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Understanding feeding ecology is essential for ecosystem-based management.
As dietary data can show differences depending on the spatiotemporal and
ontogenetic aspects of the sample, the results should be derived based on
various size classes and samples over a wide spatiotemporal range.
Morphological analysis of the stomach contents of Dissostichus mawsoni, a
piscivore, collected at depths of 603-2,113 m in subarea 88.3 during the
Antarctic summer fishing seasons from 2016 to 2020 was used to assess the
dietary composition according to the research block, fishing season, depth, and
size. Here, we used 1,639 D. mawsoni specimens with a total length range of
44.5-189.0 cm. The dietary composition of D. mawsoni did not show significant
differences by fishing season but differed with research block, depth, and size.
Macrouridae dominated research blocks 88.3_1 and 88.3_3; Nototheniidae
dominated research blocks 88.3_2 and 88.3_6; and Channichthyidae
dominated research blocks 88.3_4 and 88.3_5. The proportion of
Nototheniidae decreased as depth increased, whereas the consumption of
Channichthyidae increased gradually with depth in research blocks 88.3_3 and
88.3_4. The proportion of Channichthyidae decreased as body size increased,
whereas the consumption of Macrouridae increased gradually with body size in
both blocks 88.3_3 and 88.3_4. During the study period, the dietary composition
of D. mawsoni in both blocks 88.3_3 and 88.3_4 did not show significant
temporal differences, suggesting that these data could be used as a baseline
for identifying future environmental changes in the region. This study provides
information on the relationships between various species and benthic fish fauna,
which are essential for ecosystem-based management.
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1 Introduction

Dissostichus spp. are commercially valuable marine fish.
Dissostichus mawsoni is mainly distributed south of the polar
front. Antifreeze proteins allow them to survive low water
temperatures. Their range differs from Dissostichus eleginoides,
with some exceptions (Gon and Heemstra, 1990; Eastman and
Hubold, 1999; Goldsworthy et al., 2002). Dissostichus mawsoni
primarily feeds on fish and cephalopods. They represent a high
ecological niche as apex predators and scavengers and serve as food
sources for seals, cetaceans, and giant squids (Fenaughty et al., 2003;
Stevens et al., 2014). Furthermore, based on ontogenetic changes,
this species inhabits shallow waters during the early stages of
growth and then moves to deeper waters up to 2,200 m during
the adult stage (Hanchet et al., 2015); thus, its ecological role in the
Southern Ocean ecosystem is critical throughout its life cycle
(Mormede et al., 2014). However, there are uncertainties of
information on the biology and life cycle of D. mawsoni has been
primarily obtained from fishery samples (Mormede et al., 2014;
Ainley et al., 2016).

The geographical distance and inaccessible natural environment
of the Southern Ocean make it challenging to systematically study
species richness and biomass within its waters (Caccavo et al,
2021). Antarctic toothfish fisheries occur only in convention areas
of the Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) and are managed through ecosystem-based
resource management and a precautionary approach. Most of the
data used were collected by scientific observers onboard vessels, and
sampling followed strict regulations of the CCAMLR (e.g., random
sampling). Antarctic toothfish catches averaged 4,157 metric tons
per year during the 2011-2020 fishing season, with the highest
average being 2,871 metric tons per year in subarea 88.1 (Ross Sea).
The study area, subarea 88.3, is a CCAMLR convention area located
in the Bellingshausen Sea and eastern Amundsen Sea. The Antarctic
toothfish fishery in subarea 88.3 began in 1998 and was conducted
intermittently until 2012, when exploratory fisheries were reinstated
in 2016 to obtain information on biological and ecological species
relationships for ecosystem-based management, with an average
annual catch of 85 metric tons by 2020. There is also a lack of
information on the environmental characteristics, species
composition of the ecosystem, and trophic interactions of
Antarctic toothfish in subarea 88.3.

Traditional single-species management methods must be
reconsidered as the sole methods for preserving and managing
fishery resources worldwide. Recently, an ecosystem-based resource
management method has been developed that considers the
relationships between various species as well as the interactions
between target species and the environment (Slocombe, 1993;
Berkes, 2012; Kadin et al., 2019; Cucuzza et al., 2021). A
precautionary approach is used for risk management to address
situations with incomplete data (Karim et al., 2020). Feeding
ecology studies can help identify predators-prey relationships
within ecosystems, assess the ecological status and role of target
species, and predict how environmental changes caused by fishing
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and climate change affect ecosystems (Link, 2002; Roessig et al.,
2004; Melnychuk et al., 2017). Such studies can also estimate the
biomass and abundance of prey species (Sallaberry-Pincheira et al.,
2018; Ng et al,, 2021). Similarly, it is important to understand the
function of the target species in the food web structure through
dietary studies, such as exploring the effects of population structure
changes and population decline of prey species through fisheries.
However, diet composition data can differ depending on the
temporal and spatial factors related to the sample and size class
(Boyd, 1996; Holt et al., 2019). Diet composition studies can be
conducted using various size classes and samples with a wide
spatiotemporal range, which helps mitigate limitations, and
specific trophic interactions within the target area can be better
understood. A long-term dietary study of D. mawsoni can reveal its
specific ecosystem functions in the Southern Ocean. Furthermore, it
can help inform ecosystem-based management and precautionary
approaches to better predict resource fluctuations caused by
fisheries and changes in the marine environment.

