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Quantifying the level of population connectivity within and between geographically
separated single-species deep-water fisheries stocks will be vital for designing effective
management plans to preserve such populations. Despite this, stock structure in many
fisheries is still poorly described and, at best, subject to precautionary management.
Here we use rapidly evolving mitochondrial genes and microsatellite markers to
investigate population connectivity patterns in commercially targeted Hyperoglyphe
antarctica populations between four seamounts within the Tristan da Cunha Exclusive
Economic Zone (EEZ). We find little evidence of population genetic structure between
fished populations, with both mtDNA and microsatellite markers showing that there
is low genetic population diversity (reflecting substantial gene flow) across the four
seamounts. We also find little genetic differentiation between H. antarctica across
the wider Southern Hemisphere. Such results support the role for coordinated
management of all four populations across the seamounts, and potentially including
stocks associated with Australia and New Zealand, with expansion of the fishery clearly
having the potential to substantially impact the source of recruits and therefore wider
population sustainability.

Keywords: seamount, connectivity, fisheries, blue belt programme, bluenose warehou

INTRODUCTION

The physical and biological processes intrinsic to seamount systems may serve to connect or isolate
associated populations, stimulate or maintain genetic divergence, and structure local and regional
species diversity (Shank, 2010). Increasing interest in understanding such processes has resulted
in a range of studies examining the large variety of interconnected mechanisms that promote or
impede genetic connectivity of seamount communities (Auscavitch et al., 2020; Liu et al., 2020).
Despite this, the conclusions of these studies are largely inconsistent, reflecting differences in
the ecological, oceanographic, and evolutionary context of individual seamount systems (Rowden
et al., 2010; Zeng et al., 2020). However, quantifying the connectivity of seamount populations
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and their diverse ecosystems, which are potentially vulnerable
to destructive fisheries and mining practices, will be vital for
understanding the ecological structure of seamount communities
(Shank, 2010). Such an understanding of connectivity is
important to understand the function of these systems, enabling
direct sustainable management (outcomes) to ensure the
continuity of seamount biological diversity and the resources they
encompass (Pitcher et al., 2007).

There is increasing evidence of anthropogenic-induced
impacts to deep-sea populations (Armstrong et al., 2019; Da
Ros et al., 2019). Most importantly, fishing has resulted in stock
depletions of a range of species, with the reduction of mature
individuals having potential indirect effects on the likelihood
of population connectivity characterized by larval migration
and movement of individuals between deep-sea habitats (Vieira
et al., 2019). Such impacts on connectivity may reduce effective
population size, genetic diversity and population resilience to
further impacts associated with increasing climate changes. The
wider role of such changes may then potentially result in local or
regional population declines, while also impacting the long term
recovery of exploited populations (Cowen et al., 2007). Despite
this, we still understand little of the connectivity of deep-sea
fisheries species, especially those associated with specific habitats
(e.g., seamounts). As such resources are now being increasingly
targeted, there is a dire need to quantify population structure and
potential resilience to fishing effects.

Hyperoglyphe antarctica (Family Centrolophidae), commonly
known as the bluenose warehou, is a commercially important
temperate water species, with a widespread distribution
throughout the southern hemisphere (McDowall, 1982).
This species has been recorded throughout the waters of the
majority of major landmasses within the Southern Ocean,
with populations identified in South Africa, Southern Australia
(including Tasmania), New Zealand and Tristan da Cunha
(McDowall, 1982). This species is considered as a deep-water,
semi-pelagic species (Horn, 2003). Juveniles will utilize surface
waters, sheltering within jellyfish and flotsam (Haedrich, 1967;
Horn, 1970; Horn and Massey, 1989), feeding on hydroids, salps,
ctenophores, fish fry, small crustaceans, squids and a variety of
pelagic molluscs (Horn and Massey, 1989; Horn, 2003). Juveniles
undertake an extended period of oceanic dispersal, with strong
potential for broad-scale dispersal and self-supply of recruits
(Williams et al., 2017), recruiting into the rough, rocky ground
of continental shelves, upper slope waters and seamounts at
˜2 years old (35–50 cm total length) (McDowall, 1982; Horn and
Massey, 1989; Duffy et al., 2000; Bell et al., 2021). Hyperoglyphe
antarctica adults are benthopelagic, with individuals undertaking
mid-water migration for feeding or reproduction at night (Horn
and Massey, 1989; Horn, 2003). Although tagging of individuals
has shown that such individuals are able to migrate large
distances (Horn, 2003), recent work has found that adult stocks
may show limited movement away from post-settlement habitat,
and therefore the existence of discrete adult sub-populations
(Williams et al., 2017).

