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Abstract: Alaskans are eager to partake in the 6-billion-USD global seaweed industry. A first step in
developing this industry is to resolve patterns of genetic variability among populations. Three molecular
markers, mitochondrial DNA, chloroplast DNA and microsatellite DNA revealed strong genetic
differences between populations but low levels of genetic diversity within populations of sugar kelp
(Saccharina latissima), split kelp (Hedophylum nigripes), and winged-kelp (Alaria spp.). Significant
differences between populations appeared on a range of spatial scales extending from several hundred
kilimeters to only a few kilometers. Each of these species exhibited a genetic mosaic pattern of structure
without isolation by distance and without a hierarchical pattern of regional differentiation. This chaotic
structure is likely due to isolation in ice-age refugia around the Gulf of Alaska and post-glacial dispersals
and is an example of ‘isolation by colonization’. The relatively higher levels of genetic diversity in
populations around the Gulf of Alaska relative to related populations to the south, in the Arctic and in the
North Atlantic further supports the hypothesis of Alaskan ice-age refugia. Isolation in refugia and post-
glacial colonizations have produced shallow, but significant differences between populations of sugar and
slpit kelp, but five deeply separated lineages appeared in winged kelp that do not entirely correspond to
species described on the basis of morphological variability. The low levels of genetic diversity in these
ecologically success species indicate that epigenetic dynamics and not stores of standing genetic diversity
may underpin adaptive responses to increasing temperature and ocean acidification.

Key Words: Saccharina latissima, Hedophyllum nigripes, Alaria spp., Mitochondrial DNA, Chloroplast
DNA, Microsatellite DNA, Gulf of Alaska, Arctic Ocean, Phylogeography, Aquaculture
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Chronology:

1. The PI of this project was a co-Pl on the NPRB Project 1526 “Phylogeography and Management of
Golden King Crab populations in Alaska”

2. The focus of the project was redirected toward kelps, when it became obvious that the greatest
commercial interest was in kelps and not red seaweeds.

3. A no-cost extension of the project for one year was granted in June 2018.
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Chapter 1: General Introduction

Alaska has a long coastline extending from temperate latitudes in southeastern Alaska to polar
latitudes along the Arctic coast. The shores around the Gulf of Alaska are influenced by the
subarctic Northeastern Pacific gyre and the Alaska Coastal Current. West Wind Drift in the
North Pacific Current spits into northward and southward currents at it approaches North
America (Figure 1.1). The warm northward current feeds the Alaska Coastal Current (ACC) and
produces a warmer marine environment than exists along the coasts of the Northwestern Pacific
at the same latitude.

The ACC is a boundary current with complex eddies and meanders (Figure 1.2). The ACC
moves along the coast of the Gulf of Alaska and narrows to about 50 km as it reaches Kodiak
Island and becomes the Alaska Stream (AS) with currents speeds of 50 cm per second or greater
(1.8 km per hour) (Stabeno et al. 2004). The AS continues westward along the Aleutian Island
Archipelago with arms of the current flowing northward into the Bering Sea. A large cyclonic
gyre in the Bering Sea leads to a southwestern cold current along the eastern shores of the
Kamtchatka Peninsula with an arm flowing into the Okhotsk Sea to form a large cyclonic gyre
with complex eddies and meanders (Verkhunov 1997).

The focus of this project is on kelps, which are brown algae in the Class Phaeophyceae with a
heteromorphic life-history cycle, consisting of a large sporophytic stage and a microscopic
gametophytic stage (Figure 1.3). Sporophytes have a 2N complement of chromosomes and
produce biflagellated 1N spores through meiosis. Spores settle rapidly on the bottom and grow
into minute, dioeious, filamentous plants (gametophytes) that produce gametes through mitosis.
Male gametes are released into the water and fertilize eggs produced by the female gametophyte.
The fertilized egg remains attached to the filamentous female gametophyte and develops into a
macroscopic sporophyte. Gametophytes of both sexes are in close proximity to one another so
that mating between related plants and self-fertizilation between male and female gametophytes
from the same sporophytic plant may be common (Reed et al. 2004). The dispersals of an
enormous number of meiotic spores and male gametes are leptokurtic so that most move only a
small distance from the parental plant (Reed et al. 1988). Only a few propagules survive to
produce macroscopic sporophytes (Schiel & Foster 2006). However, long-distance dispersals can
occur from the drift of detached mature plants in ocean currents (Nikula et al. 2010).
Sporophytes grow on hard substrates and at tide heights and depths that are specific to a
particular species. The intensity of wave action greatly influences the local distributions of kelps
so that some species are found only on wave-swepte headlands and other only in wave-protected
coves.

Interactions between light and temperature produce an age structure in kelps that leads to the
production of sporophytes during the warmer parts of the year. Dispersal is limited by the
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longevity of spores and gametes, which have little starch or lipid reserves. Hence, spores and
male gametes have a life expectancy of no more than two days. Gametophytes can survive
unfavorable conditions and produce sporophytes at a later time. Under laboratory culture,
gametophytes have been observed tro survive over 30 years (Klimova & Klochkova 2017).
Unfertilized eggs can develop pathenogeneticaly in several kelps. For examaple, in S. japonica,
sporophytes arising parthenogenetically from female gametophytes produce zoospores that
develop into female gametophytes (Lewis et al. 1993). In Alaria angusta the maturation of
oogonia and antheridia are asynchronous, so that some eggs may germinate parthenogenetically
(Klimova & Klochkova 2017).

Sugar kelp (Saccharina latissima) are widely distributed in the North Pacific, Arctic and
North Atlantic oceans, where they inhabit wave- and current-protected bays and coves. This
species alternates between a large bladed sporophyte plants, anchored to small rocks with
branched haptera, and a microscopic, filamentious gametophyte phase. Plants tend to be
perennials in the North Atlantic, but largely annuals in Alaska (Bartsch et al. 2008).

The split kelp, Hedophyllum nigripes, inhabits shallow subtidal and low intertidal rocky
shores with moderate to high wave action from central California to Alaska, the Aleutian
Archipelago, Bering Sea and Russia in the North Pacific (Lindeberg and Lindstrom 2010). It also
occurs in Arctic waters in Hudson’s Bay, the Canadian Arctic and as far south as New
Brunswick and the Gulf of Maine (Sears 2002; Longtin and Saunders 2016). The wide
distribution in the North Pacific, Arctic, NW and NE Atlantic provides an opportunity
investigate the timing of dispersals across the Arctic into the N Atlantic.

Biological surveys in the 1800s found a rich seaweed flora in Alaskan waters (Figure 1.4).
The collections of seaweeds during a Russian expedition in the 1820 by Feodor Litke led to the
formal description of several species of kelps found in Alaska. A catalogue of marine algae in
Alaska was compiled in the 1970s (Lindstrom 1977) and an illustrated guide to seaweeds in
Alaska appeared recently (Lindeberg & Lindstrom 2010).

The North Pacific Ocean is likely the area of origins of the world’s kelps (Bolton 2010).
However, the phylogeographical structures of Alaska’a algae are largely unknown. Studies of
Alaskan seaweeds with molecular tools have been largely limited to taxonomic treatments (Lane
et al. 2007; Bringloe & Saunders 2019) with limited attention to population diversity (Lindstrom
et al. 1997; Lindstrom 2001, 2009; Lindstrom & Fredericq 2003; Lane et al. 2007; Coyer et al.
2011; Johanesson et al. 2015; Bringloe et al. 2017). The results of these studies depict a diverse
and complex algal floral in Alaska that has not been fully described.

Genetic patterns among populations of marine organisms often show two levels of
organization that reflect different isolating mechanisms (Grant & Bowen 1998). One level of
structure among populations results from the contemporary interplay between random drift,
which tends to produce allele-frequency differences between populations, and gene flow
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(‘migration’) between populations, which counters the diversifying effects of drift. The approach
to drift-migration equlibrium may take hundreds or thousands of years depending on population
size and the extent of gene flow between populations. Random drift is greater in small
populations than in large populations, but the homogenizing effects of gene flow from dispersal
are greater in small populations (Crow & Kimura 1970). In a region experiencing climatic
variability, drift-migration equilibrium may not be achieved in contemporary populations
because of frequent population turnovers.

A second component of genetic population structure arises from the legacy of historical
isolations, population bottlenecks in size, extinctions, and founder events on longer time scales.
These events can lead to the loss of genetic diversity when bottlenecks are severe, when only a
few individuals found a population, or when founding individuals come from genetically
depauperate source populations (Hewitt 1996). Genetic diversity is regained only after mutation
or immigration introduces new genetic variation into a population.

The choice of a molecular marker to study population structure influences the temporal
perspective of a study. Markers based on genes with a small mutation rates may be suitable for
detecting ancient population events, but may not resolve contemporary population structure
because of the lack of polymorphisms to track the effects of drift and gene flow. On the other
hand, highly polymorphic markers with large mutation rates, such as microsatellite DNA, may
resolve contemporary population structure, but may not be able to resolve deep population
structure because mutations erase genetic imprints of historical events. In this study,
mitochondrial (mt) and chloroplast (c) DNA with moderate mutations rates were used to provide
a window onto historical events and several microsatellite loci with large mutation rates were
used to resolve contemporary population structure. The mtDNA cytochrome oxidase I (COI)
gene we used in this study is generally more polymorphic than the large subunit of the cDNA
ribulose bisphosphate carboxylase (rbcL) gene (Grant 2016). Since both genes are commonly
used to study genetic variability in seaweeds, their use here allows comparisons with population
studies of other kelps with similar life histories.

Additional attributes of molecular markers influence what aspects of population history and
structure can be resolved. Adaptation to local habitats through natural selection can lead to
divergence between populations in addtion to random drift. In this study, we assumed that the
variability within and among populations that was resolved with the two organellar DNA and
microsatellite markers was not constrained by natural selection or was linked to regions of DNA
influenced by selection. The assumption of neutrality allows us to estimate numerous population
parameters from classic models based on genetically effective population size (Ne) and migration
(m). In population genetic formulations, Ne is the number of individuals in a theoretical
population that produces the same level of random drift as that found in a natural population, and
m is the proportion of successfully reproducing individuals coming from another population.
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Original objectives:

1. Estimate the genetic population structure of the red foliose seaweeds Palmaria mollis-
Palmaria hecatensis in Alaska: 1. Delineate population production units with molecular
markers, 2. Estimate dispersal rates between populations and patterns of genetic
variability, 3. Estimate levels of genetic diversity and genetic effective population sizes.

2. Estimate the genetic population structure of the red foliose seaweed complex Pyropia spp.
in Alaska: 1. Delineate population production units with molecular markers, 2. Estimate
dispersal rates between populations and patterns of genetic variability, 3. Estimate levels
of genetic diversity and genetic effective population sizes.

3. Use the population genetic information from this and other studies to formulate
recommendations for the management of seaweed resources in Alaska.

The original focus of this project was on two red (rhodophyta) seaweeds. However, it became
apparent from the numbers of applications submitted to the State of Alaska to operate culture
facilities that kelps in the order Laminariales (Ochrophyta) were of greater interest to seaweed
farmers. Hence, we shifted the focus of the studies to sugar kelp, Saccharina latissima, and
ribbon (winged) kelp, Alaria marginata. Kelps are Stramenopiles that acquired chloroplasts
through endosymbiosis from other eukaryotes. The overall objective to resolve the genetic
population structure and to understand the origins of this structure remained the same. However,
it became obvious that the genetic population structures of the three kelps in this study could not
be understood by events and processes solely in Alaskan waters. Hence, each of the kelps were
placed in a broader phylogeographic context by including data when available from British
Columbia, Northwestern Pacific Ocean, Arctic Ocean and the North Atlantic. Along with this
historical perspective, evolutionary principles should be used for formulation resource
management guidelines (Hendry et al. 2010). Among these principles is the conservation of
‘evolutionary potential’, which is especially at risk in the waters of Alaska where climate
warming is already having a substantial influence on marine organisms (Royer & Grosch 2006;
Wing 2006; Mackas et al. 2007; Fabry et al. 2009).

Outline of report

The laboratory and statistical methods for the various sections of the report were collated into a
single section to save repetition. A single section at the end of the report contains all of the
literature that was cited to save space. Chapters 3—7 will form the basis for publications in the
appropriate peer-reviewed journals. Following this Introduction, Section 2 details the biologies
of the kelps included in the study, sample collection methods, DNA extraction methods and
polymerase chain reaction protocols for two organellar genes and 8 microsatellite genes, and the
statistical approaches.
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Chapter 3 focuses on the phylogeographic history of the sugar kelp, Saccharina latissima, in
a region of the North Pacific Ocean that has been greatly influenced by Milankovitch ice-age
cycles and stadial-interstadial climate shifts between glacial maxima over the past 100 thousand
years. The use of two classes of genetic markers with different modes of inheritance provides
considerable resolution of genetic structure of sugar kelp populations in the Gulf of Alaska. This
structure reflects not only contemporary restrictions on gene flow, but also divergences in
isolation during the Pleistocene ice ages.

Chapter 4 explores the phylogeographic history of sugar kelp in the North Pacific and North
Atlantic. The addition of COI sequences from Genbank showed that the common North Pacific
lineage is present in Hudson’s Bay and as far as the shores of western Greenland. Two previous
studies of high latitude populations of sugar kelp proposed biogeographic hypotheses that are not
supported by the larger collection of sequences. Unfortunately, a reconstruction of biogeographic
pathways and dispersal timing, other than the fact of dispersal from the North Pacific, through
the Arctic and into the North Atlantic, is still unresolved by the analysis of this single marker.

Chapter 5 focuses on split kelp, Hedophyllum nigripes, a rocky intertidal kelp that is
morphologically similar to sugar kelp, especially during early growth stages. Our data, together
with Genbank sequences, provide insights into the glacial refugia and post-glacial dispersals
across the Arctic and into the Northwestern Atlantic Ocean. Genetic markers show a close
relationship between populations in Alaska and those along the shores of the Canadian Maritime
Provinces and New England States. The results of this study once again show that not only
swimming fish and benthic crabs, but also seaweeds, show DNA imprints of recent dispersals
through the Arctic.

Chapter 6 tells the story of ribbon kelps in the genus Alaria in the Northeastern Pacific,
which has had a troubled taxonomic history. The results of our study uncovered five deeply
separated lineages that were unanticipated and not geographically structured. These lineages are
likely the result of repeated divergences during Pleistocene episodes of continental glaciation.
The lineages hybridize at locations where they are in contact and appear to prevent full
divergence into new species.

Chapter 7 continues to examine the species of Alaria. Available COI sequences from
Genbank were combined with the sequences generated in this study. The results show that taxa
in the Northeastern Pacific are less diverged from one another than are species in the Asian
waters of the Northwestern Pacific. The combined dataset also shows that the nominal species of
Alaria in the Northeastern Pacific do not fall consistently into the five lineages.

Chapter 8 is a comment article publication in the ICES Journal of Marine Science point out
that available software using coalescence methods based on the Fisher-Wright model of
evolutionary change is not appropriate for most marine species that produce often millions of
larvae, but with only few surviving from a limited number of families (reproductive skew). The
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use of the Fisher-Wright model to interpret data for marine species can lead to erroneous
conclusions.

Chapter 9 is an article in the Proceedings of the National Academy of Sciences, USA
comparing phylogeographic boundaries based on molecular markers with biogeographic realms
defined by traditional methods of species diversity and endemism. While intraspecific
phylogeographic boundaries largely coincide with biogeographic boundaries, the biogeographic
histories of high-latitude species contrast sharply with low-latitude species because of the greater
environmental disturbances at high latitudes during the Pleistocene ice ages.

Chapter 10 is published review in Reviews in Fish Biology and Fisheries on the genetic
dynamics of stock restorations, sea ranching, and stock enhancements of marine species. Several
genetic principles should be considered when wild stocks are manipulated to increase
production.

Chapter 11 considers the management implications of these studies to achieve sustainable
commercial develop of seaweed resources in Alaska. The results show the broad regional
outlines of genetic population structure in these three species of kelps, but hint at finer-scale
population structures in each species. Further sampling is required to fill out the details necessary
to formulate and implement a sound management strategy to guide the development of seaweed
aquaculture in Alaska. In the interim, the results of this project provide the basis for at least some
general guidelines for the culture and production of kelps in Alaska. The effects of ocean
warming and acidification will greatly influence the abundances and distributions of kelps in
Alaskan waters, and harvest and farming guidelines should anticipate these environmental
changes.

Chapter 12 summarizes the study and outlines possible future directions for understanding
macroalgal species in the Northeastern Pacific. The finely subdivided nature of population
structure for kelps requires a further sampling effort. Since selectively neutral genetic markers
were used, it is uncertain the extent that the genetically different populations are also locally
adapted. Genomic studies will be important to better understand the extent of adaptation to local
habitats.
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Figure 1.1 General current patterns in the North Pacific Ocean and marginal seas. Chart from
https://www.oceanblueproject.org/ocean-current-maps.htmi
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Figure 1.2 Currents in the Gulf of Alaska. From Stabeno et al. (2004) after Reed and
Schumacher (1986).
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Figure 1.4 Algarum Vegitatio drawn in 1827 by Aleksandr Filippovich Postals who explored sea life
along Alaska’s coast during an Russian expedition led by Feodor Litke. Several species of algae bear
Postals’ name as the describing author. The scene depicted above may have been near Sitka, given the
combination of seaweed species and the rocky shore habitat. Note that the sea surface depicted in the
drawing is remarkably flat. While features of intertidal and subtidal zonation and habitat assemblage may
not be entirely correct, the drawing details several recognizable seaweeds. Judging from the discoid
holdfast, the kelp being pulled from the water is likely Laminaria yezoensis. Fucus distichus clings to
boulders just above the water line. Nereocystis luetkeana (Postels et Ruprecht) floats on the surface of the
water in the center of the illustration. Bunched plants of Hedophyllum sessilis appear in the lower left
corner of the picture. This species generally occurs in heavy surf. Behind and to the right of these plants
are most likely Hedophyllum nigripes, one of the species appearing in our genetic study. Behind these
plants, ribbed Pleurophycus gardneri flutter in the current. To the right is Macrocystis pyrifera, and to the
right again is the sieve kelp, possibly Agarum turneri (Postels et Ruprecht), with holes in its frond.
Several large plants of Alaria marginata (Postels et Ruprecht), with spore-bearing fronds near the bottom
of the plant, appear in the center of the drawing. This species is the focus of seaweed farming and a center
piece in our genetic study. To the right is Lessoniopsis littoralis with strap-like blades growing from a
short robust stipe. Cymathaere triplicata (Postels et Ruprecht) would be expected in this habitat, but it is
difficult to identify in the drawing. Also missing is Saccharina latissima, which grows in wave-protected
coves and is another focus of our genetic study. Several species of red and green algae are found in this
setting, but they are difficult to identify in the monochrome drawing. A further narrative of the history of
early seaweed surveys in Alaska appears in Lindstrom (2009). Drawing from Illustrationes Algarum by
Postels and Ruprecht, housed in the Beinecke Library at Yale University.
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Chapter 2: Materials and Methods

Abstract: We used two classes molecular markers to create a baseline of genetic diversity in sugar kelp,
ribbon kelp and split kelp with the aim of developing management guidelines for the development of
seaweed culture in Alaska. An understanding of patterns of population structure due to both contemporary
processes and ancient evolutionary events are needed to devise resource management guidelines that will
lead to the preservation of genetic diversity and to the sustainable use of kelps in Alaska. The use of both
bi- and uni-parentally inherited markers provides different views of the same population events. Contrasts
in mutation rates between marker types allows inferences of the relative timings of historical events. We
used the COI species-‘barcode’ gene found in mitochondria and the gene, rbcL, coding for an important
photosynthetic enzyme in chloroplasts. After DNA extraction, PCR was used to amplify regions of the
two genes for sequencing. We also used microsatellite DNA, which has a high mutation rate, producing
an abundance of polymorphic alleles with a high power to discriminate among populations. The Pl and
volunteer collectors around the state provided a wealth of samples for analyses. We used standard
statistical software for our analyses of the organellar DNA and microsatellite DNA data. The use of
relatively small samples in these studies can be justified from probability considerations and from large
frequency differences among populations.

2.1 Marker selection

Two classes of markers were selected for this study, organellar genes and nuclear genes. The use of both
kinds of makers provides complementary insights into historical and contemporary processes influencing
genetic population structure of the species of kelps examined in this study. The results of our study bear
this out. The analysis of both mitochondrial (mt) and chloroplast (cp) DNA provides independent views
of the same population histories. Microsatellite markers, on the other hand, were used to resolve
contemporary population processes, because the larger mutation rates in microsatellite DNA can
potentially resolve events occurring on short time scales.

2.1.1 Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL, Rubisco)

Rubisco is a multifunctional enzyme in chloroplasts, catalyzing the fixation of CO, during photosynthesis
and the release of O, during photorespiration. Once the rubisco gene has been expressed, two subunits
undergo co- and post-translational modifications by interactions with structurally molecular-modifying
enzymes. Rubisco’s role in photosynthetic CO, assimilation depends on conformation modifications by
another enzyme called Rubisco activase. Rubisco is also influenced by environmental variables, such as
light intensity, resulting in its degradation and molecular turnover in the cell. The bio-engineering of this
enzyme has been viewed as a strategy for improving plant productivity because the fixation of CO; by
this enzyme is a rate-limiting step in photosynthesis. Hence, the genetic modification of this gene in kelps
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to increase CO; uptake may enhance their use as carbon sinks to help to mitigate increased concentrations
of CO- in sea water.

Surveys of sequence variability in DNA encoding the large subunit of the enzyme (rbcL) has been
used in phylogenetic studies of lamininarian kelps (Lane et al. 2007). Chloroplast DNA is maternally, or
uniparentally in plants with undifferentiated life-history types, inherited in plants and lacks recombination
during replication as in nuclear DNA (Li et al. 2016). These two traits allow reconstructions of gene
genealogies and together with geography and provide insights into the ancient dispersals, colonizations,
and historical demography. This gene was included in our study to provide a view of phylogeographic
patterns independent of mitochondrial DNA and to capture possible deep structure steming from
historical population events. Genetic imprints of ancient events in DNA are less likely to be obliterated
the small mutation rates of rbcL.

2.1.2 Cytochrome oxidase subunit 1 (COI, COX1)

Three subunits of the heme-copper enzyme cytochrome ¢ oxidase are encoded in mitochondrial DNA.
Cytochrome oxidase | (COI) is the main subunit of the cytochrome c oxidase complex, but the functional
cytochrome oxidase complex also contains components encoded by nuclear genes. Cytochrome c oxidase
is attached to the inner membrane of the mitochondria. This enzyme is the third and final step of the
electron transport chain of mitochondrial oxidative phosphorylation. Cytochrome c is a key enzyme in
aerobic metabolism and has an amino acid structure that is highly conserved among eukaryotes.

Nevertheless, neutral mutations at third position nucleotide sites can provide insights into deep and
shallow population structure. DNA sequences of COI have been used extensively in phylogeographic
studies because of its moderate levels of polymorphism in third codon positions—the ‘wobble’ position.
Nucleotide substitutions at this position do not change the amino acid encoded by a codon and hence are
considered to be neutral to natural selection. A 658 base-pair segment of the 5* end of COI is used as a
molecular tag to identify species of animals (barcoding), and hence a large archive of sequences is
available for analyses. In some plant groups, COI may evolve too slowly to be of value for barcoding, so
the rbcL gene is used instead. In algae, however, levels of rbcL polymorphism appear to be about the
same or less than those in COI (Grant 2015). Mitochondrial DNA follows uniparentally inheritance from
generation to generation and lacks recombination during replication as in nuclear DNA in most species.
These two traits allow the reconstruction of gene genealogies. Additionally, frequencies of haplotypes
among samples can be used to test hypotheses of population structure. The use of COlI DNA sequences in
the present study facilitates comparisons with other related species.

2.1.3 Microsatellite DNA

Microsatellites are segments of DNA with repetitive motifs of 1 to 6 or more nucleotides in length that are
repeated as many as 50 times. The repeat units are generally di-, tri- tetra- or pentanucleotides. Tri- or
tetra-nucleotide repeats are most useful because di-nucleotide repeats often produce a strongly stuttered
phenotype that is difficult to score. These repetitive segments belong to a class of genes called variable
number of tandem repeats (VNTRs) and are also referred to as short tandem repeats (STRS) or as simple
sequence repeats (SSRs) in the plant literature. Short repetitive sequences occur in hundreds of places
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throughout the genome and have a larger mutation rates than do other regions of nuclear DNA and of
mitochondrial and chloroplast DNA.

Sequences in the locus-specific flanking regions on either side of a microsatellite are used to anchor
polymerase chain reaction (PCR) forward and reverse primers to amplify the repeating segment. The size
of the PCR product depends on the number of repeats. Alleles are defined by the number of repeats and
can be separated by size in an electric field. Alleles are co-dominant so that homozygous genotypes can
be distinguished from heterozygous gentoypes. Marine organisms tend to have large numbers of
microsatellite alleles, as many as 100 or more, and this high level of polymorphism provides considerable
statistical power to detect fine-scale population structure or to infer family structure. Because of the large
mutation rate, microsatellites are ideally suited to addressing some questions in population genetics, such
as relatedness among individuals (Blouin 2003), or the effects of contemporary isolations and gene flow
among populations (Michalakis & Excoffier 1996; Pritchard et al. 2000; Selkoe & Toonen. 2006).

Microsatellites have some drawbacks. They are not suited to resolving relationships among species or
to detecting genetic imprints of ancient population events because the large mutation rate over-prints the
genetic signatures of long-past events. A major problem is the convergence to the same allelic length
from historically different allelic states. The same allelic states among individuals may not be identical by
descent, but may have different genealogical histories (technically called homoplasies). Even though the
number of DNA motif repeats may be constrained by natural selection, most microsatellite genotpes are
thought to be influenced chiefly by gene flow and random genetic drift. Comparisons of results with other
studies are often not possible because of the use of different microsatellite loci in the various studies. The
chief use of microsatellites in population studies is to estimate levels of genetic diversity for comparison
among samples and to test hypotheses of population structure with allele-frequency spectra among
samples.

2.2 Sample collection

Numerous volunteers help to collect samples at locations around the Gulf of Alaska (Figures 2.1, 2.2).
Several collectors, including the P of this project, mistook split kelp (Hedophyllum nigripes) for sugar
kelp in some collections because of the morphlogical similarity between the species, especially of
younger plants. After closer inspection, the two species of kelp could be identified by morphology and
habitat. Sugar kelp grows in sheltered coves and is attached to small stones or pebbles, whereas split kelp
is attached to large boulders or bedrock at more wave- or current-exposed sites. Sugar kelp has a fragile
frond with the consistancy of parchment paper. Split kelp, on the other hand, is leathery and slippery to
the touch because of copious mucinilaginous cells on the frond (Longtin & Saunders 2015).

Common names and Latin bionomials followed Lindberg & Lindstrom (2010) except for a recent
revision of the latin binomial for the spit kelp, which is now called Hedophyllum nigripes (ex Saccharina
groenlandica , ex Saccharina nigripes) (Starko et al. 2019). The common name for Saccharina latissima
is sugar kelp, reflecting the high carbohydrate content of this kelp. Alaria marginata is known in Alaska
as ribbon kelp (Lindeberg & Lindstrom 2010), but many research articles refer to this species as winged
kelp (e.g. Kusumo & Druehl 2000).
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2.3 Laboratory methods

We used standard laboratory methods to produce sequences of the 5° end of mitochondrial COI and
chloroplast rbcL. Needless to say, kelp tissues behave differently from fish tissues and it took some trial
and error to routinely extract DNA to amplify the selected genes with the PCR for sequencing or
microsatellite size analysis.

2.4 Statistical methods

Because of the limits of time and manpower, we chose to focus on the detection of major regional groups
in the Gulf of Alaska. Future studies will tease apart fine-scale variability in the broader genetic seascape
within the regions. Our samples were smaller than is customary in fishery population genetics, where
greater precision is required, but are more than adequate for detecting genetic breaks among regions.
Previous studies show the existence of boundaries between crabs (Grant & Cheng 2012) and fish (Matala
et al. 2004; Palof et al. 2011). Studies of kelps show strong, often fixed differences between populations,
even populations in geographical proximity (Zhang et al. 2015). Under these conditions, the samples sizes
of 25-40 plants provided considerable power to detect large-scale frequency differences if they existed
(Table 2.2). For example, the sample size needed to find a signficant allele-frequency differences of 0.2
(P1 =0.25 in population 1 and P, = 0.55) with 90% certainty is only 30 individuals (Sokal & Rohlf 1995).
The microsatellite loci surveyed in this study were polymorphic for 4 to 15 alleles, which provided
additional statistical power above the two-allele values in Table 2.1.

Another concern for statistical power is the ability to detect divergences between populations
estimated with Fst that occurred on long time scales through random drift and natuaral selection.
Our selection of 12 microsatellite loci provides considerable power for detecting small levels of
divergence between populations (Table 2.2) (POwsIM: Ryman & Palm 2006). For example, the
use of 10 polymorphic microsatellite loci, even with sample sizes as small as 25 individuals,
provides enough statistical power to detect an Fst of 0.01 with 100% certainty.
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Table 2.1 Sample sizes needed to detect a given allele-frequency difference between populations at a

given level of statistical power (1 — B). Values generated from eq ... of (1969). Type I error (o), the
probability of rejecting a null hypothesis of no allele-frequency difference, when it is true, was set at o =
0.05. Type II error (B) is the opposite: it is the rejection of a null hypothesis that is true. Hence, (1 — B) is
the probability of detecting a true difference, if it exists. VValues to the right of the step line provide

conderable power for the allele-frequency differences expected between populations of kelp. Samples
sizes were generated using the equations in Box 17.13 of Sokal & Rohlf (1995).

Allele frequency in sample P1

P2 1-B 010 0.15 020 025 030 035 040 045 050 055 0.60 0.65 0.70
0.05 0.9 310 103 57 37 27 21 17 14 11 10 8 7 6
0.8 237 80 44 29 21 17 13 11 9 8 7 6 5
0.6 156 54 30 20 15 12 10 8 7 6 5 5 4
0.10 0.9 = 479 143 73 46 32 24 19 15 12 10 9 8
0.8 - 363 109 56 36 25 19 15 12 10 8 7 6
0.6 = 236 73 38 24 17 13 11 9 7 6 5 5
0.15 0.9 - - 626 177 87 53 36 27 21 16 13 11 9
0.8 = = 473 135 67 41 28 21 16 13 11 9 7
0.6 - - 305 89 45 28 19 15 11 9 8 6 6
0.20 0.9 = = = 752 206 99 59 40 29 22 17 14 11
0.8 - - - 567 157 76 46 31 23 17 14 11 9
0.6 = = = 364 102 50 31 21 16 12 10 8 7
0.25 0.9 - - - - 857 230 108 64 42 30 23 17 14
0.8 = = = = 645 174 83 49 33 24 18 14 11
0.6 - - - - 414 113 55 33 22 16 12 10 8
0.30 0.9 = = = > = 941 248 115 67 44 31 23 18
0.8 - - - - - 708 188 88 51 34 24 18 14
0.6 = = = = = 453 122 58 34 23 17 13 10
035 0.9 - - - - - - 1004 261 120 69 45 31 23
0.8 = = = = = = 755 198 91 53 35 24 18
0.6 - - - - - - 483 128 60 35 23 17 13
0.40 0.9 = = = > = > = 1046 269 122 70 45 31
0.8 - - - - - - - 787 204 93 53 35 24
0.6 = = = > = > = 503 132 61 36 36 23
0.45 0.9 - - - - - - - - 1067 272 122 69 44
0.8 = = = = = = = = 802 206 93 53 34
0.6 - - - - - - - - 513 133 61 35 23
0.50 0.9 = = = = = = = = = 1067 269 120 67
0.8 - - - - - - - - - 802 203 91 51
0.6 = = = > = > = = = 513 132 60 34




Table 2.3 Probability of detecting a significant value of Fst for a given level of divergence between three populations, samples sizes and number
of polymorphic loci. Loci consisted of 8 alleles with a frequency distribution of 0.25, 0.25, 0.125, 0.125, 0.0625, 0.0625, 0.0625, 0.0625. N was
set to 2000 to generate a value of Fst with 1000 repetitions.

Number of loci

1 5 10 20 40
Fsr n X? Fisher X? Fisher X? Fisher X? Fisher X? Fisher
0.001 25 0.053 0.067 0.067 0.069 0.095 0.096 0.140 0.137 0.232 0.212
50 0.080 0.080 0.140 0.141 0.219 0.210 0.308 0.286 0.476 0.449
100 0.149 0.143 0.299 0.291 0.469 0.461 0.732 0.705 0.923 0.910
200 0.224 0.237 0.635 0.614 0.880 0.885 0990 0.983 1.000 0.999
0.005 25 0.170 0.181 0.380 0.379 0.600 0.582 0.819 0.809 0.980 0.972
50 0.313 0.319 0.771 0.755 0.953 0.944 0996 0.995 1.000 1.000
100 0.608 0.606 0.992 0.993 1.000 1.000 1.000 1.000 1.000 1.000
200 0.898 0.994 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.01 25 0.287 0.315 0.749 0.744 1.000 1.000 1.000 1.000 1.000 1.000
50 0.596 0.606 0.995 0.992 1.000 1.000 1.000 1.000 1.000 1.000
100 0.896 0.896 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
200 0.991 0.990 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.02 25 0.579 0.607 0.989 0.992 1.000 1.000 1.000 1.000 1.000 1.000
50 0.906 0.912 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
100 0.989 0.990 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
200 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.04 25 0.887 0.895 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
50 0.990 0.992 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
200 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.08 25 0.989 0.993 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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Harris Island, Sitka

Whittier, Prince William Sound

Figure 2.1 Photographs of seaweed collecting sites

Kasitsna Lab Beach, Kachemak Bay
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Collecting Seaweed and Kelp for DNA Analysis
ADF &G Gene Conservation Lab, Anchorage
L CGeneral Information

We use dried sesweed and kelp samples from individusl plants to determine the genetic characteristics for building a baseline. The
mast important thing to remermber in collecting samples is that only quality tissne samples give quality results. Tissuwes need to be
as “fresh” and as cold as possible. Desiccant packs will dry the seaweed blades for Later DNA extraction. Aveid any excess mobsture.

IL Sampling Method Steps for sampling each species in 1 gallom bag:
I. Target species:
Im. Supplies incloded with sampling kits: r.  Seccharing latisvdma (Sugar kelp) collect from $0-60 hladss.
1.  1lgallon plastic bag to collect biades; KO deiccant pack during sampling b, Alaria marginao (mhben kelp) collect from 50-B0 blades.
1 Plastic bos {8 Gt - 3 desiccant packs (445 gluack); nse after sampling. .  Palmaria hecatenss (S red mvbon) collect from 30-50 blades.
3. Papar towels - ol of towals. (blociag packing) cut blades for shipmant. 4 Fcus distichus (Rockwesd) collect 30 wpper3i lowss tidal amsas.
4. Bcissom - for catting 27x 47 portion of seawesd blads fom plaxt. 2. Prior to sampling:
3. Index card — pre-printed mﬂs-ﬂ:\u’-:cllnrﬁ.enhi’umﬁm. . . - .
‘ ing tapa — rall of taps for sutm packings 2.  Time collection trips around Jow-tide.
7. Tids tabls — pre-prizsed and highlighted tabla for local arsa. b, Orgamizs tools provided pricr to samplog.
8. Mailer box - pre-labaled for etern shipmeant to GCL. c.  Take digital phote of low tdo arca, if possibla.
% Sampling instmactions. 3. Selecting sampling location:
2. Epace collections approx. 2-3 foet apant to aveid sazping plasts
-= Sampling from the same family within sampling arsa.
comglets, i dry b, Comsider walking abowt 100 maetars down the beach when
> . collectng caly cos species ata time in cne bag caly.
AR, el PP
[ \5: = ! somal to blot 4. Sample procedore:
= p— a.  When gathering samples, nse | gallen plastic bag without
vratorsime nf desiccaxnt packs per speciss {ax 3 species: 3 bags).
sach hlada to b.  Uking scizsens: cxtapprox. X7x 47 pisce of indhrideal blade fom
N ae— sach plant (see 3 target species collection regessts listed abowa)).
water in plastic t.  Place coly cos species par bag! WO mixizg of species.
oo with 3 d Witk ano speciss collection complts, work your way back wp the
dasiccant packs. beach fo collect another species in new plastic bag.
5. FPost sampling (Timming and blotting excess water):
a.  Collection(s) complets, in dry area, roll out enoagh papar towsks
1o accommodate samples par bag collocted and place oo paper
towali.
b, Trim sach wawesd blade to approx. 27x 27 squars; discard
RECEIE
e, Carofally Blot sxcess water/shime off aach wanesd blads par
Species t0 minimire Xcess Water nto plastc box
Trim semweed to approx 27 x 27 squars | Creste “roll up” by folding 6. Processing MEd samples for slnp.menl_
snd discard exoess. paper towel over each row * mmxmiTﬂbManpm
of 4 samples. b. Startingar?" from edge of tewsl, place the Eret row of 4 samples
on papar towel. Dio Miet lot samplks touch cach other; this
prevents samples from stcking togsther. If samvples dry in contact
with sach other they can't be separated, they tand to glee
togethar
t. FBacord information (species, date, locaticn, latlong, collecter(s)
namg, cooxments #4c.) on pre-printed index card provided and
inwent it inside the last row of paper towsl for identification.
. . 3 7. Transfer samples into plastic box with desiccant packs:
Firal st=ps of packing ssmples for return shipment g=netics lab. a.  Placs 3 dsiccant packs (258g/sach) in hostons of plastic bax.
b, Geatly place collection rolls dimctly om top of dosiccant packs.
V. Shippingz: Fehmm shipment to address bebow c. Dﬁ-.l.c:in‘tpﬂdii will begin abscrbing moistum. Minimiza
sxposrs Hma to mxdsturs to enbancs tume drying process
. d  Place packing material {crumpled paper towals nrm'l]:apwjm.
Eemm 2 ADTEC AncRorage lab- top of sample rolls fo sscure 2nd cushion sazoples for skipment.
ADFED - Genctiz Labalald S07-367-2147
555 hmpberry fioad Jacly Berger: SOF-28E. 7175
Archorage, &K #9518 Fraight code:

Figure 2.2 Sampling guidelines design and photographs by Judy Berger
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Molecular Ecology: Research article

Isolations in northern ice-age refugia shaped phylogeography of
Sugar kelp Saccharina latissima in the Gulf of Alaska
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*School of Fisheries and Ocean Sciences, University of Alaska Fairbanks, Juneau, AK 99801,
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Correspondence: Stewart Grant, E-mail: phylogeo@gmail.com
Abstract

Identifying the biotic and abiotic forces shaping genetic variability among wild
populations remains a continuing challenge in evolutionary biology. Here, we used
three genetic markers with different modes of inheritance to resolve patterns of genetic
variability in sugar kelp (Saccharina latissima) populations around the rim of the Gulf
of Alaska in Northeastern Pacific Ocean, an area that was heavily impacted by
Pleistocene glaciations. Gene genealogies reconstructed from mitochondrial DNA COI-
5P and chloroplast DNA rbcL sequences resolved several lineages that were
discontinuously distributed around the Gulf of Alaska. Nine of the 14 populations were
fixed, or nearly fixed, for a single haplotype (average h = 0.188 among populations).
Heterozygosites of 12 microsatellite loci were larger (average Ho = 0.348 among
populations), but were small compared to those in other kelps. The results of a PCA of
microsatellite genotypes showed that sugar-kelp plants in the same organellar lineage
clustered together, regardless of geographic origins. These findings indicate a recent
expansion of the organellar lineages with corresponding microsatelite DNA variability.
The distributions of the organellar DNA lineages were chaotic and were only weakly
isolated by distance. Divergences between organellar lineages likely resulted from
isolation in northern glacial refugia during the last Milankovitch 100 kyr cycle. The
lack of microsatellite divergence between widely separated populations indicates post-
glacial dispersals.
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Introduction

A continuing challenge is to understand the forces shaping genetic population structure in marine
organsisms. Genetic patterns among populations can be molded by contemporary levels of gene
flow and genetic drift, and by historical events, including divergences in isolation, dispersals and
founder effects. In this study, we used genetic markers to resolve patterns of genetic variability
in sugar kelp (Saccharina latissima) populations around the Gulf of Alaska in the Northeastern
Pacific Ocean, an area that was heavily impacted by Pleistocene glaciations.

Marine ecosystems in the Northeastern Pacific periodically experienced profound changes
during the Pleistocene as the margins of terrestrial glaciers blanketed coastal areas. Over the last
100 thousand years (kyrs), lobes of ice advanced and retreated several times during stadial-
interstadial changes in temperature (Rasmussen et al. 2014; Li & Bor 2019) and produced a
patchwork of suitable habitats for coastal marine species (Kaufman & Manley 2004; Marko et al.
2010). A gradual drop in global temperatures led to ever larger glaciers which reached their
greatest extent about 22.5-18 kyrs ago during the Last Glacial Maximum (LGM). As glaciers
grew, global sea levels drop 50 m below present-day levels for about 80% of the time over the
last Milankovitch climate cycle. This drop in sea level resculpted shorelines along the
Northeastern Pacific Ocean and influenced patterns of gene flow between populations.

A widely held view proposes that populations in northern seas were displaced to southern
ice-free shorelines (Hewitt 1996, 2000), located as far south as the Washington-Oregon outer
coasts (Thorson 1980). In this view, populations expanded northward and colonized the shore of
Northern British Columbia and Alaska after glaciers recededed from the coast about 15 thousand
years (ky) ago in Alaskan waters and about 12 krys ago from Puget Sound and the Salish Sea. As
populations dispersed northward they would lose genetic diversity through founder effects so
larger amounts of genetic diversity would be expected in southern populations. Stepwise
dispersals and colonizations by only a few individuals at each advance would lead to a steeper
gradient in genetic diversity than rapid ‘phalanx’ dispersals (Hewitt 1996).

Alternatively, ice-age populations may have survived in northern refugia, which has been
postulated for North Atlantic seaweeds (Maggs et al. 2007) and Atlantic cod (Bigg et al. 2007),
and for Pacific cod (Canino et al. 2010; Bigg 2014) and intertidal invertebrates in the
Northeastern Pacific (Marko et al. 2010). While numerous genetic studies have been made of
kelp populations along the coasts of Washington, Oregon and California (eg Alberto et al. 2010,
2011), few have been made of kelps at higher latitudes in the Northeastern Pacific. In one of the
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few studies, Lindstrom (2009) proposed that northern refugia accounted for breaks in some
species’ distributions in Southeastern Alaska.

Here, we focus on populations of sugar kelp (Saccharina latissima) that inhabit wave- and
current-protected bays and coves from Central California to the shores of the Arctic coast of
Alaska, and beyond. Populations of sugar kelp also occur in the Northwestern Pacific along the
coasts the Kamchatka Peninsula and as far south as Japan under the names S. coriacea and S.
cichoriodes (Balakirev et al. 2012). Divergent mitochondrial DNA lineages of sugar kelp also
inhabit the Northwestern and Northeastern Atlantic (Luttikhuizen et al. 2018; Neiva et al. 2018),
but are thought to have originated in the North Pacific. This species alternates between a large
bladed sporophyte plants, anchored to rocks with branched haptera, and a microscopic,
filamentious gametophyte phase (Lindeberg & Lindstrom 2010). Gametophytes sprout from
meiospores and hence are haploid (n chromosome complement). Separate male and female
plants and produce spermatozoa and oogonia, respectively. Zygotes (2n) grow in place into large
sporophytic plants, which release meiospores at maturity that settle to the bottom and germinate
into gametophytes, completing the life-history cycle. Plants tend to be perennials in the North
Atlantic, but largely annuals in Alaska (Bartsch et al. 2008).

We used three genetic markers with different modes of inheritance to resolve patterns of
genetic variability in sugar kelp in the Gulf of Alaska and eatern Aleutian Islands. Two
organellar genes, one encoded in mitochrondrial DNA and the other in chloroplast DNA, were
used to reconstruct gene genealogies that are independent of each other. The use of genetic
markers with different modes of inheritance potentially provides greater resolution of population
structure than the use of only one class of markers. We also used previously described
microsatellite DNA markers to estimate contemporary processes influencing genetic variability
(Paulino et al. 2016). The use of multiple molecular markers with different mutation rates and
modes of inheritance provides a window into events on shallow and deep time scales.

Materials and Methods
Sampling

A 2 cm? piece of from near the basal meristem was excised at low tide in spring and summer
from sporophytes growing in wave-protected waters, were damp dried with paper towels and
dessicated for storage with silica beads soon after collection. Plants at least 1 m apart were
sampled to avoid sampling related plants. Bone dry samples of kelp were transferred to 2 X 2
inch zip-loc bags, together with dried silica beads, and labeled for archiving.

DNA extration
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DNA was extracted from about 10-20 mg of dried tissue with the NucleoSpin® 96 Plant |1
(Macherey-Nagel Inc., Diren, Gernabt) kit. The standard extraction kit protocol was followed,
except dried subsamples were homogenized at room temperature by crushing or chopping on
weighing paper with a scalpel. Samples were then funneled into their microtubes on a 96-well
plate using a custom jig with manually pipetted PL1 lysis buffer (cetyltrimethylammonium
bromide (CTAB) method). The homogenates were incubated in PL1 lysis buffer at 65°C
overnight. Mucus on the surface of a frond fragment sometimes interfered with extraction, and
we found that ample amounts of DNA for PCR could be obtained by diluting the extraction
solution.

Organellar DNA amplificaton

A segment of COI at the 5P end of the gene was amplified with PCR using the forward
primer GazF2 (5 CCAACCAYAAAGATATWGGTAC 3°) and reverse primer GazR2 (5’
GGATGACCAAARAACCAAAA 3°) (Lane et al. 2007). A segment of rbcL was amplified with
PCR using the forward primer rbcL-543F (5> CCWAAATTAGGTCTTTCWGGWAAAAA 3°)
(Bittner et al. 2008; Silberfeld et al. 2010) and reverse primer rbcL-1381R (5’
ATATCTTTCCATARRTCTAAWGC 3”) (Burrowes et al. 2003; Silberfeld et al. 2010). DNA
was diluted 100-fold in deionized water before amplification by PCR. A PCR cocktail consisted
of a 50 uL mixture of 2.0 uL diluted template DNA in 1x Colorless GoTaq Flexi buffer, 2.5 mM
MgClz, 0.2 mM of each dNTP, 1uM of forward and reverse primers, and 2.5U GoTaq Flexi
DNA polymerase. The cocktails were thermo-cycled in a Gene Amp PCR System 9700 (Applied
Biosystems, Inc., Foster City, CA) with an initial denaturation at 94° C for 3 min, followed by 35
amplification cycles of 45 s at 94° C, 1 min at primer annealing temperature 50° C for COI and
52°C for rbcL, and 1 min 30 s at 72° C, with a final 5 min at 72° C.

PCR amplified DNAs were sequenced in the forward and reverse directions by Genewiz Inc.
(South Plainfield, NJ), or by the University of Arizona Genetics Core. Forward and reverse-
complement sequences were aligned and edited with MEGA 7.0.20 (Kumar et al. 2016) and
chromatograms viewed with Finch TV 1.4.0 (Geospiza Inc.). After editing, a 645 bp fragment of
COl and a 735 bp fragment of rbcL were used for population analyses. Quality control consisted
of re-extracting and re-sequencies unique haplotypes from each of the 96-well plates.

Microsatellite genotyping

We used a suite of 12 microsatellite loci previously developed for North Atlantic Saccharina
latissima, including SLN32, SLN320, SLN34, SLN35, SLN36, SLN54; SLN58, SLN62, SLN314,
SLN319, SLN510 and SLN511 (Paulino et al. 2016). The polymerase chain reaction (PCR) was
used to amplify microsatellite alleles with a Gene Amp PCR System 9700 (Applied Biosystems,
Inc., Foster City, CA). Each 10 pL reaction cocktail consisted of 2 puL template DNA diluted 4-
fold in deionized water mixed with (~0.1pg/pL) 1x Colorless GoTaq Flexi Buffer (Promega Inc.
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Madison, W1), 1.5-3.0 mM MgCl> (Promega Inc. Madison, WI), 0.20 mM of each nucleotide
(Applied Biogsytems, Inc.), 0.05-0.25 uM of forward and reverse primers, 0.1 mg/mL of BSA
(Sigma Inc. St. Louis, MO), 0.05 U GoTaq Flexi DNA polymerase (Promega Inc. Madison, WI),
and deionized water. Optimal thermal cycling profiles varied among loci (Table S2).
Microsatellites were fractionated by size using electrophoresis in an Applied Biosystems 3730
capillary DNA sequencer. Genotypes were scored with GeneMapper 5.0 (Applied Biosystems)
independently by two technicians. A subset of 8% of the samples was re-extracted and re-
genotyped by a third technician for quality control.

Statistical analyses

We used ARLEQUIN 3.5.2.2 (Excoffier & Lischer 2010) to estimate the number of polymorphic
nucleotide sites, Npoly, the number of observed, N, and expected, Nen, number of haplotypes
under neutrality. ARLEQUIN was also used to estimate gene diversity, h (standard deviation), and
nucleotide diversity, 0, (Standard deviation). Divergence between populations was estimated
with F statistics (Weir & Cockerham 1984) and with ®st with an appropriate mutation models in
ARLEQUIN. Appropriate mutation models for the various datasets were determined with MEGA 7
(Kumar et al. 2016). 1BD 1.52 (Bohonak 2002) was used to test for isolation-by-distance with
Mantel’s test between difference matrices of pairwise genetic distsances with correction for
diversity [®st/(1-DsT)] in organellar DNA or [Fst/(1 — Fst) for microsatellites and approximate
shoreline distances between samples. Tests were made with geographic distances either with or
without a log transformation and coefficients were esimated with 1000 randomizations.

We estimated migration between populations with the island model of migration to estimate
the number of migrants between populations with Fst = 1/(4Nm +1), or Nm = 0.25[(1/Fst) —1]
by assuming drift-migration equilibrium, no mutation, and a large number of populations
exchanging individuals (Slatkin & Voelm 1991). We used Analysis of MOlecular VAriation
(AMOVA) in ARLEQUIN to explore geographical structure in the distributions of haplotype
frequencies using multiple groupings of samples based on geography. We recognized these tests
will be confounded by the scattering of distinct genealogical lineages (ancestral polymorphisms)
among the samples that arose on long time scale.

We made an initial analysis of the microsatellite genotype data with GENEPOP to search for
null alleles. When these results indicated the presence of null alleles, we used MICRO-CHECKER
2.2.3 (Van Oosterhout et al. 2004) to further confirm the presence of null alleles, and to
determine whether allele stuttering or large-allele dropout had affected a dataset. Some loci
failed to amplify with PCR in some individuals, even though amplifications were successful at
other loci. These PCR failures were assumed to be homozygous genotypes of null alleles.

GENEPOP 4.6 (Rousset 2008) was used to test for deviations from Hardy-Weinberg genotypic
proportions, using Markov-chain-Monte-Carlo chains 10,000 steps in 100 batches. Because of
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the repeated tests aong loci we used a Bonferroni correction (Rice 1989) of P =0.05/12 = 0.004
to control type | error at o. = 0.05. We used GENETIC DIVERSITY ANALYSIS to estimate observed
(Ho) and exptected (He) heterozyzygosity averaged over loci, to count the number of alleles at
each locus and to estimate the inbreeding coeficient, Fis. FSTAT (Goudet 1995) was used to
estimate allelic richness based on the smallest sample size to be able to compare levels of
diversity among samples of different sizes.

Microsatellite divergence between populations was estimated with Fst and Rst using
GENEALEX 5.03 (Peakall & Smouse 2006, 2012) with 9999 permutations to establish departures
from 0.0. Fst is based on allele frequencies and Rst uses allelic sizes in addition to allele
frequencies. The number of migrants between pairs of populations per generation was estimated
from Fst with Wright’s island model of migration FST = 1/(4Nm + 1). GENEALAX was also use
to define principal components (PCA) of allele-frequency variability among samples with
standardized covariances and to search for genetric differences among samples using AMOVA.
The model for AMOVA was framed by the geography of the samples and was the same model
used for the analyses of organellar DNA. Missing genotypes for some loci in some plants were
estimated with sample averaging for both the PCA and AMOVA. Results for each locus were
summed across loci under the assumption of linkage equilibrium and independence
among loci. To establish signficcance of AMOVA structure, we used 9999 permutations to
shuffle individuals among samples and regions.

GENEPOP 4.6 (Rousset 2008) was used to test for deviations from Hardy-Weinberg genotypic
proportions, using Markov-chain-Monte-Carlo chains 10,000 steps in 100 batches. Because of
the repeated tests among loci we used a Bonferroni correction (Rice 1989) of P = 0.05/12 =
0.004 to control type I error at o. = 0.05. We used GENETIC DIVERSITY ANALYSIS to estimate
observed (Ho) and exptected (He) heterozyzygosity averaged over loci, to count the number of
alleles at each locus and to estimate the inbreeding coeficient, Fis. FSTAT (Goudet 1995) was
used to estimate allelic richness based on the smallest sample size to be able to compare levels of
diversity among samples of different sizes.

Results

The analyses of cytochrome oxidase 1-5P (COIl) and Ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) were made separately to facilitate comparisons with
results of other studies. The sequences for the two genes concatenated for additional analysis.
Sample sizes for the concatenated sequences were slightly smaller than for the individual genes,
because both genes in some plants could not be successfully sequenced.

Concatenated COI and rbcL
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The sequences of COI and rbcL were concatenated to combine the information in both genes.
Sample sizes ranged from 6 to 80 plants and averaged 31.9 plants (Table S11). Polymorphisms at
13 nucleotide sites defined 16 haplotypes distributed among samples (Table 3, Figure 1e). The
number of haplotypes expected under neutrality was 14.77. The rbcL lineage 2 (‘B’, blue) was
resolved into two geographically separated sub-lineages (‘B2’, light blue), one occurring at Port
Moller (sample 2) and the other in Kachemak Bay (samples 5 & 6) (Fig. 1f). Gene diversity (h)
ranged from 0.0 in 5 samples to 0.574 in sample 6 and was 0.781 (SD = 0.012) overall in a
pooled sample. Nucleotide diversity (05) ranged from 0.0 to 0.00047 and was 0.0009 (SD =
0.0006) overall. Tajima’s D was -0.868 and was not signficant (P = 0.208).

We found 12 private haplotypes among 7 of the samples (Table 1). Genetic divergences
(dsT) between populations ranged from 0.0 between populations fixed for the same haplotype to
0.968 between populations 8 (Cordova) and 11 (Auke Bay), which did not share haplotypes
(Table 2). Nearly all of the samples showed significant haplotype-frequences differences from
one another, except for samples that were fixed or nearly fixed for the same haplotype. No
significant isolation-by-distance appeared among the samples between genetic [®@s1/(1— OsT)]
and geographic shore-line distance with distances either as km (Mantel’s r = 0.138, P = 0.162) or
as log(km) (r =0.150, P = 0.118) (Figure 2).

Microsatellites

The 12 microsatellite loci had 4-17 alleles and averaged 10.7 alleles (Tables S12, S13). Allelic
richness ranged from 1.00 to 9.39 and averaged 5.06. Values of observed heterzygosity (Ho)
ranged from 0.032 to 0.602 and averaged 0.347. Expected heterozygosity (He) ranged from
0.054 to 0.615 and average 0.559. He exceeded Ho for all of the loci, which produced positive
values of the inbreeding coefficient for each locus, ranging from -0.086 to 0.372 and averaging
0.070 among loci.

Average population sample sizes over loci ranged from 25.7 to 85.8 and averaged 32.3
(Table 3). The number of observed alleles ranged from 1.67 to 4.50 among samples and averaged
3.59 alleles. Allelic richness ranged from 1.52 in the western most sample (1, Unalaska) to 4.16
in nearby sample 2 (Port Moller) and average 3.31. The number of private alleles ranged from 0
to 16 and average 3.7 per sample. Observed heterozygosities (Ho) ranged from 0.125 in sample 1
to 0.445 in sample 2 and averaged 0.348. Expected heterozygosities (He) were marginally larger
in most samples, ranging from 0.0132 to 0.460 and averaging 0.360. This produced small but
positive inbreeding coefficients (Fis) in most samples. Fis ranged from -0.052 (heterozygte
excess) to 0.246 (heterzogote deficit) and averaged 0.046. The genotypes were examined further
without modification, as GENEPOP indicated only a few null alleles were present among
samples.

Variability among populations was examined in several ways. Fst between populations
varied from 0.010 between samples 5 (Homer) and 6 (Humpy Creek) from Kachemak Bay to
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0.648 between samples 1 (Nateen Bay) and 9 (Cordova) (Table S15, lower triangle). All of the
pairwise comparisons were significantly greater than 0.0 (P < 0.0001), except between samples 5
and 6 from Kachemak Bay (P = 0.054). Overall, Fst = 0.360 among samples. AMOVA indicated
that 36% of the variability was due to allele-frequency differences between populations, 2% was
due to differences between plants within populations, and 62% was due to variability within
plants (Table S16).

We tested for isolation by distance among populations comparing Fst’s and shoreline
distances between samples. Mantel’s correlation was r = 0.410 (P < 0.001) and was consistent
with a model of moderate step-wise isolation between populations (Figure 2b). The number of
migrants between populations (Nm) was estimated from the observed values of Fst and the
island model of migration and was generally less than one (Nm = 0.190 to 1.14), except between
(Table S15, upper triangle), except between populations 5 and 6 (Nm = 25.56) and between
populations 12 and 13 (Nm = 2.33).

Estimates of divergence between populations with Rst incorporate mutational distances
between alleles as well as allele-frequency differences between populations, by assuming step-
wise changes in allelic size. As expected, Rst was larger for a given comparison than Fsr,
ranging from 0.041 between samples 5 and 6 to 0.648 between samples 1 and 8 (Table S17).
AMOVA of Rst indicated that 41% of the total variability was due to allele-frequency and allelic
divergences among populations, 7% was due to differences among plants within populations on
average, and 52% was due to within plant diversity on average (Table S18).

Finally, a principal components analysis of genotypic variability among plants was made to
search for geographic patterns in the distribution of microsatellite alleles among samples and
lineages. Axes 1 and 2 accounted for 25.1% of the variability among plants in the 13 samples
(Figure 3). Axis 3 accounted for only an additional 6.6% of the variability and was ignored in
our presentation. The PCA showed several clusters (Figure 3a), from which we extracted the
COl-rbcL haplotype lineages and placed them in separate graphs for clarity. Colours of closed
circles representing individual plants in Figure 3 correspond to lineage colours in Figure 1.

Individuals in lineage A (red) fell into three groups (Figure 3b): two groups correspond to
Yakutat and Tokeen Bay, respectively, but a third group contained plants from widely separated
locations in Resolution Bay, Malina Bay Kaguk Bay and Harris Island. Lineage B1 plants from
Port Moller (sample 2) form a single PCA cluster (Figure 3c), and lineage B2 (light blue)
included plants from Homer Spit and Humpy Creek (Figure 3d). Lineage C (yellow) contained
three micdrosatellite groups. One small group encompassed plants from Malina Bay, which were
in the same PCA space as Malina Bay plants in lineage A. Lineage-C includes plants from
Homer Spit and Humpy Creek, which are not in the same microsatellite PCA space as lineage B2
plants from these two localities. A third cluster included plants from Nateen Bay (sample 1) and
distant Kaguk Bay (sample 14) in Southeastern Alaska. Lineage D1 and D2 plants clustered into
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two groups: one included plants from Cordova and a second included lineage D1 and D2 plants
from Kuiuk Bay (Figure 3e). Lineage E included plants from Auke Bay and formed a unique
microsatellite PCA group.

Log-likelihood assignments of individuals to populations showed 100% assignments to the
population of origin for 4 of the 13 populations (Table S19). Mis-assignments of up to 3 plants
occurred for 7 populations and large mis-assignments occurred between populations 5 and 6,
which are both located in Kachemak Bay about 20 km from each other.

Discussion

The results of our multi-locus study show considerably more genetic variability among
populations than was postulated previously in studies of COI variability based on a sample of 20
from British Columbia (Neiva et al. 2018). Populations of sugar kelp around the Gulf of Alaska
show multiple levels of divergence that reflect both contemporary barriers to gene flow and
divergences during ice-age isolations. Fixed organellar DNA haplotype differences between
some populations produced a large overall level of divergence between populations (®st =
0.774, P <0.0001), but these populations did not show isolation by distance (IBD) (r = 0.151, P
=0.132). This haplotype variability most likely reflects ice-age isolations and and post-glacial
founder effects. Microsatellite allele frequencies also varied strongly among populations (Rst =
0.411, P <0.0001) and produced a significant correlation between genetic and geographic
distance between populations, supporting a model of contemporary IBD (r = 0.410, P < 0.001).
Before discussing these contrasting signals of population structure in more detail, we offer
cautions and strengths of our study.

Our study represents a snapshot of population structure in a species with a dynamic
metapopulation structure similar to patterns of local extinctions and colonization in the North
Atlantic populations of this species (Bekkby & Moy 2011; Moy & Christie 2012). Ecological
studies and monitoring of genetic change are needed to gauge the rates of turnover of local
populations in Alaskan waters. Since our goal was to discern regional patterns of diversity, we
increased geographic coverage at the expense of using smaller sample sizes than is customary in
fishery population genetics, where greater precision is required for estimating population
parameters. Small sample sizes were justified because previous studies of kelps showed strong,
often fixed differences between populations (Zhang et al. 2015), and our results bore this out.
Under these conditions, the samples sizes of 25-40 plants are large enough to provide a
sufficient amount of statistical power to detect large frequency differences between populations,
if they exist. For microsatellite loci, statistical power is influenced by both sample size and the
number of alleles at a locus. Again, the results show relatively fine-scale structure indicating that
sample sizes and the number of loci examined were adequate to address the goals of the study.

Small sample sizes, however, cannot be used to capture some aspects of population structure
and history. For example, our samples cannot be used to estimate allele-frequency spectra
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because of the inability to detect low-frequency alleles (Grant 2015). Comparisons of observed
allele-frequency specta with theoretical models are commonly used to infer historical
demographies, but the small sample sizes do not allow us to recontruct an accurate picture of
some aspects of population history with several of the coalescent programs available (Grant et al.
2016).

We did not use programs such as BEAST (Drummond & Rambaut 2007) and IMa (Hey &
Nielsen 2007) to estimate historical effective population sizes or migration because the
assumptions in these models do not fit the type 111 ecologies of kelps. As with many marine
organisms, kelps produce large numbers of offspring most of which do not survive to maturity,
and this leads to a large variance in reproductive success called ‘reproductive skew’ (Grant et al.
2016). The Kingman ‘n-coalescent’ (Kingman 1982a, b, c) is a key theoretical tool used to
estimate such parameters as effective population size and gene flow, but it is base on the Wright-
Fisher forward model of evolution which is inappropriate for marine species with reproductive
skew (Eldon & Wakeley 2006). The use of these programs can lead to serious mis-interpretations
of patterns of genetic variability (Niwa et al. 2016; Matuszewski et al. 2018).

One strength of our study is the use of genetic markers with different modes of inheritance
and mutation rates. Together, these markers provide insights into deep and shallow genetic
population structure in sugar kelp and help to mitigate the large evolutionary variance among
markers (Karl et al. 2012). Maternally inherited, non-recombining organellar genes can be used
to reconstruct molecular genealogies that contain information about population history (Li et al.
2016). The use of bi-parentally inherited microsatellite DNA provides additional information
about breeding structure and population connectivity. The COI and rbcL genes are inherited
independently of each other and independently of microsatellite markers encoded in nuclear
DNA, so together these markers provide a multifaceted view of population structure. Another
advantage of using different marker types is that different mutation rates enable us to detect
imprints of population events on different temporal scales. Microsatellites have larger mutation
rates than organellar genes and hence can potentially resolve contemporary population dynamics.
The smaller mutation rates of the two organellar genes can potentially resolve population events
deeper in time.

COl-rbcL Phylogeography

For most macroalgal species, COI shows greater amounts of diversity than rbcL. However, in
our study, 12 of the 14 locations we sampled were fixed or nearly fixed for the COI-A haplotype
and had an overall haplotype diversity of only h = 0.044. In contrast, rbcL showed greater
overall diversity, with six populations fixed or nearly fixed for haplotype rbcL-A, two
populations fixed for haplotype rbcL-C and one population nearly fixed for rbcL-B, yielding an
overall haplotype diversity of h = 0.702. This reversal in expectation may be due to the 5’-
section of the COI gene that we used in our analyses. Balakirev et al. (2012) have shown that the
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5’ ‘barcode’ end of COIl in S. latissima shows much less variability thant the 3* end of the gene.
Their results showed average divergence between S. latissima and other species of Saccharina
was d = 0.038 for the COI-5P end (~740 base pairs), but d = 0.158, nearly five times greater, for
the COI-3P end (~862 bp). COI-5P is used in most population genetic studies for ease of
comparison among studies and for use as a species barcode, but the COI-3P end may be more
informative about phylogeographic structure in Saccharina.

The combined haplotypes of COI and rbcL showed strong frequency differences among
locations (®st = 0.774, P < 0.0001, Table S16, Figure 1f). This level of differentiation is much
larger than that between populations of sugar kelp in the North Atlantic (Table 4). Ten of the 14
populations we sampled were fixed or nearly fixed for a single haplotype. Six of these
populations had low-frequency private haplotypes that likely arose from recent mutations in the
present-day populations. The remaining 4 populations had intermediate frequencies of two
haplotypes separated by only one mutation. A question of interest is whether plants in these 4
populations are reproductively isolated from plants bearing other haplotype lineages at the same
location. If the two lineages were reprodictively isolated, we would expect to find a strong
deficits in the proportion of heterozygotes (Wahlund’s effect) at the microsatellite loci for these
populations, and this was not the case (Table 3). In the PCA of microsatellite variability, plants
in different organellar lineages at the same collection sites (Kuiuk, Homer, Humpy & Kaguk)
occupied the same areas, respectively, in the ordination of PCA axes 1 and 2 (Figure 3).

Plants at a few sites were fixed for a single ‘private’ allele not seen elsewhere, while other
sites harboured divergent DNA haplotypes lineages. This mixing of lineages may compromised
estimates of some population parameters. For example, estimates of diversity are artificially
inflated and do not reflect the dynamics of a single population. The mixing of haplotypes may
have origins in historical colonizations by the divergent lineages, or may result from
contemporary gene flow from other populations.

Genetic connectivity between populations varies considerably. While adjacent populations
tended to show similar haplotype frequencies, for example Homer-Humpy, Kodiak-Resurrection
Bay, and Harris Island-Tokeen Bay, the correlation between genetic and geographic distance
between samples was not significant (r = 0.151, P = 0.123, Figure 2a). Estimates of immigration
(Nm) per generation from the island model of migration ranged from 0.0 between populations
fixed for different haplotypes to infinity between populations that shared haplotypes, but were
generally less than 1.0 between pairs of the other populations (Table 2). These estimates have to
be interpreted cautiously, as it is uncertain that populations of sugar kelp in the Gulf of Alaska
have reach drift-migration equilibrium after post-glacial colonizatons began about 12,000 years
ago. Estimates for populations out of equilibrium tend to underestimate actual levels of gene
flow (Slatkin 1993). Nevertheless, it is clear that dispersal is limited and that some populations
are completely isolated from other populations.
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The chaotic distribution of haplotypes cannot be easily explained. The distribution of
haplotypes among localities may reflect historical isolations in ice-age refugia followed by post-
glacial expansions and colonizations in newly available habitats. The question is whether the
refugia were located in unglaciated patches in the north or along unglaciated shores off
Washington, Oregon and California. The hypothesis of a southern refuge would be supported by
finding shared haplotypes between Gulf of Alaska and southern populations. A step-wise post-
glacial expansion into Alaska from a southern refuge might also have produced a gradient in
gene diversity if frontier populations were small (Hewitt 2000). A limited amount of COI data
indicates low diversities in southern populations, in which haplotype A predominates (Nieva et
al. 2018). If further samples of shows that in fact southern populations are less diverse than
northern populations, then northern glacial refugia are more likely. A better test of these
hypothesis would be based on the more polymorphic rbcL marker, but no sequences are yet
available for southern populations.

