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A B S T R A C T

Patagonian toothfish (Dissostichus eleginoides) supports valuable fisheries across the Southern Ocean under the
management of the Commission for the Conservation of Antarctic Marine Living Resources. The fishery at South
Georgia accounts for 26 % of the catch of this species in the Southern Ocean in the last 25 years. This study
assesses the effects of exploitation and changes in management of the fishery on long-term trends in biological
traits of Patagonian toothfish at South Georgia. Our results show variability in the size of fish, but no evidence of
a systematic decline during the 25-year period. The mean size of fish was linked to recruitment, with pulses of
recruitment associated with a reduction in mean size of the fishery. The years when recruitment was highest were
in 2000–2010, with >50 % of toothfish of length classes < 90 cm. Management measures implemented over the
last 25 years, including depth restrictions and benthic closed areas, have resulted in a gradual stabilization of the
population structure. Catch per unit effort (CPUE) dropped from 1997 to 2010, gradually increased until 2017
and since 2018 has returned to values typical of the mid-2010s. Monthly changes in fish length, depth of capture
and CPUE confirm that the spawning peak is in July. Size at maturity has remained stable over the last 25 years,
suggesting the fishery has not had a major impact on population size structure. These results illustrate the role of
management regulations in limiting the impacts of commercial exploitation on the population structure of a long-
lived fish species. Given the bigger-deeper size pattern in Patagonian toothfish, there may be a case for increasing
the minimum depth of the fishery (currently 700 m) when strong recruitment pulses are detected.

1. Introduction

The socio-economic importance of capture (wild) fisheries is ex-
pected to increase in the coming decade (United Nations, 2015; Gattuso
et al., 2018; FAO, 2020). The number of stocks exploited at an unsus-
tainable level has increased from 10 % in the 1970s to 34 % in 2017
(FAO, 2020). Currently, fisheries capture more than 90 million tonnes of
fish per year, not accounting for the significant quantities of unwanted
fish discarded at sea, as well as the catch from Illegal, Unregulated and
Unreported (IUU) fishing (Zeller et al., 2018). Due to the lack of essential
knowledge of the biology and ecology of target species, scientific advice
to improve sustainability has frequently lagged behind the development
and exploitation of fisheries (Morato et al., 2006; Bailey et al., 2009;
Brooks et al., 2018). This is despite studies which highlight the key role

of fisheries as a driver of population dynamics of exploited fish
(Hollyman et al., 2021; Subramaniam et al., 2022).

The primary impact of fishing is the reduction in abundance of the
target species, which can lead to overexploitation (Pauly et al., 2002;
Hilborn et al., 2020). The most well-known cases are the fisheries for
Atlantic cod (Gadus morhua) and orange roughy (Hoplostethus atlanticus),
in the 1962–1992 and 1978–2003 periods respectively, which resulted
in population collapses, due to a poor understanding of fish biology and
life history (Hutchings and Myers, 1994; Hilborn et al., 2006). These
collapses had severe negative repercussions for both ecosystems and
economies (Hutchings and Myers, 1994; Crespo and Dunn, 2017).

A second direct impact of fishing is that it may drive and select for
specific life-history traits (e.g., size at maturity, fecundity, reproductive
biology, distribution, diet) that vary with body length (Rochet, 1998;
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Blanchard et al., 2005; Péron et al., 2016). Size structure plays an
important role in maintaining reproductive potential and stability of fish
populations, as size is usually a major determinant of metabolic rate and
energy allocation to growth, reproduction and foraging (Chung et al.,
2019; Alencar et al., 2022). Accordingly, older and larger individuals
contribute more to the reproductive output of a population, as they tend
to produce more eggs, potentially extending the spawning period and
enhancing recruitment (Morato et al., 2006; Anderson et al., 2008;
Wright and Trippel, 2009). Thus, a well-balanced size-structure may
provide more capacity to sustain a population if conditions are unfav-
ourable (Schindler et al., 2010; Ruiz-Díaz et al., 2022). However, when
fishing pressure selects for older and larger individuals, this can lead to
truncation in the size structure of the population. Removal of larger fish
can therefore lead to the relaxation of intraspecific competition for
available resources, which may accelerate the growth of those fish that
remain (Morato et al., 2006; Sharpe and Hendry, 2009). This may result
in changes in size at maturity of the population (Olsen et al., 2004; Tu
et al., 2018). Hence, from a biological as well as an economic perspec-
tive, it is essential to monitor changes in size structure in exploited fish
populations (Grilly et al., 2015; Hilborn, 2020).

The Southern Ocean is one of the world’s largest fishing areas, where
demand is expected to grow (Trathan et al., 2014; Brooks et al., 2016).
Concerns about overexploitation of marine resources led to the

establishment of the Commission for the Conservation of Antarctic
Marine Living Resources (CCAMLR, a dual conservation and manage-
ment body) in 1982. CCAMLR, which is part of the Antarctic Treaty
System, is responsible for the conservation and management of marine
resources, and aims to apply precautionary, ecosystem-based ap-
proaches to minimize the impacts of fisheries on target and non-target
species, as well as on the ecosystem as a whole (Constable et al.,
2000; 2011; Hanchet et al., 2015). CCAMLR regulates all fishing activ-
ities through a suite of annually agreed Conservation Measures (CMs)
which apply broadly to the waters south of the Antarctic Polar Front
(Constable et al., 2000; Collins et al., 2021). Within this area there are
some regions under national jurisdiction, such as South Georgia in
CCAMLR sub-area 48.3 in the southwest Atlantic Ocean (Fig. 2), in
which additional domestic measures may apply.

The Patagonian toothfish (Dissostichus eleginoides) is a large
(maximum >2 m, >150 kg), long-lived predator and scavenger that is
distributed around many sub-Antarctic islands and off the South
American coast, and is exploited both inside and outside CCAMLR wa-
ters (Collins et al., 2010). Following initial rapid growth in shallow shelf
waters (Collins et al., 2007), Patagonian toothfish undertake an onto-
genetic migration into deeper water (>500 m) where adults grow rela-
tively slowly, mature late and have a life span exceeding 40 years
(Collins et al., 2010). The spawning period is between April and

Fig. 1. Summary of the total catch of Patagonian toothfish in the longline fishery at South Georgia (CCAMLR area 48.3), from 1997 to 2021. Top panel: left axis and
black bars shows the reported tonnes caught; right-axis and coloured line shows the number of recorded vessels fishing in each year. Lower panel: fitted catch per unit
effort (CPUE: kg per 1000− 1 hooks) of the 25-year time series, resulted from the GLM. Loess smooth added to the plot. Grey shading indicates confidence interval.
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September, with a peak in July (Agnew et al., 1999; Brigden et al., 2017;
Bamford et al., 2024).

