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Preface

Genomics has revolutionized biology and is providing powerful approaches and
impetus to address common questions across diverse biological fields. Although this
commonality has existed previously, now, genomics can be used across biological
disciplines and fields to define and more accurately address common questions about
the genetic basis underlying a biological trait or function and the evolutionary
history, adaptive trajectory, conservation, and management of a population or
species. Never before the recent advances in genomics has it been possible to address
such common inquires with such power and accuracy, and never before has it been
so easy to generate and incorporate genomic information to answer diverse and
intractable biological questions. Thus, even though marine sciences encompass the
vast breadth of biology, genomics has the potential to provide key insights into
diverse biological topics relevant to life in the world’s oceans. This potential and the
insights gained from genomics approaches are expanding the biological questions
being addressed in the marine sciences and driving research in new directions.

For populations of marine organisms, many of which have characteristics that
make them quite difficult to study, population genomics approaches provide an
exciting potential to generate and integrate knowledge at different levels of organi-
zation, from the molecular up through to the ecosystem, to gain a greater under-
standing of how life in our oceans exists and works. Understanding and integrating
this knowledge across different levels of organization and within complex marine
environments is also one of the greatest challenges of marine population genomics.
Multidisciplinary approaches, already common in the marine sciences, will be
integral to this data analysis and integration.

Population genomics approaches are making significant, unprecedented advances
in both basic and applied research. Many population genomics studies of marine
organisms focus on figuring out which species are present in water columns and
gaining some understanding of those species at both the individual and population
levels. In the world’s oceans, where organisms are difficult to observe and sample,
this information is still not known for many species and ecosystems. Undoubtedly,
these studies build upon each other, and as we gain a greater understanding of life
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forms and organisms present in oceans, we next can ask: When are they there and
what are they doing? Population genomics approaches, similar to previous molecular
genetic studies, are also being used to figure out population demography and basic
population and evolutionary genetic parameters of different marine populations.
These basic population parameters include such attributes as genetic diversity and
structure, effective population size (Ne), inbreeding and outbreeding depression,
historic bottlenecks, natural selection, and gene flow. Historically, these population
genetic parameters have been studied using molecular genetic markers (e.g.,
allozymes, microsatellites, or a few hundred SNPs). New population genomics
approaches, which enable easy and inexpensive sequencing of genomes,
transcriptomes, and proteomes for any species, often provide similar information
but with much greater resolution and are particularly useful for the many extant
marine species, which lack prior genetic and genomic data.

In addition to basic research questions to better understand marine species and
their populations, population genomics approaches also have practical uses for
marine studies, particularly when it comes to understanding local adaptation of
marine species and populations and managing and protecting marine resources.
Basic needs for marine species management that are well addressed with population
genomic data include defining populations and population connectivity because
managing fishery species effectively and defining management units depend on
knowing what constitutes a population. Population genomics approaches also pro-
vide powerful tools for monitoring resources, which are important for tracing and
regulating fishery resources as well as detecting and monitoring invasive species that
can devastate natural resources. Changing environments also pose a critical chal-
lenge for protecting marine resources, and population genomics can be used to
provide metrics on the potential of marine populations to respond to climate change
as well as how marine populations have already responded. How to integrate this
genomics knowledge into management and regulatory decisions remains an ongoing
challenge.

This volume provides an overview of how population genomics approaches are
being used to address different questions important for marine populations. These
questions address the baselines of marine diversity, population structure, their
evolutionary histories and potential, biogeography, adaptive divergence, seascape
genomics, speciation, biological invasions, environmental epigenomics, conserva-
tion, protection, and management of marine resources. The different chapters high-
light a variety of species and incorporate different concepts and approaches to better
understand marine population genomics.

The book is organized into six parts. The first part provides an overview of
challenges, opportunities, and future perspectives of population genomics research
in marine organisms. A solo chapter in the second part deals with coral microbiomes
as bioindicators for coral reef health. The third part includes three chapters
discussing the genetic diversity, population structure, and biogeography of marine
organisms. The fourth part discusses seascape genomics. The fifth part includes five
chapters focused on various aspects of adaptation, acclimation and speciation, and
epigenomics. The sixth and the last part includes three chapters addressing various
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aspects of monitoring, managing, and protecting marine resources. With such
diverse topics, the book is envisioned for a wide readership, including undergraduate
and graduate students, research scholars, and professionals and experts in the field.

This is an exciting time to study population genomics in general and is specifi-
cally exciting for species in marine environments where so much remains
unexplored. We thank all of the authors who have contributed their time and
expertise to this volume to illustrate the challenges and opportunities, as well as
the groundbreaking work that has already been accomplished. As leaders in their
field, they provide an important perspective as population genomics approaches
begin to permeate the oceans’ depths.

Miami, FL, USA Marjorie F. Oleksiak
Fredericton, NB, Canada Om P. Rajora
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Marine Population Genomics: Challenges
and Opportunities

Marjorie F. Oleksiak and Om P. Rajora

Abstract Population genomics is revolutionizing biology and stimulating new
research questions and directions. While human health has driven many of the
genomics tools and approaches, all other biological fields have benefitted. This
is certainly true in the world’s oceans, which encompass a large diversity of species
and ecosystems. In the world’s oceans, population genomics approaches are
giving us an unprecedented ability to gain a better understanding of the organisms
inhabiting these ecosystems. While population genomics approaches are improving
our understanding of genetic diversity and population genetic parameters in marine
organisms, they also are providing unexpected insights into marine invasions,
population connectivity, and how marine organisms are responding to different
stimuli and environments. Some examples include identification of connectivity
among populations that is not predicted by geography as well as identification of
genes and genetic variants under natural selection in response to environment and
climate conditions as indicators of genes and pathways responsible for adaption.
This knowledge is important because so much of the world’s oceans is understudied.
This knowledge also is critical for understanding how marine organisms will
respond to environmental change and thus how we can better protect marine
biodiversity and marine resources. That is, we can better predict the effects of
enhanced migration on mitigating anthropogenic stressors affecting marine
populations and whether outcrossing will enhance population survival or result in
outbreeding depression. Simply put, population genomics provides the genetic
resolution to make better predictions about how environmental change is affecting
populations and thus provides insights into how we might address environmental
change’s deleterious effects on important marine resources. In this chapter, we
provide an overview of the challenges and opportunities for marine population
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genomics, addressing how population genomics can be used to understand marine
biodiversity, population demographics and connectivity, and response to environ-
mental changes as well as assist sustainable management, protection, and conserva-
tion of marine biodiversity.

Keywords Acclimation · Adaptation · Environmental DNA (eDNA) ·
Epigenomics · Fisheries · Invasive species · Marine protected area (MPA) ·
Metagenomics · Natural selection · Population genomics · Seascape genomics ·
Speciation · Sustainable management · Zooplankton

1 Introduction

Population genomics has provided unprecedented power and accuracy to address
novel and long-standing questions in population biology. These questions are
relevant to diverse fields including ecology, evolution, conservation biology, agri-
culture, forestry, fisheries, and human health (Luikart et al. 2019; Rajora 2019).
Population genomics has similarly enhanced our understanding of marine eco-
systems. One reason is that genomics provides an approach that requires little
prior genetic, molecular, or biochemical information about the diverse marine life
that occurs in our oceans and marine ecosystems. Population genomics approaches
may be more important for marine systems than for many other ecosystems because
many marine species are hard to study simply due to sampling problems: the oceans
are huge, covering about 70% of the world, and many areas are hard to access. Thus,
while shallow coastal zones make up only a small proportion of the world’s oceans,
they account for the largest proportion of the collected data and publications
on marine species while the vast majority (~85%) of the oceans is undersampled
(Webb et al. 2010). However, because most genomics approaches can be relatively
easily used regardless of species, genomics approaches are now permeating studies
of marine environments, even where the majority of species are hard to study.

With respect to population biology studies of marine species, genomics
approaches are building on and expanding the population genetics approaches
that dominated the literature for approximately 50 years, starting with the use of
allozyme markers in the late 1960s (Table 1). Population genetics studies have
typically used genetic markers evolving under neutral expectations. In the
marine sciences, common uses of these genetic markers have been to identify
morphologically cryptic sister species; to identify population structure and recon-
struct demographic history; to identify temporal genetic changes, especially with
respect to recruitment; and to reconstruct phylogenies and phylogeographic patterns,
which are important for management and conservation of marine organisms
(Hedgecock 2019). Population genomics approaches have led to a huge increase
in the number of readily available neutral genetic markers, which has increased our
ability to resolve fine-scale and cryptic genetic structure and, as well, has given us
improved accuracy to estimate some demographic parameters (Cammen et al. 2016).

4 M. F. Oleksiak and O. P. Rajora



In addition to selectively neutral markers, population genomics approaches can also
reveal genes and genomic regions evolving by natural selection or other non-neutral
processes to give insights into adaptive variation within and between populations
and species.

The promise of marine population genomics is the ability to identify genotypes
that contribute to successful recruitment, survive disasters, or populate marginal
environments. While these are some of the promises of marine genomics, currently,
population genomics provides powerful approaches to uncover population connec-
tivity, which can be especially difficult to study in marine ecosystems where
organisms are hidden from view and difficult to follow through time. This informa-
tion is critical for managing and conserving marine species.

The large number of polymorphic loci enabled by population genomics
approaches provides insight into marine population connectivity and further has
identified population divergence on small ecological, temporal, and spatial scales
due to sequence divergence most likely associated with natural selection (Crawford
and Oleksiak 2016). This may be the most important impact of population genomics
inquiries: identification of the rate and spatial scale at which populations are
responding to environmental variation such as seen with global climate change.
Examples include significant divergence among sailfin molly (Poecilia latipinna)
populations less than 10 km apart (Nunez et al. 2015), Baltic Sea herring (Clupea
harengus) populations (Corander et al. 2013), and Pacific lamprey (Entosphenus
tridentatus) populations (Hess et al. 2013). Some extreme examples of the
sensitivity of population genomics approaches are revelation of the rapid and
adaptive divergence of the estuarine minnow (Fundulus) due to thermal pollution
or its divergences among microhabitats only a few hundreds of meters apart (Wagner
et al. 2017; Dayan et al. 2019).

In addition to identifying population structure and adaptive divergence,
population genomics approaches are now being used to census marine populations
(Bravington et al. 2016). That is, the density of polymorphic loci provided by

Table 1 Characteristics of common genetic markers for diploid organisms and experimental
studies in marine species using these markers

Characteristics Allozymes RFLPs AFLPs Microsatellites SNPs

Codominance
(genotypic
data)

Yes Yes No Yes Yes

Selective
neutrality

Some Yes/no
depending
upon the
sequence
source

Mostly
presumed
neutral

Presumed
neutral

Transcriptome
and exome-
capture based:
uncertain
Genomic based:
mostly

Number of
variable loci

10–50 10–50 100–1,000 5–20 100s–100,000s

Number of
alleles/locus

1–5 1–5 2 1–50 2

Marine Population Genomics: Challenges and Opportunities 5



genomics approaches allows the identification of parent-offspring pairs (close-kin
mark-recapture) even among organisms that are difficult to observe. Similar to
classical mark-recapture studies, close-kin mark-recapture provides the means
to calculate N, population size. Simply put, the ratio of offspring to parents
relative to total sample size is a function of N. This approach has been used on
southern bluefin tuna (Thunnus maccoyii), an internationally valuable fisheries
species that is widely distributed, highly mobile, and difficult to observe. The
close-kin mark-recapture approach gave more precise abundance estimates than
those based on fishery catch and effort data or traditional tag release programs
and has the potential to revolutionize the conservation and management of
previously intractable marine species (Bravington et al. 2016).

Overall, while most marine species are hidden from view under the world’s
oceans, population genomics approaches are providing an increasingly diverse set
of accessible genomics tools with which to study a wide range of research questions.
In the oceans, these questions are diverse and match the diversity of the marine
environments and the organisms that inhabit them.

In this chapter, we first discuss different population genomics approaches that
have been used with marine species. We then illustrate how these approaches are
being used to better understand marine biodiversity as well as population genetic
diversity, population structure, and biogeography. Next, we discuss different ways
organisms can respond to environmental change and introduce some of the species
being used to understand population and species responses. Finally, we touch on
three important conservation issues for marine resources: invasive species, fisheries
management, and marine protected areas. We conclude with future opportunities
and challenges.

2 Population Genomics Approaches

In the most basic sense, genomics approaches (Table 2) interrogate genomes
to gain insights about species and populations and the diversity of organisms.
The genotyping and sequencing approaches applied to population genomics are
described in Holliday et al. (2019). The most comprehensive genomics approach
is to sequence the whole genome. Whole-genome sequencing is becoming increas-
ingly affordable as sequencing technologies improve, both with respect to error
rates and throughput. However, as well as requiring DNA samples, preferably
high-quality and high-quantity DNA samples, whole-genome sequencing requires
bioinformatics expertise, computational power, and computational memory. While
these additional resources exist for important fisheries species (Williams et al. 2008;
Nielsen et al. 2009; Davidson et al. 2010; Roberts et al. 2012; Zhang et al. 2012),
they are not as readily available for less economically valued species (though they
are continually developing: see Nunez et al. for an outline for whole-genome
sequencing in a non-model barnacle species (Nunez et al. 2018) using Pool-seq,
whole-genome sequencing of pools of individuals that yields genome-wide
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polymorphism data at much lower costs than sequencing individuals (Schlotterer
et al. 2014)). Thus, depending on the questions being addressed, whole-genome
sequencing may be the best approach, but other, simpler genomics approaches also
might be able to provide similar information with lower computational load.

Alternatives to whole-genome sequencing entail either sequencing only a portion
of the genome or sequencing genomic products (e.g., gene transcripts or proteins)
(Crawford and Oleksiak 2016). For population genomics studies, especially those
of non-model species, sequencing only a portion of the genome, also known as
sequencing a reduced representation of the genome, has been widely used. Two
well-known approaches for reduced representation sequencing are genotyping by
sequencing (GBS, Elshire et al. 2011) and Rad-Seq (Baird et al. 2008) and varieties
thereof. These two approaches use some combination of restriction enzymes,
random shearing, and size selection to subset a portion of an organism’s genome

Table 2 Common genomics approaches for marine organisms

Term Description

Whole-genome sequencing Sequences that capture nearly all of the genome and
are assembled into large (10s–100 kb) scaffolds.
Because whole genomes can be 0.1–10 Gbps,
whole-genome approaches require much more
sequencing than GBS, RNA-Seq, or exon-capture.
Thus, few individuals are typically analyzed.

Reduced representation sequencing
(RAD, RAD-seq, GBS)

Genome sequencing that only sequences a selected
“reduced” portion of the genome. Typically this
approach sequences 0.1–1% of the genome derived
from specific restriction sites. The power of this
approach is that the same loci in the genome of
approximately 50–100 bp are sequenced in many
(100s) of individuals.

Transcriptomics and RNA-Seq Transcriptomics is the quantitative and qualitative
analysis of RNA expression. RNA-Seq is a
transcriptomics approach that uses sequences of
expressed RNA and provides both quantitative
measures of expression and identifies nucleotide
variation in expressed DNA (i.e., in RNA).

Capture sequencing, exon-capture,
exomic sequencing, targeted sequencing

Capture sequencing, as the name implies, is
sequencing selected (captured) genomic DNA
targets. The most general approach is exon-capture
or exomic sequencing that uses PCR, hybridization
probes, or cDNAs to capture exons or DNA that is
expressed as RNA. Yet, the selected targets can be
any parts of the genome where there are primers or
probes.

Chip-seq and DNAse-seq Chip-seq and DNAse-seq approaches are used to
sequence DNA regulatory regions. Chip-seq uses
antibodies to capture protein-bound DNA for
sequencing. Similarly, DNAse-seq can be used to
sequence protected (protein-bound) DNA fragments.

After Crawford and Oleksiak (2016)
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(see Andrews et al. (2016) for a review of various methods) prior to sequencing.
The big advantage of these reduced representation sequencing approaches results
from the fact that only a portion of the genome is sequenced in many (10s–100s)
of individuals. These approaches take advantage of being able to identify each
individual’s genome sequence with the use of sequence tags (barcodes). Thus, the
combination of only sequencing a small part of the genome with sequences from
many barcoded individuals provides genomic information about populations
with minimal expense. The resulting population-level data on many thousands of
polymorphic loci can then be used to determine connectivity among populations,
information on population history, and the role of evolutionary adaptation in shaping
a species’ genome.

One disadvantage of GBS and Rad-Seq approaches is that the genomic DNA
fragments that are sequenced can be from anywhere in the genome, i.e., they are
random genomic DNA fragments. While these random fragments often capture
regions that could regulate gene expression, a vast majority is likely to have
no function. If one is interested in a higher density of functional portions of a
genome, other approaches for reduced representation sequencing can be used
(Mamanova et al. 2010). Although many of these approaches targeting functional
genomic regions require prior genomic knowledge, RNA-Seq, which targets
transcribed genes (the transcriptome), does not require prior knowledge (Wang
et al. 2009). Thus, RNA-Seq has been widely used in marine species from bacteria
(Croucher and Thomson 2010) to fish (Porteus et al. 2018), to whales (Cammen et al.
2016). On an individual level, RNA-Seq can be used to quantify gene expression
and gives insight into the organism’s physiological state or response to a stimulus.
Many examples of this can be found in the marine literature (Libro et al. 2013;
Bilyk and Cheng 2014; Zhang et al. 2017). On a community level, such as in a
microbial or viral community, RNA-Seq can be used to quantify in situ microbial
responses to environmental fluctuations (Frias-Lopez et al. 2008).

Additional targeted sequencing approaches include Capture-seq, Chip-seq,
and DNAse-seq. Capture-seq approaches rely on pre-designed DNA or RNA
probes or “baits” to pull out specific portions of the genome using either solid
phase or solution-based hybridization (Gnirke et al. 2009). Capture-seq approaches
have been used in a variety of model species to pull out coding portions of the
genome, i.e., exome sequencing. Because prior genomic information is necessary
to design the baits, exome sequencing has been less often used in non-model
species, including most marine species. However, cross-species strategies to capture
full-length coding sequences up to 200 million years divergent are being developed
that enable functional comparative studies (Schott et al. 2017). In addition,
expressed messages have been successfully used to create cDNA capture probes
to capture exonic regions from genomic DNA (Puritz and Lotterhos 2018). While
this approach was developed in eastern oyster, Crassostrea virginica, it is suitable
for use with any organism.

To sequence DNA regulatory regions, Chip-seq and DNAse-seq approaches
can be used. Chip-seq uses antibodies against specific DNA binding proteins
to pull out protein-bound DNA fragments. This chromatin immunoprecipitation is
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combined with high-throughput sequencing to identify the genomic regulatory
elements. Similarly, DNAse-seq uses enzymes to reveal DNA protected by bound
proteins. In marine species, approaches to sequence DNA regulatory regions have
been more typically used for evolutionary developmental studies in specific species
such as sea urchins, Echinoidea spp. (Cary et al. 2017). Yet, they highlight a trend
in genomics research, which is to correlate DNA variation with downstream,
functional effects. These functional effects might be at the level of mRNA or protein
expression, tissue or organ traits, or whole organism physiology. Even broader
questions that remain to be answered are how functional effects of DNA variation
affect populations and, further, how they affect ecosystem interactions.

3 Understanding Marine Biodiversity

3.1 Marine Metagenomics

Some basic questions that are still being asked for marine organisms include: who is
there, when are they there, and what are they doing? The ability to use population
genomics approaches to answer these sorts of questions became apparent when
Venter et al. used whole-genome shotgun sequencing to sequence microbial
populations bulk collected from the Sargasso Sea (Venter et al. 2004). This
metagenomics approach provided a relatively unbiased way to identify the bio-
diversity of organisms that had not been or could not be cultured. In addition,
by identifying a variety of photosystem genes, this approach also provided insights
into microbial photosynthesis in the Sargasso. Thus, we began to gain insights into
who and what for species we previously knew little if anything about.

Since the Venter et al. (2004) publication, numerous metagenomics studies have
examined both marine microbe and marine virus populations. These studies provide
insights not only into the diversity of marine archaea, bacteria, and viruses but also
into the ecological processes and biogeochemical cycles involving these organisms.
Population genomics approaches provide ecological insights because they identify
environmentally-relevant genes (e.g., genes involved in nitrate reduction, sulfur
metabolism, or photosynthesis). The world’s oceans, with their huge volumes
(~2 � 1018 m3) and where microbe densities can reach up to 1012 cells/mL, are
thought to host the largest microbe population on earth (Ferrer et al. 2019). Yet with
genomics approaches, we can peer into oceans and examine the vastly different
environments, from nutrient-rich coastal waters to deep, cold, and dark abyssal
depths. We can examine organismal diversity from these different environments
without the difficult (and sometime impossible) steps of culturing the organisms
inhabiting these environments; this makes population genomics approaches a
powerful tool to understand the diversity and function of the microorganisms that
inhabit diverse ocean waters. Indeed, metagenomics approaches, coupled with
physical, chemical, and biological measurements of the world’s oceans through
space and time, provide copious data with which to gain a deeper understanding
of marine microbial ecosystems (Biller et al. 2019).
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For example, as marine metagenomic databases continue to expand, marine
metagenomics approaches are giving insights into the ocean’s biogeochemical
cycles (Mineta and Gojobori 2016). Of pressing concern is the global carbon
cycle. In the global carbon cycle, the ocean “carbon pump” is “primed” by
photosynthesizing phytoplankton that fixes carbon into carbohydrates. This primary
production keeps the surface water carbon dioxide concentrations low so that
carbon dioxide transfers into the oceans from the atmosphere. Although much
of this fixed carbon is consumed and recycled throughout the ocean’s ecosystems,
some of the carbon sinks to the seabed making the deep ocean a carbon sink.
Metagenomic analyses have shown that integrated plankton networks, which
include eukaryotes, prokaryotes, and viruses, drive carbon sequestration in oligotro-
phic waters (Guidi et al. 2016). Also relevant to carbon sinking into the deep oceans
are sinking particles made of both organic and inorganic matter. Surprisingly,
genomic analyses showed that the bacterial assemblages on these particles were
simple and homogeneous and dominated by deep-sea bacteria across a 9-month
sampling period. In contrast, the eukaryotic assemblages associated with these
particles were complex and more variable, reflecting their more variable origins
from surface waters, mid-depth waters, and the deep sea (Boeuf et al. 2019).
Both bacterial and eukaryotic assemblages are critical for the biogeochemical
transformation of sinking organic particles in the deep oceans (Boeuf et al. 2019),
and metagenomics allow us to better understand how they impact the global carbon
cycle.

In addition to identifying microorganisms’ functions, genome comparisons
among marine microorganisms have given insights into microorganisms’ genomes.
For instance, marine cyanobacteria of the genus Synechococcus enriched from
coastal Californian seawater had genomic regions that greatly diverged from the
genomes of model Synechococcus strains. These divergent genomic regions likely
result from extensive horizontal gene transfer where different strains transferred
genetic material among individuals instead of the heritable transfer between parent
and child (Palenik et al. 2009). Furthermore, the authors also identified three plasmid
families, which had not been found previously, and suggest that the plasmids might
have a role in horizontal gene transfer in the coastal Synechococcus species (Palenik
et al. 2009). Overall, metagenomics approaches yield insights not only into who is
there and what they are doing but also into the evolution of genomic architecture
in different taxa that influences their ecological role and ecosystem function.

Finally, because microbes have fast generation times, microbiomes can
respond quickly to changing conditions. This trait, coupled with the ability to
do metagenomics quickly, results in microbiomes increasingly being used to
monitor organismal health. In mammals, the gut microbiota is being recognized
for its health effects on its host (Wang et al. 2015). Similarly, the gut micro-
biomes of different fishes are being explored for health effects on fish, especially
with the expansion of the aquaculture industry (Egerton et al. 2018). As ocean
waters’ temperatures, acidities, and salinities change with our changing climate,
different marine microbiomes are likely to be affected and can be monitored to
identify climate change effects. For instance, kelp (Ecklonia radiata), an important
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foundation species, was treated under future climate scenarios of increased temper-
ature and acidity in experimental mesocosms. During this treatment, the kelp’s
associated microbiome changed prior to detrimental physiological effects that
occurred in the kelp (Qiu et al. 2019) raising the potential that the microbiome is
directly affecting the kelp’s health. Roitman et al. (2018) explore the idea of
monitoring microbiomes with respect to another group of foundation species,
stony corals. They discuss the use of microbiomes as a metric to monitor coral
reef health. In fact, the Global Coral Microbiome Project (http://coralmicrobes.org/)
seeks to catalogue microbial diversity and metabolic capabilities across all major
reef-building coral groups to better understand how coral microbiomes affect coral
health and disease.

While whole-genome microbial sequencing can be used to gain insight into
microbial function, amplicon-based approaches that target specific genes (e.g., 16S
rRNA genes for bacteria and 18S rRNA genes for eukaryotic microbes) are widely
used to identify species and community structure from diverse marine environments.
Many of these amplicon-based approaches use conserved primers to target different
taxa. This allows researchers to quickly and inexpensively generate many rRNA
gene fragments that can be bulk sequenced on high-throughput sequencing platforms
to identify various taxa. This ease of amplifying and sequencing rRNA genes has
made amplicon-based approaches the most extensively used approach in marine
metagenomics studies (Zhou et al. 2015).

Zooplankton constitutes another group of marine organisms that have benefitted
and will continue to benefit from metagenomics approaches. Similar to microbes,
zooplankton often is bulk sampled from ocean waters, making metagenomics an
efficient way to identify the taxa present in the samples. Zooplankton, which inhabits
all of the world’s oceans, is also undersampled and has multiple examples of sibling
species swarms or flocks that make them difficult to study. Sibling species are two
cryptic or phenotypically similar species that are each other’s closest relative, and
species swarms or flocks are groups of closely related species living in the same
habitat. Bucklin et al. (2017) provide a comprehensive review of the genomic and
transcriptomic resources for marine zooplankton (this book). They discuss the
applications of population genomics research to study population genetic diversity
and structure as well as biogeography and connectivity. There is a great diversity of
zooplankton, and many zooplanktons have large population sizes; together with
short generation times, these characteristics allow zooplankton to rapidly respond to
environmental change. Thus, zooplankton species provide powerful systems with
which to understand genomic responses to environmental change. Bucklin et al.
(2017) summarize knowledge on important zooplankton groups and conclude with
the challenges and future opportunities of using genomics to study zooplankton.
Overall, population genomics approaches provide important tools to gain new
insights into zooplankton diversity, ecology, and ecosystem function.
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3.2 Environmental DNA

The ease of amplicon-based sequencing approaches to identify species and taxa
coupled with next-generation sequencing throughput has also led to a large increase
in environmental DNA or eDNA studies. Environmental DNA is DNA left in the
environment by different organisms that persists for different periods of time
dependent on the environment. For multicellular organisms, DNA sources include
shed cellular material, such as shed skin and blood, and metabolic waste. The use of
eDNA first started with DNA purified from soil; 16S rRNA genes were shotgun
cloned using DNA purified from soil and then individually sequenced as an
approach to identify the diversity of soil microbes, many of which could not be
cultured (Pace et al. 1986). Environmental DNA samples have since expanded to
include DNA extracted from glaciers, permafrost, aquatic sediments, lakes, ponds,
and streams, terrestrial habitats, and the oceans (Thomsen and Willerslev 2015).

The first study to use eDNA to detect an aquatic vertebrate tracked American
bullfrogs (Lithobates catesbeianus) using water samples from controlled environ-
ments and natural wetlands (Ficetola et al. 2008). However, it was not until 2012
that eDNA collected from the marine environment was used to detect marine
macroorganisms, marine fish (Thomsen et al. 2012). Using water samples collected
from a temperate marine ecosystem, the authors were able to identify 15 fish species
in 9 orders and 11 families (Thomsen et al. 2012). Compared to nine other common
methods to monitor fish species, which involved capturing and visualizing fish,
eDNA proved to be an easier and more cost-effective method to survey marine
fishes. This method has the added benefit in that it can be performed in virtually any
marine habitat where water samples can be collected. Importantly, the authors also
determined that the eDNA fragments in marine waters degrade beyond detection
within days. This is in contrast to other eDNA samples, such as those found in
terrestrial sediments, which have contained DNA from extinct organisms (Thomsen
and Willerslev 2015), and means that marine eDNA collections represent a real-time
snapshot of the species present in the environment. This knowledge is important for
management and policy decisions based on eDNA analyses (Kelly et al. 2014).

Biomonitoring is one of the major uses of eDNA, especially in marine ecosystems
that are difficult to observe. Biomonitoring might be done simply to figure out
which organisms are present in an ecosystem, including cryptic species, but it also
might target indicator species of concern, perhaps endangered or invasive species
(see Bourne et al. (2018), this book, for a discussion on the use of environmental
DNA to study marine invasion genomics). The biomonitoring approach with eDNA
is similar in principle to DNA barcoding approaches; the premise of both approaches
is to amplify and sequence a specific DNA target in order to identify species. In DNA
barcoding, some portion of the target sequence is conserved enough across species to
be able to design primers that will amplify the target across taxa, while another
portion of the target sequence is variable enough to distinguish taxa (Bucklin et al.
2011). This is also true for eDNA studies. However, given that eDNA is often
degraded, the amplified targets are typically smaller than those used for barcoding.
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Additionally, for both barcoding and metagenomics approaches, which
organisms are detected is dependent on the primers used since primers can amplify
different species with higher or lower efficiency. Often, multiple primer sets need to
be used to identify known target species. For example, Miya et al. (2015) used
universal primers based on aligned, whole mitochondrial sequences to identify 93%
of the species (168 species) contained in four tanks in the Okinawa Churaumi
Aquarium (Miya et al. 2015). However, their initial experiments were not as
successful. Initially, they used one pair of universal primers to amplify eDNA
collected from the aquarium tanks and sequenced the products on a high-throughput
sequencing platform. Surprisingly, although the primers were designed using a
number of sequences from elasmobranchs (sharks and rays), these experiments
showed that elasmobranchs were represented by only a few assembled reads despite
there being more than 100 large-sized elasmobranchs swimming in the tanks. The
authors attributed the paucity of elasmobranch sequences to PCR bias derived from
primer-template mismatches and ended up designing another set of universal primers
specific for elasmobranchs. These results illustrate the importance of primer design
and amplification conditions in using eDNA to assess species richness. The authors
identified two more challenges for their work with eDNA. One was the presence
of false positives in their analyses from unknown sources. The second was that
the ability to identify the sequenced species depends on a comprehensive reference
sequence database. If species are missing from such a database, they will not be
identified in eDNA analyses.

On an even broader scale than monitoring particular groups of organisms (e.g.,
fishes), an exciting use for eDNA is whole ecosystem monitoring. This was the
approach that Stat et al. (2017) took to monitor a tropical marine ecosystem. They
compared two methods for ecosystem monitoring, a shotgun sequencing approach
(directly sequencing DNA extracted from an environmental sample similar to
approaches used with marine microbes) and a metabarcoding approach using a
suite of ten metabarcoding assays that target different organisms. Using the shotgun
sequencing approach, only 14.1% of the sequencing reads could be assigned to taxa.
In contrast, using the metabarcoding approach, 79.7% of the sequence reads could
be assigned to taxa. Further, while only 0.34% of the shotgun sequencing reads were
assigned to eukaryotes, using metabarcoding, the authors were able to detect
287 families across the major eukaryotic divisions despite having 20-fold fewer
sequencing reads (Stat et al. 2017). This study highlights the potential of using
eDNA to monitor entire ecosystems in an easy, sensitive, and cost-effective manner.
This ability should positively impact natural resource management and ecological
studies assessed on different spatial and temporal scales.

Of primary interest to many involved in monitoring marine ecosystems is
whether eDNA can be used to quantify species abundances as well as their spatial
and temporal distributions. This information is critical for managing species.
However, to be able to estimate abundance from eDNA, one needs to know how
quickly DNA is shed from the organism and how quickly the DNA lasts in the
environment. The rate an organism sheds DNA into the environment is species
dependent. For example, an organism that sheds copious amount of mucus, like
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hagfish (Myxinidae), may leave a greater quantitative abundance of eDNA than
species that shed little. Additionally, the shedding rate is dependent on other
biological factors such as size and age (including life stage). Likewise, in the oceans,
how long eDNA lasts in the environment is dependent on abiotic factors such as
water characteristics (e.g., temperature and salinity, pH, water currents, and mixing)
as well as biotic factors, such as surrounding microorganisms, and how long the
source organism stays in the area. To better understand how both biotic and abiotic
factors affect eDNA and abundance estimates from eDNA, Sassoubre et al.
used northern anchovy (Engraulis mordax), sardine (Sardinops sagax), and chub
mackerel (Scomber japonicus)-specific qPCR analyses to measure eDNA shedding
and decay rates in seawater ecosystems for these three commercially important fish
species (Sassoubre et al. 2016). Using this information, they derived a mass-balance
model to estimate fish abundance from eDNA concentrations with the hope that such
models will be able to provide useful information on biomass and abundance in
natural ecosystems (Sassoubre et al. 2016).

Finally, for species that are hard to find or difficult to sample, eDNA has the
potential to be used for population genetics and genomics studies. For instance,
Parsons et al. (2018) used eDNA to characterize genetic differentiation in
the harbour porpoise (Phocoena phocoena), one of the smallest cetaceans in
the Northern Hemisphere, and found significant genetic differentiation within a
currently recognized management stock (Parsons et al. 2018). Similarly, Sigsgaard
et al. (2016) used eDNA to characterize mitochondrial haplotype frequencies in a
large whale shark aggregation (Sigsgaard et al. 2016). Adams et al. (2019) explored
the challenges and potential of using eDNA for population genetics, which would
greatly enhance population genetics for otherwise inaccessible marine species
(Adams et al. 2019).

4 Genetic Diversity and Marine Population Structure

4.1 Marine Genetic Diversity

Population genomics approaches, by virtue of the large number of polymorphic
loci they could reveal, are likely to identify important patterns of genetic diversity
and are improving our understanding of genetic diversity and population
genetic parameters in marine organisms (Oleksiak 2019). Besides quantifying
genetic diversity, numerous molecular markers that are readily available through
genomics approaches can be used to quantify such parameters as effective popula-
tion size, inbreeding, outbreeding, and bottlenecks, in addition to other evolution-
arily and ecologically relevant parameters. In population genomics, effective
population size (Ne), the number of individuals needed in an idealized population
to replicate the genetic change due to genetic drift or inbreeding that is found in the
real population (Hartl and Clark 1997), is a critical parameter for conserving species
and determining how readily populations will be able to adapt to environmental
change. Low Ne/N (where N is the census size) ratios in marine species have been
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suggested to be due to “sweepstakes” reproductive success especially of species with
type III survivorship curves (high fecundity, high juvenile mortality), where only a
few families win the “sweepstakes” and produce offspring that survive to reproduce
(Hedgecock and Pudovkin 2011). Early mortality in such high fecundity species has
often been thought to be due to environmental factors. However, a recent genome-
wide survey of full-sib offspring of wild-caught Pacific oysters (Crassostrea gigas)
revealed widespread, genotype-dependent mortality where detrimental alleles
resulted in 97.9–99.8% offspring mortality (Plough et al. 2016). While these were
hatchery-based experiments, the results have broad implications for understanding
low and variable recruitment in highly fecund marine species.

4.2 Marine Population Structure

Most marine species spend all (holoplankton) or a portion (meroplankton) of their
lives in the plankton. Because ocean currents can move organisms vast distances,
this life history trait makes species population connectivity and biogeography of
critical importance in understanding and managing marine populations, species, and
ecosystems. Population genomics approaches have enhanced studies of connectivity
and biogeography throughout marine organisms because they enable researchers to
quickly and easily develop molecular markers for any species, regardless of whether
or not prior genomic resources exist. Further, population genomics approaches
can result in hundreds to thousands of molecular markers that often reveal fine-
scale and cryptic genetic structure previously not seen with fewer markers (Crawford
and Oleksiak 2016; Drury et al. 2016). For example, microsatellites and allozymes
with limited numbers of loci missed the significant divergence among corals
species along the Florida Reef Tract (FRT) that was identified using population
genomics approaches involving sequencing a reduced representation of the genome
(less than 1% of genome) (Drury et al. 2016). This reduced representative sequenc-
ing approach not only found significant divergence along the FRT but surprisingly
found that corals in the northern FRT were more similar to those in the southern FRT
than to geographically closer central FRT corals (Drury et al. 2016). Population
genomics approaches have been used with many other marine species to identify
population structure. For example, the vast majority of SNPs among red abalone
(Haliotis rufescens) had little genetic differentiation among populations (De Wit and
Palumbi 2013). Yet, ~3% (691/~22,000) of loci had significantly higher FST values
(a measure of genetic differentiation) that readily distinguish populations along the
California Coast (De Wit and Palumbi 2013). Similarly, for Atlantic herring (Clupea
harengus) in the Baltic, 2.0% of SNPs (117/5,985) are indicative of significant
population structure having FST values ¼ 0.128 (Corander et al. 2013). Similar
data is found in temporal isolation of pink salmon (Oncorhynchus gorbuscha) and
Atlantic salmon (Salmo salar) where a few out of 1,000s of SNPs are associated with
migration and reproduction timing (Johnston et al. 2014; Seeb et al. 2014). While
analyses of neutral variation often do not identify population structure, analyses
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of adaptive variation (loci with outlier FST values that are indicative of natural
selection), which constitute only a small percentage of the analyzed loci (1–5%),
can identify a much finer genetic structure (Fig. 1). Moreover, the number of
candidate loci under adaptive selection suggests that adaptive evolution acting on
many loci is common.

In this book, Pérez-Portela and Riesgo (2018) focus on the population genetics
and genomics of early-splitting metazoan lineages: Porifera, Ctenophora, and
Cnidaria, and within Cnidaria, particularly the Medusozoa. In general, they conclude
that species with short dispersal potential tend to have strong genetic structure.
However, among species with large dispersal potential, generalities about population
connectivity cannot be made. Species with large dispersal potential have a lot of
variety in genetic patterns. Indeed, for species with large dispersal potential due to a
pelagic larval stage, average pelagic larval duration is not well correlated with
genetic differentiation (Weersing and Toonen 2009). While initially this finding
was paradoxical to the idea of highly connected marine populations, the number of
exceptions to large, homogeneous marine populations has led to a paradigm shift
with implications for marine species demography, management, and conservation
(Hauser and Carvalho 2008). Thus, new questions arise as to what drives marine
demographic patterns. To better understand the role of biotic and abiotic factors
driving demographic patterns in marine metazoans, Pérez-Portela and Riesgo (2018)
advocate for a combination of genome-wide scans, techniques to measure larval
dispersal, and oceanographic modeling. The integration of this information will
enhance predictions about genetic trends with implications for conservation and
management. Indeed, integrating spatial and environmental data to understand
genomic variation drives the field of seascape genomics.

Neutral Loci

Ref S            Effluent Ref N 

Ref S            Effluent Ref N 

Selectively
Important Loci

Fig. 1 Analyses of adaptive variation (loci with FST values that are indicative of natural selection)
to identify population structure. Neutral loci cannot distinguish populations collected from a power
plant effluent site from reference populations north and south (Ref N and Ref S) of the effluent
population. This suggests few demographic differences among these populations. In contrast,
selectively important loci distinguish the effluent individuals. The fact that effluent genotypes can
be found within the flanking reference populations suggests that the effluent genotype is selected
from standing genetic variation
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5 Seascape Genomics

The underlying idea behind seascape genomics is to provide a better understanding
of both the biotic and abiotic factors that affect population structure. Seascape
genomics combines population genomic patterns with seascape ecology to better
understand the processes affecting marine populations. While seascape genomics
can be considered a subset of landscape genomics, features particularly important
for marine species include ocean currents and strong environmental gradients
(Riginos et al. 2016). Other features particular to the oceans are the large spatial
scales of seascape features and the high dispersal ability of many marine organisms
(Riginos and Liggins 2013). This high dispersal means that many marine organisms
will experience spatially as well as temporally dynamic habitats. Liggins et al. (2019,
this book) discuss the challenges (e.g., the need to sample through both space
and time at appropriate scales) and potential of seascape genomics studies.
They outline the important considerations for designing effective seascape genomics
studies and discuss recently-used methods in seascape genomics appropriate
for these challenges. Seascape genomics enhance the ability to detect genetic-
environment associations, thereby strengthening population genomics studies and
the resulting inferences, including inferences of adaptive genomic variation. A better
understanding of adaptive genomic variation in marine populations will inform us
about whether these populations are equipped to cope with environmental change,
information that is critical with increasing global climate change.

6 Responding to Change: Acclimation, Adaptation,
Epigenomics, and Speciation

Multiple mechanisms exist by which organisms and populations can respond to
environmental change. One response is to shift range or timing in development,
reproduction, or migration. Indeed, time series data are revealing significant pheno-
logical variability of marine plankton (Edwards and Richardson 2004), which
can have sometimes devastating effects on animals higher in the food chain. For
instance, in the Mediterranean, the onset of water stratification results in increases
in phytoplankton, zooplankton, and ichthyoplankton abundance. For a small, long-
lived seabird, the Mediterranean storm petrel (Hydrobates pelagicus melitensis),
which depends on these planktonic food sources, delayed reproduction with respect
to the onset of water stratification resulted in both hatching and breeding failure
(Ramirez et al. 2016). Another response to environmental change is to acclimate;
acclimation is a reversible physiological response that alters mRNA expression or
protein activity that modulates metabolism, growth, or homeostasis. Alternatively,
there are heritable expression pattern changes that have evolved by natural selection
and thus are adaptive. Population genomics approaches can be used to identify
adaptive genetic changes and thus identify genes that are biologically important
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because they affect fitness. In contrast to adaptations which involve genetic changes
in DNA that are passed down through many generations, epigenetic changes are
changes in the genome that do not alter the DNA sequence but may be passed down
between one or a few generations (Deans and Maggert 2015; Moler et al. 2019).
Epigenetic changes provide organisms with alternative ways to deal with changing
environments (Moler et al. 2019).

6.1 Acclimation

Transcriptomics, the comprehensive study of an organism’s RNA transcripts, is
widely used to understand how organisms respond to changes, both biotic changes,
such as life stage or sex, and abiotic changes, such as changing temperatures or
salinities. The general idea behind transcriptomics is that knowledge of which tissue
or cell expresses a gene, when the gene is expressed, and under what conditions
a gene or set of genes is induced or repressed will give insight into biological
and physiological processes (Oleksiak 2010). Transcriptomic responses can occur
on different time scales as well and can be acute (minutes to hours), acclimatory
(occurring over days or weeks), or adaptive (occurring over generations). Interest-
ingly, the genes that show an acclimation response are often different from those
with an adaptive response (Dayan et al. 2015). The two major ways to study
transcriptomics are microarrays and RNA-Seq, and both have been used to quantify
gene expression in a variety of marine organisms (Hofmann and Place 2007;
Caron et al. 2016; Akbar et al. 2018).

The original method for quantifying many 1,000s of mRNAs used microarrays
(Brown and Botstein 1999). Microarrays are made up of thousands of DNA probes –
150–250 μm spots of DNA – bound to microscope slides in a specific pattern
(Ramsay 1998; Schena et al. 1998). For transcriptomic studies, these DNA spots
represent expressed transcripts, and each DNA spot quantitatively hybridizes to
a specific mRNA so that expression of thousands of genes can be measured
simultaneously. Transcriptomics of natural populations began with microarrays,
and these first studies revealed population differences likely due to natural selection
(i.e., an adaptive response) despite high levels of individual variation (Oleksiak et al.
2002). Subsequently, microarrays have been used to understand a variety of
responses such as responses to salinity (Kalujnaia et al. 2007), hypoxia (Sussarellu
et al. 2010; Everett et al. 2012), and pollution (Fisher and Oleksiak 2007; Bozinovic
and Oleksiak 2010; Oleksiak et al. 2011; Bozinovic et al. 2013). Microarrays require
prior genomic knowledge-gene sequences to print on the microarray, which is a
barrier for non-model species. In contrast, RNA-Seq approaches do not require such
prior knowledge.

RNA-Seq uses high-throughput sequencing to sequence all expressed transcripts.
Because RNA-Seq does not require prior knowledge of the genome, RNA-Seq
can be easily and quickly used to quantify gene expression in organisms without
genomic resources. In combination with barcoding individual samples, RNA-Seq
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approaches also allow for high throughput, making population-level studies feasible.
In addition to quantifying gene expression, RNA-Seq can be used to identify
alternatively spliced transcripts and SNPs. The ease, throughput, and flexibility of
RNA-Seq are making RNA-Seq the favored choice for transcriptomic studies,
especially for non-model species. For example, RNA-Seq has been used to better
understand the molecular mechanisms underlying the biology and ecology of
octocorals (Heliopora coerulea) (Guzman et al. 2018), seagrass’ (Zostera marina)
adaptive response to global warming (Franssen et al. 2011), and rock oyster’s
(Saccostrea glomerata) adaptive response to ocean acidification (Goncalves et al.
2017).

While transcriptomic measures can explain biologically important functions
such as cardiac metabolism (Oleksiak et al. 2005), transcriptomics are not a direct
measure of proteins. Transcriptomics also ignore other processes that affect protein
activity such as allosteric activators, phosphorylation, or other posttranslational
modifications. In contrast, proteomics is the study of protein abundance and post-
translational modifications, often in response to some sort of change. Proteomic
approaches have been used to study such topics as the effects of environmental
stress, pollutants, infection, symbiosis, and development on marine organisms
(Tomanek 2011). By bridging the gap between genotype and phenotype, proteomics
integrate gene expression changes with other processes that affect protein activity.

However, unlike many of the other genomics approaches, proteomics require
genomic resources to identify the proteins, and the lack of available annotated
genomes and proteomes for most marine organisms is a major limitation for marine
proteomic studies (Slattery et al. 2012). Nevertheless, proteomics is being used with
a variety of marine species and is giving insights into their physiological responses.
For instance, proteomics approaches were used to characterize the Pacific oyster’s
(Crassostrea gigas) response to natural environmental differences in pH, dissolved
oxygen content, salinity, and temperature at five different estuarine sites in
Washington State, USA. Among sibling Pacific oysters placed at these five sites,
oysters from one of the sites had higher abundances of seven proteins – antioxidant
enzymes and molecular chaperones (Venkataraman et al. 2019). These differences
potentially reflect environmental factors at this site, such as higher average temper-
ature. Another proteomics study used Crassostrea gigas to predict how larvae might
be affected by future climate change. This study examined metamorphosing larvae
under decreased pH (pH 7.4), increased temperature (30�C), and reduced salinity
(15 parts per thousand) conditions and identified significant protein expression
changes in response to both single stressors and interacting stressors (Dineshram
et al. 2016). Proteomics approaches have also been used to study tissue regeneration
in the stony coral Montastraea cavernosa (Horricks et al. 2019) and response to
thermal stress in the marine kelp forest gastropod, Kellet’s whelk (Kelletia kelletii),
across a naturally existing thermal gradient across its range (Vasquez et al. 2019).
Overall, proteomics studies provide information on protein targets for future studies
related to biotic and abiotic changes in marine organisms and should contribute to
understanding the physiological responses of marine organisms to future ocean
conditions.
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6.2 Adaptation

Population genomics approaches provide hundreds to thousands of neutral markers
to explore processes affecting population structure. In addition, with the ability to
interrogate loci across the genome, population genomics approaches can also reveal
genomic regions evolving via non-neutral processes. Typically, the divergence in
DNA sequence variation or single nucleotide polymorphisms (SNPs) are compared
across the genome, and SNPs with larger changes in allele frequencies than expected
among populations (or FST values) are identified. These outlier SNPs have such
large and unexpected differences in allele frequencies that they are thought to
contribute to adaptive differences. These analyses give an insight into adaptive
variation within and between populations and species. Adaptive variation and
the adaptive potential of species are becoming increasingly important for species’
survival given current rates of global change. Global change, driven in large part by
human activities, is dramatically affecting the world’s oceans and subsequently
the organisms that live in them. Ocean waters are warming and becoming more
acidic. Changing weather patterns are changing ocean currents and stratification.
Hypoxic zones are expanding. Pollutants – plastics, nutrients, and chemicals – are
not bounded once they reach the oceans and are increasing. All of these factors are
changing ocean ecosystems on a global scale. Not surprisingly, whether and how
organisms cope with these changes (adapt) as well as their potential to cope with
changes are the subject of many marine population genomics studies. Three systems
used to understand how species and populations cope with environmental change
are discussed: barnacles, a marine snail, and stickleback fish.

6.2.1 Barnacles

The northern acorn barnacle (Semibalanus balanoides) is a quintessential marine
organism with high fecundities (and large effective population size, Ne), planktonic
larval duration that can last weeks, and a benthic adult phase. During the adult phase,
these barnacles inhabit the rocky intertidal habitat where they are exposed to
both aerial and oceanic environments and experience extremes in environmental
variation, particularly with respect to oxygen and temperature. Thus, S. balanoides’
life history provides multiple stages at which selection can occur, and this organism
provides a useful model to study genetic variation and adaptation to thermal stress
in natural populations in the context of ample gene flow. Nunez et al. (2018)
review the state of the S. balanoides genomic resources, analyze genome-wide
levels of variation and population structure across the North Atlantic using pooled
sequencing approaches, and describe current and future improvements for barnacle
genomic resources (this book). One of their main points is that their approach
to build genomic resources for S. balanoides can be easily applied to most natural
populations.
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6.2.2 Marine Snail

The marine snail (Littorina saxatilis) is also an intertidal species. In contrast to
S. balanoides, L. saxatilis does not have a free-floating larval stage but instead is a
direct developer (Johannesson 2016). Thus, L. saxatilis disperse only a few meters
each generation, on the same spatial scale as the environmental variation that
occurs in its intertidal habitat. Further, semi-isolated L. saxatilis ecotypes, with
differences in size, shell shape, color, behavior, and physiology, have repeatedly
evolved in these heterogeneous intertidal habitats (Johannesson 2016). For these
reasons, L. saxatilis is an outstanding model to explore the interactions between
selection, gene flow, and genetic drift during local adaptation and speciation.
Previously, L. saxatilis has been extensively studied using classic genetic markers
(Johannesson et al. 1995; Johannesson and Tatarenkov 1997), and population geno-
mics approaches are now expanding our understanding of the underlying evolution-
ary processes involved in L. saxatilis’ adaptation and speciation. Johannesson et al.
(2017) review the mechanisms of adaptive divergence and speciation in L. saxatilis
and the new information and opportunities that genomic resources are providing (this
book). Knowledge from L. saxatilis studies has broad implications for understanding
both barriers to gene flow and reproductive isolation in the face of gene flow.

6.2.3 Stickleback

A final example of a species used to investigate genetic mechanisms of rapid
divergence and evolution in natural systems is the three-spined stickleback,
Gasterosteus aculeatus. Originally known as a nuisance fish in managed fisheries,
the first international stickleback conference took place in 1984 (Barber and
Nettleship 2010). This meeting was focused almost entirely on behavioral research.
Stickleback fish are such useful behavioral models because they can be easily raised
in aquaria and exhibit many of their behaviors in an aquarium setting (Barber
and Nettleship 2010; Norton and Gutiérrez 2019). In addition to attributes useful
for behavioral studies, the three-spined stickleback displays immense intraspecific
variation, especially the freshwater populations (Bell and Foster 1994), making it a
powerful model also for ecological and evolutionary research. Finally, three-spined
stickleback has repeatedly adapted from oceanic to freshwater habitats with resulting
morphological, physiological, and behavioral adaptations. These features, combined
with genomics, have transformed the three-spined stickleback into a “supermodel”
(Gibson 2005). In stickleback, population genomics approaches have been most
notoriously used to study repeated evolution from saltwater to freshwater and
have shown that the resulting ecological change (fewer predators) has resulted in
concordant changes in genes that alter spines and armor plates (Hohenlohe et al.
2010). Hohenlohe and Magalhaes (2019) describe the primary population genomics
approaches that have been taken to understand the genetics of adaptation in stickle-
back, particularly parallel phenotypic evolution, and discuss the demographic and
genomic conditions that can facilitate repeated, rapid adaptation (this book).
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6.2.4 Clinal Adaptation in the Marine Environment

Both the intertidal coast with contrasts between aerial and oceanic environments
and the differences between freshwater and saltwater environments provide clear
examples of contrasting environments that can define populations, shape gene flow,
and drive natural selection with different selective forces. Yet the vast majority of the
world’s ocean environments are not coastal, and the selective forces that separate
populations and species are less clear. Thus, on the surface, the oceans appear to
be without clear boundaries. However, ocean habitats do harbor boundaries in the
form of gradients or clines. Major clinal gradients in the oceans include temperature,
salinity, oxygen, and depth. Dayan (2018) discusses how genomic approaches are
being used to understand the genetic basis of clinal adaptation to environmental
gradients in the oceans (this book). Understanding clinal adaptation is difficult
because clines are often correlated with demography. Thus, Dayan presents other
explanations for allele frequency changes along clines that are not necessarily
adaptive and then describes the approaches for identifying adaptive variants.
Using recent examples of clinal adaptation in the oceans, he makes some general
conclusions about the genetic basis of clinal adaptation and then proposes future
directions. Notably, Dayan (2018), identifies a lack of understanding across many
genomic analyses about the mechanisms by which DNA sequence variations are
related to adaptively important trait variation.

6.3 Epigenomics

In addition to adaptation, organisms can respond to environmental change
via epigenetic mechanisms. Epigenetics has been defined to include the study
of heritable (typically for one or a few generations, but see Moler et al. 2019)
mechanisms that change gene expression independent of DNA sequence changes
(Deans and Maggert 2015). Yet there is a broader definition of epigenetics that
includes mechanisms that change gene expression independent of DNA sequence
changes that are not necessarily heritable (Metzger and Schulte 2016; Moler et al.
2019). Regardless of the breadth of the definition, epigenetics is another way that
populations can respond to environmental change. However, the question remains
as to whether epigenetic changes provide a buffer that allows enough time for
populations to adapt to environmental change, or conversely, by providing a
temporary fix to the need to respond to environmental change, do they hinder
acclimation and adaptation (Bonduriansky and Day 2009)? Indeed, models show
that epigenetic changes can both increase and decrease the adaptive rate, resulting
in populations with higher and lower fitness, respectively: small effect epigenetic
changes generally help adaptation, while larger effect epigenetic changes
hinder adaptation (Kronholm and Collins 2016). However, empirical data on
how epigenetic changes affect adaption are scarce in natural populations.
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Environmental epigenomics explores the relationships between environmental
changes, epigenetic changes, and subsequent phenotypic consequences. This is a
growing field, and a variety of different approaches exist to quantify epigenetic
changes (see Moler et al. 2019). These approaches provide different levels of
resolution from low-resolution global signals of methylation relative to total DNA
to a complete picture of methylation with single base pair resolution. Some
techniques such as those based on HPLC or ELISA, which quantify methylation
relative to total DNA, are relatively easy and inexpensive (Moler et al. 2019).
The higher resolution techniques tend to be more costly with varying levels
of complexity (see Eirin-Lopez and Putnam (2019) for a list of techniques to study
epigenetic signals as well as references to studies using said techniques to
study epigenetics in marine organisms). In this book, Beal et al. (2018) discuss
environmental epigenomics, first defining epigenetics and the different mechanisms
involved in epigenetic regulation of gene expression and then discussing potential
applications of epigenomics research in marine organisms (Beal et al. 2018, this
book). They provide many examples of epigenomics studies in marine organisms,
yet population-level epigenetic analyses are still rare for marine species. Thus,
there remains much potential to assess epigenetic variation between populations
experiencing different environments to better understand how populations respond
to their surrounding environment.

7 Speciation

Evolutionary and demographic processes that affect population structure, genomics
approaches can be used to discern mechanisms affecting speciation, divergence of
closely related taxa, and species richness (Grunwald et al. 2016). Unlike in terrestrial
systems, in the oceans, there are very few absolute dispersal barriers. Additionally,
the large number of marine species that spend at least some portion of their life in
the plankton means that many marine species have the potential for extensive gene
flow across large distances. This gene flow minimizes population differentiation
and consequently should inhibit speciation. Yet the world’s oceans have high levels
of species diversity – they contain approximately 2.2 million eukaryotic marine
species (Mora et al. 2011). How do so many species evolve with so much potential
gene flow? A potential mechanism for speciation with gene flow results from the
ecological hypothesis of speciation in which reproductive isolation results from
divergent or disruptive natural selection (Puebla 2009). González et al. (2018)
review studies of ecological speciation in marine environments with a focus on
coral systems (this book). They explore how adaptation to depth, an important
selective force for many marine species, has the potential to reduce gene flow and
eventually lead to reproductive isolation. They go on to discuss mechanisms of
reproductive isolation among populations living in different habitats. Finally, they
illustrate how these studies have been enhanced by population genomics tools.
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8 Protection, Conservation, and Sustainable Management

For management of ecologically important species, conservation, and protection
of rare or endangered species, genomic data provide detailed information on
marine populations. Specifically, population genomics approaches that identify
neutral and selectively advantageous DNA sequence variation can define the
forces that shaped populations and their distributions. Genomic DNA analyses, by
providing a finer-scale description of population structure, provide a richer under-
standing of effective population size, migration rates, and the importance of local
adaptations and thus inform conservation or management decisions of diverse
populations. It is the depth and breadth of information across the genome that
provides information that was not possible a decade ago. Three important consider-
ations for protecting marine resources include invasive species, fisheries manage-
ment, and marine protected areas.

8.1 Invasive Species

Marine invasive species pose a major threat to global biodiversity and can have
significant ecological and economic impacts on the ecosystems upon which humans
depend. A meta-analysis of more than 350 databases shows that only 16% of
marine eco-regions have no reported marine invasions (Molnar et al. 2008). Marine
invasions are a growing problem due to ocean connectivity paired with faster and
more frequent trans-oceanic transport. Indeed, invasive species introductions are
largely driven by international shipping, followed by aquaculture practices (Molnar
et al. 2008). Additionally, durable rafting materials, such as plastics, are facilitating
marine invasive species. Plastics, unlike most natural products, last much longer
in the oceans and thus serve as long-lasting vehicles for trans-ocean transport.
For example, stalked barnacles (Lepas spp.) have colonized buoyant plastics floating
in the Pacific Ocean, where they act as a foundation species, and as foundation
species on plastic debris, they have facilitated the survival of coastal species
from opposite sides of the Pacific cohabiting the same plastic debris (Gil and
Pfaller 2016).

Population genomics approaches are providing new methods for both detecting
and understanding the processes involved in successful invasions. In addition,
population genomics approaches are providing new opportunities to understand
the ecological and evolutionary consequences of biological invasions. Bourne
et al. (2018) detail how population genomics approaches have been used to study
invasive marine species (this book). They first focus on some key mechanisms
driving biological invasions including pre-invasion adaptation, the role of propagule
pressure (the number of individuals introduced and the total number of introduction
events), and post-invasion hybridization and adaptation. Next, they review the
genomics methods used to study marine invasions. Finally, they outline the future
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potential of population genomics approaches for studying marine invasive species.
These approaches, which allow researchers to address a wider set of research
questions using a broader range of taxa, are important for protecting marine ecosys-
tems from the threats posed by invasive species.

8.2 Fisheries Management

Fisheries sciences seek to maintain sustainable fisheries, thus understanding popu-
lation structure is critical for effectively managing fisheries stocks. Population
genomics approaches can provide thousands of genetic markers with which to
determine population structure, both connectivity or conversely, adaptive diver-
gence. For instance, ~8,000 SNPs were used to define fine-scale genetic structure
in American lobster (Homarus americanus), a valuable fishery in North America
(Benestan et al. 2015). Interestingly, the defined genetic structuring generally
matched the defined lobster fishing areas. Knowledge of population structure is
important because different populations are unlikely to have the same response to
different stressors such as environmental change or fishing pressures. Consequently,
these different populations probably should be managed separately.

In addition to defining genetic structure in American lobster, SNPs also
were used to assess population assignment success; the most differentiated SNPs
improved population assignment success even in the face of only weak genetic
structure. Population assignment allows inferences about the lobsters’ migration
rates (Benestan et al. 2015) and can be used to improve fisheries management.
SNPs that differentiate between populations also can be used for mixed-stock
analyses to identify the origins of the species in mixed fisheries such as Pacific
salmon (Ackerman et al. 2011), another important consideration for fisheries
management. Finally, given their ability to identify origin, differentiating SNPs
also can be used to trace illegal fishing and identify fish mislabeling (Nielsen et al.
2012). Illegal, unreported, and unregulated (IUU) fishing is a global problem
that affects most of the world’s fisheries, and being able to identify IUU fishing
is critical to even begin to address the problem (Martinsohn and Ogden 2009).
Moreover, SNPs are especially useful for collaborative efforts among agencies or
laboratories, which are necessary for such applications as genetic stock identification
or tracing illegal fishing, because these bi-allelic markers enable rapid, automated,
and reproducible genotyping results (Ackerman et al. 2011).

Benestan (2019) discusses the use of population genomics approaches for
fisheries sciences and management (this book). Fisheries population genomics is
expanding not only the number of taxa that are being studied but also the fishery
management issues that can be addressed. Benestan (2019) gives insight into
how population genomics approaches can be integrated with fisheries management
and conservation (this book). She focuses on four themes: (1) stock structure and
defining population boundaries; (2) the implications of climate change for fisheries
and how climate change is influencing species’ distributions and adaptation patterns;
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(3) the identification of the geographic origin of harvested fishery species, which
is integral to regulatory enforcement; and (4) fishery-induced evolution, which
can impact population productivity. Of critical importance overall is how population
genomics results should be best integrated into management practices.

8.3 Marine Protected Areas

How population genomics results should be best integrated into management
practices is also important for designing marine protected areas (MPAs). MPAs
are designated zones in which human access and activities are restricted in order to
protect the organisms living in the protected area from local anthropogenic stresses.
MPAs vary in how much they restrict human activities, from allowing minimal
activities (i.e., a no-take marine reserve) to being much more permissive, and
they serve as an important strategy for both conservation and fisheries management
goals (Lester et al. 2009). Encouragingly, a meta-analysis of 124 different marine
reserves located in 29 countries showed that the marine reserves positively affected
species richness as well as biomass, number, and size of the organisms within
their boundaries (Lester et al. 2009). Similar to fisheries management, being able
to define populations is critical to protecting the organisms that make up the
marine populations of interest. Thus, in designing MPAs, important considerations
concern population connectivity and whether particular populations are source or
sink populations for other areas in the ocean. However, unlike fisheries management,
MPAs need to consider not just one fishery species at a time. Instead, their design
needs to take into consideration multiple organisms inhabiting the protected area
as well as multiple stakeholders – from fishers to conservationists – with a vested
interest in the designated area. All of these considerations make designing successful
MPAs a complex endeavor. Although population genomics approaches can provide
valuable information relevant to designing MPAs, that information often is not
incorporated. Xuereb et al. (2018) discuss both the benefits of population genomics
approaches and also the challenges of effectively incorporating the results of geno-
mic analyses into MPA design (this book). Effective use of genomic analyses
for MPA design is becoming more important with increasing global change and
resulting stresses on marine environments because MPAs will need to play an
increasing role in preserving and maintaining ocean ecosystems.

9 Conclusions and Future Directions

Population genomics approaches are giving us unprecedented insight into life in the
world’s oceans. This insight results because many population genomics approaches
can be used on any organism, regardless of whether or not prior genomic information
or resources for that organism exist. Thus, population genomics approaches are
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especially germane for marine organisms, which often are hard to sample, hard
to maintain in captivity, and hard to culture (i.e., raise through different life stages).
By using population genomics approaches, we are learning who, what, where, and
when even for marine species we previously knew nothing or almost nothing about.
Yet because we still cannot do controlled laboratory experiments on many marine
species, genomics approaches often only give us discrete bits of information beyond
who, what, where, and when, e.g., gene expression levels under certain conditions,
insight into population connectivity, and lists of putatively adaptive loci.

Thus, one of the major challenges that remains for marine population genomics
is to expand these bits or snapshots of genomic information to gain a cohesive
understanding of marine ecosystems (Fig. 2). Gaining a cohesive understanding of
marine ecosystems, while laudable, is a tall order! However, this challenge does not
have to be solved all at once, making it a much more manageable although still
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Fig. 2 Genomics informs our understanding of marine ecosystems. Genomics approaches are
providing novel insights into marine ecosystem diversity and function. Both biotic and abiotic
factors impact these insights, necessitating an integrated analysis. Epigenomic image based on a
design by Kjpargeter/Freepik. Reef image adapted from an image by rsoler616 from Pixabay
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formidable challenge. Part of the answer to this challenge involves understanding
how genotype and phenotype are related. Another part involves understanding
which DNA sequence variations are related to adaptively important trait variation.
Yet another part involves understanding environmental effects on genotypes
and phenotypes at both the individual and population levels. All of these parts
are complicated by species interactions and changing environments. Thus, for
example, even when we know the genetic reasons for the phenotypic mechanisms
that enhance fitness with warmer climates, we may not understand how altered
phenotypes will alter species interactions and how altered species interactions
will modulate ecosystem diversity. Yet the hope is that with the application of
ecological principles, we can integrate all of these parts. Thus, we should be able
to better define the relationships from genotype to phenotype to population function
to ecosystem function and so gain a greater understanding of how life in our
oceans works.
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Part II
Marine Microbiomes



Coral Microbiomes as Bioindicators of Reef
Health

Sofia Roitman, F. Joseph Pollock, and Mónica Medina

Abstract Coral reefs are currently in steep decline worldwide due to changes in
climate and anthropogenic activity. Given reefs’ key roles as centers of biodiversity
and the variety of services they provide for humans, it is imperative that we develop
reef management strategies that are sensitive to environmental changes and that
allow timely interventions in response to specific threats. The use of bioindicators
has been demonstrated as an effective way to monitor a broad range of ecosystems,
and coral microbiomes show immense potential as bioindicators for coral reefs.
Given the decline of coral reefs worldwide, and the diversity of species that are
currently under threat, coral microbiomes can provide much-needed insights and
information for the purposes of reef conservation and protection.

Keywords 16S · Bacteria · Bioindicator · Conservation · Coral reef · Ecosystem
management · Metagenomics · Metatranscriptomics · Microbiome · Sequencing

1 Introduction

Coral reefs are often compared to tropical rainforest ecosystems for their high species
richness and complexity (Mulhall 2008). Containing one-quarter to one-third of all
marine species, coral reefs provide a milieu of economic and ecological services to
humans, including fisheries and coastal protection (Hoegh-Guldberg et al. 2007;
Plaisance et al. 2011). Due to a combination of overexploitation, pollution, and
global climate change, these ecosystems have undergone significant degradation in
recent decades (Parry et al. 2007). Given their immense value and threatened status,
conservation of coral reefs has emerged globally as a pressing management concern.
Monitoring potential stressors (e.g., increased temperature, sedimentation, nutrients)
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and assessing their influence on ecosystem status and function form the basis of
effective adaptive natural resource management (Holling 1978). However, the spo-
radic and heterogeneous nature of anthropogenic pressures combined with the
remoteness of many reef systems presents a significant challenge to traditional
monitoring methods. Bioindicators hold the promise of providing highly sensitive,
time-integrated measures linking changes in water quality to the condition and
function of reef ecosystems (Cooper et al. 2009; Fabricius et al. 2012; Leite et al.
2018). In this chapter, we highlight the potential of coral microbiomes as novel
bioindicators of reef health.

Many reef monitoring programs aim to document changes in environmental
condition and quantify the impact of these changes on the diversity, health, and
function of reef-dwelling organisms (Rogers et al. 1994). This information is
critical for understanding the role of specific human activities in reef declines and
informing the effective management of ongoing and proposed projects. Reef
monitoring programs often employ direct measurement of fish, coral, and/or
non-coral invertebrate health and abundance and collect data on environmental
parameters (e.g., temperature, salinity, and turbidity). These methods require highly
trained SCUBA divers to conduct repeated underwater surveys often at multiple
reef locations, which can be time-consuming and extremely costly. For example,
the Australian Institute of Marine Science’s Long-Term Monitoring Program has
cost an estimated AUD$50 million over 27 years (AIMS 2013). This detailed
monitoring provides invaluable documentation of coral decline on the Great Barrier
Reef. It also serves as a unique resource to assess the causes of this decline and
assess the effectiveness of protection measures. However, direct measurements of
environmental conditions are limited in their ability to provide holistic information
on reef health. Direct environmental measurements, for example, can only capture
the state of an ecosystem at the time of sampling. The significant costs and
logistical challenges (e.g., extreme weather) associated with delivering teams of
specialist divers to often remote reefs limit the frequency of in situ monitoring (Holt
and Miller 2011). Sporadic, infrequent sampling is likely to miss rare or highly
variable impacts and/or responses and limits the utility of such monitoring as early-
warning management triggers (Fabricius et al. 2012). Inferences of ecosystem or
organismal health based on direct environmental measurements are currently lim-
ited by an imperfect understanding of the complex relationships between environ-
mental and biotic variability (Fabricius et al. 2012). It is worth noting that these
monitoring methods are not able to determine the quality of the reef ecosystem as a
whole or to fully assess the presence or extent of changes in the surrounding
environment. In order to continue protecting and conserving coral reefs in the
future, it is imperative to develop monitoring methods that are more sensitive to
changes in reef ecosystems and organismal responses to these changes.
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2 Bioindicators of Coral Reef Ecosystem Health

In contrast to traditional environmental monitoring, which often relies upon direct
measurement of environment parameters (e.g., temperature, salinity, nutrients, pol-
lutants, turbidity), bioindicator-based monitoring quantifies specific biological pro-
cesses, species, and/or communities as proxies for environmental condition.
Embracing the view that the biota itself is the best predictor of how ecosystems
respond to disturbance, researchers and managers working in terrestrial, freshwater,
and marine ecosystems increasingly employ bioindicators for environmental moni-
toring (Bispo et al. 2009; Phillips and Rainbow 2013; Thakur et al. 2013). While
monitoring whole-community dynamics – rather than a subset of bioindicators – can
be informative, it is simply not feasible in high diversity systems like coral reefs
(Bouchet 2006). Focusing on a subset of species satisfies the established criteria for
effective bioindicators – specificity, monotonicity, variability, practicality, and eco-
logical relevance (see Box 1) – maximizing sensitivity while reducing costs.

Box 1 Microbiomes Meet the Criteria for Useful Bioindicators
While the criteria for adequate bioindicators can vary by environment and
need, universal standards for useful bioindicators have been prescribed. These
include an organism’s ability to exhibit biological responses that are specific to
one stressor or environmental change, termed specificity; its monotonicity,
which dictates that the size of an organism’s response to a stressor or change
should be proportional to both the intensity and the duration of said stressor or
change; an organism’s (or community of organisms’) variability, that is, its
ability to remain relatively consistent in the absence of changes or stressors;
the practicality of a bioindicator, which hinges on the feasibility, cost-
effectiveness, and the ease of measurement of an organism’s biological
responses; and finally that a bioindicator must be relevant and exhibit stress
responses that are both ecologically relevant as well as relevant to the general
public in order to facilitate the communication of results (Cooper et al. 2009).

Microbiomes meet these criteria for useful bioindicators. Microbial
responses have been shown to be specific to certain changes in the environ-
ment, particularly with regard to environmental pollution. For example, stud-
ies on soil microbiomes have shown them to be highly responsive to lead
pollution even at low concentrations, as well as to copper and zinc (Nwuche
and Ugoji 2008; Sobolev and Begonia 2008). Shifts in microbial diversity
have also been observed in aquatic environments in response to increased
pCO2, suggesting that microorganisms could be used to detect increases in the
acidification of the water column (Liu et al. 2010). A study conducted by
Cooper et al. (2009) on potential bioindicators also found that microbes ranked
well in both monotonicity and variability as bioindicators, indicating that their
response to disturbance is proportional to the strength of the disturbance and

(continued)
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Box 1 (continued)
that they show low variability in the absence of stress (Cooper et al. 2009).
Microorganisms are also a quite practical option: they tend to be abundant in
all environments and are easily accessible and testable, which allows for cost-
and time-effective sampling that can yield quick results for the purposes of
environmental assessment (Parmar et al. 2016). Finally, microbial responses
are relevant at ecological scales, and associated changes are relevant to the
public. This is because microorganisms are key players in a variety of different
biogeochemical cycles, such as the carbon and nitrogen cycles, that are
integral for the continued survival of an ecosystem (Bloem and Breure
2003). As aggregate microbiomes, they can also have large impacts on the
health and function of their host, which makes them particularly important in
ecosystems such as coral reefs in which their hosts are also keystone species.
Responses to changes in their ecosystem can take the form of changes in
community diversity and overall function, which can have serious implica-
tions for the natural cycles of an ecosystem as well as for organisms with
which they have symbiotic relationships.

Despite their vast potential, only a handful of studies have explored the potential
of bioindicators in reef monitoring (Cooper et al. 2009; Leite et al. 2018). Studies
examining the suitability of different marine fauna (e.g., invertebrates, fishes, and
marine plants and algae) as bioindicators of water quality and reef health have
consistently highlighted coral physiology, health, and benthic cover as promising
options (Cooper et al. 2009; Fabricius et al. 2012). Measurements of coral health,
function, and diversity have been employed as bioindicators, providing information
on environmental changes at different temporal scales and impact intensities
(Fabricius et al. 2012). As the backbone of reef ecosystems, corals are intrinsically
tied to the fluxes and changes in reef health, and as a result they display a range of
measureable responses to changes in the environment. Measurements of coral
symbiont photophysiology, for example, provide information on environmental
disturbances at the colony level within a short time frame (with responses ranging
from seconds to days) (Cooper et al. 2009; Jones et al. 2003). Coral disease, another
common bioindicator, provides information at intermediate time scales, with dis-
eases becoming visually evident days to weeks after disturbance (Cooper et al.
2009). Coral diseases have been tied to changes in a multitude of environmental
conditions, including increases in temperature, algal contact, nutrient enrichment,
sedimentation, and turbidity (Bruno et al. 2007; Harvell et al. 2007; Nugues et al.
2004; Vega Thurber et al. 2014; Pollock et al. 2014). Changes in hard coral
taxonomic richness and cover have been employed to demonstrate prolonged
impacts over time frames ranging from months to years and serve as community-
level bioindicators for chronic declines in water quality (Cooper et al. 2009; De’ath
and Fabricius 2010).
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Despite their immense value, several constraints limit the utility of coral-related
factors as effective bioindicators. Direct reef monitoring methods, such as coral
disease detection and observance of community-level changes, lack the sensitivity to
detect sublethal levels of stress and/or identify stress prior to the macroscopic
manifestation of bleaching, disease, or population declines. One of the main goals
of reef monitoring is to detect harmful changes in ecosystem health before they cause
damage to the health of keystone reef organisms. Since the visible signs of coral
diseases and bleaching can take days to weeks to appear, by the time they are
observed, the most effective window for adaptive management interventions may
have passed (Gil-Agudelo et al. 2004; Gladfelter 1982). While coral disease and
taxonomic richness can be useful indicators of chronic and/or extreme water quality
changes, their potential for rapid adaptive management is limited. Ultimately, an
adequate reef bioindicator must be both intimately affiliated with the coral species
that form the basis of these ecosystems and provide broad-range responses that span
time scales and impact levels.

3 Microorganisms as Bioindicators

The abundance, diversity, and sensitivity of coral-associated microbial communities
and their intimate ties with the water column and keystone reef species make coral
microbiomes ideal targets for bioindicator development. Microorganisms have been
successfully utilized as bioindicators in diverse ecosystems, including soils, rivers,
and even the human body, but the potential application of microbes as reef
bioindicators has only just begun to be explored (Glasl et al. 2017; Leite et al.
2018; Peixoto et al. 2017). The extensive literature on microbial bioindicators and
the responses of coral microbiomes to environmental change provides an ideal base
for the establishment of coral-associated microbes as bioindicators in reef ecosys-
tems (see Box 2 and Table 1).

Box 2 Microorganisms and Microbiomes Have Been Used
as Bioindicators in Diverse Ecosystems
Microorganisms are well-established bioindicators in both aquatic and terres-
trial ecosystems and have proven successful for the purposes of monitoring
environmental health. Microbial bioindicators are particularly common in
studies focusing on soil health, as soil microbial communities are often good
indicators of changes in soil quality. This is because of their involvement in
many key cycling processes in the soil as well as their sensitivity to alterations
in the ecosystem, which results in quick responses and even responses that
precede environmental changes, further establishing their potential to act as
early-warning systems of soil changes (Nielsen et al. 2002). Researchers
seeking to identify the best indicators for soil health consistently include

(continued)
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Box 2 (continued)
microorganisms, and their functions, near the top of their lists. For example,
studies using diversity analyses have found that bacteria and archaea in soil
were the best indicators for the monitoring of carbon, nitrogen, and phospho-
rus cycling, as well as for soil biodiversity and the availability of appropriate
habitats for sustaining biodiversity (Bispo et al. 2009; Mendes et al. 2016;
Stone et al. 2016). Microbial parameters have also been used to detect and
monitor soil pollution as an alternative to more expensive and long-term field
experiments, due to the fact that microorganisms can be highly responsive to
certain pollutants even at low concentrations (Brookes 1995; Nwuche and
Ugoji 2008; Sobolev and Begonia 2008).

Monitoring efforts focused on aquatic environments have also benefitted
from the use of microbial bioindicators. Though microbial bioindicators are
more established in certain ecosystems and monitoring situations than others,
their sensitivity to changes in water quality has led researchers to call for their
use in broad contexts, from wetland monitoring to the detection of mining
pollutants in rivers (Sims et al. 2013; Yergeau et al. 2012). Organisms such as
ciliates, with over 300 species having established roles in river and lake
monitoring efforts, are an excellent example of the variety of microorganisms
available for the purposes of indicating changes in an aquatic environment
(Foissner and Berger 1996).

The use of microbial bioindicators to determine organismal health has also
been growing in popularity, particularly in the context of human health.
Studies on the gut microbiome have found that it can be affected by a variety
of factors including diet, and the microbiome’s responses can be used as
indicators for changes in the health of an organism. This concept was
highlighted by a study on gut microbiota that found that structural shifts in
the microbial composition of mice’s guts can be used as bioindicators to
monitor the health of organisms exposed to carcinogens (Wei et al. 2010).
Microbial bioindicators are also beginning to gain traction in the realm of
disease and preventative care: a recent study on leukemia patients found that
microbiome diversity before chemotherapy treatment is linked to risk of
infection during the treatment (Galloway-Peña et al. 2016). The authors
suggest that the composition of the microbiome could therefore be used as
an indicator of infection risk and help to mitigate infections in leukemia
patients undergoing chemotherapy (Galloway-Peña et al. 2016).

Microorganisms are widely applicable as biological indicators for different
environmental and even organismal changes. With continued study of their
function and roles in ecosystem health, microorganisms will be able to be
integrated with common monitoring systems for the purposes of providing a
wider and more accurate range of information on environmental shifts and
ecosystem response.
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Microorganisms and microbiomes meet the established criteria for ideal environ-
mental indicators (see Box 1). In the context of reef health, using microorganisms as
bioindicators can provide valuable insights into both biological and environmental
changes. Microorganisms are present not only in the sediment and water column but
also in association with keystone organisms such as sponges or corals (Bourne and
Webster 2013). These intimate connections could allow for a more thorough analysis
of the state of a coral reef than would coral health assessments on their own. Several
microbe-focused monitoring techniques currently employed on reefs rely on micro-
organisms residing in the water column and benthos and can provide information on
changes in water quality and temperature. Tools such as Autonomous Reef Moni-
toring Structures (ARMS) capitalize on the wealth of bioindicators present in the
water column and the reef ecosystem, serving as long-term collection devices for a
wide variety of marine species, including microbial ones. ARMS allow for the
monitoring of marine diversity in reef environments by analyzing the communities
of invertebrates and algae that colonize three-dimensional structures deployed on the
benthic substrate, which are used as proxies for overall biodiversity (Knowlton et al.
2010). Coupled with molecular tools, ARMS can also be useful for determining
overall reef bacterial diversity by focusing on colonizing bacteria and, in turn,
determining fluxes in microbial diversity over time and with changes in the envi-
ronment. Colonizing bacteria tend to form biofilms on the structure. Biofilms,
microbial assemblages that are attached to surfaces and enclosed in extracellular
polymeric substance matrices, often serve as bioindicators in aquatic environments,
providing information on water quality due to their ability to absorb heavy metals
and their sensitivity to changes in their environment (Burns and Ryder 2001; Donlan
2002; Mages et al. 2004). Biofilms have been implemented successfully in reef

Table 1 Specific microbial responses have been detected within coral hosts as the result of
environmental stress

Stressor Coral species Microbial response Source

Thermal
changes

Acropora muricata Shift towards Verrucomicrobiae-
and α-Proteobacteria-dominated
community

Lee et al. (2015)

Pollution/
proximity to
shore

Orbicella faveolata,
Porites astreoides;
Orbicella annularis

Increase in bacterial diversity Morrow et al.
(2012); Klaus
et al. (2007)

Pathogens Diploria strigosa,
Siderastrea siderea;
Orbicella faveolata

Increase in α-Proteobacteria,
decrease in β- and
γ-proteobacteria; increase in
diversity and Rhodobacterales

Cárdenas et. al.
(2012);
Sunagawa et al.
(2009)

Eutrophication Acropora hemprichii Increase in diversity Jessen et al.
(2013)

Salinity Fungia granulosa Increase in abundance of
Rhodobacteraceae

Röthig et al.
(2016)

Microorganisms’ sensitivity and ability to show marked shifts in community composition and
abundance in response to specific stressors highlight their potential as indicators of changes in
reef ecosystems as well as in coral host health
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systems as well, showing changes in the diversity of the biofilm’s microbial com-
munity alongside a water quality gradient as well as in correlation to terrestrial runoff
(Kriwy and Uthicke 2011; Witt et al. 2012). Though biofilms collected by ARMS
can serve as useful bioindicators for the purposes of assessing reef water quality as
well as determining coral health if they respond to similar disease-causing or coral
health-altering factors, their functional disconnect from corals themselves puts them
as a disadvantage and limits their ability and scope as bioindicators.

Foraminifera, a group of eukaryotic microbes that are highly responsive to fluxes
in the nutrient content of the water column, provide a good example of microorgan-
isms successfully used as bioindicators for reef health (Hallock et al. 2003). Fora-
minifers are particularly suitable for reef monitoring since their water quality
requirements are similar to those of reef-building corals (Hallock et al. 2003).
Hallock et al. (2003) developed the FORAM Index, a comprehensive and easily
implemented procedure allowing resource managers to collect foraminifers and use
simple abundance and diversity analyses to detect and quantify environmental
change and assess the water column’s suitability for reef growth (Hallock et al.
2003). While this method remains limited due to its focus on one phylum, the
FORAM Index is an excellent example of the immense potential of microbial
species as bioindicators. For this reason, it serves as a stepping stone toward similar
systems and indexes that are able to integrate information from a variety of different
microorganisms and provide a more holistic picture of reef health.

While both biofilms collected by ARMS and the FORAM Index have been
relatively successful, there is still a need for a bioindicator that can be used as a
proxy for both coral and reef ecosystem-wide health. In this context, coral
microbiomes show substantial promise in providing more accurate measures for
environmental changes and health. Coral microbiota are assemblages of bacteria,
archaea, and microscopic eukaryotes that sustain long-term symbioses with corals,
collectively comprising the coral holobiont (Ainsworth et al. 2010; Knowlton and
Rohwer 2003; Rohwer et al. 2002). Coral-associated microorganisms provide a
variety of services for corals, ranging from antibiotic production to the metabolism
of coral waste products (Ainsworth et al. 2010; Glasl et al. 2017; Rohwer et al.
2002). One important criterion of an effective bioindicator is specificity in its
response to changes and stressors in the environment. Microorganisms satisfy this
criterion well. Many studies have shown that the microorganisms that inhabit corals
are sensitive and have specific reactions to environmental changes; the diversity and
community composition of a reef’s microbiome will often change in response to
stress (Fig. 1). Common stressors such as increases in temperature, variations in the
water’s nutrient content, and contact with algae have been shown to increase
microbial diversity within corals (see Table 1) (Jessen et al. 2013; Morrow et al.
2012; Zaneveld et al. 2016). Environmental changes can also alter microbial com-
munity structure in the coral holobiont, usually eliciting an increase in beta diversity
(variability) and affecting the abundance of specific microbial taxa (Klaus et al.
2007; Lee et al. 2016; Röthig et al. 2016; Zaneveld et al. 2017). Endozoicomonas, a
bacterium thought to be beneficial to corals, appears particularly sensitive to
environmental changes, decreasing in abundance during periods of stress
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(McDevitt-Irwin et al. 2017). Studies have also shown that despite their ability to
form long-term stable symbioses with corals, microbial communities vary in their
resistance and resilience based on the length and impact of environmental distur-
bances, thereby meeting the criteria for both variability andmonotonicity (Glasl et al.
2017). It is worth noting that not all coral microbiomes can serve as adequate
bioindicators. Coral microbiomes vary by species, regions, temperatures, and depths
(Apprill et al. 2016). To serve as suitable indicators for changes in reef ecosystems,
specific coral-associated microorganisms (and/or the combined microbiome) must
have intermediate resiliency: too much sensitivity or too much resistance will not
provide useful data on water quality and reef changes.

Fig. 1 (a) The “rivet hypothesis” is an ecological theory positing that biodiversity in an ecosystem
creates functional redundancy and complementarity due to the limited number of niches available
(Ehrlich and Ehrlich 1981). As a result of this functional overlap, biodiverse ecosystems tend to be
more resilient to change, given that the loss of one or two species will not affect the ecosystem
severely. (b) The structure and function of microorganisms and the microbial community within the
coral holobiont could potentially mirror that of individual species within a biodiverse system, with
the multitude of species and consequent overlap in function making the system more resilient.
However, coral microbiomes can also be subjected to and respond to environmental stressors,
potentially in ways that can reduce diversity and, in turn, coral host resiliency
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Using coral microbiomes as proxies for reef health has many advantages over
traditional monitoring methods and the use of corals themselves in the context of
practicality, including ease of sampling, availability, and an abundance of data
generated. Coral microbiomes can be sampled simply by extracting a small section
of a coral, in the form of tissue, mucus, skeleton, or all three, which is a relatively
cheap and rapid process. Mucus in particular can be sampled without inflicting
significant harm on the coral, and mucus-associated bacteria show greater responses
to environmental changes than those associated with the skeleton or tissue (Pollock
et al., in review). Each sample yields a wealth of data, providing information on
microbial diversity, community structure, abundance, and function, all of which can
be used as proxies for overall reef health. Microbiomes are also undoubtedly
relevant as bioindicators, due to their intimate connection to reefs and, in turn,
their importance for overall reef and ecosystem health. While microbial samples
from the water column and sediments can serve as adequate indicators of environ-
mental changes, the microbiome of corals themselves can serve as an even more
accurate proxy for environmental health. Their intimate connection with the reef
system, the specificity of their responses to change, and their potential to provide
predictive snapshots of a reef ecosystem’s health all point to their potential for
successful implementation as bioindicators.

4 Tools Available for Microbiome Bioindicator Monitoring

As the field of microbiology, particularly microbial ecology, continues to grow, so
does the list of tools available for the analysis of microbial communities, which
currently include cultivation, 16S and 18S tag sequencing, metagenomics, and
metatranscriptomics (Fig. 2). Historically, studies using bacteria for monitoring of
environmental health relied heavily on cultivation techniques (Cardenas and Tiedje
2008). For example, culture-based detection of fecal coliforms is a well-established
and widely employed bioindicator of human fecal contamination in water bodies
(Tan et al. 2015). Studies focusing on microbial communities in reef ecosystems
have used cultivation techniques for the purposes of taxonomic identification of
microbes present in a sample and genetic sequence retrieval (Haygood et al. 1999).
Culture-based methods are relatively cheap and straightforward, and they allow for
the targeting of specific bacteria for growth and analysis via specialized media. This
is beneficial when targeting a particular bioindicator species for analyses of presence
and abundance. However, in order for this method to be successful, the microorgan-
isms chosen for analysis must be good indicators, and the specificity of this method
does not allow for the discovery of other potential bioindicators. Furthermore, given
that only around 1% bacteria are cultivable, the pool of potential culture-based
bioindicators is quite limited. Culture-based methods also cannot provide informa-
tion on environmental processes in which the microorganisms being cultured may be
involved or on their function and contribution to an ecosystem.
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Amplicon-based sequencing of phylogenetically conserved genetic regions is
often preferred over culture-based techniques due to the large amount of information
it can provide on microbial life in an ecosystem. The processes of ribosomal DNA
tag sequencing (e.g., 16S, 18S, and ITS) from coral tissue samples allow for the
targeting of a particular genetic region for amplification and subsequent sequencing
in order to identify the organisms present in a sample. The small subunit rRNA gene,
also known as 16S in prokaryotes, is about 1,500 base pairs in length and is highly
conserved, enabling amplification across most bacterial taxa (Janda and Abbott
2007). The eukaryotic counterpart is the 18S rRNA gene, which has similar features
and can be used for the identification of microbial eukaryotes (Tan et al. 2015). In
contrast, the ITS2 (internal transcribed spacer 2) region can be used for more
targeted identification of Symbiodinium, a genus of symbiotic algae that form
integral symbioses with corals (LaJeunesse 2001). Due to their low cost and high
data yield, tag sequencing techniques have emerged as a cornerstone of microbiome
analysis. These cultivation-independent methods are particularly popular in
microbiome analyses of coral samples, and have been used to identify bacteria
associated with specific species of coral, determine how bacterial communities
change when corals are diseased, and analyze the link between bacterial communi-
ties and environmental stress (Babu et al. 2004; Ben-Haim et al. 2003; Bourne and
Munn 2005; Cooney et al. 2002; Sunagawa et al. 2009; Ziegler et al. 2017).

Fig. 2 Summary of the advantages and disadvantages of different sequencing tools available for
analysis of microbial samples. Each tool can serve to answer different questions regarding the
microbial community present in a sample and provide different levels of information
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High-throughput tag sequencing techniques allow for the discovery of new potential
indicators and analysis of indicative bacterial responses to changes in the environ-
ment and stress, such as shifts in overall diversity and community structure. While
this method is an improvement from culturing, in that it provides information on all
bacteria present in a sample rather than a small subset, it still has its drawbacks; this
method does not allow direct assessment of bacterial function, nor does it provide a
high level of phylogenetic resolution. It also does not account for the possibility that
bacteria grouped into a single operational taxonomic unit (OTU) (i.e., microbes with
similar sequences) may actually be acting as separate functional entities in the coral
holobiont.

To answer questions about microbial functional potential, researchers have turned
to metagenomics. While tag sequencing targets a relatively short stretch of the
microbial genome, metagenomic approaches provide data on the entire genetic
repertoire present in a given sample (Cardenas and Tiedje 2008). Metagenomic
approaches, therefore, provide insights into the functional potential of all organisms
within a sample (Cardenas and Tiedje 2008; Streit and Schmitz 2004). Unlike 16S or
18S sequencing, which only characterizes either prokaryotes or eukaryotes, respec-
tively, metagenome analysis characterizes all genes in a sample regardless of their
phylogenetic origins (Ainsworth et al. 2010). Metagenomic analyses have been used
to detect taxonomic, functional, and metabolic shifts in stressed and diseased corals
(Kimes et al. 2010; Littman et al. 2011; Vega Thurber et al. 2009). For example,
metagenomic approaches have uncovered that increases in temperature, excess
nutrients, carbon loading, and reduced pH can lead to the increase of microbial
genes involved in virulence, stress resistance, and sulfur metabolism (Vega Thurber
et al. 2009). By providing a more holistic perspective on the genetic potential of the
coral microbiome, metagenomic analyses can increase the accuracy of microbial
indicators as well as the scope of detectable responses. Advances in metagenome
analysis software have expanded the accessibility of metagenomics tools, allowing
for rapid identification of draft genomes and intuitive inference of microbial popu-
lation dynamics (Eren et al. 2015). Metagenomic approaches also come with their
own technical challenges, as metagenomes extracted from coral samples tend to be
comprised of mostly host DNA. To be able to apply metagenomics to coral
microbiome analyses effectively, since full genomes are available for only a handful
of coral species, techniques must be developed to remove coral host signal.
Metagenome analyses only reveal the genetic potential of microorganisms; genetic
data gleaned from metagenomes can provide predictions of function, but cannot
confirm that a microorganism is, in fact, performing that function, due to lack of
protein and transcriptomic evidence.

