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The fast expansion of the global seaweed aquaculture industry has created an interest
in translocating seedlings cultivated from wild type brood stock. However, such
translocations must be applied with caution as introduced cultivars can reduce genetic
structure and diversity of wild populations. An understanding of the genetic structure and
connectivity of target species is required to guide decision making around aquaculture
translocation activities. In this study we used 14 microsatellite loci in a three-level
hierarchical sampling design to analyze the genetic structure and connectivity of the
native kelp Ecklonia radiata across 12 sites among four geographic regions (Northland,
Bay of Plenty, Gisborne, and Wellington) in the North Island of New Zealand. Our aim
was to provide guidance for translocation of cultivars to prevent the introduction of
locally absent genotypes of E. radiata. Strong genetic structure and low geneflow were
observed at all hierarchical levels, indicating the presence of multiple genetically distinct
sub-populations. On a regional scale, high genetic differentiation was found between the
Wellington region and the other three regions (FST = 0.407–0.545), and within regions
most sites were significantly different (measured by pairwise FST) with high relatedness
found between individuals within sites (mean 28.2% ± 0.7 SE). Bayesian modeling and
redundancy analysis showed a high degree of genetic clustering and indicate that ocean
currents and other factors that have resulted in biogeographical breaks along the coast
are likely to be the main factors shaping genetic structure and connectivity of E. radiata
on the North Island, rather than isolation by distance. Based on these findings, we
recommend that that cultivars of E. radiata should not be translocated outside their area
of origin to avoid introducing locally absent genotypes to local sub-populations.

Keywords: seaweed, marine, farming, genetic differentiation, sub-populations, microsatellites, translocation

INTRODUCTION

Seaweed aquaculture has grown exponentially during the last 50 years and now has a global annual
yield of 32 million tons and a commercial value of US$13.3 billion (FAO, 2020). The vast expansion
of the sector has created an interest in translocating strains (i.e., movement outside area of origin),
as intraspecific differentiation in key commercial traits, such as growth rate and biochemical
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content, is common within seaweeds due to genotypic variation
and local adaptation (Oliveira et al., 2013; Gosch et al., 2015; Mata
et al., 2017). However, translocation of seaweed cultivars (i.e.,
strains selected for cultivation) must be approached with caution.
Introduced cultivars can reduce genetic differentiation between
wild populations (i.e., reduce genetic structure) by outcompeting
unique local genotypes and reduce genetic variation within wild
populations (i.e., reduce genetic diversity) by over-dominating
the local gene pool (Ellstrand et al., 2013; Bolstad et al., 2017;
Valero et al., 2017; Hu et al., 2021). Such genetic changes may have
negative ecological and economic consequences, as loss of genetic
structure can lead to the extinction of valuable genetic traits
adapted to specific ecological niches (Evankow et al., 2019; Shan
et al., 2019). Furthermore, the loss of genetic diversity within
wild macrophyte populations may decrease productivity and
tolerance to environmental stress in these communities (Hughes
and Stachowicz, 2004; Reusch et al., 2005; Wernberg et al., 2018).

The extent of gene flow from farmed seaweed to wild
populations remains poorly quantified (Valero et al., 2017;
Campbell et al., 2019) and may vary between species and with
cultivation method (Shan et al., 2019). However, evidence to
date suggests that gene flow from farmed to wild seaweed
populations is low (Guzinski et al., 2018; Li et al., 2020; Graf
et al., 2021). For instance, gene flow from cultivars to wild
populations is typically low for Saccharina japonica (Liu et al.,
2012; Zhang et al., 2017) because selective breeding of cultivars
has delayed spore release to late summer when most cultivars
have already been harvested and any offspring of remaining
cultivars are unlikely to survive high summer temperatures
(Shan et al., 2019). However, gene flow from cultivars to
wild populations has been documented extensively for animal
aquaculture and agriculture (Ellstrand et al., 2013; Glover et al.,
2013), with effects varying from possibly advantageous (e.g.,
increased fitness in wild lettuce; Hooftman et al., 2009; Hartman
et al., 2013) to devastating (e.g., wide-spread changes in age and
size at maturation in wild stock of Norwegian Atlantic salmon;
Bolstad et al., 2017). Consequently, the introduction of cultivated
organisms to wild populations is recognized as one of the main
risks associated with aquaculture of any species (Naylor et al.,
2001) and the cultivation of locally absent seaweed genotypes
is often restricted (Loureiro et al., 2015). Therefore, mapping
genetic structure and connectivity of wild populations is crucial
to ensure that seedlings cultivated from wild type broodstock
can be translocated without introducing locally absent genotypes
(Barbier et al., 2019; Evankow et al., 2019).

