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Abstract Antarctic Toothfish are a circumpolar spe-
cies which are targeted in multiple fisheries around 
Antarctica covering nine statistical areas within the 
Convention for the Conservation of Antarctic Marine 
Living Resources. Despite this, it is still unclear 
whether the species forms a single stock across its cir-
cumpolar distribution, shows a pattern of isolation by 
distance, or exhibits discrete stock structure between 
different regions. Recent genetics studies of Antarctic 
toothfish have shown connectivity between two areas 
(Ross Sea and Antarctic Peninsula), but earlier stud-
ies with smaller number of markers produced incon-
sistent results with regards to genetic connectivity 

between other geographic locations. Here we present 
a range-wide population genetic study of Antarctic 
toothfish using > 11,000 nuclear single nucleotide 
polymorphisms from 715 fish collected. Our results 
indicate that genetic diversity of the Antarctic tooth-
fish is very low, with only 0.1% of genetic variability 
associated with geographic location. Multiple cluster-
ing methods, both supervised and unsupervised, indi-
cated no distinct breeding populations. These results 
are consistent with current theories of egg and larval 
dispersal by the predominant Antarctic currents.

Keywords Fisheries · Antarctica · Close-kin · 
Population genetics · SNPs

Introduction

Understanding population structure of harvested 
species is an important element of any sustainable 
resource management strategy, especially where fish 
stocks and/or the fisheries are spatially structured 
(Begg and Waldman 1999). Southern Ocean fisher-
ies for the highly valuable Antarctic toothfish (Dis-
sostichus mawsoni) have been developed in a number 
of regions within the area of the Convention for the 
Conservation of Antarctic Marine Living Resources 
(CCAMLR). While suitable habitat for Antarctic 
toothfish can be found continuously around Antarc-
tica and toothfish have a circumpolar distribution, 
their fisheries are managed by CCAMLR at the level 
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of Food and Agriculture Organization Subareas and 
Divisions (See Fig.  1). However, it is still unclear 
whether the species forms a single stock across its cir-
cumpolar distribution, shows a pattern of isolation by 
distance, or exhibits discrete stock structure between 
different regions.

Antarctic toothfish are long-lived (> 30  years 
old), late maturing (~ 12–16  years old) and highly 
adapted to cold Antarctic waters through the use of 
mechanisms such as antifreeze glycroproteins (Han-
chet et  al. 2015; Nicodemus-Johnson et  al. 2011). 
They utilise a broad range of habitats throughout 

their lifespan, from the epipelagic as planktonic 
larvae to benthopelagic slope habitats in excess of 
2000 m depth as adults (Hanchet et al. 2010). Stock 
hypotheses for Antarctic toothfish have been devel-
oped for several areas and often include elements of 
connectivity with adjacent areas due to either con-
tinuous habitat or ocean currents.

The first stock hypothesis was developed for 
the Ross Sea region (Hanchet et  al. 2008) and later 
extended by Parker et  al. (2014) to the entire Area 
88 (Fig. 1) including the Amundsen Sea (CCAMLR 
Subarea 88.2) and the Bellinghausen Sea (Subarea 

Fig. 1  Amalgamated stock hypotheses for Antarctic tooth-
fish (Dissostichus mawsoni) in the Southern Ocean from 
Agnew et  al. (2009; orange arrows), Yates et  al. (2017; blue 
arrows) and Okuda et al. (2018; purple arrows) for East Ant-
arctica  (Area 58), Parker et  al. (2014; green arrows) for Area 

88, and Söffker et  al. (2018 – Hypothesis 3; pink arrows) for 
Area 48. Grey lines indicate CCAMLR management bounda-
ries. Side panels show each layer of overlapping hypotheses in 
East Antarctica. Different shades indicate differing stocks in 
the same hypothesis
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88.3). Questions still remain around broader con-
nectivity of toothfish to the surrounding areas of the 
Southern Indian Ocean (CCAMLR Division 58.4.1) 
and to the north in the region managed by the South 
Pacific Regional Fisheries Management Organisation 
(SPRFMO).

For East Antarctica (Area 58) three different 
stock hypotheses have been developed which differ 
in the assumptions around the locations of spawning 
grounds and connectivity to other regions. Agnew 
et  al. (2009) proposed two stocks in the region, one 
to the west centred on Prydz Bay, the other one 
stretching to the east towards the Ross Sea (Fig.  1). 
Yates et al. (2019) analysed catch rates, mean weight, 
maturity stage and sex ratios of Antarctic toothfish 
in East Antarctica. The distribution of mean weight 
and maturity indicated the presence of both spawning 
and nursery grounds on the continental slope, a con-
clusion which supported the hypothesis of a spawn-
ing migration from the Antarctic continent to BAN-
ZARE Bank (CCAMLR Division 58.4.3b) by Taki 
et al. (2011). Okuda et al. (2018) hypothesised similar 
distributions of spawning and nursery grounds but 
expanded the proposed area to include Subareas 48.6 
and 48.2.