More recent advances have led the field of microbiome monitoring toward
metatranscriptomics tools and methods for the purposes of confirming microbial
function and metabolism. While metagenomics tools only describe the functional
potential of a microorganism, metatranscriptomics (i.e., sequencing of RNA to infer
gene expression) provides information on realized function (Martinez et al. 2016).
Gene expression elucidates function as well as interactions between microorganisms
and their environment or host (Martinez et al. 2016). Using metatranscriptomes,
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researchers across disciplines have been able to answer important questions about
host-symbiont-environment interactions by identifying and quantifying stress-
related function by revealing cross talk among hosts and their symbionts during
environmental changes (Luo et al. 2015; Moitinho-Silva et al. 2014). This informa-
tion is particularly relevant in the context of microbes as bioindicators, given their
intimate connection with environmental changes and stressors and the multitude of
changes in function and gene expression that could serve as indicators for environ-
mental perturbation. Metatranscriptomic sequencing of white plague-diseased corals
revealed “stress signatures” in the bacterial community, in this case characterized by
an increased abundance of proteins associated with DNA repair as well as an
enrichment of genes associated with virulence and antibiotic resistance (Daniels
et al. 2015). Researchers also observed metabolic shifts, specifically toward
glucogenesis, ammonia assimilation, and sulfur assimilation (Daniels et al. 2015).
Such results provide insight to differences in microbial function during periods of
stress and disease and suggest that these changes may also have downstream effects
on coral and/or ecosystem health. While this remains an emerging field, it holds the
promise of elucidating the complex interactions that occur in the microbiome and
strengthening the potential of coral microbiomes as bioindicators of reef health
(Cardenas and Tiedje 2008).

5 Challenges and Future Directions

Despite the promise they show as bioindicators, the study of microorganisms still
presents significant challenges. While the abundance of microbes in reef ecosystems
provides many advantages, it can also complicate interpretation of the cause-and-
effect relationship between shifts and environmental changes. While a shift in
diversity, function, structure, or abundance might be directly related to a specific
stressor or change, it could also result from a number of other factors. Coral species
often differ significantly in their microbial assemblages and responses to ecosystem
changes, providing different “normal” microbial baselines and bioindicative
responses. Corals also contain PCR inhibitors, which can make amplicon-based
analyses challenging. Host genetic sequences can also be substantially more abun-
dant than microbial sequences, particularly in metagenomic studies. This can make it
difficult to target and separate out microbial sequences for analysis. These hurdles
hinder our ability to create microbial baselines, determine microbial specificity to
environmental changes, and properly analyze microbial data, all of which are
necessary when dealing with bioindicators. As a result, they represent significant
roadblocks in the process of developing microbial bioindicator-based monitoring
systems.

In addition to these technical challenges, an incomplete yet growing knowledge
of the ecological and biological underpinnings of microbiomes limits our ability to
effectively use microbiomes as bioindicators. Though microbiomes have been
studied extensively in diverse systems, research on the microorganisms associated
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with corals is still in its infancy. Limited understanding of baseline diversity,
community structure, and function across different coral clades and species prevents
the development of robust bioassays. Many innovative projects are attempting to
tackle this problem by establishing “core”microbial members of the coral holobiont,
information that is necessary when attempting to study and connect environmental
changes to shifts in the coral microbiome (Ainsworth et al. 2015). Other studies are
targeting specific microbial responses to stressors, using tools such as tag sequenc-
ing, metagenomics, and metatranscriptomics in order to draw clearer and more
specific connections between stresses and microbial stress responses (Lee et al.
2016; Mouchka et al. 2010; Vega Thurber et al. 2009). Others still are attempting
to identify the specific location of different microbial members within coral micro-
habitats (e.g., physiologically distinct compartments such as the skeleton, mucus,
and tissue), in order to gain a better understanding of the functions of specific
microorganisms within the coral host (Ainsworth et al. 2015). Glasl et al. (2017)
outline the importance of such research for management efforts that seek to incor-
porate microorganisms as bioindicators and provide a detailed list of steps and
measures that must be taken to successfully implement microbes as bioindicators.

The staggering rate of advancement in the field of genomics, particularly single-
cell genomics (considered a new frontier in the “omics” fields), has great potential to
expand our understanding of the roles of specific microorganisms in the coral
holobiont (Wang and Bodovitz 2010). Current approaches to study the function of
entire microbial communities (such as metagenomics or metatranscriptomics) are
unable to provide functional information for potentially key microorganisms which
may be less abundant and thus may receive lower or no coverage within the
metagenome. Single-cell genomics can fill this gap, as it can be used to elucidate a
fuller picture of a single uncultivated microorganism by providing its complete
genome and thus full functional potential, and a small number of studies have
already begun to implement this tool in both sponge and coral systems (Hentschel
et al. 2012; Kamke et al. 2013; Pernice et al. 2012; Siegl et al. 2011). Similarly,
proteomic approaches are beginning to gain traction, delving deeper into the roles of
proteins in host-microbe interactions (de O Santos et al. 2011). Machine learning,
another technological advancement referring to the development of algorithms to
identify patterns and make predictions based on existing data, has also recently been
applied to biological sciences and has great potential as a way to recognize previ-
ously invisible patterns in many different types of microbiome datasets (Tarca et al.
2007).

While a substantial gap remains between our current understanding of coral
microbiomes and the knowledge base required to systematically and effectively
employ microorganisms as bioindicators, continued technological advances and
innovative studies are rapidly narrowing this gap.
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6 Conclusion

As coral reefs continue to decline worldwide, it is imperative that we develop robust
monitoring methods for the rapid identification of environmental changes driving
coral loss. Such monitoring methods must be highly sensitive and provide informa-
tion on whole ecosystem health in the face of changes in water quality and stressors.
Given their intimate connection to corals and their ability to respond to a diverse
array of stressors, coral microbiomes hold great potential as bioindicators of reef
health. A system of microbial bioindicators would beautifully complement current
reef monitoring methods that focus more on coral colony and macroorganismal
health. Microbial bioindicators’ sensitivity to alterations in the environment also
shows that they have the potential to provide specific information on ecosystem
changes that could serve as an early-warning system for effective adaptive manage-
ment. Such a breakthrough could revolutionize reef conservation, as well as conser-
vation efforts in other systems that aim to employ microorganisms for the
development of more sensitive and accurate monitoring systems. Ultimately, the
use of microbial bioindicators for the purposes of monitoring reef ecosystem health
would aid conservation efforts significantly by providing more accurate information
on the fluxes and changes occurring in the reef environment, allowing for more
informed management decisions in the future.
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Population Genomics of Marine
Zooplankton
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Abstract The exceptionally large population size and cosmopolitan biogeographic
distribution that distinguish many – but not all – marine zooplankton species
generate similarly exceptional patterns of population genetic and genomic diversity
and structure. The phylogenetic diversity of zooplankton has slowed the application
of population genomic approaches, due to lack of genomic resources for closely
related species and diversity of genomic architecture, including highly replicated
genomes of many crustaceans. Use of numerous genomic markers, especially single
nucleotide polymorphisms (SNPs), is transforming our ability to analyze population
genetics and connectivity of marine zooplankton, and providing new understanding
and different answers than earlier analyses, which typically used mitochondrial
DNA and microsatellite markers. Population genomic approaches have confirmed
that, despite high dispersal potential, many zooplankton species exhibit genetic
structuring among geographic populations, especially at large ocean-basin scales,
and have revealed patterns and pathways of population connectivity that do not
always track ocean circulation. Genomic and transcriptomic resources are critically
needed to allow further examination of micro-evolution and local adaptation,
including identification of genes that show evidence of selection. These new tools
will also enable further examination of the significance of small-scale genetic
heterogeneity of marine zooplankton, to discriminate genetic “noise” in large and
patchy populations from local adaptation to environmental conditions and change.
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Transcriptomics · Zooplankton

1 Introduction

1.1 Introduction to Population Genomics

Population genomic approaches entail simultaneous sampling of numerous variable
loci within a genome and allow inference of locus-specific effects (Baird et al. 2008).
These powerful new techniques are transforming our understanding of the popula-
tion genetics, connectivity, demographic history, and local adaptation of marine
organisms (Crawford and Oleksiak 2016; Pogson 2016). Genotyping hundreds to
thousands of genetic markers for multiple individuals across populations or species
has enabled the identification of selectively neutral markers that can be used for a
wide variety of analyses (Luikart et al. 2003; Baird et al. 2008). Discrimination of
statistical “outlier” loci allows examination of the impacts of selection and evidence
of local adaptation (Stapley et al. 2010). Whole-genome analysis of non-model
organisms has enabled new insights into underlying evolutionary forces. However,
significant challenges remain for whole-genome analysis of non-model organisms,
thus necessitating and encouraging broad use of approaches that require little or no
prior genomic data. These include reduced-representation genomic DNA libraries
(Reitzel et al. 2013), genotyping-by-sequencing (GBS) (Elshire et al. 2011), and
exon-capture (Hodges et al. 2007; De Wit et al. 2015; Jones and Good 2016),
although the latter requires prior knowledge of gene architecture. In broad view,
population genomic approaches have enormous potential to yield significant new
understanding of the ecological and evolutionary dynamics of zooplankton and other
marine organisms.

1.2 Introduction to Marine Zooplankton

1.2.1 Biodiversity

The marine zooplankton assemblage includes ~6,000 described species of
holoplanktonic metazoan organisms that complete their entire cycle in the water
column (Wiebe et al. 2010). The phylogenetic diversity of this assemblage is impres-
sive, with 11 phyla and 27 orders represented (Bucklin et al. 2010b). However, these
numbers most likely markedly underestimate the actual biodiversity – perhaps by
several orders of magnitude – due to the presence of cryptic variation within geo-
graphically widespread species or sibling species swarms, as well as undiscovered
species in under-sampled or explored habitats (Bucklin et al. 2010a; Beaugrand 2017).
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Molecular approaches, including DNA barcoding and metabarcoding, are providing
important new insights into this “hidden diversity” of marine zooplankton (Lindeque
et al. 2013; Bucklin et al. 2016).

1.2.2 Biogeography

Global patterns of zooplankton biogeographic distributions have been well-
characterized for the epipelagic (0–200 m) zone (Longhurst 2007). The many
classical studies form a basis for ongoing examination of climate-driven range
changes and regime shifts (de Young et al. 2008). In contrast, the deep ocean,
including the mesopelagic (200–1,000 m) and bathypelagic (1,000–4,000 m),
remains under-sampled and poorly known (but see Wiebe et al. 2010; Laakmann
et al. 2012). Many species exhibit cosmopolitan distributions, with ranges spanning
multiple ocean basins and broad latitudinal ranges (Peijnenburg and Goetze 2013).
However, there are many exceptions to this oversimplified description, likely
resulting from specific habitat requirements, restricted gene flow, or relict
populations (Chust et al. 2016). Further complicating analysis of species distribu-
tional patterns are rather characteristic high ratios of local-to-global species diver-
sity; a net sample from oceanic waters may contain hundreds of species of copepods
or ~10% of the global total (Kuriyama and Nishida 2006).

1.2.3 Life History

Many zooplankton species have life histories entailing multiple stages with different
microhabitat preferences and requirements. Some exhibit alternation of sexual and
asexual generations. Most are relatively short-lived organisms, with generation
spans from several months to a couple of years. As a group, marine zooplankton
are useful indicators of impacts of environmental variability or climate change, since
they are rapid responders in terms of species distribution and abundance. The
exceptional diversity of marine zooplankton – in terms of phylogenetic biodiversity,
pelagic biogeography, and life history variation – provide a unique opportunity to
examine ecological and evolutionary genomic responses. This review will summa-
rize new knowledge resulting from population genomic examination of the genetic
diversity and structure, phylogeography and connectivity, demographic history, and
local adaptation of marine metazoan holozooplankton.
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1.3 Genomic Resources for Marine Zooplankton

1.3.1 Published Genomic Resources

It can be argued that there are no universally accepted model species among the
marine zooplankton; in many cases, there are no closely related model organisms to
which extrapolations or comparisons can be made (Ellegren 2014). However, the
number of marine zooplankton species targeted for genome-scale studies is growing,
including species ranging phylogenetically from the Cnidaria to the Urochordata and
including ecologically important or keystone species for some pelagic ecosystems,
such as the Southern Ocean salp, Salpa thompsoni (Jue et al. 2016) (Table 1).

For the most part, marine zooplankton species targeted for reference sequencing
and assembly have been identified by their impact on comparative genomic studies
or as part of larger genome consortia. An example of this latter group is the genome
sequence for the copepod Eurytemora affinis, a species targeted for sequencing as
part of the i5K Pilot Project aimed at sequencing 28 arthropod genomes (i5K
Consortium 2013; Eyun et al. 2017). Currently, assembled genomes are available
for species representing only a snapshot of some of the major lineages of eukaryotes
and a small sampling of the species diversity of the pelagic realm (Table 1). A
significant factor in the identification of a target species for a genome assembly effort
is the estimated genome size. Notably, all the reference genomes available are from
organisms whose genome size estimates are significantly smaller than 1 GB, pre-
sumably since the depth of coverage required is low enough to represent a feasible
investment of resources in terms of fiscal and computational effort. While reference
quality assemblies are ideal (e.g., Oikopleura dioica; Denoeud et al. 2010), lower
coverage assemblies can still provide a high enough N50 value (i.e., the weighted
median statistic such that 50% of the entire assembly is contained in contigs or
scaffolds equal to or larger than this value) to afford extensive gene predictions (e.g.,
Jue et al. 2016).

Recently, mining genome databases such as NCBI and the SRA (Short Read
Archive) for partial genome sequences has afforded broader comparisons among
species lacking a fully assembled genome. For example, a newly derived reference
for the common estuarine copepod E. affinis was compared to short-read genomic
sequence data from two other copepods, the freshwater cyclopoid copepod,
Mesocyclops edax (SRX246444 and SRX246445; Sun et al. 2014) and the North
Atlantic copepod, Calanus finmarchicus (SRX456026; Smolina et al. 2014), reveal-
ing species-specific adaptations of the chemosensory related gene families to envi-
ronments (Eyun et al. 2017).

1.3.2 Genome Size in the Zooplankton

The average estimated genome sizes (haploid nuclear DNA contents) of
holoplankton species are in general far above 1 GB (Fig. 1) and vary more than
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900-fold, from 0.07 GB in O. dioica (Appendicularia) to 63.2 GB in Ampelisca
macrocephala (Amphipoda). Variation of genome sizes in marine zooplankton is
especially large within the Copepoda with >370-fold variation among species
(Leinaas et al. 2016; Madoui et al. 2017) followed by Ostracoda and Malacostraca
with around 80-fold and 70-fold variation of genome size among species, respec-
tively (Gregory 2017; Jeffery et al. 2017). To date, genome size has been investi-
gated for 115 species of zooplankton, with poor representation of important phyla,
including Chaetognatha, Cnidaria, Ctenophora, Mollusca, and Chordata.

Several trends or patterns are emerging from genomic analyses of crustaceans,
although only a few species have been studied to date. First, a positive relationship
between genome size (C-value) and body size has been observed in copepods
(McLaren et al. 1988; Wyngaard and Rasch 2000), amphipods (Hessen and Persson
2009), and ostracods (Jeffery et al. 2017). However, there is considerable variability
in genome size both among species of similar body size (Gregory et al. 2000;
Leinaas et al. 2016) and within species due to environmental conditions (McLaren
et al. 1988; Escribano et al. 1992; Leinaas et al. 2016). Second, genome size has been
associated with specific habitats and environmental conditions. Marine crustaceans
are likely to have larger genomes than freshwater and terrestrial ones (Jeffrey 2015;
Alfsnes et al. 2017); within the marine realm, polar species tend to have larger
genomes compared to temperate species (Hessen and Persson 2009; Jeffrey 2015;
Leinaas et al. 2016). Jeffrey (2015) hypothesizes that such large genomes may result
from the expansion of transposable elements and other repetitive elements, due to
relaxed selection for rapid development or reduced constraints on body size in
predictable and stable marine polar environments, compared to more fluctuating
environments.

Causes and mechanisms of genome size variability and particularly expansion of
genome sizes are still not known. Among eukaryotes, genome size is positively
correlated with gene number, average intron size, and the number of introns per
genome (Elliott and Gregory 2015). The main drivers of genome size expansion are

Fig. 1 Distribution of estimated genome sizes in representative holozooplankton phyla. Black dots
indicate sequenced genomes. Genome size estimations are from Gregory (2017), Jeffery et al.
(2017), Leinaas et al. (2016), Ryan et al. (2013), Moroz et al. (2014), and Madoui et al. (2017)
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suggested to be whole-genome duplication (polyploidization) or partial duplication
events and proliferation of noncoding elements (Dufresne and Jeffery 2011).

Information on genome size, genome sequence, and karyotype is sparse in marine
zooplankton, limiting our understanding of genome evolution. Nevertheless, evi-
dence from insects and crustaceans suggest that accumulation of transposable and
repetitive elements may be the primary contributor to their large genome sizes
(Alfsnes et al. 2017), while polyploidization is probably not the most common driver
of genome evolution in zooplankton (Gregory and Hebert 1999). For example,
species of the copepod genera Calanus and Pseudocalanus exhibit quantum shifts
in genome size (C-values) within each genus but share similar chromosome com-
plements (McLaren et al. 1989).

Partial duplication or amplification of genomic regions may be common in large
genomes of zooplankton, particularly for ribosomal rDNA and protein-coding genes.
Among eukaryotes, rDNA copy number correlates positively with genome size
(Prokopowich et al. 2003). For species of Calanus, 18S rDNA gene copy number
has been found to approximately double between C. finmarchicus (15,300 copies;
2C ¼ 12.95 pg) and Calanus glacialis (33,500 copies; 2C ¼ 24.20 pg; Wyngaard
et al. 1995). Transcriptomic analysis has indicated the presence of multi-copy gene
families originating from multiple duplications of an ancestral gene in copepods
(Lenz et al. 2014; Yang et al. 2014), euphausiids (Toullec et al. 2013; Sales et al.
2017), and pteropods (Maas et al. 2015; Thabet et al. 2017).

1.3.3 Mitochondrial Genomes

Fragments of mitochondrial DNA were among the first molecular tools used
to tackle questions related to zooplankton species identification, phylogenetics,
phylogeography, and population genetics. For example, the cytochrome oxidase
subunit I is preferentially used as a barcode for metazoans (Schindel and Miller
2005) and has been used frequently for marine zooplankton (Bucklin et al. 2007,
2010a, 2011; Blanco-Bercial et al. 2014).

Recent technological advances are allowing routine sequencing of whole mito-
chondrial genomes (mitogenomes), with marked increase in the power of phyloge-
netic and phylogeographic analyses compared to use of short mtDNA sequences.
Applications such as shotgun sequencing of genomic DNA using high throughput
sequencing technologies afford opportunities to capture other genomes that may be
resident within a sample, such as mitochondrial DNA. Given the smaller target
genome size (12–20 KB), mitogenomes are easier to subsample from larger datasets
or to assemble using a PCR-build approach (Maricic et al. 2010; Hahn et al. 2013;
Kollias et al. 2015).

Mitogenomics is a promising field of research that will contribute new insights
into the phylogenetic history and evolution of planktonic species. For example,
sequencing the mitogenome of the chaetognath, Spadella cephaloptera, allowed
resolution of the phylogenetic position of the chaetognaths within Protostome
lineages (Papillon et al. 2004). Only a few mitogenomes have been published thus
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far – especially when the species diversity of zooplankton is considered – and within
those, unexpected features appear to be more common than previously thought.
Mitogenomes are publicly available for a number of ecologically important species
representing diverse phylogenetic lineages of marine zooplankton (Table 2), and
additional complete mitochondrial assemblies may be found within incompletely
explored genomic data. Nonetheless, the sequencing and assembly of complete
mitogenomes of marine zooplankton species has progressed at a much slower pace
than for other vertebrate groups (Genome 10K Community of Scientists 2009;
GIGA Community of Scientists 2014).

Table 2 Mitochondrial genomes available for marine zooplankton species, with corresponding
lengths

Taxon and species Citation Length (bp)

Copepoda
Calanus finmarchicus Weydmann et al. (2017) >29,462

Calanus glacialis Weydmann et al. (2017) >27,342

Calanus hyperboreus Kim et al. (2013) 17,910

Calanus sinicus Minxiao et al. (2011) >20,460

Paracyclopina nana Ki et al. (2009) 15,981

Tigriopus californicus Burton et al. (2007) 14,600

Tigriopus japonicus Machida et al. (2002) 14,628

Tigriopus sp. Jung et al. (2006) 14,301

Euphausiacea
Euphausia pacifica Shen et al. (2011) 16,898

Euphausia superba Shen et al. (2010) >15,498

Ostracoda
Vargula hilgendorfii Ogoh and Ohmiya (2004) 15,923

Amphipoda
Onisimus nanseni Ki et al. (2010) 14,734

Decapoda
Acetes chinensis Kim et al. (2012) 15,740

Cnidaria
Aurelia aurita Shao et al. (2006) 16,937

Cassiopea frondosa Kayal et al. (2011) 15,949

Chrysaora quinquecirrha Hwang et al. (2014) 16,775

Ctenophora
Mnemiopsis leidyi Pett et al. (2011) 10,000

Pleurobrachia bachei Kohn et al. (2012) 11,016

Chaetognatha
Sagitta decipiens Miyamoto et al. (2010) 11,121

Sagitta enflata Miyamoto et al. (2010) 12,631

Sagitta ferox Li et al. (2016) 12,153

Sagitta nagae Miyamoto et al. (2010) 11,459

Paraspadella gotoi Helfenbein et al. (2004) 11,423

Pterosagitta draco Wei et al. (2016) 10,426

Spadella cephaloptera Papillon et al. (2004) 11,905
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In animals, the mitogenome is relatively well conserved, with 36 or 37 genes,
including two for rRNAs, 22 for tRNAs, and 12 or 13 for protein-coding genes. The
mitogenomes available for marine zooplankton species indicate a general trend of
high intra- and interspecific variability. Rearrangement of gene order is exception-
ally common and has been documented in amphipods (Ki et al. 2010) and cteno-
phores (Kohn et al. 2012), with some of the genes relocated to the nuclear genome
(Pett et al. 2011). Copepods also show marked variability among congeneric species
and among genera (Fig. 2; Jung et al. 2006; Minxiao et al. 2011). The most
exceptional cases of mitochondrial variability documented to date are in the chae-
tognaths, S. cephaloptera and Sagitta elegans, for which natural populations exhibit
unprecedented levels of intraspecific divergence (Marlétaz et al. 2017).

The variability observed in the mitogenomes of different species/lineages is also
apparent in the gene content and size of these mitogenomes (Table 2). The smallest
mitogenome reported is the ctenophore, Mnemiopsis leidyi, with only 10 kb, which
is missing 25 genes (Pett et al. 2011). Within the chaetognaths, mitogenomes are
also very reduced compared to other metazoans, missing several common genes
(Helfenbein et al. 2004; Papillon et al. 2004). On the other hand, the longest
mitogenomes documented belong to the copepods and are, up to 20 kb (Minxiao
et al. 2011). Several mitogenomes were found to contain multiple copies of some
sequences (Ogoh and Ohmiya 2004; Burton et al. 2007), or short tandem repeats,
similar to microsatellites (Shen et al. 2011).

1.3.4 Transcriptomic Resources

For some species, especially those with large, duplicated, and/or evolutionarily
divergent genomes, analysis of transcriptomes has proven more feasible, accurate,
and cost-effective (De Wit et al. 2016). Transcriptomic data have the further
advantage of allowing identification and annotation of target genes used in the
examination of genomic micro-evolution and local adaptation (Havird and Santos
2016). Transcriptomic data including partial reference transcriptomes are available
for a number of marine zooplankton species (Table 3).

Fig. 2 Comparison of the mitochondrial gene order between Calanus sinicus and Calanus
hyperboreus. Only the 13 protein-coding genes are represented. Rectilinear shapes show genes
for which the order is conserved between the two species; red lines indicate genes with the same
sequence but in reverse order between the species
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2 Applications of Population Genomics for Marine
Zooplankton

2.1 Population Genetic Diversity and Structure

Although many zooplankton species exhibit broad geographic distributions and
appear to have high dispersal potential, both biological and physical environmental
processes may limit gene flow. Previous studies have revealed significant genetic
differentiation of geographic populations of marine organisms over a range of spatial
scales (Hellberg 2009; Weersing and Toonen 2009). Two general principles may be
gleaned from many studies of zooplankton population genetics: first, zooplankton
are quite variable in many different molecular characters; second, this variability is
resolved into genetically divergent, geographically distinct populations for only
some species and at some temporal and spatial scales (Peijnenburg and Goetze
2013).

Ocean processes that are thought to be significant for population genetic
structuring of zooplankton are currents, persistent eddies, ocean gyres, and other
physical ocean structures from the mesoscale (10 s–100 s km) to large scale (100 s–
1,000 s km). The physical structure of the ocean can alter the timing of reproduction
and mortality events, providing biological barriers to gene flow. Geological
features – continents, islands, and other landforms, continental shelves, seamounts,
and ocean ridges – may form natural barriers to dispersal. In contrast, cosmopolitan
species, which range from 40�N to 40�S and are found in every ocean basin, may
have few barriers to dispersal throughout their range. These species may exhibit
large-scale spatial population genetic structure due to isolation by distance (i.e.,
reproductive isolation resulting when the geographic range of the species far exceeds
the dispersal potential of an individual).

The temporal stability of population genetic diversity and structure is an impor-
tant consideration and useful metric. Since zooplankton are subject to transport in
ocean currents, temporal stability of population genetic characters may indicate
retention of local populations or local recruitment. An unfortunate aspect of many
studies of zooplankton populations is the collection of samples from different
regions during different years, thus confounding spatial and temporal variation.
In relatively few studies, spatial and temporal contributions to population genetic
structure have been analyzed separately using appropriately collected samples
(Goetze et al. 2015; Iacchei et al. 2017).

Patterns of genetic diversity and structure have been examined over a wide range of
spatial scales for species representing many lineages of the zooplankton assemblage.
Some species have been shown to be panmictic, such as the jellyfish Pelagia noctiluca
(Stopar et al. 2010) and Antarctic krill Euphausia superba (Deagle et al. 2015). Many
species exhibit geographic variation reflecting geographic barriers and/or circulation
patterns: for example, the intertidal copepod Tigriopus californicus (Renaut and
Dion-Côté 2016) and arrow worms Eukrohnia hamata (Kulagin et al. 2014) and
Caecosagitta macrocephala (Miyamoto et al. 2010), to name a few. A number of
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species show large-scale patterns of genetic diversity associated with latitudinal
gradients (e.g., Francisco et al. 2014) and among ocean basins, including E. hamata
(Miyamoto et al. 2012) and copepods Pleuromamma abdominalis (Hirai and Tsuda
2015) and Oithona similis (Cornils et al. 2017).

The occurrence and significance of small-scale genetic patchiness in marine
zooplankton populations remain a subject of study and disagreement. Such variabil-
ity has been considered to reflect the genetic “noise” of large and under-sampled
populations of copepods (e.g., Goetze et al. 2015). Small-scale heterogeneity was
considered to reflect advective transport from diverse recruitment sources in the
Antarctic krill, E. superba (Batta-Lona et al. 2011).

Due to nearly universal application in population genetic studies, hierarchical
analysis of variance using Wright’s F-statistics (Excoffier et al. 1992) provides
useful benchmarks for comparisons among species, regions, and environments.
However, F-statistics have assumptions that are surely not met for zooplankton
(Hellberg 2009), including genetic equilibrium conditions, symmetrical migration,
and stable populations. The usefulness of F-statistics is further limited by the very
large population sizes of many zooplankton, which result in relatively larger confi-
dence intervals for very small F values (Waples 1998), and thus a lack of statistical
significance for high gene flow species (see Waples et al. 2008). At least partly for
this reason, population genetic studies of marine species have also employed various
measures of oceanographic distance (Hansen and Hemmer-Hansen 2007; McGovern
et al. 2010; Alberto et al. 2011; Schunter et al. 2011) and approaches such as
seascape genetics (Galindo et al. 2010).

Until recently, population genetic studies have most frequently been conducted
with markers representing a very small fraction of the genome, such as individual
mitochondrial or nuclear genes and microsatellites (see reviews by Avise 2009;
Hellberg 2009; Peijnenburg and Goetze 2013). Rates of divergence and amounts of
variation differ among these markers, but many studies have documented significant
genetic differentiation of zooplankton populations at large, ocean basin scales using
mitochondrial DNA (e.g., Goetze 2005; Goetze and Ohman 2010; Miyamoto et al.
2010; Blanco-Bercial et al. 2011; Miller et al. 2012; Norton and Goetze 2013;
Dawson et al. 2015) and microsatellite markers (Bolte et al. 2013; Andrews et al.
2014). A number of studies have used mitochondrial DNA markers to resolve
population structure of zooplankton populations associated with physical barriers
to gene flow, including ocean circulation, for copepods (Aarbakke et al. 2011;
Blanco-Bercial et al. 2011, 2014) and euphausiids (Bucklin et al. 1997; Zane et al.
1998, 2000; Zane and Patarnello 2000; Papetti et al. 2005; Patarnello et al. 2010).

Both mitochondrial and microsatellite markers continue to be widely used for
population genetic analysis of zooplankton, allowing useful comparisons among
diverse species and ocean environments. Studies using single markers have limita-
tions, not least that results may differ among studies using different markers (Avise
et al. 2016). In addition to their limited analytical power, studies using multiple
markers can yield discordant conclusions. In particular, the haploid nature and
uniparental inheritance of mitochondrial markers, and consequent smaller effective
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population size, may generate differences from results using nuclear markers (Toews
and Brelsford 2012).

Population genomic approaches can also be used for phylogeographic analysis
(i.e., the description of the geographical distributions of the genetic lineages within a
population or species; Avise 2009; Avise et al. 2016). Such analysis allows for the
characterization of dispersal and quantitative estimation of the rate and direction of
exchange among populations. Recent reviews of larval dispersal and population
connectivity (Cowen and Sponaugle 2009) and gene flow (Hellberg 2009) in the
ocean have provided comprehensive assessment and analyses for marine organisms.
Quantitative estimates of population persistence and directional (asymmetric) migra-
tion can also entail approaches that are less sensitive to lack of population stability
and nonequilibrium conditions, typical of marine organisms (Knowles 2009). Anal-
ysis of patterns of gene flow has revealed that pathways of population connectivity
of marine organisms do not always mimic major ocean currents (Kool et al. 2013;
Riginos et al. 2016), even for zooplankton (Blanco-Bercial and Bucklin 2016;
Questel et al. 2016).

Phylogeographic analysis can also provide a window into the evolutionary
history of a population or species. Results can be interpreted to estimate and
understand the age of the lineage in terms of time to coalescence (i.e., the common
ancestral gene from which all current copies of the gene are descended), as well as
imprints of demographic history on populations and species (Knowles 2009).
Among marine zooplankton, mitochondrial markers have been used most regularly
to infer demographic history (e.g., Peijnenburg et al. 2005; Aarbakke et al. 2014;
Cornils et al. 2017), including marine invasions (Cristescu 2015; Lee 2016a; Sher-
man et al. 2016), population expansions and contractions (Edmands 2001), geo-
graphic isolation giving rise to speciation events (Lee 2000; Peijnenburg et al. 2004;
Miyamoto et al. 2010), and divergence of genetic lineages following major global
climate events (Papadopoulos et al. 2005; Blanco-Bercial et al. 2011; Milligan et al.
2011).

2.2 From Population Genetics to Population Genomics

Recent advances in High-Throughput Sequencing (HTS) have created exceptional
new opportunities for analysis of population genetic diversity and structure of
natural populations. Tens of thousands of genomic Single Nucleotide Polymor-
phisms (SNPs) can be detected and screened for use as genetic makers of population
genetic diversity and structure (Helyar et al. 2011; Reitzel et al. 2013). Such
population genomic approaches are being widely used among marine organisms
(Bierne et al. 2016), including fishes (Hemmer-Hansen et al. 2014). In addition, HTS
is yielding both deep coverage and nucleotide-level resolution in simultaneous or
multiplexed analysis of numerous genes (e.g., Bybee et al. 2011). Such population
genomic approaches are yielding a new view of population structure and
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connectivity of marine species, based on statistical discrimination of neutral,
selected, and hitchhiker loci (Gagnaire and Gaggiotti 2016).

Over the last three decades, genetic research has showed continuous development
and a high turnover of molecular markers, from partial DNA sequencing, restriction
fragment length polymorphism (RFLP), random amplified polymorphism detection
(RAPD), and amplified fragment length polymorphism (AFLP) to microsatellites,
insertion-deletion polymorphism (InDel), and SNP (Schlötterer et al. 2014). Histor-
ically, the development of markers was difficult and expensive for non-model
organisms. However, the advent of HTS has revolutionized this by allowing the
use of genome-wide markers in any organism and for low cost (Ekblom and Galindo
2011). Although simultaneous discovery and genotyping of genome-wide variation
has become feasible for tens of individuals with small genome sizes (<1 GB), the
individual sequencing of hundreds of individuals with large genomes remains
prohibitively expensive (Narum et al. 2013). In addition, sequencing of the complete
genome for all individuals is often unnecessary and inflates the bioinformatics
demands (Narum et al. 2013). Therefore, for many studies including population
genomics, it is more efficient to sequence a limited number of targeted loci, thus
increasing their coverage and chance to detect true polymorphism (Ekblom and
Galindo 2011).

A revolutionizing solution to address this situation was the development of GBS
approaches that allow sequencing with high throughput technology of a targeted
fraction of the genome via various reduced-representation protocols (see review by
Crawford and Oleksiak 2016). These approaches result in discovery and simulta-
neous genotyping of thousands of SNPs even in species with large genomes and little
or no previous genomic information. GBS relies on various reduced-representation
protocols to target a genome fraction, but four protocols are currently the most
popular: RNA-seq, Ampli-seq, Cap-seq (i.e., capture enrichment), and RAD-seq
(Davey and Blaxter 2010; Reitzel et al. 2013). Published reduced-representation
genomic resources are currently available for several species of marine zooplankton,
such as the copepods, T. californicus (Foley et al. 2011), C. finmarchicus (Smolina
2015), and Centropages typicus (Blanco-Bercial and Bucklin 2016); and the euphau-
siid, E. superba (Deagle et al. 2015). The number of studies using reduced repre-
sentation for population genomics in marine zooplankton may be expected to expand
in the near future.

The power of genomic SNPs for resolution of regional- to large-scale population
structure of zooplankton has been demonstrated for several key species (see
Case Studies, below). A large-scale population genetic analysis using genomic
SNPs demonstrated that RAD-seq methods performed poorly in the copepod,
C. finmarchicus, which has a large and complex genome (Smolina 2015). Subse-
quent studies of this species using targeted resequencing (e.g., Cap-seq) showed
promise for accurate SNP identification and detection of genetic structuring for this
species (Choquet et al. unpublished data). Similarly, a study of the copepod,
C. typicus, by Blanco-Bercial and Bucklin (2016) using 1,000 s of genomic SNPs
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obtained by RAD-seq revealed evidence of population structure, in contrast to an
earlier study based on mitochondrial gene sequences (Castellani et al. 2012).

Genomic SNPs that show evidence of selection can provide markers of micro-
evolution and local adaptation, including identification of the key genes involved in
these phenomena. The use of many thousands of genomic markers will also enable
further examination of the significance of small-scale genetic heterogeneity of
marine zooplankton, including distinguishing genetic “noise” in large and patchy
populations from local adaptation to environmental conditions. Large-scale SNP
genotyping studies remain very scarce in zooplankton species, but as more studies
based on these approaches are published, it will be important to resolve differing
conclusions based on the various technical approaches and genetic markers
employed.

2.3 Genomic Basis of Adaptation

Population genomic approaches have provided powerful new tools for detection of
impacts of selection and evidence of local adaptation (Stapley et al. 2010). Patterns
of variation of genomic markers can be statistically evaluated for non-neutrality and
correlation with population dynamic, environmental, and evolutionary conditions
and drivers (Gagnaire et al. 2015). Non-neutral markers showing evidence of
selection can be used to reveal adaptation of populations to local conditions across
a species range (Whitehead 2012), although other evolutionary drivers, including
introgression and hitchhiking, can also cause such departures from neutrality for
genomic traits (Bierne et al. 2013). Nielsen et al. (2009) concluded that few
published studies have convincingly documented that non-neutral traits reflect
local adaptation, citing reviews by Hedrick (2006) and Levasseur et al. (2007).
Recent advances in statistical analysis of genomic markers are enabling more
sensitive and accurate detection of local adaptation (Gayral et al. 2013; Savolainen
et al. 2013; De Wit et al. 2015), although these are much more powerful for species
with well-characterized genomes, which allows exome capture and sequencing
(Jones and Good 2016).

Patterns of differential gene expression can also provide useful insights into local
adaptive responses of marine organisms to environmental conditions. There are a
number of such studies of marine zooplankton, including target-gene and whole-
transcriptome analyses of differential gene expression patterns associated with stress
responses and environmental variability (Lauritano et al. 2012; Schoville et al. 2012;
De Pittà et al. 2013; Smolina et al. 2015, 2016; Roncalli et al. 2016; Batta-Lona et al.
2017). The genetic and genomic bases of such gene expression differences have
received considerable attention (see review by Romero et al. 2014).
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2.4 Metagenetics and Metabarcoding

The exceptional challenge of species identification in zooplankton assemblages,
resulting from both phylogenetic diversity and sibling species swarms, has encour-
aged the development of genetic approaches for both stand-alone and integrative use
with morphological taxonomic methods (Bucklin et al. 2016). Metagenetic and
metabarcoding approaches analyze DNA recovered from environmental samples
and can reflect the biodiversity of entire pelagic communities (de Vargas et al. 2015),
with the advantage of detecting “hidden diversity” of marine zooplankton (Lindeque
et al. 2013). These studies use “universal” PCR primers to amplify one or more gene
regions for high throughput sequencing yielding tens of millions of sequences,
which are subsequently resolved into operational taxonomic units (OTUs) that can
either be matched to reference databases for identification of taxa or used for various
statistical measures of biodiversity (Leray and Knowlton 2016). Metabarcoding
studies of marine zooplankton have ranged from analysis of the global ocean (Bik
et al. 2012; de Vargas et al. 2015) to studies focused on particular habitats and
ecosystems, such as estuaries (Abad et al. 2016), the Red Sea (Pearman and Irigoien
2015), among others. Challenges remain for quantitative analysis of taxa using
metabarcoding, although recent studies have shown some correlation between
OTU frequency and taxon biomass (Hirai et al. 2015; Sun et al. 2015).

The continuing development of sequencing technologies may soon allow a full
metagenomics approach, where DNA extracted from environmental samples is
sequenced and whole genomes are reconstructed from the data. These data will be
invaluable resources for diverse population genomic approaches, including analysis
of population genetic diversity and structure, detection of loci under selection,
and genomic bases of adaptations of zooplankton species to environmental
variation. Currently, both technical and bioinformatics challenges limit the use of
metagenomics to species with small genomes, such as the copepod, Oithona nana
(Madoui et al. 2017).

3 Case Studies of Marine Zooplankton

Population genomic approaches, entailing simultaneous sampling of numerous
variable loci within a genome and the inference of locus-specific effects (Black
et al. 2001; Luikart et al. 2003), are only very recently being used for analysis of
marine zooplankton. Comparison between results from population genetic studies
using single markers (usually mitochondrial or microsatellite DNA) and HTS geno-
mic markers are particularly useful to evaluate the power and precision of population
genomic approaches for analysis of genetic structure, connectivity, demographic
history, and local adaptation.

Several of the marine zooplankton species analyzed using population genomic
approaches belong to the crustacean Subclass Copepoda, which comprises more
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species than any other zooplankton group, including many that are ecologically
important, numerically predominant, and geographically widespread. Genomic anal-
ysis of copepods has been a focus of research, although progress has been hampered
by the exceptionally large genome sizes of many species (Bron et al. 2011;
Wyngaard et al. 2011; Jeffrey 2015).

3.1 Calanus finmarchicus (Copepoda)

The planktonic copepod C. finmarchicus (Fig. 3) is thought to be the most abundant
metazoan in the ocean; the species is ubiquitous in coastal and open ocean cold-
temperate regions of the North Atlantic Ocean (Planque et al. 1997); within this area,
the species may contribute >70% of total copepod biomass (Head et al. 2003) and
occupies a pivotal position in ocean food webs (Falk-Petersen et al. 2007). Popula-
tion genetic studies using mitochondrial DNA (e.g., Bucklin et al. 1996) and
microsatellites (Provan et al. 2009) have shown high levels of gene flow and little
or no significant population genetic structure at any spatial scale. Studies using SNPs
in targeted gene regions suggested genetic differentiation among samples from
different water masses and ocean basins (Bucklin and Kaartvedt 2000; Unal and
Bucklin 2010; Fig. 4). Population genomic analyses of C. finmarchicus have been
impeded by the large size of its genome (C-value ¼ 6.48 pg; McLaren et al. 1988),
typical of crustaceans. Smolina (2015) used a GBS approach (ddRADseq; Peterson
et al. 2012) to characterize genomic SNPs in pooled samples of C. finmarchicus
collected across the North Atlantic Ocean. Significant population differentiation was
observed among locations, although the allelic nature of the SNP variants in the
pooled samples could not be confirmed due to the highly replicated genome

Fig. 3 Calanus finmarchicus (Copepoda) Photo courtesy of Cameron Thompson (University of
Maine, USA)
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(Smolina 2015). An ongoing study by this group is analyzing genomic SNPs in
targeted gene regions to allow confirmation of allelic variation despite genome size
(Choquet et al. 2017a). A partial reference transcriptome for the species (Lenz et al.
2014) is allowing the evaluation of evidence of local adaptation based on
transcriptomic and target gene analysis (e.g., Roncalli et al. 2016).

3.2 Centropages typicus (Copepoda)

Blanco-Bercial and Bucklin (2016) used genomic SNPs detected by 2b-RADseq
analysis (Wang et al. 2012) to examine population genetic structure of the copepod
C. typicus (Fig. 5) in the North Atlantic Ocean. Thousands of genomic SNP markers
were identified; loci showing evidence of positive selection were removed from
analysis (Foll and Gaggiotti 2008). Statistical analysis of molecular variance
(Excoffier and Lischer 2010) revealed significant differences between continental
shelf populations of the NE and NW Atlantic populations, in contrast with an earlier
study by Castellani et al. (2012), which showed no structuring using a mitochondrial
COI gene region, but some differentiation of NE and NW Atlantic populations
based on a nuclear rRNA internal transcribed spacer (ITS) region. GBS (RADtag
sequences) of C. typicus yielded 675 loci used by Blanco-Bercial and Bucklin (2016)

Fig. 4 Circulation patterns and bathymetry of the North Atlantic Ocean basin, providing the
foundation of the three-gyre hypothesis for basin-scale dispersal of the copepod C. finmarchicus.
Figure from Wiebe et al. (2009)
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to test hypotheses of dispersal and directional migration (Beerli 2012). Among five
different gene flow models (Fig. 6), the full migration model showed the highest
support. These results demonstrate the power of population genomic approaches to
resolve patterns and pathways of dispersal of a high gene flow species in a dynamic
and complex current system. Such analyses can also be used to examine the genomic
basis of observed local adaptation of this species to environmental variability among
regions or along a latitudinal gradient (Carlotti et al. 2007).

3.3 Tigriopus californicus (Copepoda)

The tidepool copepod, T. californicus, shows exceptional levels of small-scale
population genetic heterogeneity associated with the habitat structure of the rocky
shoreline, based on studies using mitochondrial markers (Rawson et al. 2000; Burton
et al. 2007). The species may be considered to be a model species for studies of
evolutionary divergence and local adaptation (Raisuddin et al. 2007). The rapid rate
of evolutionary divergence of mitochondrial genes is thought to contribute to the
potential for local adaptation but may also cause low hybrid fitness by disrupting

Fig. 5 Centropages typicus
(Copepoda) Photo courtesy
of Julie Ambler (Millersville
University, USA and
NatureAtlas.org)
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gene complexes (Burton et al. 2013). The mitochondrial genome has been sequenced
(Barreto et al. 2011; Pereira et al. 2016). A genomic SNP linkage map (Foley et al.
2011) and a partial draft genome (https://i5k.nal.usda.gov/Tigriopus_californicus)
serve as useful resources for characterizing population genetic diversity and struc-
ture. More recently, the capacity of this species to adapt to local condition and
stressors has been explored using population genomic and transcriptomic
approaches (Lima and Willett 2017; Pereira et al. 2017).

3.4 Acartia tonsa (Copepoda)

The rapid cladogenesis – and perhaps cryptic speciation – of the estuarine copepod,
Acartia tonsa, has been extensively studied along the Atlantic coastline of the USA
using mtDNAmarker genes (Caudill and Bucklin 2004; Chen and Hare 2008, 2011).
The species has been intensively studied in laboratory culture, partly as food for
aquacultured fish (Jepsen et al. 2017) and partly as a model organism for studies of
the genetic basis of local adaptation and micro-evolution (Drillet et al. 2008).
Responses to environmental stressors have been examined using genomic and
transcriptomic approaches (Nilsson et al. 2014; Petkeviciute et al. 2015; Rahlff
et al. 2017).

Fig. 6 Hypothesized
models of gene flow and
population connectivity of
the copepod C. typicus. The
full migration model (lower
right in diagram) showed the
highest likelihood among
the considered models based
on Bayesian analysis.
Abbreviations refer to
regions of the Northwest
Atlantic continental shelf:
Georges Bank (GB), Gulf of
Maine (GoM), Mid-Atlantic
Bight (MAB), Southern
New England (SNE).
Figure from Blanco-Bercial
and Bucklin (2016)
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3.5 Euphausia superba (Euphausiacea)

The Antarctic krill, E. superba (Fig. 7), is a keystone species of the Southern
Ocean pelagic ecosystem, whose high abundance, markedly patchy distribution,
and swarming behavior have long been a subject of research (Siegel and Watkins
2016). The population genetic consequences of this exceptional life history have
been studied over many decades using varied markers, including allozymes, mito-
chondrial DNA, and microsatellites. Many studies have revealed similar patterns of
genetic diversity, whereby variation within locations far outweighs that between
locations, with consistent evidence of lack of large-scale population differentiation
(see review by Jarman and Deagle 2016). Two studies using mitochondrial markers
found evidence of significant small-scale patchiness: Batta-Lona et al. (2011)
hypothesized that genetic differences among samples resulted from advective trans-
port from distinct recruitment centers in the Western Antarctic Peninsula region.
Zane et al. (1998) found genetic differentiation between samples collected in the
Weddell Sea and South Georgia. Although the statistical significance of these
findings has been questioned (see Bortolotto et al. 2011), small-scale patchiness –
or genetic “noise” – may be a consequence of the life history of this unique species
and/or evidence of local adaptation. Evidence of micro-evolution and local adapta-
tion by Antarctic krill has been shown in genetic and functional analysis of target
genes, including thioredoxin (Li et al. 2017a), clock genes (Jones and Good 2016),
heat shock proteins (Papot et al. 2016), and opsins (Biscontin et al. 2016), among
others. Population genomic analysis of Antarctic krill was introduced by Deagle
et al. (2015), who examined circum-Antarctic genetic diversity and structure using
both RADseq and mitochondrial (ND1 and COI) markers. The large and highly
replicated genome of E. superba (47.7 GB, Jeffery 2012) prevented the

Fig. 7 Euphausia superba
(Euphausiacea) Photo
courtesy of Russell R.
Hopcroft (University of
Alaska, Fairbanks, USA and
Census of Marine Life)
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discrimination of allelic variation versus that between copies at separate loci (see
above), which was addressed by analysis of sequence counts at variable nucleotide
sites, rather than the derived genotypes. This study confirmed earlier findings of the
large-scale panmixia of Antarctic krill populations (Deagle et al. 2015).

3.6 Meganyctiphanes norvegica (Euphausiacea)

The northern krill Meganyctiphanes norvegica (Fig. 8) is abundant throughout the
North Atlantic and western Mediterranean Sea. The species exhibits clear genetic
differentiation among geographic populations based on various mtDNA markers
(see review by Patarnello et al. 2010). Consistent evidence of local adaptation of
the species, including enzyme activities (Saborowski and Buchholz 2002), is now
being analyzed using differential gene expression made possible by a reference
transcriptome (Blanco-Bercial and Maas (2017).

3.7 Pleurobrachia bachei (Ctenophora)

A draft genome of the ctenophore Pleurobrachia bachei (Fig. 9) revealed the
possible preservation of “ancient molecular toolkits” (Moroz et al. 2014), which
are lost in other lineages. The exceptional nature of the genomic architecture of this
species can provide new understanding of the genomic basis of their evolutionary
success and potential for adaptation. Integrative and comparative analysis of geno-
mic and transcriptomic data of this and another ctenophore species M. leidyi dem-
onstrated the phylogenetic position of the phylum as the first metazoan lineage
(Ryan et al. 2013; Moroz et al. 2014).

Fig. 8 Meganyctiphanes
norvegica (Euphausiacea)
Photo courtesy of Uwe Kils
(Rutgers University, USA)
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3.8 Spadella cephaloptera (Chaetognatha)

Arrow worms are predatory zooplankton that occupy key positions in pelagic
food webs. The phylum comprises many species with cosmopolitan-but-disjunct
biogeographical distributions, which has allowed interesting comparisons among
species. Population genetic diversity and structure of several chaetognath species
have been explored using both mtDNA and microsatellites (Peijnenburg et al. 2004,
2006; Faure and Casanova 2006; Miyamoto et al. 2010; Kulagin et al. 2014). Large-
scale studies have also allowed examination of the demographic histories of the
species (Peijnenburg et al. 2005). Analysis of the mitochondrial genome of
S. cephaloptera (Fig. 10) yielded evidence of exceptional intraspecific variation
(Marlétaz et al. 2017), and resolved the phylogenetic position of the Chaetognatha
within Protostome lineages (Papillon et al. 2004).

3.9 Salpa thompsoni (Tunicata, Thaliacea)

The Southern Ocean salp S. thompsoni (Fig. 11) is a pivotal species in the pelagic
ecosystem of Antarctic regions, including the Western Antarctic Peninsula, one of
the fastest warming regions of the world’s oceans. A reference transcriptome for
S. thompsoni is available, although only 18% of the 216,931 sequences were
associated with predicted, hypothetical, or known proteins (Batta-Lona et al.
2017). Another recent study (Jue et al. 2016) produced a preliminary reference
genome for the species, identified more than 50% of sequences, and generated
both SNP variant and INDEL predictions as a resource for future phylogenetic and
population studies. The genome of this species shows evidence of a rapid

Fig. 9 Pleurobrachia
bachei (Ctenophora) Photo
courtesy of Dave Wrobel
(www.wrobelphoto.com)
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evolutionary rate – consistent with other Urochordata (Denoeud et al. 2010;
Tsagkogeorga et al. 2012). An initial survey of small RNAs revealed the presence
of known, conserved miRNAs, novel miRNA genes, and unique piRNAs for various
developmental stages (Jue et al. 2016), suggesting possible genomic bases of the
successful adaptation of the species to the changing climate of the Southern Ocean.

Fig. 10 Spadella
cephaloptera
(Chaetognatha) Photo
courtesy of Peter Parks
(Image Quest 3-D)

Fig. 11 Salpa thompsoni
(Tunicata, Thaliacea) Photo
courtesy of Lawrence P.
Madin (Woods Hole
Oceanographic Institution,
USA)
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4 Present-Day Challenges and Future Opportunities

4.1 Additional Genomic Resources for Marine Zooplankton
Species

Pelagic zones represent one of the largest (by volume) habitats on Earth, with highly
diverse and ecologically important assemblages of zooplankton, which can serve as
early warning indicators of climate change. Genomic resources are needed to
facilitate both intra- and interspecies comparative studies of genetic diversity and
structure, phylogeography, demographic history, and adaptive evolution. Impor-
tantly, marine zooplankton provide a diverse and useful assemblage to move forward
novel studies of the genomic basis of adaptation and evolutionary divergence. Yet
the exceptional phylogenetic diversity of marine zooplankton exacerbates the chal-
lenges of ensuring that reference genomes are available for abundant and ecologi-
cally important species or their close relatives.

Whole-genome sequencing initiatives should cover a wide range of genome sizes
to uncover trends in genome evolution and new elements of genome organization.
For instance, sequencing of the salp genome revealed novel miRNA genes and
unique piRNAs (Jue et al. 2016), while the genome of Pacific sea gooseberry,
P. bachei, is apparently lacking the canonical miRNA machinery and HOX genes
(Moroz et al. 2014).

Stimulating discoveries are anticipated from sequencing the exceptionally large
genomes of many crustaceans, including euphausiids, copepods, and amphipods,
which may reveal novel regulation of repetitive elements, functional divergence
of gene duplication and concomitant novel functions of various gene copies, and
correlation between genome size and DNA methylation levels in metazoans (e.g.,
Lechner et al. 2013). From a practical perspective, even low-coverage genomes will
increase the robustness of population genomic approaches by facilitating a diverse
range of methods, including in silico digestion of genome sequences for RAD-seq
techniques, higher mapping rates for DNA and RNA-derived sequences, and the
development of baits for sequence capture experiments.

Despite their ecological importance in pelagic food webs and their phylogenetic
diversity, marine zooplankton have been – and continue to be – largely ignored in the
prioritization of species for genomic and transcriptomic analysis. For example, a list
of top priority species for reference genome determination from Voolstra et al.
(2017) includes only one marine zooplankton species, the mid-water shrimp,
Acanthephyra purpurea.

4.2 Sampling Zooplankton in the Global Ocean

Sampling zooplankton accurately and effectively is a challenge due both to the
nature of the pelagic habitat and the frequently immense population sizes of the
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organisms compared to sampling capacity. It is essential to keep in mind that
planktonic organisms most usually occur in patchy distributions, and that some of
them are able to avoid the sampling equipment. The origin of these planktonic
assemblages or patches has been discussed over many years (e.g., Levin and Segel
1976) and some experimental studies have shown species-specific patterns (Omori
and Hamner 1982). Avoidance behaviors also vary among species, and a number of
studies have shown that net size and design can markedly impact avoidance and
improve the accuracy of sampling of dense and diverse assemblages (Wiebe 1968;
Skjoldal et al. 2013; Wiebe et al. 2013). Novel instrumentation designs are now
allowing pairing of net sampling with optical and acoustical technologies to allow
adaptive sampling of target species of particular interest and importance.

4.3 Species Identification

Accurate and precise identification of species is critical for any study, yet for most
zooplankton groups this goal is challenging – at best. Morphological identification
has been shown to be unreliable for numerous species, including sibling species of
the copepods Pseudocalanus (Bailey et al. 2015) and Calanus (Choquet et al.
2017b). Both transcriptomic and genomic resources are invaluable in allowing the
design of rapid and inexpensive protocols for accurate discrimination and identifi-
cation of sibling and cryptic species of marine zooplankton (e.g., Smolina et al.
2015).

4.4 Genomic Analysis of Small-Sized Organisms

Zooplankton species are often very small and thus the yield of DNA extractions is
limited. This is not an issue for current HTS methods, which usually require a very
small amount of DNA (10 s ng). The ongoing development of new sequencing
platforms and technologies will likely allow longer sequencing reads and thus better
genome and transcriptome assemblies. There is a continuing need to ensure that even
the tiniest organisms will be amenable to any new developments in sequencing
technologies and instrumentation.

4.5 Genomic Basis of Adaptation

Marine environments are experiencing rapid changes in critically important pro-
cesses and parameters, including temperature, light penetration, nutrient availability,
and ocean acidification, among many others. The resultant changes in species
physiological condition, ecological functioning, and biogeographical distribution
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and abundance will inexorably alter pelagic ecosystems in trajectories that are
difficult to predict. How species may acclimate and/or adapt to environmental
change, and how their interactions within the pelagic food web may be altered,
can be examined at many levels. A powerful and important approach lies in
examining the underlying genomic mechanisms that facilitate successful adaptation
to changing environmental conditions. Although any given species may be uniquely
impacted by the physical and biological parameters accompanying shifts in global
climate profiles, processes involved in responses to climate change at the molecular
level may share common features across species, such as the evolution of gene
networks associated with environmental stress responses. Genomic resources are
proving instrumental in garnering new insights into organism–environment interac-
tions, including responses to environmental variability associated with climate
change. However, we still lack a fundamental understanding of genomic features
that afford plasticity and facilitate adaptive responses. These challenges can only be
met with comprehensive genomic and transcriptomic resources that will allow
comparative analysis to investigate the mechanisms underlying the responses of
marine zooplankton to the changing environmental conditions throughout the global
ocean.
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Population Genomics of Early-Splitting
Lineages of Metazoans

Rocío Pérez-Portela and Ana Riesgo

Abstract Population genetics/genomics investigates gene flow, genetic diversity
within and between populations, inbreeding, and effective population size, among
other parameters. We here review the literature available on this topic in early-
splitting lineages of metazoans (Porifera, Ctenophora, and Cnidaria). To date, great
variation in population genetic patterns has been demonstrated in marine inverte-
brates, but because genetic structure results from the interplay of both biological and
physical factors at different temporal and spatial scales, the complexity of these
processes is not yet well known. This knowledge gap limits our ability to predict
connectivity patterns according to species’ biological traits and environmental
factors. A general conclusion of our review is that in most sponges and brooding
cnidarians, the short dispersal potential of the larvae, together with oceanographic
circulation, is behind the strong genetic structure observed, whereas species with
long pelagic larval duration (e.g., some broadcast spawners) or planktonic adults
(jellyfish and ctenophores) display large variation in genetic patterns, from panmixia
to local structuring, because a long pelagic life stage does not always ensure
connectivity at large spatial scales. Additionally, the contribution of asexual prop-
agation to local recruitment across phyla may also influence a populations’ genetic
structure. The future use of genome-wide scans of the species, together with
oceanographic modeling and methodologies to measure larval dispersal, will pro-
vide us with meaningful data to understand the role of biotic and abiotic factors
driving genetic patterns in marine metazoans and allow us to make predictions about
genetic trends with implications for conservation and management.
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1 Introduction

Population genetics is the discipline that investigates the distribution of genetic
diversity within and between populations in response to long-term processes of
selection, genetic drift, mutation, and gene flow (Hartl et al. 1997; Grosberg and
Cunningham 2001; Selkoe et al. 2014). Marine species, similar to their terrestrial
counterparts, are structured into genetically divergent populations, which are then
linked to each other to a greater or lesser degree by means of gene flow. Gene flow
depends on biotic and abiotic factors, and the resulting population structuring has
large demographic and evolutionary impact on the species (Avise et al. 1987; Avise
2000; Grosberg and Cunningham 2001; Palumbi 2003). Population structure and
gene flow can be used as an approximation to measure connectivity, a crucial factor
for the sustainability of marine resources, since the survival of marine populations is
strongly intertwined with the survival of peripheral populations (Frankham et al.
2010; Beger et al. 2014; Holland et al. 2017). In most benthic invertebrates, the
dispersal potential of the species depends on the larvae, but during the last years,
empirical data have shown that the pelagic larval duration (PLD) is not a strong
predictor of population structure (Weersing and Toonen 2009; Riginos et al. 2011;
Selkoe and Toonen 2011; Coelho and Lasker 2016), pointing out the importance of
multiple factors shaping marine species’ connectivity patterns. The genetic structure
of populations, and thus their connectivity, results from the interplay of both
biological characteristics (e.g., free-swimming developmental stages, sessility/vagil-
ity, behavior, and reproduction systems, among others) and physical factors (e.g.,
geographical barriers, bathymetry, oceanographic circulation, and climatic events,
among others) at different temporal and spatial scales (Avise et al. 1987; Coelho and
Lasker 2016). Great variation in the spatial distribution of genetic diversity has been
demonstrated in marine organisms (Grosberg and Cunningham 2001; Selkoe et al.
2008, 2014; Holland et al. 2017), and the genetic patterns can vary dramatically at
similar spatial scales even between closely related species with similar life histories
(see some examples in Ayre and Hughes 2000; Dong et al. 2015, 2016; Taboada and
Pérez-Portela 2016; Holland et al. 2017, among many others).

Characterizing population genetic structure is used not only to infer gene flow but
also to measure levels of diversity, inbreeding, effective population size, and other
evolutionary and ecologically relevant parameters, such as the prevalence of sexual
versus asexual propagation and introgression between species. It is considered a
complex task, and the different methods available to characterize genetic structure
require accounting for different assumptions about the given populations (Grosberg
and Cunningham 2001; Holland et al. 2017), one of which, the Hardy-Weinberg
equilibrium, is frequently violated in marine invertebrates due to several
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methodological and biological reasons (e.g., Hellberg 2007; Uriz and Turon 2012;
Adjeroud et al. 2014; Glynn et al. 2016; Pérez-Portela et al. 2016).

The field of population genetics radically improved with the use of DNA
sequence data to infer molecular microevolutionary processes. In the past, a single
marker from the mitochondrial genome or dozens of allozymes or AFLPs would be
used to test hypotheses about population differentiation and gene flow (see examples
in Benzie et al. 1994; Miller 1997; Holland et al. 2004). Recently, evolutionary
biology is rapidly shifting from a genetic to a genomic perspective, with the use of
thousands of DNA markers across the whole genomes of hundreds of individuals
(Gagnaire et al. 2015; Benestan et al. 2016). Population genomics now offers an
excellent opportunity to explore demographics and fine-scale genetic structure
across space and over time in marine invertebrates for which no previous genomic
knowledge is required (Reitzel et al. 2013); but a new, remarkable use of population
genomics is to identify alleles and/or loci under selection and the potential link of
genomic variation and adaptation to local conditions in non-model species (see
Catchen et al. 2017), therefore providing us with the tools to understand the ultimate
drivers of phenotypic and genotypic variation in the wild.

1.1 Population Genetics and Genomics as a Tool
for Conservation and Management

Studies describing the genetic/genomic structure of populations are critical to under-
stand the interplay of species’ dispersal ability, life-history traits, demographic
events, and environmental barriers and so are providing a relevant relationship
between ecology and evolution (Palumbi 1994; Avise 2000). The complexities of
both evolutionary and ecological processes, which finally determine the distribution
of species’ genetic diversity, are not yet well known in marine invertebrates. This
knowledge gap limits our ability to predict connectivity patterns according to
biological and environmental features and the molecular processes underpinning
population dynamics and demographic events, such as planktonic blooms [dense and
large aggregations of individuals that rapidly increase in biomass (Purcell et al.
2007; Fuentes et al. 2010)]. In the current changing marine habitats, not only is the
survival of many marine species seriously threatened by direct and indirect human
activities, but also jellyfish and ctenophore blooms (Purcell and Arai 2001; Purcell
et al. 2007) and invasive species (a topic addressed in another chapter of this book)
seem to be increasing in frequency and intensity, causing severe problems (Lee et al.
2013; Bayha et al. 2015) that should be addressed with the right tools.

Population genetic and genomic data have been increasingly integrated in man-
agement and conservation strategies during the last decades (Moritz 1994; Waples
2002; Allendorf et al. 2004; Garner et al. 2016). For example, molecular ecology
analyses have proved useful to measure the extent of connectivity between marine
protected areas (Bell 2008; Cros et al. 2016), determine relevant evolutionary units
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and scales for population conservation (e.g., Santangelo and Abbiati 2001), identify
sink and source populations, measure effective population sizes, detect bottleneck
events in populations suffering disease-related decimation and overexploitation
(e.g., Pérez-Portela et al. 2015; Riesgo et al. 2016), and investigate local adaptation
in endangered species and introgression between species (Garner et al. 2016);
therefore, genomic data holds tremendous potential for conservation and manage-
ment if applied rigorously. In this sense, the use of genomic approaches and genome-
wide scans has simplified the process of genotyping large number of samples in a
cost-effective way and provided more statistical power than more “classic” markers
such as microsatellite loci (Garner et al. 2016).

In this chapter we focus our attention on the population genetics/genomics of the
following early-splitting lineages of metazoans: Porifera, Ctenophora, and Cnidaria.
Even though the population genetic patterns of marine invertebrates are far less
known than those of marine vertebrates (Coelho and Lasker 2016), the last decade
has witnessed substantial improvement, thanks to the introduction of hypervariable
markers, such as microsatellite loci and, more recently, single-nucleotide polymor-
phisms (SNPs) (Fig. 1). However, there is still a remarkable bias among phyla and
groups: most of the population genetic studies have been conducted on cnidarians
(Fig. 2) and within cnidarians on Anthozoa, mainly coral reef-building species
(Fig. 3). Given that reviews on anthozoan population genetics and connectivity are
more abundant than on the other early-splitting metazoan groups, we provide a more
extensive overview of the research done on less-known groups within Cnidaria, the
Medusozoa, and the other two phyla, Porifera and Ctenophora.
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Fig. 1 Population genetic studies in early-splitting lineages of metazoans (Porifera, Ctenophora,
and Cnidaria pooled). Graph of the exponential increase in the number of studies since 2000
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Fig. 2 Number of population genetic studies per year in three marine phyla: Porifera, Ctenophora,
and Cnidaria
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Fig. 3 Number of population genetic studies per year in Medusozoa and Anthozoa (Cnidaria)
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2 Phylum Porifera

Sponges, the so-called species of the phylum Porifera, are crucial components of the
benthic assemblages because of both their abundance and the ecosystem services
they provide (e.g., De Goeij et al. 2013). They are used as refuge by myriad
invertebrates, and sometimes vertebrates, and are basic food resources for multiple
animals (e.g., Cerrano et al. 2000). They are distributed all over the world, in both
freshwater and all kinds of seawater habitats, exhibiting an astonishing depth range,
from the intertidal to the bathyal zones. But their importance is not only at the
ecological level; they are also important in the biomedical field since they harbor a
wide array of natural products with proven cytotoxic activity in tumor treatment and
as antibacterial effectors (Mehbub et al. 2014).

The phylum Porifera is comprised of four classes: Demospongiae, Hexactinellida,
Calcarea, and Homoscleromorpha; most sponges are hermaphroditic and viviparous
species (Riesgo et al. 2014), although all reproductive strategies (hermaphroditism/
gonochorism, viviparity/oviparity) are present in the phylum (Maldonado and
Riesgo 2009a). Usually sponge larvae fall within the range of 50 to 500 μm,
although some could reach 5–6 mm (Maldonado 2006). These small larvae are all
lecithotrophic (Maldonado 2006), most of them being free-swimming and ciliated
(Fig. 4a), although some are crawling larvae (Borojevic 1967; Bergquist et al. 1970;
Ayling 1980; Maldonado and Riesgo 2009b). Free-swimming sponge larvae are
capable of actively swimming in the first few centimeters after being released;
however, they rapidly become entrapped by the viscous forces acting in the water
molecules (Maldonado 2006), limiting their swimming capability. In addition, their
shape and ciliary motions (Fig. 4a) provide them with poor abilities as long-distance
dispersal propagules. Overall, sponge larvae are considered short-lived, lasting from
minutes to less than 15 days of life in the seawater column (see Maldonado 2006).
Only the hoplitomella larvae, which are unciliated and bear arm protrusions
(Fig. 4b), are considered as adapted to long-distance dispersion (Topsent 1903;
Trégouboff 1939, 1942; Vacelet 1999; Maldonado 2006).

Fig. 4 Pictures of dispersal stages in early-splitting lineages of metazoans. (a) Ciliated parenchymella
larva of a demosponge, (b) hoplitomella larva of a thoosid sponge (Porifera), and (c) adult of the jellyfish
Pelagia noctiluca (Cnidaria,Medusozoa). Scale bar: 50 μm.Pictures featured in (a) and (b)were courtesy
of Rafael Martín-Ledo
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Sponges are currently under severe threats in many areas, with drastically reduced
populations (Bell et al. 2015), but ironically, some sponge populations are actually
growing and expanding their distribution ranges. This is particularly true for
bioeroding sponges in coral reefs, which present a dramatic threat to the viability
of healthy coral populations (Bell et al. 2015). In this context, understanding the
genetic diversity and connectivity patterns of sponges is important in designing
strategies to palliate the effects of habitat degradation and population survival. The
molecular ecology of sponges has been thoroughly reviewed in the past decades
(Wörheide et al. 2005; Uriz and Turon 2012), but the field is growing so rapidly,
thanks to the introduction of microsatellite and SNP markers, that new and more
detailed patterns are emerging and should be addressed comprehensively.

2.1 Genetic Markers for Population Genetics in Sponges

In sponges, several DNA markers have been used for population genetics studies,
including allozymes (Benzie et al. 1994; Davis et al. 1996; Miller et al. 2001;
Whalan et al. 2008), different mitochondrial genes (see examples in Bentlage and
Wörheide 2007; Hoshino et al. 2008; López-Legentil and Pawlik 2009; Rua et al.
2011; Voigt et al. 2012), and nuclear genetic fragments such as the ribosomal
internal transcribed spacers—ITS1 and ITS2 (Wörheide et al. 2002; Bentlage and
Wörheide 2007; Hoshino et al. 2008; Wörheide et al. 2008; Andreakis et al. 2012;
Becking et al. 2013; Ekins et al. 2016), among others (DeBiasse et al. 2010). More
recently, the use of multilocus approaches has become widespread for sponges,
ranging from 3 to 14 microsatellites (Duran et al. 2004a; Blanquer et al. 2009;
Blanquer and Uriz 2011; Dailianis et al. 2011; Bell et al. 2014; Chaves-Fonnegra
et al. 2015; Pérez-Portela et al. 2015; Riesgo et al. 2016; Guardiola et al. 2012, 2016;
Padua et al. 2017) to tens of single-nucleotide polymorphisms, although limited to
only one study (Brown et al. 2017). Mitochondrial DNA, extensively used in
phylogeography and population genetics of metazoans (Avise et al. 1987; Avise
2000), presents significantly lower levels of variability in some early-splitting
invertebrate lineages (sponges and cnidarians) than in other invertebrate groups
(Shearer et al. 2002; Huang et al. 2008), making it unsuitable for many studies
requiring fine intraspecific resolution and high intrapopulation genetic diversity.
This low variability has been demonstrated in a number of studies in sponges (see
examples in Xavier et al. 2010; Dailianis et al. 2011; León-Pech et al. 2015; Riesgo
et al. 2016; Setiawan et al. 2016), although exceptions exist (e.g., Duran et al. 2004b;
López-Legentil and Pawlik 2009; DeBiasse et al. 2014; de Bakker et al. 2016). On
the other hand, the ITS markers seem to be extremely polymorphic even
intraindividually (Wörheide et al. 2008; Ekins et al. 2016), although not for all
sponges (Wörheide et al. 2002; Léon-Pech et al. 2015). In general, although micro-
satellite loci have to be de novo isolated and optimized for each species, they are
reliable and accurate for detecting genetic structure and demographic events in
sponges (Calderon et al. 2006; Blanquer and Uriz 2010, 2011; Dailianis et al.
2011; Bell et al. 2014, 2015; Giles et al. 2015).
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2.2 Population Differentiation: Isolation by Distance
and Oceanographic Fronts

In general, all sponge species exhibit strong genetic structure at local and regional
scales along their population ranges, regardless of the markers used (Benzie et al.
1994; Duran et al. 2004a, b; Bentlage and Wörheide 2007; DeBiasse et al. 2010,
2014; Dailianis et al. 2011; Pérez-Portela et al. 2015; de Bakker et al. 2016; Riesgo
et al. 2016; Brown et al. 2017; Padua et al. 2017). In the studies where microsatellites
were used, the average of one of the most commonly applied statistics for measuring
genetic differentiation between populations, the fixation index FST, ranged from
0.023 to 0.24, with higher values associated, in general, with greater distances
between populations (Fig. 5a). Interestingly, when using microsatellites in sponges,
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most (if not all) pairwise comparisons of FST between sites were significant, regard-
less of the FST value (e.g., Dailianis et al. 2011; Riesgo et al. 2016; Padua et al.
2017). Significant FST values are indicative of strong population structure; this
structure has been mostly attributed to the low dispersal abilities and philopatric
behavior of their larvae, which promote populations’ self-recruitment and local
retention that finally increase populations’ divergence over space. Most sponge
larvae known have been reported to swim for less than 2 weeks (Maldonado
2006), but the geographical distance that can potentially be covered during such
time can vary from dozens of meters to kilometers depending on the marine currents.
However, the very few studies on spatial autocorrelation in sponges provide settle-
ment distances of less than 200 m (Bell et al. 2014; Giles et al. 2015), although in
some cases not more than 65 cm (Calderon et al. 2006; Blanquer and Uriz 2011),
creating patterns of small-scale spatial genetic structure within sites. In addition to
the poor swimming capabilities of the lecithotrophic sponge larvae, which are unable
to disperse long distances or overstep small physical discontinuities (e.g., small
submarine walls and local unidirectional currents) (Blanquer et al. 2009), it seems
that major genetic breaks can also be explained by large oceanographic fronts acting
as low permeable barriers to gene flow (see below).

When using cytochrome c oxidase I (COI), the average ΦST (equivalent to FST)
ranged from values close to zero in Neoaulaxinia zingiberadix (0.000),
Neoshcrammeniella fulvodesmus (0.002), and Isabella mirabilis (0.005) (Ekins
et al. 2016) indicating panmictic populations (or low genetic resolution) to moderate
values of genetic divergence in Xestospongia muta (0.3) (de Bakker et al. 2016) and
Chondrosia reniformis (0.2) (Villamor et al. 2014) at regional scales and up to very
high values in Cliona vermifera (0.8) across the Pacific coast of Central America
(León-Pech et al. 2015) likely indicating cryptic speciation in the last example. In
Rhopaloeides odorabile (Whalan et al. 2008), virtually no structure was detected,
coupled with low values of genetic diversity for COI and for different allozymes,
although in this case the sampling area was no larger than 80 km2. But even in the
cases where the differentiation was extremely low, like in I. mirabilis or
R. odorabile, the ΦST values were significant between some populations (Whalan
et al. 2008; Ekins et al. 2016), suggesting local restricted gene flow that could be due
to geographical distance or other factors, like interreef circulation patterns (Whalan
et al. 2008).

In many cases, the strong population differentiation in sponges is correlated to
geographical distances (Duran et al. 2004a, b; Xavier 2009; Xavier et al. 2010;
Dailianis et al. 2011; Bell et al. 2014; Chaves-Fonnegra et al. 2015; León-Pech et al.
2015; Pérez-Portela et al. 2015), although sometimes these two parameters are not
correlated (Wörheide et al. 2008; DeBiasse et al. 2010 Bell et al. 2014; Giles et al.
2015; Riesgo et al. 2016). In these cases, major population differentiation appears to
be driven by the disruptive effect of oceanographic fronts (DeBiasse et al. 2010,
2016; Bell et al. 2014; Riesgo et al. 2016) and/or environmental patterns (Giles et al.
2015), but more often than not, the chaotic structure observed cannot be explained
by the abovementioned factors (Bell et al. 2014), and nonrandom mating among
individuals and the stochasticity in reproductive success are the most likely reasons
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to explain the structure observed. In the Mediterranean, several oceanographic fronts
have been found to be relatively impermeable to gene flow for benthic organisms
(Patarnello et al. 2007; Villamor et al. 2014), including sponges: the Almeria-Oran
front, described as the real biogeographical boundary between the Atlantic and
Mediterranean basins, seems to be the most important one, dividing the Atlantic
and Mediterranean genetic stocks of all sponges studied across this area (Dailianis
et al. 2011; Pérez-Portela et al. 2015; Riesgo et al. 2016). Also, in the Wider
Caribbean, oceanographic circulation seems to be behind the genetic discontinuities
found for sponges across the Caribbean Sea, Gulf of Mexico, and Atlantic Coast of
Florida (DeBiasse et al. 2016). In Northern Australia, the barrier created along the
Torres Strait could be behind the highly structured populations of Ianthella basta
(Andreakis et al. 2012). But there is no information about any other known ocean-
ographic fronts causing genetic breaks in sponges in any other area of the world, and
much more effort is needed to understand geographical patterns of the genetic
diversity of Porifera species.

2.3 Genetic Diversity and Inbreeding

The genetic divergence of the COI gene used for some population genetics studies in the
sponge field is usually very low, with the haplotypic diversity very close to 0 in many
demosponges (Wörheide 2006; Xavier et al. 2010; León-Pech et al. 2015; Ekins et al.
2016). However, in some other demosponges, the average values of haplotypic diversity
for the “Folmer or 50 end” partition of COI can be higher, for instance, 0.48 in
Callyspongia vaginalis in a study covering the Wider Caribbean (DeBiasse et al. 2010;
DeBiasse and Hellberg 2015). Other authors found that the I3-M11 partition of COIwas
more variable at the species level for some sponges, and subsequently, several researchers
have used it for population genetics (Erpenbeck et al. 2006; López-Legentil and Pawlik
2009; de Bakker et al. 2016). The genetic diversity of other mitochondrial markers like
nad5 and ATP8 has also been explored; thesemarkers also show extremely low diversity
(Hoshino et al. 2008; Xavier et al. 2010). In contrast, it appears that in Cliona vermifera,
ATP6 was highly variable (León-Pech et al. 2015). Given this great variability in the
divergence of the mitochondrial markers in sponges, researchers began using the ribo-
somal internal transcribed spacer (ITS), including the entire ITS1, 5.8S rRNA, and ITS2
regions. For this marker, genetic diversity varied frommoderate levels, e.g., 0.13–0.78 in
Hymeniacidon flavia (Hoshino et al. 2008) and 0.18–0.79 in Cliona vermifera (León-
Pech et al. 2015), to extremely high values, e.g., 0.87–1.00 in Neoschrammeniella
fulvodesmus (Ekins et al. 2016). Although the use of the ITS was promising, the fact
that they can have intra-genomic polymorphisms in some species (Duran et al. 2004a;
Wörheide et al. 2008; Ekins et al. 2016) made it not ideal for population genetic studies.

Highly polymorphic microsatellite loci optimized for a number of sponges have
been the most efficient markers to describe genetic diversity within species,
populations, and individuals (Fig. 5b). The average genetic diversity (considered
here as heterozygosity) is usually between 0.4 and 0.8 (Fig. 5b), with slightly lower
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values reported when the sampling range is limited (Fig. 5); although of course, we
should keep in mind that these genetic diversity values largely depend on the number
of microsatellites used and their own particular variability. In Paraleucilla magna
(Fig. 5b), higher expected heterozygosity (He) was detected when a geographically
restricted area was studied, but this higher He was likely related to this calcareous
sponge’s invasive nature and the admixture of different genetic pools at the intro-
duced populations analyzed (Guardiola et al. 2012). Unfortunately, there is only one
population genetics study using 67 SNPs in sponges (Brown et al. 2017). In this
deep-sea sponge, He values were lower than those observed for other sponges,
ranging from 0.240 to 0.323, but the lack of other studies using these genomic
markers makes it impossible to have an idea of the magnitude of these genetic
diversity values within this animal group.

In general, sponges present populations that are not in HWE due in most cases to
significantly lower values of observed heterozygosity (Ho) than He within
populations. Whereas in some cases, this heterozygote deficiency can be explained
by the presence of null alleles and technical difficulties in scoring microsatellite loci
(Dailianis et al. 2011; Chaves-Fonnegra et al. 2015), in others, several non-exclusive
biological factors may promote this pattern of lower heterozygosity, including high
levels of inbreeding due to mating between relatives; low dispersal potential of both
sperm and larvae; self-fertilization (in hermaphroditic species), selection, and spatial
and temporal Wahlund effect as a consequence of overlapping age cohorts with
different genetic structures within sampling sites; and the existence of different
breeding subunits; but the relative contribution of each factor could not be properly
tested in almost any study (Whalan et al. 2008; Wörheide et al. 2008; Duran et al.
2004a; Bell et al. 2014; Pérez-Portela et al. 2015). In some species, it is not
heterozygote deficiency but heterozygote excess that resulted in HWE deviation
(e.g., Blanquer and Uriz 2010), caused by an intriguing potential selection against
homozygotes or mechanisms to avoid mating among relatives. There are only three
studies in which sponge populations seem to be in HWE (Giles et al. 2015; Riesgo
et al. 2016; Brown et al. 2017) that could be due in part to the removal of loci not
meeting the HWE criteria (Giles et al. 2015; Riesgo et al. 2016), a strategy that does
not provide the same results in other species (e.g., Chaves-Fonnegra et al. 2015).

2.4 Potential Factors Influencing Genetic Diversity:
Clonality, Chimerism, and Hybridization

Sponges are extremely plastic animals, with astonishing regenerative capabilities,
that can outlive fission (Calderon et al. 2006; Brown et al. 2017) and, for some
species, even complete dissociation of their cells (Eerkes-Medrano et al. 2015). Such
processes, together with the different strategies of asexual reproduction exhibited by
sponges, produce small clonal propagules (reviewed in Uriz and Turon 2012). The
extent of clonality has been assessed in a handful of sponge species, with contrasting
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results: while some sponges showed that asexual reproduction contributed over 60%
to their overall populations (Davis et al. 1996; Duran et al. 2004a; Miller et al. 2001),
others showed moderate levels of clonality (Zilberberg et al. 2006; Calderon et al.
2006; Blanquer et al. 2009), and still others showed negligible levels (Guardiola
et al. 2012; Chaves-Fonnegra et al. 2015; Pérez-Portela et al. 2015; Riesgo et al.
2016). Whereas some species showed clonal reproduction as a mechanism for
colonization of new substrates at the scale of centimeters (Davis et al. 1996), in
general for most sponges, clonal reproduction does not largely contribute to popu-
lation recruitment or to their spatial genetic structuring (Miller et al. 2001; Duran
et al. 2004a; Blanquer et al. 2009, and a review in Uriz and Turon 2012), a pattern
that contrasts with that observed in many anthozoan species (Cnidaria) (e.g.,
Adjeroud et al. 2014; Gélin et al. 2017). However, in Crambe crambe, clonality
due to fission was demonstrated to have an important effect at small spatial scales,
although the short dispersal potential of the larva seemed to be more important in
determining the genetic structuring of this species (Calderon et al. 2006).

Other biological phenomena, such as chimerism and hybridization, could also
potentially contribute to the genetic structure of sponge populations, although they
have been rarely studied at the molecular level. It has been suggested that both
chimerism and hybridization might increase genetic diversity in sessile invertebrates
(Santelices 2004), raising their chances of survival by acquiring adaptive advantages
(Maldonado 1998). In Scopalina lophyropoda, Blanquer and Uriz (2011) found that
more than 77% of the individuals contained at least two multilocus genotypes
(MLGs), which was explained by the high number of fusion events previously
observed in this species (Blanquer et al. 2009). Such fusion processes are not new
for the sponge science; allogeneic (from different individuals) and isogeneic (from
the same individual) fusions have been studied for decades already (e.g., Smith and
Hildemann 1986; Wulff 1986). In some species, the capability of tissue fusion
among different individuals of the same species is lost at the adult stage (Ilan and
Loya 1990; Padua et al. 2016), while larvae and juveniles can easily fuse (e.g., Ilan
and Loya 1990; Maldonado 1998; Warburton 1958). Tissue fusion is mediated by
proteoglycan molecules called aggregation factors (Fernàndez-Busquets et al. 2002;
Grice et al. 2017), among others, which are highly polymorphic (Grice et al. 2017).
The complements of aggregation factors differ greatly among sponges, some having
a very diverse tool kit, while others likely have a depauperated system for
allorecognition (Grice et al. 2017).

Hybridization has also been reported for Ircinia fasciculata and Ircinia variabilis
in the Mediterranean (Riesgo et al. 2016), with a predominant directionality of gene
flow from I. variabilis to I. fasciculate, increasing the genetic diversity where
pervasive hybridization was observed, a process that might somewhat palliate the
genetic loss of I. fasciculata caused by population decimation due to recent mass
mortality events (Riesgo et al. 2016). Perhaps the low variability in the
allorecognition system of this and other sponges might be behind the discordances
and incongruences in sponge phylogeny and population genetics in some cases (e.g.,
DeBiasse et al. 2014; Bell et al. 2015).
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3 Phylum Ctenophora

Besides their natural beauty, ctenophores have attracted a lot of attention because
they are essential to understand the evolution of metazoans (Shen et al. 2017) and
many ecological interactions in the ocean (Purcell and Arai 2001). But almost
nothing is known about the biotic and abiotic forces shaping ctenophores’
populations at the genetic level, or the major drivers promoting divergence, and
finally speciation (see Fig. 2). Moreover, this lack of information is hampering our
understanding of the potential of ctenophores to generate negative impacts during
bloom events.

Ctenophores are holoplanktonic organisms that spend their entire life cycle in the
plankton, although they are weak swimmers (Bayha et al. 2015 and references
herein). Because of their holoplanktonic nature, they are expected to disperse long
distances during their life-span, mostly carried by major oceanographic currents, and
show extensive gene flow among distant areas, little genetic differentiation, and low
rates of speciation (Palumbi 1994). Nevertheless, this a priori expectation, based on
their ecological and biological features, has never been properly tested, and scarce
information is available on ctenophores’ phylogeography and genetic patterns
(Fig. 2). The few studies performed on population genetics of this phylum are
limited to only one invasive species, the comb jelly Mnemiopsis leidyi (Reusch
et al. 2010; Ghabooli et al. 2011, 2013; Bolte et al. 2013; Bayha et al. 2015).

Mnemiopsis leidyi was artificially introduced in the Black Sea, Aegean Sea,
Caspian Sea, Adriatic Sea, Mediterranean Sea, Baltic Sea, and North Sea from the
Western Atlantic (Reusch et al. 2010; Ghabooli et al. 2011; Costello et al. 2012;
Bolte et al. 2013; Ghabooli et al. 2013; Bayha et al. 2015). Analyses across the native
and invasive range using mitochondrial DNA sequences, the nuclear ITS1 and ITS2,
and microsatellite loci revealed important details about the translocation routes and
number of introduction events to the invasive range, but provided little information
about natural biogeographic and genetic breaks, connectivity, and distribution of
genetic diversity. Following the expectation of long-dispersal potential and the
absence of a benthic stage with specific requirements, which may limit the dispersal
potential of the species, as, for instance, available bottom substrate, M. leidyi is
widely distributed along several biogeographical provinces (Spalding et al. 2007)
along its native range, covering a large range of environmental conditions, from the
North Atlantic Coast of the USA to South Argentina (Bayha et al. 2015). However,
against the initial expectation of a long-dispersal species, M. leidyi showed deep
mitochondrial divergence in the cytochrome b among South America, Caribbean
Sea, Gulf of Mexico and Florida, and the North Atlantic Coast of America (Bayha
et al. 2015), with four highly divergent lineages allopatrically distributed (Costello
et al. 2012; Ghabooli et al. 2011, 2013; Bayha et al. 2015). Genetic breaks between
South (Argentina and Brazil) and North Atlantic American populations, which
displayed significant differences in genetic structure among some populations
based on ΦST (~0.578 for the cytochrome b) and FST (~0.246 for microsatellites)
as a result of low levels of gene flow, can be explained by major oceanographic
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circulation and well-known biogeographical breaks (Spalding et al. 2007); but
additional genetic breaks between the Caribbean Sea and Gulf of Mexico cannot
be easily interpreted in a vagile holoplanktonic organism mostly dispersed by
dominant oceanographic currents. Actually, these levels of population divergence
are over the ΦST average of widely distributed jellyfish for COI (see details on
jellyfish below and Fig. 6a) and within the range of FST values for microsatellites in
sponges (see Fig. 5a). The preferential behavior of M. leidyi for remaining within
bays, estuaries, and near-shore habitats (Kremer and Nixon 1976; Kremer 1994;
Purcell 2011) might reduce its ability to disperse long distances, as also observed in
some jellyfish species (Dawson et al. 2015; Dong et al. 2015), and so limiting
migration and gene flow across open waters. Nonetheless, mito-nuclear discordance
was detected between markers (Bayha et al. 2015), which has turned into a relatively
common pattern in marine invertebrates (e.g., DeBiasse et al. 2014; Glynn et al.
2015; Garcia-Cisneros et al. 2016; Pérez-Portela et al. 2017). Nuclear microsatellite
loci revealed weaker genetic structure along the native range, with only major breaks
across the Florida Strait, between the Gulf of Mexico, and the Atlantic Coast of
Florida, and the North Atlantic populations found further north than Cape Hatteras
(North Caroline), due to the oceanographic front generated between the Gulf Steam
and the Labrador Current. Although authors discussed the lower resolution of
microsatellite loci as a potential cause of this mito-nuclear discordance (Bayha
et al. 2015), past divergence that occurred faster in mitochondrial DNA due to the
one-quarter smaller effective population size and/or selection of some particular
mitochondrial haplotypes/lineages over others under different environmental
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Fig. 6 Genetic divergence and diversity of medusozoans (Cnidaria) with free-swimming medusa
stage. (a) Boxplots of genetic distances between populations based on the COI partition (ΦST), (b)
genetic distances between populations based on the ITS (FST), and (c) haplotype diversity (h) based
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conditions across the distribution range (Silva et al. 2014; Consuegra et al. 2015;
Glynn et al. 2015) could also explain this geographical distribution of mitochondrial
lineages. However, past divergence or selection hypotheses were never tested for
this ctenophore, and therefore further investigations are required to clarify these
particular questions.

4 Phylum Cnidaria

The phylum Cnidaria is divided in two main groups, Medusozoa and Anthozoa
(Vargas and Zardoya 2012; Kayal et al. 2013), and comprises a variety of biological
life cycles and ecological requirements that influence species’ dispersal potential and
distribution ranges (Fautin 2002; Lawley et al. 2016). Regarding population genetic
studies of the phylum, we observe a bias on the investigation effort between these
two groups, with over 90% of the total studies published in Anthozoa (Fig. 3) and
several reviews on genetic divergence and connectivity of this invertebrate group
(Benzie 1999; Selkoe et al. 2014; Coelho and Lasker 2016).