The native kelp Ecklonia radiata (C.Agardh.) J.Agardh is
a target for aquaculture in New Zealand because of its
wide distribution (Shears and Babcock, 2007) and commercial
applications as biostimulants, sea vegetables and food additives
(White and White, 2020). However, the genetic structure
and connectivity of E. radiata has not been investigated in
New Zealand. Consequently, the geographic extent that seedlings
cultivated from wild type brood stock can be translocated
without changing local genetic structure remains unknown. In
Australia, the genetic structure of E. radiata is largely region
specific, with high genetic connectivity among populations on
the west coast (Coleman et al., 2011a; Coleman, 2013) and

low genetic connectivity among populations on the south coast
(Coleman et al., 2009). These regional differences in genetic
structure are largely attributed to variations in oceanography
as the gene flow of E. radiata is correlated to the strength
of ocean currents (Coleman et al., 2011b). In New Zealand,
ocean currents are known to play a key role in long distance
connectivity among populations of seagrass (Jones et al., 2008)
and several species of seaweeds (Collins et al., 2010; Macaya
and Zuccarello, 2010; Buchanan and Zuccarello, 2012; Fraser
et al., 2013). Accordingly, the genetic structure of E. radiata in
New Zealand may also be influenced by local oceanographic
conditions. Within the North Island of New Zealand, distinct
genetic sub-populations exist for multiple taxonomic groups
including seaweeds (Buchanan and Zuccarello, 2012; Muangmai
et al., 2015; Huanel et al., 2020), seagrasses (Jones et al.,
2008), anemones (Veale and Lavery, 2012), mollusks (Ross
et al., 2012), and crustaceans (Stevens, 1990). Furthermore, five
bioregions have been proposed within the North Island, based
on the distribution E. radiata and 150 other species of seaweed
and invertebrates, indicating that there may be distinct sub-
populations within each of these bioregions, and potential breaks
in connectivity between bioregions (Shears et al., 2008). This
general high level of genetic and distributional subdivision within
seaweeds and benthic invertebrates on the North Island suggest
that E. radiata is also likely to be divided into genetically distinct
sub-populations.

In this study, we used 14 polymorphic microsatellite loci in
a three-level hierarchical sampling design to analyze the genetic
structure and connectivity of E. radiata among four regions of the
North Island of New Zealand. The aims were to (1) assess patterns
of genetic structure at a local (<300 km) and regional (150–
1,200 km) level; and (2) estimate levels of genetic connectivity
between local and regional populations; in order to (3) provide
guidance for translocation of cultivars to prevent the introduction
of locally absent genotypes of E. radiata within the North Island
of New Zealand.