In 2018, the CCAMLR Workshop for the Develop-
ment of a D. mawsoni Population Hypothesis for Area 
48 brought together available information on Antarc-
tic toothfish, resulting in three potential population 
hypotheses. These hypotheses included between two 
and four subpopulations contributing to Antarctic 
toothfish in Area 48 (Söffker et  al. 2018). All three 
hypotheses assumed different levels of connectivity 
between adjacent CCAMLR areas, e.g. between Sub-
area 48.6 and Division 58.4.2, and between Subareas 
48.2 and 88.3 (Fig. 1).

Genetic studies can be used to evaluate the exist-
ence of gene flow between fish populations across 
regions and therefore provide insights into stock 
structure (Ward 2000). In early population genetic 
studies of Antarctic toothfish conflicting results were 
reported by investigators. These studies focussed on a 
limited number of genetic markers and the methods to 
collect genetic data have been inconsistent.

The first genetic study of Antarctic toothfish exam-
ined random amplified polymorphic DNA mark-
ers and found significant differentiation between 

McMurdo Sound (Subarea 88.1) and Antarctic 
Peninsula (Subarea 48.1) populations (Parker et  al. 
2002). Smith and Gaffney (2005) then investigated 
mitochondrial DNA (mtDNA) sequences and seven 
nuclear single-nucleotide polymorphism (SNP) mark-
ers and found no population differentiation among 
samples taken from CCAMLR Subareas 48.1 and 
88.1, and Division 58.4.2. Kuhn and Gaffney (2008) 
expanded on the work of Smith and Gaffney (2005) 
by examining four mitochondrial regions and 13 
nuclear markers in samples from the same three 
areas and one additional area in the Southern Ocean 
(Subarea 88.2). Unlike Smith and Gaffney (2005), 
the results showed genetically distinct populations 
between all four areas. Mugue et al. (2014) collected 
samples from seven CCAMLR management units and 
compared five of the most polymorphic nuclear genes 
previously analysed by Kuhn and Gaffney (2008). 
They found no genetic differences between locations, 
and highlighted discrepancies in allelic frequen-
cies for several marker loci compared to Kuhn and 
Gaffney (2008).

More recently, a study has expanded mtDNA 
analysis and added seven nuclear microsatellite mark-
ers (Choi et  al. 2021). Another study with genome-
wide SNP markers was presented in Ceballos et  al. 
(2021). In both instances the studies used two regions 
of interest, the first using neighbouring regions and 
the second regions on opposite sides of the Antarctic 
continent. Neither of these more recent studies which 
used a range of genetic techniques were able to find 
convincing evidence of genetic population differences 
between regions.

Here, we use nuclear SNP markers obtained 
through genotyping-by-sequencing to investigate the 
stock structure of Antarctic toothfish in the Southern 
Ocean around Antarctica. The genetic data gener-
ated based on comprehensive circumpolar sampling 
provides a more detailed view of the Antarctic tooth-
fish genetic population structure compared to previ-
ous work. Recently, increased interest has been given 
to estimating a fisheries biomass through the use of 
genetic methods such as close-kin mark recapture 
where traditional biomass estimations have been 
unreliable (Bravington et al. 2016a,b). Based on our 
results, we also discuss the possibility of using close-
kin mark recapture techniques to estimate the popula-
tion size of Antarctic toothfish.
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Methods

Sample collection

Tissue samples (either muscle or fin clip) from 4,551 
Antarctic toothfish were collected during commer-
cial fishing operations in small-scale research units 
(SSRU) from ten CCAMLR management areas and 
two areas adjacent to the CCAMLR boundary within 
SPRFMO waters (Fig. 2). Samples were all collected 
within an 18  month period and collected by either 
crew, researchers or scientific observers on board 
of fishing vessels aiming to maintain an even length 
across samples, stored in at least 70% ethanol and sent 
to the Australian Antarctic Division for processing.

Samples were collected from Subareas 48.1, 
48.2, 48.4, 48.6, 88.1, 88.2 and 88.3, Divisions 
58.4.1, 58.4.2 and 58.5.2, as well as the SPRFMO 
area north of Subarea 88.1 (Fig. 2, Table 1). While 
samples from Division 58.4.3b were not available, 

samples were collected from Division 58.5.2, where 
Antarctic toothfish are occasionally captured in 
the fishery dominated by Patagonian toothfish (D. 
eleginoides) and were considered a suitable proxy 
for Division 58.4.3b immediately to the south where 
Antarctic toothfish reside all year round.

