is licensed under the Creative Commons A ttribution-
MNonCommerncial-ShareAlike 4.0 International License. To view a copy of this license, visit hitpe/f
creativecommons.org/licenses/by-nc-sa4.00 or send a letter to Creative Commons, PO Box 1866,
Mountain View, CA 94042, USA

complete barrier for the coral Porites lobata, a coral species with potentially long-
lived larvae (Baums et al. 2012). Interestingly, on an island just north and west of the
Galapagos, there is a Pacific P. [obata population that is more genetically similar to
western populations than the geographically closer eastemn Pacific populations.
However, this population did not migrate further south and east to the Galapagos,
~3,000 km closer than the westem populations and on the same side of the Eastern
Pacific Barrier, suggesting that other factors, potentially temperature, were also
limiting its dispersal. This highlights the importance of mteracting factors, both
biotic and abiotic, in affecting population differentiation.

2.4 (Other Potential Barriers

A varety of other potential physical barrers exist in the world’s oceans. Many of
these are exacerbated by human activities. These include suitable habitat availability
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{Burton et al. 1979; Riginos and Nachman 2001), hypoxia ( Breitburg et al. 2009),
and pollution (Bozinovic and Oleksiak 2011; Hamilton et al. 2016). Further, it is
often not just one factor that promotes genetic differentiation in marine populations
but instead is the combined effects of multiple factors. For instance, genetic differ-
entiation of the subtidal fish Axoclinus nigricaudus, which has benthic eggs but
planktonic larvae, cannot be explained by a single factor and instead is correlated
with the combined effects of biogeography, geographical distance, and habitat
availability (Riginos and Nachman 2001). The dispersion potential of many if not
all of the physical barriers can be affected by biological factors as well. Certainly, the
variety of different species® dispersal pattems across the same geographic range
involving the same currents suggests the importance of life history and dispersal
capability in shaping population structure. Thus, in addition to physical processes,
biological processes such as local adaptation, reproductive strategy, and larval
behavior (e.g., Swearer et al. 2002; Jones et al. 2005; Almany et al. 2007; Shulzitski
et al. 2016) can influence the genetic structuring of marine organisms despite their
long-distance dispersal potentials. For many organisms inhabiting the marine envi-
ronment, it 8 the interaction between the physical and biological processes that
drives their population structures. The challenge remains to understand biological
processes in the context of the physical environment, and for questions of population
structure, genomic approaches now give us an incredibly powerful toolbox to
address this challenge.

3 Population Genomics in the Oceans

The sudies described above targeted specific genes or a small number of putatively
neutral markers (e.g., mitochondrial sequences or microsatellites). Yet now with
NGS approaches, we can interrogate across whole genomes, which provides us with
readily available genetic markers spread across the entire genome. These hundreds to
thousands of widely distributed genetic markers provide two benefits for population
genetic studies. First, the large number of markers and broad genomic coverage
provide greater confidence in estimating neutral population genetic parameters, such
as effective population size and migration rate, and allow us to more confidenty
establish neutral expectations (Allendorf et al. 2010). Second, because loci under
selection should be affected by demography and evolutionary history differenty
than neutral loci, population genomic approaches also enhance the ability to identify
adaptive or functionally important loci and genes (Luikart et al. 2003). In large
marine populations with generally low Fgr values for neutrally evolving genes, loci
under directional selection may be easier to distinguish from neutral expectations
(Mielsen et al. 2009b) and are indicative of hidden population structure, which may
be important for conservation or to enhance our understanding of biological ocean-
ographic processes.