Among the studies of D. mawsoni diets in area 88 of the
Southern Ocean (Pacific Ocean sector), Kokorin (2010) analyzed
differences in the composition of prey organisms based on the
growth and habitat of D. mawsoni collected in the Ross and
Amundsen Seas. In addition, Stevens et al. (2014) analyzed the
differences in diet composition based on the growth, region, and
fishing season of D. mawsoni collected in the Ross Sea. Both studies
have demonstrated that the diet of D. mawsoni difters depending on
its growth and area (Kokorin, 2010; Stevens et al., 2014). There was
no difference in the dietary composition of D. mawsoni living in the
Ross Sea between 2003 and 2010 (Stevens et al., 2014). Similarly,
Queiros et al. (2022) reported differences in diet composition by
region via morphological and isotopic analyses of D. mawsoni
collected from the Amundsen Sea and Dumont D’Urville Sea.
Yoon et al. (2017) and Lee et al. (2022) used metabarcoding to
compare the diets of D. mawsoni collected in subareas 88.3 and 58.4
and identified various prey species that could not be accurately
classified morphologically post-digestion. However, these authors
could not analyze specific dietary ecology based on factors such as
water depth and size class.

The present study analyzed the contents of D. mawsoni stomach
samples collected over five years from 2016 to 2020 in the subarea
88.3 of the Southern Ocean. The study aimed to analyze feeding
ecology in detail regarding temporal and spatial factors and size
variations. We conducted quantitative analyses of differences in diet
composition among research blocks and fishing seasons within
subarea 88.3 and changes in D. mawsoni diet composition over time
(fishing season), space (depth), and size class at each site (88.3_3
and 88.3_4) during each year of the study. This study will help
improve our understanding of the feeding ecology, ecological niche,
and functional role of D. mawsoni by identifying the main prey by
area and the pattern of dietary changes in subareas of 88.3 of the
Southern Ocean. In addition, this study provides ecological
information for the sustainable use and management of D.
mawsoni resources by predicting the impacts of fishing and
environmental change.
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2 Materials and methods
2.1 Sampling

The D. mawsoni samples used in this study were collected from
the Korean commercial bottom longline vessel Greenstar from
February to April during the 2015/16, 2016/17, 2017/18, 2018/19,
and 2019/20 fishing seasons (e.g., 2015/16 fishing season: December
2015-November 2016) in subarea 88.3 of the Southern Ocean
(Figure 1). Trotlines were used as fishing gears, and Humboldt
squid (Dosidicus gigas) and Pacific herring (Clupea pallasii) were
used as baits. The onboard scientific observer measured the total
length (TL) and wet body weight of D. mawsoni with an accuracy of
0.1 cm and 0.1 kg, respectively. The sampled stomachs were
preserved by freezing immediately after extraction and then
transported to the laboratory using a ship and refrigerator truck.

2.2 Analysis of stomach

The frozen stomachs of each individual were thawed and
dissected. Prey remnants were identified using taxonomic guides
at the species level if the specimen in whole or parts remained intact
and at the family or order level when digestion was advanced and
identification was difficult (Gon and Heemstra, 1990; McMillan
et al, 2012). The status of prey digestion was categorized as fresh,
slightly digested, and digested, and the beaks of cephalopods and
otoliths of fishes were included in subsequent analysis. We counted
the number of prey organisms per species, measured their total
length, and weighed them with an accuracy of 0.1 g. Plastics and
stones were considered incidental ingestion and were included in
the prey composition table but not in the subsequent dietary
analysis. To quantitatively determine the composition of prey
species in the study area, the frequency (%F), number (%N), and
weight (% W) of each prey species were calculated using the
following equations.

FIGURE 1
Sampling areas of Dissostichus mawsoni caught in this study.
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A
%F = 2% % 100
TN

Ni
%N =

total

x 100

Wi
%W =

total

x 100

where A; is the number of fish preying on species i, N is the total
number of fish examined (excluding individuals with empty
stomachs), N; (W;) is the number (wet weight) of prey species i,
and Nyotar (Wiorar) is the total number (wet weight) of prey. Then the
index of relative importance (IRL; Pinkas et al., 1971) was calculated
for each prey type as follows:

IRI = (%N + %W) x %F

and expressed as a percentage (%IRI):

IRI;
%IRI = :

—— x 100
STLIRI

The trophic level (TLy) to identify the ecological niche was
obtained using the formula of Cortes (1999).

TL =1+ (L, P; x TLy)

where P; is the index of the relative importance of prey species i
(IRI as in Pinkas et al., 1971), and TL; is the trophic level of prey
species i. Trophic levels of prey taxa were analyzed by Pauly et al.
(1998); Cortes (1999), and Ebert and Bizzarro (2007) were used as
the average value.

To determine the differences in diet composition between areas,
we compared the diet composition of D. mawsoni for each of the six
research blocks (88.3_1, 88.3_2, 88.3_3, 88.3_4, 88.3_5, and 88.3_6)
in sub-area 88.3. To identify changes in the diet composition
according to the fishing season for each research block, data from
2015/16, 2016/17, 2017/18, 2018/19, and 2019/20 fishing seasons
were used in this study in 2016, 2017, 2018, 2019, and 2020
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respectively, and annual changes in diet composition during the
Southern Ocean summer were analyzed. We also examined changes
in prey composition with depth by dividing into three ranges
(<1,200 m, 1,200-1,600 m, >1,600 m) and three size classes
(<120 cm, 120-160 cm, =160 cm).

2.3 Statistical analysis

The weight dietary data of each prey taxa accurately determine
the relative importance of each prey organism when feeding on prey
of various sizes (or weights) (Anderson et al., 2008; Clarke and Gorley,
2015). Therefore, in this study, metric multidimensional scaling
(mMDS), permutational multivariate analysis of variance
(PERMANOVA), canonical analysis of principal coordinates
(CAP), distance-based linear model (DISTLM), and similarity
percentages (SIMPER) were performed using the weight ratio of the
dominant prey organisms, excluding unidentified fish, to statistically
analyze dietary changes according to each factor, and PRIMER v7
(Primer-e, Auckland, New Zealand) was used for all analyses.