The structure of regional H. antarctica stocks (predominantly
within New Zealand and Australia) has been examined using
both morphological and genetic methods. All work has found

evidence for population panmixia and lack of stock structure
(Horn and Massey, 1989; Bolch et al., 1993; Horn, 2003; Hindell
et al., 2005; Robinson et al., 2008; Williams et al., 2017), likely
associated with geographically distant populations showing high
levels of population mixing due to high individual dispersal at
the settlement stage. Despite this, within the Tristan da Cunha
Exclusive Economic Zone (TdC EEZ), where a sporadic fishery
for H. antarctica at four seamounts has occurred since 1997,
there is no understanding of the genetic diversity inherent
within fished populations. In managing this fishery, there is
still little ability to quantify the likely impacts of activities on
the resilience and long-term sustainability of populations (Bell
et al., 2021). Quantifying the level of population connectivity
between these geographically separated single-species fisheries
stocks will therefore be vital in understanding the potential
for ecologically divergent populations, and designing effective
management plans to preserve such populations. In determining
the genetic connectivity of H. antarctica stocks within Tristan
da Cunha, in line with the likely high level of panmixia
apparent in other geographically separated H. antarctica stocks
(Horn, 2003; Robinson et al., 2008), we hypothesize that
populations will show high levels of connectivity, and likely little
population structure. We also examine the genetic connectivity
of H. antarctica populations across the Southern Ocean, and
hypothesize high levels of connectivity, and low levels of genetic
diversity between populations.

MATERIALS AND METHODS

Single dorsal muscle samples from 140 H. antarctica individuals
across four seamounts [Crawford (CN) (n = 35), Yakhont (YK)
(n = 33), R.S.A (RS) (n = 36), and McNish (MN) (n = 36)]
were collected by Cefas and the Tristan da Cunha Fisheries
Department within the TdC EEZ (Figure 1). Samples were frozen
and transported to University of Nottingham laboratories.

Mitochondrial DNA Amplification and
Population Assessment Within Tristan da
Cunha
To determine the connectivity of the four sampled H. antarctica
within TdC EEZ, DNA was extracted from each sample
using QIAGEN DNeasy Blood and Tissue Kits (ID: 69504)
following the standard protocol. To amplify mitochondrial
DNA, polymerase chain reactions (PCRs) were conducted using
Bioline MyTaqTM polymerase (BIO-21105) reaction mixtures in
combination with primers FishF1/FishR1 (Ward et al., 2005)
and CR-e/CR-a (Lee et al., 1995) to amplify cytochrome c
oxidase subunit I [COI; 616 base pairs (bp)] and control
region (CR; 361 bp), respectively. PCR conditions were an
initial denaturation stage of 95◦C (120 s) followed by 35 cycles
of 94◦C (30 s), 56◦C (30 s), and 72◦C (60 s), with a final
elongation of 72◦C (600 s). To identify potential contamination,
a negative control containing only reaction mixture components
was included alongside the samples in each amplification. PCR
products were visualized on a 1.5% agarose gel and amplified
samples were sent to Macrogen Europe for purification and
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FIGURE 1 | Map of sampled seamounts within the Tristan da Cunha EEZ. The green dashed line represents the approximate mean position of the southern
subtropical front (SSTF) following Orsi et al. (1995); the latitude of the SSTF migrates seasonally by ∼2.5◦ in the Tristan da Cunha region. The black arrows
demonstrate the direction of flow. The EEZ shapefile was obtained from Flanders Marine Institute (2019). The satellite map file was obtained from Google (n.d.).

Sanger sequencing using an Applied Biosystems 3730XL analyser.
Sequences were aligned using Seaview version 4.7 (Gouy et al.,
2010) and the CO1 and CR sequences were concatenated for
129 individuals. A maximum likelihood (ML) phylogenetic tree
was constructed in PhyML version 3.1 (Guindon et al., 2010)
using the concatenated COI and CR sequences and employing
a general time reversible model of evolution incorporating
gamma correction with 1,000 bootstrap replicates (Guindon
et al., 2010). In addition, a median joining haplotype network
was generated for the concatenated alignment using PopART
(Leigh and Bryant, 2015).

Genetic diversity within the four sampled populations was
estimated by computing haplotype diversity (h) and nucleotide
diversity (π) in DnaSP6 (Rozas et al., 2017). Pairwise distances
between individuals and the subsequent mean pairwise distances
(p) within, and between populations were calculated using
PAUP∗ (Swofford, 2003). The genetic difference between clusters
was measured by the fixation index (Fst) using DnaSP (Rozas
et al., 2017), with pairwise FST calculated in Arlequin version 3.5
(Excoffier and Lischer, 2010), p-values were corrected in R using
the “p.adjust” function from the “stats” package; the Bonferroni
method was selected (R Core Team, 2021). The nearest-neighbor
statistic (Snn) was calculated between populations using DnaSP
(Rozas et al., 2017). P-values were obtained by the permutation
test with 10,000 replicates (p < 0.05 used).

Tajima’s D and Fu’s F analyses were conducted in Arlequin
version 3.5 (Excoffier and Lischer, 2010) to assess historical
demographic changes within the seamount and greater Tristan
da Cunha populations. Following both a population expansion

and spatial expansion model (Rogers and Harpending, 1992;
Excoffier, 2004) Arlequin version 3.5 (Excoffier and Lischer,
2010) was used to conduct a mismatch distribution analysis
to allow for demographic inference. Deviation from these
models was tested using the sum of squared deviations and the
Raggedness Index.