The Patagonian toothfish is currently the most valuable target spe-
cies in the Southern Ocean (Rogers et al., 2015; Reid, 2018) and Pata-
gonian toothfish catches at South Georgia represent 25.7 % (Table S1) of
the total catch of this species in the Southern Ocean over the last 25
years. Besides its economic importance, toothfish also perform an
important ecological role, as a predator of fish, cephalopods and crus-
taceans, and as prey for marine mammals, such as sperm whales
(Physeter macrocephalus) and seals (Collins et al., 2010; Roberts et al.,
2011; Troccoli et al., 2020).

Fishery data have been systematically collected since 1997 by
CCAMLR registered scientific observers. This has provided a suite of
information on Patagonian toothfish at South Georgia over an extended
period, used mainly to perform stock assessments (CCAMLR, 1995,
2019). Although there are some studies on the ecology and biology of
toothfish (Collins et al., 2007, 2010; Brigden et al., 2017), there are still
gaps in our knowledge of their life history and responses to fishing
pressure. In particular, some studies suggest fishing has changed the
size-age structure, based on analyses of restricted time series (Shust and
Kozlov, 2006), or the reproductive traits and length of fish caught
(Brigden et al., 2017).

Deep-sea fish such as Patagonian toothfish, are generally more
vulnerable to exploitation than fish on continental shelves (Laptikhov-
sky and Brickle, 2005). As such, deep-sea fisheries require stricter
adherence to precautionary principles to avoid overexploitation and
potential stock collapse. Indeed, the application of the precautionary
approach (implemented by CCAMLR) is a key element in trying to
ensure sustainable fisheries management and requires that gaps be filled
in terms of knowledge of the target stock and long-term impacts of
fishing (Constable, 2011; Chown and Brooks, 2019).

Within this context, our study evaluated the long-term effects of the
longline fishery on the Patagonian toothfish population in South Georgia
waters from 1997 – 2021. Specifically, our aims were to: i) evaluate how
the population structure of Patagonian toothfish has changed from the
early years of the fishery to the present, ii) understand the effectiveness
of specific changes in fisheries regulation and iii) identify possible
management actions to better ensure the sustainability of the longline
fishery into the future.

2. Methods

2.1. Data collection

Data were obtained from the CCAMLR Secretariat on the catches of
Patagonian toothfish by the commercial longline fishery at South
Georgia (CCAMLR area 48.3; vessel catch reports), from 1997 to 2021.
These included the number of sets/hauls, number of hooks set, date,
latitude, longitude, and depth (m). Although the fishery started in the
late 1980s, and scientific observers were first deployed in 1994, sys-
tematic observer data from all vessels are only available from 1997
onwards.

The toothfish fishery at South Georgia is a demersal longline fishery,
which involves the setting of longlines of around 10 km in length, that
sink to the seafloor. There are two main gear systems, spanish (or double
line) and autoline; both gears are attached at each end to an anchor and
buoy line, but spanish gear comprises a strong main line from which a
series of connecting weighted ropes are attached to the fishing line,
whereas autoline gear is a single weighted line (Collins et al., 2010). In
both systems, hooks are attached by short lengths of line (snoods) to the
fishing line. Consequently, the hooks of spanish lines may fish further
above the seafloor than those on autolines. After a typical soak period of
6–48 hours, the line is hauled on board. Most vessels used spanish gear
until 2006, and thereafter there was a general trend towards greater use
of autoline gear (Table S2). Given the operational differences, gear type
was included as a factor in relevant analyses.

Since 1995, the toothfish fishery at South Georgia has been restricted
to the austral winter to minimise the incidental mortality (bycatch) of
seabirds (Collins et al., 2021). However, there were some exceptions in
early years (Table S2). Fishing occurs on the South Georgia and Shag
Rocks shelf-break areas, which are separated by a deep channel
(~1500 m; Fig. 2); for some analyses these two regions were considered
separately. Observers on board each vessel select a sub-sample of hauls
on an ad-hoc basis to fit with working patterns and record biometrics of
the catch. These include the number of individual toothfish and various
parameters (total length in cm, sex, maturity stage, weight in kg). These
observations were made in accordance with the CCAMLR Scheme of
International Scientific Observation (CCAMLR, 2020). Data were sub-
mitted to CCAMLR and are jointly owned by the observer designating
and fishing Members. Unless stated, all statistical analyses were

Fig. 2. Map of South Georgia (Management Area C) and Shag Rocks (Management Area B), CCAMLR sub-area 48.3. The inset highlights the area of interest in the
Southwest Atlantic Ocean. The contour lines reflect the depth restrictions currently implemented (light grey – 700 m; dark grey – 2250 m).
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conducted within the R environment v. 4.0.3.

2.2. Fish biometrics

Long-term changes in total length (TL) (hereafter length), sex ratio,
condition (K), size at maturity and catch per unit effort (CPUE) of the
Patagonian toothfish were considered in relation to the conservation
measures and restrictions introduced to the fishery during the study
period (Table 1). To ensure comparisons across years were like-with-
like, analyses were restricted to data collected: (i) from 1st April to
31st August; (ii) from> 700 m (in accordance with the depth restriction
introduced in 2011), based on the midpoint between the initial and final
depths recorded for the set; (iii) outside the boundaries of the Benthic
Closed Areas and iv) from management areas B and C (Fig. 2). Any re-
cords involving obvious typographic, or transcription errors were also
removed. A summary of the filtered dataset is provided in Table S2.
Observer data from most or all vessels in the fishery each year were
available from 1997 to 2021, which included data from 230 of the 240
vessel/season combinations. Due to sex differences in growth rate and
size at maturity in Patagonian toothfish, analyses were conducted
separately for males and females.

Generalised linear models (GLM) were fitted for each sex using a
gaussian error structure with log-transformed length as the response
variable. Independent variables, year and depth were continuous, and
month, region and gear were included as factors. We used the “perfor-
mance” R package (Lüdecke et al., 2021) to evaluate model assumptions,
including linearity, homogeneity of variances, collinearity (evaluated
using the variance inflation factor, with values < 2, assumed not to have
an effect on model), normality of residuals and performance (Akaike’s
information criterion or AIC). Results are reported as mean ± standard
deviation unless otherwise stated. Differences were considered statisti-
cally significant at p≤ 0.05. Possible changes in length frequencies were
also examined based on five-year bins, and length-depth relationships
were also explored separately for each sex.