To examine the dietary differences between research blocks with
respect to fishing season, depth, and size class, dietary data for the
species were randomly sorted into subgroups that included three to
five individuals within each research block, fishing season, depth,
and size class, and the average percentage weight of each prey taxon
was determined for each of the resultant groups (Platell and Potter,
2001; Sommerville et al,, 2011). Thus, random grouping of
gravimetric data increased the effectiveness of multivariate
analysis by reducing the number of prey items in samples with
zero values (Lek et al., 2011; Park et al., 2021). We also performed a
square-root transformation of the mean weight ratios of the prey
species to reduce the bias of the dominant prey. These were
analyzed using Bray-Curtis similarity/dissimilarity matrices
(Platell and Potter, 2001; Anderson et al., 2008; Park et al., 2021).

First, a two-way PERMANOVA was conducted to determine
the statistical significance of the differences in diet composition
according to the factors of the research block (six levels) and fishing
season (five levels) in subarea 88.3. Following the significance test
results (PERMANOVA), post hoc tests using pairwise comparisons
were performed to identify differences between means. In addition,
CAP analysis was performed, which employed the mean weight
percentage of prey taxa for the research blocks and fishing seasons.
The relative contribution of prey taxa to the differences between the
research blocks and fishing seasons was assessed using correlation
coefficients. The correlation of prey taxa >0.4 was used as an
arbitrary limit for a strong relationship between the dietary
composition of each group and prey taxa on the principal
coordinate axes. In addition, a distance-based linear model
(DistLM) analysis was used to identify potential predictors that
explained most of the dietary variability. The DistLM is a
nonparametric procedure that performs distance-based
multivariate multiple regression to model the relationship
between multivariate data and one or more predictor variables.
The potential predictors were research block, fishing season, depth,
total length, and body weight. Depth, total length, and body weight
were considered continuous variables, whereas other predictors
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were categorical. The most significant predictors in the
conditional tests were selected using the “forward” selection
method, using the Akaike Information Criterion (AIC).

Second, in each research block (88.3_3 and 88.3_4), where
samples were collected for all five fishing seasons during the study
period, the Bray-Curtis similarity matrix was visualized to assess the
effects of fishing season (five levels), depth (three levels), and size class
(three levels) using an mMDS ordination technique. In addition, a
three-way PERMANOVA was conducted to determine the statistical
significance of the differences in diet composition according to each
factor (fishing season, depth, and size class). Pairwise comparisons
were conducted for post hoc analysis when significant differences were
found in specific factors or their interactions. CAP and SIMPER
analyses were performed to identify the prey that explained most of
the dissimilarities among the factors.

3 Results
3.1 Overall diet composition

Of the 1,639 stomachs examined, 606 (37.0%) were empty. Nine
taxa were identified in the remaining 1,033 stomachs. In all research
blocks (1-6), fishes were the most important prey item for D.
mawsoni, with an IRI of 90.4% or higher (Table 1; Supplementary
Table 1). Cephalopods were the second-most important prey item
in the research blocks, except for 88.3_2, and crustaceans were the
second-most important prey item in 88.3_2. Therefore, a trophic
level of 4.20 or higher was demonstrated in all six research blocks.
Macrourus spp. (Macrouridae) was the dominant taxon collected
from research blocks 88.3_1 and 88.3_3. Nototheniidae was the
dominant taxon in research blocks 88.3 2 and 88.3_6.
Chionobathyscus dewitti (Channichthyidae) was the dominant
taxon in research blocks 88.3_4 and 88.3_5. The second largest
dietary component for D. mawsoni was C. dewitti which was
dominant in research blocks 88.3_1, 88.3_3, and 88.3_6, while
Bathydraco marri (Bathydraconidae), Macrourus spp., and
Arctozenus risso (Paralepididae) were the second largest prey
components for D. mawsoni collected at research blocks 88.3_2,
88.3_4, and 88.3_5, respectively.

3.2 Temporal variability in diet composition

Fish were the most important prey in all research blocks during
all fishing seasons in subarea 88.3, accounting for 77.2-99.6% of the
total biomass. Cephalopods were consumed in all research blocks
and during all fishing seasons (except 88.3_2 in 2017), accounting
for 0.8-18.6% of the total biomass, as the second most important
prey item in all research blocks and fishing seasons (except 88.3_3
in 2016 and 88.3_5 in 2018). We also analyzed the dominant prey
for each research block and fishing season (Table 2), excluding
unidentified fish. In research block 88.3_1, Macrouridae was the
dominant prey during 2016 and 2019. In research block 88.3_2,
Channichthyidae was the dominant prey in 2017, whereas
Nototheniidae was the dominant prey in 2019. In research block
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TABLE 1 Composition of the stomach contents of Dissostichus mawsoni caught in each research block in subarea 88.3 of Southern Ocean by frequency of occurrence (%F), number (%N), weight (%W), and index
of relative importance (%IRI).

Research
blocks
NG 48.4 311 32.0 38.0 375 30.3
Trophic level 4.24 4.26 4.24 4.24 4.25 4.20
org;ﬁ?lsm %N %W  %IRI %N | %W  %IRI  %F %N %W %IRI  %F %N %W  %IRI %N %W  %IRI %N | %W  %IRI

Crustacea 1.3 0.5 + + 14.5 5.7 0.3 0.5 3.0 1.3 + + 2.3 1.1 + + 2.7 0.9 + + 21.7 9.6 2.6 1.8
Amphipoda 04 0.1 +
Decapoda 13 0.5 + 9.7 34 0.2 19 0.9 + 0.9 0.4 + 13 0.4 + 17.4 7.7 2.6

Brachyura 1.3 0.5 + 0.2 0.1 +

Macrura 9.7 34 0.2 1.9 0.9 + 0.8 0.3 + 13 0.4 + 17.4 7.7 2.6
Isopoda 4.8 2.3 0.1 0.8 0.3 + 13 0.7 + 13 0.4 + 4.3 1.9 +
Mollusca 20.3 11.6 7.0 2.5 4.8 1.7 0.7 0.1 24.0 11.5 4.8 2.5 28.4 12.1 6.7 33 20.0 7.5 6.0 1.6 34.8 15.4 18.6 7.8
Cephalopoda 203 11.6 7.0 4.8 1.7 0.7 24.0 11.5 4.8 282 12.1 6.7 20.0 7.5 6.0 34.8 15.4 18.6