The idea that restricted gene flow, with resuling non-neutral DNA polymorphism
pattemns, occurs between marine populations is converging with the idea of much
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more nuanced environmental gradients, and knowledge of the rapidity and breadth
of these non-neutral changes. It will greatly enhance our understanding of how life
adapts to global change. Yet, this same population genomics approach has the
potential drawback that while we can identify loci apparently under selection, we
often lack functional data to “prove™ adaptation or namral selection. Unlike earlier,
targeted gene studies, follow-up functional studies will ofien be lacking, leaving us
to simply postulate functional effects. This is especially true when natural selection
acts on polygenic traits. That is, if selection i acting on many genes, each with a
small effect, then functional assays need to take into consideration many different
allelic combinations across many loci. For example, a biallelic trait affected by 2 loci
will have 9 genotypes, 1 affected by 3 loci will have 27, and 1 affected by 4 loci will
have 81. Even with oday’s gene editing capabilities, which work across species
(Jinek et al. 2012), it is incredibly difficult to study the functional outcomes of
polygenic effects, especially in non-model, multicellular organisms, and both eco-
logical and physiological knowledge of the organism under sdy will be crucial for
interpreting genomic data. Thus, linking potentially adaptive loci to biologically
important phenotypes remains challenging, especially for many marine species,
which often cannot be reared or even maintained in the laboratory (Oleksiak
2016). Even so, genomic results provide a powerful starting point 0 complement
and direct functional approaches to better understand adaptive variation in marine
populations.

3.1 Genetic Connectivity and Phylogeography

High-throughput genomic approaches have made it relatively easy to study the
genetic connectivity of any marine species (but see Waples and Gaggiotd (2006)
and Gagnaire et al. (2015) for problems defining marine populations) and also
provide an excess of genetic markers with which o explore adaptive varation in
both space and time (Crawford and Oleksiak 2016). Most of these plentiful genetic
markers support conclusions of previous research using fewer, neutral markers. For
example, a genolyping by sequencing approach — where next-generation sequencing
is used o genotype hundreds of individuals at a ime at many loci — identified
approximately 1,320 SNPs in populations of the eswmarine fish, sailfin molly
{Poecilia latipinna). Fish inhabiting three geographically close, salt marsh flats
{within 10 km of each other) in the Florida Keys showed little genetic differentiation
(Fgr values <0.0125 for most SNPs [less than 1.25% of the variance among
populations relative to the total]) (Nunez et al. 2015). These data support previous
studies using allozymes and microsatellites (Trexler et al. 1997; Apodaca et al
2013), also suggesting few differences among South Florida sailfin molly
populations. In addition o confirming the genetic connectivity of these populations,
these data also identify a small percentage of loci (~1.4%) that are potentially
adaptive. These loci show Fgr values that are unlikely to occur relative to random
permutations of loci with similar heterozygosities and identify population structure
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Fig.4 Sailfin molly population genomics. (a) Florida Key sail fin molly populations that are within
10 km of each other. (h) DAPC (discrimination analyvses of principal components) showing
demographic structure between NMoMame Key (NNEK) and the two Big Pine Key (BPC and BPN)
populations. Crandon Park (CR) is a population in Miami Dade approximately 180 kan away. (¢)
Structure analysis of the three Key populations, which discriminates among all three populations.
Adapted from Nunez et al. (2015)

not visible using neutral loci (Fig. 4). Furthermore, these excessive Fgp values
suggest adaptive divergence due to local environments.

Similar results have been found for the threatened staghorn coral, Acropora
cervicornis, the fastest growing Caribbean coral. Staghom comal populations
between Florida and sites in the Caribbean show significant genetic structure only
across large geographic distances in both nuclear and mitochondrial genes (Vollmer
2007), suggesting restricled gene flow reflecting ocean currents that potentially
isolate populations. Yet, within the Florida Reef Tract, the third largest barrier reef
system in the world, extending from Biscayne Bay to the Tortugas Banks (nearly
240 km) and bounded by the Florida Current to the east, analysis of A. cervicomis
using microsatellites showed litle population differentiaion and no significant
population structure (Baums et al. 2010). Recently, genotyping by sequencing was
used to genotype A. cervicornis individuals along the Flonda Reef Tract at ~4,700
loci. While most of the genetic diversity (>90%) was found to reside within
populations similar to previous studies, the genomic analyses showed significant
variation along the Flonda Reef Tract, including 300 SNPs with significant Fgp
values and significant divergence relative to distance even over small spatial scales
(Drury et al. 2016). These studies highlight the ability of population genomic
approaches to identify previously unresolved population structure. While this
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might simply reflect the higher number of genomic markers and thus not be
biologically relevant (Hedrick 1999), diagnostic genetic markers allow for popula-
tion discrimination and source population identification, which are important aspects
for regulating protected populations or for defining marine protected areas (MPAs).