To calculate the size at maturity, the CCAMLR catch data from the
commercial fishery were supplemented by data on juvenile Patagonian
toothfish obtained from bottom trawl surveys on the South Georgia &
Shag Rocks shelves between 1997 and 2019 (for details, see Hollyman
et al., 2021). The data were grouped into five-year periods and 1 cm
length bins, and only bins containing ≥ 5 individuals were used in
further analyses. Preliminary analyses confirmed that the inclusion of

the data from the groundfish surveys did not alter the shape of curves
fitted to the data from the commercial fishery. Maturity stages followed
the classification in Kock, Kellermann, (1991); stages 1–2 were consid-
ered to be immature, and stages 3–5 to be mature (for more details, see
Bamford et al., 2024). Size at maturity calculations were made using
logistic regression in the sizeMAT package in R (Torrejon-Magallanes,
2019).

A relative body condition factor (K) for each fish was calculated
using the Fulton Index as a proxy for physiological status, according to
the following equation: K=100(W/TL3), where W represents total
weight and TL is the total length. This length-weight relationship has
been validated for various fish species (Shin et al., 2005). Values are
distributed around 1, with values above 1 representing individuals in
better condition than average, and values below one, representing in-
dividuals in worse condition. We assumed that the effect of stomach
fullness on values were negligible across years due to the very large
sample sizes (Table S2).

2.3. Catch per unit of effort (CPUE)

Catch per unit effort (CPUE, kg per/ 1000− 1 hooks) was calculated
for each longline. To ensure comparisons across years were consistent,
data followed the same restrictions used for the fish biometrics. Tem-
poral changes in CPUE over the study period were analysed by fitting a
negative binomial GLM and log link function, through R package
“MASS”, where the response variable was the CPUE and explanatory
variables were area (here divided between South Georgia and Shag Rock
islands, see Fig. 2), year, depth, month (April to August), and gear type
(autoline and spanish).

3. Results

3.1. Population structure

Based on a sample of 285,824 individual Patagonian toothfish
(154,241 females and 131,583 males), a higher proportion of females
(54 %) than males (46 %), both overall and within years, were caught in
the longline fishery at South Georgia (Table S2), from 1997 to 2021. The
sex ratio differed between months, with an increase in the proportion of
females (to ~ 60 %) in July and August.

The mean length of fish varied between years (Fig. 3A), with similar
patterns for both males and females. Overall, the mean length of both
male and female fish declined from 1997 (F: 100.5 cm; M: 91.65 cm) to
2001 (F: 89.9 cm; M: 84.7 cm), was broadly stable for several years, and
then in 2012 dropped to the lowest values recorded (F: 87.4 cm; M:
82.7 cm). From 2012 onwards, the mean length increased gradually,
with values in 2021 (F: 97.7 cm; M: 90.3 cm) similar to those in 1998. In
the 25-year study, the largest recorded female and male were 247 cm
(~1300 m depth) and 183 cm (~1000 m depth), caught in 2009 and
2000, respectively.

The proportion of smaller fish in catches (< 90 cm TL or 80 cm TL),
which is likely to be indicative of the recruitment, also fluctuated
considerably among years (Fig. 3C). There were lower proportions of
small fish in the early years of the fishery, increasing to 50–65 % (<
90 cm TL) and 20–30 % (< 80 cm TL) of the catch between 2001 and
2010. The highest proportions of small fish were in 2009–2012, which
indicates a period of good recruitment to the fishery (Fig. 3C). Since
2013 there has been a gradual drop in the proportion of small fish, with
the lowest % of fish < 80 cm in 2021. The fishery operated at shallower
depths on average in the early years but has been stable at mean of ~
1300 m since 2001 (Fig. 3B).

There were positive relationships between both year and depth, and
body length (TL) of male and female toothfish over the 25-year study
(Table 2). Month was also a significant factor, with larger fish caught in
April than in May to August. The greatest difference in mean fish lengths
for females was between April and May, whereas the smallest, male fish

Table 1
Key events and Conservation Measures applied since the beginning of the
longline fishery of Patagonian toothfish at South Georgia.

Year Key Events and Conservation Measures

1988 Beginning of longline Patagonian toothfish fishery.
1991 CCAMLR implements the first catch limit.

1994
CCAMLR define 48.3 as Special area for Protection and Scientific study.
Inclusion of Scientific Observer.

1995
Season period restriction (winter months).
Night setting only.

1996 Direct fishing only allowed by longline.

1998 First mention to bycatch species.
Biological data required.

2001 Bycatch limits for grenadiers, skates and rays.

2002
All toothfish caught count against the total allowable catch even when
discarded.
Dumping offal prohibited during set and avoided during haul.

2004 Minimum depth of 500 m introduced.

2005 Fishing area restricted and divided into 3 management areas (A, B & C),
with 10 tonne catch limit in Area A.

2006 Area A closed (catch limit of 0).
2008 Benthic Closed Areas introduced.
2010 Minimum fishing depth increases to 550 m.
2011 Minimum fishing depth increased to 700 m.

2012
Longline fishing restricted to depths between 700 m and 2250 m.
Benthic Closed Areas refined.

J. Abreu et al.
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were caught in July. Mean fish length was greater at Shag Rocks than at
South Georgia, particularly for males. Lastly, mean lengths were greater
for fish caught in spanish than autoline gear for both sexes (Table 2). This
difference between spanish and autoline gear was also verified for the

period where there was an equal number of vessels operating each gear,
giving a similar outcome.

Monthly patterns in frequency distributions of TL (Fig. 4), confirm
the results of the GLMs for both sexes (Table 2). The violin plots showed

Fig. 3. Annual changes in the characteristics of Patagonian toothfish catches in the longline fishery at South Georgia (CCAMLR area 48.3), from 1997 to 2021, (A)
average length ± SD of male and female toothfish caught. Black line is female (F), green line is males (M); (B) average depth ± SD of fishing sets; (C) percentage of
small toothfish size classes (young fish) in the total catch. Black line, individuals below 90 cm TL, green line, individuals below 80 cm TL.