Where large amounts of samples were available 
within Subareas or Divisions (Table  1), samples 
were randomly selected within SSRUs with the aim 
to provide the greatest spatial coverage possible and 
to maintain an equal distribution of samples.

DNA Extraction

DNA was extracted from muscle or fin clip sam-
ples using a Promega ‘Maxwell RSC 48’ automated 
nucleic acid purification platform with the Whole 
Blood kit. Briefly, 30–100 mg of tissue was incubated 
in 400  µl Tissue Lysis Buffer and 30  µl proteinase 
K for 3  h at 56 degrees. Following digestion, 15  µl 

Fig. 2  Locations of Antarc-
tic toothfish (Dissostichus 
mawsoni) tissue samples 
collected (red) across areas 
where Antarctic toothfish 
have been caught (grey 
hexagons, amalgamated 
data from Robinson and 
Reid (2016) and Duhamel 
et al. (2014))
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RNase (4  mg/ml) was added and incubated at room 
temperature for 5 min. Extracts were eluted in 70 μl 
of elution buffer and stored at − 20 °C.

DNA was quantified using a Qubit 2.0 fluorometer 
broad range assay kit (Invitrogen) and quality scored 
based on an assessment of recovered DNA fragment 
size using gel electrophoresis. Samples with > 20 ng/
µl and containing high molecular weight bands 
(> 5 Kb) were deemed to be sufficient for sequencing 
(Table 1). See Maschette et al. (2019a, Appendix 2) 
for detailed extraction protocol.

Sequencing

To characterise genetic markers from throughout 
the toothfish genome, sequencing was conducted 
by Diversity Arrays (https:// www. diver sitya rrays. 
com/) using the DArTseq™ methodology. DArT-
seq™ represents a combination of a complexity 
reduction methods (i.e. selection of a small subset of 
the genome) and next generation DNA sequencing 
(Courtois et  al. 2013; Cruz et  al. 2013; Kilian et  al. 
2012; Raman et al. 2014; Sansaloni et al. 2011). Sim-
ilar to DArT methods based on array hybridisations, 
the technology is optimized for each organism and 
application by selecting the most appropriate com-
plexity reduction method for both the size of the rep-
resentation and the fraction of a genome selected for 
assays. Based on testing several restriction enzyme 
combinations for complexity reduction, the PstI-SphI 

combination was selected for D. mawsoni. DNA sam-
ples were processed in digestion/ligation reactions 
following Kilian et  al. (2012) but with two different 
adaptors corresponding to the two different restric-
tion enzyme overhangs. The PstI-compatible adapter 
was designed to include an Illumina flowcell attach-
ment sequence, a sequencing primer sequence and 
a “staggered”, varying length barcode region, simi-
lar to the sequence reported by Elshire et al. (2011). 
The reverse adapter contained a flowcell attachment 
region and a SphI-compatible overhang sequence.

Only mixed fragments (PstI-SphI) were effectively 
amplified in 30 rounds of PCR using the following 
reaction conditions: (1) 94 °C for 1 min, (2) 30 cycles 
of: 94 °C for 20 s, 58 °C for 30 s, 72 °C for 45 s, and 
(3) 72 °C for 7 min. PCR duplication was controlled 
for using large DNA input amounts of high-quality 
DNA and tested for using replicates of samples.

After PCR, equimolar amounts of amplification 
products from each sample of the 96-well microtiter 
plate were bulked and applied to c-Bot (Illumina) 
bridge PCR, followed by sequencing on Illumina 
Hiseq2500. The single end sequencing was run for 77 
cycles.

Sequences generated from each lane were pro-
cessed using proprietary DArT analytical pipelines. 
In the primary pipeline the fastq files were first pro-
cessed to remove poor quality sequences, applying 
more stringent selection criteria to the barcode region 
compared to the rest of the sequence. This resulted 
in reliable assignments of the sequences to specific 
samples carried in the “barcode split” step. Approxi-
mately 2,500,000 sequences per barcode/sample were 
identified and used in marker calling. Finally, identi-
cal sequences were collapsed into fastqcoll files. The 
fastqcoll files were groomed using DArT pipelines 
proprietary algorithm, which corrects low quality 
base from singleton tag into a correct base using col-
lapsed tags with multiple members as a template.