4.1 Genetic Markers for Population Genetics in Cnidarians

In cnidarians, as in sponges, allozymes were among the first markers used for
population genetic analyses (e.g., Ayre et al. 1997; Miller 1997; Ayre and Hughes
2000; Goffredo et al. 2004), but more recently, highly variable markers such as the
nuclear introns ITS1 and ITS2 (e.g., Dawson 2005b; Calderon et al. 2006; Stopar
et al. 2010; Miller et al. 2012; Ramšak et al. 2012; Dong et al. 2016; Lawley et al.
2016), nuclear microsatellite loci (e.g., Glynn et al. 2015, 2016; Serrano et al. 2014,
2016; Pérez-Portela et al. 2016), and different fragments of mitochondrial DNA
(e.g., Dawson 2005a, b; Govindarajan et al. 2005; Dawson et al. 2015; López et al.
2015; Lawley et al. 2016) have been extensively applied. Nevertheless, many studies
have used a limited number of genetic markers, especially in Medusozoans (e.g.,
Dong et al. 2015; Dawson et al. 2015; López et al. 2015; vanWalraven et al. 2016), a
trend that is slowly shifting from few to tens and thousands of markers, thanks to the
application of cost-effective isolation of microsatellites and genome-wide scans
through high-throughput sequencing (e.g., Reitzel et al. 2013; Drury et al. 2016;
Everett et al. 2016; Devlin-Durante and Baums 2017). Mitochondrial fragments, as
explained before, are unsuitable for most cnidarian studies requiring fine intra-
specific resolution, but this molecule displays appropriate substitution rates within
the class Scyphozoa (Medusozoa), a group in which mitochondrial markers have
been extensively used (see Shearer et al. 2002 for a review and Govindarajan et al.
2005; Dawson et al. 2015; Glynn et al. 2015; Lawley et al. 2016; van Walraven et al.
2016 for examples).
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4.2 Population Genetics in Medusozoa: From Panmixia
to Local Structure

Jellyfish, commonly named the planktonic adults of the group Medusozoa, play an
important ecological role within marine food webs around the world, being very
important due to their predatory activity on zooplankton and ichthyoplankton
(Purcell and Arai 2001; Sabatés et al. 2010) and having large economical relevance.
Some edible jellyfish are commercially exploited as a fishery source (Omori 1981;
Arai 1996; Pitt and Kingsford 2000), but at the same time, jellyfish, which are similar
to most zooplankton, form aggregations and are prone to jellyfish blooms (Purcell
et al. 2015). Anthropogenic activities and impacts derived from them seem to
contribute to increase blooms, although the specific role of each factor is still largely
unknown (Purcell et al. 2007; Molinero et al. 2008; Purcell 2011). Jellyfish blooms,
which in many cases also contain ctenophore species, can have strong negative
impacts on commercial fishing, aquaculture, and drain systems and generate health
concerns for swimmers due to their toxicity (Purcell and Arai 2001; Purcell et al.
2015; Dong et al. 2016).

Despite their ecological relevance, commercial interest, and detrimental effects
for some human activities, Medusozoans have received less attention than its sibling
group, Anthozoa, in terms of studies conducted on population genetics/genomics
and connectivity (Fig. 2). Due to the scarce information on jellyfish’s population
genetics, as in ctenophores, there is still a limited understanding of the main drivers
of their genetic architecture, the effect of blooms on effective population size, and
genetic diversity at the intra-specific level, among many other questions. Within the
group Medusozoa, there is also a bias in the number of genetic studies among the
four different classes included in this group, and most research focused on commer-
cially exploited species, those generating negative impacts for human activities
and/or invasive species (examples in Dawson 2005a, b; Graham and Bayha 2008;
Aglieri et al. 2014; Glynn et al. 2016; Lawley et al. 2016). Approximately, 60% of
the studies on population genetics of Medusozoa involve species of the class
Scyphozoa, 35% the class Hydrozoa, 5% the class Cubozoa (box jellyfish—with
only one study published), and no studies on the class Staurozoa. For this reason, in
this chapter we mostly focused on scyphozoans, with no further mention to
Staurozoans.

Medusozoans have an unique and complex biological cycle that typically
includes three consecutive life stages (Arai 1996). The first stage is a short-living
larval stage (planula) that settles on the substrate to create a benthic asexual polyp,
which gives rise to the adult medusa by strobilation (class Scyphozoa), budding
(class Hydrozoa), or metamorphosis (class Cubozoa) or lacking the last phase (class
Staurozoa) (Arai 1996). Hence, the distribution of most jellyfish species is limited to
coastal areas where hard substrate is available for attachment of the benthic polyp
(metagenic and/or meroplanktonic species), and only some groups that lost the polyp
stage (holoplanktonic species) are more widely distributed across both inshore and
offshore marine environments (Boero et al. 2008; Lee et al. 2013). Due to the
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existence of two dispersal stages in most species, the short-lived planula and the
long-lived planktonic medusa, jellyfish would be a priori expected to display genetic
homogeneity over large geographical scales (Palumbi 1994, 1995). Whereas this
expectation is true for some species, it has been demonstrated that jellyfish have
populations genetically more structured than initially thought (Dawson 2005b;
Govindarajan et al. 2005; Dawson et al. 2015; Dong et al. 2015; Glynn et al.
2015) (see Fig. 6a, b). This genetic structure is the result of a complex combination
of biological, historical, and environmental factors. Population genetic studies of
Medusozoa have traditionally applied different genetic markers and statistics to
measure population divergence and connectivity, making the comparison among
studies difficult or even controversial. We here summarize and compare the fixation
indexes, ΦST and FST, in two of the most extended genetic fragments used, the
mitochondrial COI and the nuclear ITS, respectively, to have a comprehensive idea
about the distribution of genetic diversity across species and divergence within
species at different geographical scales (see Fig. 6a, b).

4.2.1 Class Scyphozoa

Within the class Scyphozoa, the holoplanktonic species Pelagia noctiluca (see
Fig. 4c), one of the most studied jellyfish due to its blooming nature along the
European coast and which can reproduce in deeper offshore waters, displays genetic
homogeneity over thousands of kilometers (Licandro et al. 2010; Stopar et al. 2010;
Glynn et al. 2016). Both nuclear and mitochondrial markers revealed weak genetic
structure across the whole Eastern Atlantic and Mediterranean Sea and extended
gene flow and admixture between these two basins (Stopar et al. 2010; Glynn et al.
2016), with very low and no significant ΦST and FST values (Fig. 6a, b); however,
significant temporal variation in genetic structure among nearby Mediterranean sites
(Aglieri et al. 2014) and past divergence between NE Atlantic and South African
populations (Miller et al. 2012) were noticed. Additionally, divergence of COI was
observed across the NE Atlantic and Mediterranean basins from the sequences
network, likely a result from an allopatric divergence during the Pleistocene
sea-level fluctuations associated with cyclical glaciations (Patarnello et al. 2007).
Nevertheless, the absence of divergence for the nuclear microsatellite loci and ITS
suggests that after the Pleistocene divergence between the Atlantic and Mediterra-
nean basins, there was secondary contact of lineages and complete admixture (Glynn
et al. 2016). Hence, extensive gene flow across the Atlantic-Mediterranean arch in
P. noctiluca contrasts with the common phylogeographic break found for other
holozooplanktonic invertebrates (Peijnenburg et al. 2004). However, it is in concor-
dance with the general pattern of Pleistocene vicariance during glacial events and
interglacial secondary contacts (see examples in Garcia-Cisneros et al. 2016;
Taboada and Pérez-Portela 2016; Pérez-Portela et al. 2017). An opposite example,
also across the NE Atlantic, is offered by the metagenic and meroplanktonic species,
Rhizostoma octopus. Rhizostoma octopus is a high-dispersal species that displayed
significant differences in population structure at moderate scales of tens to hundreds
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of kilometers along the Celtic Sea and Atlantic Coast of France, for both mitochon-
drial and nuclear markers, with signals of Pleistocene northward demographic
expansions and southward retractions in response to ice age cycles (Lee et al.
2013; Glynn et al. 2015). Lee et al. (2013), combining two different techniques,
population genetic analyses and Lagrangian modeling of oceanographic dispersal,
observed that links between modern ocean currents and gene flow patterns are mixed
in this species. Such results were attributed to the fact that jellyfish do not act as
passive drifters driven by marine currents (Fossette et al. 2015). The strong direc-
tional swimming behavior of many jellyfish species prevents them from being
advected to open waters and lets them remain in shallow coastal areas where there
are available benthic substrata for the attachment of their polyps (Doyle et al. 2007).

Nevertheless, panmixia is not exclusive of holoplanktonic species. Genetic
homogeneity due to contemporary gene flow is also observed in meroplanktonic
species, such as Chrysaora melanaster across the Bering Sea (Dawson et al. 2015)
and the widely distributed giant jellyfish, Nemopilema nomurai, along offshore
coastal waters of China (Dong et al. 2016) (see Fig. 6a, b). But even for species
with similar biological cycles at the same oceanographic areas and scales, there are
large differences in genetic structure. A very good example is the contrasted patterns
between N. nomurai and Aurelia sp. 1 along the Chinese coast. Whereas N. nomurai
showed low and non-significant values of divergence between sites (Dong et al.
2016) (Fig. 6a, b), the inshore species Aurelia sp. 1 displayed significant differences
over short distances of less than 100 km (Dong et al. 2015) (see “Aurelia sp. 1 China”
and “Aurelia sp. 1 Global” in Fig. 6a, b). In these particular species, differences in
oceanographic circulation between offshore and inshore waters at the Chinese Sea
seem to enhance gene flow among N. nomurai offshore locations, promoting genetic
admixture and homogeneity at large geographical scales, whereas eddies and gyres
locally retain individuals in inshore populations of Aurelia sp. 1, restricting gene
flow and favoring divergence among nearby sites and populations’ self-recruitment
(Dong et al. 2015, 2016). Hence, the interplay of this offshore/inshore preference
with hydrodynamic circulation along the Chinese coast configures different gene
flow patterns, and finally species’ genetic architecture, in these two sympatric
species (Dong et al. 2015, 2016).

Although jellyfish have, in general, lower levels of population divergence than
other invertebrates (see examples in sponges and brooding anthozoans), empirical
studies highlight that geographical partition of genetic diversity is commonplace in
jellyfish (Dawson 2005b; Ramšak et al. 2012; Lee et al. 2013; Dawson et al. 2015),
promoting divergence and speciation (Dawson and Martin 2001; Dawson and
Hamner 2003; Dawson 2005a; Ki et al. 2008). There are outstanding examples of
jellyfish with very restricted gene flow such as Catostylus mosaicus, Aurelia aurita,
and Mastigias papua (Dawson 2005b; Dawson et al. 2015; van Walraven et al.
2016) (Fig. 6a, b). These three species showed large and significant values of ΦST

and divergent of COI lineages, even cryptic speciation, at the scales of only tens of
kilometers (Dawson 2005b; Dawson et al. 2015; Dawson and Hamner 2003). The
most extreme example is that of M. papua, a species divided in three genetically
distant populations, each confined into an isolated marine lake of Papua, with no sign
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of recent gene flow among them (Dawson et al. 2015). Part of this divergence could
result from past demographic events during Pleistocene glaciation cycles together
with contemporary barriers to gene flow (Dawson 2005b).

Aurelia aurita is the only species for which the polyp stage has been considered
for population genetic analyses (vanWalraven et al. 2016). Although A. aurita’sΦST

values are similar to average jellyfish values, the van Walraven and coauthors’ study
(2016) was geographically restricted. The lack of connectivity among A. aurita
populations at a geographical scale of only a few kilometers was explained by the
hydrodynamic circulation across that area (van Walraven et al. 2016).

4.2.2 Classes Cubozoa and Hydrozoa

Population genetic studies of cubozoans and hydrozoans with free-swimming
medusa stages do not differ from what was previously discussed for scyphozoans
(Govindarajan et al. 2005; Lawley et al. 2016) (see Fig. 6a, b). Three reciprocally
cryptic species (clades), allopatrically distributed, were discovered in the hydrome-
dusa Obelia geniculata. Additionally, within the main clade, significant genetic
divergence among populations was also observed, suggesting limited dispersal
potential (Govindarajan et al. 2005). On the other hand, the worldwide distributed
cubozoan A. alata, showed ΦST and FST distances over the average for jellyfish, but
only the population from Bonaire, within the Caribbean Sea, displayed significant
differences with all the other sites around the world, and all the other populations
showed low and non-significant values of divergence at large geographical scales,
although data obtained do not discard artificial translocation by human activities in
this species (Lawley et al. 2016). Notwithstanding, recent studies from widely
distributed hydrozoans of the Aglaopheniidae family, a brooding group with internal
fertilization characterized by the absence of a medusa stage, showed strong patterns
of genetic divergence at small spatial scales from hundreds to thousands of meters
(mean FST ~0.35 and all comparisons between populations significant) and strong
isolation by distance using microsatellite loci (Postaire et al. 2016, 2017a, b). They
additionally displayed significantly lower values of observed heterozygosity than
expected within populations, likely due to high rates of inbreeding and speciation
signs. Population divergence, FST values, and inbreeding coefficients for these
species (Postaire et al. 2017a, b) resembled those assessed in low-dispersal sponges,
brooding corals, and gorgonians (Ayre and Hughes 2000; Lasker and Porto-Hannes
2015; Pérez-Portela et al. 2016). Weak dispersal potential of the larvae in these
species, philopatric behavior, and low sperm dispersal generate patches of closely
related individuals, overlapping generations, and nonrandom mating within sites. In
Aglaopheniids, authors concluded that life-history traits are more important than
oceanographic circulation in shaping the genetic structure of populations (Postaire
et al. 2017a, b).
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4.2.3 The Effect of Blooms on Genetic Features of Medusozoans

Regarding medusozoan blooms, there are still two unanswered questions: (a) Do
genetically different jellyfish populations have similar demographics, and therefore,
the same potential to generate blooms? and (b) How do demographic blooms affect
general genetic features at the intra- and interpopulation level? A recent review by
Dawson et al. (2015) that investigated population dynamics and genetic structure
over time in five scyphozoan species from distant geographical areas revealed that
population dynamics are not directly determined by genetic features but instead are
influenced by the interplay of both genetic architecture of populations and the
environmental conditions at each site. Additionally, jellyfish blooms have very
large interannual heterogeneity (Aglieri et al. 2014; Dawson et al. 2015), and
therefore long temporal monitoring is required to understand the relative effect of
these two variables over time, because temporal genetic variation can, in some cases,
be higher than populations’ spatial differentiation, as observed in nearby populations
of Pelagia noctiluca over a 3-year survey (Aglieri et al. 2014). This temporal genetic
variation is likely related to stochastic factors during the reproduction process that
create patterns of high relatedness among individuals of the same bloom and high
levels of inbreeding, suggested by the heterozygote deficiency observed in almost all
populations analyzed with microsatellites, and the significant values of the fixation
index, FIS (Glynn et al. 2015, 2016), so influencing the genetic composition of
recruits of a particular aggregation during time (see Aglieri et al. 2014 and references
herein). The little information available also suggests that recurrent and cyclical
periods of blooms generate patterns of high mitochondrial diversity due to the
existence of many low-frequency haplotypes closely related to each other
(Fig. 6c). This high haplotype diversity may provide jellyfish species with “consid-
erable potential for evolution” (Dawson and Hamner 2009).

4.3 Population Genetics of Anthozoa

The Anthozoa species, divided in Octocorallia and Hexacorallia, present only one
adult stage, a benthic polyp, and their dispersal potential mostly relies on the larva.
Anthozoans exhibit both solitary and colonial species and a variety of reproduction
modes and life-cycle histories, including self-fertilization, swimming planula with
pelagic dispersal or benthic crawling planula, and asexual reproduction for colonial
growth and/or dispersal (Fautin 2002). Although broadcasting predominates in many
anthozoans, internal brooding is also widespread in the group (Gerrodette 1981;
Brazeau et al. 1998; Fautin 2002; Heltzel and Babcock 2002). Anthozoans have
developed a variety of mechanisms for asexual propagation such as somatic/vege-
tative embryogenesis, budding, fission, and fragmentation, among others, but not all
species reproduce asexually (Fautin 2002).

Many octocoral and hexacoral species are reef builders and founders of three-
dimensional habitats. Coral reefs, which are among the most diverse ecosystems in
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the world, are also among the most threatened ones (e.g., Hughes et al. 2010; Burke
et al. 2011). During the last three decades, coral reef systems have passed through
bleaching and mass mortality events causing extensive habitat degradation in almost
all temperate and tropical seas in the world (Coma et al. 2004; Dias and Gondim
2016; Precht et al. 2016; Hughes et al. 2017). Because of their ecological relevance,
corals are among the marine benthic groups attracting the most scientific interest,
with a growing body of research in population genetics (see Figs. 2 and 3), mirrored
by the recent development of genome-wide approaches to explore genomic diversity
(Wang et al. 2009; Lundgren et al. 2013; Reitzel et al. 2013; Shinzato et al. 2015;
Drury et al. 2016; Everett et al. 2016; Devlin-Durante and Baums 2017).

4.3.1 Spatial Genetic Patterns in Anthozoans

A large amount of research has already demonstrated that population genetic
parameters and connectivity patterns in marine invertebrates are species-specific
and locally dependent, and anthozoans are not an exception to this rule (Benzie
1999; Ayre and Hughes 2000; Jones et al. 2009; Pinzón et al. 2012; Selkoe et al.
2014; Coelho and Lasker 2016). However, different reviews on this particular topic
were able to extract some generalities in terms of spatial genetic patterns associated
to biological traits of the species (Benzie 1999; Selkoe et al. 2014; Coelho and
Lasker 2016). It has been observed that whereas the premise of short dispersal
potential and populations genetically structured at local scales (from meters to few
kilometers) is well supported in brooders, although with exceptions (e.g., Serrano
et al. 2016), broadcast spawners display an enormous gradient of patterns from local
to moderate and broad regional connectivity (Coelho and Lasker 2016 and examples
herein). Coelho and Lasker (2016) also present a comprehensive review on connec-
tivity in corals and a discussion about the most important biological, ecological, and
physical factors controlling connectivity in anthozoans, including the potential effect
of bathymetry restricting gene flow between shallow and deep populations of
anthozoans (e.g., Underwood 2009; Oppen et al. 2011; Serrano et al. 2014; Pérez-
Portela et al. 2016), a topic of increasing interest due to the current decline of shallow
coral reefs and for which deep populations may (or may not) act as a refuge and
source of recruits and genetic diversity (see Bongaerts et al. 2010; Costantini et al.
2011).

4.3.2 Effect of Clonal Propagation on the Genetic Structure
of Anthozoans

Populations with more genetic diversity are expected to better resist perturbations
and environmental shifts (Hughes and Stachowicz 2004; Pauls et al. 2013). For this
reason, applying molecular tools to assess levels of genetic diversity and to identify
ecological and evolutionary processes generating and/or increasing diversity is
particularly interesting in the context of coral reef management. In spite of the
large number of population genetic studies performed in anthozoans (mostly in
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Scleractinian corals), the impact of clonal reproduction, understood in this context as
asexual propagation, on the architecture of their populations, genetic diversity,
connectivity patterns, effective population sizes, and long-term persistence of
populations is still unclear. There are a few studies addressing these particular
questions, because most population genetic studies on asexual species are designed
to avoid sampling clonal individuals; or clones, once detected, are removed from the
databases, lowering in some cases the statistical power of the analyses (e.g.,
Adjeroud et al. 2014; Drury et al. 2016; Lukoschek et al. 2016; Serrano et al.
2014, 2016; Suzuki et al. 2016).

In organisms with mixed asexual and sexual reproductive systems, the theory
predicts that asexual propagation is more advantageous to restock stable parental
habitats, whereas sexual reproduction promotes dispersal and colonization of het-
erogeneous habitats (Williams 1975). Nevertheless, this expectation does not match
with many empirical studies in corals and gorgonians that related high environmen-
tal disturbances (e.g., high hydrodynamism, exposition to waves, incidence of
hurricane, trampling, fishing and anchoring, among others) with higher rates of
asexual propagation and recruitment through fragmentation of the colony branches
(in most cases) or post-disturbance colonization when conditions for sexual recruit-
ment significantly decline (Gilmour 2002; Yeoh and Dai 2010; Pinzón et al. 2012;
Foster et al. 2013; Adjeroud et al. 2014; Gélin et al. 2017), although disturbances do
not fully explain the continual investment in asexual propagation in other cases
(Gilmour 2002; Baums et al. 2006; Sherman et al. 2006).

Several studies also unraveled that levels of asexual reproduction are not species-
specific, but reproductive strategies, which finally determine clonal rates, largely
vary throughout the geographical range of the species (Miller and Ayre 2004;
Sherman et al. 2006; Yeoh and Dai 2010; Pinzón et al. 2012; Combosch and
Vollmer 2013; Adjeroud et al. 2014; Gélin et al. 2017). Within particular species,
we find populations mostly maintained by clonal recruitment, with a high proportion
of the colonies sharing the same multilocus genotypes (MLGs) (clonality ranging
from 47 to 100%) (Adjeroud et al. 2014; Japaud et al. 2015; Gélin et al. 2017), as
well as those in which asexual recruitment does not play a predominant role in local
recruitment (McFadden 1997; Miller and Ayre 2004;; Sherman et al. 2006; Pinzón
et al. 2012). Whereas the effect of asexual reproduction on population divergence
has not been tested in most species, in Pocillopora damicornis from the Society
Islands, the presence of shared clones seemed to homogenize genetic structure
within populations and to increase genetic distances among populations due to the
dominance of different MLGs (clones). Interestingly, when clones were removed
from the analysis—MLGs considered only once—a pattern of panmixia came into
view (Adjeroud et al. 2014). This may happen because high rates of clonal recruit-
ment are compatible with high levels of gene flow and larvae recruitment from
distant populations (Dahl et al. 2012; Adjeroud et al. 2014). Additionally, long-
distance dispersal of some clones is also possible among sites across 40–200 km
(Souter et al. 2009; Adjeroud et al. 2014; Gélin et al. 2017) likely as a result of
parthenogenetic larvae (Fautin 2002; Gélin et al. 2017, and references herein).
Although heterozygosity deficiency is common in anthozoans (e.g., Ayre and
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Hughes 2000; Liu et al. 2005; Costantini et al. 2011; Pérez-Portela et al. 2016),
clonality does not necessarily involve genetic diversity depletion and heterozygosity
deficiency. Even under high rates of clonal propagation, gene flow can still exist,
maintaining levels of genetic diversity within populations (Dahl et al. 2012; Pinzón
et al. 2012). In other cases, populations mostly maintained by clonal propagation are
characterized by a significant heterozygote excess (although not always) compared
to the expected values under the Hardy-Weinberg equilibrium due to the long-term
accumulation of mutations in clonal lineages (De Meeûs and Balloux 2005; Hellberg
2007; Adjeroud et al. 2014; García-Cisneros et al. 2017); and this genetic feature has
been hypothesized by some authors as an evolutionary strategy to retain genetic
diversity within individuals in asexual populations (Marriage and Orive 2012).
Overall, it seems that clonal propagation might play a more relevant role in the
population genetics and recruitment of anthozoans than in all the other groups
discussed throughout this chapter, but studies specifically designed to measure
clonality are desirable.

5 Conclusions and Further Research

The field of molecular ecology in sponges, ctenophores, and cnidarians has expo-
nentially grown during the last two decades, thanks to the advent of multilocus
approaches. However, the use of COI is still widespread, regardless of its very low
variability in many of these taxa (e.g., Wörheide 2006; Dawson et al. 2015; Dong
et al. 2015; López et al. 2015; van Walraven et al. 2016). In this sense, the future
implementation of high-throughput sequencing for genome-wide scanning is
extremely promising in the phyla here presented. Currently, genome-wide scanning
techniques such as RAD sequencing and genotyping by sequencing can be easily
applied to non-model invertebrates because previous genomic knowledge is not
required (Reitzel et al. 2013). On the other hand, the large number of hypervariable
genomic markers obtained (from hundreds to several hundred thousand) distributed
across the whole genome provides a stronger statistical support and higher resolution
than more “classic”markers (e.g., microsatellite loci or sequence fragments of only a
few genes) to investigate fine- and large-scale genomic structure of populations at
temporal and spatial scales, identify migrants between populations, detect clones,
analyze the neutrality of the markers used, and explore the role of non-neutral
processes of divergence shaping the general genetic architecture of these species,
among many other questions (Garner et al. 2016). All these advantages give us the
opportunity to rapidly increase our knowledge on general population genomics of
unexplored marine groups. To our knowledge, only a few studies have isolated and
used SNPs from genomic and transcriptomic datasets of early-splitting lineages of
metazoans, most of them in anthozoans (Wang et al. 2009; Lundgren et al. 2013;
Reitzel et al. 2013; Shinzato et al. 2015; Drury et al. 2016; Everett et al. 2016;
Devlin-Durante and Baums 2017) and a few in jellyfish (Li et al. 2017) and sponges
(Brown et al. 2017). However, the effect of environmental variation on the
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distribution of particular alleles and local adaptation has been rarely explored in
these animals (Reitzel et al. 2013), even though their sessile nature (in some) and
widespread distribution (in others) make them ideal candidates for studying land-
scape genomics. In this sense, in ctenophores and jellyfish, population genomics will
be fundamental to understanding the scale of their population dynamics and so to
predicting the potential role of human-mediated environmental changes on bloom
events (Glynn et al. 2015).

Most of the studies on the population genetics of sponges agree in that sponge
populations are highly structured and differentiated. But one of the additional
aspects of the molecular evolution of sponges that will enable our interpretation of
their population genetic patterns is the elucidation of the effects of introgression on
the genetic diversity and speciation patterns of sponges, which currently is virtually
unknown (e.g., Riesgo et al. 2016), even though the extent of hybridization could
very well be similar to that in corals. The pre-zygotic barriers of early-splitting
lineages of metazoans to prevent hybridization are not well studied, although there
are many reports of acrosomes and acrosomal vesicles in the literature in almost all
sponge groups that could harbor specific recognition proteins (Maldonado and
Riesgo 2009a). Since it has been recently suggested that hybridization could be
beneficial to palliate the genetic sweeps caused by bottleneck events in sponges
(Riesgo et al. 2016), and given the increasing numbers of diseases and temperature-
associated mortalities and bleaching events in corals (e.g., Precht et al. 2016;
Garrabou et al. 2009), this particular aspect of their biology cries for attention. But
by far, one of the main issues that should be approached with accuracy in early-
splitting lineages of metazoans to avoid confusion in the interpretation of genetic
patterns is cryptic speciation and hybridization between recently split lineages. It is
now recognized that given the morphological plasticity of these phyla, clearly
divergent lineages have been treated as single species for a long time (e.g., Lazoski
et al. 2001; Govindarajan et al. 2005; Xavier et al. 2010; Bayha et al. 2015; Dong
et al. 2015; Postaire et al. 2016), and that could have serious effects on our
understanding of the drivers of diversification and the global assessments of biodi-
versity for conservation purposes.

An outstanding finding is the different contribution of asexual reproduction to the
local recruitment in sponges and asexual anthozoans. Whereas in some anthozoans
clonal propagation plays an important role in population genetic diversity and
structure (e.g., Adjeroud et al. 2014), its effect is almost negligible in sponges,
although further research in this line is required because previous studies applied
experimental designs, in most cases, to avoid sampling clones.

Jellyfish population genetic studies corroborate that mainly in species with large
dispersal potential gene flow is not solely determined by species’ life cycle and
oceanographic circulation. The ability to horizontally swim against marine flows
(Fossette et al. 2015), past population expansions and contractions during the
Pleistocene glaciations (Dawson 2005b), vicariance and secondary contacts (Lee
et al. 2013; Glynn et al. 2016), and environmental heterogeneity largely influence
jellyfish genetic structure, although the relative role of each factor remains contro-
versial (Lee et al. 2013 and references herein). For meroplanktonic species, shallow
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benthic habitat availability might largely determine the dispersal potential of species,
increasing the genetic structure and divergence of populations, although habitat
heterogeneity might affect polyp survival and therefore drive genetic drift and
divergence (Lee et al. 2013). Traditionally, genetic drift and nonrandom mating
have been discarded as important factors influencing the genetic architecture of
jellyfish because of their large population sizes (van Walraven et al. 2016), espe-
cially during bloom events (Aglieri et al. 2014), but these two factors should be
directly considered in future studies. Among the most important limitations on our
knowledge is the fact that most studies have only investigated the medusa stage,
because polyps are difficult to locate in the field, missing out the life stage that
potentially limits gene flow among populations, and that is largely affected by
benthic environmental heterogeneity (van Walraven et al. 2016). In this sense,
population genomic studies of staurozoans, and other species lacking the medusa
stage, would be highly relevant to determine whether their spatial distribution of
genetic diversity and demographic patterns are more similar to the evolutionary
closer medusozoan species or instead to other benthic invertebrates with similar life
cycles.

Finally, one obvious general conclusion on the patterns of population genetics in
ctenophores is that an increase on the number of studied taxa within this group is
fundamental. The population genetics of only one ctenophore species has been
explored in depth. In this study, the unexpected divergence of M. leidyi indicates
that despite its long dispersal potential and artificial translocation due to human
activities, isolation may happen more frequently than initially thought. In most
sponges and brooding cnidarians, including Aglaopheniidae medusozoans and dif-
ferent groups of anthozoans, the poor swimming abilities and short dispersal poten-
tial of the larvae, together with the strong influence of oceanographic circulation at
local, medium, and large scales, seem to be behind the inbreeding signatures and the
prevalent structure found in the populations of many studied areas of the world.
Although there are still discordances and certainly mysterious results that call for the
introduction of approaches that can shed light on local adaptation patterns. On the
other hand, long pelagic larval duration and/or planktonic adults do not necessarily
ensure connectivity at large spatial scales in cnidarians and ctenophores, as these
species can display genetic structuring at local and regional scales in many cases
(e.g., Ramšak et al. 2012; Dong et al. 2015).

The future development of methodologies to measure dispersal in marine inver-
tebrates, combined with improved oceanographic circulation models and genome-
wide scans, will provide us with meaningful data to understand the role of adaptation
and both biotic and abiotic factors (and their interaction) driving the distribution of
genetic diversity in early-splitting lineages of metazoans and so make predictions
about spatial and temporal genetic trends with implications for management and
conservation of marine resources.
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Population Genomics and Biogeography
of the Northern Acorn Barnacle
(Semibalanus balanoides) Using Pooled
Sequencing Approaches

Joaquin C. B. Nunez, Rebecca G. Elyanow, David A. Ferranti,
and David M. Rand

Abstract The northern acorn barnacle (Semibalanus balanoides) is a robust
system for the study of evolutionary processes in the intertidal. S. balanoides
has a well-characterized ecology, a wide circumboreal distribution, and a life
history characterized by tractable environmental stressors at various ecological
scales. In this chapter, we discuss a variety of topics concerning the development
of S. balanoides as a model in ecological genomics as well as inferences of
demography and historical phylogeography. In addition, we introduce two novel
genomic tools for S. balanoides: the complete mtDNA sequence and the second draft
of the nuclear genome (Sbal2). Using these tools, we conducted a reanalysis of
previously described mtDNA haplotypes, a and b, as well as genome-wide levels of
variation and population structure across the North Atlantic using pooled sequencing
approaches. Analyses of sequence data from older and more recent Illumina plat-
forms revealed the effects of technical bias in the estimates of population genomic
metrics. We found concordant levels of nuDNA and mtDNA genetic variation with
no evidence of demographic bottlenecks. We observed low genome-wide FST values
across the Atlantic, suggesting a large number of ancestral polymorphisms and
shared standing variation across the basin. Comparisons of genome-wide estimates
of FST with those derived from a discriminant analysis of principal components
uncovered population-structure-informative SNPs. This suggests the existence of
latent population structure across broad scales, despite the capacity for extensive
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planktonic dispersal. Noticeably, our samples collected in Iceland displayed higher
similarity to North American populations than to the rest of Europe. We hypothesize
this is consistent with a periglacial refugium in Iceland concomitant with a barrier to
gene flow caused by the North Atlantic current. Lastly, we discuss challenges and
opportunities for the improvement of genomic tools in barnacles. Our reflections in
this area are easily generalizable to most natural populations.

Keywords Barnacles · Ecological genomics · Genome assembly · Mitochondria ·
Pooled sequencing · Population genetics · Semibalanus balanoides

1 Barnacles in the Era of Genomics

In the past decade, the development of high-throughput DNA sequencing technol-
ogies has opened new opportunities to quantify levels of variation in natural
populations at remarkable resolution (Luikart et al. 2003). This technological revo-
lution has greatly improved our ability to quantify genetic variation in non-model
organisms, particularly marine systems (Crawford and Oleksiak 2016). Most marine
organisms exhibit large effective populations sizes (Ne) and high dispersal potential;
as such, they experience ample opportunities for selection to act effectively on
genes that respond to ecological stress. Many marine ecosystems can be thought
of as natural laboratories for natural selection with well-defined, tractable scales
of repeatable clinal ecological stresses, such as latitudinal clines, variation within
estuaries, and microhabitat variation at different levels of tidal heights (Schmidt et al.
2008). However, despite the good fit of marine systems for evolutionary studies
and the advances of short- and long-read platforms of high-throughput sequencing
(HTS), the number of reference genomes available for marine systems represents
only a minuscule proportion of the taxonomic diversity of marine ecosystems
(Ellegren 2014).

While there has been considerable improvement in the number of whole genomes
available for natural populations, funding constraints remain the great limiting
step for researchers interested in questions relating to genome-scale patterns of
variation and evolution. These constraints are associated with the technical require-
ments for de novo genome assembly of complex genomes. HTS methods (e.g.,
Illumina) output a high volume of short reads, which must be assembled into
novel reference sequences or mapped to existing genomes before useful information
can be extracted. In the case of most natural populations, high levels of standing
genetic variation combined with complex genome architectures make the assembly
of a reference genome a daunting task. The advent of long-read sequencing platform
technologies (e.g., PacBio or Oxford Nanopore; see Rhoads and Au (2015)) comes
with the promise of better genome assemblies afforded by individual sequences
that can span repetitive sequences that confound traditional assembly algorithms.
However, long-read methods come with trade-offs compared to short-read methods,
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as the increase in length (~100 bp in vs. 5,000–40,000 bp) comes with the cost of
significantly higher error rates (on the order of 10% per-base error for long reads vs.
0.1% per-base error for short reads) (Quail et al. 2012). Long-read error rates can be
mitigated through the sequencing of samples to very high coverage. However, the
current cost of long-read sequencing makes this approach prohibitively expensive
for investigators aiming to characterize genome-wide genetic variation in non-model
systems without big funding. A natural strategy for researchers working on ecolog-
ical genomics questions is to use cost-effective sequencing strategies (e.g., pool-seq;
see Schlotterer et al. (2014)), which generate highly comprehensive genomic
datasets for both de novo assembly and characterizing genetic variation.

The northern acorn barnacle (Semibalanus balanoides) is a robust system for the
study of adaptation in the intertidal. S. balanoides has a well-characterized ecology,
wide circumboreal distribution, and a life history characterized by tractable envi-
ronmental stressors at various ecological scales in the rocky intertidal (Schmidt and
Rand 2001; Schmidt et al. 2008; Flight et al. 2012; Flight and Rand 2012). This
system displays large Ne, high levels of gene flow at the swimming larval stages, and
adult reproductive stages committed to a sessile habit in the intertidal. This dichot-
omy between high gene flow during the early larval stages and commitment to
specific microhabitats in a highly heterogeneous ecosystem at the terminal larval
stage, with subsequent physiological stressors arising in the sessile adult stages,
provides a unique opportunity to dissect the interplay of fine-scale natural selection
in the context of ample gene flow. Nevertheless, few genomic datasets for barnacle
populations exist, consisting mostly of a handful of allozymes, microsatellites, and
single mitochondrial (mtDNA) markers. Motivated by this lack of genomic
resources, Flight and Rand (2012) used a cost-effective pool-seq approach to
construct a de novo reference genome while simultaneously characterizing genetic
variation in barnacle populations. The first genome of S. balanoides (hereby referred
to as Sbal1) was assembled using whole genome pooled sequences from three
barnacle populations around the North Atlantic (Bristol, Maine (ME-2011), Narra-
gansett, Rhode Island (RI-2011), and Southwold, England (SW-2011)). The authors
used the combined output of these pool-seq experiments (a pool of pools) to
assemble the first genome for the species. Results from remapping ME-2011,
RI-2011, and SW-2011 reads back to Sbal1 provided a comprehensive characteri-
zation of genome-wide levels of genetic variation across the North Atlantic. Their
results showed that genome-wide levels of genetic differentiation (FST) are low
among all populations surveyed (RI-2011 vs. SW-2011 ¼ 0.0408, ME-2011
vs. SW-2011 ¼ 0.0362, ME-2011 vs. RI-2011 ¼ 0.0243). However, they noted
the existence of particular loci throughout the genomes of populations with high FST.
These loci, the authors argued, could be candidates for local adaptation.

In this chapter, we recapitulate the state of the S. balanoides genomic resources
and describe current and future improvements. We introduce the complete assembly
of the mitochondrial genome of S. balanoides as well as the second draft of
S. balanoides’ nuclear genome (nuDNA), Sbal2. We use this improved draft genome
to characterize genetic variation across populations in North Atlantic range of
S. balanoides habitat using pool-seq data. We included pooled samples from
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ME-2011, RI-2011, SW-2011 (from Flight and Rand (2012)), as well as new pool-
seq data from Iceland, and two locations in the United States (Maine and Rhode
Island). We use these genomic tools to revisit questions of biogeography and
population structure across the North Atlantic. Our results from these analyses
show concordance in levels of genetic variation between mitochondrial and nuclear
genomes at population-structure-informative markers. Levels of genetic differentia-
tion, however, indicate that populations from Iceland are more similar to North
America than to the rest of Europe. Based on these data, we hypothesize that current
population structure and gene flow in North Atlantic S. balanoides are driven by
oceanographic processes associated with the North Atlantic current. This, combined
with estimates of deep divergence times from Wares and Cunningham (2001),
suggests that Icelandic barnacles may have survived in periglacial refugia during
the events of the Last Glacial Maxima (LGM; ~20,000 years ago) (Vermeij 1991;
van Oppen et al. 1995; Wares and Cunningham 2001; Flight et al. 2012). Finally, we
provide an outlook on the future of the barnacle as a tool for marine ecological
genomics as well as other challenges involved in the process of genome assembly for
natural populations.

2 Current Genomic Resources for S. balanoides

While the assembly of Sbal1 provided access to new avenues for barnacle research,
genome completeness statistics for Sbal1 reveal it to be a fairly incomplete draft
genome. Based on our estimates of haploid genome size (1.6 Gbp; see Box 1 for
technical considerations on Sbal1 and Sbal2), Sbal1 only recovers 3% (31 Mbp) of
the total barnacle genome. Sbal1 is also a highly fragmented reference showing
low N50 (250 bp) and a high number of contigs (22,986). Moreover, the number
of universal single-copy orthologue (USCO) genes (Simao et al. 2015), a common
metric for genome completeness, show a large proportion of missing (77%) USCO
genes and only a small proportion of complete (12%) or fragmented (9%) USCO
genes. Nevertheless, 6,239 functional genes were predicted using gene prediction
models. In this chapter, we introduce two novel genomic resources: the complete
mitochondrial sequence of S. balanoides (NCBI GeneBank number: MG010647,
MG010648, and MG010649), as well as the second draft barnacle genome (Sbal2;
this whole genome shotgun project has been deposited at DDBJ/ENA/GenBank
under the accession PHFM00000000. The version described in this chapter is
version PHFM01000000). Both of these resources were generated de novo using
the same raw data as Sbal1. We hope to showcase how advances in bioinformatics
algorithms can improve extant genomic resources for natural populations without
big funding.
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Box 1 Technical Considerations on Sbal2 De Novo Assembly
We constructed Sbal2 de novo using the same raw reads used for the
assembly of Sbal1 (Maine (ME-2011), Rhode Island (RI-2011), and England
(SW-2011); see Flight and Rand 2012); however, we employed a completely
different pipeline using software better suited for the construction of diploid
genomes with de Bruijn graphs. Prior to assembly, we filtered and trimmed
reads to maximize quality. We used BBMap tools v. 33.92 (Bushnell 2016) to
perform a first round of filtering by lightly trimming read edges and throwing
out all reads whose minimum Phred quality score was less than 20. A second
round of quality control was performed using the filtering algorithm available
in the SGA aligner suite v. 0.10.15 (Simpson and Durbin 2012). This step
removed homopolymeric as well as low complexity sequences. A final step
depleted the read pools from duplicated reads using the software FastUniq
v. 1.1 (Xu et al. 2012).

Read error correction is a common practice performed in many de novo
assembly pipelines prior to assembly. Recent work, however, has shown that
it may have negative effects when applied to highly heterogeneous read pools
(i.e., our case), via the introduction of chimeric reads (Fujimoto et al. 2014).
We thus opted to avoid error correction algorithms. Only 50% of the data
passed our quality control pipeline. These reads were used for the final
assembly. We used the FastQC v. 0.11.4 program (https://www.bioinformat
ics.babraham.ac.uk/projects/fastqc/) at all steps of quality control. Finally,
prior to assembly, we used the SGA preQC module to visualize various
aspects of genome assembly (sequence coverage, per-base error rates and
genome size, heterozygosity and repeat content) under various k-mer sizes
and various pooling and filtering strategies (i.e., using only one pool vs.
combining all three pools). Based on the SGA preQC report, we decided to
perform de novo assembly on a combination of all three pools. For all other
cases, coverage was too low to successfully assemble an improved genome,
relative to Sbal1. We tried a variety of diploid-compatible de Bruijn assem-
blers such as spades v. 3.9.1 (Bankevich et al. 2012; Safonova et al. 2015),
Meraculous v. 2.0 (Chapman et al. 2011), among others. However, due to the
pooled nature of our dataset (which is not ideal for de novo assembly in
most cases), neither software produced successful improvements over Sbal1.
The assembly of Sbal2 was completed using SparseAssembler (k ¼ 37), a
software which uses an evolved de Bruijn graph structure called the sparse
graph (Ye et al. 2012). This software is available with the 2017 release of
the genome assembler DBG2OLC (Ye et al. 2015). SparseAssembler requires
an estimate of genome size. However, instead of using the estimated size
from S. cariosus (1.40 Gbp (Bachmann and Rheinsmith 1973)), we decided
to estimate S. balanoides’ genome size using Lander-Waterman theory
(Lander and Waterman 1988) and k-mer counting with jellyfish v. 1.1.6
(Marcais and Kingsford 2011). Our estimates of haploid genome size

(continued)
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Box 1 (continued)
approximated 1.63 Gbp. In terms of overall architecture, the resulting Sbal2
assembly was similar to Sbal1 insofar they are composed primarily of short
~1,000 bp long contigs with low N50 (~900 bp). Sbal2, however, is composed
of 67,133 contigs amounting to a total length of 100 Mbp, thus tripling the
amount of sequence reconstructed from the total estimated genome size
(1.90% Sbal1 vs. 6.13% Sbal2; total genome size ¼ 1.63 Gbp). The
BUSCO 3.0 pipeline for SCO assessment (Simao et al. 2015) against the
eukaryotic database (odb9) revealed considerable improvement of Sbal2 rel-
ative to Sbal1 (see Sect. 2). For both genomes, gene predictions were
conducted using AUGUSTUS v. 3.0.2 (Stanke and Waack 2003) on hard-
masked genomes using RepeatModeler (1.0.8) and RepeatMasker (4.0.7)
(Smit et al. 2013–2015). AUGUSTUS gene predictions were based on a
Drosophila melanogaster model. RNA-seq reads used for contig validation
were sequenced in 2017 from Maine barnacles. Sequencing was done in an
Illumina HiSeq machine by GENEWIZ LLC, using a 2 � 150 bp PE
configuration.

In most cases, genome assembly algorithms operate under a collection of bio-
logical assumptions about genome complexity and genetic variation. These assump-
tions are usually not met by most natural populations, including the barnacle.
This occurs because natural populations tend to have more genetic variation and
more sequence repetition than most algorithms are designed to handle (we provide
an expanded discussion on this matter in Sect. 6). An exception to this is the
mitochondrial genome of most animal species. The mitochondrial genome is small
(~16,500 bp) and gene-rich, containing a low number of repeat regions. This makes
assembly of the mitochondrial genome relatively straightforward compared to
the more complex nuclear genome. For S. balanoides, we utilized the method
implemented by Hahn et al. (2013) to produce a fully assembled mitochondrial
reference genome (see Box 2).

The task of improving the nuclear reference of S. balanoides was more daunting
due to the nature of our starting dataset. The combination of multiple individuals in a
pool of pools introduces extra heterogeneity, making the genome assembly process
more difficult. We generated the draft nuclear genome, Sbal2, using the assembly
algorithm implemented by Ye et al. (2012). A detailed description of our de novo
genome assembly pipeline is highlighted in Box 1. Relative to Sbal1, Sbal2 consti-
tutes a major improvement in terms of length (100 Mbp vs. 31 Mbp) and overall
levels of gene content completeness. Over half (54%) of USCO searches resulted in
either complete (19%) or fragmented (35%) gene calls, compared to 21% in Sbal1.
Unfortunately, Sbal2 remains highly fractured, consisting of 67,133 contigs with
N50 of 1,475. After masking the genome for repetitive and transposable elements
(Smit et al. 2013–2015), an AUGUSTUS (Stanke and Waack 2003) Drosophila
model predicted 12,835 protein coding genes. Out of these, 5,976 (46%) had high-

144 J. C. B. Nunez et al.



quality BLAST hits to the UniProt database (the UniProt consortium 2017). Despite
the high level of fragmentation of Sbal2, AUGUSTUS predicted various coding and
regulatory features for individual genes (Fig. 1a). Exons and coding sequences
(CDS) were the most abundant classes predicted by the algorithm. AUGUSTUS
reports posterior probabilities for introns and CDS as well as whole genes/tran-
scripts. For Sbal2, most individual introns and CDS have high posterior probabili-
ties. Regions with high-quality UniProt hits have even higher probabilities (Fig. 1b).
Despite high probabilities for individual features, whole gene posteriors are low.
This showcases a need to improve both the assembly as well as the prediction model.
To further validate these contigs, we conducted an RNA-seq from whole barnacle
individuals and mapped the reads onto Sbal2. RNA-seq reads mapped onto 10,340
contigs with mean coverage of 187-fold and median of 38-fold. Most mapping reads

Box 2 De Novo Assembly of the Whole Mitochondrial Molecule
Mitochondrial genomes were assembled de novo from sequencing reads: for
S. balanoides these reads were obtained bioinformatically from the Flight and
Rand (2012) read pool (only reads from ME-2011 pool were used). MtDNA
assembly was performed using a bait and iteration method (bim) using
MITObim v. 1.8 (Hahn et al. 2013) and MIRA 4.0 (Chevreux et al. 1999).
Initial runs for S. balanoides used the whole mtDNA of Balanus balanus
(GenBank: KM660676.1) as a seed for the bait/iteration process. This species
was chosen due to its phylogenetic proximity to S. balanoides (Perez-Losada
et al. 2014). Recent studies, however, have shown the occurrence of gene
order inversions in the mitochondrial genome of some barnacle species such as
Megabalanus volcano (Shen et al. 2014a, b). In order to account for
these possible rearrangements, we repeated the bait/iteration process with
M. volcano’s mtDNA (GenBank: NC_006293.1) as a seed. All resulting
sequences were annotated using MITOS (Bernt et al. 2013) and curated
manually. All sequences generated were compared against the NCBI database
of the subphylum Crustacea (taxid:6657), using the Basic Local Alignment
Search Tool (nBLAST). The S. balanoides assembly produced using
M. volcano as seed resulted in better BLAST identity scores and annotation
and was used as the initial draft genome. MITOS annotation of the mtDNA
final genome identified all 13 mtDNA-encoded Oxidative Phosphorylation
(OXPHOS) pathway proteins, 2 rRNAs, and 22 mtDNA tRNAs with high
levels of statistical confidence. Manual curation for protein coding regions was
conducted via MAFFT (v. 7.017) alignments of the de novo S. balanoides
mtDNA with other barnacle specimens available in NCBI: Balanus balanus
(NC_026466), Megabalanus volcano (NC_006293), and Megabalanus ajax
(NC_024636).
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mapped with good quality scores (mQ; mean ¼ 43, median ¼ 58; Fig. 1c). Notably,
most reads mapping onto contigs with UniProt hits showed higher coverage relative
to those that did not have UniProt hits (Fig. 1d, e). Out of the 67,133 total contigs
assembled, 5,396 (~8%; Fig. 1f) contained loci with both UniProt hits and RNA-seq
coverage. These represent candidates for subsequent studies of biological variation.
Though still incomplete, Sbal2 is a clear improvement over Sbal1. The assembly not
only tripled the proportion of genome assembled, it also doubled the amount of
informative contigs coding for putatively functional genes. It is clear, however, that
the task of assembling contiguous sequences of the barnacle genome cannot be
overcome using bioinformatic techniques alone. It requires the acquisition of new
datasets optimized for genome assembly, e.g., a combination of long- and short-
read technology and mate-pair or Hi-C sequence reads (Belton et al. 2012).
However, despite the lack in contiguity, both the Sbal1 and Sbal2 draft genomes
are robust enough to conduct population genetic analyses based on single-nucleotide
polymorphisms (SNPs) data while providing links to functional annotation of a
respectable sample of protein coding genes.
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3 The Historical Biogeography of S. balanoides in the North
Atlantic: As Told by mtDNA Markers

As with many other natural systems, our understanding of barnacle genetic variation
and biogeography has greatly benefited from mtDNA markers (e.g., COX I
and D-loop). Studies have shown that populations in the North Atlantic are com-
posed of two mitochondrial clades: a and b (Fig. 2a; Brown et al. 2001; Wares and
Cunningham 2001; Flight et al. 2012). Many authors have suggested that the current
distributions of these clades are related to changes in intertidal substrate availability
resulting from postglacial expansion and colonization events after the LGM
(Vermeij 1991; van Oppen et al. 1995). Both Wares and Cunningham and Flight
et al. investigated the hypothesis that LGM impacts were greater in North American
populations relative to European ones. The most extreme interpretation of this
hypothesis is a West Atlantic tabula rasa scenario in which rocky intertidal species
went locally extinct. Consequentially, extant taxa are descendant of postglacial
European recolonizers. Analyses performed with COX I have suggested that
clade b is an ancient clade which may predate the LGM. Clade a, conversely,
appears to be younger with a time to most recent common ancestor (TMRCA) of
3.3 � 104 years (Wares and Cunningham 2001). These concomitant signatures of
permanence and absence in North America during LGM preclude a unified hypoth-
esis for the barnacle LGM historical biogeography.

We revisited the historical biogeography of the species by investigating
200 COX I sequences from various North Atlantic populations in the United States
(Rhode Island and Maine), Canada, Iceland, as well as the British Isles and
Continental Europe (collectively named eastern Atlantic; samples are a combination
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of previously published data by Wares and Cunningham (2001) and new sequences;
see GeneBank accessions: MG925538–MG925662, and MG928281–MG928323).
Our reanalysis of the data is consistent with previous findings of COX I.
Clade a is seen only in the western Atlantic and Iceland and harbors less genetic
variation (π ¼ 8.3 � 10�4) relative to b. Clade b, on the other hand, is seen
throughout the North Atlantic and shows high genetic variation among haplotypes
(π ¼ 4.5� 10�3). The distribution of clades a and b shows a conspicuous latitudinal
cline in Iceland and North America (Fig. 2b) with clade a showing its highest
abundance in higher latitudes. The converse is true for b at lower latitudes. Principal
component analysis (PCA) on COX I data reveals three primary axes of variation
(Fig. 2c inset). The first axis of variation primarily captures variation among
individuals (66.1% of variation). These trends are echoed by an analysis of molec-
ular variance (AMOVA) based on geographic location: 83% of variance is found
within samples and 16% between samples (Monte Carlo test p << 0.01; 10,000
replicates). The a and b clades are captured in the second principal component (7.3%
variation explained; Fig. 2c). The third axis of variation (2.7% variation explained)
suggests a subclade of b exclusive to RI populations. This sub-clade, bRI, is defined
primarily by two synonymous transitions (T/C) at haplotype positions 189 and
554 (Pearson’s correlation, |ρ| > 0.8, p << 0.01). There is not enough information
to assess the evolutionary relevance, if any, of clade bRI. Table 1 shows various
summary statistics from the COX I data. In general, samples from the eastern
Atlantic show high levels of genetic variation (π ¼ 8.5 � 10�3) concomitant with
high levels of haplotype diversity (hd ¼ 0.99). Samples from North America
show similar levels of genetic variation (π ¼ 7 � 10�3

–8 � 10�3) but lower
haplotype diversity. Samples from Iceland show the lowest amounts of genetic
and haplotype variation. The Fu and Li’s D statistic was only significantly negative
for the Rhode Island populations.

The postglacial expansion hypothesis discussed by Wares and Cunningham
has two central corollaries. First, S. balanoides clades shows amphi-Atlantic
distributions (i.e., present on both west and east coast of the North Atlantic)
corresponding to multiple colonization events. Second, the putatively ancestral
populations (i.e., Europe) display demographic equilibrium and harbor higher levels
of haplotype diversity relative to North American populations. We argue, however,
that these data are not fully conclusive on the demographic history of the barnacle.

Table 1 Population genetic estimates from COX I

Location S hd π FL-D P(FL-D)

Maine 17 0.81 7.4 � 10�3 �0.175 NS

Rhode Island 40 0.813 8.2 � 10�3 �3.866 p < 0.02

Eastern Canada 12 0.731 8.2 � 10�3 0.479 NS

Iceland 14 0.623 6.9 � 10�3 �0.282 NS

East Atlantic 26 0.995 8.5 � 10�3 �1.547 NS

S number of segregating sites, hd haplotype diversity, π nucleotide diversity, FL-D Fu, and Li’s
estimate of D and its p-value
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Objectively, the COX I clades in S. balanoides are hardly amphi-Atlantic: clade a
is seen only in North America and Iceland (where they show a latitudinal cline;
Fig. 2b), with no observed occurrences in Continental Europe or the British Isles.
This clade, moreover, is estimated to be much younger than its counterpart (notice
that b is thought to predate the LGM). As such, we believe the data does not lend
strong support to a postglacial colonization of clade a from Continental Europe,
especially when one considers that glaciers in Continental Europe and the British
Isles have different deglaciation stories than Iceland (see Ruddiman and Mcintyre
1981). To further investigate this conundrum, we characterized mtDNA-wide
patterns of genetic variation in the North Atlantic. We centered our attention on
two questions: (1) Are the patterns of genetic variation estimated from COX I
recapitulated at the whole mtDNA level? (2) Are the patterns of genetic variation
estimated from mtDNA recapitulated in the nuclear genome? We also investigated
whether the a/b latitudinal cline could be explained by processes other than demog-
raphy. For instance, are there any nonsynonymous mtDNA variants showing corre-
lations to the a/b latitudinal cline? Put simply, is there evidence of selection driving
the a/b cline in the west Atlantic? At their core, these questions seek to gain a more
comprehensive (i.e., beyond single markers) understanding of how demographic
events shape genetic variation in natural populations.

Do whole mtDNA estimates recapitulate COX I? The presence of the a/b latitu-
dinal cline in North America is suspect and could indicate that forces other than
demography have shaped genetic variation in mtDNA clades (see Rand 1994; Silva
et al. 2014; Camus et al. 2017). To further explore this issue, we mapped pool-seq
datasets to our de novo mitochondrial reference genome to characterize patterns of
clinality in mtDNA mutations across the western Atlantic. While pooled sequencing
is a powerful tool to discover genetic variation in natural populations, it does not
provide haplotype information. This is a major drawback when investigating linked
markers such as mtDNA. However, we can still investigate key aspects of genetic
variation across locations, as well as potential SNPs associated to the latitudinal
cline. In this sense, pool-seq works as a SNP discovery tool. Downstream validation
candidates can be done with Sanger sequencing or other targeted approaches (e.g.,
Nunez and Oleksiak 2016).

We analyzed six pool-seq datasets: the three original datasets used to
assemble Sbal2, ME-2011, RI-2011, and SW-2011 and new pool-seq datasets
from Reykjavik, Iceland (ICE-2017); Damariscotta, Maine, USA (ME-2017); and
Jamestown, Rhode Island, USA (RI-2018), sequenced in 2017/2018. We discov-
ered 2,157 (13% polymorphic sites) SNPs across all pools. These SNPs occur at
different mtDNA locations as follows: 1,761 (81%) SNPs occurred in mtDNA
genes, 49 (2.2%) in the D-loop, 181 (8.4%) in rRNAs, and 119 (5.5%) in tRNAs.
One thousand five hundred ninety-four (74%) were transitions and 563 (26%)
are transversions. Consistent with the predictions of strong mtDNA purifying selec-
tion (Rand 2008), 1,830 (85%) of coding SNPs were synonymous and 327 (15%)
nonsynonymous. We did not discover any nonsynonymous SNPs significantly
associated with the a/b latitudinal cline. We note, however, that our approach
is hindered by the lack of haplotypic data. MtDNA-wide estimates of genetic
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variation (π) are relatively consistent with COX I observations (Table 2). Figure 3a
shows levels of mtDNA-wide genetic differentiation (FST) between populations.
In general, geographic distance is an appropriate predictor of linearized FST

values (Slatkin 1995) (Adj. R2 ¼ 0.3938, F-statistic ¼ 10.09 on 1 and 13 DF,
p-value< 0.01). Iceland, however, appears an outlier in the analysis, showing higher
similarity to ME and RI relative to SW, despite closer geographical proximity to
Southwold (Fig. 3b). This is likely driven by the high abundance of haplotype a in
Iceland contrasted to its complete absence in other European samples (Fig. 2b).
Regarding differences between the east and west coasts of the Atlantic, one mtDNA
variant occurring in the NADH dehydrogenase subunit 4 (NADH 4) appears fixed for
a nonsynonymous codon only seen in Southwold. This SNP results in a conservative
change of phenylalanine to leucine. Future validation of this marker is required.
Overall, there seems to be a satisfactory level of concordance between the COX I
estimates of variation and those of whole mtDNAs. Patterns of genetic variation in
Iceland are more similar to those in Rhode Island and Maine – 4,000 km away – than
to patterns in the British Isles or Norway. This is puzzling because Iceland is located
much closer to European shores than to American ones.

4 Characterizing Genetic Variation in the North Atlantic:
What Stories Does the Nuclear Genome Tell?

Are estimates of genetic variation from mtDNA informative about S. balanoides
evolution, or are they idiosyncratic to the molecule? Over the last decade, multiple
studies have highlighted issues with using mtDNA as a demographic estimator
(Toews and Brelsford 2012; Bazin et al. 2006; Meiklejohn et al. 2007). Most
of these issues are related to evolutionary processes that generate discordances
between mtDNA and nuDNA such as mtDNA adaptive introgression, sex-biased
asymmetries, hybrid zones, human introductions, etc. Inferences from nuDNA allow

Table 2 Technical summaries and population genetic estimates from pool-seq datasets

Population Year HiSeq Tech.
Pool
size

Mean
coverage π mtDNA π nuDNA

Bristol, Maine, USA 2011 2000 20 13.3� 6.02 � 10�3 5.0 � 10�3

Damariscotta,
Maine, USA

2017 2500 37 52.2� 8.86 � 10�3 5.8 � 10�3

Narragansett,
Rhode Island, USA

2011 2000 20 11.31� 7.40 � 10�3 4.8 � 10�3

Jamestown,
Rhode Island, USA

2018 2500 37 37.2� 7.22 � 10�3 5.5 � 10�3

Reykjavík, Iceland 2017 2500 20 46.5� 5.17 � 10�3 5.6 � 10�3

Southwold, UK 2009–
2011

2000 + GAIIx 20 6� 7.21 � 10�3 5.2 � 10�3

Genetic variation (π) was estimated for both mtDNA and nuDNA
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testing new hypotheses about demography and selection in barnacle populations.
In order to investigate genetic variation in the barnacle’s nuDNA, we remapped all
six pool-seq datasets from ME-2011 and 2017, RI-2011 and 2018, ICE-2017, and
SW-2011 to Sbal2 (technical details in Box 3). Levels of genetic diversity in the
nuclear genomes are similar across all populations (see Table 2). The only noticeable
difference is produced by sequencing platform (see below), where more advanced
technologies produce slightly higher estimates of variation. Analysis of genetic
diversity at synonymous (πS), nonsynonymous (πNS), and neutral (πneutral) sites
revealed no significant trends (Fig. 4; Adj. R2 ¼ 0.2, F-statistic ¼ 1.7 on 1 and
4 DF, p-value > 0.1). The πNS/πS-to-πneutral analysis is a powerful tool to detect
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genetic load associated with demographic contractions (Marsden et al. 2016;
Elyashiv et al. 2010; Akashi et al. 2012). For this metric, we considered the ratio
of nonsynonymous to synonymous variation within each gene. Neutral variation
was estimated from the noncoding (i.e., excluding regulatory and promoter regions)
neighborhood of each gene. The metric is reported as average per sample. Flight
et al. (2012) had discussed the possibility of bottlenecks occurring during post-
glacial expansion in barnacles. After a severe bottleneck, the reduction in population
size may result in a reduction of purifying selection’s ability to purge out delete-
rious variation (Kimura and Ohta 1971). This would result in a relative excess of
nonsynonymous variation and negative relationship between πNS/πS to neutral
variation, but such signal is not detected in our analysis.

We characterized locus specific differences in the barnacle’s nuDNA by using the
PoPoolation2 pipeline on the six pool-seq datasets. Quality filtering (see Box 3)
resulted in 495,275 genome-wide SNPs (these exclude SNPs happening in the
neighborhood of indels). Retaining biallelic SNPs occurring only at validated
contigs (see Sect. 2) results in 51,499 variants. Setting coverage limits, with a
lower limit of 10� and upper limit to 100�, results in 11,775 SNPs. Finally, we
trimmed some linkage associations by removing SNPs 500 bp apart from each
other. This results in 3,177 high-quality SNPs for a first-pass analysis. PCA on
these first-pass SNPs revealed that the primary signal in the data was driven by
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technology differences (Fig. 5a). This technology-driven bias is alarming as it may
completely obscure the biological signal in the data. We utilized a discriminant
analysis of principal components approach (DAPC, (Jombart et al. 2010)) to correct
for technology bias while enriching for SNPs informative to population structure
(also known as PCA-informative markers; see Paschou et al. 2007; Patterson et al.
2006; Price et al. 2006). We retained SNPs with loadings greater than the 90th
percentile of the DAPC’s first and second discriminant functions. This reduces the
dataset to 650 high-quality/structure-informative SNPs. These variants occurred in
introns (348; 53%), coding regions (178; 27%), 50UTRs (29, 4%), 30UTRs (22, 3%),
and noncoding regions (74, 13%). Of the coding variants, 104 were synonymous
and 74 were nonsynonymous.

PCA on these SNPs results in three principal axes of variation (Fig. 5b, c). The
first axis (47% variation) captures differences between Southwold, the United
Kingdom, and all other populations. The second axis (27% variation) partitions
North America from Iceland. Finally, the third axis captures differences within
North America (13% variation). Correlation analysis revealed 422 SNPs with
significant correlations to PC1 (Pearson correlation coeff. |ρ| > 0.8, p < 0.05),

Box 3 Individual Pool Read Mapping, SNP Calling, Allele Frequency
Estimation, and Other Analysis
Before mapping, reads from all 6 S. balanoides pools were sanitized using
various quality metrics assessed with FastQC v.0.11.4. Samples from
ME-2011, RI-2011, and SW-2011 were obtained from Flight and Rand
(2012). ICE-2017, ME-2017, and RI-2018 samples were sequenced by
GENEWIZ LLC with a 2 � 150 bp PE configuration using an Illumina
HiSeq 2500 machine. Read mapping for both mitochondrial and nuclear
genomes inferences was done using BWA-MEM v. 0.7.12 (Li 2013). Variants
for all pools were called with SAMtools v. 1.3.1 (Li et al. 2009). Population
genetic analyses were conducted using the software tools in PoPoolation and
PoPoolation2 (Kofler et al. 2011). Both these programs estimate genetic
parameters correcting for the coverage and size of the pools. Downstream
data analyses were conducted in R v. 3.3.2 (https://cran.r-project.org) using
various packages contained in the ‘tidyverse’ v. 1.1.1 R library (http://
tidyverse.org). For all analyses, we removed singleton SNP calls as well as
those with a minimum allele frequency of 5%.

Other analyses presented in this chapter: Phylogenetic analyses were
conducted with RAxML (Stamatakis 2014).Clustering analysis and principal
component analysis were performed using the R packages factoextra v.1.0.5
(http://www.sthda.com/english/rpkgs/factoextra/) and FactoMineR v.1.36
(Lê et al. 2008). Gene homology searches were done via BLASTp searches
(UniProt/Swiss-Prot database (The UniProt Consortium 2017). Version 2.6.0).
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162 to PC2, and 20 to PC3. To ensure that these SNPs primarily capture signals of
“neutral” evolution, we conducted a final filtering step consisting of a selection
outlier scan with PCAadapt (Luu et al. 2017) on our 650 post-filtering SNPs. This
approach takes advantage of the PCA inferred population structure to control for
demographic differences. PCAadapt simulates individual genotype calls by sam-
pling allele frequencies from pool-seq data using binomial random draws. For the
analysis, we controlled for demography using the first three components of the PCA
(same as in Fig. 5b, c). Using the Mahalanobis distance approach and a false
discovery rate (Benjamini and Hochberg 1995) of 10%, we found ten outlier loci
(1.5% of loci) in our dataset. These SNPs were removed from all downstream
analyses.

Similar to the estimates of genetic variation (π), population-specific expected
heterozygosity (HE) is similar across all samples (ME-2017 ¼ 0.2805,
ME-2011 ¼ 0.2427, RI-2018 ¼ 0.2681, RI-2011 ¼ 0.2137, ICE-2017 ¼ 0.2804,
SW-2011 ¼ 0.2322). ME and RI analysis also revealed a small number of private
alleles (2 and 19, respectively; Fig. 5d). The number of private alleles in ICE and
SW, however, was much larger (63 and 100, respectively). Finally, we estimate
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nuDNA FST for all pairwise population comparisons using our allele frequency
estimates of structure-informative markers. MtDNA and nuDNA FST values are
similar and highly correlated (Pearson correlation coeff. ρ ¼ 0.905, p << 0.01).
As such, geographic distance appears to be an appropriate predictor of population
structure (Fig. 3c; Adj. R2 ¼ 0.532, F-statistic ¼ 16.95 on 1 and 13 DF, p-value
<0.01). As before, differentiation estimates relative to Iceland appear to be outliers.
For nuDNA, however, Iceland no longer appears closer to ME than to SW (see
Fig. 3b). Nonetheless, it still displays higher similarity to North American
populations than to European ones (Fig. 3d), with remarkably higher FST values
relative to SW, despite geographical proximity. These analyses suggest the existence
of latent population structure across North Atlantic populations.

5 Population Structure, Dispersal, and Standing Variation
in the North Atlantic: Technology Bias vs. Biological
Signal

It is clear that S. balanoides’ historical biogeography is fairly complex. Even with
mtDNA markers and a clear hypothetical model of postglacial expansion, the
biological signal captured in this haploid marker is not fully conclusive. We had
hoped that analyses of nuDNA SNP markers would shine a clearer light on the issue.
However, the challenges associated with genome assembly, as well as technical
idiosyncrasies of different sequencing platforms, added unexpected layers of com-
plexity. The PCA in Fig. 5a captures this issue. This is a cautionary tale about
combining datasets of varying depth of coverage and sequencing platforms without
controlling for inherent biases. In this chapter, we controlled for sequencing effects
by using a DAPC approach. This approach uses grouping priors to find linear
combination of SNPs whose variance minimize the sequencing effects while
maximizing the variance explained by the geographically defined populations
(e.g., Maine, Rhode Island, etc.). The resulting dataset is comprised primarily of
structure-informative SNPs (Fig. 5b, c).

In their Sbal1 analyses, Flight and Rand (2012) showed that genome-wide FST

values are low across the North Atlantic (RI-2011 vs. SW-2011¼ 0.0408, ME-2011
vs. SW-2011 ¼ 0.0362, ME-2011 vs. RI-2011 ¼ 0.0243). Our estimates of genetic
differentiation considering all 3,177 high-quality/first-pass nuDNA SNPs markers in
Sbal2 are concordant with these estimates (Fig. 6). We estimated FST avoiding cross-
sequencing platforms comparisons to mitigate technical bias. Figure 6 also high-
lights the FST values for two types of SNP markers, structure-uninformative and
structure-informative. Structure-uninformative markers capture genome-wide levels
of differentiation with varying neutral evolutionary dynamics (e.g., homoplasies,
incomplete lineage sorting, ancestral polymorphisms, standing genetic variation,
etc.) Structure-informative markers, on the other hand, capture demographic strati-
fication resulting primarily from isolation by distance and limited dispersal (Wright
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1943; Malécot and Blaringhem 1948; Aguillon et al. 2017). As a result, they provide
an inflated estimate of FST (e.g., Kidd et al. 2011). We centered our attention on
these structure-informative markers, however, because of their strong correlation
with mtDNA FST estimates (Pearson correlation coeff. ρ¼ 0.905; see Fig. 3c). In the
past, some authors had argued that the discrepancy between whole-genome FST and
high mtDNA FST warranted a non-neutral hypothesis (Flight and Rand 2012).
However, here we show that mtDNA estimates of differentiation are consistent
with neutrality once population structure is considered. Thus, for S. balanoides,
mtDNA appears to behave as a structure-informative marker, albeit a weak one in
which rapid substitution rates may mask important demographic signals (Eytan and
Hellberg 2010).

Howmight these data contribute to our understanding of barnacle phylogeography?
For S. balanoides, most genome-wide SNPs have low FST values. We first considered
whether or not these patterns could be the result of errors during SNP identification.
However, we doubt this to be the case as our SNP discovery pipeline was conservative
with several quality filters (see Sect. 2 and Box 3). Moreover, the sampling design of
pool-seq experiments is robust against stochastic sampling as multiple individuals are
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pooled into single sequencing experiment (Schlotterer et al. 2014). These low levels of
nuDNA FST suggest two possible scenarios. First, not enough time has passed for the
sorting of standing variation common to all North Atlantic populations. In other words,
standing genetic variation across North Atlantic populations has been conserved
even in the face of drastic shifts in climate and substrate availability. Alternatively,
modern mercantile shipping may generate high levels of connectivity across the
Atlantic. In general, we favor the former interpretation of the structure-uninformative
SNPs. A hypothesis of mercantile dispersal would signify a quasi-panmictic demo-
graphic model. This is not compatible with the signature of structure inferred
from the structure-informative SNPs. Moreover, multiple laboratory experiments and
reciprocal transplants have identified fundamental differences in the ecology and
physiology of barnacle populations across the Atlantic (Crisp 1964, 1968b). For
instance, North American barnacles show higher susceptibility to infection by the
parasiteHemioniscus balani (Crisp 1968a). Even if one could imagine barnacle larvae
from different regions traveling large distances via mercantile ships, the ecological
challenges unique to each region may pose barriers to the establishment of true trans-
Atlantic panmixis. A more comprehensive characterization of barnacle population
structure, including populations from the Pacific Northwest, could provide new
insights into these hypotheses as it relates to the trans-Arctic interchange of marine
taxa (Vermeij 1991).

The Iceland population sample shows puzzling levels of genetic variation and
differentiation in both mtDNA and nuDNA. As a land mass, Iceland is located in the
northeast side of the Atlantic (~64� N, ~18� W), ~1,100 km from the British Isles
and ~1,500 km from Norway. Despite geographical proximity, ICE shows higher
similarity to North American populations (>4,000 km away) than to European ones.
What process may explain this pattern? One possibility is that Iceland populations of
mtDNA clade a are descended from a periglacial refugia similar to those suggested
for the isopod Idotea balthica and the green crab Carcinus maenas (Wares 2001;
Roman and Palumbi 2004). Thus, the current distribution of S. balanoides resulted
from the dispersal and admixture between the expansions of clades a and b.
However, this would not explain why clade a is not found in Continental Europe
or the British Isles. In other words, why would clade a only expand to the southwest
but not to the southeast? We hypothesize that the oceanographic dynamics of the
North Atlantic current (NAC) system may pose a barrier for barnacle dispersal
across the North Atlantic (Fig. 7; see Orvik and Niiler 2002; Fratantoni 2001).
In addition, the Irminger and Greenland currents may boost barnacle dispersal
toward North America. Testing these hypotheses is beyond the scope of this chapter,
but they present an ideal opportunity for the integration of population genetic
data with oceanographic data. Specifically, they would require extensive sampling
across potential phylogenetic breaks (e.g., the Faroe Islands, the Shetland Islands,
Greenland, etc.). We note that current analyses lack samples from south of the
English Channel, and some evidence for different mtDNA haplotypes exists in
samples from the French coast (N. Bierne, pers. comm.), so it will be helpful to
broaden the scope of sampling to clarify these hypotheses.
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6 Population Genomics Challenges for Natural Populations

Like most natural populations, many processes drive the evolution of S. balanoides.
In the North Atlantic, these are defined by a dynamic historical phylogeography
shaped by the events of the LGM (Wares and Cunningham 2001; Flight et al. 2012),
as well as by selection at both microhabitat (Schmidt and Rand 1999, 2001; Schmidt
et al. 2000; Flight et al. 2010) and macrohabitat scales (Flight and Rand 2012). As
such, gaining a comprehensive understanding of the genomic landscape of this
system will provide insight into how adaptive and demographic processes shape
genetic variation in the wild. This understanding will facilitate the prediction of the
evolutionary potential of natural populations in the face of new ecological chal-
lenges, e.g., global climate change (Helmuth et al. 2006). However, performing such
analyses on diploid organisms, such as the barnacle, can be prohibitively challeng-
ing. The acorn barnacle genome displays high levels of genetic variation (see Sect.
4). This makes SNP detection more difficult, especially when present at low fre-
quency in a population, often requiring the organism to be sequenced at much higher
coverage (Ellegren 2014). This challenge is a common one as several studies have
identified particularly high rates of heterozygosity present in marine invertebrate
species, including the sea urchin Strongylocentrotus purpuratus with 4–5% hetero-
zygosity and the urochordate Ciona savignyi with 16.6% heterozygosity (Sea Urchin
Genome Sequencing Consortium et al. 2006; Small et al. 2007). For some systems,
the sequence analysis problem of high levels of heterozygosity can be circumvented
through inbreeding. This will not work for species such as Semibalanus which are

40

60

La
tit

ud
e

Europe

−75 −50 −25 0 25
Longitude

North 
America

GS

NAC

Irminger
Current

Iceland

British 
Isles

E. Greenland
Current

CaC ~1500 km

~650 km

Grand
Banks

Labrador
Current

W. Greenland
Current

Fig. 7 A simplified diagram of surface currents in the North Atlantic (see Orvik and Niiler 2002;
Fratantoni 2001). Notice that the spatial scale changes with latitude. GS Gulf Stream. NAC North
Atlantic Current. CaC Canary Current

158 J. C. B. Nunez et al.



obligate outcrossers with annual generation times. Even for species in which this
strategy is possible, the process can be costly, time consuming, and interfere with
studies of fitness and selection (Ellegren 2014).

To obtain allele frequencies at a population scale, the genomes of individuals
within the same population may be pooled and sequenced (Schlotterer et al. 2014).
For species without a reference genome, determination of allele frequencies from a
pool-seq experiment can be difficult due to confounding factors such as repeats,
paralogs, sequencing errors, PCR errors, and microbial contamination. Sequencing
data can be aligned to a genetically similar species with a well-annotated reference
genome to facilitate SNP discovery; however even closely related species often
contain diverged genomic regions that may result in inferior alignments (Schlotterer
et al. 2014). Thus, when possible, de novo genome assembly is recommended.

De novo assembly of diploid organisms from natural populations has historically
been difficult and costly, but improvements in computational methods as well as
sequencing technologies have made de novo assembly a tractable tool to facilitate
population genomics studies. Reductions in sequencing costs have enabled genomes
to be sequenced to higher coverage, resulting in fewer gaps in the assembled
genome. Additionally, the combination of traditional HTS methods with new
sequencing technologies such as Hi-C (which uses spatial distance between
genome-wide loci to improve assembly) can produce chromosome length reference
genomes, even for non-model species (Oddes et al. 2018; Dudchenko et al. 2017).
Computational methods have also been developed to leverage these sequencing
approaches to assemble a complete reference genome. These methods can be strung
together to form an assembly pipeline. One example of an assembly pipeline is
(filtering ! error correction (but see Fujimoto et al. (2014)) ! duplicate read
removal ! assembly ! scaffolding ! gap filling). Several commonly used
software tools for assembly, scaffolding, and gap filling are described in Table 3.

7 Summary: Where Do We Go from Here?

In the present chapter, we have covered a variety of topics concerning tools
and characterizations of genetic variation in barnacle populations in habiting the
North Atlantic. First, we provided a mtDNA-wide characterization of previously
described mtDNA haplotypes, a and b. We also introduced the second iteration of
the S. balanoides’ reference genome (Sbal2) in which we characterized genome-
wide levels of variation and population structure. Our preliminary results revealed a
cautionary tale on the effect of technical bias in sequencing experiments. We
accounted for these biases by focusing our efforts on structure-informative markers
consistent across technologies. Our analysis revealed concordant levels of nuDNA
and mtDNA genetic variation. This suggests that the demographic inferences
done with mtDNA have been informative, despite the weak signal characteristic of
the marker. Patterns of variation in nuDNA provided no evidence of demographic
bottlenecks. The large number of structure-uninformative SNPs in the nuclear
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genome with low FST values across the Atlantic suggests a large number of ancestral
polymorphisms and shared standing variation in populations. The Icelandic popula-
tion displayed higher similarity to North American populations than to the rest of
Europe. We hypothesize this is consistent with a periglacial refugium in Iceland
concomitant with a barrier to gene flow caused by the NAC. Lastly, we discussed
challenges and opportunities for the improvement of genomic tools in the barnacle.
Our reflections in this area are easily generalizable to most natural populations.

Table 3 Description of bioinformatic tools for de novo genome assembly

Software (references) Description Data type

Quality control

Jellyfish (Marcais and
Kingsford 2011)

K-mer counter. Can be used to filter reads
containing errors, estimate genome size,
and estimate genomic variance

Raw reads

Genome assembly

dipSPAdes
(Bankevich et al. 2012;
Safonova et al. 2015)

DBG assembler designed for diploid,
highly polymorphic genomes
(an extension of the SPAdes assembler)

Short reads

Meraculous-2D
(Chapman et al. 2011)

DBG assembler designed to assembly
highly heterozygous diploid genomes
(an extension of the Meraculous
assembler)

Short reads

Platanus (Kajitani et al.
2014)

DBG assembler designed for highly
heterozygous genomes. Includes a scaf-
folding step

Short reads

DBG2OLC (Ye et al.
2015)

Hybrid assembler. Combines DBG and
OLC approaches

Short and long reads

MaSuRCa (Zimin et al.
2013)

Hybrid assembler. Combines DBG and
OLC approaches

Short reads or both short
and long reads

Falcon (Chin et al. 2016) Hierarchical assembly process that uses
and overlap graph and includes an error
correction step

Long reads

Genome scaffolding

SSPACE (Boetzer et al.
2011)

Uses read pairs to assess the order,
distance, and orientation of contigs

Assembled contigs,
paired-end/mate-pair
reads

OPERA-LG (Gao et al.
2016)

Uses read pairs to assess the order, dis-
tance, and orientation of contigs.
Designed for large, repeat-rich genomes

Assembled contigs,
paired-end/mate-pair
reads

Gap filling

Gapfiller (Boetzer and
Pirovano 2012)

Uses distance information from read-pairs
to fill gaps

Assembled scaffolds,
paired-end reads

Sealer (Paulino et al.
2015)

Designed for large genomes. Uses a DBG
approach to fill gaps

Assembled scaffolds,
paired-end/mate-pair/
RNA-seq reads

OLC overlap-layout-consensus method. DBG De Bruijn graph method
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So where do we go from here? From a phylogeographic perspective, the biggest
challenge is decoupling the roles of selection and demography (both current and
historical) in determining the patterns of genetic variation in the species. In order to
tackle questions related to barnacle demography (including the postglacial expan-
sion), we need to (a) propose robust null demographic models from which to derive
testable hypothesis (e.g., Maggs et al. (2008)), (b) generate datasets with robust
genetic signals and haplotype information, and (c) ensure adequate sample sizes in
order to maximize the power and reliability of demographic inferences. Questions
regarding the role of selection require identifying well-defined and repeatable
gradients of environmental stresses and performing genomic characterizations in
order to identify potential candidates of selection while at the same time accounting
for the underlying demography (Endler 1986; Crawford and Oleksiak 2016; Schmidt
et al. 2008). These types of studies would be facilitated by a better assembly of the
S. balanoides genome. We note, however, that the decision of investing resources
into the production of high-quality reference assemblies depends ultimately on
research goals and priorities. Regarding the types of datasets required to perform
these inferences, it is clear that single marker approaches (i.e., mtDNA markers)
cannot provide a comprehensive picture of the demographic processes shaping
genetic diversity in the intertidal (see Bazin et al. (2006)). Thus, in order to test
our biogeographic hypotheses, we require a comprehensive dataset of genome-wide
markers for a large number of individuals across the North Atlantic, preferably with
haplotype information (i.e., pool-seq approaches may not be ideal). These data could
be used to test a variety of hypotheses such as ancestry inferences or demographic
reconstructions using coalescent theory approaches. Moreover, testing our assump-
tions of shared standing variation preceding the most recent glaciation could greatly
benefit from collecting information about the Pacific populations of S. balanoides.
We acknowledge that generating robust datasets with numerous individuals and
hundreds of thousands of genome-wide markers could prove difficult or impossible
due to funding constraints. However, as we improve the quality of the S. balanoides
reference genome, approaches such as whole genome sequencing of multiple indi-
viduals at low coverage (Le and Durbin 2011) would be ideal to generate our desired
dataset.

Finally, we would like to highlight the idea that for marine organisms without a
reference genome, cost-effective HTS approaches, such as pool-seq, combined with
modern genome assembly algorithms can produce practical tools to conduct popu-
lation genetic inferences at the genome-wide level. These inferences should be
robust as long as the drawbacks and limitations of the approach are understood.
We would also like to recognize other viable approaches, such as reduced repre-
sentation libraries (GBS or ddRAD (Baird et al. 2008; Elshire et al. 2011; Peterson
et al. 2012)). These approaches normally allow for the genotyping of hundreds of
individuals with the trade-off of losing genomic information for a majority of genes.
Nevertheless, these approaches can provide novel insights into general levels of
variation and population structure as well as provide some hints on local adaptation
and demographic estimations, even for species without a reference genome (e.g.,
(Narum et al. 2013; Nunez et al. 2015; Emerson et al. 2010)).
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Data Availability

Companion to this book chapter, we have made available the reference sequences for
Sbal2 (DDBJ/ENA/GenBank accession PHFM00000000) and the complete mtDNA
of S. balanoides (GeneBank accessions MG010647, MG010648, MG010649).
Other genomic resources have been made available in FigShare (figshare.com).
The gene feature file (GFF, v3) of Sbal2 from the Drosophila AUGUSTUS
model, the UniProt BLAST hits file, and the nuDNA and mtDNA SNP tables are
available at DOI: 10.6084/m9.figshare.6682995. The additional COX I sequences
from our analyses can be found in GeneBank accessions MG925538–MG925662
and MG928281–MG928323. We note, however, that files corresponding to the
2017/2018 pool-seq datasets from Iceland, Maine, and Rhode Island, as well as
the transcriptome, form part of larger analyses which are currently active in our
research group. These datasets will be released in the future with their corresponding
publications.

Glossary

Admixture Refers to the process in which previously isolated populations begin
interbreeding.

Ancestral polymorphisms Genetic variation present in two (or more) species,
subspecies, or populations that appeared prior to divergence.

Assembly graph A graph that can be traversed to create an assembled DNA
sequence. The most commonly used assembly graph is a De Bruijn graph.

Contig DNA or RNA sequence, typically assembled from multiple overlapping
short sequence reads.

Coverage Indicates the number of times that a particular genomic region was
sampled by mapped reads produced by a sequencing experiment.

COX I Cytochrome c oxidase I, a gene encoded in mtDNA involved in the electron
transport chain. This gene is commonly used in population genetic studies and
species identification or DNA barcoding.

D-loop The mitochondrial DNA control region, also known as the displacement
loop. It contains the sequences for the origin of replication and transcription of the
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mtDNAmolecule. Its high rate of DNA substitution makes it suitable for analyses
of closely related populations and species.

De Bruijn graph A directed graph representing overlaps between k-mers present in
a set of reads. Nodes are represented by k-mers and edges by (k � 1)-mers.

De novo genome assembly The process of stringing together overlapping DNA
sequence reads to make longer DNA sequences, called contigs. Perfect genome
assembly would produce 1 contig for each chromosome.

Effective population sizes (Ne) The effective number of breeding individuals in a
population, equivalent to the idealized population size in which the effects of
stochastic sampling on allele frequencies (i.e. genetic drift) are similar to the real
population of interest.

High-throughput sequencing (HTS) Highly parallelized DNA sequencing that
produces millions to 100s of millions of DNA sequences of varying length
(50–250 bp for the Illumina platform; 1,000 to >20,000 bp for the Pacific
Biosystems (PacBio) and Oxford Nanopore platforms.)

Homoplasy A condition where a character is shared by a set of species or
populations that is not shared by their common ancestor. In DNA terminology,
it may refer to the independent mutation (or back-mutation) to the same nucleo-
tide state in two populations.

Incomplete lineage sorting The process by which a phylogenetically informative
marker is shared among species or populations in which other markers have
diverged to fixation in each population.

Indels An insertion or deletion in a DNA sequence.
K-mer A DNA sequence of length k. In genome assembly, k-mers are generated by

splitting reads into smaller pieces of length k.
Long reads DNA-sequences longer than 1,000 bp.
Mapping reads to a reference The process of identifying a subsequence or

multiple subsequences in the reference genome that matches or approximately
matches a read.

N50 A statistical measure of the average length of a set of sequences (or contigs).
N50 measures the length N such that 50% of all bases are contained within
sequences with length less than or equal to N.

Panmictic An idealized demographic model in which all members of a population
mate randomly, resulting in panmixia.

Pool-seq An experimental approach for the quantification of genetic variation in
populations through the pooling and subsequent sequencing of multiple
individuals.

Reduced representation libraries An experimental approach to quantify genetic
variation in populations by sampling a reduced (~10%) portion of the genome to
high coverage.

Reference genome A set of genomic sequences that represents the genome of a
population or species. These sequences may include DNA from multiple
individuals.

Sbal1 The first generation of the Semibalanus balanoides genome.
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Sbal2 The second generation of the Semibalanus balanoides genome.
Sequencing bias The introduction of sequencing artifacts by the unequal sampling

of DNA sequences due to characteristics of the target sequence, such as GC
content.

Short reads DNA sequences with lengths ranging from 50 to 200 bp.
Single-nucleotide polymorphisms (SNPs) A genomic variant occurring at a

single-nucleotide position in genomic sequences.
Standing genetic variation Allelic variation that currently exists within

populations as opposed to new variants arising by de novo mutation.
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Part IV
Seascape Genomics



Seascape Genomics: Contextualizing
Adaptive and Neutral Genomic Variation
in the Ocean Environment

Libby Liggins, Eric A. Treml, and Cynthia Riginos

Abstract Seventy-one per cent of the earth’s surface is covered by ocean which
contains almost 80% of the world’s phyla – “seascape genomics” is the study of how
spatial dependence and environmental features in the ocean influence the geographic
structure of genomic patterns in marine organisms. The field extends from seascape
genetics where the study of small numbers of neutral loci predominates, to addi-
tionally consider larger numbers of loci from throughout the genome that may be of
some functional or adaptive significance and are subject to selection. Seascape geno-
mics is conceptually similar to landscape genomics; the disciplines share theoretical
underpinnings, and the genetic measures and analytical methods are often the same.
However, the spatio-temporal variability of the physical ocean environment and the
biological characteristics of marine organisms (e.g. large population sizes and high
dispersal ability) present some characteristic challenges and opportunities for spatial
population genomics studies. This chapter provides an overview of the field of seascape
genomics, outlines concepts and methods to consider when conducting seascape
genomics studies, and highlights future research avenues and opportunities for the
application of seascape genomics to global issues affecting our marine environment.

Keywords Adaptation · Genetic-environment association · Genotype-by-
sequencing · Landscape genomics · Natural selection · Oceanography · Outlier test ·
Population genomics · Seascape genetics · SNPs

L. Liggins (*)
School of Natural and Computational Sciences, Massey University, Auckland, New Zealand

Auckland War Memorial Museum, Tāmaki Paenga Hira, Auckland, New Zealand
e-mail: L.Liggins@massey.ac.nz

E. A. Treml
School of Life and Environmental Sciences, and Centre for Integrative Ecology, Deakin
University, Geelong, VIC, Australia
e-mail: e.treml@deakin.edu.au

C. Riginos
School of Biological Sciences, University of Queensland, St Lucia, QLD, Australia
e-mail: c.riginos@uq.edu.au

Marjorie F. Oleksiak and Om P. Rajora (eds.), Population Genomics: Marine
Organisms, Population Genomics [Om P. Rajora (Editor-in-Chief)],
https://doi.org/10.1007/13836_2019_68, © Springer Nature Switzerland AG 2019

171

http://crossmark.crossref.org/dialog/?doi=10.1007/13836_2019_68&domain=pdf
mailto:L.Liggins@massey.ac.nz
mailto:e.treml@deakin.edu.au
mailto:c.riginos@uq.edu.au


1 Introduction: What Is Seascape Genomics?

Seascape genomics is a cognate of “landscape genomics” focused on marine habitats
and species. These genomics disciplines use landscape (or seascape) composition,
configuration, and spatial processes as statistical predictors of population genomic
patterns (see Balkenhol et al. 2016a, 2019) and therefore can be considered a part of
the broader discipline of population genomics (Dyer 2015; see Luikart et al. 2019 for
a recent review of population genomics). As with population genomics, these
spatially focused fields have benefitted from advances in genotyping technologies
(i.e. next-generation sequencing, NGS; Davey and Blaxter 2010 and associated
methods for sampling genomes of non-model organisms: Matz 2018; Andrews
et al. 2016; Therkildsen and Palumbi 2017). Because genetic variation can now be
evaluated across the entire genome, investigators can ask how different habitat
configurations and local and intervening environments influence both adaptive and
neutral genomic variation within and among populations. Thus seascape genomics is
sometimes operationally split into “neutral” seascape genomics (mainly inferring the
influence of gene flow and drift via patterns of neutral genomic variation) and
“adaptive” seascape genomics (mainly inferring selection and local adaptation via
patterns of adaptive genomic variation) (Manel et al. 2010; Schoville et al. 2012;
Balkenhol et al. 2019). However, the greatest insights are to be gained when
leveraging genomic data to uncover the underlying processes (e.g. migration, drift,
selection) rather than focusing solely on emergent spatial genetic patterns. Examin-
ing the role of the seascape in determining the prominence and interrelationships of
mutation, drift, migration, and selection enables an investigator to truly ascertain
eco-evolutionary processes and to understand which seascape attributes affect the
distribution of genomic diversity within and among natural populations.

In this chapter, we provide a general introduction to seascape genomics, building
on previous overviews of the discipline and related disciplines (see Sect. 2). We
provide a description of the rationale for undertaking population genomics studies in
the marine environment and describe the incentives for a seascape genomics
approach. We present an overview of how seascape genomics studies have been
conducted and some of their insights to date. Finally, we highlight future directions
in seascape genomics, especially as it intersects with other lines of inquiry and can
contribute insights to anthropogenic challenges facing marine biodiversity.

2 The History and Rise of Seascape Genomics

The question of how space, environment, and habitat features influence microevo-
lutionary processes, and subsequently the geography of genomic variation, has a
long history in population genetics (Epling and Dobzhansky 1942; Wright 1943;
inspiring “phylogeography” Avise 2000; reviewed in Grummer et al. 2019). The rise
of spatially focused microevolutionary research, including seascape genomics, has
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been enabled via the maturation of several foundational disciplines and technolog-
ical advances (reviewed by Epperson 2003; Storfer et al. 2007; Riginos et al. 2016).
For instance, landscape and seascape genomics studies are the obvious progression
from landscape (Manel et al. 2003; Balkenhol et al. 2016b) and seascape genetics
studies (Selkoe et al. 2016a, 2008; Riginos and Liggins 2013) that followed
sequencing technology advancements. Furthermore, improved local instrumentation
through time and new satellite data provide spatial information at higher spatial and
temporal resolution. Concurrently, we now have more advanced statistical methods
for handling these spatial and environmental data in the fields of spatial statistics,
geoinformatics, physical oceanography, and landscape ecology. There continues to
be interdependence and cross-fertilization among all these disciplines, and therefore
a researcher interested in seascape genomics should also consult relevant literature in
related fields.