J. Abreu et al.
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limited variability probably because the effect of month in the GLM was
small, albeit statistically significant (Fig. 4). There was a positive rela-
tionship between depth and body length of both sexes, with a greater
range of lengths independent of depth in females thanmales (Fig. 5), and
at 1300–1400 m, where a considerable portion of the fishing occurs
(Fig. 3B). The average TL was 87.8 cm and 83.0 cm for females and
males, respectively, at the lowest depth (700–800 m), 100 cm and

90.3 cm at greater depths (>1800 m), and 91.7 cm and 86.0 cm be-
tween 1200 and 1300 m, where most of the toothfish are caught.

3.2. Size at maturity and body condition

Of the 154,241 female toothfish caught over the 25 years, 69 % were
immature (stage 1 and 2) and 31 % were mature (stage 3, 4 and 5). By

Table 2
Results of generalised linear models for female and male Patagonian toothfish between 1997 and 2021. Body length was the response variable. April, South Georgia
and Autoline are the base case in each respective factor. SR – Shag Rocks. Female sample n = 154,241; male sample n = 131,583.

Coefficient Estimate St. Error t-value P value
Deviance

Residual df Null df

Females

Intercept 0.561 0.141 3.971 <0.001

4040 154232 4169 154240

Year 0.002 0.000 26.927 <0.001
Depth 0.003 0.000 62.461 <0.001
May − 0.014 0.002 − 7.303 <0.001
June − 0.006 0.002 − 3.174 0.002
July − 0.009 0.002 − 4.512 <0.001
August 0.004 0.002 1.906 0.057
Region ~ SR 0.005 0.001 4.568 <0.001
Gear ~ spanish 0.023 0.001 23.628 <0.001
AIC = − 124035

Males

Intercept 1.219 0.126 9.690 <0.001

2182 131574 2255 131582

Year 0.002 0.000 24.736 <0.001
Depth 0.000 0.000 57.032 <0.001
May − 0.007 0.002 − 4.241 <0.001
June − 0.005 0.002 − 2.993 0.003
July − 0.017 0.002 − 10.279 <0.001
August − 0.007 0.002 − 3.932 <0.001
Region ~ SR 0.018 0.001 20.186 <0.001
Gear ~ spanish 0.018 0.001 21.399 <0.001
AIC = − 165970

Fig. 4. Violin plots of body lengths of female and male Patagonian toothfish (left-axis), for each month (April to August) of the fishing season. All years represented.
Gray line is the month effect on toothfish length, from the generalised linear model (Table 2) (right-axis).
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comparison, of the 131,583 males, 28 % were immature and 72 %
mature. The contribution of immature toothfish (both females and
males) peaked during the period from 2010 to 2013, indicative of strong
recruitment (Fig. 3C). The fishery changed during the study period in
terms of depth limits, spatial closures, and the ratio of spanish:autoline
vessels.

Based on comparisons between 5-year bins (corresponding to
changes in management measures; Table 1), there was a clear difference
in the size that sexes reach maturity, which was between 100 and
110 cm TL in females, and between 70 and 80 cm TL in males (Table 3).
The clearest difference between periods were in males, with a 6 %
decrease in the size that they reach maturity from the first to last 5-year
period over the 25-year study, with the greatest change from the first to
second period (1997 – 2001–2002 – 2006). In contrast, the size at
maturity was more consistent in females, with the difference between
the first and last 5-year periods being less than < 1 %.

Based on Fultońs K factor, male and female Patagonian toothfish at
South Georgia were in good body condition, with a mean K = 0.98, for
all years, and little variation in the mean among 5-year periods
(Table S4). There were no major differences in body condition between
months in either sex, other than a slight drop in condition of males
during August to K=0.94 (Table S4). There was a gradual increase in
male condition from stage I (K=0.95) to stage III (K=0.99), and then a
decrease by stage V (K=0.94). Females followed a similar pattern, with
body condition increasing from stage I (K=0.95) to stage IV (K=1.05),
then dropping in stage V (K=0.97).

Fig. 5. Violin plots of lengths of female and male Patagonian toothfish by depth bin in the longline fishery. All years represented. Gray line is the depth effect on
toothfish length from the generalised linear model (Table 2).

Table 3
Size at maturity of female and male Patagonian toothfish, in each 5-year period
at South Georgia and the respective magnitude of change from the base period.

Sex Period
Size at
Maturity
(cm)

Confidence
Limits

Magnitude of change (%)

Between
Periods

Initial &
Final

Females

1997 –
2001

101.3 100.9 – 101.8

↑ 2 %
↓ 2 %
↑ 5 %
↓ 5 %

↓ < 1 %

2002 –
2006

103.4 103.1 – 103.8

2007 –
2011 101.1 100.8 – 101.5

2012 –
2016 106.5 105.9 – 107

2017 –
2021

100.9 100.6 – 101.2

Males

1997 –
2001

76.7 76.4 – 77.1

↓ 5 %
↑ 1 %
↑ 1 %
↓ 3 %

↓ 6 %

2002 –
2006 73 72.7 – 73.4

2007 –
2011

73.5 73.2 – 73.8

2012 –
2016

74 73.4 – 74.5

2017 –
2021

72 71.1 – 72.8

J. Abreu et al.
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3.3. Catch per unit of effort

Over the 25-year study CPUE (sexes combined) initially decreased,
and since then has fluctuated considerably among years, with peaks in
2001–2003, and 2015–2017 (Fig. 1). The peak in 2001–2003 coincided
with both the highest catches and number of vessels operating in the
fishery. The CPUE was lowest in 2010 and 2012, which corresponds to
the introduction of stricter management measures (Table 1). The CPUE
has been broadly stable since 2018.

The fluctuations in CPUE are consistent with the model output
(Table 4). Depth, although significant, did not influence the overall
CPUE, as the fishery has operated within the same range over the years.
The highest CPUE by month was in April, after which the CPUE
decreased until July, but then increased in August. The mean CPUE was
higher at Shag Rocks than South Georgia, and for spanish than autoline
gear.

4. Discussion

This study evaluated the impact of the longline fishery on Patagonian
toothfish at South Georgia over a 25-year period (1997 – 2021).
Although previous studies have addressed some of the issues explored
here (Agnew et al., 1999; Everson and Murray, 1999; Shust and Kozlov,
2006; Brigden et al., 2017), these analysed only the early years of the
fishery or a small portion of the extensive dataset that is now available
and did not consider links with changes in regulations. We found no
evidence of substantial changes in Patagonian toothfish population
structure over the 25 years. Fisheries elsewhere have had major impacts
on populations of long-lived target species (Hilborn et al., 2006; Morato
et al., 2006), but our results suggest the careful regulation at South
Georgia has been successful in reducing these effects.