Microsatellites

The bi-parental inheritance of microsatellite loci encoded in the nucleus provides another view of
genetic structure within and among Alaska’s sugar kelp populations. Expected heterozygosities
(He) exceeded observed heterozygosities (Ho) in 9 of the 13 samples produced inbreeding
coefficients ranging from -0.052 to 0.245 and averaging 0.044. A single large Fis (0.245)
appeared in sample 9 (Cordova) and was likely due to missing genotypes. The lack of departures
from Hardy-Weinberg proportions indicates that null alleles, if present, occurred at low
frequencies and did not compromise the analyses. The high level of correct individual
assignments back to originating populations also gives confidence in these microsatellite data
(Table S18).

The use of the same microsatellite loci from other studies of Saccharina latissima provides
an opportunity to compare levels of diversity and divergence among populations in different
ocean basins (Table 5). The use of the same loci, or a large number of loci, averages out
differences in mutations rates among loci and provides a rationale for making comparisons
among studies. Of the 12 loci used in our study, all were used in Nieva et al. (2018) and 10 in the
study of Breton et al. (2017). Other loci were used in Luttikhuizen et al. (2018) (n =10) and
Guzinski et al. (2016) (n = 25). The overall average heterozygosity in Alaskan populations (Ho =
0.357) was similar to heterozygosities in populations of S. latissima in the Northwestern (Ho =
0.298, range 0.016-0.665) and Northeastern (Ho = 0.407, range 0.036-0.583) Atlantic. These
comparisions show that the overall level of diversity was similar among the three regions, except
for a few populations. These similarities among regions likely indicate similar responses to
Pleistocene climate variability.

A range of values for the inbreeding coefficient Fis was observed among populations but
were similar among regions, except in the study of sugar kelp along the coast of Maine, which
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included a much smaller area than the other studies (Table 3). In addition to inbreeding within a
population, apparent inbreeding can also be caused by the occurrence of null alleles that lead to
produce heterozygotes that are mistaken for homozygotes. Since high frequencies of null alleles
were not observed in these studies, the inbreeding coefficients can be interpreted in terms of
reproductive biology. Values of Fis tended to be larger than 0.0 in most populations indicating
more genetic similarity between individuals in a population than would be expected with random
mating and with equal contributions of offspring to the next generation. A large variance in the
recuitment of offspring among plants generally occurs in kelp, because of the chaotic dispersals
of spores and gametes into favorable micro-habitats and becauses of the effects environmental
variability on the survivals of early life-history stages, typical of type Il species.

Levels of divergence between populations varied considerably for populations around the
Gulf of Alaska and showed a shallow, but significant, correlation between genetic and
geographical distance (Figure 2b). The lack of divergence between adjacent populations can
readily be explained by gene flow between them, as for example between populations 5 and 6 in
Kachemak Bay, which appear to be parts of a single population in the bay. The association
between genetic and geographical distance, however, weakens between populations separated by
geographical distances greater than about 300 km, indicating that population history played a
greater role than gene flow in shaping genetic divergences between populations.

Widely scattered populations bearing lineage-A haplotypes from several different sites
around the Gulf of Alaska overlap along the 1st and 2nd axes of the PCA of microsatellite
variability. The correspondence between COI-rbcL lineages and groups based on microsatellites
(Figure 3) indicates that microsatellite divergences between populations are due to the same
historical isolations that led to separations between the organellar DNA lineages and not to
contemporary isolations. Populations of sugar kelp around the Gulf of Alaska appear to have not
yet reached drift-migration equilibrium since the Last Glacial Maximum.

Phylogeographic, population genetic and ecological tools together are needed to further
understand the origins of genetic variability among contemporary populations. Organellar genes
allow us to reconstruct ancient population events because of their relatively slow mutation rates.
The pattern of variability in the COI-rbcL lineages prompts the hypothesis of isolations in
northern refugia during Global cooling in the last Milankovitch cycle of about 100,000 years.
Most phylogeographic studies focus on the effects of the Last Glacial Maximum (LGM) 22.5-18
thousand years ago, but isolations also occurred during stadials over the last 100 thousand years.
For about 80% of this time temperatures wer 5-6° C cooler, and global sea levels were at least
50 m below present-day sea levels. As terrestrial glaciers waxed and waned, lobes of ice
intermitently reached the coast at several locations. A key feature of this hypothesis posits that
these glacial lobes isolated sugar kelp populations along the coast for tens of thousands of years.
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The results for populations of S. latissima in the North Atlantic Ocean are of particular
interest because these populations also experienced a Pleistocene climate history of coastal
glaciations. A close association between organellar DNA lineages (COI) and population groups,
based on microsatellite allele-frequency variability, also appeared on both sides of the North
Atlantic (Figure 4 in Luttikhuizen et al. 2018; Figure 4 in Neiva et al. 2018), indicating the
importance of historical isolations among populations in producing contemporary patterns of
diversity among populations. Hence, large values of Fst cannot be interpreted entirely in terms
of contemproary levels of gene flow. These patterns in the North Pacific and North Atlantic
oceans reflect similar responses to climate variability by populations of plants with the same
reproductive biologies and dispersal capabilities.

Synthesis

A major challenge is to explain how the patterns of haplotype variability within and among
populations arose in the Gulf of Alaska. The genealogies of COI and rbcL separately and COI-
rbcL combined are shallow with only 3 mutations at most separating haplotypes. These shallow
genealogies are characterstic of evolutionarily young populations (Grant & Bowen 1998) and
reflect a turbulent history of coastal glaciations in the late Pleistocene (Manley & Kaufman
2002). The low levels of genetic diversity may be due to the isolation of multiple small regufial
populations during glaciations, or to founder effects during post-glacial colonizations. Both
events are not mutually exclusive and both can potentially lead to the loss of genetic diversity
and a mosaic population structure.

The juxtoposition of the COI-rbcL lineages with microsatellite variability in the PCA showed
that opulations within a particular COI-rbcL lineage tended to have similar microsatellite allele
frequencies, regardless of location along the coast (Figure 3). The microsatellite allele-frequency
similarity between these populations separated by several hundred kilometers in some cases is
unlikely to be due to on-going gene flow, given the poor ability of kelp meiospores and gametes
to disperse long distances (Anderson & North 1966; Gaylord et al. 2002, 2004). Spore dispersal
generally follows a log-normal distribution, so that most spores settle within a few meters of the
parent plant (Stein et al. 1995; Gaylord et al. 2006). The chaotic geographic distributions of the
various lineages imply indepent dispersals for the lineages. Since mutation rates of organellar
gene are smaller than microsatellite mutation rates, the genetic structure imprinted in organellar
genes must predate the structure apparent in the microsatellite data. The microsatellite genetic
homogeneity among geographically separated populations around the Gulf of Alaska implies a
recent dispersal from a common ancestral population after the COI-rbcL lineages were
established.

The genetic pattern we have resolved among populations of sugar kelp is transient. Large
genetic distances from related species of Saccharina indicate that sugar kelps have existed as a
separate lineage for about 7 million years (Starko et al. 2019), yet the population structures
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revealed by mitochondrial and chloroplast DNA are shallow, implying recent origins of only tens
of thousands of years. Repeated episodes of disturbance during Pleistocene ice ages appear to
lead to the periodic extirpations of some lineages and later geographical expansions of the
surviving lineages. The temporal time framework of this turmoil appears to coincide with the
stadials and interstadials of the last glaciation, which began about 110 thousand years ago
following the last warm interglaical period 125,000 to 135,000 years ago (Rasmussen et al.
2014; Li & Bor 2019). As a result, genetic patterns among populations in the Gult of Alaska
likely differ from one glacial cycle to the next.
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Table 1 Saccharina latissima: Estimates of genetic parameters based on contatenated fragments
of mitochondrial DNA cytochrome oxidase | (COI) and ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (1359 base pairs combined) in samples from the
Gulf of Alaska and southeastern Bering Sea. Location number, sample size (N), number of
polymorphic nucleotide sites (Npory), number of haplotypes (Nn), expected number of haplotypes
under neutrality (Nen), haplotype diversity (h, SD: standard deviation), nucleotide diversity (Ox,
SD: standard deviation) and Tajima’s D (P: probability of null hypothesis of neutrality)

Location N Npoy Nu  Nen Nen h SD O (%) SD D P
1 37 3 2 1.18 1 0.054 0.051 0.012 0.019 -1.722 0.012
2 80 5 4 1.49 4 0.121 0.049 0.026 0.029 -1.423 0.046
3 30 1 2 3.48 1 0.515 0.027 0.038 0.036 1.621 0.976
4 28 0 1 1.00 0 0.0 - 0.0 - - -
5 30 1 2 3.06 0 0.460 0.061 0.034 0.034 1.280 0.919
6 31 3 4 4.06 2 0.574 0.048 0.047 0.042 -0.342 0.402
7 27 3 4 1.72 2 0.214 0.103 0.016 0.022 -1.734 0.014
8 6 0 1 1.00 0 0.0 - 0.0 - - -
9 22 2 3 1.55 1 0.178 0.106 0.013 0.020 -1.515 0.041

10 29 0 1 1.00 0 0.0 - 0.0 - - -

11 26 1 1 1.23 1 0.077 0.070 0.006 0.001 -1.156 0.139

12 23 0 1 1.00 0 0.0 - 0.0 - - -

13 31 0 1 1.00 0 0.0 = 0.0 = = =

14 46 1 2 3.12 0 0.433 0.055 0.032 0.032 1.239 0.908

Mean 31.9 1.4 2.1 1.85 0.9 0.188 = 0.016 = = =

Pooled 446 13 16 14.77 12 0.781 0.012 0.088 0.063 -0.868 0.208




Table 2 Saccharina latissima: Lower triangle: genetic distances (®st) (lower triangle) between samples from the Gulf of Alaska and
southeastern Bering Sea based on contatenated fragments of mitochondrial DNA cytochrome oxidase | (COI) and ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit (rbcL) (1359 base pairs) with the Tamura & Nei (1992) model of mutation.
Overall, ®st = 0.774 among samples. Italics 0.05 > P > 0.01; Bold P < 0.01. Upper triangle: estimates of migration per generation
(Nm) from the island model of migration.

1 - 0.090 0.075 0.024 0.143 0.170 0.050 0.038 0.045 0.024 0.022 0.026 0.023 0.092
2 0.847 = 0.174 0.143 0.535 0.936 0.187 inf 0.189 0.141 0.078 0.150 0.139 0.436
3 0.870 0.742 - 0.110 0.249 0.303 0.161 0.187 0.905 0.108 0.073 0.121 0.105 0.234
4 0954 0.778 0.819 = 0.155 0.227 374.824 0.0 0.042 inf 0.020 inf inf 1.594
5 0.778 0.483 0.668 0.763 - inf 0.241 0.484 0.242 0.152 0.083 0.170 0.147 0.490
6 0.747 0.348 0.622 0.688 0.0 = 0.324 1.107 0.335 0.223 0.115 0.250 0.215 0.659
7 0909 0.727 0.757 0.001 0.675 0.607 - 0.102 0.111 187.883 0.082 inf 6.217 2.789
8 0930 0.0 0.728 1.000 0.508 0.311 0.830 = 0.082 0.0 0.017 0.0 0.0 0.435
9 0917 0.725 0.356 0.923 0.674 0.599 0.818 0.859 - 0.041 0.033 0.047 0.039 0.245
10 0.955 0.779 0.822 0.0 0.767 0.692 0.003 1.000 0.925 = 0.020 inf inf 1.567
11 0.957 0.864 0.872 0.961 0.857 0.813 0.859 0.968 0.938 0.962 - 0.022 0.019 0.152
12 0.950 0.769 0.805 0.0 0.746 0.667 0.0 1.000 0.915 0.0 0.958 = inf 1.748
13 0.956 0.783 0.827 0.0 0.773 0.699 0.005 1.000 0.927 0.0 0.964 0.0 - 1.517
14 0.844 0.534 0.681 0.239 0.505 0.431 0.152 0.534 0.671 0.242 0.767 0.222 0.248 =
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Sample number




Table 3 Saccharina latissima: Summary statistics for 12 microsatellite loci in 13 samples from
the Gulf of Alaska. N = mean sample size over loci. Na = mean number of alleles. Ne = mean
number of alleles expected under neutrality. Nar = mean allelic richness. Ho = observed
heterozygosity. He = expected heterozygosity. Fis = inbreeding coefficient. Pri = number of
private alleles. Total estimates for pooled sample. Nar for the pooled sample was estimated with
resamples of n = 344.

Sample N Na Nar Pri Ho He Fis
1 36.5 1.67 1.52 1 0.125 0.132 0.059
85.8 6.17 4.16 16 0.445 0.460 0.033

2

3 27.6 2.50 3.39 0 0.346 0.347 0.003
4 31.8 3.58 3.41 4 0.419 0.400 -0.050
5 30.1 4.42 3.96 2 0.368 0.376 0.096
7 23.3 3.75 3.67 0 0.365 0.467 0.031
8 204 4.00 3.82 3 0.458 0.358 0.019
9 16.7 4.17 4.01 4 0.272  0.265 0.245
10 25.7 2.58 2.33 2 0.261  0.405 0.017
11 313 2.83 2.75 4 0.425 0.356 -0.052
12 27.0 4.50 4.10 8 0.399 0.436 0.085
13 26.2 3.25 3.00 2 0.342 0.355 0.038
14 37.7 3.25 2.94 2 0.298 0.321 0.071

3.

7 0348 0.360 0.044
0.357 0.558 0.039

Mean 32.3 3.59 3.31
Pooled 4199 10.67 123.57

S
o]
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Table 4 Organellar DNA (mitochondrial & chloroplast) variability in populations of Saccharina
latissima and S. japonica

Region No. No. h On Fst
Pops haplotypes (range) (range) (range) Reference

S. latissima

NE Pacific 14 14 0.781 0.0009 0.774 This study
0.0-0.574 0.0-0.005 0.0-1.0

NE Atlantic 7 7 - - 0.318 Luttikhuizen et al. 2018
0.0-0.325 0.0—-0.0005 0.0-1.000

S. japonica

Japan 11 35 0.725 0.0008 - Zhang et al. 2015

0.177-0.762 0.0001-0.0016

Russia 11 25 0.585 0.0004 — Zhang et al. 2015
0.0-0.600 0.0-0.0006

Korea 1 5 0.033 0.0003 - Zhang et al. 2015

China 3 4 0.553 0.0005 = Zhang et al. 2015
0.0-0.722 0.0-0.0007

Table 5 Microsatellite variability in Saccharina latissima and S. japonica. Values of Ho, Fis
and Fst are based on a pooled sample and represent overall values. The range of values, when
available, is given below.

Ho Fis Fst
Region No. pops  No. loci (range) (range) (range) Reference
Saccharina latissima
NE Pacific 13 12 0.357 0.377 0.360 This study
0.125-0.458 -0.052-0.246 0.010-0.648
2 12 0.312-0.326 0.040-0.140 - Nieva et al. 2018
NW Atlantic 6 10 0.298 0.035 0.016 Breton et al. 2017
0.016-0.665 -0.072-0.220 0.0-0.032
14 12 0.146-0.466  -0.050-0.519 - Nieva et al. 2018
NE Atlantic 7 10 0.407 0.324 0.268 Luttikhuizen et al. 2018
0.036-0.387 -0.010-0.173 0.050-0.469
7 12 0.296-0.583 -0.047-0.146 Nieva et al. 2018
6 25 0.204-0.330 — 0.077-0.562  Guzinski et al. 2016
Saccharina japonica
NW Pacific 15 11 — — 0.0-0.762 Shan et al. 2017
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Figure 1 Haplotype networks and haplotype frequency distributions among samples of Saccharina
latissima. (a, b) Cytochrome oxidase | (COI) (624 base pairs). (c, d) ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (735 base pairs). (e, f) concatenated COI and rbcL sequences
(1359 base pairs).
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Figure 2 Saccharina latissima: Isolation by distance among populations in the NE Pacific with
geographic distance transformed onto a log scale. (a) Concatenated sequences of COI and rbcL:
Mantel’s test of difference matrices of ®@st/(1 - ®st) and geographical distance, r =0.151, P =
0.132. (b) Microsatellite DNA: Mantel’s test of difference matrices of Fst/(1 — Fst) between
samples and geographical distance, r =0.410, P = 0.001.
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Figure 3 Principal components analysis (PCA) of microsatellite DNA (12 loci) alleles
frequencies. (a) Total PCA of samples from 13 localities in the Gulf of Alaska. (b—g) PCAs of
Plants carrying particular COI-rbcL haplotypes as in Figure 2: (b) Lineage A (red); (c) Lineage
C (yellow); (d) Lineage B1 (dark blue); (e) Lineages D1 (green) & D2 (dark green); (f) Lineage
B2 (light blue); (g) Lineage E (pink).
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Supplemental information: Grant, Grauvogel, Chenoweth & Cheng. Isolations in northern ice-
age refugia shaped phylogeography of Sugar kelp Saccharina latissima in the Gulf of Alaska

Sample collection

Table S1 Saccharina latissima: Locations and collection dates of samples of sugar kelp from
the Gulf of Alaska and southeastern Bering Sea

Sample Location in Alaska N Latitude W Longitude Date
1 Nateen Bay, Unalaska 53.883 166.634 June 2018
2 Port Moller, Alaska Peninsula 55.989 135.278 June 2018
3 Kuiuk Bay, Alaska Peninsula 56.179 158.520 May 2016
4 Malina Bay, Kodiak Island 58.176 152.995 June 2018
5 Homer Spit, Kachemak Bay 59.604 151.418 June 2016
6 Humpy Creek, Kachemak Bay 59.668 151.135 June 2016
7 Lowell Point, Resurrection Bay 60.032 149.437 June 2016
8 Whittier, Prince William Sound 60.787 148.634 July 2016
9 Cordova, Prince William Sound 60.545 145.768 July 2016
10 Boat Harbor, Yakutat 59,563 139.743 June 2018
11 Auke Bay, Juneau 58.376 134.702 June 2018
12 Harris Island, Sitka 57.036 135.278 June 2018
13 Tokeen Bay, Scott Island 55.893 133.383 April 2017
14 Kaguk Bay, Prince of Wales Island 55.745 133.288 June 2018

Laboratory methods

Table S2 PCR thermal profiles of 12 microsatellite loci amplified in sugar kelp Saccharina

latissima

Locus Name

PCR thermal profile

SLN314; SLN510

SLN319; SLN320;
SLN34; SLN35
SLN32; SLN36

SLN511
SLN54
SLN58; SLN62

95 °C/4 min; 33 cycles of (95 °C/40 sec + 58 °C/40 sec + 72 °C/40 sec); 72 °C 20 min
95 °C/4 min; 33 cycles of (95 °C/40 sec + 56 °C/40 sec + 72 °C/40 sec); 72 °C 20 min

95 °C/4 min; 33 cycles of (95 °C/40 sec + 57 °C/40 sec + 72 °C/40 sec); 72 °C 20 min
95 °C/4 min; 35 cycles of (95 °C/40 sec + 54 °C/40 sec + 72 °C/40 sec); 72 °C 20 min
95 °C/4 min; 34 cycles of (95 °C/40 sec + 54 °C/40 sec + 72 °C/40 sec); 72 °C 20 min
95 °C/4 min; 32 cycles of (95 °C/40 sec + 54 °C/40 sec + 72 °C/40 sec); 72 °C 20 min
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Cytochrome oxidase (COI)

Fourteen locations were sampled with sample sizes ranging from 6 to 90 and averaging 33 plants
(Tables S1, S3). Ten nucleotide polymorphisms in a 624 bp fragment of the 5’ end of COI
defined 11 haplotypes, but only three haplotypes were abundant. A central abundant haplotype
(1) was connected to 9 peripheral haplotypes by one mutation (Fig. 1a). Twelve of the 14
samples were fixed or nearly fixed for the most common haplotype (1, red). The sample from
Port Moller (sample 2) was nearly fixed for a haplotype (3) that was one mutation removed from
the central haplotype, and the sample from Auke Bay (sample 11) was nearly fixed for another
haplotype (3) also one mutation removed from the central haplotype (Fig. 1b). Six of the samples
had one or two private haplotypes that were one mutation removed from haplotype 1.

Haplotype diversity (h) ranged from 0.0 in 8 samples to 0.147 in sample 7 and was 0.044 (SD
=0.024) in a pooled sample (n = 463) (Table S4). Nucleotide diversity (0-) ranged from 0.0 in
several samples to 0.0003 in sample 9, and was 0.0008 in the pooled sample. Tajima’s D was
marginally significant at three locations and in the pooled sample (D = -1.446, P = 0.040).
Generally the expected number of haplotypes under neutrality was smaller than the numbr of
observed haplotypes. Overall, the number of observed haplotypes was 11, when only 3.93 were
expected under neutrality. A total of 10 private haplotypes appeared in six of the samples.

Genetic divergence (®st) between populations ranged from 0.0 between pairs fixed for the
same haplotype to 0.972 between populations that were fixed or nearly fixed for different
haplotypes and was 0.909 overall among populations (Table S5). 90.9% of the overall diversity
was due to differences among populations and 9.1% was contained within populations as
different haplotypes among plants (Table S6).
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Table S3 Saccharina latissima: Haplotype frequencies of mitochondrial DNA cytochrome
oxidase | (624 base pair fragment) haplotypes in samples from the Gulf of Alaska and
southeastern Bering Sea

Haplotype 1 2 3 4 5 6 7 9 10 11 12 13 14 Total
1N 29 . 31 32 31 29 25 21 31 1 26 32 42 336
2B 87 . 87
3F . 30 30
4 3 ) 3
5 ) 1 1
6 1 ) 1
7 1 1
8 1
9 1

10 1

11 1

Total 30 90 31 32 31 31 27 23 31 31 26 32 42 463

Table S4 Estimates of genetic parameters for mitochondrial DNA cytochrome oxidase | (624
base-pair fragment) in samples from the Gulf of Alaska and southeastern Bering Sea. Location
number, sample size (N), number of polymorphic nucleotide sites (Npoly), number of haplotypes
(NH), expected nmber of haplotypes under neutrality (Nen), haplotype diversity (h, standard
deviation), nucleotide diversity (0z, standard deviation) and Tajima’s D (P: probability of null
hypothesis of neutrality)

Location N Nooty  Nu  Nen Nen h SD O (%) SD D P
1 30 1 2 1.21 1 0.067 0.061 0.011 0.025 -1.147 0.133
2 90 1 2 1.26 1 0.065 0.035 0.010 0.024 -0.784 0.211
3 31 0 1 1 0 0.0 = 0.0 = = =
4 32 0 1 1 0 0.0 - 0.0 - - -
5 31 0 1 1 0 0.0 = 0.0 = = =
6 31 2 3 1.42 2 0.127 0.080 0.021 0.036 -1.506 0.042
7 27 2 3 1.47 2 0.145 0.090 0.024 0.039 -1.512 0.041
8 6 0 1 1 0 0.0 - 0.0 - - -
9 23 2 3 1.53 2 0.170 0.103 0.028 0.043 -1.515 0.040

10 31 0 1 1 0 0.0 - 0.0 - - -

11 31 1 2 1.20 1 0.070 0.059 0.010 0.025 -1.145 0.134

12 26 0 1 1 0 0.0 - 0.0 - - -

13 32 0 1 1 0 0.0 = 0.0 = = =

14 42 0 1 1 0 0.0 - 0.0 - - -

Mean 33.1 0.6 1.6 1.15 0.6 0.046 = 0.007 = = =

Pooled 463 10 11 3.93 10 0.044 0.024 0.077 0.074 -1.446 0.040
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Table S5 Saccharina latissima: Genetic distances (®st; Tamura & Nei 1992) based on
mitochondrial DNA cytochrome oxidase | (624 base-pair fragment) between samples from the
Gulf of Alaska and southeastern Bering Sea. Overall ®st =0.909 samples. Bold inidicate
distance are significantly larger than 0.0 (P < 0.00001).

2 0.939

3 0.001 0.954

4 0.002 0.954 0.0

5 0.001 0.954 0.0 0.0

6 0.0 0.925 0.0 0.0 0.0

7 0.001 0.923 0.005 0.006 0.005 0.001

8 0.0 0942 0.0 0.0 0.0 0.0 0.0

9 0005 0921 0.013 0.015 0.013 0.002 0.001 0.0

10 0.001 0.954 0.0 0.0 0.0 0.0 0.005 0.0 0.013

11 0.935 0.968 0.967 0.967 0.967 0.906 0.901 0.944 0.894 0.967

12 0.0 0952 0.0 0.0 0.0 0.0 0.0 0.0 0.005 0.0 0.964

13 0.002 0.954 0.0 0.0 0.0 0.001 0.006 0.0 0.015 0.0 0.967 0.0

14 0.012 0.957 0.0 0.0 0.0 0.010 0.017 0.0 0.028 0.0 0.972 0.0 0.0
1 2 3 4 5 6 7 8 9 10 11 12 13

Sample number

Table S6 Saccharina latissima: Analysis of molecular variance (AMOVA) of mitochondrial
DNA cytochrome oxidase | (624 base-pair fragment) sequence variability among samples from
the Gulf of Alaska and southeastern Bering Sea.

Variance % of
Partition d.f. component variance P
Among populations 0.238 90.9 <0.00001
Within populations 449 0.023 9.1
Total 462 0.261 100.0
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Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL)

Sample sizes for this gene ranged from 6 to 81 and averaged 32.1 plants (Table S7). Four
polymorphic nucleotide sites in a 735 bp fragment of rbcL defined 7 haplotypes (Table S8,
Figure 1c). The four most abundant haplotypes were separated from one another by substitutions
at a single nucleotide site. Mutations between the four haplotypes involved both transitions
(haplotypes 1-3 C>T; 2-4 G—A) and transversions (1-2 C—G; 1-4 C—A; 2-3 GoT; 3-4
T<«>A). The most abundant haplotype, 1, (‘A’, red) appeared in 7 samples, was fixed in four
samples and at a high frequency in three samples (Figure 1d). This haplotype was most abundant
in the Central (samples 4 & 7) and eastern Gulf of Alaska (samples 10-14). The second most
abundant haplotype, 2, (‘B’, blue) appeared in three samples located in Port Moller (sample 2)
and Kachemak Bay (samples 5 & 6). Haplotype 3 (‘C’, yellow) appeared in samples from Dutch
Harbor (sample 1), Kachemak Bay (samples 5& 6) and Prince William Sound (sample 8).
Haplotype 4 (‘D’, green) appeared in a samples from Sand Point (sample 3) and Cordova
(sample 9).

Four rbcL haplotypes appeared overall, but samples consisted of only 1 to 2 haplotypes
(Table S8). The overall number of haplotypes expected under neutrality was 10.5. Haplotype
diversity (h) ranged from 0.0 in 6 samples to 0.515 in sample 3 and was 0.702 in the pooled
sample. Nucleotide diversity (6x) ranged from 0.0 in 6 samples and was 0.0011 in the pooled
sample. Tajima’s D was not significant in any of the sample, nor in the pooled sample (D =
0.453, P = 0.719).

Genetic divergences (®st) between populations ranged from 0.0 between populations fixed
for the same haplotype to 0.965 (Table S8). Overall, ®st =0.788 among samples (Table S9).
AMOVA indicated that 78.8% of the total variation was due to differences among populations
and 21.2% was due to differences among plants within populations (Table S10).
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Table S7 Saccharina latissima: Haplotype frequencies of ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (735 base-pair fragment) haplotypes in samples
from the Gulf of Alaska and southeastern Bering Sea

Haplotype 1 2 3 4 5 6 7 8 9 10 11 12 13 14  Total

1A . . . 28 . .27 . .29 27 23 31 32 197
2B . 78 . . 20 17 . . . . . . . . 115
3C 37 . . 4 10 15 1 6 1 . . . . 10 84
4 DY . . 16 . . . . .21 . . . . . 37
5 ‘D2’ . . 14 . . . . . . . . . . 14

6 . 2 . . . . . . . . . . . . 2

7 . 1 . . . . . . . . . . . . 1
Total 37 81 30 32 30 32 28 6 22 29 27 23 31 42 450

Table S8 Saccharina latissima: Estimates of genetic parameters for ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (735 base pairs) in samples from the Gulf of Alaska
and southeastern Bering Sea. Location number, sample size (N), number of polymorphic
nucleotide sites (Npoty), number of haplotypes (Nw), expected nmber of haplotypes under
neutrality (New), haplotype diversity (h, SD: standard deviation), nucleotide diversity (05, SD:
standard deviation) and Tajima’s D (P: probability of null hypothesis of neutrality)

Location N Npoly Nu  New Npn h SD O (%) SD D P
1 37 0 1 1.00 0 0.0 = 0.0 = = =
2 81 2 3 1.29 2 0.073 0.040 0.010 0.022 -1.310 0.051
3 30 1 2 3.49 1 0.515 0.027 0.070 0.028 1.621 0.973
4 32 1 2 1.81 0 0.226  0.088 0.031 0.041 -0.138 0.328
5 30 1 2 3.06 0 0.460 0.061 0.063 0.063 1.280 0.918
6 32 1 2 3.53 0 0.514 0.025 0.070 0.067 1.634 0.972
7 28 1 2 1.22 0 0.071 0.065 0.001 0.020 -1.151 0.134
8 6 0 1 1.00 0 0.0 - 0.0 - - -
9 22 1 2 1.26 0 0.091 0.081 0.012 0.026 -1.162 0.149

10 29 0 1 1.00 0 0.0 - 0.0 - - -

11 27 0 1 1.00 0 0.0 = 0.0 = = =

12 23 0 1 1.00 0 0.0 - 0.0 - - -

13 31 0 1 1.00 0 0.0 = 0.0 = = =

14 42 1 2 2.66 0 0.372 0.070 0.051 0.055 0.844 0.866

Mean 32.1 0.6 1.6 1.74 0.2 0.165 - 0.022 = — —

Pooled 450 4 7 10.50 3 0.702 0.013 0.105 0.085 0.453 0.719
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Table S9 Saccharina latissima: Genetic distances (®st) between samples from the Gulf of
Alaska and southeastern Bering Sea based on segence variability in ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (735 base-pair fragment) with Tamura (1992) model
of mutation. Overall, ®st = 0.788 among samples. Italics 0.05 > P > 0.01; Bold P < 0.01.

2 0.952

3 0.841 0.864

4 0.880 0.885 0.750

5 0.681 0.380 0.668 0.645

6 0.536 0.524 0.649 0.607 0.005

7 0.968 0.930 0.796 0.018 0.726 0.691

8 0.000 0.935 0.728 0.793 0.508 0.350 0.939

9 0.965 0.925 0.380 0.830 0.700 0.662 0.920 0.925

10 1.000 0.948 0.822 0.090 0.767 0.733 0.001 1.000 0.991

11 1.000 0.947 0.817 0.085 0.760 0.726 0.0 1.000 0.959 0.0

12 1.000 0.945 0.805 0.075 0.746 0.711 0.0 1.000 0.956 0.0 0.0

13 1.000 0.949 0.827 0.095 0.773 0.740 0.004 1.000 0.962 0.0 0.0 0.0

14 0.744 0.824 0.704 0.553 0.553 0.507 0.117 0.624 0.732 0.185 0.180 0.167 0.191
1 2 3 4 5 6 7 8 9 10 11 12 13

Sample number

Table S10 Saccharina latissima: Analysis of molecular variance (AMOVA) of ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit (rbcL) (735 base pairs) sequence variability
among samples from the Gulf of Alaska and southeastern Bering Sea with the Tamura (1992)

model of mutation.

Variance % of
Partition d.f. component variance P
Among populations 13 0.325 78.8 <0.00001
Within populations 436 0.087 21.2
Total 449 0.412 100.0
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Table S11 Saccharina latissima: Haplotype frequencies of contatenated fragments of

contatenated seqences of mitochondrial DNA cytochrome oxidase | (COI) and ribulose-1,5-

4-59

bisphosphate carboxylase/oxygenase large subunit (rbcL) (1359 base pairs) in samples from the
Gulf of Alaska and southeastern Bering Sea

Haplotype 1

2 3 4 5 6 7 8 9 10 11 12 13 14 Total

1A 28 . .24 . 29 1 23 31 32 168
2°C 36 . 10 13 1 6 1 . . . . 14 81
3‘Bl’ 75 . . . . . . . 75
4 ‘DY’ 16 . . . . . 20 36
5 ‘B2’ 20 16 . 36
6 ‘E’ . 25 25
7 ‘D2’ . 14 14
8 3 . 3
9 1 1
10 1
11 1
12 1 1
13 1 1
14 1
15 . 1
16 1 . . . . . . . . . . . . 1
Total 37 80 30 28 30 31 27 6 22 29 26 23 31 46 446

Table S12 Saccharina latissima: Analysis of molecular variance (AMOVA) of contatenated

fragments of mitochondrial DNA cytochrome oxidase I (COI) and ribulose-1,5-bisphosphate

carboxylase/oxygenase large subunit (rbcL) (1359 base pairs) among samples from the Gulf of

Alaska and southeastern Bering Sea with the Tamura & Nei (1992) model of mutation.

Variance % of
Partition d.f. component variance P
Among populations 13 0.446 77.4 <0.00001
Within populations 432 0.131 22.6
Total 445 0.577 100.0
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Microsatellites

Table S13 Saccharina latissima: Microsatellite DNA allele frequencies

4-60

Locus Sample
1 2 3 4 5 6 7 8 9 10 11 12 13

1 SLN32

AlleleN36 90 30 32 31 24 20 16 30 32 27 27 40
217  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.037 0.000
220  0.0000.0110.000 0.078 0.065 0.083 0.800 0.000 0.000 0.000 0.000 0.019 0.000
223 1.0000.972 1.0000.922 0.548 0.667 0.125 1.000 1.000 1.000 1.000 0.722 0.988
226  0.0000.017 0.000 0.000 0.016 0.000 0.075 0.000 0.000 0.000 0.000 0.222 0.013
229  0.000 0.000 0.000 0.000 0.355 0.250 0.000 0.000 0.000 0.000 0.000 0.000 0.000
232 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

2 SLN34

AlleleN37 83 27 31 31 24 20 14 23 31 26 27 39
171 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
186  0.0000.042 0.019 0.048 0.258 0.292 0.150 0.107 0.000 0.694 0.000 0.000 0.154
189  0.9590.2590.093 0.419 0.645 0.500 0.700 0.786 1.000 0.290 0.750 0.611 0.731
192 0.014 0.608 0.889 0.532 0.065 0.146 0.150 0.071 0.000 0.016 0.192 0.000 0.064
195  0.000 0.054 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.058 0.000 0.000
198  0.0000.018 0.000 0.000 0.016 0.063 0.000 0.000 0.000 0.000 0.000 0.000 0.000
201  0.014 0.006 0.000 0.000 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
204  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.051
207  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.352 0.000
210  0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.037 0.000
219  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.000 0.000 0.000 0.000 0.000
225  0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

3 SLN35

AlleleN31 84 4 32 20 14 21 19 23 31 26 21 18
348  0.0000.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
351  1.0000.982 1.000 1.000 1.000 0.929 0.833 0.842 1.000 1.000 0.981 1.000 1.000
354  0.000 0.006 0.000 0.000 0.000 0.071 0.143 0.079 0.000 0.000 0.019 0.000 0.000
357  0.000 0.000 0.000 0.000 0.000 0.000 0.024 0.079 0.000 0.000 0.000 0.000 0.000

4 SLN36

AlleleN38 90 30 32 31 24 20 16 29 32 31 27 40
252 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.129 0.000 0.000
265  0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
267  0.0000.061 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.063
271 0.1710.2170.367 0.000 0.048 0.000 0.075 0.000 0.017 0.000 0.081 0.333 0.050
274  0.8290.6390.1000.172 0.548 0.625 0.525 0.000 0.000 0.438 0.194 0.556 0.400
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277  0.0000.056 0.533 0.016 0.194 0.208 0.100 0.031 0.000 0.000 0.081 0.056 0.338
280  0.0000.022 0.000 0.000 0.048 0.063 0.000 0.031 0.000 0.000 0.177 0.037 0.125
283  0.0000.000 0.000 0.016 0.000 0.000 0.000 0.031 0.052 0.000 0.065 0.000 0.025
286  0.0000.0000.000 0.359 0.048 0.063 0.000 0.031 0.328 0.000 0.032 0.000 0.000
289  0.0000.0000.0000.156 0.032 0.000 0.1250.281 0.017 0.031 0.113 0.000 0.000
292  0.000 0.000 0.000 0.063 0.016 0.042 0.050 0.313 0.569 0.188 0.065 0.019 0.000
295  0.000 0.000 0.000 0.000 0.000 0.000 0.100 0.156 0.017 0.047 0.065 0.000 0.000
298  0.000 0.000 0.000 0.000 0.000 0.000 0.025 0.063 0.000 0.000 0.000 0.000 0.000
301  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.297 0.000 0.000 0.000
304  0.0000.0000.0000.031 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.000
307  0.000 0.000 0.000 0.156 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.000
310 0.000 0.0000.0000.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 SLN54

AlleleN37 80 30 32 31 24 17 15 24 32 26 25 39

302  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.115 0.000 0.000
308  0.000 0.000 0.000 0.000 0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000
314  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.313 0.000 0.000 0.000
317  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000 0.000
320 0.311 0.000 0.000 0.000 0.000 0.000 0.029 0.033 0.000 0.078 0.000 0.000 0.000
323  0.689 0.556 0.850 1.000 1.000 1.000 0.912 0.933 0.604 0.578 0.808 0.000 0.000
326  0.0000.194 0.150 0.000 0.000 0.000 0.029 0.033 0.000 0.000 0.038 0.020 0.000
328  0.0000.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
329  0.0000.050 0.000 0.000 0.000 0.000 0.000 0.000 0.396 0.000 0.038 0.960 0.974
332  0.0000.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
335 0.0000.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.020 0.026
338  0.0000.138 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
341  0.0000.0190.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
350 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
6 SLN58

AlleleN38 87 30 32 31 25 22 15 24 32 26 28 39

166  0.566 0.011 0.000 0.000 0.032 0.020 0.000 0.033 0.375 0.969 0.000 0.036 0.000
171 0.4340.649 1.000 1.000 0.968 0.980 1.000 0.933 0.625 0.031 0.904 0.964 1.000
176  0.000 0.040 0.000 0.000 0.000 0.000 0.000 0.033 0.000 0.000 0.096 0.000 0.000
181  0.000 0.293 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
186  0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7 SLN62

AlleleN38 8 30 32 31 25 23 15 24 32 26 28 39
154  0.000 0.000 0.000 0.000 0.000 0.000 0.087 0.000 0.000 0.000 0.000 0.000 0.000
166  1.000 1.0000.583 0.484 0.823 0.920 0.2390.033 0.438 0.391 0.519 0.804 0.987
172 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013
200  0.000 0.000 0.000 0.297 0.000 0.000 0.000 0.000 0.500 0.000 0.000 0.000 0.000

206

0.000 0.000 0.033 0.219 0.177 0.080 0.674 0.933 0.063 0.578 0.404 0.196 0.000
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212 0.000 0.000 0.383 0.000 0.000 0.000 0.000 0.033 0.000 0.031 0.077 0.000 0.000

8 SLN314

AlleleN37 90 30 32 31 23 19 17 30 32 26 25 40
225  0.000 0.000 0.000 0.000 0.032 0.000 0.000 0.059 0.000 0.000 0.000 0.000 0.013
228  0.0000.028 0.683 0.1250.274 0.087 0.211 0.794 0.917 0.781 0.750 0.220 0.163
231  0.0000.317 0.000 0.063 0.258 0.478 0.105 0.088 0.033 0.000 0.192 0.360 0.600
234  0.8650.5170.0000.156 0.129 0.130 0.368 0.059 0.050 0.219 0.058 0.400 0.188
237  0.1350.117 0.000 0.094 0.306 0.217 0.289 0.000 0.000 0.000 0.000 0.020 0.038
240  0.0000.0110.317 0.000 0.000 0.087 0.026 0.000 0.000 0.000 0.000 0.000 0.000
243 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
246 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
258  0.0000.0000.0000.531 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
261  0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

9 SLN319
AlleleN37 84 30 32 31 24 22 23 24 29 31 27 139
366  0.000 0.000 0.000 0.453 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.000
369 0.0000.4700.000 0.547 0.000 0.042 0.364 0.587 0.000 0.241 0.694 0.056 0.179
372  1.0000.1310.3500.000 0.065 0.083 0.545 0.000 1.000 0.759 0.113 0.926 0.821
375  0.0000.244 0.650 0.000 0.839 0.833 0.000 0.000 0.000 0.000 0.000 0.019 0.000
377 0.0000.143 0.000 0.000 0.097 0.042 0.000 0.000 0.000 0.000 0.000 0.000 0.000
380 0.0000.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
408  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.065 0.000 0.000
411 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000
414  0.000 0.000 0.000 0.000 0.000 0.000 0.068 0.370 0.000 0.000 0.000 0.000 0.000
417  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000
420  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000
428  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.000
443  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000
451  0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.000 0.000 0.000 0.000 0.000 0.000
454  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.000

10 SLN320

AlleleN37 83 30 31 31 24 21 16 24 31 25 27 40
208  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.306 0.000 0.000 0.000
214 0.000 0.000 0.000 0.000 0.000 0.000 0.119 0.000 0.021 0.000 0.000 0.000 0.000
217  0.0000.0180.3170.7900.710 0.833 0.762 1.000 0.979 0.016 0.200 0.019 0.000
220  0.0000.066 0.017 0.161 0.016 0.000 0.095 0.000 0.000 0.177 0.000 0.204 0.125
223 0.9730.1870.667 0.048 0.145 0.104 0.024 0.000 0.000 0.419 0.380 0.741 0.625
226 0.027 0.602 0.000 0.000 0.081 0.063 0.000 0.000 0.000 0.081 0.420 0.037 0.250
229  0.0000.108 0.000 0.000 0.048 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
232 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
235  0.0000.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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11 SLN510

AlleleN37 91 30 32 31 25 19 17 30 32 28 26 40
202  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.000 0.000
216  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.000 0.000
237  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.583 0.000 0.000 0.000 0.000
242 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.013
247  0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.096 0.050
252 0.0000.044 0.000 0.031 0.097 0.040 0.000 0.000 0.000 0.000 0.036 0.000 0.000
257  1.0000.643 0.567 0.766 0.774 0.820 0.079 0.000 0.017 0.000 0.661 0.712 0.413
262  0.0000.1150.0000.109 0.065 0.100 0.368 0.324 0.317 0.438 0.179 0.058 0.338
267 0.0000.016 0.133 0.047 0.000 0.000 0.000 0.176 0.083 0.563 0.018 0.135 0.188
272 0.0000.1320.017 0.000 0.000 0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000
277  0.0000.022 0.283 0.000 0.048 0.040 0.526 0.235 0.000 0.000 0.000 0.000 0.000
282  0.0000.016 0.000 0.000 0.016 0.000 0.026 0.176 0.000 0.000 0.000 0.000 0.000
287  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.059 0.000 0.000 0.000 0.000 0.000
292  0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
297  0.000 0.000 0.000 0.047 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

12 SLN511

AlleleN35 81 30 32 31 24 21 17 23 29 26 26 39
370  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000
375 0.0000.012 0.000 0.000 0.016 0.104 0.000 0.000 0.000 0.000 0.019 0.000 0.000
380  0.0000.0370.000 0.000 0.097 0.063 0.000 0.000 0.000 0.000 0.000 0.000 0.000
385  0.0000.4320.0000.188 0.016 0.021 0.000 0.000 0.022 0.000 0.288 0.000 0.000
390 0.0000.228 0.000 0.000 0.226 0.333 0.000 0.029 0.826 0.362 0.442 0.000 0.013
395  0.0000.037 0.000 0.000 0.000 0.000 0.000 0.029 0.109 0.000 0.058 0.058 0.090
400  0.0000.019 0.000 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.000
405  0.000 0.000 0.0000.031 0.000 0.083 0.167 0.176 0.000 0.121 0.135 0.000 0.026
410 1.0000.068 0.117 0.438 0.065 0.042 0.024 0.471 0.022 0.466 0.038 0.596 0.705
415 0.0000.1050.4170.094 0.113 0.042 0.143 0.176 0.000 0.052 0.000 0.308 0.090
420 0.0000.0370.0170.031 0.081 0.063 0.262 0.029 0.000 0.000 0.000 0.000 0.000
425 0.0000.0120.417 0.203 0.258 0.146 0.310 0.059 0.000 0.000 0.000 0.038 0.000
430 0.0000.012 0.033 0.000 0.097 0.104 0.024 0.029 0.000 0.000 0.000 0.000 0.077
435  0.000 0.000 0.000 0.000 0.016 0.000 0.071 0.000 0.000 0.000 0.000 0.000 0.000
440  0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table S14 Saccharina latissima: Summary statistics of variability at 12 microsatellite loci
pooled over 13 samples. Number of alleles (Na), allelic richness (Nar) based on resampling 28
genes, observed heterozygosity (Ho), expected heterozygosity assume Hardy-Weinberg
proportions (He), population inbreeding coefficient (Fis), differentiation among populations
(Fst) and probability Fst is greater than 0.0. Totals obtained by bootstraping over loci.

Locus Na Nar Ho He Fis Fst

SLN32 6 3.06 0126 0.222 0.068 0.413
SLN34 12 445 0.378 0615 0.105 0.335
SLN35 4 1.00' 0.032 0.054 0.372 0.067
SLN36 17 8.52 0.602 0.769 0.034 0.205
SLN54 14 520 0.296 0.544 0.005 0.477
SLNS8 5 320 0.184 0.378 0.095 0.487
SLN62 6 356 0.296 0.442 -0.086 0.418
SLN314 10 548 0479 0.756 0.055  0.328
SLN319 15 526 0.322 0.711 0.035 0.468
SLN3200 9 515 0379 0.726 0.012  0.440
SLN510 15 6.50 0.484 0.663 0.088 0.284
SLN511 15 939  0.589 0.831 0.051 0.271
Mean 10.7 506 0.347 0.559 0.070 0.349

1Base on resampling of 8 genes

Table S15 Saccharina latissima: Microsatellite DNA divergences between populations. Lower
triangle: genetic distances (Fst) between populations in the Gulf of Alaska based on 12
microsatellite loci. All values of Fst were significantly larger than 0.0 (P < 0.001), except the
value between samples 5 and 6 (P = 0.0536). Upper triangle: estimates of pairwise migration
(Nm) per generation based on the island model of migration.

1 - 0.442 0.190 0229. 0.257 0220. 0.199 0.139 0.136 0.262 0.269 0.399 0.326
2 0.362 = 0.673 0.791 0856 0.913 0497 0.389 0.329 0.438 1.140 0.610 0.621
3 0569 0.271 - 0.581 0.698 0.607 0.417 0.369 0.261 0.335 0.658 0.386 0.348
4 0522 0.240 0.301 = 0.844 0.808 0.647 0.700 0.340 0.348 0.997 0.383 0.362
5 0493 0.226 0.264 0.229 - 25.564 0.743 0.493 0.348 0.360 0.871 0.440 0.400
6 0532 0.215 0.292 0.236 0.010 = 0.637 0.418 0.309 0.324 0.761 0.398 0.383
7 0557 0335 0375 0.279 0.252 0.282 - 0.775 0.359 0.401 0.647 0.393 0.334
8 0.642 0.391 0.404 0.263 0.336 0374 0.244 = 0.396 0.419 0.871 0.276 0.271
9 0.648 0.432 0490 0424 0.418 0.447 0411 0.387 - 0.380 0.472 0.278 0.282
10 0.489 0.363 0.427 0418 0435 0.435 0.384 0.374 0.400 = 0.528 0.371 0.356
11 0482 0.180 0.275 0.200 0.223 0.247 0.279 0.223 0.346 0.321 - 0.515 0.517
12 0385 0.291 0.393 0.395 0362 0.38 0.389 0.475 0.474 0.402 0.327 = 2.326
13 0434 0.287 0418 0.408 0385 0.395 0.480 0.470 0.470 0.413 0.326 0.097 -
1 2 3 4 5 6 7 8 9 10 11 12 13

Sample number




NPRB Final Report: Project 1618: Sugar kelp phylogeography

4-65

Table S16 Saccharina latissima: Analysis of molecular variance (AMOVA) of microsatellite
allele-frequency variability among samples using Fst. Overall, Fst = 0.360 (P < 0.0001)

Variance % of
Partition d.f. component variance
Among populations 12 1.256 36 <0.00001
Among plants within populations 448 0.079 2
Within plants 461 2.149 62
Total 921 3.483 100

Table S17 Saccharina latissima: Genetic distances (Rst) between populations in the Gulf of
Alaska based on 12 microsatellite loci (lower triangle) and probability that Rst is significantly
greater than 0.0 (upper triangle)

1 - 0.001 0.001 0.001 0.001 0.001 0.0010 0.001 0.001 0.001 0.001 0.001 0.001
2 0423 = 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
3 0.449 0.568 - 0.001 0.001 0.001 0.008 0.001 0.001 0.001 0.001 0.001 0.001
4 0.491 0.548 0.276 = 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
5 0121 0325 0.162 0.270 - 0.026 0.001 0.001 0.001 0.001 0.001 0.002 0.001
6 0.196 0.192 0.316 0.310 0.041 = 0.001 0.001 0.001 0.001 0.001 0.001 0.001
7 0566 0.638 0.062 0.241 0.271 0.387 - 0.001 0.001 0.001 0.001 0.001 0.001
8 0.781 0.759 0.407 0.429 0.524 0.589 0.231 = 0.001 0.001 0.001 0.001 0.001
9 0.700 0.558 0.527 0.371 0.409 0.388 0.513 0.555 - 0.001 0.001 0.001 0.001
10 0.585 0.565 0.274 0.221 0.290 0.335 0.204 0.296 0.285 = 0.001 0.001 0.001
11 0.388 0.318 0.296 0.284 0.198 0.167 0.314 0.372 0.112 0.167 - 0.001 0.001
12 0.297 0.385 0.196 0.341 0.084 0.178 0.344 0.606 0.513 0.405 0.265 = 0.001
13 0.337 0371 0407 0483 0.136 0.207 0.526 0.747 0.662 0.555 0.392 0.181 -
1 2 3 4 5 6 7 8 9 10 11 12 13

Sample number
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Table S18 Saccharina latissima: Analysis of molecular variance (AMOVA) of microsatellite
allele-frequency variability among samples using Rst. Overall, Rst = 0.411 (P < 0.001).

Variance % of
Partition d.f. component variance P
Among populations 12 386.479 41 <0.00001
Among plants within populations 448 617.308 7
Within plants 461 491.634 52
Total 921 940.950 100

Table S19 Saccharina latissima: Log likelihood assignments individuals to populations.
Assignments are from populations on the X-axis to populations on the Y-axis. Assignments back
to orginal populations are in the diagonal.

1 8 1 - - - - - 1 1 - 2 - -
2 - 8 - - - - - - - - - - -
3 - - 3 - - - 2 - - - - - -
4 SEEEZE - - - - - - -
5 - - - 20 8 - - - - - - -
6 - L= =~ i = = = = = = =
7 - - - - - - 22 - = = = = -
9 - - - - - - 1 24 - - - - -
10 - - - - - - - - 30 - - = -
11 - - - - - - - - - 3 - - -
12 - - - - - - - - - - 29 - =
13 = T e
14 - - - - - - - - - - - 3 139

Sample number
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(@) (b)

Figure S1 Photographs of Saccharina latissima. (a) entire plant 1.3 m in length representing
growth in one season. (b) plants at low tide.
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ABSTRACT

Aim Surveys of mitochondrial DNA sequence variability have provided insights into the
transarctic dispersal and colonization histories of species inhabiting the North Pacific and North
Atlantic oceans. Here, we explore contradictory phylogeographic models of dispersals of sugar
kelp (Saccharina latissima) across the Arctic Ocean that were based on parsimonious
reconstructions of a mitochondrial cytochrome oxidase | genealogy.

Location North Pacific, Arctic, North Atlantic oceans

Methods A total of 857 cytochrome oxidase | (COI) published sequences (586 bp) were re-
examined to test alternative hypotheses of transarctic dispersal. A total of 36 polymorphic
nucleotide sites defined 36 haplotypes in kelps from North Pacific and North Atlantic oceans that
defined three major groups segregated by geography in the Northeastern Pacific, Northwestern
Atlantic and Northeastern Atlantic oceans.

Results Results indicate that incomplete taxon sampling and use of a limited number of genetic
markers hamper tests of sugar kelp phylogeogaphic hypotheses. Moreover, molecular clock
estimates, which have wide confidence intervals, do not distinguish among oceanographic
reconstructions of the opening of Bering Strait over the last Milankovitch climate cycle. Previous
studies of northern Hemisphere populations of sugar kelp were basesd on haplotype networks
that had been pruned using parsimony, but the unpruned network of the large dataset showed two
mutation pathways, differing by one mutation, that do not definitively resolve dispersal pathways
across the Arctic.

Main conclusion The use of strict parsimony can be misleading when alternative pathways in
a geneology are similar, but have been pruned with the sheers of parsimony, or when
convergences produce spurious similarities.
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INTRODUCTION

Phylogeographic methods rest on the assumption that gene geneologies reconstructed from
mitochondrial DNA (mtDNA) track population events. Reconstructions of population history
together with paleo-climatic and paleo-ecological have can provided insights into the processes
shaping genetic diversity and ultimately species diversity. The application of Occam’s razor
through parsimony is a cornerstone of phylogeographic analysis and limits the number of ad-hoc
interpretations of the patterns in a dataset. However, various tree-generating algorthms can
generate alterative genealogies and these genealogies can be interpreted in different ways
depending on the hypothesis of interest. The use of strict parsimony can be misleading when
alternative pathways in a geneology are similar or when convergences produce spurious
similarities.

Genealogies of non-recombinant and uniparentally inherited DNA markers have been used
extensively to chart phylogeographic relationships among populations of seaweeds (Hu et al.,
2010; Guillemin et al., 2016). These studies invariably show that paleo-climatic volatility over
the Pleistocene has played an important role in shaping the genetic population structure by
influencing extinction, dispersal and colonization (Assis et al., 2004, 2016; Hoarau et al., 2007).
In the northern hemisphere, particular effort has been directed toward understanding the role the
Arctic Ocean and climate variability during the Pleistocene have played in gating dispersals
between the North Atlantic and North Pacific (Dunton, 1992; van Oppen et al., 1995; Lindstrom,
2001; Coyer et al., 2006, 2010, among many other studies). The North Atlantic and North Pacific
oceans have been perodically connected through the Bering Strait and Arctic Ocean over the past
5.5 million years throughout the Pliocene and Pleistocene Epochs (Gladenkov et al., 2002;
Marincovich et al., 2001). Inter-ocean dispersals are gated by sea level across Bering Srait and
are blocked when sea level drops at least 50 m below present-day levels to expose the sill across
Bering Strait (Fig. 1). Over the Pleistocene, the Strait has been open for only about 20% of the
time (Bintanja et al., 2005; Jouzel et al., 2007).

Related species or populations in the North Pacific and North Atlantic oceans indicate
dispersals across the Arctic time scales. Several levels of divergence are apparent, ranging from
conspecific populations (e.g. snow crabs, Vulstek et al., 2013) to sister species (e.g. herring,
Grant, 1986; cod, Grant & Stahl, 1988). Some North Pacific species appear to have dispersed
into the North Atlantic after the last glacial maximum (LGM), including Alaska pollock, Pacific
herring, Pacific cod. While sister taxa in the two northern oceans demonstrate that dispersals
have taken place, the details of the dispersals and their timings are poorly known especially for
ancient dispersals predating the LGM.

Sugar kelp, Saccharina latissima, inhabits shallow subtidal and low intertidal shores along
wave-protected shores. The greatest abundances of sugar kelp are in cold temperate waters, but
this species shows physiological tolerances that allow it to survives in Arctic waters (Dunton,
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1985). Previous studies show a close relationship between North Pacific and North Atlantic
populations, which are considered to be conspecific. Previous surveys of mtDNA variability
resolved four mtDNA lineages (Luttikhuizen et al., 2018; Neiva et al., 2018). Lineage B occurs
in European waters from France to the high Arctic in Norway. Lineage C occurs in waters along
North America from New England, through the maritime Canadian Provinces and into the
Canadian Arctic, and lineage third, A inhabits the waters of the Northeastern Pacific Ocean, but
is also found in Arctic waters. A fourth lineage D occurs in Asian waters off Japan and Russia.

Here we explore the reasons for phylogeographic contradictions between a model based on a
genealogy reconstructed with parsimonious and a model based on geographic and post-LGM
dispersal into the Arctic. We used mitochondrial DNA cytochrome oxidase C subunit I (COI)
from Grant et al. (submitted) and from Genbank to infer phylogeographic relationships between
populations of sugar kelp. Our focus was on the timings and dispersal pathways of multiple
sugar-kelp migrations across the Arctic Ocean.

METHODS

Available sequences of mtDNA COI-5P of sugar kelp from Genbank (Table S1) were combined
with sequences of populations around the Gulf of Alaska (Grant et al., in preparation).
Sequences from the NW Pacific were labeled as S. cichaera and S. cichoriodes, but appear to be
conspecific with S. latissima (Balkirev et al. 2012). The combined dataset included sequences
from the Northwestern (NW) Pacific (n = 21), Northeastern (NE) Pacific (n = 488), eastern
Arctic (n = 82), Northeastern Atlantic (n = 214). Samples were pooled into 5 groups—NW
Pacific, NE Pacific, Arctic, NW Atlantic, NE Atlantic to provide a regional depiction of deep
geneological structure without regard to the genetic population structure within a region (Fig. 2).
This can be rationalized in that each region consists of a unique haplotype lineage. A small
sample of S. japonica from the Northwestern Pacific was included as an outgroup. No plants of
S. Latissima were found offshore from Nome, Alaska (Bringloe & Saunders, 2019), even though
it is found in the Arctic (Bringloe et al., 2017). A detailed phylogeographic analysis of this
species in Asian waters can be found in Zhang et al. (2015).

Genbank sequences of ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL)
for S. latissima included sequences for plants in the ‘Boulder Patch’ in Arctic Alaska (n = 1) and
in New England (n = 4), and for S. cichorioides from Asia (n = 8) (Table S2). These sequences
were combined with those from Alaska (n = 450) (Grant et al., submitted) and were trimmed to
521 bp.

Summary statistics for the various samples were generated with ARLEQUIN 3.5.2.2 (Excoffier
& Lischer 2010), including the number of polymorphic sites and haplotypes, expected number of
haplotypes assuming a neutral model of evolution, expected genetic diversity, h, and nucleotide
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diversity, 0. The latter statistic accounts not only for haplotype frequencies in a group, but also
sequence divergences between haplotypes. Sequence divergences between the four regional
populations/lineages were estimated with ®st and the Tamura & Nei (1993) of DNA mutation
with a gamma = 0.05 in ARLEQUIN. We were forced to use the TN93 model (BIC = 17035.37)
because the best-fit model, HKY+G (BIC = 17030.78), as determined with MEGA 7, was
unavailable in ARLEQUIN.

The program Tcs was used to produce a parsimonious haplotype network that contained a
large closed loop. Closed loops are most often pruned with parsimony to eliminate ambiguities
with steps are outlined in Templeton et al. (1987). In particular, the path with a shorter
mutational distance between haplotypes is preferred over a longer path. The haplotype network
produced by the combined sequences was not complex, but contained a large closed loop. We
retained the entire network to for our analyses.

RESULTS

A total of 36 polymorphic nucleotide sites defined 36 haplotypes along a 586 base-pair fragment
of COl in 836 plants of S. latissima from the North Pacific, Arctic and North Atlantic oceans
(Fig. 3). These samples were subdivided into four regional groups to estimate haplotpe
frequencies (Table 1) and population parameters (Table 2). Haplotype diversity (h) ranged from
0.392 to 0.650 and averaged 0.533. Overall h = 0.756. Nucleotide diversity (6:%) ranged from
0.080 to 0.600, and averaged 0.302. Overall 6;% = 0.596.

The average number of nucleotide differences between haplotpes within regions ranged from
0.47 in the NE Pacific to 3.54 in the NW Pacific. After accounting for this within group
variability, the adjusted number of differences ranged from 0.90 between the NE Pacific and
Arctic to 6.06 between the NE Pacific and NW Atlantic (Table 3). The average number of
adjusted differences between the five regional sugar kelp groups and S. japonica ranged from
26.98 to 31.51. Tamura & Nei (1993) genetic distances between 5 regional groups of sugar kelp
varied from 0.279 between the NW Pacific and Arctic groups to 0.945 between the NE Pacific
and the NW Atlantic (Table 4). Values of Fst between regions ranged from 0.116 the NE Pacific
and Arctic to 0.585 between the NE Pacific and NW Atlantic. All of these distance measures
show greater amonts of differention between the NE Pacific and NW Atlantic than between the
NE Pacific and the NE Atlantic.

An important feature of the haplotype network in Figure 3 is a closed loop between lineages
A, B, and C. The central haplotype of lineage B is removed from the central haplotype of
Lineage A by five mutation traversing four unobserved haplotypes. Lineage C, on the other
hand, is removed from lineage A by six mutations along a path passing through four unobserved
haplotypes and one singleton haplotype. Five mutational steps separate the central haplotypes of
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lineages B and C. As an outgroup, the Asian kelp Saccharina japonica was included and was
removed from the central haplotype of lineage A by 28 mutational steps.

The rbcL sequences (521bp) produced four haplotypes that were present in samples from
Alaska (Fig. 4). These haplotypes were 1-2 mutations removed from one another and were
defned by transitions and transversions at a single nucleotide position. Haplotype 1 included
plants from Arctic Alaska, New England and S. cichodorioides from Asia. Sequences for S.
angustissima were one step removed from haplotype 4 and haplotypes for S. Japonica were
removed by 5-6 mutational steps from haplotype 4. This haplotype network provides no further
insights into sugar kelp phylogeography than is apparent for COI.

DISCUSSION

We used published COI sequences from several studies of sugar kelps in the NE Pacific, E
Arctic, NW Atlantic and NE Atlantic oceans to reconstruct a gene genealogy to test models of
historical dispersals and colonizations. The assembled dataset, however, did not completely
resolve sugar kelp phylogeography because of the undersampling of populations in the NW
Pacific and the western Arctic. The use of a single gene marker is also provided only one among
many possible gene genealogies in these populations. Importantly, the genealogies previously
constructed with parsimoney were inconsistent proposed models of dispersal, so that dispersal
pathways and relative timings of dispersal remained unresolved.

Several features of the composite COI haplotype network for sugar kelp (Fig. 3) bear on
understanding the phylogeographic history of the major lineages in the North Pacific and North
Atlantic oceans. Four major lineages, A, B, C, and D, correspond to those described by Nieva et
al. (2018) and Luttikhuizen et al. (2018). Lineage A was distributed among plants in the North
Pacific but also appeared in Arctic waters in samples collected from the northern coast of Alaska
and along the shores of Hudson’s Bay, Manitoba. Plants bearing A-lineage haplotypes appeared
as far east as as western Greenland. Lineage B haplotypes were distributed among plants in the
Northeastern Atlantic European waters. Lineage C was most abundant in the Northwestern
Atlantic but also appeard in samples from Hudson’s Bay. Lineage D included plants from the
Northwestern Pacific that were assigned to S. coriacea (n = 8) and S. cichoriodes (n = 12). These
two D sub-lineages were separated through the central A-lineage haplotype by six mutations.

Evolutionary histories in the Pleistocene

The genetic patterns in the mtDNA COI of sugar kelp were imprinted by events that occurred on
different time scales. On ‘contemporary’ time scales low-frequency variants have likely appeared
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since the edge of the last glacier receded from the coast 11-13 thousand years ago and sea level
reached present-day levels about 10 thousand years ago (Miller et al. 2005). All of the mutations
producing the low-frequency haplotypes anchored to the abundant central haplotype likely
occurred in the past 10 thousand years. Two populations were nearly fixed for alternative
haplotypes (3 & 6) (Grant et al., in preparation) indicating founder effect by colonizations of
plants with mutant haplotypes. Sugar kelp in the NE Pacific showed an overall significant
departure from neutality (D = -1.55, P = 0.024) and low levels of nucleotide diversity (0x =
0.0008) relative to other regions. Together, these results reflect post-glacial population
expansions as colonists followed the retreat of the ice.

Similar histories of coastal glaciation also influenced populations of sugar kelp in the North
Atlantic. The coastlines of both the Northwestern Atlantic Ocean were covered in ice and were
largely unavailable to sugar kelp until 11-12 thousand years ago. The star like genealogies also
appear around the central haplotypes of C lineage in the Northwestern Atlantic and can also be
interpreted to indicate an expanding post-glacial population. The regional population shows a
small value of nucleotide diversity (6. = 0.0009) reflecting the presence of only new mutations
and a significant departure from neutality (D =-2.194, P = 0.001).

The genetic imprints on the B lineage in the Northeastern Atlantic populations are different
in some respects. As in the two other regions, some populaitons are fixed for haplotypes that are
only one or two mutational steps from an abundant central haplotype. Haplotypes at three
locations in France (haplotype 5), the Netherlands (8) and Norway (7) are fixed, or nearly fixed,
for locally distinctive haplotypes. However, nucleotide diversity is moderately large (0x =
0.0016) and no departure from neutrality was detected (D =-0.637, P = 0.308). These
populations may have retreated to southern refuges during glaciations without suffering large
losses of genetic diversity and moved northward after glaciers retreated a few thousands years
ago.

Alternatively, the diversities and distributions of sugar kelp haplotypes in the North Atlantic
and North Pacific may reflect survivals in northern refugia. Northern refugia above the southern
limit of coastal glaciation have been suggested for coastal organisms, including the Hurd Deep
off in the western English Channel, link the Northeastern Atlantic, Iceland in the central North
Atlantic, locations along Canadian maritimes in the Northwestern Atlantic, and coastal island
around the Gulf of Alaska. While the conjecture of ice-age northern refugia may have been
prompted by paleoenvironmental evidence, the identification of refugial locations of particular
taxa is not always certain (Dahlgren et al., 2000; Wares & Cunningham, 2001; Young et al.,
2002; Shaw et al., 2006; Ingdélfsson, 2009; Maggs et al., 2008; Kelly et al., 2009; Canino et al.,
2010; Olsen et al., 2010).
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Timings of dispersals

In addition to the geographical connectivity, a haplotype network contains a temporal
component. However, precise estimates of dispersals are difficult to extract from a molecular
genalogy for several reasons. A genealogy based on a single locus is affected by evolutionary
variance and by finite sample sizes of individuals and genes, so that it is difficult to distinguish
between most competing hypotheses. Nevertheless, the timings of trans-Arctic dispersals can be
constrained by paleo-oceanographic evidence of global sea levels and the submergence of the
Bering Strait sill (Fig. 1). Dispersals were possible not only during the major warm interglacials
periods about every 100 ky at Marine Isotope Stages (MIS) 5e (maximum 123 kya), MIS 7e (230
kya), MIS 8 (330 kya), MIS 9 (410 kya) and so on for about the past 800 ky (Milankovitch
cycles), but also during interstadials at MIS 5e (82 kya), 5¢ (96 kya), 7a (190 kya) and 7c¢ (210
kya) (Lisiecki & Raymo 2005). Most recently, dispersals across the Arctic Ocean were possible
after 10 kya (PALE Beringian Work Group, 1999). Seasonally ice-free periods in some regions
occurred from 6-10 kya ago when solar insolation in the Arctic was strongest (Polyak et al.,
2010; Miller et al., 2012). Perennial sea-ice cover did not fully develop until about 5000 years
ago (Darby et al., 2006). Opportunities for dispersal since the last glaical maximum have been
driven by Arctic warming during Dansgaard-Oeschger events (Li & Bor 2019).