MATERIALS AND METHODS

Sample Collection
Thirty sporophytes of E. radiata were sampled from each of 12
sites on the North Island of New Zealand between September
2019 and March 2020 (Figure 1A), conducted under Special
Permit 724 issued by the Ministry for Primary Industries, Manatū
Ahu Matua to the University of Waikato. A hierarchical design
was used with three sites sampled within each of four regions
(Northland, Bay of Plenty, Gisborne, and Wellington). At each
site, samples of tissue from secondary blades were collected
haphazardly by hand from adult (stage 3) plants (Mann and
Kirkman, 1981) while snorkeling on rocky reefs within 2–5 m
depth and with>1 m between each sampled individual (sample
area ≈ 1,000 m2). After collection, samples were stored in
separate polyethylene bags and stored on ice for transport back
to the laboratory. Within 24 h of collection, samples were cleaned
using a scalpel and lint free tissue paper to remove epiphytes and a
2 cm2 blade section was cut and dried in silica gel for storage for a
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FIGURE 1 | Map of New Zealand with (A) sampling sites (filled black circles) and sampling regions (dashed circles), (B) major ocean currents (Heath, 1985),
proposed biogeographic breaks (dashed black lines, Shears et al., 2008) and locations referred to in the text, (C) genetic differentiation (FST) of E. radiata within each
region and (D) FST between each neighboring region (FST Northland vs. Gisborne = 0.043, FST Bay of Plenty vs. Wellington = 0.407). EAUC: East Auckland Current;
ECC: East Cape Current; DC: D’Urville Current. (B) Modified with permission from Buchanan and Zuccarello (2012).

maximum of 12 months until further processing (Coleman et al.,
2009). Blade tissue was homogenized using a Precellys Evolution
Homogenizer (Bertin Instruments, France) and genomic DNA

was extracted using a DNeasy R© Plant Pro Kit (Qiagen, Germany)
following the manufacturer’s instructions with the addition of
80–100 µL of PS solution to each sample.
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Primer Selection
Twenty five microsatellite loci developed for three other species
of Ecklonia (Itou et al., 2012; Akita et al., 2018, 2020) were
tested to determine their suitability for use in E. radiata
(Supplementary Table 1). All loci were initially tested on 8
individuals from five different sites within the four sampling
regions. DNA was amplified in 25 µL singleplex PCR reactions
containing 12.5 µL MyTag HS Red Mix (MilliporeSigma,
Germany), 0.4 µM non-labeled forward primer, 0.4 µM
fluorescent-labeled reverse primer, and 1 µL of genomic DNA.
PCRs were run on an Applied Biosystems SimplyAmp Thermal
Cycler (Thermo Fisher Scientific, United States) and comprised
of an initial denaturation phase at 95◦C for 1 min, 35 cycles
of denaturation at 95◦C for 30 s, annealing at 57◦C for 30 s,
and extension at 72◦C for 30 s, with a final extension at 72◦C
for 7 min. Five microliter of PCR product was run on a 2%
agarose gel and amplicon size was determined using a size
standard marker (Bioline HyperLadderTM 25 bp). Loci showing
strong evidence of primer dimer on gels were discarded. Loci
that produced an amplicon within 150 bp of the expected size
range in at least 6 of the 8 tested individuals were selected
for genotyping. Loci showing no or inconsistent amplification
on gels were further tested on six new individuals, using the
same parameters described above. Again, loci were amplified,
visualized and selected for genotyping as described earlier and
loci that did not consistently produce an amplicon within 150 bp
of the expected size range were omitted from further testing.
Following this process, 20 loci were selected and subsequently
genotyped across all 360 samples (30 samples from each of
the 12 sites). Loci were amplified in PCR reactions using the
same parameters described above. Multiplex genotyping was
carried out by Genetic Analysis Service, Department of Anatomy,
University of Otago using an ABI 3730xl DNA Analyzer (Thermo
Fisher Scientific, United States) and allele sizes were scored using
GeneMarker R© (SOFTGENETICS, United States). Three of the
20 loci that were genotyped produced electropherograms too
variable for allele sizes to be scored consistently across the 360
samples and were discarded (Supplementary Table 1).

Data Analyses
Data (Supplementary Data 1) was checked for deviations
from Hardy-Weinberg equilibrium and presence of linkage
disequilibrium using Genepop on the Web v4.7 (Raymond and
Rousset, 1995; Rousset, 2008). Three of the 17 genotyped loci
were too monomorphic to enable testing of Hardy-Weinberg
equilibrium at any site and were therefore excluded from further
statistical analysis (Supplementary Tables 1, 2). None of the
remaining 14 loci deviated significantly from Hardy-Weinberg
equilibrium when data was analyzed collectively across all sites.
However, it is likely that some of these loci were not in Hardy-
Weinberg equilibrium as 12 of the 14 loci were monomorphic
(or almost monomorphic) at one or more sites. Consequently, it
was not possible to test for Hardy-Weinberg equilibrium at these
sites and they therefore could not be included in the collective
assessment of Hardy-Weinberg equilibrium. To determine the
influence of this high level of monomorphism on results, a