Although the changes detected in the present study were small,
suggesting a relatively stable population structure during the 25 years, it
is important to note that exploitation of Patagonian toothfish in South
Georgia started in 1988/89 (Collins et al., 2010). Considerable changes
in the population could have occurred prior to 1997, particularly as the
fishery was poorly regulated and there is uncertainty about catches by
IUU vessels (Agnew, 2004; Collins et al., 2010). This likely reduced the
proportion of larger and older fish before the start of our time series.
However, it is now over two decades since there was evidence of sub-
stantial IUU fishing around South Georgia. It is also worth noting that
the fishery operates in a narrow depth band, on a species with a distinct
bigger-deeper trend (Collins et al., 2010; this study), so it is perhaps
likely to catch a consistent size of fish.

Management of the fishery at South Georgia has evolved consider-
ably over the years, with the implementation of a variety of regulations
inside the fished area (Table 1). In particular, the introduction of Benthic
Closed Areas was a major switch in space available for the fishery
(Trathan et al., 2014). In addition, environmental conditions have
changed around South Georgia for reasons unrelated to the longline
fishery. Seals and whale numbers have increased rapidly since industrial

whaling ceased at South Georgia in 1965 (Trathan et al., 2014; Rogers
et al., 2015; Bamford et al., 2022). Large scale oceanographic changes
have been occurring in South Georgia, with higher sea surface temper-
atures and higher intensity of El-Niño events (Whitehouse et al., 2008).
These may also have a role in determining toothfish population dy-
namics and biological traits. However, in general the effects of envi-
ronmental conditions on long-lived benthic fish are likely most apparent
during larval and juvenile phases (Lehodey et al., 2006). That may
explain why we found little evidence of any consistent long-term trends
in size structure or maturation patterns.

4.1. Population structure

Over the 25-year study, our analysis revealed a small, but consistent,
difference in the sex ratio of Patagonian toothfish in the catch, with
2–20 % more females than males, as seen at other fishing grounds (Lord
et al., 2006; Welsford et al., 2011; Péron et al., 2016). Within year, the
bias in the sex ratio was least apparent in April and May but increased to
~ 60 % females in July and August. This could reflect sex differences in
growth rates, as females grow more quickly and to larger sizes than
males (Péron et al., 2016; Soeffker et al., 2022), and so maymove sooner
to deeper waters where the longline fishery operates (Fig. 3B). That
would tie in with the high proportion (63 %) of males caught in July that
are mature (larger), i.e., stage IV (Agnew et al., 1999; Brigden et al.,
2017).

The largest females were caught in the fishery in April, and the
smallest in May, whereas the smallest males were caught in July.
Temporal changes in length are potentially linked to spawning behav-
iour (Agnew et al., 1999; Lord et al., 2006). At South Georgia, the peak
in spawning is in July (Brigden et al., 2017; Bamford et al., 2024), with
evidence of a secondary spawning period in April (Agnew et al., 1999;
Bamford et al., 2024). There is also a decrease in CPUE in July (see
explanation below) (Bamford et al., 2024; Collins et al., 2010). Such a
change will primarily affect the larger mature fish, which may explain
the reduction in mean length caught.

Previous studies suggested that both sexes may converge in inter-
mediate depths to spawn (Agnew et al., 1999; Brown et al., 2013), in
which case we would not expect a greater bias in the sex ration towards
females in July and August. Hence, we suggest that during reproduction,
there is a sexual spawning segregation, with males moving first for
spawning grounds to shallower depths (< 1000 m), that are less targeted
by the fishery (Fig. 3B), and so less likely to be caught, where they
remain for longer time. Given the strong relationship between body
length and water depth (Fig. 5), mature females which are more prev-
alent at deeper depths (Agnew et al., 1999), may move in and out to
these spawning locations, potentially explaining the seasonal difference
in the sex ratio of the catch.

Mean TL declined slightly in both male and female toothfish from
1997 to 2012, but then increased again such that the mean in 2021 was
similar to values in the early years of the time series. The presence of
larger fish in the early years was also seen during the development of the

Table 4
Results of the generalised linear models for Patagonian toothfish between 1997 and 2021. Catch per unit effort (CPUE: kg/1000 hooks) as the response variable. April,
South Georgia and Autoline are the base case in each respective factor. SR – Shag Rocks.

Coefficient Estimate St. Error Z value P value
Deviance

Residual df Null df

Intercept 25.04 0.398 62.859 <0.001

303174 284469 330790 284477

Year − 0.010 0.000 − 48.545 <0.001
Depth 0.000 0.000 8.287 <0.001
May − 0.188 0.005 − 36.589 <0.001
June − 0.305 0.005 − 58.405 <0.001
July − 0.562 0.005 − 106.200 <0.001
August − 0.443 0.006 − 80.027 <0.001
Region ~ SR 0.018 0.003 6.242 <0.001
Gear ~ spanish 0.105 0.003 39.077 <0.001
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Patagonian toothfish fisheries around Falklands, Kerguelen, and Heard
Islands (Laptikhovsky and Brickle, 2005; Duhamel et al., 2011; Ziegler
and Welsford, 2017). The same pattern is seen in other fisheries
worldwide (Birkeland and Dayton, 2005; Blanchard et al., 2005;
Nogueira et al., 2015) where, at the onset of exploitation, populations
are found closer to their pristine natural state and thus there is a wider
size range, and more large individuals. Although the South Georgia
longline fishery was poorly regulated prior to 1994, the fishery was
operating mostly on the island shelf areas and was thus likely catching
smaller individuals; however, from 1997 and 1998, there was a shift by
vessels to the exploitation of deeper waters (Agnew, 2004).

Some truncation in the size distribution of an exploited population is
inevitable, as seen in fisheries elsewhere (Blanchard et al., 2005;
Shackell et al., 2010). At South Georgia, this likely took place in the
early years of the fishery (1988 – 1996); that would explain why the
mean length of fish caught since 1997 has been relatively stable, with
periodic reductions likely associated with strong recruitment pulses
when smaller, younger fish move to the depths exploited by the fishery
(Belchier and Collins, 2008). This stability may also be due to greater
regulation and consistency in areas and depths fished. There may also be
a preference (price premium) for fish of an intermediate size, which are
easier to package. Fishing at depths>1500 m, where some of the biggest
individuals are caught, is more time consuming in terms of setting and
hauling, even if the CPUE based on the number of hooks is similar.