It is tempting to use genetic distances between North Pacific and North Atlantic lineages and
a molecular-clock calibration to assign dispersals to a particular period. However, point estimates
of genetic distance have large confidence intervals that include several opportunities for
dispersal. The largest source of error for molecular clock estimates are mutation rates used to
calibration a molecular clock. Several studies show that the use of phylogenetic calibrations
greater than about one million years tend to greatly underestimate mutation rates (Ho et al.,
2005). This source of molecular-clock calibration error is especially important for estimating
population-level events. Errors in temporal estimates also arise from the use of a finite numbers
of genetic markers and individuals to estimate genetic distance, and from evolutionary
randomness shaping a particular gene genealogy (Karl et al., 2012). Another source of error
comes from the mismatch between the reproductive biology of kelps and assumptions of
software algorthims producing temporal estimates (Grant et al., 2016).

Transarctic Dispersals

The geography of the four COI lineages prompts four biogeogaphical models to explain the
geographical distributions of and levels of divergence between the three COI lineages. In the
first, dispersal from and ancestral European population (lineage B) to the the Northwestern
Atlantic and to the North Pacific led to a circumpolar distribution (McDevit & Saunders, 2010).
Northern hemisphere cooling shifted the distributions of the three lineages to the south, and the
lineages diverged genetically from one another in isolation. Luttikhuizen et al. (2018) concluded
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that the relationships among the lineages depicted in their edited haplotype network corroborated
historical dispersals from Europe to North America.

Recent dispersals into the Arctic from North Pacific and Northwestern Atlantic populations
have resulted in hybridizations, as indicated by nuclear ITS genotypes (McDevit & Saunders,
2010). Because of the lack of recombination in organellar DNA, COI haplotypes have remained
distinct revealing the lineage of origin in areas of overlap in the Arctic. Hybrid individuals have
been detected as far as Newfoundland, and plants with North Pacific A-lineage COI haplotypes
have been detected as far as Baffin Island and the west Coast of Greenland (Neiva et al., 2018).
These hybridizations between genetically distinctive populations may lead to populatons that are
more fit in postglacial habitats than are parental types and may create evolutionary novelty
(Riginos & Cunningham, 2007).

In a second scenario, populations intially dispersed in the other direction from the North
Pacific through Bering Strait into the Northeastern Atlantic. This scenario was inferred from the
COl haplotype networks in Luttikhuizen et al. (2018) and Neiva et al. (2018). In both networks,
lineage B in the NE Atlantic lies between lineages A in the N Pacific and C in the NW Atlantic.
Hence, C show a closer affinity to B than to A even though post-LGM gene flow is occurring
between A and C. In our unedited network both B and C show essentially the same amount of
divergence from A. Luttikhuizen et al. (2018) postulated two separate dispersals from the Pacific
through the Arctic into the North Atlantic, an earlier one into European waters and a later one
into the Northwestern Atlantic. However, the topology of their haplotype networks does not
support this conclusion. Instead, the network implies that C-lineage populations in the
Northwestern Atlantic arose from dispersal of colonists from the Northeastern Atlantic.

An alternative scenario postulates dispersal from the North Pacific into the Northwestern
Atlantic and subsequent, but almost simultaneous dispersal and colonization of Europe from the
Northwestern Atlantic. In this model, a sufficient amount of time has elapsed to produce
reciprocal monophyly between C and B by lineage sorting. The lack of shared haplotypes
between the two groups argues for an ancient dispersal and divergence, but limits inferences
about dispersal pathways. Shared haplotypes between North Pacific, Arctic and NW Atlantic
populations reveals post-glacial dispersals from the North Pacific. These contemporary
dispersals confirm the feasibility of historical dispersals through the Canadian Arctic.

A fourth scenario invokes two dispersal routes through Arctic waters: one through the
Canadian Arctic into the NW Atlantic, as above, and another along western Arctic shores to the
NE Atlantic. A second dispersal route through the western Arctic is supported by the ‘near’
parsimonious connection between the A and B lineages. A western Arctic dispersal route was
discounted by Luttikhuizen et al. (2018), who conjectured that the freshwater discharges of
rivers along the Siberian coast acted as a barrier to dispersal. However, the large discharges of
the Kuskokwim and Yukon rivers into the Bering Sea and the Mckensie River into the Arctic
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Ocean have not prevented post-LGM dispersals across the eastern Arctic. Kelp beds have been
observed off the Siberian coast, but have not yet been sampled for genetic analyses (Filbee-
Dexter et al., 2019). While rocky substrates are not typical of western Arctic shores, even
occasional hard substrates can act as dispersal stepping stones (Dunton, 1992). This fourth
scenario cannot presently be tested because of the lack of samples from the Russian Arctic.
Unsampled diversity can lead to erroneous conclusions (Joly et al., 2007). In this model of
separate dispersals, the similarity between the B and C lineages can be explained by convergence
and does not imply historical connectivity.

None of these biogeographic models is fully supported by the haplotype networks appearing
in Luttikhuizen et al. (2018) and Neiva et al. (2018), and the relationships among lineages in the
network in Figure 2 are ambigous and also cannot distinguish among the four models.
Nevertheless, we can safely postulate 1) pre-LGM dispersals and isolations of the three lineages
from one another, 2) post-glacial population expansions into previously glaciated shorelines
inferred from genetic signatures and from paleoclimate histories of the northern oceans The
resolution of historical dispersals and colonizations of sugar kelp can be improved by including
additoinal genetic markers and by sampling under- or un-sampled areas in the Northwestern
Pacific and Russian Arctic.

Strict parsimony can be misleading

Parsimony is used to produce networks and minimal-spanning trees to show mutational
relationships among haplotypes. However, we show here that strict parsimony leads to erroneous
conclusions about dispersals of sugar kelp from the Pacific Ocean into the North Alantic Ocean.
The haplotype network for the combined dataset contrasts with the networks in Luttikhuizen et
al. (2018) and Neiva et al. (2018), who edited out the least parsimonious connections between
the A lineage in the North Pacific and the two Atlantic lineages, B in the Northeastern Atlantic
and C in the Northwestern Atlantic (Fig. 5). In our analysis the difference between these two
links was only one mutation, a small difference that could have arisen by sampling error or by
random mutational and population events that shaped the network. This small edit of the
network, however, leads to different phylogeographic models that imply different origins,
dispersal routes and colonizations of lineages B and C. Haplotype networks are important tools
for constructing hypotheses of historical biogeography and how to edit, often complex, haplotype
networks is a universal problem among phylogeographers (Templeton et al., 1987; Cassens et
al., 2005). Mis-interpretations of a haplotype network can arise with the use of software that
automatically produces an edited version of a network (e.g. Teacher & Griffiths, 2011).
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CONCLUSIONS

Three important points arise from this study. The first is that incomplete taxon sampling and the
use of a limited number of genetic markers hamper tests of sugar kelp phylogeogaphic
hypotheses. While the nuclear gene ITS examined by Luttikhuizen et al. (2018) indicated that
lineage A and C plants were hybridizing, it was not informative about phylogeographic
relationships among the COI lineages. Microsatellite data are valuable for resolving
contemporary population structure, but because of a large mutation rate, are not suitable for
resolving events in deep time. Genomic panels are likely needed to resolve the phylogeographic
structure of North Atlantic and North Pacific sugar kelp.

A second point is that temporal estimates of divergence have a large error associated with
them that arises chiefly from time calibrations. Luttikhuizen et al. (2018) used a phylogenetic
calibration and concluded that the star-shaped genealogies in North Atlantic populations
indicated population expansions that pre-dated the LGM. The harsh environmental conditions in
the northern seas during the LGM were clearly not conducive to population growth.

Third, this study shows that pruned haplotype networks can potentially lead to erroneous
biogeographic scenarios. Large mutational distances between haplotypes in a network lead to
unambiguous conclusions, but nearly equal distances between haplotype may not resolve some
aspects of phylogeographical history. Parsimony to trim a haplotype networks has to be used
judiciously.
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Table 1 Haplotype frequences pooled by region of cytochrome oxidaxe I in samples of sugar
kelps Saccharina latissima. The NW Pacific forms of sugar kelp, S. cicorea, and S. cichoriodes
(group 1), were also included. A small sample of the genetically well-studied populations of S.
japonica from the NW Pacific were included as an outgroup.

Group
1 2 3 4 5 6
NW NE Pacific NW NE S.
Haplotype Pacific Arctic  Atlantic  Atlantic japonica Total

359 17 . . . 376
. . . 117 . 117
87 1 . . . 88
7 63 . . 70
. . 1 33 . 34
30 . . . . 30
30 . 30
25 . 25
. . 15 15
12 . . 12
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Total 21 70 39 82 214 18 749




Table 2 Summary statistics for sugar kelp Saccharina latissima, S. coriacea, and S. cichoriodes
for the 5’ end of cytochrome oxidase | (COI) (586 base pairs), including sample size (N), number

of polymorphic nucleotide sites (Npoly), number of haplotypes (Nn), number of haplotypes

expected under neutrality (New), haplotype diversity (h) and standard deviation (SD), nucleotide
diversity (0z) given as a percentage, and Tajima’s D and the the one-sided probability that the
observed value is less than 0.0.

Group N Npoly ~ NH New  Nen h SD  6x (%) SD D P
1 21 11 3 349 3 0.552 0.066 0.600 0.354 0.512 0.937
2 488 11 12 435 10 0.424 0.024 0.080 0.077 -1.549 0.024
3 31 9 6 494 4 0.650 0.075 0.576 0.337 1.535 0.943
4 82 13 9 311 7 0.392 0.063 0.093 0.086 -2.194 0.001
5 214 8 9 754 7 0.647 0.029 0.163 0.124 -0.637 0.308

Mean 167.2 104 7.8 469 6.2 0.533 - 0.302 - -0.467 —

Pooled 537 36 36 14.62 34 0.756 0.013 0.596 0.336 -0.752 0.256
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Table 3 Average number of nucleotide differences between five groups of sugar kelp
(Saccharina latissima, Saccharina coriacea, Saccharina cichoriodes) and Saccharina japonica
(above diagonal), average number of differences within samples (diagonal), and corrected
number of differences between groups, based on the 5 end of cytochrome oxidase 1 (COIl)
sequences (586 base pairs). Group names by number appear Table 1.

354 362 498 7.16 6.29 30.96
162 047 285 6.57 592 28.65
1.50 090 343 423 576 28.86
5.12 6.06 2.24 0.55 5.51 29.65
405 521 357 476 0.96 32.15

29.03 28.26 26.98 29.21 31.51 0.32
1 2 3 4 5 6

Group number

Uk, WN -

Table 4 Tamura & Nei (1993) genetic distances based on the 5’ end of cytochrome oxidase |
(COI) sequences (586 base pairs) between regional groups of Saccharina latissima, Saccharina
coriacea, Saccharina cichoriodes, and Saccharina japonica (below diagonal). Convential Fst
(above diagonal). Group names by number appear Table 1.

- 0.545 0.395 0.556 0.384 0.564
0.729 - 0.116 0.585 0.486 0.600
0.279 0.665 - 0.400 0.352 0.496
0.850 0.945 0.641 - 0.453 0.632
0.802 0.909 0.744 0.874 - 0.453
0.974 0.994 0.961 0.993 0.991 -

1 2 3 4 5 6

Group number

Uk, WN -
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Figure 1 Global sea levels through the late Pleistocene Epoch. Dashed line shows the depth of
the Bering Strait sill relative to present-day sea level. §*20 is a proxy for temperature. Sea levels
after Miller et al. (2005) and 520 after Lisiecki and Raymo, (2005). Redrawn from Polyack et
al. (2013) Figure 6.
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Figure 2 Polar-view map of the North Pacific, Arctic and North Atlantic oceans. Dashed
elipses indicate locations of five groups of samples of Saccharina latissima, S. coriacea, and S.
cichoriodes examined in the present study. Blue enclosure indicate the extention of glacial ice
during the last glacial maximum.



NPRB Final Report: Project 1618: Sugar kelp phylogeography

1
North Pacific & Arctic

O
S. coriacea
S. cichoriodes

9
18
S. japonica
26
27T <=
Northwestern
38 = Atlantic

4-87

Figure 3 Mutatonal network of the 5’ end of cytochrome oxidase | (586 base pairs) in samples
of Saccharina latissima, S. coriacea, S. cichoriodes, and S. japonica from the North Pacific and
North Atlantic oceans. Haplotype numbers and sample sizes appear in Table 1. Closed circles
represent hypothetical, unobserved haplotypes needed to show the most parsimonious mutational

paths between haplotypes.



NPRB Final Report: Project 1618: Sugar kelp phylogeography 4-88

1

S cichorioides

S latissima
NE Pacific
Arctic Alaska

New England

<> S angustissima

S japonica

2
NE Pacific

3
NE Pacific

Figure 4 Mutatonal network of ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit rbcL
(521 base pairs) in samples of Saccharina latissima, S. cichoriodes, S. angustissima and S.
japonica from the North Pacific and North Atlantic oceans. Haplotype numbers and sample sizes
appear in Table 1. Closed circles represent hypothetical, unobserved haplotypes needed to show
the most parsimonious mutational paths between haplotypes.
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(@)

“T” S. japonica
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Figure 5 Saccharina latissima, S. cichorioides, S. japonica: Haplotype networks of cytochrome
oxidase | haplotypes. a) redrawn from Figure 1 of Neiva et al. (2018). b) redrawn from Figure 3
of Luttikhuizen et al. (2018). Closed circles represent hypothetical, unobserved haplotypes
needed to show the most parsimonious mutational paths between haplotypes. Lineage
designations, A, B, C & D, follow Neiva et al. (2018).



Supplemental information:
WS Grant and J Neiva: Parsimony can be misleading: Phylogeography of sugar kelp in the North Pacific, Arctic and North Atlantic
oceans

Supplemental Table S1 List of haplotypes of cytochrome oxidase C subunit I (COI) Genbank sequences from samples of sugar
kelp Saccharina latissima from the North Pacific, Arctic and North Atlantic oceans

Genbank Haplotype No., North

accession No.  Lineage? Location latitude Longitude Reference

Northeastern Atlantic Ocean

EU681420 5B France - - Silberfeld et al. unpublished
MF447855 15, B, (A) Grena, Denmark 56.3978 10.9206 Luttikhuzen et al. 2018
MF447856 27, B, (B) Grena, Denmark 56.3978 10.9206 Luttikhuzen et al. 2018
MF447857 8, B, (C) Marsdiep, Netherlands 53.00194 4.78722 Luttikhuzen et al. 2018
MF447858 26, B, (D) Galway, Ireland 53.2400 -9.30972 Luttikhuzen et al. 2018
MF447859 2, B, (E) Numerous European localities - - Luttikhuzen et al. 2018
MF447860 5, B, (F) Brittany, France 48.70833 -3.82306 Luttikhuzen et al. 2018
MF447861 7, B, (G) Helsem, Norway 62.25583 6.95389 Luttikhuzen et al. 2018
GU097786 2, B, SC1 Oranmore, Ireland 53.27 -8.93 McDevit & Saunders 2010
GU097750 16, B Dratturin, Denmark 61.533 6.817 McDevit & Saunders 2010
GU097751 16, B Dratturin, Denmark 61.533 6.817 McDevit & Saunders 2010
GU097752 2,B Kaldbacksbornur, Denmark 62.067 6.817 McDevit & Saunders 2010
GU097753 16, B Sinabour, Denmark 62.1 6.817 McDevit & Saunders 2010
KY572466 2,B Hakonsund, Norway 60.1762, 5.1113 Bringloe & Saunders 2019
KY572199 2,B Kleppesjoen, Norway 60.1847 5.1494 Bringloe & Saunders 2019
KY572296 2,B Kleppesjoen, Norway 60.1847 5.1494 Bringloe & Saunders 2019
KY572340 2,B Kleppesjoen, Norway 60.1847 5.1494 Bringloe & Saunders 2019
KY572385 2,B Kleppesjoen, Norway 60.1847 5.1494 Bringloe & Saunders 2019

KY572797 2,B Kleppesjoen, Norway 60.1847 5.1494 Bringloe & Saunders 2019



KY572608

KY572465

KY572514

KY572600

KY572700

KY572709

KY572759

KY572425

MF288586
GU097830
GU097829
GU097826
GU097831
MF156535
MF156536
MF156537
GU097828
GU097764
GU097766
GU097798
KY319059

GU097769
GU097773
GU097777
GU097783
GU097782
GU097784
GU097780
GU097770
GU097781
GU097778
GUO097776
GU097774

2,B
2,B
2,B
2,B
2,B
2,B
2,B
2,B

28, C, EV-3-B01
4,C
4,C
4,C
4,C
4, C, SA21
4, C, SA22
4,C,SL6

30,C

36, C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
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Bergen, Norway
Hordaland, Norway
Espegend, Norway

Stora Lauvoyna, Norway
Hellesoy, Norway
Hellesoy, Norway
Hellesoy, Norway
Hellesoy, Norway
Narragansett, Rhode Island
Narragansett, Rhode Island

Fort Wetherill, Rhode Island
Fort Wetherill, Rhode Island

NW Atlantic

NW Atlantic

NW Atlantic

Cape Neddick, Maine
Cape Neddick, Maine
Cape Neddick, Maine
Cape Neddick, Maine
Harpswell, Maine

South Portland, Maine
South Portland, Maine
South Portland, Maine
South Portland, Maine
Digby, Nova Scotia
Digby, Nova Scotia
Digby, Nova Scotia
Digby, Nova Scotia

Brier Island, Nova Scotia
Brier Island, Nova Scotia
Brier Island, Nova Scotia
Brier Island, Nova Scotia

60.2412
60.242
60.2692
60.4425
60.6627
60.6627
66.6627
60.6627
41.42255
41.42255
41.47910
41.47910,

43.16658
43.1658,
43.1658,
43.1658,
43.626
43.6256
43.6256
43.6256
44.3951
44.3951
44.3951
44.3951
44.2876
44.2876
44.2876
44.2876

5.2021
5.24
5.2212
5.0646
4.7875
4.7875
4.7875
4.7875
-71.45460
-71.45460
-71.36066
-71.36066

-70.5924
-70.5924
-70.5924
-70.5924
-70.214

-70.2138
-70.2138
-70.2138
-66.2042
-66.2042
-66.2042
-66.2042
-66.3422
-66.3422
-66.3422
-66.3422

Bringloe & Saunders 2019
Bringloe & Saunders 2019
Bringloe & Saunders 2019
Bringloe & Saunders 2019
Bringloe & Saunders 2019
Bringloe & Saunders 2019
Bringloe & Saunders 2019
Bringloe & Saunders 2019
Neiva et al. 2018

McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Augyte et al. 2018

Augyte et al. 2018

Augyte et al. 2018
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Brimley et al. unpublished
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
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GU097772
GU097771
GU097768
KY572303
KY572261
GU097801
KY572467
GU097827
GU097763
GU097823
GU097767
GU097822
GU097821
GU097799
GU097804
KY572705
EF218847
KY572442
KY572692
KY572147
KY572213
KY572241
KY572266
KY572380
KY572428
KY572507
KY572617
KY572631
KY572652
KY572788
GU097814
KY572271
GU097809

4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
31,C
4,C
4,C
4,C
4,C
4,C
4,C
5C
4,C
10,C
10,C
10,C
10,C
10,C
10,C
10,C
10,C
10,C
10,C
10,C
29,C
33,C
10,C
4,C
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Brier Island, Nova Scotia

Brier Island, Nova Scotia

Brier Island, Nova Scotia
Manone Bay, Nova Scotia

St Mararets Bay, Nova Scotia
Meadow Cove, Nova Scotia
Crow Island, Nova Scotia

Pointe Sapin, Nova Scotia
Pointe Sapin, New Brunswick
Letete, New Brunswick

Beaver Harbour, Nova Scotia
Beaver Harbour, New Brunswick
Beaver Harbour, New Brunswick
Beaver Harbour, New Brunswick
Lepreau, New Brunswick
Lepreau, New Brunswick
Lepreau, New Brunswick

Canso Causeway, New Brunswick
New Brunswick

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

B ay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Bay of Fundy, Nova Scotia

Nova Scotia

White Point, Nova Scotia

44.2876 -66.3422
44.2876 -66.3422
44.2876 -66.3422
44.508 -64.126
44.568 -64.036
45.0381 -66.8913
45.0425 -66.873
46.96 -64.83
46.96 -64.83
45.0382 -66.8912
45.0717 -66.7372
45.0563 -66.7358
45.0563 -66.7358
45.0563 -66.7358
45.0722 -66.4690
45.0722 -66.4690
45.0722 -66.4690

45.648 -61.415
47.831 -66.083
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
45.173 -64.757
44.508 -64.126

46.88226  -60.35077

McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Bringloe & Saunders 2019
Bringloe & Saunders 2019
McDevit & Saunders 2010
Bringloe & Saunders 2019
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Bringloe & Saunders unpublished
Lane et al. 2007

Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders
Bringloe & Saunders

unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished
unpublished

McDevit & Saunders 2010
Bringloe & Saunders unpublished
McDevit & Saunders 2010
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GU097811
GU097813
GU097815
GU097807
KY572766
KY572674
KY572824
MH310052
MH309409
MH309137
MH309134
MH308764
GU097824
GU097825
GU097832
GU097794
GUO097775
GU097808
GU097820
KY572765
GU097779
GUO097765
GU097764
KY572144
KY572669
KY572575
KY572356
LT546291
GU097754
GUO097755
GU097756
GU097796
GU097806

4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
4,C
35,C
4,C
36, C
4,C
4,C
4,C
1A
1, A, BIO63
37,A
1A
LA
13,C
4,C
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Escoumins, Quebec

Escoumins, Quebec

Escoumins, Quebec

Escoumins, Quebec

Escoumins, Quebec

Quebec

Quebec

Cable Head, Prince Edward Island

Naufrage-deep, Prince Edward Island
Naufrage-middle, Prince Edward Island
Naufrage-deep, Prince Edward Island
Naufrage-deep, Prince Edward Island

English Harbour, Newfoundland
English Harbour, Newfoundland
English Harbour, Newfoundland
English Harbour, Newfoundland
Grand Barrachois, Newfoundland
Eastport, Newfoundland

Bottle Cove, Newfoundland
Bonne Bay, Newfoundland
Bonne Bay, Newfoundland
Bonne Bay, Newfoundland
Bonne Bay, Newfoundland
Turnagain Island, Labrador
Evans Bight, Torngat, Labrador
Duck Islands, Torngat, Labrador
Broughton Chan, Nunavut

Cape Hatt, Baffin Island
Churchill, Manitoba

Churchill, Manitoba

Churchill, Manitoba

Churchill, Manitoba

Churchill, Manitoba

48.35062
48.35062
48.35062
48.35062
48.35062
50.2019
50.2267
46.4773
46.4744
46.4863
46.4744
46.4744
47.63192
47.6331
47.633
47.63192
47.0065,
48.65521
49.1142
49.4778
49.52826
49.68198
49.5253
56.766
59.429
60.234
67.522
73.49056
58.7678
58.7678
58.7678
58.7678
58.7678

-69.39722
-69.39722
-69.39722
-69.39722
-69.39722
-63.5578
-63.5425
-62.6295
-62.5477
-62.5469
-62.5477
-62.5477
-54.88630
-54.87
-54.87
-54.88630
-56.3598
-53.75191
-58.4136
-57.9014
-57.82495
-57.96275
-57.8256
-61.311
-63.715
-64.341
-64.062
-79.80972
-93.8897
-93.8897
-93.8897
-93.8897
-93.8897

McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Bringloe & Saunders 2018
Bringloe & Saunders 2018
Bringloe & Saunders 2018
Bringloe & Saunders unpublished
Bringloe & Saunders unpublished
Bringloe & Saunders unpublished
Bringloe & Saunders unpublished
Bringloe & Saunders unpublished
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Bringloe & Saunders unpublished
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Bringloe & Saunders unpublished
Bringloe & Saunders unpublished
Bringloe & Saunders unpublished
Bringloe & Saunders unpublished
Kipper et al. 2016

McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
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GU097810
GU097817
GU097818
GU097819
GU097802
GU097792
GU097797
GU097805
GU097785
GU097812
GU097816
GU097787
GU097788
GU097757
GU097758
GU097759
GU097760
FJ409199
GU097795
GU097761
GU097762
GU097793
GU097791
GU097790
KY683294
KY683299
KY683301
KY683304
KY683349
KY683358
KY683376
MH327958
GU097789

4,C
4,C
32,A
1A
4,C
1A
1A
13,C
4,C
3,A
1A
1A
4,C
1A
1A
1A
1A
1A
13,C
4,C
1A
1A
13,C
1A
1A
1A
1A
1A
LA
1A
LA
1A
34,A
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Churchill, Manitoba 58.7678
Churchill, Manitoba 58.7678
Churchill, Manitoba 58.7678
Churchill, Manitoba 58.7678
Churchill, Manitoba 58.7678
Churchill, Manitoba 58.7787
Churchill, Manitoba 58.7787
Churchill, Manitoba 58.7787
Churchill, Manitoba 58.78057
Churchill, Manitoba 58.78057
Churchill, Manitoba 58.78057
Churchill, Manitoba 58.78671
Churchill, Manitoba 58.78671
Fort Prince Wales, Manitoba 58.7979
Fort Prince Wales, Manitoba 58.7979
Fort Prince Wales, Manitoba 48.7979
Fort Prince Wales, Manitoba 58.7979
Churchill, Manitoba 58.8020
Churchill, Manitoba 58.8115
Churchill, Manitoba 58.81154
Churchill, Manitoba 58.8115
Churchill, Manitoba 58.8115
Churchill, Manitoba 58.8020,
Churchill, Manitoba 58.81154
Boulder Patch, Alaska 70.322
Boulder Patch, Alaska 70.322
Boulder Patch, Alaska 70.322
Boulder Patch, Alaska 70.322
Boulder Patch, Alaska 70.322
Boulder Patch, Alaska 70.322
Boulder Patch, Alaska 70.322

Boulder Patch, Alaska

Prince Rupert, BC British Columbia 54.3150

-93.8897
-93.8897
-93.8897
-93.8897
-93.8897
-94.1582
-94.1582
-94.1582
-94.27670
-94.27670
-94.27670
-94.21583
-94.21583
-94.2068
-94.2068
-94.2068
-94.2068
-94.2078
-94.2197
-94.21970
-94.2197
-94.2197
-94.2078
-94.21970
-147.579
-147.579
-147.579
147.579
147.579
147.579
147.579

-130.3208

McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2009
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Bringloe et al. 2018
Bringloe et al. 2018
Bringloe et al. 2018
Bringloe et al. 2018
Bringloe et al. 2018
Bringloe et al. 2018
Bringloe et al. 2018
Starko et al. 2018
McDevit & Saunders 2010
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FJ409200
FJ409204
FJ409203
FJ409202
FJ409201
KM675818

1A
1A
1A
1A
1A

38, B, ye-C14

Saccharina coriacea

AP011499

12, SCOR1

Saccharina cichoriodes

IN873240
IN873243
IN873246
JQ792007
1Q792008
JQ792009
JQ792010

Saccharina

japonica

JN873222
IJN873223
JN873224
IJN873225
JN873226
IN873227
JN873228
IJN873229
JN873230
IJN873231
IJN873232
JN873233

11, SHA-2
11, CHE-1
11, CHE-4
11, CIC-1
11, CIC-2
11, CIC-3
11, CIC-4

9, TYP-1
9, TYP-2
9, TYP-3
9, TYP-4
9, TYP-07

18, TYPF-1

18, TYPF-2
9, TYPF-3
9, TYPF-4
9, TYPA-1
9, TYPA-2
9, TYPA-3

Palmerston, British Columbia

Port Renfrew, British Columbia

Otter Point, British Columbia

Saxe Point, British Columbia

Saxe Point, British Columbia

‘B' lineage from Northeastern Atlantic

Japan,n=8
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Cape Dal’niy, Sea of Japan

Cape Khitrovo, Sea of Japan

Cape Khitrovo, Sea of Japan

Risovaya Bay,
Risovaya Bay,
Risovaya Bay,
Risovaya Bay,

Sea of Japan
Sea of Japan
Sea of Japan
Sea of Japan

Cape Dal’niy, Sea of Japan
Cape Dal’niy, Sea of Japan
Cape Dal’niy, Sea of Japan
Cape Dal’niy, Sea of Japan
Cape Dal’niy, Sea of Japan
Cape Dal’niy, Sea of Japan
Cape Dal’niy, Sea of Japan
Cape Dal’niy, Sea of Japan
Cape Dal’niy, Sea of Japan

Cape Khitrovo, Sea of Japan

Cape Khitrovo, Sea of Japan

Cape Khitrovo, Sea of Japan

49.84
48.362
48.423,
48.4227
48.815

41.6317
41.6317
41.6317
41.6317

-124.701
-123.805
-123.42
-123.4195
-123.61

131.1311
131.1311
131.1311
131.1311

McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
McDevit & Saunders 2010
Wang et al. unpublished

Yotsukura et al. unpublished

Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012

Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.

2012
2012
2012
2012
2012
2012
2012
2012
2012

Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012
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IN873234
JN873235
IN873236
IJN873237
IJN873238
KC491236

'Haplotype number in present study; Major lineage designation follows Nieva et al. (2018); haplotype letter by Luttikhuizen et al. (2017) in

parentheses

9, TYPA-4
9, TYPW
9, LON-1

39, LON-2
9, LON-07
9
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Cape Khitrovo, Sea of Japan
Cape Khitrovo, Sea of Japan
Cape Zolotoi, Sea of Japan
Cape Zolotoi, Sea of Japan
Cape Zolotoi, Sea of Japan
Northwestern Pacific

Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012
Balakirev et al. 2012
Zhao unpublished
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samples of Saccharina latissima, S. cichorioides, S. angustissima, and S. japonica from the North Pacific, Arctic and North Atlantic oceans.
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Genbank
accession No.

Haplotype No.

Location

S. latissima: Arctic & NW Atlantic oceans

KY683521

MF156510
MF156511
MF156512
MF156513

S. cichorioides: NW Sea of Japan

IJN873289
IJN873290
IJN873291
IJN873292
IJN873293
IN873294
IJN873295
IJN873296

1

1
1
1
1

1, SHA-1
1, SHA-2
1, SHA-3
1, SHA-4
1, CHE-1
1, CHE-2
1, CHE-3
1, CHE-4

Alaskan Arctic, ‘Boulder Patch’ n=1
Land’s End, Harpswell, Maine
Land’s End, Harpswell, Maine
Land’s End, Harpswell, Maine
Land’s End, Harpswell, Maine

Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Chernoruch’e Bay, Sea of Japan
Chernoruch’e Bay, Sea of Japan
Chernoruch’e Bay, Sea of Japan
Chernoruch’e Bay, Sea of Japan

S. angustissima: NW Atlantic Ocean

MF1565
MF1565
MF1565
MF1565
MF1565

S. japonica: NW Sea of Japan
TYP-1
TYP-2

IN873272
IN873273

Giant’s Staircase, Harpswell, Maine
Giant’s Staircase, Harpswell, Maine
Giant’s Staircase, Harpswell, Maine
Giant’s Staircase, Harpswell, Maine
Giant’s Staircase, Harpswell, Maine

Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan

North
latitude

70.322

43.7172
43.7172
43.7172
43.7172

43.7231
43.7231
43.7231
43.7231
43.7231

Longitude

-147.579
-70.0047
-70.0047
-70.0047
-70.0047

-69.9942
-69.9942
-69.9942
-69.9942
-69.9942

Reference

Bringloe et al. 2017
Augyte et al. 2018
Augyte et al. 2018
Augyte et al. 2018
Augyte et al. 2018

Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.

2012
2012
2012
2012
2012
2012
2012
2012

Augyte et al. 2018
Augyte et al. 2018
Augyte et al. 2018
Augyte et al. 2018
Augyte et al. 2018

Balakirev et al.
Balakirev et al.

2012
2012



IN873274
IN873275
IN873276
IN873277
IN873278
IJN873279
IN873280
JN873281
IN873282
IJN873283
IN873284
IJN873285
IN873286
IN873287
IJN873288

TYP-3
TYP-4
TYP-07
TYPF-1
TYPF-2
TYPF-3
TYPF-4
TYPA-1
TYPA-2
TYPA-3
TYPA-4
LON-1
LON-1
LON-1
TYPW

NPRB Final Report: Project 1618: Split-kelp phylogeography

Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Cape Dal’niy, Primorye Region, Sea of Japan
Chernoruch’e Bay, Cape Khitrovo, Sea of Japan
Chernoruch’e Bay, Cape Khitrovo, Sea of Japan
Chernoruch’e Bay, Cape Khitrovo, Sea of Japan
Chernoruch’e Bay, Cape Khitrovo, Sea of Japan
Cape Zoloto, Primorye Region, Sea of Japan
Cape Zoloto, Primorye Region, Sea of Japan
Cape Zoloto, Primorye Region, Sea of Japan
Chernoruch’e Bay, Cape Khitrovo, Sea of Japan

Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.
Balakirev et al.

2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
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Abstract

Genetic variability within and among populations arises from historical isolations that create
partitions between genealogical lineages and from contemporary processes that affect population
size and dispersal. Periodic coastal glaciations in the Northeastern (NE) Pacific Ocean through
the Pleistocene Epoch have led to the displacement or local extinctions of populations of shallow
water and littoral invertebrates and seaweeds. The present-day distributions of these species
around the Gulf of Alaska reflect population expansions from several possible refugia. In the
present study, we surveyed genetic variability in the mitochondrial DNA 5” end of cytochrome
oxidase | (COI-5P) and plastid ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit
(rbcL) in the kelp Hedophyllum nigripes and found a moderate amount of haplotype diversity
(COI-5P: h =0.652; rbcL: h = 0.578), but low levels of nucleotide diversity (COI-5P: 6, =
0.0015; rbcL: 6, = 0.0001). These diversities reflect often strong haplotype frequency differences
between populations, but shallow divergences between haplotypes. The general lack of southern
haplotypes and higher levels of genetic diversity in the Gulf of Alaska points to northern ice-age
refugia. The addition of Genbank sequences to the new COI-5P sequences shows a separation
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between Arctic-NW Atlantic populations and NE Pacific poulations of only one or two
mutations. Unexpectedly, the Arctic and NE Atlantic populations were more closely related to
southern populations in British Columbia than they were to northern populations in Alaska. The
phylogeographic pattern revealed in this study indicates a complex history of persistence in
glacial refugia, most certainly in a northern refuge in the Gulf of Alaska, but possibly also in the
eastern Arctic or North Atlantic.

Keywords Hedophyllum nigripes - Kelp - Phylogeography - Transarctic dispersal -
Mitochondrial DNA - Chloroplast DNA

Introduction

The mechanisms producing species diversity in a lineage are still poorly understood.
Reproductive isolation, whether by geographical separation, ecological divergence or
chromosomal change, is thought to be vital to the origins of new species. A first-step in
understanding mechanisms promoting species diversity is a description of pattern of genetic
divergence among populations and the relationship of this pattern to historical and contemporary
environmental variability. Dispersal pathways can be inferred by the distributions of a
genealogical lineages across a land- or seascape (Avise 2000) and dispersal timing can be
estimated by the amount of divergence between lineages in the genealogy. Population size,
metapopulation dynamics and gene flow between populations shape contemporary patterns of
genetic diversity. Large population size and population longevity promote high levels of genetic
diversity, and gene flow between populations tend to limit genetic divergence between
populations (Grant and Bowen 1998).

The shores of the Northeastern (NE) Pacific Ocean have had a turbulent history over the
Pleistocene Epoch. The edges of large continental glaciers periodically covered shorelines along
western North America and regularly subdivided, displaced or extirpated coastal populations of
invertebrates and seaweeds. Pesent-day species in these previously glaciated areas are expected
to bear genetic imprints typical of young populations by having low levels of genetic diversity
and by showing a lack of mutation-drift equilibrium. Of particular interest are the
phylogeographic origins of contemporary populations, which can be inferred by the
geographical distributions of genealogical lineages of uniparentally inherited genes. Did
populations persist during the ice ages in refugia scattered between glacial lobes or were
populations displaced to unglaciated shores to the south, to the southern edges of the Bering
Land Bridge, or to the Northwestern Pacific, which was largely unglaciated?

The identification of the biogeographical origins of Arctic populations is also of interest in
understanding the influences of dispersal and isolation on within-species diversity. The opening
and closing of Bering Strait in concert with glacially driven sea-level changes has regulated the
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dispersals of marine species into the Arctic and often into the North Atlantic Ocean. The timings
of possible dispersals across the Arctic can be inferred by well documented historical records of

global sea levels associated with Pleistocene temperature excursions in the Northern Hemisphere
(Bintanja et al. 2005; Jouzel et al. 2007).

The focus of the present study is on the shallow subtidal and low intertidal kelp,
Hedophyllum nigripes (Rosenvige) Starko, S.C. Lindstrom & Martone, that is distributed on
rocky shores with moderate to high wave action from central California to Alaska, the Aleutian
Archipelago, Bering Sea and Russia in the North Pacific (Hansen 1997; Lindeberg and
Lindstrom 2010; Klinkingberg 2018) (Figure 4.1). It also occurs in Arctic waters in Hudson’s
Bay, the Canadian Arctic and as far south as New Brunswick and the Gulf of Maine (Sears 2002;
Longtin and Saunders 2016). The wide distribution in the North Pacific, Arctic, NW and NE
Atlantic provides opportunity investigate the timing of dispersals across the Arctic into the North
Atlantic and identify potential glacial refugia. In particular, populations rising from glacial
refugia are expected to have higher levels of genetic diversity than recently colonized
populations (Hewitt 2004). We surveyed genetic variability in the mitochondrial 5* end of the
cytochrome c oxidase subunit | gene (COI-5P) and plastid ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) in samples collected from Alaskan waters to
understand population structure and added published sequences of COI-5P from Arctic and NW
Atlantic localities to test hypotheses of glacial refugia, dispersal and colonization.

Materials and methods

Samples of sporophytes were collected at numerous rocky intertidal habitats along the coast of
Alaska (Fig. 1). A 2x2 cm piece of frond near the basal meristem was damp dried then dried on
silica beads soon after collection. DNA was extracted with the NucleoSpin® 96 Plant Il
(Macherey-Nagel Inc., Bethlehem, PA) kit. A 576 bp segment of COI-5P was amplified with
PCR using the forward primer GazF2 (5 CCAACCAYAAAGATATWGGTAC 3’) and reverse
primer GazR2 (5 GGATGACCAAARAACCAAAA 3’) (Lane et al. 2007). A 735 bp segment
of rbcL was amplified with PCR using the forward primer rbcL-543F (5’
CCWAAATTAGGTCTTTCWGGWAAAAA 3°) (Bittner et al. 2008; Silberfeld et al. 2010) and
reverse primer rbcL-1381R (5 ATATCTTTCCATARRTCTAAWGC 3°) (Burrowes et al. 2003;
Silberfeld et al. 2010). The PCR cocktail consisted of a 50 pL mixture of 2.0 uL template DNA
in 1x Colorless GoTagq Flexi buffer, 2.5 mM MgClz, 0.2 mM of each dNTP, 1uM of forward and
reverse primers, and 2.5U GoTaq Flexi DNA polymerase. PCR amplifications were conducted in
ABI 9700 thermocyclers with initial denaturation at 94° C for 3 min, followed by 35
amplification cycles of 45 s at 94° C, 1 min at primer annealing temperature 50° C for COI-5P
and 52° C for rbcL, and 1 min 30 s at 72° C, and a final 5 min at 72°C. PCR amplifications were



NPRB Final Report: Project 1618: Split-kelp phylogeography 5-103

sequenced in the forward and reverse directions by Genewiz Inc. (South Plainfield, NJ) or by the
University of Arizona Genetics Core.

Forward and reverse-complement sequences were aligned and edited with MEGA 7.0.20
(Kumar et al. 2016) and chromatograms viewed with Finch TV 1.4.0 (Geospiza Inc.). Plants with
unique haplotypes were selected from each of the 96-well plates for re-extraction and re-
sequencing for quality control. ARLEQUIN 3.5.2.2 (Excoffier and Lischer 2010) was used to
estimate the number of polymorphic nucleotide sites, Npoly, the number of observed, Nu, and
expected, Nen, number of haplotypes under neutrality. ARLEQUIN was also used to estimate gene
diversity, h (standard deviation), and nucleotide diversity, 0, (Standard deviation). Divergence
between populations was estimated with F statistics (Weir & Cockerham 1984) and with ®st
with an appropriate mutation models in ARLEQUIN. Appropriate mutation models for the various
datasets were determined with MEGA 7 (Kumar et al. 2016). Departures from neutrality were
tested with Tajima’s D (Tajima 1989).

Results

This study of genetic variability in H. nigripes presents new sequences from Alaska and adds to
published sequences available in Genbank for populations in British Columbia, Manitoba and
eastern Canada. The entire dataset places Alaskan populations in a broader biogeographical
context. Both mitochondrial COI-5P and chloroplast rbcL sequences are available for Alaskan
samples, but only COI-5P sequences are available for samples from the various localities in
Canada.

Gulf of Alaska
Cytochrome oxidase I-5P (COI-5P)

We sampled at 6 sites in Alaskan waters, including 3 sequences from Genbank (Table 1). Eleven
polymorphic nucleotides sites along a 576 fragment of COI-5P defined 11 haplotypes among 57
plants (Table S2; Figure 1a). Nine haplotypes were unique to a particular site. Haplotype
diversity (h) ranged from 0.0 to 1.0 and was 0.652 (SD 0.043) overall. Nucleotide diversity (6x)
ranged from 0.0 to 0.0046 and was 0.0015 (SD = 0.0012) overall. Tajima’s test showed an
overall significant departure from neutrality overall in a pooled sample (D =-1.67, P = 0.021)
that was due to an excess of low-frequency haplotypes. A total of 6.24 haplotypes were expected,
but 11 were observed.
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Twenty additional COI-5P sequences from northern and southern British Columbia were
added to the collection of Alaskan samples (Figure 2). No sequence variability was observed
among plants from northern British Columbia (n = 15; h = 0.0; 6, = 0.0) and one variant
haplotype appeared among plants from southern British Columbia (n = 5; h = 0.400; 0, =
0.0024). In a pooled sample, haplotype (h = 0.100, SD = 0.088) and nucleotide (6 = 0.0007, SD
= 0.0009) diversities were small. A test for neutrality showed no significant departure (D = -
1.164, P =0.135) in the pooled samples from British Columbia.

Haplotype frequencies varied strongly among locations in the NE Pacific (Figure 2b).
Samples from British Columbia were nearly fixed for haplotype 3 (blue), which occurred at only
low frequencies in Alaskan waters. Haplotype 1 (red) appeared in all of the samples from the
Gulf of Alaska at various frequencies. Locations 6, 7 & 10 were fixed for this haplotype. The
plants from Cordova at the entrance to Prince William Sound was nearly fixed for haplotype 8
(yellow). Genetic distances between populations ranged from ®st = 0.0, between locations fixed
for the same haplotype, to ®st = 1.0, between locations fixed for alternative haplotypes.
Locations in British Columbia differed significantly from locations in Alaska, except between
locations 5 (western Gulf of Alaska) and 12 (southern British Columbia).

Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL)

Polymorphisms at 4 nucleotide sites in a 735 base-pair segment of rbcL defined 5 haplotypes
among 54 plants collected at 5 localities in Alaska (Tables S5, S6; Figures 12c,d). One
nucleotide site defining haplotypes 1 (red), 2 (green) and 3 (yellow) segregated for both
transitions and transversions and formed a closed loop in the haplotype network. Haplotype
diversity (h) ranged from 0.0 in three locations fixed for a single haplotype to 0.667 and was
0.578 (SD 0.047) overall. Nucleotide diversity (6x) ranged from 0.0 to 0.0009 and was 0.0001
(SD 0.0009) overall. A test for neutralilty overall was not significant (D = 0.343, P = 0.677).

Concatenated COI-5P and rbcL sequences

A total of 10 polymorphic nucleotide sites in 52 concatentated sequences (1492 bp) produced 12
haplotypes (Tables 2, 3; Figures 1e, f). Haplotype diversities (h) ranged from 0.0 in populations
that were fixed for a single haplotype to 0.402 in plants from Halibut Point that had a dominant
haplotype and 6 singleton haplotypes. Nucleotide diversity (6st) in the samples was small
ranging from 0.0 to 0.0004 and was 0.0009 overall. Tajima’s test of neutrality was not significant
(D =-1.210, P = 0.114).

Haplotype frequencies varied strongly among locations (Figure 5.2d). Samples from four
collecting sites (7—10) were fixed or nearly fixed for alternative rbcL haplotypes. Genetic
distances (®st) between samples ranged from 0.342 to 1.0 and were significant for all of the
pair-wise comparisions (Table 5.10).
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Global phylogeography of COI-5P

The addition of 25 sequences of COI-5P from 4 localities in northern and eastern Canada
provided an overview of genetic variability on a larger geographical scale. Only a single
nucleotide site was polymorphic in these sequences producing two haplotypes, one of which
occurred in a single plant (Tables S2, S3). Overall, haplotype (h = 0.08, SD = 0.072) and
nucleotide (6; = 0.0001) diversity were small. Tajima’s test for neutrality was not significant (D
=-1.158, P = 0.782).

These 25 sequences were added to the COI-5P sequences examined above. Overall, 13
polymorphic sites produced 13 haplotypes in 102 plants (Tables S2, S3; Figure 2). Haplotype
diversity (h) ranged from 0.0 in populations fixed for a single haplotype to 0.500, but was 0.746
(SD =0.026) overall. Nucleotide diversity (05) ranged from 0.0 to 0.0046 among the 12 locations
and was 0.0021 overall. Tajima’s test for neutality overall was not signficant (D =-1.380, P =
0.622). No haplotypes were shared between the NE Pacific and Arctic-eastern Canadian samples.
Hence, all pairwise genetic distances between the northern and eastern Canadian samples and all
other samples were significantly greater than 0.0 (Table 5.4).

Discussion

The results of this study provide an initial view of the phylogeography of a kelp that inhabits NE
Pacific, Arctic and NW Atlantic waters. On regional spatial scales, the analyses of COI-5P and
rbcL sequence variability shows that populations in the Gulf of Alaska are largely reproductively
isolated from one another on scales of tens to hundreds of kilometers. The addition of COI-5P
sequences from Genbank for kelps in British Columbia reveals a phylogeographic break
betweeen Southeastern Alaska and southern populations. The lack of haplotype diversity among
samples from British Columbia does not allow us to infer the nature of population structure in
these populations. The high level of genetic diversity in the Gulf of Alaska populations relative
to southen populations and the general lack of shared haplotypes between the Gulf of Alaska and
British Columbia populations indicates the existence of northern ice-age refugia. On a larger
geographical scale, populations in Arctic and eastern Canada showed reduced COI-5P variability
of haplotypes that were more closely related to populations in British Columbia than populations
in the Gulf of Alaska. The small genetic distances between Arctic and eastern Canadian
populations may indicate dispersal from the North Pacific through Bering Strait after the last
glacial maximum. However, dispersals before the Last Glacial Maximum (~21 ka) are possible
and would imply eastern Arctic or North Atlantic refugia.
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Before discussing these results in detail, we note some cautions regarding the interpretataion
of patterns. First, sample sizes at some localities were small. Despite this, the strong frequency
differences among populations in the NE Pacific are unlikely to change with the addition of more
samples. Also the conclusion of reduced variability in Arctic and eastern Canadian populations
relative to NE Pacific populations is unlikely to change with additional sampling, given the large
geographical range of these locations relative to sampled populations in the Gulf of Alaska. We
caution, however, that our conclusions are based on two genetic markers for inferences of
population structure in the NE Pacific, but only a single marker for the global comparisons. We
also expect the inclusion of nuclear genes in future studies will provide additional insights into
the biogeography of H. nigripes, such as in the extent of hybridizations between organellar gene
lineages.

Finally, we did not attempt to estimate a time of divergence between NE Pacific populations
and those in the eastern Arctic and NE Atlantic oceans. Coalescent algorithms used in such
programs as BEAST and IMa are based on the Wright-Fisher model of genealogical evolution,
which does not accurately reflect the multiple-merger coalescences found in species with type I11
larval survival and massive numbers of offspring. Kelps are capable of producing millions of
propagules, but few survive. As such, genealogical coalescences in these species are generally
short, and the use of incorrect models leads to overestimates of divergence time. In addition,
mutations rates cannot be calibrate accurately to apply to short time scales investigated here (Ho
et al. 2005).

Northeastern Pacific Ocean

The combination of COI-5P and rbcL markers show that nearly all the populations sampled are
genetically unique. Four of the populations (7—10) were fixed, or nearly fixed for one of the four
combined haplotypes lineages. Haplotypes in these lineages, however, were separated by only 1
or 2 mutational steps indicating a recent origin in these populations, or alternatively strong
metapopualtion structure with frequent local extinctions and recolonzations. Strong shifts in
abundance have been observed for populations of H. nigripes in the Bay of Fundy (Longtin &
Saunders 2016), for populations of a similar kelp, Saccharina latissima, in Europe (Moy &
Christie 2012; Christie et al. 2019), and for Macrocystis pyrifera in California (Reed et al. 2006),
shifts attributed to local biotic and abiotic variables. Variability in fecundity, in addition to
dispersal capability, is an important driver of colonization in suitable but vacated habitat patches
(Castorani et al. 2017). Little is known about the population dynamics of H. nigripes along NE
Pacific shores. From a genetics point of view, metapopulation dynamics can act synergisticaly
with fecundity and reproductive skew so that extirpated habitat patches are recolonized by
genetically homogeneous propagules arising from only a few parents, or in extreme
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circumstances from a single plant. The fixed haplotype differences between populations are
consistent with this model.

Metapopulation dynamics and reproductive biology may explain fixed differences between
populations, but local extinctions and recolonizations tend to erode genetic diversity by reducing
the overall effective sizes of populations (Gilpin 1991). The greater genetic diversity in the Gulf
of Alaska relative to neighboring southern populations in British Columbia is indicative of
northern refugia (Maggs et al. 2008). Divergences between isolated populations driven by drift
and natural selection also add to larger diversity estimates among regional populations.
Paleotemperatures recorded in marine sediments show that near-shore temperatures were not
frigid even though Alaska’s southern shores were covered by hundreds of meters of ice. Even
though the eastward flowing North Pacific drift and the transition zone were pushed farther south
from their present position along central British Columbia (Sabin & Pisias 1996), average sea
surface temperatures in the Gulf of Alaska dropped only by about 4°C during the last glacial
maximum (Moore et al. 1980) to 5-6°C, which is well within physiological tolerances of H.
nigripes.

Even if temperatures were not limiting, suitable rocky substrates are required for these plants
to attach and grow. Several coastal ice-age refugia for large mammals and terrestrial plants have
been postulated in the NE Pacific on the basis of semi-fossils and patterns of genetic variability
(Peteet & Mann 1994; Heaton et al. 1996; Byun et al. 1997; Holder et al. 1999). The existence of
these terrestrial refugia implies that some coastal areas were also free of ice. However, entirely
ice-free shorelines may not have been required for kelp refugia. The well-study kelp assemblage
on ‘boulder patch’ off Alaska’s Arctic coast can be considered a contemporary analogue of a
glacial refugial community. Kelps at this site persist on isolated boulders located on a vast
expanse of muddy bottom despite nine months of darkness under snow-covered sea ice (Dunton
1985; Wilce & Dunton 2014). Similar kelp communities have been identified across the high
Arctic (Bringloe & Saunders 2019; Kiipper et al. 2016), with kelp growing as deep as 61 m
along the coasts of Greenland (Krause-Jensen et al. 2019). The persistence of kelp communities
in the high Arctic shows that algal refugia in the Northeastern Pacific during glacial maxima do
not require ice-free shoreines, although seasonally ice-free open water would be required.

The traditionally held view suggests that shallow-water and marine species in the North
Pacific and North Atlantic oceans were displaced into southern refugia (Hewitt 1996). However,
the imprints of northern glacial refugia are convincingly demonstrated by numerous
phylogeographic studies identify patterns of genetic diversity and phylogeographic signal of
post-glacial dispersal (Maggs et al. 2008) and by ecosystem niche modeling that identify suitable
ice-age habitats (Bigg 2014; Assis et al. 2014, 2018). The chief genetic evidence for the
existence of northern refugia in the Northeastern Pacific is higher levels of genetic diversity (h =
0.652, 6, = 0.0015) relative to diversity in southern populations (h = 0.100, 6, = 0.0002). The
general lack of shared haplotypes between the Gulf of Alaska and British Columbia is also
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consistent with a northern refugium (Figure 2b). The distinctive haplotype in British Columbian
populations indicates a separate southern glacial refugium, with subsequent northward dispersal
as far as Southeastern Alaska. The lack of samples from western Alaska and the Northwestern
Pacific limits our ability to determine whether these northern refugia were located in the central
and eastern Gulf of Alaska, or along unglaciated shorelines of the Bering Land Bridge, or
additionally in the Northwestern Pacific. Ancestors of of the genetically distinctive Arctic and
Atlantic populations may have originated these areas.

Arctic and Eastern Canada

A single dominant COI-5P haplotype occured in samples from the Arctic and eastern Canada
that was one mutation removed from the dominant haplotype in samples from British Columbia.
This disjunct geographical distribution of nearest-neighbor haplotype lineages is difficult to
explain with the available data. One possibility is that the eastern Canadian haplotype is present
along the Aleutian Islands, in the Bering Sea, or in the Northwestern Pacific, indicating
migration across the Arctic following the LGM. This hypothesis is support by the low haplotype
and nucleotide diversities estimated for these Arctic-Atlantic populations (Table 1). Further
supporting this hypothesis, two haplotypes (6 & 7) from the southern lineage appeared in a small
number of plants from the western Gulf of Alaska and may indicate that the southern lineage is
common farther to the west. If true, the western Gulf of Alaska may represent the ancestral
locaion giving rise to populations in both British Columbia and the Arctic-Atlantic oceans.

Alternatively, the Arctic-Atlantic haplotype may have survived in Atlantic refugia. Simplistic
recolonization scenarios have similarly been invoked for the North Atlantic, with marine
populations hypothesized to have survived in southern European refugia (Maggs et al. 2008).
Genetic studies, however, have increasingly revealed genetic disjunctions between trans-Atlantic
marine populations (Wares and Cunninghamn 2001; Bringloe and Saunders 2018; Neiva et al.
2018), indicating glacial refugia indeed occurred in the Northwest Atlantic. Unfortunately, the
general lack of haplotype and nucleotide diversity in Arctic-Atlantic populations of H. nigripes
hampers robust assessment of potential refugial locations, particularly whether these populations
occurred in southlerly refugia or further north as inferred in Gulf of Alaska populations.
Interestingly, the only other haplotype found in Arctic-Atlantic populations of H. nigripes was
recovered in northern Labrador (location 3; Fig. 2), despite limited sampling for the area. If
additional sampling were to reveal enhanced levels of genetic diversity in Arctic populations, the
eastern Canadian Arctic could be inferred as a probable location for glacial refugia in marine
populations. Though this possibility is not yet corroborated with genetic data, northern refugia
have recently been inferred in Atlantic kelp populations based on distributional modelling during
the LGM, particularly along the southern shorelines of Greenland and Baffin Island and the
northern shorelines of Labrador (Assis et al. 2018). If H. nigripes indeed survived the LGM in
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the Arctic or Atlantic, we can infer that dispersal occurred during a warm interstadial period.
Over the last Milankovitch climate cycle, the timings of trans-Arctic dispersals are constrained
by the opening of Bering Strait at 140-115, 105-95, 85-75, 85-75 and 9.5-10.0 kyr ago when
sea levels rose above the Bering Land Bridge (PALE Beringian Working Group 1999; Grant et
al. 2012: Spratt & Lisiecki 2016). Dispersals, may also have occurred more recently in the mid
Holocene during a millennial cycle of reduced sea-ice cover and increased marine production
(Yamamoto et al. 2017).

Conclusions

Northern marine populations bear imprints of past glaciations, with long-held assumptions that
boreal and Arctic populations are depauperate extensions of southern refugia. Genetic data are
shifting the narrative by revealing population structure at odds with simplistic recolonization
scenarios. Here, we demonstrated that the kelp species Hedophyllum nigripes displays greater
genetic diversity in the Gulf of Alaska compared with southern populations. We also
demonstrated that Arctic-Atlantic populations are genetically distinct and may have survived in
locations previously thought to have been inhospitable to marine populations during glacial
maxima. The dispersal and colonization hypotheses outlined here raise exciting new prospects
for investigating northern marine biodiversity that warrant further sampling and analysis using
additional molecular markers and genomic data.
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Table 1 Summary statistics for mitochondrial DNA cytochrome oxidase | (COI-5P) (576 base
pairs). N = sample size, Npoly = number of polymorphic nucleotide sites, Ny = number of
haplotypes, Nen = expected number of haplotypes under neutrality, Ney = number of private
haplotypes, h = haplotype diversity (Standard Deviation), 6. = nucleotide diversity (Standard
Deviation), D = Tajima’s test for neutralilty (Probability)

Location N Npoy Nu  Nen New h SD B (%) SD D P
Arctic and NE Atlantic

1 7 0 1 100 O 0.0 - 0.0 - - -

2 3 0 1 100 O 0.0 = 0.0 — — —

3 5 1 2 178 1 0.400 0.237 0.069 0.088 -816 0.305

4 10 0 1 100 O 0.0 = 0.0 — — —
Mean 6.25 0.25 13 1.20 0.25 0.100 - 0.017 - - -
Pooled 25 1 2 1.24 1 0.080 0.072 0.014 0.030 -1.158 0.782
NE Pacific, Alaska

5 3 4 3 1.00 2 1.0 0.272 0.463 0.416 0.0 1.0

6 4 1 2 19 O 0.500 0.265 0.087 0.011 -0.612 0.389

7 7 0 1 100 O 0.0 - 0.0 - - -

8 9 1 2 1.52 1 0.222 0.166 0.039 0.057 -1.088 0.202

9 29 5 6 251 4 0.374 0.113 0.071 0.075 -1.868 0.009
10 5 0 1 100 O 0.0 - 0.0 - - -
Mean 9.5 1.8 25 149 1.2 0.349 — 0.110 — — -
Pooled 57 11 11 624 9 0.652 0.043 0.149 0.118 -1.673 0.021
NE Pacific, British Columbia
11 15 0 1 100 O 0.0 - 0.0 - - -
12 5 1 2 100 1 0.400 0.237 0.069 0.088 -0.817 0.311
Mean 10 05 15 1.00 0.5 0.200 - 0.035 - - -

Pooled 20 1 2 128 1 0.100 0.088 0.017 0.034 -1.164 0.135

Overall 102 13 13 9.25 10 0.746 0.026 0.211 0.150 -1.380 0.622
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Table 2 Summary statistics for concatenated sequences of cytochrome oxidase 1 (COI-5P) and
ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL) (1394 base pairs) for
populations in the Gulf of Alaska. N = sample size, Npoly = number of polymorphic nucleotide
sites, N1 = number of haplotypes, Nen = expected number of haplotypes under neutrality, Npx =
number of private haplotypes, h = haplotype diversity (Standard Deviation), 6. = nucleotide
diversity (Standard Deviation), D = Tajima’s test for neutralilty (Probability)

Location N Npoy Nu  Nen Npy h SD B (%) SD D P
1 4 2 3 3.04 1 0.833 0.222 0.072 0.071 -0.710 0.285
2 7 0 1 1.00 0 0.0 - 0.0 - - -
3 9 1 2 152 2 0.222 0.166 0.016 0.023 -1.088 0.203
4 27 7 7 263 6 0.402 0.119 0.037 0.036 -2.166 0.002
5 5 0 1 1.00 1 0.0 = 0.0 = = =

Mean 104 2.0 2.8 1.84 2.0 0.291 - 0.025 - - -

Pooled 52 10 12 846 10 0.770 0.046 0.091 0.065 -1.210 0.114
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Table 3 Haplotype frequencies of contatenated fragments of concatenated seqgences of
mitochondrial DNA cytochrome oxidase | (COI-5P) and chloroplast DNA ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit (rbcL) (1492 base pairs) for populaions in the
Gulf of Alaska

Haplotype 1 2 3 4 5 Total
1 1 . . 21 22
2 7 . 9
3 8 . 8
4 . 5 5
5 1 1
6 1 . 1
7 1 1
8 1 1
9 1 1

10 1 1

11 1 1

12 1 1

Total 4 7 9 27 5

Ul
N
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Table 4 Genetic distances (®st) between populations in the Gulf of Alaska based on
concatenated sequences of mitochondrial DNA cytochrome oxidase | (COI-5P) and ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit (rbcL) (1492 base pairs) with the Tamura
(1992) model of mutation. Italics 0.05 > P > 0.01; Bold P <0.01.

0.1513

0.7852 0.9332

0.4668 0.6805 0.7941

0.7811 1.0 0.9492 0.6803

1 2 3 4
Location

u A W N
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Figure 1 Geographical distributions of haplotypes in the NE Pacific Ocean for Hedophyllum
nigripes. (a) Haplotype network of COI-5P sequences (576 bp). (b) Frequencies of mitochondrial
COI-5P haplotypes among samples. (c) Haplotype network of chloroplast rbcL sequences (735
bp). (d) Frequencies of chloroplast rbcL. among samples. (e) Haplotype networks of concatenated
COI-5P and rbcL sequences (1492 bp). (f) Frequencies of COI-5P+rbcL haplotypes among
samples.
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(@) (b)

Figure 2 Geographical distributions of cytochrome oxidase | haplotypes (576 base pairs) for
Hediphyllum nigripes in North America



Table S1 Locations of samples, Genbank Accession numbers of cytochrome ¢ oxidase subunit | gene (COI-5P) & ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit (rbcL) sequences, with references

North West col rbcL

Group, Location latitude  longitude Genbank Genbank Source

Accession No. Accession No.
1. New Brunswick, Nova Scotia, Canada
Grand Manan, New Brunswick 44.625 66.860 GU097741 McDevit & Saunders 2009
Wallace Cove, New Brunswick 45.039 66.808 MH309295 Bringloe & Saunders, in prep.
Bay of Fundy, New Brunswick 45.072 66.469 GU097746 McDevit & Saunders 2009
Bay of Fundy, Nova Scotia 45.173 64.757 MH309610 Bringloe & Saunders, in prep
Brier Island, Nova Scotia 44,288 66.342 GU097742 McDevit & Saunders 2009
Cap St. LeMoine, Nova Scotia 44.692 65.785 GU097744, GU097747 McDevit & Saunders 2009
2. New Foundland, Quebec, Canada
Cape ray, Newfoundland 47.623 59.291 GU097749 McDevit & Saunders 2009
English Harbor, Newfoundland 47.633 54.87 GU097748 McDevit & Saunders 2009
Escoumins, Quebec 48.318 69.414 HM891053
3. Labrador, Canada
Hogg Island 59.429 63.715 MH309630 Bringloe & Saunders, in prep
Evans Bight 59.429 63.524 MH309211, MH309500 Bringloe & Saunders, in prep
Duck Islands 60.234 64.341 MH310020, MH309117, Bringloe & Saunders, in prep
4, Manitoba, Canada
NW of Eskimo Island, Churchill 58.8115 94.2197 HM891022, HM891028, McDevit & Saunders 2009

HM891045, HM981058,

GU097736, GU097737,

GU097743
Bluff A, Churchil 57.77 93.847 GU097739 McDevit & Saunders 2009
Wreck of Ithaca, Churchill 58.768 93.89 GU097745, HM891064 McDevit & Saunders 2009
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Alaska
5. Western Gulf of Alaska

6. Resurrection Bay
7. Northwest Bay, Prince William Sound
8. Cordova, Prince William Sound
9. Halibut Point, Sitka
10. Harris Island, Sitka

11. Northern British Columbia
Prince Rupert

Prince Rupert

Mazarredo Island, Haida Gwaii
North Beach, Haida Gwaii
Cowley Islands, Haida Gwaii
Kwuna Island, Haida Gwaii
Ramsey Island, Gwaii Haanas
Ramsey Island, Gwaii Haanas
Murchison Island Lagoon, Gwaii Haanas
Burnaby Island, Gwaii Haanas
Alder Island, Gwaii Haanas
Burnaby Narrows, Gwaii Haanas

12. Southern British Columbia

Point Holmes, Comox, Vancouver Island
Botany Bay, Port Renfrew

Spring Bay, Vancouver Island

60.0643
60.5147
60.5425
57.0796
57.0366

54.301
54.221
54.091
54.033
53.692
53.217
52.586
52.569
52.604
52.449
52.442
52.360

49.6903
48.53
48.456

149.4427
147.5947
145.7686
135.3769
135.2789

130.251
130.329
132.551
132.053
132.368
131.986
131.372
131.403
131.45

131.283
131.319
131.352

124.87
124.454
123.269

MH327950, MH327952,

MH327953
n=4
n=7
n=9
n=29
n=5

FJ409194, FJ409195
FJ409196, F1409196
HM890930
HQ990659
HQ990676
HQ990664
GU097734, GU097735
GU097733
GU097732
HM890938
HQ990681
GU097731

GU097738
FJ409198

MH310014, HM891339,

HM891341

n=3
n=8
n=10
n=28
n=5

Starko et al. 2018

This study
This study
This study
This study
This study

McDevit & Saunders 2009
McDevit & Saunders 2009
Biodiversity Institute, U of Guelph
Biodiversity Institute, U of Guelph
Biodiversity Institute, U of Guelph
Biodiversity Institute, U of Guelph
McDevit & Saunders 2009
52.569McDevit & Saunders 2009
McDevit & Saunders 2009
Biodiversity Institute, U of Guelph
Biodiversity Institute, U of Guelph
McDevit & Saunders 2009

McDevit & Saunders 2009
McDevit & Saunders 2009
Bringloe & Saunders, in prep.




Table S2 Haplotype frequencies of mitochondrial cytochrome ¢ oxidase subunit I gene (COI-
5P) (576 base pairs) in samples of Hedophyllum nigripes from the northwestern Atlantic and
northeastern Pacific oceans. Sample numbers as in Table 1.

Haplotype 1 2 3 4 5 6 7 8 9 10 11 12 Total

1 . . . . 1 3 7 1 23 5 . . 41
2 7 3 4 10 . . . . . . . . 25
3 . 2 15 4 21
4 . 8 8
5 1 1
6 1 1
7 1 1
8 1 . 1
9 1 1
10 1 1
11 1 1
12 1 1
13 . . . . . . . . . . 1
Total 7 3 5 10 3 4 7 9 29 5 15 5 104

Table S3 Genetic distances (®st) with the Tamura & Nei (1993) model of mutation between
samples based on mitochondrial DNA cytochrome oxidase | (COI-5P) (576 base pairs) in
Hedophyllum nigripes. Italics indicates signficance of 0.05 > P > 0.01; Bold numbers indicate
significance at P < 0.01.