The groomed fastqcoll files were used in the sec-
ondary pipeline for DArT PL’s proprietary SNP call-
ing algorithms (DArTsoft14). For SNP calling, tags 
from all libraries included in the DArTsoft14 analy-
sis were clustered using DArT PL’s C +  + algorithm 
at the threshold distance of 3. This was followed by 
parsing the clusters into separate SNP loci using a 
range of technical parameters, especially the bal-
ance of read counts for the allelic pairs. Additional 
selection criteria were added to the algorithm based 

Table 1  Numbers of available Antarctic toothfish (Dissosti-
chus mawsoni) tissue samples and amount that passed quality 
control and used in subsequent analysis

Area Available 
samples

Sequenced 
samples

Final analysis

48.1 50 50 50
48.2 134 46 42
48.4 239 45 44
48.6 70 41 41
58.4.1 2232 196 191
58.4.2 1033 45 45
58.5.2 117 42 42
88.1 339 104 103
88.2 292 126 126
88.3 30 30 29
SPRFMO 15 3 3
Total 4551 728 715

https://www.diversityarrays.com/
https://www.diversityarrays.com/
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on analysis of approximately 1,000 controlled cross 
populations. Testing for Mendelian distribution of 
alleles in these populations facilitated the selection 
of technical parameters discriminating true allelic 
variants from paralogous sequences.

In addition, multiple samples were processed 
from DNA to allelic calls as technical replicates 
and scoring consistency was used as the main selec-
tion criteria for high quality/low error rate markers. 
Calling quality was assured by high average read 
depth per locus, with an average of over 30 reads/
locus across all markers. The average number of 
sequences per sample in this analysis was 2.4 mil-
lion and the average number of unique sequences 
per sample was 248,000.

We developed an algorithm to make the geno-
type calling transparent and to remove genotype 
calls based on very small number of sequence reads. 
Calling of SNPs was conducted on raw count data 
provided by Diversity Arrays using the following 
calling rules (Fig. 3):

1. Total counts less than 6 and greater than 500 
were called as NA.

2. Markers where over 5/6 of counts were reference 
allele, were called homozygous (0)

3. Markers where over 5/6 of counts were alternate 
allele, were called homozygous (2)

4. All remaining markers were called heterozygous 
(1)

Filtering of loci and samples was conducted using 
the dartR package (Gruber and Georges 2018) in R 
v3.6.3 (R Core Team 2018). Repeatability of loci was 
calculated from technical replicates using the count of 
replicates where each pair of replicates agreed or dis-
agreed at a loci where both can be called for that loci. 
Monomorphic loci and those with < 80% repeatability 
were removed. Additionally, both loci and individual 
fish with > 15% NAs were removed. Finally, data were 

filtered so only a single biallelic SNP was included at 
each locus and minor allele count (MAC) was > 8 (see 
Linck and Battey 2019 for discussion). To test the 
effect of missing data on the analysis below, the anal-
ysis were also run using data sets with loci and indi-
vidual fish with filtering set to > 5%, > 20% and > 30% 
NAs as to cover the suggested range of acceptable 
values discussed in Schmidt et al. (2021).

Analysis

To explore regional genetic variability between loca-
tions, individual samples were allocated to prospec-
tive geographic sample populations by single linkage 
agglomerative clustering based on great circle dis-
tance. Two samples were allocated to the same sam-
ple population if separated by no more than 600 km 
(Fig.  4). One sample population with less than 10 
samples present was joined with the next closest 
group, resulting in a total of 12 geographic sample 
populations. A single isolated sample that was not 
naturally allocated to any cluster was removed from 
the analysis. Measures of genetic diversity, including 
observed and expected heterozygosity and inbreeding 
coefficient, were calculated for all SNPs that passed 
the quality filtering steps using the dartR package 
(Table  2). All figures were created using a combi-
nation of the R packages: DiagrammeR (Iannone 
2020), dplyr (Wickham et  al. 2021), ggplot2 (Wick-
ham 2016), grid (R Core Team 2018), hexbin (Carr 
et  al. 2021), sf (Pebesma 2018), SOmap (Maschette 
et  al. 2019a, b), and tidyr (Wickham 2021). Princi-
pal coordinate analysis (PCoA) was used to create a 
low dimensional representation of the genetic data 
implemented using the dartR package in R (Gruber 
and Georges 2018; R Core Team 2018). To test for 
differentiation amongst the geographic sample popu-
lations, an analysis of molecular variance (AMOVA; 
Excoffier et  al. 1992) based on Nei’s Distance (Nei 
1972) was performed with the R packages pegas 

Fig. 3  Single nucleotide 
polymorphisms (SNP) call-
ing rules used for Antarctic 
toothfish (Dissostichus 
mawsoni) counts obtained 
from Diversity Arrays
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(Paradis 2010) and StAMPP (Pembleton et al. 2013), 
using 10,000 permutations to assess significance. 
Wright’s fixation index (FST; Weir and Cockerham 
1984) was calculated with StAMPP as a measure of 
genetic distance between geographic sample popula-
tions. Pairwise comparisons of geographic sample 
populations testing for genetic distances (FST) greater 
than zero by bootstrap resampling with 10,000 repli-
cates and subsequently adjusting to control the false 
discovery rate (Benjamini and Hochberg 1995).