Microsatellite Development and Analysis
DNA extracted from five individuals was pooled to create a
genomic library using the Roche KAPA HyperPrep kit (KK8500).
The library was used for whole genome sequencing using paired-
end reads of 150 base pairs (Illumina Hiseq 2500). Following
sequencing, reads containing adapters, reads containing >5%
bases that could not be determined, and reads with low quality
(Qscore ≥ 10; over 20% of the total number of bases) were
removed. Candidate microsatellite marker regions were then
identified that had repeat units of 2–6 base pairs with ≥5
repeats (SSRHunter 1.3) (Li and Wan, 2005). Twelve primer
pairs were successfully developed for the identified microsatellite
marker regions (Supplementary Table 1). PCR using the Takara
Bio Premix TaqTM Hot Start Version (R028A) was utilized.
To amplify the microsatellite regions of 100 randomly selected
H. antarctica samples, PCRs were conducted under optimized
thermocycling conditions [1 cycle of 95◦C for 900 s, 30 cycles
of (94◦C for 30 s, 56◦C for 30 s, 72◦C for 30 s) followed by 10
cycles of (94◦C for 30 s, 53◦C for 30 s, 72◦C for 30 s)] ending
with a final, single cycle of 60◦C for 1,800 s. Amplified products
were assessed using agarose gel electrophoresis, with targeted
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bands then selected and detected using a 3730XL DNA analyzer.
Traces were analyzed to identify the size of the alleles present
at each marker on each chromosome from each individual. The
size of the allele (in base pairs) was recorded and utilized for
further analysis.

To investigate genetic diversity within each of the four
sampled populations, the number of alleles (A) and allelic
richness (Ar) at each microsatellite locus were calculated using
the PopGenReport package (Adamack and Gruber, 2014; Gruber
and Adamack, 2015; RStudio Team, 2015). As a measure of
genetic variability within populations, we examined whether
there was a significant deviation from the Hardy-Weinberg
Equilibrium (HWE) in both observed (Ho) and expected (He)
heterozygosity (PopGenReport package: Adamack and Gruber,
2014; Gruber and Adamack, 2015; RStudio Team, 2015), while
the potential deficiency in heterozygotes [inbreeding coefficient
(FIS)], and gene diversity [Nei’s genetic diversity (hs)] were
analyzed within Fstat (Goudet, 2003).

To identify signatures of gene flow mechanisms (i.e.,
inbreeding) within the greater Tristan da Cunha population,
Weir and Cockerham’s (1984) F-statistics (FIT, FST, and FIS)
were calculated using the PopGen package in R, grouping all
individuals as one population (Adamack and Gruber, 2014;
Gruber and Adamack, 2015; RStudio Team, 2015). In addition,
to examine differentiation in genetic structure between seamount
populations, pairwise Wright’s F-statistics (FSTs) were calculated
between each population using Arlequin. Within this analysis,
10,000 permutations and a significance level of p < 0.05
were utilized (Excoffier and Lischer, 2010). An Analysis of
Molecular Variance (AMOVA) was conducted (Arlequin v3.5)
to further confirm whether genetic differentiation was more
likely associated with variation within or between seamount
populations (Excoffier and Lischer, 2010). The statistical power
of the microsatellite data set was assessed using POWSIM version
4.1 (Ryman and Palm, 2016). Power for a range of FST values was
investigated by varying drift (t) from 2 to 51 whilst maintaining
the value for population size (Ne) at 1,000. POWSIM settings
were set to 1,000 dememorizations, 100 batches and 1,000
iterations per batch. As in Knutsen et al. (2015) the proportion
of significant outcomes (p < 0.05) for the range of FSTs calculated
were interpreted as the power of the tests for detecting the defined
level of genetic divergence. In order to allow visualization of
the inferred genetic relationships between individuals sampled,
pairwise Nei’s standard genetic distances were calculated (using
allele data in Genepop format), with a Neighbor Joining tree
then constructed (with 1,000 bootstrap replicates) in Populations
version 1.2.31 (Langella, 2002). Discriminant analysis of principal
components (DAPC) was conducted in R using the adegenet
package version 1.3-1 (Jombart and Ahmed, 2011) to further
clarify the greater population structure and identify if individuals
from the same seamounts clustered together.

Population Assessment of H. antarctica
Across the Southern Ocean
To examine the wider connectivity of H. antarctica populations,
130 CR sequences from the present study were assessed

against CR sequences from 400 H. antarctica individuals
previously collected within New Zealand and Australian waters
(encompassing the “Southern and Eastern Scalefish and Shark
Fishery (SESSF),” see detail in Robinson et al., 2008). All 530
sequences were aligned in SeaView and cropped to allow analysis
of overlapping regions (204 bp).