Octopoda 04 0.3 0.2 0.8 0.4 0.4

Teuthoidea 2.5 1.1 19 34 13 1.0 6.2 2.7 3.8 9.3 31 2.5 43 19 7.5
Ceg;‘if:;gﬁd 177 106 | 5.1 48 17 07 202 99 36 23 90 25 107 44 35 304 135 111
Gastropoda 0.2 0.1 +
Pisces 89.9 59.8 91.0 90.4 96.8 91.4 98.9 99.4 90.1 71.2 91.3 95.3 91.0 78.6 92.5 95.8 97.3 81.6 90.3 97.9 91.3 73.1 77.2 90.4
Anotopteridae 3.8 22 1.9 11.3 5.7 54 22.7 13.2 10.5

Anotopterus
pharao 3.8 2.2 1.9 11.3 5.7 54 227 13.2 10.5
Artedidraconidae 32 1.7 7.3 1.5 0.7 0.5 0.4 0.1 0.2

Pogonophryne sp. 32 1.7 7.3 1.1 0.6 0.4 0.4 0.1 0.2
tmi’;f”"oP fryne 04 | 01 01
Bathydraconidae 21.0 10.9 7.8 0.8 0.3 + 0.2 0.1 +

(Continued)
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TABLE 1 Continued

Research

blocks

Empt

Py | 375
stomach (%)
Trophic level 4.25

Pre

y %W %Rl  %F %W  %lIRI
organism
Bathydraco marri 21.0 10.9 7.8 0.8 0.3 + 0.2 0.1 +
Channichthyidae 165 143 126 6.5 29 3.0 194 | 145 189 347 280 | 385 360 241 | 311 130 96 10.4
dec,}:':”ob“thy“” 165 | 143 | 126 65 29 | 30 194 | 145 | 189 347 280 | 385 360 241 311 130 | 96 | 104
witti
Macrouridae 304 | 153 513 285 152 | 351 154 80 19.3 107 | 39 10.0
Coryphaenoides 04 01 03
sp.
Macrourus caml 1.5 0.7 2.8 1.3 0.9 2.8
Macrourus spp. 30.4 15.3 51.3 26.6 14.3 32.0 14.1 7.1 16.6 10.7 3.9 10.0
Muraenolepidae 0.4 0.2 0.8
Muraenolepis 04 02 08
marmoratus
Nototheniidae 13 05 5.0 403 309 | 370 114 | 121 166 73 7.6 9.1 107 75 11.0 261 250 | 349
Dissostichus 13 | 05 50 04 01 17
mawsoni
Lepidonotothen

i 43 1.9 63
kempi
Lepidonotothen

371 291 | 349 19 | 38 44 23 29 39 27 13 2.1

Spp.
Trematomus

- 23 38 45 02 0.1 0.1 13 0.4 0.9
loennbergii
T
rematomus 08 | 03 08 06 | 11 | 14 13 39 60
pennellii

identifi
Unidentified 32 17 2l 61 | 40 53 43 35 37 55 18 19 217 231 287
Nototheniidae

(Continued)
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TABLE 1 Continued

Research
blocks
Empt
Pty 5 48.4 311 32.0 38.0 37.5 30.3
stomach (%)
Trophic level 4.24 4.26 4.24 4.24 4.25 4.20
Pre
Organ?lsm %F %N %W %IRI  %F %N @ %W %F %N %W  %IRI  %F %N %W BN %W  %IRI  %F %N %W  %IRI
Paralepididae 2.7 1.5 3.8 49 2.5 6.1 18.7 10.1 18.5
Arctozenus risso 2.7 1.5 3.8 49 2.5 6.1 18.7 10.1 18.5
Rajidae 3.2 1.1 7.7 1.5 0.7 0.5 0.6 0.3 0.8
Bathyraja eatonii 32 1.1 7.7 0.8 0.3 0.3 0.4 0.2 0.4
Unidentified
N 11 04 02 02 | 01 03
Rajidae
Zoarcidae 1.5 0.7 0.2 0.4 0.1 0.1 8.7 3.8 4.0
Pachycara 1.1 0.6 0.2 0.2 0.1 0.1 4.3 1.9 29
brachycephalus
Unidentified 04 | o1 + 02 | o1 + 43 19 | 11
Zoarcidae
Unidentified Pisces 57.0 29.1 22.0 67.7 43.4 36.0 44.5 232 13.8 429 25.8 12.3 48.0 22.8 9.2 60.9 34.6 279
Unidentified 13 05 o1 16 06 | 01 02 | 01 +
Pisces Eggs
Aves 0.8 0.3 + + 0.2 0.1 + 4.3 1.9 1.6 0.1
Diomedeidae 0.4 0.1 + 0.2 0.1 +
Spheniscidae 04 0.1 + 43 1.9 1.6
Aptf:’nodytes 04 ol .
forsteri
Um.det.ltlﬁed 4.3 1.9 1.6
Spheniscidae
Cnidaria 0.8 0.3 + +
Anthozoa 0.4 0.1 +
Hydrozoa 0.4 0.1 +
(Continued)
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TABLE 1 Continued

Research
blocks
Empt
Pty 5 48.4 311 32.0 38.0 37.5 30.3
stomach (%)
Trophic level 4.24 4.26 4.24 4.24 4.25 4.20
Pre
Organ?lsm %F %N %W %IRI  %F %N %W  %IRI  %F %N %W  %IRI %F %N %W  %IRI  %F %N %W  %IRI
Mammalia 1.1 0.4 2.1 + 0.6 0.2 + + 1.3 0.4 34 +
Otariidae 1.3 0.4 34
Pinnipedia 0.4 0.1 1.4 0.2 0.1 +
Unidentified 08 | 03 | 07 04 | 01 +
Mammalia
Polychaeta 0.4 0.1 0.3 +
Aphroditidae 0.4 0.1 0.3
Aphrodita sp. 0.4 0.1 0.3
Stone 354 28.0 2.0 7.1 3.2 1.1 0.2 + 19.8 14.8 1.4 2.1 16.2 7.9 0.6 0.8 9.3 9.2 0.3 0.5
Plastic 1.3 0.4 0.1 +
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

+: less than 0.1%.