2 00

3 0.073 0.0

4 0.0 0.0 0.149

5 0.658 0.428 0505 0.734

6 0924 0868 0.819 0.942 0.245

7 1.0 1.0 0.926 1.0 0.482 0.152

8 0956 0.939 0.909 0.964 0.665 0.729 0.859

9 0846 0.825 0.820 0.857 0.515 0.029 0.0 0.678

10 1.0 1.0 0.909 1.0 0.378 0.062 0.0 0.838 0.0
11 1.0 1.0 0921 1.0 0.530 0923 1.0 0.957 0.759 1.0
12 0864 0784 0.715 0.893 0.131 0.694 0.864 0.864 0.680 0.833 0.240
1 2 3 4 5 6 7 8 9 10 11
Location
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Table S3 Hedophyllum nigripes: Summary statistics for ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (735 base pairs). N = sample size, Npoly = number of
polymorphic nucleotide sites, N1 = number of haplotypes, Nen = expected number of haplotypes
under neutrality, Nen = number of private haplotypes, h = haplotype diversity (Standard
Deviation), 6, = nucleotide diversity (Standard Deviation), D = Tajima’s test for neutralilty

(Probability)

Location N Npoy  Nu  Nen New h SD B (%) SD D

1 3 1 2 203 O 0.667 0.314 0.091 0.113 0.0 1.0

2 8 0 1 1.00 O 0.0 - 0.0 - - -
3 10 0 1 100 1 0.0 = 0.0 = = =
4 28 3 3 145 1 0.140 0.087 0.029 0.040 -1.511 0.047
5 5 0 1 1.00 1 0.0 = 0.0 = = =
Mean 10.8 0. 16 130 06 0.161 - 0.024 - - -
Pooled 54 4 5 6.22 3 0.578 0.047 0.011 0.089 0.343 0.677

Table S5 Haplotype frequencies of choloroplast ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (735 base pairs) in samples of Hedophyllum nigripes
from the Gulf of Alaska

Haplotype 1 2 3 4 5 Total
1 1 . 26 27
2 2 8 . 1 11
3 10 . 10
4 . 5 5
5 . . . 1 . 1
Total 3 8 10 28 5 54
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Table S6 Genetic distances (®st) with the Tamura & Nei (1993) model of mutation between
samples of Saccharina nigripes from the Gulf of Alaska based on ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (735 base pairs) in Hedophyllum nigripes. Italics

indicates 0.05 > P > 0.01. Bold indicates P < 0.01.

u A W N

0.342
0.861
0.672
0.862

1.000
0.890 0.900

1.000 1.000 0.888

1

2 3

4

Location
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Figure S1 Hedophyllum nigripes (a) young plants (photo Jenn Burt). (b) young plants at
Whittier, Alaska
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Abstract

Population structures of marine species can be shaped by three mechanisms: isolation by
distance (IBD), isolation by adaptation (IBA) and isolation by colonization (IBC).
Mitochondrial COI-5P, chloroplast rbcL. and 8 microsatellite were surveyed in 16
populations of the rocky intertidal kelp, Alaria, along a 2700 km transect around the Gulf
of Alaska in the Northeastern Pacific Ocean. The two organellar genes resolved 5
genetically well-separated lineages (d = 0.0101 to 0.0398) with several populations fixed, or
nearly fixed, for a single haplotype lineage. Microsatellite allele frequencies tended to
cluster samples by organellar lineage rather than by geography, likely indicating a recent
expansion of the lineages. Microsatellite markers also indicated that plants in separate
lineages hybridized where they co-occurred at three localities. Both organellar and nuclear
genes failed to show IBD, indicating that migration is limited or that populations have not
reach drift-migration equilibrium after post-glacial colonizations. IBA may be responsible
for some genetic differences between populations located along wave-energry and salinity
gradients. However, the mosaic pattern of variability among populations on geographical
scales of hundreds of kilometers appears to be due to IBC and incumbency, which limits
the successful immigration of genetically divergent plants from other localities.

Keywords: COI-5P, chloroplast DNA, incumbency, isolation-by-colonization, mitochondrial
DNA, Pleistocene glacial refugia, Northeastern Pacific Ocean, phylogeography, rbcL
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Introduction

Genetic differentiation among populations of marine organisms can arise from several
mechanisms that limit gene flow. Understanding how gene flow is restricted between
populations is a continuing challenge and is the focus of most population genetic studies. Most
marine species have large dispersal potentials enabled by planktonic gametes or propagules, but
the appearance of genetic differences between populations provides evidence that these dispersal
potentials are not fully realized. Several mechanisms can limit gene flow. While dispersal
potential in marine species is large, it is not infinite so that some populations may be isolated
from one another by distance; more widely separated populations are expected to show greater
genetic divergence (Bohonak 1999). Surveys of molecular markers show that genetic variability
in numerous species can be explained by isolation by distance (IBD) (Raimondi et al. 2004;
Krueger-Hadfield 2013; Wright et al. 2015). Correlations between geographic isolation and
genetic distance are greatest for a given dispersal ability when populations are in drift-migration
equilibrium (Slatkin 1993).

Other mechanisms, however, may also restrict gene flow between populations. Adaptive
responses to habitat variables can be another source of genetic heterogeneity among populations
(Wang & Bradburd 2014; Drinan et al. 2015). While adaptation may be an important source of
variability among populations, the use of neutral markers in the present study can detect only the
indirect effects of selection as shifts in allele frequencies among populations that may be difficult
to distinguish from random drift. Several examples of local adaptation can be found among
seaweeds (Nielsen et al. 2009; Nielsen 2016a, b). Although individuals may disperse into a
population, they may not pass on as many offspring as locally adapted individuals do, and hence
do not contribute significantly to gene flow. The alignment of phylogeographic boundaries with
biogeographic boundaries may reflect isolation by adaptation (IBA) (Orsini et al. 2013; Bowen
et al. 2015). To distinguish IBA from IBD, genetic distances between populations, estimated
with neutral markers, are compared with ecological or adaptive distances. The two correlations
may or may not be consistent with each other (e.g. Calegario et al. 2019), or may be confounded
when both distance and adaptation are isolating populations from one another (Orsini et al. 2013;
Sexton et al. 2014).

Yet other mechanisms can shape patterns of genetic diversity. Post-glacial colonizations from
refugia, gene surfing, high-density blocking and competetive exclusion are all underpinned by
‘founder-takes-all’ exclusions of immigrants (Waters et al. 2013). The chief evidences for
adaptive incumbency or high-density blocking are sharp genetic boundaries between populations
that cannot be explained by environmental discontinuity (Neiva et al. 2012) and on long time
scales the replacment of one group of species with fundamentally different species after mass
extinctions (Jablonski & Sepkoski 1996). Classic examples of incumbency include the
diversification of mammals after the end-Cretaceous extinctions of dinosaurs (Valentine 1980)
and the radiation of telost bone-ray fishes in the Paleocene (Siebert & Norris 2015; Alfaro et al.
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2018). In both cases long-standing minor components of a biota diversified after the demise of
incumbent competitors.

Opportunities to diversify also arise with the appearance of new colonizable habitats, such as
on newly created islands or along recently deglaciated shorelines. It is uncertain, however,
whether incumbency shapes diversity on ecological time scales (Jalonski & Sepkoski 1996).
Waters et al. (2013) argued that density-dependent exclusions by incumbents are common and
have been overlooked by phylogeographers. In the marine realm, Neiva et al. (2012) concluded
that sharp genetic discontinuities between populations of an estuarine seaweed arose from
seconary contact and density-dependent exclusion of genetically divergent lineages by the initial
founders, despite the potential for gene flow. On larger geographical and temporal scales,
temperate and subpolar marine habitats were profoundly affected by periodic ice ages that led to
isolations and extinctions, and to post-glacial dispersals and colonizations (Hoarau et al. 2007).
Genetic variability among populations of some marine species can be traced to these ice-age
influences (Grant & Utter 1984; Marko et al. 2010; McGovern et al. 2010).

Several approaches can be used to distinguish among these mechanisms that shape
contemporary patterns of genetic diversity within and among populations. Restrictions on gene
flow can be assessed with hierarchical tests of allele-frequency differences among populations
and with a test for isolations by distance (IBD). Allele-frequency differences, however, can
appear not only as a direct result of contemporary barriers to dispersal, but also as relict
divergences from historical isolations. IBD is expected to appear among populations that have
limited amounts of dispersal so that gene flow is a function of geographical distance. The results
of these tests help to identify more or less homogeneous metapopulations with demographies that
are independent of other metapopulations.

On larger spatial and temporal scales, climate change can lead to adaptive shifts, or drive
populations to extinction if they cannot adapt. The shores of the Northeastern Pacific Ocean have
periodically been buried under hundreds of meters of ice at some localities. Species may have
survived these ice ages in scattered habitats between glacial lobes. Surviving populations should
bear genetic signatures of these event that would be evident in estimates of genetic diversity and
genetic distances between populations or lineages. The depth of divergence is assumed to be
proportional to time, and several coalescence methods have been used measure time from a
common ancestor. While this approach has considerable appeal, the assumptions in the Kingman
n-coalescent used in these methods is inappropriate to model the genetics of species, such as
seaweeds, that have strong reproductive skew (Eldon & Wakely 2006). These analyses cannot
clearly distinguish imprints of historical population growth from the effects of reproductive skew
(Niwa et al. 2016; Matuszewski et al. 2018). The approach used in the present study is to use the
molecular clock hypothesis to make rough estimates of times of divergence between lineages.
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In the present study, we show that the rocky-intertidal kelp, Alaria, has a highly subdivided
population structure but lacks an IBD signal among populations. Alaria has two intertidal phases,
a sporophyte with large blades up to 2-3 meters in length and a microscopic phase of
filamentous male and female gametophytes. These small plants produce gametes with limited
dispersal that fuse to produce a new generation of macroscopic sporophytes. Seasonal
environmental influences on either or both phases can shape the demography of a local
population. Alaria tends have an annual life cycle in southern localities but a perennial at high
latitudes (McConnico & Foster 2005). Twelve species of Alaria are currently recognized: one in
the North Atlantic and 11 in the North Pacific Ocean and Bering Sea (Widdowson 1971; Lane et
al. 2007); four of the 11 Pacific species, A. marginata, A. nana, A. tenuifolia and A. taeniata,
inhabit the shores of Northeastern Pacific and variously extend from Central California to the
eastern Aleutian Islands.

The present study builds on the previous work of Lane et al. (2007), who examined sequence
variability in the nuclear internal transcribed spacer (ITS), the chloroplast Rubisco operon spacer
(rbcSp) and the mitochondrial cytochrome oxidase 1 (COI-5P) in samples largely from the
Northeastern Pacific. Their study included Northeastern Pacific taxa, A. marginata, A. nana, A.
taeniata, A. tenuifolia, and Eularia fisulosa, Northwestern Pacific A. praelonga and A
crassifolia, and Bering Sea A. crispa. Except for Eualaria. fistulosa, the morphological traits
used to identify Northeastern Pacific taxa did not correspond well partitions seen with the
molecular markers. They concluded that Northeastern Pacific Alaria consisted of a ‘species
complex’ of partially divergent, but reassociating and interbreeding taxa that had previously been
isolated by glacial ice sheets.

The goal of the present study was to expand on these results with a survey of populations
extending 2700 km from the western Aleutians to Southeastern Alaska with three marker types,
including mitochondrial DNA, chloroplast DNA and microsatellites. We then used the results to
distinguish among mechanims shaping the genetic structure of populations around the Gulf of
Alaska. COI-5P resolved five deeply divided lineages that did not coincide with taxonomic
categories based on morphology. These lineages are scattered across the Gulf of Alaska in a
mosaic pattern that discounts IBD, but could be consistent with IBA on spatial scales of tens of
meters to hundreds of kilometers, or in some cases the distance between wave-exposed and
wave-protected sites along a shore. On larger scales, rapid post-glacial colonizations in the
Northeastern Pacific may have established incumbencies that resisted the intrusion of localy less-
adapted migrants from other populations. The contrast between shallow genetic distances
between taxa in the Northeastern Pacific and deeply divergent species of Alaria in the
Northwestern Pacific and Bering Sea likely reflect greater disturbances from repeated glaciations
along Northeastern Pacific shores than along the Asian shores of the Northwestern Pacific.
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Materials and Methods
Laboratory methods

Samples were collected at 16 rocky intertidal sites along the coast of Alaska (Fig. 1a, Table S1).
About 2 cm? of frond, or sporophyll was damp dried and placed in a dessicator filled with silica
beads soon after collection. DNA was extracted from tissues with the NucleoSpin® 96 Plant Il
(Macherey-Nagel Inc., Bethlehem, PA) kit.

A segment of COI at the 5’ end of the gene was amplified with the polymerase chain reaction
(PCR) using the forward primer GazF2 (5 CCAACCAYAAAGATATWGGTAC 3’) and
reverse primer GazR2 (5 GGATGACCAAARAACCAAAA 3’) (Lane et al. 2007). A segment
of rbcL was amplified with PCR using the forward primer rbcL-543F (5’
CCWAAATTAGGTCTTTCWGGWAAAAA 3°) (Bittner et al. 2008; Silberfeld et al. 2010) and
reverse primer rbcL-1381R (5> ATATCTTTCCATARRTCTAAWGC 3’) (Burrowes et al. 2003;
Silberfeld et al. 2010). A PCR cocktail consisted of a 50 uL mixture of 2.0 pL template DNA in
1x Colorless GoTaq Flexi buffer, 2.5 mM MgClz, 0.2 mM of each dNTP, 1uM of forward and
reverse primers, and 2.5U GoTag Flexi DNA polymerase. PCR amplifications were conducted in
ABI 9700 thermocyclers with an initial denaturation at 94° C for 3 min, followed by 35
amplification cycles of 45 s at 94° C, 1 min at primer annealing temperature 50° C for COI and
52° C for rbcL, and 1 min 30 s at 72° C, with a final 5 min at 72°C. PCR amplifications were
sequenced in the forward and reverse directions by Genewiz Inc. (South Plainfield, NJ) or by the
University of Arizona Genetics Core. Forward and reverse-complement sequences were aligned
and edited with MEGA 7.0.20 (Kumar et al. 2016) and chromatograms viewed with FINCH TV 1.4.0
(Geospiza Inc.). Unique haplotypes from each of the 96-well plates were re-extracted and re-
sequenced for quality control.

Eight microsatellite loci were amplified with PCR primers An21, An23, An26, An27, An30,
An31, An38 and An29 (Collens 2009) previously developed for Alaria marginata with Gene
Amp PCR System 9700 (Applied Biosystems, Inc., Foster City, CA). Each 10 pL reaction
cocktail consisted of 2 pL template DNA (~0.1ug/pL) in 1x Colorless GoTaq Flexi Buffer
(Promega Inc. Madison, WI), 1.5-3.0 mM MgClI2 (Promega Inc. Madison, WI), 0.20 mM of each
nucleotide (Applied Biogsytems, Inc.), 0.05-0.25 uM of forward and reverse primers, 0.1
mg/mL of BSA (Sigma Inc. St. Louis, MO), 0.05 U GoTaq Flexi DNA polymerase (Promega
Inc. Madison, W1), and deionized water. Optimal thermal cycling profiles varied among loci
(Table S2). Microsatellites were fractionated by size with electrophoresis in an Applied
Biosystems 3730 capillary DNA sequencer, and scored with GENEMAPPER 5.0 (Applied
Biosystems) independently by two technicians. A subset of 8% of the samples was re-extracted
and re-genotyped by a third technician for quality control.

Statistical methods
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For the organellar DNA sequences , ARLEQUIN 3.5.2.2 (Excoffier & Lischer 2010) was used to
estimate the number of polymorphic nucleotide sites, Npoly, the number of observed, Nu, and
expected, Nen, number of haplotypes under neutrality. ARLEQuUIN Was also used to estimate gene
diversity, h, and nucleotide diversity, 0. Divergence between populations was estimated with F
statistics (Weir & Cockerham 1984) and with ®st with an appropriate mutation model
determined with MEGA 7 (Kumar et al. 2016). I1BD 1.52 (Bohonak 2002) was used to test for
isolation-by-distance with Mantel’s test between difference matrices of pairwise genetic
distsances with correction for diversity [®@st/(1-®sT)] in organellar DNA or [Fst/(1 — Fst) for
microsatellites and approximate large-scale shoreline distances between samples. Tests were
made with geographic distances, with or without a log transformation, and coefficients were
esimated with 1000 randomizations. Analysis of molecular variation (AMOVA) in ARLEQUIN
was used to describe geographical structure.

An initial analysis of microsatellite genotypic data was made with GENEPOP 4.6 (Rousset
2008) to search for null alleles. When these results indicated the presence of null alleles, we used
MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004) to further confirm the presence of null
alleles, and to determine whether allele stuttering or large-allele dropout had affected a dataset.
Some loci failed to amplify with PCR in some individuals, even though amplifications were
successful at other loci. These PCR failures were assumed to be homozygous genotypes of null
alleles.

GENEPOP was used to test for deviations from expected Hardy-Weinberg genotypic
proportions, using Markov-chain-Monte-Carlo chains 10 000 steps in 100 batches. Because of
the repeated tests aong loci we used a Bonferroni correction (Rice 1989) of P =0.05/12 = 0.004
to control type I error at o = 0.05. GENETIC DATA ANALYSIS (GDA, Lewis & Zaykin 2001) was
used to estimate observed (Ho) and exptected (He) heterozyzygosity averaged over loci, to count
the number of alleles at each locus and to estimate the inbreeding coeficient, Fis. FSTAT (Goudet
1995) was used to estimate allelic richness based on the smallest sample size to be able to
compare levels of diversity among samples of different sizes.

Fst between populations was estimated with GENEALEX 5.03 (Peakall & Smouse 2012) with
9999 permutations to establish departures from 0.0. The number of migrants between pairs of
populations per generation was estimated from Fst with Wright’s island model of migration Fst
= 1/(4Nm + 1). Principal components analysis (PCA) of allele-frequency variability among
samples with standardized covariances was used to search for genetric differences among
samples. The model for AMOVA was framed by the geography of the samples and was the same
model used for the analyses of organellar DNA. To establish signficance of AMOVA structure,
9999 permutations was used to shuffle individuals among samples and regions. Missing
genotypes for some loci in some plants were estimated with sample averaging for both the PCA
and AMOVA. Results for each locus were summed across loci under the assumption of linkage
equilibrium and independence among loci.
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IBD 1.52 (Bohonak 2002) was used to test for isolation-by-distance with Mantel’s test
between difference matrices of linearized Fst [Fst/(1-Fst)] between paris of samples and
approximate shoreline distances between samples, with and without a logio transformations of
distance. ARLEQIUN was used to estimate the number of migrants between populations with Nm
= 0.25[(1/Fst) — 1] under the island model of migration and by assuming drift-migration
equilibrium, no mutation, and a large number of populations exchanging individuals (Slatkin
1991).

Results
rbcL

Four nucleotide polymorphisms in a 740 base pair segment of the chloroplast gene rbcL defined
five haplotypes (Table S3, Fig. 1a). Most plants carried one of the two most abundant
haplotypes, which were were separated from each other by two mutations. Haplotype diversity
(h) ranged from 0.0 to 0.512 and averaged 0.127. Nucleotide diversity (6x) ranged from 0.0 to
0.0014 and average 0.0006 (Table S4). Tajima’s D was not significant in any of the samples, or
overall in the pooled sample. Mean sequence divergence (®st) between samples varied widely
from 0.0 for populations fixed for the same haplotype to 1.0 between samples not sharing any
haplotypes (Figure 1b, Table S5). Sequence divergence overall was 0.830. AMOVA indicated
that 83% of sequences variability occurred among populations and 17% was due to variability on
average among individuals within populations (Table S6).

COI-5P

The mitochondrial DNA COI-5P was much more polymorphic than rbcL. Polymorphisms at 36
nucleotide sites defined 27 haplotypes that fell into five lineages (A-E), each separated from
other by at least 5 mutations (Fig. 1c; Tables S7, S8). Samples tended to be fixed or have a large
frequency of one haplotype and low frequencies of related haplotypes (Fig. 1d. Twelve of the 16
samples had private haplotypes. Samples 1, 13, 14, had a mix of lineages producing the largest
haplotype diversities (0.232-0.636) and nucleotide diversities (0.0023-0.0052). Tajima’s D
indicated that haplotype distributions in three populations (5, 12, 15) deviated from neutralilty,
but not over all in the pooled sample. Average sequence divergences (®st) between samples
ranged from 0.0, for populations fixed for the same haplotype, to 1.0, for populations that did not
share haplotypes (Table S9). AMOVA indicated that 90.4% of the variability was due to
differences among populations and 9.6% was due to diversity within populations, on average
(Table S10). Overall, ®st was 0.904.
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Concatenated rbcL & COI-5P

We concatenated the rbcL and COI-5P sequences (1404 bp) for further analyses of a dataset
containing 543 plants (Tables 1, S11). A total of 41 nucleotide polymorphisms defined 33
haplotypes (Fig. 1e; Table 1). Gene diversity (h) ranged from 0.0 to 0.636 and averaged 0.290
among samples. Overall gene diversity in the pooled sample was much larger (h = 0.903)
because a large portion of the diversity was due to differences among populations. Nucelotide
diversity ranged from 0.0 to 0.00264 and averaged 0.061. The number of private alleles ranged
from 0 to 4 among samples and averaged 1.8 alleles. Tajima’s D was significant in only sample 5
(D =-2.206, P = 0.002, Afognak Island) and was not significant overall in a pooled sample (D =
0.776, P = 0.832).

Sequence divergence between populations ranged from 0.0 between adajcent populations 9
(Cordova) and 11 (Yakutat), which were both fixed for haplotype Al (Fig. 1f), to 1.0 between
populations 8 and 9 and between 8 and 11, which were fixed for different haplotypes (Table
S12). No IBD was detected with Mantel’s test for a correlation between genetic distance [Fst/(1-
Fst)] and large-scale shoreline distance between samples (r = 0.074, P = 0.737) (Fig. 2a).
AMOVA indicated that 98.6% of the variability was due to differences among populations and
10.4% was due to diversity among plants within populations on average (Table S13). Overall,
®st was 0.896.

The genealogy reconstructed from the concatenated sequences resolved additional
phylogeographic structure within lineages B, C and D. Lineage B consisted of geographically
separated B1 in Kachemak Bay and B2 around Kodiak Island (3 & 4) and in Kachemak Bay (5)
(Fig. 1f). Lineage C was resolved into C1 in Kachemak Bay (7) and Little Port Walter (15) and
C2 around Magoun Island (13). C1 appeared in widely scattered populations 1, 7 & 15.
Haplotype D1 appeared around Afognak Island (5) in the western Gulf of Alaska and at Watson
Point (14) in Southeastern Alaska.

Microsatellites

Four loci had more than two alleles as expected for a diploid locus in samples 1, 2, 3 & 12 and
were interpreted to represent chromosomal duplications (Table 2). Since the alleles at these loci
were similar in size and did not appear to come from other populations, the number of alleles at
these loci was reduced to 2 using random numbers to exclude excess alleles. Genotypes were
added to samples 8, 9 & 10 for loci 4, 2 & 8 which showed complete PCR failures for these
samples. The additions of invariant genotypes to missing data is rationalized in part by the
general occurrence of fixed, or nearly, genotype frequences in several of the samples. Other
missing genotypes were estimated in GENEALEX with the missing data function that uses
averages of observed genotypes before commencing a particular analysis. These modifications
may lead to underestimates of allelic diversity and heterozygosity, but should leave analyses
based on allelic numbers, such at the relatively unaffected.
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After these modifications, the number of alleles at a locus ranged from 16 to 87 and averaged
41.6 (Table S14). Observed heterozygosity (He) ranged from 0.057 to 0.548 and averaged 0.346.
Expected heterozygosity (He) were larger for each locus, ranging from 0.287 to 0.695 and
averaging 0.563. The inbreeding coefficients (Fs) were positive and large, ranging from 0.120 to
0.748 and averaging 0.382. These large values may be due to the contrast between Ho and He
which may be due to null alleles, or to Wahlund’s effect among well-differentiated populations.
Large amounts of differentiation among populations (Fst varied from 0.275 to 0.616 among loci)
is in part also consistent with Wahlund’s effect.

Sample sizes varied from 20.6 to 43.4 and average 28.0 over loci among the 16 samples
(Table 3). The number of alleles ranged from 4.5 to 12.6 on average over samples. The number
of private alleles ranged from 1 to 28 and averaged 9.1 over samples, with average frequencies
ranging from 0.018 to 1.0. Observed heterozygosities (H) were less than expected
heterozygosities (He) in all of the samples and this led to positive inbreeding coefficients (Fis),
ranging from 0.205 to 0.515.

Allele-frequency divergence between populations measured with Fst ranged from 0.086 to
0.505 (Table S15) and overall was 0.457 (P < 0.0001). Gene flow per generation estimated from
the pairwise values of Fst and the island model of migration were small, ranging from 0.24 to
2.72 individuals between populations on average. An AMOVA showed that 46% of the
variability was due to differences among popultaions and 54% was contained within populations
(Table 4). No correlation between linearlized Fst and shoreline distance appeared between
samples, without (r = 0.1341, P = 0.763) and with a log transformation of geographical distance
(r =0.016, P = 0.445) (Fig. 2b). An assigment test showed individual mis-assignments for 8 of
the 16 samples (Table 5). A PCA of allelic frequencies showed that some samples grouped by
organellar lineage rather than by location. For example plants in the A lineage (red) clustered
together (Fig. 3b) even though they were geographically widely separated (e.g. samples 1 and 12,
16). Another example are widely separated samples 5 and 15 in lineage D1 (green) which
grouped together (Fig. 3e).

Discussion

The use of three classes of genetic markers, based on cellular compartmentilization and mode of
inheritance, provide novel insights into the population structures and relationships among species
of Alaria in the Northeastern Pacific. Mitochondrial and chloroplast DNA are presumably
maternally inherited in Alaria, as in other kelps (Kato et al. 2006; Kraan & Guiry 2000; Li et al.
2016), so that maternal genealogies can be reconstructed. Mitochondrial and chloroplast DNAs
evolve independently of each other and thus provide different perspectives of the same
population history. The use of microsatellite markers, which are biparentaly inherited, provides
yet another view of population events. These markers together reveal a complex population
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structure that appears to be a legacy of isolations during Pleistocene ice ages and post-glacial
colonizations around the Gulf of Alaska.

The conclusions in this study are limited to some extent by several factors. First, sampling
was necessarily coarse along the shores of the Gulf of Alaska becauses of the limited resources
for travel and collecting at remote shorelines accessible only by air or boat. The collection of
voucher specimens was not possible given the limitations of this study. Plants were collected by
volunteer samplers generically as ‘Alaria’, which is easy to identify because of presence of
sporophylls, without an attempt to identify species. Hence, questions about taxonomy remain
unaddressed and await further study of morphology in the light of the cryptic lineages identified
in this study. Nevertheless, several conclusions about mechanisms leading to species are
possible.

Even though we used three genetic marker classes, the amount of information provided by
each marker was limited by the use of relatively short sequences relative to the sizes of the
mitochondrial and chloroplastic genomes and by small sample sizes for the allele-frequency
analysis of microsatellite DNA. Additionally, not all of the microsatellite markers readily
amplified with PCR, so a few sample-locus combinations had missing genotypes. This was
remedied in two ways. The software package GENEALEX estimated missing data by averaging
over genotypes for some analyses. In three instances locus-sample data were completely missing,
and a single genotype was substituted for all of the individuals. This can be rationalized in part
by the occurrence of fixed allele-frequency differences between samples for several locus-
sample combinations. Microsatellite loci were also affected by null alleles, so that estimates of
diversity must be interpreted cautiously. Because of these weaknesses, the analyses of
microsatellite data were limited to inferring geographical patterns among populations without
assuming Hardy-Weinberg proportions. Despite these shortcomings, the results of this study
resolved unexpected genetic structure among Alaska’s populations.

Genetic population structure in the Gulf of Alaska

Populations of Alaria around the Gulf of Alaska show a complex, highly subdivided structure
that cannot be explained by invoking isolation by distance. No IBD was found among the 16
populations for either the organellar or the microsatellite markers (Figs 2a & b), even though
these genetic markers polymorphic and showed strong allele-frequency differences among
populations (Figs 1, 3). Many populations were fixed, or nearly fixed, for a single rbcL-COI-
haplotype, or for a single allele at some microsatellite loci, a pattern that can result only when
gene flow is limited or absent. Most of the total variation was due to differences among
populations: 89.6% for rbcL-COIl and 46% for the 8 microsatellite markers on average.



NPRB Final Report: Project 1618: Ribbon kelp phylogeography 6-137

Isolation between populations is further demonstrated by pervasive numbers of private alleles
in each population, 1.8 haplotypes on average for rbcL-COI haplotypes and 9.1 alleles on
average for 8 microsatellite loci (Tables 1, 3), that implies little gene flow between populations.
Island model estimates of the number of migrants between populations. Island-model estimates
of migration between populations per generation were small, generally less than 1.0 on average
for rbcL-COl and less than 2.0 for microsatellites (Tables S12, S15).

Differences between populations may be due to IBA in which populations are isolated from
one another by adapted to local environmental conditions. This may be the case on small
geographical scales. For example, populations 10 to 15 km apart in Kachemak Bay were fixed
for two divergent lineages C and B with out any mixing ((Figs 1c, 1e). A similar shift between
lineages occurred over distances of tens of kilometres between Kodiak and Afognak islands and
between populations in Sitka Sound. These genetic differences are most likely due to adaptation
along a wave-action gradient. A larger collection of populations will likely uncover similar
small-scale heterogeneity in other areas. Ecological and genomic research are needed to bring the
details of local adaption into sharper focus.

The genetic mosaics among populations of Alaria are unlikely to be completely understood
in terms of IBA. Lineage A haplotypes (red in figure 1f) were most abundant in inland
populations from Prince William Sound in south central Alaska to Prince of Wales Island in
southernmost Alaska. This cluster of populations may have arisen from a common ancestor
surviving perhaps in the Alexander Archipelago of Southeastern Alsaka during glacial episodes
(Byun et al. 1997). A-lineage plants, however, also occur in the western part of the Gulf of
Alaska in the easternmost Aleutian Islands. Assuming an Alexander Archipelago origin, the
Aleutian Island occurrence of a red lineage indicates long-distance dispersal in a direction
enhanced by fast-moving westerly Alaska Coastal Current and the Alaska Stream.

B-lineage haplotypes are most abundant in the west central portion of the Gulf of Alaska, but
are interspersed with C- and D-lineage haplotypes. Plants with C-lineage haplotypes appear on
moderately wave-swept beaches in our small sample of only three sites. Ecological studies are
needed to better understand the phenotypic and genotypic bases of adaptation to high-engergy
habitats. The comparison of COI-5P sequendes to Genbank sequences from British Columbia
indicates that the D lineage (green) plants represent the northern edge of the distribution of A.
marginata (data not shown).

The geographical distributions of organellar haplotypes can be understood only in the light of
displacements and refugial isolation during the Pleistocene glaciations and by post-glacial
dispersals and colonizations. The shores of the Northeastern Pacific were periodically covered by
the margins of large terrestrial glaciers during the nadir of Milankovitch climate cycles (Mann &
Peteet 1994; Manley & Kaufman 2002; Kaufman & Manley 2004). High-amplitude, high-
frequency climate variability has buffeted North Pacific subpolar areas for the past 1.26 million
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years not only during major glacial maxima but also during stadials and interstadials (Morley &
Dworetzky 1991; Thunell & Mortyn 1995; Lisiecki & Raymo 2005).

These glacial advances and retreats led to a continual turnover of suitable intertidal habitats,
which in turn led to repeated local extinctions, dispersals and recolonizations. A similar model
was used to explain similar chaotic population structure of kelps in the North Atlantic (Neiva et
al. 2018). Frequent local extirpations and colonizations in the Northeastern Pacific produced a
mosaic in the geographical distributions of COI-5P and rbcL haplotypes among present-day
populations. Highly heterogeneous, ephemeral populations have likely characterized Alaria in
the Northeastern Pacific over the Pleistocene Epoch. Even short-term decadal and interdecadal
environmental shifts can lead to major changes in kelp populations (Gedalof & Smith 2001,
Bekkby & Moy 2011; Moy & Christie 2012; Pfister et al. 2018).

Despite the conjecture that environmental extirpations and colonizations are a prominent
feature of the history of populations of Alaria around the Gulf of Alaska, average microsatellite
heterozygosities among populations were not greatly reduced but ranged from He = 0.381 to
0.767 (mean = 0.563) (Table 3). These moderate levels of genetic diversity indicate that glacial
refugia scattered around the Gulf of Alaska may have been large and numerous. A PCA of 8
microsatellite loci indicated that most plants clustered on the bases of organellar lineage and not
by geographical location, indicating the lack of drift-migration equilibrium of Alaria populations
in the Gulf of Alaska.

The results of the present study, confirm the conjecture of Lane et al. (2007) that North
Pacific Alaria consists of a complex of weakly differentiated taxa. Thirteen of the 16 populations
consisted of individuals with haplotypes from only one of the five lineages. This may be due to
the effects of incumbency and the exclusion of immigrants. Mixing of more than one major
lineage was found at only three sites. A comparison of groups ordered by microsatellite loci and
the organellar haplotypes of plants in the groups indicated nuclear hybridizations between
lineages when they occurred at the same location. Plants in lineage A and C in the eastern
Aleutians (sample 1) and some plants in samples 13 (lineages A & C) and 14 (lineages A & D)
appeared to have microsatellite frequencies typical of the location rather than of microsatellite
frequencies typical of plants in the same lineage at other localities. This pattern can be explained
by hybridization between lineages.

Conclusions

Alaria is one of the most abundant kelps in rocky intertidal habitats in the Northeastern Pacific.
The results of this study uncovered unexpected molecular diversity that was not anticipated by
taxonomies based on morphological traits. Both organellar and microsatellite population markers
revealed a highly subdivided population structure that does not follow a model of isolation by
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distance. Some populations are likely isolated from other populations by adaptation to various
levels of wave-expose on geographical scales on only a few kilometers. Detailed studies of
environmental and genomic variability will likely show adaptations on a finer spatial scale along
a shoreline. The patterns of genetic variability among populations unquestionably show imprints
of ice-age isolations in refugia around the Gulf of Alaska, chaotic colonizations and incumbency.
Repeated coastal disturbances from glacial advances and retreats appear produce divergences
between lineages isolated in glacial refugia, but subsequent hybridizations between lineages limit
complete reproductive isolation that would lead to new species. Two areas of research are of
interest. Finer-scale surveys of populations with molecular markers with undoubtedly uncover
additional genetic variability, and eco-genetic studies are needed to map the adaptive seascape of
the evolutionary lineages in Alaria.
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Table 1 Alaria: Estimates of genetic parameters based on contatenated fragments of
mitochondrial DNA cytochrome oxidase | (COI-5P) and ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (1359 base pairs combined) in samples from the
Gulf of Alaska and Aleutian Islands. Location number, sample size (N), number of polymorphic
nucleotide sites (Npoly), number of haplotypes (N+), expected number of haplotypes under
neutrality (Newn), haplotype diversity (h, SD: standard deviation), nucleotide diversity (0, SD:
standard deviation) and Tajima’s D (P: probability of null hypothesis of neutrality)

6-144

Location N Nooty  Nu  Nen Npn h SD O (%) SD D P
1 32 9 3 1.84 2 0.234 0.095 0.137 0.089 -0.421 0.390
2 38 2 3 1.93 3 0.243 0.088 0.018 0.023 -0.902 0.200
3 28 2 3 1.97 2 0.265 0.105 0.020 0.024 -0.972 0.190
4 31 1 2 1.41 1 0.125 0.077 0.009 0.016 -0.774 0.219
5 32 18 5 4.28 4 0.593 0.056 0.112 0.076 -2.206 0.002
6 39 3 3 4.76 2 0.614 0.041 0.089 0.064 1.686 0.957
7 40 1 2 1.17 1 0.050 0.047 0.004 0.010 -1.124 0.126
8 48 0 1 - 0 0.0 - 0.0 - - -
9 34 0 1 = 0 0.0 = 0.0 = = =
10 47 2 3 241 2 0.324 0.076 0.024 0.027 -0.487 0.332
11 32 0 1 = 0 0.0 = 0.0 = = =
12 29 4 4 3.80 3 0.554 0.064 0.048 0.042 -0.874 0.221
13 41 7 5 4.02 4 0.545 0.072 0.173 0.0106 1.327 0.910
14 31 14 3 208 1 0.288 0.097 0.264 0.152  0.184  0.628
15 12 1 2 1.42 1 0.167 0.134 0.012 0.019 -1.141 0.175
16 29 2 3 4.67 2 0.636 0.056 0.061 0.049 1.414 0.916
Average 339 41 28 2.75 1.8 0.290 0.513 0.061 0.202 -0.330 =
Pooled 543 41 33 34.3 28 0.903 0.006 0.547 0.282 0.776 0.832

Table 2 Alaria: Apparent chromosomal polyploidy based on number of alleles at a
microsatellite locus

Locus
AN23 AN26 AN30 AN38
Sample 2N 3N 4N 2N 3N 4N 2N 3N 4N 2N 3N 4N
1 6 12 11 - - - 22 5 1 - - -
2 - - - - - - - - - 32 1 -
3 5 12 13 = = = 29 3 = = = =
12 10 8 12 29 1 1 - - - - - -
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Table 3 Alaria: Summary statistics for 8 microsatellite loci in 16 samples from the Gulf of
Alaska. N = mean sample size over loci. Na = mean number of alleles. Ne = mean number of
alleles expected under neutrality. Ho = observed heterozygosity. He = unbiased expected
heterozygosity. Fis = inbreeding coefficient. Ner = number of private alleles.

Sample N Na Npr f(PR) Ho He Fis
1 24.5 12.6 28 0.068 0.406 0.767 0.515
2 20.6 6.4 8 0.115 0.275 0.606 0.510
3 24.3 10.5 9 0.092 0414 0.762 0.489
4 26.8 10.5 11 0.114 0.494 0.680 0.303
5 21.0 4.5 4 0.037 0.361 0.474 0.275
6 34.8 6.5 9 0.030 0.386 0.594 0.353
7 36.6 8.5 5 0.128 0.391 0.655 0.392
8 38.8 5.3 12 0.109 0.262 0.357 0.205
9 24.5 5.3 4 0.438 0.253 0.491 0.315

10 43.4 4.9 1 1.0 0.277 0.396 0.215
11 23.8 5.0 1 0.018 0.362 0.499 0.305
12 26.5 12.0 17 0.089 0.488 0.708 0.335
13 36.3 12.0 11 0.035 0.368 0.604 0.349
14 23.5 7.0 8 0.160 0.370 0.629 0.401
15 21.0 5.0 4 0.263 0.207 0.410 0.426
16 22.1 5.4 13 0.073 0.227 0.381 0.199

Mean 28.0 7.6 9.1 0.173 0346 0.563 0.375
Pooled 530 333 = = 0.375 0.882 0.601




Table 4 Alaria: Analysis of molecular variance (AMOVA) of microsatellite allele-frequency
variability among samples using Fst. Overall, Fst = 0.457 (P < 0.001).

Variance % of
Partition d.f. component  variance P
Among populations 15 5.367 46 <0.00001
Within populations 570 6.370 54
Total 585 11.373 100




Table 5 Alaria: Log likelihood assignments of individuals to populations. Assignments are from populations on the X-axis to
populations on the Y-axis. Assignments back to orginal populations are in the diagonal.

1 36 - - 7T - - - - - 2 - - 1
2 - 35 - - - - 1 - - - - - - - - -
3 - - 26 4 - = T
4 - - - 30 - - = - = - = - = = - =
5 - - - T
6 - - - - - 4 1 1 - - - - - - - -
7 - - - - - 5 & - - - - - - - - -
8 - - - - - - - 48 - - - - - - - =
9 - - - - - - - - 3 - - - - = - -
0 - - - - - - - - = 45 - - = = - =
1 - - - - - - - - - - 3 - - - - 1
2 - - 1 1 - - - - - - - 29 - - - -
3 - - - - 1 - - - - - - - a2 - - -
14 - = - = = = = = = = = = 4 26 - -
ST
6 - = = = = = = = - =« - = - - - &

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Sample number




Gulf of Alaska

Fig. 1 Alaria marginata: Networks showing mutational relationships between haplotypes and
pie diagrams for rbcL (a, b), COI-5P (c, d) and rbcL + COI-5P combined (e, f). White wedges
indicate frequencies of local private alleles.
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Fig. 2 Alaria marginata: Relationship between genetic distance (Fst) and shoreline distance

(kilometers). Mantel’s test for isolation by distance were made between linearized Fst and
geographical distance and log(geographical distance). (a) Concatenated rbcL and COI-5P
sequences: linear Fst and geographical distance: r = 0.074, P = 0.737; linear Fst and
log(geographical distance): r = 0.0009, P = 0.420. (b) 8 microsatellite loci: linear Fst and
geographical distance: r = 0.1341, P = 0.763; linear Fst and log(geographical distance): r =

0.016, P = 0.445.
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Fig. 3 Alaria marginata: Principle components analysis of allele-frequency variability at 8

microsatellite loci. Numbers indicate sample location, and colours correspond to organellar DNA
lineages in Figure 2.



Supplemental Information

W.S. Grant & T.T. Bringloe: Phylogeography of ribbon kelp Alaria in Alaska

Table S1 Alaria marginata: Locations and collection dates of samples from the Gulf of Alaska
and Aleutian Islands

Sample Location Habitat N Latitude W Longitude Date
1 Morris Cove, Unalaska Island Protected 53.919 166.438 June 2018
2 Sand Point, Popf Island, Alaska Peninsula  Exposed 55.309 160.513 June 2016
3 Table Island, Kodiak Island Exposed 57.188 152.925 June 2018
4 Near Island, Kodiak Island Protected 57.788 152.388 June 2018
5 Black Cape, Afognak Island ? 58.402 152.882 May 2016
6 Kasitsna Bay, Kachemak Bay Protected 59.468 151.553 June 2015
7 Kayak Beach, Kachemak Bay Semi-exposed  59.497 151.472 August 2016
8 Homer Spit, Kachemak Bay Protected 59.604 151.418 August 2016
9 Lowell Point, Resurrection Bay Semi-exposed  60.064 149.443 July 2016
10 Cordova, Prince William Sound Protected 60.545 145.768 July 2016
11 Bridge Site, Yakutat Current swept  60.056 149.443 May 2018
12 Auke Bay, North of Juneau Protected 58.374 134.728 May 2018
13 Magoun Island, W Baranof Island Protected 57.157 135.567 July 2016
14 Watson Point, W Baranof Island Semi-Exposed  57.070 135.368 May 2018
15 Little Port Walter, SE Baranof Island Protected 56.384 134.641 June 2018
16 Tokeen Bay, Prince of Wales Island ? 55.993 133.464 June 2018

Table S2 Microsatellite loci surveyed in winged kelp, Alaria marginata, and associated
polymerase chain reactions thermal profiles

Locus Name Thermal profile

An21 95 °C/4 min; 41 cycles of (95 °C/45 sec + 58 °C/45 sec + 72 °C/1 min); 72 °C 20 min
An23; An27 95 °C/4 min; 31 cycles of (95 °C/40 sec + 58 °C/40 sec + 72 °C/40 sec); 72 °C 20 min
An26; An30 95 °C/4 min; 32 cycles of (95 °C/40 sec + 58 °C/40 sec + 72 °C/40 sec); 72 °C 20 min
An31; An39 95 °C/4 min; 40 cycles of (95 °C/45 sec + 58 °C/45 sec + 72 °C/1 min); 72 °C 20 min
An38 95 °C/4 min; 39 cycles of (95 °C/45 sec + 56 °C/45 sec + 72 °C/1 min); 72 °C 20 min




Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL)

Four nucleotide polymorphisms in a 740 base pair segment of the chloroplast gene rbcL defined
five haplotypes (Table S3, Fig. 1a). Most plants carried one of the two most abundant
haplotypes, which were were separated from each other by two mutations. Mutations separating
three of the five haplotypes occurred at two nucleotide sites with linked polymorphisms. Site 568
segregated for the transversion A«~C, and site 570 segregated for both transitions (C<~T) and
transversions (AT, A<—C). Seven of the 16 samples were fixed for haplotype 1 and 4 samples
were fixed for haplotype 2. Haplotype diversity (h) ranged from 0.0 to 0.512 and averaged 0.127.
Nucleotide diversity (65) ranged from 0.0 to 0.0014 and average 0.0006 (Table S4). Tajima’s D
was not significant in any of the samples, or overall in the pooled sample. Mean sequence
divergence (®st) between samples varied widely from 0.0 for populations fixed for the same
haplotype to 1.0 between samples not sharing any haplotypes (Fig. 1b, Table S5). Sequence
divergence overall was 0.830. AMOVA indicated that 83% of sequences variability occurred
among populations and 17% was due to variability on average among individuals within
populations.

Table S3 Alaria: Haplotype frequencies of ribulose-1,5-bisphosphate carboxylase/oxygenase
large subunit (rbcL) (740 base-pair fragment) haplotypes in samples from the Gulf of Alaska and
Aleutian Islands

Haplotype 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
1 28 28 31 34 48 32 18 41 5 32 297
2 4 38 14 23 46 48 1 26 13 213
3 22 22
4 18 18
5 10 10

Total 32 38 28 31 32 45 46 48 34 48 32 29 41 31 13 31 560
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Table S4 Alaria: Estimates of genetic parameters for ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (740 base pairs) in samples from the Gulf of Alaska
and southeastern Bering Sea. Location number, sample size (N), number of polymorphic
nucleotide sites (Npoly), number of haplotypes (Nw), expected nmber of haplotypes under
neutrality (New), haplotype diversity (h, SD: standard deviation), nucleotide diversity (0, SD:
standard deviation) and Tajima’s D (P: probability of null hypothesis of neutrality)

Location N Npoly Nu  Nen Npn h SD Or (%) SD D P
1 32 2 2 181 0 0.226  0.088 0.61 0.062 -0.182 0.398
2 38 0 1 1.0 0 0.0 - 0.0 - - -
3 28 0 1 1.0 0 0.0 = 0.0 = = =
4 31 0 1 1.0 0 0.0 - 0.0 - - -
5 32 1 2 3.48 1 0.508 0.031 0.069 0.066 1.597 0.964
6 45 2 2 3.77 1 0.511 0.016 0.138 0.105 2.261 0.994
7 46 0 1 1.0 0 0.0 = 0.0 = = =
8 48 0 1 1.0 0 0.0 - 0.0 - - -
9 34 0 1 1.0 0 0.0 = 0.0 = = =
10 48 0 1 1.0 0 0.0 - 0.0 - - -
11 32 0 1 1.0 0 0.0 = 0.0 = = =
12 29 3 3 3.44 1 0.512 0.063 0.082 0.075 -0.491 0.348
13 41 0 2 1.0 0 0.0 = 0.0 = = =
14 31 2 1 2.04 0 0.280 0.090 0.076 0.071  0.237 0.068
15 13 0 1 1.0 0 0.0 = 0.0 = = =
16 32 0 1 1.0 0 0.0 - 0.0 - - -
Average 35.0 0.63 14 1.60 0.19 0.127 0.122 0.061 0.115 0.684 =
Pooled 560 4 5 6.92 3 0.572 0.012 0.150 0.109 1.437 0.916




Table S5 Alaria: Genetic distances (®st) between samples from the Gulf of Alaska and southeastern Bering Sea based on segence
variability in ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL) (740 base-pair fragment) and with the Tamura
(1992) model of mutation. Overall ®st = 0.830

2 0.881

3 0.088 1.0

4 009 1.0 0.0

5 0.793 0.572 0.894 0.900

6 0473 0.456 0.610 0.621 0.489

7 0.892 0.0 1.0 1.0 0.600 0.480

8 0895 0.0 1.0 1.0 0.606 0.486 0.0

9 0.101 1.0 0.0 0.0 0903 0.630 1.0 1.0

10 0.129 1.0 0.0 0.0 0.920 0.669 1.0 1.0 0.0

11 0.097 1.0 0.0 0.0 0.901 0.624 1.0 1.0 0.0 0.0

12 0.184 0.883 0.263 0.276 0.805 0.543 0.895 0.897 0.288 0.337 0.280

13 0.116 1.0 0.0 0.0 0913 0.650 1.0 1.0 0.0 0.0 0.0 0.313

14 0.665 0.151 0.826 0.833 0397 0.245 0.171 0.175 0.840 0.865 0.836 0.706 0.854

15 0823 0.0 1.0 1.0 0.447 0353 0.0 0.0 1.0 1.0 1.0 0.822 1.0 0.070
16 0.097 1.0 0.0 0.0 0.901 0.624 1.0 1.0 0.0 0.0 0.0 0.280 0.0 0.836 1.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sample number




Table S6 Alaria: Analysis of molecular variance (AMOVA) of ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (740 base pairs) sequence variability among samples from
the Gulf of Alaska and Aleutian Islands, and with the Tamura (1992) model of mutation.

Variance % of
Partition d.f. component variance P
Among populations 15 0.489 83.0 <0.00001
Within populations 544 0.10 17.0

Total 559 0.589 100.0
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Cytochrome oxidase 1-5P (COI-5P)

The mitochondrial DNA COI-5P was much more polymorphic than rbcL. Polymorphisms at 36
nucleotide sites defined 27 haplotypes that fell into five lineages (A-E), each separated from
other by at least 5 mutations (Fig. 1c; Tables S6, S7). Samples tended to be fixed or have a large
frequency of one haplotype and low frequencies of related haplotypes. Twelve of the 16 samples
had private haplotypes. Lineage A was widespread, but tended to be most abundant in the eastern
Gulf of Alaska, whereas lineage B was confined to the central Gulf of Alaska. Lineages D and E
occurred in the central and eastern Gulf of Alaska. Lineage E was confined to a single site in the
western Gulf of Alaska (Fig. 1d). Three localities, (1, 13, 14) showed a mix of haplotypes from
different major lineages, and two samples (10, 16) had a mix of closely related haplotypes in the
same lineage. As expected, these populations had the largest haplotype diversities (0.232-0.636),
but only the three populations with divergent lineages had the largest nucleotide diversities
(0.0023-0.0052). Tajima’s D indicated that haplotype distributions in three populations (5, 12,
15) deviated from neutralilty, but not over all in the pooled sample. Average sequence
divergences (®st) between samples ranged from 0.0, for populations fixed for the same
haplotype, to 1.0, for populations that did not share haplotypes (Table S8). Sequence divergences
between pairs of populations were significantly greater than 0.0, except for four comparisons,
samples 6 & 8 in Kachemak Bay and samples 9, 11 & 12 in the central and eastern Gulf of
Alaska. AMOVA indicated that 90.4% of the variability was due to differences among
populations and 9.6% was due to diversity within populations, on average (Table S9). Overall,
®st was 0.904.
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Table S7 Alaria: Haplotype frequencies of mitochondrial DNA cytochrome oxidase I-5P (664

base pair fragment) haplotypes in samples from the Gulf of Alaska and Aleutian Islands

Sample number

Haplotype/

Lineage 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
1A . . . . 34 8 32 29 11 4 . 8 126
2B . 27 29 36 . 48 . . . . . . . 140
3C 2 . 40 . . . . . 30 . 29 101
4 D 29 . 26 55
5 A2 . 38 38
6 A3 35 . 35
7E 34 . 34
8 A4 15 15
9 A5 6 6
10 B 5 5
11 C . 4 4
12 C 3 . 3
13 E 3 . 3
14 B . 3 3
15 E 2 2
16 B 2 2
17 B 2 . 2
18 C 1 . 1 2
19 A3 1 . 1
20 C . 1 1
21 A 1 1
22 A 1 1
23 D 1
24 D 1
25 B . 1
26 C . 1 1
27 A . . . . . . . . 1 . . 1
Total 40 39 32 31 32 41 41 48 34 47 32 31 47 31 30 29 585
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Table S8 Alaria: Estimates of genetic parameters for mitochondrial DNA cytochrome oxidase I-
5P (664 base-pair fragment) in samples from the Gulf of Alaska and southeastern Bering Sea.
Location number, sample size (N), number of polymorphic nucleotide sites (Npoly), number of
haplotypes (Nw), expected nmber of haplotypes under neutrality (Nen), haplotype diversity (h,
standard deviation), nucleotide diversity (0x, standard deviation) and Tajima’s D (P: probability
of null hypothesis of neutrality)

Location N Npoly Nn New New h SD Or (%) SD D P
1 40 7 3 1.89 2 0.232 0.085 0.231 0.158 -0.265 0.447
2 39 2 3 191 3 0.238 0.087 0.037 0.048 -0.914 0.193
3 32 2 3 2.07 2 0284 0.098 0.045 0.054 -0.810 0.220
4 31 1 2 1.41 1 0.125 0.077 0.019 0.033 -0.774 0.217
5 32 17 4 1.63 3 0.182 0.090 0.016 0.012 -2.509 0.0001
6 41 1 2 1.84 1 0.195 0.077 0.034 0.046 -0.086 0.331
7 41 1 2 1.16 0 0.049 0.046 0.007 0.002 -1.122 0.126
8 48 0 1 - 0 0.0 - 0.0 - - -
9 34 0 1 = 1 0.0 = 0.0 = = =
10 47 2 3 2.41 2 0324 0.076 0.050 0.057 -0.487 0.335
11 32 0 1 = 0 0.0 = 0.0 = = =
12 31 2 3 1.42 2 0127 0.080 0.020 0.034 -1.506 0.042
13 47 7 5 4.10 2 0541 0.068 0.370 0.226 1.439 0.928
14 31 17 3 2.08 1 0.288 0.097 0.522 0.306 -0.709 0.272
15 30 7 2 1.21 1 0.067 0.061 0.071 0.071 -2.174 0.002
16 29 2 3 467 2 0636 0056 0130 0.105 1.414 0.910
Average 36.6 43 2.3 2.14 1.4 0206 0.014 0.097 0012 -0.944 -
Pooled 585 36 27 2251 23 0.847 0.007 1.024 0.536 0.679 0.800




Table S9 Alaria: Genetic distances (®st) between samples from the Gulf of Alaska and Aleutian Islands based on mitochondrial
DNA cytochrome oxidase I-5P (664 base-pair fragment) the Tamura & Nei (1993) model of mutation. Italics indicates P < 0.05 and
bold indicates P < 0.01 of the null hypothesis of homogeneity between two populations.

2 0.911

3 0.888 0.978

4 0.895 0.984 0.046

5 0.891 0.930 0.953 0.959

6 0.900 0.981 0.075 0.073 0.959

7 0.862 0981 0.987 0.995 0.945 0.989

8 0918 0991 0.076 0.056 0.971 0.111 1.000

9 0.504 0.986 0.980 0.992 0956 0.983 1.000 1.000

10 0.637 0971 0961 0.969 0.949 0.965 0.970 0.979 0.780

11 0.497 0.985 0.979 0.991 0.954 0.983 1.000 1.000 0.000 0.776

12 0.479 0979 0971 0.983 0948 0975 0989 0.993 0.038 0.733 0.035

13 0529 0804 0836 0.840 0.802 0.851 0.273 0.870 0.619 0.685 0.612 0.602

14 0.773 0.803 0.859 0.863 0052 0.876 0.806 0.894 0.829 0.848 0.825 0.817 0.663

15 0.811 0943 0963 0971 0909 0968 0.011 0982 0958 0936 0.956 0.944 0.216 0.749
16 0.478 0949 0929 0.939 0918 0.939 0.938 0.958 0.430 0.650 0.421 0.384 0.586 0.783 0.888

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Sample number




Table S10 Alaria: Analysis of molecular variance (AMOVA) of sequence variability among
samples from the Gulf of Alaska and Aleutian Islands based on mitochondrial DNA cytochrome
oxidase I-5P (664 base-pair fragment) with the Tamura & Nei (1992) model of mutation. Overall
Ost=0.904

Variance % of
Partition d.f. component variance P
Among populations 13 3.283 90.4 0.00001
Within populations 512 0.348 9.6

Total 525 3.631 100.0
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Contatenated cytochrome oxidase I-5P (COI-5P) and ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL)

Sequences of COI-5P and rbcL were concatenated for further analyses, producing 1404 bp
sequences for 543 plants and 33 haplotypes in 16 populations (Table S11). About 90% of the
overall variability was due to differences among populations, which included five major
lineages, and only 10% was due to variability among plants within populations (Table S12).
Genetic distances were generally large (Table S13) and this reflected divergences between the
five lineages. Genetic distances between nearby populations or populations that shared the same
lineage were smaller.
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Table S11 Alaria: Haplotype frequencies of contatenated fragments of mitochondrial DNA
cytochrome oxidase I-5P (COI-5P) and ribulose-1,5-bisphosphate carboxylase/oxygenase large
subunit (rbcL) (1404 base pairs) in samples from the Gulf of Alaska and Aleutian Islands

Haplotype 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
1 . . . 34 8 32 17 10 4 8 113
2 . . 19 . 48 67
3 24 29 . . 53
4 2 . 39 . 11 52
5 12 c 26 38
6 . 38 38
7 . 33 33
8 28 . 28
9 . 26 26

10 17 . 17
11 15 : 15
12 . 15 15
13 10 . 10
14 . 6 6
15 5 . 5
16 . 3 3
17 . 3 3
18 2 . 2
19 . 2 2
20 2 2
21 2
22 2
23 1
24 1
25 1
26 1
27 . 1
28 . 1 1
29 1 3 1
30 . 1 1
31 1 1
32 1 . 1
33 . . . . . . . . . . . . 1 1
Total 32 38 28 31 32 39 40 48 34 47 32 29 41 31 12 29 543
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Table S12 Alaria: Analysis of molecular variance (AMOVA) of samples from the Gulf of
Alaska and Aleutian Islands based on contatenated fragments of mitochondrial DNA cytochrome
oxidase I-5P (COI-5P) and ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit
(rbcL) (1404 base pairs) with the Tamura (1992) model of mutation. Overall ®st = 0.896

Variance % of
Partition d.f. component  variance P
Among populations 15 3.676 89.6 <0.00001
Within populations 527 0.426 104

Total 542 100.0




Table S13 Alaria: Genetic distances (®st) between samples from the Gulf of Alaska and southeastern Bering Sea based on
contatenated fragments of mitochondrial DNA cytochrome oxidase 1-5P (COI-5P) and ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) (1404 base pairs) with the Tamura (1992) model of mutation (below diagonal). Island
model estimates of migration between populations per generation (above diagonal).

1 - 0.489 0.076 0.068 0.072 0.094 0.073 0.042 0,552 0317 0,571 0.711 0.495 0.161 0.121 0.623
2 0911 = 0.009 0.007 0.053 0.030 0.012 0.005 0.006 0013 0.006 0.020 0.088 0.135 0.019 0.023
3 0868 0.982 - 12.706 0.031 0429 0.006 0.025 0.009 0.020 0.009 0.034 0.098 0.081 0.010 0.039
4 0880 0986 0.038 = 0.028 0.384 0.003 0.012 0.004 0.016 0.004 0.027 0.091 0.075 0.006 0.033
5 0874 0904 0.941 0.947 - 0.050 0.046 0.023 0.030 0.031 0.031 0.045 0.105 2.634 0.076 0.048
6 0842 0943 0538 0.566 0.910 = 0.031 0.530 0.042 0.043 0.043 0.063 0.104 0.100 0.048 0.065
7 0873 0976 0988 0.993 0.916 0.942 - 0.001 0.002 0.013 0.002 0.022 0.253 0.136 10.898 0.027
8 0922 0991 0952 0976 0956 0.485 0.998 = 0.0 0.008 0.0 0.014 0.056 0.063 0.002 0.017
9 0475 0988 0983 0992 0944 0923 0.996 1.000 - 0.141 oo 1377 0.293 0.097 0.003 0.662
10 0.612 0975 0961 0969 0942 0921 0974 0983 0.780 = 0.145 0.289 0.220 0.085 0.019 0.269
11 0467 0988 0982 0991 0942 0921 0.99% 1.000 0.000 0.776 - 1431 0301 0.100 0.003 0.686
12 0413 0962 0937 0948 0918 0.889 0957 0973 0.266 0.634 0.259 = 0.358 0.123 0.038 0.942
13 0502 0851 0836 0.846 0.826 0.828 0.664 0.899 0.631 0.694 0.624 0.583 - 0.217 0.399  0.347
14 0.757 0.788 0.860 0.870 0.160 0.834 0.786 0.888 0.838 0.855 0.833 0.802 0.697 = 0.233  0.129
15 0805 0963 0980 098 0.868 0.913 0.044 0.997 0.994 0963 0994 0929 0.556 0.682 - 0.045
16 0445 0957 0928 0939 0912 0884 0949 0967 0431 0.650 0.422 0347 0591 0.795 00917 -
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Sample number




Microsatellite DNA

Table S14 Alaria: Summary statistics of variability at 8 microsatellite loci pooled over 16
samples. Number of alleles (Na), observed heterozygosity (Ho), unbiased expected
heterozygosity assuming Hardy-Weinberg proportions (He), population inbreeding coefficient
(Fis), differentiation among populations (Fst) and probability Fst is greater than 0.0. Totals
obtained by bootstraping over loci.

Locus Na Ho He Fis Fst

AN21 50 0.167 0.695 0.748 0.278
AN23* 43 0.353 0.456 0.210 0.508
AN26* 87 0.548 0.678 0.178 0.275
AN27 16 0.057 0.287 0.793 0.616
AN30 29 0.431 0.618 0.276 0.334
AN31 28 0.444 0.512 0.120 0.416
AN38* 43 0.409 0.683 0.391 0.268
AN39 37 0.361 0.576 0.340 0.419
Mean 41.6 0.346 0.563 0.382 0.389




Table S15 Alaria: Below diagonal: divergence (Fst) between populations based on 8 microsatellite loci. Above diagional: estimates
of migration Nm from the island model of migration.