To allow for investigation of relationships between individuals
of different populations, a ML tree with 1,000 bootstrap replicates
was generated in PhyML version 3.1 (Guindon et al., 2010)
using all CR sequences and employing a general time reversible
model of evolution incorporating gamma correction. To allow
generation of a median joining haplotype network, the original
alignment was imported into DnaSP6 and used to generate a
haplotype data file (Nexus format) (Rozas et al., 2017). This file
was edited to add trait data (seamounts and GPS coordinates),
and a Median Joining Network generated (Epsilon = 0) using
PopART (Leigh and Bryant, 2015). To assess the genetic structure
between populations, a haplotype data file was exported in
Arlequin format and pairwise FST values calculated in Arlequin
version 3.5 (Excoffier and Lischer, 2010).

RESULTS

Population Structure Within the TdC EEZ
The concatenated mitochondrial sequences demonstrated there
was no clear phylogeographic structure between the four
fished populations of H. antarctica within the TdC EEZ. The
unrooted ML tree highlighted the lack of phylogeographic
structure, with the clustering of individuals from different
seamount populations (Figure 2). Consistently low pairwise
inter-individual distances (d), ranging between 0.000 and 0.012
were calculated, with a mean pairwise distance between all
individuals of d = 0.00616 (±0.00310). Mean pairwise values
between- and within- the assumed Tristan da Cunha seamount
populations were consistently low, and similar, ranging from
0.00584 to 0.00649 and 0.00546 to 0.00652, respectively. The low
genetic distances were emphasized by the short branch lengths
on the unrooted ML tree, with low genetic distance between
individuals both within and between the four populations and
with extremely short branch lengths (all ≤ 0.0061).

Haplotypes predominantly differed by between one and two
nucleotide changes, further demonstrating the low level of genetic
variation within and between the populations of H. antarctica. In
total 38 haplotypes were identified, though there was a substantial
proportion of shared haplotypes between seamounts; over 50% of
haplotypes were shared between at least 2 seamounts, and 6 out
of 38 were identified to be present at every seamount. However,
there were a number of unique haplotypes (n = 19), where a
single haplotype was found in a single individual within a specific
seamount (Figure 3). The seamount with the highest number
of unique haplotypes was CN, with 7 out of the 38 haplotypes
identified appearing only on that seamount, in 1 individual, while
MN held the lowest number of unique haplotypes (two).

Although multiple haplotypes of the concatenated,
mitochondrial H. antarctica sequence studied were identified,
the differences between the haplotypes were minimal (i.e.,
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FIGURE 2 | Unrooted Maximum Likelihood phylogenetic tree built from concatenated sequences of the mitochondrial COI and CR demonstrating the minimal
genetic distances and clustering of individuals from different seamount populations within the Tristan da Cunha EEZ. The scale bar represents a genetic distance of
0.002. Branches in red are supported by >70% of bootstrap replicates. CF, Crawford; YK, Yakhont; RS, R.S.A.; MN, McNish.

restricted to a few nucleotide sites). This suggests high sequence
conservation and close relationships between different seamount
populations. In parallel, the degree of haplotype diversity was
high across all seamounts (h values ranging between 0.92 and
0.98). The greatest number of haplotypes (n = 23) and the highest

levels of haplotype diversity (h = 0.98) were found at CN. By
contrast, there was a low level of nucleotide diversity across
all sequences (π = 0.00616), indicating that on average only
0.616% of nucleotides differ between nucleotide sites within all
the samples. Intra-population nucleotide diversity levels ranged
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FIGURE 3 | A median joining haplotype network generated using concatenated sequences from COI and CR from individuals of Hyperoglyphe antarctica collected
from four seamounts within the Tristan da Cunha EEZ. Each small, perpendicular line on the branches between haplotypes in the network demonstrates one change
in the nucleotide sequence. Small black nodes indicate hypothesized haplotypes, multi-color pie charts indicate shared haplotypes, while solid, colored circles
indicate unique haplotypes.

from π = 0.00546 (YK) to 0.00652 (R.S.A), while inter-population
nucleotide diversity levels ranged between π = 0.00582 (between
YK and MN) and π = 0.00648 (between CN and R.S.A).

Low FST values (Table 1) and the lack of significant
differentiation (following the Bonferroni correction) between
any population pairs further supported the concept of panmixia
between populations.

AMOVA showed no significant differentiation between
populations, with almost 100% of genetic variation deriving from

intra-population differences (99.49%). In addition, the Snn value
for differentiation between individuals was 0.19678 (p > 0.05),
indicating no significant differentiation between populations.
Furthermore, inter-population values ranged between 0.41702
and 0.52396, with no significant differentiation (p > 0.05).

No significant values were obtained for Tajima’s D (Table 2).
Two significant, negative values for Fu’s F were obtained
for the seamount populations at YK and CN. The mean
Tajima’s D and Fu’s F results for the greater Tristan da Cunha
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TABLE 1 | FST results (lower left quadrant) and Bonferroni corrected p-values
(upper right quadrant) for pairwise population comparisons (10,000 permutations)
of concatenated sequences of the mitochondrial cytochrome c oxidase subunit I
and control region.