Isolation by distance was tested based on two 
measures of geographic distance. Genetic distances 
(FST) were compared to (1) distance along Rhumb 
lines (i.e. lines of constant bearing), and (2) pairwise 
differences in longitudinal angle ignoring latitude, 
using Mantel permutation tests (Mantel 1967) with 
10,000 replicates to assess significance. Great circle 
distances were not considered for the isolation by 
distance test as the calculated great circle lines con-
necting many sample locations cross the Antarctic 
continent and as such are not a realistic representation 

Fig. 4  Geographic sample 
populations of Antarctic 
toothfish (Dissostichus 
mawsoni) which were tested 
for genetic stock differ-
ences. Sample populations 
are numbered eastward 
from the prime meridian

Table 2  Summary of genetic diversity indices inferred from 
11,007 loci. Ho, observed heterozygosity; He, expected het-
erozygosity; FIS, inbreeding coefficient. Standard deviation in 
parentheses

Geographic 
population

Sample 
numbers

Ho He FIS

1 41 0.128 (0.143) 0.141 (0.154) 0.092
2 45 0.128 (0.143) 0.141 (0.153) 0.088
3 42 0.128 (0.143) 0.141 (0.153) 0.095
4 101 0.130 (0.140) 0.142 (0.150) 0.082
5 90 0.129 (0.139) 0.141 (0.151) 0.089
6 101 0.128 (0.139) 0.141 (0.150) 0.089
7 27 0.128 (0.147) 0.141 (0.156) 0.092
8 49 0.128 (0.142) 0.141 (0.152) 0.090
9 54 0.129 (0.142) 0.141 (0.152) 0.088
10 29 0.129 (0.148) 0.141 (0.155) 0.084
11 50 0.128 (0.142) 0.141 (0.152) 0.090
12 86 0.131 (0.141) 0.142 (0.151) 0.080
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of possible fish movement. A distance-based method, 
the Moran’s eigenvector map was also conducted 
using the memgene package (Peres-Neto and Galpern 
2022).

The clustering algorithms StockR (Foster 2018) 
and snapclust (Beugin et  al. 2018) were used to 
search for latent population structure. These models 
can be used  with two different  methods: unsuper-
vised (no initial grouping information given) or semi-
supervised (initial grouping information given). Both 
methods were used, and semi-supervised runs were 
initialized from several random configurations cor-
responding to 1–12 sample populations, as well as 
the initial configuration defined by the geographic 
clustering. The sample distributions relative to clus-
ters are shown in supplementary material 1. The opti-
mal clustering for both StockR and snapclust were 
selected using the lowest BIC from the models, with 
those models within 2 BIC units considered plausible.

Results

Extraction and sequencing

DNA from 952 Antarctic toothfish samples were 
extracted, and of these 728 were deemed to contain 
sufficient quantity and quality to be sequenced by 
Diversity Arrays. Overall quantity of DNA was much 
higher in extractions from fin clips than from mus-
cle tissue, with the exception of a batch of 30 mus-
cle samples that were frozen first and put into etha-
nol only later. Whilst unclear why this is the case it 
is consistent with many fish DNA extractions that fin 
clips seem to result in higher yields and may simply 
be epithelial cells contain higher concentration of 
DNA than muscle cells. Sequencing of the 728 sam-
ples by Diversity Arrays resulted in identification of 
63,101 variable nucleotide SNP sites. After a rigor-
ous data filtering process (Supplementary material 2), 
715 individuals and 11,007 unlinked SNPs remained 
to be used in the subsequent analysis.

Analysis

Exploring the effects of missing data rates used in 
the analysis showed consistent results across all four 
thresholds tested. As such, the results for the > 15% 