sensitivity analysis was run where all analyses described below
were conducted with all 14 loci, and then were repeated excluding
all loci where more than half the sites were too monomorphic
to calculate test Hardy-Weinberg equilibrium. This sensitivity
analysis showed that excluding the 8 loci with the highest
monomorphism had no major influence on the main results
and all 14 selected loci where therefore retained for analysis
(Supplementary Tables 3, 4). Linkage disequilibrium was tested
across all sites and loci, and P-values were adjusted using the false
discovery rate (fdr) correction in the R-studio STATS package
(Team RStudio, 2021). No significant linkage disequilibrium was
found between any loci but an average 58% ± 15 SD of the loci
combinations could not be checked for linkage disequilibrium
due to monomorphism. However, as this uncertainty was evenly
spread across all loci with no consistent patterns, all remaining
loci were retained for analysis.

Allele frequencies and total number of alleles were calculated
for each locus using GeneAlEx v6.5 (Peakall and Smouse, 2006,
2012). Arlequin v.3.5.2.2 (Excoffier and Lischer, 2010) was used
to perform global analysis of molecular variance (AMOVA) as
weighted average over all 14 loci within the three hierarchical
sampling levels with 1,000 permutations. The number of genetic
clusters (K) was analyzed using a Bayesian modeling approach
in STRUCTURE v2.3.4 (Pritchard et al., 2000), running 100,000
burn-in and 300,000 Monte Carlo Marco chain repeats after
burn-in with 20 iterations for all analyzed levels of K (1–
14). Clustering was analyzed using an admixture model with
correlated allele frequencies and no prior information about the
data. STRUCTURE HARVESTER (Earl and vonHoldt, 2012) was
used to find the number of clusters best fitting the data based
on highest delta K and to find the iteration with the highest
likelihood (Evanno et al., 2005). The clustering analysis was
run multiple times to successively identify all hierarchical layers
of structuring within the data. All samples were included in
the first analysis and for each subsequent analysis, the samples
within each of the previously identified clusters were analyzed in
separate simulations. FST is a measure of genetic differentiation
ranging from 0 to 1, with 0 showing no genetic difference between
samples and 1 showing maximum genetic difference between
samples. FST was calculated in Arlequin. Within region FST was
calculated as the average pairwise FST between each pair of
sites within each region. Between regions FST was calculated by
treating each region as one single population and calculating a
single pairwise FST value for each pair of regions. Pairwise FST
between sites was visualized using R-studio (script sourced from
The Banta Lab).1

Relatedness between the individuals collected from each site
was quantified using ML-Relate (Kalinowski et al., 2006) which
includes a null allele correction for any loci at any site that showed
significant heterozygote deficiency (α = 0.05). Relatedness was
further quantified using maximum likelihood estimates, counting
all estimates of half sibling, full sibling, and parent/offspring
(i.e., not unrelated) as related. Individuals with missing values
at more than 2/3 of the loci showed abnormally high values
of relatedness and were therefore deleted and not used in any

1https://sites.google.com/site/thebantalab/home?authuser=0
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analysis (13 samples out of 360). High levels of relatedness were
found between individuals at all sites (mean 28.2% ± 0.7 SE)
which can bias genetic analysis (Waples and Anderson, 2017). To
determine the influence of this high level of relatedness on results,
another sensitivity analysis was run where all analyses described
below were repeated excluding all samples that were related to
more than 33.3% of the other samples within their sites (thereby
lowing mean relatedness to 21.1% ± 0.6 SE). This sensitivity
analysis showed that excluding the 97 most related samples had
no major effect on the main results and all 347 samples were
therefore retained for analysis (Supplementary Tables 3, 4).
To determine the influence of geographic distance on genetic
structure, a redundancy analysis was performed in R-studio
using the vegan package (Oksanen et al., 2020) and visualized
using ggplot (Wickham, 2016). Site coordinates (longitude and
latitude) were set as independent variables and site-specific allele
frequencies (72 different alleles in total across the 14 selected loci)
as constrained dependent variables (Meirmans, 2015).