The greater resolution of genetic differences based on population genomic
approaches has been found in an increasing number of other studies for many diverse
marine taxa. For instance, population genomic analyses using high-confidence SNPs
identified highly resolved phylogeographic relationships for nawral populations of
the sea anemone (Nematostella vectensis), a developing cnidarian model for com-
parative and ecological genomics. This resolution was not achieved in previous
studies using traditional markers (Reitzel et al. 2013). Similarly for Pacific lamprey
{ Entosphenus tridentatus), a highly dispersive anadromous fish with high gene flow,
a genolyping by sequencing approach using ~4,000 genetic markers showed that
although neutral vardation identified some evidence of more than one population,
similar to previous studies using fewer genetic markers, analyses of adaptive vari-
ation, which was associated with geography and life history, found a much finer
genetic structure scale within the broad regions sampled (Hess et al. 2013). Simi-
larly, greenlip abalone (Haliofis laevigata) showed very low differentiation using
8,786 putatively neutral loci but 5 divergent population clusters using 323 candidate
adaptive loci (Sandoval-Castillo et al. 2018). These smdies demonstrate that geno-
mic approaches can identify population structure that is not apparent when using a
few neutral markers.

3.2  Genomic Impacts on Ocean Fisheries

Understanding population structure 8 important for managing fisheries stocks
because independent fisheries stocks are likely to have independent population
dynamics and respond differently to changing environmental conditions and fishing
pressures. An important fish stock in North Atlantic waters is Atlantic herring
{Clupea harengus); previous studies using a imited number of genetic markers
found no genetic differentiation between Atlantic herring sampled from different
regions. Atlantic herring is a pelagic fish in North Atlantic waters. It is a major food
source for many marine animals and is widely used for producing fish feed for
aquaculture (Lamichhaney et al. 2012). Thus, understanding the genetic differenti-
ation between herring stocks is eritical for sustainably managing this species. Using
transcriptome sequencing, more than 440,000 SNPs were identified across herring
from a wide geographic range, and most showed no allele frequency differences
among populations. However, in contrast to this lack of genetic differentiation for
most loci, several thousand SNPs (2-3%) showed strong allele frequency differences
{Lamichhaney et al. 2012) and define a number of genetically distinet herring
populations in the North Atlantic. Many of the differentiated loci are correlated
with salinity and associated with osmoregulation in other species, suggesting that
salinity differences across geographic regions might be driving the genetic
differentiation.
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Population genomic approaches have been uwsed with a number of other
commercially important marine species, and there has been an exponential
increase in fisheres-related population genomic swmdies from 2009 w 2014
{Valenzuela-Quinonez 2016). For example, another important fish stock in North
Atlantic waters is turbot (Scophthalmus maximus), which inhabits the European
continental shelf. Among 20 turbot populations collected from across its range,
genotyping via double-digest RAD sequencing showed that this flatfish species is
structured into four main regions: Baltic Sea, Atlantic Ocean, Adriatic Sea, and
Black Sea. Genetic vanation correlates with temperature and salinity, suggesting that
these two parameters are driving the genetic differentiation (Prado et al. 2018). In
another study, a targeted genome scan was used specifically to determine whether
Atlantic cod (Gadus morhua) populations are adapied to local environmental con-
ditions (Nielsen et al. 2009a) and showed stable interpopulation variation over a
24-year time period. This interpopulation varation was better correlated with
spawning ground temperature and/or salinity conditions during spawning than
with geographic distance. While the mechanisms maintaining local adaptation
despite high gene flow are still poorly undersiood, a subsequent sdy hints at the
importance of genomic architecture: cod populations locally adapted to low salinity
fjord environments have a significant overrepresentation of a large (~5 Mb)
chromosomal rearrangement (Barth et al. 2017).