filtering threshold sampling are discussed below as 
the middle range value of those tested. When attribut-
ing samples to populations based on geographic dis-
tance (Fig.  4), no discernible structure was revealed 
by the principal coordinate analysis (PCoA) (Fig. 5). 
The respective geographic sample populations 
showed substantial overlap, with principal coordi-
nates 1 and 2 both representing 0.3% of the total 
variation in the data. An analysis of molecular vari-
ance (AMOVA) showed weak evidence (p = 0.068) 
of genetic differentiation amongst these twelve geo-
graphic sample populations, with the population dif-
ferentiation statistic Φ = 0.0003 showing that the 
differentiation observed amongst the populations is 
only a small fraction of the total genetic variability. 
Wright’s fixation index FST for genetic distance sug-
gested that there was limited differentiation between 
the twelve geographic sample populations (Table 3). 
Benjamini and Hochberg (1995) adjusted pairwise 
comparisons of geographic sample populations 
based on FST showed weak evidence of some popu-
lation differences. These weak differences were pri-
marily between sample population 7 (Subarea 88.1 
seamounts) with populations 1 (Division 48.6) and 
4 (Division 58.4.1), between population 6 (Sub-
area 88.1 shelf) and 4 (Division 58.4.1), as well as 
between populations 3 (Division 58.5.2) and 9 (Sub-
area 88.2). These weak differences however, may also 
be a result of type one errors.

A Mantel test showed moderate evidence 
(p = 0.016) of correlation in genetic distance  (FST) 
between geographic sample populations and the 
absolute difference of longitudes between geo-
graphic sample population centroids, with correlation 
R = 0.22 (Fig. 6). A Mantel test of genetic distances 
and the Rhumb line distances between geographic 
sample population centroids showed only weak evi-
dence (p = 0.051) with a correlation of R = 0.19. 
These results indicate that whilst genetic differences 
are small, they do appear to increase with increas-
ing longitudinal distance. A distance-based method, 
the Moran’s eigenvector map was also tested and the 
results were consistent with that of the Mantel test.

For both the stockR and snapclust clustering algo-
rithms, the inferred clusters bore no obvious resem-
blance to the geographic structure of the samples 
when initialized from a random configuration, and 
both preferred models selected by the BIC consisted 
of the lowest number of clusters (Table  4; Fig.  7). 
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Only when the algorithms were initialized from a 
configuration corresponding to a geographic cluster, 
the inferred clusters coincided exactly with the initial 
sample populations. However, these solutions were 
not favoured by the BIC suggesting the algorithms 
were converging to local maxima in the likelihood 
distribution. The sample distributions relative to clus-
ters are shown in supplementary material 1.

Discussion

The results from this study indicate that the genetic 
structuring of Antarctic toothfish is very weak. The 
sampled toothfish shared over 99.9% of the observed 
variation between sites, i.e. less than 0.1% of the 
genetic variation was attributable to the sampling 
sites. Implementation of AMOVA was unable to 
detect differences between the geographical sample 
populations based on Nei’s Distance.

Unsupervised clustering analyses using PCoA, 
stockR and Snapclust indicated that no geneti-
cally distinct breeding populations existed among 
the sampled Antarctic toothfish in this study. While 
semi-supervised clustering using geographic sample 
populations as initialisers favoured the same popula-
tions after clustering, the Bayesian Information Crite-
rion indicated unsupervised models performed better 
than semi-supervised, and both clustering methods 
preferred models with fewer populations. In addi-
tion, there was only weak evidence of a correlation 
between genetic and geographic distances.

The findings of this study are consistent with other 
recent population genetic studies conducted on Ant-
arctic toothfish. Whilst both Ceballos et  al. (2021) 
and Choi et  al. (2021) only compared samples from 
two areas, neither found convincing evidence between 
areas of genetic population differences. This study 
contained more samples across both the areas cov-
ered by Ceballos et al. (2021) and Choi et al. (2021) 
as well as all the other areas Antarctic toothfish are 
currently fished within the Southern Ocean. Whilst 
previous studies have indicated evidence of popu-
lation structure between areas (Kuhn and Gaffney 
2008; Parker et al. 2002; Smith and Gaffney 2005) we 
agree with Ceballos et  al. (2021) that these findings 
are likely the result of using limited sets of molecular 
markers. The effects of sample size however should 
also not be overlooked and may play an important 
role in findings of population connectivity.

Whilst many biological and ecological aspects of 
the population dynamics for Antarctic toothfish have 
been studied, stock structure and linkages at different 
life stages are still poorly understood. The overall lack 
of genetic structure we observed mirrors the findings 
of many other Southern Ocean fish species (Damerau 
et  al. 2012; Van de Putte et  al. 2012) although it is 
increasingly being recognised that subtle population 
structure, or even relatively strong genetic breaks, can 
occur in some fish species in this region (Christiansen 
2020; Young et al. 2018). The closely related Patago-
nian toothfish which has a more northerly distribution 
has shown to consist of several genetically distinct 
populations (Arkhipkin et  al. 2022; Canales-Aguirre 

Fig. 5  Principle Coordinate 
Analysis (PCoA) of Antarc-
tic toothfish (Dissostichus 
mawsoni) from the twelve 
geographic sample popula-
tions (pop 1–12)
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et  al. 2018; Shaw et  al. 2004; Toomey et  al. 2016). 
Like its congener Patagonian toothfish, Antarc-
tic toothfish are winter spawners with pelagic eggs 
(Ghigliotti et al. 2018; Parker et al. 2019; Yates et al. 
2019). With the majority of the species residing at 
higher latitudes which is under sea ice during the 
spawning season, the reproduction strategy and early 
life history stages of Antarctic toothfish are difficult 
to study (Ghigliotti et al. 2018).