RESULTS

Genetic diversity was highest within northern sites (sites within
the Northland and Bay of Plenty regions) compared to southern
sites (sites within the Gisborne and Wellington regions, Table 1).
The mean total number of alleles and mean number of unique
alleles were 34.83 and 2.8, respectively, for northern sites,
compared to 26.2 and 0.7, respectively, for southern sites.
Relatedness between individuals was high at all sites (mean
28.2% ± 0.7 SE), with individuals within southern sites being
slightly more related than samples within the northern sites
(32.0% ± 1.0 SE and 24.3% ± 0.8 SE, respectively).

Analysis of molecular variance showed high genetic variation
among regions (27.41%) and low genetic variation among

TABLE 1 | Number of individuals genotyped (n); total and mean number of alleles,
and number of unique alleles; and% relatedness between individuals ± standard
error.

Location Region n Number of alleles Relatedness

Total Mean Unique % ± SE

Karikari Northland 28 35 2.5 4 26.2 ± 1.7

Leigh Northland 25 38 2.7 3 24.3 ± 2.3

Wilson bay Northland 30 29 2.1 2 25.1 ± 1.4

Rabbit island Bay of Plenty 27 39 2.8 1 24.2 ± 2.0

Whale island Bay of Plenty 30 36 2.6 4 26.0 ± 2.2

Waihau bay Bay of Plenty 29 32 2.3 3 20.1 ± 1.8

Tolaga bay Gisborne 30 28 2.0 2 31.7 ± 2.9

Mahanga Gisborne 28 25 1.8 0 34.4 ± 2.0

Māhia Gisborne 30 19 1.4 0 27.4 ± 2.2

Wellington harbor Wellington 30 30 2.1 1 32.0 ± 2.1

Mākara beach Wellington 30 26 1.9 0 27.4 ± 1.9

Titahi Wellington 30 29 2.1 1 39.3 ± 2.7

All 347 72 5.1 28.2 ± 0.7

All measurements of number of alleles, heterozygosity, and relatedness are across
all 14 loci.

sites within regions (7.10%), with all levels of variation being
significant (p < 0.001, Table 2). The same pattern was evident
for genetic differentiation (FST, Supplementary Tables 5, 6). FST
values were low within regions (FST = 0.070–0.160, Figure 1C),
indicating low genetic differentiation, but were generally higher
between regions (FST = 0.040–0.545, Figure 1D), indicating
comparatively higher genetic differentiation. Between region FST
was high between the Wellington region and the three other
regions (FST = 0.407–0.545) and low between the Northland, Bay
of Plenty and Gisborne regions (FST = 0.040–0.044). Pairwise FST
between sites showed significant genetic differentiation between
all sites except for 2 pairs (Figure 2). Highest pairwise FST was
again found between the Wellington sites and sites from the other
regions, with Titahi Bay and Mākara Beach showing the highest
differentiation from other sites and Wellington Harbor showing
only intermediate differentiation.

Bayesian modeling of population structure predicted that
the most likely number of genetic clusters (inferred from delta
K) for any of the STRUCTURE simulations was two (K = 2,
Figure 3). When all samples were included in the analysis, the
three Wellington sites were all grouped into one distinct cluster
and the nine sites from the other three regions were grouped
into a second distinct cluster. At the lower hierarchical levels
of clustering (1) the Northland region separated from the Bay
of Plenty and Gisborne region, (2) the Bay of Plenty region

TABLE 2 | Global analysis of molecular variance (AMOVA) for E. radiata among the
four regions, among the three sites within each region, and among the individuals
(25–30) within each site.

Source of variation df Sum of
squares

Variance
component

Percentage
variation

Among regions 3 222.87 0.416 27.41

Among sites within
regions

8 56.18 0.108 7.10

Within sites (among
individuals)

336 651.98 0.994 65.49

Total 347 937.03 1.517

All levels of variation are significant at p < 0.001.