Additional population genomic studies show limited effective dispersal that
structures sea scallop ( Placopecten magellanicus) populations along eastern North
America (Van Wyngaarden et al. 2016), two well-defined anchovy ecotypes for
the Ewropean anchovy (Engraulis encrasicolus) collected from Atlantic and
Mediterranean locations that correlate with habitat (Montes et al. 2013), and spatially
varying selection acting on glass eels (an intermediary stage in the eel’s complex life
history between the leptocephalus stage and the juvenile [elver] stage) in the
otherwise panmictic BEuropean eel, Anguilla anguilla (Pujolar et al. 2014), and
American eel (Anguilla rostrata) (Gagnaire et al. 2012). Studies in two different
lobster species, the southern rock lobster (Jasus edwardsii) and American lobster
{Homarus americanus), identified genetic markers that can be used for assignment
tests to the original population (Benestan et al. 201 5; Villacorta-Rath et al. 2016).
These findings show that using the large number of genetic markers available
through population genomic approaches can improve the identification of fine-
scale structure and be used to better define appropriate stock management scales
and conservation units in these commercially valuable species. Additionally, these
approaches can be used to identify population origins, which is critical for enforcing
management policies.

However, not all population genomic approaches reveal previously unknown
population structure. For instance, in a commercially harvested abalone species
{Haliotis rubra) from southeastern Australia, genotyping by sequencing results
using up to 1,700 SNPs indicate high levels of gene flow and no significant genetic
structure within or between benthic reef habitats across 1,400 km of coastline (Miller
et al. 2016). Given that abalone along this coast inhabit reef patches up 1o at least
6,600 m apart, this suggests that recruitment success along this coast does not
predominantly depend on local reef sources.
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3.3 Local Adaptation

Owverall, most marine population genomic studies comparing between groups or
populations consistently identify a few percentages of SNPs with elevated diver-
gence, which exceeds neutral expectations. Thus, in addition to resolving previously
unresolved population structure, marine genomic studies also are revealing a
plethora of potentially adaptive loci. Perhaps the most well-known example of a
marine organism adaptation wsing genomic approaches is repeated stickleback
{Gasterpsteus aculeatus) adaptation from oceanic to freshwater habitats. A genome
scan using over 45,000 SNPs identified parallel genetic divergence across indepen-
dent populations in both previously characterized and novel genomic regions
{Hohenlohe et al. 2010). How quickly stickleback freshwater adaptation occurs
was addressed in a subsequent population genomic study that examined sticklebacks
from freshwater habitats that were only recently colonized by sticklebacks from
ocean populations. These freshwater habitats were formed on earthquake-uplified
islands in Alaska in 1964, Fifiy years later, these populations have phenotypically
diverged from the oceanic phenotypes to nearly the same extent as much older
freshwater stickleback populations and also show genetic divergence between oce-
anic and freshwater populations (Messer et al. 2016). The lower genetic divergence
between oceanic and freshwater stickleback populations compared to the divergence
among the freshwater populations suggests independent invasions of the freshwater
habitats and further differences among freshwater habitats that have occurred within
the last 50 years, despite likely recurrent gene flow between oceanic and freshwater
populations.