= 1.507 2.461 1.520 0.709 1.105 1.253 0.564 0.785 1.010 0.863 2.671 2.447 1.172 1.055 1.064
0.142 - 1.618 1.198 0.567 1.322 0.956 0.774 0.669 0.605 0.570 1.215 0.974 0.757 0.780 0.546
0.092 0.134 - 1919 0.829 1.482 1.301 0.781 0.886 0.837 0.880 1.958 1.550 1.211 0.890 0.829
0.141 0.173 0.115 - 0.701 1.252 1.191 0.771 0.739 0.532 0.674 1.159 0.976 0.960 0.595 0.580
0.261 0.306 0.232 0.263 - 0.553 0.580 0.326 0.443 0.336 0.446 0.611 0.569 1.398 0.337 0.333
0.184 0.159 0.144 0.166 0.311 - 2.719 1.009 0.597 0.496 0.576 1.003 0.699 0.725 0.609 0.481
0.166 0.207 0.161 0.174 0.301 0.084 - 0.562 0.659 0.538 0.697 1.166 0.770 0.826 0.556 0.663
0.307 0.244 0.243 0.245 0.434 0.199 0.308 - 0.308 0.245 0.345 0.499 0.367 0.412 0.387 0.243
0.242 0.272 0.220 0.253 0.360 0.295 0.275 0.448 — 0.400 0.568 0.717 0.541 0.595 0.367 0.286
0.198 0.293 0.230 0.320 0.427 0.335 0.317 0.505 0.384 - 0.348 1.048 0.811 0.516 0.450 0.317
0.225 0.305 0.221 0.271 0.359 0.303 0.264 0.420 0.305 0.418 — 0.738 0.661 0.713 0.402 0.388
0.086 0.171 0.113 0.177 0.290 0.200 0.177 0.334 0.259 0.193 0.253 - 1.884 1.110 1.058 0.994
0.093 0.204 0.139 0.204 0.305 0.264 0.245 0.405 0.316 0.236 0.274 0.117 — 0.950 0.951 0.710
0.176 0.248 0.171 0.207 0.152 0.256 0.232 0.378 0.296 0.326 0.260 0.184 0.208 - 0.524 0.477
0.192 0.243 0.219 0.296 0.426 0.291 0.310 0.393 0.405 0.357 0.383 0.191 0.208 0.323 - 0.614
0.190 0.314 0.232 0.301 0.429 0.342 0.274 0.507 0.466 0.441 0.392 0.201 0.260 0.344 0.289 -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Sample number
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Table S16 Alaria: Microsatellite allele frequencies in 16 samples from the Northeastern Pacific Ocean
Population
Locus 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
AN21
Allele/N 19 17 16 23 13 26 20 16 11 39 2 19 22 4 9 9
58 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111
64 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111
75 0.026 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
85 0.237 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
88 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111
112 0.053 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
122 0.000 0.000 0.031 0.000 0.000 0.000 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
129 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.063 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
145 0.105 0.059 0.000 0.000 0.000 0.000 0.050 0.000 0.000 0.026 0.000 0.000 0.091 0.000 0.111 0.000
163 0.000 0.000 0.250 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
166 0.000 0.000 0.000 0.022 0.077 0.038 0.075 0.688 0.000 0.000 0.000 0.053 0.000 0.000 0.333 0.556
169 0.158 0.118 0.406 0.065 0.154 0577 0350 0.063 0.000 0.000 0.000 0.026 0.136 0.000 0.111 0.000
171 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.237 0.000 0.000 0.000 0.000
172 0.026 0.059 0.125 0.000 0.038 0346 0.100 0.000 0.682 0.744 0.000 0.263 0.045 0.000 0.000 0.000
175 0211 0.176 0.000 0326 0.000 0.038 0300 0.000 0.000 0.051 0.250 0.026 0.091 0.000 0.000 0.000
178 0.026 0.118 0.063 0.022 0692 0.000 0.000 0.000 0.000 0.000 0.000 0.105 0.000 0.500 0.111 0.000
181 0.053 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.167 0.111
184 0.000 0.000 0.125 0261 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.053 0.000 0.250 0.000 0.000
186 0.000 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.227 0.000 0.167 0.000
189 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.318 0.000 0.000 0.000 0.000 0.000 0.000 0.000
201 0.000 0.147 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0750 0.000 0.000 0.000 0.000 0.000
204 0.000 0.176 0.000 0.000 0.000 0.000 0.050 0.000 0.000 0.179 0.000 0.000 0.000 0.000 0.000 0.000
223 0.000 0.000 0.000 0.000 0.000 0.000 0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
229 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
244 0.000 0.059 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.000 0.000 0.000
256 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.091 0.000 0.000 0.000
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322 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.250 0.000 0.000
328 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.000 0.000 0.000
361 0.000 0.000 0.000 0.043 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
367 0.000 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
373 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
376 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.000 0.000 0.000
379 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.000 0.000 0.000
386 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.053 0.000 0.000 0.000 0.000
400 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.053 0.000 0.000 0.000 0.000
415 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.053 0.000 0.000 0.000 0.000
434 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000
437 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000
448 0.000 0.059 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
452 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.053 0.000 0.000 0.000 0.000
458 0.000 0.000 0.000 0.000 0.038 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
472 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
475 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.023 0.000 0.000 0.000
478 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.000 0.000 0.000
517 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
520 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
535 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
538 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000
541 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000
597 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.000 0.000

AN23*

Allele/N 13 21 32 29 30 35 22 46 34 45 26 31 29 29 15 32
101 0.000 0.000 0.000 0.000 0.000 0.000 0.341 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
104 0.000 0.000 0.000 0.000 0.000 0.343 0.455 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000
106 0.000 0.167 0.000 0.000 0.000 0.000 0.114 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
107 0.077 0.024 0.000 0.017 0.033 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
109 0.000 0.048 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.989 0.000 0.000 0.000 0.000 0.000 0.000



110
111
112
113
114
116
119
122
124
127
130
133
135
136
138
139
141
142
145
148
151
154
157
160
163
166
169
172
175
178
181
184

0.077
0.000
0.115
0.423
0.000
0.154
0.154
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.762
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.047
0.000
0.250
0.000
0.000
0.000
0.016
0.000
0.016
0.016
0.031
0.063
0.000
0.078
0.000
0.094
0.000
0.047
0.047
0.031
0.000
0.000
0.047
0.031
0.063
0.047
0.016
0.016
0.016
0.016
0.016
0.000

0.207
0.000
0.207
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.017
0.000
0.069
0.017
0.121
0.000
0.000
0.052
0.052
0.034
0.000
0.017
0.017
0.069
0.017

0.000
0.000
0.000
0.050
0.000
0.017
0.017
0.550
0.000
0.000
0.000
0.000
0.033
0.000
0.217
0.000
0.050
0.017
0.000
0.017
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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0.000
0.000
0.657
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.045
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.019
0.058
0.423
0.500
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.032
0.016
0.016
0.016
0.065
0.048
0.145
0.113
0.194
0.113
0.032
0.032
0.081
0.048

0.000
0.000
0.000
0.103
0.000
0.879
0.017
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.086
0.017
0.655
0.086
0.052
0.034
0.000
0.000
0.000
0.069
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.033
0.000
0.867
0.100
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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187 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.000 0.000 0.000
190 0.000 0.000 0.000 0.034 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
202 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
205 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000
217 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
220 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

AN26*

Allele/N 37 23 32 28 18 46 47 48 30 44 30 31 41 24 27 24
154 0.000 0.043 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
157 0.000 0.000 0.000 0.000 0.028 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
163 0.162 0.000 0.000 0.018 0.028 0.000 0.213 0.000 0.000 0.000 0.050 0.016 0.000 0.000 0.000 0.000
166 0.081 0761 0.078 0.179 0.000 0.707 0.085 0.990 0.000 0.000 0.000 0.065 0.037 0.000 0.852 0.000
169 0.000 0.000 0.016 0.018 0.000 0.054 0.426 0.010 0.000 0.000 0.000 0.016 0.000 0.000 0.019 0.000
172 0.000 0.000 0.000 0.000 0.000 0.022 0.011 0.000 0.000 0.000 0.000 0.048 0.000 0.000 0.000 0.000
175 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.073 0.000 0.000 0.000
178 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
181 0.000 0.000 0.000 0.018 0.000 0.033 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
183 0.000 0.000 0.000 0.000 0.000 0.043 0.000 0.000 0.000 0.000 0.000 0.000 0.073 0.000 0.000 0.021
186 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.024 0.021 0.000 0.000
189 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000
192 0.000 0.109 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
195 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.021 0.000 0.000
198 0.027 0.043 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
201 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
204 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000
207 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.012 0.000 0.000 0.000
210 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000
213 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000
215 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000
218 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.037 0.000
221 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.019 0.000



224
227
230
233
236
239
242
245
248
250
253
256
259
262
265
268
271
274
276
280
282
285
288
291
294
297
300
303
305
308
311
314

0.054
0.000
0.014
0.000
0.014
0.081
0.000
0.027
0.027
0.000
0.054
0.014
0.014
0.027
0.014
0.027
0.027
0.014
0.000
0.027
0.000
0.000
0.014
0.027
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.043
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.016
0.000
0.031
0.000
0.000
0.000
0.000
0.000
0.016
0.000
0.047
0.047
0.078
0.063
0.063
0.063
0.047
0.109
0.109
0.016
0.000
0.000
0.016
0.016
0.047
0.016
0.000
0.000
0.047
0.016

0.000
0.000
0.036
0.000
0.000
0.000
0.000
0.036
0.000
0.000
0.000
0.000
0.036
0.018
0.000
0.036
0.071
0.036
0.000
0.000
0.071
0.018
0.036
0.036
0.036
0.000
0.000
0.000
0.036
0.018
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.011
0.000
0.000
0.000
0.000
0.022
0.000
0.011
0.000
0.065
0.011
0.000
0.000
0.011
0.011
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.011
0.011
0.021
0.021
0.043
0.043
0.011
0.000
0.011
0.000
0.032
0.000
0.032
0.021
0.000
0.011
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.100
0.150
0.083
0.133
0.067
0.033
0.000
0.000
0.000
0.000
0.000
0.033
0.000
0.000
0.017
0.000

0.000
0.000
0.000
0.011
0.114
0.000
0.000
0.023
0.000
0.000
0.034
0.023
0.148
0.125
0.125
0.205
0.057
0.068
0.011
0.034
0.023
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.017
0.000
0.050
0.000
0.000
0.000
0.000
0.017
0.050
0.183
0.217
0.183
0.183
0.033

0.016
0.000
0.000
0.000
0.000
0.016
0.032
0.016
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.016
0.000
0.000
0.000
0.000
0.016
0.016
0.000
0.016
0.016
0.081
0.016
0.065
0.016
0.032
0.016

0.024
0.037
0.110
0.012
0.037
0.012
0.024
0.037
0.000
0.012
0.012
0.012
0.012
0.012
0.037
0.012
0.000
0.049
0.037
0.012
0.000
0.012
0.000
0.012
0.000
0.000
0.037
0.012
0.012
0.024
0.000
0.000

0.000
0.000
0.000
0.021
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.021
0.042
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.021
0.000

0.000
0.019
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.037
0.000
0.000
0.000
0.019
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.146
0.021
0.000
0.000
0.000
0.042
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317
320
323
326
329
332
335
338
340
343
346
349
352
355
358
361
364
367
372
375
378
384
387
398
401
410
416
424
430
433
436
444

0.000
0.000
0.014
0.000
0.000
0.014
0.014
0.000
0.000
0.000
0.000
0.014
0.000
0.014
0.000
0.000
0.000
0.027
0.000
0.014
0.027
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.031
0.000
0.016
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.018
0.000
0.089
0.000
0.000
0.000
0.018
0.000
0.000
0.036
0.000
0.036
0.000
0.018
0.000
0.018
0.018
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.944
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.050
0.033
0.017
0.017
0.083
0.083
0.017
0.083
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.017
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.113
0.048
0.000
0.048
0.000
0.016
0.016
0.032
0.000
0.000
0.016
0.048
0.000
0.032
0.016
0.000
0.016
0.000
0.000
0.000
0.000
0.000
0.000
0.016
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.012
0.000
0.012
0.012
0.012
0.000
0.024
0.012
0.000
0.012
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.012
0.000
0.012
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.021
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.021
0.813
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.042
0.000
0.021
0.021
0.042
0.000
0.000
0.000
0.000
0.000
0.042
0.000
0.000
0.042
0.063
0.000
0.000
0.000
0.000
0.000
0.000
0.063
0.083
0.021
0.021
0.042
0.063
0.063
0.042
0.083
0.021
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AN27

Allele/N 17 4 6 21 15 26 47 48 6 45 30 31 41 16 19 17
214 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.469 0.000 0.000
217 0.000 0.000 0.167 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
220 0.882 0.750 0.667 0.429 0.067 0.000 0.043 0.000 0.083 1.000 0.133 0.935 0.988 0.188 1.000 1.000
221 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
222 0.059 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
223 0.059 0.250 0.000 0.524 0.000 0.000 0.000 0.000 0.250 0.000 0.000 0.000 0.012 0.000 0.000 0.000
226 0.000 0.000 0.000 0.000 0.000 0.000 0.117 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
230 0.000 0.000 0.167 0.048 0.000 0.000 0.074 0.000 0.000 0.000 0.867 0.065 0.000 0.000 0.000 0.000
231 0.000 0.000 0.000 0.000 0.933 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000
233 0.000 0.000 0.000 0.000 0.000 0.692 0.713 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
236 0.000 0.000 0.000 0.000 0.000 0.192 0.053 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
242 0.000 0.000 0.000 0.000 0.000 0.077 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
253 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.313 0.000 0.000
285 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.167 0.000 0.000 0.000 0.000 0.000 0.000 0.000
425 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.500 0.000 0.000 0.000 0.000 0.000 0.000 0.000
431 0.000 0.000 0.000 0.000 0.000 0.038 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

AN30*

Allele/N 34 31 32 28 2 39 35 25 31 43 28 31 34 27 23 29
224 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.000
227 0.000 0.032 0.000 0.000 0.000 0.000 0.214 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
228 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000
230 0.015 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
231 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.000 0.000 0.000
233 0.029 0.048 0.188 0.518 0.500 0.321 0.086 0.880 0.000 0.000 0.161 0.000 0.015 0.000 0.022 0.000
234 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.065 0.000 0.000 0.000 0.000
235 0.250 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.256 0.643 0.323 0.206 0.333 0.022 0.000
236 0.029 0.065 0.125 0.125 0.250 0.308 0.129 0.020 0.032 0.000 0.000 0.000 0.029 0.000 0.000 0.000
237 0412 0.032 0109 0.036 0.000 0.000 0.014 0.000 0.000 0.000 0.036 0.097 0.456 0.074 0.000 0.983
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238 0.029 0.726 0.031 0.071 0.000 0.231 0486 0.000 0.694 0.128 0.000 0.000 0.000 0.000 0.022 0.000
240 0.132 0.016 0.047 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.221 0.019 0.000 0.000
241 0.000 0.065 0.016 0.036 0.000 0.103 0.043 0.000 0.065 0.593 0.000 0.000 0.000 0.000 0.109 0.000
242 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.226 0.000 0.019 0.000 0.000
243 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.161 0.000 0.125 0.000 0.029 0.000 0.022 0.017
244 0.000 0.016 0.078 0.054 0.000 0.000 0.000 0.040 0.000 0.023 0.000 0.000 0.000 0.000 0.348 0.000
245 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.145 0.000 0.556 0.000 0.000
246 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.032 0.000 0.000 0.000 0.044 0.000 0.000 0.000
247 0.000 0.000 0.156 0.036 0.250 0.000 0.000 0.060 0.000 0.000 0.000 0.000 0.000 0.000 0.283 0.000
248 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.000 0.000 0.000
249 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000
250 0.088 0.000 0.156 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.109 0.000
252 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.048 0.000 0.000 0.000 0.000
253 0.000 0.000 0.047 0.036 0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.043 0.000
255 0.000 0.000 0.000 0.000 0.000 0.038 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
256 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
257 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000
258 0.000 0.000 0.047 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
261 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
AN31
Allele/N 40 34 30 29 30 46 47 47 34 45 30 31 40 29 27 31
136 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
139 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
147 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
150 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.043 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
165 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
168 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.191 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
171 0.000 0.191 0.633 0.431 0.000 0.348 0.149 0.574 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
172 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
174 0.150 0.044 0.100 0.172 0.033 0.522 0.851 0.011 0.000 0.044 0.200 0.484 0.025 0.052 0.167 1.000
175 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.117 0.000 0.000 0.000 0.032 0.000 0.000 0.000 0.000
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177 0.125 0.044 0.217 0.397 0.000 0.000 0.000 0.000 0.941 0.000 0.000 0.032 0.063 0.000 0.056 0.000
180 0.075 0.044 0.000 0.000 0.000 0.000 0.000 0.000 0.059 0.544 0.050 0.387 0.700 0.069 0.704 0.000
181 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
183 0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.050 0.190 0.074 0.000
186 0.038 0.000 0.017 0.000 0.183 0.000 0.000 0.000 0.000 0.000 0.383 0.000 0.025 0.621 0.000 0.000
189 0.075 0.000 0.000 0.000 0.750 0.000 0.000 0.000 0.000 0.100 0.183 0.016 0.038 0.034 0.000 0.000
190 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
192 0.238 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.289 0.150 0.000 0.088 0.000 0.000 0.000
195 0.225 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000 0.022 0.033 0.000 0.013 0.017 0.000 0.000
198 0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000
201 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000
203 0.000 0.618 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
204 0.000 0.000 0.033 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
206 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
207 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
210 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
213 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
215 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

AN38*

Allele/N 28 33 28 26 30 39 46 43 16 41 27 27 42 30 19 30
104 0.036 0.000 0.000 0.000 0.000 0.000 0.000 0.058 0.094 0.024 0.019 0.037 0.012 0.000 0.000 0.017
107 0.036 0.000 0.000 0.000 0.000 0.000 0.011 0.012 0.063 0.000 0.000 0.056 0.000 0.000 0.053 0.017
112 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.000
121 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
147 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
163 0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000
173 0.000 0.000 0.036 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
174 0.000 0.015 0.000 0.000 0.000 0.013 0.000 0.023 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
177 0.018 0.015 0.000 0.327 0.000 0.654 0.533 0.523 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000
179 0.000 0.000 0.036 0.000 0.000 0.000 0.011 0.000 0.094 0.000 0.000 0.148 0.167 0.250 0.158 0.000
182 0.000 0.182 0.000 0.173 0.700 0.013 0.000 0.000 0.156 0.000 0.000 0.000 0.476 0.500 0.000 0.033



185
188
191
192
195
198
200
201
204
206
207
209
212
213
216
218
219
221
223
224
227
228
230
233
238
250
256
262
277
323
397
436

0.000
0.000
0.000
0.000
0.000
0.036
0.000
0.018
0.036
0.000
0.000
0.000
0.000
0.000
0.000
0.018
0.000
0.036
0.000
0.054
0.196
0.000
0.232
0.071
0.036
0.018
0.018
0.036
0.036
0.018
0.000
0.018

0.333
0.091
0.000
0.015
0.000
0.076
0.000
0.167
0.030
0.061
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.286
0.250
0.036
0.000
0.036
0.000
0.000
0.071
0.161
0.089
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.077
0.000
0.000
0.000
0.000
0.135
0.000
0.000
0.231
0.058
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.283
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.017
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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0.000
0.000
0.000
0.000
0.064
0.000
0.026
0.115
0.000
0.013
0.000
0.038
0.000
0.000
0.000
0.000
0.000
0.000
0.051
0.000
0.000
0.013
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.011
0.022
0.065
0.000
0.022
0.076
0.087
0.011
0.054
0.033
0.022
0.000
0.000
0.000
0.000
0.022
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.023
0.000
0.047
0.081
0.140
0.047
0.012
0.023
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.012
0.000

0.313
0.125
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.156
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.122
0.000
0.000
0.305
0.000
0.000
0.500
0.000
0.000
0.012
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.012
0.000
0.000
0.000
0.000
0.012
0.000
0.000
0.000

0.037
0.037
0.000
0.000
0.000
0.019
0.000
0.000
0.815
0.037
0.037
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.019
0.000
0.000
0.370
0.000
0.000
0.111
0.037
0.056
0.000
0.130
0.000
0.000
0.000
0.000
0.037
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.238
0.060
0.000
0.000
0.000
0.048
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.150
0.000
0.000
0.000
0.017
0.067
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.632
0.079
0.000
0.000
0.026
0.000
0.000
0.000
0.000
0.000
0.026
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.033
0.183
0.000
0.000
0.000
0.600
0.000
0.017
0.000
0.000
0.100
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

6-176



NPRB Final Report: Project 1618: Ribbon kelp phylogeography 6-177
AN39
Allele/ N 18 30 30 21 29 37 34 45 17 11 41 29 29 5
239 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
249 0.000 0.500 0.000 0.017 0.450 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.024 0.000 0.000 0.400
250 0.000 0.000 0.000 0.967 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
254 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.200
259 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.138 0.000 0.000
264 0.000 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000 0.000 0.088 0.000 0.012 0.017 0.000 0.100
269 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.091 0.122 0.034 0.000 0.000
274 0.000 0.000 0.056 0.000 0.167 0.000 0.000 0.000 0.176 0.000 0.000 0.000 0.049 0.138 0.034 0.000
275 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.966 0.000
276 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
279 0.000 0.000 0.556 0.017 0.250 0.000 0.000 0.000 0.029 0.000 0.000 0.000 0.073 0.172 0.000 0.300
284 0.000 0.000 0.111 0.000 0.083 0.000 0.000 0.000 0.765 0.000 0.912 0.045 0.012 0.052 0.000 0.000
289 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000
293 0.375 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
294 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.073 0.000 0.000 0.000
299 0.000 0.000 0.167 0.000 0.000 0.000 0.069 0.000 0.000 0.000 0.000 0.000 0.341 0.121 0.000 0.000
304 0.125 0.000 0.000 0.000 0.017 0.262 0.241 0.000 0.000 0.000 0.000 0.000 0.244 0.052 0.000 0.000
309 0.000 0.250 0.000 0.000 0.000 0.190 0.052 0.270 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000
314 0.000 0.000 0.000 0.000 0.000 0.048 0.155 0.216 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000
320 0.000 0.000 0.000 0.000 0.000 0.000 0.103 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
324 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.682 0.000 0.000 0.000 0.000
329 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.091 0.000 0.000 0.000 0.000
350 0.125 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
355 0.063 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
360 0.063 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
370 0.250 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
418 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.034 0.000 0.000
422 0.000 0.000 0.000 0.000 0.000 0.024 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
427 0.000 0.000 0.000 0.000 0.000 0.095 0.034 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000
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*Locus with more than two alleles was diplodized for populations by randomly reducing the number of alleles to two
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Figure S1. Alaria: a) photo of plant showing
sporophylls and frond. b) a mat of Alaria at low
tide. ¢) Kyak Beach, Kachemak Bay. d) Watson
Beach, Sitka. e) Lowry Point, Seward.
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Abstract

In the Northeastern (NE) Pacific, kelps in the genus Alaria have had a tangled taxonomic
history because convergent morphological plasticity among taxa has made it difficult to clearly
delineate some species and to identify individual plants. In this study, we assembled available
sequences (n = 658) of mitochondrial DNA cytochrome oxidase I-5P (COI-5P) sequences (634
bp) from 5 Northwestern (NW) Pacific and Bering Sea species and five major lineages in the NE
Pacific to examine geographical patterns of divergence. Evolutionary units defined by COI-5P
only partially corresponded to current taxonomies of Alaria in the NE Pacific. Sequence
divergences between the five lineages in the NE Pacific (0.0101-0.040) were much smaller than
divergences between species in the NW Pacific (0.0470-0.1861). The contrasting levels of
genetic differentiation between taxa within the NW and NE Pacific is likely due a different
climatic histories in the two basins. Shallow divergences between lineages of Alaria in the NE
Pacific reflect a history of extinctions, repeated isolations in glacial refugia and secondary
contact with hybridization. The deeper divergences between species in the NW Pacific, on the
other hand, reflect longer-lived taxa in a region that did not experience extensive coastal
glaciation during the Pleistocene Epoch.
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1. Introduction

The mechanisms producing new species in marine macroalgae are poorly understood. The
description of patterns of genetic variability among populations is the first step in understanding
the genetic events that lead to new species. The focus of the present study is on resolving
patterns of differentiation of among populations, subspecies and species. Recent shifts in
thinking have been prompted by the development of technologies that provide genomic views of
differentiation. The focus, especialy in plants, has been on the roles of reinforcement (Butlin,
1987; Servedio and Noor, 2003; Hoskin et al., 2005), ecological divergence (Orr and Smith,
1998; Nosil, 2012), hybridization (Soltis and Soltis, 2009; Abbott et al., 2013), chromosomal
rearrangements (Rieseberg, 2001) and polypoidy (Adams and Wendel, 2005). Another focus has
been on patterns of reticulation brought about by hybridizations between partially isolated taxa
(Linder and Rieseberg, 2004). Hypotheses of allopatric speciation have been the mainstay of
evolutionary studies, but sympatric speciation may explain divergence, but only in a few cases
(Coyne and Orr, 2004).

Species of kelps in the genus Alaria are often difficult to identify because environment
variability influences morphology so that different species may show similar characters in some
habitats (Widdowson, 1971a). The genus Alaria contains the second largest number of species in
the kelp order Laminariales (Lane et al., 2006). The most widely distributed species, A.
esculenta, has a range extending from France in the Northeastern (NE) Atlantic, to New England
in the NW Atlantic and across the Arctic into the Bering Sea and Norwestern (NW) Pacific as far
as northern Japan. As many as 10 additional species of Alaria are recognized in the North Pacific
(Lane et al. 2007). The following geographical distributions were described in Widdowson
(1971a). In the NW Pacific, Alaria angusta extends from Hokkaido, Japan to Bering Island.
Alaria crassifolia has a restricted distribution extending from central Japan to the Kurile Islands.
Alaria paradisea occurs in the Kurile Islands. Alaria ochotensis occurs from the Kamchatka
Peninsula to Sakhalin, Russia. Alaria crispa occurs in the Bering Sea and along the Aleutian
Island and appears to intergrade with A. taeniata along the southern shores of the Alaska
Peninsula. Alaria taeniata extends from the Commander Island to British Columbia. Alaria
tenuifolia extends from the western Aleutian Islands to Puget Sound, Washington. Alaria
praelonga has a scattered distribution ranging from Japan to Southeastern Alaska. In the NE
Pacific, Alaria marginata extends from the Gulf of Alaska to Point Conception, California
(Widdowson, 1971a). Alaria nana extends from Yakutat, Alaska to Oregon.

Lane et al. (2007) used three molecular markers that produced conflicting results. The
phylogenetic relationships detected with cytochrome oxidase 1 (COI-5P) showed 5 groups B—F
that roughly corresponded to described species. Group B included A. crispa and A. praelonga.
Group C encompassed populations of A. esculenta. Group D included only A. taeniata, Group E
included A. marginata, A. nana, A. taeniata and A. tenuifolia. However these major lineages
were not consistent with relationships among individual plants inferred from sequence variability
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of the nuclear internal transcribed spacer (ITS) of the ribosomal gene and the chloroplast
Rubisco operon spacer (rbcSp). They postulated that divergences between three groups, D, E and
F, which may represent incipient species resolved with COI-5P did not correspond with
relationships inferred with ITS and rbcSp. The unrersolved relationships in a tree based on the
nuclear gene, ITS, indicated hybridizations between organellar lineages and a breakdown of
species’ boundaries. In another study, nuclear microsatellite markers also showed hybridizations
between divergent lineages of COI-5P and rbcL at sites where different lineages co-occurred
(Grant and Bringloe, in preparation). Hybrids also appear between other pairs of species of
Alaria (Kraan and Guiry, 2000).

The goal of this study was to provide further resolution of taxa of Alaria in the Gulf of
Alaska relative to species in the NW Pacific and Bering Sea. We compiled available sequences
of COI-5P for Alaria from Genbank and added them to sequences for the five NE Pacific
lineages (Grant and Bringloe, in preparation). Genbank sequences were available for individuals
identified as A. marginata, A. nana, A. taeniata, and A. tenuifolia from the NE Pacific, and as A.
esculenta, A. paradisea, A. crassifolia, A. praelonga and A. crispa from the NW Pacific and
Bering Sea. As in Lane et al. (2007), NE Pacific Genbank sequences did not sort by species, nor
did they align consistently with the five well-define lineages. Shallow sequence divergences
between taxa in the NE Pacific contrasted with the deeper divergences between species in the
NW Pacific. This contrast appears to reflect the different climate histories in the two regions.

2. Methods

A total of 72 sequences of cytochrome oxidase | COI-5P (634 bp) from 9 species of Alaria
were downloaded from Genbank and aligned with sequences (n = 586) from Grant and Bringloe
(in preparation) (Table 1, 2). Several short sequences could not be used because the sequences
did not encompass informative polymorphic nucleotide sites. C. Lane kindly provided
chromatograms for sequences publilshed in Lane et al. (2007) to score an informative nucleotide
site located three steps before the start of published sequences.

We used MEGA 7 (Kumar et al. 2016) to establish the best model of mutation and ARLEQUIN
3.5.2.2 (Excoffier & Lischer 2010) to estimate sequence divergences between taxa. Neighbor-
joining trees based on sequence divergences between taxa were made with MEGA 7. We used TCS
(Clements et al. 2000) to produce minimum spanning networks of haplotypes with parsimony.

3. Results

3.1 COlI phylogeny
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Average sequence divergence between the Alaskan samples ranged from 0.0 (samples 9 and
10) t0 0.0394 (5 and 3, 5 and 6) (Table 3). Sequence divergences between putative species were
generally larger, ranging from 0.0178 between A. tenuifolia and A. paradisea to 0.1853 between
A. crispa and sample 5 (nominally A. marginata) (Table 3).

In a neighbor-joining tree of these sequence divergences, samples 1, 9, 10, 11, 12 and 16
clustered together and consituted a sister group to samples 3, 4, 6 and 8 and A. taeniata (Fig. 1a).
Samples 5 and 14 were included in a group with A. marginata (southern distribution: Lane et al.,
2007) and A. nana (wide spread). Sample 13 was a sister group to these two groups. Samples 7
and 15 (lineage C) were not associated with any of the species included in the tree. Sample 2
(lineage E, southern Alaska Peninsula) was also not associated with any of the species. A. crispa
(Bering Sea), A. crassifolia (Northwestern Pacific) and A. esculenta (North Atlantic to Bering
Sea) were distantly related to other taxa with sequence divergences ranging from 0.0470 to
0.1021 (Table 32).

Summaries of sequence divergences among plants by location, however, obscure complex
relationships when samples include more than one of the major lineages. Sequences were
summarized by lineage (Table 4). Average sequence divergences between Northeastern Pacific
lineages ranged from 0.0101 between A and C to 0.0398 between B and D (Fig. 1b). The
smallest divergence between recognized species and the lineages ranged from 0.0117 between C
and A. paradisea to 0.1861 between D and A. crispa. A. paradisea (Kurile Islands) was closely
related to the Northeastern Pacific lineages with sequence divergences ranging from 0.0117 to
0.0277. Relationships among the other species of Alaria remained the same as those in Fig. 1a.

In a parsimony network, the five lineages were separated from adjoining lineages by 5 to 10
mutational steps (Fig. 2). A. paradisea was separated from lineage C by only 6 steps and from
lineage E by 8 steps. A. praelonga was separated from A. crispa by 6 steps. Haplotypes in
lineage A included sequences of A. marginata, A. tenuifolia, A. taeniata, and A. nana. Lineage B
included sequences from only A. taeniata. Lineage C included sequences from A. taeniata, A.
tenuifolia, and A. nana. Lineage D included most of the sequences of A. marginata and two
sequences of A. nana , and lineage E included none of the added sequences.

4. Discussion

We found a lack of correspondence between the five deep lineages in Alaria of the NE
Pacific and nominal species described for this region. The mismatches may be due to the
difficulty of identifying individual plants to species or to flawed species descriptions plagued by
morphological plasticity among plants of Alaria. We also found greater sequence divergence
between taxa in the NW Pacific than between taxa in the NE Pacific. This contrast may be due to
differences in the climatic histories in two regions. Greater amounts of coastal glaciation in the
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NE Pacific likely led to isolations in coastal refugia, but also to extinctions that prevented the
appearance of deeply divided lineages.

4.1 Genetic relationships among taxa

The current taxonomy of Alaria is largely based on the foundational studies of Widdowson
(1971a, b), who used 66 traits to devise a taxonomic key for species’ identifications. In this
approach to the taxonomy of Alaria, a major problem is the large amount of morphological
variability produced by environment-genetic interactions. In support of this conclusion are plants
assigned to the same species, on the basis of morphology, that appeared in different major
lineages. For example, sequences from plants identified as A. taeniata appeared in lineages A, B
and C. Haplotypes from the geographically widely distributed A. nana were distributed among
lineages, A, C & D. Plants from a single location at Bamfield, VVancouver Island, BC fell into
lineages, A & D, that were separated by 17 mutational steps in the network (Fig. 2), indicating
that they are unlikely to belong to the same species. The results of the present study do not
support the validity of A. nana as a distinct species. It appears to be a convergent ecotype of
several species.

Haplotypes of A. marginata appeared in only in lineages A and D but were most numerous in
lineage D, which in our population study was found at only two sites, Afognak Island (5) and
Sitka (14). It was also identified in collections from southeastern Alaska, the south central coast
of Alaska and Kachemak Bay (Lane et al., 2007). This species is apparently most common along
southern shores of British Columbia, Washington, and Oregon, reaching to southern California
(Widdowson, 1971a). Hence, populations in Alaska appear to be at the northern extreme of the
geographical range of this species. In a tree analysis of rbcSP, COl, and ITS sequences, Lane et
al. (2007) found evidence for northern and southern groups of this species. However the groups
were polyphyletic with respect to both A. taeniata and A. tenuifolia. The relationships in Fig. 2
confirm this relationship.

The COI-5P lineages in the present study correspond somewhat to COI-5P groups in Lane et
al. (2007). Lineage A in the present study appears to correspond to group ‘E’ in Lane et al., and
an un-named, cluster in group ‘E’ corresponds to lineage C. Lineage B corresponds to group ‘D’,
and lineage D corresponds to group ‘F’. Plants in lineage E, collected on the southern coast of
the Alaska Peninsula, were apparently not sampled by Lane et al. (2007). The analysis of several
species with the chloroplast DNA gene rbcSp, the mitochondrial DNA gene COI-5P, and a
nuclear gene ITS failed to clearly differentiate among the species of Alaria (Lane et al., 2007).
The inclusion of COI-5P sequences from these species with the COI-5P database in this study
also did not provide clear separation between taxa (Fig. 2). However, conclusions based on COI-
5P must be tempered with caution because of small sample sizes of identified plants added to the
study and because of the use of a single molecular marker.
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4.2 Pleistocene ice ages and speciation

The process of speciation in the marine realm is poorly understood, but geographical
isolation and adaptive divergence is thought to be fundamental mechanisms (Rundle and Nosil,
2005; Miglietta et al., 2011). The study of divergence between species and con-specific
populations in the Northeastern Pacific Ocean are of particular interest because this region
experienced extreme climate changes during the Pleistocene Epoch (Kaufman and Manley,
2004). Imprints of these ice-age disturbances are apparent in the limited amount of genetic
variability among evolutionary lineages in the NE Pacific, compared to well-defined species in
the Northwestern Pacific, where coastal glaciers were a minor feature during ice-age cycles. The
climatic history of the NW Pacific differs from the history of the NE Pacific in several ways.
Because of the west wind drift over the North Pacific, moisture-laden clouds produced large
glaciers across the northern portion of North America. The prevailing weather pattern in the NW
Pacific has been influenced by dry air masses that have traversed the Eur-Asian continent. Since
these masses of air carried little moisture, there was little buildup of glaciers on land and no
incursion of terrestrial glaciers into the shorelines around the NW Pacific.

Many populations are fixed for different lineages that are unlikely to have arisen in situ. The
deep separations between the lineages indicate that the isolations predate the last glacial
maximum about 20 000 years ago. A molecular-clock calibration of 0.4786% per million years
was estimated by Zhang et al. (2015) for Saccharina japonica, based on fossil evidence for
nodes in a phylogenetic reconstruction of brown algal evolution (Silberfeld et al., 2010). This
calibration overestimates times of separation between recently diverged lineages because of the
non-linearty of apparent mutation rates (Ho et al., 2005). In any case, temporal estimates of
divergence between lineages range from about 10 000 years between A & C to 41 000 years
between B & D. Estimates of divergence time between all of the taxa, including the five lineages
and five Northwestern Pacific and North Atlantic species for which COI-P5 sequence where
available ranged from 12 000 years between lineage C and A. paradisea to 194,000 years
between lineage D and A. crispa. These point estimates have huge errors associated with them,
but neverthless indicate that present levels of diversity likely arose within the last two
Milankovitch climate cycles.

The abupt genetic transitions between populations in the NE Pacific can also be explained as
legacies, at least in part, of ice-age isolations and post-glacial colonizations in which established
populations retard gene flow through high-density blocking or local adaptatinon discourages the
reproductive sucesses of plants originating from populations adapted to other environments
(Grant and Bringloe, in preparation). The mosaic genetic pattern that we see today among five
major lineages may have been produced by multiple divergences and multiple refugia. Each



NPRB Final Report: Project 1618: Alaria species 7-188

glacial advance along the shores of the NE Pacific shuffled the lineages geographically since the
locations of refugia likely shifted with glacial each advance.

The 100 000-year timeframe for the ages of species in the genus contrasts sharply with the
longevity of the Alaria lineage with diverge from its sister genus Undaria about 16 million years
ago (approximate HPD: 22—-10 my) (Silberfeld et al., 2010). The lack of deeply separated
lineages in a long-lived genus points to a ‘recent’ bottleneck in the number of species and an
episode of speciation, or more likely to a history of species turnover prompted by periodic
environmental disturbances from glacial expansions into coastal areas. The recent origins of
present-day populations in the Northeastern Pacific Ocean is supported by the small values of
nucleotide diversity in both the location samples and lineages (Grant and Bringloe, in
preparation). Eleven of the 16 populations sampled around the Gulf of Alaska had no, or little,
diversity, as they were fixed or nearly fixed for a single COI-5P haplotype. The remaining 5
populations had larger diversities, but this was due to the mixing of plants from divergent COI
lineages. Theses low levels of diversity are typical of recently established populations that have
not existed long enough for mutations to accummulate (Grant and Bowen, 1998).

The low levels of species diversity and divergence between lineages and nominal species in
the Northeastern Pacific contrast sharply with the greater diversity of Alaria and larger
divergences between species in the Northwestern Pacific Ocean (Fig. 1b, and Fig. 3 in Lane et al.
2007). The reason for this contrast is likely to be found in differences in the environmental
histories of the two oceanic regions. While Northeastern Pacific shores were covered with glacial
ice, the rim of the Northwestern Pacific was less glaciated and may have provided a greater
number of ice-age habitats for Alaria. In the Okhotsk Sea, for example, the spatial and temporal
distributions of ice-rafted debris (IRD) indicated the calving of ice bergs from sites along the
western Kamchatka Peninsula into the eastern Kamchatka Sea during stadials but seasonally ice-
free shores along the western Okhotsk Sea (Nurnberg et al., 2011).

4.3 Future prospects

The delineation of evolutionary units with molecular markers is the first step in understanding
the origins of diversity among taxa of Alaria in the N Pacific. The next step is to understand the
role that local adaptation plays in diversification. Two approaches are possible. First, an eco-
genetic approach involves field and laboratory work with plants from a range of habitats to
establish the extent that local adaptation drives, or maintains, the abrupt genetic transitions
between populations. Laboratory culture studies might be useful in some cases to estimate the
heritabilities of the adaptive phenotypes.

The resolution of the five lineages of Alaria in the N Pacific was made with a presumably
selectively neutral molecular marker, so that these lineages may not consitute adaptive units.
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Hence, the chaotic pattern among populations detected with this marker may be the result of
selectively neutral processes that have nothing to do with adaptation. Repeated isolations during
each glacial advance into coastal areas followed by disperals during warm periods and isolation
again with the next glacial advance. About 80% of the time over the last 100 thousand year
glacial cycle sea levels were 50 meters or more lower than present-day sea level, and much as
low as 120 meters lower during glacial maxima. Hence, the lineages evolved in environmental
conditions quite different from conditions over the past 10 000 years of the Holocene. The key to
understanding divergence mechanisms may not lie in studies of populations during the present
anomalously warm period with a coastline that differs from it long-term configuration. Research
question have to be framed with some thought.

Another approach is to attempt to identify genes or gene expression patterns that are
correlated with various environmental variables. Genomic methods can now be used to screen an
incredibly large number of genes across an entire genome and to relate differences in gene
profiles or gene expression among locations to adaptative responses to environmental variables.
The results of genomic studies have shown that the units of adaptation are generally a small set
of interacting genes rather than the whole genome (Wolf and Ellegren, 2017). For example,
Coyer et al. (2011) found a genomic signature in Fucus serratus that was associated with
adaptaton along a salinity gradient. In a contemporary view, reproductive isolation is a by
product of adaptation to particular environmental variables, so that differentiation across an
entire genome is not a central criterion of speciation (Wu 2001). Empirical data tends to indicate
that genes, not the genome as a whole, are the units enabling speciation (Wolf and Ellegren,
2017).
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TABLE 1.

Genbank COI-5P sequences used in this study

Species Genbank Nos Location Reference
A. crispa EF218901 Bering Sea Lane et al. 2007
MH593100 Bering Sea Bringloe and Saunders 2019
A. crassifolia  AB775220 Japan Kawai et al. 2013
A.esculenta  EF218856, EF218857, EF218858, EF218859, EF218860, N Atlantic Lane et al. 2007
EF218879
A. marginata EF218867, EF218868, EF218869, EF218870, EF218875, NE Pacific Lane et al. 2007
EF218880, EF218890, EF218891, EF218892, EF218893,
EF218894, EF218895, EF218896, EF218899
FJ409129, FJ409130, FJ409131, FJ409132, FJ409133 NE Pacific McDevit and Saunders 2009
KJ960252, KJ960258 Saunders and McDevit 2014
A. nana EF218871, EF218872, EF218873, EF218888, EF218897, NE Pacific Lane et al. 2007
EF218898, EF218900
A. paradisea MG913352, MG913353, MG913354, MG913355, Russia Klimova et al. 2018
A. praelonga EF218902 Japan Lane et al. 2007
A. taeniata EF218861, EF218862, EF218863, EF218864, EF218865, Alaska Lane et al. 2007
EF218866, EF218874, EF218876, EF218877, EF218881,
EF218886, EF218889
A. tenuifolia EF218882, EF218883, EF218884, EF218885, EF218887  Alaska Lane et al. 2007




TABLE 2
Locations and collection dates of samples from the Gulf of Alaska and Aleutian Islands

Sample Location Habitat N Latitude W Longitude
1 Morris Cove, Unalaska Island Protected 53.919 166.438
2 Sand Point, Popf Island, Alaska Peninsula Protected 55.309 160.513
3 Table Island, Kodiak Island Exposed 57.188 152.925
4 Near Island, Kodiak Island Protected 57.788 152.388
5 Black Cape, Afognak Island ? 58.402 152.882
6 Kasitsna Bay, Kachemak Bay Protected 59.468 151.553
7 Kayak Beach, Kachemak Bay Semi- 59.497 151.472

exposed
8 Homer Spit, Kachemak Bay Protected 59.604 151.418
9 Lowell Point, Resurrection Bay Semi- 60.064 149.443
exposed

10 Cordova, Prince William Sound Protected 60.545 145.768

11 Bridge Site, Yakutat Current 60.056 149.443

swept

12 Auke Bay, North of Juneau Protected 58.374 134.728

13 Magoun Island, W Baranof Island Protected 57.157 135.567

14 Watson Point, W Baranof Island Semi- 57.070 135.368

Exposed
15 Little Port Walter, SE Baranof Island Protected 56.384 134.641

16 Tokeen Bay, Prince of Wales Island ? 55.993 133.464




TABLE 3
Average sequence divergence (Tamura and Nei 1993) between populations and species of Alaria.

2 0.0223

3 0.0176 0.0292

4 0.0174 0.0288 0.0004

5 0.0322 0.0216 0.0394 0.0390

6 0.0175 0.0291 0.0005 0.0003 0.0394

7 0.0102 0.0117 0.0222 0.0219 0.0187 0.0221

8 0.0171 0.0286 0.0003 0.0001 0.0386 0.0002 0.0217

9 0.0028 0.0201 0.0140 0.0137 0.0288 0.0139 0.0092 0.0136

10 0.0044 0.0225 0.0162 0.0159 0.0311 0.0161 0.0113 0.0157 0.0015

11 0.0028 0.0201 0.0140 0.0137 0.0288 0.0139 0.0092 0.0136 0.0000 0.0015

12 0.0029 0.0203 0.0141 0.0139 0.0291 0.0141 0.0094 0.0137 0.0001 0.0016 0.0001

13 0.0079 0.0147 0.0198 0.0195 0.0223 0.0197 0.0032 0.0193 0.0064 0.0083 0.0064 0.0066

14 0.0277 0.0210 0.0362 0.0359 0.0059 0.0362 0.0170 0.0355 0.0244 0.0266 0.0244 0.0247 0.0197

15 0.0103 0.0118 0.0223 0.0220 0.0188 0.0222 0.0001 0.0218 0.0093 0.0114 0.0093 0.0094 0.0033 0.0171

16 0.0043 0.0226 0.0160 0.0157 0.0306 0.0159 0.0109 0.0155 0.0012 0.0027 0.0012 0.0013 0.0079 0.0261 0.0109

mar 0.0223 0.0218 0.0313 0.0310 0.0141 0.0313 0.0168 0.0307 0.0196 0.0218 0.0196 0.0198 0.0180 0.0144 0.0169 0.0212
nan 0.0150 0.0225 0.0277 0.0273 0.0220 0.0276 0.0133 0.0271 0.0136 0.0155 0.0136 0.0138 0.0136 0.0204 0.0133 0.0152
tae  0.0114 0.0228 0.0101 0.0099 0.0319 0.0101 0.0134 0.0098 0.0085 0.0105 0.0085 0.0087 0.0121 0.0286 0.0135 0.0102
ten 0.0043 0.0184 0.0156 0.0154 0.0268 0.0155 0.0074 0.0152 0.0018 0.0034 0.0018 0.0020 0.0058 0.0229 0.0074 0.0032
pra 0.1269 0.0827 0.0713 0.0724 0.1502 0.0729 0.0949 0.0718 0.1157 0.1201 0.1157 0.1167 0.1021 0.1463 0.0951 0.1120
cra 0.0940 0.0867 0.1011 0.1025 0.0734 0.1033 0.0716 0.1017 0.0965 0.1024 0.0965 0.0973 0.0802 0.0762 0.0717 0.1048
cri 0.1664 0.0966 0.0964 0.0977 0.1853 0.0985 0.1142 0.0970 0.1532 0.1591 0.1532 0.1544 0.1277 0.1818 0.1144 0.1682
par 0.0213 0.0165 0.0276 0.0277 0.0234 0.0279 0.0112 0.0275 0.0195 0.0223 0.0195 0.0197 0.0142 0.0225 0.0113 0.0217
esc 0.0699 0.0573 0.0810 0.0823 0.0794 0.0804 0.0462 0.0816 0.0644 0.0681 0.0644 0.0650 0.0526 0.0766 0.0463 0.0709

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Sample number




Table 3 continued to the right

nan 0.0203

tae  0.0247 0.0203

ten 0.0190 0.0135 0.0095

pra 0.1373 0.1241 0.0902 0.1115

cra 0.0849 0.0794 0.0923 0.0916 0.1017

cri 0.1733 0.1530 0.1182 0.1454 0.0120 0.0962

pra 0.0235 0.0196 0.0220 0.0178 0.0762 0.0579 0.0901

esc 0.0750 0.0662 0.0667 0.0608 0.0717 0.0698 0.0860 0.0309

mar nan tae ten pra cra cri par

Species abbreviation




TABLE 4
Average sequence divergence (Tamura and Nei 1993) between lineages and species of Alaria
(lower triangle), and average sequence divergence within taxa (diagonal)

0.0015

0.0150 0.0003

0.0101 0.0219 0.0010

0.0308 0.0398 0.0195 0.0020

0.0214 0.0289 0.0122 0.0217 0.0004

pra 0.1183 0.0721 0.0959 0.1510 0.0827 0.0000

cra 0.0986 0.1021 0.0728 0.0739 0.0867 0.1017 0.0000

cri 0.1589 0.0973 0.1158 0.1861 0.0966 0.0120 0.0962 0.0000

par 0.0208 0.0277 0.0117 0.0236 0.0165 0.0762 0.0579 0.0901 0.0000

moow >

esc 0.0672 0.0812 0.0470 0.0793 0.0573 0.0717 0.0698 0.0860 0.0309 0.0002
A B C D E pra cra cri par esc

Lineage Species
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Fig. 1. Neighbor-joining tree of Tamura and Nei (1993) of COI-5P sequence divergences
Alaskan populations and species of Alaria. (a) Sequences grouped by collection location or
species. (b) Sequences grouped by haplotype lineage and species. Sample numbers as in Table 2
and lineage designations as in Figure 2c.
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Fig. 2. Unedited parsimony network of cytochrome oxidase I-5P haplotypes (634 bp) showing
relationships of published sequences (Lane et al., 2007) with species identifications with
haplotype lineages in the present study (total n = 658). Published sequences indicated by
Genbank Accession Numbers. Numbers indicate haplotypes for this dataset, and closed circles
represent hypothetical, or unobserved haplotypes. Adjoining observed or hypothetical haplotypes
separated from each other by one nucelotide mutation step. Lineage A corresponds with group E
in Lane et al. (2007), lineage B with group D, lineage C with E-southern, and lineage D with
group F.
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Food for Thought

New DNA coalescent modelsand old population genetics software'
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The analyses of often large amounts of field and laboratory data depend onc te descriptive statistics and totest hy
potheses. The algorithms in these programs are often complex and can be und ‘a&ywﬂnMwmmwwm
ming, topics that are beyond the capabilities of most fisheries biologists and empirical p ge '-n'ﬂlebdwdlookingl&\gm
coalescent model based on the classic forward-looking Wright - Fsl:lnnddolge!ucdwmumdnmayr s to
2 null distributs g MmuWMMmmsmwmnaLMﬁmtthMa
nodes in the Kingman coalescent model is inappropriate for highly fecund fapanese sardines, which hawe type Hll life histories. Species with this
He!nmqpmnmbeuumaﬂedntﬁstah@adaoﬂwxwpﬂqylﬁuv&mﬁakwmﬁmm
allow analysis with multiple-merger coalescent models. This parameter mispecification produces demograp tionst hat reach too far
into the past and great ly overestimates genetically effective population sizes (the number of individuaks actwlly contributing to the next gener-
ation). Th Its of Niwa et al. under fine th d tound nd th pions and model p etersin the soft ware programs used to analyse

¥

DNA sequences.

Keywords gene genealogy, Kingman coalescent, marine spedes, multiple-merger aalescent, reproductive shew, type Tll life history.

Introduction

An article by Niwa et al. (2016) "Reproductive skew in Japanese
sardine inferred from DNA sequences” appearing in this isue s
trates the importance of being aware of the assumptions incorpo-
rated into the software we use to anslyse our data. Manne
biologists have known for some time that fmly sizes in manine
organisms are highly varisble. Beckenhach (1994), who considered
mtDNA haplotype frequencies, and Hedgecod: (1994), who con-
sidered allozyme markers, first d i the ph

of sweepstakes recruitment in intertidal populations of oysters.

Hedgecock found that oyster spat on adult shdks possessed les
geneticdiversity than was present in the adult populstion and con-
cluded that offspring from only afew families had survived and suc-
cessfully settled. Offspring from the other famibes had penished to
predation, disease, or had been advected offshore by currents. In
ecological terms, oysters, as well as most marine invertdbrates,
fish, and seawends have type I life histories, in which individuals
spawn incredibly large numbers of gametes that can produce tens
of millions of offspring. However, most of these offpring die and
£il to recruit into the adult population.

"I'his Food for Thought article contextualizes the important new contribution made by the Editor’s Choice article, Niwa, H.-S,
Nashida, K., and Yanagimoto, T. 2016, Reproductive skew in Japanese sardine inferred from DNA sequences. ICES Joumnal of Marine

Science, 73: 2180-2188.

@ International Council for the Exploration of the Sea 2016. All rights reserved.
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Neaw DINA coalesent model and old popuation gerefics soffware

Reproductive shew

The effects of highly variable family sizes and sweepstakes recruit-
ment [reprsdisctive skew | on genetic diversity have beend ooumen-
ted in the fisheres htermture. Most notably, estimates of genetically
effective population size, N, from survers of genetic vanabiity, or
from the anahmes of historical and comtemporary DHA amples,
show that W, is asmuchasfiveordersof magnitude smaller than esti-
mates of enss size, N[ Hedgeaoock, 1994). N, is thesme of a hypao-
thetical populstion, waally with Wright - Fisher sampling, with the
same amownt of genetic diversity as the ra] population | Crow and
Kimura, 1970). The reason that the mecptu'FM'Einu‘tmum 'Fl:mﬂ}'
rombed i the stock asemment liverature is that i can be estimated
ol y indirectly with molecular markers, Further, estimates of N,
hawve a barge variance becase they depend on alld e-frequency esti-
mates, which themsel ves have bamge varances because of hnite sam-

pling. H ,the prevalence of profoundly ) I W /N matios
in highly fecund marine spaies 15 now universally accepted by
marine amd fshery biolegiss

The prevalmce of reproductive skew inmarine species has impli-
cartioms for i genetic data are wsed todnfer the dy namics an d ews-
lutiomary histories of natuml populations. Genetic data ame now
largely analysed with simulations based on the data themsehes
that produce distibutions wed bo determine the statistial signifh-
cances of oleerved patierns. A common appmach for prodscing
smple ki trilbu o i b 1se a backward ]1.l.|]-m'lg#11e coal escence
sl o pmdu-m SITI'I.'p]E u'l"'pussiH-e h}rpwﬂ'beﬁca] REDE g_e‘rlu.'l]-
argies. Since the coales cm cetime of two genes bo 2 comuman ancesior
i randiom and comti meows, an infibe member of gene geneal ogies
are possible Thecomputational powers of desk topand bptop com-
puters support a growing teolox of malescence- hased computer
programs to anahyse genetic data,

Coalescent analysis

The widely wsed Kingman coalescent musdel |Eingman, 1982;
H s, 19940 stems from the ‘r\‘r;ﬁ]'rb—f"iﬂ'bﬂ el of forwand -
in-time allele- Fequency change. The Kingman coalescent asmumes
a i furcation at misdes in the gene genealogy, an ssumption which
may be valid for low fecundity species, but which is dearly not
valid for highly fecund manine specie with skewed offspring distri-
bution. Anarticle in this ssee by Niwa o al. explores the effect of
this parameter mis-specification on the analyvsis of mibochondrial
DMA varability in Japanese sandines. These authors wse the maodel
and mesuliing Beta-coalescent denved by Schweinsberg (2003)
that allows mll]'ﬁp]e mergers at misdes in the ReEme ﬁcmhﬁy,
which mure closely mimic the dynamics of type [l manne
speces. This maodel leads to sigmboantly different comnchesions
ahout the genetic structure of sandines from analyses made with
the Kingman coalescence misdel .

An almest universa] ggnaturein mitochondrial [IINA sequenes
of marine species is the carmenae of “star-shaped™ genealogies, in
which an abundant haplstype & conmected o Jow-frequency
and singleton haplotypes by only one or two mutations. Several
mechamisms can prodoce these star-shaped genealsgies, but the
it widel ¥ invoked mechamism i that an escess of low- requency
mutations is retained in rapidly growing populstions to a grester
degree than in stable or declining populstions [ Rogers and
Harpending, 1992; Drummond e o, 2051 Climate warming
after the bt glacial masd mum 18- 20k vearsag o provides a plassble
mechanism for the apparently widespread signal of reent populs-

i eXpanskn in mETine species

79

Himwever, other mechanisms can aleo produce star-shaped gena|-
agies. For ecample, selective swesps in un- redombini g miNA can
prosdise genealogie that are imdistingushable from those created
Ilg.- a 'pt.l-'pul'lﬁi.rrl -u:p.'lrﬂ'trrl. Sedative SwWesps mT:E'rrh'lﬁ greater
fitness bo some colomimens may be a@mnfoundal with ﬂ.IITHEd.'llEI'I'ﬁ]]
e pansions ofpopulations into newly avalldilea reas. Anexcess oflow-
freguency mustants can albwo anse fom the sccumuaton of slightly
dedateriows alldes that are prevented by sdation fom reaching high
frayuencies. Unfortunsely, the nature of selection and its intensity
are i fecul t to mueasure in natural populstions. Hence, most reseanch-
em revert o interpreting sarshaped genealogies in terms of the
newtral demographic proceses, genetic doft and popu bt on growth,

Recent developments in multiple-merger coalescence theory
[reviewed by Wakeley, 2013) have genermted two sets of modds
amee nvolving 2 single multple-mempe at any tme [A coalescents
which nclude the Beta (2 -] model wed by Miwa ef al] amd
more general models allowing smublanesus multiple mergers
at any tme (E coalescents) (Schweinsherg, 2000, Both sets of
mosdels predict a site-frequency spedrum [5F5) with a higher fre-
quency of singleons than predided by the Kingman coaleseent
el (Birkmer ef al, 2003 Eldon o al, 200 5). Statistical inference
methads are now available for the new coalsaent madels (Birkmer
and Blath, 2008; Koskda eral, 2005; Fho o al, 2015 Eldon, 2006;
Spence ef al,, 2016), which may be approprzie & newtral noll
models for high- fecundity omganisms with skewed offspring distribu-
tion [ Arnason and Halldorsdittin, 200 5), many marine omganisms,
'pl'n'rl:.arl] 'P!.ESI)]}' /e Trl'nu-l.ng:rl'sms. ﬁﬂuﬁmﬁmu.

The resu hs of Miwa et al. lead toan impaortantal termative condu-
sion about the demographic history of lapanese sandines, which is
thought to have acperenced a post-glacial populstion expansion.
The SFS of simulated sequences under a muodiel of a population ex-
pansion differed from the SFS under 2 multiple-merger coalescence
masdel, which produced a grester proportion of how-frequency
mutations. This diferen o was alao recentl ynoted ina study of auto-
somal sequences of Atlantic cod (Amason and Hallddgrsdatti,
215). In Japanese sardines, the rsemblance of the observed
it [XNA sequences tosequenas stmulatal under a mubiple-menger
coalescence misdel implies thealsence ofa recent demogmphicex-
pansion in [apanee srdines.

Conclusion

The prevalence of reproductive skaw and low N /N, values in
nﬂﬁmspﬂdﬂh‘:bﬂeﬂmﬁrﬂuﬂwﬂi#ﬂeﬁcmﬂrkﬂshm
manne species (Hawser and Carvalho, 2009; Hedgecock and
Pudovkin, 20111 Despite these relts, the idea has st not been
mncorporated mte the mansgement of manne specie. The dfects
of reproductve skew on genetic strscture have also not been wsed
in the imerpretations of NA sequence pattems, although the
effect has been studial theoretically over the last several years
(Bl and Wakde’p, 006, 2009). This = &n%npﬂ'th:'ﬂ'be‘imrﬁa
nutﬂ]hpﬂumﬁwuutﬁswﬁumin d:tam'u]}lsi:ﬂut
employs the Kingman coalescent to creste mull distributions.
Given the results of Niwa o al, and the theoretical pratictions of
mu ltiple-merger coalescence, many studies will have to be reinter-
preted to acoount for the effect that reprductve skew has on
allde- ar mucleotide-s ite- frequency distribautions. These ramerpre-
tations will be especially important fir evohstionany biologisis
wanting to undersiand the relstive roles of populstion history and
sdaptation in produecing species divemsity. Apart fom genetic
amalysis, the prevalence of reprductve skew in manne species
infl vences management strategies of explted fshery stocks.
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Understanding how geography, oceanography, and climate have
ultimately shaped marine biodiversity requires aligning the distri-
butions of genetic diversity across multiple taxa. Here, we examine
phylogeographic partitions in the sea against a backdrop of bio-
geographic provinces defined by taxonomy, endemism, and species
composition. The taxonomic identities used to define biogeographic
provinces are routinely accompanied by diagnostic genetic differences
between sister species, indicating interspecific concordance between
biogeography and phylogeography. In cases where individual species
are distributed across two or more biogeographic provinces, shifts in
genotype frequencies often align with biogeographic boundaries,
providing intraspecific concordance between biogeography and
phylogeography. Here, we provide examples of comparative phy-
logeography from (i) tropical seas that host the highest marine
biodiversity, (i) temperate seas with high productivity but volatile
coastlines, (iii) migratory marine fauna, and (iv) plankton that are
the most abundant eukaryotes on earth. Tropical and temperate
zones both show impacts of glacial cycles, the former primarily
through changing sea levels, and the latter through coastal habitat
disruption. The general concordance between biogeography and

phylogeography indicates that the population-level genetic diver-
gences observed between provinces are a starting point for mac-
roevolutionary divergences between species. However, isolation
between provinces does not account for all marine biodiversity;
the remainder arises through alternative pathways, such as eco-
logical speciation and parapatric (semiisolated) divergences within
provinces and biodiversity hotspots.

biogeography | coral reefs | evolution | marine biediversity | speciation

hylogeography has roots in biogeography, wherein geographic

provinces are identified by concordant shifts in species com-
position. If the partitions defined by taxonomy are regarded as
first-order approximations of evolutionary genetic separations,
then continuity between biogeography and phylogeography is
apparent. Marine biogeography, the study of species” distribu-
tions and evolutionary processes in the sea, began in the mid-
19th century based on taxonomic distinctions. Dana (1) divided
the surface waters of the world into several temperature zones
based on the distributions of corals and crustaceans. Woodward
(2) identified a series of marine provinces based on the distri-
butions of mollusks. Forbes (3) made three enduring observa-
tions: (i) each biogeographic province is a center of origin for new
species, (if) these new species tend to migrate outward from the
center of origin, and (i) provinces, like species, must be traced back
to their historical origins to be understood. These three funda-
mental contributions appeared in the same decade in which Darwin
and Wallace (4) and Darwin (5) identified geography and natural
selection as agents of evolutionary change.

It is remarkable that five essential publications in the 1850s
(1-5) set the stage for 150 y of biogeographic research. Sub-
sequent effort was devoted to species descriptions, geographic
ranges, and relationships. Evolutionary hypotheses were formu-
lated by examining the morphology and distribution of organ-
isms. However, not until the advent of molecular technologies in

7962-7969 | PNAS | July 19,2016 | wvol. 113 | no.29

the 1970s did biogeography transition through another funda-
mental change (6).

A primary theme emerging from marine biogeography is
concordant levels of endemism in very diverse taxa. For example,
endemism in Hawai'i is 25% for red algae and fishes (7, 8) and
20% for mollusks (9). The Caribbean Province has 33% ende-
mism for fishes (10), 32% for decapod crustaceans (11), and 37%
for corals (12). In the Red Sea, endemism is 13% for fishes and
polychaetes, 8% for echinoderms, 17% for ascidians, and 5.5% for
corals (13). This concordance across diverse taxonomic groups
indicates unifying evolutionary processes.

Here, we demonstrate concordance between biogeographic prov-
inces defined by taxonomy and phylogeographic clusters identi-
fied with DNA sequences. At the level of interspecific comparisons,
this concordance is obvious; genetic partitions between sister
species are expected. However, below this level, at the inception
of speciation, it is still unclear how genetic partitions within
species (defined by allele-frequency shifts and significant F-statistics)
translate into species-level divergences (reciprocal monophyly and
morphological distinction). Concordance between taxonomy-based

biogeography and genetic-based phylogeography would indicate
a continuum from population isolation to morphological di-
vergence to evolutionary innovation. In this review, we examine
comparative phylogeography, first across biogeographic prov-
inces and second across taxonomic groups with widely divergent
life histories.

A second goal is to summarize aspects of comparative phylo-
geography that illuminate the origins of marine biodiversity. As
in terrestrial and freshwater systems, phylogeographic compari-
sons among species often reveal a diversity of outcomes, attrib-
uted to the idiosyncrasies of individual taxa (14, 15). However,
the comparative approach can reveal insights unavailable from
any one example (16), as illustrated by the terrestrial biota of
Hawai’i (17). Finally, illuminating the origins of new species at
biodiversity hotspots and centers of endemism can illustrate
conservation priorities for the ocean, the cradle of life on our
beleaguered planet.

Biogeographic Provinces

Tropical Oceans. Tropical oceans are characterized by biodiversity
hotspots, including the Caribbean and the Coral Triangle (be-
tween the Philippines, Indonesia, and New Guinea) (Fig. 14)
and endemism hotspots, such as Hawai’i and the Red Sea on the
periphery of the Indo-Pacific. The evolutionary role of biodiversity

This paper results from the Arthur M. Sackler Colloguium of the National Academy of Sd-
ences, “In the Light of Evolution X: Comparative Phylogeography,” held January 8-9, 2016, at
the Arnold and Mabel Beckman Center of the National Academies of Sciences and Engineer-
ing in Irvine, CA. The complete program and video recordings of most presentations are
available on the NAS website at www.nasonline.org/ILE_X_Comparative_Phylogeography.
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Fig. 1. (A) Biogeographic provinces of the tropical
Indo-Pacific as defined by >10% endemism (18).
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logeographic separation (strong allele-frequency
shifts and significant Fstatistics) at peripheral prov-
inces. For each panel, the peripheral region(s) of
phylogeographic distinction is highlighted in color,
and photos are of the species with genetic evidence
for that pattern as follows: (B) Hawai'i and the Red

Sea [1, Mulloidichthys flavolineatus (19); 2, Cor-

allochaetodon species complex (20) 3, Panulirus
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penicillatus (21); 4, Chaetodon auriga (22)]; (C) Red
Sea only [5, Pygoplites diacanthus (23); 6, Neoniphon
sammara (24)]; (D) Hawai'i only [7, Pristipomoides
filamentosus (25);, 8, Chaetodon ornatissimus (26);
9, Acanthurus nigroris (27)]; (E) Marquesas/French
Polynesia [10, Parupeneus multifasciatus (28); 11,
Acanthurus nigrofuscus (29); 12, Lutjanus fulvus (30);
13, Lutjanus kasmira (30)]. Photo credits: J. E. Randall/
FishBase (photograph 7); Tane Sinclair-Taylor (all other
fish photographs); Matthew lacchei (photograph of

hotspots versus endemism hotspots is contentious although bio-
diversity hotspots are widely recognized as evolutionary incubators
producing new species (31, 32).

The Coral Triangle has been a stable reef habitat for tens of
millions of years, and this persistence is believed to be key to
the production and export of species (33). Pervasive signals of
population structure indicate that novel species are arising by
parapatric means within the Coral Triangle, wherein partial
isolation between subregions reinforces isolation along ecologi-
cal gradients (34-37). Based on phylogenies of three reef fish
families, Cowman and Bellwood (38) estimate that 60% of Indo-
Pacific reef fauna have origins in the Coral Triangle. In contrast,
peripheral endemism hotspots were previously regarded as evo-
lutionary dead ends (39, 40), in which rare colonization events can
produce endemic species, but with no further evolutionary radi-
ations. This assumption has been challenged in recent years because
phylogeographic studies show that both Hawaiian and Red Sea
provinces can export novel biodiversity (24, 41).

The dominant feature of tropical marine biogeography is the
vast Indo-Polynesian Province (IPP), spanning almost half the
planet (Fig. 14). Concomitant with this large province are un-
usually large range sizes, averaging 9 million km? for reef fishes,
roughly the size of mainland China (42). Genetic surveys of reef
organisms are generally consistent with the boundaries of the
IPP, showing little genetic structure across broad areas with a

Bowen et al.

Panulirus penicillatus).

few important exceptions (e.g., Indo-Pacific Barrier) (41). Schultz
et al. (43) use bathymetry profiles to demonstrate that dispersal
across most of this range (Polynesia to Western Australia) re-
quires no deep-water traverse greater than 800 km. Undoubtedly,
this continuity of shallow habitat contributes to the cohesiveness
of the TPP.

At the center of this vast province is an intermittent barrier
around the Indo-Malay Archipelago, known as the Indo-Pacific
Barrier (Fig. 14). In the mid-Miocene (16-8 Ma), the Australian
and Eurasian plates collided and reduced water flow between the
Pacific and Indian Oceans (44). During Pleistocene glacial cycles,
sea level dropped as much as 130 m below present levels, further
constricting connections between these ocean basins. Evidence for
interruptions of gene flow can be found in the distributions of
sister species, coupled with phylogeographic partitions (as de-
fined by reciprocal monophyly or ®gp > 0.10) in green turtles
(45), dugongs (46), and ~80% of surveyed reef species (Fig. 2)
(30, 52). Given the cyclic nature of this barrier, phylogeographic
partitions driven by Pleistocene glacial fluctuations are expected
to be concordant in terms of geography, but not necessarily
concordant in terms of chronology.

On the eastern periphery of the enormous IPP are three isolated
provinces with high endemism in reef fishes: (i) the Hawaiian
Islands with 25% endemism (8), (ii) the Marquesas Islands
with 13.7% endemism (53), and (iii ) Easter Island with 21.7%

PNAS | July 19,2016 | vol.113 | no.29 | 7963
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Fig. 2. Evidence of isolation across the Indo-Pacific Barrier. (A) Distribution patterns of sister species pairs. Distributions shaded in purple (and indicated by
arrows) represent areas of species overlap. (B) Phylogeographic studies demonstrating divergent genetic lineages within species. Black and white in pie
diagrams indicate distribution of mtDNA phylogroups separated by at least three mutations. In all cases, there is evidence of population expansion with
overlap in the Indo Malay-Philippine biodiversity hotspot (Coral Triangle) (47). Myripristis berndti data from Craig et al. (48), Cephalopholis argus data from
Gaither et al. (49), Sphyrna lewini data from Duncan et al. (50), and Nerita albicilla data from Crandall et al. (51). COI, cytochrome oxidase subunit 1; Cyt b,
cytochrome b. Photo credit: J. E. Randall for fishes, Wikimedia commons/Harry Rose for Nerita albicilla.

endemism (54 ). Phylogeographic studies of the first two provinces
show strong concordance with biogeographic partitions (Fig. 1B).
In Hawai’i, 11 of 16 fishes surveyed are genetically distinct from
conspecifics elsewhere in the Pacific (reviewed in ref. 25). At the
Marquesas, three of five studies reveal divergences that range
from Fsr = 0.24 at allozyme loci to reciprocal monophyly at
mtDNA (28, 30), and a RADSeq study reveals strong divergence
between a Marquesan surgeonfish and a widespread sister spe-
cies (55).

On the western side of the IPP lies the Red Sea biogeographic
province, an endemism hotspot characterized by a shallow con-
nection to the Indian Ocean and latitudinal gradients in tem-
perature, salinity, and nutrient load (13, 56). Many Red Sea
endemics have sister species in the adjacent Western Indian
Ocean (56). This interspecific pattern aligns with mtDNA par-
titions within species ranging from haplotype frequency shifts to
reciprocal monophyly in fishes and invertebrates (table 2 in ref.
56). For example, the Indo-Pacific damselfish (Dascyllus arua-
nus; 57) and yellowstripe goatfish (Mulloidichthys flavolineatus;
19) both demonstrate similar divisions in mtDNA sequences
(®gr > 0.65) and microsatellite genotypes (Fgp > 0.03). In some
cases, coalescence analyses reveal that Red Sea lineages are
older than those in the Indian Ocean, indicating that the former
can export biodiversity to adjacent waters (24).

For widely distributed species, genetic divergences at periph-
eral locations may be the inception of speciation. The pronghorn
spiny lobster, Panulirus penicillatus, with a 9-mo pelagic larval
duration and a distribution across the entire tropical Indo-Pacific,
illustrates genetic diversification at both ends of its range. lac-
chei et al. (21) found fixed differences in mtDNA of East Pacific
and Red Sea populations (®gp = (.74), corroborated by mor-
phological differentiation in the East Pacific (58). Speciation in
peripheral provinces is apparent in Thalassoma wrasses (59),

7964 | www.pnas.org/cgi/doif10.1073/pnas. 1602404113

Anampses wrasses (60), Acanthurus surgeonfishes (55), Mulloi-
dichthys goatfishes (19), and Montastraea corals (61).

The East Pacific Barrier (EPB) limits the distribution of tropical
species (62), with few taxa able to maintain population connectivity
across the EPB, as evidenced by the lobster P. penicillanis (21), and
the coral Portes lobata (63, 64). However, some fishes (65) and the
echinoderm Echinothrix diadema (66) have low or insignificant ®gy
values across the EPB.