Crawford R.S.A Yakhont McNish

Crawford – 0.92664 1.00000 1.00000

R.S.A 0.00425 – 0.13395 1.00000

Yakhont 0.00262 0.04088 – 0.69885

McNish −0.00817 −0.01689 0.00986 –

Following correction with the Bonferroni method no results were significant (all
p > 0.05; corrected p-values are presented in the upper right quadrant).

population were both non-significant. The mismatch analysis’
model of demographic expansion was rejected for the seamount
populations at MN and R.S.A (p < 0.05) (Table 2). The seamount
population at R.S.A also demonstrated a significant value for
Raggedness. No significant deviations from the spatial expansion
model [for sum of square deviations (SSD), or Raggedness] were
obtained for any of the seamount populations, or the greater
Tristan da Cunha population (Table 2). Recent population
expansion (within the last 0.05 million years) was evident in all
four seamount populations as per the Extended Bayesian Skyline
Analysis (Figure 4).

Microsatellite Assessment of Population
Genetic Diversity Within the TdC EEZ
In total, 12 polymorphic microsatellite markers were identified
to assess genetic diversity and connectivity between populations
within the TdC EEZ (Supplementary Table 1). The number
of alleles identified at each microsatellite locus ranged from 3
to 14 showing Mendelian inheritance as required to identify
familiar relationships. In total, the number of alleles found at each
seamount ranged from 61 at R.S.A to 76 at MN.

The microsatellite results are indicative of a single genetic
population within the TdC EEZ, with an overall lack of significant
deviation from the expectations of the HWE test. This suggests no
detection of null, or non-amplifying alleles within loci (Beacham
et al., 2008). The mean locus-specific observed heterozygosity
(Ho) for all loci was Ho = 0.46 and varied substantially between
loci (Table 3). In addition, mean values for Nei’s genetic diversity
(hs) ranged from medium to high across all loci, suggesting lack
of selective pressures within populations, and instead substantial
genetic exchange.

Allelic richness and genetic diversity did not vary greatly
between populations, demonstrating genetic continuity between
populations (Table 4). In addition, the lack of deviation from the
HWE identified within seamount populations was reflective of
random mating within these populations, with FIS ranging from
−0.17 to 0.65.

Evidence for panmixia (genetic exchange across populations)
rather than elevated inbreeding within seamount populations was
shown by the low global heterozygosity deficit value (FIT) for the
greater population of H. antarctica (0.1754) and the inbreeding
coefficient of individuals (FIS = 0.1779). Finally, the fixation
indices of subpopulations in relation to the total population (FST)
were low for every locus (Supplementary Table 2) with a mean
value of FST = 0.0029 for the greater population. This near zero
Weir and Cockerham’s FST value demonstrated that none of the
variation within the greater population has resulted from inter
sub-population (seamount population) differences, indicating
populations at different seamounts are not genetically distinct.

An overarching signature of genetic connectivity, or lack of
differentiation, between seamounts was clear within the FST
values, AMOVA results and Neighbor Joining Tree. Following
correction with the Bonferroni method only one pairwise
population FST value significantly differed from zero (p < 0.05);
this was for the comparison of populations at the R.S.A and

TABLE 2 | Results of Tajima’s D, Fu’s F, and mismatch distribution analyses to investigate historical demographic changes within the seamount and greater (mean)
populations around Tristan da Cunha.

McNish Yakhont R.S.A Crawford Mean S.D

Tajima’s D

Tajima’s D −0.24346 −0.52157 −0.14806 −0.23257 −0.28641 0.16246

Tajima’s D p-value 0.43100 0.32000 0.50500 0.46100 0.42925 0.07892

Fu’s F

Fu’s F −3.61070 −4.75720 −3.21393 −11.30017 −5.72050 3.77690

Fu’s F p-value 0.07700 0.03100 0.13100 0.00000 0.05975 0.05707

Mismatch distribution: demographic expansion

SSD 0.02952 0.01105 0.03872 0.01185 0.02279 0.01362

Model (SSD) p-value 0.02000 0.34700 0.00400 0.15700 0.13200 0.15893

Raggedness index 0.04149 0.02720 0.07087 0.01563 0.03880 0.02386

Raggedness p-value 0.06100 0.36400 0.01100 0.56500 0.25025 0.26145

Mismatch distribution: spatial expansion

SSD 0.03027 0.01395 0.03823 0.01667 0.02478 0.01146

Model (SSD) p-value 0.07800 0.46300 0.06400 0.05000 0.16375 0.19983

Raggedness index 0.04149 0.02720 0.07087 0.01563 0.03880 0.02386

Raggedness p-value 0.37800 0.77400 0.18800 0.63400 0.49350 0.26146

Bold values indicate p < 0.05. SSD is the sum of square deviations.
Analyses were conducted using concatenated sequences of the mitochondrial cytochrome c oxidase subunit I and control region.