The number, and rate, of seascape genomics publications is increasing, yet only
4% of spatial genomics studies are reported to focus on marine species (Grummer
et al. 2019). Due to the dominance of terrestrial investigations, the conceptual and
methodological developments in spatial genetics have largely been driven by terres-
trial studies (see reviews of “landscape genetics/genomics” by Manel et al. 2003;
Storfer et al. 2007; Holderegger and Wagner 2008; Balkenhol et al. 2019; and the
predominant emphasis in a landmark book: Balkenhol et al. 2016b). Seascape
genetics has been reviewed several times over the past decade or so (briefly by
Hansen and Hemmer-Hansen 2007; and comprehensively by Selkoe et al. 2016a,
2008; Riginos and Liggins 2013; Liggins et al. 2013), and more recently seascape
genomics has been reviewed in isolation (Riginos et al. 2016). Some authors have
nested seascape genomics within “waterscape genetics/genomics” (Selkoe et al.
2016b) and “aquatic genetics/genomics” (Grummer et al. 2019) alongside
“riverscape genetics/genomics”. Although these named subdisciplines refer to dif-
ferent habitats, it is important to note that “landscape genomics-type” questions and
approaches may be common across these habitats. Regardless of habitat, it is often
the biology, ecology, and life history of study organisms that determine evolutionary
processes and hence suitable study approaches.

The predominance of complex life histories in marine species and the spatio-
temporal variability of the ocean environment have presented considerable chal-
lenges for the ways we quantify the marine environment, measure genetic varia-
tion, and relate the environment and genetic patterns (three core challenges
identified by Riginos et al. 2016). In view of that, arguably the greatest conceptual
and methodological developments that seascape genetics/genomics has contributed
to the broader discipline of landscape genetics/genomics have been in regard to
species that have high dispersal potential, large effective population sizes, and life
histories evolved for spatially and often temporally dynamic habitats. On the other
hand, looking to the future, it may be that the specific dynamics and selective
pressures in the ocean resulting from global change (e.g. hypoxic conditions,
seawater acidity, and sustained harvesting over millennia) inspire questions that
are distinct from those asked of other systems. Thus, although landscape genomics
is already interdisciplinary – relying on tools from spatial ecology, spatial
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statistics, and broader population genomics – seascape genetics has, and seascape
genomics likely will, continue to contribute some novel approaches to the panoply
of landscape genomics inquiries.

3 Opportunities and Challenges in the Application
of Spatial Population Genomics to Marine Organisms

The motives of seascape genetics and seascape genomics are largely the same.
Predictably, seascape genomics differs from seascape genetics in the number of
loci used across the genome, coincident with the increased possibility that sampled
loci have (or are linked to) functional consequences and are thus affected by
selection. Most of our knowledge regarding the distribution of genomic variation
within and among marine populations is based on decades of studies using low
marker densities and predominantly neutral loci (i.e. seascape genetics). While these
studies are not directly comparable to what seascape genomics studies have, and
will, reveal in years to come, they provide foundational knowledge of the marine
system. It is upon this background, and within these identified challenges, that
research questions in seascape genomics are motivated. The promise of seascape
genomics is that the breadth of questions we are able to answer in the marine
environment has increased: in particular, we have much to learn regarding the
generation, distribution, and maintenance of adaptive genomic variation of marine
populations in regard to the seascape.

3.1 Spatial and Temporal Dynamism of the Seascape
and Influences on Genomic Patterns

Marine organisms have a great diversity of life histories (Strathmann 1990). At one
extreme, some organisms have direct development and are entirely benthic, or site-
attached, throughout their life (including some seahorses, some tunicates, and some
echinoderms). In contrast, many marine organisms are entirely planktonic (including
diatoms, dinoflagellates, copepods, and krill) or pelagic (including cetaceans and
many fishes) and may migrate (e.g. whales and eels). However, most marine species,
including most commercially important species, have both a pelagic stage and a
benthic stage, and the majority of these are associated with the benthos as adults and
are planktonic in their early life (as depicted in Fig. 1). Direct observations of these
early life stages are often brief and essentially impossible for many species. For this
reason, molecular markers have been essential tools for learning about the popula-
tion ecology and inferring metapopulation dynamics of marine organisms with
bi-partite life cycles (Palumbi 1997; Hellberg 2009). Interestingly, inferences from
marine population genetic studies have revealed that despite the long distance
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dispersal potential of these organisms, often the genetic neighbourhood is smaller
than expected (Almany et al. 2007; D’Aloia et al. 2015; Oleksiak 2019). In pursuit of
understanding the seascape determinants for such non-intuitive metapopulation
structures, marine organisms with a bi-partite life history have been the pervasive
focus of seascape genetics studies (reviewed in Riginos and Liggins 2013; Selkoe
et al. 2016a) and seascape genomics studies to date.

Traits of these early life stages (gametes, eggs, and/or larvae) vary considerably
and are thought to affect a species’ dispersal potential (Shanks 2009) and influence
gene flow (see Fig. 1). Although spatially implicit analyses suggest there is some
influence of these traits (i.e. direct versus planktonic development, nutritional
provisioning of eggs and larvae, and planktonic larval duration influences the scaling

Fig. 1 Some of the biological characteristics of marine species and physical and environmental
characteristics of the seascape (bottom) that intersect to influence demographic and selective
processes throughout a bi-partite lifecycle and determine the distribution of genomic variation
within and among populations. Hypothetical source populations are depicted as independent bands
(top left) where bandwidth can be thought of as number of individuals or genomic variation. The
bottom panel shows the period over which the biological or seascape characteristics have most
relevance. Reproductive output of the source population varies as a function of population size and
timing of reproduction. During dispersal (from left to right), larvae can be advected by currents,
mixed (crossed lines) and may become diluted or concentrated represented by bandwidths. Larval
dispersal potential is related to the early life history traits of a species, such as egg type, pelagic
larval duration, and pre-competency period. Larval behaviours such as kin aggregation and active
swimming can augment or counter physical oceanography to concentrate larvae. Bandwidths
become smaller depicting larval mortality due to the ocean (biotic and abiotic) environment that
may be random or determined by a genetic-environment association in the matrix (and later in the
benthic environment). Successful settlement of larvae into a hypothetical destination population
(top right) is dependent on habitat suitability. Post-settlement survival in the population is depen-
dent on the condition of the recruit, competition and high-density blocking by conspecifics, and the
presence of kin and may be selective. (This figure and caption combines earlier contributions of
Cowen and Sponaugle 2009 and Liggins et al. 2013.)
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of genetic differentiation with geographic distance; Selkoe and Toonen 2011;
Riginos et al. 2011), there are several other factors that influence the spatially explicit
distribution of genetic variation within and among populations (discussed in Davies
et al. 2015). For example, the number of reproductive adults in a given population
strongly influences gene flow (Whitlock and Macauley 1999; Treml et al. 2012).
Furthermore, a species’ predicted potential to disperse between two populations
versus realized gene flow can be decoupled by the interaction of pelagic life stages
with oceanography (as articulated by Galindo et al. 2006; Selkoe et al. 2008) and
selection against migrants (Marshall et al. 2010; Waters et al. 2013). Strong ocean
currents can connect far-flung populations via dispersive individuals, but can also
disconnect populations in non-intuitive ways through the formation of ocean barriers
(Treml et al. 2015b). Moreover, whereas ocean currents are a dispersal vector for
some passive species (and likely from only some locations and particular seasons),
for other species ocean currents may be irrelevant (e.g. benthic-attached or strong
swimming juveniles/adults). Thus, ideally we would want to consider the interac-
tions between species’ attributes, oceanography, and the geographic structure of the
habitat. In pursuit of understanding the relationship between ocean currents and
larval dispersal, coupled oceanographic-biological models (hereafter “biophysical”
models) have emerged as an important tool in marine ecology and seascape genetics
and genomics.

Ocean currents and the ocean environment in general fluctuate through time,
affecting food resources, salinity, light, and temperature available within an organ-
ism’s local environment. Ensuring the survival of the next generation in such a
dynamic environment has been touted as one of the reasons the bi-partite lifestyle is
prevalent across marine organisms. Other biological characters favoured by spatio-
temporally fluctuating environments include high fecundity and varied reproductive
success through time (“sweepstakes” reproduction; Hedgecock 1994) – both com-
mon among marine organisms. There has been much interest in the consequences of
high vagility and these reproductive strategies on neutral genomic patterns for adult
marine populations. For the many marine species that disperse widely, population
genetics theory predicts high genetic variation and low differentiation over large
spatial scales (Waples 1998; Hellberg et al. 2002; Faurby and Barber 2012). More-
over, large effective population sizes (Ne) resulting from high vagility and fecundity
mean that the relative influence of genetic drift may be low (Wright 1931; Hellberg
2009; Gagnaire et al. 2015). Accordingly, many marine animals appear to be
characterized by low neutral population genetic structure (Palumbi 1992; Ward
et al. 1994; Waples 1998; Hedrick 1999; Kinlan and Gaines 2003). However,
there has been the prevailing speculation that our inferences of population genetic
structure to date have been lacking sufficient power (see Sect. 4.5) and that the high-
density genome-wide markers used in seascape genomics may provide us new
insights into general patterns of neutral population genetic structure in the sea
(Oleksiak 2019).

There has been the frequent observation that genetic patterns in the ocean can also
vary among populations but without obvious regard to space, in a phenomenon
termed “chaotic genetic patchiness” (Johnson and Black 1982; and see Selkoe et al.

176 L. Liggins et al.



2008; Eldon et al. 2016). The characteristic attribute of chaotic genetic patchiness is
that spatial genetic patterns of marine animals shift over time, a phenomenon
commonly observed when there is temporal replication of sampling (e.g. Johnson
and Black 1982; Selkoe et al. 2006; Toonen and Grosberg 2011; Villacorta-Rath
et al. 2018; Jackson et al. 2018). A number of explanations proposed to explain
temporal shifts and the spatial heterogeneity of genetic patterns include high vari-
ance in reproductive success, meaning different parents contributing distinct sets of
larvae through time (Hedgecock 1994; Eldon et al. 2016), and temporally variable
currents that alter larval sources. However, several other explanations are suggestive
of adaptive strategies and a role of selection, including kin aggregation during larval
dispersal and recruitment, and selection on larvae during their pelagic stage (Johnson
and Black 1984) or at the stage of recruitment to the benthos (Vigliola et al. 2007).
Thus, explanations for spatio-temporally dynamic genetic patterns in the ocean
include processes that are both neutral and adaptive.

The importance of the local environment for the recruiting individuals and adult
populations is well recognized; however, the influence of the large intervening
environment (i.e. the matrix) is often overlooked (Riginos et al. 2016; see Fig. 1).
Just as spatio-temporal fluctuations in the local marine environment can exert
selective pressure on resident benthic populations, the dispersive stages of most
marine organisms are likely subjected to strong selection while traversing the
dynamic and heterogeneous matrix of the ocean. In fact, the open water environment
experienced by larvae can influence their fitness (Shima and Swearer 2009) and their
juvenile post-settlement survival (reviewed by Marshall and Morgan 2011), thus
likely affecting the genomic patterns emerging across the seascape. The question
remains as to whether the dispersal phase is purely a demographic bottleneck or
whether temporally variable selection on pelagic larvae regularly affects allele
frequencies.

3.2 Adaptive Genomic Patterns in the Seascape Context

Whereas seascapes and the biology of marine organisms present a challenging
background within which to understand population demography, the marine envi-
ronment may offer some advantages for empirical investigations of how selection
operates in natural populations (Riginos et al. 2016). There are many strong environ-
mental gradients in the ocean that are frequently replicated, such as intertidal zones,
depth, oceanographic fronts, headlands, estuaries, and freshwater outflows (Schmidt
et al. 2008; Selkoe et al. 2016a). Such seascape features lend themselves to sampling
at paired and environmentally contrasting locations at a fine scale, improving statis-
tical power to detect loci structured by the environment (see Sect. 4.1). In addition,
because of their large effective population sizes, marine species may be especially
suited to respond to environmental changes via natural selection. The efficacy of
selection scales with Ne and, therefore, strong selection could be typical in marine
populations (Allendorf et al. 2010; Gagnaire et al. 2015; Bierne et al. 2016).
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The large effective population sizes of marine organisms coupled with their high
vagility provides a unique testing ground to observe how natural selection might
proceed in the face of high migration (Hauser and Carvalho 2008). It is likely that
adaptations could draw from the large amounts of standing genetic variation found in
marine populations (Kelley et al. 2016; as in Colosimo et al. 2005). If this were the
case, seascape genomics may help us understand to what extent the same alleles
confer some functional benefit across multiple locations with similar environments
(Riginos et al. 2016). If environment-associated alleles can be identified and shown
to have different origins, such as by new mutations, then this is evidence for
independent adaptive evolution (a phenomenon found in many fishes, Bernatchez
2016; Le Moan et al. 2016). In contrast, environment-associated alleles that are
identical or related indicate that there is a shared historical origin to the adaptation
(i.e. parallel adaptive evolution from standing genetic variation). In the marine
environment, it has been suggested that parallel adaptive evolution may be more
prevalent than in terrestrial or freshwater systems, as extensive gene flow enables the
reuse of the same alleles from standing genetic variation. In practice, however,
competing scenarios can be difficult to distinguish (Bierne et al. 2013).

In summary, the marine realm has immense spatial and temporal variability, over
a vast range of scales. Marine organisms have evolved a diverse array of life histories
to succeed in this spatio-temporally dynamic environment. Most life histories are
complex (i.e. bi-partite), which is presumably a strategy to maintain viable
metapopulation structures. Based on spatial genetic studies, these metapopulation
structures and their causes are often non-intuitive and may be spatio-temporally
dynamic themselves. With the onset of seascape genomics, it is opportune to
understand the consequences of these life histories and metapopulation structures
for how marine species have adapted to the marine environment. Understanding
patterns of neutral and adaptive genomic variation of marine populations in relation
to contemporary seascapes will help us understand how marine species may be
equipped to cope with directional shifts in their environment resulting from global
changes. The challenges of overfishing, habitat degradation, and climate changes are
already influencing our marine communities and populations and presumably are
driving adaptive responses in these populations that we now have the tools to assess.

4 Considerations and Approaches in Seascape Genomics

Seascape genomics can now take advantage of sequencing technologies providing
us with more varied and potentially precise genomic information combined with
higher resolution spatial and oceanographic information. However, to make effec-
tive use of these data-rich resources, the importance of taking an informed and
experimental approach to a seascape genomics study cannot be underestimated
(a sentiment also shared in Storfer et al. 2010; Liggins et al. 2013; Riginos et al.
2016; Balkenhol and Fortin 2016; Balkenhol et al. 2019). For instance, formulating a
seascape genomics research question or hypothesis requires a robust understanding

178 L. Liggins et al.



of the focal organism’s biology and how it is likely to interact with the seascape of
interest (Fig. 1). The subsequent study design, sampling extent and approach, choice
of predictors (i.e. seascape), responses (i.e. genomic measures), and analytical steps
are then crucial in determining whether a researcher might be able to sufficiently
address their question or hypothesis. All of these steps are co-dependent (Riginos
et al. 2016; Balkenhol et al. 2019) and should be considered early in the research
project. (See Storfer et al. 2007, Balkenhol et al. 2016a, and Balkenhol and Fortin
2016 for an extended discussion of study approaches in landscape genetics and
genomics; and see Liggins et al. 2013 and Riginos et al. 2016 for a summary of
issues specifically relevant to seascape genetics and genomics studies.)

Here, we outline some important considerations for seascape genomics studies
and the tools and approaches that seascape genomics studies have taken to date.
Within these steps, we highlight some areas of innovation in seascape genetics/
genomics, specifically in taking strategic sampling approaches (Box 1), the use of
biophysical models (Box 2), and the incorporation of asymmetric processes in
seascape genetics/genomics (Box 3).

4.1 Study Design

It is widely appreciated that the spatial sampling strategy will affect one’s ability to
address a seascape genomics research question or hypothesis; however, the impor-
tance of the sampling in time is less acknowledged. Seascape factors that are likely to
influence the genomic structure of marine species differ widely in their spatial and
temporal grain size and also in their permanence (referred to as their stationarity, see
Riginos et al. 2016 for elaboration on these definitions; and see Riginos and Liggins
2013 for some example features). Moreover, the occurrence of temporal shifts in
genomic variation further suggests that consideration of sample timing is important
(Johnson andBlack 1984; Hedgecock 1994; Eldon et al. 2016; discussed in Sect. 3.1).
Depending on the study motives, operationally this may mean: sampling each
population several times, so that the temporal fluctuations in allele frequencies are
also quantified when describing spatial genetic patterns; keeping sample timing
consistent (i.e. same age group and timing across locations); or sampling in step
with the temporal feature of interest (see Liggins et al. 2013 for more discussion). For
example, in a recent example, Henriques et al. (2016) sampled shelf-associated hake
(Merluccius capensis) over three successive years, including a year of increased
upwelling. The authors showed that the hypoxic conditions caused by the upwelling
drove gene flow from the south to north, across an otherwise stable genetic boundary.
Thus, the resolution or grain of the spatio-temporal sampling of genomic variation
should be guided by how the seascape variables might influence the neutral or
adaptive processes of interest.

The grain and extent, representing the size of the sampled area or length of
sampled time, jointly determine the scale of a sampling design (Riginos et al.
2016). Ideally, a genomics sampling design should be informed by species biology
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(including demography) and the grain size of the seascape features or data of interest.
Accordingly, such a sampling design should therefore consider autocorrelation
(Tobler 1970; Getis and Ord 2010), or the spatio-temporal correlation due to
proximity, of the seascape feature that will be used as a predictor. Autocorrelation
between values for seascape or environmental features of sampled locations means
the data are not independent (Dale and Fortin 2014), thus not meeting the assump-
tions of classic parametric statistics.

Another case of correlation relevant to studies investigating multiple seascape
features is collinearity. In marine systems, common examples of collinearity among
seascape features include mean annual temperature with latitude and depth with
photosynthetically active radiation. Collinearity may lead to problems in parameter
estimation in parametric regression-based analyses (Dormann et al. 2013; Prunier
et al. 2015). Therefore, if seascape features (i.e. predictors) are highly correlated,
this collinearity will need to be accommodated with a modified analysis
(e.g. eigenanalysis; principal component analysis, PCA) or one of the predictors
removed from the study (Wagner and Fortin 2016). For these reasons, for a study to
distinguish the influence of competing seascape features, sampling design should
seek to minimize the collinearity among them. (See Riginos et al. 2016 for an
overview of several concepts relevant to the sampling of spatio-temporal features,
their properties, and influence on analysis.)

The ability of different sampling designs to discriminate among hypotheses can
be statistically evaluated based on the planned sampling of the seascape features
alone, ahead of any genomic inquiries. Such evaluations can proceed regardless of
whether the seascape features of interest are continuous, categorical, or ordinal.
Riginos et al. (2016) provide an example where sampling locations are selected
based on maximizing the distance in the continuous environmental principal com-
ponent (PC) space and minimizing the geographic distance between them. Such a
spatial sampling design would help a researcher distinguish between patterns of
genomic variation driven by geographic distance among sampling sites versus the
environmental distance among sites (as recommended by Selkoe et al. 2008 and
Liggins et al. 2013). In contrast, to address an a priori hypothesis regarding a specific
seascape feature, sampling proximate or paired locations that differ only by the
factor of interest has been suggested as a powerful approach (Rellstab et al. 2015;
Lotterhos and Whitlock 2015), where presumably the investigator checks for col-
linearity as part of the experimental design. Alternatively, we present a hypothetical
example for the implementation of a stratified-random sampling scheme developed
for a seascape genomics study in Box 1. Such an approach has not yet been
implemented as far as we are aware, but might be useful when trying to understand
how multiple, but a priori defined, seascape variables may interact to determine
patterns of genomic variation.

Where the study has clearly articulated hypotheses as to how the seascape feature
will influence migration, drift, and/or selection, then population genetic (or genomic)
simulations (Hoban et al. 2012) can provide valuable assessments of the sampling
design (see Landguth et al. 2016 for examples). Such an approach has the advantage
of evaluating the sampling design from the perspective of the genetic/genomic
measures that the researcher will use to confirm or refute a hypothesis. Thus, such
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simulations will additionally provide information regarding the sensitivity of the
genetic measures to the seascape-genomic interaction of interest (as well as enabling
power tests to help decisions discussed in Sect. 4.4 regarding the number of loci,
individuals, and populations required; Parobek et al. 2017).

Several seascape genomics studies have planned their sampling design with
regard to correlations among spatial variables or purposely taken replicate samples
across environmental contrasts (e.g. Limborg et al. 2012; Therkildsen et al. 2013;
Bongaerts et al. 2017). For instance, some studies have employed a replicated paired
sampling design to evaluate the role of parallel adaptive evolution. For example,
both Westram et al. (2014) and Ravinet et al. (2016) evaluate the formation of
ecomorphs in the littorine snail (Littorina saxatilis) using paired sampling across two
habitat types: “wave” and “crab”. Le Moan et al. (2016) similarly took replicate
samples of anchovies (Engraulis encrasicolus) across paired “open water” and
“coastal” locations. In all cases, a few shared outlier loci were found among multiple
habitat contrasts. This suggests that at least some shared variation may be used to
enable parallel adaptation across multiple habitats, for both a direct developer with
no pelagic larval phase (i.e. the littorine snail) and a mobile fish with planktonic
larvae (i.e. the anchovy).

Box 1 Developing a Stratified-Random Sampling Scheme in Seascape
Genomics
Seascape genomics studies can greatly increase their inferential power by
quantifying the seascape features of interest ahead of time and using this to
guide their field sampling (see Sect. 4.1 and Riginos et al. 2016 for more
discussion). One approach that is often advocated is a “stratified-random”

sampling design. Such a sampling design can be hard to conceptualize when
interested in seascape features or environmental variables that are continuous
and/or vary through time.

Here, we conceptually step through the process of planning a stratified-
random sampling design for a hypothetical seascape genomics study of an
urchin in New Zealand. (For similar examples interested in maximizing
contrasts among competing variables, or identifying steep environmental
gradients, see Riginos et al. 2016.) In our example, we are interested in how
the genomic variation within and among urchin populations (either neutral or
adaptive) is associated with directional changes in the local seascape environ-
ment and how the demographic setting of a population may influence this. We
build our parameter space (Fig. 2) using a biophysical urchin dispersal model
to inform axes representing local retention (I), immigration (II), and environ-
mental change based on sea surface temperature (SST, III). We choose these
three variables because we are interested in the relative importance of immi-
gration versus local retention in determining the species’ adaptive response to
environmental change (e.g. change in SST). Nonetheless, any hypothesized
drivers could be used in their place, and the subsequent steps would be similar.

(continued)
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Box 1 (continued)

Fig. 2 Demographic-environment multivariate parameter space. A to L are our “strata” and
represent strategic contrasts in the parameter values for the drivers we are interested in:
i.e. (I) local retention, (II) immigration, and (III) environmental change

The demographic axes are estimated using a biophysical larval dispersal
modelling framework (see Box 2). The dispersal model includes high-
resolution urchin habitat data and traits, such as reproductive output, spawning
phenology, larval type, and competency characteristics. This mechanistic
dispersal model tracks a “cloud” of virtual urchin larvae, effectively quantify-
ing the entire dispersal kernel as it moves through the seascape. Modelled
output data will include the dispersal probability matrix, the direction,
strength, and distance of migration between all pairs of urchin habitat patches.
These data are summarized for all habitat patches, to provide values of local
retention (I) and immigration (II, Fig. 3). Environmental change (III) is defined
as the recent change in SST (i.e. running weekly mean, 1958–2018) relative to
the thermal optimum for the urchin’s early life development stages. Mortality
is greatest during the early life stages of most marine reef species, and during
this stage, urchin developmental success and survival is greatly affected by
temperature.

All habitat patches are projected in multivariate space according to their
local retention (I), immigration (II), and environmental change (III) values and
classified into the 12 extreme demographic-environmental contrasts (Fig. 2, A
to L). These are our strata. We might anticipate that not all contrasts will have
representative habitat patches, but where possible, replicate habitat patches
from each strata would be selected at random for sampling in the field.
Alternatively, these demographic-environment contrasts (i.e. strata) could be
used as scenarios for population genetics/genomics simulations to infer likely
outcomes and/or assess the sensitivity of genetic measures to the underlying
causes of the spatial genomic patterns.

(continued)
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Box 1 (continued)

Fig. 3 Hypothetical samples of our strata (i.e. demographic-environment contrasts). With
reference to Fig. 2, G represents a patch where local retention is low (I), immigration is high
(II), and environmental change has been high (III). In contrast, E represents a patch where
both local retention and immigration are high, and environmental change has been moderate.
Replicate samples would be taken for each stratum (A to L)

4.2 Quantifying Seascape Features and Processes

Seascape genomics studies are interested in the association between genomic vari-
ation and local seascape or environmental features, as well as the environment, or
matrix, between those features (e.g. expanses of open ocean, habitat patches, and
hydrodynamic barriers). The resolution, extent, and frequency of seascape and
environmental data have increased substantially in the last decade, as well as the
accessibility of these remote-sensed and in situ oceanographic data (for some
example spatial and environmental parameters used in seascape genomics studies
and sources, see Riginos et al. 2016 and Grummer et al. 2019). Nonetheless, the
challenges described in Sect. 4.1 (e.g. autocorrelation, collinearity) apply to
the quantification or characterization of seascape features to be used as predictors.
The ocean environment and ecological processes (such as dispersal) are rarely
stationary, often varying in space and time (nonstationarity). Features of the sea-
scape are also often autocorrelated, and the structure of this nonindependence may
vary in direction (isotropic), resulting in directionality in the patterns. For example,
asymmetrical patterns and relationships, such as caused by ocean currents, are
anisotropic (see Box 2 on biophysical models and Box 3 focused on characterizing
asymmetry). The challenge is quantifying these seascape and environmental features

Seascape Genomics: Contextualizing Adaptive and Neutral Genomic. . . 183



of interest in a way that is appropriate for their hypothesized relationship with
genomic variation and in a form that enables the relationship to be statistically
evaluated (see Sect. 4.6).

One of the most fundamental hypotheses underlying seascape genomics studies is
that there should be some association between genetic (or genomic) patterns and
space. The isolation-by-distance hypothesis (IBD, Wright 1943; Slatkin 1993;
Rousset 2000) describes the autocorrelation between geographic distance and
genetic differentiation for continuously distributed populations (or individuals) that
approximate an equilibrium between migration and genetic drift. IBD analyses
traditionally use straight-line (Euclidean) geographic distances; however, with our
improved ability to resolve the seascape, we can now use ecologically relevant
distances. The simplest of these is overwater distance (a type of least-cost-path,
Spear et al. 2010), constraining gene flow to occur through non-land paths and
assuming that all intervening parts of the seascape are equally traversable and
isotropic. Overwater distance measures have been used extensively as a predictor
in seascape genomics studies to date as they are more realistic than Euclidean-based
assumptions. Even so, Bonanomi et al. (2015) contrasted the performance of such
overwater distances with a least cost path around the coast between adult cod (Gadus
morhua) populations and spawning grounds based on habitat suitability modelling.
The study found that the distances based on habitat suitability predicted individual
genotypes better than overwater distance alone.

Other isolation-based approaches include isolation-by-environment where the
degree of genomic differentiation among sampling units is expected to increase
with increasing environmental dissimilarity (Wang and Bradburd 2014); isolation-
by-resistance (McRae 2006) where ecological distances are modelled by weighting
the cost (resistance) of traversing various seascape features; and circuit theory
(McRae et al. 2008) which builds on this approach to take every possible path
among populations into consideration simultaneously. Often these approaches used
frequently in terrestrial landscape settings are inadequate in the marine system where
inferred distances may be dynamic in time, and connections may have directionality.
In such cases, asymmetric oceanographic distance (derived from an ocean circula-
tion model) or dispersal distances derived from biophysical models of larval dis-
persal, parameterized with biological attributes of the organism, may better capture
the physical and/or biological processes affecting gene flow (see Box 2).

The most extreme case of resistance, or limitation to connection among locations
via dispersal and gene flow, is by a barrier or boundary. Obviously landmasses form
boundaries and may be complete barriers to movement. More complex cases are
permeable barriers that reduce but might not preclude gene exchange entirely
(e.g. Treml et al. 2015b). Boundaries that have been investigated in seascape geno-
mics studies include those caused by upwelling and ocean currents (e.g. Saenz-
Agudelo et al. 2015; Xuereb et al. 2018a).

The majority of seascape genomics studies interested in detecting patterns in
adaptive genomic variation, or associating outliers or allele frequencies of putative
candidate loci, with the seascape, have focused on seascape features local to sampled
populations. In these cases, summary values have been used to describe the
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environment at static locations, such as mean or maximum sea surface temperature,
or sea surface salinity, and rarely consider the range or variability through time (but
see Sylvester et al. 2018).

Box 2 Biophysical Modelling in Seascape Genomics
Biophysical models can help quantify the connectivity, dynamics, and asym-
metric nature of the ocean environment and are particularly useful for under-
standing the movement of pelagic gametes or larvae over large distances (Leis
et al. 2011). These models range from using physical ocean circulation as a
proxy for dispersal (e.g. White et al. 2010) to coupled biological-physical
models (hereafter biophysical models) that also include virtual larvae with
individual biological attributes and behaviour (e.g. Paris et al. 2007; Treml
et al. 2015a). Seascape genetics and genomics studies have benefited from
considering genetic data alongside both simple and complex models. None-
theless, our knowledge regarding the important role that life history features
and behaviours of marine organisms play in determining dispersal
(Strathmann 1990; Gerlach et al. 2007; Kingsford et al. 2002) suggests that
biologically informed models may provide a more realistic proxy of the
expected dispersal process (see Fig. 1). Thus, biophysical models have
emerged as a way to generate seascape genetics hypotheses (e.g. Wood et al.
2014; Treml et al. 2015b), produce biophysical data to include in the analysis
of genetic data, and ultimately examine the dispersal mechanisms underlying
genetic patterns.

Seascape genomics questions can be informed by a variety of products
derived from biophysical models such as the dispersal pathway of an individ-
ual, a population’s dispersal kernel describing the probability of successful
dispersal with distance (both useful in parentage and assignment tests, e.g. Le
Port et al. 2017; Bode et al. 2019), indices reflecting the amount of immigra-
tion versus local retention (e.g. Wood et al. 2014; see Box 1), and various
connectivity matrices describing dispersal among locations. Which model
output is of most interest depends on the research question, the genetic data,
and study design. In fact, all considerations relevant to study design apply here
(see Sects. 4.1 and 4.2): to the choice of biological parameters, the spatio-
temporal resolution (or grain size of the physical model and habitat patches),
and the derivation of the model outputs (for a more in-depth discussion, see
Liggins et al. 2013 and Treml et al. 2015a). For instance, connectivity matrices
from biophysical models are pairwise and directional and thus provide an
appropriate match for migration among populations (also directional; see
Crandall et al. 2012; Davies et al. 2015); however, most population genetics
statistics are either symmetric (e.g. pairwise FST) or relate to a specific
population (e.g. HWE; allele frequency spectra). As a consequence,
biophysically derived data will often be converted into symmetric measures

(continued)
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Box 2 (continued)
of connectivity or distance (average strength) or used as a localized estimator
of connectivity (e.g. Paterno et al. 2017), capturing site-specific connectivity
qualities (e.g. maximum flow, betweenness centrality, source strength). While
these derived indices allow the association of the biophysical model with
genomic data to be statistically evaluated using standard methods (see Sect.
4.6), the data will lose some of its information and realism (Vuilleumier and
Possingham 2006; Kool et al. 2013). Nonetheless, there are some innovative
ways in which researchers have incorporated the inherent asymmetry of the
ocean, including for biophysical models and genetic data, into their analyses
(see Box 3 on characterizing asymmetry in seascape genomics).

Despite the wide use of biophysical models to characterize migration
processes in the ocean, several studies have evidenced the value in using
such migration matrices alongside other relevant predictors of selection,
drift, and mutation. In reality, the distribution of genomic variation, and
particularly adaptive variation, also depends on many other environmental
and biotic factors (Fig. 1). Thus, unexplained variance in the association of
biophysical model outputs with patterns in genomic data can help highlight
where other seascape features or processes may be important. For example, in
a study of American lobster (Homarus americanus) by Benestan et al. (2016),
although their model of larval dispersal explained the majority of the variance
found in the patterns of genomic variation, residual variance for putatively
adaptive variation was found to be significantly associated with minimum
annual sea surface temperature. In another study, Barth et al. (2017) were able
to suggest a role of local adaptation to fjord habitats in maintaining population
genomic structure in cod (Gadus morhua), despite high connectivity with
offshore populations based on a biophysical model. With the same goal in
mind – to understand the relative influence of the larval dispersal versus local,
post-settlement processes in shaping the distribution of genetic variation –

Ewers-Saucedo et al. (2016) instead used a coupled “biophysical larval dis-
persal and fitness model” to study the co-existence and segregation of two
barnacle (Notochthamalus scabrosus) lineages. The authors found that by
incorporating population census, fecundity, larval dispersal, and a spatially
explicit model of post-settlement competition, they were able to demonstrate
that the distribution of the genetic types (lineages) were likely maintained
through their distinct environmental/fitness optima.

In summary, as we become immersed in the genomics era and are interested
in adaptive genomic variation alongside neutral genomic variation, biophys-
ical models will continue to serve as a valuable method in the toolkit of
seascape genomics. Furthermore, as our understanding of the factors shaping
the distribution of neutral and adaptive genetic variation is enhanced through
multidisciplinary studies, biophysical modelling frameworks may be well
suited to further parametrization relevant to these eco-evolutionary settings.
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4.3 Genomic Markers

Genomics methods and NGS are facilitating population genomics, and therefore
seascape genomics studies, of non-model organisms (Luikart et al. 2003; Hohenlohe
et al. 2010; Holliday et al. 2019). These methods offer greater precision to quantify
neutral genomic variation through the promise of larger numbers of loci and higher
levels of polymorphism (i.e. how the processes of migration, mutation, and drift are
influenced by the seascape) and the possibility to infer patterns of adaptive variation
via loci that are of some functional significance (i.e. how the process of selection is
influenced by the seascape). There are a growing number of ways by which a
researcher may access this genomic information, and although we still have much
to learn about genomic architecture and genomic processes, it is clear that the
approach used influences not only the number of loci (from hundreds to all variable
loci across genomes) but also the nature of the markers and the subsequent analyses
that can be used (see Davey and Blaxter 2010; Andrews et al. 2016).

Genomics methods can be largely divided into targeted and non-targeted
approaches. Targeted approaches include arrays and sequence capture for
predetermined single nucleotide polymorphisms, SNPs (e.g. SNP arrays, Seeb
et al. 2011; genotyping-in-thousands by sequencing, Campbell et al. 2014), exons
(e.g. exon bait capture, Bi et al. 2012; expressed exome capture, Puritz and Lotterhos
2018), transcripts (e.g. targeted RNA-seq, Mercer et al. 2012), or informative
sequence loci flanking ultra-conserved elements (UCEs, Faircloth et al. 2012). The
advantages of these approaches are that they are less likely to return contaminant
loci, allow for much greater control of the number of loci (therefore also ensuring
optimal coverage), and usually work with varying degrees of DNA quality and
quantity (not the case if the focus is RNA, however). But, these approaches require
initial development, and often optimization, which is costly and time-consuming.
Nonetheless, many of the early seascape genomics studies conducted focused on
commercially fished species (e.g. cod, herring, hake, sole) for which there are
substantial genomic resources available. The most commonly used markers for
these species were SNPs designed from transcriptomic data targeting gene coding
regions of known functional significance (Riginos et al. 2016).

Over recent years, most seascape genomics studies have used non-targeted
approaches that provide an appropriate and informative method in the absence of
pre-existing genetic resources. Non-targeted approaches range from whole-genome
shotgun resequencing (WGS; Therkildsen and Palumbi 2017) and transcriptome
sequencing (RNA-seq, de Wit et al. 2012) to reduced representation methods
(reviewed by Andrews et al. 2016) targeting sequence regions adjacent to restriction
sites (e.g. double digest restriction site-associated DNA, ddRAD; restriction site-
associated DNA sequencing, RADseq; genotype-by-sequencing, GBS; and com-
plexity reduction of polymorphic sequences, CRoPS) or other repetitive sequences
(e.g. Nextera-tagmented reductively amplified DNA, nextRAD). These methods do
not require any prior development and aim to provide a panel of loci randomly
distributed across the genome (or transcriptome). Studies motivated to answer
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questions at the population-level (see Sect. 4.4) may also use a pooled sequencing
approach, where libraries are constructed for many individuals rather than each
individual separately (Schlötterer et al. 2014, as in Westram et al. 2014 and Guo
et al. 2015). Although methods for estimating population statistics for these pooled
sequencing approaches are developed (e.g. Kofler et al. 2011), the covariance among
loci (including linkage disequilibria) within the population cannot be estimated, and,
therefore, individual-based analyses, such as admixture or parentage detection,
cannot be used. Furthermore, a disadvantage common to all of these non-targeted
approaches is that researchers are often required to have a large quantity of high-
quality starting DNA (or RNA in the case of RNA-seq) for every individual.

The bioinformatics steps of variant calling from the derived genomic data and
obtaining sufficient locus coverage can be challenging for marine species. As a
consequence of having large population sizes, the high levels of polymorphism in
marine populations can cause problems for the identification of SNPs (discussed in
Lowry et al. 2017). Polymorphism within the sequences can drive some bioinfor-
matics pipelines to erroneously split reads from the same locus into multiple clusters
(Puritz et al. 2014; Mastretta-Yanes et al. 2015). Also, when using a higher cluster-
ing threshold to avoid this issue, some alignment-based clustering approaches
(e.g. Eaton 2014) can falsely join paralogs as orthologs. In addition, polymorphism
at restriction sites are known to lead to a large number of null alleles when using
restriction enzyme approaches (as in Ravinet et al. 2016) or targeted PCR-based
methods on marine species. (See Willette et al. 2014 for more discussion on the use
of NGS methods in marine systems.)

Having access to annotated reference genomes and/or transcriptomes can support
the calling of variants and help avoid many of the above issues. Moreover, such
resources would enable targeted approaches across a wider diversity of marine
species. However, these genetic resources are few for marine species; only
18 genomes have been assembled for marine species, as opposed to around 70 for
terrestrial species (as of 2015, Kelley et al. 2016). This divide is likely partially
driven by levels of interest in terrestrial species versus marine species, but the high
levels of heterozygosity in marine species also causes issues in de novo genome
assembly (Kelley et al. 2016).

4.4 Locus, Individuals, or Populations?

A fundamental consideration in planning a study is whether individuals or
populations will be the sampling unit (Anderson et al. 2010). Where the seascape
is the focus, it may be deemed more cost-effective (from a genotyping point of view)
to sample individuals at more locations over a broader spatial extent than
populations at fewer locations and reduce spatial resolution or study extent (Riginos
et al. 2016). Alternatively, a pooled (population) sequencing approach might be
considered (see Sect. 4.3). However, population-level sampling dominates in sea-
scape genomics (Riginos et al. 2016). In part, this may reflect the habit of the focal
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species studied so far – that is, species with patchy habitat and schooling marine
fishes with large geographic ranges. In seascape genetics, studies over large spatial
extents were also noted to primarily use population-level sampling, whereas
studies interested in smaller spatial extents and temporally variable parameters
used individual-level sampling (see Sect. 4.1; Riginos and Liggins 2013; Liggins
et al. 2013). For a population-based approach, although simulations suggest that
only 3–6 individuals per location might be sufficient to detect genetic differenti-
ation (Prunier et al. 2013) and to discern outlier loci for biallelic markers such as
SNPs (Lotterhos and Whitlock 2015), it is unlikely that such small sample sizes
would provide a reliable estimate of allele frequencies. Certainly, for multiallelic
loci such as DNA sequences, larger population sample sizes are advisable
(Riginos et al. 2016) and would support demographic modelling (see Sect. 4.6
and Box 3).

Taking a population-based sampling approach does not preclude the use of
individual-based analyses or locus-based analyses for that matter. In the case of the
majority of seascape genomics studies conducted to date, a combination of
population-, individual-, and locus/loci-specific analyses has been typical. When
using neutral genomic variation to infer population demography, population-level
analyses typically rely on allele frequencies (such as FST) that can be analysed
under the assumption that populations are in Hardy-Weinberg equilibrium (HWE).
Genetic differences between pairs of individuals based on multilocus genotypes
(e.g. biallelic SNPs) can be used similarly in conventional population-based statistics
(Rousset 2000). Individual-based analyses are most distinctly useful in inferring
parentage, relatedness, and to assign individuals to populations (as in Saenz-Agudelo
et al. 2009) or clusters (as in Pritchard et al. 2000). Lastly, when the analyses
endeavour to detect loci under selection, population-based analyses are most com-
mon; however, outlier detection based on genotyped individuals is possible
(e.g. using the methods: LFMM, Frichot et al. 2013; and PCAdapt, Duforet-Frebourg
et al. 2014).

4.5 Quantifying Genomic Patterns and Processes

Response variables used in seascape genomics studies include those that provide a
measure within a single spatial unit (an individual, population, or geographic region;
i.e. node-based, Wagner and Fortin 2016) and those that reflect a difference or
connection between spatial units, based on either individual genotypes, population
summaries, or sets of putatively neutral or adaptive loci (i.e. link-based). For the
most part, summary statistics from population genetics and genomics are used as
these responses. For instance, indices of genetic diversity, such as allelic diversity,
allelic richness, heterozygosity, and percentage of polymorphic loci, are used as
measures aligned to spatial units. To measure between two or more spatial units,
genetic distances and indices of genetic differentiation are often used (e.g. FST,
Wright 1943; Nei 1972). However, classic population genetics models that inform
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many of these indices have underlying assumptions that may lead to erroneous
interpretations of genetic data for marine organisms that have large ranges, large
population sizes, and high levels of dispersal among (sub)populations (Selkoe et al.
2008; Karl et al. 2012).

Riginos et al. (2016) discussed four theoretical problems underpinning the infer-
ence of neutral genomic population structure for marine organisms (also discussed in
Whitlock andMcCauley 1999;Waples and Gaggiotti 2006; Faurby and Barber 2012;
Palumbi and Pinsky 2013; Gagnaire et al. 2015; Gagnaire and Gaggiotti 2016). First,
differentiation is typically low between populations because of high gene flow and,
therefore, is difficult to statistically distinguish from zero (Waples 1998). Second, the
high reproductive output, and ranges of marine species, means that global effective
population sizes are large and sustain high global genetic diversities (i.e. weak genetic
drift), constraining the maximum differentiation value for markers with more than
two alleles (e.g. multiallelic SNPs, reviewed in Meirmans and Hedrick 2011). Third,
due to the combination of weak drift, high migration, and often asymmetric (source-
sink) migration, populations are rarely at equilibrium, meaning it is difficult to
distinguish between historical and contemporary gene flow (Slatkin 1985; Marko
andHart 2011). Fourth, as previously discussed, spatially and temporally inconsistent
patterns of genetic structure (i.e. chaotic genetic patchiness) may be indicative of
variance in reproductive success or patterns of immigration over time, violating the
HWE assumptions of large and constant population sizes. As a consequence, char-
acterizing metapopulation structure in the marine system continues to be challenging
(Gagnaire et al. 2015; Gaggiotti 2017).

Seascape genomics studies often use averaged FST between pairs of populations
(or individuals); however, other methods and metrics can be used to understand
spatial patterns of neutral genomic structure and the underlying processes. For
instance, parentage analysis, clustering methods (including assignment tests;
François and Waits 2015), population graphs (including the estimation of condi-
tional genetic distance, cGD; Dyer and Nason 2004; Dyer et al. 2010), and ordina-
tions based on genotypes alone (such as PCA or discriminant analysis of principal
components, DAPC) without interim summaries of the genetic data are useful for
describing relationships among individuals and for discovering emergent spatial
genetic structuring. Gagnaire et al. (2015) also suggest some metrics that may be
better suited to detecting weak genetic differentiation typical for marine populations,
including haplotype sharing, focusing on rare alleles, or “migrant tracts” of DNA
segments that resist recombination after admixture.

In study species where gene flow should be substantial and/or past changes
in population sizes are likely, coalescent methods or demographic modelling
approaches based on allele frequency spectra may be more appropriate estimators
of genetic connections than those based on genetic distances or differentiation indices
(e.g. Le Moan et al. 2016; see more discussion in Marko and Hart 2011 and Box 3).
Several of these methods have the advantage of providing information regarding the
directionality of dispersal or gene flow and therefore may be more useful for
evaluating asymmetric processes, such as transport by currents and source-sink
dynamics (see Box 3). It should be noted, however, that these alternative methods
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and metrics for evaluating neutral genomic structure may have properties that pre-
clude statistical evaluation of their values alongside predictors derived from the
seascape, or at least the analyses to do so require careful consideration (see Sect. 4.6).

The loci retrieved for any seascape genomics analysis will comprise loci that have
experienced a range of selection coefficients from negligible to substantive. Most
population genomics studies try to uncover loci that are candidates for carrying a
strong imprint of selection (as opposed to more subtle polygenic selection, see
Gagnaire and Gaggiotti 2016). Depending on the study’s objectives, these candidate
loci may then be removed from subsequent analyses aimed at inferring the
seascape features affecting neutral population genomic structure and gene flow
(e.g. Dalongeville et al. 2018a; Xuereb et al. 2018a), or outlier loci may be analysed
in isolation to uncover and describe adaptive genomic structure and causes of
environmentally mediated selection (e.g. Dalongeville et al. 2018b; Xuereb et al.
2018b). Often the putatively neutral and adaptive loci will be analysed indepen-
dently, but using the same methods (see Sect. 4.6), to demonstrate the differences in
their spatial structuring across the seascape (e.g. Sandoval-Castillo et al. 2018), with
an implicit assumption that loci are not physically linked (see Sect. 6.2).

The inference of putatively adaptive (outlier) loci can be via: the evaluation of
locus-specific pairwise FST values, where extreme values indicate that differentiation
may be driven by adaptive rather than neutral processes (FST-outlier approach);
unconstrained ordination of loci where various measures of multivariate distance
may be used to identify outliers (e.g. PCAdapt, Duforet-Frebourg et al. 2014;
multilocus population graphs and cGD; Dyer and Nason 2004; Dyer et al. 2010); or
where allele frequencies for a locus are directly associated with the environmental
parameter(s) of interest (genetic-environment association analysis, covered in Sect.
4.6). Most studies typically use at least two methods from alternative strategies,
taking advantage of their complementary strengths, and their different inherent biases
towards false positives and false negatives (see reviews by Lotterhos and Whitlock
2014, 2015; de Villemereuil et al. 2014; Rellstab et al. 2015; François et al. 2016;
Gagnaire and Gaggiotti 2016).

As neutral genomic structure underlies the evaluation of loci putatively under
selection, the problems in understanding neutral genomic structure may influence
our inference of adaptive genomic structure for marine populations (Kelley et al.
2016). In particular, FST-outlier based methods may be affected by the performance
of FST in marine metapopulations, leading to false positives and/or negatives in
outlier loci. Across all approaches however, it is recognized that genetic signatures
of selection may be confounded with signatures of neutral processes (i.e. historical or
demographic; Excoffier et al. 2009). The sensitivities of several methods to spatial
genetic correlation structures formed through IBD, range expansions, and hierarchi-
cal population structure have been described and evaluated (Lotterhos and Whitlock
2014; de Villemereuil et al. 2014; de Villemereuil and Gaggiotti 2015; Whitlock and
Lotterhos 2015; Frichot et al. 2015; Gagnaire and Gaggiotti 2016). On this basis,
seascape genomics studies typically proceed in the detection of selection with the
inclusion of some control for population structure (Excoffier et al. 2009; de
Villemereuil et al. 2014) but often also conduct an analysis without such controls,
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so as to avoid being too conservative (Forester et al. 2018). Based on uncertainty in
our inference of metapopulation structures and the modes by which selection
operates in marine environments, using a suite of approaches to detect putatively
adaptive loci is recommended (e.g. including FST-outlier and environmental associ-
ation analyses, both with and without corrections for neutral population genomic
structure; see Dalongeville et al. 2018b for an empirical test of several approaches
and methods relevant to seascape genomics studies). Typically, subsequent analyses,
focused on putatively adaptive loci or identifying candidate genes under selection,
will proceed by using the loci within the intersection of all methods or some subset
of these.

4.6 Making “Seascape Genomics” Inferences

Seascape genomics inferences rely upon analyses that can evaluate the association of
several, competing seascape features, including environmental gradients, habitat
configurations, and matrix characteristics, on spatial genomic patterns. Therefore,
these analyses routinely encompass multiple predictors (i.e. seascape variables) and
multiple response variables (e.g. allele frequencies for several loci). Predictor vari-
ables are likely to be collinear (or correlated, as described in Sect. 4.2), and loci are
also often not independent due to linkage and shared historical relationships (Stone
et al. 2011). Thus, while there are many ways to qualitatively evaluate the corre-
spondence between the seascape and spatial genomic patterns, here we focus on
analyses that statistically evaluate the association between seascape predictors and
neutral and/or adaptive genomic variation. Moreover, we focus on the most recently
used methods in seascape genomics that attempt to handle the challenging properties
of genome-wide data and environmental data derived from the seascape. In the
general field of landscape genetics/genomics, it is encouraged to undertake several
different analytical approaches to inform study results, taking advantage of the
strengths and limitations of the available methods (Rellstab et al. 2015; for a detailed
review of methods see Wagner and Fortin 2016; some appropriate methods and
relevant software are provided in Grummer et al. 2019).

To allow straightforward approaches to the analysis of seascape genomic data,
often the dimensionality of predictor, or response variables, is reduced. For example,
summary statistics such as mean FST or cGD can be used to represent multiple loci
(whether they be genome-wide, or putatively neutral, or adaptive; see Guillot et al.
2009 and Wagner and Fortin 2016). Subsequently, Mantel tests (Mantel 1967),
partial Mantel tests (Smouse et al. 1986), or multiple regression of distance matrices
(Legendre et al. 1994) can be used to test for a significant association between
seascape predictor(s) (such as a distance measure, see Sect. 4.2) and genetic sum-
mary statistics. However, Mantel tests (and derivatives) are prone to false positives
and are not appropriate when there is high spatial autocorrelation among sampled
locations (discussed by Guillot and Rousset 2013; Legendre et al. 2015). Moreover,
in these distance-based approaches, allele frequencies from each sampled location
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contribute to multiple pairwise observations, and therefore the observations are not
independent. In contrast, for genetic response variables that are tied to a specific
location (e.g. per cent polymorphic loci), although spatial autocorrelation may exist
among the sampled sites, robust inferences based on multiple regression techniques
can be used (Legendre et al. 2015). For example, generalized linear mixed models
(e.g. gINLAnd, Guillot et al. 2014) are popularly used for inferring associations
between the environment and allele frequencies and can account for spatial autocor-
relation using geographic coordinates or coordinates derived from multidimensional
scaling of other distance matrices, such as overwater distance (see Sandoval-Castillo
et al. 2018 for an example).

Several different methods come under the umbrella of genetic-environment
association analyses (GEAs). An implicit advantage of GEAs is that they use allele
frequencies directly as the genetic response variables (rather than a genetic summary
statistic) to investigate associations with environmental variables. They are predom-
inantly used in detecting loci putatively under selection, while also charactering the
environmental conditions contributing to adaptive genetic variation (Joost et al.
2007; Schoville et al. 2012; Sork et al. 2013; Rellstab et al. 2015). Several GEA
methods are limited to the evaluation of a single environmental variable at a time
(i.e. BayEnv: Günther and Coop 2013; LEA: Frichot et al. 2013; BayeScEnv: de
Villemereuil and Gaggiotti 2015), which can lead to spurious correlations when
there is collinearity among the predictor variables derived from the seascape
(Riginos et al. 2016). In an attempt to incorporate multiple predictor variables into
the one analysis, the common features of the predictor variables are sometimes
summarized as orthogonal PCs, to be used as a single predictor variable in the
analysis (de Villemereuil and Gaggiotti 2015; see Riginos et al. 2016 for a hypo-
thetical example).

Multivariate statistics have many useful properties in the context of landscape
genomics and seascape genomics (Riginos et al. 2016; Rajora et al. 2016). These
methods are flexible in the types of input data, they manage collinearity through
ordination, have modifications to measure and address autocorrelation and asymme-
try, and by definition multivariate methods can have multiple response variables (see
Borcard et al. 1992; Jombart et al. 2009; Manel et al. 2010; Wagner and Fortin 2016
for detailed discussions of multivariate statistics in landscape genetics). For both the
inference of neutral genomic patterns and their association with seascape predictors,
and for GEAs that help to define candidate loci and causes of adaptive genetic
structure, redundancy analysis (RDA) – one type of multivariate analysis – has been
used frequently in recent seascape genomics studies. RDA is an extension of linear
regression that summarizes suites of associations between multiple predictors and
response variables, using ordination to reduce dimensionality and handle collinear-
ity. Possible response variables include those that are site-associated, such as allele
frequencies for all loci of sampled populations, or principal coordinates analysis
(PCoA) can be used to decompose distance matrices (e.g. FST, cGD) into orthogonal
eigenvectors for use in distance-based RDA (dbRDA, Legendre and Anderson
1999). Furthermore, within the RDA framework (and other multivariate methods),
spatial eigenfunction analysis can be used to account for spatial correlation
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structures, including neutral population structure (Dray et al. 2006; see Forester et al.
2018; e.g. Xuereb et al. 2018b) and asymmetric predictors such as ocean currents
(see Box 3).

Multivariate methods of GEAs, such as RDA, have been demonstrated to have
higher power to detect locally adapted loci and maintain a balance of low false-
positive and high true-positive rates under a variety of demographic histories,
sampling designs, habitat configurations, dispersal, and levels of selection (For-
ester et al. 2016, 2018; Capblancq et al. 2018). Furthermore, while many outlier
detection methods overlook selected loci that have a small effect (i.e. polygenic
loci), these multivariate methods are well suited to detect weak multilocus
responses as they implicitly model the covariance of loci in response to the
environment (Bourret et al. 2013; Rellstab et al. 2015; Wellenreuther and Hansson
2016). (For more discussion regarding polygenic selection in marine populations,
see Gagnaire and Gaggiotti 2016.)

For those not familiar with multivariate statistics, one drawback of these methods
is that they lack intuitive visualizations and statistics for the association between loci
and the environment. For this reason, several studies have adopted post hoc analyses
subsequent to the multivariate method. For instance, to further investigate the spatial
distribution of putatively adaptive alleles, a linear regression (or generalized additive
model, GAM) between the minor allele frequencies (MAFs) of candidate loci and
the best-associated environmental variables is often conducted, to ensure significant
locus–environment associations (see Hoey and Pinsky 2018 and Xuereb et al. 2018b
for examples). In the case of suspected polygenic selection, polygenic score analysis
evaluates the additive effect of all candidate loci within a given individual in
response to the environment (Gagnaire and Gaggiotti 2016). Candidate loci are
identified as the loci for which alleles have a positive correlation with the focal
environmental variable. A polygenic score based on these loci is then calculated for
each individual by summing the number of favourable alleles within a particular
environment across all candidate loci. Finally, these polygenic scores are used to
evaluate the relationship an individual has with the focal environment (see Xuereb
et al. 2018b for an example).

The landscape (and seascape) genomics community is increasingly proactive in
the uptake of new analytical techniques as they appear in the fields of statistics and
landscape ecology. Undoubtedly, there will be new methods developed in coming
years that will be of particular use in spatial population genomics settings. For
instance, machine-learning approaches such as Gradient Forest (see Bay et al.
2018; Fitzpatrick and Keller 2015 for examples) and Random Forest regression
(see Sylvester et al. 2018 for a recent implementation in a seascape context) have not
yet been used widely and may be of great relevance to studies with a large number of
predictor variables (because of uncertainty regarding the important features of the
seascape) and where there is some interest in understanding the robustness of the
inference. One issue that has not been coherently addressed by the seascape geno-
mics community is an overreliance on summary metrics based on observed genetic
data, such as FST and expected heterozygosity, as estimators of gene flow or drift
with the implicit assumption that populations are in migration-drift and mutation-
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drift equilibria. By contrast, demographic modelling (such as Gutenkunst et al. 2009;
Roux et al. 2013) offers approaches for estimating the actual evolutionary parame-
ters of interest, although this modelling cannot be readily scaled up to landscape
scale investigations (see Box 3). There certainly is not one superior approach to
seascape genomics analysis, so the appropriate approach should be carefully con-
sidered in the case of each study.

Box 3 Characterizing Asymmetry in Seascape Genomics
Asymmetry (a special case of anisotropy) is an expected characteristic of
marine environments especially with respect to larval dispersal given the
prevalence of directional currents. There is no single methodology that can
provide a rigorous evaluation of observed spatial genomic patterns against
expectations arising from asymmetric processes (such as dispersal derived
from biophysical models, Box 2). The common approach of converting
asymmetric predictors to symmetric matrices is unsatisfying as it loses key
information regarding those predictions (for more discussion see Kool et al.
2013; Riginos et al. 2016). Similarly, when symmetric metrics of genetic
patterns (such as FST) are applied to situations with asymmetric gene flow,
estimates of gene flow can be highly inaccurate (Wilkinson-Herbots and
Ettridge 2004; Marko and Hart 2011). To maintain predicted asymmetries
using currently available methods, however, involves a fundamental trade-off
of (A) being able to consider many spatial samples (populations or individ-
uals) in a single analysis with the implicit assumption that genomic differen-
tiation scales solely with contemporary gene flow versus (B) using
computationally intensive demographic modelling to jointly estimate gene
flow, drift, and divergence times for a limited number of populations over
evolutionary time scales.

One way to simultaneously consider many spatial samples (strategy A) is
by using regression of distance matrices (predictors such as dispersal proba-
bility against pairwise genetic distances of samples). For example, forward
matrix projections using gene flow values derived from biophysical models
were well correlated to empirical genetic results for a Caribbean coral
(Montastraea annularis, Foster et al. 2012). Alternatively, several recent
studies have turned to an ordination method (asymmetric eigenvector model-
ling, AEM; Blanchet et al. 2011) to decompose the (asymmetric) predictor
matrix into orthogonal spatial autocorrelation structures and evaluate these
vectors against observed allele frequencies via multivariate regression
(i.e. RDA). Using this method, spatial genetic structure for American lobster
(Homarus americanus, Benestan et al. 2016), Californian sea cucumbers
(Parastichopus californicus, Xuereb et al. 2018a), Mediterranean striped red
mullet (Mullus surmuletus, Dalongeville et al. 2018a), and Great Barrier Reef
corals (Acropora tenuis and Acropora millepora, Riginos et al. 2019) was well
predicted by spatial autocorrelation structures derived from biophysical
models. This approach is attractive because the computation is relatively

(continued)
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Box 3 (continued)
straightforward and it is also possible to examine the correlations between
predictors and subsets of loci providing another approach to identifying
candidate loci for selection (Capblancq et al. 2018; e.g. Dalongeville et al.
2018a). However, while this approach can directly compare observed allele
frequencies against asymmetric predictors such as biophysical models, it
ignores other possible influences on spatial patterns of allele frequencies
such as differential rates of genetic drift arising from variation in population
sizes among locations, divergence time, and endogenous influences on gene
flow (see Bierne et al. 2013; and empirical examples from sea bass,
Dicentrarchus labrax, Duranton et al. 2018; and sea horses, Hippocampus
guttulatus, Riquet et al. 2019).

Demographic modelling (strategy B) attempts to uncover probable combi-
nations of demographic (and, to a limited extent, selective) parameter values
that are consistent with observed spatial genetic patterns (e.g. Gutenkunst et al.
2009; Roux et al. 2013; see Riginos et al. 2016 for more in-depth discussion).
This approach therefore can decouple gene flow estimates from population
size and divergence. An example of using such migration estimates derived
from demographic modelling (based on allele frequency spectra of SNPs) was
undertaken in corals, where there was a positive correlation between pairwise
combinations for five populations for both biophysical and genetic-derived
migration estimates with greater southward dispersal (Matz et al. 2018).
Although demographic modelling can estimate the process of interest such
as gene flow or migration, scaling up such analyses to infer seascape-wide
dynamics is not feasible. With an increasing number of populations, there is an
exponential increase in the number of potential free parameters; to estimate
migration rates among n populations would yield n!/(n � 2)! parameters for
directional migration, for instance. Another issue with using demographic
modelling-derived migration estimates is that these values represent averages
over time since divergence between populations and are therefore not com-
mensurate with the timeframe of biophysical models. Even when divergence is
recent, the uncertainty surrounding parameter estimation for recent events is
high (Robinson et al. 2014).

There is complementarity among these approaches however (strategy A
and B). For instance, Riginos et al. (2019) used demographic modelling for a
subset of populations to demonstrate that gene flow among coral populations
conformed to an IBD model (and not a vicariance scenario) and then under-
took AEM analyses for all available populations to demonstrate correlations
between dispersal predicted by a biophysical model and spatial genetic struc-
ture. Overall, such approaches that can detect or represent asymmetric migra-
tion should outperform genetic response variables that provide a single
bidirectional value between populations. Nonetheless, there is much scope
for further theory and methods to help uncover and evaluate the influence of

(continued)
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Box 3 (continued)
asymmetric processes on spatial genetic variation. Undoubtedly the on-going
theoretical and analytical advances in population genomics, including
methods that relax assumptions regarding gene flow-drift equilibrium and
symmetrical gene flow, will deliver more useful approaches for seascape
genomics.

5 Key Insights Provided by Seascape Genomics

Despite the few strictly seascape genomics studies published to date, the rigour with
which these studies have associated the seascape and patterns of genomic variation
has ensured that they provide new understanding of marine metapopulation dynam-
ics (Sect. 5.1), the process of adaptive divergence in the ocean (Sect. 5.2), and the
causes of adaptive divergence in the marine environment (Sect. 5.3). Below we
summarize the insights provided by seascape genomics studies so far.

5.1 Patterns and Scales of Spatial Genomic Structuring
in the Ocean

With the advent of genome-wide markers, there was an anticipation of increased
power and resolution to distil previously intractable patterns of population genetic
differentiation for marine populations previously observed using mitochondrial
DNA markers and microsatellites. Population genomics studies of marine organisms
have indeed identified structuring between subpopulations that other markers
have failed to detect (reviewed in Kelley et al. 2016). Nonetheless, where the low
marker- and genome-wide marker datasets are comparable, the patterns of structure
are consistent, although SNP datasets have greater power to resolve patterns of
genomic structure (e.g. Sylvester et al. 2018 used both microsatellites and SNPs in
their seascape genomics analysis of Atlantic salmon, Salmo salar). Thus, we antic-
ipate that the major conclusions from previous studies based on classical markers
will be sound even when re-examined using genome-wide markers.

Accompanying the use of genome-wide markers, inferences from seascape geno-
mics studies have benefitted from advances in our parameterization of ocean-
mediated dispersal (see Box 2) and analytical methods to incorporate these data in
our analysis (Box 3). For instance, Xuereb et al. (2018a) determined that oceanog-
raphy was a better predictor of neutral genomic structure than geographic distance
for the giant California sea cucumber (Parastichopus californicus) over some spatial
scales. Moreover, Benestan et al. (2016) used a biophysical model to determine that
larval connectivity was the most important factor influencing the neutral population
genomic structure of the American lobster (Homarus americanus) in Eastern
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Canada. In both studies, the authors were able to retain the inherent asymmetry of the
dispersal probabilities in the analysis and could evaluate them alongside other
seascape predictors, through the use of multivariate and eigenfunction analyses.

The increased uptake of robust analytical methods has helped us resolve not only
which predictors are important but the scales over which different seascape pre-
dictors matter. Building on the studies of Schunter et al. (2011), Munguia-Vega et al.
(2014), and Young et al. (2015) that demonstrated that biophysical dispersal distance
is a better predictor of genetic variation than geographic distance at spatial scales of
250–4,000 km; studies by Dalongeville et al. (2018a) and Xuereb et al. (2018a)
revealed the scale over which larval dispersal shapes spatial genomic patterns for the
Mediterranean striped red mullet (Mullus surmuletus) and giant Californian sea
cucumber, respectively. In both studies, the extent at which spatial genomic patterns
transitioned from being mediated by larval dispersal to multigenerational stepping
stone processes (i.e. geographic distance) was well described using eigenfunction
analyses in RDA.

Theoretically, we anticipate that there will be instances where metapopulation
structures also influence patterns of adaptive genomic variation, and conversely that
environmental gradients will influence the patterns of neutral genomic variation. For
instance, if the movement of individuals is limited by strong selection against
immigrants (Nosil et al. 2009), populations would diverge at both adaptive and
neutral loci (Schoville et al. 2012), and neutral loci may appear to have environ-
mental associations purely through their physical linkage on a chromosome with
selected loci (reviewed by Gagnaire et al. 2015). Similarly, in low gene flow
situations, both selected loci and linked neutral loci can get “trapped” geographically
(Barton 1979; Gagnaire et al. 2015). Several seascape genomics studies have
provided evidence for these phenomena. Spatial clustering of groups based on
putatively adaptive loci and then neutral loci for both herring (Clupea harengus,
Limborg et al. 2012) and sole (Solea solea, Diopere et al. 2017) recovered the same
clusters, but with more pronounced spatial structure for the adaptive loci.

Accounting for the potential autocorrelation among spatial patterns of neutral and
adaptive genomic variation in seascape genomics analyses has helped us disentangle
the processes responsible for their conflated patterns. For instance, after multivariate
analyses incorporating spatial variables, Diopere et al. (2017) demonstrated that
despite the similar patterns of spatial structure for putatively neutral and adaptive
variation in sole, environmental variables explained a significant amount of vari-
ability among the outlier loci, but not among non-outlier loci. Moreover, although
sea surface temperature, salinity, and bottom shear stress explained significant
genotypic variation for both outlier and non-outlier loci across populations of turbot
(Scophthalmus maximus), there were additional environmental factors that were
significant for outlier genotypes, but not neutral loci (Vandamme et al. 2014).
These studies address the differences in patterns and scales of structuring we may
expect for neutral and adaptive genomic variation over space, however, patterns and
scales over time are yet to be addressed (see Sect. 6.2).
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5.2 Origins of Adaptive Genomic Variants in Marine
Populations

It has been suggested that the high dispersal of many marine organisms may reduce
the potential for local selection (Slatkin 1985; Lenormand 2002) because locally
adapted individuals may be swamped by immigration and/or are unlikely to migrate
to an environment they are adapted to. However, theoretical models and empirical
evidence, including several recent seascape genomics studies, now suggest that local
adaptations can be maintained despite high gene flow (reviewed in Tigano and
Friesen 2016). In fact, seascape studies suggest that gene flow, and metapopulation
structures, do not have a strong bearing on adaptive outcomes necessarily. For
example, spatially structured and environmentally associated adaptive genomic
variation has been proposed for panmictic metapopulations (e.g. flounder,
Paralichthys dentatus, Hoey and Pinsky 2018; goby, Psammogobius knysnaensis,
Teske et al. 2019), stepping stone metapopulations (e.g. abalone, Haliotis laevigata,
Sandoval-Castillo et al. 2018), populations connected via contemporary larval
dispersal (e.g. sea cucumber, Xuereb et al. 2018a, b), and peripherally isolated and
small populations of Atlantic Salmon (Sylvester et al. 2018). Thus, seascape geno-
mics studies increasingly suggest selection as the major driver of spatial genomic
structuring in the ocean, irrespective of migration and drift.

Knowledge about metapopulation structure and gene flowmay help us understand
the potential sources of adaptive variation (e.g. standing genetic variation, new
mutations, or adaptive introgression; Tigano and Friesen 2016) and therefore the
mechanisms by which adaptive divergence occurs. For instance, in their study of a
greenlip abalone metapopulation maintained by stepping stone migration, Sandoval-
Castillo et al. (2018) hypothesized that the main source of adaptive variation was
standing variation from which local genetic variants were segregating. At the
other end of the spectrum, even in the presence of strong drift and low gene flow,
Sylvester et al. (2018) suggest that adaptation of Atlantic salmon to their peripheral
environment was possible due to sufficient standing variation being present in the
population. Further suggestion for the importance of standing genetic variation and
parallel adaptation in the marine environment is provided by the paired contrast
studies of Ravinet et al. (2016) and Westram et al. (2014) for adjacent ecomorphs
in the littorine snail and for open water and coastal anchovies (Le Moan et al. 2016).
In both study systems, outlier loci had consistent habitat associations, suggesting that
despite the differences in the study species dispersal potential (littorine snail are direct
developers and anchovy are a mobile fish with planktonic larvae), shared variation
may often be used in parallel across habitats. Based on these studies, it seems likely
that the large effective population sizes, and therefore high levels of genetic diversity
maintained by marine organisms, equips them with sufficient standing genetic vari-
ation to adapt to heterogeneous environments, and even spatially segregated, but
similar environments. However, we still have much to learn about the process of
adaptation in the ocean, and spurious genotype by environment associations arising
from undescribed linkage cannot be discounted (see Bierne et al. 2013 and Sect. 6.2
for an extended discussion).
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Many studies have now identified loci putatively showing adaptive divergence
with environment, despite the maintenance of high gene flow and consequently low
neutral genomic structure (e.g. Schmidt and Rand 1999; Gagnaire et al. 2012; De
Wit and Palumbi 2013; Pespeni and Palumbi 2013; Therkildsen et al. 2013;
Benestan et al. 2016; Gleason and Burton 2016; Hoey and Pinsky 2018;
Sandoval-Castillo et al. 2018; Dalongeville et al. 2018b; Xuereb et al. 2018b). For
such disparate patterns of neutral and adaptive genetic structure to be maintained,
spatial balancing selection must be occurring within in each generation. For instance,
Benestan et al. (2016) suggest that selection in American lobster populations is
mainly driven by minimum temperatures encountered by larval or benthic stages. In
the case of summer flounder, Hoey and Pinsky (2018) suggest that selection follow-
ing dispersal in each generation appears to be the most likely process maintaining
genetic differentiation with relation to bottom temperature. The authors recommend
that evidence for this selective bottleneck within each generation could be provided
by comparing allele frequencies of larval summer flounder to those in surviving
adults, where the larval metapopulations would be expected to be genetically
homogenous, whereas the adult population would differentiate according to the
previously described genetic-environment associations. If verified across several
studies, this high gene flow maintained by many marine organisms, coupled with
the efficacy of spatially varying selection drawing upon large amounts of standing
genetic variation, and the potential prevalence of polygenic adaptation enabling
individuals to attain fitness through several genes of small effect (rather than having
one allele or gene of consequence; e.g. Xuereb et al. 2018b; but see Yeaman 2015)
would contribute to marine populations maintaining adaptive polymorphisms and
having great adaptive potential across varying environments.

5.3 Understanding the Environmental Sources of Adaptive
Divergence in Marine Populations

Seascape genomics studies have identified potential environmental predictors of
adaptive genetic variation including sea surface temperature (e.g. acorn barnacle,
Semibalanus balanoides, Véliz et al. 2004; American lobster, Benestan et al. 2016;
red abalone, Haliotis rufescens, de Wit and Palumbi 2013; greenlip abalone,
Sandoval-Castillo et al. 2018; Atlantic salmon, Sylvester et al. 2018 and references
therein), sea bottom temperature (e.g. summer flounder, Hoey and Pinsky 2018),
salinity (e.g. Atlantic salmon, Salmo salar, Bourret et al. 2013; European sea bass,
Dicentrarchus labrax, Tine et al. 2014; Mediterranean striped red mullet,
Dalongeville et al. 2018b), bathymetry (fish tusk, Brosme brosme, Knutsen et al.
2009), depth (cod, Gadus morhua, Case et al. 2005), and oxygen concentration
(e.g. greenlip abalone, Sandoval-Castillo et al. 2018), to name a few. A recent study
has further suggested that the same species across different seascapes may have
different determinants of spatial selection. Xuereb et al. (2018b) determined that
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over the broadest spatial extent adaptive genomic variation for the Californian sea
cucumber was associated with mean sea bottom temperature; whereas within a
subregion of the study extent, adaptive genomic variation was further structured
by surface salinity and current velocity. Thus, these data suggest that despite
evidence and potential for parallel adaptive evolution, associations between envi-
ronmental predictors and an adaptive response in one region may not be transferable
across a species full range.

Nonetheless, for the scales and species studied to date, the most investigated and
potentially important predictor of spatial patterns in adaptive genomic variation is
ocean temperature (as described in Oleksiak 2019). Water temperature is renowned
for being an important factor in determining a species’ niche (Angilletta and
Angilletta 2009). Ambient temperature determines the aerobic scope (Pörtner and
Knust 2007), metabolism (Johnston and Dunn 1987), development (O’Connor et al.
2007), and other physiological processes for many marine organisms; therefore, it is
not surprising that it may be one of the most important determinants of environmen-
tally mediated selection in the ocean. Ocean temperatures are also one of the most
monitored features of the seascape, as future temperature changes are expected under
climate change. Consequently, understanding the potential impacts of changing
ocean temperatures, and the potential, and genetic basis for local adaptation to a
changed temperature regime has been a popular research pursuit (Savolainen et al.
2013). Seascape genomics studies have found different aspects of local temperature
regimes to be important. Although mean sea surface temperature is the most
investigated, minimum sea surface temperature (e.g. abalone, de Wit and Palumbi
2013) and mean bottom temperature (e.g. sea cucumber, Xuereb et al. 2018b) also
have relevance for some organisms, and temperature ranges including warm
extremes were important for a peripheral population of Atlantic salmon (Sylvester
et al. 2018).

For both temperature and salinity (the second most investigated environmental
variable in seascape genomics studies), there are intuitive biological reasons for why
they exert selective pressure on marine organisms. Nonetheless, identifying an
association between allele frequencies and values of a seascape variable does not
confirm a causal relationship. Our inferences are biased by, and restricted to, the
environmental variables that are quantified from the seascape and will not include all
potentially correlated variables. The matching of putatively adaptive loci to genomic
regions and specific genes on an annotated reference can provide some support
(Manel et al. 2016). Several studies have matched outlier loci to genes involved in
osmoregulation (reviewed for teleosts in Dennenmoser et al. 2017; e.g. Dalongeville
et al. 2018b) and thermal adaptation (e.g. Benestan et al. 2016) for example.
However, a convincing case for causation requires the demonstration of a mecha-
nistic link between the environmental variable and locus/loci (either neutral or
selective) via functional genomics, reciprocal transplantation, or common garden
experiments (Feder and Mitchell-Olds 2003; Lowry and Willis 2010). For example,
in mussels (Mytilus edulis), there is a clear functional link between the Lap locus,
fitness of individual mussels according to their salinity environment, and resulting
spatial genetic patterns (from the work of Koehn et al. 1980; Koehn and Siebenaller
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1981). Lastly, endogenous reproductive incompatibilities are common in the sea
and can maintain genetic divergence for a given locus or linkage group. Such
signatures of reproductive isolation may be difficult to distinguish from environ-
mentally mediated selection and often segregate with environmental features (Bierne
et al. 2011). Until we understand linkage across the genome better (see Sect. 6.2),
our inferences of local adaptation and spatial balancing selection in the ocean (see
Sect. 5.2) and their underlying causes will need to remain cautious.

6 Conclusions and Future Perspectives

Seascape genomics is a rapidly developing field of inference leveraging technolog-
ical and analytical advances of several related disciplines. Early seascape genomics
studies have affirmed our intuition that using more numerous and genome-wide
markers provide researchers with higher resolution to detect genomic structuring
across space and in relation to the environment. These studies have mostly corrob-
orated the findings regarding metapopulation structures of marine organisms based
on earlier seascape genetic studies that have used lower numbers of markers.
However, seascape genomics studies have additionally revealed patterns of adaptive
divergence that are often over much smaller spatial scales than neutral genomic
divergence. Our early interpretations of seascape genomic patterns suggest selection
may be a major driver of spatial genomic structuring in the marine environment –
indicating that we should potentially expect a reshuffling of the genomic composi-
tion of populations in response to new environmental regimes over very short
periods of time.

Our understanding of the genomic architectures of marine organisms, our ability
to statistically evaluate patterns, and therefore our inference of adaptive processes
within marine populations will improve in years to come especially as more com-
plete genomes become resolved. To corroborate our early seascape genomics find-
ings and enhance the purview and relevance of seascape genomics, below we
highlight some avenues for future seascape genomics research, both in the
eco-evolutionary sciences and research agendas relevant to global issues affecting
marine biodiversity.

6.1 Mapping Adaptive Genomic Variation

A potential issue that has not been widely acknowledged in landscape genomics is
how linkage blocks, including chromosomal inversions, can affect interpretations
regarding selection. Because of the rarity of well-assembled genomes and genetic
maps for marine species, seascape genomics studies to date have largely made the
simplifying assumption that surveyed loci are unlinked. Yet, it is increasingly
appreciated that islands of differentiation (Wolf and Ellegren 2017) and
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chromosomal inversions may be common and potentially play a key role in adaptive
evolution (Wellenreuther and Bernatchez 2018). For example, Bradbury et al. (2013)
showed that inferred outlier loci for Atlantic cod (Gadus morhua) were highly
clustered within three chromosomes. The repression of recombination in these
inverted chromosomal regions meant that oceanic and coastal cod populations
were able to adapt to local oxygen, temperature, and salinity regimes despite high
levels of gene flow (Sodeland et al. 2016). When loci are unmapped, such linkage
relationships among loci are unlikely to be recognized. Instead, many loci, incor-
rectly assumed to be unlinked, may appear to be under selection, especially showing
genetic-environment associations (Bierne et al. 2013, as observed with sea horses,
Hippocampus guttulatus: Riquet et al. 2019) or caught up with weak barriers
(Gagnaire et al. 2015, as in sea bass, Dicentrarchus labrax: Duranton et al. 2018).
Although creating genetic maps via multigenerational breeding experiments is very
difficult, some clever alternatives to uncover linkage relationships are now being
explored, for example, using trios of offspring and parents (Duranton et al. 2018) or
using alignment to scaffolds of closely related species (Riquet et al. 2019). Future
investigations that comprehensively combine knowledge of genome structures with
seascape features are sure to yield nuanced insights regarding the maintenance of
adaptive polymorphisms in spite of high gene flow and how different genomic
regions respond to selective pressures and dispersal barriers.

6.2 Resolving the Importance and Scale of Chaotic Genetic
Patchiness

Given the common observation of chaotic genetic patchiness among putatively
neutral loci (such as microsatellites), it is clear that many marine populations are
unlikely to approximate a migration-drift equilibrium (see Sect. 3.1). This observa-
tion suggests that single time-point sampling (as is typical for seascape genomics)
may yield anomalous or non-replicable results such as suggesting dispersal barriers
or populations with atypical allele frequencies, erroneously suggestive of adaptive
processes (Lotterhos and Whitlock 2014; Gaggiotti 2017). However, seascape
thinking can contribute to investigations of chaotic genetic patchiness. For example,
if sampled genetic cohorts could be associated with the relevant oceanographic
conditions during which dispersal occurred, it might be possible to make (and test)
predictions arising directly from these oceanographic conditions, where replication
across time (different cohorts each with time-of-dispersal appropriate predictions)
would strengthen these inferences. Even if no convincing associations between
oceanography and population genetic structure are uncovered, simply determining
the scales over which chaotic genetic patchiness occurs (and for which species) and
the potential implications of this phenomenon for our inference of outlier loci would
be a beneficial contribution to our seascape genomics understanding.
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It is also possible that selective pressures themselves may be highly variable in
time, and, therefore, adaptive advantages of specific alleles could vary with time too,
leading to a perceived pattern of spatio-temporal chaotic genetic patchiness in some
situations. Seascape genomics studies have already evidenced their potential to
uncover genetic-environment associations over much smaller spatial scales than
previously anticipated, or expected, in high gene flow species. Now, the question
is – at what spatio-temporal scale does chaos turn into order? It might be possible to
link sources of selection to locus-specific responses by considering environmental
variables at the spatio-temporal resolution of the perceived chaos. We only know of
a few studies that have repeated outlier analyses for different cohorts (cardinalfish,
Siphamia tubifer, Gould and Dunlap 2017; lobster, Jasus edwardsii, Villacorta-Rath
et al. 2018; gobies, Bathygobius cocosensis, Thia et al. pers. comm) with all finding
that most outlier loci differ by timepoint. Resolving whether temporally variable
outliers are simply artefacts of dispersal and drift or whether selective pressures
differ by time and place will require a carefully conceived spatio-temporal sampling
approach. Nonetheless, understanding how nonstationary is normal for chaotic
genetic patchiness will be critical for decisively inferring a change in the neutral-
adaptive seascape.

6.3 More Seascapes and More Species

The field of seascape genomics, by definition, is inclusive of all seascapes and
constituent species. The majority of population genomics studies in the marine
environment still focus on the nearshore and near-surface periphery of the oceans
(Riginos et al. 2016). In part, this is due to our dependency on having seascape data
derived by local and accessible static or shipboard instrumentation or from remote-
sensing products and oceanographic models. However, whereas there was similarly
a bias towards species of fisheries and commercial interest in the early stages of the
genomics era (possibly due to the availability of genetic and funding resources),
there are now more diverse taxonomic groups being studied (e.g. gobies, Teske et al.
2019; Thia et al. pers. comm; cardinalfish, Gould and Dunlap 2017). Nevertheless,
“seascape genomics” – to study how spatial dependence and environmental features
in the ocean influence the geographic structure of genomic patterns in marine
organisms – could be literally taken to mean replicate sampling across the seascape
at the level of genomes. Although such multispecies approaches have been very few
(but see Bongaerts et al. 2017), this approach has been described as “Landscape
Community Genomics” (LCG, Hand et al. 2015). LCG is interested in assessing how
seascape features may influence species similarly, or differently, including their
interactions and, therefore, how neutral and adaptive processes within species may
influence community composition and ultimately ecosystem functioning.

Multispecies comparisons can uncover spatial factors that have broad scale
effects across ecological communities, in that shared patterns across species could
filter out short-term chaotic variability. Multispecies seascape genetics studies have
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suggested that incongruences in neutral genetic patterns are common with the likely
reasons suggested to be differences in species biology and demography (Ayre et al.
2009; Dawson et al. 2014; Bongaerts et al. 2017); however, consistencies are also
observed particularly over large geographic scales (Pelc et al. 2009; Toonen et al.
2011; Gaither and Rocha 2013; Liggins et al. 2016). Considering patterns that may
be scalable across the biological hierarchy (e.g. DeBoer et al. 2014; Crandall et al.
2019) and including adaptive variation is a natural extension of earlier multispecies
studies. For instance, in a recent seascape genomics study of a South African goby,
despite homogeneity across the study extent based on putatively neutral loci, the
outlier loci showed regional divergence aligned with known biogeographic disjunc-
tions and breaks for intraspecific lineages (Teske et al. 2019). The outlier loci sat in
temperature-related gene regions, conforming with conventional wisdom that the
biogeographic disjunction was related to temperature. Whether such scaling in
divergence patterns across the biological hierarchy is common, and whether the
putatively adaptive loci for other co-distributed species reveal some commonalities
in terms, spatial divergence or related gene function remains to be investigated.

Arguably, “seascape genomics” could also be as much about the seascape as it is
the genomics. In the most obvious sense, this could be thought of as studying
spatially explicit seascape features that are replicated, either through space or time,
such as spatial environmental gradients or upwelling events through time. Such
seascape genomics studies are already underway for individual species, but
multispecies studies where seascape features are replicated have been underutilized
(but see Bongaerts et al. 2017). Coordinated global research in future may enable
truly replicated studies where large-scale gradients are the replicates, as well as
species. Replicate sampling of the seascape could also involve co-sampling of
species in parameter space rather than geographic space (a spatially implicit
approach, e.g. Riginos et al. 2011). This parameter space could be defined individ-
ually for each species and may represent a species’ environmental niche space
where, for example, core populations, trailing edge populations, and leading edge
populations could be classified according to the species environmental envelope, but
without regard to geographic space. Alternatively, a demographic-environmental
space as described in Box 1 could be defined for multiple species, whereby two
species sampled from the same geographic location may sit at different positions in
the parameter space depending on the inferred immigration and retention values for
each species at that location. Such spatially implicit approaches may help moderate
or appropriately incorporate (depending on the study objectives) the differences in
species-specific ecologies (for niche-based approaches) and demographies (for the
coupled demographic-environment approach) providing more power to address the
focal seascape features.
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6.4 Seascape Genomics as an Integrated and Applied
Discipline

Seascape genomics studies have most often been motivated by the evolutionary and
ecological sciences, in our pursuit of questions not otherwise answerable for certain
taxa. Looking forward, as our ability to measure genomic variation and to quantify
and model the seascape improves, seascape genomics will likely become a more
diverse and broadly used discipline. In particular, we anticipate greater application in
the conservation and applied sciences such as fisheries (Bernatchez et al. 2017) and
in addressing issues of global change. Marine organisms that we rely upon, and that
make up our environment, are threatened by overfishing, pollution, and climate
change (to name a few; McCauley et al. 2015). In theory, seascape genomics can
help us both characterize the responses of marine organisms to these threats and infer
their resiliency or adaptive potential (Kelley et al. 2016). Based on our intuition from
seascape genomics studies conducted to date, marine species may be well equipped
for responding to altered selective regimes, including those arising from humans
(Allendorf et al. 2010), and adaptive potential may be high (Hoey and Pinsky 2018).
The real application of seascape genomics to these important threats will likely be
the ultimate test of this intuition.

Evidence that we can detect the impacts of fishing on marine populations
(Allendorf et al. 2008; Pinsky and Palumbi 2014; reviewed in Bernatchez et al.
2017) provides a proof of concept that seascape genomics may be a means to detect
and monitor impacts of fishing and other threats to the persistence of natural
populations. Seascape genomics studies conducted to date have provided informa-
tion relevant to the (re)definition of fishery stocks (e.g. greenlip abalone, Sandoval-
Castillo et al. 2018; North Atlantic saithe, Pollachius virens, Saha et al. 2015) and to
inform aquaculture and restocking of wild populations (e.g. for the greenlip aba-
lone). In particular, a coupled biophysical model-population genomics approach
may be valuable in defining stocks, their metapopulation (stock) structures, and
therefore their resilience and short-term adaptive potential (Baltazar-Soares et al.
2018). Furthermore, continued monitoring of such populations following harvesting,
farming, and restocking would provide a valuable time series, from which impacts of
environmental changes to the seascape and/or management practices could be
measured. Such an approach would both help seascape genomics become more
prospective as a field and would help our fisheries and aquaculture industries
actively manage genetic diversity and evolutionary incentives alongside other
industry priorities.

If we can detect selection occurring within generations, we should be able to
detect shifting and detrimental selective regimes related to the threats facing marine
organisms over short timescales. This would require a focus on seascape variables
that are relevant to the stressors and acquiring relevant spatio-temporal data. For
example, in Box 1, we derive the demographic-environmental seascape parameter
space for a potentially range-extending species, designed to inform population
sampling looking for a genomic response – neutral or adaptive – to a
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contemporaneous change in the seascape (i.e. sea surface temperature). Knowledge
regarding genomic responses to shifts in our environment, and the underlying
processes, may enable predictions regarding the distribution and abundance of
species in future climate scenarios (Hansen et al. 2012; Sylvester et al. 2018). It
has been suggested that current genetic-environmental associations could be used to
inform translocations, captive breeding programmes, and the design of pre-adapted
populations for future climate scenarios (Manel et al. 2018; Ralls et al. 2018).
Similarly, taking adaptive genomic variation and its association with the seascape
into conservation decision-making surrounding species management (Flanagan et al.
2018; Hoffmann et al. 2015) and marine protected area networks has been widely
discussed (von der Heyden 2017).

Unquestionably the more applied and integrative that seascape genomics
becomes – receiving input from disparate disciplines – the more useful and diverse
the field will be. A seascape genomics approach would certainly add value as part of
the toolkit to help manage our global challenges in biodiversity, food security, and
environmental sustainability. However, for seascape genomics to keep step with
these possibilities, it requires robust study design, transparent filtering, analyses, and
interpretation, thus enabling findings to be reputable and defensible as we would
expect for any other data-rich and crucially important scientific discipline. To realize
this goal, there will need to be a focus on defining applicable deliverables and
communicating these effectively to a broad variety of specialists in other fields
and occupations (Shafer et al. 2015).
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Part V
Adaptation, Acclimation, and Speciation



Clinal Adaptation in the Marine
Environment

David I. Dayan

Abstract Biologists hoping to understand the population genetics and evolution
of marine organisms face a common challenge. Clear boundaries that define
populations, shape gene flow, and drive natural selection are not apparent when
looking across a featureless seascape. Instead, many marine species are broadly and
continuously distributed across gradients in environmental variables such as pH,
temperature, and salinity. Clinal adaptation to these environmental gradients is
rampant among marine species and occurs across a broad range of demographic
contexts. This chapter describes how the recent application of population genomics
tools is beginning to reveal the genetic basis of clinal adaptation to environmental
gradients in the sea. First, the chapter outlines the demographic and alternative
selective scenarios that produce clinal variation in allele frequency and may result
in spurious identification of adaptive genetic variants. Once these pitfalls are con-
sidered, the chapter briefly overviews population genomic techniques for identifying
adaptive variants. Then, relevant and recent empirical studies are reviewed to
draw generalizations about the genetic basis of clinal adaptation in the marine
environment. Finally, future directions for the field are outlined, emphasizing an
increased integration of the phenotype and genetic architecture in analyses of clinal
adaptation and highlighting the potential of new tools such as machine learning and
polygenic analysis.
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1 Overview and Historical Perspective

The questions that drive population genetic studies of marine organisms have
historically been framed by what makes the marine environment unique. Limited
apparent barriers to dispersal across the seascape and large population sizes lead to
an expectation that marine populations should be largely undifferentiated; the effect
of drift is limited by large effective population size and local adaptation is opposed
by high migration rate. However, as observed by Hauser and Carvalho (2008) over
a decade ago, the field of marine population genetics has undergone a paradigm
shift. The view of the ocean as a genetically homogenous landscape was challenged
by the dual observations of significant genetic differentiation among populations
within many species and evidence of local adaptation across both large spatial scales
(e.g., ocean basins) and small ones (e.g., within single estuaries) (Sanford and Kelly
2011). Since then, improved oceanographic modeling and understanding of the
ecology marine species (McManus and Woodson 2012; Prairie et al. 2012) have
allowed investigation into how patchiness and discontinuity in larval dispersal
across a range of spatial and temporal scales leads to more strongly reduced
migration and smaller effective population size than initially expected (Eldon
et al. 2016; Selkoe et al. 2006, 2010). This new understanding has led some authors
to question whether such broad generalization in the distinction between marine
and terrestrial species in population genetics is meaningful (Bierne et al. 2016). In
place of a field focused on the apparent paradox of local adaptation and genetic
differentiation in spite of homogenizing gene flow, population genetic studies in
marine populations now provide broad and general insights into the ecology and
evolution of natural populations that demonstrate a wide range of demographic
structures, from genetically isolated demes within a metapopulation to isolation
by distance across large spatial scales and even complete panmixia within species.