Atlantic and Indo-Pacific Connections. Two geological events iso-
lated the tropical Atlantic from the Indo-Pacific: (i) closure of
the Tethys Sea ~13 Ma, brought about by the collision of Africa
and Eurasia, and (i) the rise of the Isthmus of Panama ~3.5 Ma
that separated the Atlantic from the East Pacific Ocean (67). For
the latter, some species diverged well before the final closure
although the timing of partitions remain controversial (68) (a
fruitful topic for genomic studies). Since the closure of the
Tethys Sea, natural dispersal between the Atlantic and Indian
Oceans has been limited to the hydrographically complex waters
around southern Africa (69). A warm-water corridor here was
curtailed ~2.5 Ma by the advent of modern glacial cycles and
upwelling in the Benguela Current on the Atlantic side (70).
However, the Agulhas Current on the Indian Ocean side occa-
sionally forces warm-water gyres into the Atlantic (71), a po-
tential route of colonization. Phylogeographic studies confirm
sporadic dispersal along this route over the last 2.5 My, primarily
from the Indian to Atlantic Ocean (72, 73).

Summary. In conclusion: (/) Biodiversity hotspots and peripheral
centers of endemism both produce and export novel evolutionary
lineages. (i) Phylogeographic partitions, as defined by mtDNA
monophyly or strong population structure, align well with the
biogeographic provinces defined by taxonomy. (iii) Sporadic

Bowen et al.
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dispersal around southern Africa is the primary avenue of col-
onization between Indo-Pacific and Atlantic oceans.

Temperate and Polar Seas. Northern seas experienced greater ex-
tremes in temperature over the Pleistocene than tropical seas,
and northern near-shore ecosystems were periodically eradicated
by glaciers encroaching onto continental shelves whereas in-
terglacial warming led to colonizations and population expan-
sions. Although phylogeographic structure generally occurs between
biogeographic provinces, sub-Arctic shelf fauna have been re-
peatedly disrupted by glacial cycles (74). Therefore, present-day
physical barriers to gene flow may not exert the same influence
on phylogeographic patterns as observed in more stable tropical
seas. The most notable barriers separating biogeographic do-
mains are the large expanses of ocean waters across the North
Pacific and North Atlantic.

North Pacific. Species in the temperate regions on both sides of the
North Pacific show a range of evolutionary divergences that
largely depend on dispersal capabilities, temperature tolerances,
and climate history. Taxa at higher latitudes tend to have dis-
tributions that span the North Pacific (versus taxa at midlatitudes).
For example, cold-tolerant cods (Gadus), herring (Clupea), and
king crabs (Lithodes, Paralithodes) occur in both the Northwest
and Northeast Pacific. Most of these trans-Pacific species show
phylogeographic breaks, centered on the Aleutian Archipelago
or eastern Bering Sea, that represent secondary contact zones
after repeated isolations (75-77). In contrast, temperate fishes,
invertebrates, and seaweeds at midlatitudes are generally limited
to one side of the North Pacific, with closely related species

on the other side. A notable exception are disjunct populations
of Pacific sardines (Sardinops) in the Northwest and Northeast
Pacific (78).

North Atlantic. This basin is smaller than the North Pacific and has
a U-shaped shoreline with Greenland, Iceland, and Faroe Is-
lands in midocean. Populations of fishes, invertebrates, and
seaweeds show a range of genetic divergences across the North
Atlantic (79-81). Conspecific populations on either side of the
North Atlantic were isolated during glacial episodes, and, in
some taxa, the Northwest Atlantic was extirpated and reestab-
lished after the Last Glacial Maximum. Some populations in the
Northwest Atlantic show closer genetic affiliations to the North
Pacific than to the Northeast Atlantic (seagrass and sea urchins)
(82). The Baltic, North Sea, and Mediterranean biogeographic
provinces are isolated to some extent from the Atlantic by nar-
row straits, which often coincide with phylogeographic transi-
tions (83, 84).

Arctic biogeographic province. The far northem ocean has served as
a pathway for dispersal between the North Atlantic and North
Pacific (85). Phylogeographic and taxonomic studies reveal sister
species in the North Atlantic and North Pacific, including several
fishes (86), invertebrates (85), and seaweeds (87). During ~20%
of the Pleistocene, high sea levels breached the 50-m sill across
the Bering Strait (88), allowing interocean dispersal as early as
6.4 Ma and again at 3.5 Ma (89). More recent dispersal events
have led to the cooccurrence of conspecific populations in both
oceans (90).

Antarctic biogeographic province. The Antarctic is relatively old, ~25 My,
compared with about 2.5 My for the Arctic. The result of this
ancient formulation is high endemism: 88% in fishes (91) and
42-56% in four invertebrate classes (92). The high homoge-
neity of taxa across this vast region is facilitated by the Ant-
arctic Circumpolar Current, which circles the entire continent.
Phylogeographic studies are consistent with a highly connected
Antarctic Province, showing little (or no) population struc-
ture for two decapods (93), one nemertean (94), and four ice
fishes (95).

Bowen et al.

Patterns Within Biogeographic Provinces. Within the shallow-water
provinces, species often share genetic breaks at specific geo-
logical features or geographical regions. Examples range from
the classic study by Avise (96) on the Carolina Province (South-
east United States), through more recent surveys of the benthic
fauna along the coast of New Zealand (97), the northeastern
Pacific (98), the Coral Triangle (36), southern Africa (69), and
Hawai'i (14). Endemic species confined to a single province tend
to show more population structure than widespread species at
the same geographic scale (36, 99, 100). Species that lack pelagic
development generally show strong genetic structure whereas
species with pelagic development are less predictable (101, 102).
Regardless of developmental mode, ecological niche, or evolu-
tionary relationships, species showing geographic structuring often
have concordant genetic breaks, indicating that shared history or
physical factors drive the observed pattern (96). Examination of 47
reef-associated species across the Hawaiian Archipelago reveals
that multispecies trends in genetic diversity are driven by a combi-
nation of both the dominant physical, historical and ecological
features of the seascape, and ecological-genetic feedback within
communities (103).

Species that counter these trends may be particularly informative
about the process of evolution. For example, Hawaiian limpets of
the genus Cellana have diversified within the archipelago along a
tidal gradient that indicates ecological speciation (104). Certainly,
species sharing population structure at unexpected locations within
biogeographic provinces (such as Fiji in the tropical Pacific) (21,
105), or other exceptions to those general trends, will provide
evolutionary insights.

Summary. In conclusion: (i) Species distributions are fundamen-
tally shaped by physiological tolerances to north-south tempera-
ture gradients in the North Pacific and North Atlantic. (i) Glacial
cycles impact phylogeography by repeatedly altering species dis-
tributions, isolating populations, and creating secondary contact
zones. (iii) Shifting interactions between ocean-climate, coastal
configuration, and bottom topography produce barriers to dis-
persal between ocean basins. (iv) Some biogeographic provinces
are genetically homogenous, with little opportunity for allopatric
divergences, whereas others host heterogencous habitats that
can promote speciation along ecological boundaries.

Taxon-Specific Patterns

Migratory ability and historical dispersal define taxa along a
continuum of evolutionary divergence. Clusters of closely related
species, each confined to a single biogeographic province, are at
one end of the continuum, and highly migratory megafuana are
at the other end. Oceanic migrants provide special challenges to
both phylogeographic studies and conservation strategies, be-
cause both must be conducted on a scale that transcends bio-
geographic provinces and political jurisdictions (106). Species in
the center of the continuum include temperate taxa inhabiting
disjunct regions, such as antitropical taxa, sister species separated
by the tropics. Comparative phylogeography of these groups pro-
vides insights into the roles of dispersal and isolation in con-
tributing to biodiversity.

Antitropical Taxa. Species with disjunct distributions on both sides
of the tropics provide fascinating subjects for phylogeographic
study. Equatorial surface waters are lethal to these cold-adapted
species, so how do they cross the tropics, and how often can this
crossing be accomplished? Sister taxa of fishes on each side of
the equator reveal divergences ranging from populations to dis-
tinct lineages, but without a clear pattern. For example, a single
species of anchovy (Engraulis) occurs in the North Atlantic,
southern Africa, and Japan, but three additional species have
more restricted ranges (107, 108). In contrast, a single species
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Fig. 3.

Sardines (genus Sardinops) and Anchovies (genus Engraulis) are antitropical species that recently surmounted the warm-water barrier between

northern and southern hemispheres, as indicated by mtDNA haplotype networks. For sardines in the East Pacific, transequatorial dispersal is facilitated by a
short and steep continental shelf and adjacent deep cold water (78). For anchovies in the East Atlantic, transequatorial dispersal is facilitated by upwelling
(cold nutrient-rich water) in low latitudes (107). Light and dark haplotypes indicate northern and southern hemisphere, respectively. Squares connected by a
dashed line indicate haplotypes shared between hemispheres. Note that, in the East Pacific sardine, the haplotype shared between northern and southern
hemisphere is internal to both networks, indicating an ancient connection. In contrast, the East Atlantic anchovy has connections across the equator that

include both interior and peripheral haplotypes in the network.

of sardine (Sardinops) extends from southern Africa to Australia
to Chile, California, and Japan (78).

Overall results show that the ability to traverse the tropics is
species-specific and that these events have not been limited to
particular periods of global cooling. However, one possible point
of concordance includes the eastern continental margins of the
Atlantic (for anchovies) and the Pacific (for sardines). In both
cases, colonizations across the equator have been accomplished
recently, as indicated by shared mtDNA haplotypes (Fig. 3).

Cetaceans. Patterns of gene flow vary extensively across space and
time for cetaceans, driven largely by the wide variety of life
history traits (109, 110). Most species exhibit limited gene flow
between ocean basins, even in taxa with temperate distributions;
but genetic structure within ocean basins varies substantially
across species. For Mysticetes (baleen whales), patterns of gene
flow are shaped by migratory pathways, with individuals typically
exhibiting maternally based site fidelity to tropical breeding and
temperate/Arctic feeding areas. This fidelity leads to population
genetic separations between ocean basins and among breeding
areas, with Fgr values of 0.05 to 0.1 for right whales (111), blue
whales (112), and humpback whales (113).

In contrast, most Odontocetes (toothed whales) do not un-
dertake large-scale migrations and often exhibit genetic structure
over relatively short geographic distances due to site fidelity,
resource specialization, and social structure. For example, strong
fidelity to narrow ranges can result in genetically divergent pop-
ulations along continuous coastlines or between adjacent islands,
as is the case for spinner dolphins (114), Hector’s dolphins (115),
and Indo-Pacific humpback dolphins (116). Some Odontocetes
have ecologically and behaviorally distinct groups (“ecotypes”),
with limited gene flow even in parapatry or sympatry (109).
Several dolphin species contain genetically divergent coastal
and pelagic ecotypes (117). Killer whales have sympatric eco-
types that differ in prey type, foraging strategy. social structure,
and movement (118).

Sea Turtles. The seven species of sea turtles show patterns of
population structure within ocean basins defined by natal hom-
ing, the habit of females (and sometimes males) to return to the
vicinity of their natal beach, after decades of growth in ocean and
coastal habitats. This behavior is the basis for defining regional

7966 | www.pnas.org/cgi/doif 0.1073/pnas. 1602404113

management units (119). On a global scale, occasional wander-
ing provides connections between nesting populations and ocean
basins. Cold-tolerant species, such as the leatherback turtle, pass
freely between ocean basins (120). Tropical species, such as the
green turtle and the hawksbill turtle, make rarer connections
between the Atlantic and Indo-Pacific via southern Africa (121,
122). Bowen and Karl (123) note higher genetic divergences
between ocean basins in tropical species, providing a signal that
allopatric speciation may predominate in this group.

Pelagic Fishes. A primary phylogeographic pattern for these oce-
anic migrants is low to no genetic structure within ocean basins,
and strong genetic structure between the Atlantic and Indo-Pacific.
Some pelagic species seem to cross the Benguela Barrier (southern
Africa) often enough to preclude the development of evolutionary
partitions, including albacore tuna (124, 125), wahoo (126), and the
common dolphinfish (127). However, these species are likely ex-
ceptions, with many large, vagile species demonstrating structured
populations across this barrier, including the scalloped hammer-
head shark (50), whale shark (128), and blue marlin (129). For
tunas in particular, a recurring pattern is two mtDNA lineages: one
confined to the Atlantic and an Indo-Pacific lineage that is also
found in the Atlantic (table 6 in ref. 126). This pattern indicates
extended periods of isolation, punctuated by dispersal around
southern Africa.

Plankton. In the oceanic pelagic zone, where all life stages are
planktonic, species’ ranges are both extensive and dynamic be-
cause adult distributions are not tied to a particular benthic
habitat. In turn, biogeographic provinces for the pelagic zone
are based on physical and chemical properties (biogeochemical
provinces) (130) rather than endemism or species assemblages.
Longhurst (131) identified ~55 biogeochemical provinces (BGCPs),
nested within four biomes (Polar, Westerly Winds, Trade Winds,
Coastal), across four ocean basins (Atlantic, Pacific, Indian,
Southern). Like the species they harbor, the boundaries of the
BGCPs fluctuate on both seasonal and annual timescales in ac-
cordance with changing environmental conditions (132). Our
understanding of pelagic community composition is still nascent,
but recent studies have shown concordance between BGCPs and
community composition in taxa ranging from viruses (133) to
phytoplankton (134) to fishes (135).

Bowen et al.
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Cosmopolitan distributions in the pelagic zone initially prompted
the conclusion of little to no population structure in the open ocean,
a position that has eroded in recent decades (136, 137). Phylo-
geographic studies reveal that many cosmopolitan taxa are
composed of multiple cryptic species (138, 139), including some
that are sympatric over part of their ranges (140). Populations of
these cosmopolitan species are subdivided in two ways concor-
dant with the BGCP framework: (i) by continental land masses
separating ocean basins, and (if) by habitat discontinuities in the
equatorial region between subtropical gyres in the northern and
southern hemispheres (14(0-142). The few global-scale phylo-
geographic studies have been restricted to copepods, but evi-
dence from a diversity of other taxa sampled at ocean basin
scales indicate that lineages have diverged both in allopatry and
sympatry at much smaller geographic distances than anticipated,
with examples drawn from chaetognaths (143), euphausiids (144),
and mollusks (145).

These combined results indicate that population discontinu-
ities of pelagic species are determined not by the temporal and
spatial scales of dispersal, but by habitat characteristics enabling
species to maintain viable populations (137, 143). Habitat se-
lection, rather than physical barriers, may be a primary force
driving speciation in the pelagic zone (146). Therefore, a bio-
geographic framework based on water properties is concordant
with genetic partitions within species.

Summary. In conclusion: (i) Several temperate species show dis-
junct distributions across the tropics, indicating historical dispersals
across warm-water barriers. (if) The deepest phylogeographic
separations for oceanic migrants indicate patterns of allopatric
isolation between ocean basins, especially for fishes. (jii ) Migratory
sea turtles and cetaceans show population structure based on re-
productive site fidelity. (iv) An ecological component to speciation
is indicated by isolation along behavioral barriers in cetaceans,
and by the presence of sympatric sister species in the plankton.

(v) Planktonic biogeographic provinces are defined by water masses
that can change size and position based on oceanographic condi-
tions. (vi) Initial plankton studies indicate concordance between
biogeochemical provinces and phylogeographic partitions, particu-
larly at the equatorial break between northern and southern
subtropics.

Terrestrial vs. Marine Phylogeography

Life began in the oceans, but the field of phylogeography began
with continental biota (6, 15), and many of the insights reviewed
here have precedents in terrestrial cases. The biogeographic
settings have parallels between land and sea, particularly with
latitudinal gradients in biodiversity and concordance between
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biogeographic provinces and phylogeographic partitions (15, 147).
Glacial habitat disruptions in northern seas have a strong parallel in
continental faunas (148, 149). Biodiversity hotspots in Indo-Pacific
reefs, forests of northern Australia, and Neotropical plant com-
munities are all distinguished by periods of stability, habitat het-
erogeneity, and the ability to export species (33, 150, 151). A primary
difference between marine and terrestrial phylogeography is greater
dispersal potential and fewer barriers in the oceans. Although a
squirrel in Central Park (New York) cannot deposit progeny in
Hyde Park (London), a squirrelfish is capable of dispersing on this
scale (48). This difference in evolutionary processes is clear in the
Hawaiian Archipelago, where rare terrestrial colonists have pro-
liferated into dozens and hundreds of species (17) whereas marine
colonists produce one or a few species (104). Therefore, the evo-
lutionary dramas above and below the waterline have the same in-
gredients (isolation, selection, adaptation, speciation), but markedly
different tempos and outcomes (152).

Conclusion

Marine phylogeography encompasses half-billion year separa-
tions and the largest habitat on the planet. Given this diversity,
generalizations are few, but some are especially robust. First,
phylogeography is the new incarnation of spatial biogeography
(153). The alignment of population genetic separations and
taxonomic distributions reveals that these are part of a continuum.
Evolutionary partitions that could previously be described only with
taxonomy are now evaluated with the genomic footprints of iso-
lation, selection, and speciation. Second, the model of allopatric
speciation that previously dominated evolutionary thought is an
incomplete fit to the dispersive aquatic medium. Phylogeography of
oceanic migrants indicates a strong role for allopatric speciation
whereas heterogeneous coastal habitats provide more opportunity
for sympatric/ecological divergences. Phylogeography in high lati-
tudes is defined by shifting habitats in response to glaciation. Finally,

both biodiversity hotspots and endemism hotspots are important in
producing novel evolutionary lineages and may work in synergy to
enhance biodiversity on the ocean planet.
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Abstract The origins of agriculture date to about
9000 years, but commercial culture and supplemen-
tation of marine populations reach back only a few
centuries. Hence, wild populations still play a major
role in seafood production. Closed culture, stock
restorations, sea ranching and stock enhancements of
marine fishes and invertebrates have been imple-
mented with various outcomes. A review of the
literature indicates that considerable effort has been
directed toward culture technologies to maximize
production, but scant attention has been given to
genetic risks to wild populations. Genetic risks from
stock enhancements can be substantial, because of
mattention to brood-stock sizes, and because
hybridization between hatchery-reared and wild
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individuals can lower the fitness or lead to the
extinction of a natural population. In many cases,
small brood-stock sizes have led to the loss of genetic
diversity. In some cases, hatchery-reared individuals
appear to have replaced, rather than supplemented,
wild populations. Here, we outline a responsible
approach to managing genetic resources that includes
six steps: (1) assess the costs and benefits of a stock
restoration or enhancement, (2) set goals and genetic
benchmarks, (3) use appropriate brood stock and limit
domestication, (4) design release strategies that max-
imize the effectiveness of supplementation efforts, (5)
track individuals after release and (6) minimize
genetic impacts on wild populations. Stock supple-
mentation is often viewed as an immediate solution to
a stock decline, but should be undertaken as a last
resort because of the high cost of implementation and
the substantial ecological and genetic risks to wild
populations.

Keywords Effective population size - Genetic
diversity - Hatchery brood stock - Marine species -
Stock supplementation
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Introduction

11-211

Efforts to increase production of marine fishes and
invertebrates commonly focus on closed culture, sea
ranching, stock restorations and stock enhancements.

| Springer

Rev Fish Biol Fisheries (2017) 27:615-649

These activities have increased sharply in the past few
decades, largely because overexploited capture fish-
eries can no longer meet the demand for seafood
(Jackson et al. 2001; Garibaldi 2012). While ecolog-
ical impacts of enhanced production on wild popula-
tions have been recognized (Tegner and Butler 1989
Blankenship and Leber 1995; Pauly et al. 2002, 2003;
Lorenzen 2008; Zohar et al. 2008; Lorenzen et al.
2010), the genetic effects of supplementation have
received much less attention (Taniguchi 2003).
Genetic influences on the viabilities of wild popula-
tions are more difficult to gauge than ecological
influences, because genetic effects may not be as
apparent as short-term shifts in abundance or age
structure. Genetic principles have to be considered in
stock supplementation, because numerous studies
show that natural disturbances and human manipula-
tions of populations can lead to microevolutionary
changes on short time scales that may be irreversible
(Law 2000; Ashley et al. 2003; Hendry et al. 2011). A
growing body of research shows that domestication
and inadvertent selection in culture changes the
genetic profiles of hatchery-reared individuals and
that hybridizations between hatchery-reared and wild
individuals can adversely affect wild populations
(Araki et al. 2007; Hedgecock and Coykendall 2007;

spp.) populations (Busack and Currens 1995;
Mobrand et al. 2005; Naish et al. 2008), and these
guidelines provide a starting point for developing
genetic guidelines for marine fishes and inverte-
brates. The effects of hatchery culture on salmon
have been studied in depth, because of their short life
span and moderate fecundities (2000-5000 eggs),
which facilitate experimental matings to understand
the effects of hatchery culture. However, little
attention has been directed at the effects of genetic
diversity and effect on population vigour of marine
species (Hoban et al. 2013; Mimura et al. 2017).
Additional guidelines are needed for marine species,
because most marine organisms spawn millions or
tens of millions of eggs, making populations vulner-
able to recruitment sweepstakes (Hedgecock 1994;
Sun and Hedgecock 2017). Large variances in family
size lead to rapid genetic changes and amplify the
effects of supplementations with hatchery-reared
individuals. Hence, the goal of this review is to
outline the potential genetic effects of cultured
individuals on wild populations and to suggest
actions to lessen these effects.

Attempts to increase the productions of marine
stocks are generally prompted by drops in the
abundances of stocks resulting from overharvesting
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Young et al. 2008).

The first attempts to enhance marine populations on
a large scale took place in the late 1800s for Atlantic
cod (Gadus morhua) (Shelbourne 1964; Kirk 1987)
and for European (Homarus gammarus) and American
(Homarus americanus) clawed lobsters (Addison and
Bannister 1994; Nicosia and Lavalli 1999). A com-
prehensive assessment of stock enhancements for
European lobster and Atlantic cod indicated that
enhancements were not viable tools for the fishery
management of these species (Svasand et al. 2004).
One economic success has been stock enhancements
of Japanese Flounder (Paralichthys olivaceus), which
led to a 253% return on investment (Okouchi et al.
2004). However, environmental and genetic costs
were excluded from this measure of success. The
variable successes of supplementations have led to a
debate on the value of supplementation programs
(Secor et al. 2002), as most attempted stock enhance-
ments of marine species have met with limited or no
demonstrated success (Masuda and Tsukamoto 1998).

Several policy guidelines have focused on the
supplementations of Pacific salmon (Oncorhynchus

& Springer
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(Munro and Bell 1997; Botsford et al. 1997;
Jackson et al. 2001; Christensen et al. 2003), from
environmental regime shifts (Anderson and Piatt
1999), or from both (Bechtol and Kruse 2009b).
Depleted populations often show heritable changes
in demography with shifts to younger ages at
maturity and to smaller sizes for a given age
(Sharpe and Hendry 2009; Longhurst 2010; Audz-
jjonyte et al. 2013). Overharvested populations can
lose genetic diversity (Smith et al. 1991; Hauser
et al. 2002; McCusker and Bentzen 2010) and show
shifts in genotypic frequencies, as noted by drops in
growth rates and early maturity (Olsen et al. 2004,
Hutchings 2005; Longhurst 2010). The protection of
genetic diversity and adaptive potential in wild
populations has to be a primary concern in any
supplementation program, because of the potential
for harming not only the target species (Conover
1998), but also the community of individuals
interacting with the target species (Moya-Larafio
2011; Vellend 2006).

While this is not a systematic review (Haddaway
et al. 2015), we have, nevertheless, attempted to

617

include a broad swath of topics that bear on under-
standing how stock supplementations in their various
forms influence genetic processes in wild populations.
We draw largely on primary research and principles in
conservation biology, resource management, fisheries
science and population genetics to assemble genetic
guidelines to promote a responsible genetic approach
to sea ranching, stock restorations and stock
supplementations:

1. Assess biological and economic cost and benefits
of a stock restoration or enhancement.

2. Set goals and genetic benchmarks.

Use appropriate brood stock and limit domestication.

4. Design release strategies that maximize the
effectiveness of supplementation efforts.

5. Track individuals after release.

6. Minimize genetic impacts on wild populations.

had

We provide a theoretical and empirical basis for these
steps, with the fundamental assumption that the
protection of genetic diversity within and among wild
populations of an exploited species is the highest
priority not only in supplementation programs, but
also in overall harvest management.

the wild populations (Waples et al. 2012; Svasand et al.
2007; Karlsson et al. 2016).

Sea farming, sea ranching

Sea ranching consists of releasing hatchery-reared
individuals into the wild, but with the expectation that
individuals are harvested before they reproduce or
mate with wild individuals. These operations are
typically called ‘put-grow-and-take’ fisheries of such
species as oysters (Crassostrea spp.), abalone (Hali-
otis spp.), or geoduck clams (Panopea generosa).
Hatchery technologies for rearing individuals are the
same as for stock restorations and enhancements, but a
fundamental assumption of responsible sea ranching is
the reproductive segregation of hatchery-reared indi-
viduals from wild individuals.

Stock restoration

Stock restorations are designed to replenish a
depressed population to a previous level of abundance
when natural population growth has failed to increase
numbers (Rose et al. 2001). Individuals from the
remnant population are generally used as brood stock,
and larvae or juveniles are released into the wild until
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Forms of stock supplementations and restorations

Supplementation programs are defined by the amount
of time individuals are propagated in captivity and by
the objective of a project. Hatchery culture and
supplementation can consist of closed culture, sea
ranching, stock restoration or stock enhancement.
Each kind of supplementation can influence wild
populations through ecological or genetic interactions.

Closed culture

In closed culture, progeny of brood stock are grown in a
contained system to maturity and used as brood stock for
the following generation. This approach is used for
many aquaculture systems and for the captive propaga-
tion of endangered species or populations (FAO 2014).
In captive propagation for conservation, every attemptis
made to prevent domestication so individuals remain
genetically similar to wild individuals. In commercial
culture, however, individuals are often selectively bred
for traits that increase hatchery production. An enduring
problem is the effect of escaped cultured individuals on

the population recovers to a pre-determined level of
abundance. Stock restorations might be used to
counter an Allee effect in which a threshhold level
of abundance is needed for successful reproduction
and recruitment (e.g. Stoner and Ray-Culp 2000:
Berec et al. 2006; Kuparinen et al. 2014). Restorations
are unlikely to be successful if physical variables or
predators limit the survival of larvae or juveniles
released into the wild, or if harvests continue.

Stock enhancement

Stock enhancements, on the other hand, continue
indefinitely to boost the production of a self-sustaining
population that has not reached carrying capacity. Stock
enhancements require that hatchery-reared individuals
survive and reproduce in the wild. Enhancements may
be motivated by an attempt to mitigate for habitat
deterioration from pollution by coastal industries, or to
enhance (augment, replenish, supplement) stocks above
present levels of abundance. However, massive pro-
grams have not always led to large increases in
abundances (Coleman et al. 1998; Sviasand et al.

@ Springer
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1989, 2000; Secor et al. 2002; Leber 2004). One reason
is that hatcheries often produce individuals that are
genetically less fit than wild individuals because they are
protected from natural selection in a hatchery setting.
Consequently, hatchery-reared individuals often do not
survive as well as wild fish after release or are less
productive (Atlantic cod, Svasand et al. 1989; Howell
1994; Japanese flounder, Blaxter 2000; Miyazaki et al.
2000). Additionally, high levels of production may
prevent a large hatchery from appropriately condition-
ing individuals before release, resulting in high levels of
predation or inappropriate foraging behaviour (e.g.
Purcell and Grover 1990; van der Meeren 2000).

Why protect wild populations?
Domestication of marine species

Unlike terrestrial plants and animals that were initially
domesticated for food production about 12,000 year
ago (Mannion 1999; Zeder 2006; Vigne 2011), marine
species have largely not been domesticated, so that
food production largely depends on harvests of wild
populations (Teletchea and Fontaine 2014). Although
fish were cultured in ancient Egypt about 1500 years

ago and in Asia about 1000 years ago (Nash 2011;
Liao 2000), commercial-scale aquaculture has only
recently expanded to meet global market demands.
The domestication of aquatic organisms is in its
infancy, so the conservation of genetic resources in
wild populations is not only possible, it is essential to
ensure sustained harvests and aquaculture potential
(Teletchea and Fontaine 2014). With domestication
comes the loss of genetic diversity, as illustrated by the
world’s massive production of monocultures of only a
few species of grain (Tilman 1999). The risk of relying
on a limited set of genotypes for much of the world’s
food supply has stimulated recent efforts to find the
original land races of plants and animals to recover
genetic diversity (Brush 1995; FAO 2013). Hence,
pro-active conservation of reaction norms and adap-
tive potentials of wild marine populations has to be a
high priority, especially in the light of climate change.

Eco-evolutionary community dynamics

Fishery managers recognize the need to move beyond
single-species management by also considering the

& Springer

effects of exploitation on non-targeted species and on
the food-web dynamics in an ecosystem (Jennings
et al. 1999; Conover and Munch 2002; Hopper et al.
2005; Link 2002; Pikitch et al. 2004; Gamble and Link
2012). Genetic diversity and adaptation play key roles
in community dynamics by supporting ecosystem
functions (Hoffman and Merilid 1999; Worm et al.
2006; Hughes et al. 2008; Whitham et al. 2008; Bailey
et al. 2009; Matthews et al. 2011; Hoban et al. 2013).
For example, genetic diversity can enhance the
resilience of a keystone species, and thereby preserve
ecosystem structure (Reynolds et al. 2012). Indirect
genetic effects within species can also have evolu-
tionary and ecological consequences on managed
populations by shifting phenotypes in response to the
genotypes of conspecific individuals (Wolf etal. 1998;
Wolf 2003; Bailey et al. 2014). The genes influencing
the phenotype of an individual may be indirectly
influenced by the expression of genes in interacting
individuals. Indirect genetic effects can be seen, for
example, in the cannibalism of small individuals by
fast growing individuals in a hatchery setting, but can
also extend to interactions in the wild that influence
phenotype. While not always appreciated, the demise
of a key species through genetic decline can produce
major shifts in a community of interdependent species
(Hopper et al. 2005; Kahilainen et al. 2014).

Genetic guidelines must be informed by ecosystem-
based approaches to management, because stock
restorations and supplementations have become an
integral part of fishery management (Francis et al.
2007; Olsen et al. 2008). Supplementations can greatly
impact an ecosystem food web, because economically
important species are often dominant predators.
Predators affect local species diversity and ultimately
have top-down influences on nutrient flux and primary
productivity (Heithaus et al. 2008; Hughes et al. 2008;
Moya-Larafio 2011). These interactions collectively
contribute to community stability and resilience to
environmental variability and enhance the stabilities
of harvested dominant species. When life-history
variables in a fishery species are altered by selective
harvests, environmental changes, or genetic transfor-
mations from supplementation activities, changes
ripple through the ecosystem and may diminish the
capacity of an ecosystem to support upper trophic-
level species. Ecological impacts influence ecosystem
health by moderating competition for space and food,
by changing patterns of predation or herbivory and, in
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some cases, by altering the physical structure a
foundation species may provide (Hughes and Sta-
chowicz 2004; Whitham et al. 2006; Lankau and
Strauss 2007). For these reasons, the protection of
genetic resources in wild populations is an overarch-
ing goal in planning and implementing stock
supplementations.

Why protect genetic diversity?
The information encoded in genes underpins all aspects
of a species’ life-history cycle, including growth,
fecundity, immune responses to pathogens and beha-
viour. The genetic integrity of a wild population and its
adaptive potential can be influenced by activities at
several stages in a supplementation project. Hatchery
culture practices can influence the genetic makeup of
individuals being released, and these individuals can
influence wild populations. The genetic conditions of
individuals collectively influence the ability of a
population to persist, to play a role in the ecological
dynamics of a community and to support sustained
harvests (Vellend and Geber 2005; Reusch et al. 2005;
Agashe 2009). The preservation of genetic diversity
among populations is especially important for the long-
term persistence of a species (Schindler et al. 2010).

Genetic diversity and adaptive potential
Adaptive potential is the ability of wild populations to
change genetically in response to ecological chal-

lenges (Conover 1998; Hughes and Stachowicz 2004),

Box 1 Measuring genetic diversity within populations

but also the ability to respond to artificial selection
(Tave 1993). The capacity for adaptive change is
influenced by several elements, but most importantly,
by the additive genetic variance, which underpins
ecologically important quantitative traits (Biirger and
Lynch 1995; Hill et al. 2008; Frankham et al. 2014).
These variance components are correlated with short-
term responses to selection, whereas allelic diversity is
associated with long-term adaptation (Caballero and
Garcia-Dorado 2013; Pearse 2016). Adaptive poten-
tial is influenced by both beneficial and deleterious
mutations at individual genes with large effects and by
numerous low-frequency alleles (Lynch et al. 1995).
A common proxy for adaptive potential is genetic
diversity (heterozygosity) as measured by molecular
markers (Box 1). However, heterozygosity is insensi-
tive to low frequency alleles that can play important
roles in quantitative traits (Falconer and Mackay
1996). The number of alleles standardized by sample
size (allelic richness) offers an additional, and more
sensitive, measure of genetic diversity (Kalinowski
2005: Hoban et al. 2014). Gene diversities are not
highly correlated with diversities at quantitative trait
loci (Reed and Frankham 2001, 2003; Evans et al.
2004) or with fitness (David 1998; Hansson and
Westerberg 2002). Genomic methods are now avail-
able to be able to identify specific genes or gene

clusters associated with adaptive traits and will
become increasingly applied to problems in fishery
management (Pearse 2016).

The loss of genetic diversity as measured by neutral
molecular markers likely also indicates the loss of
genetic variation at quantitative trait loci influencing

Effective population size (V) is the most important variable influencing adaptive potential. N, is the size of an ideal population
that loses genetic diversity at the same rate as a real population (Crow and Kimura 1970). Genetic diversity can be measured by
the expected proportion of heterozygous individuals in the population (H) based on the Hardy—Weinberg relation between
allelic and genotypic frequencies

k
h=1-3%p

i=1

where p is the frequency of an allele in a sample and & is the number of alleles at a locus. Locus heterozygosities are averaged
over several gene markers to yield a general estimate of genetic diversity in a population (H). The loss of genetic diversity from
a population in one generation is proportional to the inverse of N,

AH = H(ﬁ), where 2N, is the number of genes for a locus in a population of diploid individuals. Since the loss of genetic

diversity is cumulative over generations, the loss over ¢ generations is

At small population sizes, genetic diversity is lost rapidly. For example, when N, = 500, 1% of the diversity is lost over ten
generations. However, when N, = 50, 9.4% of the diversity is lost over the same period. Long-term losses of genetic diversity
can be substantial
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adaptive potential, but the absence of a reduction in
molecular genetic diversity does not necessarily mean
that additive genetic variance is unaffected. Never-
theless, surveys of neutral or nearly neutral molecular
markers have detected low levels of genetic diversity
in some wild populations, and this has been attributed
in large part to reduced population sizes from over-
harvesting (Hauser et al. 2002; Sekino et al. 2002; Yu
and Chu 2006; Porta et al. 2007; Lind et al. 2009;
Novel et al. 2013). Natural selection can lead to
adaptive differences between populations
rapidly than the rate of divergence from random drift
at neutral molecular markers (Conover 1998; Conover
et al. 2006; Swain et al. 2004; Barrett and Schluter
2008). For example, common-garden experiments
showed that larval growth rates, survival and reaction
norms differed among four populations of Atlantic cod
that could not be distinguished with selectively neutral
microsatellite markers (Hutchings et al. 2007).

Even modest declines in marine population sizes
may lead to the loss of low-frequency alleles that may
be important for adaptation and resilience to the
decadal and multi-decadal environmental changes that
characterize marine environments (Ryman et al. 1995;
Mantua and Hare 2002; Griffies and Bryan 1997). The
loss of genetic diversity in small populations through

more

overharvesting or genetic swamping from hatchery re-
leases can lead to inbreeding (Keller and Waller
2002). Selective pressures from environmental vari-
ability can produce short-term plastic changes that
shift a phenotype along a reaction norm. Long-term
selection over several generations can lead to genetic
changes that shift the reaction norm itself (Hutchings
et al. 2007; Olsen et al. 2008). The importance of
genetic diversity comes from observations and exper-
iments on marine organisms showing that genetic
diversity can influence survival at particular life-
history stages. For example, higher levels of genetic
diversity led to greater successful settlement in an
intertidal bamacle (Balanus improvisus) (Gamfeldt
et al. 2005). Genetic diversity was also important for
survival and population stability in manipulated
populations of amphipods (Gammarus spp., Gamfeldt
and Killstrom 2007). High levels of genetic diversity
also provide resistance to bacterial and viral infections
in many species (Harvell et al. 1999; Arkush et al.
2002; Suttle 2007).

@ Springer

Genetic effects of supplementation

Supplementations can influence wild populations in
several ways. First, the use of a small number of
individuals for brood stock inevitably produces a
cohort of individuals that differs genetically from the
wild population. Hybridizations between hatchery and
wild individuals have the potential to lower the fitness
of the wild population. The fitness effects of hatchery-
wild hybridizations have been studied in salmonids
because homing behavior is conducive to experiments
that assess traits influencing survival and reproductive
success (Kostow 2004; Araki et al. 2007, 2008). These
studies show that even a single generation in a
hatchery can diminish fitness.

Second, supplementations have the potential to
reduce the effective size of a wild population, which
can lead to the loss of genetic diversity through
increased amounts of random drift. The Ryman-—
Laikre model (Ryman and Laikre 1991) and its
extensions (Waples et al. 2016) predict the total
effective size of a wild population after a generation of
supplementation (Box 2). This model can also be used
to determine appropriate brood-stock sizes needed to
avoid a drop in the effective size of a supplemented
wild population.

Third, the persistent release of individuals into the
wild from a single source can homogenize genetic
variability among populations. However, the preser-
vation of among-population diversity is important
because diversity enhances the ability of a regional
group of populations to track environmental changes.
It is not possible to predict which populations harbour
the components of genetic diversity that would be
important in a changing environment (Hilborn et al.
2003; Schindler et al. 2010).

Responsible genetic approaches

Here, we offer six guidelines to foster a responsible
genetic approach to stock supplementations. In addi-
tion to factors directly influencing genetic variability,
these guidelines also include social, biological and
economic considerations in deciding to implement a
stock supplementation. Stock supplementations in
their various forms always have the potential to

11-216



Final Report: NPRB Project 1618: Kelp Genetics

Rev Fish Biol Fisheries (2017) 27:615-649 621

Box 2 The Ryman-Laikre model

This model is derived from the concept of inbreeding effective population size and assumes that hatchery individuals recruit into
the adult wild population and augment its spawning biomass. The effective size of a wild population after one generation of
supplementation (N,(wy,) depends on the effective size of hatchery brood stock (N y), the effective size of the wild population
before supplementation (N,(w)), and the proportion of hatchery-reared individuals successfully reproducing in the wild
population [x = Ny /(Nu + Nw)l, where Ny and Ny are the census numbers of brood stock and individuals in the wild,

respectively
(1—x)*

1 __x
Nopwn)

Nowy Negw

Negw) Ne(m

N, B Y
e{WH) Ne[H:I".1+NeM](l_Jj2

wild-hatchery population

The genetic effective size of a wild population can be estimated before supplementation begins with a single sample of molecular
data (Tallmon et al. 2008; Waples and Do 2008) or with generational samples (Wang et al. 2016). The theoretical upper limit of
x can be estimated from hatchery production and stock assessments of abundance of a wild stock, but the actual value of x
depends on the reproductive success of hatchery individuals in the wild. Important considerations are the spatial extent and
genetic structure of a population, which influence estimates of Ny

By rearrangement the effective population size of the combined wild-hatchery population is

This equation can be used to show the effects of N,y andx on the combined wild-hatchery population N wg) (Fig. 2). Atlarge
values of x and small values of Ny, hatchery introductions into the wild reduce the effective population size of the combined

influence genetic resources in a wild population, and
this risk must be weighed against potential benefits.

Assess biological and economic cost and benefits
of a stock restoration or enhancement

A fishery stock may be depressed for several reasons,
including overfishing and ecosystem changes that
impact habitats and thereby affect fecundity, survival
or recruitment. A full-scale stock supplementation
should be preceded by studies designed to understand
the reason for the decline and whether the release of
larvae or juveniles would beneficially increase popu-
lation abundance without adversely influencing wild
populations (Wilson et al. 1998; Molony et al. 2004,

Waples and Drake 2004; Stgttrup and Sparrevohn
2007). A careful evaluation of the biological and
economic benefits is needed before a supplementation
1s initiated, because supplementation programs are
often impossible to stop once underway, even if

biological or economic benefits are minimal. A risk-
benefit analysis should factor in unexpected events
that may not be beneficial to wild populations.
Tradeoffs have to be considered in a risk analysis, as
actions taken to reduce one risk often increase another
risk, so that it is impossible to implement a risk-free
supplementation program (Waples and Drake 2004).
Several criteria should be considered before embark-
ing on a stock supplementation program in its several
forms (Table 1) (Stgttrup and Sparrevohn 2007).

Table 1 Criteria to consider before embarking on the supplementation of natural populations (after Stgttrup and Sparrevohn 2007)

Criterion Comment

Reduced recruitment not
attributable to harvests

‘When the goal of a supplementation is to restore wild spawning, limits on harvest should be
the first step to achieve an increase in biomass. Habitat improvement may also be more

effective than supplementation in achieving production goals. The implementation of sea
ranching depends on other criteria

Population below habitat carrying
capacity

Spawner biomass is largely controlled by food availability. The addition of hatchery-reared
fish may exceed the carrying capacity of a habitat, leading not only to poor growth of

hatchery individuals, but also of wild individuals

Low predation on life history stage
to be released

Cost-benefit analysis

Early life-history stages generally experience high levels of predation. When a decline in a
stock is due to predation supplementation efforts may not be effective

The costs of research, hatchery construction and operation, and monitoring may exceed the

monetary return on the supplementation effort

@ Springer
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Recruitment limitation

Supplementation is predicated on the twin assump-
tions that inadequate natural recruitment is limiting
abundance, and that the release of hatchery-produced
individuals can enhance the size of a natural popula-
tion. Before supplementations are considered, the
initial focus of a restocking program has to be on
activities that improve recruitment (Doherty 1999;
Morgan and Botsford 2001; Botsford et al. 2003;
Gascoigne and Lipcius 2004). Recruitment may be
restricted by several factors: the failure of individuals
to progress through life-history stages (Walters and
Juanes 1993: Caley et al. 1996; Chesson 1998)
(Table 2); physical and biological constraints that
limit spawning, egg and larval development, growth,
maturity and reproduction (Hughes 1990; Neill et al.
1994; Hunt and Scheibling 1997; Wahle 2003; Seitz
et al. 2008); and environmental factors imposing
controls on population abundances (Masuda and
Tsukamoto 1998; Kitada et al. 1992).

Populations decline not only because of over-
exploitation, but also because of environmental and
biological changes, so that a depressed stock may not
respond to supplementation efforts, even when fishing
1s reduced or suspended. Environmental changes
influencing local population abundances can arise
from events on several temporal and spatial scales
(Table 2). The causes of environmental changes that
mterrupt ecosystem services and limit suitable habitats
and food availability and quality may be local,
regional or global (e.g. Olson and Olson 1989). For
example, large-scale climate changes, such as those
driven by the Pacific Decadal Oscillation, the North
Atlantic Oscillation and the El Nifio-Southern Ocean
cycles (Mantua and Hare 2002), led to major shifts in
species composition and food-web dynamics and even
local extinctions (Alheit and Hagen 1997).

The effects of regional changes cascade down to
local habitats by changing patterns of energy flow
through an ecosystem. After a shift, primary and
secondary production may be insufficient to support
local populations at pre-shift levels. A supplementa-
tion may not be successful, because environmental or
ecosystem shifts have altered habitat carrying capac-
ity. For example, food limitation was a key variable
that led to the failure of supplementations along the
coast of Norway to increase Atlantic cod stock
abundances (Smedstad et al. 1994; Svasand et al.

f Springer

2000). Even if carrying capacity has not changed, new
competitors, predators or pathogens may limit the size
of a local population. For example, a climate regime
shift occurred in 1977-1978 that lead to a change from
a crustacean dominated ecosystem in the Gulf of
Alaska, supporting large shrimp and crab fisheries, to a
fish-dominated ecosystem (Anderson and Piatt 1999).
The closure of a fishery on populations of red king
crabs (Paralithodes camtschaticus) around Kodiak
Island in 1984 (Bechtol and Kruse 2009b) has not led
to the recovery of these populations, most likely
because of predation on juveniles in shallow-water
nurseries (Bechtol and Kruse 2009a).

In some cases, depressed stocks represent geo-
araphically marginal populations (Leggett and Frank
1997) or non self-sustaining sink populations (Crow-
der et al. 2000; Fogarty and Botsford 2007; Chen et al.
2014). Local habitats are often part of larger ecosys-
tems that expand and contract with climate variability,
so that declines in local abundance of a species may be
due to a larger process (MacCall 1990). During
periods of high abundance, geographic range increases
and populations may occupy less optimal habitats to
escape density-dependent effects on food availability,
competition, or habitat space. For example, the
geographic range of yellowtail flounder (Pleuronectes

ferruginea) on the Grand Banks contracted during
periods of low abundance and expanded at high
abundances (Simpson and Walsh 2004). Declines in
local abundance may trigger stock supplementation
efforts, but the previous occurrence of a species in a
marginal habitat at the edge of its distribution is no
guarantee that stock supplementations will be suc-
cessful. As populations expand from core habitats
during large-scale environmental changes, the abun-
dances of local populations may return without
intervention and without genetic risk to a possible
remnant population.

A fundamental step in stock enhancements is to
improve the passage through early life-history stages
with protected hatchery culture. For example, likeli-
hoods of restrictions at each life-history stage were
identified in American lobsters and used to plan
supplementation strategies (Aiken and Waddy 1986).
In Dungeness crabs (Metacarcinus magister) along the
Oregon and California coasts, the size of the mature
population was strongly associated with the successful
passage of larvae into the juvenile stage (Shanks and
Roegner 2007) (Fig. 1). The enhanced passage
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Fig. 1 The Allee effect. a Lower curve shows the Allee effect
when population growth declines at low population abundances
(redrawn from Hutchings 2014). b Relationship between larval
(megalopae) abundance (proxy for reproductive output) and
commercial catch with a four-year time lag to account for

through early juvenile stages, however, may not
improve recruitment into the adult population because
of restrictions on subsequent life-history stages. In
populations of spiny lobsters (Panulirus argus) in
Florida, artificial shelters increased the numbers of
non-mobile juveniles by protecting them from preda-
tion, but did not increase the abundances of more
mobile, larger lobsters (Butler and Hermkind 1997).
Even when recruitment into a population is limited,
ecological and genetic risks to a depressed population
may outweigh potential benefits from supplementa-
tion. Alternatives should be considered prior to
commencing supplementation. Changes in fishery
management, the establishment of marine reserves
(Roberts et al. 2005) or habitat enhancements may be
more effective in restoring a stock to previous levels
than the release of hatchery-reared individuals. If
reductions in exploitation do not lead to an increase in
the abundance of a stock, supplementations are likely
to be ineffective. Only some depressed stocks may be
helped by supplementation, in particular, those in
which limited spawning success does not produce
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individual growth (redrawn from Shanks and Roegner 2007).
¢ Allee effect in the marine queen conch (redrawn from Stoner
and Ray-Culp 2000). d Allee effect in red abalone (redrawn
from Gascoigne and Lipcius 2004)

enough larvae, or those in which passage of individ-
uals through a life-history stage is hampered by food
limitation, inhospitable temperatures, predation or
disease. Some species with late maturation may have
such low survival to first reproduction that the release
of hatchery-reared juveniles does little to increase
adult population size (Heppell and Crowder 1998).

The special case of depensation

Recruitment limitation may lead to depensation in
which a depleted population does not expand into
usable habitat space (Liermann and Hilborn 1997).
Depensation 1s the circumstance in which per-capita
success, either survival or reproduction, decreases
when the population is at low abundance. It is a rare
circumstance in which supplementation may be both
effective and less risky than in other cases. Social
animals, broadcast spawners, or organisms that mod-
ify their environment are likely to suffer such effects
(Navarrete et al. 2005). Such populations, once driven
to low abundance, may be trapped there by low
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survival or recruitment. Supplementation can be less
risky in such cases because it can be stopped when
survival increases or reproductive success recovers. In
many cases, however, supplementations continue so
that genetic risks accumulate and further jeopardize
the population.

Economic costs and benefits

A fundamental consideration is whether a supplemen-
tation program would yield a positive economic
outcome. Stock enhancements and restorations are
expected to produce economic benefits to fishermen,
fish processors, wholesalers, retailers and coastal
communities. Before embarking on a program, project
planners must consider whether economic returns
exceed the costs of hatchery infrastructure, of devel-
oping larval culture methods, of finding a suitable re-
lease site and of monitoring activities after release
(Sproul and Tominaga 1992; Moksness et al. 1998;
Wilson et al. 1998; Mustafa et al. 2003; Ye et al.
2005). The cost of hatchery infrastructure required to
culture early life-history states in a genetically friendly
fashion can be considerable. A positive balance sheet
for marine stock supplementations is seldom achieved
(Bannister and Addison 1998; Hilborn 1998; Secor
erable cost has not always led to increases in the
abundances of Atlantic cod and European lobster
(Coleman et al. 1998; Svasand et al. 1989, 2000). For
abalone supplementation in Japan, the income:cost
ratio per individual was often less than 1.0, ranging
from 0.4 to 6.2 at various localities (Hamasaki and
Kitada 2008b).

Setting goals and genetic benchmarks

Goals and benchmarks measuring success differ
among the various kinds of supplementations. In stock
restorations, hatchery individuals are released to
replenish wild populations that are at low levels of
abundance, or have been extirpated. In both cases, the
biological and genetic characteristics of hatchery
releases will largely define the biological characteris-
tics of the restored population after releases become
established. Hence, the quality of hatchery releases
and the adaptive fit to the habitat are of crucial
importance. The preservation of adaptive potential in
hatchery-reared individuals depends importantly on
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(1) large brood-stock sizes to maintain genetic diver-
sity, (2) the origins of the brood stock relative to the
target population and (3) intentional or un-anticipated
phenotypic and genotypic changes during culture.

In sea farming, hatchery-origin individuals are
harvested before maturity and interactions with wild
populations are generally considered to be of little
concern. The ability to selectively harvest hatchery-
origin individuals is crucial. However, with long-term
sea ranching, at least some individuals escape harvest,
mature and join the wild spawning biomass. Again, the
quality of brood stock producing individuals for grow-
out is a major concern, not only for maintaining high
levels of commercial production, but also for the
eventuality of hybridizations between hatchery-reared
and wild individuals. The use of large brood-stock
sizes to lessen the loss of genetic diversity and of local
brood stocks to lessen genetic contrasts with wild
populations is important in brood-stock management.
Responsible sea farming requires enforcing scientif-
ically based limits on the contribution of hatchery-
origin individuals to the wild breeding population.

The success of stock enhancements cannot be
measured by increases in stock size alone, but must
also be evaluated by the effects of enhancement on
genetic diversity within and between wild populations
requires that (1) a large proportion of the released
individuals survive and grow to harvestable sizes, (2)
hatchery releases effectively supplement the abun-
dance of next generation of spawners above pre-
supplementation levels, (3) hatchery-cultured individ-
uals supplement the wild population, rather than
replace it and (4) the release of hatchery-reared
individuals does not lead to detrimental ecological
and genetic impacts on wild populations (Secor et al.
2002).

The effectiveness of a stock enhancement depends
not only on the performance of hatchery-reared
individuals after release and but also on the harvest
management of the enhanced population. A critical
benchmark is to ensure that the effective size of the
combined wild-hatchery population does not fall
below the original size of the wild population, which
in most cases is difficult to achieve (see step 6). A
supplementation program may be successful in the
short-term by increasing harvest opportunities, but
detrimental in the long-term by changing the genetic
characteristics of the stock, or altering ecosystem
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structure. Other benchmarks of successful population
recoveries have been defined by various management
agencies (Hutchings et al. 2012; Kahilainen et al.
2014). However, these cost-benefit analyses generally
focus on economic returns and often do not consider
environmental and genetic costs (e.g. Taylor et al.
2005).

Brood-stock management

Hatchery practices are central to successful stock
restorations and supplementations. Most efforts in the
early stages of a project are generally focused on the
development of culture conditions that promote
growth and survival of larvae and juveniles. However,
the histories of countless hatchery projects show that
little attention is generally given to genetic concerns.
These concerns fall into two areas: the selection of
brood-stock individuals and the size of a brood stock.

Origin of brood stock

The choice of brood-stock individuals relative to the
genetic profiles of a wild individuals influences
genetic risk. Hence, population genetic and life history
data are essential to guide the choice of hatchery brood
stock. Surveys to assess genetic variability within and
among wild populations are essential before embark-
ing on culture experiments (e.g. Uthicke and Purcell
2004), because populations may differ genetically
from one another and the use of genetically different
individuals at a site may disrupt adaptation in local
populations (Sanford and Kelly 2011). Hence, brood
stock must be drawn from populations with individ-
uals that are genetically compatible with individuals at
the release site. Hybrids between exogenous hatchery
individuals released into the wild and individuals
showing adaptations to local environmental conditions
may show reduced levels of fitness. For example,
hybrids between anadromous pink salmon populations
separated by 1000 km showed a reduction in survival
to maturity relative to local fish (Gilk et al. 2004). In
another study of pink salmon, fry from early-spawning
fish showed lower freshwater survival because of
harsh physical conditions and disturbance from late
spawners, but late-emerging fry showed lower marine
survival (Gharrett et al. 2013).

In the marine realm, examples of local adaptation in
marine species are generally based on correlations

between fitness traits and environmental variables
(Chaoui et al. 2012; Jensen et al. 2016; Le Moan et al.
2016), on the identification of ‘outlier’ genes in
population surveys (Nielsen et al. 2009: Wang et al.
2013; Bekkevold et al. 2016) and on comparisons
between quantitative genetic traits among populations
with selectively neutral genetic markers (Gagnaire and
Gaggiotti 2016). For example, a linear regression
model indicated that temperature differences, rather
than geographical distance or larval drift patterns, best
explained patterns of genetic differentiation among
populations of northern shrimp, Panadalus borealis,
in the North Atlantic (Jorde et al. 2015). In a few
studies, adaptive variability among populations has
been detected in common garden experiments (Sus-
sarellu et al. 2015). Genetically heritable shell shape in
the broadcast spawning clam, macoma baltica, dif-
fered between populations separated by only tens of
kilometers in the North Sea, even though allozyme and
mitochondrial DNA frequencies were not significantly
different among populations (Luttikhuizen et al.
2003).

The development of molecular markers that can
probe deeply into the genomes of marine species are
showing that local adaptation is more common than
expected from population surveys using selectively
neutral molecular markers (Gagnaire et al. 2015). A
surprising number of marine species with large
potentials for dispersal through pelagic larvae or adult
movement are showing evidence of local adaptation
(Sanford and Kelly 2011). These studies together
demonstrate that the choice of brood-stock individuals
and release sites have to be important considerations to
protect the adaptive potentials of wild populations.

In stock restorations, it may be best to use
individuals from the depressed population itself or
from a genetically similar population, so that mixing
between hatchery and wild individuals does not
introduce maladaptive genes (Tringali et al. 2008).
Even so, cultured individuals often diverge from wild
populations by shifts in genetic traits that enhance
survival and growth in culture (domestication). For
example, hatchery-reared individuals can develop
behavioral deficits, such as in predator avoidance or
appropriate foraging behaviours, that lead to poor
survival in the wild (Brown and Day 2002). Domes-
tication becomes more prevalent when brood-stock
individuals come from previous generations of the
hatchery population.
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When wild individuals are used for brood stock
each generation, the introduction of new genetic
material reduces the loss of genetic diversity.
Periodically replenishing brood stock with wild
individuals minimizes genetic changes resulting
from hatchery domestication (Mobrand et al. 2005;
Ford et al. 2006). One challenge is to select
individuals in the wild that do not have hatchery
ancestry, as hatchery-origin individuals used for
brood stock may hasten the replacement of a wild
population with hatchery-reared individuals (Ry-
man and Laikre 1991).

Brood-stock size

Brood-stock size determines the amount of genetic
diversity retained in a hatchery cohort. Most marine
fishes and invertebrates spawn enormous numbers of
offspring (Oosthuizen and Daan 1974; Suquet et al.
2016) so that the use of only a few brood stock
individuals may be economically efficient to reduce
hatchery costs and may satisfy the production goals of
a project. However, small brood stock sizes can
quickly alter the genetic make-up of a hatchery
population. The loss of genetic diversity through
random genetic drift can be substantial, and this loss is
irreversible. The loss of genetic diversity, and additive
genetic variance, can impact traits such as growth,
tissue quality, and survival, and can reduce the
potential for artificial selection to improve production
traits. Numerous studies show that the loss of genetic
diversity through small brood-stock size can adversely
affect hatchery production (Taniguchi et al. 1983;
Macaranas and Fujio 1990).

The loss of genetic diversity can also influence the
outcome of a stock restoration when a remnant
population is small or extirpated. Founder effects
from a small number of colonizers have been well
documented in the medical records of human popu-
lations. These records show the predicted increase in
the frequencies of deleterious recessive genes through
rapid population growth and random drift and the
corresponding increase in inherited diseases and
reduced life expectancy (e.g. Ramachandran et al.
2005; Geldenhuys et al. 2014). Although similar
documentation is generally unavailable for marine
species, the same genetic processes are expected to
operate in stock restorations (Anderson and Hedge-
cock 2010).
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Conservation biology and population genetics the-
ory are starting points for understanding the relation-
ship between brood-stock size and genetic diversity
(Crow and Kimura 1970; Allendorf et al. 2013).
Theory indicates that small population sizes can erode
a substantial amount of genetic diversity in a single
generation. In many conservation efforts to save
endangered populations with captive propagation,
the loss of 2% of genetic diversity (n = 50) is
acceptable in the short term, but less than 02%
(n = 500) in the long term (Frankham 1995, 2005).
However, the use of these parameters can still lead toa
substantial loss of adaptive potential because of the
loss of genetic diversity (Frankham et al. 2014) and to
the accumulation of deleterious mutations (Charles-
worth et al. 1993; Lynch et al. 1995). Several instances
of the loss of genetic diversity have been documented
in hatchery populations used for enhancements of
marine populations (Table 3).

The additive variance underpins variability at
quantitative trait loci and is influenced by small
effects of numerous loci with low-frequency alleles
(Lande 1981; Falconer and Mackay 1996). The loss of
low-frequency alleles can be severe in small brood
stocks. For example, the use of only four individuals
leads to a 66% chance of losing an allele with a
frequency of 0.05, but with the use of 100 individuals
this chance drops to 0.004% (Tave 1993). The loss of
lower-frequency alleles is even greater at these brood-
stock sizes; the expected chance of losing an allele
with a frequency of 0.01 is 92% with a brood stock size
of four individuals.

The Ryman-Laikre model can be used to estimate
the effect of stock supplementations on a wild
population by predicting the effective size of the
combined hatchery-wild population (Box 3). The
model is based on three variables: the effective size
of the brood stock, Neg), the effective size of the wild
population before supplementation, Ngw), and the
proportion of hatchery-reared individuals that suc-
cessfully spawn in the wild, x. Effective population
sizes (N, ) of marine species are typically 3-6 orders of
magnitude smaller than census size because of repro-
ductive sweepstakes (Hedgecock 1994; Turner et al.
2002; Nakajima et al. 2014; Montes et al. 2016;
Rugger et al. 2016). This range of effective wild
population sizes encompasses most of the effective
population sizes estimated for marine species (Turner
et al. 1999, 2002; Hauser et al. 2002: Ovenden et al.
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Table 3 Comparisons of genotypic diversity in hatchery and relative to wild populations

Species Locality Comment Reference
Marine fishes
Dover sole Solea Europe Loss of genetic diversity in hatchery-reared larvae and Exadactylos et al. (1999)
solea juveniles
European sea bass  Spain No loss of genetic diversity, but microsatellite markers Novel et al. (2013)
Dicentrarchus indicated that family sizes were uneven in brood stock
labrax selected for larger growth rates
Haddock Eastern Microsatellite markers indicated that brood stock at two Martin-Robichaud et al. (2007)
Melanogrammus Canada hatcheries were highly inbred, with 99.5 and 88.7% of
aeglefinus the individuals related as sibs or half-sibs
Pacific herring Japan No reduction in diversities of low-frequency alleles Kitada et al. (2009)
Clupea pallasii between hatchery and wild populations. Wild individuals
used as hatchery brood stock each year
Red drum Gulf of Estimates of effective hatchery brood stock size ranged McEachron et al. (1998),
Sciaonops Mexico from 5 to 50 fish Tringali and Bert (1998),
ocellatus Turner et al. (1999)
Red sea bream Japan Loss of low-frequency microsatellite DNA alleles in Kitada et al. (2009)
Pagrus major hatchery populations, but heterozygosity remained
unchanged. Hatchery-reared individuals used as brood
stock for several generations
Red sea bream Japan Large releases of hatchery offspring, about 50% of total ~ Perez-Enriquez et al. (1999)
Pagrus major population, were spawned by 63.7 fish on average
Senegalese sole Spain, Substantial loss of microsatellite allele diversity in one Porta et al. (2007)
Solea Portugal generation in brood stock at four hatcheries founded by
senegalensis related individuals
Spanish mackerel Japan Significantly lower levels of genetic diversity in hatchery- Nakajima et al. (2014)
Scomberomorus reared fish, because of small brood stock sizes (~ 10 fish)
niphonius
White sea bass California The effective number of breeders producing offspring for Hedgecock (2004), Hedgecock

Atractoscion
nobilis

Marine invertebrates

Pearl oyster
Pinctada fucata

Silver-lipped pearl
oyster Pinctada
maxima

Asian suminoe
oyster
Crassostrea
ariakensis

South African
abalone Haliotis
midae

South African
abalone Haliotis
midae

Southern
China

Indonesia,
West Paupa

Asia, USA

Southern
Africa

Southern
Africa

release averaged 2.95-20 fish

Loss of AFLP polymorphisms in hatchery individuals,
substantial genetic divergence between hatchery and
wild populations

Reduced number of microsatellite alleles in hatchery
population relative to wild populations. Pedigree analysis
indicated that 40% of brood stock individuals came from
a single family

A significant drop in genetic diversity in hatchery
populations in the USA compared to source populations
in Asia. Hatchery stocks also had diverged genetically to
a large extent

Loss of microsatellite low-frequency alleles compared to
wild populations (35-62%). Estimated N, = 75.
Significant genetic divergence between hatchery and
wild population

A survey of microsatellite loci did not detect a drop in
genetic diversity in hatchery brood stock, but the
hatchery population had diverged significantly from wild
populations

and Coykendall (2007)

Yu and Chu (2006)

Lind et al. (2009)

Xiao et al. (2011)

Evans et al. (2004)

Rhode et al. (2012)
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Table 3 continued

Species Locality Comment Reference
Blacklip abalone Tasmania, Loss of microsatellite low-frequency alleles compared to  Evans et al. (2004)
Haliotis rubra Australia wild populations (37.5-40%) after single hatchery
spawning of wild brood stock. Estimate N, = 22-27.
Significant genetic divergence from wild populations.
Blue abalone Baja Microsatellite analysis showed that released offspring had Gutierrez-Gonzalez and Perez-
Haliotis fulgens California, genetic diversities that were similar to hatchery brood Enriquez (2005)
Mexico stock. About 80% of the brood stock contributed to
offspring that were released
Bay scallop Western Loss of mtDNA genetic diversity in cultured populations Blake et al. (1997)
Argopecten North in Virginia (h = 0.0) and China (h = 0.55) relative to
irradians Atlantic, wild populations in the western North Atlantic
China (h = 0.69-091)
Japanese scallop Japan Drop in allozyme diversity in hatchery-reared scallops Fujio and von Brand (1991)
Patinopecten
yessoensis
King scallop Pecten Irish Sea Survey of 15 microsatellite loci in wild populations and  Hold et al. (2013)
maximus hatchery brood stock showed similar levels of
heterozy gosity, but hatchery stock had lost low-
frequency alleles
Purple sea urchin Treland, Survey of 9 microsatellite loci in wild and hatchery Segovia-Viadero et al. (2016)
Paracentrotus Spain populations showed significant drop in allelic richness
lividus
Abalone Haliotis Treland Survey of variation at three allozyme loci indicated that ~ Mgaya et al. (1995)
tuberculata heterozy gosities were similar in two hatchery stocks and
the originating wild population, but a drop in rare alleles
was detected in a hatchery stock in culture for 3
generations
Geoduck clams Puget Sound  Five microsatellite loci showed reduced genetic diversity =~ Straus et al. (2015)

Panopea generosa

in hatchery broodstock relative to wild populations and

several full-sib groups, indicating a large variance in

family size

Allelic richness, not heterozygosity, provides the best indicator of the loss of genetic diversity (Allendorf 1986; Hoban et al. 2014)

2007). A reduction of four orders of magnitude was
used to illustrate possible outcomes of gene flow from
hatchery populations.

An overall goal in a responsible approach is to
avoid depressing the effective size of a wild popula-
tion below its original size. Table 4 shows minimal
brood-stock sizes needed to avoid a drop in Nepwyy for
wild-population effective sizes ranging from 400 to
12,000 and for proportional contributions of hatchery-
reared individuals of 0.01-0.3, which includes most if
not all examples of hatchery production.

Unfortunately, most hatchery supplementations
lead to a decline in the combined wild-hatchery
population. Figure 2 shows values of Neww) for
various brood-stock sizes Ny, and proportions of
the wild-hatchery populations produced by hatchery-
reared individuals, x, for effective wild-population
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sizes ranging from 100 to 12,800 individuals. These
results show that brood-stock effective sizes should be
at least 100 individuals to avoid reducing the com-
bined wild-hatchery effective population size. When
thousands of hatchery-reared individuals are intro-
duced into a wild population and when they constitute
10-20% to the spawning population, effective brood-
stock sizes should be on the order of 200-1000
individuals. When hatchery effective population sizes
are less than about 100-200 individuals, supplemen-
tation always reduces the effective size of the wild-
hatchery population, and the effect is greater for large
supplementations (x) for a given brood-stock size.
Positive increases in the wild-hatchery effective size
are achieved in only a small window of large brood-
stock sizes and with small to moderate wild effective
population sizes. High levels of production magnify
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Box 3 Genetically effective size of hatchery brood stock

The Ryman-Laikre equation can be solved for the necessary hatchery brood-stock effective size Ny, given a target value of the
effective wild-hatchery size after supplementation Ny w)

An important genetic benchmark is to keep the ratio New) /Ne(w) at values greater than 1.0. Table 1 shows a hypothetical case
to estimate the effective brood-stock size of geoduck clams needed to maintain the wild-hatchery effect size at or above the
pre-supplementation size of the wild population. Several combinations of total census size (Neqw)) (400-12,000) and the
proportion of hatchery-origin individuals successfully mating with wild individuals (x = 0.01 to 0.30). The value of x increases
as the size of a local wild population decreases. In this example, an effective population size four orders of magnitude smaller
than census size was assumed for these calculations

The effective size of a brood stock is influenced by events in a hatchery. Most hatcheries use communal spawning to produce
larvae because of the added costs of spawning individual pairs and maintaining individual families. Communal spawning can
first lead to a departure of a 1:1 sex ratio among breeders. In this case, the effective size of a population can be estimated by

— NNy
Ne = Ne+Now

For example, when one male is used (o fertilize the eggs of two females, a 2:1 sex ratio, the effective population size drops 11%.
When a 10:1 sex ratio is used, the effective population size drops by 73%

Another factor influencing the effective size of a brood stock is a disparity in the relative contributions to offspring among
breeders. Most invertebrates are capable of producing large numbers of gametes and larvae, which can lead to large differences
the number of offspring among families. When the variance of the number of successful offspring per individual, k, averages
two [var(k) = 2.0] the effective size of the broodstock is calculated as above. However, when the variance in family size is
larger, var(k) > 2.0, effective broodstock size (N,) is

_ _4N—2
Ne= 2+var(k)

where N is the number of offspring, and var(k) is the variance of offspring number among individuals; for example, if
communally spawned individuals produce an unequal number of gametes or offspring survival differs among families so that
var(k) > 2.0. When the variance among families is var(k) = 4, the effective size of the brood stock drops by 33%. When the
variance among families is var(k) = 8, which may be a conservative estimate of for highly fecund species (Hedgecock 1994),
the effective brood-stock size drops by 60%

the genetic profiles of a limited number of brood
stock, and offspring have the potential of diluting
genetic diversity in the hatchery-wild population.
Large, persistent supplementations have the poten-
tial to genetically swamp or displace a natural
population. For example, persistent introductions of
juvenile pearl oysters from genetically divergent
populations led to a reduction of among-population
diversity in French Polynesia (Amaud-Haond et al.
2004).