From 1998 until 2012, mean toothfish length slowly decreased, due
to the greater contribution of smaller size classes (<90 cm) to catches
(Fig. 3C). There were some years between 2001 and 2012 when > 50 %
of the catch was < 90 cm TL (Fig. 3C), leading to the concerns raised by
Shust and Kozlov (2006) and Brigden et al. (2017) that there was a
higher percentage of immature individuals in the catch and a decrease in
average size of toothfish population. However, the increased represen-
tation of smaller fish is probably related to a strong cohort entering the
exploited population. Recruitment of toothfish to the South Georgia
stock is highly variable (Belchier and Collins, 2008; Collins et al., 2010),
and may be linked to environmental variability. A very strong cohort
was detected during groundfish surveys from 2003 (~ 20 cm) to 2008
(~ 65 cm) (Collins et al., 2010; Fig. 4.4) and probably appeared in
fishery catches from 2009, when there was a clear increase in the pro-
portion of small fish. It is likely that this cohort dominated the fishery for
a few years, leading to a high proportion of relatively small fish until
2012. Further strong cohorts were reported in 2011 (Brown et al., 2011)
and 2021 (Collins et al., 2021), but recruitment is likely to occur at lower
levels in other years. In other commercial fisheries, average length of the
catch has declined due to a strong recruitment year or cohort, which
added smaller individuals to the population (Haedrich and Barnes,
1997; Nogueira et al., 2015).

From 2012–2021, mean length gradually increased, although there
were some small fish seen in some years, these pulses of recruitment
were likely weaker than those from 2002 cohort. A further pulse of
recruitment was detected in the 2021 shelf trawl survey (~40 cm TL;
Collins et al., 2021), but these will not yet be available to the fishery. It is
also worth noting that the establishment of the Benthic Closed Areas,
and the restriction of the fishery to depths greater than 700 m (see
Table 1) were intended to reduce the capture of small fish. For consis-
tency, our analysis excluded fish caught in the Benthic Closed Areas
(during research lines for tagging) and shallower than 700 m. An anal-
ysis of the full data shows a similar pattern (Fig. S5).

Biological traits including length, size at maturity and spawning
success, are sensitive to fishing impacts (Shin et al., 2005), but will also
fluctuate in response to environmental and other factors, such as
competition and predation pressure (Brooks et al., 2018; Hilborn et al.,
2021). Mean toothfish body length increased significantly with depth for
both females and males (Table 2, Fig. 5), and this pattern would be more
distinct if we included catches from trawl surveys in shallower depths
(Collins et al., 2007; 2010). This bigger-deeper pattern is also observed
in Patagonian toothfish on the Patagonian shelf, and around Kerguelen

and Heard Islands, as well as for the Antarctic toothfish Dissostichus
mawsoni (Laptikhovsky et al., 2006; Welsford et al., 2011; Soeffker et al.,
2022), and many other deep-sea scavenging fish (Collins et al., 2005).
This trend is important for fishery management, as it allows measures to
be in place to protect small fish. A minimum fishing depth of 500 m was
introduced in 2004, increased to 550 m in 2010 and 700 m in 2011
(Table 1). Protecting small fish is essential as these will form the basis of
future exploitation (Houde, 2012) and, when recruitment is highly
variable, it is much more effective to protect small fish than try to
protect spawning adults (Bamford et al., 2024). Slightly larger toothfish
were caught around Shag Rocks, which could be due to higher pro-
ductivity and prey availability in this region (Collins et al., 2007; Rogers
et al., 2015). Hooks on the spanish gear are more likely to be above the
seafloor when fishing (Benedet, 2017), which may explain the catch of
larger fish. Hook and bait size may also be factors, but the size of hooks
and bait were not always recorded in the early years. Whilst statistically
significant, the influence of both region and gear type on toothfish
length was negligible, yet important to keep in mind when monitoring
possible trends.

4.2. Maturity and condition

In the long-term, there is evidence from a range of exploited species
that higher adult mortality (both natural and from fisheries) selects for
earlier maturity at smaller size, which causes a decrease in size at
maturity (Beacham, 1983; Clark, Tracey, 1994; Lojo et al., 2022; and
Table S3).

Our results indicate little change in Patagonian toothfish size at
maturity over 25 years of exploitation. Previous studies in the Atlantic
sector, including at South Georgia and the Patagonian Shelf (Everson
and Murray, 1999; Collins et al., 2010; Soeffker et al., 2014) indicated
that toothfish growth begins to slow around 78 cm TL, which equates to
~10 years of age and corresponds to the estimated age at first maturity.
However, our findings show the pattern for females and males are
different. Size at maturity of males has reduced (by ~6 %; Table 3),
albeit within the range of values reported in past studies at South
Georgia (Everson and Murray, 1999; Agnew et al., 1999). In contrast,
there has been little change (< 1 %) in size at maturity of females
(~101 cm TL). It appears that Patagonian toothfish in the Atlantic sector
grow larger, and consequently attain a bigger size, and thus a bigger size
at maturity than populations at Kerguelen in the Indian Ocean sector,
where the average sizes at maturity are 63 cm and 85 cm TL for males
and females, respectively (Lord et al., 2006). Differences in size at
maturity could be unrelated to exploitation and instead be influenced by
environmental conditions and/or productivity, due to the geographical
and oceanographic settings, and population size, of the different regions
(Péron et al., 2016; Bamford et al., 2024). Finally, it is worth noting that
in females the mean size at capture was less than the size at 50 %
maturity (Figure S3), whilst in males the mean size at capture was
greater than size at 50 % maturity (Figure S4).