The stickleback study suggests that freshwater adaptation occurs quickly, within
the first few decades of freshwater invasion, and raises the question of how rapidly
adaptation occurs in nature. With strong selection, directional selection is ofien
rapid. For example, four independent F. heteroclifus populations have adapted to
strong pollution clines within 50 generations (Reid et al. 2016). Similady, intro-
duced Chinook salmon (Oncorhynchus tshawytscha) show rapid trait divergence
between populations within at most 30 generations (Quinn et al. 2001), and the
Atlantic silverside (Menidia menidia) showed selection for slower or faster growth
rates in response 1o size-selected harvest in just 4 generations (Conover and Munch
2002). While this last example is due to artificial selection in the laboratory , there is a
growing body of evidence that rapid phenotypic evolution 18 common in nature
{Messer et al. 2016).

While geographically varying selection is widely accepted as an important factor
for maintaining genetic varation, less aftention has been paid to emporally fluctu-
ating selection (Messer et al. 2016). Temporal fluctuations as exemplified by cold
years in the North Atdantic with a general warming trend associated with global
warming have affected species distributions (Wethey et al. 2011). What is less well
understood is whether these types of temporal vanations affect genetic diversity
within a species or divergence among populations. Since global warming is associ-
ated with higher variation in climatic conditions, understanding the effect of tempo-
ral variations 8 an important avenue for future population genomics research.
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Population level genomics will allow us to better understand genetic variation
over time as well as space. This may be particulardy relevant for marine populations
with large, well-connected populations harboring lots of genetic variation. Impor-
tantly, shifting habitats and environmental conditions as might be influenced by
seasonal current shifts, large-scale ocean-atmosphere oscillations (e.g., El Nifio/
Southem Oscillation or ENSO, Antarctic, Arctic, and North Atlantic Oscillations
among others), as well as environmental disturbances due to local (e.g., pollution
and ewtrophication) and global (eg., global warming and ocean acidification
(Sunday et al. 2014)) climate change can caunse strong directional selection and
require a rapid evolutionary response. We now have the resolution to analyze very
recently diverged populations at the genomic level, even due to seasonal changes
{Garud et al. 2015). Understanding the relevant time scales and ecological factors
affecting rapidly fuctuating selection will require extensive sampling of both
populations and relevant environmental parameters {Messer et al. 2016) and will
have important implications for how we protect and manage marine populations in
today’s changing environments.

3.4 Epigenomic Adaptation

In contrast to local adaptations, which become hardwired into organisms”® genomes,
epigenetic changes provide organisms with altemative ways o deal with changing
environments. Epigenetic changes are heritable changes in the genome that do not
alter the DNA sequence (Deans and Maggert 2015), and the best studied epigenetic
modification is DNA methylation. DNA methylation studies across 17 eukaryotic
genomes, including marine species genomes, suggest that gene body methylation is
conserved between plants and animals (Zemach et al. 2010). Other major epigenetic
modifications include chromatin remodeling, histone modifications, and noncoding
RNA mechanisms. These epigenetic mechanisms are shared across most taxa.

At the population level, environmental epigenomic studies of marine organisms
are just beginning and mostly focus on DNA methylation. For marine populations
impacted by rapid environmental change, epigenetic mechanisms may give
impacted populations enough time to genetically adapt. This may be especially
important for sessile marine inveriebrates that have no choice but to cope with the
environment they inhabit. Interestingly, a smdy examiming the role of genome-wide
DNA methylation in the adaptation of a marine stickleback population to freshwater
conditions found that the genes that harbor genetic and epigenetic changes were not
the same, suggesting that epigenetic adaptation complements but does not replace
natural selection (Artemov et al. 2017).

Examples conceming epigenetic effects due to environmental change include
studies examining pollution, temperature, and pCO2 effects. Thus, environmental
pollutants have been shown to affect genomic methylation levels in three-spined
stickleback (Aniagu etal 2008), Aatfish dab liver tumors (Mirbahai et al. 2011), and
European eels (Pierron et al. 2014). Across fish species living at different