FIGURE 2 | Pairwise genetic differentiation (FST) between each site (FST

values indicated by color gradient) with X indicating that sites are not
significantly different.
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FIGURE 3 | Bayesian modeling of population structure for E. radiata obtained using STRUCTURE (K = 2 for all plots). Top plot was run with all samples included and
each subplot underneath was run with a subset of the samples indicated by the dashed lines. The x-axes show all individuals included in the simulations, with each
individual represented by a column and grouped within their sites and regions. The y-axes show the genetic membership of each individual to the two clusters.

separated slightly from the Gisborne region, and (3) Wellington
Harbor separated sharply from the Wellington open coast sites,
Mākara Beach and Titahi Bay. There was no evidence of genetic
structure among sites within each of the Northland, Bay of Plenty,
and Gisborne regions.

Redundancy analysis showing the effect of geographic location
(latitude and longitude) on allele frequency was highly significant
(P = 0.001, 74% constrained variance and 26% unconstrained
variance), with latitude and longitude explaining 74% of the

genetic variation in the data (Figure 4). The redundancy
analysis showed the same pattern of population structure as
the clustering analysis, with strong genetic separation between
the wellington sites and the other sites along the RDA 1 axis
(67% of the total variation) and a weaker genetic separation
between the Northland sites and the other sites along the
RDA 2 axis (7% of total variation). Most of the 72 alleles
analyzed across the 14 loci were plotted in the center of
the graph and only 8 alleles were plotted outside the center,
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FIGURE 4 | Redundancy analysis (RDA) of allele frequencies explained by geographical location (longitude and latitude). Gray vectors with allele names indicate
magnitude and direction of the variation associated with each identified allele where the vector length indicates the amount of variation and the vector direction
indicates the correlation of the variation with the two RDA axes (parallel lines being highly correlated). Similarly, the blue vectors indicate the magnitude and direction
of the variation associated with the latitude and longitude coordinates of the sites. Sites are plotted according to region (color) and position within region (shape). The
percent variation explained by the two RDA components are shown on the two axes.

indicating that most of the variation in the data was provided by
these 8 alleles.

DISCUSSION

Genetic Structure and Connectivity of
Ecklonia radiata
Genetic analysis of microsatellite loci showed strong population
structure and low genetic connectivity of E. radiata within
the North Island of New Zealand. Clustering analysis showed
structural differences on all hierarchical levels, with the
Wellington region separating from the other regions at the
highest level, the Northland region separating from the Bay
of plenty and Gisborne regions at the intermediate level, and
Wellington Harbor separating from Mākara Beach and Titahi
Bay at the within region level (Figure 3). This same pattern of
hierarchical genetic structuring was found through analysis of
pairwise genetic differentiation (FST) and redundancy analysis,
which showed clear distinction between the Wellington region
and the other regions and between Wellington Harbor and
the other sites within the Wellington region (Figures 1, 4).
These findings demonstrate high levels of genetic structure
both across long and short geographic distances. The high
level of relatedness between individuals within sites and the
large number of sites that were significantly different from one

another (all but two site pairs through Pairwise FST), suggest
that geneflow is generally low. However, regional FST showed
that gene flow was higher among the Northland, Bay of Plenty
and Gisborne regions (FST = 0.040–0.044) than between these
regions and Wellington (FST = 0.407–0.545). Further support
for the notion of reduced connectivity in the Wellington region
was provided by the higher levels of relatedness recorded for
southern sites (32.0% ± 1.0 SE) compared to those in the
north (24.3% ± 0.8 SE). The redundancy analysis showed
high correlation between genetic structure and geographic
location (74% constrained variance), but also showed a high
degree of clustering in agreement with the groupings identified
using STRUCTURE, indicating that gene flow in E. radiata in
New Zealand is primarily shaped by dispersal barriers rather
than by isolation by distance. In combination, these analyses
suggest that multiple sub-populations of E. radiata are present
within the locations sampled in this study and that genetic
connectivity is limited.