Trends in body condition can indicate a selective pressure, positive
or negative, on a fish population, which may be caused by fishing or a
change in habitat quality or environmental factors (Bolin et al., 2021;
Soeffker et al., 2022). Both male and female Patagonian toothfish at
South Georgia have maintained a stable body condition, consistent with
the conclusions of Soeffker et al. (2022). This may reflect the flexibility
in diet of Patagonian toothfish, which is both a scavenger and active
predator, able to switch readily to whatever is the most abundant
resource (Collins et al., 2007, 2010; Roberts et al., 2011). The fluctua-
tions in condition in the different maturity stages are consistent with
expectations, as stage four represents their spawning peak, when gonads
are fully developed and represent a considerable proportion of overall
body weight (Everson and Murray, 1999).
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4.3. Catch per unit of effort

CPUE declined from the early years of the fishery to 2010–2012,
which is probably related to a decrease in toothfish abundance,
including from IUU fishing (Agnew and Kirkwood, 2005). Such a
decrease is consistent with CCAMLR decision rules (Constable et al.,
2000) and the current stock assessment (CCAMLR, 2023), which in-
dicates that the stock is currently just below 50 % of the pre-exploitation
biomass. This trend is expected in fisheries and has been recorded for
Patagonian toothfish in other areas (Lord et al., 2006; Duhamel et al.,
2011) and species such as Atlantic cod in the northwest Atlantic Ocean
(Nogueira et al., 2015), pollock (Pollachius pollachius) in northeast
Atlantic Ocean (Casini et al., 2005), orange roughy (Hoplostethus atlan-
ticus) and black cardinalfish (Epigonus telescopus) in New Zealand
(Hilborn et al., 2006; Dunn, 2009). In all cases the highest CPUE was
found at the start of exploitation. This can be countered or managed by
improvement in fishing methods, fleet efficiency, and knowledge of the
fishing grounds (Maunder and Watters, 2001). Management at South
Georgia also had a key influence on CPUE, through the depth restrictions
imposed (Table 1), affecting the availability of fish of different sizes,
ages and sex, and the spatial distribution of fishing, through the estab-
lishment of Benthic Closed Areas. Nonetheless, factors external to fish-
ing operations such as environmental conditions and depredation
(Söffker et al., 2015) may also influence CPUE (Trathan et al., 2014;
Brooks et al., 2018). Hence, regulatory changes after 2012 led to
standardisation of fishing operations (including quotas, depths, number
of vessels), and the CPUE is now broadly stable.

4.4. Conclusions

Ultimately the trends observed here in terms of population structure
of Patagonian toothfish, are not ecologically significant, with no evi-
dence of overexploitation. The trends in population structure are likely
the result of natural fluctuations in length as a function of recruitment
variability, and the biggest change seen in the late 1990s was mainly due
to the lack of regulation in previous decades. Fisheries management
around South Georgia has been evaluated and improved continuously,
and the ecosystem-based approach advocated by CCAMLR has been
effective, evidenced in the size at maturity results presented here. Based
on our results, a further refinement in terms of regulations could be to
increase the depth limit in years or periods when trawl surveys (e.g.,
Collins et al., 2007) indicate strong recruitment (identified by routine
surveys), thus safeguarding future recruitment to the fished population,
which would be beneficial both for the fishery and the ecosystem.
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Andriolo, A., Bedriñana-Romano, L., Carroll, E.L., Martin, S., Zerbini, A.N., 2022.
Humpback whale (Megaptera novaeangliae) distribution and movements in the
vicinity of South Georgia and the South Sandwich Islands Marine Protected Area.
Deep Sea Res. Part II 198, 105074. https://doi.org/10.1016/j.dsr2.2022.105074.

Bamford, C.C.G., Hollyman, P.R., Abreu, J., Darby, C., Collins, M.A., 2024. Spatial,
temporal, and demographic variability in patagonian toothfish (Dissostichus
eleginoides) spawning from twenty-five years of fishery data at South Georgia. Deep
Sea Res. Part I 203, 104199. https://doi.org/10.1016/j.dsr.2023.104199.

Beacham, T.D., 1983. Variability in median size and age at sexual maturity of Atlantic
cod, Gadus morhua, on the Scotian shelf in the northwest Atlantic Ocean. Fish. Bull.
81 (2), 303–321.

Belchier, M., Collins, M.A., 2008. Recruitment and body size in relation to temperature in
juvenile Patagonian toothfish (Dissostichus eleginoides) at South Georgia. Mar. Biol.
155, 493–503. https://doi.org/10.1007/s00227-008-1047-3.

Benedet, Ramon Augusto (2017). The bottom longline fishery and its use as a source of
benthic biodiversity information around South Georgia. PhD thesis The Open
University.

Birkeland, C., Dayton, P.K., 2005. The importance in fishery management of leaving the
big ones. Trends Ecol. Evol. 20 (7), 356–358. https://doi.org/10.1016/j.
tree.2005.03.015.

Blanchard, J.L., Dulvy, N.K., Jennings, S., Ellis, J.R., Pinnegar, J.K., Tidd, A., Kell, L.T.,
2005. Do climate and fishing influence size-based indicators of Celtic Sea fish
community structure? ICES J. Mar. Sci. 62 (3), 405–411. https://doi.org/10.1016/j.
icesjms.2005.01.006.

Bolin, J.A., Schoeman, D.S., Evans, K.J., Cummins, S.F., Scales, K.L., 2021. Achieving
sustainable and climate-resilient fisheries requires marine ecosystem forecasts to
include fish condition. Fish Fish 22 (5), 1067–1084. https://doi.org/10.1111/
faf.12569.

Brigden, K.E., Marshall, C.T., Scott, B.E., Young, E.F., Brickle, P., 2017. Interannual
variability in reproductive traits of the Patagonian toothfish Dissostichus eleginoides
around the sub-Antarctic island of South Georgia. J. Fish. Biol. 91 (1), 278–301.
https://doi.org/10.1111/jfb.13344.

Brooks, C.M., Crowder, L.B., Curran, L.M., Dunbar, R.B., Ainley, D.G., Dodds, K.J.,
Gjerde, K.M., Sumaila, U.R., 2016. Science-based management in decline in the
Southern. Ocean. Sci. 354 (6309), 185–187 https://doi.org/10.1111/faf.12162.

Brooks, C.M., Ainley, D.G., Abrams, P.A., Dayton, P.K., Hofman, R.J., Jacquet, J.,
Siniff, D.B., 2018. Antarctic fisheries: factor climate change into their management.
Nature 558, 177–180. https://doi.org/10.1038/d41586-018-05372-x.

J. Abreu et al.

https://doi.org/10.1016/j.fishres.2024.107122
https://doi.org/10.1017/S0954102004222350
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref2
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref2
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref3
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref3
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref3
https://doi.org/10.1007/s10682-022-10177-6
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref5
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref5
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref5
https://doi.org/10.1098/rspb.2009.0098
https://doi.org/10.1098/rspb.2009.0098
https://doi.org/10.1016/j.dsr2.2022.105074
https://doi.org/10.1016/j.dsr.2023.104199
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref9
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref9
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref9
https://doi.org/10.1007/s00227-008-1047-3
https://doi.org/10.1016/j.tree.2005.03.015
https://doi.org/10.1016/j.tree.2005.03.015
https://doi.org/10.1016/j.icesjms.2005.01.006
https://doi.org/10.1016/j.icesjms.2005.01.006
https://doi.org/10.1111/faf.12569
https://doi.org/10.1111/faf.12569
https://doi.org/10.1111/jfb.13344
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref15
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref15
http://refhub.elsevier.com/S0165-7836(24)00186-3/sbref15
https://doi.org/10.1038/d41586-018-05372-x


Fisheries Research 279 (2024) 107122

11

Brown, J., Gregory, S.,Brigden, K., Benedet, R., Hogg, O., Brewin, P. and L. Featherstone
(2011). Results from the groundfish survey conducted in CCAMLR Subarea 48.3 in
January/February 2011. WG-FSA 11/29.