Sex ratio

The ratio of males and females also influences the
effective size of the brood stock. For example, the use
of a single male to fertilize the eggs of ten highly
fecund females may produce hundreds of thousands of
larvae but the effective size is only 3.6 individuals,
even though 11 breeders were used. When the sex ratio
is highly skewed, the inbreeding coefficient can be
large. In the example, a substantial inbreeding coef-
ficient F = 0.138 results in a single generation.

Effective brood-stock size is maximized by using an
equal number of males and females.

Egual family sizes

Genetic considerations continue beyond mating
design. Even with a 1:1 sex ratio, other variables
influence the numbers of offspring among families,
including timing of gamete maturity, quality of
gametes among parents and variation in fecundity
because of parental size or genetic legacy (Keller and
Reeve 1994; Hedgecock and Pudovkin 2011).
Unequal contributions among parents in a hatchery
setting can also arise because some genotypes lead to
faster growth or better survival. For example, hatchery
brood stock of geoduck clams was found to be
composed of only full-sib groups, indicating a large
variance in reproductive success among spawners
(Straus et al. 2015). In another example, pedigree
tracing among the offspring of cultured Japanese
flounder showed that in a mass spawning most of the
offspring came from a single male, and half of the
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Table 4 Minimal broodstock effective sizes needed to avoid a
drop in the effective size of the wild-hatchery population
Ne(WH)

Neew) Negwry X
0.01 0.05 0.1 0.2 0.3

400 400 2 10 21 44 71
1000 1000 5 26 53 111 176
2000 2000 10 51 105 222 353
3000 3000 15 77 158 333 529
4000 4000 20 103 211 444 706
5000 5000 25 128 263 556 882
6000 6000 30 154 316 667 1059
7000 7000 35 179 368 778 1235
8000 8000 40 205 421 889 1412
9000 9000 45 231 474 1000 1588
10,000 10,000 50 256 526 1111 1765

12,000 12,000 60 308 632 1333 2118

The range of effective sizes of wild populations is typical for
marine species. An effective to census wild population size
ratio was assumed to be 10™*, Minimal brood stock sizes were
estimated with the Ryman—Laikre model (Ryman and Laikre
1991). Ncw, is the effective size of a wild population. Neqway, is
the effective size of the combined wild-hatchery population.
x is the proportion of hatchery-reared individuals successfully
reproducing in the wild

females failed to produce any offspring (Sekino et al.
2003). Reproductive skew greatly influences effective
population size and the retention of adaptive potential.

Domestication

Domestication occurs when intentional, or inadver-
tent, selection changes genotypic frequencies in
cultured cohorts. Un-intentional genetic shifts may
not be entirely avoidable, because the rationale for
culturing early life-history stages is to provide a
protected environment to enhance the survivals of
individuals that would be eliminated in a wild setting.
In closed culture, selective breeding can improve the
financial foundation of an operation by enhancing
food efficiency, accelerating growth, or improving the
quantity and quality of the end-product. Even without
artificial selection, enhanced survival in a hatchery
often produces shifts in the frequencies of some
genotypes and leads to phenotypic changes that
enhance the survivals of some genotypes over others.
These shifts can lead to changes in growth, morphol-
ogy and behavior that are not adaptive in the wild. For
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example, hatchery-reared blue crabs (Callinectes
sapidus) in Chesapeake Bay were similar to wild blue
crabs in several variables, in some behaviours and
growth, but differed in having shorter spines and in
lacking predator response behaviours that influenced
survival in the wild (Davis et al. 2004). As another
example, juveniles of Europeans lobsters cultured in a
hatchery had two scissor claws instead of having one
scissor claw and one crusher claw (Agnalt et al. 2004).

Many marine organisms show phenotypic plasticity
in response to environmental variability. Behaviour
and morphology, for example, can change in response
to food availability, temperature, salinity or predation,
which are variables that can be controlled during
hatchery culture and which inevitably differ from
natural environments. The conventional wisdom is
that shifts in gene frequencies precede phenotypic
changes (Schlichting and Pigliucci 1998), but in some
cases, phenotypes shifts along a reactive norm toward
an optimum that enhances fitness and that conse-
quently facilitates genotypic shifts in a new environ-
ment (Ghalambor et al. 2007). Even when hatchery
rearing does not lead to a genetic shift, indirect genetic
effects can occur, because the survival or dominance
of some individuals over others may result in the
propagation of only a portion of the genetic variability.
Hatchery culture often changes morphologies and
behaviours relative to wild counterparts, but without
necessarily changing genotypic frequencies (Olla et al.
1998). For example, hatchery-reared juveniles of
queen conchs in the Bahamas had thinner shells,
shorter spines and lower burial frequencies than wild
queen conchs, and hence were more susceptible to
predation (Stoner and Davis 1994). However, as the
conchs grew they began to resemble wild individuals
in these traits. In a mesocosm study of red drum,
hatchery-reared juveniles chose less structured habi-
tats than did wild juveniles, even in the presence of a
predator (Stunz et al. 2001). This behaviour was most
likely the result of conditioning to hatchery conditions
and did not reflect a shift in genotype. These examples
represent variability along a reaction norm, but not a
shift in the reaction norm itself.

Release design
Following the culture of early life-history stages in a

protective hatchery environment, young individuals
are released into marine waters to supplement the
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Fig. 2 Curves represent the combined wild-hatchery effective
population sizes Neowm in relation to brood stock effective size
(number in curve) and to the proportion of hatchery-reared
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two considerations. First, a match between genotype
and local environment is essential because reaction
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norms differ not only among populations because of
genetic differences in fitness traits among local
habitats (Hutchings et al. 2007; Le Vay et al. 2007),
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but can also be altered by hatchery culture. Hence, the
preservation of genetic variability during hatchery
culture is essential to preserve the ability to respond to
short-term environmental changes, especially for
stock restorations with the goal of establishing a
viable population.

Second, a release strategy has to consider numerous
physical and biological variables, including carrying
capacity, seasonal cycles of temperature and salinity,
and habitat and food availability, as well as predation
intensity. A particular life-history stage has to be
released at a location that meshes with corresponding
ontogenetic migrations in wild populations, as juve-
nile nursery areas are often separated from adult
foraging areas. Both the timing and location of release
are important to the success of enhancement.

Size at release

The size of hatchery-reared individuals at release is the
single most important variable influencing the survival
in the wild. Numerous studies showed an inverse
allometric relationship between mortality and size
(Lorenzen 2000; Beyer et al. 1999) so that larger
individuals foraged more efficiently and better
defended themselves against predators (Cowx 1994,
Lorenzen 2000). However, additional hatchery costs
may preclude raising individuals to larger sizes before
release. For example, stock enhancements of striped
bass in Chesapeake Bay were more cost-effective by

releasing larvae experiencing high mortality than by
releasing larger juveniles with lower mortality in years
when the survival of wild larvae was high (Secor and
Houde 1998; Johnson et al. 2008). In another example,
a field study of blue crab stock enhancement showed
that out-planting of early life-history stages was
unsuccessful and that success required the use of
older crabs (Eggleston et al. 2008). However, increas-
ing the time in captivity to increase release size also
increases hatchery costs and the potential for artificial
selection or the expression of phenotypic traits
unsuited for the natural environment.

Match between life-history stage and ecology
The timing of a release in the life cycle can influence
the success of a project. The release of hatchery-

cultured planktonic larvae has met with success in
stock enhancements of striped bass, abalone and bay
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scallops, but not with Atlantic cod and hard clams
(Arnold 2006). Hatchery-reared Pacific threadfin
(Polydactylus sexfilis) were released experimentally
at different sizes, at different sites and times in the
years (Leber et al. 1998). Large fish survived better
when released in winter, but small fish did better when
released in summer and fall. In an enhancement of
blue crab populations, the challenge was to balance
poor survival of older juveniles in the hatchery
because of cannibalism with the release of older
juveniles that grew rapidly and matured in as little as
two months (Davis et al. 2005). Crabs held longer in
the hatchery before release recruited into the spawning
population a year earlier than crabs released at an
earlier age.

Life-history stages are often geographically segre-
gated, and a release strategy must accommodate
ontogenetic migrations. Seasonal migration patterns
and dispersal ability of a species will influence the
effectiveness of targeting a particular area. For
example, gravid blue crab females in Chesapeake
Bay migrate to high-salinity areas in the lower part of
the bay where they spawn in early spring (Hines et al.
2008). Larvae settle into benthic habitats and meta-
morphose, and after feeding on spring and summer
plankton blooms, juveniles migrate to the upper bay to
overwinter. Juveniles mature in their second year and
return to the lower part of the bay to mate and spawn.
Higher stocking levels may be needed when the life-
history stage being released is dispersive (Polacheck

1990). Experimental releases of blue crab larvae at the
megalopae stage were not effective because the small
larvae dispersed rapidly from the release site (Eggle-
ston et al. 2008). For many marine species, spawning,
nursery and adult foraging habitats are separated often
by considerable distances. Atlantic cod move onshore
during spring and summer and offshore in fall to
aggregate along the continental shelf in winter.

Location

Release location is also of importance. If the goal of a
project is to boost the abundance of a wild population,
hatchery-reared individuals must be released into
habitats that enhance survival and growth. Hence,
the need to distinguish between self-sustaining pop-
ulations in source habitats and sink populations that
rely on recruits from source populations. For stock
restorations, the release into ‘sink’ habitats will be
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successful only if the objective is to grow out juveniles
for harvest and if the habitat provides shelter and food
(Lipicius et al. 2008). When the objective of a project
is to supplement or establish a self-recruiting popula-
tion, the identification of an optimal habitat is critical
for success. For example, populations of whelks
(Trochus niloticus) in the Pacific (Heslinga et al.
1984) and hard-shell clam (Mercenaria mercenaria)
in the Atlantic (McCay 1988) were depleted by
overexploitation and were restocked along with habi-
tat improvements. However, not all populations
recovered because some of the restocking had
occurred in marginal habitats.

For many marine species, recruitment may be
limited by small nursery habitats (Beverton 1995; Tles
and Beverton 2000; Halpern et al. 2005). A compar-
ison of populations of the flatfish, Alaska plaice, in the
Gulf of Alaska and Bering Sea showed that the size of
the adult population was related to the size of the
juvenile nursery habitat (Bailey et al. 2003). Even
when an area is biologically and physically suitable for
stocking, small-scale habitats and current patterns
must be considered, because larvae or juveniles can be
advected out of suitable habitats (Lipicius et al. 2008).

The availability of small-scale habitat heterogene-
ity may also contribute to the success of a population
supplementation (Herrnkind and Cobb 2007; Och-
wada-Doyle et al. 2012b). Survival of small spiny
lobsters in Florida State was increased by providing
artificial shelters for non-mobile juveniles, but shelter

did not improve the survival of more mobile, larger
juveniles (Butler and Herrnkind 1997). In Washington
State, recruitment success of Dungeness crabs was
associated with shelled substrates and low levels of
predation (Eggleston and Armstrong 1995). Unless
suitable habitats are available for the life-history stage
being released, a supplementation may not succeed
even though adult habitats are unsaturated.

Track individuals after release

Tracking the fates of hatchery-reared individuals in
the wild is essential to provide feedback on the
effectiveness of various hatchery practices and release
strategies (Lorenzen 2006). Many supplementations
focus on mass production with little attention to the
effectiveness of supplementation (Solemdal et al.
1984; Secor and Houde 1998; Secor et al. 2002).
Monitoring success is often difficult when climate

variability counters or augments supplementation
efforts. Several approaches have been used to measure
the results of a stock enhancement.

Demaographic analysis

For stock restorations, the abundance of spawning
biomass is key to the success of a project. The
assumption that the abundance of a stock should
increase in proportion to the size of the supplemen-
tation can be subverted by the confounding effects
of environmental variability and harvest intensity
(e.g. Serafy et al. 1999). Additionally, density-
dependent controls of abundance may come into
play when a habitat is close to carrying capacity
(Lorenzen 2005). For example, stock enhancements
of bay scallops (Argopecten irradians) were tracked
with larval recruitment collectors and juvenile
quadrate surveys, but with little evidence of recruit-
ment success (Leverone et al. 2010). It was uncer-
tain whether an increase in abundance was due to
stock-enhancement efforts or to changing environ-
mental conditions. Meta-analyses often show that
substantial supplementation effort does not always
lead to larger stock abundance (Masuda and
Tsukamoto 1998). Marine populations tend to vary
naturally because small environmental changes can
precipitate a cascade of trophic events that influence
survival, fecundity and recruitment into the adult
population.

Genetic population structure

Genetic population surveys have been used to assess
the impact of hatchery releases by searching for shifts
in allele frequencies. Several seeding attempts of the
red abalone (Haliotis rufenscens) in California were
made in the 1970s with little success, because of
predation and emigration (Gaffney et al. 1996).
However, one large-scale out-planting appeared to
have been successful, because samples from the area
of supplementation showed allele-frequency differ-
ences from wild populations, departures from Hardy—
Weinberg proportions and significant disequilibria
between loci. In another example, the analysis of
microsatellite loci in red sea bream (Pagrus major)
indicated that stocked populations showed larger
values of differentiation and significant departures
from Hardy—Weinberg proportions that were
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interpreted to reflect supplementation (Perez-Enriquez
et al. 2001). Surveys of microsatellite variability
among populations of black (Acanthopagrus schlege-
li1) and red (P. major) sea bream around Japan showed
that hatchery releases produced patches of genetic
differentiation in an otherwise panmictic species
(Blanco Gonzalez and Umino 2009; Blanco Gonzalez
et al. 2015). However, no genetic population changes
were observed in Pacific herring (Clupea pallasit)
(Sugaya et al. 2008) or in Ezo abalone (Haliotis discus
hannai) (Sekino et al. 2005) after large supplementa-
tions. The analysis of genetic population structure
provides only a small amount of power to detect the
effects of supplementation because the effects of
environmental change, random drift and migration can
override small genetic signals of supplementation.

Phenotypic markers

Hatchery culture often leaves phenotypic marks that
distinguish hatchery-reared from wild individuals. For
example, marks on fish scales and otoliths have been
used to distinguish hatchery-reared fish from wild fish
(Butcher et al. 2003). Starvation and an abrupt shift to
lower salinity created checks in the scales of hatchery-
cultured mulloway (Argyrosomus japonicus) in Aus-
tralia that easily identified cultured fish after release
(Taylor and Piola 2008). In Japan, hatchery-origin red
sea bream could be identified in commercial catches

by a hatchery-induced deformity of the inter-nostril
epidermis, and hatchery flounder could be identified
by induced pigmentation on the bottom side of a fish
(Kitada and Kishino 2006). Hatchery-reared individ-
uals of the queen conch are distinguishable after
release by their thin shells (Stoner and Davis 1994).
For most species, however, phenotypic markers can-
not be reliably used to identify hatchery-reared
individuals after release so that physical or genetic
tags must be used.

Physical tags

A variety of physical tags has been used to mark
hatchery-reared individuals. Cultured prawns in Japa-
nese waters were marked with coded wire tags, along
with clipped uropods to identify individuals with tags
(Hamasaki and Kitada 2008a). North Sea European
lobsters were implanted with fluorescent tags, which
indicated that after about 4 years 3-8% of captured
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lobsters were of hatchery origin (Schmalenbach et al.
2011). Internal tags and external marks have also been
used to identify hatchery-reared lobsters (Linnane and
Mercer 1998; van der Meeren 2000). Chemical
markers have been useful for marking hatchery
individuals of some species. The survivals of hatchery
juveniles of sea cucumbers marked with fluo-
rochromes varied greatly among locations (Purcell
and Simutoga 2008). While physical tags can poten-
tially track hatchery-reared individuals over a lifetime,
they cannot measure reproductive successes of the
hatchery-reared individuals.

Genetic markers

Molecular genetic markers have been used to monitor
several aspects of supplementation, including levels of
genetic diversity, effective number of hatchery par-
ents, survival rates, contribution to harvests and
importantly the extent of hybridization between
hatchery and wild individuals. In sea ranching pro-
jects, in which individuals are released into the wild
but are expected to be harvested before maturity,
genetic markers can identify first generation hatchery-
reared individuals or hybridizations between hatchery-
reared and wild individuals. However, this is possible
only when hatchery cohorts have genetically diverged
from wild populations, or when brood stock have been
genotyped so that parentage-based tagging can be used

to identify individuals of hatchery origins (Anderson
and Garza 2006; Tringali 2006). Mimura et al. (2017)
and Bruford et al. (2017) provide reviews of methods
to monitor intraspecific genetic diversity with markers
at neutral and functional genes.

Genetic markers lend themselves to identifying
hatchery-reared individuals. For example, individual
assignment tests, based on 8 microsatellites and
mtDNA, indicated that about 10% of 1579 eastern
oysters (Crassostrea virginica) were first generation
hybrids between a disease tolerant hatchery stock and
wild individuals (Hare et al. 2006). In a supplemen-
tation of European lobsters in Norway, family geno-
typic marking with microsatellites indicated that only
60% of cultured larvae survived relative to wild larvae
and that survival of offspring varied greatly among
families (Jgstad et al. 2005). In another project, a
survey of mtDNA SNPs in a sample of 3545 oyster
spat after an out-planting into Chesapeake Bay of over
four million Gulf Coast oysters from Louisiana
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indicated that only 0.08% of the 3545 spat had the Gulf
Coast haplotype (Milbury et al. 2004).

When the goal of a supplementation is to enhance
the spawning biomass of a wild population, genetic
markers can additionally be used to estimate effective
population size and to track introgressive hybridiza-
tions in subsequent generations (Pritchard et al. 2000;
Nielsen et al. 2006; Karlsson et al. 2008; Saillant et al.
2009). For example, genetic markers indicated that the
effective size of hatchery-supplemented populations
of red drum had increased over 20 years (Carson et al.
2009). However, a survey of microsatellite and
mtDNA variability in Japanese populations of Spanish
mackerel (Scomberomorus niphonius) indicated that
the effective size of a wild population after supple-
mentation was only 430-970 fish (Nakajima et al.
2014). A study of chum salmon in Alaska showed that
hatchery strays had hybridized with wild salmon at
several locations (Jasper et al. 2013).

Minimize genetic impacts on wild populations

The goals of stock supplementation are two-fold: first,
to increase the abundance of the target stock and
second to avoid disrupting the genetic integrity of
local stocks. Even though individuals of many marine
species potentially disperse long distances, several
recent studies show local adaptations on much smaller
spatial scales than expected (Lamichhaney et al. 2012)
that can be disrupted by introgressive hybridization.
The release of large numbers of individuals can
influence the genetic structure of a target species by
leading to drops in genetic diversity and by disrupting
genetic population integrity (Arnaud-Haond et al
2006; Bekkevold et al. 2006).

Ecological effects of supplementation

The displacement of wild individuals can occur with
persistent releases of hatchery-reared offspring when
release numbers are large and habitats are near
carrying capacity (Tringali and Bert 1998). It was
not clear whether the long-term enhancements of
American and European lobster populations aug-
mented, or displaced, wild populations (Addison and
Bannister 1994; Hilborn 1998). Even when wild
populations are not displaced by hatchery supplemen-
tation, the persistent release of hatchery-reared indi-
viduals can still influence wild populations when the

carrying capacity is exceeded. Density-dependent
factors can intensify competition for food or space
and can alter growth patterns and reproductive output,
which in turn can reduce the effective population sizes
and potentially lead to the loss of adaptive potential
(Ochwada-Doyle et al. 2012a). Fishery harvests can
intensify replacement of wild-origin individuals, as
successful supplementation programs produce many
more offspring per individual than occurs in the wild;
consequently, any harvest rate removes a larger
fraction of the wild than the hatchery surplus
offspring.

Hatchery-wild hybridization

A variety of genetic influences can ensue when
hatchery individuals interbreed with wild individuals.
First-generation hybrids may not be as fit as wild
individuals in a natural setting and may not contribute
to the next generation because of reduced survival. In
this case, reproductive potential is lost in the wild
population. When hybrids survive and successfully
reproduce, maladaptive genes may be introduced into
the wild population. Theoretical results show that
introgressive hybridizations can lead to dropsin fitness
in only a few generations and the magnitudes of these
drops depend, in part, on the number of generations a
brood stock has been cultivated in a hatchery under
relaxed or positive selection for maladaptive or
domestication genes (Lynch and O’Hely 2001).

Highly fecund species

Apart from reductions in fitness from hatchery-wild
hybridizations, supplementations have the potential to
reduce the effective population size of wild popula-
tions, because most invertebrates produce enormous
numbers of offspring. Limited hatchery capacity for
maintaining large numbers of brood stock also
encourages the used of only a few individuals for
brood stock. For example, brood stock of large
supplementations of Spanish mackerel in Japan con-
sisted of only about 10 fish, because of the short time-
frame of maturity and the logistics of artificially
mating fish at sea (Nakajima et al. 2014). The large
number of offspring from these few fish was able to
satisfy the production goals of the hatchery, but
represented only a fraction of the genetic diversity in
the population.
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The loss of genetic diversity from small brood-
stock sizes can lead to inbreeding depression (Charles-
worth and Charlesworth 1987; Crnokrak and Roff
1999). Experiments with purple sea urchins (Strongy-
locentrotus purpurafus) showed that inbred larvae
were smaller and showed greater variation in size than
did outcrossed individuals (Anderson and Hedgecock
2010). Segovia-Viadero et al. (2016) found that
hatchery-reared populations of the European purple
sea urchin (Paracentrotus lividus) were inbred and had
genetically diverged from wild populations.

Effective size of wild population after supplementation

An important goal is to ensure that the effective
population size of a wild population does not drop
below its original size (Box 4). Successful supple-
mentations that boost the effective size of a wild
population depend on several factors. One is the
effective size of the hatchery brood stock relative to
the effective size of the wild population (Waples
et al. 2016). The ratio of the effective to census size
of hatchery brood stock is commonly less than 1.0
because of hatchery culture practices. Supplementa-
tion boosts the effective size of a wild population
only when the hatchery effective size is large relative
to the number of offspring and the effective size of
the wild population is small relative to the number of
individuals. Supplementations with individuals from
a hatchery population with a small effective size

cannot increase the effective size of the wild

Box 4 Genetic dilution effect of hatchery supplementation

population when the effective size of the wild
population is large.

A second factor is the proportion of hatchery
individuals incorporated into a wild population: the
greater the supplementation effort, the greater supple-
mentation will influence a wild population. A small
effective brood-stock size will dilute genetic diversity in
wild populations with most effective brood-stock sizes
and the dilution effect increases with an increase in the
magnitude of the supplementation. Generally, when
hatchery-origin individuals make up more than 10% of
the wild population, its total effective population size
will drop precipitously unless the ratio of the effective
size to the census size of the wild population is small.

Discussion

Many marine fish and invertebrate stocks around the
globe are threatened by over harvesting and habitat
degradation, hence the growing interest in stock
enhancements with hatchery-reared individuals.
Declining harvests of wild populations have stimu-
lated the culture and release of billions of fish for over
300 species annually (Welcomme and Bartley 1998).
While most enhancements have been of freshwater
species, a growing number of marine species are now
under culture. Marine stock enhancements are rela-
tively recent compared to the birth of agriculture
9000 years ago. The use of hatchery-reared inverte-

brates and fishes for sea ranching, stock restoration

concentration of the substance in another solution

Waples et al. (2016) provide refinements of the Ryman-Laikre model by resolving the variables into sub-components. First, the
effective size of a wild population can drop when a substantial number of individuals are removed for brood stock. This may
be especially important for population restorations, attempting to restore a depleted population to its previous size. A large
brood stock size, relative to wild population size, reduces the effective size of the wild population (Ne(w)). In this case, the
total effective size of the wild population after supplementation (Nyuw)) would otherwise be overestimated

A further refinement shows that the combined wild-hatchery effective size (N uw)) can be influenced by the ratios of the relative
effective sizes of hatchery o = N /Neqwy and wild etw = Nepw)/New) populations, where N: is census size. Only when the
ratio of these values, B = oy /oy, is larger than 1.0 can supplementation increase the effective size of the total population. The
ratio B can be thought of as a dilution factor: only the addition of a more concentrated solution of a substance can increase the

As the magnitude of a supplementation (x) increases, the value of f becomes more important in determining the effective size of the
supplemented wild population. Large supplementations with small values of B can lead to large drops in the effective size of the
wild population, because of the dilution effect. However, when oy is small, as appears to be the case for many marine species, 3 is
larger than 1.0 for a given value of oy, and supplementation can lead to an increase in the effective size of the wild-hatchery
population. Alternatively, for a given value of oy, an increase in the value of oy can lead to a positive supplementation. Hence, the
need to provide sufficiently large hatchery facilities to be able to implement culture practices that maximize oty = N/ Ny
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and stock supplementation will become more common
as the abundances of wild populations decline from
exploitation and climate change and as markets for
seafoods continue to grow.

Unlike agricultural production on land, the produc-
tion of seafood depends on wild populations as
primary sources of exploitable biomass and as sources
for the development of semi-domesticated and fully
domesticated strains for aquaculture and sea ranching.
The developments of hatchery technology and proce-
dures are at early stages and, while these develop-
ments parallel the inception of land agriculture nine
thousand years ago, they are progressing much more
rapidly at a scale that has the potential to harm wild
populations. The conservation of not only the abun-
dances of wild populations, but also the genetic
foundations for population sustainability and adaptive
potential, is important for prudent development of
seafood husbandry.

Despite supplementation efforts for several species,
post-release evidence does not show unequivocal
success in enhancing wild populations of marine
species. Enhancement efforts in marine waters began
in the late 1800s with the release of Atlantic cod (G.
morhua) larvae. Restocking with larvae has been met
with mixed success. Many enhancement attempts with
Atlantic cod and hard clams, Mercenaria spp. were

unsuccessful, but some successes were achieved with
enhancements of abalone (Haliotis spp.) and bay
scallops (A. irradians) (Arnold 2006). In some cases,
stock enhancements may have led to the replacement
rather than supplementation of a stock (Leber et al.
1995).

Mariculture in its various forms has the potential to
influence wild populations in several ways. Large-
scale operations can adversely influence the local
ecosystems by displacements and extinctions of local
species, by resource depletion and competition, by
pollution that shifts nutrient and oxygen availability
and by genetic risks that influence the fitnesses of local
populations and their adaptive potentials. The devel-
opment of these guidelines focuses on the dynamics of
genetic risks, which are not as easily tracked as
environmentally induced shifts in abundance and in
market quality of seafood products. Nevertheless,
genetic influences on sustainable exploitation are just
as important.

The release of hatchery-reared individuals to
rebuild a depleted stock should be used as a last resort

after other measures have failed, after it is certain that
the stock is recruitment limited and when the ecosys-
tem is not at carrying capacity. It is depressingly
common that the benefits of a hatchery program are
assumed, and that success is measured by the number
of hatchery-produced individuals released. Evaluation
of the program’s effectiveness in increasing popula-
tion abundance and any negative effects on the wild
population are episodic, often undertaken by indepen-
dent groups. Continual monitoring and regular review
of hatchery programs are necessary to ensure that
objectives are being met and that ecological and
genetic impacts on the wild population are within
acceptable limits. This monitoring and review should
be part of the design and the budget of any hatchery
program.

Three strategies can be used to rebuild a depleted
stock (Molony et al. 2004). First, the mostecologically
friendly is to limit harvests of the stock by restricting
gear, reducing fishery openings, lowering quotas, or
restricting entry into the fishery. This approach is the
least genetically intrusive. Fishing reductions, how-
ever, are often hard to implement because of the push-
back from fishing and fish-processing communities.
Recovery of a stock after fishery restrictions may take
several generations and may be unacceptably slow
from a fishing community’s perspective.

Second, a restriction on a fishery may not be enough
when a decline has resulted from habitat deterioration
or loss. Hence, habitat restoration or modification (e.g.
with artificial reefs, Buckley 1989) may be a way of
increasing abundance by increasing carrying capacity.
While habitat modifications on small scales have been
effective in increasing local diversity, habitat restora-
tions on large scales in the marine environment are
difficult to achieve (Bohnsack et al. 1991). Regional
habitat shifts and concurrent drops in fishery popula-
tions may be due to large-scale, uncontrollable climate
changes.

Third, stock enhancements can potentially increase
the abundance of a stock, but only when the release of
hatchery-reared individuals circumvents a choke point
in the flow of individuals through various life-history
stages. Stock supplementations are often viewed as an
immediate solution to a stock decline, but should be
undertaken only as a last resort because of the
generally high cost of implementation and the sub-
stantial ecological and genetic risks to wild popula-
tions (Heppell and Crowder 1998). Several facets of
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supplementation must be evaluated before a program
begins, including the availability of hatchery technol-
ogy, survival of hatchery-reared individuals once they
are released, economic benefits and market trends. The
objective of a supplementation is best defined before the
start of an operation, and importantly planners must
consider the risks from supplementation not only to the
target species, but also to the community and ecosystem.
The best genetic practice is to culture individuals
for the fewest number of generations as possible to
minimize genetic changes and to use large brood stock
sizes to reduce the loss of genetic diversity. Some
culture practices, such as the use of small brood-stock
sizes, unequal sex ratios, or unequal family sizes, tend
to reduce the effective population size of the cultured
population and can lead to rapid genetic shifts from
random drift and to the loss of genetic diversity. Even
though large numbers of offspring can be produced
from only a few parents, the important variable is
brood stock size. Large enhancements with small
brood-stock sizes can greatly reduce the effective
population size of a wild-hatchery population.
Genetic principles play important roles, directly
and indirectly, in determining not only the economic
success of a supplementation project, but also in
maintaining the ecological vigor of wild populations.
The costs of infrastructure and culture may be larger
than economic returns on investments and the long-
term ecological and genetic costs of supplementations

may preclude embarking on a stock restoration or
enhancement. Adaptive potential can be influenced by
brood-stock choice, hatchery practices, domestication,
timing of release, release location and magnitude of
the supplementation. While the genetic effects of
supplementations are difficult to measure and are not
always immediately apparent, they have the potential
for long-term impacts on wild genetic resources.
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Chapter 11: Management Implications

Abstract: Alaska’s long, ‘pristine’ coastline provides an opportunity to develop a commerical
seaweed industry and to add to the State’s economic base. This project on the genetics of three
species of kelp represents further progress in developing a seaweed industry in Alaska. The
genetic population structures of these kelps are highly subdivided in the Gulf of Alaska and are
unlike the structures of other marine organisms in the region that have been studied. Marine
species tend to have substantial dispersal capabilities, either as adults or planktonic larvae, that
tend to produce genetically homogeneous populations with divergences generally less than Fst=
0.05. In contrast, divergences between populations of kelps were generally larger than Fst =
0.40. Even though kelp populations show strong differences from one another, defining
production units is complicated by the mosaic nature of the population structure. A much greater
sampling effort is needed to be able to resolve the genetic population structures of these kelps on
small geographical scales. Further study of incipient species in of winged kelp, Alaria, are
needed to unravel the taxonomies of this species complext. The results of this study further show
that Alaska’s kelp populations have low levels of genetic diversity that reflect the evolutionary
legacies of population turnover during a long history of Pleistocene ice ages. The development of
a viable seaweed industry in Alaska requires a research program focused on understanding the
physiological and ecological responses to environmental variability. Environmental variables,
including temperature, salinity and nutrient availablity, control growth rates and the chemical
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compositions of the kelps. The development of aquaculture strains through traditional
agricultural methods of selective breeding or other genetic tools is needed to improve product
quality and maximize growth. These genetic improvements are essential for Alaska to be able to
participate in global markets. The initiative to develop a seaweed industry in Alaska comes at a
time of profound climate change that is leading to warmer seawater temperatures and to an
increase in ocean acidification. Both warming and acidification will affect the distributions and
local abundances of kelps.
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11.1 Introduction

The term ‘seaweed’ describes marine macroalgae that grow in shallow subtidal areas within the
photic zone and intertidal zones along a coast. Seaweeds include kelps (phaeophyceae), red algae
(rhodophyceae) and green algae (chlorophyceae). A wide range of seaweeds have been used as
food since prehistorical times (Mouritsen et al. 2013). Presently, seaweed harvests represent
about 25% of global aquacuture production with a value of about six billion USD (FAO 2018a).
About 85% of this production is consumed by humans directly as fresh or dried products or is
processed as food additives in the form of alginates, agar, and carrageenan (FAO 2018a). The
rest is used in fertilizers, livestock feed, pet foods, cosmetics, pharmaceuticals and numerous
other products (Holdt & Kraan 2011; Ugarte & Sharp 2012; Rebours et al. 2014; Wu et al. 2016,
among numerous industrial studies). Global seaweed production comprises Eucheuma (35%,
tropical red alga), Saccharina japonica (27%m temperature brown alga), Gracilaria (14%, warm
temperate red alga), and Undaria (7%, warm temperate brown alga) (FAO 2018b). Smaller
amounts of the red algae Palmaria, Porphyra and Chondrus, and the green alga, Ulva are also
harvested from the wild or cultivated for commercial use.

The harvest and culture of seaweeds represent a substantial global industry that has grown
over the past few decades from a few thousands of tons in 1950 to over 30 million tons wet
weight in 2017 (FAO http://www.fao.org/fishery/statistics/en) (Figure 1a). Most of this
production takes place in Asia with China as a leading producer (Figure 1b). Nevertheless,
production still represents a considerable source of economic revenue in other Asian countries
(Figure 2) and to a lesser extent in Europe. Eight Asian countries produce 99% of seaweed
harvests. Most seaweeds are cultured for commercial use, but a small amount is harvested from
the wild (Figure 3). The present production of seaweeds in Alaska is minuscule by comparison to
global production, consisting of only a few tons predominantly of sugar kelp (Saccharina
latissima). Nevertheless, permitted operations have grown from one farm in 1992 to 13 in 2018
(Figure 4) and are likely to grow in number over the coming decades.

The startup and operation of seaweed farming in Alaska is viewed by industry as
cumbersome because of layers of regulation from several sources that entail 1) leasing of
aquaculture sites, 2) regulatory policies affecting operations, and 3) other policies, including
taxes, subsidies, support of research and marketing, infrastructure, among many others (Knapp &
Rubino 2016). While the principle of private property across landscapes is widely accepted,
marine waters are generally perceived as being a public resource owned in common.
Governmental mechanisms for the leasing of public properties for logging, mining, oil extraction
and grazing are well established, but harvests from shorelines adjoining private property and the
use of public waterways for aquaculture often meets resistance (Feeney 2001). Waterfront
transformations by aquaculture are generally perceived to be negative because of possible
economic competition with the fishing industry, loss of access to water, changes in natural
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views, loss of value of waterfront property, or ecosystem harm from organic pollution (Knapp &
Rubino 2016).

In addition to their commercial value, seaweeds are also of considerable ecological
importance. Kelp canopies in shallow subtidal and intertidal areas provide ecosystem services for
numerous invertebrates and maturing fishes (Dean et al. 2000; Daly & Konar 2008; Christie et
al. 2009). The detrital decomposition of seaweeds injects considerable secondary organic
productivity into nearshore ecosystems (Duggins et al. 1989). Without these services nearshore
ecosystems would be much less productive and diverse. Seaweed culture and harvest activities
can have both beneficial and negative consequences for these near-shore ecosystems that merit
consideration in the development of a seaweed industry (Hasselstrom et al. 2018). The culture of
seaweeds in large kelp farms has been suggested as mitigation for the world’s output of the
greenhouse carbon gases, because of large seaweed growth rates and biomasses that extract
carbon dioxide from sea water for photosynthesis (World Bank Group 2016; Sondak et al. 2017;
Chung et al. 2013).

The goal of this review is to provide a conceptual foundation for devising a management
strategy for the development of seaweed farming in Alaska. This foundation has to be built on
evolutionary principles that can be used to maximize production over the long term without
impacting natural populations. The relevant foundational concepts fall into four areas: 1) genetic
diversity within and among populations, 2) natural selection and ‘local adaptation’, 3)
connectivity among populations, and 4) eco-evolutionary dynamics (Hendry et al. 2011). Central
to a management plan are the results of theoretical and genetic studies of seaweed populations in
Alaska waters and elsewhere that address questions in these four areas. What features of genetic
population structure are relevant to resource management? Is there evidence for local adaptation
that requires special attention? How important is the protection of wild populations to the long-
term viability of a seaweed industry? How imporant is dispersal in bringing about gene flow and
enhancing colonizations of suitable, but empty habitats patches? How should reproductive
biologies, often peculiar to plants, be incorporated into management strategies? In the case of
Alaskan kelps, how to account for the unusual mosaic genetic structure in management?

Among these important topics is the need to understand possible effects of domestication and
selective breeding of farmed seaweeds on wild populations. Studies of kelps in the Northwestern
Pacific and in North American and European waters provide opportunities to explore the effects
of seaweed culture on wild populations, as countries in these areas have had a long history of
seaweed harvesting and farming. The application of evolutionary principles to seaweed resource
managment requires several assumptions from a multitude of disciplines, including population
genetics, biogeography, evolutionary biology, ecology, and conservation biology. Finally, the
high latitude waters of Alaska are changing rapidly from the rising temperatures and ocean
acidification driven by the warming effects of greenhouse gases. Climate warming will lead to
poleward shifts in species’ distributions and to ecosystem reorganizations along Alaska’s coasts.
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Hence, evolutionary thinking is important to the conservation and management of natural
resources. Naive or inappropriate management can lead to unexpected outcomes and to the
degradation of a natural resource (Vitousek et al. 1997).

11.2 Genetic diversity

Genetic diversity can be estimated with molecular markers in several ways. One measure is the
proportion of polymorphic loci in a set of genes sampled from a population. A related measure is
the average number of alleles among loci in a sample of individuals. One of the most common
measures is average heterozygosity among a group of individuals for a set of gene loci. This
measure can be estimated as the observed proportion of heterozygous individuals in a population
sample, or as the number of heterozygous loci in an average individual. Additionally, expected
heterozygosity can be estimated from allele frequencies by assuming Hardy-Weinberg genotypic
proportions. Differences between observed and expected heterozygosity can reveal some aspects
of population structure. When observed heterozygosity is significantly less than expected
heterozygosity, inbreeding may be at play, non-random mating, or population mixing
(Wahlund’s effect). Yet other departures from Hardy-Weinberg proportions may be due to the
nature of the molecular marker, for example null alleles, and may not directly reflect population
processes.

Genetic diversity in Northeastern Pacific kelps examined in this study show some unusual
features compared with other kelps. Organellar DNA haplotype diversities (h) are generally large
in kelps overall, ranging from 0.770 to 0.900 in the seven species of kelps listed in Table 7.1.
Nucleotide diversities (6x), which incorporates sequence divergences between haplotypes in
addition to differences in haplotype frequencies, are also generally large among kelps, ranging
from 0.00091 to 0.0152. Gene diversities in Saccharina latissima tended to be smaller than
diversities in ecologically similar kelps (Table 1). The large contrast between overall diversity (h
=0.781; 6:% = 0.088) and mean diversity among populations (h = 0.188; 6:% = 0.0.016) is due
to strong haplotype frequency differences between populations. Seven of the 14 populations
examined had haplotype diversities ranging from 0.0 to 0.08. Many populations, in fact, are
fixed, or nearly fixed, for a single DNA haplotype, so that estimates of diversity averaged over
populations are considerably smaller than species-wide diversity. Large genetic diversities in
some populations are due to the mixing of distinct haplotype lineages and not to the
accumulation of mutations in situ in a single DNA lineage.

Microsatellite diversity follows a similar pattern. Northeastern Pacific populations of
Saccharina latissima tend to have lower levels of average microsatellite diversity among
populations (0.350-0.360) than Saccharina latissima in the North Atlantic (0.309-0.0690)
(Table 2). One caveat in making these comparisons is that the estimates of diversity were based
on different sets of microsatellite loci, except for one comparison between North Pacific (this
study) and North Atlantic populations (Neiva et al. 2018), which included the same loci.
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Microsatellite loci for these studies were generally selected for their ability to discriminate
among populations and were not randomly selection to estimate levels of genetic diversity. Even
so, Northeastern Pacific populations of Saccharina latissima appear to harbor less genetic
variability than other populations of kelps.

The preliminary results for split kelp, Hedophyllum nigripes, populations in the NE Pacific
show levels of genetic diversity similar to those in sugar kelp, Saccharina latissima (Table 1).
Overall values of diversity (COI-rbcL: h = 0.770, 0:% = 0.091) are larger than mean diversities
within populations (h = 0.00.291, 6,.% = 0.025), indicating a considerable amount of haplotype-
frequency divergence among populations. As for sugar kelp, most of the genetic diversity in this
species is due to genetic heterogeneity between populations rather than to differences between
plants within populations.

The results for Alaria must be considered separately because the samples collected for this
study included several ill-defined taxa, which our results resolved by COI haplotypes into five
deep lineages (Section 6). Genetic diversities within these COI lineages (6.% = 0.03-0.20) are
much smaller than overall diversities than diversities pooled over lineages (6:% = 1.024). These
lineages individually harbor much less genetic diversity than other kelps in the North Pacific and
North Atlantic oceans (Table 1).

A pervasive theme in the management and conservation of natural populations is the
preservation of genetic diversity within and among populations (Ryman 1991; Futuyma 1995;
Ryman et al. 1995), and the protection of genetic diversity has become central to resource
managment (Kenchington et al. 2003; Valero et al. 2011; Hoban et al. 2013), particularly to the
management of salmon populations in Alaska (Davis et al. 1985). The protection of genetic
diversity is deemed important because most aspects of a species’ ecology and responses to
environmental variability are underpinned by inherited genetic variation. Genetic diversity is also
thought to be important because it is the foundation for ‘evolutionary potential’, which is the
ability of a species, or population, to track environmental changes through shifts in genetic
attributes. A fundamental assumption in the application of neutral population markers to resource
management is that molecular markers can be used to measure genetic diversity as a proxy for
mean fitness of a population.

Levels of standing genetic diversity are influenced by a population’s demographic history,
mutation, and natural selection. Natural selection on organellar DNA and nuclear microsatellites
is assumed to be an inconsequential force acting directly on these genetic markers to shape
population structure. This assumption is generally invoked in fisheries stock-structure studies,
except when evidence for outlier loci is detected that might point to the effects of divergent
selection among populations. While mutations in DNA sequences are the ultimate sources of
genetic variability, they occur at rates that are much slower than demographic events driven by
seasonal, decadal, centennial and millennial climatic instability (Figure 8).
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In an evolutionary context, the success of a population or species is measured by ‘fitness’,
which is the ability of an individual to successfully reproduce and contribute offspring to the
next generation that themselves successfully reproduce (Benton & Grant 2000). Reproductive
strategies vary among marine organisms. Some species invest considerable energy into ensuring
the survival of a few offspring, for example, by producing large calorically rich eggs or by
defending egg nests. Most marine species, however, broadcast large numbers of calorically
inexpensive eggs into the water and provide little or no parental care, as do kelps. In both cases,
the amount of genetic diversity is thought to increase fitness by enhancing the survival and
reproductive output of offspring.

Since the inception of allozyme methods in the 1960s (Hubby & Lewontin 1966; Lewontin &
Hubby 1966), biochemical and molecular markers have been used to estimate gene diversities in
natural populations. The link between estimates of heterozygosity (and inbreeding) with various
molecular methods and fitness can arise in several ways (Hansson & Westerberg 2002). First,
variability in the molecular markers themselves may be linked to fitness, especially for markers,
such as allozymes, that have metabolic functions that shape an individual’s physiology and
phenotype. Heterozygotes at an allozyme locus may have different catalytic properties that
provide greater efficiencies than homozygotes (functional overdominance or heterosis).
Numerous studies using allozyme markers have invoked overdominance to explain associated
between heterozygosity and some aspect of fitness (Mitton & Grant 1984; Britten 1996).

Direct overdominance, however, is unlikely to explain correlations between microsatellite
DNA and fitness, because theses markers do not encode functional products and are unlikely to
be affected by natural selection (Coltman & Slate 2003). Even so, associations between
microsatellite diversity and fitness traits have appeared in several species (Bierne et al. 1998) A
second explanation for heterozygosity-fitness association in these cases may be that the markers
are linked to genes conferring greater fitness (local area hypothesis: Hansson & Westerberg
2002). The markers may not necessarily be physically linked to the fitness genes, but can be
associated with fitness traits because of random drift in a small population (associative
overdominance: Ohta & Kimura 1970). Associative overdominance is expected to decline with
time as populations reach linkage equilibrium and is unlikely to occur in large, panmictic
populations.

The correlation between heterozygosity and fitness in natural populations is a pervasive
assumption in conservation biology and resource management for animals (Allendorf & Luikart
2007; Bert et al. 2007; DeWoody et al. 2010) and seaweeds (Valero et al. 2011). The concern
centers on the loss of fitness that is thought to result from a reduction in genetic diversity or from
an increase in homozygosity due to mating between relatives (inbreeding). The loss of
heterozygous loci across a genome may lead to the loss of overdominance and heterozygote
advantage. The presence of more than one functional allele at a locus provides alternative
metabolic pathways to cope with such environmental variables as temperature, salinity, and pH.
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An alternative mechanism affecting fitness may be inbreeding and elevated levels of
homozygosity of deleterious alleles that reduce fitness (Keller & Waller 2002; Charlesworth
2003).

The amount of genetic diversity in a population is thought to be a critical component of
adaptive potential (Lande & Schemske 1985; Kawecki & Ebert 2004) and the protection of this
diversity from harvest and aquaculture activities has been a mantra among conservation biologist
and fishery managers for the past few decades (Lande & Schemske 1985). Measures of genetic
diversity in a sample of genes are often used as a proxy to predict adaptive potential, which is
generally affected by numerous quantitative loci throughout the genome. However, theoretical
(Ohta & Kimura 1970; Chakraborty 1981) and simulated (Balloux et al. 2004) results, together
with empirical results (Slate et al. 2004), show that locus heterozygosities across the genome are
uncorrelated. Surveys of indicator loci indicate nothing more than levels of diversity of the loci
that have been surveyed. In any case, estimates of genetic diversity are based on a small fraction
of the genome that may act independently of other parts of the genome (Galtier et al. 2009).
Furthermore, fitness is uncoupled from genetic diversity is uncoupled from fitness in many
ecologically successful plants reproduce asexually and have no within-population genetic
diversity (e.g. eelgrass, Reusch et al. 1999). Even though estimates of diversity may not be
associated with fitness or evolutionary potential, they have successfully been used to infer
demographic events, such as founder effects and bottlenecks in population size (e.g. Hauser et al.
2002). Assessments of adaptive potential based on the level of genetic diversity at marker loci
may not be important when environmental shifts require changes that exceed the reaction norms
of genotypically influenced phenotypes (Schlichting & Pigliucci 1995).

The chief limiting factor of genotypic-based responses to environmental change is the slow
accumulation of beneficial mutations relative to the pace of climate change. New mutations can
be lost by random drift or by counter selection during a developmental or an alternate life-history
phase. Genetic diversity in plants is also correlated with mating system so the use of molecular
markers as proxies for genome-wide diversity to assess evolutionary potential can be misleading.
For example, selfing, which is comon in plants, is associated with a decrease in additive genetic
variance in models (Charlesworth & Charlesworth 1995) and in natural populations (Bartkowska
& Johnston 2009). A literature survey of plant adpatation showed that both the frequencies of
selfing and outcrossing were not correlated with local adaptation (Hereford 2010). In another
survey, no difference in local adaptation was detected between self-compatible, which are
expected to have low levels of genetic diversity, and self-incompatible species with higher levels
of diversity (Leimu & Fischer 2008). Hence, the reduced genetic variability in selfing species
and the greater potential for gene flow in outcrossing plants may have little influence on the
ability of plant populations to adapt to local conditions.

Most research on selfing has been conducted on terrestrial plants. However, the ecological
effects of selfing also appear in kelps. In the giant kelp, Macrocystis pyrifera, a selfing rate was
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estimated to be 30-40% of fertilizations, and this led to a substantial increase in mortality over
outcrossed plants (Raimondi et al. 2004; Johansson et al. 2013). Selfing was more common at
low densities where the opportunities for outcrossing were limited (Johansson et al. 2013).
Reductions in the average fitness of populations with large proportions of selfed plants may be
responsible for strong oscillations in abundance that occurs in many kelp beds (Raimondi et al.
2004). In the present study, duplicate microsatellite genotypes appeared in some Alaskan
populations of Alaria and may have been due to selfing. The extent and effects of selfing in
Alaskan kelp beds and the effects of selfing on population abundances are important areas of
future research.

The patterns of genetic diversity among the kelps in the Northeastern Pacific reflect the
effects of population displacements, bottlenecks in population size, extirpations, and
colonizations over the last few Milankovitch glacial cycles. During glacial maxima and stadials,
the shores of the Aleutian Islands, South Central and Southeastern Alaska were covered by
margins of terrestrial glaciers. The mosaic genetic population structure along NE Pacific shores
is clear evidence of isolation and divergence in numerous refugia between coastal lobes of the
massive Cordilleran ice sheet. Hence, the genomic structures of present-day populations of kelps
in the Gulf of Alaska are legacies of natural selection during past cycles of climate change (de
Lafontaine et al. 2018). In addition to demographic history, the reproductive and recruitment
biology’s of kelps also contribute to low levels of genetic diversity within populations.
Reproductive skew (Eldon & Wakeley 2006), sweepstakes recruitment (Hedgecock & Pudovkin
2011), and incumbency (Hendry 2004; Marshall et al. 2010; Waters et al. 2012) conspire to
produce low levels of genetic diversity within populations.

11.3 Adaptive responses to environmental variability

The rapid pace of climate change in Alaska, past and present, requires rapid phenotypic
transformations, if not in gross morphology, in physiology, to meet the challenges of
environmental shifts. A discussion of adaptive potential of species in the high-latitude waters of
Alaska is of particular important, because the region is experiencing, and will continue to
experience, unprecedented increases in sea temperature and with them, ocean acidification
(IPCC 2007). The term ‘adaptive potential’ appears frequently in the literature on natural
resource management and biological conservation and has traditionally denoted the genetic
variance needed to respond to selection, in much the same way that additive variance of
quantitative traits is required to improve plant and animal production (Falconer 1960). Natural
selection favors individuals with particular phenotypes over others, so that some individuals are
more ‘fit’ in a particular environmental setting than others. Fitness is ideally measured not just
by the proportion of offspring contibuted to the next generation by an individual, but by
offspring that reproduce and successfully pass on genes. Individuals with greater fitness are
expected to pass on more offspring than less fit individuals. Lifetime reproductive success is a
widely used surrogate of fitness (Clutton-Brock 1999; Benton & Grant 2000), but since it is
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difficult to quantify in the wild, various components of reproductive success, such as sexual
dominance, survival or fecundity, are used to measure fitness (Kawecki & Ebert 2004).

Responses to evironmental change depend on phenotypic variability, which can arise from
several sources. One source of variability are plastic responses to environmental challenges that
occur over the lifetime of an individual (Figure 7.6). These responses represent reactions norms
of genotypes in a population, but do no represent changes in the the underlying DNA (Hendry et
al. 2011). Phenotypic variability without genetic change has been documented in several algae
(Shibneva et al. 2013; Hu & Lopez-Bautista 2014; Calegario et al. 2019). Plastic changes from
the extremes of reactions norms may underlie short-term acclimation to altered environmental
conditions, but are limited in the ability to produce continuing adaptive responses because they
are tied to the underlying DNA. Early work in conservation attempted to measure adaptive
potential with molecular markers of genetic diversity, and explained adaptive changes to climate
warming by invoking shifts in the frequencies of existing genetic variants. However, genetic
change stemming from allele-frequency shifts in standing genetic diversity is limited by the
amount of genetic diversity in a population. Many ecologically successful species, including
invasives and clonal species, have little genetic diversity, as do the three species of kelps
examined in this study. Standing genetic diversity in these species cannot be a continuing source
of adaptive change, and the accumulation of beneficial mutations is too slow to keep pace with
environmental changes. Hence, non-genetic mechanisms come into play.

11.3.1 Non-genetic variation

For the past few decades, the central dogma of genetics has been the one-way transmission
among generations of heritable information encoded in genes. Even though a particular
genotype, or combination of genotypes, can respond to environmental variability by producing
an array of phenotypes, the underlying genetic information does not change. Contrary to this
central assumption, it is now clear that environmental forces can influence heritiable variation
that can be transmitted across generations (Schmid et al. 2018). Transmission of traits can
consist of epigenetic changes to DNA and cytoplasmic and somatic alterations. In a broader
perspective, nongenetic inheritance bypasses the limitations of genetic inheritance in promoting
adaptive fitness by decoupling phenotypic change from the slow process of Mendelian-based
genotypic change.

Non-genetic modifications of DNA are implemented through the addition of a methyl group
to cytosine or less commonly to adenosine (Figure 11.7). Epigenetic modifications of DNA often
involve interference RNA (RNAI), which are RNAs, 20-30 nucleotides in length, involved in the
epigenetic modification of DNA (Cerutti et al. 2011). This class of RNA likely arose as defences
against viruses by degrading viral RNA and against transposable elements by preventing these
elements from commandeering DNA encoded genes. Non-genetic variation can reflect
epigenetic modifications of gene express, paternal effects in which the phenotype of a parent
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influences phenotypes of offspring (Bonduriansky & Day 2009). Other forms of non-genetic
inheritance include the transmission of a plant’s microbiome or transposable DNA elements.
Phenotypic variability from these sources interacts with environmental forces to influence the
components of adaptation. The boundary between genotype and phenotype is blurred when
environmental drivers alter the inheritance of phenotypes through epigenetic mechanisms.

Adaptive responses to evironmental variability through epigenetic modifications of DNA are
characterized by five features that have been demonstrated in terrestrial and marine angiosperms
(Richards et al. 2010, 2017; Schmid et al. 2018). The first feature is an uncoupling of epigenetic
variation from DNA sequence variation. For example, epialleles in a small, well-studied
herbaceous plant, Arabidopsis influence morphology that was uncoupled from DNA sequence
polymorphisms (Kooke et al. 2015). Second, epigentic variation must influence some aspect of a
plant’s phenotype, and third, environmental selection must influence the epigenetic phenotype.
These conditions have been demonstrated in angiosperms. Genomic profiles of methylation
showed an association between patterns of methylation and contrasting environment in
Arabidopsis (Bossdorf et al. 2010; Dubin et al. 2015) and salt marsh plants (Foust et al. 2016).
These patterns were interpreted to result from environmental influences on the epigenetic
variation. Fourth, the rate of mutation exceeds the mutation rate of the underlying DNA. The rate
of mutation of epigenetic variants (epialleles) in plants has been estimated to be as much as five
orders of magnitude larger than the mutaton rate in coding DNA (van der Graaf et al. 2015).

Fifth and importantly, epialleles are inherited by offspring and continue to shape phenotypes
in subsequent generations. Experimental studies of Arabidopsis have shown associations
between epigenetic changes and flowering time that lasted several generations in a neutral
environment without the influence of selection (Schmid et al. 2018). Nongenetic inheritance has
also been documented in numerous other plants for a variety of phenotype traits (Johannes et al.
2008; Holeski et al. 2012). Cubas et al. (1999) found that a variant producing radial symmetry of
a flower, described in the 1700s by Linneaus, was due to the silencing of a gene by epigenetic
methylation and has been stable for at least 250 years.

The speed of adaptation to a particular environment is influenced by several factors,
including the extent that selection favours a particular genetically influenced phenotype, by the
introductions of genes from populations not adapted to local conditions, and by the additive
variance in a population (Hereford 2010). Microevolutionary changes can occur over a few
decades on time scales corresponding to human environmental disturbance (Dobzhansky 1955;
Hendry & Kinnison 1999; Kinnison & Hendry 2001). These changes have been observed in
pristine and naturally disturbed habitats, under captive propagation, with accidental or intential
introductions of species into non-resident areas (Pergams & Ashley 2001; Boag & Grant 1981,
among many others) and in environments modified by human activity (Kettlewell 1973; among
numerous other examples).
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Numerous studies show that nongenetic inheritance of acquired phenotypes occurs nearly all
species. Epigenetic inheritance is more common in plants than in animals, because plant
germline arises from somatic cells that have been influenced by the environment. Some plants
reproduce asexually without the development gametes. Theoretical models indicate that
nongenetic inheritance increases both the rate of phenotypic and genetic change and can tweak
the direction and speed of evolutionary change (Bonduriansky et al. 2012). Attempts to
incorporate these broader and important sources of evolutionary change into a new ‘extended
synthesis’ of evolutionary biology has been proposed to unite seemingly contradictory results
emanating from molecular biology and eco-genetics (Pigliucci 2009; Pigliucci & Miller 2010).
The conceptual framework for managing natural resources has to follow suite by recognizing the
importance of mechanisms that go beyond Mendelian genetic inheritance.

11.3.2 Adaptive potential in natural populations

Kelps can respond to climatic warming in three ways: by poleward shifts in geographic
distribution, by adapting to new environmental conditions, or by becoming extinct locally or
regionally. Detecting permanent adaptive shifts due to climate warming is difficult because of
the inability to distinguish between genetic, plastic and non-genetic responses to environmental
change without breeding experiments. Even when phenotypic changes are documented, it is not
always clear whether the changes are adaptive, or whether they arise from other causes, such as a
shift in ecosystem structure or predation (Merild & Hendry 2013). Responses to environmental
change through plastic and epigenetic-based phenotypic changes are likely important in kelps in
the Northeastern Pacific because of the low levels of genetic diversity and the rapidity of
environmental change (Liu 2013; Dodd & Douhovnikoff 2016). Populations of algae in variable
environments tend to show more plastic responses than species in stable environments (Schaum
& Collins 2014). Fluctuating environments appear to select for plasticity, and this may be the
case for kelps in the Northeastern Pacific, given a long history of large environmental changes on
seasonal, decadal and millennial time scales (Figure 11.5).

Numerous reciprocal transplant studies have shown that angiosperm plants are often adapted
to a particular environment (Turesson 1922; Clausen et al. 1940; and numerous subsequent
studies). However, other studies show that local populations are not always at an adaptive
optimum (Hansen et al. 2006; Hereford & Winn 2008). A survey of the literature on local
adaptation in natural populations (n = 74), as measured by viability and fecundity in reciprocal
transplants, showed that genetic differences among populations were positively associated with
local adaptation, but phenotypic divergence was not (Hereford 2009). Adaptation of populations
plants and animals to local environments produced individuals that were less fit in other
environments, so that gene flow and genetic drift limited the effectiveness of natural selection in
a particular environment.
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Local adaptation has been documented in several kelps. In the Northeastern Atlantic, for
example, populations of S. latissima in Denmark occur along a salinity gradient that influences
the biochemical composition of the kelp (Nielsen et al. 2016). Kelp populations in high-salinity
habitats had the largest total production potentials, largest protein content, and the greatest
capacity for bioremediation of nitrogen. However, plants growing in lower salinities had the
largest concentrataions of fermentable sugars and higher concentrations of pigments, qualities
that are desirable in both fuel production schemes and for human consumption. Hence, areas
producing the largest biomasses of the kelp did not produce plants with the most desirable
commerical qualities.

11.4 Connectivity among populations

A fundamental question facing the management of seaweeds is the degree to which populations
are connected to one another by gene flow through the dispersals of spores, gametes, or detached
sporophytes. A common rationale for identifying stock boundaries is to be able to protect weak
populations that may be at risk from human development or that may be decling from the effects
of natural environmental changes. In plants, population structure reflects the isolating effects of
environmental gradients or of barriers to dispersal. Even in the absence of barriers to dispersal, a
pattern of isolation by distance may ensue because of limited dispersal ability. The three species
of kelp examined in this project did not appear to track environmental gradients on a large
geographical scale, nor did they show isolation by distance (Chapters 3, 5 & 6). Estimates of
divergence between populations were large, on average, because of often fixed haplotype- or
allele-frequency differences between populations (Figure 11.5).

In Alaskan populations of Saccharina latissima, the overall amount of divergence among
populations was large for both organellar (®st = 0.646) and microsatellite (Fst = 0.366) DNA
(Table 11.3; Chapter 3). This amount of divergence was larger than among populations of
Saccharina latissima in the North Atlantic (organellar DNA ®st = 0.318; microsatellite DNA
Fst = 0.015-0.259), and larger than divergence among populations of Saccharina japonica in the
Northwestern Pacific (organellar DNA ®st = 0.284; microsatellite DNA Fst = 0.342). While the
amount of sequence divergence between haplotypes was small—not more than 3 mutations
between central haplotypes along 1359 base pairs—many populations were fixed or nearly fixed
for different haplotypes. These strong differences indicate little genetic exchange between
regional groups of populations.

On smaller geographical scales, some populations has similar haplotpic frequencies. In
Kachemak Bay similar frequencies between populations may be due to gene flow, but the
similarity between samples on larger spatial scales is more likely due to historial post-glacial
dispersals from refugia (Chapter 3). For example, contemporary connectivity through gene flow
is unlikely to account for the disjunct distribution of C lineage haplotypes, which appear at
various frequencies across the Gulf of Alaska from the western Aleutian Islands to Prince of
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Wales Island in southeastern Alaska. Similarly, D-lineage haplotypes appear in populations
separated by about 1000 km with other lineages appearing in intervening locations.

The superimposition of organellar DNA haplotypes on a principal components analysis of 12
microsatellite loci showed that that the microsatellite alleles clustered more closely with the
organellar DNA lineages than they did with the geography of the samples (Figure 3 in Chapter
3). This pattern indicates that the geographical distributions of DNA lineages and microsatellite
alleles are not yet in migration-drift equilibrium. Historical events still define the genetic
structure of populations of Saccharina latissima in the Gulf of Alaska.

A preliminary survey of organellar DNA sequence variability in split kelp, Hedophyllum
nigripes, showed a simlar mosaic, genetic population structure. Divergences among populations
for combined COI and rbcL sequences ranged from ®st = 0.151 to 1.0 and averaged 0.632
(Table 11.3, Chapter 5), reflecting strong haplotype frequency differences between populations.
These differences between populations on geographical scales of 100-200 km or less indicate
strong restrictions on gene flow. Comparisions with COI haplotypes in British Columbia to the
south and with haplotypes in the Arctic and Northwestern Atlantic show that populations in the
Gulf of Alaska harbor the largest amount of genetic diversity. This center of diversity argues for
glacial refugia in the Gulf of Alaska and relative recent dispersal across the Arctic and to
southern Northeastern Pacific shores.

The results for the winged kelp, Alaria, showed much deeper divergences between the
combined COI-rbcL haplotypes. Overall sequence divergence among populations was large (®st
=0.811) (Table 11.3, Chapter 6) and was due to the inclusion of different taxa, some of which
have been described on the basis of morphology. Some of these DNA lineages represent cryptic
groups that have not been formally described as species (Widdowson 1971a; Lane et al. 2007).
As in the case of Saccharina latissima, the strong haplotype differences signal little genetic
exchange between most populations, which in this case are reproductively isolated taxa in the
early stages of speciation.

The geographical patterns of populations within lineages are difficult to explain in terms of
gene flow. Haplotypes in lineage A are found from the western Aleutians, across the Gulf of
Alaska to the southern part of southeastern Alaska and are mixed with haplotypes from other
lineages at some localities. While haplotype-frequency similarities between nearby populations
can be accounted for by gene flow (e.g. Kodiak Island and Kachemak Bay), frequency
similarities beween widely separated populations are more likely due to post-glacial dispersals
from ice-age refugia and ancient colonizations. Some of the differences between populations on
small geographical scales are due to ecotypic differences between populations (or between
species). For example, a population in Kachemak Bay situated on a wave exposed headland is
strongly divergent from populations only tens of kilometers away in both directions at wave-
protecrted beaches in Kasistna Bay and at Homer Spit. The superimposition of organellar DNA
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lineages on a principal components ordination of microsatellite variability showed that plants
bearing different lineages tended to hybridize when they occur at the same locality (Figure 3 in
Chapter 6). These hybridizations indicate that reproductive isolations between the various
lineages are incomplete.

11.5 Eco-evolutionary dynamics of kelps in the Northeastern Pacific

Present-day genetic population structures of kelps in the Northeastern Pacific are legacies of
historical population events. Shorelines around the Northeastern Pacific have had a particular
turbulent climatic history because of large temperature and sea-level swings (Figure 10.5) and
because of episodic incursions of the margins of large terrestial glaciers into coastal areas. The
past 10,000 years in the Holocene have had relatively stable temperatures, but climate
projections predict that climate warming from greenhouse gases is in store in the coming
decades.

11.5.1 Historical biogeography: ice-age upheavals

Climates over the the Pleistocene Epoch beginning 2.6 million years ago have varied
considerably, but have been particular unstable in the last 1.26 million years (Morley &
Dworetzky 1991; Lisiecki & Raymo 2005). During cold periods, massive sheets of ice
accumulated on North American and Euasia and lobes of the glaciers extended onto coastal
areas. At the peaks of these glaciations the shores of the Northeastern Pacific and the Aleutian
Islands were largely, but not completely, covered with ice that destroyed near-shore habitats and
led to the extirpation of kelp populations. The distributions of the kelps may have been displaced
to southern unglaciated shores, but the higher levels of genetic diversity in Gulf of Alaska’s kelp
populations (Sections 4 and 6) than in southern populations, together with the mosaic
populations structure, indicates that many populations survived in northern refugia. Refugia may
have been located between the major lobes of the terrestrial glaciers as they reached the shore.
The mosaic population structures of the three kelps in this study can be explained by dispersals
from these refugia and colonizations along post-glacial shorelines.

Under this scenario, refugial populations around the Gulf of Alaska were able to adapt to
large temperature shifts. For example, temperatures rose by several degrees centigrade over only
a few hundreds of years after the last glacial maximum about 20,000 years ago, and this scenario
was repeated over the Pleistocene during stadial-interstadial cycle on hundreds and thousands of
years and during major Milankovitch climate cycles every 100,000 years. Marine biota in the
Northeastern Pacific have adapted to large temperature swings throughout the Pleistocene, and
hence adaptive mechanisms may be in place to cope to some extent with temperature swings
predicted in the coming decades. Future global temperatures, however, are predicted to rise
above levels not experienced since the last interglacial period about 130,000 years ago.

11.5.2 Climate warming
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The evidence for human induced global warming is substantial (Keller 2009; Gleckler et al.
2012; IPCC 2015). About 80% of the heat generated by greenhouse gases is absorbed by world’s
oceans (Domingues et al. 2008). This ocean warming has already influenced the abundances and
distributions of marine organisms through shifts of ocean isotherms and ocean acidification
(Perry et al. 2010; Evans et al. 2015; Duarte et al. 2018; Wahl et al. 2015). Seaweeds can
respond to global warming in three ways: 1) local populations adapt to new environmental
conditions, 2) species’ ranges shift into environmentally suitable areas, or 3) regional populations
disappear. Phenotypic plasticity in kelps may help to cope with climate warming in the short
term before genetic adaptation is possible. Environmental changes may proceed faster than
populations can respond with genetically based evolutionary changes. Range shifts and local
extirpations are the most likely responses of seaweeds to environmental change in Alaska.