Adaptation Without Boundades: Population Genomics in Marine Systems

temperatures, polar fishes exhibit higher DNA methylation levels than tropical and
temperate fishes (Vardale and Bemardi 2006). In the context of global environmen-
tal change, a recent study in an Antarctic marine polychaete showed both physio-
logical and epigenetic responses to increased temperatures. When cultured in the
laboratory, the Antarctic polychaete Spiophanes tcherniai rapidly responded to
increased temperatures: within 4 weeks of a high temperature stress (from —1.4°C
to +4°C), metabolic rates retum to normal. Additionally, these worms showed an
11% increase in CpG methylation state genome wide, with 85% of changes showing
a net increase in methylation (Marsh and Pasqualone 2014). Similady, larval
European sea bass exposed to just 2°C warmer temperatures, the temperature
increase predicted by recent global warming models, changed both global DNA
methylation and the expression of ecologically relevant genes related w DNA
methylation, stress response, and muscle and organ formation (Anastasiadi et al
2017). Another example relevant to global environmental change occurs in corals
exposed to increased CO; levels to simulate ocean acidification. Two different reef-
building coral species, Pocillopora damicornis and Montipora capitata, were
exposed to ambient and ocean acidification conditions in common garden tanks
for ~6 weeks. Pocillopora damicornis showed an epigenetic response, while
Montipora capitata did not (Putnam et al. 2016). Not surprisingly, inducible DNA
methylation varies by taxa.

Environmental change also occurs for invasive species and invasive species
dynamics, which can provide insight into how populations might adapt to rapid
environmental change. During the expansive phase of a recent invasion (within
2 years), pygmy mussel (Xenostrobus securis) showed significantly reduced global
methylation levels. In older introductions such epigenetic signatures of invasion
were progressively reduced. Decreased methylation was interpreted as a rapid way
of increasing phenotypic plasticity that would help invasive populations to thrive. As
reported for introduced plants and veriebrates, epigenetic vanation could compen-
sate for relatively lower genetic variation caused by founder effects (Ardura et al
2017). Overall, epigenetic changes may be a rapid and powerful way in which
marine organisms can respond to rapid environmental change.

4 Conservation and Management Considerations

Both population connectivity and how organisms are able o and do adapt to
changing environments have significant implications for how marine systems are
conserved and managed Population connectivity is critically important when con-
sidering how best o manage valuable resources such as ecosystem diversity and is
unknown for the vast majority of marine species. If source populations are not
protected, marine protected areas will be ineffective. Thus, the ability of a marine
protected area to sustain locally endangered populations depends on its connectivity
to other protected areas or other non-endangered populations and requires an
understanding of larval and adult exchange between locations (Palumbi 2003).
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Population connectivity is unknown for many marine species and with the many
potential physical and biological barriers to dispersion cannot be assumed o be
boundless. Furthermore, with today’s changing environments, population connec-
tivity will change. This is evident with man-made habitat fragmentation but also with
more subtle changes such as increasing mean annual ocean temperatures. Increased
temperatures are causing range expansion for many species by allowing adulis to
survive and reproduce in the higher latitudes (Sorte et al. 2010; Chen et al. 2011).
However, increased temperatures also will shorten pelagic larval duration for many
species due to increased metabolism (O'Connor et al. 2007). Thus, this shortened
pelagic larval duration will limit connectivity even as adult ranges increase. Under-
standing the biological and environmental interactions and how they affect marine
connectivity will remain an important factor for successfully protecting marine
diversity.

The identification of potentially adaptive loci in marine populations also has
implications for marne management and conservation. In the oceans, adaptive
population differentiation occurs across different spatial scales and for species
with different life histores. Understanding local adaptation provides insights into
how organisms will deal with climate change and thus how best o manage and
conserve marine species with climate change. Stdies of domestication and exper-
imental selection in yeast are making it clear that local adaptation over ecological
time scales selects from standing genetic variation { Burke et al. 2014; Boitard et al
2016). This highlights the need to protect genetic diversity in marine populations if
these populations are to retain the ability to respond to a changing environment
However, an open question is whether or how much of all the potentially adaptive
genetic differences recently revealed by population genomic studies are relevant for
conservation and species management. Given the complexity of adaptation in the
marine environment with fluctuating selective pressures, likely polygenic adaptation
where many genes have small, nonmeasurable effects (Rockman 2012), and the fact
that neutral and adaptive markers provide different types of information (Funk et al.
2012), indeed, the best conservation approach may simply be to preserve as much
genetic variation as possible so that species can maintain the full extent of their
evolutionary potential (Pearse 2016).