E. radiata has a life cycle of two alternate generations
where macroscopic diploid sporophytes produce spores that
develop into microscopic haploid gametophytes (males and
females) which then produce eggs and sperm that fuse and
grow into sporophytes. The pelagic phase of E. radiata zoospores
is relatively short (usually 1–2 h, Wernberg et al., 2019)
and based on studies of related species, gametophyte sperm
dispersal is expected to occur over the scale of centimeters,
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whereas spore dispersal has an approximate maximum dispersal
range of 1 km (Reed, 1990; Gaylord et al., 2006). Because
E. radiata is negatively buoyant, long-distance dispersal of
mature plants is unlikely unless rafting with buoyant species
(Fraser et al., 2013). Consequently, the dispersal potential of
E. radiata is likely to be limited. These expectations were
generally met as evidenced by significant levels of genetic
differentiation between most sub-populations. Furthermore, this
low dispersal life history may also explain the high levels
of relatedness recorded for individuals within sites. High
levels of relatedness have previously been reported for the
related species E. cava (Itou et al., 2019), and these results
indicate inbreeding, which may have contributed to the high
FST values.

Strong genetic differentiation between Wellington and the
three northern regions matches patterns of genetic structure
reported for other seaweed and invertebrate species. For these
species, populations in the Wellington region have been shown
to be distinct from northern populations, and more closely
aligned to a South Island sub-population, indicating a major
break in connectivity on the North Island for these species
(Ross et al., 2009, 2012; Buchanan and Zuccarello, 2012;
Veale and Lavery, 2012). Shears et al. (2008) found major
biogeographic breaks based on distributional data covering
E. radiata and 150 species of seaweed and invertebrates. In
this case, the location of the genetic breaks recorded for
E. radiata (between Wellington and northern regions and
between the sites within the Wellington region), coincide
with the biogeographic boundaries reported by Shears et al.
(2008). This suggests that the sharp breaks in E. radiata
connectivity between and within regions are most likely
generated by the same processes (oceanography and climate)
that influence the distribution of a numerous other marine
species in the area.

Our detection of regional differences in genetic connectivity
is similar to that reported for E. radiata in Australia, where
this species displays high genetic connectivity along the west
coast, but low connectivity along the south coast (Coleman
et al., 2009, 2011a; Coleman, 2013). Ocean currents are a
strong driver of differences in genetic connectivity among
E. radiata populations in Australia (Coleman et al., 2011b) and
may also explain the patterns of genetic connectivity observed
in this study. Ocean currents in New Zealand are thought
to shape long distance connectivity among other species of
seaweeds (Collins et al., 2010; Macaya and Zuccarello, 2010;
Buchanan and Zuccarello, 2012; Fraser et al., 2013) and seagrass
(Jones et al., 2008). The two main ocean currents shaping
the oceanography along the north-east coast of the North
Island of New Zealand are the East Auckland Current and
the East Cape Current, which travel south-eastward through
the Northland, Bay of Plenty and Gisborne region, passing
Cape Turnagain where the East Cape Current turns east with
the Chatham Rise into the Pacific (Figure 1B; Heath, 1985).
The higher genetic connectivity of E. radiata found along
the north-eastern coast of the North Island compared to low
connectivity found between Wellington and the other regions
may therefore be facilitated by these major ocean currents. In

the Wellington region, water movement northwards is prevented
by the D’Urville Current, which pushes water south-eastwards
through Cook Straight.