Bolded values indicate major prey categories.
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TABLE 2 Diet composition of the dominant prey item (fishes) of Dissostichus mawsoni caught in each research block (in subarea 88.3) and fishing season based on the weight (%W).

Research blocks 88.3_1 88.3_2 88.3_3 88.3_4 88.3_5 88.3.6

Fishing seasons 2016 2019 2017 2019 2016 2017 2018 2019 2020 2016 2017 2018 2019 2020 2016 2017 2018 2019 2016
n 8 4 34 30 21 38 52 14 38 28 70 82 112 10 18 18 9

Prey organism %W %W %W

Anotopteridae 11 2.1 6.7 17 53 44 7.6 0.1 114 29.3 134 104

Artedidraconidae 122 05 0.9 12 0.6 0.8

Bathydraconidae 38.5 112 03 0.1

Channichthyidae 9.2 223 61.5 22 349 27 16.8 329 24.9 46.7 32.1 35.1 523 55.7 133 36.5 414 63.2 21.1

Macrouridae 90.8 67.2 54.2 55.3 39.7 36.9 43.6 245 43.7 29.9 21.8 19.8 21.1 13.0 62 18.1

Muraenolepididae 2.8

Nototheniidae 10.5 61.6 9.4 35.6 162 27.3 194 5.8 6.6 16.1 23.0 15 5.7 6.4 194 187 70.8

Paralepididae 3.4 14.8 12.1 17.7 132 9.7 8.5 30.5 30.7 227

Rajidae 12.8 2.8 05 0.9 2.8

Zoarcidae 14 0.1 + 03 8.1

+: less than 0.1%.
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FIGURE 2
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Canonical analysis of principal coordinates (CAP) ordination plot for the diet composition of a dominant prey item (fishes) of Dissostichus mawsoni
caught in the subarea 88.3 of the Southern Ocean to assess differences between research block and fishing season. FS, Fishing season; RB,

Research block

88.3_3, Macrouridae was the dominant prey taxon in all fishing
seasons. In research block 88.3_4, Channichthyidae was the
dominant prey organism in 2016, 2018, 2019, and 2020, whereas
Macrouridae was the dominant prey taxon in 2017. In research
block 88.3_5, Channichthyidae was the dominant prey organism in
2017, 2018, and 2019, whereas Anotopteridae was the dominant
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FIGURE 3

Percentage of empty stomachs by depth (A) and size classes (B) of
Dissostichus mawsoni caught in the research block 88.3_3 and
88.3_4 in the Southern Ocean.
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prey taxon in 2016. In research block 88.3_6, Nototheniidae was the
dominant prey taxon in 2020.

Two-way PERMANOVA (Supplementary Table 2A) indicated
that the research block (PERMANOVA, p = 0.005) and the
interaction between the research block and fishing season
(PERMANOVA, p = 0.001) significantly affected the diet
composition of D. mawsoni. Pairwise comparisons (Supplementary
Table 2B) indicated significant differences in diet composition
between research blocks 88.3_3 and 88.3_4 during all fishing
seasons except 2018 and between research blocks 88.3_3 and
88.3_5 in 2016, 2017, and 2018. The canonical analysis of the
principal (CAP) analysis plot (Figure 2) for the research block-
fishing season interaction shows separation among research blocks,
although the separation among fishing seasons is small. Among the
prey taxa that contributed to differences among the research blocks,
the contributions of Macrouridae and Channichthyidae were
relatively high in research blocks 88.3_3, 88.3_4, and 88.3_5. In
addition, in 2019, the contribution of Nototheniidae was relatively
high at research block 88.3_4. The DistLM analysis (Supplementary
Table 3) indicated that the diet composition of D. mawsoni was not
significantly affected by body weight (p = 0.151). However, the
research block (p = 0.001), fishing season (p = 0.001), depth (p =
0.001), and total length (p = 0.006) significantly aftected D. mawsoni
diet. The most parsimonious conditional model for diet composition
included four predictors-research block, fishing season, depth, and
total length—all of which exhibited significant effects. However, the
conditional test model explained only 12.2% of the variability in the
diet composition data, indicating that the variability in the diet of D.
mawsoni cannot be explained by these predictors alone.

3.3 Spatial and size-related variability in
diet composition

Analyzing the variation in Antarctic toothfish emptying rates
across depth ranges and size classes in research blocks 88.3_3 and
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TABLE 3 Diet composition of the dominant prey item (fishes) of Dissostichus mawsoni caught in the research block 88.3_3 and 88.3_4 of the
Southern Ocean based on the weight (%W) by depth.

Research blocks 88.3_3 88.3_4
Depth range (m) <1,200 1,200-1,600 >1,600 <1,200 1,200-1,600 >1,600
n 33 88 34 26 174 130
Prey organism %W

Anotopteridae 1.0 8.2 2.6 7.9 6.4
Artedidraconidae 2.5 0.4 0.3 0.1
Bathydraconidae 0.4 0.1
Channichthyidae 12.0 26.7 27.1 12.3 39.3 64.2
Macrouridae 32,5 48.4 46.0 28.8 30.1 16.9
Muraenolepididae 0.1 22
Nototheniidae 47.7 20.0 5.4 49.3 12.9 2.0
Paralepididae 32 133 3.8 7.8 8.0
Rajidae 32 0.3 3.1 1.4
Zoarcidae 1.7 0.1 0.2