Frontiers in Marine Science | www.frontiersin.org 7 September 2021 | Volume 8 | Article 640504

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-640504 September 3, 2021 Time: 12:8 # 8

Heyworth et al. Genetic Connectivity of Bluenose Warehou

FIGURE 4 | Extended Bayesian Skyline plots for the (A) Crawford, (B) Yakhont, (C) R.S.A, and (D) McNish seamounts. Time is in units of “million years.” Plots were
generated based on concatenated sequences of the mitochondrial cytochrome c oxidase subunit I and control region.

TABLE 3 | Locus specific statistics for microsatellite data.

Locus No. of alleles Expected heterozygosity (He) Observed heterozygosity (Ho) HWE p-value* Nei’s diversity (hs)

9-N1658 7 0.65 0.55 0.000 0.65

12-N1859 8 0.65 0.45 0.000 0.66

13-N2161 6 0.48 0.26 0.000 0.48

15-N2263 14 0.71 0.39 0.000 0.72

18-N2542 9 0.56 0.51 0.239 0.56

27-N4870 6 0.47 0.43 0.015 0.47

38-N7114 7 0.26 0.21 0.002 0.27

43-N7938 8 0.69 0.57 0.000 0.69

45-N8560 6 0.41 0.38 0.105 0.41

48-N11437 11 0.76 0.79 0.285 0.76

49-N1550 3 0.48 0.48 0.200 0.49

50-N11694 8 0.58 0.53 0.000 0.59

Mean 7 0.56 0.46 n/a 0.56

*p-value for the test of HWE for each locus, tested using Chi-square test with Yates continuity correction. Bonferroni adjustment is used, as such, a significant
result ≤0.00417.

YK seamounts. Despite the significant result, the low FST
value obtained indicated minimal differentiation between the
populations. The near zero values of FST for the remaining
seamount pairs [ranging from FST = 0.00254 to FST = 0.00808

(Table 5)], indicated almost complete panmixia and emphasized
the high likelihood of genetic connectivity between populations.
The statistical power for detecting structure was found to drop
rapidly as FST dropped below 0.0075 (Figure 5). The power
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TABLE 4 | Summary statistics for each seamount population based on microsatellite data.

Seamount No. alleles Allelic richness Observed heterozygosity
(Ho)

Expected heterozygosity
(He)

Nei’s diversity
(hs)

Inbreeding
coefficient (FIS)

Crawford 2.75 2.36 0.38 0.73 0.73 −0.03

McNish 2.17 1.94 0.27 0.69 0.56 0.04

R.S.A 3.17 2.21 0.23 0.63 0.61 0.14

Yakhont 2.42 2.14 0.29 0.71 0.71 0.18

calculation estimated that for an FST of 0.0075 there would be an
89% chance that structure would be detected.

The standard AMOVA conducted confirmed that the
main source of variation within the greater Tristan da
Cunha population (almost 99%) was due to differences
within seamount populations, rather than differences between
seamount populations (approximately 80 and 20%, respectively).
Visualization of the pairwise Nei’s genetic distances between
individuals in the format of a Neighbor Joining tree demonstrated
support for the lack of genetic structuring of individuals

TABLE 5 | FST values for pairwise population comparisons (lower left quadrant)
calculated from microsatellite data.

Crawford Yakhont R.S.A McNish

Crawford – 1.00000 0.96792 0.18249

Yakhont 0.00463 – 1.00000 0.80331

R.S.A 0.00594 0.00254 – 0.007920

McNish 0.01379 0.00808 0.02475 –

Bonferroni corrected p-values are presented in the upper right quadrant. Significant
results are indicated in bold (p < 0.05).

FIGURE 5 | The statistical power estimated at various level of genetic
differentiation for microsatellite analysis.

according to seamount (Figure 6). Both the DAPC analyses
conducted reflected the lack of genetic segregation by seamount
(Figure 7). Four key genetic clusters were presented when
geographic grouping was not taken into account (Figure 7A),
each consisting of individuals from all four different seamounts
(Figure 7B). Inclusion of a geographic a priori (Figure 7C)
within the DAPC analysis resulted in four overlapping seamount
clusters, supporting the hypothesis of panmixia. The clusters for
seamount populations CN, R.S.A, and YK appeared to show the
greatest overlap, likely reflecting the spatial expansion observed
within the mismatch distribution analysis.

Population Connectivity of H. antarctica
Populations Across the Southern
Hemisphere
There was high similarity in genetic diversity throughout
populations at Tristan da Cunha, New Zealand, and within
eastern and southern Australia, with no clear differentiation
in haplotype diversity or haplotype dominance between
populations. Such similarity resulted in clustering of individuals
from different regions on the same branches (Figure 8).

There was a continual reoccurrence of haplotypes across the
populations sampled (Figure 9), highlighting the connectivity of
H. antarctica populations across the southern hemisphere despite
the distance between areas sampled (up to 11,000 km). The FST
values calculated, although demonstrating a significant difference
between a few isolated populations, were all very low (<0.15),
suggesting only low to moderate levels of genetic differentiation
(Figure 10 and Supplementary Table 3).