Large-scale egg and larvae dispersal, together 
with long-distance fish movement at juvenile and 
adult stages, are the most likely processes that con-
tribute to the dissolution of the genetic stock struc-
ture. This style of dispersal is likely for Antarctic 
toothfish due to a combination of extended egg and 
larvae stages before fish larvae settle on or near ben-
thos. Dunn et al. (2012) modelled the likely distribu-
tion of eggs and larvae of Antarctic toothfish over a 
two-year period assuming 15 spawning locations 
around the Antarctic coast. Their simulations indi-
cated fish larvae from northern spawning grounds 
such as BANZARE Bank or the northern seamounts 
in the South–East Atlantic sector (Okuda et al. 2018; 
Yates et  al. 2019) were carried far distances around 
the continent, often with movements of between 60 
and 90° longitude after 2 years (Figs. 8 and 9). Only 
fish larvae from spawning grounds inside the Ross 
Sea and Weddell Sea gyres would mostly remain in 
similar locations, although some could be transported 
into other areas when the larvae were caught in the 
Antarctic Circumpolar Current or the Antarctic Slope 
Fronts. 

In addition to expected large transport distances 
of eggs and larvae, some long-distance movements 
of adult toothfish have also been reported in mark-
recapture tagging studies. Whilst most Antarctic 
toothfish are recaptured within 200 km of their initial 
tagging location, ~ 7% of the 3773 recaptures reported 
between 2001 and 2019 travelled further distances, 
with a maximum of over 4000 km (greater-circle dis-
tance) between release and recapture locations (Grilly 
et al. 2022).

Population genetic studies provide a robust meas-
ure of differentiation when populations have vir-
tually no connectivity. However, even with a low-
level exchange or migration between sampled areas, 
the diversifying effect of isolation is erased, and 
the actual level of genetic stock exchange becomes 
difficult to determine. Therefore, the patterns of Ta
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large-scale egg and larvae dispersal and long-dis-
tance fish movement found in Antarctic toothfish, 
even if they resulted only in low levels of population 
exchanges, would be sufficient to explain the results 
found in this study. As Ward (2000) stated:

“Gene flow rates of 1%, 5%, 20% and 50% will 
give genetic homogeneity among samples and 
thus cannot be distinguished, yet each of these 
cases should have different consequences for 
stock assessment models. Findings of sample 
homogeneity are thus of little assistance to fish-
ery managers.”

Based on these findings we draw a number of con-
clusions relevant to the management of Antarctic 
toothfish stocks in the Southern Ocean:

Firstly, we consider that CCAMLR’s management 
of toothfish fisheries at the levels of Subareas and 

Fig. 6  Angular (longi-
tude°) and genetic distance 
(FST) pairwise compari-
sons of Antarctic toothfish 
(Dissostichus mawsoni) 
geographic sample popula-
tion centroids (R = 0.22)

Table 4  Bayesian Information Criterion (BIC) for the stockR 
and Snapclust algorithms fitted to Antarctic toothfish (Dissos-
tichus mawsoni) starting from random and geographic initial 
configurations for 2 to 12 clusters

stockR Snapclust

# Clusters Random Geographic Random Geographic

2 6,265,641 6,268,635 6,310,734 6,311,863
3 6,323,945 6,329,000 6,370,918 6,373,255
4 6,381,722 6,388,708 6,431,325 6,434,466
5 6,440,025 6,448,271 6,491,762 6,496,035
6 6,498,622 6,508,389 6,552,304 6,557,591
7 6,556,913 6,568,297 6,612,791 6,619,382
8 6,614,918 6,628,263 6,673,404 6,681,202
9 6,672,923 6,687,952 6,734,330 6,742,839
10 6,730,583 6,747,576 6,795,392 6,804,464
11 6,790,431 6,807,451 6,856,080 6,866,289
12 6,848,160 6,867,072 6,916,916 6,927,845