88.3_4 (Figure 3), we found that overall emptying rates decreased
with increasing depth and decreased with increasing size class.
Fishes were the most important prey at depths of< 1,200, 1,200-
1,600 m, and > 1,600 m, accounting for 86.8%, 94.0%, and 95.3% of
total biomass, respectively, in research block 88.3_3, and 98.4%,
93.5%, and 91.6%, respectively, in research block 88.3_4. We also
examined changes in the diet composition of D. mawsoni with
depth in research blocks 88.3_3 and 88.3_4 for dominant prey,
excluding unidentified fish (Table 3). We found that at depths of<
1,200 m, Nototheniidae was the most dominant prey taxon in

research blocks 88.3_3 and 88.3_4, whereas Macrouridae accounted
for the second largest fraction of the diet in research blocks 88.3_3
and 88.3_4. At depths of 1,200-1,600 m and > 1,600 m in research
block 88.3_3, Macrouridae was the most dominant prey taxon,
followed by Channichthyidae. However, at depths of 1,200-1,600 m
and > 1,600 m in research block 88.3_4, Channichthyidae was the
most dominant prey taxon, followed by Macrouridae.

Fishes were the most important prey for D. mawsoni, with size
classes of< 120 cm, 120-160 c¢cm, and > 160 c¢m, accounting for
91.3%, 92.8%, and 92.7% of total biomass in research block 88.3_3,

TABLE 4 Diet composition of the dominant prey item (fishes) of Dissostichus mawsoni caught in the research block 88.3_3 and 88.3_4 of the
Southern Ocean based on the weight (%W) among size classes.

Research blocks 88.3_3 88.3_4
Size class (cm) 120-160 <120 120-160
n 110 61 218

Prey organism A4 %W
Anotopteridae 2.0 2.9 0.6 9.2 7.6 3.0
Artedidraconidae 0.7 0.9 0.4 0.2
Bathydraconidae 0.6 + 0.4
Channichthyidae 30.8 274 10.0 61.0 50.4 35.0
Macrouridae 224 422 64.7 16.8 23.1 30.2
Muraenolepididae 1.5
Nototheniidae 20.1 233 14.5 7.0 8.1 22.8
Paralepididae 21.8 25 8.4 53 7.4 9.1
Rajidae 0.7 0.9 1.4
Zoarcidae 24 0.2 0.2

+: less than 0.1%

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2023.1240569
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Seong et al. 10.3389/fmars.2023.1240569

A D
s [Fishing season wem=ct| Fishing season
50 A 2016 50 A 2016
v 2017 w2017
m 2018 W 2018
¢ 2019 #2019
® 2020 ® 2020
N A 2v:2016 o A av:2016
3, v av:2017 2, v av:2017
g : av:gg:g = m av:2018
av| g
® av:2020
20
50
B 50 50 E
20 Smas: 008 Depth (m) 40 Depth (m)
A <1200 4 <1.200
v 1,200-1,600
20 W 21,600
A av:<1200 20
'w av:1,200-1,600
| av:21,600
o
& o g o
a2 [a]
s =
20
20
c : F
i|x<e1 ;:lljass fem, T0) Size class (cm, T0)
v 120-160 it
v 120-160
20] = 2160 = 2160
A av:<120 A av:<120
v av,gg;;su v av:120-160
LEW | av:2160
o
@ o g’
a a
= =
20
A
A
20
40 M 5131 40 20 0 20
MDS1

FIGURE 4

Metric multidimensional scaling (mMMDS) ordinations of bootstrap averages for the diet composition of a dominant prey item (fishes) of Dissostichus
mawsoni caught in the research block 88.3_3 and 88.3_4 of Southern Ocean from the five fishing season (A, D), three sampling depth classes (B, E),
and three size classes (C, F).
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respectively, and 91.3%, 92.2%, and 97.1% in research block 88.3_4,
respectively. In research block 88.3_3, the proportion of
Macrouridae increased with D. mawsoni size (Table 4). The
proportion of Channichthyidae decreased with an increase D.
mawsoni size. In addition, in research block 88.3_4,
Channichthyidae was the most dominant prey taxon in all size
classes, and the proportion of Channichthyidae decreased with
increasing D. mawsoni size. The proportion of Macrouridae
increased slightly with an increase D. mawsoni size.

The metric MDS ordination of the mean dietary composition in
research block 88.3_3 showed a near-complete overlap of
multivariate dispersions among the fishing seasons (Figure 4A).
In contrast, in research block 88.3_4 in 2019, the metric MDS
ordination of the mean dietary composition showed little overlap
with the other fishing seasons (Figure 4D). The ordination
illustrates a near-complete overlap for all fishing seasons. In
research blocks 88.3_3 and 88.3_4, diet composition at depths of<
1,200 and = 1,600 m was clearly divided along the x-axis
(Figures 4B, E). Furthermore, in research blocks 88.3_3 and
88.3_4, the 120-160 cm size class did not separate from the<
120 cm and 2160 cm size classes, whereas clear separation along
the x-axis occurred between the latter two size classes
(Figures 4C, F).

Three-way permutational analysis of variance (PERMANOVA)
indicated significant differences in the diet composition of D.
mawsoni with depth (p = 0.004) in research block 88.3_3
(Supplementary Table 4A). However, the differences in all the
other factors (p > 0.050) were not statistically significant. Pairwise
comparisons in research block 88.3_3 (Supplementary Table 4B)
indicated significant differences in the diet composition at all
depths. The SIMPER analysis indicated that Nototheniidae had
the highest contribution to diet composition between depths of <
1,200 m and 1,200-1,600 m and< 1,200 and > 1,600 m. Between
depths of 1,200-1,600 and > 1,600 m, Channichthyidae had the
highest contribution.