DISCUSSION

Understanding the connectivity between contemporarily fished
deep-water finfish populations is vital in understanding the
likelihood of species overexploitation and the likely long term
sustainability of populations, and if species are rare, the likelihood
of local extinction. Here, we focused on understanding the
population genetic connectivity of four seamount populations of
H. antarctica sampled within the TdC EEZ. Therefore, to provide
a baseline of understanding of how populations within the TdC
EEZ are connected, we determined historical (mtDNA) and
contemporary (microsatellite) population diversity throughout
the populations. We found low genetic diversity, as well as
an overall lack of phylogeographic (i.e., between seamount)
population structure. Although variation in haplotype diversity
and allelic richness between populations was high, the actual
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FIGURE 6 | Circular neighbor-joining tree demonstrating the inferred genetic relationships between the 99 individuals sequenced for microsatellite analysis. Distance
bar represents a Nei’s standard genetic distance of 0.08. The two letter code at the end of the tip labels reflects the seamount from which the samples were
collected. CF, Crawford; YK, Yakhont; RS, R.S.A; MN, McNish. Please note that no branches had bootstrap support greater than 70%, no bootstrap values have
been provided on the figure.

amount of difference between individuals (in terms of molecular
DNA sequence) was low. All four seamount stocks showed high
levels of genetic similarity, and should be classified as a single
interbreeding population.

The high levels of panmixia (and inferred genetic
connectivity) indicated by both the mitochondrial and
microsatellite analyses conducted suggest that the four seamount

populations form one greater genetic population; this is clear
in the clustering presented in the DAPC analysis, wherein
genetic clusters are formed of individuals from all seamounts
without a geographic a priori, and the overlap of clusters when
seamount is taken into account. Such results are in line with
those reported for H. antarctica populations within Australia
and New Zealand (Bolch et al., 1993; Hindell et al., 2005;
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FIGURE 7 | (A) Results of the Discriminant analysis of principal components (DAPC) demonstrating four key clusters within the greater Tristan da Cunha
H. antarctica population. (B) The breakdown of the individuals from each sub-population within each cluster demonstrating no clear genetic structure associated
with seamount. (C) DAPC conducted with a geographic a priori of seamount site. CF, Crawford; YK, Yakhont; RS, R.S.A; MN, McNish. DAPCs were conducted
using microsatellite data.

Robinson et al., 2008). Importantly, genetic diversity was higher
within than between populations, supporting panmixia and the
identified lack of geographic population structure across the
TdC EEZ populations. In addition, for both the greater TdC
EEZ population, and individual seamount populations, the
observed and expected heterozygosity values did not significantly
differ from HWE proportions. As such, we can assume that
genetic drift, and similar compounding factors that may increase
inter-population diversity (e.g., inbreeding within seamount
populations) are not occurring substantially. Such potential
random mating of individuals across the four seamounts may
then be partly associated with high juvenile movement between
seamounts (as this species has around a 2-year pelagic phase), or
post-settlement movement of sub-adult or adult individuals with
feeding excursions or when aggregating for spawning.

Investigation of the demographic history of the seamount
populations further support the hypothesis of panmixia, with a
lack of evidence for selective pressures at any of the seamounts,
or within the greater TdC population. The lack of significant
Tajima’s D values indicates the populations are evolving as per the
expected mutation-drift equilibrium. However, the significant,
negative Fu’s F values obtained for YK and CN demonstrate
an excess number of alleles at these sites, indicative of recent
population expansion or genetic hitchhiking. These results
perhaps represent the historical movement of individuals from
different seamount populations into these regions, resulting in
the observed panmixia. Interestingly, the lack of deviation from
the model of spatial expansion obtained during the mismatch
distribution analysis provides further evidence of panmixia, with
high levels of similarity between all population’s indicative of
connectivity through movement. Population expansion at all four
seamounts is supported by the Extended Bayesian Skyline plots.
The four, non-population specific clusters identified in the non-
geographic DAPC may represent a historical genetic structure,
formed of distinct sub-populations, prior to spatial expansion
and integration of the seamount populations.

Here we provide genetic evidence that seamounts may act as
stepping stones for dispersal of H. antarctica across ocean divides.