Brown, J., Brickle, P., Scott, B.E., 2013. Investigating the movements and behaviour of
Patagonian toothfish (Dissostichus eleginoides Smitt, 1898) around the Falkland
Islands using satellite linked archival tags. J. Exp. Mar. Biol. Ecol. 443, 65–74.
https://doi.org/10.1016/j.jembe.2013.02.029.

Casini, M., Cardinale, M., Hjelm, J., Vitale, F., 2005. Trends in cpue and related changes
in spatial distribution of demersal fish species in the Kattegat and Skagerrak, eastern
North Sea, between 1981 and 2003. ICES J. Mar. Sci. 62 (4), 671–682. https://doi.
org/10.1016/j.icesjms.2004.12.018.

CCAMLR (1995). Scientific Committee Report, Annex 5: Report of the Working Group on
Fish Stock Assessment, Hobart.

CCAMLR (2019). Scientific Committee Report, Annex 7: Report of the Working Group on
Fish Stock Assessment, Hobart.

CCAMLR. (2020). Scheme of International Scientific Observation Scientific Observer’s
Manual Finfish Fisheries Version 2020.

CCAMLR (2023). Stock Assessment Report 2022: Dissostichus eleginoides in Subarea
48.3. CCAMLR Secretariat, Hobart, 37 pp.

Chown, S.L., & Brooks, C.M. (2019). The State and Future of Antarctic Environments in a
Global Context. Annual Review of Environment and Resources. https://doi.org/
10.1146/annurev-environ-101718.

Chung, M.T., Trueman, C.N., Godiksen, J.A., Holmstrup, M.E., Grønkjær, P., 2019. Field
metabolic rates of teleost fishes are recorded in otolith carbonate. Commun. Biol. 2
(1) https://doi.org/10.1038/s42003-018-0266-5.

Clark, M.R., Tracey, D.M., 1994. Changes in a population of orange roughy, Hoplostethus
atlanticus, with commercial exploitation on the Challenger Plateau, New Zealand.
Fish. Bull. 92 (2), 236–253.

Collins, M.A., Bailey, D.M., Ruxton, G.D., Priede, I.G., 2005. Trends in body size across
an environmental gradient: a differential response in scavenging and non-scavenging
demersal deep-sea fish. Proc. R. Soc. B: Biol. Sci. 272 (1576), 2051–2057. https://
doi.org/10.1098/rspb.2005.3189.

Collins, M.A., Ross, K.A., Belchier, M., Reid, K., 2007. Distribution and diet of juvenile
Patagonian toothfish on the South Georgia and Shag Rocks shelves (Southern
Ocean). Mar. Biol. 152 (1), 135–147. https://doi.org/10.1007/s00227-007-0667-3.

Collins, M.A., Brickle, P., Brown, J., Belchier, M., 2010. The Patagonian Toothfish.
Biology, Ecology and Fishery. Adv. Mar. Biol. 58, 227–300. https://doi.org/
10.1016/B978-0-12-381015-1.00004-6.

Collins, M.A., Coleman, J., Gregory, S., Hollyman, P.R., James, R., Marsh, M., Reid, J.,
Socodo, P., 2021. Report of the UK Groundfish Survey at South Georgia (CCAMLR
sub-Area 48.3) in May 2021. CCAMLR Work. Group Fish. Stock Assess. Manag.
Advice WGFSA-2021/1 2.

Collins, M.A., Hollyman, P.R., Clark, J., Soeffker, M., Yates, O., Phillips, R.A., 2021.
Mitigating the impact of longline fisheries on seabirds: Lessons learned from the
South Georgia Patagonian toothfish fishery (CCAMLR Subarea 48.3). Mar. Policy
131. https://doi.org/10.1016/j.marpol.2021.104618.

Constable, A.J., 2011. Lessons from CCAMLR on the implementation of the ecosystem
approach to managing fisheries. Fish Fish 12 (2), 138–151. https://doi.org/10.1111/
j.1467-2979.2011.00410.x.

Constable, A.J., de LaMare, W.K., Agnew, D.J., Everson, I., Miller, D., 2000. Managing
fisheries to conserve the Antarctic marine ecosystem: Practical implementation of
the Convention on the Conservation of Antarctic Marine Living Resources
(CCAMLR). ICES J. Mar. Sci. 57 (3), 778–791 https://doi.org/10.1006/
jmsc.2000.0725.

Crespo, G.O., Dunn, D.C., 2017. A review of the impacts of fisheries on open-ocean
ecosystems. ICES J. Mar. Sci. Vol. 74 (Issue 9), 2283–2297. https://doi.org/
10.1093/icesjms/fsx084.

Duhamel, G., Pruvost, P., Bertignac, M., Gasco, N., Hautecoeur, M., 2011. Major fishery
events in Kerguelen Islands: Notothenia rossii,Champsocephalus gunnari, Dissostichus
eleginoides – Current distribution and status of stocks. Kerguelen Plateau.: Mar.
Ecosyst. Fish. 35, 275–286.

Dunn, M.R. (2009) Review and stock assessment of black cardinalfish (Epigonus
telescopus) on the east coast North Island, New Zealand. Assessment Report 2009/39
55p.

Everson, I., Murray, A., 1999. Size at Sexual Maturity of Patagonian Toothfish
(Dissostichus eleginoides). CCAMLR Sci. 6, 3746.

FAO, 2020. The State of World Fisheries and Aquaculture 2020. Sustain. Action. Rome.
32 (6), 0–224. https://doi.org/10.4060/ca9229en.

Gattuso, J.P., Magnan, A.K., Bopp, L., Cheung, W.W.L., Duarte, C.M., Hinkel, J.,
Mcleod, E., Micheli, F., Oschlies, A., Williamson, P., Billé, R., Chalastani, V.I.,
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