A three-way PERMANOVA analysis of toothfish diet
composition in research block 88.3_4 (Supplementary Table 5A)
indicated significant differences based on depth (PERMANOVA,
p = 0.003), size class (PERMANOVA, p = 0.012), and the
interaction between depth and size class (PERMANOVA, p =
0.008). Pairwise comparisons of sampling depth and size class in
research block 88.3_4 showed significant differences in diet
composition among sampling depths within each size class, and
between 2160 cm size class and other size classes within depths of >
1,600 m (Supplementary Table 5B). A CAP analysis plot (Figure 5)
of the depth-size class interaction illustrated group separation
among depths, although the separation among size classes was
small. Among the prey taxa contributing to differences among
depths, the contribution of Nototheniidae was relatively high at<
1,200 m, while the contribution of Channichthyidae was high at >
1,600 m. In addition, significant size-related differences at a depth of
> 1,600 m were characterized by Anotopteridae and Macrouridae
high contributions from< 120 c¢m and > 160 cm size
classes, respectively.
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4 Discussion

It is presumed that C. dewitti, Macrourus spp., and
Nototheniidae were the dominant prey species in this study
because they are similar to D. mawsoni in their depth ranges and
appear abundantly in the study area. Chionobathyscus dewitti,
which appeared predominantly in this study, is the deepest
among the 16 species belonging to Channichthyidae and has been
reported to live at depths of up to 2,025 m (Kock, 2005; Balushkin
and Prut’ko, 2006; Eastman et al., 2013). Macrourus caml occurred
at depths of 350-2,080 m and was previously identified as M.
whitsoni; however, McMillan et al. (2012) suggested the existence of
two species. Lee et al. (2022) identified M. caml and M. whitsoni in
the stomach contents of D. mawsoni from subarea 88.3 through
metabarcoding. It is assumed that these two species are sympatric in
subarea 88.3. Lepidonotothen spp. were assumed to be
Lepidonotothen squamifrons based on comparisons with stomach
content metabarcoding analysis by Lee et al. (2022). Lepidonotothen
squamifrons, T. loennbergii, and T. pennellii are all known demersal
fish, and they inhabit depths of 5-651 m (Koubbi et al., 2000;
Eastman et al., 2013), 65-1,191 m (Gon and Heemstra, 1990;
Eastman and Hubold, 1999), and 63-675 m (Hanchet et al., 2013)
respectively. In addition, L. squamifrons, Macrourus spp., and C.
dewitti are demersal fish predominantly observed in the western
Southern Ocean (Amsler et al., 2016) and are the main bycatch
species among the toothfish fisheries in subarea 88.3 (Arana and
Vega, 1999).

The differences in diet composition among the research blocks
resulted from a combination of factors, including habitat type, prey
abundance, and water depth. Fish feeding differs markedly
according to spatial factors, such as habitat type (Platell et al,
2007; Lek et al., 2011), differences in food resources (Mittelbach
et al., 1992; Francis and Schindler, 2009), temporal factors, such as
seasonal and annual changes in prey species (Hovde et al., 2002;
Ginter et al., 2012), and ontogenetic changes (Werner and Gilliam,
1984; Park et al., 2021). Toothfish are top predators that feed on fish
and cephalopods. They have been reported to show differences in
diet composition depending on area, depth, and body size
(Arkhipkin et al., 2003; Roberts et al., 2011; Stevens et al., 2014).
The main prey of D. mawsoni are Channichthyidae and
cephalopods in the Lazarev Sea (Petrov and Tatarnikov, 2011),
and Macrouridae and cephalopods in the South Sandwich Islands
(Roberts et al.,, 2011). In addition, Macrouridae dominates the diet
composition of D. mawsoni in the Weddell Sea (Petrov and
Gordeev, 2015) and subarea 58.4 (Seong et al., 2021).
Furthermore, D. mawsoni, which inhabits the continental slopes
of the Ross Sea, feeds mainly on Channichthyidae and Macrourus
spp. However, in habitats such as ridges, hills, and seamounts, they
mainly feed on Macrourus spp. (Stevens et al., 2014). D. mawsoni
localized in the continental slope of the Amundsen Sea mainly feed
on cephalopods, Macrourus spp., and Trematomus spp.; however, in
the seamounts, they mainly feed on cephalopods, Macrourus spp.,
and Antimora rostrata (Queiros et al., 2022). Therefore, it is
assumed that the food web structure in the Southern Ocean
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ecosystem differs depending on the local environment. Additional
studies are required to understand the structure of the food webs in
each area.

Fish cannibalism is affected by many factors, including the
quantity and quality of prey and population density (Pereira et al.,
2017). Cannibalism regulates population density (Mammel et al.,
2022), and individuals grow faster than in populations without
cannibalism (Berg et al, 2010; Huss et al,, 2010). Toothfish are
voracious predators that feed on their offspring. In this study,
cannibalism of D. mawsoni was observed, with 163.8 cm and
158.8 ¢cm individuals feeding on 58.1 cm and 54.3 ¢m individuals,
respectively. Cannibalism of D. mawsoni in the past was reported by
Queiros et al. (2022), and D. eleginoides was reported by Arkhipkin
et al. (2003) and Troccoli et al. (2020).

Stomach emptiness in fishes is influenced by a variety of factors,
including feeding ecology, environmental conditions, and sampling
procedures (Vinson and Angradi, 2011). At higher trophic levels,
piscivorous fishes consume larger, more energy-dense prey and
have higher empty rates, on average, than omnivores, invertivores,
planktivores, and herbivores (Malmquist et al., 1992; Arrington
et al,, 2002). Previous studies on Antarctic toothfish diets have
reported emptying rates ranging from 9.8-69.1%, with an average of
approximately 32% (Fenaughty et al., 2003; Kokorin, 2010; Petrov
and Tatarnikov, 2011; Roberts et al.,, 2011; Stevens et al., 2014;
Seong et al., 2021; Queiros et al,, 2022), and these high emptying
rates are similar to our results. Moreover, both Antarctic and
Patagonian toothfish from South Sandwich Island have been
shown to have decreased empty rates with increasing depth and
size classes (Roberts et al., 2011), which is similar to our findings.
These results are contrary to the hypotheses that deeper depths are
more likely to cause stress-induced prey regurgitation (Pilling et al.,
2001) and that relatively large fish should have higher empty rates
because they feed on larger, more energy-dense prey (Vinson and
Angradi, 2011). Therefore, the variation in emptying rates among
Antarctic toothfish by depth and size group is likely the result of
factors such as feeding ecology, physiological characteristics, and
environmental conditions; however, further research is needed to
clarify this.