Within this broad field, this chapter focuses on clinal adaptation to environ-
mental gradients. I discuss current techniques in population genomics to identify
the molecular basis of clinal adaptation from genomic data, with an emphasis on the
demographic and alternative selective scenarios that produce clinal variation in allele
frequency and may result in spurious identification of adaptive variants. I also briefly
review relevant and recent empirical studies to draw generalizations about clinal
adaptation in the marine environment and provide insights into the genetic basis
of adaptation in general. Finally, I outline some future directions for the field,
emphasizing an increased integration of the phenotype and genetic architecture in
analyses of clinal adaptation and highlighting the potential of new tools such as
machine learning and polygenic analysis.
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2 Clinal Adaptation

Clinal adaptation is a particular form of local adaptation, where the adaptive
phenotype varies continuously across a spatial or ecological gradient (Endler
1977). Many marine species have broad ranges and as a consequence are often
distributed across large environmental gradients (Schmidt et al. 2008). Clinal
variation in ecologically relevant traits that correlates with these environmental
gradients is suggestive of local adaptation. There is abundant evidence of such clinal
phenotype-environment associations in marine species (for reviews, see Fraser et al.
(2011), salmonids; Sanford and Kelly (2011), marine invertebrates; and Conover
et al. (2006), marine fishes). For example, in the Atlantic silverside,Menidia menidia
growth rate, temperature of sex determination, and vertebral number gradually
vary and strongly correlate with a gradient in temperature along their distribution
(Hice et al. 2012). Yet, assessing local adaptation in marine organisms using more
rigorous criteria (e.g., local vs. foreign and home vs. away (Kawecki and Ebert
2004)) is often difficult, because many marine species are not readily subjected to
reciprocal transplant and common garden studies (Sotka 2012). An exception comes
from marine intertidal invertebrates, where extensive local adaptation is observed at
both broad, species-wide scales and at smaller scales using reciprocal transplants and
common gardens (Burford et al. 2014; Kosloski et al. 2017; Leong et al. 2017;
Sanford and Kelly 2011). For more difficult to study species, evidence of local
adaptation to environmental gradients stems from comparisons between the extent of
trait variation and neutral genetic differentiation (PST–FST comparisons) (Leinonen
et al. 2006). While these results are best interpreted with caution because the genetic
architecture of traits varies across populations and environments (Brommer 2011;
Parsons et al. 2016; Pujol et al. 2008), many marine species demonstrate variation in
quantitative traits that exceed expectations given genetic drift alone. These puta-
tively non-neutral patterns often correlate with environmental gradients, suggesting
clinal adaptation (Defaveri and Merila 2013; Flanagan et al. 2016; Ledoux et al.
2015; Mariani et al. 2012). For example, lateral plate number variation in threespine
stickleback along a salinity and temperature gradient across the Baltic Sea greatly
exceeds the neutral divergence observed genome-wide in the same region (Defaveri
and Merila 2013).

A central goal in marine population genomics is identifying the genetic variants
that underlie these clinal adaptations. Most studies in marine organisms conduct
genome-wide scans for selection, using patterns in genomic data to identify the
molecular basis of adaptation (Table 1). While these studies typically focus on
the role that spatially varying selection plays in shaping genetic variation
across the seascape and among populations, similar patterns are also produced by
many neutral demographic (Endler 1977) and alternative selective scenarios (Barton
and Hewitt 1989; Bierne 2010; Bierne et al. 2011). Therefore, methodological
approaches to identify adaptive genetic variation face a central challenge:
establishing a biologically accurate model of allele frequency change that can
serve as a null hypothesis.
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Table 1 Sample of empirical studies using environmental association analysis (EAA) and/or
outlier analysis to identify genetic variants that may contribute to local adaption to marine
environmental gradients

Author, year Species EAA method Outlier method

Drury et al. (2016) Acropora
cervicornis

Fdist2

Bay and Palumbi
(2014)

Acropora
hyacinthus

ANOVA Bootstrap FST

Benestan et al. (2016) American
lobster

RDA, Pearson correlation
test, BayeScEnv, LFMM

BayeScan,
ARLEQUIN and
OUTFLANK

Pujolar et al. (2014) Anguilla
anguilla

BayEnv BayeScan

Gagnaire et al. (2012) Anguilla
rostrata

Logistic regression, sPCA Arlequin

Bradbury et al. (2010) Atlantic cod Multiple regression, mantel
test

BayeScan, ArlEQUIN

Therkildsen et al.
(2013a)

Atlantic cod Pearson correlation BayeScan, Ftemp,
fdist2

Therkildsen et al.
(2013b)

Atlantic cod BayEnv Ftemp

Corander et al. (2013) Atlantic
herring

BAPS

Gaggiotti et al. (2009) Atlantic
herring

Geste BayeScan

Limborg et al. (2012) Atlantic
herring

BayEnv Arlequin, BayeScan

Lamichhaney et al.
(2012)

Atlantic
herring

Simulated FST

Lamichhaney et al.
(2017)

Atlantic
herring

Chi-squared test,
simulated FST

Martinez Barrio et al.
(2016)

Atlantic
herring

Chi-squared test

Bourret et al. (2013) Atlantic
salmon

Arlequin, Fdist2,
sliding window Fdist2

Jeffery et al. (2017) Atlantic
salmon

RDA, sPCA BayeScan, ArlEQUIN

Le Moan et al. (2016) European
anchovy

Fdist2

Milano et al. (2014) European
hake

BayEnv Arlequin, fdist2

Tepolt and Palumbi
(2015)

Green crab Fdist2

Hess et al. (2013) Pacific
lamprey

MATSAM Fdist2

Pespeni et al. (2017) Purple Sea
urchin

Partial mantel test

(continued)
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Approaches can be broadly divided into two categories. Approaches in the first
category, known as outlier analyses, are based on the assumption that neutral
demographic processes such as gene flow, genetic drift, and changes in population
size have genome-wide impacts and affect all loci approximately equally, while
selection acts only on the subset of loci that underlie traits under selection and linked
neutral variants. Outlier analyses use empirical data to simulate null distributions of
population genetic parameters under varying demographic scenarios, with candidate
loci identified as those that appear in the extreme tails of the distribution (Hoban
et al. 2016). The second category of approaches, known collectively as environmen-
tal association analysis, identifies allele frequency variation that is highly correlated
with environmental variables assumed to drive spatially varying selection. These
approaches address the central challenge of establishing an accurate null hypothesis
by the inclusion of neutral population structure or spatial relationships among
sampling sites that recapitulate neutral structure as covariates in the full model.

2.1 Neutral Clines

Marine species often demonstrate complex demographies owing to spatially
restricted gene flow over their large ranges and shared histories of expansion
from refugia or secondary contact since the last deglaciation. These neutral demo-
graphic scenarios can produce allele frequency patterns among populations that
resemble those produces by clinal adaptation and can fool genome-wide scans for
selection.

The most intuitive neutral process that produces clinal variation in allele fre-
quency is isolation by distance (IBD) (Wright 1943). Limited dispersal imposed
by physical limitations placed on organisms results in a correlation between the
relatedness of individuals and the spatial distance between them (Aguillon et al.
2017). At the level of populations, this spatial autocorrelation of genetic variation
breaks a key assumption of the island model that is the basis of many genome-wide

Table 1 (continued)

Author, year Species EAA method Outlier method

De Wit and Palumbi
(2013)

Red abalone Fdist2

Van Wyngaarden
et al. (2017)

Sea scallop BayeScan, Arlequin

Guo et al. (2015) Threespine
stickleback

BayEnv BayeScan, sliding win-
dow FST

Barth et al. (2017) Atlantic cod

Barney et al. (2017) Atlantic cod LD outlier

Berg et al. (2015) Atlantic cod BayEnv BayeScan, fdist2

Hecht et al. (2015) Chinook
salmon

RDA Fdist2
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scans for selection; migration and gene flow are inversely correlated with the
geographic distance between populations due to limited dispersal. When coupled
with the effects of mutation and genetic drift, IBD produces genetic clines that
resemble the allele frequency variation shaped by clinal adaptation (Meirmans 2012;
Vasemagi 2006) but have genome-wide impacts. Spatially restricted gene flow
resulting in stable patterns of IBD produces clinal variation in many marine species
(see Table 1). The extent to which IBD clines and adaptive genetic clines can be
parsed depends on the relative spatial scales of dispersal and the environmental
gradient driving selection (Orsini et al. 2013).

In addition to IBD, expansion from refugia and secondary contact of isolated
populations can produce neutral genetic clines (Endler 1977; Klopfstein et al. 2006;
Slatkin 1973). As non-equilibrium processes, range expansions and secondary
contact produce clines that are eventually eroded by gene flow but can persist for
many generations. Many marine species share a recent natural history of secondary
contact or expansion from refugia following the most recent Pleistocene deglaciation
(Ludt et al. 2015; Maggs et al. 2008). In some, there is evidence that spatially
restricted gene flow has maintained these neutral non-equilibrium genetic clines,
e.g., Assis et al. (2014), Marko (2004), and Smith et al. (2001), while other marine
species do not demonstrate contemporary signatures of their postglacial range shifts,
e.g., Bradbury et al. (2010). For studies attempting to identify clines shaped natural
selection, neutral clines generated by secondary contact or expansion from refugia
are particularly confounding, because the axis of the range shift is frequently aligned
with the major axis of contemporary environmental variation. For example, the
estuarine fish Fundulus heteroclitus is distributed along the Atlantic coast of North
America such that the species experiences a steep thermal gradient across its range.
Spatially varying selection along this gradient has led to the adaptive fixation of
alternative lactose dehydrogenase (LDH) allozymes at either end of the species range
(Crawford and Powers 1989) with clinal variation in LDH allele frequency contrib-
uting adaptive clinal variation in ecologically relevant traits (DiMichele and Powers
1982), demonstrating that selection has shaped allele frequencies at some loci in
this species. Yet, coincident with this adaptive cline are neutral clines owing to
secondary recontact of two distinct clades of F. heteroclitus that diverged by
allopatry during the last glacial maximum (Adams et al. 2006; McKenzie et al.
2016). A simulation study of secondary contact in F. heteroclitus across a wide
range of dispersal distances suggests that secondary contact alone can produce the
extent of genome-wide clinal variation observed in this species (Strand et al. 2012).

2.2 Alternative Selective Processes

Spatially varying selection is not the only selective regime that can produce genetic
clines. Endogenous and background selection can also produce clinal variation and
are generally underappreciated or unexamined among empirical studies of clinal
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adaptation (Bierne 2010; Bierne et al. 2011). Endogenous selection occurs when
gene flow among two previously isolated groups is limited by negative genomic
interactions between alleles from alternative genomic backgrounds, i.e., negative
epistasis. These endogenous barriers to gene flow produce tension zones, where
equilibrium between dispersal and selection against hybridization produces stable
genetic clines centered at the point of contact between the groups. While these
endogenous clines and clines maintained by exogenous selection, e.g., spatially
varying selection, produce different patterns of allele frequency across space
(Kruuk et al. 1999; Vasemagi 2006), where tension zones occur across environmen-
tal gradients, they can be conflated for exogenous genetic clines. An even more
confounding scenario stems from the observation that tension zones are not spatially
restricted and can move owing to drift (Barton and Hewitt 1989). As they move
tension zones are attracted to natural features that restrict gene flow, such as fronts
for oceanic species or rivers for coastal species. Similarly, they can also become
coupled with exogenous selection. In this scenario, termed the coupling hypothesis,
the spatial position of clines is determined by exogenous selection, but at many
genetic loci, endogenous selection is responsible for the clines (Bierne et al. 2011).

Endogenous selection can also lead to genetic clines outside of the tension zone
and produce spatial structure within each of the hybridizing populations. Differential
introgression due to partial linkage among neutral loci and loci underlying barriers
to gene flow produces clines at linked neutral loci known as introgression tails
that extend far from the point of contact between the differentiated populations
(Payseur 2010). Introgression tails can be conflated for within-population clines
due to spatially varying selection if this scenario is not explicitly examined
(Gagnaire et al. 2011; Gosset and Bierne 2013).

Finally, the effect of selection on linked variation is reduced by recombination as
a globally advantageous allele sweeps through a subdivided population. Individuals
close to the geographic origin of the beneficial allele demonstrate reduced genetic
diversity in the chromosomal neighborhood of the advantageous allele, while more
distantly located individuals do not demonstrate a loss of diversity (Slatkin and
Wiehe 1998). This global hitchhiking in a subdivided population can produce clines
at linked loci that are suggestive of spatially varying selection but are in fact due to
the spread of a globally advantageous allele (Bierne 2010). Similar patterns are
predicted for disadvantageous alleles subject to purifying selection, such that the
effect of background selection (Charlesworth et al. 1997) on linked loci varies across
subdivided populations and results in clines that resemble those resulting from
spatially varying selection (Hu and He 2005).
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3 Approaches

3.1 Outlier Analysis

Outlier analyses rely on the assumption that population genetic parameters describ-
ing the site frequency spectrum (SFS), linkage disequilibrium (LD), and population
differentiation (FST) demonstrate locus-specific effects under selection, but neutral
processes have genome-wide impacts. For example, an adaptive sweep will produce
an excess of rare variants and a localized reduction in genetic diversity in the vicinity
of the adaptive locus, skewing descriptors of SFS such as Tajima’s D at the adaptive
locus and linked neutral variants relative to the distribution of these statistics at
neutral loci (Hoban et al. 2016). The haplotype bearing the adaptive allele will
spread rapidly in the population, producing extended regions of high LD in the
vicinity of adaptive locus (Smith and Haigh 1974). The extent of these blocks of high
LD along the genome are measured using a suite of statistics such as the integrated
haplotype score (iHS) or extended haplotype homozygosity (ehh) (Vitti et al. 2013).
This divergent selection across populations will also produce locus specific genetic
differentiation (FST) that stands out from genome-wide averages (Beaumont and
Nichols 1996).

In all three major classes of outlier analyses (SFS, LD, and FST), adaptive loci are
identified as those in the tails of the distribution of the statistic. However, complex
demographic scenarios inflate the variance of the null distribution of the parameters
used for outlier detection, leading to an increase in false-positive rates. Approaches
that rely on signals within a single population, such as those based on LD, are
relatively robust to these demographic effects (Pavlidis et al. 2010) but require high-
density, phased genomic data that are often outside the reach of studies using marine
organisms. The most commonly used parameter in outlier scans of marine species,
population differentiation, measured with FST or related measures of genetic dis-
tance, is perhaps the most negatively affected. This problem is especially relevant
for studies attempting to identify loci responsible for clinal adaptation in marine
organisms, where IBD, range expansion, and secondary contact are common.

To ameliorate the false-positive problem imposed by demography, some FST

outlier analysis methods explicitly model the distribution of the test statistic under
the assumed demography of the populations in question and then compare empirical
values of the statistic to these null models. However, some methods are limited in
the types of demography that can be modeled (e.g., the Fdist2 family of algorithms is
limited to island and hierarchical island models) (Excoffier et al. 2009), and even in
the case of highly flexible methods (e.g., BayeScan (Foll and Gaggiotti 2008) and
BayScEnv (de Villemereuil et al. 2015), achieving a low false-positive rate critically
depends on modeling the correct demographic scenario. For example, simulation
studies demonstrate that Fdist2 has a higher false-positive rate under IBD or range
expansion when the simulated null dataset attempts to account for neutral structure
than when the algorithm is used without neutral parameterization at all (Lotterhos
and Whitlock 2014). Given the complex demographies of clinally adapted marine
species, the scenarios where these outlier approaches are effective are limited.
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A second class of FST outlier methods avoids the challenge of correctly modeling
demographic effects entirely by instead relying on measure of genetic relatedness
or covariance among individuals to control for coancestry among samples (e.g.,
BayEnv2 (Gunther and Coop 2013), SOM/HMM (Jones et al. 2012), FLK
(Bonhomme et al. 2010), PCAdapt (Duforet-Frebourg et al. 2014)). The greater
flexibility afforded by this approach to control for the effect of demography on
population differentiation should improve the performance of these methods in
detecting the genetic variants responsible for clinal adaptation in the marine envi-
ronment. Indeed, simulations suggest that these methods perform better than their
counterparts under IBD, range expansions, and secondary contact but still exhibit
increased false positives relative to the island model and when non-neutral loci
are used during neutral parameterization (Lotterhos and Whitlock 2014).

Perhaps the greatest challenge in applying outlier analyses to clinal adaptation
in the marine environment stems from the division of continuously distributed
individuals along an environmental, genetic, or phenotypic cline into discrete
populations (Jones et al. 2013; Joost et al. 2013). In order to measure population
differentiation, one must first define populations, and this task is not clear for marine
species with no clear barriers to dispersal among individuals across the species
range. This challenge is often addressed in marine population genomics study by
grouping individuals into synthetic populations using clustering algorithms such as
STRUCTURE (Falush et al. 2003). Alternatively, an analysis of molecular variance
(AMOVA) (Excoffier et al. 2009) using a priori predictions about hierarchical
structure among sampling locations is often used to test the significance of grouping
sampling locations into clusters. In either case, these synthetic groupings of individ-
uals along a cline (clusters) are subsequently used as “populations” in outlier
analysis. However, these algorithms will produce genetic clusters even under pure
IBD scenarios (Bradburd et al. 2017; Frantz et al. 2009; Serre and Pääbo 2004), and
the resultant groupings of individuals as populations in outlier analyses may produce
spurious results (Jensen et al. 2005). Additionally, the low genetic differentiation,
high gene flow, and large effective population sizes characteristic of many marine
species make population subdivision difficult, even when such structure exists
(Waples et al. 2008).

Taken together, the challenges associated with correctly controlling for demog-
raphy in outlier analysis of clinally adapted marine species place serious constraints
on the number of study systems where they are appropriate. Because of this
limitation, outlier analysis is rarely used as the sole evidence in support of candidate
loci (Table 1), especially with increasing recognition of these shortcomings in recent
years.

3.2 Environmental Association Analysis

Environmental association analysis (EAA) rests on the assumption that spatially
varying selection results in a correlation between allele frequencies and environ-
mental variables. EAA is the theoretical basis of landscape genetics and is also
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referred to as gene-environment association (Manel and Holderegger 2013). EAA
has several distinct advantages over outlier analysis for identifying the genetic
variants underlying clinal adaptation, although the two techniques are often used
in concert. Most significantly, EAA is spatially explicit, allowing researchers to
appropriately model spatial autocorrelation that arises as a consequence of IBD or
range expansion. Also, many EAA methods do not require continuously distributed
species to be clustered into synthetic populations, and in addition to revealing the
genetic variants that may drive selection, EAA methods can identify the environ-
mental variables that most strongly correlate with adaptive genetic patterns.

EAA includes a diverse array of statistical approaches for discovering gene-
environment associations. EAA approaches control for neutral genetic structure
through incorporation of genetic covariance among samples and populations or
spatial relationships among sampling locations as factors or covariates in the
model. Methods based on the former are not well suited to clinal adaptation.
Relatedness and kinship approaches, such as those intended for mixed linear model-
ing of genome-wide association studies (e.g., EMMA/TASSEL), are challenging to
use in wild, non-model organisms because most require very dense genotyping and
exhibit high variance except among closely related individuals (Kumar et al. 2016).
The use of model-based coancestry estimation and clustering algorithms such as
latent factors (LFMM (Frichot et al. 2013) and PCAdapt (Duforet-Frebourg et al.
2014)) or Q-matrices from STRUCTURE (EMMA/TASSEL) require subdivision of
continuously distributed individuals into discrete groups, before neutral structure can
be incorporated into the model. Finally, approaches that rely on the identification of a
set of putatively neutral markers for neutral parameterization (e.g., BayEnv2) present
different challenges because the neutral dataset has to be carefully matched to the test
dataset with respect to genomic position and minor allele frequency (Berg and Coop
2014), and inclusion of non-neutral loci can bias the test statistic (Lotterhos and
Whitlock 2014).

In contrast to methods that directly control for neutral genetic structure, a second
category of EAA methods takes advantage of the spatial nature of local adaptation
and demographic processes such as IBD and range expansion by taking a spatially
explicit approach (Forester et al. 2016). Spatial methods do not depend on specific
population genetic assumptions and therefore can be applied to the marine environ-
ment where population genetic characteristics of species are often well outside
normal parameter spaces, e.g., low differentiation coupled with extreme effective
population size (Gagnaire et al. 2015) and sweepstakes reproduction with collective
dispersal (Eldon et al. 2016). At their simplest, these methods incorporate Euclidean
geographic distance as a predictor of genetic distance among samples in the EAA
model. More powerful approaches such as Moran’s eigenvector maps (Dray et al.
2006) and their extensions (e.g., asymmetric eigenvector maps) (Blanchet et al.
2008), however, can simultaneously account for spatial effects at a range of spatial
scales and are used in conjunction with multivariate constrained ordination methods
developed among ecologists such as canonical correspondence analysis (CCA) and
redundancy analysis (RDA) (Legendre and Legendre 2012). The goal of constrained
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ordination in EAA is to generate orthogonal linear combinations of multiple multi-
variate explanatory variables (spatial relationships and environmental variables) that
explain linear combinations of the response data (allele frequency). Several aspects
of ordination techniques make them particularly effective for EAA: individual level
analysis is possible, the ordination process reduces the dimensionality of large
genetic datasets into a small set of uncorrelated genetic axes increasing power to
identify polygenic selection, ordination can address collinearity among explanatory
variables, and there is a wealth of downstream statistical analyses that provide
unique insights into how environmental factors and demography interact to produce
spatial genetic patterns. For example, partial RDA allows redundancy analysis to
be conducted on the residuals of the response variable after modeling the effect of
one or more of the explanatory variables using RDA, allowing researchers to identify
the relative contribution of neutral (spatial) vs. putatively adaptive (environmental)
processes on genetic variation through variance partitioning. The ability to build
models at varying levels of complexity, coupled with significance testing through
permutation, also permits identification of the most important environmental vari-
ables that drive putatively adaptive genetic divergence.

The flexibility of spatial multivariate ordination techniques offers distinct
advantages for marine clinal adaptation. For example, while Moran’s eigenvector
maps can account for spatial autocorrelation in genetic data across multiple scales,
spatial autocorrelation in the marine environment is rarely symmetrical. Instead,
asymmetries in larval dispersal due to prevailing currents and flow in the marine
environment produce anisotropy in the degree of neutral coancestry among individ-
uals across the seascape (Riginos et al. 2016), e.g., source-sink dynamics. Coupled
biophysical modeling offers a solution (Galindo et al. 2010). Constrained ordination
techniques can be extended by incorporating estimates of larval dispersal between
habitats driven by currents and larval behavior, permitting more accurate null models
of gene flow along the cline. Benestan et al. (2016) utilize a biophysical model of
American lobster larval dispersal to generate asymmetric eigenvector maps as
explanatory variables in an RDA of lobster genetic variation across the species
range. Spatial variables that incorporate estimates of larval dispersal with ocean
currents (asymmetric eigenvector maps) explained three times the genetic variation
than explained by spatial distribution alone (distance-based eigenvector maps).

4 Review

While the extent of limitations for genome scan methods may seem daunting, there is
a diverse, recent literature using both outlier and environmental association methods
to uncover the molecular basis of clinal adaptation in the marine environment
(see Table 1 for a subset of this work). Key to the interpretation of these studies is
careful consideration of the potential pitfalls of the methods (de Villemereuil et al.
2014; Forester et al. 2016; Lotterhos and Whitlock 2014, 2015), the use of multiple
complimentary methods, and the understanding that their results are only the first
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step in a long process validating the causal roles of candidate loci. Keeping the
limitations of outlier analysis and EAA in mind, these studies provide several
insights into marine clinal adaptation: clinal adaptation can occur in the ocean across
a wide range of gene flow regimes, clinal adaptation is driven by both subtle allele
frequency variation across environmental gradients and large allele frequency
variation at groups of loci in tight linkage, and evidence of hard sweeps from new
mutations are not observed.

4.1 Evidence of Adaptation Despite Gene Flow

The generalization that marine species have such high rates of gene flow as to be
essentially panmictic, making any evidence of local adaptation a paradox, is no
longer the prevailing view (Hauser and Carvalho 2008). However, many marine
species exist as large, continuously distributed populations characterized by low
differentiation, high gene flow, and subtle patterns of IBD. In these species, the
extent of local adaptation is determined by a balance between gene flow and natural
selection (Lenormand 2002; Slatkin 1973). These species potentially experience
high enough gene flow to significantly curtail local adaptation. However, the
population genetic characteristics of this stereotypical marine species also suggest
that clinal adaptation should be common, because large effective population size
leads to efficient selection and reduced impact of genetic drift.

Marine population genomic studies consistently identify candidate loci for adap-
tation to environmental gradients in spite of high gene flow. Atlantic herring (Clupea
harengus) closely fit the population genetic stereotype for marine species. High gene
flow and enormous effective population size act in concert to limit divergence
for the majority of loci. Despite the distribution over the entire North Atlantic, the
maximum degree of differentiation (FST) among populations is less than 2%.
Against this backdrop of low differentiation, there are significant allele frequency
changes associated with a gradual salinity cline extending from the North Sea to
the far reaches of the Baltic where salinity declines to three parts per thousand.
This finding appears robust to a variety of analytical approaches and sequencing
techniques. FST outlier analysis for genetic markers generated by SNP chips, whole
genome sequence and exome capture discover outlier loci in both pairwise compar-
isons between Baltic and Atlantic populations (Limborg et al. 2012; Martinez Barrio
et al. 2016) and among populations distributed across this salinity cline within
the Baltic (Lamichhaney et al. 2012, 2017; Limborg et al. 2012). Candidate loci
identified as outliers are also identified in parallel by environmental association
analysis in this system (Limborg et al. 2012; Martinez Barrio et al. 2016). Similar
marine species with large effective population sizes, high gene flow, and corre-
spondingly low genetic differentiation but high genetic diversity including Atlantic
cod, European hake, European anchovy, American lobster, pacific Lamprey, and red
abalone show similar patterns (see Table 1 for references); in spite of high gene flow,
allele frequencies correlate with environmental gradients expected to drive selection
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after controlling for demography and candidate loci bear population genetic signa-
tures of selection.

Of course, the stereotypical marine species with large continuously distributed
populations and resultant low genetic differentiation poorly represents the diversity
of demographies observed in marine species. Species with highly structured
populations, small effective population sizes, and even entirely panmictic species
are observed in the ocean. A review of the literature suggests that candidate loci for
clinal adaptation are discovered across a wide range of gene flow regimes. Studies on
salmonids suggest that clinal adaptation occurs among highly spatially structured
species (Bourret et al. 2013; Fraser et al. 2011; Hecht et al. 2015; Jeffery et al. 2017).
Owing to their natal homing and demersal eggs, anadromous salmon species have
reduced gene flow along their extensive ranges, producing strong patterns IBD
compared to the species considered so far. In Atlantic salmon, populations are
structured hierarchically, within separate lineages (Jeffery et al. 2017). This hierar-
chical structure makes it difficult to discern outlier loci potentially underlying clinal
adaptation from spurious outliers owing to secondary recontact or coupling of
endogenous and exogenous selection (Excoffier et al. 2009). This challenge is
highlighted by a finding that strongly implicates endogenous selection; outlier loci
are dispersed along the genome, rather than clustered within high LD regions
(Bourret et al. 2013). However, the finding that some of these clinal outliers occur
in parallel across strongly diverged lineages on either side of the Atlantic suggest
that at least some may be true targets of selection (Jeffery et al. 2017). To address a
similar problem, Hecht et al. (2015) leverage variance partitioning in redundancy
analysis of range-wide genetic variation of Chinook salmon. They find that much of
the genetic variation that correlates with environmental variables is collinear with the
neutral structure among separate lineages and therefore may be due to endogenous
barriers to gene flow or secondary recontact, but some genetic variation is best
explained by environmental variables alone, strongly implicating a role for selection
due to environmental gradients in shaping the population genetic structure of this
species.

At the other end of the gene flow spectrum, outlier analyses and EAA studies also
identify candidate loci among completely panmictic species or among microhabitats
within panmictic populations. In these cases, local adaptation does not occur as a
balance between the homogenizing effect of gene flow and the diversifying effect of
selection. Instead recurrent spatially variable selection reestablishes locally adaptive
divergence along environmental gradients each generation. In the American eel and
its sister species, the European eel, all breeding individuals migrate to a communal
spawning ground and produce complete panmixia among their offspring (Cote et al.
2013; Pujolar et al. 2014). Despite this panmixia, there is evidence of local adapta-
tion along the species range including gene expression and organismal fitness
measurements (Cote et al. 2014; Kalujnaia et al. 2007), and candidate loci for
spatially varying selection are found using both FST outlier and environmental
association analysis approaches (Gagnaire et al. 2012; Pujolar et al. 2014). These
findings are corroborated by results at much smaller spatial scales. Some authors
have observed FST outliers among microhabitats within single panmictic populations
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(Bay and Palumbi 2014; Wagner et al. 2017), highlighting the role of single
generation spatially varying selection may play in maintaining genetic diversity.

Together, discovery of candidate loci among these studies suggests that clinal
adaptation can occur in the ocean across a wide range of gene flow regimes.
Interestingly, Guo et al. (2015) explicitly compare candidate loci underlying clinal
adaptation in Baltic threespine stickleback under high gene flow to those from
studies of divergence of marine ancestors and isolated freshwater lake populations
in this species. There is striking parallelism of candidate loci across these two
extremes of gene flow.

But are candidate loci true targets of selection or at least in linkage with true
targets? Both demography and alternative selective scenarios, such as background
selection and endogenous selection, can produce clinal patterns of genetic variation
that can lead to spurious identification of candidates. Most studies attempting to
uncover the molecular basis of clinal adaptation make some attempt to validate their
candidate loci using multiple independent analyses. Candidates identified as FST

outliers are often subsequently subjected to environmental association analysis,
but these tests are not independent in systems with collinearity between environment
and neutral structure, e.g., IBD along an environmental gradient (Meirmans 2012),
or coupling of endogenous with exogenous selection or an environmental barrier to
gene flow (Bierne et al. 2011). Stronger evidence stems from comparisons of spatial
multivariate analysis of outlier and non-outlier datasets where outliers demonstrate
a stronger signal of environmental dependence than non-outliers (Riginos et al.
2016), but the number of studies that apply this approach in marine clinal adaptation
is limited (Benestan et al. 2016; Vandamme et al. 2014). Similarly, variance
partitioning of RDA results parses orthogonal and collinear portions of genetic
variation explained by environmental and neutral spatial factors (Peres-Neto et al.
2006). Studies that apply this technique to marine species discover that while neutral
and putatively adaptive genetic variation are correlated across space, a portion of
genetic variation is explained by environmental factors alone (Hecht et al. 2015;
Vandamme et al. 2014). Genome scan studies also commonly apply gene annotation
enrichment studies as a means of candidate validation. However, as with sequential
application of outlier and EAA approaches, these two analytical approaches may
not be independent, because genes in the same functional pathways are sometimes
clustered along the genome in functional genomic neighborhoods (Pavlidis et al.
2012).

Genome scans of clinal adaptation sometimes recover candidate loci discovered
in independent assays of natural selection. For example, the EDA locus responsible
for lateral plating in stickleback is discovered as a candidate in outlier analysis and
EAA studies (Guo et al. 2015; Pedersen et al. 2017). While this finding does not
validate other candidate loci, it does demonstrate the sets of candidate loci at least
contain true targets of selection. Another source of validation for candidate loci is the
discovery of shared candidates across evolutionarily independent lineages, but
low differentiation and high gene flow in most marine species preclude the study
of independent lineages, and the polygenic nature of ecologically relevant traits
(Le Corre and Kremer 2012; Rockman 2012) suggests there are many potential
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targets of selection and convergent evolution may rely on different combinations of
genes even across similar selective gradients (Laporte et al. 2015). While the shared
origins of adaptive alleles in convergent evolution reduce the strength of adaptive
inference, convergence of candidate loci does provide some corroboration.

Ultimately, validation of candidate loci in population genomic studies requires
subsequent studies characterizing the functional significance of candidates. To date,
such follow-up studies have not been conducted for the minority of studies that apply
genome scan approaches to identify the molecular basis of clinal adaptation in
marine species, perhaps because functional genetic studies, QTL analyses, and
common garden or reciprocal transplant studies are challenging to accomplish in
marine species (Sotka 2012).

4.2 Genetic Basis of Adaptation

Assuming that candidates identified in these studies contain true targets of selection,
marine populations provide key insights into the molecular basis of adaptation. Does
clinal adaptation rely on large- or small-effect alleles, new mutations or standing
genetic variation, hard sweeps or soft sweeps? Single locus, biallelic models of the
relationship between gene flow and selection are thoroughly developed and make
clear predictions about the mechanisms that permit local adaptation despite the
homogenizing effect of gene flow. When the migration rate is greater than the
strength of selection, polymorphism will be lost (Lenormand 2002). However, it is
unlikely that ecologically relevant traits subject to selection along an environmental
gradient demonstrate such simple, oligogenic architectures. Instead results from
genome-wide association, quantitative genetics, and experimental evolution all
point to polygenic architectures for most traits (Boyle et al. 2017; Rockman 2012).
Advances in recent theory have extended these predictions to traits with polygenic
architecture.

Theoretical predictions for spatial patterns of allele frequency at the loci under-
lying clinal adaptation (QTL) differ depending on the population genetic assump-
tions of the model. Polygenic models with continuously distributed individuals
over a shallow environmental gradient predict many discordant fixations or strong
steep genetic clines over very short spatial distance relative to the scale of the
environmental gradient (Barton 1999). Because each locus has a small effect,
these successive, short, stepped clines extending across the environmental gradient
produce a smooth trajectory of trait values that track the local optimum. In contrast,
theoretical predictions based on an island model and polygenic trait architecture
suggest gradual changes in allele frequency at individual loci across the subdivided
metapopulation. As the number of loci contributing to the trait increases, the degree
of differentiation at the QTL decreases relative to differentiation at neutral loci
until differentiation at neutral and adaptive genomic regions are indistinguishable
(Le Corre and Kremer 2012). Therefore, as the number of genes that control a trait
approaches the infinitesimal model, local adaptation is determined more strongly by
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genetic covariance of allelic effects than by differentiation (Kremer and Le Corre
2012; McKay and Latta 2002). While these results suggest that clinal adaptation is
possible even with polygenic trait architectures and subtle allele frequency differ-
ences, they do not explain how such genetic covariance is maintained in spite of
high gene flow characteristic of marine populations. Indeed, the probability that
an adaptive allele will be lost by swamping is determined by the relative strength
of selection and migration; therefore as effect size of individual alleles decrease
with more polygenic architectures, adaptive alleles should become more prone to
swamping (Yeaman and Otto 2011).

Under high gene flow and polygenic trait architectures, local adaptation is still
possible under one of two scenarios (Tigano and Friesen 2016; Yeaman 2015). First,
with sufficient genetic variation, transient covariance of adaptive alleles across the
landscape can rapidly produce local adaptation (Yeaman and Whitlock 2011). Local
adaptation by alleles susceptible to swamping is maintained because as allelic
effect size decreases, these alleles demonstrate reduced divergence and the effect
of migration on within-population trait genetic variance is decreased (Yeaman
2015). Second, the strength of selection at an individual locus is also determined
by the effects of physically linked loci. Therefore, selection is more effective on
combinations of adaptive alleles that are closely linked (Feder and Nosil 2010). In
this way, clusters of small-effect alleles segregate as de facto large-effect alleles
(Remington 2015). This process is particularly powerful if recombination rates are
reduced in the region through structural variation (e.g., inversions) or chromosomal
location (Kirkpatrick and Barton 2006).

Therefore, there are three primary population genetic expectations for clinal
adaptation under high gene flow and polygenic traits: (1) large allele frequency
shifts at many loci of small to moderate effects that are discordant across space
(Barton 1999); (2) transient, subtle allele frequency variation at adaptive QTL; and
(3) strong genetic clines among supergenes or genomic islands of divergence
(Kirkpatrick 2010; Schwander et al. 2014). EAA and FST outlier approaches differ
in their ability to recognize loci with these distinct spatial patterns. FST outlier
analysis is strongly biased toward the discovery of large allele frequency changes
across populations, while the majority of EAA approaches assume a linear relation-
ship between allele frequency and environmental variables under selection (Rellstab
et al. 2015). Therefore, ascertainment bias precludes the results from each class of
analyses from definitely resolving this question. For example, the frequent discovery
by EAA of candidate genes that demonstrate a gradual change in allele frequency
over environmental gradient does not provide insight into the frequency of stepped
genetic clines because they are relatively underpowered to detect these changes.

The literature does not strongly support theory that spatially discordant, succes-
sive fixations at many loci drive clinal adaptation, nor does it unequivocally refute
this mode of clinal adaptation. While studies rarely address this question directly, the
role of adaptive fixation can be inferred from the FST value of candidate loci
identified in outlier analysis (Bernatchez 2016). Maximum outlier FST values near
one are rarely reported for outlier analyses conducted along marine clines (Table 1),
despite the observation that this approach is biased toward identification of loci with
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extreme FST values. However, absence of evidence is not evidence of absence.
Outlier analysis in clinal marine populations is rarely conducted at high enough
genomic resolution to effectively cover the entirety of the genome (Lowry et al.
2017); therefore the outlier SNP may only be in partial linkage with the causative
locus and demonstrate a reduced signature of selection relative to the true target
(Schrider et al. 2015).

The role of transient, subtle shifts in allele frequency across environmental
gradients has stronger support in the literature. At face value, spatial variation in
allele frequency at candidate loci identified by EAA is evidence of gradual adaptive
gradients of allele frequency at individual loci. High explanatory power of
constrained ordinations of genetic variation also provide circumstantial evidence
for this genetic mode of clinal adaptation, because it represents a correlation between
polygenic allele frequency variation (ordination of genetic variation response vari-
ables) with environmental gradients after controlling for spatial effects. For example,
Hecht et al. (2015) are able to explain up to 22% of genetic variation within a lineage
of Chinook salmon after controlling for spatial effects, but very few studies have
used this approach so far. The transient nature of these subtle allele frequency clines
has both theoretical and limited empirical support in marine populations. Theoreti-
cally, large effective size in marine species should support large standing genetic
variation through high efficiency of balancing selection mediated by reduced loss of
alleles to drift and recurrent mutation (Gagnaire and Gaggiotti 2016). A spatiotem-
poral analysis of genetic variation in Atlantic cod from museum samples spanning
80 years demonstrates that loci identified as EAA and FST outliers are temporally
dynamic, with no locus identified as an adaptive candidate across the temporal range
of the study (Therkildsen et al. 2013a), strongly implicating a role for fluctuating
adaptive genetic architectures.

Finally, there is extensive evidence from marine populations that chromosomal
rearrangements and genomic cold spots of recombination act to protect genomic
islands of divergence from the homogenizing effects of gene flow. Analysis of
genomic divergence between sympatric ecotypes demonstrates that groups of adap-
tive alleles are held together in tight linkage by inversions in Atlantic herring
(Martinez Barrio et al. 2016), Atlantic cod (Berg et al. 2016), and stickleback
(Marques et al. 2016; Roesti et al. 2015). However, studies in Atlantic cod (Barney
et al. 2017; Barth et al. 2017; Sodeland et al. 2016) and the seaweed fly Coelopa
frigida (Wellenreuther et al. 2017) have highlighted that this phenomenon is
not isolated to highly structured populations but also occurs among continuously
distributed populations that are clinally adapted to environmental gradients. The
frequency of inversions in Atlantic cod demonstrates large shifts across a thermal
gradient with alternative forms nearly fixed across warm and cold environments.

In addition to the scale of allele frequency variation across space and genomic
islands of divergence, population genomic studies of clinally adapted marine organ-
isms provide insight into the relative roles of hard and soft sweeps and whether
adaptation proceeds through selection on the standing genetic variation or on new
mutations. Effective population size is a strong predictor of the prevalence of hard
sweeps from new mutations vs. soft sweeps from the standing genetic variation
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(Hermisson and Pennings 2005; Jensen 2014); therefore the expectation is that
hard sweeps should be rare in marine species. Circumstantial evidence for a role
of soft sweeps and evolution from the standing genetic variation comes from the
absence of allelic fixations discovered by FST outlier analyses (Bernatchez 2016).
However, this can be due to an incomplete portrait of genomic variation in the study
and spurious identification of the signal of soft sweeps due to “soft shoulders”
surrounding the adaptive haplotype (discussed above) (Schrider et al. 2015). Instead,
robust inference of the origins of adaptive alleles must stem from haplotype-based
outlier analysis or an in-depth analysis of nucleotide diversity surrounding candidate
loci (Pavlidis and Alachiotis 2017). While site frequency spectrum and nucleotide
diversity statistics are sometimes reported for candidate loci in EAA and FST outlier
analysis, only one study directly addresses the role of soft sweeps in marine clinal
adaptation. This study is also the only follow-up study on a set of candidates
identified in a genome scan for marine clinal adaptation that was discovered in a
search of the literature. Pespeni and Palumbi (2013) examined nucleotide diversity,
site frequency spectrum, and spatial variation in allele frequency and candidate loci
identified in a previous genome scan for selection the purple sea urchin. Although
their analysis confirms that candidate loci bear signatures of selection, they do not
detect reduced nucleotide diversity or alteration in the site frequency spectrum
surrounding candidate loci, strongly implicating that clinal adaptation in the clinally
adapted purple sea urchin is driven by spatially varying, balancing selection on the
standing genetic variation producing patterns of soft sweeps.

5 Future Directions

Marine clinal genetics is dominated by genome scans for selection, despite the
possibility that many studies are enriched for false positives owing to inaccurate
approximation of null/neutral models. While these studies have provided key
insights (see above), future work should place an emphasis on more strongly
inferring adaptive significance of candidate loci contributing to clinal adaptation.
A promising avenue for development in this area is better integrating the phenotype
into analyses by combining association genetics and/or quantitative genetic analysis
with genome scans for selection (Berg and Coop 2014; Gagnaire and Gaggiotti
2016).

The genetic architecture of traits influences how allele frequencies at underlying
QTL respond to selection (Le Corre and Kremer 2012) and therefore the effective-
ness of genome scans. If genetic architectures are highly polygenic, the signal of
selection at individual loci decreases. In the case of clinally adapted marine
populations, spatially varying selection with strong gene flow and large population
sizes is predicted to have a specific set of responses: either tight linkage de facto
large-effect alleles with strong allele frequency changes or polygenic adaptation that
has a transient genetic basis owing to dynamic equilibrium of allele loss due to
swamping but recurring adaptive mutations owing to large population size (Yeaman
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2015). These architectures are not mutually exclusive and the evidence presented
above suggest that clinal adaptation can depend on both. Therefore, the effect size
distribution of adaptive QTL in clinal marine populations is likely to have a high
variance (Gagnaire and Gaggiotti 2016), and genome scan results are likely to
identify only a portion of adaptive variation.

Integrating the phenotype into genome scans for selection may offer a solution to
identifying the signal of polygenic selection. If the genes underlying a trait are
known, trait values can be predicted for individuals or populations given their
genotypes or distribution of genotypes respectively. Correlation between these
genetic values and environmental variables reveal the action of selection on genetic
covariance on allelic effects that is expected as a response to selection under highly
polygenic architectures, rather than relying on correlation of individual alleles with
environmental factors as in EAA or outlier analysis. Such an approach has been
developed by Berg and Coop (2014) that relies on additive effect size estimates of
individual loci from genome-wide association study results and incorporates a model
of demographic effects such as drift on the genetic trait value.

Of course, genome-wide association studies suffer from the same limitation as
genome scans for selection. Even with large sample sizes and dense genotyping,
univariate associations between genetic markers and traits can only identify causal
variants with moderate to large phenotypic effects, and the resources to conduct
GWAS are not available for marine species. However, statistical developments in
the field of gene-trait association identification and estimation of heritability have
improved in recent years (Wellenreuther and Hansson 2016). Developments of the
latter include chromosome partitioning, regional heritability mapping, and improve-
ments to pedigree-free estimation of kinship. Combining these results with those
from genome scans for selection will allow researchers to determine whether their
candidates represent a complete picture of adaptive genetic variation. With respect to
identifying gene-trait associations, increasing recognition of classification and
regression algorithms from machine learning has also improved statistical inference
for genome-wide association analysis. For example, random forest is a nonparamet-
ric regression and classification algorithm that is applicable to high-dimensionality
datasets where the number of predictor variables (genes) far outnumbers the
response variables (phenotype) (Huang and Boutros 2016). In contrast to univariate
association tests, random forest can model the joint effects of many predictor vari-
ables together, increasing power to identify both polygenic trait architectures and
predictor interactions (i.e., epistasis) (Winham et al. 2012). The use of random forest
in genome-wide association analysis has produced a wide body of literature on its
sensitivity to population structure, cryptic relatedness among samples, and varying
trait architectures (Boulesteix et al. 2012; Chen and Ishwaran 2012; Goldstein et al.
2011; Stephan et al. 2015).

As classification and regression algorithms, machine learning techniques can
also be applied directly to EAA. Although the sensitivity of these approaches to
confounding factors such as demography have yet to be rigorously explored in
the context of EAA, several studies have begun to identify candidate loci associated
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with environmental variables using random forest (Brieuc et al. 2015; Laporte et al.
2016; Pavey et al. 2015).

6 Conclusions

Local adaptation of marine species distributed across environmental gradients is no
longer a paradox. There is evidence that some genomic regions exhibit substantial
differentiation with respect to the rest of the genome and that much of this differen-
tiation correlates with environmental variation that may drive selection. This finding
is robust to a variety of analytical techniques and demographic scenarios. Assuming
the candidate loci identified in such analyses contain true targets of selection, marine
clinal population genomic studies suggest that adaptation depends, at least in part,
on both transient, small-effect loci and chromosomal rearrangements and differen-
tiation at large-effect “supergenes.” Importantly, discovery bias among analytical
techniques prevents inference into the relative importance of these genetic architec-
tures of adaptation.

Despite these great strides in our understanding of the genetic basis of adaptation
in the ocean, our understanding of the mechanisms by which variation at the level of
SNPs discovered as candidates in genome scans translates into variation in traits
under selection is unclear. Future studies should focus on closing this gap of
knowledge, through a better integration of the phenotype in the identification of
candidates and through rigorous verification of candidates where it is possible.
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The Population Genomics of Parallel
Adaptation: Lessons from Threespine
Stickleback

Paul A. Hohenlohe and Isabel Santos Magalhaes

Abstract Threespine stickleback fish (Gasterosteus aculeatus) have long been an
ecological and evolutionary model system. Stickleback exhibit remarkable patterns
of parallel adaptation among populations across their range, most notably repeated
colonization and adaptation in freshwater habitats from ancestral marine or anadro-
mous forms and repeated diversification into different freshwater ecotypes such as
lake/stream and benthic/limnetic. The phenotypic traits involved in this adaptive
evolution include physiology, behavior, life history, pigmentation, and numerous
aspects of body size, shape, and morphology, the genetic basis of which has been
elucidated through laboratory-based genetic mapping. With the advent of next-
generation sequencing and the availability of a well-assembled reference genome
for the species, numerous studies have identified genomic regions exhibiting signa-
tures of selection in natural populations. The combination of these approaches has
established numerous linkages among genotype, phenotype, environment, and adap-
tation. Here we review these results and assess alternative modes for the genetic
basis of parallel phenotypic adaptation in terms of the genetic architecture of the
traits and the source of adaptive variation across populations. We highlight examples
ranging from single genes of major effect to polygenic traits and from reuse of allelic
variation shared among populations to independent mutations across loci. Demo-
graphic scenarios such as serial colonization and adaptation, along with genomic
features such as inversion polymorphism, provide insights into how widespread
parallel adaptation in multiple phenotypes can occur. The diversity of genetic
mechanisms for parallel evolution in stickleback leads to the “Everyone Wins”
principle of biology—nearly any alternative mechanism plays a role in at least
some cases, and often multiple mechanisms act concurrently. Because of the wealth
of natural evolutionary experiments and the ever-expanding set of genomics and
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other tools available in this species, threespine stickleback will likely remain a key
model system for population genomics studies of adaptation.

Keywords Adaptive radiation · Gasterosteus aculeatus · Genome scan · GWAS ·
Parallel evolution · QTL mapping

1 Adaptive Evolution in Threespine Stickleback

1.1 Ecological Diversity and Parallel Evolution

With a nearly circumpolar marine distribution in the Northern Hemisphere and
ongoing repeated colonization of freshwater habitats, threespine stickleback fish
(Gasterosteus aculeatus) exhibits remarkable diversity in a wide range of pheno-
types (Fig. 1). This diversity, combined with their local abundance and ease of
collection, has made threespine stickleback an evolutionary model system for the
study of rapid and dramatic evolution of morphological, physiological, and behav-
ioral adaptations to new environments and, in particular, replicated colonization and
adaptation to a set of habitats distributed across the species range. Early studies
attempting to characterize the species were presented with a bewildering amount of
phenotypic diversity that challenged taxonomic groupings (Bell and Foster 1994).
Further research in the twentieth century began correlating phenotypic diversity with
habitat, suggesting that natural selection could probably account for much of the
observed variation (Hagen and McPhail 1970; Bell 1976). Stickleback became a
model system for adaptive radiation and sympatric diversification with the discovery
of evidence for character displacement in lakes where morphologically distinct types
coexisted, with links between morphology and resource use, and reduced gene flow
between morphotypes even in sympatry (Schluter and McPhail 1992; Schluter 1993,
1996).

A remarkable feature of stickleback diversity is that similar phenotypes can be
found repeatedly in similar environments in geographically isolated locations across
the species range, suggesting independent but phenotypically parallel adaptation.
For instance, Lavin and McPhail (1993) found repeated phenotypic differences
between lake and stream populations in British Columbia, arguing that phenotypic
similarities could be the result of parallel evolution. Since then the number of studies
of parallel evolution and adaptive radiation in stickleback has continued to grow,
along multiple phenotypic and environmental axes. With the advent of genomics and
other experimental tools that are readily applied in this species, many researchers
have combined various types of data to address the connections among genotype,
phenotype, environment, and adaptation. Table 1 presents a representative set
of publications focused on parallel evolution in threespine stickleback, based on a
simple and far-from-exhaustive web search. Not only has the frequency of such
publications steadily increased, but they are well-cited in the broader literature,
showing the influence of stickleback research on the field of evolutionary biology
(Fig. 2).
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Three main pairwise comparisons have been the focus of studies of stickleback
evolution and divergence: (1) marine versus freshwater, (2) stream versus lake, and
(3) benthic versus limnetic forms. It is generally accepted that extant marine
populations represent the ancestral threespine stickleback form (Bell 1977; Schluter
and McPhail 1992; Bell and Foster 1994; but see Morris et al. 2018), and the diverse
freshwater ecotypes are derived. There is also differentiation between truly marine
and anadromous populations, although this distinction is poorly known (Ahnelt
2018). Many studies have focused on external morphology, particularly the reduc-
tion in armor traits, such as lateral plates and spines, which often occurs with
colonization of freshwater from marine habitats (Bell et al. 2004). Marine stickle-
back nearly always have three dorsal spines, two pelvic spines (one on each side of
the body), an armored pelvis, and a full set of lateral armor plates running from
behind the head to the tail. Freshwater populations, however, exhibit a wide varia-
tion in the reduction in the number of dorsal spines, pelvic armor and spines, and

Fig. 1 Phenotypic variation
and popular appreciation of
threespine stickleback
(Gasterosteus aculeatus; top
three fish), as well as
ninespine stickleback
(Pungitius pungitius;
bottom two individuals).
Illustration by children’s
book author and naturalist
Beatrix Potter (1866–1943),
reproduced courtesy of the
Armitt Trust
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Table 1 A non-exhaustive survey of studies of parallel evolution in threespine stickleback,
showing the region in which populations were sampled, the primary axis of comparison, and
phenotypic and genetic data collected

Publication Region
Habitat
comparison Phenotypes Genetic data

Rudman
et al. (2019)

British Columbia,
Canada

Marine,
freshwater

Lateral plate morph
(high, low), ionome,
calcium uptake,
excretions

–

Verta and
Jones (2019)

Scotland; British
Columbia, Canada

Marine,
freshwater

Gene expression RNAseq

Miller et al.
(2019)

British Columbia,
Canada

Sculpin
presence,
absence

Body shape, armor
traits

mtDNA, WGS

Haenel et al.
(2019)

Scotland Marine,
acid lakes,
alkaline
lakes

Armor traits Pooled
RADseq

Xie et al.
(2019)

California, Alaska,
USA; British Columbia,
Canada

Marine,
freshwater

Pelvic armor Mutational
mechanism

Kitano et al.
(2019)

Japan; British
Columbia, Canada

Marine,
stream

Gene expression eQTL from
targeted SNP
genotyping

Liu et al.
(2018)

Denmark; Greenland Marine,
freshwater

Lateral plates, keel
plates

RADseq

Bassham
et al. (2018)

Alaska, USA Marine,
freshwater

– RADseq

Nelson and
Cresko
(2018)

Alaska, USA Marine,
freshwater

– RADseq

Hanson et al.
(2017)

British Columbia,
Canada

Lake,
stream

Gene expression Transcriptome
sequencing

Pujolar et al.
(2017)

Denmark Marine,
freshwater

Lateral plates Targeted SNP
genotyping

Mobley et al.
(2016)

British Columbia,
Canada

Benthic,
limnetic

Mating preference –

Erickson
et al. (2016)

British Columbia,
Canada

Marine,
benthic
freshwater

Skeletal morphol-
ogy, armor traits

GBS

Hanson et al.
(2016)

British Columbia,
Canada

Lake,
stream

Sexual maturity
(body color for
males, gravidity for
females)

–

Oke et al.
(2016)

British Columbia,
Canada

Lake,
stream

Morphological
measurements, gill
rakers

–

(continued)
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Table 1 (continued)

Publication Region
Habitat
comparison Phenotypes Genetic data

Conte et al.
(2015)

British Columbia Benthic,
limnetic

Body shape, armor
traits, gill rakers

Targeted SNP
genotyping

Mazzarella
et al. (2015)

Norway Salinity Body shape –

Hirase et al.
(2014)

California, Washington,
Alaska, USA; British
Columbia, Nova Scotia,
Canada; Japan;
Germany; Norway;
Scotland; Iceland

Marine,
freshwater

Gene copy number WGS

Glazer et al.
(2014)

British Columbia,
Canada; Washington,
Alaska, USA

Marine,
freshwater

Gill rakers Microsatellites,
InDel markers

Lucek et al.
(2013)

Switzerland Lake,
stream

Body shape, armor
traits, gill rakers

Microsatellites

Ravinet et al.
(2013)

Northern Ireland Lake,
stream

Body shape, armor
traits, gill rakers,
diet

Microsatellites

Moser et al.
(2012)

Germany; Austria;
Switzerland

Lake,
stream

Otoliths, body
shape, fecundity,
stomach content,
lateral plates

Microsatellites,
mtDNA

Natsopoulou
et al. (2012)

Iceland Rocky,
lava, mud
substrates

Parasite load MHC diversity
by SSCP

Deagle et al.
(2012)

British Columbia,
Canada

Lake,
stream

Morphological
measurements, lat-
eral plates

Targeted SNP
genotyping

Dalziel et al.
(2012)

British Columbia,
Canada

Marine,
stream

Gill rakers, ventric-
ular and pectoral
muscle, hemoglobin
concentration,
hematocrit

–

Hohenlohe
et al. (2012)

Alaska, USA Marine,
freshwater

– RADseq

Kaeuffer
et al. (2012)

British Columbia,
Canada

Lake,
stream

Body shape, armor
traits, gill rakers,
diet, trophic
position

Microsatellites

Kimmel et al.
(2012)

Alaska, Oregon, USA;
British Columbia,
Canada; Iceland

Marine,
freshwater

Opercle
morphology

–

(continued)
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Table 1 (continued)

Publication Region
Habitat
comparison Phenotypes Genetic data

Jones et al.
(2012)

California, Washington,
Alaska, USA; British
Columbia, Nova Scotia,
Canada; Japan;
Germany; Norway;
Scotland; Iceland

Marine,
freshwater,
benthic,
limnetic

Body shape WGS

Hohenlohe
et al. (2010)

Alaska, USA Marine,
freshwater

– RADseq

Ólafsdóttir
and
Snorrason
(2009)

Iceland Rocky,
lava, mud
substrates

Microhabitat, body
shape, armor traits

Microsatellites

Chan et al.
(2009)

British Columbia,
Canada; Alaska, USA;
Japan

Marine,
freshwater

Pelvic armor Microsatellites,
targeted
sequencing of
PitxI,
transgenics

Marchinko
(2009)

British Columbia,
Canada

Marine,
freshwater

Armor traits Targeted
genotyping of
Eda

Miller et al.
(2007)

British Columbia,
Canada; Washington,
California, USA; Japan

Marine,
freshwater

Gill and skin
pigmentation

Microsatellites

Coyle et al.
(2007)

Scotland Lake,
stream

Pelvic girdle and
pelvic spine

Microsatellites

Marchinko
and Schluter
(2007)

British Columbia,
Canada

Marine,
freshwater

Lateral plates,
growth rate

–

Ólafsdóttir
et al. (2007)

Iceland Marine,
freshwater

Spine length and
lateral plate mor-
phology, microsat-
ellite loci

–

Colosimo
et al. (2005)

British Columbia,
Canada

Marine,
freshwater

Lateral plates Microsatellites,
targeted
sequencing of
Eda

Boughman
et al. (2005)

British Columbia,
Canada

Benthic,
limnetic

Behavior (court-
ship), gill raker,
armor plate numbers

–

Colosimo
et al. (2004)

California, USA;
British Columbia,
Canada

Marine,
freshwater

Lateral plates Microsatellites

Cresko et al.
(2004)

Alaska, USA Marine,
freshwater

Armor traits Microsatellites

Rundle et al.
(2000)

British Columbia,
Canada

Benthic,
limnetic

Spawning
probability

–

Thompson
et al. (1997)

British Columbia,
Canada

Lake,
stream

– mtDNA

(continued)
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lateral plates, with some populations having lost nearly all of these. Early compar-
isons of lake and stream populations focused on the ecology of adaptive radiations
(Schluter and McPhail 1992; Schluter 1993, 1996) and parallel evolution (Lavin and
McPhail 1993), particularly in body shape phenotypes.

Both marine/freshwater and lake/stream stickleback population pairs are wide-
spread across the species range, including both sides of the North Atlantic and North
Pacific. In contrast, the coexistence of distinct bottom-dwelling (benthic) and open-
water (limnetic) forms within freshwater habitats is much less common, with
examples primarily from a few lakes in British Columbia. Their rarity may be
explained by the fact that the pairs most likely resulted from double invasions
facilitated by fluctuations in sea level in this region (Schluter 1996): the first oceanic
colonizers of these lakes evolved into a freshwater form, and then a second invasion
by oceanic sticklebacks displaced the first population to the benthic niche while
adapting to the alternative open-water limnetic niche (Taylor and McPhail 1999).
These pairs have provided examples of divergence in size, shape, feeding morphol-
ogy, body armor, mate preference, and behavior, which confer fitness advantages
when tested in the corresponding benthic and limnetic environments (Schluter and
McPhail 1992; Erickson et al. 2016).

1.2 Threespine Stickleback as a Model System

The threespine stickleback has become a model system for adaptive evolution from
multiple perspectives (Hendry et al. 2013). While the taxonomic implications of
diversification have been a continuing source of debate, the mechanisms of ecotype
formation and evolution of partial or complete reproductive isolation between
stickleback forms provide a model for understanding the processes of adaptive
radiation and speciation (Foster et al. 1998; McKinnon et al. 2004). Because of the
adaptation to different habitats and ecological niches in stickleback diversification,
the species has played a key role in the concept of ecological speciation—speciation

Table 1 (continued)

Publication Region
Habitat
comparison Phenotypes Genetic data

Lavin and
McPhail
(1993)

British Columbia,
Canada

Lake,
stream

Gill rakers, body
shape

–

We searched Web of Science for TITLE: (stickleback�) AND TITLE: (parallel� or repeat�) NOT
TITLE: (nine�) as of June 2019. Ten publications were removed as the word “repeated” in the title
did not refer to parallel evolution, leaving a total of 44 publications. This excludes relevant studies
without the specific keywords in the title (e.g., Raeymaekers et al. 2017; Stuart et al. 2017)
mtDNA mitochondrial DNA sequence, RADseq restriction site-associated DNA sequencing,
eQTL expression quantitative trait locus, SNP single-nucleotide polymorphism, WGS whole-
genome sequencing, MHC major histocompatibility complex, SSCP single-stranded conformation
polymorphism
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in which reproductive isolation occurs as a by-product of phenotypic divergence
resulting from adaptation to different ecological roles (Schluter 2001, 2009; Nosil
2012). Ecological communities feel the effects of these processes. For example,
divergence into benthic and limnetic ecotypes has been shown to have cascading
ecological effects on prey community structure, primary productivity, and dissolved
organic material (Harmon et al. 2009). Conversely, the collapse of ecotypes into

Fig. 2 (a) Annual counts of published studies of parallel evolution in threespine stickleback as of
June 2019 that are shown in Table 1. (b) Total number of times that all of these publications have
been cited per year
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a single interbreeding population (termed “reverse speciation” or “introgressive
extinction”) can also have ecological consequences. For instance, Rudman and
Schluter (2016) found that when benthic and limnetic forms combined into a single
intermediate form, effects on relative abundances of prey included changes in the
pupating aquatic insects that emerged into the surrounding terrestrial environment.

A number of genomics and laboratory tools and resources have facilitated
stickleback research. The genome of the threespine stickleback is of a tractable
size (~460 Mb, in 21 chromosomes), and a high-quality reference genome assembly
has been available for some time (Kingsley et al. 2004; Jones et al. 2012). With the
advent of next-generation sequencing, threespine stickleback have been the focus of
early empirical studies in the field of population genomics (Hohenlohe et al. 2010;
Jones et al. 2012). They are also easily raised in the lab and subject to experimental
manipulation for developmental or physiological studies. To the extent that research
can uncover the developmental genetic basis of traits that play important roles in
ecology and parallel adaptation, stickleback can be a model for connecting evolu-
tionary patterns to developmental processes (“evo-devo”; Cresko et al. 2007; Miller
et al. 2014).

Despite the strong evidence that phenotypic changes in stickleback have evolved
in response to environmental conditions, particularly along the ecological axes
described above, there are comparatively few studies of the specific environmental
drivers of divergence. Most of these have focused on predation, parasites, and
salinity and/or pH. A few studies have found positive associations between spine
length and predation intensity (Moodie et al. 1973; Gross 1978; Reimchen 1995).
Large variation in pH and calcium among lakes has been linked to the evolution of
body size or armor in stickleback in these lakes (Giles 1983; Spence et al. 2013;
MacColl and Aucott 2014). Studies of environmental drivers of stickleback adapta-
tion have traditionally focused on the relationship between a single environmental
factor and the evolution of one or a small number of traits (Vamosi and Schluter
2002; Marchinko 2009), although this has begun to change (Bourgeois et al. 1994;
Raeymaekers et al. 2017; Stuart et al. 2017). The understanding of stickleback
diversity can benefit from viewing both the environment and phenotype as highly
multivariate and with complex relationships to fitness.

1.3 Genetics of Parallel Evolution

Parallel phenotypic evolution has been observed in a number of taxa, such as cichlid
and salmonid fishes (Elmer and Meyer 2011) and Anolis lizards (Mahler et al. 2013).
Several authors (Arendt and Reznick 2008; Elmer and Meyer 2011; Rosenblum et al.
2014; Bolnick et al. 2018) have addressed the distinction between “parallel” and
“convergent” evolution, which depends on how two populations or lineages arrived
at a similar phenotypic state; parallel implies a similar starting point (i.e., more recent
common ancestor or similar genetic basis), while convergent implies different
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starting points (i.e., distant and phenotypically distinct common ancestor or different
genetic mechanisms). The wealth of natural experiments and genomics tools in
stickleback allow direct investigation of the genetic basis of adaptive phenotypes.
However, the genetic basis of phenotypes shared among populations can be similar
or different in a multitude of ways (Arendt and Reznick 2008). First, it is important
to consider the level of biological organization at which the relevant genetic varia-
tion occurs (e.g., nucleotide, gene, network) (Rosenblum et al. 2014). For example,
mutations that affect different nucleotide positions within the same gene and thus
result in similar phenotypes could be considered convergent at the gene level but not
at the nucleotide level (Fig. 3). Variation may be inherited from a common ancestor,

Population X Population Y

(A) shared mutation:

(B) independent mutations, same gene:

(C) independent mutations, same pathway:

(D) independent mutations, different pathway:

Fig. 3 Alternative genetic scenarios for parallel phenotypic evolution (Elmer and Meyer 2011;
Rosenblum et al. 2014). Similar phenotypes evolve in similar habitats in two independent
populations X and Y (e.g., stickleback in two freshwater bodies) from a divergent common ancestor
(e.g., marine). Bars represent genes interacting with each other in a pathway that affects the
phenotype, and stars represent any type of mutation (nucleotide substitution, insertion/deletion,
etc.) that affects either regulatory or coding regions of the gene. (a) A single mutation in one gene
creates an allele that is present in the ancestral population, and selection acts on this allele in both the
descendant populations. (b) Two different mutations in the same gene lead to similar phenotypes in
each population. (c) Two different mutations in different genes produce similar phenotypes by
affecting the same genetic pathway. (d) Independent mutations affect genes in different pathways,
but nonetheless have similar phenotypic effects. In the case of polygenic phenotypes, some
combination of any or all of these scenarios may play a role together
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thus providing the shared genetic mechanism of parallel evolution, in the case of
adaptation from standing variation (Barrett and Schluter 2008). Alternatively, it may
reflect independent genetic changes between populations or lineages. Phenotypic
variation may also be polygenic, so that parallel phenotypic change may depend on
genetic changes in overlapping suites of loci or pathways. To address these cases,
and to make use of quantitative trait locus mapping studies, Conte et al. (2012)
developed a metric of proportional similarity to reflect the proportional contributions
of genes to parallel phenotypes.

Whether parallel phenotypic evolution relies on one or many genes, or indepen-
dent variants versus shared ancestral variation, depends on a large number of factors
that are specific to the genetic basis of the phenotype and the demographic history of
the populations (Rosenblum et al. 2014). It is possible that different phenotypes
show different patterns within the same set of populations or that parallel evolution
of a polygenic phenotype reflects a mixture of shared ancestral variation and
independent mutations (Fig. 3). Indeed, examples of all of these scenarios can be
found in threespine stickleback. Below we describe the primary population geno-
mics approaches that have been taken to understand the genetics of adaptation in
stickleback, highlight examples of the various genetic modes of parallel phenotypic
evolution, and discuss how demographic and genomic conditions can facilitate
repeated, rapid adaptation in this species. With the power of population genomics,
threespine stickleback continue to reveal insights into the genetics of adaptation.

2 Identifying Functional Loci in Stickleback

The advent of molecular population genetics has enabled direct investigations of
important factors in the evolution of threespine stickleback and the relationships
among genotype, phenotype, fitness, and the environment (Hendry et al. 2013). Two
broad areas of focus have been most widely applied to understand the genetic basis
of adaptation: first, genetic mapping of traits—identifying loci in the genome that
explain some proportion of variation in a particular phenotype, directly linking
genotype to phenotype. Second, genome scans for selection or genotype–environ-
ment association (GEA)—identifying loci that show either evidence of a response to
selection or correlation with environmental variables in natural populations, linking
genotype to fitness or the environment. Mapping studies can be grouped as tradi-
tional genetic mapping approaches, which use a laboratory cross of individuals with
divergent phenotypes and identify marker loci that segregate with phenotypic
variation, termed quantitative trait loci (QTL), and genome-wide association studies
(GWAS), which identify associations between marker loci and phenotypic variation
in an outbred population (Wellenreuther and Hansson 2016). Genetic markers, such
as microsatellites, can be used for traditional mapping because the relatively large
linkage blocks present in a laboratory cross can be genotyped with fewer markers.
However, GWAS, genome scans for selection, and GEA require larger numbers of
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markers to survey the entire genome, because they use information from outbred
populations in which linkage blocks are much smaller and a higher density of
markers is required to detect functional loci.

2.1 Mapping

Accordingly, the first major insights into the genetic basis of parallel adaptation in
stickleback grew out of traditional mapping studies using laboratory crosses of
phenotypically divergent individuals. For instance, Peichel et al. (2001) created a
linkage map based on 227 informative microsatellite markers and used it to map
traits involved in benthic–limnetic differentiation in freshwater stickleback in British
Columbia. Shapiro et al. (2004) used an overlapping set of markers to link the pelvic
armor phenotype to the gene Pitx1, which also affects hind limb development in
mice. Other genes identified in QTL studies of stickleback are also known to have
similar functions in widely divergent model organisms (Miller et al. 2007). The well-
studied lateral plate phenotype, which typically diverges rapidly between marine and
freshwater habitats, was mapped to a single Mendelian locus of major effect and
traced to the gene Ectodysplasin (Eda) in a series of microsatellite-based mapping
studies (Colosimo et al. 2004, 2005; Cresko et al. 2004). Other studies have used
microsatellite or single-nucleotide polymorphism (SNP) markers to identify QTL for
multivariate phenotypes such as body shape (Albert et al. 2008; Liu et al. 2014),
skeletal morphology (Kimmel et al. 2005; Miller et al. 2014), and pigmentation
(Greenwood et al. 2011). The advent of genomics tools has greatly increased the
number of genetic markers that can be efficiently genotyped in non-model organisms
(Ellegren 2014; Kratochwil and Meyer 2015). This means that the density of markers
possible across the stickleback genome with tools such as restriction site-associated
DNA sequencing (RADseq) (Hohenlohe et al. 2010) is sufficient to identify the
relatively small linkage blocks present in outbred populations (Hohenlohe et al.
2018). For instance, while much of the repeated evolution of lateral plate number in
freshwater stickleback populations involves substantial reduction in number of
lateral plates, it is quite rare for lateral plates to be lost altogether (Magalhaes et al.
2016). Mazzarella et al. (2016) used RADseq in a GWAS framework to identify the
genetic basis of the plateless phenotype in Norwegian stickleback populations,
finding this trait to be polygenic.

A few general conclusions can be reached about the genetic basis of phenotypic
variation in stickleback from the results of QTL mapping studies. Not surprisingly,
there are relatively few loci with a large effect on phenotypic variation and many
more loci with small effect (Peichel and Marques 2016). QTL also appear to be
clustered across the genome; for instance, chromosomes IV and XXI have a higher-
than-expected number of QTL across phenotypic traits after accounting for chromo-
some size and gene number (Peichel and Marques 2016). Of course it should be
noted that the phenotypes that have been the subject of QTL mapping studies in
stickleback are not a random sample of variable phenotypes but instead are focused
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on ecologically important traits and those that exhibit parallel evolution across
stickleback ecotypes.

To compare across replicate natural populations, phenotypic variance can be
attributed to multiple loci and their proportional effect quantified. The growing
number of comparable mapping studies allows for meta-analysis of the degree of
overlap in loci that contribute to parallel phenotypic evolution (Conte et al. 2012;
Peichel and Marques 2016). For instance, in a pair of comprehensive QTL mapping
studies of parallel evolution in benthic freshwater sticklebacks in British Columbia,
Conte et al. (2015) and Erickson et al. (2016) mapped multiple phenotypic traits and
compared overlap of QTL across lakes. Traits included body shape morphometrics
and skeletal meristic traits, including lateral plates, and the authors genotyped a large
number of SNP markers in each case. Again the results were mixed (Fig. 4); Conte
et al. (2015) found that at nearly half of the QTL, alleles showed the same association
with the same trait in the same direction. At other loci, genotype was associated with
the trait in one lake but not the other. At a smaller number of QTL, the genotype was
associated with the same phenotype in both lakes but in opposite directions,
suggesting different patterns of linkage disequilibrium between the marker and the
causative mutation. Erickson et al. (2016) found that just over half of the QTL were
unique to one of the three lakes tested, although some loci were significant for all
three.

Fig. 4 Overlapping QTL associated with phenotypic differentiation between benthic and limnetic
stickleback forms in two lakes in British Columbia. Only linkage groups (chromosomes) on which
QTL were found are shown, and the trait is given next to each QTL. Blue indicates parallel effects in
both the lakes; gray indicates effects in one lake but not the other; red indicates effects in opposite
directions in each lake; tan indicates QTL for which two or more models cannot be distinguished.
Reproduced with permission from Conte et al. (2015)
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To extend from QTL mapping to selection and parallel evolution in nature, QTL
identified in a laboratory cross can be tested for association with the same phenotype
or signatures of selection across multiple natural populations, using targeted marker
genotyping or sequencing. Examples can be found between the ecotypes of estuarine
and freshwater (Raeymaekers et al. 2007), lake and stream (Berner et al. 2014), or
benthic and limnetic comparisons (Erickson et al. 2016). The results are mixed.
Many QTL in these studies do not show consistent patterns across populations,
suggesting that parallel phenotypic evolution is not attributable to divergence at
these loci. However, many other QTL, particularly those with large phenotypic
effect, do show consistent association with particular phenotypes or signatures of
selection across populations. Perhaps the most striking and well-studied example is
Eda, discussed in more detail below.

2.2 Genome Scans for Selection

Genome scans for selection assess the patterns of allelic variation, haplotype struc-
ture, and other features across populations to identify signatures of natural selection
acting on the genome (Fig. 5). Genome scans in threespine stickleback have made
use of both reduced representation genomic sequencing techniques like RADseq
(e.g., Hohenlohe et al. 2010; Liu et al. 2018) and whole-genome sequencing (e.g.,
Jones et al. 2012). These genomics techniques provide a dense set of markers across
the genome. When placed on the periodically improving stickleback genome assem-
bly (Glazer et al. 2015), a genomic set of markers can identify significant genomic
regions either by finding clusters of significant markers such as SNPs or by using
sliding window analyses (e.g., Fig. 5d shows both individual SNPs and a smoothed
sliding window average), and then candidate genes can often be identified in the
chromosomal neighborhood of such significant regions. This illustrates the value of
a physical map of the genome in population genomics research (Luikart et al. 2018).
Because of the role of adaptive divergence between habitats in stickleback evolution,
genome scans for selection have most commonly searched for outlier loci—loci with
differentiation (often quantified by FST) between populations significantly greater
than the genome-wide background. Most commonly, these studies have tested for
outliers between replicate habitat pairs such as marine–freshwater (Fig. 5b, e), lake–
stream (Fig. 5c, d, f), or benthic–limnetic, while a few have focused on biotic factors
such as the presence of prickly sculpin (Cottus asper), which is both a predator and a
competitor (Miller et al. 2019).

Outlier-based genome scans do not directly indicate which phenotype or envi-
ronmental variable is associated with the genetic signature of selection. In contrast,
genotype–environment association (GEA) analyses specifically test for relationships
between loci and specific environmental variables, such as temperature or salinity
(Hoban et al. 2016). For example, Guo et al. (2015) surveyed 10 stickleback
populations across temperature and salinity gradients in the Baltic Sea and used
RADseq to genotype a large number of SNP markers. They identified several loci
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Fig. 5 Examples of genetic mapping and genome scan studies in threespine stickleback. In all
cases, chromosomes I through XXI are aligned along the horizontal axis, and plots are rescaled to
correspond with each other; (b, c, and f) also show unassembled scaffolds, and (d and e) have
removed the sex chromosome XIX. (a) Percent variance explained (PVE) by QTL across multiple
studies (Peichel and Marques 2016). (b) Differentiation (FST) between three independent freshwater
and two marine populations in Alaska (Hohenlohe et al. 2010). (c) Significance of selection
signatures in a Bayesian analysis (log of posterior odds, log10PO) in lake–stream comparisons in
British Columbia (Deagle et al. 2012). (d) Differentiation (FST) between lake and stream
populations in Alaska (Feulner et al. 2015). (e) Differentiation (FST) between marine and freshwater
populations in Denmark (Liu et al. 2018). (f) Differentiation (residual FST) between lake and stream
populations in British Columbia (Roesti et al. 2012). (g) Genotype–environment association with
salinity (log of Bayes factors) in populations across the Baltic Sea (Guo et al. 2015)
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across the genome associated with each of these environmental variables (Fig. 5g),
including several that matched outlier loci found in previously published genome
scans of marine–freshwater comparisons. Rennison et al. (2019) combined a genome
scan for outlier genomic windows of differentiation between lake and stream
populations with GEA methods to detect associations between genotype and both
environmental variables and morphology. Multiple genomic regions were associated
with lake–stream differentiation, abiotic environmental factors, diet, and morphol-
ogy, and these regions exhibited some clustering on particular chromosomes, such as
IV and VII (as evident in Fig. 5). However, while there was some overlap among
categories, it was not significant at a genome-wide scale. Less overlap in genomic
regions associated with adaptation to salinity was observed between threespine and
ninespine stickleback (Pungitius pungitius) (Raeymaekers et al. 2017).

The large and growing number of mapping and genome scan studies in stickle-
back allows for comparative meta-analyses. Multiple studies have identified con-
centrations of functional loci in the stickleback genome (Peichel and Marques 2016).
For instance, note the prevalence across the studies in Fig. 5 of significant loci on
chromosome IV, which is the chromosome containing Eda. Many of the same tools
have been shared by the stickleback research community and applied across QTL
mapping, genome scan, and GEA studies, allowing direct comparison of the same
loci across a large number of populations and studies. For instance, a largely
overlapping set of microsatellite loci has been used following Peichel et al. (2001)
(Table 1). Most RADseq-based studies, starting with Hohenlohe et al. (2010), have
applied a similar protocol even down to the restriction enzyme used (SbfI), which
again means that a common set of loci are interrogated. As whole-genome sequenc-
ing becomes more prevalent (Jones et al. 2012), this pattern of comparability among
studies continues.

3 Population Genomics of Parallel Adaptation

3.1 Shared Variation at a Gene of Major Effect

The best-known example of a gene of major effect in threespine stickleback is
Ectodysplasin (Eda), associated with the repeated reduction in lateral plates com-
monly seen in adaptation to freshwater habitats. A region of linkage group IV was
first linked to the lateral plate phenotype by genetic mapping (Colosimo et al. 2004;
Cresko et al. 2004). Laboratory complementation studies established that the same
gene was involved in parallel adaptation to freshwater habitats (Cresko et al. 2004),
and fine-scale mapping and sequencing determined that repeated evolution of the
low-plated phenotype resulted from a shared allele at Eda estimated to be 2 million
years old (Fig. 6; Colosimo et al. 2005). Further work established that selection on
the Eda region, particularly evidenced by elevated differentiation at this locus
between marine and freshwater populations, was widespread across the Atlantic
(Mäkinen et al. 2008) and Pacific Ocean basins (DeFaveri et al. 2011). Subsequent
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genome scans for selection between marine and freshwater populations have
found elevated genetic differentiation around Eda across the range of the species
(Hohenlohe et al. 2010; Jones et al. 2012; Terekhanova et al. 2014; Ferchaud and
Hansen 2016). Roesti et al. (2015) also found elevated differentiation in the chro-
mosomal region around Eda in lake–stream comparisons, also corresponding to
differences in lateral plate phenotypes.

The repeated use of a shared, ancient allele at Eda in lateral plate reduction
demonstrates that this parallel evolution relies on standing genetic variation present
in the marine population (Fig. 3a). Evolution from standing genetic variation can be
remarkably rapid, occurring over just a few decades (Lescak et al. 2015; Marques
et al. 2018), demonstrating the strength of selection in newly colonized freshwater
habitats. However, the situation is more complex than it may seem. Selection for
reduced lateral plates has been linked to predation by insect larvae in freshwater
(Marchinko 2009), but Eda haplotypes also appear linked to growth rate (Barrett
et al. 2008, 2009a), behavior including propensity to migrate between saltwater and
freshwater habitats (Barrett et al. 2009b), and immune system function (Robertson
et al. 2017). In some cases, for example in northern Europe, it appears that standing
variation at Eda is not available, and a similar phenotype is achieved by reduction in
lateral plate size (Leinonen et al. 2012) or by genetic changes at other loci (Pujolar
et al. 2017) (Fig. 3c, d).

Fig. 6 Widespread reuse of a shared haplotype at the Eda gene across the threespine stickleback
range in adaptation to freshwater habitats. (a) Relationships among sequences at Eda show two
distinct clades corresponding to lateral plate morph, and the “low morph” allele is shared across
ocean basins. (b) Relationships among sequences at an unrelated locus reflect geographic region
rather than plate morph. Reproduced with permission from Colosimo et al. (2005)
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3.2 Independent Mutations at a Large-Effect Gene

In contrast to the ancient Eda haplotype clade shared in stickleback populations
across the species range, a different major-effect locus shows evidence of repeated
independent mutations with similar phenotypic effects (Fig. 3b). The pelvic girdle
and spines found in marine stickleback led to the genus name Gasterosteus (“bony
stomach”), but like the lateral plates, pelvic armor is often reduced in the adaptation
of stickleback to newly colonized freshwater habitats from ancestral marine
populations (Bell and Foster 1994). Also like lateral plates, loss of pelvic armor
may be linked to changes in vertebrate and invertebrate predators as well as calcium
ion availability in the different habitats (Shapiro et al. 2004). Laboratory crosses
found pelvic armor to be a Mendelian trait, and genetic mapping traced the variation
to the pituitary homeobox transcription factor I (PitxI), which is remarkable because
of this gene’s role in hind limb development in mice (Cresko et al. 2004; Shapiro
et al. 2004). Stickleback with reduced pelvic structures exhibited reduced expression
of PitxI in pelvic precursor tissue during development (Shapiro et al. 2004), and PitxI
expression was implicated in pelvic reduction in both Atlantic and Pacific stickle-
back populations (Cresko et al. 2004; Shapiro et al. 2004; Coyle et al. 2007).

Chan et al. (2010) tested allele-specific expression patterns in F1 crosses and used
fine-mapping and transgenic techniques to determine that multiple independent
deletion mutations in a tissue-specific enhancer of PitxI had resulted in the parallel
phenotype of loss of pelvic structures. These mutations were positively selected
during adaptation to freshwater habitats, meaning that parallel evolution in this
case was driven by independent mutations that nonetheless had very similar genetic
mechanisms leading to similar phenotypes. This genomic region appears to be
particularly prone to a high rate of double-stranded DNA breaks and deletion
mutation (Chan et al. 2010; Xie et al. 2019), so this is an example of mutational
bias facilitating parallel evolution (Rosenblum et al. 2014).

3.3 Polygenic Adaptation

Single genes of major effect on an important phenotype, such as Eda and PitxI, may
be more the exception than the rule in adaptive evolution of stickleback. A large
number of QTL mapping studies and genome scans have generally identified a larger
number of loci contributing to phenotypic variation and adaptation. In their review of
QTL studies, Peichel and Marques (2016) found a similar pattern of few genes of
large effect and many genes of smaller effect, and this pattern held across traits
related to feeding, body shape, defense, and other categories. Similarly, genome
scans for local adaptation typically identify multiple outlier loci or loci associated
with environmental variables (Fig. 5). While there may be some clustering of genes
that contribute to ecologically relevant phenotypes, multiple genes across multiple
chromosomes still contribute to phenotypic variation that is under selection during
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colonization of novel habitats. This is particularly true for complex, multivariate
traits, for example, the body shape differences that play an important role in benthic–
limnetic divergence (Schluter 1993; Erickson et al. 2016).

4 Mechanisms of Rapid, Parallel Evolution

4.1 Recurrent Colonization and Standing Genetic Variation

Several factors may play a role in the remarkable parallel evolution observed in
stickleback. As described above, parallel phenotypic evolution in stickleback
appears to rely on a mix of independent mutations that produce similar phenotypes
and shared ancestral variation that is subject to repeated selection in independent
populations. Evolution from standing genetic variation can occur quickly because
there is no waiting time for mutations to appear, and so the remarkably rapid
evolution observed in some stickleback populations (e.g., Lescak et al. 2015;
Marques et al. 2018) depends on selection acting on existing alleles.

Schluter and Conte (2009) proposed the “transporter hypothesis” to explain this
phenomenon, named for the transporter in the television series Star Trek, in which
humans or objects could be disintegrated in one place and transported to another
location, where they are then rapidly reassembled. Under this model, adaptation to
freshwater habitats involves alleles at multiple loci affecting traits such as morphol-
ogy, life history, and behavior, so that a freshwater-adapted genotype is a multi-locus
combination. Because most marine stickleback are either anadromous or breed
in estuarine or coastal habitats, despite some reproductive isolation, there is still
opportunity for gene flow between freshwater and marine populations. This
will carry freshwater alleles into the marine population, where the multi-locus,
freshwater-adapted genotypes will be broken up by recombination in subsequent
generations and exist at low frequency, potentially subject to negative selection.
Nonetheless, colonization into new freshwater habitats will carry some of these
alleles, where they will again be favored by selection. The actions of selection and
recombination will reassemble the multi-locus freshwater genotype, and the trans-
porter process is then complete. The rapid evolution observed in stickleback from
marine to freshwater, and subsequently into multiple different freshwater ecotypes,
relies on an ancestral marine population that is relatively old, large, and able to
maintain high levels of genetic diversity, with repeated colonizations into relatively
new freshwater habitats (Liu et al. 2016).

This demographic model of standing variation is consistent with several obser-
vations (Terekhanova et al. 2014; Marques et al. 2018; Haenel et al. 2019). For
instance, the low-plated Eda haplotype that has contributed to parallel evolution is
known to occur in marine stickleback, although at very low frequencies (Colosimo
et al. 2005; Barrett et al. 2008). Many of the freshwater-adapted alleles, including
Eda, are known to be very old and much older than many of the freshwater habitats
in which stickleback are currently found, such as those that appeared only after the

The Population Genomics of Parallel Adaptation: Lessons from Threespine. . . 267



Pleistocene glaciation (Nelson and Cresko 2018). In fact, variants that characterize
marine–freshwater divergence average several million years old, suggesting that
they have persisted through multiple recurrent cycles of selection in freshwater
habitats and gene flow back into the marine population (Nelson and Cresko 2018).
Roesti et al. (2014) described a characteristic pattern of genomic variation around
these recurrently selected loci, a peak-valley-peak pattern of FST, which is predicted
based on population genomic models and observed in marine–freshwater stickleback
comparisons. Barrett et al. (2009b) even found the intriguing result that the Eda
haplotype is associated with migration behavior, facilitating the movement of this
freshwater-adapted allele back into the marine population where it can contribute to
subsequent freshwater colonization. Finally, the results described above in which
multi-trait parallel evolution tends to involve a mix of shared and non-shared
variation among derived populations are also consistent with the transporter
model. Because freshwater-adapted alleles are at low frequency in the marine
ancestor, each new colonization of freshwater habitat may by chance include some
and not others in the founding individuals, and this will drive the degree of
parallelism (Leinonen et al. 2012; Pujolar et al. 2017).

4.2 Genomic Mechanisms

Several genomic features may also facilitate parallel evolution in stickleback by
making it easier for a population to respond to selection in a newly colonized habitat.
Multi-locus genotypes can be maintained in several ways, so that selection does not
need to act independently on each locus; instead, if multiple favored alleles co-occur
in individuals, selection on multiple phenotypic traits can act synergistically. First,
for a few generations after gene flow from a derived (e.g., freshwater) population
back into the ancestral (e.g., marine) one, freshwater-adapted alleles will continue to
be in linkage disequilibrium (LD) with each other, meaning that they are statistically
more likely to co-occur than the expectation based on their frequencies in the
population. Even when they are on different chromosomes with free recombination
between them, LD between these alleles decays in an exponential process, and there
is evidence that freshwater-adapted alleles exist to some extent in LD with each other
in the marine stickleback population even across chromosomes (Hohenlohe et al.
2012). Within chromosomes, many freshwater alleles appear clustered as described
above, which will reduce the recombination rate between them and allow LD to
persist for longer periods. In fact, especially with the recurrent colonization of the
transporter model, there is a theoretical reason to expect that these loci will become
clustered over evolutionary time (Yeaman 2013). Rates of recombination also vary
across the genome, so that freshwater alleles that are co-localized in regions of low
recombination will be maintained longer in LD, and indeed several authors (Roesti
et al. 2013; Marques et al. 2016; Samuk et al. 2017) have found that regions of low
recombination contribute to rapid adaptation. Finally, chromosomal inversions
greatly reduce the rate of recombination, and there is ample evidence that inversion
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polymorphisms are common in stickleback and that they contain clusters of func-
tionally important loci contributing to parallel adaptation (Jones et al. 2012; Feulner
et al. 2013; Bassham et al. 2018). All of these genomic features suggest that the
transporter model of rapidly reassembling multi-locus genotypes adapted to a newly
colonized habitat is not as unlikely as it may seem.

5 Conclusions: The “Everyone Wins” Principle of Biology

Threespine stickleback have become a model system in evolutionary biology and
population genomics for a number of reasons. Aside from being amenable to genetic
and laboratory studies, they exhibit remarkable patterns of parallel evolution across a
number of phenotypic and environmental axes at multiple spatial and temporal
scales, giving biologists a wealth of replicate natural experiments to investigate.
Stickleback have been the focus of multiple genome scans for selection, using
reduced representation sequencing approaches like RADseq, helping to refine
these techniques and improve their applicability to non-model taxa (Jensen et al.
2015). Stickleback also provide an example for how genome scans can be extended
with specific data on environmental variables, ecology, or specific phenotypes
(Haasl and Payseur 2015). Although the taxonomy of stickleback ecomorphs may
continue to be a source of debate, the divergence of stickleback forms has informed
our understanding of speciation processes (Schluter 2009; Hendry et al. 2013;
Lackey and Boughman 2017).

A large number of studies have identified the genetic mechanisms of parallel
evolution in threespine stickleback, ranging from single genes of major effect to
highly polygenic phenotypes, from shared variation to novel mutations, and from
single-nucleotide changes to structural variations such as inversion polymorphisms.
This leads to what we might call the “Everyone Wins” principle: When multiple
plausible mechanisms are proposed to explain some biological pattern, it is likely
that all of them play a role in at least some instances, and further they are likely
sometimes to co-occur with interesting and important interactions. Threespine
stickleback exemplify this view, as they show examples of nearly all the mechanisms
of parallel evolution proposed (Rosenblum et al. 2014; Bolnick et al. 2018). This is
certainly in part because of the research effort that has been directed toward this
taxon, but we suggest that the Everyone Wins principle is more generally an inherent
outcome of the complexities of biological systems.

6 Future Directions

Threespine stickleback are likely to continue to be a valuable evolutionary model
system. As the costs of DNA sequencing continue to drop, we anticipate that more
studies will use whole-genome sequencing rather than the reduced representation
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approaches that have been applied. To date, whole-genome sequencing has been
used on a relatively small number of representative individuals (e.g., Jones et al.
2012; Liu et al. 2016), but it is now becoming feasible for studies that require genetic
data on larger numbers of individuals across many populations. This will allow fine-
mapping of causal variants in a single experiment, identification of genomic struc-
tural variation, and more. Because stickleback are relatively easy to work with in the
laboratory, they are amenable to the ever-expanding toolkit of genetic manipulation
and developmental and physiological studies. This will allow continued understand-
ing of the mechanistic basis of stickleback phenotypes and direct linkages between
mechanism and adaptation in natural populations.

A few avenues are promising for future work in threespine stickleback. Studies
that explicitly combine data on genotype, phenotype, fitness, and the environment
(e.g., Rennison et al. 2019) are best-suited to illuminate all the interactions among
these factors and gain a comprehensive understanding. Expanding from DNA
sequencing to transcriptomics to provide direct estimates of gene expression, as
well as directly assessing the role of phenotypic plasticity, will further reveal
important aspects of genetic variation (Morris et al. 2014). The role of epigenetics,
particularly in rapid parallel evolution, is still relatively unknown but may be critical
(Heckwolf et al. 2019). Behavior is a notoriously difficult phenotype to unravel, in
part because of the potential roles of plasticity and epigenetics in addition to
genetics, but stickleback are a tractable system for behavioral genomics, particularly
for behaviors related to mate choice and parental care (e.g., Mobley et al. 2016; Stein
and Bell 2019). Finally, the microbiome is a fairly unexplored area that may have a
substantial impact on stickleback phenotypes and adaptation (Small et al. 2017;
Steury et al. 2019).