Regardless of whether or not newly discovered adaptive loci will or should
impact management decisions, these potentially adaptive loci do have an important
role in marine conservation with respect to identifying population origin. This is
important for exploited and endangered species because illegal, unregulated, and
unreported fishing significantly contributes to fish population overexploitation and
negatively affects population and ecosystem recovery. Illegal, unregulated, and
unreported fishing in high seas causes economic losses between $10 and $23.5
billion annually and is highly comelated with govemance (Agnew et al. 2009).
The ability to identify and keep track of the origin of fishery products along the
supply chain will make controlling and enforcing regulations easier (Ogden 2008),
and genetic markers identified with population genomics approaches provide this
ahility. For example, genome scans were used with four economically important
fish species (Atlantic cod [Gadus morhua), Atlantic herring | Clupea harengus),
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sole [Solea solea), and European hake [Merluccius merluccius]), all threatened by
overfishing and illegal, unregulated, and unreported fishing activities, to identify
genetic markers with high genetic differentiation. These markers correctly assigned
93-100% of individuals to comect population origin. Thus, this marine population
genomics approach provides a powerful, readily developed, and standardized means to
identify population origin and thus enhance fishing governance (Mielsen et al. 2012).

5 Conclusions and Future Prospects

Marine population genomics has given us the unprecedented ability to resolve
population structure, identify genetic divergence among populations, and detect
selectively important genes. These data are important because they inform us
about the conservation genetics of isolated populations, the genes affecting impor-
tant phenotypes (e.g., reproductive schedules) and the frequency and effectiveness of
adaptive change in a changing environment An ever-expanding number of genomic
studies suggest that marine species have greater population structure than previously
appreciated. Additionally, many of these smdies identify lots of loci apparenily
evolving by natural selection over both long and short evolutionary time scales. A
growing challenge will be to determine the functional effects of these loci evolving
by matral selection and predict which of the genetic differences revealed by
population genomic approaches are relevant for conservation and species manage-
ment. Regardless, these loci allow high-resolution stock identification and have
important implications for regulating illegal fishing. The number and frequency of
loci apparently evolving by natural selection suggests that naral selection is more
effective than currently appreciated, resulting in marine populations adapted to local
environmental conditions. If it is true that natural selection is more effectively
shaping population-specific genotypes, it suggests that curent climate changes
will be mitigated by adaptive change in many marine organisms with sufficient
genetic variation (Crawford and Oleksiak 2016). This optimism is tempered by the
realization that while one or many species may adapt o climate change, the spatial
and temporal interactions among species could alter and have negative effects on
ecosyslems.

The prospects and challenges for marine population genomics are similar to those
for any natural population, marine or terrestrial. In addition to linking genotype to
phenotype to determine the functional effiects of loci evolving by natural selection,
which is especially difficult when life histories are unknown and the species them-
selves cannot be cultured as is still true for many marine species, further challenges
include understanding the genetic architecture underlying adaptive phenotypes in the
presence of gene flow in large marine populations without strict boundaries and
assessing changing population dynamics in today’s fast-changing environments.
Whole genome sequencing of marine organisms (along with the bioinformatic
tools o analyze these sequences and genomes) is accelerating. This in tum will
accelerate whole genome sequencing of marine populations, allowing us to sudy the
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genomic landscapes and allelic diversity variance within and between populations
truly at the genome-wide level (Ellegren 2014). Consequently, by further developing
marine population genomics, it will be possible to better understand how populations
respond to and are affected by their environment and eventually gain insight into
how population dynamics affect ecosystem functioning as a whole.
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