Changes in the Antarctic toothfish prey composition with depth
were closely linked to the depth range and abundance of each prey
species. At shallow depths below 550 m, Nototheniidae such as
Trematomus scotti and L. squamifrons are predominantly observed
in the Bellingshausen Sea (Matallanas and Olaso, 2007). However,
with increasing depth, the abundance of Nototheniidae decreased
significantly, and Zoarcidae, Macrouridae, and Muraenolepidae
dominated at depths > 550 m. In addition, Nototheniidae, such as
L. squamifrons and T. loennbergii were dominant at depths of 400-
599 m on Anvers Island and the Western Antarctic Peninsula, with
a significant decrease in abundance observed at depths deeper than
599 m (Amsler et al., 2016). Macrourus spp. and C. dewitti were
abundant at depths of 700-1,499 m and 900-1,499 m, respectively.
In Marguerite Bay, Macrourus spp. and C. dewitti proportions were
5% and 6%, respectively, at depths of< 600 m and 30% and 12% at
depths of 600-1,000 m, respectively. At depths > 1,000 m, the
Macrourus spp. and C. dewitti proportions were 65% and 82%,
respectively (Eastman et al.,, 2013).
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In general, fish show variations in diet composition as they grow
because they improve their swimming ability, increase their mouth
size, become more food-demanding, and can consume various prey
species (Barnes et al., 2010; Holt et al., 2019), and we believe that the
changes in diet composition among size classes in this study are
related to this. Differences in prey composition with growth rate are
associated with an increased ability of larger individuals to consume
a broader range of prey species and are known to reduce within-
species competition for food (Park et al., 2022). Dissostichus
mawsoni consumed Channichthyidae, Nototheniidae,
Anotopteridae, and cephalopods in the<100 cm size class,
whereas in the 2100 cm size class, the diet was dominated by
Macrouridae (Stevens et al., 2014; Seong et al., 2021; Pérez-Pezoa
et al,, 2023). This may be because D. mawsoni migrates to deeper
depths due to ontogenetic shifts, thus feeding primarily on
Macrouridae, which are abundant in deeper waters. Nevertheless,
the observed differences in preferred prey sources among size
classes in this study, even within the same depth range, suggest
that they coexist in a way that avoids competition for food among
the same species.

Data on most fish and cephalopod species in the Southern
Ocean are inherently biased owing to fishery-dependent sampling
(Caccavo et al., 2021). Similarly, data on the diet of D. mawsoni are
largely fishery-dependent, which means that relatively large
individuals are likely to be collected as a feature of fishing gear
(Ashford et al., 2005), and most are caught on continental slopes at
depths greater than 600 m in accessible summer sea ice-free areas,
limiting their ability to understand the diet of D. mawsoni which
inhabits a wide range of depths owing to ontogenetic variation. In
this regard, at depths of 300-350 m in the Cosmonaut Sea, D.
mawsoni fed primarily on fishes such as Trematomus eulepidotus
and Chaenodraco wilsoni (Pakhomov and Tseytlin, 1992), in the
McMurdo Sound sea ice region at depths of 500-600 m they fed
primarily on Pleuragramma antarcticum; and on the continental
shelf of the Ross Sea, D. mawsoni fed primarily on Trematomus spp.
and Channichthyidae (Parker et al., 2019). Therefore, if a study is
conducted through systematic sampling in space and time, it will be
possible to collect specific life cycle characteristics, such as the
feeding ecology of D. mawsoni according to seasonal and
ontogenetic changes, which is important for ecosystem-
based management.

Antarctic toothfish play an important role in the ecosystem as
apex predators by influencing the structure of prey species
populations and regulating the abundance of organisms at lower
trophic levels. However, in recent years, many changes in the
marine ecosystem have been observed in the Southern Ocean due
to the direct and indirect effects of climate change and fisheries, and
in the face of these challenges, CCAMLR is working to manage the
species through an ecosystem-based, precautionary approach. As
generalist feeders and opportunistic predators that feed on various
fish and cephalopods, depending on prey availability in the area, we
expect that Antarctic toothfish will flexibly adapt to changes in food
abundance that may result from future environmental changes.
However, Antarctic toothfish have been reported to respond
negatively to future increases in water temperature due to their
low tolerance to water temperatures above 2°C (Cheung et al., 2008;
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Reid, 2019), and little information is available on life cycle
characteristics such as reproductive ecology and early life history
stages; therefore, the impact of future climate change on Antarctic
toothfish stocks remains unclear (Pérez-Pezoa et al., 2023).
Therefore, to preserve marine ecosystems and conduct fisheries
that consider species diversity and trophic interactions, it is
necessary to continue dietary studies to obtain detailed
information on the food web structure by area. In this study, we
determined the ecological niche and role of the Antarctic toothfish
in the Bellingshausen Sea and the eastern Amundsen Sea, where
ecological data on this species are scarce. This allowed us to predict
future changes in ecosystems, such as the trophic cascade of prey
species (Channichthyidae, Macrouridae, and Nototheniidae) in
response to changes in Antarctic toothfish abundance. In
addition, no significant temporal differences in the diet
composition of Antarctic toothfish were observed between 2016
and 2020 in each research block in subarea 88.3, suggesting that
these data could be used as a baseline for identifying future
environmental changes in the region. However, these results may
be subject to inherent bias due to fishery-dependent summer
opportunistic sampling, and further research is needed on the
food web structure of the entire region for ecosystem-based
precautionary management.
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