Implications for Aquaculture
In commercial kelp cultivation, new broodstock is cultivated and
seeded onto ropes in on-shore hatcheries, and then, following
a nursery period, the ropes are deployed off-shore for the
juvenile kelp to mature (Zhang, 2018; Kim et al., 2019). This
process creates high potential for spread of locally absent
cultivar alleles, which may affect the genetic structure of wild
populations and leave them more vulnerable to environmental
stress (Ellstrand et al., 2013; Bolstad et al., 2017; Wernberg
et al., 2018). The spread of locally absent cultivar alleles can be
avoided by developing local cultivars for local use only (Barbier
et al., 2019). Our analysis showed clear distinction between the
Wellington region and the three other regions but also revealed
strong genetic structure and significant differentiation within
and between individual sites. We therefore recommend that
cultivars of E. radiata should not be translocated outside their
area of origin to avoid introducing locally absent genotypes
to local sub-populations. Specific guidelines for the scale of
translocation of kelp seed-stock have already been developed in
some locations (e.g., Gulf of Alaska, United States, Kim et al.,
2019), and based on the results of this study and future genetic
research, similar guidelines could be developed for E. radiata in
New Zealand.

Microsatellite markers have proven to be a powerful tool
for the assessment of genetic structure and connectivity of
natural populations (Guichoux et al., 2011). However, results
provided by microsatellites may be less detailed than what
might have been revealed through full genome sequencing (e.g.,
Graf et al., 2021). Therefore, it is possible that further genetic
differentiation among E. radiata sub-populations in New Zealand
could be revealed through detailed genomic analysis. Still, given
the large number of samples genotyped (360) and the high
number of loci (14) included in our analyses, we believe that
the results presented here are representative of the general
genetic structure and connectivity of E. radiata in New Zealand.
The patterns of low geneflow presented here suggest that
the genetic structure of E. radiata in the South Island of
New Zealand is also likely to be strong. Therefore, we recommend
a similarly conservative approach to the translocation of kelp
cultivars in this region.

Selective breeding is an integral part of the global seaweed
aquaculture industry and has made it possible to improve key
cultivar traits such as growth rate, morphology, reproductive
timing, biochemical content, stress tolerance, texture, and taste
(Hwang et al., 2019). However, selective breeding tends to reduce
the genetic diversity of cultivars as it often leads to inbreeding,
whether intentional or not (Valero et al., 2017). Reducing the
genetic diversity of cultivars is not only a threat to the genepool
of local wild populations (Haygood et al., 2003; Bolstad et al.,
2017), but may also leave cultivars more susceptible to pathogens
(Hwang et al., 2019). For instance, low genetic diversity caused
by inbreeding was the main cause of the heavy ice-ice disease
outbreak that lead to the sharp decline of the eucheumatoid
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seaweed farming in the Philippines (Trono and Largo, 2019).
It is therefore important in aquaculture not only to use local
cultivars, but also to maintain a large effective population
size and frequently introduce new genotypes from wild type
broodstock to ensure high genetic diversity among cultivars
(Table 1; Barbier et al., 2019; Graf et al., 2021; Hu et al.,
2021). As has previously been recorded in other New Zealand
seaweed species, substantially higher genetic diversity was found
among the northern sub-population of E. radiata compared
to the southern sub-populations (Fraser et al., 2009; Buchanan
and Zuccarello, 2012; Muangmai et al., 2015). The northern
regions seem therefore to be the best suited areas for E. radiata
cultivation with regards to maintaining high genetic diversity
among cultivars.

CONCLUSION

The strong genetic structure found at all hierarchical levels
for E. radiata in the North Island of New Zealand underlines
the general need for population genetic analyses to be
conducted before initiating translocation of broodstock for
seaweed aquaculture. Bayesian analysis of population structure,
redundancy analysis and measurements of genetic differentiation
(FST) all showed high levels of genetic variation and indicated
that genetically distinct sub-populations are likely to be present
both between and within regions. From a genetic perspective,
we therefore recommend that cultivars of E. radiata should
not be translocated outside their area of origin to avoid
introducing locally absent genotypes to local sub-populations.
The high relatedness between samples found here highlights
the importance of increasing the distance between collected
individuals of Ecklonia sp. for genetic analysis (preferably to more
than 4 m, Itou et al., 2019) to minimize the impact of non-
random mating and increase the importance of migration and
drift within the signal. The microsatellite data collected in this
study can serve as a reference set for future analysis of the genetic
structure of E. radiata by comparing the genetic membership of
individuals from sites outside the range of this study with the
sub-populations sampled here.
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