These research directions will keep threespine stickleback relevant into the future
for continuing progress in understanding the processes of evolution. Specific knowl-
edge about the genetic modes of adaptation, such as the saltwater–freshwater
transition, can be extended to related species, such as other fish taxa facing similar
environmental challenges. More generally, because stickleback exhibit such a diver-
sity of modes of adaptation across replicate populations, they will continue as a
model for understanding the interactions among multiple genetic processes during
adaptation to novel or recurrent environments.
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Mechanisms of Adaptive Divergence
and Speciation in Littorina saxatilis:
Integrating Knowledge from Ecology
and Genetics with New Data Emerging
from Genomic Studies

Kerstin Johannesson, Roger K. Butlin, Marina Panova,

and Anja M. Westram

Abstract New opportunities to understand marine speciation and evolution of

local adaptation come with genomic approaches and with the development of

comprehensive model systems. The marine snail Littorina saxatilis is one example

of a developing marine model for investigating genetic mechanisms of rapid

divergence and evolution in natural systems. This species is strongly polymorphic

and shows formation of local ecotypes throughout its distribution. Support is strong

for primary (in situ) and parallel formation of reproductively semi-isolated ecotypes

with contact zones between heterogeneous intertidal microhabitats. This makes this

species an ideal organism for gaining new insights into the interplay of divergent

selection, gene flow and genetic drift during local adaptation and speciation. A

relatively well-resolved draft genome and a genetic map describing 17 linkage

groups (“chromosomes”) are key tools for investigating the role of structural

genomic variation, such as inversions, gene duplications and translocations.

Whole genome re-sequencing of pools of individuals and the first comprehensive

study of a contact zone contribute direct information on selection and barriers to

gene flow present in specific regions of the genome. Linking selection at the

phenotypic level to patterns obser ved in the genome is under way by quantitative
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trait loci mapping and annotation of candidate genes, while the role of single

mutations on individual fitness will have to await development of gene manipula-

tion tools. The features of the snail system facilitate the study of local adaptation

and speciation and its genomic basis, but the underlying evolutionary processes are

expected to be similar in other organisms, and hence this species is a useful model.

Keywords Ecotypes · Hybrid zones · Local adaptation · Marine snail · Reference

genome · Speciation

1 Genomics Offers New Opportunities to Understand
Marine Evolution

While we are witnessing a global wave of species extinction and presumably also

extensive loss of genetic diversity within species on land and in the seas, we still

cannot fully explain how new biodiversity is generated. In open and highly

connected marine systems where high numbers of local physical barriers are hard

to perceive, the question of how species evolve is perhaps even more intriguing than

on land. Speciation and local adaptation, two major components of evolution, are

connected and need to be understood in light of fundamental genetic mechanisms

such as mutation, selection, gene flow and drift. In addition, these mechanisms

interact with the spatial and temporal changes of the environment. Under the

current pressure of local and global environmental change, increased knowledge

on the rate of evolutionary change in relation to the rate of environmental change is

critical to our understanding of the rate of population and species extinction in the

near future. To study evolutionary change in natural populations, we need efficient

methods to map genetic variation over spatial and temporal scales, and we need

suitable model systems.

With our current genetic toolbox, including comprehensive sequencing and

bioinformatics approaches, we may investigate both the structure of the genomic

landscape at the level of individuals and the structure of the genetic landscape at the

levels of populations and species. Adding to this the strength of today’s modelling

tools, evolutionary research has gained increased power and is currently making

rapid progress. While keeping in mind that we know essentially nothing for most of

all the millions of species, not least in the marine realm, for a tiny fraction of all

species, new knowledge is now emerging at an unprecedented rate. For very good

reasons, the marine snail Littorina saxatilis is one of this vanguard.
This species has been extensively studied using now-classical genetic markers

(allozymes, microsatellites, sequencing fragments of mitochondrial or nuclear

genes, AFLP), and these methods are being replaced by genome-wide approaches

sequencing tens of thousands of fragments throughout the genome (RAD, capture

sequencing, transcriptome sequencing, whole genome re-sequencing). The new

methods expand our opportunities for investigating fundamental biological ques-

tions in evolution and genetics using Littorina saxatilis and related species as a

model system, including the understanding of how new biodiversity evolves. In this
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chapter, we review the knowledge background for the snail system, generated by

pre-genomic approaches, and we present new results emerging from the use of

genomic approaches together with glimpses from ongoing work. Where relevant,

we suggest how the new genomic resources may be used in future studies to

advance our knowledge even further.

2 A Convenient Model System for Studies of Evolutionary
Divergence

The intertidal snail Littorina saxatilis, a very common north Atlantic gastropod, is

one of the species for which genomic data is currently accumulating at a high rate.

A major reason for the large interest in this species is the prominent evolution of

locally adapted morphs – ecotypes – that differ in size, shell shape, colour,

behaviour and physiology and are partly separated by reproductive barriers in

contact areas (e.g. Sundell 1985; Johannesson and Johannesson 1996; Reid 1996;

Johannesson et al. 2008). The absence of a free-floating larva and the sedentary

lifestyle of juvenile and adult snails result in dispersal ranges of only a few metres

over a generation (Janson 1983; Erlandsson et al. 1998). The complex environment

of the intertidal zone varies at the same spatial scale, resulting in populations being

linked to specific physical environments shaped by a mosaic of steep abiotic and

biotic selection gradients (Janson and Ward 1984). This results in local adaptation

and striking phenotypic differentiation, sometimes present at a very small spatial

scale (Fig. 1). The snail presents a uniquely amenable system but is not unusual in

terms of the trade-offs among evolutionary forces, even if scales of dispersal and

selection gradients are very compressed. These features of the snail system facil-

itate the study of local adaptation and its genomic basis, but the underlying

evolutionary processes are expected to be similar in other organisms.

Earlier, the many ecotypes of L. saxatilis generated a confused taxonomy based

on shell morphology and colour, the traditional traits used in mollusc taxonomy.

Indeed, this species with its various adult sizes, shell shapes and colours is said to

have the world record in fooling taxonomists, which is not surprising as more than

100 named taxa have been described over the years (Reid 1996). With a more

comprehensive morphological approach more focused on the soft parts, and with

additional support from allozymes, it became obvious during the 1990s that most of

these differently named taxa were connected by gene flow and differences were

generated by divergent selection (reviewed in Johannesson 2015). Interestingly, the

one taxon that actually turned out to be a separate species (L. arcana) was

indistinguishable from one of the L. saxatilis ecotypes based on shell morphology

and ecology (Hannaford Ellis 1979; Ward and Warwick 1980).

The suggestion of habitat-specific ecotypes evolved by divergent selection but

connected by weak gene flow has been supported by many later studies using

random molecular markers such as microsatellites, mitochondrial DNA, AFLP

and SNPs (Mäkinen et al. 2008; Wilding et al. 2001; Quesada et al. 2007; Tirado
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et al. 2016). Various ecotypes have been investigated using molecular tools, but

most studies on the formation of divergent ecotypes have concentrated on two

common forms, the crab ecotype and the wave ecotype. The crab ecotype is locally

adapted to crab-rich patches of rocky shores (e.g. boulder areas or upper shore

crevices and rock pools) and is characterized by a large size, a thick shell and a shy

behaviour. The wave ecotype is adapted to wave-exposed cliff surfaces and has a

small size, a thin shell and a bold behaviour. Contact zones (hybrid zones) are

formed where the two microhabitats intergrade (Fig. 1), and here hybrid phenotypes

are present.

The crab-wave ecotype setting, with the micro-scale ecotone transitions between

contrasting microenvironments, is maintained by strong divergent selection. The

survival rate of adult snails moved to the contrasting environment is reduced to a

fraction of their predicted survival in their home environment (Janson 1983; Rolán-

Alvarez et al. 1997). This strong selection counteracts the homogenizing effects of

gene flow, and estimates of gene flowmade from neutral markers show a substantial

reduction over the contact zone (Rolán-Alvarez et al. 1996; Grahame et al. 2006;

Panova et al. 2006; Galindo et al. 2009) (Fig. 2). It is important to note that strong

selection and a reduced gene flow may be complemented by strong plasticity as

found between populations of dog whelks in wave-exposed and crab-exposed

environments (Appleton and Palmer 1988). For example, the formation of a thicker

Fig. 1 The crab (left) and wave (right) ecotypes of Littorina saxatilis from a Swedish rocky shore.

The crab ecotype is confined to the boulder part of the shore where predation from shore crabs is

strong during summer and autumn. The wave ecotype inhabits the cliff surfaces exposed to wave

action during windy days. Close-ups illustrate differences in shell form and size of ecotypes (Shell

photos: Fredrik Pleijel)
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shell and a smaller aperture in dog whelks is triggered by the smell of crabs and

crushed snails. In L. saxatilis, plasticity induced by the environment adds to the

phenotypic variation, but a large proportion of the ecotype difference is explained

by genetic variation (e.g. Janson 1982; Johannesson and Johannesson 1996; Hol-

lander et al. 2006). In addition, the capacity for induced phenotypic change is under

selection and effects of plasticity are largely supportive of local adaptation of

phenotypes (Hollander and Butlin 2010).
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Fig. 2 Crab and wave habitats appear in different parts of the shore in Spain, Britain and Sweden.

Upper shore rock pools and crevices in Spain are occupied by night-active predatory crabs, while

physical stress from the open Atlantic waves increases risk of snail dislodgement in the low shore.

In Britain, vertical upper shore cliffs of sedimentary rocks are exposed to wave action during high

tide, while below the cliffs are boulders and blocks that provide hiding places for predatory shore

crabs. In Sweden, boulder fields are crab habitats, while adjacent protruding cliff surfaces are

strongly exposed to wave action but without crabs (see also Fig. 1). Estimates of gene flow over

contact zones as a proportion of within habitat gene flow are indicated for the different countries

(from Johannesson et al. 2010)
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Interestingly, L. saxatilis separates into crab and wave ecotypes in different

geographic areas, such as in Sweden, Britain and Spain, even though the distribu-

tion of the microhabitats may be very different (horizontal in Sweden, vertical in

Britain and in Spain but in opposite orders; see Fig. 2). In all of these three settings,

snails present in either crab- or wave-dominated microenvironments are phenotyp-

ically surprisingly similar but with some differences in colour and shell ornamen-

tation (Butlin et al. 2014) (Fig. 3).

The snail system is remarkable in that it provides replication of ecotype formation

at various geographical scales: within the same bay, between bays within the same

region, between regions in the same country and between distant areas, e.g. Sweden

vs. Spain. This provides us with an outstanding opportunity to test genetic mecha-

nisms involved in local adaptation of similar traits and evolution of barriers to gene

flow among populations with similar levels of phenotypic divergence. We may ask

whether the mutations involved in adaptive divergence have single origins or if the

same mutations appear repeatedly in different locations. In addition, it allows us to

test whether the genomic architecture of divergence is shared between geographi-

cally distant locations, that is, if genomic rearrangements and genomic regions of

increased or decreased divergence are the same throughout the species’ distribution.
Below we will expand on each of these topics, both presenting the knowledge we

have from traditional genetic studies and describing how new genomic approaches
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Fig. 3 Simplified outline of shell shape and size variation for 32 individuals of crab and wave

ecotype from a northern and a southern site within each country. For the original illustration with

additional details, see Butlin et al. (2014) (Photos: Fredrik Pleijel)
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now move us beyond earlier knowledge. But, before doing so, we will briefly

introduce the genomic resources now becoming available for Littorina saxatilis.

3 Genomic Resources Now Emerging for the Snail System

For L. saxatilis, work with allozymes, mitochondrial markers and microsatellites has a

long and comprehensive history (e.g. Janson and Ward 1984; Johannesson and

Tatarenkov 1997; Quesada et al. 2007; Mäkinen et al. 2008). In addition, AFLP data

have been used for demographic inference and one of the first outlier scans (Wilding

et al. 2001; Butlin et al. 2014). Now, with the availability of next-generation sequencing

technology, extensive genomic resources are being developed for the snail system

(Canbäck et al. 2012; Panova, Larsson et al. in prep.). There is currently a first version

of an assembled draft genome (genome size ~1.3 Gb) of a single, crab ecotype

L. saxatilis from Sweden, sequenced using paired-end Illumina reads from several

libraries (insert size from 160 to about 8,000 bp) to a depth of more than 500�. The

assembly has been improved by scaffolding with mate-pair libraries and Pacific Bio-

sciences long-read data. A reference transcriptome, a reference genome assembly for a

wave ecotype individual and genome re-sequencing data for outgroup species are

available. In addition, a genetic map has been generated using genotyping-by-sequenc-

ing markers of a large crab ecotype family (>180 offspring). Moreover, whole-genome

re-sequencing datasets from pools of 100 individuals of crab-wave ecotype pairs from

geographically distant sites in Spain, France, Britain and Sweden with an average

coverage of 75� have been added to the resources. Annotation is ongoing, and although

it is expected that the functions will remain unknown for a large proportion of all genes

(as in other mollusc genomes), these resources will provide a large leap forward to

interpret sequence differences found in recent and ongoing population genomic studies.

With these genomic resources at hand, the basic knowledge already generated for the

Littorina system using classical population genetic approaches can now be considerably

advanced.

4 The Demographic History Shapes the Large-Scale
Genetic Structure

The species’ present distribution covers most coastal areas of both sides of the

Northern Atlantic where it occupies a variety of intertidal habitats from the tem-

perate zone to the Arctic (Reid 1996). From phylogeographic studies using mtDNA

markers, it seems that this trans-Atlantic distribution has persisted over extended

periods of time (Doellman et al. 2011), with survival in widespread glacial refugia

in the eastern and western Atlantic, and on northern islands, during the last glacial

maximum (Panova et al. 2011). From these local refugia, postglacial expansion
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resulted in a wide distribution, a high level of genetic heterogeneity and the rather

complex large-scale population genetic structure observed today (Fig. 4). For

example, in addition to the east-west Atlantic separation, there are north-south

divisions on both sides of the Atlantic that are remarkably sharp. On the European

Ê
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Fig. 4 (a) Maximum parsimony network for L. saxatilis (colours), L. arcana (grey) and

L. compressa (black). Circle size is proportional to the number of individuals (1–66). (b) Geo-
graphic distribution of L. saxatilis haplotypes over its main area of distribution showing the

complex large-scale geographic pattern with western-eastern and southern-northern structures

(Figure reproduced from Doellman et al. 2011 with permission)
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side, this division in the Bay of Biscay overlaps with that of other shallow water

species (Hoarau et al. 2007; Kemppainen et al. 2009; Olsen et al. 2010), suggesting

historical barriers to gene flow of large significance for many marine species.

With the extended genomic resources now available for this species, the

phylogeographic patterns suggested by the mtDNA markers can be compared with

patterns from a high number of nuclear genetic markers to test robustness. Such a

general phylogeographic pattern (a population tree) will be a useful reference against

which to mirror gene trees for single gene loci or genomic regions to suggest the

origin and history of genes under selection.

Notably, part of the species’ history can be ascribed to the paradox that despite the
lack of a pelagic spreading phase, the species has a very high capacity to colonize and

establish new populations in remote areas following occasional transportation of

single females. Using microsatellite markers suitable for parental analysis, it was

found that female snails may store sperm from ~20 males simultaneously (Panova

et al. 2010). Obviously, this substantially increases the genetic variation brought by a

single female colonizer during a founder event (Rafajlović et al. 2013), and together

with the fact that females also store viable sperm for up to a year upon isolation

(Johannesson et al. 2016), this increases the probability of a successful founder event

after a long-distance journey of a single female on driftwood or a piece of macroalga.

Moreover, long-term sperm storage will supply a female with enough sperm to

release several hundred offspring in the new environment. The lack of a pelagic

larval stage will, in addition, prevent spread of the offspring over a very large area.

This will facilitate mate finding in the next generation and the establishment of a new

population (Johannesson 1988). The successful colonization of small and very

remote Atlantic islands such as Rockall shows that postglacial long-distance colo-

nization events have occurred, and it seems likely that these processes may have

contributed to shaping the current population genetic structure of L. saxatilis fol-
lowing the last glacial maximum and may still play a role in the distribution of new

favourable mutations.

Migration (and potential gene flow) is continuous at muchmore local scales.With

a distribution restricted to the intertidal zone and no swimming or drifting larval

stages, high migration is only possible over distances of a few metres. In addition,

low but rather constant levels of migration are expected also at medium distances

(>100 m to <100 km). Direct measurements of migration at these distances are

difficult. However, a toxic algal bloom in 1988, when all populations established on

small, shallow skerries (rocky islets) in the Swedish archipelago were completely

wiped out, offered a rare possibility for direct estimates of recolonization rate from

larger islands in the archipelago (Johannesson and Johannesson 1995). Yearly visits

after 1988 showed that on average 3% of all skerries received a founder population

each generation, translating to a migration rate (Nm) of ~0.1 individuals per gener-

ation and indicating that stepping-stone migration among suitable habitats over

distances of 0.1–1 km is small but definitely not negligible. This corroborates results

from studies based on allozymes and microsatellites showing that over distances of

1–100 km there are clear isolation by distance effects (Janson 1987; Mäkinen et al.

2008).
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5 Small-Scale Patterns Are Dominated by Local
Adaptation

At very small distances, phenotypic differentiation is affected by divergent selection

between contrasting microenvironments and associated barriers to gene flow. An

early result from analyses ofmicro-scale variation in allozyme loci was that ecotones

act as general barriers to gene flow (Johannesson et al. 1993), and this result was

corroborated by later analyses of microsatellite and AFLP markers (Wilding et al.

2001; Panova et al. 2006). In addition, ecological experiments show that strong

differential phenotypic selection acts on spatial scales of only tens of metres (Janson

1983; Rolán-Alvarez et al. 1997). For example, reciprocal transplants of snails of

crab and wave ecotypes show that relative fitness of one ecotype in the other

environment may be only 28–42% of the local ecotype, as estimated in a Swedish

site (Janson 1983), or 11–12%, as estimated in Spanish sites (Rolán-Alvarez et al.

1997). Also estimates based on selection on specific traits indicate generally strong

spatially varying selection that may be directional or balancing. For example, one

allele of an allozyme locus (aspartate aminotransferase) had a selective advantage of

40% over a locally disfavoured allele in a specific microhabitat, while a few metres

away, selection was in the other direction (Johannesson et al. 1995a). Non-cryptic

colours are found in some habitats, and here balancing selection (probably negative

frequency-dependent selection from bird predators) may reduce survival of a

non-cryptic snail by up to 10% if the non-cryptic colours increase to high frequencies

(Johannesson and Butlin 2017).

Direct experimental tests are necessary to uncover the specific selection factors

involved in the directional selection (Rolán-Alvarez et al. 2015), but this is techni-

cally challenging to do in the field. However, successful experiments show that

crabs select for the traits typically found in the crab morph, that is, a large and thick

shell with a relatively smaller aperture (Johannesson 1986; Boulding et al. 2007,

2017). Experimental tests in a laboratory high-speed flume show that snails sam-

pled along a transect from less to more intense wave exposure increasingly risk

dislodgement in the water flow unless the relative foot and aperture areas increase,

and the shell becomes laterally compressed (Le Pennec et al. 2017). It seems highly

likely, but has not been experimentally tested, that inherited differences in snail

behaviours (Johannesson and Johannesson 1996) are selected in response to the

presence of crabs (a shy behaviour) or increased risk of dislodgement (a bold

behaviour).

Recent studies using genomic approaches to study genetic differentiation over the

crab-wave ecotones at different locations and in different countries (Spain, Britain

and Sweden) first of all contribute with data that show how large a proportion of the

genome is involved in the differentiation (e.g. Galindo et al. 2010). Sequencing

transcribed parts of the genome (RNA sequencing) in separate pools of crab and

wave ecotype snails sampled from either side of local microhabitat ecotones on

shores in Sweden, Britain and Spain indicated that a very large proportion (~1/3) of

all ~7,000 loci showed ecotype differentiation of 10% or more (FST > 0.1) over the
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ecotones and, despite different microhabitat arrangements (Fig. 2), the pattern was

more or less consistent over all three countries (Fig. 5, data from Westram et al.

2014). A later study sequencing crab and wave individuals from either side local

ecotones in three Swedish sites used a genome scan approach (RADseq) including

both transcribed and un-transcribed parts of the genome (Ravinet et al. 2016).With a

similar total number of loci after filtering (8,500), about 15% of these showed strong

differentiation (FST > 0.1) between ecotypes. Both studies thus convincingly show

that the genetic divergence of the crab and wave ecotypes involves differentiation

over an extensive part of the snail genome, despite the fact that the physical distances

between the crab and wave samples either side of the ecotone were usually less than

30–50 m. Furthermore, crab and wave populations are in direct contact, with

opportunities for inter-ecotype matings (Johannesson et al. 1995b), resulting in

frequent occurrence of hybrid phenotypes (Janson and Sundberg 1983) and a

reduced gene flow (Panova et al. 2006). How many of the differentiated genetic

markers are directly or indirectly (through linkage) affected by selection cannot be

inferred from these types of studies as differences over hybrid zones can also be

present due to historical, demographic and stochastic reasons (Bierne et al. 2011,

2013). New sampling approaches combined with models that generate predictions

separating out effects of selection may take us further to an understanding of the role

of selection in forming barriers to gene flow over contact zones (see “Evolution of

barriers to gene flow” below).

6 Parallel Formation of the Crab and Wave Ecotypes

The repeated occurrence of crab and wave ecotype snails in different local sites within a

small geographic area (<10 km), in different regions of a country and even in different

countries (Butlin et al. 2014) has two conceptually very different possible explanations.

One is that different ecotypes evolved in isolation, during earlier glacial periods, and
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Fig. 5 FST estimates between ecotype pairs compared among countries (FST averaged across two

replicate estimates within each country). Loci above the 96% quantile of the FST distribution in

both replicate sample pairs (“outliers”) are shown in colour (Spain, red; Sweden, blue; Britain,
grey), and shared outliers have two colours. n ¼ 6,790 loci (From Westram et al. 2014)
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spread postglacially into the same geographic area where they established secondary

contact zones by hybridization (Grahame et al. 2006). Under such a scenario, we expect

many of the genetic differences between the ecotypes to be ancestral and therefore

shared among areas. Alternatively, ecotype divergence may have evolved in each local

area, in parallel, from one ancestral form similar to one of the present ecotypes, or of a

different phenotype (Rolán-Alvarez et al. 2004; Quesada et al. 2007). Various mixed

models combining periods of isolation and divergence under gene flow are, of course,

also possible (Johannesson et al. 2010).

Modelling the demographic history of a number of European populations of the

two ecotypes using sequence data from several types of genetic markers (mtDNA,

4 nuclear genes and 614 AFLP loci) showed strong support for a model of local and

parallel divergence of ecotypes under gene flow and weak support for a contrasting

model of allopatric origin of the ecotypes (Butlin et al. 2014). Taken together with

earlier studies based on allozymes, microsatellites and mtDNA markers that also

suggested in situ origin of ecotypes but at more local geographic scales (Johannesson

et al. 1993; Panova et al. 2006), these results support evolution of parallel ecotypes

under gene flow and at the scale of local microhabitat ecotones.

Importantly, however, these results, including the outcome of the demographic

model, do not exclude the possibility that genetic elements that are under selection

and involved in the divergence in many of the places are ancestral and may have

originated in isolation. Rather, what the results indicate is that a majority of random

genetic markers reflect parallel processes of divergence under which similar regimes of

selection (crab predation, wave exposure, etc.) shape the available genetic variation into

genotypes that by parallel or convergent molecular mechanisms lead to phenotypically

similar snails in similar types of microhabitats independent of geographic location. The

whole process is very recent (postglacial) and results in primary hybrid or contact zones

where divergence takes place in the face of gene flow.

The primary divergence and the parallel evolution are two very important features of

the Littorina system that make this species a useful model for studies of local adaptation

and speciation. For example, differentiation under gene flow emphasizes the role of

divergent selection and rejects the possibility that ecotype formation and establishment

of reproductive barriers (as will be discussed below) are consequences of stochastic

accumulation of differences. Furthermore, as the primary zones of the Littorina system
have formed multiple times, this system offers possibilities to study the repeatability of

the divergence process at various levels of organization (e.g. morphology, metabolic

pathways and genetic variation). In addition, the snail system also offers replicated

divergence at very different scales of genetic and demographic independence. For

example, it is possible to compare demographically independent Swedish populations

from different islands that essentially share the same postglacial (~8,000 years) gene

pool. Or, onemay compare Swedish and Spanish populations of crab andwave ecotypes

that have had independent evolutionary histories during the past 50,000–100,000 years

(Panova et al. 2011). Using genomic data, this setting can be used to study the role of

new mutations vs. already available genetic variation and the role of the genomic

architecture. Below we discuss these potentially rewarding future directions of research

further.
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7 To What Extent Is Evolution Stochastic or
Deterministic?

The Littorina systemmay be useful to contribute important understanding to several

generic questions in evolutionary biology. One is the role of stochasticity in evolu-

tion. As remarked by Patrik Nosil and colleagues “whether evolution is predictable

and repeatable is difficult to test yet central to our understanding of biological

diversification” (Soria-Carrasco et al. 2014). The Littorina system, in which similar

phenotypes evolve repeatedly and in parallel at various levels of population inde-

pendence, from populations separated only a few thousand generations ago to sibling

species separated a few million years ago (Reid et al. 2012), can be used to address

questions such as: Are the same loci and mutations involved in shaping similar

phenotypes, or does parallel evolution at the phenotypic level derive from conver-

gence at the genetic and molecular level? Are some parts of DNA more prone to

mutations than others, and at what rate do new mutations contribute to phenotypic

evolution? And, finally, are some types of mutations or mutations in some types of

genes more likely to contribute to local adaptation than others? For example, are

mutations in regulatory genes more important than mutations in structural genes, or

are genes with pleiotropic or epistatic effects more involved than those with no such

effects, or are genes with effects at various parts of the developmental pathways

more or less influential on local adaptation (Seehausen et al. 2014)?

An appealing model is that similar phenotypes evolve from a common pool of

genetic variation that is shared among populations by ancestry and/or by gene flow

providing the “standing genetic variation” from which various phenotypes may evolve

by selection to fit the local conditions (Barrett and Schluter 2008). If local selection

regimes are similar, phenotypes will be similar either by recombining the same set of

alleles or by combining genetic variation with similar effects on the phenotype.

A somewhat related model is that whenever a new favourable mutation is introduced

to the species, either by a new mutation in one local population, by long-distance

migration from a remote part of the species, or by introgression from a closely related

species, this new mutation may spread by selective sweeps among those populations

where it is beneficial. In this way, populations occupying similar types of microhabitats

will evolve in a concerted way (Johannesson et al. 2010). This mechanism is similar to

what Rieseberg and colleagues suggested would explain the “collective evolution” of

closely related species (Rieseberg and Burke 2001;Morjan and Rieseberg 2004). And it

also appears similar to the “transporter process” suggested to explain the parallel

evolution of geographically distant freshwater populations of stickleback (Schluter

and Conte 2009). Importantly, strong directional selection at local sites of a given

microhabitat would make this possible, even with gene flow that is so low that the

spread of neutral variation is generally restricted (Morjan and Rieseberg 2004) – for

example, the type of gene flow contributed by an occasional long-distance dispersal of a

single snail discussed above.

Both the standing genetic variation hypothesis and the evolution in concert

hypothesis make the same important prediction, that the same genetic variation
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will be reused in multiple populations that share a recent (postglacial) origin and/or

are connected by contemporary gene flow. For such populations, it is expected

under both these models that a large proportion of the loci that show local diver-

gence between ecotypes should be the same. Populations of Northern Europe

(e.g. in Sweden and Britain) were established after the last glacial maximum and

do share a recent common ancestry (Doellman et al. 2011; Panova et al. 2011).

Geographic variation in allozyme loci under selection shows the expected pattern

with the alleles favoured by selection being shared over both small and large

geographic areas in L. saxatilis (Johannesson and Johannesson 1989; Johannesson

and Tatarenkov 1997). However, for the same allozyme loci, populations from

Spain appear to have an allozyme allele that, despite the same mobility on the

allozyme gel, has two unique non-synonymous mutations with what seems to be

different effects on the phenotype, as this allele is more frequent in another

microhabitat (Panova, Mittermayer et al. in prep.). Variation in 306 AFLP loci in

British populations is also consistent with divergent loci being shared among

locations: 15 out of 20 loci that diverged locally between L. saxatilis ecotypes

were shared among three populations 4–26 km apart (Wilding et al. 2001).

With genomic approaches, proportions of shared loci can be investigated at

numerous loci, which is very relevant for our understanding of the more general

mechanisms involved in local adaptation and divergence. In addition, studies

performed at different scales of population independence are important, testing the

prediction that more sharing will be present among populations with a very recent

common origin and/or with recent or contemporary gene flow. Such a genomic study

sequencing transcriptome loci showed that at a geographical scale of 100–300 km

populations still tended to share the majority of outliers, while this proportion

decreased for most markers when populations were separated over larger distances

(Fig. 6, and see Westram et al. 2016 for details). Thus these results support a level of

sharing that may be explained by ecotypes evolving from standing genetic variation

or by evolution in concert. However, in contrast to themajority of results, genotyping

population samples from a very small geographic area (<10 km) with RADseq

markers showed a less expected result: A very small proportion of all crab-wave

divergent SNPs (2–9%) were shared among the three study islands (Ravinet et al.

2016), despite a recent common ancestry and the populations being connected by

continuous gene flow. This difference between studies could reflect a problem

inherent in genome scans: The threshold used to classify loci into “outliers”

vs. “non-outliers” is always arbitrary to some extent, so that in studies applying a

stringent threshold, false positive rate is expected to decrease (which is desirable) but

outlier sharing is also expected to decrease because fewer loci fall above the

threshold in multiple locations. In addition, other mechanisms, not least local

demography, may interfere with patterns of divergence caused by differential selec-

tion (Bierne et al. 2011). These partly conflicting results highlight the need to obtain

independent evidence for selection in order to reliably identify loci affected by

selection, while avoiding false positives and false negatives.

However, it seems clear that compared to sharing of outliers at short distances, at

large geographical scales (between Sweden, Spain and Britain), outlier sharing
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appears to be low across studies (Fig. 6, and see Butlin et al. 2014; Westram et al.

2014), even when lenient thresholds for outlier detection are applied (Westram

et al. 2016), indicating that at large geographical scale, different novel mutations

might be involved in divergence or different components of ancestral standing

genetic variation might be used to achieve similar adaptations of phenotypes of

similar microhabitats.

With a Littorina saxatilis reference genome, a genetic map and some first informa-

tion ofQTLpositions, it will be possible to trace the position ofFST outliers in relation to

genes with strong effect on the phenotype. Associations of outliers with differentiated

phenotypes will provide additional evidence for selection acting on candidate loci.

Functional annotation of outliers will also be important as, for example, it is possible

that parallel phenotypic evolution between different countries is based on different loci,

which are however involved in the same molecular functions or pathways (Roda et al.

2013). For the most extreme outliers, it may be possible to trace their evolutionary

history and with the help of new gene manipulation tools also study their functions and

interactions with other genes. Again, the parallel formation of Littorina ecotypes will be
useful and serve as a highly replicated evolutionary experiment where the role of

different outliers (or the genes they tentatively represent) can be revealed under different

levels of population independence and on partly different genetic backgrounds.
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Fig. 6 The proportions of sharing of crab-wave FST outlier loci from different sequencing studies

when the same sites are resampled (hatched bars); comparisons are made with other sites in the

same country (>100 km) (grey bars) or with sites in other countries. All values are larger than

expected by chance, but see the original publication (Westram et al. 2016) for details and a proper

statistical evaluation
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8 Evolution of Barriers to Gene Flow

Local adaptation not only optimizes survival for the individual snail in one habitat, but it

also lowers survival for the same snail in the other habitat and by that impedes gene flow

between the two microhabitats. Ongoing genome-wide analyses of a Swedish contact

zone between crab and wave ecotypes of L. saxatilis have identified hundreds of gene

loci that show significant clines, with allele frequency changes being strongly associated

with the ecotone shift from one microhabitat to the other (Westram et al. in prep.).

Unless such loci are extremely common and spread throughout the genome, divergent

selection over the contact zone will nevertheless mainly only result in local barriers to

gene flow at, and near, loci under differential selection (Barton and Bengtsson 1986;

Nosil et al. 2009), even if differential selection may be very strong at single loci (see

Johannesson et al. 1995a for one example in L. saxatilis). Thus, an intriguing question is
what makes the overall barriers to gene flow increase, eventually bringing the lineage

into a branching process that may lead to speciation. Below we discuss what is known

about assortative mating, habitat choice, post-zygotic incompatibilities and suppression

of recombination in Littorina saxatilis and from there demonstrate how the use of new

genomic approaches can support us in reaching a deeper understanding of these key

components of speciation.

8.1 Assortative Mating and Habitat Choice

Large differences in adult size between crab andwave ecotypes, combinedwithmale

preference for mating females that are somewhat larger than themselves (Hollander

et al. 2005; Johannesson et al. 2008), result in size-assortative mating which further

reduces the number of matings between crab and wave ecotype snails in the contact

zone. The males’ preference for females of slightly larger sizes than themselves

seems to be an ancestral trait, as it is present also in other littorinids (e.g. L. littorea,
Erlandsson and Johannesson 1994; L. fabalis, Saltin et al. 2013; Littoraria
ardouiniana, Ng and Williams 2014). The size preference thus constitutes a “one-

allele” barrier trait (Felsenstein 1981), that is, in this case the same behavioural trait

(preference for slightly larger females) is fixed in both ecotypes (and other species),

and this generates a barrier to gene flow. This barrier may, in principle, be genome-

wide because no allele is able to recombine away from its effects. However the

barrier effect also depends on the size difference, and size is a two-allele trait,

requiring divergence between ecotypes. Alleles at neutral loci can recombine away

from size alleles, and for this reason, the barrier is localized to genomic regions

around the size loci. The situation may be further multifaceted if size, as is often the

case, has a complex genetic background involving a large number of genes.

Contact zone snails of L. saxatilis are usually not randomly distributed but found

in patches of their preferred microhabitat resulting in habitat-induced assortative

mating (Johannesson et al. 1995b; Otero-Schmitt et al. 1997). The non-random
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distribution may be due to differential survival in different microhabitats or to active

habitat choice (Erlandsson et al. 1998; Grahame et al. 2006) and seems from

available experimental data to predominantly be due to differential survival (Cruz

et al. 2004). If present, habitat choice can operate as a one-allele or a two-allele trait,

depending on theway it works (Webster et al. 2012). A one-allelemechanismmay be

possible if habitat choice is based on matching an individual’s phenotype against the
background and the positively selected allele improves the matching mechanism or

if preference is for the natal habitat of the individual. Alternatively, two alleles may

be involved in habitat choice, each allele giving the snail a preference for one of the

habitats. In the case of a two-allele mechanism, providing a barrier to gene flow

requires linkage disequilibrium between the habitat choice gene (or genes) and genes

under divergent selection for fitness in the two ecotypes (Webster et al. 2012). While

a barrier effect is more easily obtained from a one-allele mechanism (Felsenstein

1981), the two-allele mechanism may provide a more robust barrier that is less

sensitive to environmental modifications (Webster et al. 2012).

Identification of the major loci involved in size, assortative mating, habitat choice

and other traits strongly involved in snail fitness is a somewhat challenging under-

taking but can be performed using quantitative trait loci mapping (QTL, e.g. see

Hawthorne and Via 2001) or genome-wide association study (GWAS). Indeed, both

these approaches are currently underway in L. saxatilis involving a number of

fitness-related shell traits, habitat choice, mate preference and size at maturation

(Butlin et al. in prep.; Morales et al. in prep.). If, for example, major loci involved in

these traits can be identified and mapped to the reference genome, it will be

informative to look for linkage among them.

Both size-assortative mating and habitat selection are likely to contribute to the

gene flow barriers but seem insufficient to explain more than minor parts of the

observed barriers (Rolán-Alvarez et al. 1999; Cruz et al. 2004). Indeed, based on

~1,000 mating trials in the laboratory, the female/male size relationship explained

only 12% of males’ mate choice, and ecotype matching did not add to the expla-

nation (Perini et al. in prep.). With general gene flow, estimated from randomly

chosen (and tentatively neutral) markers, being reduced to 10–30% over the contact

zone compared to gene flow over similar distances elsewhere (reviewed in

Johannesson et al. 2010), the effects of differential selection on a large number of

loci may indeed contribute significant barrier effects, in addition to the barriers

caused by size-assortative mating and habitat choice.

8.2 The Potential Role of Genetic Incompatibilities

Post-zygotic barriers caused by genomic incompatibilities are traditionally associ-

ated with secondary hybrid zones, with incompatibilities of Bateson-Dobzhansky-

Muller type (DMIs) that originated when populations were isolated (Coyne and Orr

2004; Unckless andOrr 2009). However, arguments have been raised that DMIsmay

evolve also under gene flow (Gavrilets 2004; Nosil and Flaxman 2011; Bank et al.
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2012; Kulmuni andWestram 2017) and may be hard to separate from DMIs evolved

in isolation, as the latter also tend to occur in environmental transitions (Bierne et al.

2011). Under gene flow, divergent selection is required to establish DMIs, and the

most likely mechanism may be that positive selection favours the establishment of

different alleles in different areas, while epistatic effects of the same alleles are

incompatible in hybrids. The evidence for post-zygotic intrinsic barriers in

L. saxatilis is scarce as yet, but observations of deformed shells in offspring of

hybrid crosses when raised in the laboratory suggest DMIs that may in fact be lethal

in the field: Adult snails with these deformations have never been reported from field

samples. Re-sequencing individuals with and without shell deformations from

populations raised in the laboratory may shed light on the genetic background of

the deformation, and from here it may be possible to generate hypotheses of

incompatibilities that may be further tested in strategic crosses, or, in the future,

with genetic manipulation (e.g. CRISPR technology, Bono et al. 2015).

Interestingly, it has been suggested that many of the FST outliers identified by genome

scans may be consequences of DMIs (Bierne et al. 2011; Bank et al. 2012; Kulmuni and

Westram 2017) and, if so, will not necessarily directly reflect loci under differential

selection. Possibly, this may contribute to explaining the relatively low rate of sharing

of outliers among pairs of geographically very close populations of crab andwave ecotype

in L. saxatilis described above (Ravinet et al. 2016). To separate true candidates of

selection from loci that emerge as outliers for other reasons (e.g. incompatibilities) in

genome scans may, however, need other approaches in addition to genomic analyses

(reviewed in Ravinet et al. 2017). Even if genomic regions are correctly identified, the

exact mutations causing the effect may not be easily diagnosed. For example, different

alleles in an arginine kinase locus known to be under strong divergent selection in the

conspecific Littorina fabalis ecotypes differ by nine non-synonymous nucleotide sub-

stitutions (Panova, Duvetorp et al. in prep.). In addition, despite their efficiency as general

barriers to gene flow, one-allele barriers (Felsenstein 1981) will obviously not appear as

outliers in a standard genome scan.

8.3 Structural Genome Variation

The genetic basis of adaptive divergence and speciation may include SNPs and small-

scale indels but also larger structural variants, such as copy number variations and large

insertions and deletions. Furthermore, genome rearrangements (inversions and trans-

locations) may facilitate divergence in multiple loci by impeding recombination rates in

addition to the direct effects the rearrangements may have on the divergence. Recently

sequencedmollusc genomes reveal expansion of gene families involved in adaptation to

environmental stress in the Japanese oyster (Zhang et al. 2012), toxin diversity inConus
snails (Hu et al. 2011) and the development of nervous system inOctopus (Albertin et al.
2015). Another feature shared by the currently sequenced mollusc genomes is a large

diversity of transposable repetitive elements (Murgarella et al. 2016). Transposable

elements have been shown to generate genetic polymorphism in the Japanese oyster
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(Zhang et al. 2012) and large-scale genome rearrangements in Octopus (Albertin et al.
2015).

Problematically, anonymous genome scans have a limited ability to identify these

types of variation as, without a very good genome assembly or a genetic map, the

genomic locations of highly differentiated SNPs are unknown. However, in

L. saxatilis, there are several indications that variants other than SNPs might be

involved in ecotype divergence. The first outlier scan in the system (Wilding et al.

2001), based onAFLPmarkers, detected outliers that were associated with insertions

of transposable elements, potentially affecting gene expression (Wood et al. 2008).

Similarly, several outliers identified in a RNAseq comparison of Littorina ecotypes
(Galindo et al. 2010) and ecotype-specific loci from a RADseq scan (Ravinet et al.

2016) were annotated as reverse transcriptases from mobile genetic elements.

Ongoing annotation of a draft genome of L. saxatilis suggests that repetitive ele-

ments are common (Panova, Larsson et al. in prep.), and whole-genome

re-sequencing data will further reveal to what extent they might underlie ecotype

differences.

Gene copy number variation also seems common in the Littorina genome. Array

comparative genomic hybridization showed that 10% of the expressed genes and

23% of the analysed genomic fragments are present in multiple copies (Panova et al.

2014). Further, there is some evidence that copy number variations and repetitive

elements may be associated with ecotype divergence (Panova et al. 2014). Finally,

recent work on a Swedish hybrid zone, combining genome-wide cline analysis with a

genetic map, indicates that chromosomal rearrangements (inversions or transloca-

tions) distinguish ecotypes and contain highly differentiated SNPs, providing an

exciting avenue for future research.

9 Will the Ecotypes Evolve into New Species?

The formation of crab and wave ecotypes in Littorina saxatilis illustrates a case of
partial reproductive isolation that may be followed by speciation. Whether or not

speciation will be completed remains, however, a challenging question. Using a

mathematical model parameterized with empirical data from the Swedish crab-

wave ecotype system, Sadedin and co-authors found support for unanimous and

rapid ecotype formation, but speciation followed only in some of the simulations

(Sadedin et al. 2009). In fact, one important conclusion was that circumstances that

favoured one ecotype to spread over the environmental transition and eventually

give rise to the second ecotype, such as gene flow over the contact zone, impeded

speciation and vice versa. Models studying formation of clusters of divergent loci

(“islands of divergence”) in the genome suggest that local genetic barriers may

grow through the accumulation of new mutations close to the already established

divergence loci under both strong and weak selection, although the mechanism by

which this occurs has been somewhat debated (Yeaman and Whitlock 2011;

Rafajlović et al. 2016). Following this, it may be interesting to combine the
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approaches of the specific Littorina model of Sadedin et al. (2009) with a genome

model of the Yeaman type, that is, to parameterize the key traits of Sadedin’s model

with knowledge on the genetics of these traits, and for major genes involved in

these traits include estimates of selection, linkage and gene flow.

Empirical data that may be used to test expectations from speciation models may

be generated by comparing sequences of genomes at various stages of reproductive

isolation along the “speciation continuum” (Seehausen et al. 2014; Roux et al. 2017).

Indeed, Littorina saxatilis is part of such a continuum with two closely related sister

species (L. arcana and L. compressa, Reid 1996; Panova et al. 2014), one of which is
able to hybridize with L. saxatilis (Ward et al. 1986; Mikhailova et al. 2009). With

the new genomic tools available now for the Littorinamodel, it is possible to analyse

gene flow between ecotypes, subspecies and sibling species over much of the

genome, for example, using low coverage re-sequencing and mapping of data to

the reference genome. This will generate new insights on how barriers to gene flow

are arranged over the genome and how they influence isolation at different stages

along the speciation continuum. It will, for example, highlight the effects of various

isolating mechanisms such as clusters of divergence around loci under strong

divergent selection (Feder et al. 2012) and genomic rearrangements including

inversions (Navarro and Barton 2003, and see Berg et al. 2016 for an example

where an inversion forms a barrier that supports local adaptation in cod in the face

of high gene flow). Awareness of other genomic processes that may generate similar

genomic signatures to reproductive isolation is a crucial component of this type of

analysis (Wolf and Ellegren 2017; Ravinet et al. 2017).

10 Conclusions

Littorina saxatilis, and related species in its speciation continuum, is an ideal model

system for investigating genetic mechanisms of local adaptation and speciation.

Most importantly, the parallel formation of ecotypes in populations of various

magnitudes of evolutionary independence can be extremely useful to study the

mechanisms involved in evolution of barriers to gene flow. What stands out for

L. saxatilis is the primary divergence and local formation of barriers, with some

populations having diverged as recently as within the past few thousands of years

(Butlin et al. 2014). Furthermore, the possibility to compare ecotype divergence

with divergence between closely related sibling species will add power to investi-

gating later steps in the process that take divergence into complete speciation.

Resources that are presently available match, more or less, what has recently been

identified as key components of suitable model systems for studies of genome

divergence and speciation (Ravinet et al. 2017). For example, a reasonably well-

resolved reference genome complemented with a genetic map (Panova, Larsson

et al. in prep.) and ecological knowledge from field sampling and phenotypic

analyses including selection and migration estimates over contact zones (Janson

1983; Johannesson et al. 1993; Rolán-Alvarez et al. 1997; Grahame et al. 2006;
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Boulding et al. 2017; Le Pennec et al. 2017). In addition, new data analyses on

contact zones are underway from a comprehensive study of four Swedish localities

(Westram, Butlin et al. in prep.). Furthermore, the possibility to crossbreed and raise

individuals for several generations in a common garden (a laboratory environment)

is a very useful complement in addition to genome sequencing, not only to provide

families for genetic maps and QTL analyses but also to separate the influence of

habitat, selection and gene flow on trait variation over the contact zone. Into the

future, genetic manipulation using CRISPR technology will potentially open possi-

bilities for an era of functional genomics in this species, adding important informa-

tion on the detailed molecular mechanisms involved in evolution of this intriguingly

variable species.
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Johannesson K. Extreme female promiscuity in a non-social invertebrate species. PLoS One.

2010;5(3):e9640.
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Ecological Speciation in Corals

Ana M. González, Carlos A. Prada, Viridiana Ávila, and Mónica Medina

Abstract The ocean is generally a homogenous environment with few geographic
barriers that allow populations to connect over hundreds of kilometers, increasing
gene flow and slowing down diversification and the formation of species. However,
biodiversity in the ocean is vast across thousands of kilometers and even within
single individuals (e.g., coral colonies). Species diversity peaks at coral reef ecosys-
tems, which house at least one quarter of the marine biodiversity. Why are these
systems so diverse? How do species differentiate despite rampant genetic connec-
tivity? One possibility to explain biodiversity hotspots in the ocean, along with
physical barriers, is through ecological factors. Populations can diverge if they
specialize ecologically, reducing interbreeding, which can lead to reproductive
isolation. We reviewed cases of speciation in coral reefs with emphasis on those
driven by ecological factors. We find few studies in coral research using genomic
approaches to understand the genetics of reproductive isolation. We propose the
cases of the coral Orbicella spp. and the octocoral Eunicea spp. as ideal examples to
study ecological speciation in corals.

Keywords Adaptation · Coral reefs · Coral-algae symbiosis · Corals · Ecological
speciation · Genomics

1 Introduction

The study of species formation is not only critical for enhancing marine conserva-
tion, but it is also one of the major topics in evolutionary biology (Darwin 1909;
Mayr 1942; Coyne and Orr 2004; Nosil and Feder 2012). Species form when
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reproductive isolation (RI) develops, preventing the breeding of groups of organisms
and leading to genetically differentiated populations (Mayr 1942). Reproductive
isolation is regarded as a fundamental process for species generation. One way to
achieve RI is as a by-product of geographical isolation. For example, the rise of the
Isthmus of Panama roughly 3 million years ago resulted in profound oceanographic
(redirection of currents in the Gulf of Mexico and interoceanic closure) and biolog-
ical impacts including isolation of populations on either side, preventing gene flow
and eventually generating thousands of new sister species on either side of the
Isthmus (Lessios 1979; O’Dea et al. 2016). Alternatively, though not mutually
exclusive, adaptation to different habitats can result in RI and speciation via eco-
logical factors (Rundle and Nosil 2005; Prada et al. 2008; Prada and Hellberg 2013).

Speciation via geographical barriers has been traditionally emphasized in terres-
trial taxa (Coyne and Orr 2004). Physical barriers act as hard boundaries that block
gene flow among populations, allowing divergence and the formation of new
species. As most populations in terrestrial systems are fragmented across landscapes
with little genetic connectivity and restricted gene flow, geographical isolation is
often found to be the causative agent for species divergence. In contrast, marine
species often disperse across hundreds of kilometers as planktonic larvae, enhancing
gene flow among populations and hindering population differentiation and specia-
tion. For marine species in which gene flow persists over large geographical scales,
the formation of species may be largely the result of ecologically based divergent
selection.

Here we review studies of ecological speciation in marine environments. We
highlight those studies that benefited from incorporating modern genomic tools and
multidisciplinary work involving ecology, morphology, behavior, experimental, and
evolutionary biology. We also favored coral systems given corals’ ecological rele-
vance and our own expertise.

2 Biodiversity in the Ocean

Speciation in the sea has been prolific and has resulted in over 243,000 species
(WoRMS Editorial Board 2018) with an abundant presence of undescribed and
unrecognized cryptic species that could boost biodiversity estimates to at least
tenfold (Sala and Knowlton 2006). For example, according to May (1994), 32 of
33 animal phyla occur in the sea, 21 of which are exclusively marine, whereas only
12 phyla occur on land, and only 1 is exclusive to land.

Biodiversity in the sea is not only astonishing based on the number of species but
also the uniqueness of body plans, which partly reflects the action of natural
selection in these systems. Marine biodiversity is particularly rich in coral reefs,
which contain one quarter of all species in the ocean (Reaka-Kudla 2005; Sala and
Knowlton 2006). Coral reef ecosystems occur, whereby hermatypic corals grow
large colonies that form complex 3D networks of living tissue and a myriad of niches
for other species, creating a marine biodiversity hotspot (Birkeland 2015). In the
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Caribbean alone, researchers have recorded 12,000 marine species, though this is
likely an underestimation considering only a few islands in the Caribbean have been
explored and the lack of taxonomic expertise for certain groups (Miloslavich et al.
2010). Coral reefs are ecologically important as corals store carbon in their skeleton
and thus act as CO2 sinks, alleviating carbon dioxide in the atmosphere and
regulating other biogeochemical cycles such as sulfur (Raina et al. 2013). In
addition, healthy reefs provide both ecosystem services by mitigating beach erosion
from storms and hurricanes and economic services including industries in tourism,
fisheries, jewelry, aquarium hobbies, and aquaculture (Spalding et al. 2004).

One of the properties of the biodiversity on coral reefs is that it is highly stratified
with different kinds of organisms occupying different habitats (Montaggioni and
Braithwaite 2009). For example, plate-like corals are often found in deep areas
below 25 m at the reef drop off zone. Branching corals need more light and are
more resistant to wave action being found in the reef crest and fore reef areas.
Massive corals are often found at intermediate habitats. Such segregation of coral
species along reef habitats is also reflected at finer scales with a plethora of sister
species often occupying different habitats (Knowlton 1993). The co-occurrence of
these sister marine species with high dispersal capabilities poses a challenge for
evolutionary biologists trying to understand how new species emerge without
obvious geographic isolation.

3 Speciation in the Ocean

Speciation has been largely studied on land, where reproductive isolation is often
achieved due to physical barriers such as rivers and mountains that isolate
populations and generate new species (Coyne and Orr 2004; Mayr 1954;
Morris-Pocock et al. 2016; Hayes and Sewlal 2004; Ceccarelli et al. 2016). While
speciation via geographical isolation occurs in the ocean (Lessios et al. 2001), the
scarcity of physical barriers suggests this mode of isolation does not operate as
widely as on land (Palumbi 1994). Contrary to land, many marine organisms engage
in external fertilization and have planktonic larvae that can disperse hundreds of
kilometers, connecting populations across vast distances (Lessios and Robertson
2006, 2013; Roberts 1997).

The dynamics among populations in the sea differs from that on land in at least
two ways: (1) there is higher gene flow among populations, and (2) populations
sustain larger number of individuals (i.e., larger effective population sizes). Gene
flow and population size influence the rate of speciation. Increased gene flow delays
genomic differentiation and speciation. Similarly, larger populations take longer to
drift mutations to fixation, further slowing diversification and speciation. Apart from
geographical isolation, environmental differentiation often generated by physical
variation can influence the formation of species in the sea. Adaptation of populations
across these environmental changes such as gradients of light, temperature, and
depth can cause ecologically based divergent selection.
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4 Ecological Speciation

During ecological speciation, RI is achieved by divergent natural selection acting on
ecologically segregated populations even when dispersal is not an impediment to
random mating (Rundle and Nosil 2005). In these instances, speciation appears to
have occurred due to natural selection acting on genes responsible for ecological
traits. Even when gene flow is absent during divergence, ecological speciation can
accelerate the process because different alleles should be fixed under different
environments under natural selection (Schluter 2009). Similarly, because local
adaptation generates alternative states in different environments, when nascent
species come into contact, they are less likely to reproduce because both extrinsic
and intrinsic factors reduce gene flow (Doebeli 2005; van Doorn et al. 2009).
Ecological speciation research has provided evidence that RI can happen rapidly
in both plants and animals (Savolainen et al. 2006; Barluenga et al. 2006) producing
parallel patterns across taxa and geographical regions (Østbye et al. 2005; Derome
and Bernatchez 2006; Quesada et al. 2007; Schluter 2009). Given that the ocean is
one of the most stratified systems on earth, ecological divergence may play a
fundamental role in promoting speciation in marine taxa with high dispersal poten-
tial (Table 1). In fact, ecological segregation is widespread among closely related
marine species with genetic differences often detected between habitat-segregated
populations with overlapping ranges (Brazeau and Harvell 1994; Carlon and Budd
2002; Levitan et al. 2004; Prada et al. 2008) and adaptation of alternative ecotypes
occurring even within meters in species with dispersal potential of hundreds of
kilometers (Prada and Hellberg 2014). Segregated marine broadcast spawners
often differ in the timing of spawning, which can lead to temporal RI (Knowlton
et al. 1997). Thus, habitat segregation has the potential to link ecological and
reproductive traits, increasing the likelihood of isolation (van Doorn et al. 2009).
This generates assortative mating, which, coupled with habitat specificity, provides
conditions where ecological differentiation can drive speciation.

5 Adaptation Across Gradients in the Sea

Variation in the distribution of physical and ecological factors creates environmental
niches. Some of the most dissimilar niches occur at opposite ends of temperature
gradients across latitudes and depth ranges of light availability and between salinity
levels at fresh-to-seawater across estuaries (Table 1). Populations often cope with
this environmental variation by adapting to different niches across these gradients,
and this divergent selection across such environments creates the condition for
ecological speciation.

One of the first described examples of marine speciation driven by ecological
factors is that of the sponge Chondrilla cf. nucula inhabiting mangroves and coral
reefs (Duran and Rützler 2006). This species displays a different morphology and
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coloration respective to the environment it inhabits, but, more importantly,
populations from the same habitat, even if separated across vast distances, are
more genetically alike than populations from different habitats found locally
(Duran and Rützler 2006). Similarly, the habitat differentiation of the mobile fish
Halichoeres spp. between coastal and more oceanic habitats has also been found to
be reflected in genetic divergence (Rocha et al. 2005). Ecologically segregated
populations will be genetically similar to populations in their same ecological
niche even if separated by great distances while being strongly divergent from closer
populations that are in different ecological niches.

6 Depth as a Driver of Ecological Speciation in Coral Reefs

An evaluation of sibling species in the sea found that over 50% of the divergences
involved depth, therefore sympatric sibling species in the sea are commonly found to
prefer depth niches differentially (Knowlton 1993). Depth covaries with light, water
motion, sediment transport, and many other physical and chemical factors. Variation
in the interaction of these factors produces dissimilar distribution of resources,
favoring combinations of traits that result in fitness differences among habitat-
segregated populations (Prada et al. 2008; Prada and Hellberg 2013). Along with
physiological changes to match the environments at different depths, depth-
segregated marine broadcast spawners often differ in the timing of spawning,
which can lead to temporal RI (Knowlton et al. 1997). Depth segregation has the
potential to link ecological and reproductive traits, increasing the likelihood of
speciation (Felsentein 1981; Tomaiuolo et al. 2007; van Doorn et al. 2009).

Two of the best-studied Caribbean systems in which ecological factors seem to
have driven speciation across depths are the common Orbicella species (formerly
known asMontastraea annularis complex) and the octocoral Eunicea flexuosa. The
Orbicella genus is one of the major reef-building groups in the Caribbean and
includes three species: O. faveolata, O. annularis, and O. franksi (Knowlton et al.
1992). Multiple sources of evidence, including behavior, genetics, and ecology, have
shown that each species tends to occupy different habitats (Knowlton et al. 1992;
Weil and Knowlton 1994; Lopez et al. 1999; Fukami et al. 2004). In addition, the
Orbicella species also correspond to distinct ecotypes that segregate by depth (Budd
et al. 2012). For example, O. franksi prefer deeper areas (>20 m), O. faveolata
favors intermediate depths, and O. annularis is more common in shallower depths
(<10 m). They overlap at intermediate depths (Weil and Knowlton 1994; Pandolfi
and Budd 2008) and are ecotypically differentiated by coral colony morphology
(columnar, massive, or bumpy), which likely provides ecological advantages to each
species in its own depth. In fact, genome sequencing provides evidence that the
extinction of previous Orbicella spp. created a niche gap in which modern Orbicella
species have thrived, enabling ecological segregation of modern taxa (Prada et al.
2016). Therefore, the columnar morphology of O. annularis allows colonies to grow
faster and better compete in shallow habitats with high sediment transport. The more
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massive form of O. franksi allows this coral to increase its area perpendicular to the
reception of light that is scarce in deeper environments. Such morphological differ-
ences are adaptive and allow the corals to perform better in their native habitats than
in nonnative habitats (in the case of O. annularis, performance is best in shallow
habitats versus deep habitats).

Similar to the Orbicella species, Eunicea flexuosa shows two genetically distinct,
depth-segregated ecotypes that also match morphological differentiation consistent
with local adaptation. Although the two distinct morphotypes used to be attributed to
phenotypic plasticity, a study that used reciprocal transplantation and molecular
markers (nuclear and mitochondrial) found evidence that these morphotypes are not
only ecologically but also genetically distinct despite living in sympatry which
explains why the morphological characters are consistently fixed for shallow
(<5 m) and deep (>17 m) populations (Prada et al. 2008). Moreover, studies have
shown that sympatric populations of Eunicea segregate by depth and that migration
is limited between shallow and deep zones, suggesting that survival is higher for
native genotypes from each niche than for foreign recruits (Prada and Hellberg 2013,
2014). Species in this genus take approximately 15 years to reach sexual maturity.
By then, immigrant inviability operates in incoming larvae weeding out unfit
colonies and selecting for locally adapted ones. In a typical case of ecological
speciation, populations of Eunicea at different depth zones are fully segregated
genetically when living in sympatry, yet populations of each depth specialist main-
tain high levels of gene flow across the Caribbean. As corals in general delay sexual
maturity for years to decades, selection operates for a long time (i.e., long
prereproductive selection), resulting in high immigrant filtering efficiency across
habitats before reproduction promoting RI (Prada and Hellberg 2013). Both depth-
segregated specialists harbor distinct Symbiodinium symbiont species that they
select from the water column and remain host-specific even after reciprocal trans-
plantation, suggesting algal specificity may be a factor in the ecological segregation
of Eunicea (Prada et al. 2014).

There are a few cases of segregation by depth across scleractinian corals varying
in their degree of speciation from little divergence (population polymorphism) to
fully resolved species. Favia fragum corals from Panama are thought to be a case of
recent speciation. Although there is some overlap at shallower depths (�1 m),
segregation of two F. fragum morphotypes is clear, and each morphotype is found
at a particular depth (�1 m vs 3 m) (Carlon and Budd 2002). Polyp morphometrics
and allozyme analyses suggest that segregation can be explained by an incipient
speciation process with incomplete lineage sorting (divergence-with-gene-flow
model) likely due to ecological division and RI since these corals are mostly self-
crossing (Carlon and Budd 2002).

In the case of Seriatopora hystrix from the Great Barrier Reef, depth segregation
is present along the reef slope where ecotypes are exclusive to certain depth ranges.
These ecotypes also establish stable symbioses with Symbiodinium, suggesting local
adaptation to each particular depth niche in both algae and coral (Bongaerts et al.
2011). Similarly to other cases of depth segregation, samples from the same local
reef area are much more genetically similar to distant regional samples at the same
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depth than to samples within the same area but at a different depth (Van Oppen et al.
2011). Niche diversification based on depth has been reported in the Mediterranean
octocoral Corallium rubrum, which is separated in two populations within the
20–70 m gradient it inhabits with a population boundary at 40–50 m of depth
(Costantini et al. 2011). Another Mediterranean coral, Eunicella singularis, has
two morphotypes corresponding to a shallow and a deep niche that are in fact
isolated genetically (Costantini et al. 2016). In both cases it was hypothesized that
the thermocline may prevent deeper larvae from migrating to shallow water
populations (Costantini et al. 2011, 2016). Similarly, in Florida and the United
States Virgin Islands (USVI), populations of Porites astreoides experience low
vertical connectivity attributed in some cases (e.g., Dry Tortugas) to mesoscale
eddies that result in segregation of shallow and deep populations, whereas gene
flow is high between Florida and the USVI (which is almost 2,000 km) despite that
these corals release competent larvae that typically settle close to the parental
colonies (Serrano et al. 2016). In addition to segregation in the coral host, associated
Symbiodinium is also segregated by depth (clades A and C inhabit shallow and deep
waters, respectively) (Serrano et al. 2016).

Iglesias-Prieto et al. (2004) found vertical distribution in corals depended on the
Symbiodinium each coral species hosts. Two depth-segregated coral species,
Pocillopora verrucosa (shallow) and Pavona gigantea (deep), harbor a unique
algal composition based on ITS2 marker profiling: Pavona harbors Symbiodinium
type C1, and Pocillopora harbors Symbiodinium type D1. Light-depth segregation in
Symbiodinium is so strong for these two species that it can alone determine the coral
host niche segregation regardless of environmental conditions and therefore influ-
ence niche diversification. Genetic evidence supports two depth-associated lineages
of the Caribbean coral Madracis pharensis that host different algal symbionts.
Shallow corals host Symbiodinium type B7, whereas deep corals host Symbiodinium
type B15 (Frade et al. 2010). A similar study of five Agaricia coral species found
depth segregation in the coral host and host specificity with the algal populations
(Bongaerts et al. 2013). And more recently, genome-wide genotyping by RAD
sequencing determined that reduced gene flow between depth-segregated Agaricia
fragilis resulted in genome wide evidence of high selective pressure to depth adap-
tation despite symbiont type (all A. fragilis studied hosted the same algal type)
(Bongaerts et al. 2017). Interestingly, however, in the same study Stephanocoenia
intersepta from the same reef showed no genetic structure between different depths
suggesting that each species has unique natural histories and generalizations are hard
to support (i.e., deep reef refugia hypothesis) (Bongaerts et al. 2017).

Octocorals are also known to occur at particular depth niches with specific
Symbiodinium algal symbioses. Gorgonia ventalina is an abundant Caribbean spe-
cies that shows Symbiodinium genetic segregation based on depth (Kirk et al. 2009).
The presence and maintenance of dinoflagellate algal symbionts is key in determin-
ing the ecological niche of a given species (Iglesias-Prieto et al. 2004; Bongaerts
et al. 2011; Prada and Hellberg 2014). Genomic and transcriptomic tools have
enlightened the ecology of coral-algal symbiosis. For example, in the case of
bleaching stress, Orbicella faveolata and Acropora hyacinthus transcriptomic data
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suggest coral physiology remains disturbed for months even after Symbiodinium
recovery (Pinzón et al. 2015; Thomas and Palumbi 2017). An intriguing possibility
is that such physiological stress may be differently handled by corals occupying
different niches and containing different symbionts (Parkinson et al. 2016). Another
key finding is that transmembrane transport, oxidative stress response, and UV
radiation protection genes are enriched in Symbiodinium genomes and
transcriptomes, which are presumably necessary to maintain symbiosis (González-
Pech et al. 2017). It remains to be seen if the evolution of these transmembrane
proteins differs between species and populations occupying different habitats with
varying light levels such as across depth gradients.

Ecological speciation is not exclusive to shallow environments as species also
segregate along the deep ocean as well. Three deep-sea sibling species in the
octocoral genus Callogorgia also segregate by depth and by the specific environ-
ment associated to each depth (mostly explained by temperature, salinity, and calcite
saturation) with little overlap, indicating high depth specialization (Quattrini et al.
2013). In particular, genetic evidence from Callogorgia delta indicates that these
octocorals segregate locally within species and are more responsive to depth than
geographical distance supporting the depth-differentiation hypothesis at the species
level (Quattrini et al. 2015).

7 Mechanisms of Reproductive Isolation Among
Populations Living in Different Habitats

7.1 Spawning Timing

Adaptation to depth results in temporal reproductive isolation. Coral spawning
varies across depths with corals in shallow areas perceiving sunset earlier than
deeper water colonies, thereby resulting in differential timing of spawning
(Knowlton et al. 1997). The best case studied involves the Orbicella species (i.e.,
O. annularis mostly on shallow waters, O. franksi mostly on deep waters, and
O. faveolata in both shallow and deep waters). O. franksi spawns approximately
2 h after sunset, whereasO. annularis andO. faveolata spawn 3:40 h and 4:00 h after
sunset, respectively (Levitan et al. 2004, 2011). This 2-h window is ample to avoid
cross-fertilization between O. franksi and O. annularis as gametes dilute and age
quickly in the water column; and the overlap between O. annularis and O. faveolata
does produce successful crosses at least in the laboratory (Levitan et al. 2004, 2011).
In Orbicella, adaptation to different depths causes the development of RI due to
timely species-specific gamete release events (Weil and Knowlton 1994; Levitan
et al. 2011). Spawning times are sufficiently different to prevent hybridization even
when corals are found in sympatry, yet conspecifics will spawn at their
corresponding time. There is correlation between genotype and timing of spawning
inOrbicella corals (Levitan et al. 2011). Furthermore, depth isolated groups from the
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same species will spawn at comparable times indicating a strong species-specific
spawning behavior as seen in O. franksi, O. faveolata, as well as other corals such as
M. cavernosa and Diploria strigosa (Vize 2006; Villinski 2003).

The underlying genomic architecture of spawning behavior is partially under-
stood. Heritable genomic components responsible for spawning behavior are
thought to be associated with circadian clock networks that are triggered differently
during spawning time. Spawning in corals is photoregulated and possibly under the
influence of circadian rhythm genes (Kaniewska et al. 2015). Circadian rhythm gene
networks are composed of highly conserved proteins in metazoans (Reitzel and
Behrendt 2010), yet they are known to play a role in RI between species. Because
most proteins involved in biorhythms detected in corals are transcription factors
(Levy et al. 2007; Shoguchi et al. 2013), it is likely that timing of spawning and
divergence in spawning time among populations and species are controlled at the
transcriptional level. The O. faveolata genome has revealed the presence of approx-
imately 18 circadian rhythm protein families that are likely involved in controlling
spawning time in corals.

Some of the genes implicated in differential timing of spawning are responsive to
blue light from lunar irradiance (Gorbunov and Falkowski 2002), and evidence from
Acropora millepora corals supports that at least two blue-light-sensing photorecep-
tor genes (cryptochromes cry1 and cry2) are responsive to the moonlight phases in
this species (Levy et al. 2007). Studies show that gene expression measured using
EST of cry2 was increased in full moon nights as opposed to new moon nights
indicating this gene may be operating the circadian clock thereby participating in the
regulation of spawning timing, although the involvement of other genes (like opsins)
involved cannot be ruled out (Levy et al. 2007). There is not a clear understanding of
what triggers spawn timing behavior in corals. It may be linked to a direct response
to a light cues such as darkness (i.e., if the cue is shifted, the behavior shifts), or it
could be operating under an entrained biological clock (i.e., if the cue is shifted or
removed, the behavior continues in a rhythmic manner for some time). Most likely,
at least in Orbicella spp., sunset is the trigger that “starts the countdown” to
spawning timing. Current studies of the transcriptome network that operates the
temporal isolation behavior in Orbicella franksi and Orbicella annularis indicate a
strong species-specific difference in the genes differentially expressed though these
genes underlie similar functions (González et al. in press).

7.2 Sperm-Egg Recognition Systems

In addition to differential timing of spawning, corals reproductively isolate via
chemical variations in the proteins involved with sperm-egg interactions, which
mediate whether fertilization is possible. After spawning and before fertilization,
gametes must find and recognize each other as compatible. Gamete recognition and
compatibility is crucial for successful reproduction. The sperm and egg of compat-
ible individuals chemically recognize each other via the interaction of proteins on
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their surfaces (Vacquier 1998). These reproductive proteins ultimately permit fertil-
ization and thus ensure RI in most marine broadcast spawners. Proteins responsible
for gamete interactions are best known in sea urchins, abalone, and turban snail
species, although many eukaryote taxa are known to have reproductive proteins
(Pujolar and Pogson 2011; Palmer et al. 2013; Hellberg et al. 2012; Lima and
McCartney 2013; Clark et al. 2006). Reproductive proteins are known to be
among the fastest-evolving proteins (Metz et al. 1998; Swanson and Vacquier
2002). In the case of rapid evolution of reproductive proteins, and especially those
involved in gamete recognition, adaptive evolution has been attributed to a series of
inter- and intraspecific fertilization conflicts that seem to constantly favor rapid
protein change, especially in external fertilizers (Vacquier and Swanson 2011).

One hypothesis for the evolution of sperm-egg proteins in marine organisms is
reinforcement which prevents prezygotic contact in sympatry by controlling gamete
recognition such that eggs select for conspecific sperm (known as conspecific sperm
precedence) or assortative mating (Marshall et al. 2002; Fogarty et al. 2012; Palumbi
1999). This is the case of Echinometra oblonga and Echinometra sp. C, which may
interbreed in no-choice crosses but that do not hybridize naturally. The eggs of these
species also select for conspecific sperm (Geyer and Palumbi 2005). These proteins
tend to be rapidly evolving and are attributed the ability to explain rapid speciation in
marine systems even in sympatry (Geyer and Palumbi 2005; Palumbi 2009). In cases
that gamete recognition fails to prevent all hybridization, ecological factors such as
habitat or depth segregation and temporal and/or gametic isolation may aid in
maintaining prezygotic isolation (Lessios 2007). Morphological features in gametes
(sperm shape, egg structure and size), motility limitations, and even chemical cues
(pheromones) may also operate as prezygotic barriers in broadcast marine spawners
(Wolstenholme 2004; Levitan 2006; Manier and Palumbi 2008; Marks et al. 2008).

An additional hypothesis for the evolution of sperm-egg proteins is sexual
conflict. Intraspecific crossings are limited to the fertilization of an egg with a single
sperm, since polyspermy (the fertilization of one egg by more than one sperm) leads
to embryo death. As a result, sexual conflict arises between eggs and sperm, such
that eggs have mechanisms to avoid polyspermy, while sperm competition results in
mechanisms to overcome the egg barriers. This is a sperm-density-dependent sce-
nario as rare alleles have higher fertilization rates when sperm density is high,
whereas more common alleles have higher fertilization rates when sperm density
is low (Levitan and Ferrell 2006). In some organisms like mammals, birds, and
echinoderms, eggs are able to block polyspermy after one sperm comes in successful
contact with the egg (reviewed in Karr et al. 2009). Other species modify the egg
receptors to reduce the chances of insemination by multiple sperm, while sperm
receptors are constantly being modified in order to fertilize eggs at all costs, a way of
sexual conflict (reviewed in Levitan 2010). Sexual selection can also operate through
cryptic female choice, which occurs when eggs prefer certain sperm surface alleles
resulting in higher fertilization rates for those allele carriers (Eberhard 1996).
Fertilization is highly dependent on density and genotype frequency of both sperm
and eggs; therefore to understand the evolution of reproductive isolation based on
gamete recognition proteins, studies are more fruitful when observations are taken in
the context of the organism’s ecology (Levitan and Ferrell 2006; Palumbi 2009).
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In summary, in external fertilizers like sea urchins, snails, and other invertebrates,
gamete recognition proteins play a key role regulating egg-sperm interactions,
reproductively isolating taxa and, given their fast evolution, facilitating speciation.
It is unknown if gamete recognition proteins are present in corals, but low fertiliza-
tion rates in self-fertilization trials (Szmant et al. 1997) and interspecific crosses
suggest they may occur and mediate fertilization (Knowlton et al. 1997). However, it
is known that asymmetric conspecific sperm precedence exists inOrbicella such that
the early spawner O. franksi shows strong preference toward sperm of its species,
whereas the late spawner O. annularis does not show strong preference in choice
experiments with both species (Fogarty et al. 2012). The ecology of these species
should be taken into account considering that by the time O. annularis spawns,
leftover O. franksi sperm may just be too diluted and old to naturally fertilize fresh
O. annularis eggs. When the spawning times overlap in the case of O. annularis and
O. faveolata, gametes are incompatible as shown by unsuccessful laboratory cross
experiments, hence preventing hybridization even when sibling congenerics are
found in sympatry (Levitan et al. 2004; Szmant et al. 1997).

8 Genomics of Coral Speciation

Comparative genomic research is now feasible due to the evolution of sequencing
platforms and the growing myriad of respective sophisticated analysis tools. Areas of
interest within the scope of model systems have devoted attention to genome-wide
association studies (GWAS). In the case of cnidarians, and particularly corals, some
studies now incorporate these new technologies. Genome-wide genotyping has been
used to assess fine population genetics and diversity in a physical range. Genome-
wide data suggest Acropora palmata populations seem to segregate by geography
(Devlin-Durante and Baums 2017), yet Orbicella species segregate by depth. This
technique has also shown the lack of genetic difference in Acropora digitifera from
Japanese reefs (Shinzato et al. 2015).

The life histories of Eunicea and Orbicella species present a great natural
experiment to study how prezygotic barriers operate in long-lived broadcast
spawning corals. The highly continuous genome of Orbicella faveolata allows the
study of evolution of sperm-egg recognition proteins in corals (Prada et al. 2016).
Our preliminary analysis in Orbicella corals indicates that substantial sequence
divergence exists across candidate reproductive proteins. Figure 1a illustrates that
CatsperD, a sperm motility protein (Chung et al. 2011), is highly dissimilar between
O. faveolata and O. annularis. We hypothesize CatsperD may contribute to
prezygotic barriers since sperm need to swim to reach the egg and different motilities
elicit different mechanical responses in the egg layers (Levitan 2000). The second
molecule with substantial differences between Orbicella species is the receptor for
egg jelly protein (REJ), which is a known sperm-egg-binding protein of the acroso-
mal reaction in sea urchins (Moy et al. 1996; Karr et al. 2009). These candidate
proteins may be partially responsible for RI in these species.
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9 Conclusion

Environmental gradients often drive genetic segregation in marine populations, and
ecological speciation is common in the sea. One of the main examples of ecological
speciation in the ocean is depth segregation on coral reefs. Organisms that harbor
photosynthetic symbionts, such as scleractinian corals and octocorals, are bound to
physiological requirements of both host and algal symbionts. These requirements are
often quite distinct due to restrictions of light penetration to the benthos, ultimately
leading to reproductive isolation among populations along this depth gradient. In
species with delayed reproduction such as corals, selection acts for years to decades
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Fig. 1 We retrieved ortholog protein sequences from protein models from the genomes of four
symbiotic cnidarians (O. faveolata, Acropora digitifera, Stylophora pistillata, and Exaiptasia
pallida) and one asymbiotic cnidarian (Nematostella vectensis) using blast bidirectional best hit
(BBHs) (Altschul et al. 1990). We did protein alignments and curation with ClustalW (Thompson
et al. 1994) and Gblocks (Castresana 2000). We built protein distance matrices using Hamming
dissimilarities algorithm implemented in Ugene (Okonechnikov et al. 2012). The heatmaps of the
protein distances between different reproductive proteins in five Cnidarians are depicted. Green
colors represent closer distances (fully conserved proteins equal to 1), while red colors represent
more distant relationships (equals a value of 0.05). Gray indicates sequence absence. (a) Compar-
ison among sister Orbicella species. (b) Comparison of O. faveolata, Acropora digitifera,
Stylophora pistillata, and Exaiptasia pallida genomes and Nematostella vectensis
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and effectively removes unfit individuals. Adaptation to depth in these systems is
tied to reproductive isolation as light cues drive gamete release timing providing
temporal isolation. The rapid evolution of sperm-egg recognition proteins provides
an additional prezygotic isolating barrier to maintain and generate biodiversity in the
sea. Genomic tools are enhancing our understanding of genetic variants associated
with local adaptation as well as elucidating the molecular mechanisms driving
reproductive isolation and speciation in the sea. The use of multidisciplinary
research that combines genomic approaches with field biology promises to close
gaps in our understanding of ecological genomics and marine speciation.
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Environmental Epigenomics and Its
Applications in Marine Organisms

Andria Beal, Javier Rodriguez-Casariego, Ciro Rivera-Casas,
Victoria Suarez-Ulloa, and Jose M. Eirin-Lopez

Abstract Although epigenetics is still a relatively new discipline, its development
during the last 10 years has revolutionized the current understanding of genome
structure and function. The present chapter provides an insight on the exciting field
of environmental epigenetics (i.e., the cause-effect relationships between environ-
mental signals and epigenetic modifications altering phenotypes) and its potential
applications for different types of studies in the marine environment. In the first
part of this chapter, this work focuses on defining epigenetics, the different
mechanisms involved in the epigenetic regulation of gene expression, as well as
their potential role during the evolution of life on Earth. In the second part, this
chapter moves into the potential applications of epigenetics in marine organisms,
using current research projects on model species ranging from marine invertebrates
to large marine megafauna as references. Overall, the present contribution under-
scores the importance of environmental epigenetic studies in marine organisms to
better understand how organisms respond to their surrounding environment,
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fostering the development of a new generation of biomarkers enhancing restora-
tion, conservation, and management efforts.

Keywords Biomonitoring · Chromatin · DNA methylation · Epigenetics ·
Mechanisms · ncRNAs · Population parameters · Restoration

1 Introduction

1.1 What Is Epigenetics?

The word “epigenetics” was originally coined by Conrad Waddington in 1942,
referring to how genotypes give rise to phenotypes during development
(Waddington 1942). Since then, the definition of epigenetics has been reshaped
multiple times in order to keep up with the advances in biological knowledge. In this
book chapter, epigenetics will be referred to as “The study of phenomena and
mechanisms that cause chromosome-bound, heritable changes to gene expression
that are not dependent on changes to DNA sequence” (Deans and Maggert 2015). In
this context, heritability is defined as involving both mitotic and meiotic inheritance,
and thus, epigenetic mechanisms need not be confined to processes that are inherited
across generations (Metzger and Schulte 2016).

One of the most important challenges associated with the differentiation of the
eukaryotic cell was organizing an extremely large genome within the reduced space
of the cell nucleus (e.g., human diploid DNA is approximately 2 m long and needs to
be packed within a cell nucleus of 6 μm of diameter). Such a high degree of
condensation is achieved through the association of DNA with chromosomal pro-
teins, forming a structure known as chromatin (van Holde 1989). The structural
determinants of chromatin are extremely conserved across eukaryotes, underscoring
their critical roles (Malik and Henikoff 2003; Ammar et al. 2012). However,
chromatin also plays a functional role by regulating access to DNA in a well-
coordinated and tightly regulated manner. Thus, this polymer can be defined as a
highly dynamic structure where numerous proteins, transcription factors (TF),
chemical marks (e.g., DNA methylation and histone posttranslational modifica-
tions), and other molecules (e.g., noncoding RNAs) work together to modify the
architecture and accessibility to the DNA and, ultimately, regulate gene expression
(Luger et al. 2012; Magistri et al. 2012; Table 1 and Fig. 1).

Chromatin provides a framework for the study of epigenetics, with this consti-
tuting an exciting frontier to understand how the environment influences the regu-
lation of DNA function and the resulting phenotypic variation (i.e., phenotypic
plasticity) observed in living organisms (Cortessis et al. 2012; Bollati and Baccarelli
2010; Suarez-Ulloa et al. 2015). The cause-effect relationships between environ-
mental changes and epigenetic variation constitute the basis for environmental
epigenetic studies (Feil and Fraga 2012). This discipline provides a powerful
approach to study environmental responses in different ecosystems, notably in
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marine ecosystems subject to the harmful effects of global climate change (i.e.,
changes in water temperature, pH, salinity, and anthropogenic pollutants; Harley
et al. 2006). Yet, while there is evidence supporting an epigenetic basis for the
acquisition and transgenerational inheritance of acclimatized phenotypes in response
to environmental changes, the mechanisms underlying such responses remain
unclear (Vignet et al. 2015; Marsh and Pasqualone 2014; Greco et al. 2013;
Navarro-Martín et al. 2011; Vandegehuchte et al. 2009). More precisely, our knowl-
edge about how these mechanisms occur in response to specific stressors during
different developmental stages, as well as how they interconnect and set the foun-
dations for longer-term adaptation processes, is still very limited.

The present contribution will discuss foundational works in the field of environ-
mental epigenetics, along with actual research defining the current understanding of
epigenetics and the potential application of epigenetic studies in the marine envi-
ronment. The first section of this work will introduce the main epigenetic mecha-
nisms, how they can be influenced by the environment, as well as their potential
for inheritance within and across generations. Subsequently, Sect. 2 will highlight
specific fields of application for epigenetics with particular emphasis on the marine
environment.

Table 1 Main epigenetic mechanisms shaping the regulatory landscape of eukaryotic cells in
response to environmental signals

Epigenetic mechanism Definition References

DNA methylation Covalent incorporation of a
methyl group to a DNA base. In
metazoans, this often occurs on
the 5 carbon of a cytosine

Jones (2012), Okano et al.
(1999), Tahiliani et al. (2009),
Li and Zhang (2014)

Histone posttranslational
modifications and incor-
poration of histone
variants

DNA is wrapped around nucleo-
somes formed by protein
octamers of core histones (H2A,
H2B, H3 and H4). Histones are
subject to posttranslational mod-
ifications (PTMs) altering
DNA-nucleosome interactions.
Chromatin structure can be also
altered by incorporation of his-
tone variants replacing their
canonical counterparts. Overall,
histones regulate the access to the
DNA by modifying chromatin
structure

Ausio (2006), Kouzarides
(2007), Henikoff and Ahmad
(2005), Bannister and
Kouzarides (2011)

Noncoding RNAs RNAs transcribed from DNA but
not translated into proteins, these
RNAs generally function in con-
trolling gene expression. There
are many types of noncoding
RNA (ncRNA) such as miRNA,
siRNA, piRNA, and lncRNA.
RNAs can be methylated, as part
of the epitranscriptome

Palazzo and Lee (2015), Vidigal
and Ventura (2015), Zhang et al.
(2014), Carthew and
Sontheimer (2009)
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1.2 Main Epigenetic Mechanisms

1.2.1 DNA Methylation

DNA methylation is arguably the most studied epigenetic mark, involving the
covalent incorporation of methyl groups to DNA bases (Table 1). DNA methylation
marks have been described in genomes of organisms belonging to all domains of life,
especially in the metazoan lineage within eukaryotes. The most common form of
DNA methylation occurs at the fifth carbon of a cytosine, typically in the context of
CpG dinucleotides, establishing a 5-methylcytosine (5mC) residue (Jones 2012).
The reaction resulting in the addition of a methyl group to the carbon 5 of a cytosine
is catalyzed by DNA methyltransferase (DNMT) enzymes (Okano et al. 1999). In
mammals, DNMT3A and DNMT3B establish de novo DNA methylation patterns
during embryonic development. Meanwhile, the enzyme DNMT1 binds to
hemimethylated DNA and maintains those methylation marks after each cell

Fig. 1 Chromatin structure as a framework for epigenetic mechanisms. Various mechanisms have
the potential to encode epigenetic information and regulate gene expression including DNA
methylation (Me), the replacement of canonical histones by specialized histone variants in nucle-
osomes (e.g., H2A and H3 by H2A.X and H3.3, respectively), posttranslational modifications of
histone residues (e.g., Ac acetylation, Me methylation, P phosphorylation, Ub ubiquitination),
noncoding RNAs (e.g., miRNAs) or binding of transcription factors to the DNA
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division, taking advantage of the symmetry of the CpG motif. DNA methylation is
thus propagated unless removed by active [e.g., by ten-eleven translocation (TET)
proteins (Tahiliani et al. 2009)] or passive mechanisms [e.g., lack of DNMT1
activity (Li and Zhang 2014)].

Genome Distribution and Regulatory Role of DNA Methylation

Despite its ancient origin and widespread occurrence, there is considerable variation
in the 5mC distribution patterns and functions among taxa. Accordingly, even
important model species show no detectable (e.g., Caenorhabditis elegans and
Saccharomyces cerevisiae) or very low levels (e.g., Drosophila melanogaster dis-
plays low methylation levels detected only at early stages of development) of 5mC
(Capuano et al. 2014; Bird 2002). Within metazoans, the genomes of vertebrate
organisms are generally heavily methylated, with most CpGs exhibiting methylation
marks, with the exception of those located at CpG islands (CGIs) which remain
mostly unmethylated (Suzuki and Bird 2008). In contrast with this global distribu-
tion, most invertebrate genomes exhibit a mosaic pattern of 5mC distribution, with
long stretches of highly methylated DNA interspersed with unmethylated regions
(Tweedie et al. 1997; Feng et al. 2010). Interestingly, DNA methylation occurs
mainly in gene bodies in invertebrates (including exons and introns of protein-
coding regions, Suzuki et al. 2007; Zemach et al. 2010), while vertebrate genomes
are commonly methylated also in intergenic regions, promoters, and transposable
elements (Feng et al. 2010).

The functional effect of DNA methylation is highly dependent on the genomic
context. Accordingly, high levels of methylation in proximal upstream promoters
and enhancers are usually linked to transcriptional repression, through association
with methyl-binding domain (MBD) proteins or through inhibition of transcription
factor binding (Klose and Bird 2006; Deaton and Bird 2011). In contrast, gene body
methylation is highly correlated with actively transcribed genes, reduction of tran-
scriptional noise, and regulation of alternative splicing (Jones 2012; Huh et al. 2013;
Shukla et al. 2011). Thanks to its regulatory role, DNA methylation is involved in
critical biological processes such as cell differentiation and embryonic development
(Smith and Meissner 2013). Furthermore, DNA methylation is also necessary to
maintain genome integrity and even for defense purposes, as it is involved in the
silencing of transposable elements in some species, as well as X-chromosome
inactivation and genomic imprinting in mammals (Suzuki and Bird 2008; Jones
2012).

DNA Methylation Responses in Marine Environments

Although most of the current knowledge concerning DNA methylation derives from
studies in mammalian model organisms, similar distribution patterns and transcrip-
tional regulatory roles for this epigenetic mark have been shown in other chordates
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(Peat et al. 2017; Metzger and Schulte 2016). Accordingly, the recent publication of
the DNA methylome of the elephant shark Callorhinchus milii shows a global
distribution of DNA methylation marks and a correlation with gene expression
similar to that described in other vertebrates (Peat et al. 2017). Although functional
information in non-model invertebrates is still scarce, several reports focused on
marine species have contributed to filling this gap, including studies in the Pacific
oyster (Crassostrea gigas) evidencing a correlation between gene body DNA meth-
ylation and high levels of gene expression (Gavery and Roberts 2013), as well as roles
for DNA methylation in the regulation of alternative splicing (Gavery and Roberts
2013; Song et al. 2017) and embryonic development (Riviere et al. 2017).

Dynamic changes in DNA methylation are dependent on intrinsic genetic factors
but also environmental factors (Feil and Fraga 2012; Fraga et al. 2005). Indeed, there
is increasing evidence suggesting that changes in 5mC states can be triggered by
changes in environmental conditions, contributing to phenotypic plasticity in organ-
isms during subsequent responses (Kelly et al. 2012; Foo and Byrne 2016). Several
works in marine animals further illustrate the links between DNA methylation and
environmental changes. For instance, Marsh and Pasqualone reported that Antarctic
polychaete embryos raised at different temperatures showed striking differences in
DNA methylation patterns upon reaching adulthood, with increased DNA methyl-
ation levels on those raised at higher temperatures (Marsh and Pasqualone 2014). In
a global climate change context, a study simulating ocean acidification conditions
reported increased levels of global DNA methylation in the scleractinian coral
Pocillopora damicornis after exposure to high pCO2 conditions (Putnam et al.
2016). Similarly, DNA methylation changes have also been observed in the eastern
oyster, Crassostrea virginica, in response to toxin-producing harmful algal blooms
(González-Romero et al. 2017), although in this case DNA methylation decreased
during exposure to increased levels of toxins. Interestingly, another recent report
described lower levels of DNA methylation during the initial expansion phase of the
invasive pygmy mussel Xenostrobus securis, potentially increasing phenotypic
plasticity facilitating settling in the new environment (Ardura et al. 2017).

Among fishes, freshwater species such as the model zebrafish have dominated the
literature (Metzger and Schulte 2016; Gavery and Roberts 2017). However, there are
an increasing number of studies in marine species analyzing changes in DNA
methylation in response to different conditions. For instance, DNA methylation in
response to thermal variation has been studied in species such as the European sea
bass, Dicentrarchus labrax (Anastasiadi et al. 2017); the Atlantic salmon, Salmo
salar (Burgerhout et al. 2017); the Atlantic cod, Gadus morhua (Skjærven et al.
2014); the Senegalese sole, Solea senegalensis (Campos et al. 2013); and the tongue
sole, Cynoglossus semilaevis (Shao et al. 2014). Of note here is the work by Varriale
and Bernardi (2006) analyzing DNAmethylation levels in 75 species of fish living at
different latitudes and reporting higher 5mC levels in those living at lower temper-
atures (Varriale and Bernardi 2006). Changes in DNA methylation have also been
observed in response to salinity variation in the tongue sole, Cynoglossus semilaevis
(Li et al. 2017); cadmium exposure in the European eel, Anguilla anguilla (Pierron
et al. 2014); hexabromocyclododecane and 17β-estradiol exposure in the three-
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spined stickleback, Gasterosteus aculeatus (Aniagu et al. 2008); tributyltin and
triphenyltin exposure in the sea ruffe, Sebastiscus marmoratus (Wang et al. 2009);
and even environmental-caused tumorigenesis in the common dab, Limanda
limanda (Mirbahai et al. 2011). In addition, changes in DNA methylation during
development were also studied in the Atlantic salmon, Salmo salar [early maturation
stages (Morán and Pérez-Figueroa 2011)]; the sea lamprey, Petromyzon marinus
[metamorphosis (Covelo-Soto et al. 2015; Metzger and Schulte 2016)]; or the
European eel, Anguilla anguilla [metamorphosis (Trautner et al. 2017)]. Overall, the
number of publications applying DNA methylation analyses in marine species has
increased dramatically in recent years. However, its use in other areas such as popu-
lation studies remains largely unexplored. In this sense, DNA methylation could
be used for species differentiation, behavior analysis, or estimation of demographic
parameters such as age or sex of specific individuals in a population. The state of the art
of these and other potential applications will be discussed in subsequent sections.