Fig. 7  Bayesian Informa-
tion Criterion (BIC) for the 
stockR (red) and Snapclust 
(black) algorithms assign-
ing samples of Antarctic 
toothfish (Dissostichus 
mawsoni) , starting from 
random (solid) and geo-
graphic (dashed) initial 
configurations for 2 to 12 
clusters
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Divisions does not need to be changed. While this 
study found only weak genetic structuring of Antarc-
tic toothfish across the Southern Ocean, the level of 
stock linkages between areas cannot be determined 
from genetic studies alone. To update stock hypoth-
eses and stock boundaries relevant to fisheries man-
agement, studies of fish movement and larval disper-
sal such as the one by Dunn et al. (2012) to account 
for new information on the early-life history (Hanchet 
et al. 2015; Ghigliotti et al. 2018; Parker et al. 2021) 
or expanding that presented in Mori et  al. (2022) to 
the whole Southern Ocean to gain a better insight 
into the potential distribution patterns of pre-settle-
ment Antarctic toothfish should be conducted. Whilst 
genetic methods are consistently showing little to 
no population structure for Antarctic toothfish (and 
we question the utility of funding further studies for 
this species which solely use genetics) other methods 
such as stable isotopes, or trace element work may 
prove more insightful, both of these however also 

come with their own assumptions and difficulties (see 
Avigliano 2022; Trueman et al. 2012).

Secondly, it is important that Antarctic toothfish 
stocks are managed sustainably in all fished areas 
given the potential stock linkages of recruits and 
adults between different areas. Antarctic toothfish is 
targeted by fisheries throughout almost their entire 
species range. For the management of these fisheries 
within the CCAMLR area, CCAMLR applies deci-
sion rules to set catch limits at Subarea or Division 
level. These rules are based on the objectives of the 
CAMLR Convention and aim to ensure that the bio-
mass level of each harvested population stays above 
a target level to maintain sufficient recruitment poten-
tial for the long-term sustainability of the fish stocks 
(CCAMLR 1980). Given the potential stock link-
ages of recruits and adult toothfish between different 
areas, it is important that such a management frame-
work is applied to all managed fisheries outside the 
CCAMLR area as well.

Fig. 8  Major Southern 
Ocean circulation features 
(from Post et al. 2014), 
showing the Polar and 
Sub-Antarctic Fronts of the 
Antarctic Circumpolar Cur-
rent, sub-polar gyres and 
the Antarctic Slope Front 
(ASF). Background colours 
show bathymetry
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Thirdly, whilst genetic based estimates of popu-
lation size for fisheries of other species in the world 
(e.g. Thunnus maccoyii) have been shown to provide 
reliable estimates with traditional biomass estimating 
methods (Bravington et  al. 2016b), methods such as 
close-kin mark recapture require knowledge of stock 
boundaries (Bravington et  al. 2016a). As such, the 
inability to define geographic stock boundaries for 
Antarctic toothfish from genetics limits the ability to 
perform genetic stock size estimation through meth-
ods like close-kin mark recapture. There are a number 
of reasons for this, mainly (1) the juveniles found in a 
given location may not be related, (2) they could have 
originated from different areas, and (3) they may not 
be related to any of the adults in that area. This would 
likely lead to a large over-estimation of biomass in 
the given area. To use such close-kin mark recapture 
techniques, the genetic stock needs to be sampled. In 
this case, this would mean sampling Antarctic tooth-
fish from its entire geographical distribution, which is 
both expensive and operationally difficult. However, 

if such project was deemed to be feasible, the SNP 
markers we have identified here could be used in tar-
geted genotyping assays to provide informative and 
accurate genotypes required for identifying related 
parent–offspring pairs or half-sibling pairs. The 
close-kin mark recapture technique may be more 
suitable for Patagonian toothfish which are found on 
seamounts and submersed plateaus in the Southern 
Ocean, and for which genetic differences between 
locations have been identified (Toomey et  al. 2016; 
Welsford et al. 2011).

Lastly, illegal, unregulated and unreported (IUU) 
fishing has been prevalent in many parts of the 
CCAMLR area in the past and are still ongoing, 
albeit at a lower level. Given the estimated remov-
als of IUU fishing compared to that of the regulated 
fisheries, we believe they are unlikely to have had 
any impact on the genetic connectivity between 
stocks. While genetic methods have been identified 
as potential tools to identify the region of origin for 
Patagonian toothfish product sold to international 

Fig. 9  Simulated larval 
locations of Antarctic 
toothfish (Dissostichus 
mawsoni) after 2.0 years 
around Antarctica at a 
depth of 150 m using the 
HadGEM model adapted 
from Dunn et al. (2012). 
Coloured boxes indicate the 
starting locations of same 
coloured dots
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markets (Toomey et al. 2016), genetic methods are 
unlikely to be useful for Antarctic toothfish given 
the low levels of genetic stock discrimination.
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