Projections of future climates over the next several decades have been made with simulations
of population dynamics under various environmental scarios. The most important variable is the
expected concentration of greenhouse gases, which include not only carbon dioxide, but also
methane and other gases. Water vapor is also a potent greenhouse gas with concentrations
largely determined by evaporation and global temperatures. Other factors also contribute to
climate warming, including developments in technology, land use, economic conditions and
human population growth (Wayne 2013). To assist in making projections, a standard set of
scenarios have been devised to ensure that a standard set of conditions are used in climate
projections made in various disciplines.

The latest set of conditions was published by the Intergovernmental Panel on Climate
Change (IPCC) in its Fifth Assessment Report (IPCC 2015) and are called Representative
Concentration Pathways (RCP) with numerical indices indicating particular characteristics of
radiation forcings and emissions. Four RCPs, RCP8.5, RCP6, RCP4.5, and RCP2.6, together
with additional information for a particular region, are commonly used used to make climate
projections. The temporal range of these RCPs extends to the year 2100. RCP8.5 is the most
severe environmental scenario and RCP2.6 is most optimistic, apart from a complete cessation of
greenhouse gass emission. These scenarios are the lastest in attempts to standardize climate
simulations beginning in 1992 with 1S92, then SRES in 2000, TAR in 2001, AR4 in 2007, and
the latest AR5 in 2015. Modllers in various disciplines use the data in these scenarios as starting
points for simulations that are variously designed to address a particular problem or predict
change in a particular region. Extended Concentration Pathways (ECP) are also available for
climate projections to the year 2300. The goal of using RCPs and ECPs for simulations is not to
predict future climate conditions with any precision, but to map the range of possible future
conditions and to identify uncertainties (IPCC 2015).

In the past 80 years, the Northern Hemisphere has experienced unprecedent increases in
temperature (Figure 11.9). Over this time, temperatures in Arctic and subarctic Alaska have
increased twice as rapidly as temperatures at temperate latitudes. A consequences of this
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warming as been a decline in the extent of winter sea ice in both the Alaskan Arctic Ocean and
Bering Sea (Figure 11.10; Lader et al. 2017). The Bering Sea was nearly ice-free in the 2018-
2019 winter and sea surface temperatures are currently 2-3° C warmer than the long-term
average (Figure 11.11) (https://uaf-iarc.org/2019/04/11/bering-strait-sea-ice-conditions-winter-
2019/ accessed July 2019). A nearly ice-free Arctic ocean is absorbing atmospheric carbon
dioxide, and this has led to the acidification of large areas in the western Arctic Ocean north of
Alaska (https://www.climate.gov/news-features/features/research-shows-ocean-acidification-
spreading-rapidly-arctic accessed July 2019). Ocean warming and acidificaton have also
impacted the Gulf of Alaska, where temperatures have risen between 2-4° C in the past few
decades (Royer & Grosch 2006; Evans et al. 2015; Yang et al. 2019). Numerous climate
projections indicate that climates will continue to warm in the coming decades, even if present-
day levels emissions of green-house is abated (Figures 11.12, 11.13).

The loss of local populations can result from these environmental shifts (Nicastro et al.
2013). Many kelps are particular sensitive to high temperatures so that the extents of kelp beds
and biogeographical boundaries are regulated by high summer temperatures (Davison 1991;
Yesson et al. 2015b). The loss of seaweed biomass leads to reductions in primary productivity
that ripple through an ecosystem. Macroalgal communities are highly productive primary
producers that fuel secondary production in nearshore ecosystems (Mann 1973; Krumhansl &
Scheibling 2012). The loss of macroalgae leads not only to the loss of primary productivity and
altered foodwebs, but also structural canopies in intertidal and shallow subtidal areas that
promote the reproduction, growth, recruitment and survivals of understory species not only of
other algae, but also of invertebrates and juvenile fishes (Rangeley & Kramer 1995; Bartsch et
al. 2008; Christie et al. 2019).

Shifts in the abundances of several kelps have been attributed to ocean warming. Gao et al.
(2015) monitored seasonal changes in biomass, growth and maturation of plants in natural
populations of Saccharina japonica from 2005 to 2007. In 2006, populations gave several
signals of decline: less standing biomass, later appearance of sporophytes, delayed growth and a
greater proportion of sporophyte fecundity relative to 2005. In 2007, the population disappeared
completely (Kawai et al. 2015). The authors concluded that the increase in temperatures at this
site over three years exceeded the tolerances of the seaweed. Even in northern areas, populations
of Saccharina japonica are not immune to the effects of high temperatures. Before 1980,
Saccharina japonica was the dominant species in the Primorye region of Russia covering the
bottom from the low-tide level to about 20 m depth. After 1980, this species declined apparently
in response to the warming of the northward flowing Primorye Current that produced marginal
conditions for kelp growth, reproduction and recuitment.

In multi-factorial experiments of the microbiome on the kelp Macrocystis pyrifera, Minich et
al. (2018) found that warmer temperatures and elevated CO. shifted the bacterial biome
associated with kelp mucous production. Warmer temperatures led to reduced growth and to a
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shift in the microbiome that degraded alginates and sulfated polysaccharides. However, warmer
temperatures in combination with increased CO2 concentrations produced higher growth rates
that were also associated with a shift in the kelp’s microbiome.

Short term physiological regulation allows plants living in the intertidal zone to cope with
large shifts in temperature during a tidal cycle. Phenotypic plasticity allows plants to survive
temperature shifts over days and weeks, but genetic adaptation may take hundreds or thousands
of years and is largely limited by the appearance of new genetic material through mutation or
introductions by gene flow from other populations. Hence, the speed of presesnt-day climate
warming does not allow for genetic adaptation. Extinctions at the southern margins of a species’
distribution have been observed in the North Atlantic for Fucus vesiculosus (Jueterbock et al.
2013; Nicastro et al. 2103), Bifurcaria bifurcata, and Cystoseira tamariscifolia (Mieszkowska et
al. 2006), Laminaria hyperborea (Mdiller et al. 2009). Poleward movements of the southern
margins of other seaweeds have been observed along the coast of Spain (Fernandez 2011, 2016;
Diez et al. 2012), Portugal (Tuya et al. 2012), the United Kingdom (Yesson et al. 2015a),
German (Pehlke & Bartsch 2008), Norway (Moy & Christie 2012), Australia (Wernberg et al.
2011), and Japan (Tanaka et al. 2012). Comparable studies searching for range shifts have not
been made in the Northeastern Pacific.

Saccharina latissima appears to be more sensitive to high temperatures than other kelps,
growing well at 5-17° C (Druehl 1967; Machalek et al. 1996). It shows metabolic plasticity to
maintain carbon and nitrogen uptake and use at temperatures as high as 20° C (Davison 1987).
Even so, the rate of photosynthesis drops and tissues deteriorate at high temperatures (Davison
1991). Short-term acclimation to elevated temperatures involves the upregulation of proteins to
protect metabolic processes (Heinrich et al. 2012, 2015, 2016). Persistent temperature stress may
have led to adaptive ecotypes in some localities (Davison 1987; Gerard et al. 1987; Gerard &
Dubois 1988), but temperature adaptation at the microscopic gametophytic stage has not been
confirmed (Bolton & Liining 1982). Bolton & Lining (1982) found no differences in the
tolerances of plants from contrasting latitudes to high temperatures and concluded that the
successes of populations in different temperatures regimen resulted from metabolic plasticity
rather than from the selection of temperature-tolerant ecotypes.

Several studies of seaweeds in the North Atlantic with climate-projection models indicate the
inevitability of seaweed community reorganizations, local extinctions at a species’ southern
boundary, and poleward colonizations. Khan et al. (2018) used present day thermal limits and
the RCP 4.5 and RCP 8.5 datasets together with atmosphere-ocean general circulation models to
predict range shifts for several species of macroalgae in the Northwestern Atlantic. All of the
seaweeds examined, except rockweed (Fucus vesiculosus), were projected to disappear from the
Gulf of St. Lawrence and the Atlantic coast of Nova Scotia. Using a similar approach, but with
RCP2.6 and RCP8.5, Neiva et al. (2015) found that southern populations of a canopy-forming
seaweed in the Northeastern Atlantic were at risk of extinction. The loss of these trailing-edge
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populations was critical because they harbored unique levels of genetic diversity. Assis et al.
(2014) also predicted a northern shift in the range of this rockweed with extinctions of
populations in the southern North Atlantic range with small extension of the range into the
subarctic and arctic waters by the year 2100. Populations of the annual kelp Saccorhiza
polyschides in the Northeastern Atlantic are predicted to be limited to coastal areas of upwelling
by 2100 (Assis et al. 2017a). The geographical ranges of an additional eight North Atlantic kelps
are expected to shift poleward with large numbers of extinctions among southern populations
(Assis et al. 2017b). These northward range dispersals will greatly affect commercial harvests,
not only of seaweeds, but of crustaceans and fishes that depend on the food webs and physical
structures provided by seaweeds. Projections for the distributions of future populations in the
Northeastern Pacific have not yet been made, but increases in sea surface temperatures will
undoubtedly produce similar shifts in the geographical ranges of seaweeds. Krumhansl et al.
2016).

Alaska is unlikely to see southern-edge extinctions as the general distributions of kelps move
poleward with warmer waters. The temperature shores of the Northeastern Pacific reach from the
western Aleutian Islands to California with the geatest seaweed species diversity in southern
British Columbia and northern Washington. The number of species begins to dwindle in northern
British Columbia and Alaska, indicating that northern boundaries of some species lie in these
northern waters, but few species’ southern boundaries. The northern boundaries will likely move
poleward and introduce new species to the western shores of the Gulf and into the Bering Sea.
Nereocystis, for example appears to be expanding westward along the Aleutians and Macrocystis
has appeared on Kodiak Island.

Nevertheless, local bays and headlands and even regions can still lose species of kelps, as
local habitats change. For example, about 80% of the biomass of sugar kelp, Saccharina
latissima, along the southern coast of Norway and about 40% of the biomass along Norway’s
west coast has been lost (Bekkby & Moy 2011; Moy & Christie 2012). In Japan, a natural
population of Saccharina japonica disappeared over the course of three years, as local
temperatures increased incrementally (Gao et al. 2015) Similar declines have occurred in
rockweed species in the genus Fucus (Coyer et al. 2006; Nieva et al. 2016). In these cases, the
dominant kelps were replaced by small turf algae. In the Gulf of Alaska, the predicted
temperatures for the year 2100 will most likely lead to similar local or regional losses or declines
in abundance in some kelp species.

11.5.3 Ocean acidification

Since the industrial revolution in the 1800s, the use of fossil fuels and land use practices have led
to a large increase in atmospheric CO; that has risen from less than 300 parts per million (ppm)
over the past 800,000 years to over 409 ppm in 2018 (Gao et al. 2019). About 50% of
atmosphereic CO- has been tied up in terrestrial ecosystems (20%) or absorbed by the world’s
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oceans (30%) (Feely et al. 2004; Sabine et al. 2004). The oceans are absorbing over 1 million
tons of CO; each hour (Gao et al. 2019). The uptake of CO; in the ocean is facilitated by the
dissolution of calcium carbonate (CaCQOz) into bicarbonate and calcium ions in the reversible
reaction

CO, + CaCOs + H,0 <« 2HCO3™ + Ca?*.

The bicarbonate further dissolves into H:COs «+» HCO3~ + H*, and the excess hydrogen-ion (H")
concentation leads to lower oceanic pH. Increases in atmospheric CO and absorption by the
ocean push both reactions to the right. Sea surface temperatures and CO_ concentrations are
expected to continue to rise in the next several decades (Calderia & Wickett 2005). The greatest
effect of ocean acidification on marine organisms is reduced bio-calcification and altered
metabolism. However, non-calcifying species, such as kelps, still show a range of effects from
ocean acidification on development, growth, survival, and reproduction (Kroeker et al. 2010).
The loss of soluble a forms of calcium and other minerals, such a magnesium, leads to
developmental abnormalities in marine organisms with calcarious structures (lglesias-Rodriguez
2008; Kurihara 2008). Micro-organisms, such as pteropods at the base of marine food webs, and
shellfish are especially affected by ocean acidification (Fabry et al. 2008, 2009; Barton et al.
2012). Ocean acidificaton is exacerbated at high latitudes of Alaska as the warming of marine
waters increases eutrophication and reduces dissolved O in seawater (Gao et al. 2019).

Carbon metabolism is key to understanding the effects of ocean acidification on macroalgae
(Cornwall et al. 2012, 2017). Shifts in ocean CO- alter, not only pH, but also the availability of
carbon for photosynthesis. The greater availability of CO», relavitve to HCOs™, at low pH may
benefit algae to some extent because of the lower energetic cost of absorbing CO> (Carvalho et
al. 2010). A critical step in kelp metabolism is the uptake of carbon and nutrients across the
frond surface. The pH in a diffusion layer on the frond surface is metabolically modified so that
the uptake of nutrients, such a nitrogen, are not affected by environmental drops in sea-water pH
(Fernandez et al. 2016). To understand these dynamics, small discs of apical frond near the fast
growing meristem from the kelp Macrocystis pyrifera were cultured to understand the dynamics
of carbon uptake under present (pH 8.00) and future (pH 7.59) acidic conditions (Fernandez et
al. 2015). The results showed an adaptive response by using greater amounts of bicarbonate
(HCOz3") than CO: as a carbon source so that neither photosynthetic nor growth rates were
negatively influenced by a reduction in pH. Olischléger et al. (2012) examined the effects of
external carbonic anhydrase on life-history stages of the kelp Laminaria hyperborea in the North
Sea. The production of eggs in female gametophytes and the growth of macroscopic sporophytes
were enhanced at higher levels of dissolved CO..

One of the best studied of the kelps are populations of the giant kelp Macrocystis pyrifera,
off California and in the southern Hemisphere off Chile and New Zealand. Laboratory
experiments with culture conditions typical of present-day environments and with a reduced



Final Report: NPRB Project 1618: Kelp Genetics 11-265

level of pH expected in the future showed that meiospore mortality increased and gametophyte
germination was inhibited at lower pH levels (Gaitan-Espitia et al. 2014). In a 15 week culture
study of the gametophytes and early sporophytes, Shukla & Edwards (2017) found that
gametophyte germling growth declined fourfold at 15° C rather than at 12° C and fivefold under
combined elevated temperature and CO.. Higher temperatures also reduced gametophyte
survival. Sporophyte germination and growth were stimulated by higher levels of CO2. Thus,
higher temperatures rather than higher concentrations of seawater CO. appeared to be more
detrimental to the success of this kelp.

The direct effects of ocean acidifiation are not uniform across species of kelps. CO2
enrichment may can lead to the reversals of dominance in a kelp community. For example, the
replacement of kelps by turf algae is likely due to the positive effect that ocean acidification has
on the growth of turf algae (Connell et al. 2018). They may explain the replacement of kelps in
southern Norway by a diversity of small algae (Bekkby & Moy 2011). In an experiment using a
non-calcified brown alga Cytsoseira compressa and a calcified brown alga Padina pavonica that
were cultured under nutrient enriched and non-enriched conditions, Celis-Pla et al. (2015) found
that both algae benefitted from elevated CO: levels. However, the strength of the response
depended on light intensity and nutrient availability.

Shifts in temperature and pH and the interaction between them affect various life-history
stages of algae. Culture experiments of meiospores of the kelps Macrocystis pyrifera and
Undaris pinnatifida showed that germination was insensitive to sea water warming and reduced
pH, but that gametophyte growth increased at higher temperatures (Leal et al. 2017a,b). Most
studies attempting to understand the effects of elevated ocean temperatures and CO-
concentrations have used have focused on single species and one or two stressors, ususally
temperature and pH. However, natural populations as subject to a variety of stressors, including
UV exposure, deoxygentation, nutrient limitation, competition, and herbivory (Boyd et al. 2018).
Field experiments in a temperate kelp bed showed that increasing sea surface temperatures and
higher levels of CO- acted synergistically to alter the balance between kelp canopies and
understory algal turfs (Connell & Russell 2010). Under historical environmental conditions kelps
inhibit the growth of small understory algae, but higher temperatures favor the growth of small
turf species, which hinder the recruitment of kelps.

Most insights into the effects of ocean acidification have come from short-term experiments,
generally much less than a year, but little is know about how coastal ecosystems are affected
because long-term experiments are difficult to persue. However, studies of natural CO> vents
provide natural experiments to understand the long-term effects of elevated levels of CO>. Porzio
et al. (2011) studied marine macroalgal communities near a volcanic CO> vent that produced of
natural pH gradient ranging 6.07 to 8.20. They found that lower pH led to a decrease in the
abundances of some species, especially calcified species, so that a few species dominated a
simplier algal assemblage. Another study of seaweeds near CO> vents showed that, although
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calcarious algae recruited into areas of low pH, non-calcarious algae overgrew them and
dominated the ecosystem (Kroeker et al. 2013a). Succession experiments in the same CO3 rich
environment showed that acidification reduced functional diversity to produce a simpler
community dominated by a few algal species (Kroeker et al. 2013Db).

Responses to ocean acidification and sea water warming can vary among regions, because
COz is less soluble in warmer seas than in colder water at high latitudes. Numerous studies show
heightened sensitivity to acidification at warmer temperatures (Kroeker et al. 2013c). In a study
of high-latitude populations of the kelps Saccharina latissima and Laminaria solidungula,
Ifiiguez et al. (2016) found that both species were unaffected by in an increase in seawater CO>
concentrations, but that S. latissima grew more rapidly at 9° C than at 4° C, indicating that Arctic
populations of S. latissima may benefit from ocean warming.

Some kelps may be pre-adapted to elevated concentrations of sea-water CO>. Kelp forests
experience daily shifts in pH becauses of photosynthesis, which removes CO, from the water,
and respiration, which adds CO». Laboratory experiments on the juveniles of the kelp Ecklonia
radiata showed that photosynthestic rates and growth were greater when plants were cultured
under normal shifts in pH (8.4 by day and 7.8 at night), but showed no effect on growth and a
negative effect on photosynthesis when pH was reduced by only 0.3 units (Britton et al. 2016).
Seaweeds that tolerate strong diurnal shifts in pH may be better adapted to cope with ocean
acidification (Cornwall et al. 2012, 2017).

This short review of the effects of ocean acidification on kelps shows that species vary in
how they respond to warmer sea water temperature and elevated levels of sea water CO..
Generally, the increased availability of soluble carbon for photosynthesis and warmer
temperatures stimulate growth of macroscopic sporophytes. However, these beneficial effects
may be moderated by other interacting environmental variables including nutrient availability
and light intensity. Even when warming and increase CO- availability have positive effects on
kelps, competitive interactions with other algae and herbivore grazing can alter the dynamics of a
nearshore community. Ocean acidification can have a diversity of consequences that influence
species’ ranges, patterns of dispersal between populations, food-web dynamics, and species’
diversity (Gaylord et al. 2015). Little, if any, research has been conducted on the effects of
climate change on coastal seaweeds in Alaskan waters.

11.6 Seaweed aquaculture

Macroalgae cultivation and harvest produce a large number of products and provide an economic
base for many coastal communities (Wei et al. 2013). About 80—-90% of these harvests are used
as food, or food additives, for human consumption. The high sugar (polysaccharides) content in
kelps may make them suitable for the production of bio-fuels through fermentation (Adams et al.
2009). Seaweed culture may also play roles in the mitigation of the greenhouse gas CO> (Duarte
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et al. 2018) and the bioremediation of organic wastes from coastal fish farms (Broch et al. 2013).
Up-scaling from experimental culture to large-scale commercial production requires a discussion
of risks and benefits to ensure environmental and economic sustainability. Issues include 1)
selective breeding to improve production traits 2) genetic interactions between cultivated and
wild populations, 3) influence of seaweed cultivation on nearby communities, 4) density
dependent epiphytes and diseases, 5) integration of area use, and 6) threats from global climate
warming (Stévant et al. 2017).

The growth and harvest quality of kelps are influenced by numerous physical and chemical
variables, including temperature, salinity, water motion, nutrient availablity, CO> and pH, light
intensity and quality, and ultra-violet radiation (Kerrison et al. 2015). Growth, carbon and
nitrogen content also various with age and season (Gevaert et al. 2001). Additonally, kelps are
influenced by grazers (Dayton 1985) and microbiomes in sea water and on the surface of the
fronds (Singh & Reddy 2016; Minich et al. 2018) in a network of interactions. Attempts to
maximize return on investment in the cultivation of kelps for commerical harvest have to account
for these variables. Salinity, for example, affects the biochemical composition of some kelps and
hence their commercial value (Nielsen et al. 2016), and seaweed microbiomes influence
development and physiology (Ramanan et al. 2016).

The culture of Saccharina japonica in China provides examples of steps taken to improve
production. This kelp was introduced to northern China from Hokkaido, Japan in 1927, but has
spread to other location naturally or by the transport of cultivars (Shan et al. 2017). China
produces 1.4 million tons of dry weight of Saccharina japonica in a farming area of 130,564 ha,
much of which are at the edge of suitable temperatures for culturing this species. Extended grow-
out periods are needed to maximize production and require summer sporeling production when
temperatures are high. Large-scale cultures must be cooled to 5-10° C to allow gametophytic
grow and the production of small sporophytes. Sporophytes can then grow in waters at warm as
20° C at temperatures that would otherwise inhibit the growth of gametophytes. In addition to
temperature, the development of improved strains has to include a consideration of other
variables, including nutrient availability and light affect the growth of this kelp (Gao et al. 2017).

The production of Saccharina japonica has been enhanced by the same kind of artificial
selection and hybridization used in agriculture (Zhang et al. 2007; Zhao et al. 2016; Zhang et al.
2016). One successful widely used strain, 90-1, was created by hybridizing Saccharina japonica
and Saccharina longissima, maintained by selfing, and artificially selected over generations for
desirable traits (Zhang et al. 2007). The yield of this strain increased about 50% above other
strains used for aquaculture. However, seedlings for production each year were derived from
mature sporophytes grown in open waters, a process that led to inbreeding and further
hybridization. To avoid these complications another strain, Dongfang no. 7, was created by
hybridizing two morpho-types of Saccharina japonica that produced desirable wide, smooth
dark brown fronds (Li et al. 2016). Brood stock for producing young sporophytic plants for
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grow-out were maintained as gametophytes which were cultured without the problem of
inbreeding or genetic contamination from seaweed in the wild. This strain increased dry yield by
43.2% over two widely farmed strains as controls.

Genetic manipulation of plant and animals through artificial selection has been practiced
since the beginning of agriculture and has led to improved varieties that increase growth,
biomass, nutrition and many other traits of interest. Artificial selection and hybridization have
been used to improve commercial strains of seaweeds to increase growth rates and to delay
fertility (Charrier et al. 2015). The anatomies and developmental pathways of kelps and other
farmed seaweeds are much less complex than those of angiosperms and hence can be more easily
manipulated. Several mechanisms can lead to morphological and physiological transformations
in seaweeds. In culture, dedifferentiation of somatic tissues with nutrient and chemical
treatments often induces morphological variants that can be of use in commercial culture (Larkin
& Scowcroft 1981). For example, the culture of sporophytic tissues in the kelp Laminaria can
give rise to gametophyte-like filaments that give rise directly to sporophytes without cycling
through meiospores and gametophytes (Gall et al. 1996). Such a technique might be useful in
maintaining the genetic integrity of a desirable strain.

Other techniques involve selective breeding, hybridization, mutagenesis, and genetic
engineering. A US Department of Energy funded project is using selective breeding of
Saccharina latissima in New England with the goal of developing strains with a 20-30%
increase in yield (Lindell et al. 2018). Hybridization between strains to induce heterosis has been
used extensively for agriculture crops and for seaweeds (Zhong et al. 2007). Crossing of
parthenogenetic cloned gametophytes in the kelp Undaria pinnatifida also led to strains with
characteristics that improved the value of the kelp (Shan et al. 2013). Mutagenesis in cultured
plants with chemicals and UV light has led to improvements in the quality of agar produced
(Patwary & van der Meer 1983), increase lipid production (Liu et al. 2017) and to understand the
molecular basis of development (Coelho et al. 2011). Numerous other techniques can be used to
manipulation algal genomes (Qin et al. 2012) and among them are genetic engineering with zinc
fingers and CRISPR technologies (Lin & Qin 2014; Mikami 2014, 2018). Any attempt to
produce kelps for biofuels will require rapidly growing strains developed by selective breeding,
mutagenesis, or genetic engineering that are adapted to local environments (Kim et al. 2017).
The development of strains of seaweed adapted to local conditions in Alaska is essential to
improve crop yields and quality, and to ensure the viability of seaweed farming.

The development of commercial seaweed culture in Norway parallels the challenges faced by
Alaskan kelp farmers. For the past 50 years, production rested on harvests from natural stands of
the kelp Laminaria hyperborea and the fucoid Ascophyllum nodosum. Commercial cultivation in
Norway began only in 2014. Harvests of natural populations were often controversial among
coastal fisheries, coastal-use planning agencies, and marine conservation groups. Applications to
start a kelp-farming operation are vetted by several agencies, including the Directorate of
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Fisheries, Norwegian Coastal Administration, Norwegian Food Safety Authority, County
Governor’s Environmental Department, Norwegian Water Resources and Energy Directorate,
and municipal authorities to evaluate cultivation in view of coastal zone planning (Stévant et al.
2017). As of 2016, only 277 ha along the entire Norwegian coast had been permitted for seaweed
cultivation. The focus of large-scale production from cultivation has been on Saccharina
latissima because of its rapid growth and saccharide and nutritional content. The cultivation of
this seaweed represents 96% of the total cultivated kelp production. Winged kelp, Alaria
esculenta, makes up the remaining 4% of the production. Alaria is generally sold fresh or dried
as a high-value food item, whereas Saccharina latissima is used for a broader range of products.
The production of young sporophytes can be extended throughout the year by controlling the
maturity of older sporophytes with light regimen (Forbord et al. 2012).

Several layers of regulation by federal, state, and municipalities must be surmounted in
Alaska to start a kelp farming operation. Federal entities with regulatory authority of marine
waters in Alaska include, the Army Corps of Engineers, the Environmental Protection Agency,
the National Oceanic and Atmospheric Administration, the Fish and Wildlife Service, the United
States Department of Agriculture, and the Food and Drug Administration. In addition to the
Executive and Judicial branches of Alaska’s state government, regulatory bodies include the
departments of Commerce, Natural Resources, Environmental Conservation, and Fish and Game,
each with layers of regulations for the startup and operation of aquaculture farms in Alaska.
Compliance issues include several factors (Engle & Stone 2013), but in Alaska’s regulations are
focused on environmental protection, protection of wild populations, food safety, and legalities
of leasing aquaculture sites. The cost in labor and funds to address compliance issues can
threaten the survival of marginal operations and discourage investments in new technologies by
industry.

Several national and regulatory efforts have been made to produce seaweed products that can
enter the organic food market. For example, seaweed farming in China had been poorly regulated
until recently when a national effort was made to improve environmental quality by slowing
aquaculture production and by addressing pollution and food safety issues. In addition to a push
for ‘green growth’, the aquaculture industry in general is attempting to produce higher quality
products that can carry the ‘organic’ label (Xie et al. 2013; Zou & Huang 2015). In the US, the
USDA has published a set of criteria to classify food products a ‘organic’. These criteria were
designed for terrestrial crops, but have been re-interpreted for seaweeds by the Maine Organic
Farmers and Gardeners Association (MOFGA) (Table 4). A major criterion is that seaweeds
must be grown in clean waters not contaminated by radioactivity from a nuclear reactor, by
pollution from waste water treatment plants or industry, or by heavy metals from a commercial
boat-building facility. Under the guidelines, nutrients can be used to stimulate the growth of
gametophytes and young sporophytes in indoor culture, but cannot be used to enhance growth of
plants in open waters. Biofouling and disease must also be controlled without resorting to
chemicals or antibiotics. A strong emphasis is also placed on maintaining the ecological integrity
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of the farmed areas. Similar criteria for organic certification have been established in Europe. For
example, the Soil Association of the United Kingdom has published a similar set of criteria for
organic labeling of seaweed products, and like those in the state of Maine, emphasize protection
of natural ecosystems (Soil Association Standards Seaweeds 2019). Interestingly, the criteria
from the UK prohibit the use of GMO seaweed strains for organic certification, but this criterion
is missing from the MOFGA organic guidelines. The development of certified organic seaweed
products in Alaska would add considerable value to Alaska’s seaweed industry.

11.7 Prospects

The global economic value of seaweeds is worth several billion USD annually, and there is
considerable interest in Alaska in participating in this market. Alaska has a long coastline
without major industrial developments and with pristine water could support the production of
premium seaweed products for human consumption and numerous other products, inclulding the
production of biofuels.

The development of kelp and seaweed farming in Alaska requires first an understanding of
the distributions of managment units and this project was a step in that direction. The results for
the three kelps examined in this study show chaotic genetic population structures without
regional groups and without isolation by distance. The geographical scale of management small
in most cases and will require a much greater sample effort to resolve. Only 5-16 samples per
species were collected over a distance of about 2500 kilometers, and this level of resolution is
insuffcient to formulate management some aspects of management.

A second step requires an understanding of the adaptive seascape of Alaska’s kelps.
Temperature, salinity and nutrient availability greatly influence growth rates and biochemical
compositions of kelps so that the choice of farming sites will have a large influence on the nature
and quality of a product. This study used genetic markers that have traditionally been assumed to
be neutral to natural selection and therefore the results of this study do not resolve physiological
or adaptive variability among populations of these kelps. This is an active area of research in
other regions of the globe and is a necessary second step toward building a viable seaweed
industry in Alaska.

A third step is the development of selected strains to enhance seed production, accerlate
sporophyte growth, and improve production traits. Chromosome manipulation, as used in the
management of some fishes in Alaska, classical agricultural methods of artificial selection,
microbiome treatments, and other forms of phenotypic and genetic manipulation can be used to
development varieties of kelps with desirable production traits. The development of fast growing
strains with desirable charactersitcs is vital if Alaska is to participate in global markets. Organic
certification of Alaska’s seaweed products consumed by humans or livestock would also add
considerable value to Alaska’s economy.
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The development of a fledging kelp industry in Alaska is taking place at a time of great
environmental change that is being driven by global warming from a rise in the concentrations of
greenhouse gases. Atmospheric warming leads to the warming of the ocean and the decline in the
extents of seasonal sea ice in the Bering Sea and Arctic Ocean. Ocean warming is predicted to
lead to poleward shifts in the geographic distributions of kelps and to local population
extinctions when local sea temperatures excede the physiological limits of one of the life-history
stages of a kelp species. The warming of high latitude seas also triggers a cascade of abiotic and
biotic events that lead to ocean acidification that further puts Alaska’s aquaculture at risk of
failure.

This study focused on three kelps that are of interest to the seaweed industry. However,
several other species of algae in Alaska’s waters can also be developed for commercial
exploitation. Among these are the kelps, Macrocystis pyrifera, Nereocystis luetkeana, Eualaria
fistulosa, Costeria costata and Cymathere triplicata. The first two of these species exhibit
tremendous seasonal growth rates, reaching 20-40 meters in length in only a few months.
Numerous small species of red and gree algae can also be expoited. These include the red algae
Pyropia spp, Palmaria spp, Mastocarpus spp. and the green alga Ulva lactuca, all of which are
used in high-value food products in global markets. Future research on the population genetics,
adaptive physiology and metabolism of these species are needed to support the commerial
development of these species.
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Table 11.1 Summary diversity statistics for organellar genes in Alaria spp, Saccharina latissima, and Hedophyllum nigripes in the
Northeastern Pacific Ocean and in other kelps.

h 0:%
Species Gene N Nn overall mean Range overall mean Range Dr P Reference
Alaria spp COl-rbcL 543 33 0.903 0.290 0.0-0.636 0.547 0.061 0.0-0.264 0.776 0.832  This report
Saccharina latissima ~ COl-rbcL 446 16 0.781 0.188 0.0-0.574 0.088 0.016 0.0-0.047 -0.868 0.208 This report
S. japonica Russia COIl-trnW-L 267 22 0584 0.256 0.0-0.600 0.038 0.019 0.0-0.063 -2.358%2  <0.01 Zhang et al 2015
S. japonica Japan COI-trnw-L 231 30 0.723 0.514 0.177-0.762 0.079 0.051 0.010-0.162 - - Zhang et al 2015
S. japonica Korea COIl-trnW-L 27 4 0.033 0.033 - 0.027  0.027 - - - Zhang et al 2015
S. japonica China COIl-trnw-L 87 5 0553 0.222 0.0-0.421 0.051 0.017 0.0-0.028 - - Zhang et al 2015
Hedophyllum nigripes  COI-rbcL 52 12 0.770 0.291 0.0-0.833 0.091 0.025 0.0-0.072 -1.210 0.114 This report
Sargassum thunbergii  CO3 810 35 - 0.241 0.0-0.733 - 0.055 0.0-0.224 -0.3281  5/35' Lietal 2017
Sargassum ilicifolium  COI 268 16 0.821 0.366 0.0-0.732 0.339 0.159 0.0-0.599 -1.23 >0.05 Ngetal. 2019
Sargassum horneri COo3 305 33 0.864 - - 1.520 - - - - Uwai et al. 2009
Ishige okamurae CO3 221 17 0.781 0.338 0.0-0.652 0961 0.232 0.0-1.385 -0.623 NS Leeetal 2012

!Mean Dr; 50f 35 populations P < 0.05
2Pooled over four samples
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Table 11.2 Summary of genetic diversity estimated with microsatellite markers.
No. of No. of He

Species Region N samples  loci  overall mean range Reference
Alaria NE Pacific 448 16 8 0.882 0.563 0.357-0.767  This study
Saccharina latissima NE Pacific 420 13 12 0.558 0.360 0.132-0.467  This study
Saccharina latissima NE Pacific 15 2 12 — 0.350 0.324-0.375 Neiva et al. 2018
Saccharina latissima NW Atlantic 188 5 10 = 0.309 0.273-0.340 Bretonetal. 2017
Saccharina latissima NW Atlantic 234 15 12 — 0.413 0.140-0.563 Neivaetal. 2018
Saccharina latissima NE Atlantic 171 7 12 = 0.531 0.412-0.632 Neiva et al. 2018
Saccharina latissima NE Atlantic 225 8 12 — 0.515 0.358-0.609  Nielsen et al. 2016
Saccharina japonica- NW Pacific 192 8 13 = 0.374 0.342-0.407 Liuetal. 2012
cultivars
Saccharina japonica- NW Pacific 32 4 13 - 0.457 0.461-0.490 Liuetal. 2012
wild
Laminaria digitata NE Atlantic 764 21 11 = 0.488 0.349-0.624 Robuchon et al. 2014
Laminaria hyperborea NE Atlantic 1031 21 9 - 0.570 0.429-0.613 Robuchon et al. 2014
Macrocystis pyrifera NE Pacific 2631 62 7 = 0.690 0.125-0.817  Johansson et al. 2015
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Table 11.3 Comparison of genetic divergence between populations of kelps
Organellar DNA Microsatellite DNA
Range No. No. Mean
Species Region (km)  samples Gene  ®sr Range loci  Fst Range Reference
Sacchrina  NE Pacific 2480 14 COl- 0.646 0.0-1.0 12 0.366  0.041-0.759  This report
latissima rbcL
S. latissima NE Atlantic 2580 8 Col 0.318 - 10 0.201 0.071-0.564  Luttikhuizen et al. 2018
S. latissima NE Atlantic 4000 6 - - - 25 0.259 0.077-0.562  Guzinski et al. 2016
S. latissima NW Atlantic 225 5 - — — 10 0.015 0.0-0.032 Breton et al. 2017
S. japonica NW Pacific 3090 14 - - - 11 0.342 0.0-0.762 Shan et al. 2017
S. japonica NW Pacific 3000 26 COI- 0.284' 0.0-1.0 - - - Zhang et al. 2015
tmW-
tmL
H. nigripes NE Pacific 930 4 COI- 0.842 0.342-1.0 - - - This report
rbcL
Sargassum NW Pacific 3100 35 CO3 0.039 0.0-0.94 - - - Lietal. 2017
thunbergii
Sargassum NW Pacific 3000 23 Col 0.115 - - - - Ng et al. 2019
ilicifolium
Sargassum  NW Pacific 1900 37 CO3  0.883 - - - - Uwai et al. 2009
horneri
Ishige NW Pacific 3000 14 CO3 0561 0.0-1.0 - - - Lee etal. 2012
okamurae
Laminaria  NE Atlantic 700 18 - - - 7 0.068 - Billot et al. 2003
digitata
Laminaria  NE Atlantic 440 21 - - - 11 0.085 0.0-0.094  Robuchon et al. 2014
digitata
Laminaria NE Atlantic 440 21 - - - 9 0.094 0.0-0.235  Robuchon et al. 2014
hyperborea
Alaria NE Pacific 2650 16 COI- 0811 0.0-1.0 8 0.264 0.086-0.505  This report
rbcL

!Mean over samples
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Table 11.4 Interpretation of USDA National Organic Program (NOP) criteria for organic classification of seaweed provided by the
Maine Organic Farmers and Gardeners Association (MOFGA). https://mofgacertification.org/certifying-sea-vegetables/

NOP Stipulation for terrestrial crops

MOFGA interpretation for seaweeds

205.202 Land requirements

Organic sea vegetables must be cultivaed, or harvested from the wild, in defined areas
with high ecological quality. Growing areas must be located away from sources of
radioactivity, chemical and bacteriological contamnation.

205.203 Soil fertility and crop nutrient
management practic standard

Fertility and crop nutrients may be used only during the incubation of young sporophytes
in indoor facilities, but may not be used in outdoor growing areas.

205.204 Seed and planting stock standard

Certified organic propagules must be used, unless they are not available in the form,
quality, or quantity needed. Male and female gametophytes must be cultured in pure
seawater or approve growth medium before fertilization and production of young
sporophytes.

205.206 Crop pest, weed and disease management
standard

The managment of invasive algae, epiphytes, epizooites and diseases should be by
cultural, mechanical, or physical controls. If these controls fail, substances listed under
NOP 205.601 or NOP 205.605 may be used.

205.207 Wild-crop harvesting practice standard

Harvesting must be from designated areas free of substances listed in NOP 205.105 for
one growing cycle preceding harvest. Culture and harvests should be in an ecologically
sustainable manner that is not destructive to the environment and that allows subsequent
growth of the seaweed.

205.272 Commingling and contact with prohibited
substances practice standard

Prevent the commingling of organic with non-orgainic products, or with prohibited
substances, during fertilization, culturing of sporophytic propagules, grow-out, harvest,
tranport, processing and storage.

205.103 Record keeping by certified operations

Seaweed farmers must maintain records demonstrating compliance with organic
production standards at all stages of the operation.
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Figure 11.1 Production of seaweeds by wet tonnage globally (a) and by regions (b) from 1950 to
2017. Data from FAO (http://www.fao.org/fishery/statistics/en) accessed July 2019
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Figure 11.2 Production of seaweeds by Asian countries (wet tonnage). From FAO 2018
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Figure 11.3 Global production of seaweeds from wild harvests and ultivation. From FAO (2018)
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Figure 11.4 Permitted seaweed farm operations in Alaska from 1992 to 2018 (Source: C. Pring-
Ham, Alaska Department of Fish & Game)
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Figure 11.5 Scales of climate variability over the Quaternary 2.6 Ma to present. (a) Temperature
proxy 6180 records in 57 benthic sediment cores distributed globally (redrawn from Lisiecki and
Raymo 2005). (b) Temperature reconstructions from proxy deuterium isotope profiles in
Antarctic ice cores (redrawn from Jouzel et al. 2007). (c) Temperature proxy 6180 records in
Greenland ice cores from GISP2 (redrawn from Bond et al. 1997). (d) Extended reconstruction
of the Pacific Decadal Oscillation from tree-ring time series along the western coast of North
America (redrawn from Gedalof and Smith 2001). (e) Pacific decadal index (redrawn from
Mantua and Hare 2002)
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Figure 11.6 Diagram showing relationships between sources of phenotypic variability and its
influence on processes that influence adaptation in seaweeds. Modified from Duarte et al. (2018)
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Figure 11.7 Diagram of catalytic reaction fixing a methyl group (CHjs) to the nucleotide cytosine. From:
https://www.labome.com/method/DNA-Methylation.html
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Figure 11.8 Genetic structure (concatenated sequences of COI and rbcL genes) of three kelps in
the Gulf of Alaska. (a, b) haplotype network and distribution of haplotypes of sugar kelp,
Saccharina latissima. (c, d) haplotype network and distribution of haplotypes of split kelp,
Hedophyllum nigripes. (e, f) haplotype network and distribution of haplotypes of ribbon or
winged kelp, Alaria spp. White wedges represent private mutations one step from the most
abundant haplotype.
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Figure 11.9 Temperature anomalies (deviations from long-term mean) of ocean temperatures in
the Northern Hemisphere in August. Source: NOAA
(https://www.ncdc.noaa.gov/cag/global/time-series/nhem/ocean/1/8/1880-2019)

Figure 11.10 Projections of extent of average daily sea-ice concentration (%) in March for (a)
2011-20140, (b) 2041-2070, and (c) 2071-2100. From Lader et al. (2017)


https://www.ncdc.noaa.gov/cag/global/time-series/nhem/ocean/1/8/1880-2019
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Figure 11.11 Chart showing distributions of warmer-then-normal sea surface temperatures in the
Gulf of Alaska and Bering Sea in autumn 2018. Shades of red indicate temperatures that are
warmer than long-term averages and shades of blue indicate cooler temperatures. (International
Arctic Research Center, University of Alaska Fairbanks, https://uaf-iarc.org/2019/04/11/bering-
strait-sea-ice-conditions-winter-2019/ accessed July 2019)



https://uaf-iarc.org/2019/04/11/bering-strait-sea-ice-conditions-winter-2019/
https://uaf-iarc.org/2019/04/11/bering-strait-sea-ice-conditions-winter-2019/
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Figure 11.12 Projected CO> (left) and CHa (right) global atmospheric concentrations of two
major greenhouse gases under four Representative Concentration Pathways (RCP) and
comparison with projections of Clark et al. (2010) (grey shading: 90% & 98% percential
projections), who used EMF22 scenarios for model simulations.
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Figure 11.13 Mean global surface warming relative to 1980-1999 predicted by the SRES CO>
emission scenarios. A2 (red), A1B (green) and B1 (purple) lines are averaged across models of
climate projections with various outcomes of economic and social development, and energy
production and usage. A constant CO2 model (orange) indicates warming if increases in
atmospheric CO2 were immediately halted. Shadows represent +1 standard deviation of
simulated results. From Ridgwell & Valdes (2009) adapted from the IPCC (2007) report.
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No content of this chapter may be cited or reprinted without the express written perission of WS Grant

Chapter 12: General Conclusions and Future Directions

The general goal of this project was to survey genetic variability in kelps in Alaskan waters. The
use of three classes of molecular genetic markers provided insights into not only contemporary
genetic structure, but, together with published DNA sequences, also into the evolutionary history
of three kelps, Saccharina latissima (sugar kelp), Hedophyllum nigripes (split kelp), and Alaria
spp. (winged or ribbon kelp). The different classes of molecular markers give different views of
the same populations events because of differences in modes of inheritance and mutation rates.
Mitochondrial and chloroplast DNAs are inherited from the female parent, but independently of
each other. They have moderate mutation rates (10® to 107 per nucleotide site per generation)
compared to nuclear encoding genes. The uniparental inheritance, and lack of recombination
typical of nucelar genes, facilitates the reconstructions of gene genealogies that contain
information about a species’ deep history. Microsatellite DNA, on the other hand, is biparentally
inherited and has much larger mutation rates (107 to 10°%) that record contemporary population
events. The contrast in mutation rates among markers opens a windows onto population events
that occur on different time scales.

The pattern of organellar variability in all three species of kelp showed a mosaic genetic
population structure of lineages that did not fall into regional regional groups. These species also
did not show isolation by distance that is expected in continuously distributed species with
limited dispersal ability. These chaotic patterns are best explained as legacies of historical
isolations and colonizations during Pleistocene glaciations. The plants in several populations
shared the same organellar haplotype so that within-population genetic diversities were generally
small. Genetic homogeneity within populations may reflect ‘winner-takes-all’ dynamics during
post-glacial colonizations, or may reflect the exclusion of propagules from plants not adapted to
local environmental conditions. In either case, the sharp genetic discontinuities between
collection sites indicates little connectivity between populations. Some adjoining populations
were exceptions, indicating gene flow is occurring at least on small geographical scales between
populations occupying similar habitats.

Organellar divergences between lineages were shallow in sugar and split kelps, but
substantial Alaria. Five well separated lineages appeared in Alaria and this number exceeds the
number of species described on the basis of morphology, which in kelps can vary even among
plants with the same genotype. The distributions of microsatellite show that when organellar
lineages occur at the same site, plants in the different lineages hybridize. This indicates that some
of these subspecific taxa are not reproductively isolated from one another. More observational
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and experimental work is needed to better understand the genetic relationships between pairs of
taxa and the extent of reproductive isolation, if any. Cursory observations suggest that plants in
some lineages of Alaria sort by the effects of wave-action. Eco-genetic studies are needed to
better understand the role of local adaptation in producing diversity in Alaria.

The genetic population structures of kelps contrast with those of marine fishes and
invertebrates in Alaskan waters. Marine fishes and invertebrates tend to have relatively long
lived larvae that can drift considerable differences and introduce new genes to distant
populations. Seaweeds on the other hand, have spores that moves only a short distance from the
parent before settling. Hence, the amount of genetic differention between populations is
considerably different. Populations of marine fish and invertebrates, with few exceptions, tends
to be genetically homogeneous over hundreds of kilometers. Whereas, seaweeds generally, and
the kelps examined in this study specifically, show strong differences between populations on
spatial scales as small as a few kilometers. The mosaic population structure of seaweeds reflects
a fundamentally different reproductive and dispersal biologies. Unlike most marine fishes and
invertebrates, seaweed populations have low levels of genetic diversity as measured by
selectively neutral markers, but still appear to be adapted local habtiat conditions. Local
adaptation may prevent non-adapted immigrants from becoming established in a population, thus
limiting gene flow and re-inforcing sharp genetic differences between populations. These
contrasts indicate that the genetic assumptions used to manage marine animals may not be
appropriate for kelps.

The reduced levels of genetic diversity in most populations of the kelps that were examined
brings into question the generally accepted dogma that genetic diversity is correlated with
adaptive potential. Many highly successful plants reproduce reproduce asexually or clonally and
are able to track environmental conditions with mininal stores of genetic variability. Low levels
of genetic variation can arise as a results of founder events, population bottlenecks in size,
natural selection or reproductive biology. For example, the giant kelp, Macrocystis pyrifera, can
reproduce by self fertilization at the gametophytic stage. Since mieospores settle close parental
sporophytes, gametophytes from the same plant are generally in close proximity and the chances
of self fertilization are estimated to be as much as 40%. Little is know about the extent of selfing
in the kelps examined in this study, other than that some plants had the same microsatellite
genotypes, suggestive of self fertilization. Understanding the reproductive biologies of the kelps
in Alaska’s waters is essential for developing an efficient program of kelp aquaculture. While
self fertilization may be occurring in some populations of Alaskan kelps, the pervasive low
levels of genetic diversity in the kelps examined in this study are more likely due to a genetic
legacy of population turnover over the Pleistocene Epoch, and hence is unlikely to be an ongoing
conservation concern.

It is therefore difficult to propose management guidelines not only because of kelp biology
but also because of the sparsity of samples in our study relative to the small geographical scale of



Final Report: NPRB Project 1618: Kelp Genetics 309

genetic differentiation. The extent that adaptive differences among populations are associated
with differences detected with selectively neutral genetic markers is an area of on-going research
in evolutionary biology. Adaptive and plastic responses to environmental variability in kelps can
be assessed with common-garden and reciprocal-transplant experiments, which have been
conducted on seaweeds in other regions. Alternatively, genomic studies of gene expression under
different enviromental conditions may provide insights into the mechanisms underpining
adaptative change.

The contrasts in genetic population structure between the three species examined in this
study pose important evolutionary and eco-genetic questions. Why do these species show
different degrees of intraspecific structure when they appear to have similar species’ longevities
of several million years? Can the deeper lineages in Alaria indicate a greater capcity for genetic
adaption, or ecological plasticity, that leads to greater opportunities for isolation? In fact, both
Saccharina latissima and Hedophyllum nigripes, which have shallow genealogies, inhabit a
narrower range of environmental conditions than does Alaria, which can be found on both wave-
exposed and wave-protected shores. In contrast, S. latissima is found only in quiet wave-
protected bays, whereas H. nigripes inhabits areas of surf or fast currents. Also of interest is
understanding the interaction between environmental variables, such as temperature, salinity and
nutrient availability, on the physiology and synthesis of particular compounds in kelps. These
areas of eco-genetic research have important implications for the development of kelp
aquaculture in Alaska.

Alaska’s populations of kelps will be greatly influenced by global climate warming in the
future. Marine waters at high latitudes are changing not only from elevated temperatures, but
also by ocean acidification as a result of the absorption of CO2 by glogal seas. Increased
concentrations of CO> in sea water can have both beneficial and detrimenal effects on algae. On
one hand, greater concentrations of CO> can increase the rate of photosynthesis, but on the other
they lead to lower levels of pH, which can alter nutrient uptake and the physiology of a plant.
However, the greatest threats to kelps are from elevated temperatures which can prevent
successful reproduction and recruitment. Alaskan waters have warmed considerably in the past
few years, and continued warming will lead to poleward range extenions and local population
extinctions.

The organellar DNA sequences generated in this project, together with published sequences
from locations outside Alaska, provided an opportunity to visit broader phylogeographic issues.
The greatest amounts of genetic diversity for each of the kelps examined occurs in the Gulf of
Alaska. In split kelp, Alaskan populations had the highest levels of DNA diversity relative to
those in Arctic and Northwestern Atlantic populations and in British Columbia. This pattern of
diversity is supports a biogegraphic model of multiple northern ice-ace refugia rather than
displacement into a refugium along unglaciated southern shores. Haplotypes closely related those
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in the Gulf of Alaska are found in the Arctic Ocean and Northwestern Atlantic, indicating recent
dispersals across the Arctic from Alaska.

Alaska’s populations of sugar kelp in the Gulf of Alaska and western Aleutians are part of a
global complex of four well-differentiated regional groups located in the Northeastern and
Northwestern Atlantic and in the Northwestern Pacific. As with split kelp, the large amount of
genetic diversity in Gulf of Alaska populations argues for the existence of northern refugia
during glacial maxima. Comparisons with sequences available in Genbank showed that the
common COI haplotype in Alaska is also found in the Arctic populations as far as western
Greenland. As with split kelp, the close genetic relationship between these widely separated
populations indicates recent transArctic dispersals. For both split kelp and sugar kelp, a warmer
Arctic Ocean will facilitate further transArctic dispersals.

The phylogeographic pattern for the winged kelp Alaria differed from those for the other two
kelps. As noted above, five genetically distinctive lineages are present in the Gulf of Alaska,
some of which have been descript as species. The addition of sequences from Genbank provided
a broader view of phylogeography in Alaria. Unlike the two other kelps in this study, the
distribution of the single North Atlantic species of Alaria extends across the Arctic and into the
Bering Sea. The combined dataset also showed several well-differentiated species in the
Northwestern Pacific, one of which appears to be part of the Northeastern Pacific subspecies
complex. In the Gulf of Alaska, the distributions of the various subspecies of Alaria appear to be
influenced by wave-action among other variables.

This NPRB project is only the beginning of a larger research program that is needed to
understand the eco-genetics of Alaska’s rich kelp resouces. Future research on Alaskan seaweeds
has to be multidisciplinary, addressing questions not only in genetics but also in ecology. The
apparently small spatial scale of adaptation along Alaska’s shores points to the need for a much
greater sampling effort to resolve the details of the genetic population structures and adaptive
seascapes of these kelps. Such information is vital to the sustainable, environment-friendly
development of industrial aquaculture in Alaska.

The rich diversity and abundance of marine species can support much needed economic
development in Alaska through the growth of aquaculture and sea ranching. The development of
an eco-friendly, but commerically viable, kelp industry requires not only an understanding the
biologies, ecologies and genetics of kelps, but also the construction of fast-growing strains with
value-added traits through selective breeding or other forms of genetic manipulation. Without
high-performing strains, Alaska’s kelp incipient kelp industry will unlikely be able to participate
competitively in the global seawed market. High-quality, organic products are required to
produce high-value items for human consumption, and fast-growing, large biomass strains with
high polysaccharide content are needed for the production of biofuels.
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Chapter 14: Outreach Activities

Articles

Poster

Cordova Times Newspaper, September 2016 “Would like seaweed with that?”” S. Grant
(See below)

AFS Newsletter, August 2019 “What’s up with sugar kelp” S. Grant (See below)
Prince William Sound Science Center Newsletter, scheduled for late 2019

Seminar: College of Fisheries and Ocean Sciences, Juneau, January 2019, “Marine
Phylogeography of the North Pacific” S. Grant

AFS Alaska annual meeting, March 2019 “Phylogeography of kelps in the NE Pacific” S.
Grant & W. Cheng

Seminar: Institute of Marine Science, University of Alaska Fairbanks, September 2019,
S. Grant

Plenary talk(?): Alaska Marine Science Symposium, January 2020, S. Grant

Alaska Shellfish Growers Association, Annual Conference, January 2020, S. Grant

AMSS January 2018, “Defining genetic population management units of kelps in Alaska”
E. Chenoweth et al. (see below)
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The Cordova Times

PRINCE WILLIAM SOUND'S OLDEST NEWSPAPER.ESTABLISHED 1914. TRIBALLY OWNED.

September 2016

Would you like seaweed with that?

Seaweed harvests are a $5-billion food industry with products including dried plants, dietary
supplements, thickening agents and even sweeteners. Researchers are studying the potential for
seaweed farming in Alaska

Cordova breakwater-green seaweed
Ulva on mussels Mytilus. Courtesy photo

By Stewart Grant

Alaska Department of Fish & Game

Alaska’s rocky shores are covered with seaweeds of all kinds,
and at low tide, they can be seen lining the shore in bands.
Brown rockweed grows on upper intertidal rocks, then green
and red seaweeds farther down and finally kelps at the waters
edge on a minus low tide.

Harvests of seaweeds are a major industry with a value of
about $5 billion worldwide. Asian countries, chiefly China,
Korea and Japan, lead the way in seaweed production.

Sugar kelps can be as much as three to six times more
productive than sugarcane, which is a fast growing plant itself.
Seaweeds are eaten as dried plants in many parts of the world. S I v
Seaweeds have high contents of iodine and potassium and are used in dietary supplements and as
food when dried, especially in Asia. The use of seaweed has grown in recent years and now
many local stores sell packets of dried green seaweed for snack time.

The largest demand for seaweeds is for compounds that are used in many common products.
Compounds in kelps (alginates) and some red seaweeds (carageenen and agar) are used in a
variety of products. For example, alginates are used as thickeners in ice cream, jelly, salad
dressing and tooth paste. Surprisingly, these compounds are also used to make long-lasting foam
on beer.

There is now interest in developing seaweed farms in Alaska, because Alaska’s waters are highly
productive and relatively pristine compared to shorelines in many other areas.

“While the State encourages the development of its natural resources, that development must
maintain the sustainability of the natural system,” said Bill Templin in the Gene Conservation
Laboratory at the Alaska Department of Fish & Game.



https://twitter.com/intent/tweet?text=Would+you+like+seaweed+with+that%3F&url=http%3A%2F%2Fwww.thecordovatimes.com%2F2016%2F09%2F23%2Fwould-you-like-seaweed-with-that%2F&via=The+Cordova+Times
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He points out that the State of Alaska is unique among the 50 states in having a clause in its
constitution stating that ‘natural resources should be developed under the sustained yield
principle.” No other state has this starting point for managing their natural resources.

“Protecting wild populations is a fundamental responsibility when developing farming in
Alaska,” Templin said.

The reason is that wild populations are adapted to local environments and may harbor stores of
genetic diversity that support the ability of these species to change and adapt as the environment
changes.

The first step in protecting wild species is to understand how populations are structured along the
coast. The ADF&G genetics laboratory specializes in using molecular markers to help detect
where one population ends and another starts. This information provides the scale at which local
adaptations may exist.

The North Pacific Research Board has provided funds to study of the genetic population
structures of seaweeds, and volunteers across the state are helping to collect seaweeds for the
study.

“The major outcome of this study will help to establish guidelines for developing a sustainable
seaweed industry in Alaska,” Templin said.

One concern is to avoid the mixing of different genetic strains of seaweeds by transplanting
plants from distant populations. Adaptation to local environmental conditions is important for
maintaining healthy populations.

The next time you eat a bowl of ice cream or put pour dressing over your salad, think seaweed.
At the next low tide take a closer look at the rocks along the Cordova breakwater and see how
many different seaweeds you can identify.

Stewart ‘Stew’ Grant is a fisheries biologist at the Alaska Department of Fish and Game in
Anchorage, who is associated with the genetics laboratory. He was in Cordova to collect samples
of seaweeds for a project to better understand the genetic population structure of seaweeds in
Alaska.
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What'’s up with Sugar Kelp?

Stewart Grant

The DNA ancestry business is booming. For
roughly $100 you can send a cheek swab to a lab
that will determine your genotypes for several
diagnostic genes and tell you about the origins of
your family. We are all curious about where we
came from. [t seems to be an innate drive to belong
to a group. We are social animals, after all.

My wife had herself genotyped by one of these
labs and, to her surprise, was told not only that she
was German, which she is, but that she most closely
matched people from the Black Forest in southern
Germany. The signal came from the mitochondrial
DNA she had inherited from her mother, whose
ancestors had been farmers in the rolling hills
between the Black Forest and the Rhine River.

Such DNA genotyping can also be a great tool
in the management of Alaska’s natural resources.
Conserving genetic diversity is fundamental for
devising biologically and evolutionarily sound
fishery management strategies to achieve long-
term sustainability. As an example of a genetic
application, salmon returning to the many rivers
and streams in Alaska often mix as they funnel
toward the mouth of a large river. While high fish

Photographs of sugar kelp, Saccharina latissima. An entire plant
representing growth in oneseason is about 1.5 meters long {right), and
plants at low tide (left). Photos from Stewart Grant.

densities promote successful

harvesting, fishing gear cannot

identify fish belonging to endangered spawning
populations. However, DNA markers can be used
to discriminate fish returning to particular streams
so that fishery management can better protect weak
populations.

In the past few years, the kelp industry has
turned its attention to Alaska, and several kelp
‘farmers’ have begun operations in the state. In
the past decade, the number of permitted seaweed
farms has grown from 1 in 2008 to 13 in 2018.
The first requirement for developing sustainable
mariculture is to create a database of genetic
diversity among populations. Based on the interests
of an increasing number of seaweed farmers, we
opted to focus on sugar kelp (Saccharina latissima).
Along Alaska’s coast this kelp typically inhabits
calm bays and coves at depths from the sublittoral
fringe down to 30 m. Living from 2 to 4 years, this
plant exhibits a single, undivided blade that can
grow to 5 m (16 ft) long and 20 cm (8 in) wide.

Continued on next page
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Sugar Kelp, continued

The DNA markers come in all shapes and
sizes, each with their own peculiar biologies that
affect how the markers behave in any population.
Most of the DM A is found in the nucleus of a cell.
Copies of this DN A are passed on by both parents
each generation. These two copies together are
called genotypes. We also find DNA in some of
the organelles in a cell, particularly mitochondria
in animals, and mitochondria and chloroplasts in
plants. Only a fraction of the genetic information
is encoded in organellar DNA compared to the
information in nuclear DNA. Typically about a
1,000 copies of organellar DNA can be found in
a cell. Unlike nuclear DNA, organellar DNA is
inherited only from the female parent.

The results from the two classes of markers
give us different views of the same population
events. We had these different views in mind
when we chose a commonly used mitochondrial
DNA “barcode’ gene that has been used in many
studies of seaweeds. We also chose a chloroplast
DNA gene that encodes a key enzyme in plant
metabolism and, again, is commonly used in
seaweed taxonomy. It is worth pointing out that
the patterns we see in the DNAs from these two
organelles arose independently of one another.
Since mitochondrial and chloroplast DNAs don't
talk to one another, we have two independent
views of the same population history.

We also chose a group of nuclear genes
called microsatellites to help define sugar kelp
populations. This DNA consists of short repetitive
sequences, which have large mutation rates that
are useful for detecting genetic differences among
populations. The microsatellite markers in our
study were the same as those used in a study of
sugar kelp in the North Atlantic (Neiva ef al. 2018),
50 comparisons are easy to make. Because high
mutation rates in microsatellite markers carve up
imprints of past events with new alleles, we are
unable to make inferences about the distant past.

Previous studies of sugar kelp in the North
Atlantic used the same barcode DNA marker that
we used (Lutfikhuizen ef al, 2018; Neiova et al. 2018)
and included a small sample from British Columbia.
Based on this small sample, the Northeastern Pacific

Continued on page 4
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Sugar Kelp, continued
sugar kelp populations
appeared to lack
genetic variability. In (@)
email correspondence
with a European
colleague, the first
question he asked was
whether I had found a
high frequency of the
‘A’ genotype that they
had found in a small
sample from British
Columbia. The answer
was ‘yes.’

A comparison of our
sequences with those
from British Columbia
showed that nearly
all the plants in the
Gulf of Alaska bore the
‘A’ haplotype, except (€)
for two locations. One
was Port Moller, where
the plants carried a
different genotype, and
another at Auke Bay,
where plants carried
yet another genotype.
Based only on data

from this one marker, Haplotype networks and haplotype frequency distributions among samples of sugar kelp (a. b)
we could be reasonably Mitochondrial DNA cytochrome oxidase | (COJ) (624 base pairs). (c, d) Chloroplast ribulose-1,5-
certain that all the bisphosphate carboxylase/oxygenase large subunit (rbcl) (735 base pairs). (e, f) Concatenated

populations in the Gulf
of Alaska had gone
through a profound bottleneck in population size
and had lost a tremendous amount of genetic
diversity.

But wait, we also had results for chloroplast
DNA. As expected, this gene had seen population
history from a different perspective and gave us
a more detailed view of population structure. We
then glued the DNA sequences together for each
plantand reanalyzed the longer, more informative
sequences. These results showed more genetic
variation among populations. Interestingly, many
populations were still fixed for a single haplotype.

The story continues, because we still had yet

COi and rbcl sequences (1,359 base pairs). Figures from Stewart Grant.

to consider the microsatellite data. We measured
the differences between populations with a
standard statistic for the two classes of markers.
Microsatellites showed about half of the amount of
differentiation between populations overall (F5; =
0.360) compared to the organellar DNA (F5=0.777).
The reason for lower microsatellite divergence
lay in the ability of these highly polymorphic
markers to capture recent dispersals. There were
no 100% differences between populations among
microsatellite alleles as there were for some
organellar genes.

When plants were grouped by organellar

Continued on next page
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Sugar Kelp, continued

lineages and projected onto microsatellite principal
component analysis space, our samples clustered
according to organellar lineage and not according
to geographical location. The microsatellite and
organellar DNA datasets gave different answers,
because they had recorded events on different time
scales. The slower mutation rates of organellar
DNA do not obscure historical population events
with mew mutations as occurs for microsatellite
o,

How do we unravel these tangled data to
make sense of them? The science philosopher
Karl Popper encouraged scientists to make
‘bold hypotheses.” Here, we use ideas from
paleoclimatology, biogeography, ecology, and kelp
reproductive biology to arrive at an explanation.

During the most recent ice-age cycle, which
lasted a little over 100,000 years, lobes of terrestrial
glaciers covered coastal areas in several places
and drove many local sugar kelp populations to
extinction. However, some populations survived
in isolated northern refugia and began to diverge
genetically from one another. We see the results of
this divergence in contemporary populations as
separate organellar lineages.

Microsatellite variability is superimposed on
these lineages because of h1gher mutation rates
among loci. The challenge is to account for the
microsatellite similarity between widely separated
populations in the same organellar lineage. This
pattern can only be explained by recent dispersals
of the various ancient lineages so that not
enough time has elapsed for microsatellite allelic
frequencies to diverge from one another.

The chaotic distributions of organellar lineages
around the Gulf of Alaska imply post-glacial
dispersals over 100s of kilometers in some cases.
Long-distance dispersals are unusual events
because most spores settle within a few meters of
a parent plant.

The occurrence of a single genotype in many
populations is a reflection of sugar kelp reproductive
biclogy. Ecologists have tediously determined that
individual plants can release as many as 10% or more
spores in a season, but only one spore per square
meter will geminate into a microscopic plant and
survive to produce a large kelp plant. The high

Sample identifier. site location. and samyple size for
this study of the zenetics of sugar kelp.
Table from Stewart Grant.

Sample Location N
1 Nateen Bay, Unalaska 30
2 Port Moller, Alaska Peninsula 90
3 Eumulk Bay, Alaska Peninsula 31
4 Malina Bay. Kodiak Island 32
5 Homer Spit. Eachemak Bay 31
& Humnpy Creel:, Kachemal: Bay 31
T Lowell Point, Resumrection Bay 27
3 Whittier, Prince William Sound 6
9 Cordova. Pnnce William Sound 23

10 Boat Harbor, Yalutat 31

11 Homer Spit. Eachemak Bay 31

12 Harris Island, Sitka 26

13 Tokeen Bay, Scott Island 32

14 Kaguk Bay, Prince of Wales Island 42

mortality of developing plants and sweepstakes
recruitment leads to reproductive skew, in which
only a few plants contribute offspring to the next
generation. We see the result of this as low within-
population genetic variability, but considerable
among-population differences.

Owr genetic survey of sugar kelp populations
will have to be augmented with samples from other
localities to provide a more detailed description of
population structure. This genetic baseline will aid
in the transport and development of broodstock for
the culture of this species. Coastal ecosystems and
fishery populations have been over-exploited in
most regions around the globe, and Alaskan fishery
managers are in a unique position to conserve
Alaszka’s bountiful marine resources.

Thanks to the many people who helped collect
samples of kelp across Alaska. Several individuals
at the Alaska Department of Fish and Game Gene
Conservation Laboratory were instrumental in
helping see this project through to completion. Wei
Cheng oversaw the laboratory analyses of the kelp
samples, Zac Grauvogel prn-duced an excellent
microsatellite dataset, and Eric Chenoweth,
Paul Kuriscak, Marial Terry, Zach Pechacek,

Continued on next page
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Sugar Kelp, continued

Mick Ellickson, and Chase
Jalbert extracted DMNA
from hundreds of seaweed
samples. This project was
funded by the North Pacific
Research Board (Project 1816)
and the Alaska Department
of Fish and Game.

Stewart Grant previously
worked in academia (South
Africa) and for state
{Alaska), federal (Seattle),
and international {Malaysia)
fisheries research agencies.
He is currently an affiliate
faculty member in the College
of Fisheries and Ocean Sciences
at the University of Alaska
Fairbanks at Junean.

Figure 3 - Principal companent
analysis (PCA) of microsatellite
DNA (12 loci) alleles frequencies.
{a) Total PCA of samples from 13
localities in the Guif of Alaska.
{b-g) PCAs of plants carrying
particular CO-rbel haplotypes as
in Figure 2: (b) Lineage A {red): (c)
Lineage C {yellow); (d) Lineage B1
(dark biwe); fe) Lineages D1 (green)
& D2 (dark green); (f) Lineage B2
{light blue); (g) Lineage E (pink).
Figure from Stewaart Grant.
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Poster presented at AMSS 2018.
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