1.2.2 Histones, Histone Variants, and Histone Posttranslational
Modifications

The chromatin fiber is constituted by fundamental subunits known as nucleosomes,
each consisting of an octamer of architectural chromosomal proteins known as
histones associated with DNA. Two copies of each core histone (H2A, H2B, H3,
and H4) interact to form the nucleosome core particle (NCP), around which two left-
handed super helical turns of DNA are wrapped (van Holde 1989, Table 1). Adjacent
nucleosomes are joined together by short irregular stretches of linker DNA that
interact with linker H1 histones, resulting in an additional folding of the chromatin
fiber. Histones are small basic proteins with high affinity for the acidic DNA. They
contain two structurally differentiated regions: a globular domain facilitating
histone-histone interactions during nucleosome assembly and two unstructured
tails (N- and C-terminal) that protrude from the nucleosome particle (Luger et al.
1997). Importantly, histones are not mere structural components of the chromatin but
also critical determinants of its functionality (Allis et al. 2015). Indeed, histones can
profoundly affect chromatin structure and its functional state by changing its local
environment. This can be achieved in several ways. On the one hand, histones can be
posttranslationally modified (PTM) at specific residues (Bannister and Kouzarides
2011) altering their electrostatic properties and, consequently, their affinity for DNA
and other proteins. On the other hand, the replacement of canonical histones with
specialized histone variants affects even to a greater extent the structure of the
chromatin (Ausio 2006). Overall, the combination of histone variability and the
different PTMs generate an enormous diversity in the nucleosome composition,
creating a great variety of chromatin environments and transcriptional states
(Henikoff and Ahmad 2005; Kouzarides 2007).
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Histone- and Chromatin-Mediated Environmental Responses

In recent years, evidence has accumulated supporting the role of histone variants
and histone modifications in environmental responses (Talbert and Henikoff 2014;
Kasinsky et al. 2011). For instance, some environmental stressors can affect the
DNA causing double-strand breaks (DSB). Upon damage, histone variant H2A.X
undergoes rapid phosphorylation constituting a focus surrounding the damaged area.
Along with modifications in other variants such as H2A.Z, macroH2A, or H3.3,
these events constitute the earliest responses activating DNA repair pathways in the
cell (Talbert and Henikoff 2014; Li et al. 2005). Histone H2A.Z has also been
associated with responses to other environmental cues such as temperature (Kumar
and Wigge 2010) or seasonal changes (Simonet et al. 2013) by regulating the
expression of environmentally responsive genes (Adam et al. 2001; Coleman-Derr
and Zilberman 2012; Wan et al. 2009). Additionally, PTMs such as acetylation (Wan
et al. 2009) or ubiquitination (Simonet et al. 2013) targeting H2A.Z are involved in
these responses. The histone variant macroH2A has also been involved in the
seasonal acclimatization of the carp fish through the transcriptional regulation of
the ribosomal cistron (Araya et al. 2010). In addition, although not an epigenetic
feature in sensu stricto, histones also display an effective antimicrobial activity, and
the extracellular release of histones is a widespread mechanism involved in the
defense against pathogens that has been described in several marine organisms
(Patat et al. 2004; Smith et al. 2010; Poirier et al. 2014; Sathyan et al. 2012;
Destoumieux-Garzón et al. 2016).

Despite their critical roles during environmental epigenetic responses, detailed
studies addressing the role of chromatin structural components are still lacking in
non-model marine organisms. This is essentially due to the lack of knowledge about
their chromatin structure, as well as to the absence of specific antibodies enabling the
dynamic study of these proteins genome-wide. During the last decade, however,
several studies have advanced in the description of chromatin components in marine
animals, especially bivalve molluscs [reviewed in (González-Romero et al. 2012a, b;
Suarez-Ulloa et al. 2015)], evidencing a high degree of conservation (Rivera-Casas
et al. 2016a, b; González-Romero et al. 2012a, b) but also intriguing divergence in
some cases (Rivera-Casas et al. 2016a, b). Detailed guidelines for the study of
chromatin-associated proteins in bivalves have been recently published based on
these studies (Rivera-Casas et al. 2017) paving the way to expand this type of
analysis. In addition, studies in bivalve molluscs have shown the involvement of
histone variants and PTMs in environmental-triggered responses. Accordingly, it has
been recently reported that histone variant H2A.X is rapidly phosphorylated in the
eastern oyster C. virginica during responses to harmful algal blooms and toxin
exposure (González-Romero et al. 2017) and that histone methylation is influenced
by changes in temperature during the development of the Pacific oyster C. gigas
(Fellous et al. 2015). Overall, although the number of studies in marine organisms
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analyzing the role of histone variants and histone modifications in environmental
responses is still very scarce, the studies above evidence the need to put more effort
in the characterization of the protein component of the chromatin.

1.2.3 RNA-Mediated Regulation of Gene Expression

Many eukaryotic genomes are characterized as concentrating protein-coding DNA
regions within a very limited space of the overall genome (e.g., 1–2% in humans),
compared to the proportion of DNA formerly considered as “genomic junk.”
However, it is now known that most of the DNA in eukaryotic genomes is indeed
transcribed and potentially functional, producing different types of noncoding RNAs
(ncRNA) which can play fundamental roles in the cell (Palazzo and Lee 2015),
including structural functions and regulation of gene expression (Vidigal and Ven-
tura 2015; Zhang et al. 2014). Regulatory activity might take place either through
direct mechanisms (e.g., mRNA interference, splicing, or degradation) or through
the modulation of other epigenetic mechanisms, notably DNA methylation and
histone modifications (Carthew and Sontheimer 2009). In fact, one of the best-
known roles of ncRNA in epigenetics is the regulation of genetic imprinting,
where genes are selectively silenced by heavy DNA methylation depending on
their maternal or paternal origin.

The RNA-mediated regulation of gene expression is considered to have evolved
convergently in animals, plants, and protists independently, based on the high level
of evolutionary conservation and the remarkable responsiveness to environmental
stress found in regulatory ncRNA molecules across taxa (Zhang et al. 2011). The
different types of ncRNA can be broadly classified based on their size into short
ncRNA [sncRNA <30 nucleotides (nt)] and long ncRNA (lncRNA >200 nt). The
former group comprises three major classes, short interfering RNAs (siRNAs),
PIWI-interacting RNAs (piRNAs), and microRNAs (miRNAs), all of them with
specific functions in epigenetic mechanisms (Holoch and Moazed 2015). The
present section focuses particularly on miRNAs, the most widely studied type of
small ncRNA, which are approximately 22 nt long and can block the translation of
mRNA by hybridizing with imperfect complementary sequences at 30-UTR of their
targets. Optimized sequencing methods allow for the characterization of these short
noncoding RNA transcripts in any organism, facilitated by the high level of conser-
vation they display within metazoans. Moreover, predictive models have been
developed to identify potential targets among protein-coding transcripts (mRNA),
streamlining the characterization of regulatory networks. Interestingly, despite the
relatively high evolutionary conservation of miRNA sequences, a high rate of gene
turnover and different regulatory mechanisms have been proposed for cnidarians in
contrast to bilaterian animals (Moran et al. 2014). These observations resemble the
relevant differences existing between miRNA in animals vs. plants, where miRNA
regulates the expression of target mRNA through cleavage and plays a role in
directing DNA methylation events (Wu et al. 2010).
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Epigenetic Role of miRNAs During Environmental Responses

Interestingly, recent findings suggest that miRNAs might be instrumental in
cellular intercommunication, since these molecules can be observed in extracellu-
lar fluids inside vesicles or as part of protein complexes (Zhang et al. 2015). Thus,
these findings lead to another critical question: Do miRNAs participate in the
transgenerational epigenetic inheritance by carrying environmental information
from somatic cells to the germ line? (Zhang et al. 2015; Cossetti et al. 2014).
Similarly, the possibility of a miRNA-based communication between microbiota
and host organism adds further interest to this specific type of ncRNA. While most
studies have been focused in model vertebrates, miRNAs have been also identified
in several non-model organisms, including marine vertebrates and invertebrates.
Accordingly, miRNA transcriptomes have been identified and characterized in fish
(Li et al. 2016), in marine mammals (Segawa et al. 2016), and also in invertebrates
such as molluscs (Xu et al. 2014; Picone et al. 2017; Jiao et al. 2014), cnidarians
(Gajigan and Conaco 2017; Liew et al. 2014), and sponges (Liew et al. 2016).

Similar to the case of other epigenetic mechanisms, the role of miRNAs during
environmental responses is starting to be deciphered, supporting their value to study
acclimatory responses under rapidly changing environments and their biomarker
potential. For instance, specific miRNAs have been shown to participate in fish
responses to hypoxia (Lau et al. 2014) and thermal stress (Bizuayehu et al. 2015).
In addition, the role of environmentally responsive miRNAs has been linked to
crucial physiological processes including reproduction in fishes (Juanchich et al.
2013; Tse et al. 2016). The key regulatory role of miRNAs during environmental
responses has been demonstrated in marine invertebrates (Huo et al. 2017; Zhao
et al. 2016a, b), as well as in marine microorganisms (Gierga et al. 2012). In
particular, the potential of miRNA to be transferred extracellularly via vesicles or
protein complexes makes them particularly promising to understand host-microbe
interactions like in the case of coral-dinoflagellate symbiosis, where the latter have
been shown to produce miRNAs complementary to mRNAs in the coral host (Lin
et al. 2015).

1.2.4 Epigenetic Regulatory Networks

The regulation of eukaryotic gene expression is possible thanks to the complex
coordinated action of different genetic and epigenetic mechanisms. Although still
largely unknown, recent reports have identified the interplay among some types of
ncRNA (e.g., siRNAor lncRNA) as criticalmediators of DNAmethylation and histone
modifications. For instance, lncRNAs have been repeatedly reported to initiate DNA
methylation events through the interaction with DNA methyltransferases (Zhao et al.
2016a, b). However, both long and short noncoding RNAs other than miRNAs (e.g.,
lncRNA, siRNA, piRNA) have been also associated with methylation of histone
tails through different mechanisms, leading to different chromatin states including
heterochromatinization (i.e., global silencing of genes by increased chromatin
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compaction; Joh et al. 2014). On the other hand, it has been reported that DNA
methylation marks at promoters of metazoan miRNA genes exert an indirect, although
critical, effect in gene regulation by modulating the expression of this interference
mechanism, illustrating the complexity of this multilevel epigenetic regulatory network
(Parodi et al. 2016).

DNA methylation in promoters is usually excluded from regions containing nucle-
osomes with transcriptionally active marks such as H3 methylation (H3K4me2 and
H3K4me3) or presence of H2A.Z (Gu et al. 2015; Zilberman et al. 2008). In this sense,
work in mammals has shown that methylation of H3K4 strongly inhibits the initiation
of the de novo methylation process (Ooi et al. 2007). Overall, the modeling of these
regulatory networks has been attempted using a systems biology approach and com-
putational methods in biomedical research (Artyomov et al. 2010; Chen and Li 2016).
Despite the general lack of these kinds of studies using marine organisms, these studies
convey the promise of more specific biomarkers for disease or environmental stress
obtained through the combination of heterogeneous epigenetic data that can inform
about the health of the organism or populations.Moreover, they have the potential to be
used as a proxy to inform about subtle changes in the environment working as
bioindicators of the quality of ocean waters.

1.3 Inheritance of Epigenetic Modifications

A critical aspect to consider when analyzing the contribution of epigenetic mecha-
nisms to phenotypic plasticity is their inheritance and whether this is referring to
mitotic cellular divisions or the meiotic transmission to further generations. While
some epigenetic marks can persist in a cell for decades [e.g., DNA methylation-
mediated gene silencing (Klose and Bird 2006)] or be transmitted transgenerationally
[e.g., DNA methylation marks (Kuhlmann et al. 2014), small RNAs (Chen and Li
2016)], other epigenetic modifications can rapidly change between modified and
unmodified states depending on environmental cues [e.g., histone acetylation (Turner
2000)]. The highly dynamic nature observed in epigenetic modifications has moti-
vated the differentiation of two types of approaches for their study: intragenerational
epigenetics (contributing to intragenerational plasticity, IGP; see Fig. 2) and
transgenerational epigenetics (contributing to transgenerational plasticity, TGP; see
Fig. 2; Burggren 2016). Accordingly, the first is primarily focused on the mechanistic
basis underlying gene expression changes produced by epigenetic marks and its
persistence in an individual (e.g., epigenetics of diseases). On the other hand,
transgenerational epigenetics is interested in the persistence of particular epigenetic
marks across generations, more precisely, the transmission of epigenetic marks
beyond the F2 generation, ruling out a direct environmental effect in primordial
germ cells (Feil and Fraga 2012). Thus, transgenerational epigenetics constitutes a
very innovative and powerful tool to study adaptation and population modeling
(Etchegaray and Mostoslavsky 2016). Yet, despite the evident appeal of the
transgenerational approach, our understanding of the basic mechanisms by which
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epigenetic marks persist, modulate expression, and survive reprogramming events in
the zygote is still very limited and can lead us to erroneous assumptions about their
role in inherited phenotypes.

1.3.1 Epigenetic Reprogramming

Epigenetic reprogramming events have been best characterized in the germ line and
during early stages of mammalian embryogenesis. Such events represent major
barriers for the transmission of epigenetic marks to the next generation, since the
majority of DNA methylation marks and practically all of histones and their PTMs
are removed from chromatin and replaced by protamines during male gametogenesis
(Eirín-López and Ausió 2009), only to be restored afterward during cell differenti-
ation (Morgan et al. 2005). Studies of DNA methylation during zebrafish develop-
ment revealed similar patterns to those observed in mammals, supporting and
expanding these observations to other vertebrates (Riviere et al. 2013). Oppositely,
extensive epigenetic reprogramming events have not been observed in plants nor in
most invertebrate species (with the exception of social insects). These observations
have led to hypothesize that transgenerational inheritance of DNA methylation
marks would be more plausible in these taxonomic groups (Sano and Kim 2013;
Hauser et al. 2011).

Fig. 2 Intragenerational plasticity (IGP) and transgenerational plasticity (TGP) phenomena trig-
gered by environmental signals. Environmental signals may influence the phenotype of an organism
through epigenetic modifications regulating gene expression, even at later stages in life long after
exposure (considering F0 only). The phenotypic outcome of these environmentally induced epige-
netic modifications may be acclimatory or deleterious (e.g., disease) and can be referred to as
intragenerational plasticity (IGP). This environmental information can be transmitted to subsequent
generations (F1–onward) by means of stable epigenetic marks in the germ line. In order to qualify as
transgenerational plasticity (TGP), this transmission must occur until at least F2 in the case of
non-eutherian fish, or until at least F3 in the case of viviparous species. This is because exposure
of the gestating female (F0) that modify the epigenome could result in simultaneous direct exposure
of the developing embryo (F1) and the developing germ line of the embryo (F2) (Mirbahai and
Chipman 2014)
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An interesting perspective on the application of epigenetics in ecology and
evolution of marine organisms was put forward by Verhoeven et al. (2016), empha-
sizing the relevance of transgenerational epigenetics for the development of such
fields. There, DNA methylation was designated as the only mechanism able to carry
epigenetic information transgenerationally, dismissing the already confirmed roles
of small RNAs (Chen and Li 2016) and chromatin modifications (e.g., Siklenka et al.
2015). It is important to point out that such dismissal could be motivated by a lack
of information or precise knowledge about the contribution of these mechanisms
to this process. Indeed, the transgenerational transmission of epigenetic information
does not need to occur by the direct transmission of a specific mark (generally reset
at some stage), but instead it could involve the translation of such information across
diverse epigenetic marks. It is therefore fundamental to continue to investigate
the relationships between different epigenetic mechanisms over the base of specific
marks and elicited changes in gene expression patterns as well as the environmental
factors triggering those epigenetic marks in the first place (Cortessis et al. 2012).
By doing so, it would be possible to move toward identifying the nature and
inheritance of these modifications and their implication in adaptive responses
(Tricker 2015).

1.4 Epigenetic Determinants of Evolutionary Change

Understanding the contribution of epigenetic mechanisms to organismal acclimati-
zation and adaptation under rapidly changing environments constitutes one of the
current greatest challenges in modern biology. The potentially heritable nature of
epigenetic modifications (and their subsequent contribution to the inheritance of
environmentally acquired phenotypes) is revolutionizing the current understanding
of the mechanisms underlying evolutionary change. Indeed, through epigenetic
modifications, it is possible to provide a mechanistic basis for well-known evolu-
tionary phenomena including phenotypic plasticity (PP) (Rando and Verstrepen
2007). In addition, epigenetic diversity may act as a compensatory mechanism in
populations where genetic diversity is low, increasing phenotypic variability. This
mechanism has been shown to be critical for the establishment and success of
invasive species in new environments as has been seen in marine invertebrates
(Ardura et al. 2017; Pu and Zhan 2017). More importantly, epigenetic modifications
could facilitate extremely rapid and acclimatized phenotypic responses to global
climate change in much shorter time scales than those required for the fixation of
genetic variants providing increased fitness (Rando and Verstrepen 2007). Given the
rapid pace of global climate change and its critical impact on marine environments,
the characterization of the role played by epigenetic mechanisms during acclimati-
zation and adaptation will help develop better population assessment and manage-
ment strategies.

The contribution of epigenetic modifications to rapid acclimatization and adap-
tation may be even closer to classical mutation-selection theories than previously
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thought. This is best illustrated by studies finding high mutation rates (up to tenfold
compared with non-methylated DNA) at hypermethylated CpG sites. Although this
observation has been linked to altered cancer states, it could also contribute to
adaptation and evolution (Guerrero-Bosagna et al. 2005). Therefore, epigenetics
provides an attractive framework to explain mechanisms of rapid evolution, offering
great potential for conservation efforts. These ideas have been considered by coral
researchers proposing an innovative concept coined as “assisted evolution” (van
Oppen et al. 2017). This approach suggests the implementation of selective breeding
and preconditioning treatments artificially increase tolerance of organisms to envi-
ronmental stress through the manipulation of environmental conditions. This notion
is supported by the concept of priming hormesis (the environmental “priming” of
certain physiological processes can improve their functioning later in life) as a
nonlinear dose-response relationship where beneficial consequences of low-level
exposure to environmental stress or pollution may increase the organism’s tolerance
to higher levels of such pollution or stress later in life (Costantini 2014).

2 Environmental Epigenetic Applications in Marine
Ecosystems: Current and Future Perspectives

The present section summarizes some of the most relevant research directions
illustrating the current relevance of environmental epigenetic studies in marine
organisms. For that purpose, examples encompassing a broad range of taxa have
been chosen. Since epigenetics research is still in its infancy in non-model organ-
isms, especially in the marine environment, many of the studies discussed below are
still efforts in progress.

2.1 Epigenetic Assessment of Health and Stress in Marine
Organisms

Genetic disorders can be identified, and in many instances treated, through analyses
revealing alterations in the DNA sequence. However, these analyses have intrinsic
limitations at the time of revealing direct changes in gene function motivated by
heterogeneous environmental conditions. Environmental epigenetic analyses fill that
gap (Bollati and Baccarelli 2010), providing a framework for developing sensible
epigenetic biomarkers. Such approach has been pioneered in human health sciences
for a while now, notably linked to cancer biology (Sharma et al. 2010). Overall, the
combination of genetic and epigenetic analyses is ushering basic research and
applied therapies into the age of personalized medicine, incorporating genetic
and environmental diversity into current studies. Importantly for ecological and
toxicological research, the information currently being generated in model
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organisms can be readily expanded to different taxa across different environments,
thanks to the evolutionary conservation of the fundamental components of epige-
netic machinery (Feng et al. 2010; Lee et al. 2010; Goll and Bestor 2005; Lowdon
et al. 2016).

2.1.1 Epigenetic Biomarkers of Disease

Epigenetic modifications are becoming a popular new source of health biomarkers in
humans. These biomarkers have been linked to ongoing conditions, such as in the
case of cancer-specific hypermethylation of CpG islands (Herman and Baylin 2003).
In addition, epigenetic biomarkers identifying disease susceptibility have also been
defined in cases where the disruption of epigenetic marks results in detrimental
mutations and transcriptional changes leading to disease. This latter type is best
illustrated by the “epigenetic progenitor model” (Mirbahai and Chipman 2014;
Mirbahai et al. 2011a, b; Portela and Esteller 2010), suggesting that epigenetic
changes occur as early as in progenitor cells and facilitate the progression of carci-
nogenesis (Pogribny 2010; Sharma et al. 2010; Feinberg et al. 2006). This model
found support in marine studies combining methylated DNA immunoprecipitation
(MeDIP) with de novo high-throughput sequencing to investigate DNA methylation
changes in the non-model common flatfish dab (Mirbahai et al. 2013). Accordingly,
an unusually high incidence of liver tumors (20% affected in some areas) was found
in these organisms, displaying a 1.8-fold decrease in the DNA methylation of
adenoma liver tissue cells. Based on these results, it was suggested that chronic
exposure to pollutants (including endocrine disruptors and heavymetals) was respon-
sible for the epigenetic changes observed (Bollati and Baccarelli 2010; Huang et al.
2008; Reichard et al. 2007).

The observed cause-effect relationship between environmental stress, epigenetic
modifications, and the risk of developing disease later in life supports the relevance
of environmental epigenetic studies in aquatic organisms. Although this approach is
still hampered by the lack of detailed knowledge regarding epigenetic regulation,
some species such as zebrafish and medaka are starting to emerge as model systems
(Kim et al. 2016; Mudbhary and Sadler 2011), facilitating the study of
transgenerational epigenetics and the impact of environmental stressors on popula-
tion dynamics. On the other hand, the study of marine mammals can easily benefit
from (and even complement) technologies and molecular tools specifically devel-
oped in human health research. Accordingly, the use of miRNA in biofluids (e.g.,
blood and plasma) has already been proposed for biomonitoring and early disease
diagnosis of dolphins in aquaria (Segawa et al. 2016). Also, since high levels of
circulating nucleosomes have been associated with several types of cancer and other
conditions in humans (Chen et al. 2014; McAnena et al. 2017), liquid biopsies
targeting histone modifications as potential early biomarkers of different diseases
could also be a promising approach in the case of marine mammals (Bauden et al.
2015; Gezer et al. 2015; Abrams et al. 2013). Although the application of these
methodologies in ecological studies could be challenging, their implementation in
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captive and wild animals would critically contribute to individual and population
assessment, supporting management and conservation efforts.

2.1.2 Epigenetic Biomarkers of Stress Exposure

The study of epigenetic biomarkers constitutes a very powerful approach to identify
early exposure to pollutants and other environmental stressors, based on the plasticity
and sensibility of epigenetic modifications (Jaenisch and Bird 2003). Both genomic
and mitochondrial DNAs represent good sources of epigenetic biomarkers, as
suggested by studies revealing germ line mutations, DNA damage, and global
hypermethylation in mice exposed to particulate air pollution in an urban/industrial
location (Byun et al. 2013; Yauk et al. 2008). In marine environments, anthropogenic
pollutants are often found in tissues of marine organisms, including polychlorinated
biphenyls (PCBs), polybrominated diphenyl ethers (PBDE), and several other
chemicals (Tanabe et al. 1983; Stuart-Smith and Jepson 2017; Lascelles et al.
2014). Heavy metals constitute another widely quantified stressor in marine environ-
ments (Boening 1999), whose effects include altered DNA methylation states
(Baccarelli and Bollati 2009). These elements represent a common threat during
dredging associated with the development of coastal areas. During this procedure,
the sediment is introduced (along with the pollutants deposited in the soil, particularly
trace heavy metals (Calmano et al. 1996)) into the surrounding water column. Under
certain conditions these pollutants become bioavailable and subsequently incorpo-
rated into the food chain (Latimer et al. 1999; Eggleton and Thomas 2004; Burton
et al. 2010), critically impacting species using shallow coastal bay and estuary areas as
nurseries, including fish, shrimp, and predatory species such as sharks.

The work toward finding epigenetic biomarkers of exposure for marine organisms
has been pioneered by several studies addressing the effects of exposure to various
stressors including parasites (Farias et al. 2017), pollutants (Wang et al. 2009), and
harmful algal blooms (Suárez-Ulloa et al. 2013; González-Romero et al. 2012a, b).
Most of these studies focused on DNA methylation changes with exposure to the
various stressors, and all used molluscs as the model organism. Given the intra- and
transgenerational persistence of some epigenetic modifications, their study could
potentially provide an insight into the variety of environmental exposures that an
individual has experienced during its life (Mirbahai and Chipman 2014). With
current technology capabilities (i.e., next-generation sequencing, microarrays, bisul-
fite treatment sequencing), biomarkers of exposure can be identified in species
without a reference genome. Simply identifying changes in the epigenome can
improve our ability to identify early exposures to detrimental stressors. As more
reference genomes become available, biomarker identification will be further facil-
itated in other marine species as well as our ability to determine the health effects of
these stressors upon the organisms and their populations.
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2.2 Epigenetic Study of Population Parameters in Marine
Organisms

Biological conservation requires efficient methods to identify endangered populations
in a timely fashion. However, this task is often hindered by the difficulty to record
different species attributes. For instance, the study of populations belonging to highly
mobile species is more complicated due to their vagility, as it is the case for many
marine species. In those scenarios, molecular techniques have proven to be extremely
valuable, being in many cases the only approach possible to gather certain types of
information, such as sex or populations dynamics. Yet, the information provided by
genomic analyses is still limited in many instances. The present section discusses
potential applications of epigenetic strategies for gathering additional types of infor-
mation for population analyses, notably age and sex.

2.2.1 Epigenetic Estimation of Age

Determining the age of individuals is critical to understand their demography and
population dynamics (see Fig. 3). Unfortunately, the influence of this trait on trophic
interactions (e.g., Lahaye et al. 2006) and on environmental responses (Mashburn
and Atkinson 2004; Poloczanska et al. 2016) is generally unknown for many species.
This is mainly due to the inherent difficulty in estimating age in these organisms.
Consequently, several areas of study (e.g., ecology, physiology, toxicology, etc.; see
Fig. 3) would greatly benefit from the incorporation of age into their datasets,
improving the resolution of these analyses (Yang et al. 2015; Horvath 2013; Jarman
et al. 2015). Large marine mammals such as dolphins and whales are among these
difficult species to study. Although different methods have been developed to
sample and estimate biological parameters, the age estimation method most widely
used in cetaceans is counting growth layer groups (GLGs) on teeth (Perrin and
Myrick 1980). This method requires the removal of a tooth from the animal which, in
addition of being extremely invasive, is not feasible in the case of population studies
involving several animals or in the case of very large species (e.g., large whales).

Molecular methods of age estimation have been therefore developed, notably the
analysis of telomere lengths (Fagagna et al. 2003; Hedrick and Lacy 2015). Unfor-
tunately, the high levels of intraindividual variation observed make this approach
unreliable for age estimation (Hedrick and Lacy 2015; Olsen et al. 2012). Alterna-
tively, it has been demonstrated that the study of epigenetic modifications such as
DNA methylation can provide a reliable method for age estimation (Horvath 2013),
based on the correlation between methylation of CpG sites and age (see Fig. 3a, b).
This technique has even been calibrated for use with humpback whales,
using noninvasive skin tissue samples (Polanowski et al. 2014). More precisely,
the humpback epigenetic age assay (HEAA) targets three genes whose DNA
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methylation is highly correlated with aging. The applicability of this tool is not only
evident in this species, but it also provides a framework for developing species-
specific assays able to efficiently determine age in keystone marine mammals
(Hannum et al. 2013). Nonetheless, this goal requires the availability of a reference
genome for the targeted species. In case that is not available, the use of high-
throughput sequencing might help in finding age markers through massive genome
scanning.
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Fig. 3 Epigenetic estimation of age and implications for population ecology. Epigenetics can be
used to estimate the age of individuals based on DNA methylation patterns at age-associated loci.
(a) In mammals, the amount of DNA methylation at specific CpG sites (indicated with red circles)
displays a strong correlation with age. (b) Using multiple regression based on CpG sites whose
DNA methylation changes with age, a model can be created to identify the age of unknown
individuals. (c) Age identification supports and informs conservation efforts in endangered
populations (e.g., helping model and predict population growth through identifying how many
individuals are of reproductive age). (d) This principal component analysis shows a scenario in
which age makes sense of the different groups (e.g., juveniles, blue rectangles; subadults, red
triangles; adults, green circles; older nonreproductive individuals, yellow hexagons); this could be a
feasible analysis for several fields such as toxicology, DNA methylation patterns and exposures/
different environments, or other types of data that may be different across age groups
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2.2.2 Identification of Cryptic Subpopulations Using Epigenetic
Markers

One of the most important challenges in conservation biology is to identify when
speciation is occurring and to properly manage the incipient subpopulations. Accord-
ingly, when two subpopulations become reproductively isolated, it is expected that
genetic mutations will begin to accumulate between the two populations, due to the
low gene flow (Bateson 1909; Dobzhansky 1936; Muller 1942). However, little or no
genetic differentiation will be evident during the early stages of this process due to not
enough time having elapsed since isolation (i.e., mutation rate is low and differenti-
ation is slow). This hinders the correct identification and management of subpopula-
tions of endangered species. Nonetheless, whether population isolation is due to
physical barriers or geographical preferences, it is expected that each population
will be subject to different environmental conditions, triggering different epigenetic
responses. That prediction, which has been supported by studies developed on human
monozygotic twins subject to different environments (Fraga et al. 2005), underscores
the potential of epigenetic analyses to identify early speciation events and their
relevance for management and conservation purposes. This strategy is even more
important in populations in which cohorts or social groups may exist which may
influence isolation of reproduction, such as dolphins (Viricel and Rosel 2014).

Epigenetics may even contribute to speciation (Blevins et al. 2017). As previ-
ously mentioned, rapid acclimatory responses influenced by environmentally
responsive epigenetic modifications might provide a basis for rapid adaptation and
evolution. For instance, DNA methylation at CpG islands increases the rate of
mutation at these sites by as much as tenfold, encompassing implications not only
for disease but also for speciation (Sved and Bird 1990; Guerrero-Bosagna et al.
2005). In Blevins et al. (2017), an epiallele for the HISN6 was found that silenced the
gene in Arabidopsis thaliana. Individuals of the specific ecotype that had this
epiallele were found to be incompatible in making viable offspring with individuals
of a different ecotype that had a genetic mutation in the gene, HISN6A, that was
nonfunctioning. This study evidences that both genetic and epigenetic variation
among subpopulations is contributing to their incompatibility. This particular sce-
nario of speciation falls under the mechanism of speciation proposed by Lynch and
Force (2000), where gene duplications often lead to the inactivation of one of the
duplicates (as a resolution to the duplication). Thus, incompatibilities can occur
between individuals from populations with opposing resolutions to gene duplica-
tions. Based on this observation, it is now important to look not only at the genotype
but also at the epigenotype of populations, in order to identify causes of reduced
gene flow. This could be extended into breeding programs to help severely endan-
gered populations such as corals or in the extreme situation where only a handful of
individuals of a population remains and captive breeding becomes the only option
such as in the case of the attempts to resque the Vaquita (Taylor et al. 2016).
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2.2.3 Other Populational and Ecological Applications

There are potentially many different ways in which epigenetics can contribute to
the current ecological understanding of marine populations. Thus, when studying
a population, it is critical to monitor changes in the genome and also in the
epigenome to learn how species respond to their environment. For instance, the
study of DNA methylation provides a relatively easy and inexpensive strategy (i.e.,
storage and handling of samples is less stringent and expensive for DNA vs. RNA)
for ascertaining how gene expression is being modified under different environmen-
tal regimes. Accordingly, Morán and Pérez-Figueroa (2011) found that epigenetic
changes (DNA methylation) participate in the early maturation of male Atlantic
salmon (Salmo salar) in response to low population densities. Additionally, DNA
methylation studies in the three-spined stickleback found that several genes
encoding ion channels were differentially methylated between freshwater and salt-
water stickleback. They found that genes harboring genetic and epigenetic changes
between the two ecotypes were different suggesting that DNA methylation was a
complementary mechanism to the adaptation to freshwater (Artemov et al. 2017).

Epigenetics can also help in predicting population parameters or health status in
future generations. For example, in European sea bass (Dicentrarchus labrax), DNA
methylation changes have been found to affect sex determination in response to
changes in temperature (Navarro-Martín et al. 2011). More precisely, increased
DNA methylation of the promoter region of the aromatase (cyp19a1) gene at higher
temperatures decreases its expression, thereby accumulating increased levels of
androgen and promoting the formation of testis and a male-biased sex ratio. This
is similar to sex differentiation mechanisms found in some reptiles (Matsumoto et al.
2013), and it has been suggested that temperature-dependent sex determination
could be inherited transgenerationally (Warner et al. 2013). Knowing this kind of
information could help with predicting what new generation population parameters
will be like and allow for a better estimation of the breeding population. In addition
to predicting sex as a parameter of populations, it can also be informative to be able
to just identify the sex of individuals for several fields of study. In species that are
hard to differentiate between males and females, epigenetic markers of sex could
come in handy. Several studies have documented significant differences in DNA
methylation between the sexes (Boks et al. 2009; El-Maarri et al. 2007).

In marine fish, other ecologically relevant traits have been found to be mediated by
the epigenome (Bizuayehu and Babiak 2014;Metzger and Schulte 2016). For instance,
sea lamprey (Petromyzon marinus) go through a metamorphosis from being a filter
feeder to a tissue-consuming organism, and it was found that DNA methylation
changes were associated with this process in muscle tissue (Covelo-Soto et al. 2015).
Similarly, it was found in rainbow trout (Oncorhynchus mykiss) alevins that major
changes in metabolic gene expression and miRNAs were correlated with the transition
from endogenous (yolk sac) to exogenous feeding (Mennigen et al. 2013). miRNAs are
thought to contribute greatly to growth inNile tilapia (Oreochromis niloticus). Thiswas
demonstrated when skeletal muscle miRNAs were found to be significantly different
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between fast- and slow-growing strains (Huang et al. 2012). miRNAs were also found
to target IGF-1 in Nile tilapia indicating that they may be of importance to the
hypothalamic-pituitary pathway (Yan et al. 2013). Temperature-induced phenotypic
plasticity of growth in Senegalese sole (Solea Senegalensis) was found to have
expression changes in miRNAs as well (Campos et al. 2013). Application of this
knowledge could help in the selection of faster-growing individuals for aquaculture.
In addition, miRNAs have been found to contribute greatly in immune response of
teleost fish similarly to how they have been identified to be important in mammals
(Andreassen and Høyheim 2017). Studying this aspect of immunology may provide
insights to keeping aquaculture fish healthy or even choosing individuals that have
strong immune responses.

2.3 Epigenetic Approaches to Restoration and Management

The primary goal of species reintroductions is to stop population decline and
artificially increase the rate of population growth (Seddon et al. 2007). Population
decline could be caused by habitat deterioration or loss of population members due
to overexploitation. In the latter case, better population management may be enough
(Myers et al. 1995) and should be used when the genetic diversity of the population
is a concern (Gaffney 2006). On the contrary, the case of habitat deterioration is
more complex since the success of reintroduction will depend in the chances of
restoring the habitat (Miller and Hobbs 2007; Seaman 2007) or the capacity of the
species to acclimate and adapt to the new habitat condition. Because of this and
despite its wide implementation, many reintroduction projects have failed to fulfill
the aim of establishing self-sustainable populations in marine organisms (Mercado-
Molina et al. 2015; Okubo and Omori 2001). Commonly, this failure is attributed to
the environmental conditions of the specific site that do not promote species estab-
lishment and persistence (Seddon et al. 2007). Unfortunately, under the current pace
of climate change, it is possible that those “favorable” conditions are already gone in
most regions, deeming restoration a futile effort if organismal acclimatization
capabilities are not considered and somehow enhanced.

The role of epigenetic modifications improving acclimatory capabilities has been
observed across diverse environmental scenarios. For instance, a role for epigenetic
modifications has been proposed in response to invasions (i.e., invasive species,
Ardura et al. 2017). Similarly to species reintroduced in a hostile environment,
invasive species need to overcome challenges in order to successfully establish
self-sustaining populations. Thus, epigenetic modifications were initially proposed
as a way to explain how invaders compensate the reduced genetic diversity, derived
from the low number of individuals starting the population (Chown et al. 2015; Pérez
et al. 2006). Further experimental evidence supporting epigenetic responses to
environmental changes, and promoting acclimation/adaptation responses, is also
available in terrestrial (Lämke and Bäurle 2017; Sgrò et al. 2016; Galván et al.
2017) and aquatic organisms (Norouzitallab et al. 2014; Palumbi et al. 2014;

Environmental Epigenomics and Its Applications in Marine Organisms 345



Putnam et al. 2016). Based on these results, a change in paradigm for restoration and
reintroduction of species populations is starting to be envisioned (van Oppen et al.
2017; Jones and Monaco 2009). The identification and selection of individuals
displaying a better ability to respond to environmental stressors or even the induction
of “preconditioned” or “hardened” epigenomes constitute one of the central pillars of
this new approach.

2.3.1 Epigenetic Basis of Coral Reef Restoration

The application of this strategy (i.e., reintroductions) to marine organisms is best
illustrated by coral restoration programs. Hermatypic (i.e., reef-building, stony)
corals constitute the structural basis of reef ecosystems, supporting most of marine
and coastal biodiversity. Corals are particularly affected by changes in temperature
and chemical composition of the oceans (Cai et al. 2016; Hume et al. 2016),
evidencing their susceptibility in a global change scenario. Out-planting constitutes
one of the principal coral reef restoration strategies implemented by scientists,
managers, and local stakeholders in trying to revert the current rate of coral
cover loss (Hoegh-Guldberg et al. 2007). Despite being widely implemented, this
approach is hampered by the low survival rates of out-planted fragments in many
programs worldwide (Okubo and Omori 2001), decreasing significantly after the
third year post-out-planting (Garfield 2016). These programs generally select geno-
types showing more rapid growth, disregarding other important traits as endurance
and resilience. Non-genetic processes such as changes in the microbiome (Hauser
et al. 2011; Hernandez-Agreda et al. 2016) and epigenetic mechanisms can acceler-
ate the rate of phenotypic change beyond the limits of genetic adaptation (Fig. 4),
helping corals develop traits that permit effective responses to a rapidly changing
climate and result in increased survival post-out-planting (Putnam et al. 2016;
Roberts and Gavery 2012).

Despite the potential to manipulate epigenetic marks to increase restoration
success, little is known about how these non-genetic mechanisms respond to different
stressors and their interaction with standing genetic variation to produce acclimatized
phenotypes in marine invertebrates (Suarez-Ulloa et al. 2015; Crespi et al. 2012;
Beaulieu and Costantini 2014). More so, in many cases, we lack understanding about
the mechanisms and their potential to mediate intragenerational plasticity (IGP) and
transgenerational plasticity (TGP), critical processes mediating acclimation and
adaptation as discussed earlier in this work. Epigenetic analyses in corals have been
almost exclusively focused on DNA methylation analyses and its relationship with
gene expression (Marsh et al. 2016; Dixon et al. 2014) during responses to environ-
mental change (Dixon et al. 2014; Dimond and Roberts 2016) and the consequences
on phenotypic plasticity (Putnam and Gates 2015). These studies showed rapid
acclimatory responses in corals during thermal stress (Palumbi et al. 2014; Barshis
et al. 2013), including transcriptomic and epigenetic changes in response to nutrient
enrichment (Rosic et al. 2014), as well as modifications in DNAmethylation levels in
response to ocean warming and acidification (Putnam et al. 2016; Putnam and Gates
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2015). In such away, they have strengthened the links between DNAmethylation and
transcriptional plasticity, although the genome-wide distribution of such marks
(DNAmethylome) and their role in the onset of transgenerational epigenetic memory
and adaptive responses are still not clear. Other epigenetic mechanisms, such as
noncoding RNAs, histone variants, and their posttranslational modification, have
received less attention. This constitutes a research priority based on the very prom-
ising results obtained on related species and other marine invertebrates (Moran et al.
2014; Rivera-Casas et al. 2016a, b; Fraune et al. 2016; Reddy et al. 2017) and the
implication these mechanisms can have on “preconditioning” of corals.

Several lab-based experiments have increased thermal tolerance of corals through
controlled heat-stress exposures (Cunning et al. 2015), mainly promoting thermally
tolerant symbionts. However, it is unknown how these manipulations can affect the
physiology of the coral holobiont. Towle et al. (2016) showed an increased suscep-
tibility to bleaching in coral preconditioned to increased CO2. Changes in gene
expression (Barshis et al. 2013; Bellantuono et al. 2012) and microbiome composi-
tion, derived from the preconditioning, could have a positive effect driving
acclimatory processes but at the same time could have unknown negative effects.
Further efforts are required to evaluate different strategies for preconditioning both
in laboratory and field settings, including the analysis of the interaction between
genome, epigenome, and microbiome in the response within and between

Fig. 4 Epigenetic contribution to environmental preconditioning. Both epigenetic memory and
microbiome shifts have the potential to create preconditioned phenotypes displaying enhanced
responses to repetitive stress episodes. A stress event will trigger non-genetic responses (epigenetic
and microbial shifts) that could be reset to initial conditions or generate persistent changes
potentially enhancing organism responses to environmental stress. The present figure depicts
these potential scenarios under two pulses of similar stressors
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generations. Overall, determining whether this “preconditioning” can enhance coral
demographic performance in an ecological context constitutes the final step for the
development of successful coral reef restoration.

3 Conclusions

Epigenetic analyses encompass many potential applications in the field of marine
sciences. Current studies based on DNAmethylation analyses are paving the way for
the incorporation of epigenetic research into different disciplines within the marine
realm, as evidenced by the numerous examples discussed in the present work.
Moving forward, there is a need for identifying marine organisms that will represent
a new generation of ecologically and environmentally relevant model organisms.
These will be fundamental for elucidating how epigenetic mechanisms work, how
they change in response to environmental stressors, and how epigenetic signatures
are inherited and contribute to phenotype diversity across generations. Currently,
little work has been done on assessing epigenomic variation between species and
populations for marine organisms, mainly due to the lack of complete genomes for
most species as well as because of the high costs associated with single nucleotide
resolution studies. In addition, the few works developed were conducted using
different methodologies and different types of samples, hampering the comparison
of results and making assessment of differences between these species unclear and
unreliable (Hofmann 2017). As mentioned earlier, the work comparing three-spined
sticklebacks from freshwater and saltwater environments probably constitutes the
more comprehensive example of population epigenomic studies inmarine organisms.
Results from this research suggest that epigenetic adaptation may act as a compen-
satory regulatory mechanism for the lack of genetic variation, complementing the
selection of genetic variants and enhancing phenotypic plasticity in different envi-
ronments (Artemov et al. 2017).

The current ability to effectively record complex biological traits such as age or
sex through epigenetic analyses can potentially revolutionize several research fields,
notably ecotoxicology, ecology, and genetics. Within the current context of a highly
paced global climate change, it is now evident that epigenetic mechanisms play a
key role during organismal acclimatization and adaptation. Further development of
marine epigenomics will facilitate a better understanding of how organisms respond
to their environment, allowing for stronger restoration efforts to occur as well as
fostering the development of a new generation of biomarkers and tools that can be
used for conservation.
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Marine Invasion Genomics: Revealing
Ecological and Evolutionary
Consequences of Biological Invasions

S. D. Bourne , J. Hudson , L. E. Holman , and M. Rius

Abstract Genomic approaches are increasingly being used to study biological
invasions. Here, we first analyse how high-throughput sequencing has aided our
understanding of the mechanisms associated with biological invasions. These
include the transport of propagules to pre-invaded areas, an exploration of the
consequences of hybridisation during range expansions, and the pre- and post-
invasion adaptation of colonising populations. We then explore how contemporary
genomic methods have been used to probe and monitor the spread of non-indigenous
species. More specifically, we focus on the detection of species richness from
environmental samples, measures of quantitative traits that may promote invasive-
ness, analysis of rapid adaptation, and the study of phenotypic plasticity. Finally, we
look to the future, exploring how genomic approaches will assist future biodiversity
conservationists in their efforts to mitigate the spread and effects of biological
invasions. Ultimately, although the use of genomic tools to study non-indigenous
species has so far been rather limited, studies to date indicate that genomic tools offer
unparalleled research opportunities to continually improve our understanding of
marine biological invasions.
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1 Introduction

Anthropogenic activities are increasingly affecting global biodiversity patterns
(Halpern et al. 2008; Williams et al. 2015; Waters et al. 2016), with artificial
transport of species away from their native ranges contributing to this change
(Simberloff 2013; Boivin et al. 2016). This anthropogenic translocation of species
is enhancing the presence of new colonisations by non-indigenous species (NIS)
worldwide (Carlton 1999; Mead et al. 2011; Ricciardi et al. 2017; Seebens et al.
2017). In the last few decades, global trade has exponentially increased (Hulme
2009) and with this, marine shipping (Corbett and Winebrake 2008; IMO 2012),
which has grown fourfold in the past 25 years (Tournadre 2014). Shipping acts as a
vector for marine NIS that are often transported in ballast water tanks (which can
carry up to 10,000 species at any one time; Carlton 1999), on ship hulls (Minchin
and Gollasch 2003; Drake and Lodge 2007), or inside sea chests (Frey et al. 2014).
Further significant vectors include aquaculture (Naylor et al. 2001; Molnar et al.
2008), the opening of artificial channels such as the Suez Canal (Golani and
Ben-Tuvia 1989; Golani 1993), and the aquarium species trade (Padilla and Wil-
liams 2004). These vectors have been so effective that only 16% of marine
ecoregions are recorded as unaffected by NIS (Molnar et al. 2008). NIS are respon-
sible for major changes in the composition and structure of marine ecosystems
(Ehrenfeld 2010; Ricciardi and MacIsaac 2010), as well as causing severe impacts
on regional and global economies (Pimentel et al. 2005; Williams et al. 2010). This
creates an urgent need to understand the phenotypic and genetic attributes that
enable their global spread and success in novel ranges.

The publication of The Genetics of Colonizing Species (Baker and Stebbins 1965)
is considered the beginning of the field of invasion genetics (Barrett 2015). Since
then research in the field has been promoted by a dramatic decrease in the cost of
DNA sequencing over recent years (NHGRI 2016), driving a rapid growth in the
number of studies utilising genetic tools to study marine biological invasions (Rius
et al. 2015a). As genetic approaches have recently progressed into more compre-
hensive genome-wide techniques (Rius et al. 2015b; Viard et al. 2016), researchers
are increasingly using a diverse range of genomic tools to study marine biological
invasions (Jombart 2008; Zheng et al. 2012; Catchen et al. 2013; Reitzel et al. 2013;
Pfeifer et al. 2014). Macro-scale population processes such as connectivity and
spread are now being assessed using genomic tools (Wagner et al. 2013; Vera
et al. 2016; Narum et al. 2017), as well as studies on adaptation (Stapley et al.
2010, 2015), including marine NIS (Richardson and Sherman 2015; Tepolt 2015;
Tepolt and Palumbi 2015; Bernardi et al. 2016; Wellband and Heath 2017). Addi-
tionally, new genetic tools allow the genomic analyses of previously-understudied
taxa. Genomic studies have been traditionally restricted to the study of model
organisms, which represent only a small fraction of total global biodiversity (Sulli-
van 2015). Recent technological advances have opened up genome-wide analyses to
non-model organisms (Ekblom and Galindo 2011; Reitzel et al. 2013; da Fonseca
et al. 2016) which are now routinely studied without prior knowledge of reference
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genome data (Elshire et al. 2011; Catchen et al. 2013). This increasing accessibility
of genomics allows invasion biologists to address a wider set of research questions
on any type of taxa.

Here we review current progress in genomic studies of NIS, highlighting studies
that use genomic approaches to better understand the mechanisms ruling marine
biological invasions. We first focus on how genetic and genomic techniques assist
researchers in exploring key mechanisms driving biological invasions, including
pre- and post-invasion adaptation and hybridisation of NIS. We then show how
methods that invasion biologists use to study NIS have been enhanced by the
application of genomic techniques. These include methods to improve early detec-
tion of NIS, as well as detailed population-level analyses of NIS. Finally, we show
that although the uptake of genomic tools to investigate marine biological invasions
has been limited, their recent use to study both aquatic and terrestrial ecosystems
suggests that they have great potential for future studies focusing on marine biolog-
ical invasions.

2 Mechanisms Associated with Biological Invasions

The introduction of species away from their native ranges has been extensively
discussed in the literature over the past decade (Rossman 2001; Sakai et al. 2001;
Hulme 2009; Lowry et al. 2013), with much work attempting to characterise the
invasion process into distinct stages (Williamson 1993; Colautti and MacIsaac 2004;
Catford et al. 2009; Blackburn et al. 2011; Tsoar et al. 2011). It is now generally
accepted that biological invasions undergo four different stages: transport, introduc-
tion, establishment, and spread (Fig. 1). The process begins with survival during
transport of NIS; followed by introduction of species and their propagules into a
novel habitat, with some individuals establishing to form a small population; and
finally thriving to form a self-sustaining population that may spread and cause
impacts (Richardson et al. 2000). NIS populations can undergo a lag phase of
variable duration (Crooks et al. 1999), which may influence the genetic composition
of introduced populations (Gaither et al. 2012). In the following sections we will
briefly present the importance of the mechanisms associated with biological inva-
sions considering the different invasion stages.

2.1 Propagule Pressure

The number of individuals introduced to a novel environment (propagule size) and
the total number of introduction events (propagule number) are important factors
determining the invasion success of an incipient population (Roman and Darling
2007; Simberloff 2009; Rius and Darling 2014). Propagule pressure may involve a
variety of life-history stages (Fig. 2) and often include larval stages that spread
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naturally when released to the introduced range (Johnston et al. 2009). Whilst studies
of biological invasions have historically focused on species and recipient ecosystem
traits (Blossey and Notzold 1995; Rejmánek and Richardson 1996; van Kleunen
et al. 2015), the past two decades have seen an increase in studies assessing the role
of propagule pressure on invasion success (Lockwood et al. 2005; Simberloff 2009).
When a small number of individuals are artificially transported to a new location, a
founder effect may reduce both the number of rare alleles and overall heterozygosity
in a given introduced population (Widmer et al. 1998; Allendorf and Lundquist
2003; Roderick and Navajas 2003; Weber et al. 2004; Colautti et al. 2005). In
addition, the establishment of a small introduced population may promote
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Fig. 1 The invasion stages (different colours) and main mechanisms (black boxes) shaping
biological invasions. Dotted lines indicate different trajectories that introduced populations may
follow once they become invasive
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mechanisms that concentrate alleles at the invasion front, such as allele surfing
(Excoffier and Ray 2008; Hallatschek and Nelson 2008), further reducing genetic
diversity. If the genetic bottleneck is transient, it would reduce the number of rare
alleles present, whilst a longer bottleneck would reduce both levels of heterozygosity
within the population and the number of rare alleles. Moreover, this bottlenecked
population may be affected by inbreeding (Furlan et al. 2012), further reducing
heterozygosity and leading to the accumulation of unfavourable recessive alleles.

Fig. 2 Generalised schematic showing how marine NIS introductions can be studied in a coastal
setting using genomic tools
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This will ultimately affect population fitness in a phenomenon called inbreeding
depression (Keller andWaller 2002). Therefore, low propagule pressure can lead to a
genetic bottleneck that may limit the ability of an introduced population to establish
and spread. Unsurprisingly, increased propagule pressure has been shown to miti-
gate these bottleneck-related effects, with an increasing number of studies showing
similar levels of genetic diversity between native and introduced populations (Kelly
et al. 2006; Rius et al. 2012, 2015b).

Roman and Darling (2007) comprehensively discussed how propagule pressure
can affect genetic diversity of NIS and reiterated the importance of elucidating the
relative contribution of the different components of propagule pressure. For exam-
ple, it is known that increasing propagule size can benefit introduced populations
twofold. Firstly, an increased propagule size will raise the genetic diversity of the
introduced population (Suarez and Tsutsui 2008; Simberloff 2009; Wilson et al.
2009), as seen for example in introduced golden mussels (Ghabooli et al. 2013).
Secondly, an increased propagule size with large effective population size may be
more resistant to hostile conditions in the introduced range (Holle and Simberloff
2005). Regarding propagule number, an increase may improve the resistance of
introduced populations to environmental stochasticity (sudden changes in the envi-
ronment such as natural disasters or freak weather events) (Simberloff 2009).
Additional introduction events, from shipping for example, could occur from
numerous genetically distinct source populations, increasing genetic diversity in
the incipient introduced population (Voisin et al. 2005; Gillis et al. 2009).

The relative role of propagule pressure on invasion success has been studied
using experiments under different levels of propagule pressure and controlled
conditions. Clark and Johnston (2009) found that on presettled plates, high propa-
gule pressure was needed for NIS recruits to survive past 3 months, but was needed
in tandem with disturbance (clearing presettled organisms from a third of each plate)
to be successful. Such disturbance was essential to create space for recruits, indicat-
ing that high propagule pressure alone is not enough to ensure enhanced recruitment.
Another example comes from Hedge et al. (2012), who studied the role of propagule
pressure in the recruitment of the Pacific oyster, Magallana gigas (formerly
Crassostrea gigas; Salvi et al. 2014), concluding that small frequent introductions
were the most effective method for successful invasion. However, Sinclair and
Arnott (2016) demonstrated that propagule size rather than number determined
invasion success in the introduced mysid Hemimysis anomala.

Propagule size and number can also be strong indicators of an organism’s genetic
diversity, as Romiguier et al. (2014) showed in their extensive study linking genetic
diversity and species ecological strategies. Propagule size was the strongest param-
eter of all studied ecological strategies to predict the genetic diversity in multiple
species and families. Thus, high genetic diversity, ascertained through population
genetic techniques, could indicate the presence of high propagule flow. Genomic
techniques can also probe propagule pressure, as Narum et al. (2017) showed when
they used reduced-representation techniques to genotype two salmonid species
between native and introduced ranges. High propagule pressure and associated
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mechanisms (e.g. genetic admixture, multiple introductions) maintained high
genetic diversity within the introduced range of both species.

Genomic techniques offer the ability to scrutinise genomes to a much finer
resolution than genetic approaches (more on this below), allowing a more represen-
tative picture of genetic diversity and propagule size to be constructed. Overall,
propagule pressure has a major influence in shaping the genetic makeup of NIS,
regulating their invasion success. Genetic and genomic techniques are well placed to
investigate the genetic constitution of native and introduced ranges, indicating the
strength of gene flow within and between them.

2.2 Hybridisation

The spread of NIS provides unprecedented opportunity for previously-isolated
genotypes to contact and hybridise (Fig. 2), which can lead to elevated invasiveness
(Ellstrand and Schierenbeck 2000). Hybrids may exhibit phenotypic superiority over
their parents due to heterozygote advantage – a phenomenon known as heterosis
(Lippman and Zamir 2007). In sexually reproducing species, heterosis is seen as
transient, affecting only the F1 offspring due to the effects of genetic segregation
(Lee 2002). Heterosis can remove inbreeding depression by purging accumulated
deleterious recessive alleles (Keller and Waller 2002), enabling a population to
“catapult” in size rapidly to overcome disadvantages associated with founder effects
(Drake 2006). Crossing between divergent genotypes also provides an opportunity
for increasing genetic variation and a larger pool of genotypes on which selection
can act (Hegarty 2012). Hybridisation can also promote adaptive variation in NIS
(Rius and Darling 2014; Stelkens et al. 2014), as it can occur between native and
introduced species (Hänfling et al. 2005; Meilink et al. 2015; Gardner et al. 2016;
Oyarzún et al. 2016), leading to displacement of native populations (Huxel 1999).
Recent population genomic approaches have found evidence of selection both for
and against hybridisation (Saarman and Pogson 2015; Kovach et al. 2016; Jeffery
et al. 2017).

Hybridisation can also lead to the genesis of novel genotypes/phenotypes, which
may provide a selective advantage due to transgressive segregation (Fig. 3). The
generation of phenotypes that are extreme compared to the parental phenotypes and
that affect the F2 generation onwards (de Vicente and Tanksley 1993) has been
demonstrated in a wide range of organisms. Rieseberg et al. (1999) reviewed
171 hybridisation studies, finding that 155 of them reported at least one transgressive
trait. In some cases, transgressive traits provide potential for hybrids to inhabit
niches unused by either parent. This is evidenced by the case of Spartina spp. in
San Francisco Bay, California, where the introduced Spartina alterniflora hybridises
with the native Spartina foliosa (Sloop et al. 2009). Late generation Spartina hybrids
are larger than either parents and produce more seeds as a result of transgressive
segregation. Due to such peculiar gene complexes developed via transgressive
segregation, it became detrimental for the hybrid to outcross, leading to selection
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in favour of inbreeding (Sloop et al. 2009). Indeed, hybrids can evolve self-fertility,
which neither parent nor F1 hybrids are capable of, rapidly assisting colonisation of
novel ecosystems (Sloop et al. 2009).

Progeny from the hybridisation of closely-related lineages or species are often
infertile, sterile, or inviable – termed hybrid breakdown (Orr and Turelli 2001;
Arcella et al. 2014; Stelkens et al. 2015). This hybrid incompatibility is commonly
attributed to deleterious epistatic interactions between alleles at different loci of
parental genomes (Coyne and Orr 2004), or the breakdown of coadapted gene
complexes during recombination, as seen in the copepod Tigriopus californicus
(Edmands et al. 2009). Hybridisation may also be selected against in introduced
populations (Arcella et al. 2014; Saarman and Pogson 2015; Kovach et al. 2016). If
recipient and parental environments are similar, hybridisation of ecologically diver-
gent subpopulations (e.g. a preadapted parent with a non-preadapted parent) will
disrupt preadapted gene complexes and reduce offspring fitness (Rius and Darling
2014). Additionally, even if hybrids are genetically compatible, reproduction may
not occur, or be reduced, due to prezygotic reproductive isolation. For example,
hybrid male fur seals (hybridised between Antarctic Arctocephalus gazella, subant-
arctic A. tropicalis, and New Zealand A. forsteri fur seals) have been shown to
exhibit lower reproductive success than pure-species males, putatively due to phe-
notypic traits affecting mate choice (Lancaster et al. 2007).

Hybridisation may also lead to extinction of native populations (Rhymer and
Simberloff 1996; Arcella et al. 2014). An example of this is unfolding with crayfish

Fig. 3 Transgressive segregation during biological invasions. (i) Two parents, each with a different
fixed allele at two unlinked loci. Alleles increase or decrease fecundity phenotype score (fps) by one
unit, depending on uppercase (+1) or lowercase (�1). Both parental species are homozygous at both
loci, resulting in net score of 0. F1 offspring are all heterozygous at both loci (AaBb), also resulting
in a score of 0 (A + a + B + b ¼ (+1) + (�1) + (+1) + (�1) ¼ 0). (ii) F2 hybrids’ fps range between
+4 and �4, indicating varying phenotype fitness. Adapted from Bell and Travis (2005)
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(Orconectes rusticus and O. propinquus) introductions into North American lakes
(Arcella et al. 2014). F1 generation hybrids of the native O. propinquus and the
introduced O. rusticus display hybrid vigour (Perry et al. 2001). This dynamic is
extirpating native O. propinquus populations, as they are outcompeted by F1
hybrids, which then decrease in fitness over subsequent generations and enable the
introduced O. rusticus to migrate in and outcompete them. As O. propinquus is
outcompeted by F1 hybrids and O. rusticus, it is being removed from lakes in the
region.

Genomic approaches offer a strong suite of tools to probe hybridisation (Twyford
and Ennos 2012; Payseur and Rieseberg 2016), with population genomics well-
suited for marine NIS (Hohenlohe et al. 2011; Hand et al. 2015; Saarman and Pogson
2015; Kovach et al. 2016). Reduced-representation approaches (i.e. sequencing of
just a portion of the genome) such as RAD-Seq are particularly useful as the high
number of markers returned means they are sensitive to weak levels of hybridisation,
allowing them to confidently detect when selection is occurring against hybridisation
(Saarman and Pogson 2015; Kovach et al. 2016). Selection against hybridisation
may be occurring between native and introduced ascidian species in regions of
sympatry. Whilst hybridisation occurs in the laboratory between the native Sea
Vase tunicate (Ciona intestinalis) and the introduced Ciona robusta (Sato and
Bishop 2012), genomic analyses indicate that naturally occurring hybridisation is
rare (Bouchemousse et al. 2016a; Nydam et al. 2017a).

At the whole genome level, hybridisation can modify the architecture of genomes
in complex ways. An F1 individual is essentially heterozygous at all loci, but over
subsequent generations selection for coadapted gene complexes and the removal of
unfit allelic combinations occurs, resulting in drastic (and rapid) changes in patterns
of genomic variation (Ungerer et al. 1998). Important changes in gene expression
can also be detected in hybrid transcriptomes using high-throughput sequencing. For
example, comparisons of expression profiles of parent species and hybrid individuals
show highly-dissimilar gene expression profiles (Wolf et al. 2010). Variation in gene
expression can occur with changing ecological conditions (May et al. 2013) and be
adaptive (Fisher and Oleksiak 2007), driving adaptation to rapid environmental
changes, which may be facilitated by hybridisation (Chown et al. 2015). It is
therefore clear that the study of genomes and transcriptomes is key to investigating
the genetic basis and consequences of NIS hybridisation.

2.3 Pre-colonisation Adaptation

Species traits that have evolved in the native range can sometimes facilitate coloni-
sation success in the introduced range. These are often referred to as preadapted traits
(Curnutt 2000) and occur if NIS are introduced to an area that is ecologically or
environmentally similar to their native range. Preadaptation may also help NIS more
easily withstand environmental challenges in the introduced range (Schlaepfer et al.
2010; Bock et al. 2015; Elst et al. 2016). An example of preadaptation aiding
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biological invasions has been detected in the invasion of the European common reed,
Phragmites australis, in North America. Guo et al. (2014) compared morphological
and ecophysiological traits, showing that the introduced genotype was preadapted
and outcompeted native congeners due to elevated photosynthetic capacity. A
second aquatic example comes from Zhang et al. (2010), who found that a genotype
of the water hyacinth Eichhornia crassipes that dominates native high-altitude
populations monopolised cold parts of the introduced range. Lastly, dominant
species of the Red Sea’s sandy shores have successfully colonised similar habitats
(shallow sandy and muddy shores) in the Mediterranean, suggesting that preadap-
tation facilitated their establishment into the new range (Golani and Ben-Tuvia 1989;
Golani 1993).

Although DNA-based approaches are severely underutilised in studying pread-
aptation in marine NIS, some studies have inferred preadaptation from genotype
distribution (Zhang et al. 2010; Guo et al. 2014). Another approach is to directly use
genomic tools to identify the presence of preadapted genes (Ometto et al. 2013;
Gleason and Burton 2015; Gleason and Burton 2016a), such as the use of RNA-seq
to detect the preadaptation of a whole suite of genes (Wang et al. 2009). These
genomic approaches have been effectively used to detect preadaptation in native
marine species. For example, Gleason and Burton (2016a) used reduced-
representation genomics to probe the marine snail, Chlorostoma funebralis, finding
strong divergence linked to temperature adaptation. RNA-seq revealed that lower-
latitude populations were preadapted to cope with thermal stress by employing
unique gene expression profiles compared to higher latitude populations (Gleason
and Burton 2015). Subsequently, Gleason and Burton (2016b) reinforced these
findings by investigating the actual temperatures encountered in the studied
populations. They found that lower latitude populations were three times more likely
to experience temperatures causing a heat-shock response. These studies show the
utility of genomic approaches to identify preadaptation and how this approach can
greatly increase our understanding of forces shaping adaptation pre-arrival.

2.4 Post-colonisation Adaptation

Post-colonisation adaptation after establishment can also happen when NIS enter a
novel ecosystem (Guo et al. 2014; Lin et al. 2017). Studies show that post-
colonisation adaptation may occur extremely rapidly (Huey et al. 2000; Dlugosch
and Parker 2008; Whitney and Gabler 2008; Moran and Alexander 2014; Stapley
et al. 2015) and is often referred to as contemporary evolution (Stockwell et al.
2002). Post-colonisation adaptation is essential for understanding genomic changes
that may occur throughout the invasion process.

Rapid adaptation of NIS can be driven by several mechanisms (Gilchrist and Lee
2007), including transposable elements (TE) and epigenetics. Discovered in 1950
(McClintock 1950), TEs are a large group of highly variable loci that are able to
move from one location to another on the genome (Pray 2008). They are known to
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have a significant role inducing rapid adaptation in response to changes in the
environment (Casacuberta and González 2013) and subsequently drive the adapta-
tion of NIS (Schrader et al. 2014; Stapley et al. 2015). TEs are heavily influenced by
epigenetics, another mechanism that can drive rapid adaptation in NIS (Ardura et al.
2017). Epigenetics is an umbrella term that refers to a group of heritable effects,
such as DNAmethylation or chromatin remodelling, that are unrelated to variation in
DNA sequence variation (Huang et al. 2017). There is increasing evidence
suggesting that epigenetic mechanisms contribute to phenotypic variation in ecolog-
ically relevant traits (Bossdorf et al. 2008). This is particularly pertinent to NIS
where genetic variation may be very low and population expansion may occur on
timescales not conducive to DNA sequence evolution (Dlugosch and Parker 2008).
NIS may therefore encounter highly variable conditions to which they are not
preadapted and therefore be forced to rely on their epigenetic variation (Pu and
Zhan 2017). Current work indicates that the strength of epigenetic signals in NIS
overcomes the signal from environmental conditions, supporting the hypothesis that
early-invasion NIS, as part of their post-colonisation adaptation, increase phenotypic
plasticity as a result of reduced methylation (Ardura et al. 2017). There is still much
to study concerning the influence that TEs and epigenetics have on promoting post-
colonisation adaptation in NIS. Genomic approaches are well placed to examine
them in natural populations (Casacuberta and González 2013; Stapley et al. 2015;
Trucchi et al. 2016; Hofmann 2017) as they open up new research avenues such as
sequencing both the transcriptome and methylome simultaneously (Hofmann 2017).

Post-colonisation adaptation is known to enable single-source introduction NIS
to rapidly respond to local environmental conditions (Dlugosch and Parker 2008;
Prentis et al. 2008; Bock et al. 2015) and overcome the negative effects resultant
from genetic bottlenecks (Colautti and Barrett 2013). This is often referred to as
evolutionary rescue (Gonzalez et al. 2013; Carlson et al. 2014; Lau and terHorst
2015) and is based on the idea that rapid adaptation may aid NIS in mitigating the
deleterious effects of low genetic diversity. Pre- and post-invasion adaptation are not
mutually exclusive (Sakai et al. 2001; Bernardi et al. 2016), as species may be
preadapted before arrival, enabling a successful introduction, and then may undergo
rapid post-invasion adaptation to further optimise fitness in the introduced area. This
has been reported in the common reed wetland grass (Phragmites australis),wherein
a more efficient photosynthetic apparatus of a preadapted strain colonised North
America and then underwent further post-colonisation morphological and ecophys-
iological adaptation to maximise fitness and thrive in the introduced area (Guo et al.
2014). This has also been reported in other terrestrial plant introductions (Henery
et al. 2010). Introduced species can also induce post-colonisation adaptation in
native inhabitants (Carroll 2007; Oduor 2013). The introduction of toxic cane toads
(Bufo marinus) into Australia induced an adaptation in native snake species
(Pseudechis porphyriacus and Dendrelaphis punctulatus) to restrict their predation
of these toxic toads. The snakes adapted morphological traits to lessen risk of
consumption and ill effects (decreased gape size, and increased body lengths), whilst
snakes that did not prey upon the toads (Hemiaspis signata and Tropidonophis mairii)
exhibited no consistent change after introduction (Phillips and Shine 2004).
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NIS introductions also create competition, which can induce morphological changes,
as occurred when the native lizard (Anolis carolinensis) adapted larger toepads
in order to cling to higher perches after the introduction of another lizard – Anolis
sagrei – (Stuart et al. 2014).

Genetic and genomic techniques provide a strong complement to morphological
and ecophysiological analyses to test questions on NIS adaptation. In a study of the
introduced Lessepsian migrant bluespotted cornetfish (Fistularia commersonii),
genomic regions associated with disease resistance and osmoregulation were iden-
tified as putatively being under selective pressure in the introduced range (Bernardi
et al. 2016). Considering the relatively short time since the introduction of this NIS,
it was suggested that both pre- and post-colonisation adaptation may have occurred.

3 Methods Used to Study Marine Invasion Genomics

3.1 Environmental DNA

Organisms naturally shed DNA into the environment in which they live. This
environmental DNA (eDNA) can be filtered or precipitated out and analysed to
infer the presence or absence of a given organism. Recent work indicates that eDNA
is made up of a range of different-sized particles, from very large multicellular
fragments (>180 μm) down to extracellular DNA (Turner et al. 2014; Sassoubre
et al. 2016). Estimates of eDNA persistence in seawater have been limited to fish
(Thomsen et al. 2012; Maruyama et al. 2014; Sassoubre et al. 2016; Andruszkiewicz
et al. 2017) and crustacean (Forsström and Vasemägi 2016) species, showing
degradation on the order of days. Current eDNA research is progressing from
monitoring presence/absence towards quantifying species abundance (Lacoursière-
Roussel et al. 2016) – applications that otherwise require large sampling effort. For
example, Thomsen et al. (2016) showed that eDNA assessments were comparable to
trawling sampling when probing deep-sea fish faunas. Thus, eDNA shows great
potential for detecting and monitoring aquatic NIS, in both presence and quantity.
eDNA has thus far been used to probe introduced gobies (Adrian-Kalchhauser and
Burkhardt-Holm 2016), aquatic plants (Scriver et al. 2015), bullfrogs (Ficetola et al.
2008; Dejean et al. 2012), pythons (Piaggio et al. 2014), carp (Jerde et al. 2013;
Mahon et al. 2013; Klymus et al. 2015), crayfish (Larson et al. 2017), bivalves
(Ardura et al. 2015a), snails (Goldberg et al. 2013), and turtles (Davy et al. 2015).
eDNA has also been used to monitor vectors transporting NIS (Collins et al. 2013;
Mahon et al. 2014; Nathan et al. 2015).

Work using eDNA has begun to study the initial stages of colonisation, such as
transport and establishment (Fig. 1), where traditional techniques lack the required
sensitivity for early detection of both successful and unsuccessful species introduc-
tions (Takahara et al. 2013; Forsström and Vasemägi 2016; Tucker et al. 2016;
Simpson et al. 2017). Early detection is pivotal for a rapid response to NIS (Pyšek
and Richardson 2010) and is more economically efficient than removing a more-
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progressed NIS (Williams et al. 2010). For example, the invasion of the black striped
mussel (Mytilopsis sallei) in 1999 to Darwin harbour, Australia, threatened marine
infrastructures, the surrounding environment, and a pearl fishery worth A$40 million
(Bax et al. 2002). A rapid response required chemical treatment of marinas to
eradicate the introduced mussel and caused transient mortality in a significant
proportion of native fauna. However, the cost associated with eradication (A$2.2
million) was deemed minimal compared to the potential environmental and eco-
nomic damage the mussel could have caused (Willan et al. 2000; Bax et al. 2002).
eDNA is also a potent tool for ascertaining which NIS are in transit and understand-
ing which shipping routes or ports are prolific transporters, being well-suited to
testing ballast water (Egan et al. 2015; Tucker et al. 2016; Darling and Frederick
2017). Current techniques enable detection of eDNA from species at very low
densities (e.g. using qPCR; Foote et al. 2012; Bergman et al. 2016), providing a
tool to learn more about initial stages of colonisation that previously evaded
investigation.

Although eDNA shows great potential in investigating NIS, limitations exist.
DNA decays at different rates under varying environmental conditions, biasing the
detection of NIS (Barnes and Turner 2016). eDNA is also susceptible to false
positives (Ficetola et al. 2016) and negatives (Schultz and Lance 2015), as it can
travel long distances (Thomsen et al. 2012; Deiner and Altermatt 2014). Current
progress in eDNA research is increasing its accuracy and reliability (Amberg et al.
2015; Ficetola et al. 2016; Lahoz-Monfort et al. 2016; Guillera-Arroita et al.
2017), especially when eDNA surveys are combined with traditional survey
approaches (Yamamoto et al. 2016; Sigsgaard et al. 2017).

Innovations in metabarcoding (i.e. using universal primers to amplify and
sequence a conserved region in an environmental sample for species identification)
are increasingly being applied to marine biological invasions (Ardura et al. 2015b;
Zaiko et al. 2015). The metabarcoding of eDNA, when used judiciously (Goldberg
et al. 2016), not only allows for the rapid and accurate detection of NIS during
introduction and establishment, but also the collection of information on currently
nontarget species and community composition.

3.2 Quantitative Trait Loci Mapping

A pertinent method for determining the genetic basis of invasiveness and rapid
adaptation is the study of quantitative trait loci (QTL) (Stapley et al. 2015). QTLs
are genomic regions that correlate with the expression of quantitative traits. Whilst
there is not a suite of traits representative of all NIS, quantitative traits such as those
that enhance fecundity, growth, and spawning time can play an important role in
determining colonisation of novel environments (van Kleunen et al. 2015; McKnight
et al. 2017). The main purpose of QTL analysis is to link genotype loci to a
phenotype (determining the genetic basis for an observed quantitative trait) and is
especially adept at investigating how genomic regions are responsible for adaptive

Marine Invasion Genomics: Revealing Ecological and Evolutionary. . . 375



loci (Pardo-Diaz et al. 2015). QTL analyses have been used to identify the basis of
adaptation in introduced terrestrial species (Weinig et al. 2007; Hamilton et al. 2015;
Whitney et al. 2015), native marine species (Johnston et al. 2014), and even native’s
response to NIS (Yu and Andrés 2014). However, much like other genomic tech-
niques, these methods are severely underutilised in the study of marine NIS. QTL
mapping could be used to study marine NIS by crossing native and introduced
individuals of a marine species that differ in a trait of interest (e.g. size, fecundity, or
spawning time). By scoring the phenotype and genotype of the derived individuals,
molecular markers linked to QTL will show significant associations with pheno-
types, allowing the identification of regions of the genome putatively associated with
key traits. QTL mapping may also play an important role in the further study of TEs
and their influence on rapid adaptation (Stapley et al. 2015).

3.3 Population Genomics

Population genetics represents a robust approach to assess the demographics and
population structure of NIS (Riquet et al. 2013; Rius et al. 2015b; Bouchemousse
et al. 2016b; Wrange et al. 2016; Cordero et al. 2017) – also see boxed case study.
The low costs of using mitochondrial DNA and polymorphic markers such as
microsatellites, together with the relative computational simplicity of their analyses,
means that they are still the dominant approach used in marine invasion genetics
(Rius et al. 2015b).

Recent advances in DNA sequencing technology have allowed the transition
from population genetics to population genomics (Stinchcombe and Hoekstra
2008; Hemmer-Hansen et al. 2014). High-throughput sequencing approaches on
NIS can now return tens to hundreds of thousands of polymorphic markers such as
single nucleotide polymorphisms (SNPs) across the genome (Puzey and Vallejo-
Marin 2014; Vandepitte et al. 2014; Hand et al. 2015). The ability to sequence large
numbers of loci simultaneously enables the detection and categorisation of positive
and neutral selection (Luikart et al. 2003). Two general methods exist to identify
outlier loci (Hoban et al. 2016): differentiation outlier analyses, which identify loci
that are abnormally differentiated between populations, and genotype-environment
outliers, in which loci are correlated to local environmental factors (White et al.
2013). The analysis of genotype-environment interactions allows researchers to
study how environmental conditions influence adaptation of introduced populations.
For example, White et al. (2013), looking at the water vole (Myodes glareolus), used
geographical distance from the point of introduction as the environmental variable
and found that strong signals of selection were affected by rapid range expansion.

The use of a large number of loci also allows greater discrimination of differen-
tiation between populations (Rašić et al. 2014). This is especially important to
differentiate native and introduced populations, and to reliably identify source
populations of a highly homogenous introduced range. This is clearly shown in a
genomic study of the global distribution of the introduced ascidian Microcosmus
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squamiger (Fig. 4) that shows the beneficial effects of a larger number of markers
(Bourne et al. unpublished). A discriminant analysis of principal components shows
increasing segregation between native populations as the number of markers
increases (Fig. 4). Also clearly elucidated from a higher number of markers is the
putative source of introduced populations.

Population genomic approaches are being used with increasing regularity in
the study of NIS, having been applied to crabs (Jeffery et al. 2017), salmonids
(Narum et al. 2017), toads (Trumbo et al. 2016), mosquitofish (Vera et al. 2016),

Fig. 4 Discriminant analysis of principal component plots showing how an increase in the number
of single nucleotide polymorphism markers for the ascidianMicrocosmus squamiger (Bourne et al.,
unpublished) alters the population structure of globally sampled sites. The location of the sampled
sites is indicated on the right-side maps, with the native (Australia) and introduced (South Africa,
Europe, and Baja California) ranges denoted with different symbols. Note that sites within the
native range are genetically divergent, whilst the ones found in the introduced range are panmictic
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trout (Hand et al. 2015; Kovach et al. 2016), and mussels (Saarman and Pogson
2015), finding evidence of reduction or no change in diversity between native and
introduced ranges (Vera et al. 2016; Narum et al. 2017). Although these approaches
are being incorporated into invasion biology, they are still largely underutilised
when studying marine biological invasions (Sherman et al. 2016).

Boxed Case Study

Native to the Indo-Pacific, the lionfishes Pterois volitans (Linnaeus 1758) and
P. miles (Bennett 1828) are highly invasive species. Officially first recorded in
the western North Atlantic in 2000 (Whitfield et al. 2002), although observed
since at least 1985 in Florida (Florida Fish and Wildlife Conservation
Commission 2017), these species have since expanded towards lower lati-
tudes, including South America (Ferreira et al. 2015). Subsequently, they have
extensively expanded within the Mediterranean (Golani and Sonin 1992;
Azzurro et al. 2017). Thought to be vagrants of the aquarium trade
(Hare and Whitfield 2003), lionfish significantly affect invaded ecosystems,
including drastically reducing the recruitment (Albins and Hixon 2008) and
abundance (Green et al. 2012; Ballew et al. 2016) of native fish species.

Much population genetic work has been undertaken to understand their
expansion in the western Atlantic, with Hamner et al. (2007) discovering
evidence of a strong founder effect upon colonisation. They also found that
the majority were P. volitans, with few P. miles individuals present. The
western Atlantic origin of introduction was found to be the Florida coast by
Betancur et al. (2011), who also found that P. miles is restricted to northern-
most locations, whilst P. volitans is much more ubiquitous, with strong
population structure evident between northern and Caribbean populations.

(continued)
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Valdez-Moreno et al. (2012) reinforced this by finding only P. volitans indi-
viduals in the Mexican Caribbean and furthermore, after identifying stomach
contents, confirmed that they were engaging in cannibalistic behaviour – a first
recorded instance in this species. Similarly, only P. volitans individuals were
found in Puerto Rico by Toledo-Hernández et al. (2014), who also found a
secondary founder effect present from the original nonindigenous population.
Tracking their spread into South America, Ferreira et al. (2015) used DNA
analyses to match individuals to haplotypes found in North America and
Mexico, indicating that the nonindigenous population is spreading and that
the Brazilian population is not resultant from an independent invasion from the
Indo-Pacific, but natural larval dispersal from the invaded Caribbean region.
However, a recent DNA analysis has proposed that the invaded region may be
the recipient of multiple introductions, and not the single introduction as
previously thought (Butterfield et al. 2015), showing that DNA-based
approaches can be confounded by the choice of sampled populations. Lastly,
comprehensive high-resolution genomic SNP work undertaken by Pérez-
Portela et al. (2018) show complete panmixia in the region. Interestingly,
this contrasts previous genetic results that found differentiation (Butterfield
et al. 2015; Johnson et al. 2016). Pérez-Portela et al. (2018) suggest two
reasons for this difference. Firstly, a fundamental difference in findings
between genetic and genomic work (or mitochondrial and nuclear DNA), as
has been previously-reported (Toews and Brelsford 2012). Or secondly, that
high gene flow has eroded the previous genetic signals and created regional
homogenisation. Further to the contribution of high gene flow, they also
proposed that local adaptation is further contributing to the panmixia.

Genetic work has also identified that hybridisation within the native range
may be a contributing factor to the invasion success of nonindigenous
populations in the West Atlantic (Wilcox et al. 2018). The invasive lineage
may be resultant from hybridisation between the Indian and Pacific lineages,
raising the interesting prospect that heterosis may be enhancing the success of
the invasive P. volitans in the West Atlantic.

The genetics of the nonindigenous Mediterranean population has also been
recently probed, with the introduced P. miles individuals related to Red Sea
populations, indicating a Lessepsian invasion (Bariche et al. 2017). A low
genetic diversity also implied the occurrence of another founder effect, though
the success to which the Mediterranean has been colonised indicates that low
genetic diversity has not proven a barrier to their invasion.

Future genomic studies can assist investigators in mitigating the lionfish
expansion. Currently, they must be observed to be recorded in a novel area, but
the use of eDNA monitoring could enable conservationists to be more reactive
to the lionfish’s spread. This in turn allows an accurate picture to be
constructed of their nonindigenous range and expanding front, aiding man-
agers in deciding where to allocate their eradication efforts for optimum

(continued)
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effectiveness. Future higher-resolution population genomic approaches (see
Future Directions), along with more comprehensive sampling, will enable
scientists to resolve whether the invaded region has been subjected to multiple
introductions or a single expanding front. However, it is possible that the
intense homogenisation observed by the high-resolution approach of Pérez-
Portela et al. (2018) could mask previous signals of invasion history. If,
however, invasion pathways can be elucidated, this would enable investigators
to understand where nonindigenous populations are sourced from, again
allowing managers to allocate resources to disrupting the pathway supplying
the nonindigenous populations. After eradication efforts, further monitoring
using eDNA can effectively scrutinise the previous range, confirming the
success of failure of such efforts in curbing nonindigenous lionfish
populations.

Ultimately, genomic approaches will prove a major contributor in the
conservation efforts against lionfish, first enabling scientists and managers to
understand their spread, then assisting in their mitigation, and finally moni-
toring the success of management efforts.

Genomic data may also be used to infer invasion pathways and colonisation
histories (Estoup and Guillemaud 2010; Guillemaud et al. 2010; Cristescu 2015).
Several methods are available to reconstruct routes of invasion, such as population
genetic and genomic inferences using phylogenetic trees (Estoup and Guillemaud
2010; Cristescu 2015). A particularly fruitful approach has been to compare specific
invasion scenarios using the approximate Bayesian computation (ABC) method
(Beaumont et al. 2002). Multiple software are now available to reconstruct coloni-
sation histories using genetic data and ABC (for review see Estoup and Guillemaud
2010), which have been used extensively in terrestrial studies (e.g. Lombaert et al.
2010; Brown et al. 2011; Boissin et al. 2012; Konečný et al. 2013) and increasingly
in aquatic species [ascidians (Rius et al. 2012; Teske et al. 2015; Nydam et al.
2017b), mosquitofish (Purcell et al. 2012), cyprinids (Simon et al. 2011), mussels
(Marescaux et al. 2016), red shiners (Glotzbecker et al. 2016), and pike (Pedreschi
et al. 2014)]. These studies have found evidence of population bottlenecks (Purcell
et al. 2012), secondary introductions (Pedreschi et al. 2014), genetic admixture (Rius
et al. 2012; Glotzbecker et al. 2016), and both independent (Marescaux et al. 2016)
and non-independent invasions (Rius et al. 2012). These studies have mostly used
genetic data, and the few that have used genomic data have quickly overwhelmed
computing resources (Marx 2013; Ocaña and de Oliveira 2015). In order to tackle
this issue, invasion-inference techniques that use less computing effort are now
being developed to handle larger genomic datasets (Pudlo et al. 2016) such as the
random forest statistical technique (Breiman 2001). We expect that when coupling
these techniques with broadened access to higher computation power (Marx 2013),
genomic data will be more commonly used to infer colonisation histories of
marine NIS.
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3.4 Gene Expression

Transcriptomic approaches have been greatly enhanced by the genomic revolution
(Marguerat et al. 2008), providing a useful tool for marine invasion biologists
(Fig. 2) (Rius et al. 2015a). The ability to look at gene expression allows researchers
to study adaptation of NIS at a more detailed level. Differential gene expression
studies across environments can help researchers understand the role of phenotypic
plasticity (Aubin-Horth and Renn 2009) in marine NIS (Wellband and Heath 2017).
Phenotypic plasticity, or the ability of a genotype to produce different phenotypes in
response to environmental conditions (Pigliucci 2001), frequently occurs in NIS
(Davidson et al. 2011; Lande 2015; Sassenhagen et al. 2015; Guardiola et al. 2016).
Wellband and Heath (2017) compared two introduced goby species, each of varying
colonisation success (measured as the extent of geographic spread), finding that
success could be related to phenotypic plasticity. The more successful species of the
two was more phenotypically responsive to temperature, in both gene transcription
magnitude and function. The biological processes altered by the successful goby
species were consistent with reported phenotypic gene expression responses to
temperature, whereas the less successful goby species exhibited maladaptive phe-
notypic plasticity. A similar scenario was shown in the mussels Mytilus
galloprovincialis and M. trossulus (Lockwood et al. 2010). M. galloprovincialis,
which outcompetesM. trossulus in warmer habitats (including in the native range of
M. trossulus), showed an elevated response to acute heat stress, with the most
differentially expressed gene between the two being a heat-shock protein. Finally,
transcriptomic approaches have been combined with genome assembly to explain
the resistance of some introduced marine species to xenobiotic chemicals. An
example of this is the highly invasive catfish, Pterygoplichthys anisitsi, which has
been found to have an expanded defensome (i.e. genes that code for defence
mechanisms to chemical environmental stressors), which may assist it in invading
polluted areas (Parente et al. 2017).

4 Future Directions

As the cost of high-throughput sequencing is continually decreasing, the inhibitive
stage in genomic studies has shifted from data acquisition to storage and analysis,
with the vast amount of data generated becoming the new limiting factor on the
experiment pipeline (Marx 2013). Indeed, it takes less than a year for the amount of
sequence data stored by the European Bioinformatics Institute to double (European
Bioinformatics Institute 2012). Researchers must grapple with these new demands,
and on a broad scale, the development of associated technology will continue to
mitigate the challenges of genomic data storage and analysis, including the intro-
duction of overarching approaches that effectively integrate the four pillars of
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genomic studies: data acquisition, storage, distribution, and analysis (Stephens et al.
2015). Progress in this direction will promote a productive future for marine invasion
genomic studies.

One approach that is predicted to be especially productive in the future for
invasion biologists is eDNA (Barnes and Turner 2016). It has already been applied
to the detection of individual NIS, as well as assessing entire community composi-
tion (Kelly et al. 2014) or addressing species abundance (Takahara et al. 2012;
Lacoursière-Roussel et al. 2016). Other exciting developments include the employ-
ment of remote vehicles or stations fitted with eDNA technology (Scholin 2010;
McQuillan and Robidart 2017), allowing unprecedented spatial and temporal reso-
lution. Although currently an expensive option, progressing autonomous vehicle
development will enable invasion biologists to reliably and regularly sample areas
prone to invasion, giving a time-linked genomic profile of the areas and signalling
the arrival of NIS. Another exciting future prospect is the use of eDNA to assess
population genetic inference of NIS. This concept has recently been proved, with the
population genetics of whaleshark populations derived from eDNA-sampled mito-
chondrial fragments (Sigsgaard et al. 2016). The leading edge of eDNA NIS research
involves applying this concept to NIS. It has recently been shown that eDNA
can accurately reconstruct the proportion of different genotypes in a water body
using qPCR (Uchii et al. 2016). This dramatically increases our ability to understand
the distribution of well-studied NIS. Additionally, combining this approach with
metabarcoding of variable regions allows researchers to discover previously
unknown genotypes (Sigsgaard et al. 2016). Furthermore, it may be possible to
infer population parameters using haplotype frequency and diversity data in species
where mutation rates are known, which when combined with the added ease of
eDNA sampling will prove a robust tool for future invasion biologists.

Another potentially fruitful future concerns the investigation of environmental
adaptation in NIS using genomic scans. Genome-wide scans give investigators
unparalleled power, as genomic outlier loci can be identified from any genomic
region using fixation statistics such as FST. These outlier loci can then be associated
with the environmental conditions in which they are prevalent, such as altitude
(Dong et al. 2014), climate (Yoder et al. 2014), salinity, and temperature (Guo
et al. 2015). However, Hoban et al. (2016) raise three considerations for which
future invasion biologists should be aware of. Firstly, the genomic data must be
placed in context with the demographics and population history of the studied NIS.
Secondly, the use of reference data will always provide a benefit to genomic projects,
and as such efforts should be made to develop reference genomes with high-quality
gene annotations. Lastly, concerning experimental design, a priori environmental
information should be used to inform sample sites, to broaden our knowledge of the
environmental response of the organism. The need for a comprehensive sampling
strategy when probing NIS genomics is reiterated by Viard et al. (2016). There is
also a pressing need to integrate the current distinct approaches into a single
framework, which would prove especially useful when assessing the impact of
environment on adaptation in marine NIS (Bragg et al. 2015). When following the
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recommendations of Hoban et al. (2016) and Bragg et al. (2015), invasion biologists
can reap the rewards of a robust population genomic approach, including the future
benefit that will come from full genomes being sequenced for each studied individ-
ual. This increasing genomic resolution will enable invasion biologists to disentan-
gle complex invasion histories. Furthermore, a future shaped by a rapidly changing
climate will likely see different effects on NIS (Stachowicz et al. 2002; Dukes 2010;
Masters and Norgrove 2010; Muhlfeld et al. 2014). Interactions between climate
change and NIS can be complex (Kolar and Lodge 2000) and are likely to be context
and species dependent, involving multiple factors mediating such interaction (Rius
et al. 2014). Greater understanding of the genetic changes of NIS during adaptation
to warming is critical for predicting dynamics of future invasions (Somero 2010) and
identifying management strategies (Rahel et al. 2008).

Furthermore, the availability of third-generation sequencers is expected to dras-
tically boost evolutionary and invasion research. This new sequencing technology
will further promote de novo genome sequencing and assembly, leading to genomic
resources being developed for more non-model organisms and increasing the geno-
mic repertoire available to invasion biologists. An increase in read length also
augments current population genomic approaches as longer reads can be compared
between individuals, further increasing extracted information and genome resolu-
tion, therefore add a whole suite of tools to the biologists’ toolbox (Sedlazeck et al.
2018). Another benefit of the new sequencing technology is the ability to more
efficiently probe post-translational modifications (Garalde et al. 2018). The ability to
study post-translational modifications opens up many opportunities when examining
the occurrence of the rapid localised adaptation frequently accompanying NIS.

5 Conclusions

Biological invasions are one of the greatest threats facing the preservation of global
biodiversity, causing vast ecological and economic impacts (Pimentel et al. 2005;
Kumschick et al. 2015). In turn, they also provide excellent models for understand-
ing ecological and evolutionary mechanisms (Sax et al. 2005) such as rapid adap-
tation over contemporary time scales (Huey et al. 2005). The knowledge gained from
studying invasion biology in these instances can be pertinent to broadly applicable
processes, such as natural range expansions (Colautti and Barrett 2013).

The suite of genomic tools now available to invasion biologists has considerably
enhanced the understanding of processes underpinning biological invasions (Stapley
et al. 2015; Viard et al. 2016). For example, the role that hybridisation plays in
promoting NIS can now be disentangled using genomic approaches, and the study of
genomic regions linked to quantitative traits (Dlugosch et al. 2015) is revealing
genetic attributes linked to invasiveness (Weinig et al. 2007). NIS can be detected
earlier with eDNA (Dougherty et al. 2016), allowing detection of NIS before they
cause substantial environmental and economic damage (Williams et al. 2010). The
effects of adaptation on marine NIS can be explored (Bernardi et al. 2016) along with
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associated mechanisms such as TEs and epigenetics (Casacuberta and González
2013; Stapley et al. 2015; Hofmann 2017). The role of gene expression in marine
NIS can be evaluated with transcriptomics (Lockwood et al. 2010; Wellband and
Heath 2017), and the ability of marine NIS to thrive in polluted conditions probed
(Parente et al. 2017). More fundamentally, genomic resources can be developed for
NIS that are unrelated to well-studied model organisms (da Fonseca et al. 2016).
Furthermore, the ability to reconstruct recent invasion pathways strengthens our
ability to undertake invasion risk assessments. Other genomic applications are also
possible, such as the genome-editing technology that is currently under development
(Ricciardi et al. 2017) and could alter the genomes of marine NIS. This has the
potential to reduce their impact and halt their spread (Esvelt et al. 2014; Webber et al.
2015; Harvey-Samuel et al. 2017). Ultimately, marine NIS can now be studied much
more comprehensively than ever before, a result of recent developments in genomic
tools.