H. antarctica populations show panmixia across the Southern
Hemisphere, with evidence suggesting that there is a single
panmictic population, at least between Australia/New Zealand
and Tristan da Cunha (encompassing a distance of ∼13,000 km).
The TdC EEZ lies within the Subtropical Frontal Zone (STFZ;
Graham and De Boer, 2013). This region is characterized by
enhanced sea surface temperature (SST) gradients and broadly
east to north-eastward flows, but with a high degree of spatial
and temporal variability in currents. To the south of the EEZ
lies a stronger, more persistent eastward current aligned with
the southern limit of the STFZ, frequently referred to as the
southern subtropical front (SSTF: Graham et al., 2012). Together,
the relatively weak and variable flows of the STFZ and northward
meanders of the SSTF provide a mechanism for eastward
transport of marine biota from the TdC EEZ. Such currents
promote the movement of recruits and juveniles of H. antarctica
across the Southern Hemisphere, in part due to their pelagic
behavior. H. antarctica juveniles are known to associate with
surface waters, and are often associated with flotsam, which
likely provide shelter and food (Bigelow and Schroeder, 1953;
Leim and Scott, 1966; Haedrich, 1967; Horn, 1970; Horn and
Massey, 1989; Last et al., 1993; Duffy et al., 2000). Although still
little understood, the use of drift algae for shelter by juvenile
H. antarctica may potentially structure individual movement, and
therefore contemporary population connectivity. In support of
this, as this species does not recruit to demersal habitats until
it is at least 2 years old, if the association between flotsam and
juveniles is long-lived, oceanographic features responsible for
the movement of drift algae may have a substantial influence
on juvenile distribution (Duffy et al., 2000). For example, at
the ocean basin scale, Hindell et al. (2005) argued for the
possibility of juvenile H. antarctica associating with pelagic
drifting algae that have moved between the east coast of
Australia and the west coast of New Zealand, resulting in high
connectivity between stocks.

This study provides critical input to the future management
of H. antarctica at seamounts within the southern Atlantic. Our
work has shown that a better understanding of the geographic
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FIGURE 8 | Unrooted Maximum Likelihood phylogenetic tree built from sequences of mitochondrial CR demonstrating high genetic clustering between individuals
from Tristan da Cunha EEZ and wider Southern Ocean populations. The scale bar represents a genetic distance of 0.009. Please note, the East Coast Deep Water
site was situated in Australia.

and temporal scales of new settler input is needed to guide
sustainable management of populations spread across a series of
seamounts. Whilst the source of new recruits may be adjacent
seamounts, they may also come from geographically distanced

habitats, especially those in which large biomass of H. antarctica
are apparent (i.e., New Zealand and Southern Australia). In this
context, fisheries management measures will need to consider the
different scales across which dispersal processes are operating,
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FIGURE 9 | (a) Haplotype network for all CR samples between Tristan da Cunha and the Southern Ocean, (b) map of the full distribution of haplotypes across the
southern Ocean, (c) haplotype distribution between Australia and New Zealand, (d) haplotype distribution within Tristan da Cunha.

FIGURE 10 | FST results for pairwise comparisons of sequences from the mitochondrial CR. Significant results (following Bonferroni correction are shown highlighted
with an asterisk. (A) FST (out of max of 1, demonstrates low level of differentiation); (B) FST at range of result.

in order to achieve adequate protection or ensure the provision
of networks of connectivity for this species. However, the lack
of significant genetic differentiation detected between seamount
populations does not necessarily imply that gene flow between
populations is high. A small degree of gene flow would be
sufficient to prevent genetic differentiation. However, if there is
relatively little gene flow between populations then there will
be low numbers of effective migrants between the populations,

which would be expected to have substantial consequences for
population recruitment and recovery following fishing activities
(Williams et al., 2017).

Determining fishery stock boundaries is notoriously
challenging, and few places more so than in remote deep-water
areas. Although we show high levels of genetic connectivity of
H. antarctica populations within the TdC EEZ, for management
purposes each individual seamount is still recognized as a
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discrete stock in its own right. Recent work, focusing on
Australian H. antarctica stocks, has shown that despite genetic
connectivity, fished stocks may show strong similarities in
a range of demographic parameters, likely indicating limited
movement of adult fish following recruitment (Williams et al.,
2017). Within the TdC, our argument for the precautionary
approach to management recognizes that the distance between
suitable habitats (between 80 and 200 km) with the TdC EEZ
may pose little barrier to pre-settlement individuals, though a
potentially considerable barrier to movement of post-settlement
(adult) individuals. The life history of juvenile H. antarctica,
though otherwise poorly known, means that they are able to
spread over wide areas but, once they recruit to the adult
habitat (bottom 50 m initially in areas <500 m deep), their
movements become much more restricted (Williams et al., 2017).
Additionally, within the TdC EEZ there are significant differences
in H. antarctica life history parameters, and trajectories of catch-
per-unit-effort between seamount populations, which is likely a
product of differences in productivity between seamounts, and
the different histories of fishing activity at each seamount (Bell
et al., 2021). If populations are restricted to individual seamounts,
localized serial depletion could occur if catches are not spread
appropriately across the complete distribution of the fishery.
In the TdC EEZ, use of a single management unit may result
in higher catch limits but could substantially increase the risk
of serial depletion at individual seamounts. Whilst either stock
hypothesis remains scientifically plausible, the lack of consistency
between different data sources in this case supports the need
for a precautionary approach to management. This underlines
the challenge of defining stock boundaries, and their relation to
that of their respective populations, particularly for deep-water
species where life history information is generally scarce.
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