The current increase in numbers of invasion biology studies using genomic
approaches (Barrett et al. 2016) and the reduction of associated sequencing costs
(Rius et al. 2015a), show that studies focusing on marine invasion genomics will
increasingly help scientists and policymakers better manage this major driver of
global biodiversity change.
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Abstract In times of overfishing and climate change, marine resources are
extremely vulnerable, and the vast majority of the world’s fish stocks have already
collapsed. In this fragile context, the need to drive fisheries toward sustainability has
become a priority. Population genomics methods, which compare DNA of individ-
uals from different populations occupying distinct environments, are promising tools
to address such need. Indeed, these methods provide new knowledge on the demo-
graphic and adaptive history of marine resources, which allows fisheries-specific
issues to be resolved, so that delineation of stocks coincides with actual population
boundaries and genetic diversity is maintained, ensuring the long-term sustainability
of resources. In addition, the field of population genomics applied to fisheries
management, or commonly referred to as “fisheries genomics,” has benefited from
emerging molecular approaches that can now address fisheries management issues
that could not previously be addressed. This genomics revolution is accompanied
by an apparent increase in information and resolution on the main causes of marine
population differentiation, which makes it possible to assess the persistence of
marine species in the face of climate change and overfishing, two major threats at
the heart of fisheries management issues. In this chapter, I synthesize information
on empirical examples of the application of population genomics to fisheries and
provide suggestions as to how modern population genomics approaches could
address some of the most urgent challenges in fisheries management and conserva-
tion. I discuss the application of genomics to fishery management and conservation
from four main angles: stock structure, climate change, forensics, and fishery-
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1 Introduction

Fisheries are of substantial social and economic importance, employing around
56.6 million people worldwide and totaling more than 40 billion US$ per annum,
according to the FAO (Food and Agriculture Organization) report of 2015. Nowa-
days, a large proportion of the world’s marine resources are fully exploited,
overexploited, depleted, or in need of recovery (McCauley et al. 2015). Overfishing
may lead to a reduction of genetic diversity and eventually to the disappearance of
marine populations in the world’s oceans (Pinsky and Palumbi 2014). Moreover,
exploited species are often essential components of the diet of marine megafauna
species, such that their decline can cause marked cascading effects on marine food
webs, which may then impact the integrity of marine ecosystems (Scheffer et al.
2005). Consequently, sustainable management and genetic resource conservation
are required to ensure that fisheries will persist over time, preventing further
collapse of stocks – many fisheries remain overexploited or near collapse (Pauly
and Zeller 2016) – and, thus, avoiding significant ecological, economic, and human
consequences.

Recent developments in genomics gave rise to a versatile and powerful set of
tools for monitoring marine populations, such as providing information pertaining to
their demographic and adaptive history (Kelley et al. 2016). Yet, only a few genetics
and genomics research outcomes, such as for Pacific salmon Oncorhynchus spp. and
Atlantic salmon (Salmo salar), have been successfully implemented into existing
management plans as pointed out many times over the past years (Waples et al.
2008; Reiss et al. 2009; Bernatchez et al. 2017). Then, despite the profuse studies
on the topic, the considerable need for genetically based scientific information
for marine resource management and the demonstrated ability of genomic data to
address questions of direct management relevance, concrete integration of genetic
information into fisheries management has been questioned (Shafer et al. 2015; but
see Garner et al. 2016). Arguably, there is a risk that this gap between the fields of
population genomics and fishery management could become wider if researchers
focus more on applying the newest technological advances without considering
that actual needs of fishery management (Bernatchez et al. 2017). While there is
no question that genomics approaches need to be developed cautiously regarding the
expansion of the field and the novelty of the tools used, it is now time for this field to
fill the gap between the results and their application in a context of marine resource
management and conservation. More particularly, the integration of genomic knowl-
edge into fisheries management policymaking and development would be facilitated
by population genomics studies that are conducted collaboratively with managers
and meet management needs. Here, I synthesize some of the most convincing
empirical examples of population genomics applied to fisheries, as they have the
potential to illustrate how genomics information can be effectively integrated into
fisheries management policies. Then I provide suggestions of modern genomics
approaches that are likely to address some of the most urgent fisheries management
challenges.

400 L. Benestan



2 Fishery Genomics, from a Genetic to a Genomic
Perspective: The Need to Open Up

Fishery genomics is a growing area that aims to solve fisheries-specific questions
using relevant genomics tools (Valenzuela-Quiñonez 2016). As proposed by
Bernatchez et al. (2017), in population genetics, the term genomics is typically
used as a shorthand to describe studies applying large and genome-wide datasets,
with a classic, yet arbitrary, threshold of >1000s versus 10s–100s of markers to
distinguish between genomics and genetics studies, respectively. Initially, the fishery
genetics explosion began in the 1980s and accelerated with the boom of massive
parallel sequencing technologies (MPS), which enables researchers to genotype
thousands of single nucleotide polymorphism (SNP) markers in non-model marine
species (Kelley et al. 2016) and brings new opportunities for conservation applica-
tions. Moving from a genetic to a genomic perspective, fishery genomics has also
widened its range of applications (Willette et al. 2014; Ovenden et al. 2015). In this
chapter, we focus on the application of population genomics to fishery management
and conservation under four main angles: (1) stock structure, (2) climate change,
(3) forensics, and (4) fishery-induced evolution. Despite the diversity of themes,
stock structure is arguably the most common topic covered in this field
(Abdelrahman et al. 2017). Indeed, populations are the fundamental units of con-
servation and management (Palsbøll et al. 2007), and the delineation of stock
boundaries is a major goal of fishery management (Waples and Naish 2009; Waples
1998). In the future, the field of fishery genomics is expected to open to a broader
range of fishery management issues as several authors have already suggested
(Waples and Naish 2009; Ovenden et al. 2015; Bernatchez et al. 2017) as well as
considered more taxa out of the Actinopterygii (ray-finned fishes) phylum (Fig. 1).

Actinopterygii
Bivalvia
Cephalopod
Chondrichthyes
Crustacea
Echinozoa
Gastropoda
Mammalia
Reptilia

Fig. 1 Representation of taxonomic group considering the 127 fishery genomics studies published
between 1997 and 2016 and listed in Web of Science database. Only research articles were retained
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Indeed, some taxa at lower trophic levels, such as the echinoderm (Echinozoa), are
poorly documented whereas fishing down the food web tends to increase with
important effects on the abundance of these lower trophic-level species (Pauly
et al. 1998; Essington et al. 2006). Documenting genetic structure of all exploited
marine species, including the low-trophic level species, will be crucial for assessing
how this trophic level shift will impact the entire ecosystem.

3 Fishery Stock Structure: How to Delineate Population
Boundaries

Box 1 Proposed Definitions of Common Terms Used in Population
Genomics Applied to Fishery Management

Stock: Demographically cohesive group of individuals of one species
exploited in a specific area.

Population: Group of individuals that have similar demographic or genetic
characteristics and thus will respond uniquely and independently to fishing.

Demographic connectivity: Exchange of individuals among populations.
Genetic connectivity: Exchange of genes among populations.
Local adaptation: Refers to the concept that individuals of local

populations tend to have a higher mean fitness in their native environment
than in other environments. This phenomenon results from the interaction
between multiple evolutionary forces (e.g., genetic drift, migration, mutation,
and selection).

Sustainable fishing: Fishing activity at a level which ensures the fishery can
persist over time, with minimal environment impact and an effective fisheries
management.

Genetic erosion: Process in which a species faces a gradual or drastic
reduction of its genetic diversity. This loss of genetic diversity weakens the
species and can contribute to accelerate extinction.

Genetic diversity: Variety of alleles and genotypes present in a population,
which is reflected in morphological, physiological, and behavioral differences
between individuals and populations.

Understanding how populations are interconnected across geographic, temporal, and
political landscapes is challenging since most of the marine species can migrate long
distances, crossing international boundaries, therefore, making their exploitation of
global concern (Ovenden et al. 2015). During the twentieth century, fishery scientists
gradually began to consider that marine species may be potentially divided into
multiple self-sustaining stocks. Delineating the spatial distribution of these entities
became a major goal for stock assessment, quota allocation, or monitoring in
order to predict sustainable catch limits (Ward 2000). Sustainability requires a
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match between biological process and management actions, whereas assessment
models and fishery management designs were predominantly conceived based on
“administrative units” that do not necessarily reflect the delineation of meaningful
biological units (Reiss et al. 2009; Fig. 2).

While a discrepancy between independent breeding stocks and management units
may lead to overexploitation and disappearance of many local stocks (Reiss et al.
2009; Valenzuela-Quiñonez 2016), the integration of genetic data has been stag-
nated. Yet, in a situation when two demographically isolated populations are man-
aged as one stock, the management decisions in one unit may strongly influence the
viability of the other. For instance, overexploitation of one stock may lead to the
depletion of both stocks, which underlines the need for the development of man-
agement plans that consider these demographic realities and their concordance with
the geographic stock and population distribution (Waples and Naish 2009; Reiss
et al. 2009; Valenzuela-Quiñonez 2016). Inversely, where a demographically iso-
lated stock tends to decline – population dynamics depends more on local births and
deaths than on immigration (Funk et al. 2012) – the recovery of this stock would fail
due to too low number of migrants (i.e., no “rescue effect”; Bowler and Benton

Overexploitation
of one stock 

Rescue effect with
symmetric depletion

No rescue effect with
asymmetric depletion

One stock - two
populations

Two stocks - one
population

Overexploitation
of one population 

Fig. 2 Schematic representation of two major issues resulting from a mismatch between
populations (black outlines) and management units (red outlines)
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2005). The recognition that molecular tools may help to provide insights into the
demographic independence of stocks led to an exponential increase of fishery
genetics/genomics studies over the past decades (Fig. 3), but mismatches between
genetic and management units still persist (Reiss et al. 2009; Ovenden et al. 2015;
Table 1).

3.1 Uncovering Finer-Scale Population Structure

Delineating appropriate conservation units, which lies at the heart of short-term
management programs, is a difficult task in marine systems characterized by weakly
genetically differentiated marine populations (Waples and Gaggiotti 2006). During
the “genetics era,” small FST values have rarely been translated into an accurate
estimate of Nem, partly because of (1) the non-respect of several biological assump-
tions under the Wright model (Whitlock and Mccauley 1999) and (2) the fact that
such values fall within the asymptotic region of the nonlinear relationship between
FST and Nem, where resolution (i.e., large variance surrounding the estimated value)
has classically been hampered by a small number of genetic markers (Waples and
Gaggiotti 2006). This also explains why traditional genetic markers have often failed
to detect genetic divergence (e.g., confidence intervals comprising FST ¼ 0) even
among very distant populations, whereas thousands of markers succeed. Indeed,
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both simulation (Willing et al. 2012) and empirical studies already highlighted the
higher resolution obtained from wide panels of SNP markers compared to a few
microsatellites, for instance, in great scallop (Pecten maximus; Vendrami et al.
2017), American lobster (Homarus americanus; Benestan et al. 2015), sea cucumber
(Xuereb et al. 2018), and harbor porpoise (Phocoena phocoena; Lal et al. 2016).
While FST and Nem are still complex to interpret, these metrices could now more
accurately be estimated using genome-wide panels of markers, which lead to narrow
confidence intervals (e.g., 0.001) even around weak estimates of genetic differenti-
ation as demonstrated by a simulated and empirical study (Willing et al. 2012;
Vendrami et al. 2017). Vendrami et al. (2017) genotyped the same individuals for
microsatellites and SNP markers in great scallop populations (Pecten maximus).
They showed that a higher number of SNP markers could detect genetic structure
where a standard panel of microsatellites fails. This gain of resolution substantially
increases the accuracy and power of statistical tests of genetic differentiation and
spatial patterns (Allendorf et al. 2010). These pieces of work suggest that confidence
intervals and significance of FST values are now accurate enough to reject the null
hypothesis of panmixia with less biases than from microsatellites. Yet, this test does
not tell researchers and managers where the populations are along the continuum of
genetic differentiation (Waples and Gaggiotti 2006). The significance of FST values
is also highly sensitive to factors such as the numbers of genetic markers and
individuals sampled; P-values tend to be more significant with a higher number of
markers and individuals. Nevertheless, FST values are not always significant when
thousands of SNP markers are genotyped on hundreds of individuals, which was the
case for American eel (Anguilla rostrata; Pavey et al. 2015), European eel (Anguilla
anguilla; Pujolar et al. 2014), and summer flounder (Paralichthys dentatus; Hoey
and Pinsky 2018). These “negative control” studies suggest that a large number of
markers and sampling size does not systematically lead to the rejection of panmixia
and FST may still be a robust estimator. Yet, the interpretation of genetic structuring
patterns observed in these species still requires a detailed understanding of their life
histories and the environment in which they occur (Hansen and Hemmer-Hansen
2007; Riginos and Liggins 2013).

Box 2 Understanding Theory Underlying Population Genomics
Over the last 50 years, theory pertaining to population genetics did not change,
whereas the potential of generating enormous amounts of genomic data has
exponentially increased. This new data-driven discipline now needs a rethink-
ing of the theory in order to be able to accurately interpret the data using
appropriate tools (Allendorf et al. 2010; Benestan et al. 2016a, b). It is then
important to remember that delineation of populations is based on the simple
theoretical equilibrium relationship with the number of migrants exchanged
between stocks and the estimation of genetic differentiation index
(Nem ¼ (1 � FST) / 4 FST; Wright 1931). This relationship exists and has

(continued)
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Box 2 (continued)
been theoretically demonstrated, supporting the idea that genetic connectivity
– inferred from genetic differentiation index – depends on the number of
migrants who successfully interbreed whereas demographic connectivity –

which stands at the center of interest for managers – depends on the number
of individuals that physically contribute to population abundance (Waples and
Gaggiotti 2006). Genetic information is thus not of direct use for managers
due to this contrasting paradigm (genetic versus demographic connectivity).
Furthermore, defining a migration threshold below which populations should
be independently managed is challenging, and this question remains open.
Nevertheless, Hastings (1993) was the first to propose that the migration rate
(m) should not exceed 0.1 to claim demographic independence between
stocks. Since then, this threshold has been re-evaluated by Lowe and Allendorf
(2010), who more carefully suggested that the amount of dispersal required for
demographic connectivity depends on the context (e.g., conservation or har-
vest management), rather than being a scientific consensus. On the other hand,
a very low genetic differentiation index could also result from non-equilibrium
conditions between genetic drift and migration due to large effective popula-
tion sizes and/or recent population divergence time rather than truly reflecting
a high demographic connectivity among populations (Waples and Gaggiotti
2006). Inversely, a low but statistically significant level of genetic differenti-
ation does not necessarily imply demographic independence (Waples and
Gaggiotti 2006). This particular complexity of interpreting low levels of
genetic structure (e.g., FST < 0.01) in marine populations compared to many
other taxonomic groups largely pertains to their general (exceptions exist of
course) life history characteristics such as large population sizes, high dis-
persal potential, and high fecundity (Nielsen et al. 2009).

3.2 Chromosomal Rearrangements

The mechanisms that maintain adaptive structure in the face of high gene flow are
still little understood, whereas major advances and genomic analysis tools are now
available to dissect genomic architecture underlying the demographic and adaptive
processes of an exploited marine species, which is still one of the major challenges in
marine genomics today (Hemmer-Hansen et al. 2014). In a high gene flow species, a
simulation study by Yeaman and Whitlock (2011) highlighted that local adaptation
can arise as long as selection acts on several closely linked divergent alleles rather
than on many single loci. Evidence of these linked alleles promoting adaptive
divergence has then been reported in studies addressing genomic architecture in
Atlantic herring (Lamichhaney et al. 2012; Barrio et al. 2016) and Atlantic cod
(Barney et al. 2017; Berg et al. 2015; Bradbury et al. 2013; Kirubakaran et al. 2016).
In addition, other simulation studies showed that segregation of chromosomal
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rearrangements at these linked alleles (i.e., recombination is suppressed, and impor-
tant functional genes are inherited together) may lead to the acquisition of locally
adaptive traits. This was empirically supported by the work of Barth et al. (2017),
who identified haplotype blocks associated with adaptation to salinity in Atlantic cod
populations inhabiting Scandinavian fjords. Genes critical for survival at low salin-
ities were found to be located in a large inversion of 5 Mb, enabling ecotypes to be
diagnostically distinguished (Barth et al. 2017). Using test crosses between migra-
tory and stationary ecotypes of Atlantic cod, Kirubakaran et al. (2016) demonstrated
the role of chromosomal inversions in the maintenance of genetic differentiation.
Remarkably, the same chromosomal inversion was involved in the maintenance of
genomic divergence between Atlantic cod ecotypes on both sides of the Atlantic
Ocean. These examples emphasize the importance of taking genomic architecture
into account when characterizing ecological adaptation, particularly for marine
species, which are excellent models for studying the interaction between the homog-
enizing effects of gene flow and the diversifying effects of selection (Nielsen et al.
2009).

3.3 The Use of Outlier Markers for Inferring Genetic
Connectivity

Recent technological developments have facilitated the detection of genomic regions
underlying adaptive trait variation in natural populations (Allendorf et al. 2010).
This genomic revolution has facilitated the simultaneous identification of neutral and
fine-scale adaptive genetic differentiation patterns (Willette et al. 2014; Hemmer-
Hansen et al. 2014) in species previously considered panmictic (i.e., showing a
homogeneous genetic unit). Since adaptive diversity is essential to species persis-
tence and stability, revealing adaptive genomic structure may help to delineate
locally adapted stocks and refine the definition of conservation units (Funk et al.
2012). This avenue of research is promising since selection may act as a more
efficient antagonist force – in opposing the homogenizing effect of migration in
populations with large effective sizes – than genetic drift alone (Gagnaire et al.
2015). Several mechanisms could promote genetic divergence at a few genomic
regions while most of the genome remains homogenized through gene flow. Marine
species represent an excellent model for detecting adaptive genetic variation since
genetic drift is reduced, the entire genome being homogenized under the effect of
pronounced gene flow.

Furthermore, adaptive differences in the face of high gene flow may be more
informative than neutral loci for delineating genetic clusters (Gagnaire and Gaggiotti
2016) such as for the Atlantic herring (Clupea harengus) and Atlantic cod (Gadus
morhua) populations, where outlier markers revealed additional barriers to gene
flow, which were not apparent at neutral loci (Limborg et al. 2012; Bradbury et al.
2013). Remarkably, in the case of Atlantic cod, the adaptive structure uncovered by
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Bradbury et al. (2013) resulted in a revision of the number of conservation units in
this species in Canadian waters. Yet, outlier loci may also tell the same stories as
neutral loci (Moore et al. 2014; VanWyngaarden et al. 2017). In addition, a common
issue of this approach is the actual identification of outliers, which is often incon-
sistent across methods (Rellstab et al. 2015). To define this adaptive genetic varia-
tion, it is possible to use methods based on population differentiation (population
differentiation or PD) or environmental association (environmental association or
EA) (Rellstab et al. 2015; François et al. 2016). These methods are used to identify
potentially under-selected markers without a priori, in the case of PDs, and with a
priori (i.e., environmental parameter values), for EA methods. The combination of
these two methods makes it possible to limit type I errors by considering only the
common set of genetic markers detected by the two methods or to avoid type II errors
by considering the set of genetic markers detected by each of these methods. The
joint use of PD and EA methods is therefore particularly relevant as it maximizes our
chances of identifying any potential signatures of natural selection on the genome of
marine species (Benestan et al. 2016b). Managing the stock structure revealed
by these potential signatures of natural selection is then an important step toward
ensuring that an exploited species retains adaptive traits or enough genetic variation
to adapt to environmental change. Furthermore, quantifying and delimiting the
influence of natural selection on potentially adaptive genetic variation is a key step
in predicting how these species will respond to climate change (Savolainen et al.
2013). Indeed, climate change is currently driving important evolutionary changes
on a contemporary time scale, and understanding the genetic basis of this evolution-
ary change is fundamental to prevent new fishery collapses.

4 Climate Change Influences Species Distribution
and Local Adaptation Patterns

Climate change is shifting the productivity of fisheries, forcing thousands of marine
species to move northward. Indeed, marine species have three ways to cope with
global climate change: (1) move to a location with more suitable environmental
conditions, (2) exhibit phenotypic plasticity (i.e., use existing genetic and epigenetic
mechanisms to express different phenotypes in different environments), or (3) adapt
through evolutionary changes (i.e., genetic change that occurs across generations;
Hansen et al. 2012). Indeed, marine species are predicted to move northward as
demonstrated by Stanley et al. (2018) who elegantly combined population genetics
and genomics outcomes to habitat suitability models and climate forecast to show
the distribution shift in five socioeconomically important marine species of the North
Atlantic: Atlantic cod (Gadus morhua), American lobster (Homarus americanus),
sea scallop (Placopecten magellanicus), northern shrimp (Pandalus borealis), and
European green crab (Carcinus maenas). This prediction offers an important tool for
fishery conservation and management since it may help to highlight species and
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populations that are particularly vulnerable to climate change as well as to identify
potential areas for the establishment of future fisheries. Species may also adapt to
these warmer environments, and screening the potential signatures of selection in
their genome may give insights about their persistence. Yet, it has proven very
challenging to link this evidence to phenotypic changes and, thus, to distinguish
between the proportions of phenotypic changes that are genetically based versus
changes resulting from phenotypic plasticity. Indeed, the genetic underpinnings of
most fitness-related phenotypic traits are still little documented (Savolainen et al.
2013). There are several explanations for this. First, progress toward addressing
these questions has been methodologically hampered until recently because the
technical and analytical resources necessary to investigate the genetic basis of
adaptation lacked power (Pardo-Diaz et al. 2015). Second, the vast majority of
studies have focused on measuring phenotypic responses potentially associated
with increased individual fitness in new environments (e.g., growth, fecundity,
physiology, and morphology), whereas the molecular pathways underlying rapid
adaptive phenotypic responses and the changes in genetic variation have been less
studied (Laikre et al. 2010) and would then require more investigation in the field.
Indeed, one rapid phenotypic response of marine organisms to climate change is the
incidence and prevalence of parasitic diseases worldwide. Investigating the host-
parasite coevolution, such as for salmon (Oncorhynchus spp. and Salmo spp.) and
their sea louse parasites (reviewed in Kreitzman et al. 2018), and finding genetic
basis of resistance to parasitic disease are likely to be soon a priority for preventing
the parasite dispersal and ensuring the fish productivity of the newly invaded
ecosystem. On the other hand, another key objective of this epidemiology/fishery
genomics field would be to define how genetic diversity may help to regulate
parasite dispersal (Schwabl et al. 2017). Overall, preserving genetic diversity of
marine-exploited populations through space and time will then be an important goal
to pursue since it is the basis of the evolutionary potential of species and thus their
response to climate changes.

5 Fishery Forensics: Identification of Geographic Origin
for Transparency and Traceability

From the ocean to the fork, certainty about the origin and identity of the meal is
crucial for consumer protection and regulatory enforcement. Illegal fishing, that is,
harvesting activities conducted by vessels without fishing permission, may account
for more than 15% of the world’s total annual capture fisheries output and, as such,
may contribute to the depletion of several marine species, especially in developing
countries, where fishing vessel controls are expected to be less frequent (FAOSTAT
2015). Thus, illegal as well as unreported and unregulated (IUU) fisheries may have
a major impact on the sustainability of many fisheries, which led to the development
of international regulations and eco-certified labels. Yet, methods for verifying the
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origin of the product are still scarce, and phenotypic tracing is not always possible.
Indeed, the vast majority of the marine populations in the wild harbor similar
phenotypes whereas they do not share the same status or management regulations.
In this context, genomics may provide powerful tools for the traceability of marine
products through the field of fisheries forensics, which aims to use scientific analyses
to investigate illegal fishing and fish fraud. Tracking down illegal fishing, through
the use of DNA tests, now lies at the core of fishery management programs of several
exploited species as it encourages and supports the application of fishery manage-
ment policies as well as limiting cost related to forensic investigation. This forensic
investigation started in 2003, when a geneticist used a panel of microsatellites
markers to show that a fishing vessel did not respect its quota and had caught
too many Atlantic cod in the North Sea (Stokstad 2010). Then later, one of the
most convincing applications of this genomics technology to industry was the
FishPopTrace project (Martinsohn et al. 2009), which showed that only 13 and
32 markers are sufficient to successfully identify the origin of 98% of all the
European populations of hake (Merluccius merluccius) and herring (Clupea
harengus; Nielsen et al. 2012). Screening thousands of SNP markers in entire
genomes of marine species increases our potential to detect such informative
markers and then be able to discriminate geographic origin of an individual blindly.
Genotyping thousands of individuals at these small sets of markers can provide a
quick and efficient cost-effective tool to monitor populations of a wide range of a
species (Table 2).

Table 2 Assignment tests studies on exploited marine species: author, species, Latin name,
location, and assignment success

Author Species Latin name Location
Assignment
success

Benestan et al.
(2015)

American
lobster

Homarus
americanus

West Atlantic >90% between
two regions

Larson et al. (2014) Chinook
salmon

Oncorhynchus
tshawytscha

Alaska >90% among five
populations

Meek et al. (2016) Chinook
salmon

Oncorhynchus
tshawytscha

West Pacific
(California)

>90% among five
populations

Martinsohn et al.
(2009)
(FishPopTrace)

European
hake

Merluccius
merluccius

North East Atlantic
and Mediterranean
Sea

97.5–99.5%
between two
populations

Martinsohn et al.
(2009)
(FishPopTrace)

Common
sole

Solea solea North East Atlantic 92–94% between
two populations

Martinsohn et al.
(2009)
(FishPopTrace)

Atlantic
cod

Gadus morhua North East Atlantic 98–100%
between two
populations

Martinsohn et al.
(2009)
(FishPopTrace)

Atlantic
herring

Clupea
harengus

North East Atlantic 98–100% among
three populations
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Box 3 Dispersal Inferences with Population Assignments
and Telemetric Data
Marine populations have a high potential to disperse at different scales, and
tracking them, both at the adult and pelagic larval stages, is a laborious task to
achieve through traditional and satellite telemetry because these methods are
still expensive to perform and often suffer from a low sampling size (Pineda
et al. 2007). Genomics represents an appealing alternative approach to, first,
define biologically meaningful population units and, then, track and monitor
movement of gene flow among these populations. Yet, to narrow the gap
between genetic and demographic connectivity, several studies attempted
to jointly analyze and interpret genomic and telemetry data. Demographic
connectivity information may be collected from telemetric data, but tagging
requires a large number of tags to adequately represent population patterns and
in the worst case can modify organism behavior and fitness (Ropert-Coudert
et al. 2000). Then, direct estimates of demographic connectivity obtained from
telemetric studies are often hard to infer for many marine taxa. Yet, telemetry
represents an appealing alternative and complementary approach, which facil-
itates interpretation of genomic data patterns as remarkably demonstrated
by Knutsen et al. (2011). Indeed, the authors estimated a low but significant
genetic structure (FST of 0.0037 on average) among Atlantic cod populations,
consistent with capture-mark-recapture data showing that individuals tend
to stay closer from their sampling location. Therefore, they clearly brought
empirical evidence that even the subtle genetic structuring observed in Atlantic
cod is biologically meaningful. Similarly, Moore et al. (2017) documented that
a clear pattern of asymmetric gene flow matched dispersal movements among
Arctic char populations in the Canadian Arctic using the powerful combina-
tion of population assignment test based on 6,136 SNP markers genotypes and
acoustic telemetry data from 124 tracked individuals. Future studies in marine
organisms should consider such research avenues for overcoming uncertainty
related to the limitations of genomics tools as explicitly reviewed in Shafer
et al. (2016).

6 Fisheries-Induced Evolution: Limiting the Impact
of Fisheries on the Overall Fish Stock Productivity
and Improving Resilience to Overfishing

Fisheries-induced evolution studies aim to assess the neutral and adaptive stability
across a spatial and temporal scale. Fishing may erode genetic variation, leading to
genetic changes that impact population productivity. In particular, harvesting may
increase genetic drift since it reduces population size and may alter age structure, sex
ratio, size, and maturity status depending on the target individuals (Kuparinen and
Hutchings 2017). There is a burgeoning literature on fisheries-induced evolution
showing that marine populations may be rapidly evolving in response to selection
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pressures imposed by fishing (reviewed in Heino et al. 2015). In demographically
isolated populations where new alleles are only generated though mutation, fishing
may induce genetic erosion, which was documented in New Zealand snapper
(Pagrus auratus; Hauser et al. 2002) and Atlantic cod (Hutchinson et al. 2003;
Therkildsen et al. 2010). Evidence of fisheries-induced evolution in wild populations
is still mostly based on experimental studies documenting phenotypic changes to
infer genetic changes. The seminal example of fisheries-induced evolution was led
by Conover and Munch (2002) who conducted an experiment on captive populations
of an exploited marine fish, under a controlled and experimentally harvested envi-
ronment. They demonstrated how size selective harvesting caused the population to
grow slowly, which then resulted in quantitative genetic changes in body size,
growth rate, and several life history traits. Marine populations may evolve to grow
slowly due to fishing direct effects, for instance, escaping a fishing mortality that
starts at a body size threshold (Conover and Munch 2002), or indirect effects such as
investing more energy to early maturation. Phenotypic changes, such as body size in
marine populations, have been reported worldwide, but it remains an open question
how much is attributable to phenotypic plasticity versus genetic change. Indeed,
temporal genetic changes of wild harvested populations have been reported in
Atlantic cod (Therkildsen et al. 2013), but it remains challenging to link these
changes to phenotypic traits under selection. Alternative methods, such as mutagen-
esis experiments, may help to further document the impact of these changes at the
phenotypic level.

7 Conclusion

Despite the promising applications of new genomics tools to fishery management
issues, their use has also been accompanied by an awareness of the biases associated
with the development of such tools (Davey et al. 2013; Benestan et al. 2016a). These
types of biases have forced the scientific community to first define and establish
the bases of a methodological framework relevant to the analysis of genomic data
in marine populations. Now, methodological challenges (e.g., interpreting the
low population structure often observed for marine resources) are still there, but
researchers need to move to the next step: stimulating cohesion between the field
of population genomics and fisheries management (Fig. 4). For instance, fisheries
scientists and managers are needed to increase the implementation of genetic stock
structure information into management plans. In our work on American lobster, we
documented how several thousands of SNPs can refine the definition of biologically
meaningful management units in American lobster (Benestan et al. 2015). One
important aspect of our study is that fishermen were not only involved in the
sampling process but were also consulted for the sampling design of the study
(Rochette et al. 2018). Indeed, sampling was made in areas of interest for the
industry, where the results coming out of the study may have huge impact on the
management plan and actions. Results were also communicated regularly to fishers,
and interpretation of the population genomics results considered the fishers’ “local
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knowledge.” This collaboration emphasizes the need to integrate the stakeholders at
the beginning of the project, designing an integrative research plan with a realistic
applied perspective, from the DNA to the fishers.

8 Future Perspectives

The ability to screen entire genomes has led to the development of new genomic
resources for marine species that will enhance our ability to detect genetic markers
putatively under divergent selection and subsequently increase our power to define
stock structure with unique adaptive characteristics. Quantifying this putatively
adaptive genetic variation among populations may also serve to better predict
populations’ loss or resilience to climate change, avoiding erroneous predictions
and misplaced conservation efforts. A future avenue of research would be to test the
effect of local climatic adaptations on the current and future distribution of marine
resources by incorporating genomic information directly to forecasts of range
changes. Additionally, these new genome-wide datasets may further serve as refer-
ence datasets for fisheries forensics. In fisheries forensics, the main challenge will be
to develop a set of cheap, fast, and reliable markers to determine which particular
local population or a sample – collected on board, from a fish market, or even off
the plate of a restaurant – comes from. This easy to use DNA-based test could then
be widely used by the fishery managers. Finally, improving our knowledge of the
genetic basis of most traits in wild marine resources is critical for the field of fishery-
induced evolution so that we can better assess how fishery practices may impact

FISHERY MANAGEMENT ISSUES GENOMIC OUTCOMES MANAGEMENT APPLICATIONS
1. Fishery stock structure

Define sustainable quotas and
explain fishery productivity variation 

Highlighting stock structure

Delineate populations boundaries and
identify conservation priorities at the population level

Redefining management units

Match population boundaries with management
units and define catch limits or closed fishing areas

2. Climate change

Predict the shift in species distribution
and reduce disease risk

Delineating the influence of climate change

Investigate local adaptation and
document the spatial distribution of genetic diversity

Redefining management priorities

Identify new areas for fishery management and
conservation and maintain the health of

population at risk

3. Fishery forensics

Develop traceability tools to support ecolabels
and track down illegal fishing

Using population assignment tests

Identify the origin of a marine product and
assess the number of markers required

Reinforcing management plan

Develop a genotype assay for population identification

4. Fishery induced-evolution

Estimate the spatial and temporal stability
of a stock and understand phenotypic changes

observed at some areas

Genomic variation at spatial and temporal scale

Consider spatial and temporal scale of
genomic variation and identify genes

underlying phenotypic changes

Assessing the status of a fishery system

Reduce fishing pressure

Fig. 4 Summary of the four fishery genomics research axes identified in this chapter with a brief
description of each axe regarding its main fishery management issues, genomic outcomes, and
management applications
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these adaptive traits; we can then adapt the fishery practices to prevent or reduce this
influence. More broadly, we are now entering in an era of multidisciplinary research.
Therefore, building fishery genomics research that bridges fishery management,
evolution, and marine ecology is the key for the future (Fig. 5).

References

Abdelrahman H, ElHady M, Alcivar-Warren A, Allen S, Al-Tobasei R, Bao L, et al. Aquaculture
genomics, genetics and breeding in the United States: current status, challenges, and priorities
for future research. BMC Genomics. 2017;18(1):191.

Allendorf FW, Hohenlohe PA, Luikart G. Genomics and the future of conservation genetics. Nat
Rev Genet. 2010;11(10):697.

FISHERY MANAGEMENT MARINE ECOLOGY

EVOLUTION

Stock structure 

Climate change

Forensics

Fishery-induced 
evolution

Biophysical modeling

Climatic conditions

Physiology 

Neutral genomic variation

Adaptive genomic variation

Candidate genes

INTEGRATIVE FISHERY GENOMICS

Behavior

Habitats

Fig. 5 Schematic representation of the three areas of research that are at the base of the emerging
fishery genomics field. Connecting these areas would be the main challenge for the future of the
field

416 L. Benestan



Barney BT, Munkholm C, Walt DR, Palumbi SR. Highly localized divergence within supergenes in
Atlantic cod (Gadus morhua) within the Gulf of Maine. BMC Genomics. 2017;18(1):271.

Barrio AM, Lamichhaney S, Fan G, Rafati N, Pettersson M, Zhang H, et al. The genetic basis for
ecological adaptation of the Atlantic herring revealed by genome sequencing. Elife. 2016;5:
e12081.

Barth JM, Berg PR, Jonsson PR, Bonanomi S, Corell H, Hemmer-Hansen J, et al. Genome
architecture enables local adaptation of Atlantic cod despite high connectivity. Mol Ecol.
2017;26(17):4452–66.

Benestan L, Gosselin T, Perrier C, Sainte-Marie B, Rochette R, Bernatchez L. RAD genotyping
reveals fine-scale genetic structuring and provides powerful population assignment in a widely
distributed marine species, the American lobster (Homarus americanus). Mol Ecol. 2015;24
(13):3299–315.

Benestan LM, Ferchaud AL, Hohenlohe PA, Garner BA, Naylor GJ, Baums IB, et al. Conservation
genomics of natural and managed populations: building a conceptual and practical framework.
Mol Ecol. 2016a;25(13):2967–77.

Benestan L, Quinn BK, MaaroufiH, Laporte M, Clark FK, Greenwood SJ, et al. Seascape genomics
provides evidence for thermal adaptation and current-mediated population structure in
American lobster (Homarus americanus). Mol Ecol. 2016b;25(20):5073–92.

Berg PR, Jentoft S, Star B, Ring KH, Knutsen H, Lien S, et al. Adaptation to low salinity promotes
genomic divergence in Atlantic cod (Gadus morhua L.). Genome Biol Evol. 2015;7
(6):1644–63.

Bernatchez L, Wellenreuther M, Araneda C, Ashton DT, Barth JM, Beacham TD, et al. Harnessing
the power of genomics to secure the future of seafood. Trends Ecol Evol. 2017;32(9):665–80.

Bowler DE, Benton TG. Causes and consequences of animal dispersal strategies: relating individual
behaviour to spatial dynamics. Biol Rev. 2005;80(2):205–25.

Bradbury IR, Hubert S, Higgins B, Bowman S, Borza T, Paterson IG, et al. Genomic islands of
divergence and their consequences for the resolution of spatial structure in an exploited marine
fish. Evol Appl. 2013;6(3):450–61.

Carreras C, Ordóñez V, Zane L, Kruschel C, Nasto I, Macpherson E, Pascual M. Population
genomics of an endemic Mediterranean fish: differentiation by fine scale dispersal and adapta-
tion. Sci Rep. 2017;7:43417.

Conover DO, Munch SB. Sustaining fisheries yields over evolutionary time scales. Science.
2002;297(5578):94–6.

Davey JW, Cezard T, Fuentes-Utrilla P, Eland C, Gharbi K, Blaxter ML. Special features of RAD
sequencing data: implications for genotyping. Mol Ecol. 2013;22(11):3151–64.

Essington TE, Beaudreau AH, Wiedenmann J. Fishing through marine food webs. Proc Natl Acad
Sci. 2006;103(9):3171–5.

FAOSTAT. Fish and fishery products – world apparent consumption statistics based on food
balance sheets (1961-). In: FAO yearbook. Fishery and aquaculture statistics (FAO annuaire.
Statistiques des pêches et de l’aquaculture/FAO anuario. Estadísticas de pesca y acuicultura).
Rome; 2015.

François O, Martins H, Caye K, Schoville SD. Controlling false discoveries in genome scans for
selection. Mol Ecol. 2016;25(2):454–69.

Funk WC, McKay JK, Hohenlohe PA, Allendorf FW. Harnessing genomics for delineating
conservation units. Trends Ecol Evol. 2012;27(9):489–96.

Gagnaire PA, Gaggiotti OE. Detecting polygenic selection in marine populations by combining
population genomics and quantitative genetics approaches. Curr Zool. 2016;62(6):603–16.

Gagnaire PA, Broquet T, Aurelle D, Viard F, Souissi A, Bonhomme F, et al. Using neutral, selected,
and hitchhiker loci to assess connectivity of marine populations in the genomic era. Evol Appl.
2015;8(8):769–86.

Garner BA, Hand BK, Amish SJ, Bernatchez L, Foster JT, Miller KM, et al. Genomics in
conservation: case studies and bridging the gap between data and application. Trends Ecol
Evol. 2016;31(2):81–3.

Population Genomics Applied to Fishery Management and Conservation 417



Hansen MM, Hemmer-Hansen J. Landscape genetics goes to sea. J Biol. 2007;6(3):6.
Hansen MM, Olivieri I, Waller DM, Nielsen EE, GeM Working Group. Monitoring adaptive

genetic responses to environmental change. Mol Ecol. 2012;21(6):1311–29.
Hastings A. Complex interactions between dispersal and dynamics: lessons from coupled logistic

equations. Ecology. 1993;74(5):1362–72.
Hauser L, Adcock GJ, Smith PJ, Ramírez JHB, Carvalho GR. Loss of microsatellite diversity and

low effective population size in an overexploited population of New Zealand snapper (Pagrus
auratus). Proc Natl Acad Sci. 2002;99(18):11742–7.

Heino M, Pauli BD, Dieckmann U. Fisheries-induced evolution. Annu Rev Ecol Evol Syst.
2015;46:461–80.

Hemmer-Hansen J, Therkildsen NO, Pujolar JM. Population genomics of marine fishes: next-
generation prospects and challenges. Biol Bull. 2014;227(2):117–32.

Hoey JA, Pinsky ML. Genomic signatures of environmental selection despite near-panmixia in
summer flounder. Evol Appl. 2018;11(9):1732–47.

Hutchinson WF, van Oosterhout C, Rogers SI, Carvalho GR. Temporal analysis of archived
samples indicates marked genetic changes in declining North Sea cod (Gadus morhua). Proc
R Soc Lond B Biol Sci. 2003;270(1529):2125–32.

Jackson AM, Semmens BX, DeMitcheson YS, Nemeth RS, Heppell SA, Bush PG, et al. Population
structure and phylogeography in Nassau grouper (Epinephelus striatus), a mass-aggregating
marine fish. PLoS One. 2014;9(5):e97508.

Kelley JL, Brown AP, Therkildsen NO, Foote AD. The life aquatic: advances in marine vertebrate
genomics. Nat Rev Genet. 2016;17(9):523.

Kirubakaran TG, Grove H, Kent MP, Sandve SR, Baranski M, Nome T, et al. Two adjacent
inversions maintain genomic differentiation between migratory and stationary ecotypes of
Atlantic cod. Mol Ecol. 2016;25(10):2130–43.

Knutsen H, Olsen EM, Jorde PE, Espeland SH, André C, Stenseth NC. Are low but statistically
significant levels of genetic differentiation in marine fishes ‘biologically meaningful’? A case
study of coastal Atlantic cod. Mol Ecol. 2011;20(4):768–83.

Kreitzman M, Ashander J, Driscoll J, Bateman AW, Chan KM, Lewis MA, Krkosek M. Wild
salmon sustain the effectiveness of parasite control on salmon farms: conservation implications
from an evolutionary ecosystem service. Conserv Lett. 2018;11(2):e12395.

Kuparinen A, Hutchings JA. Genetic architecture of age at maturity can generate divergent and
disruptive harvest-induced evolution. Phil Trans R Soc B. 2017;372(1712):20160035.

Laikre L, Allendorf FW, Aroner LC, Baker CS, Gregovich DP, Hansen MM, et al. Neglect of
genetic diversity in implementation of the convention on biological diversity. Conserv Biol.
2010;24(1):86–8.

Lal MM, Southgate PC, Jerry DR, Zenger KR. Fishing for divergence in a sea of connectivity: the
utility of ddRADseq genotyping in a marine invertebrate, the black-lip pearl oyster Pinctada
margaritifera. Mar Genomics. 2016;25:57–68.

Lal MM, Southgate PC, Jerry DR, Bosserelle C, Zenger KR. Swept away: ocean currents and
seascape features influence genetic structure across the 18,000 km Indo-Pacific distribution of a
marine invertebrate, the black-lip pearl oyster Pinctada margaritifera. BMC Genomics. 2017;18
(1):66.

Lamichhaney S, Barrio AM, Rafati N, Sundström G, Rubin CJ, Gilbert ER, et al. Population-scale
sequencing reveals genetic differentiation due to local adaptation in Atlantic herring. Proc Natl
Acad Sci. 2012;109(47):19345–50.

Larson WA, Seeb LW, Everett MV, Waples RK, Templin WD, Seeb JE. Genotyping by
sequencing resolves shallow population structure to inform conservation of Chinook salmon
(Oncorhynchus tshawytscha). Evol Appl. 2014;7(3):355–69.

Le Moan A, Gagnaire PA, Bonhomme F. Parallel genetic divergence among coastal–marine
ecotype pairs of European anchovy explained by differential introgression after secondary
contact. Mol Ecol. 2016;25(13):3187–202.

418 L. Benestan



Limborg MT, Helyar SJ, De Bruyn M, Taylor MI, Nielsen EE, Ogden ROB, et al. Environmental
selection on transcriptome-derived SNPs in a high gene flow marine fish, the Atlantic herring
(Clupea harengus). Mol Ecol. 2012;21(15):3686–703.

Lowe WH, Allendorf FW. What can genetics tell us about population connectivity? Mol Ecol.
2010;19(15):3038–51.

Martinsohn JT, Ogden R, FishPopTrace Consortium. FishPopTrace – developing SNP-based
population genetic assignment methods to investigate illegal fishing. Forensic Sci Int Genet.
2009;2(1):294–6. Supplement Series.

McCauley DJ, Pinsky ML, Palumbi SR, Estes JA, Joyce FH, Warner RR. Marine defaunation:
animal loss in the global ocean. Science. 2015;347(6219):1255641.

MeekMH, Baerwald MR, Stephens MR, Goodbla A, Miller MR, Tomalty KM,May B. Sequencing
improves our ability to study threatened migratory species: genetic population assignment in
California’s Central Valley Chinook salmon. Ecol Evol. 2016;6(21):7706–16.

Miller AD, van Rooyen A, Rašić G, Ierodiaconou DA, Gorfine HK, Day R, et al. Contrasting
patterns of population connectivity between regions in a commercially important mollusc
Haliotis rubra: integrating population genetics, genomics and marine LiDAR data. Mol Ecol.
2016;25(16):3845–64.

Moore JS, Bourret V, Dionne M, Bradbury I, O’Reilly P, Kent M, et al. Conservation genomics of
anadromous Atlantic salmon across its North American range: outlier loci identify the same
patterns of population structure as neutral loci. Mol Ecol. 2014;23(23):5680–97.

Moore JS, Harris LN, Le Luyer J, Sutherland BJ, Rougemont Q, Tallman RF, et al. Genomics and
telemetry suggest a role for migration harshness in determining overwintering habitat choice,
but not gene flow, in anadromous Arctic Char. Mol Ecol. 2017;26(24):6784–800.

Nielsen EE, Hemmer-Hansen J, Larsen PF, Bekkevold D. Population genomics of marine fishes:
identifying adaptive variation in space and time. Mol Ecol. 2009;18(15):3128–50.

Nielsen EE, Cariani A, Mac Aoidh E, Maes GE, Milano I, Ogden R, et al. Gene-associated markers
provide tools for tackling illegal fishing and false eco-certification. Nat Commun. 2012;3:851.

Ovenden JR, Berry O, Welch DJ, Buckworth RC, Dichmont CM. Ocean’s eleven: a critical
evaluation of the role of population, evolutionary and molecular genetics in the management
of wild fisheries. Fish Fish. 2015;16(1):125–59.

Palsbøll PJ, Berube M, Allendorf FW. Identification of management units using population genetic
data. Trends Ecol Evol. 2007;22(1):11–6.

Pardo-Diaz C, Salazar C, Jiggins CD. Towards the identification of the loci of adaptive evolution.
Methods Ecol Evol. 2015;6(4):445–64.

Pauly D, Zeller D. Catch reconstructions reveal that global marine fisheries catches are higher than
reported and declining. Nat Commun. 2016;7:ncomms10244.

Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F. Fishing down marine food webs. Science.
1998;279(5352):860–3.

Pavey SA, Gaudin J, Normandeau E, Dionne M, Castonguay M, Audet C, Bernatchez L. RAD
sequencing highlights polygenic discrimination of habitat ecotypes in the panmictic American
eel. Curr Biol. 2015;25(12):1666–71.

Pecoraro C, Babbucci M, Villamor A, Franch R, Papetti C, Leroy B, et al. Methodological
assessment of 2b-RAD genotyping technique for population structure inferences in yellowfin
tuna (Thunnus albacares). Mar Genomics. 2016;25:43–8.

Pineda J, Hare JA, Sponaugle SU. Larval transport and dispersal in the coastal ocean and
consequences for population connectivity. Oceanography. 2007;20(3):22–39.

Pinsky ML, Palumbi SR. Meta-analysis reveals lower genetic diversity in overfished populations.
Mol Ecol. 2014;23(1):29–39.

Poćwierz-Kotus A, Kijewska A, Petereit C, Bernaś R, Więcaszek B, Arnyasi M, et al. Genetic
differentiation of brackish water populations of cod Gadus morhua in the southern Baltic,
inferred from genotyping using SNP-arrays. Mar Genomics. 2015;19:17–22.

Pujolar JM, Jacobsen MW, Als TD, Frydenberg J, Munch K, Jónsson B, et al. Genome-wide single-
generation signatures of local selection in the panmictic European eel. Mol Ecol. 2014;23
(10):2514–28.

Population Genomics Applied to Fishery Management and Conservation 419



Reiss H, Hoarau G, Dickey-Collas M, Wolff WJ. Genetic population structure of marine fish:
mismatch between biological and fisheries management units. Fish Fish. 2009;10(4):361–95.

Rellstab C, Gugerli F, Eckert AJ, Hancock AM, Holderegger R. A practical guide to environmental
association analysis in landscape genomics. Mol Ecol. 2015;24(17):4348–70.

Riginos C, Liggins L. Seascape genetics: populations, individuals, and genes marooned and adrift.
Geogr Compass. 2013;7(3):197–216.

Rochette R, Sainte-Marie B, Allain M, Baker J, Bernatchez L, Boudreau V, et al. The Lobster
Node of the CFRN: co-constructed and collaborative research on productivity, stock
structure, and connectivity in the American lobster (Homarus americanus). Can J Fish Aquat
Sci. 2018;75:813–24.

Rodríguez-Ezpeleta N, Bradbury IR, Mendibil I, Álvarez P, Cotano U, Irigoien X. Population
structure of Atlantic mackerel inferred from RAD-seq-derived SNP markers: effects of sequence
clustering parameters and hierarchical SNP selection. Mol Ecol Resour. 2016;16(4):991–1001.

Ropert-Coudert Y, Bost CA, Handrich Y, Bevan RM, Butler PJ, Woakes AJ, Le Maho Y. Impact of
externally attached loggers on the diving behaviour of the king penguin. Physiol Biochem Zool.
2000;73(4):438–44.

Savolainen O, Lascoux M, Merilä J. Ecological genomics of local adaptation. Nat Rev Genet.
2013;14(11):807.

Scheffer M, Carpenter S, de Young B. Cascading effects of overfishing marine systems. Trends
Ecol Evol. 2005;20(11):579–81.

Schwabl P, Llewellyn MS, Landguth EL, Andersson B, Kitron U, Costales JA, et al. Prediction and
prevention of parasitic diseases using a landscape genomics framework. Trends Parasitol.
2017;33(4):264–75.

Shafer AB, Wolf JB, Alves PC, Bergström L, Bruford MW, Brännström I, et al. Genomics and the
challenging translation into conservation practice. Trends Ecol Evol. 2015;30(2):78–87.

Shafer AB, Northrup JM, Wikelski M, Wittemyer G, Wolf JB. Forecasting ecological genomics:
high-tech animal instrumentation meets high-throughput sequencing. PLoS Biol. 2016;14(1):
e1002350.

Stanley RR, DiBacco C, Lowen B, Beiko RG, Jeffery NW, Van Wyngaarden M, et al. A climate-
associated multispecies cryptic cline in the northwest Atlantic. Sci Adv. 2018;4(3):eaaq0929.

Stockwell BL, LarsonWA,Waples RK, Abesamis RA, Seeb LW, Carpenter KE. The application of
genomics to inform conservation of a functionally important reef fish (Scarus niger) in the
Philippines. Conserv Genet. 2016;17(1):239–49.

Stokstad E. To fight illegal fishing, forensic DNA gets local. Science. 2010;330:1468–9.
Therkildsen NO, Nielsen EE, Swain DP, Pedersen JS. Large effective population size and temporal

genetic stability in Atlantic cod (Gadus morhua) in the southern Gulf of St. Lawrence. Can J
Fish Aquat Sci. 2010;67(10):1585–95.

Therkildsen NO, Hemmer-Hansen J, Als TD, Swain DP, Morgan MJ, Trippel EA, et al. Micro-
evolution in time and space: SNP analysis of historical DNA reveals dynamic signatures of
selection in Atlantic cod. Mol Ecol. 2013;22(9):2424–40.

Valenzuela-Quiñonez F. How fisheries management can benefit from genomics? Brief Funct
Genomics. 2016;15(5):352–7.

Van Wyngaarden M, Snelgrove PV, DiBacco C, Hamilton LC, Rodríguez-Ezpeleta N, Jeffery NW,
et al. Identifying patterns of dispersal, connectivity and selection in the sea scallop, Placopecten
magellanicus, using RAD seq-derived SNP s. Evol Appl. 2017;10(1):102–17.

Vendrami DL, Telesca L, Weigand H, Weiss M, Fawcett K, Lehman K, et al. RAD sequencing
resolves fine-scale population structure in a benthic invertebrate: implications for understanding
phenotypic plasticity. R Soc Open Sci. 2017;4(2):160548.

Waples RS. Separating the wheat from the chaff: patterns of genetic differentiation in high gene
flow species. J Hered. 1998;89(5):438–50.

Waples RS, Gaggiotti O. INVITED REVIEW: What is a population? An empirical evaluation of
some genetic methods for identifying the number of gene pools and their degree of connectivity.
Mol Ecol. 2006;15(6):1419–39.

420 L. Benestan



Waples RS, Naish KA. Genetic and evolutionary considerations in fishery management: research
needs for the future. In: The future of fisheries science in North America. Dordrecht: Springer;
2009. p. 427–51.

Waples RS, Pess GR, Beechie T. Evolutionary history of Pacific salmon in dynamic environments.
Evol Appl. 2008;1(2):189–206.

Ward RD. Genetics in fisheries management. Hydrobiologia. 2000;420(1):191–201.
Whitlock MC, Mccauley DE. Indirect measures of gene flow and migration: FST 6¼ 1/(4Nm+ 1).

Heredity. 1999;82(2):117–25.
Willette DA, Allendorf FW, Barber PH, Barshis DJ, Carpenter KE, Crandall ED, et al. So, you want

to use next-generation sequencing in marine systems? Insight from the Pan-Pacific Advanced
Studies Institute. Bull Mar Sci. 2014;90(1):79–122.

Willing EM, Dreyer C, Van Oosterhout C. Estimates of genetic differentiation measured by FST
do not necessarily require large sample sizes when using many SNP markers. PLoS One.
2012;7(8):e42649.

Wright S. Evolution in Mendelian populations. Genetics. 1931;16(2):97.
Xuereb A, Benestan L, Normandeau E, Daigle RM, Curtis JM, Bernatchez L, Fortin

MJ. Asymmetric oceanographic processes mediate connectivity and population genetic struc-
ture, as revealed by RAD seq, in a highly dispersive marine invertebrate (Parastichopus
californicus). Mol Ecol. 2018;27(10):2347–64.

Yeaman S, Whitlock MC. The genetic architecture of adaptation under migration–selection
balance. Evolution. 2011;65(7):1897–911.

Population Genomics Applied to Fishery Management and Conservation 421



Marine Conservation and Marine
Protected Areas
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Abstract Marine protected areas are important tools for the conservation of marine
biodiversity, providing refuge for harvested species and mitigating the negative
impacts of human activities in marine ecosystems. However, delineating sites for
protection within effective MPA networks is a formidable challenge. A primary
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objective of MPA planning is to optimize connectivity among reserve sites, such that
immigration from distant sites or populations sustains biodiversity, both within
MPAs and in adjacent unprotected areas. Additionally, as climate change further
threatens marine biodiversity, adaptation to novel climatic and environmental con-
ditions also has important consequences for the persistence of marine populations.
Inferences from population genomics can provide valuable insight into the design of
MPA networks, both for ensuring connectivity and preserving adaptive potential
for future environmental change. However, genetic and genomic data are rarely used
to inform marine spatial planning. Effective dissemination of primary research to
practitioners will be key to the successful integration of these valuable data into
MPA network designs.

Keywords Climate change · Conservation genomics · Local adaptation · Marine
connectivity · Marine protected area networks · Marine spatial planning

1 Marine Protected Areas: Tools for Marine Conservation

Anthropogenic activities in coastal and marine environments have considerable
effects on ocean health and ecosystem functioning (Halpern et al. 2015). Beyond
the impacts of exploitation, the escalating effects of climate change also threaten
the long-term persistence of many marine species (Stuart-Smith et al. 2015). Marine
protected areas (MPAs) are considered to be effective tools for mitigating the
pervasive human impacts on marine biodiversity by limiting resource use and
extraction within MPA boundaries and enhancing ecosystem resilience (Levin
and Lubchenco 2008; Gaines et al. 2010; Edgar et al. 2014; Krueck et al. 2017).
The definition of a MPA can vary with respect to the level of protection, ranging
from multiple-use MPAs, where some degree of extraction is permitted, to highly
protected no-take marine reserves (Day et al. 2012; Costello and Ballantine 2015).
Studies have shown that MPAs, in particular those with well-enforced no-take
policies, are indeed effective tools for enhancing marine biomass and ecosystem
resilience in the face of climate change (Micheli et al. 2012; Edgar et al. 2014; Mellin
et al. 2016; Gill et al. 2017; Sala and Giakoumi 2018). However, recent estimates
suggest that worldwide, only 3.6% of the ocean is protected within MPAs, and
only 2% is fully protected under no-take marine reserves (Sala et al. 2018). Efforts
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to improve the protection of our oceans are ongoing, with global commitments
to increase ocean protection to 10% by 2020 (United Nations’ Convention
on Biological Diversity (CBD) Aichi Target 11). In light of efforts to enhance
protection of the world’s oceans, various innovative approaches to inform effective
MPA planning are being explored, including approaches based on genetic and
genomic data.

2 Using Genetic and Genomic Data to Inform Conservation
and Management

Genetic methods provide a valuable means for answering a wide range of questions
related to the conservation and protection of biodiversity (Frankham 2010). Gener-
ally speaking, conservation genetics as a field aims to preserve genetic diversity and
maintain evolutionary potential in wild populations. The application of genetic
techniques for conservation purposes has been successful across systems and diverse
types of issues, including mitigating effects of inbreeding depression in small
populations (Frankham et al. 2014; Frankham 2015), delineating units for manage-
ment (Palsbøll et al. 2007), and informing and monitoring reintroductions of endan-
gered or extirpated species into the wild (Frankham 2008; Koelewijn et al. 2010;
Çilingir et al. 2017).

With recent advances in molecular technologies, the ability to ascertain hun-
dreds or thousands of single-nucleotide polymorphisms (SNPs) across the
genomes of non-model organisms (Andrews et al. 2016) has opened doors for
addressing several challenges in conservation genetics by enhancing the number of
genetic markers available and enabling the detection of loci underlying function-
ally important traits (Allendorf et al. 2010; Benestan et al. 2016a). The usefulness
of genomic data for biodiversity conservation has been acknowledged in the
context of spatial planning (Funk et al. 2012; Nielsen et al. 2017; Barbosa et al.
2018), biosecurity and aquaculture (Bernatchez et al. 2017), and predicting evo-
lutionary responses to climate change (Bay et al. 2017). One particular advantage
of genomic data in the context of conservation is that they offer the opportunity to
discriminate between putatively neutral and adaptive markers of genetic variation
(Allendorf et al. 2010; Manel et al. 2010). Frameworks for incorporating genetic
data into marine conservation planning have generally focused primarily on
neutral markers, which are suitable for calculating metrics such as genetic diver-
sity, uniqueness, and connectivity (e.g. Beger et al. 2014). However, neutral
markers do not provide any information about adaptive evolutionary processes,
and questions regarding the effects of natural selection and potential for adaptation
thus rely on the characterization of adaptive loci (Holderegger et al. 2006;
Allendorf et al. 2010; Manel and Holderegger 2013). Yet, until recently, detecting
adaptive genetic variation had been largely confined to model organisms, due in
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large part to the lack of genomic resources for non-model species (Manel et al.
2016) and the experimental tractability needed to identify loci underlying ecolog-
ically important traits under selection (Savolainen et al. 2013). The ability to
incorporate inferences regarding both neutral and adaptive genetic variation into
conservation objectives presents an opportunity to create a unified framework that
addresses both demographic and evolutionary processes. The subsequent sections
of this chapter elaborate on the genetic and genomic approaches that can be used
to inform marine conservation objectives, particularly with respect to MPA
planning.

3 MPA Network Connectivity

The spatial arrangement of individual MPAs has important consequences for the
ecological and evolutionary dynamics of populations, and it is widely acknowledged
that implementing networks ofMPAs ismore effective than delineating single reserve
sites (Gaines et al. 2010; Kininmonth et al. 2011).MPA networks rely on connectivity
(Box 1) between reserve sites through dispersal of larvae or adults. Appropriate spatial
configuration (e.g. size and spacing) of protected sites is thought to lead to self-
sustaining MPA networks that can meet fisheries and conservation goals by
supporting recruitment within and between MPAs while simultaneously increasing
recruitment to unprotected sites via spillover (Gaines et al. 2010; Lubchenco and
Grorud-Colvert 2015;Andrello et al. 2017) (Fig. 1). As such, connectivity has become
an integral principle in marine spatial planning (Lagabrielle et al. 2008; Green
et al. 2015; Daigle et al. 2018; Magris et al. 2018). This emphasis on ensuring
connectivity has gained momentum in the MPA and marine reserve science
literature, with the number of publications citing connectivity as an essential
criterion for effective reserve network design increasing over the last 15 years
(Fig. 2).

Box 1 Definitions of Connectivity
In natural systems, connectivity is broadly defined as the degree to which
spatially subdivided populations or patches are able to exchange individuals
(Taylor et al. 1993; Cowen and Sponagule 2009). However, connectivity can
be measured in many different ways. Here, we define some of the most
commonly used measurements of connectivity:

Structural connectivity: connectivity is measured based on the structure
of the landscape without considering behavior or movement capabilities of any
organism (Tischendorf and Fahrig 2000). For example, the spatial

(continued)
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Box 1 (continued)
arrangement, location of barriers, and distance between habitat patches influ-
ence the likelihood that organisms will move between them. In terrestrial
environments, corridors are important structural components that facilitate
movement and connectivity. In the marine environment, physical ocean cir-
culation dynamics (e.g. directional surface currents, circular eddies or gyres)
can influence the probability of movement between populations.

Functional connectivity: refers to the actual movement of organisms and
can be influenced by dispersal rates, behavioral responses, and mortality
(Tischendorf and Fahrig 2000). In the marine environment, larval behaviors
such as active swimming and natal homing can influence the degree of
functional connectivity between populations or habitat patches.

Demographic connectivity: the degree to which dispersal/immigration
contributes to population growth and vital rates (e.g. survival and birth rates)
relative to local recruitment (Lowe and Allendorf 2010).

Genetic connectivity: the degree to which gene flow (i.e. the exchange of
genetic material between populations) influences evolutionary processes
(Lowe and Allendorf 2010). The level of gene flow can be assessed based
on estimates of genetic differentiation between populations.

Fig. 1 (a) Dispersal of individuals out of a marine protected area (MPA) can benefit adjacent sites
or populations via spillover (solid arrows). However, if immigration into MPAs is low due to
declining populations in harvested sites (dotted arrows), the population within the MPA may not be
self-sustaining. (b) Nearby and/or well-connected MPAs can enhance the stability of both protected
and fished populations by increasing recruitment into MPAs (dashed arrows) while maintaining a
supply of individuals for the fishery via spillover (solid arrows). Figure adapted from Gaines et al.
(2010)
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3.1 Measuring Marine Connectivity

Despite the asserted benefits of optimizing connectivity in MPA networks, measur-
ing and integrating marine connectivity into conservation plans is not an easy task.
Perhaps one of the most challenging aspects of obtaining accurate estimates of
marine connectivity is related to the fact that most marine species disperse as tiny
pelagic larvae, making direct observations of dispersal in coastal and marine systems
challenging (Cowen and Sponagule 2009). While artificial tagging methods have
been used to track movements of dispersing larvae in some case studies, this

Fig. 2 Frequency distribution of studies published between 2001 and 2016 that emphasize the
importance of integrating connectivity in marine reserve or marine protected area networks. An
initial raw list of 335 publications was generated from a Web of Science literature search. Book
chapters and conference symposia were excluded, while all research articles, reviews, and letters
were retained. Articles that did not meet any of the following criteria were also excluded: (1) those
that discussed measuring connectivity for the purpose of MPA network design or selecting reserve
sites using connectivity metrics; (2) those that measured connectivity among existing MPAs to
evaluate performance; and (3) those that emphasized the need for connectivity in effective MPA
network designs
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approach is most appropriate for estimating larval retention in local populations
at rather fine spatial scales, as opposed to quantifying broad scale connectivity
(Thorrold et al. 2007; Almany et al. 2007). Genetic approaches thus provide a
valuable set of tools for evaluating connectivity across a range of spatial scales
(Manel et al. 2003; Hedgecock et al. 2007). For example, parentage analyses and
assignment tests are two commonly used methods for assessing connectivity using
genotype information to identify putative migrants from recent dispersal events
(Manel et al. 2005; Saenz-Agudelo et al. 2009; Harrison et al. 2012; Christie et al.
2017). Assignment tests allocate individuals to their subpopulation of origin, while
parentage analyses identify parent-offspring relationships to determine single-
generation dispersal distances. These individual-based analyses can provide robust
estimates of marine connectivity and the proportion of migrants relative to local
recruits within a population, but may be limited in terms of sample size and overall
strength of genetic differentiation. Parentage analyses in particular require exhaus-
tive sampling to accurately detect immigrants and thus may not be feasible for many
species. Though assignment tests generally do not perform well in cases of low
population divergence and high gene flow (a typical scenario in marine populations),
increasing the number of genetic markers, especially to the extent of modern
genomic data sets with hundreds or thousands of loci, has been shown to improve
the accuracy of assignment tests even when overall divergence is low (Patkeau et al.
2004; Benestan et al. 2015). Additionally, individual-based clustering approaches
are commonly used to delineate populations based on membership coefficients to
distinct genetic clusters generated from individual genotypes (e.g. STRUCTURE –

Pritchard et al. 2000). In this way, information on the probability of an individual’s
assignment to each inferred genetic cluster can be used to understand not just
how populations are structured but also the extent to which given populations are
connected to one another by gene flow (Manel et al. 2005).

Analyses of population genetic structure also provide indirect methods for
assessing genetic connectivity (see Box 1) based on differentiation (e.g. using FST)
between subpopulations (Lowe and Allendorf 2010). It is important to note that
inferences about demographic connectivity based on population genetic structure
must be made with caution since a very small number of migrants per generation can
lead to relatively homogenous populations in some cases (Whitlock and McCauley
1999; Lowe and Allendorf 2010), meaning that the amount of individual exchange is
actually quite low despite high genetic similarity. However, significant levels of
genetic differentiation can indicate a lack of panmixia and therefore the potential
presence of barriers to gene flow and restricted connectivity, although disentangling
historical drivers of population genetic differentiation from contemporary patterns of
gene flow can be challenging (Hedgecock et al. 2007). Consequently, biophysical
modelling approaches that integrate hydrodynamic models and biological informa-
tion to simulate dispersal can be combined with assessments of genetic structure
to help shed light upon the potential determinants of gene flow and population
connectivity in marine environments (Selkoe et al. 2016; Riginos et al. 2016).
Another promising approach uses a framework of isolation by distance (IBD) to
describe population connectivity, whereby populations that are closer together
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experience a higher degree of gene flow compared to more distant populations, and
genetic differentiation thus increases as the spatial distance between populations
increases (Wright 1943; Palumbi 2003). Theoretical work suggests that the slope of
the IBD relationship can be used to estimate dispersal distances (Rousset 1997), and
empirical studies have demonstrated the application of IBD models to infer the
spatial scale of connectivity in coral reef fish populations (Pinsky et al. 2010; Puebla
et al. 2012).

3.2 Applying Connectivity Estimates to MPA Network Design

Understanding variability in the scale of dispersal for multiple species is important
for ensuring the appropriate spatial configuration of MPA networks. For example,
using a genetic parentage analysis combined with biophysical larval dispersal
models, Nanninga et al. (2015) found evidence for very low self-recruitment in an
anemone fish (Amphiprion bicinctus) in the Red Sea, in contrast to previous studies
that demonstrated high levels of larval retention in other reef species (e.g. James
et al. 2002; Cowen et al. 2006; Gerlach et al. 2007; Patterson and Swearer 2007).
These findings are critical for the design of MPA networks as they caution against
assumptions that self-replenishment will always be sufficient to sustain small,
isolated MPAs. Other studies show varying estimates of mean dispersal distances
across species. For example, D’Aloia et al. (2015) performed a large-scale parentage
analysis to fit a dispersal kernel for the neon goby, Elacatinus lori, in the Belize
Barrier Reef, and identified a relatively short mean dispersal distance for this species
(1.8 km). In contrast, using a similar approach, a study by Almany et al. (2017)
demonstrated much longer mean dispersal distances for the orange clownfish,
Amphiprion percula (>10 km), and the vagabond butterflyfish, Chaetodon
vagabundus (>100 km), in Papua New Guinea. Importantly, these studies show
that the optimal size and spacing between MPAs to maintain connectivity or
replenish harvested populations can differ between species. Though parentage
analyses can provide accurate estimates of the scale of dispersal for marine species,
the extensive sampling effort required may be prohibitive for many species, espe-
cially for those with relatively large ranges, high fecundity, and/or a strong dispersal
capacity. However, a study by Pinsky et al. (2017) highlighted the potential for
approaches based on IBD models for accurate assessments of dispersal distances,
revealing a strong agreement in dispersal distances estimated from the slope of IBD
relationships compared to direct parent-offspring dispersal patterns in A. percula.

Spatial patterns of population genetic structure and gene flow also have important
implications for selecting and prioritizing sites or populations for protection within
MPAs. Some studies have used genetic and genomic data to identify particular
regions that serve as key connectivity nodes, lending support to prioritizing these
areas in order to link distant sites within a larger metapopulation (e.g. Rozenfeld
et al. 2008; Almany et al. 2017; Jahnke et al. 2018). In one study, Xuereb et al.
(2018) used a population graph approach based on genetic covariance (Dyer et al.
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2010) to demonstrate that the Central Coast region of British Columbia, Canada, was
an important stepping-stone for connectivity between north and south regional
genetic groups of the giant California sea cucumber (Parastichopus californicus)
(see Box 2). Indeed, this study supported earlier findings based on biophysical
modelling that the British Columbia Central Coast may be an intermediate site for
gene flow across a similar genetic boundary in the bat star, Patiria miniata (Sunday
et al. 2014). Taken together, these studies suggest that this region could facilitate
connectivity within a broader MPA network in coastal British Columbia for
co-distributed species. Moreover, asymmetric ocean circulation patterns have been
implicated as an important predictor of spatial patterns of genetic differentiation in
marine organisms (e.g. Benestan et al. 2016b; Dalongeville et al. 2018a; Xuereb
et al. 2018), and the use of biophysical modelling to supplement population genetic
structure analyses therefore provides insight about the direction of gene flow and
the location of key source populations (Cowen et al. 2007; Jenkins and Stevens
2018).

Box 2 Identifying Key Areas for Connectivity Using Population Graphs
In coastal habitats and complex seascapes, specific sites may serve as key
intermediate sites, or stepping-stones, for maintaining connectivity within
a broader metapopulation. These sites are important in the context of MPA
networks, as their protection can facilitate dispersal and gene flow between
distant and otherwise disconnected populations. The development of popula-
tion graphs based on genetic covariance among populations (Dyer and Nason
2004; Dyer et al. 2010) can illuminate the potential for certain locations to
serve as critical connectivity nodes within a network. First, a population graph,
or network, is constructed based on genetic covariance relationships among all
sampling locations. Then, various metrics can be used to evaluate the contri-
bution of individual nodes to the overall structure of the network; in other
words, how important is a particular node for maintaining connections among
other nodes within the entire network? In one example, Xuereb et al. (2018)
used such an approach to investigate population connectivity of the giant
California sea cucumber (Fig. 3a) from 24 sampling locations in coastal
British Columbia (Fig. 3b). A population graph was constructed based on
genetic covariance among these sampling locations that highlighted limited
connectivity between north and south regional groups (Fig. 3c). The authors
evaluated the relative importance of each node to the overall structure of the
network using the metric betweenness centrality, which quantifies the number
of shortest paths through the entire graph that pass through a given node.
Based on this metric, it was determined that Calvert Island (‘CAL’ in Fig. 3b)
had the highest betweenness centrality, which suggests that this region in the
Central Coast of British Columbia might be important for facilitating connec-
tivity between northern and southern coastal regions.

(continued)
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Box 2 (continued)

Fig. 3 (a) Photo of the giant California sea cucumber (Parastichopus californicus) (Photo:
Isabelle Côté). (b) Map of sampling locations from Xuereb et al. (2018) showing the north
(purple) and south (green) regional clusters. Calvert Island (CAL) is circled to highlight the
sampling location in the Central Coast of British Columbia, Canada, which was determined
to be an important connectivity node based on the population graph in (c). Here, the circles
(nodes) represent sample locations, and the edges (lines) represent genetic covariance
between a given pair of locations. The nodes are colored according to the regional clusters
(purple ¼ north; green ¼ south). Only edges that adequately contribute to explaining the
overall genetic covariance structure are retained. The size of the nodes indicates the relative
amount of genetic diversity, and the edge length is inversely proportional to genetic
covariance. Figure adapted from Xuereb et al. (2018)

Source populations are important in the context of MPA networks because
their protection can facilitate recruitment into populations that are not self-sustaining
(e.g. populations with limited larval retention) or into populations at risk of declining
to extinction (e.g. harvested populations outside of MPAs). For this reason, source
populations that are large and consist of high levels of genetic diversity should
be protected to ensure the potential spread of genetic variation into recipient
populations (Beger et al. 2014). This is especially critical when source populations
contain unique genetic diversity. For example, Jenkins and Stevens (2018)
highlighted a recent case study on population genetic structure in the pink sea
fan (Eunicella verrucosa), a species of conservation concern in England and
Wales (Holland et al. 2017), and demonstrated how their results could inform the
planning and evaluation of MPA networks. The original study found strong genetic
similarity among sites in southwest Britain where reserves have been designated to
protect E. verrucosa, indicating a high level of gene flow and connectivity among
established reserve sites in this region (Holland et al. 2017). In contrast, genetic
differentiation between sites in southwest Britain and others in northwest France,
Portugal, and Ireland indicates the presence of unique genetic variation that may
warrant protection within MPAs to ensure the preservation of intraspecies genetic
diversity (Jenkins and Stevens 2018). Numerous published population genetic
studies have identified important spatial patterns of genetic differentiation and
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gene flow across marine taxa with a range of dispersal abilities, including both
vertebrates (e.g. Andrews et al. 2010; Schunter et al. 2011; Siegle et al. 2013; Larson
et al. 2014; Liggins et al. 2016; Dalongeville et al. 2018a) and invertebrates
(e.g. Thomas and Bell 2013; Schiavina et al. 2014; Sunday et al. 2014; Jorde et al.
2015; Thomas et al. 2015; Benestan et al. 2016b; Iacchei et al. 2016; Cros et al.
2017; Lal et al. 2017; Truelove et al. 2017; Xuereb et al. 2018). These and many
other studies provide a wealth of knowledge for informing marine policy and
addressing conservation issues, especially with respect to selecting sites for MPA
designation that support network connectivity and capture genetic diversity for the
long-term persistence of marine biodiversity.

4 Evolutionary Perspectives for MPA Networks in the Face
of Climate Change

In the face of climate change and other anthropogenic stressors, populations and
species will need to acclimate or adapt to novel environmental conditions to persist
in their current geographic range. For some species, plasticity in tolerance to
stressors such as warming ocean temperatures and acidification might allow indi-
viduals to endure environmental shifts (Calosi et al. 2016). Experimental studies
have demonstrated the ability for trans-generational plasticity to enhance the accli-
matization potential of individuals under environmental stress (Veilleux et al. 2015;
Ryu et al. 2018). However, the extent to which trans-generational effects can
improve resilience to climate change over time is unknown, and adaptive evolution
might be essential in the longer term, especially under extreme environmental
change (Gunderson and Stillman 2015). Regardless of the potential for acclimation
in the short term, improved knowledge of the spatial patterns of adaptive genetic
variation associated with environmental tolerance is important for safeguarding the
evolutionary potential of marine populations in the future.

4.1 Local Adaptation in the Sea

The potential for adaptation largely depends on (1) the magnitude and patterns of
gene flow and (2) the amount of standing genetic variation. Marine organisms are
typically characterized by long-distance dispersal abilities, and because of this, gene
flow is expected to be high, potentially counteracting selective forces driving local
adaptation (Kawecki and Ebert 2004) and leading to an early assumption that local
adaptation is rare in marine populations. However, marine populations often have
large effective population sizes, which can increase the efficiency of selection and
maintain standing genetic variation (Kimura and Ohta 1969). Recent studies have
demonstrated the capacity for rapid adaptation to environmental changes in marine
species as a result of selection on standing genetic variation (e.g. Pespeni et al.
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2013). Moreover, spatially varying selection, a form of balancing selection, can
maintain genetic polymorphisms and support adaptive differentiation and local
adaptation despite high gene flow (Bernatchez 2016; Sanford and Kelly 2011).
Empirical work has supported this hypothesis. For example, Gagnaire et al. (2012)
and Babin et al. (2017) found evidence of spatially varying selection maintaining
balanced polymorphisms in the American eel (Anguilla rostrata), a classic case of a
panmictic species with an absence of within-species population structure (Côté et al.
2013). Therefore, local adaptation in marine populations is not a rare phenomenon as
it was once perceived, and the ability to detect and measure adaptive differentiation
has important implications for marine conservation.

4.2 Adaptive Genetic Variation Applied to Marine
Conservation

The ability to now include adaptive genetic variation in conservation plans has
the potential to achieve conservation objectives that aim to preserve evolutionary
resilience and adaptive potential (Allendorf et al. 2010; Sgrò et al. 2011; Funk et al.
2012; Flanagan et al. 2017; von der Heyden 2017), with important consequences
for the survival of species and populations in the face of climate change. Identifying
and monitoring locally adaptive genetic variation can provide insight into the
prevalence of population divergence as a consequence of selection by environmental
factors and can uncover fine-scale spatial genetic structure when population differ-
entiation as measured using neutral loci is weak (Bay and Palumbi 2014; Babin et al.
2017; Gagnaire et al. 2012). Funk et al. (2012) outlined a useful approach
for delineating conservation units, including evolutionary significant units (ESUs)
using both neutral and adaptive genomic markers to maximize evolutionary poten-
tial, as well as management units (MUs) that maintain adaptive genetic differentia-
tion within a species. Identification of loci underlying adaptation to environmental
conditions can also improve translocation efforts and assisted gene flow (AGF) to
introduce beneficial genetic variation into recipient populations that are experiencing
(or will likely experience) climates similar to historical conditions in source
populations (Aitken and Whitlock 2013). AGF has been proposed as a potential
strategy for managing coral reefs by introducing genotypes from populations that
have survived devastating bleaching events into populations that will likely experi-
ence similar extreme climatic disturbances in the future (Riegl et al. 2011).

From an MPA network planning perspective, characterizing the spatial pattern of
putatively adaptive genetic variation has important implications for selecting sites or
populations for protection to maintain adaptive potential under environmental
changes. Natural populations that are already locally adapted to stressful or extreme
environmental conditions might be important sources of ‘preadapted’ alleles that can
enhance the resistance of other populations to future environmental change. Gene
flow from these populations containing pre-existing adaptive genetic variation can
increase the fitness of other populations by introducing novel (beneficial) alleles into
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the gene pool (i.e. genetic rescue) (Whiteley et al. 2015). The related concept
of evolutionary rescue (Carlson et al. 2014) occurs when environmental change
initially reduces population growth, but the population avoids extinction by adapting
to the new conditions (typically via selection on standing genetic variation since
selection on new mutations is not likely to be fast enough relative to the pace of
environmental change). As environmental stressors intensify with climate change,
populations harboring pre-existing adaptive genetic variation may merit conserva-
tion prioritization and integration within an MPA network to ensure the preservation
of genetic variation that can enhance the evolutionary resilience of other populations
in the future (von der Heyden 2017). For example, Bay and Palumbi (2014)
identified a population of the coral Acropora hyacinthus containing alleles associ-
ated with heat resistance that are maintained by spatially varying selection. In
another study, Golbuu et al. (2016) demonstrated that some coral populations thrive
at considerably lower pH compared to other populations and have survived
bleaching events that decimated nearby reefs (Golbuu et al. 2016). Contemporary
conditions recorded in these low pH areas are already at levels that other reefs are
expected to face in the future under climate change projections. These examples
highlight the potential for populations that are locally adapted to extreme conditions
to serve as reservoirs of preadapted alleles that could benefit other populations via
genetic and/or evolutionary rescue. Designs of MPA networks that do not incorpo-
rate assessments of adaptive genetic variation may risk losing ‘genetic insurance’ for
adaptation in the longer term.

5 An Integrative Approach: Connectivity and Adaptation
in MPA Networks

Spatial networks are often conceptualized as a series of nodes, which refer to habitat
patches or sites, and links, which refer to the connections between patches (Dale and
Fortin 2014). Similarly, MPA networks can be represented by nodes and links,
where individual MPAs comprise the nodes and dispersal and gene flow between
MPAs are the links. Together, neutral and adaptive genetic differentiation provide
information about the processes occurring at both of these levels (Wagner and Fortin
2013), where assessments of neutral genetic variation can be used to evaluate
between-site processes that facilitate or impede gene flow and genetic connectivity
between MPAs (i.e. links), while assessment of adaptive genetic variation
can provide insights into the at-site characteristics of the environment or climate
that might be important drivers of natural selection and local adaptation (i.e. nodes)
(Box 3). Understanding both at-site and between-site processes has important
implications for selecting protected sites within MPA networks since opposing
processes of natural selection and connectivity can affect the probability of rapid
adaptation. On one hand, a design that supports dispersal and gene flow can lead to
increased population sizes and levels of genetic variation within MPAs due to an
increase in larval export from other protected sites (Fig. 4a). However, while
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environmental heterogeneity can maintain genetic polymorphisms in the presence of
gene flow, dispersal between adaptively divergent populations might in some cases
lead to migration load, whereby population fitness is lowered due to an influx of
maladapted genotypes, or to selection against maladapted migrants, thus reducing
recruitment rates and population growth (Carlson et al. 2014). Furthermore, where
local adaptation occurs in isolated populations in the absence of gene flow, MPA
network designs that prioritize well-connected sites might inadvertently exclude
populations containing standing genetic variation that can aid rapid adaptation of
other populations in the future (Fig. 4a).
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Fig. 4 A schematic representation of marine populations along an environmental gradient
(e.g. temperature, increasing downwards towards the red color on the bar) and site prioritization
for designating MPAs (grey-shaded circles) under a scenario of environmental change (e.g.
warming ocean temperature) based on (a) selecting the most well-connected populations and (b)
considering both connectivity and adaptive genetic variation. Small colored circles represent
individual genotypes: dark blue genotypes are favored in low temperatures; light blue genotypes
are favored in intermediate temperatures; and red genotypes are favored in the highest temperature.
Arrows indicate the direction of dispersal/gene flow between populations. Gene flow is higher out
of MPAs (thicker arrows) due to increased larval export as a result of increased population sizes
within MPAs and lower out of unprotected sites (thinner arrows) due to declining population sizes
as a result of fishing. High connectivity between MPAs homogenizes genetic variation across the
whole network, potentially swamping the locally adapted red genotype in panel (a). Protection of
population ‘G’ in panel (b) allows the beneficial red genotype to increase in frequency and spread to
populations ‘C’, ‘D’, ‘E’, and ‘F’, which might be vulnerable to warming temperatures in the future
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Box 3 Summary of Link-Level and Node-Level Analyses for the Design
of MPA Networks
A spatial network framework borrows terminology and concepts from graph
theory. A graph (i.e. network) is defined by a set of nodes that occur at some
location in space and a set of edges or links, which reflect processes that
connect nodes (e.g. gene flow). Graph theory has been adopted in landscape
genetics to evaluate connectivity between populations and individuals across
landscapes (see Box 2 in Manel and Holderegger 2013). Genomic data sets
that can be divided into groups of neutral and adaptive loci allow the inves-
tigation of processes acting on genetic variation at both the link and node level
(Fig. 5).

Link (edge) level: Link-based analyses address questions about between-
site processes, such as the movement of individuals or genes between patches
or populations (Wagner and Fortin 2013). These analyses rely on neutral
genetic markers, such that connectivity can be estimated independently of
selective forces (Holderegger et al. 2006), and may be performed at the
individual or population level. Individual-based methods include parentage
analyses and assignment tests, which detect recent dispersal events based on

(continued)

Fig. 5 Summary of questions and analysis types for assessing multi-level processes within a
spatial network with genomic data. Circles (a, b, c) represent nodes (i.e. sites or populations);
lines connecting nodes (AB, AC, BC) represent links, defined by dispersal/gene flow
between sites
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Box 3 (continued)
assigning individuals to their natal site. Population-based methods that
assess genetic differentiation and patterns of population genetic structure
can be used to infer the scale and extent of gene flow between subpopu-
lations. When combined with oceanographic information (e.g. biophysical
models), population-based approaches provide insight into the potential
factors driving contemporary connectivity. Collectively, analyses performed
at the link level may be used to optimize the spatial arrangement of MPAs
to maintain network connectivity and sustainability.

Node level: Analyses at the node level can incorporate adaptive genetic
markers to investigate the influence of local, or at-site, conditions on the
abundance and distribution of genetic variation (Wagner and Fortin 2013).
Genotype-environment association (GEA) approaches are useful at this level
of analysis because they not only detect the presence of putatively adaptive
loci, but they also identify important environmental factors that might drive
local adaptation. Many different GEA methods have been developed, includ-
ing mixed-effects models that control for neutral population structure and
multivariate approaches that consider the polygenic nature of adaptation (see
review by Rellstab et al. 2015). In the context of MPA networks, analyses at
the node level can be used to prioritize populations that harbor high levels
of adaptive genetic variation, especially those that contain genetic variants
adapted to environmental variables associated with climate change.

Several indices have been derived to assist the prioritization of populations
for conservation planning by comparing node-level characteristics. For exam-
ple, the population adaptive index (PAI; Bonin et al. 2007) identifies the
proportion of adaptive loci in a population with significantly different allele
frequencies compared to other populations. Phylogenetic network approaches
have been proposed to rank populations based on the genetic isolation and
expected evolutionary contribution to future networks (Volkmann et al. 2014).
Another recent study developed an approach to measure the current potential of
a population to adapt in response to changing environmental conditions based
on the fraction of adaptive alleles associated with environmental variables
(Manel et al. 2018). The most appropriate type of index used to prioritize sites
will depend on the conservation goal and whether adaptive genetic differentia-
tion can be attributed to key environmental drivers of natural selection.

By taking into account patterns of both neutral and adaptive genetic variation,
conservation and management decisions can aim to achieve an optimal balance
between maintaining connectivity and protecting adaptive potential. While infer-
ences about local adaptation per se are best made using well-designed experimental
studies (e.g. common garden or reciprocal transplants; Kawecki and Ebert 2004),
the methods outlined in Box 3 may be used as a starting point to identify the presence
of adaptive differentiation and potential sources of beneficial alleles for adaptation to
changing conditions, especially when experimental tests of local adaptation are
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logistically infeasible. Genotype-environment association methods can be applied to
identify populations showing strong associations between potentially adaptive loci
and environmental variables. Populations containing alleles associated with climatic
or environmental variables might warrant protection so as to maintain adaptive
genetic variation within the network while limiting the potential for genetic homog-
enization across MPAs (Fig. 4b). To prioritize sites for protection, indices that rank
populations based on the level and distinctiveness of adaptive genetic diversity
(e.g. Bonin et al. 2007; Volkmann et al. 2014) and associations with important
climatic and environmental variables (e.g. Manel et al. 2018) can be applied to select
sites that maximize the range of adaptive alleles and minimize genetic redundancy
across MPAs (see Box 3). Estimates of connectivity can then be used to determine
whether natural gene flow is sufficient to introduce migrants from potentially locally
adapted populations into populations that are (or are projected to be) experiencing
similar environmental stressors or whether AGF might be considered a viable
option. When environmental heterogeneity is low and adaptive genetic differentia-
tion is weak due to similar selection pressures across space, prioritizing well-
connected MPAs might instead be favored in order to replenish protected
populations and adjacent unprotected sites.

6 Concluding Remarks

The increasing availability of genomic data sets for non-model species, and espe-
cially for species of conservation concern, has the potential to revolutionize conser-
vation planning and decision-making. For marine species in particular, genomic data
sets have considerably improved the resolution for detecting fine-scale patterns of
population genetic structure, challenging the notion that marine populations are
characterized by widespread gene flow. Moreover, the ability to identify putatively
adaptive genetic variation has provided mounting evidence in support of the pres-
ence of local adaptation in marine populations (e.g. De Wit and Palumbi 2013; Bay
and Palumbi 2014; Benestan et al. 2016b; VanWyngaarden et al. 2017; Stanley et al.
2018; Dalongeville et al. 2018b). Despite the plethora of studies highlighting the
usefulness of genetic and genomic data to inform marine conservation and manage-
ment objectives (Beger et al. 2014; von der Heyden 2017; Nielsen et al. 2017;
Jenkins and Stevens 2018), they are rarely integrated into marine conservation plans
in practice. This is likely due to a number of reasons, including the perception that
genomic studies are too expensive, ineffective communication between researchers
and policymakers (Bernatchez et al. 2017; Shafer et al. 2015), and the relative
paucity of multispecies data sets (but see Deck et al. 2017). Though costs of
obtaining samples and generating genomic data can be prohibitive for local conser-
vation efforts, many scientists are generating these data for diverse marine species all
over the world. However, the results of these studies may not be effectively
disseminated to practitioners or translated into practical objectives. As a result,
strong collaborations and communication between those conducting the primary
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research and those making conservation decisions are key (Shafer et al. 2015;
Ovenden et al. 2015; Garner et al. 2016). In addition, online platforms for sharing
genomic and geographic data hold promise for the widespread accessibility and
integration of genomic data for multiple species into MPA planning. Ongoing efforts
to share genomic data in a user-friendly format include the new Genomic Observa-
tories Metadatabase (GeOMe; Deck et al. 2017), which already contains more than
8,000 entries of sequence data for approximately 80 marine species across 4 phyla
(Chordata, Echinodermata, Mollusca, and Arthropoda) collected from 29 countries
(currently focused in the Indo-Pacific region) along with associated metadata
(e.g. geographic coordinates, date of collection, tissue type). Additionally, geospatial
genetic data available online (e.g. Geospatial Genetics SeaSketch projects; https://
www.seasketch.org/) provide maps and GIS data layers to facilitate visualization and
spatial prioritization. Data from two pilot SeaSketch projects are currently available
for the identification of important marine mammal areas, specifically for spinner
dolphins (Andrews et al. 2010) and humpback whales (Kershaw et al. 2017). As
studies have shown the importance of integrating information across multiple species
for effective MPA designs (e.g. Nielsen et al. 2017), these databases will likely be a
crucial resource for informing multispecies genetic conservation objectives.

As climate change continues to threaten marine population persistence, designing
MPA networks that will maintain evolutionary and adaptive potential in the future
is critical. There is therefore a need to expand upon existing frameworks (e.g. Beger
et al. 2014) by incorporating assessments of both neutral and adaptive genetic
variation into conservation planning (Funk et al. 2012; Flanagan et al. 2017).
Under a spatial network approach, evaluating the distribution of neutral and adaptive
genetic information across seascapes provides insight into (1) the degree of gene
flow among populations, allowing optimization of connectivity between MPAs, and
(2) identifying and protecting local sites that contain adaptive variation to preserve
evolutionary resilience to environmental disturbances. Thus, the inclusion of infer-
ences from population genomics has the potential to produce robust designs of MPA
networks that consider both connectivity and adaptive evolution for the persistence
of marine biodiversity, both today and in the future.
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