
ICES Journal of Marine Science , 2026, Vol. 83, Issue 5, fsag059 
https://doi.org/10.1093/icesjms/fsag059 

Original Article 

Environmental factors associated with juvenile and adult 

Patagonian toothfish ( Dissostichus eleginoides ) 

distribution around South Georgia and the South 

Sandwich Islands 

Timothy Jones 

1 , †, Rachel D. Cavanagh 

1 , * 

, †, Sally E. Thorpe 

1 , Timothy Earl2 , Jennifer J. Freer 1 , 

Simeon L. Hill 1 , Oliver T. Hogg 

2 , Jaimie B. Cleeland 

1 , Philip R. Hollyman 

3 , Claire M. Waluda 

1 , 

Martin A. Collins 

1 

1 British Antarctic Survey, NERC, Cambridge CB3 0ET, United Kingdom 

2 Centre of Environment Fisheries and Aquaculture Science (Cefas), Lowestoft NR33 0HT, United Kingdom 

3 School of Ocean Sciences, Bangor University, Askew Street, Menai Bridge, LL59 5AB, United Kingdom 

∗Corresponding author: British Antarctic Survey, High Cross, Madingley Road, Cambridge, CB3 0ET, United Kingdom. E-mail: rcav@bas.ac.uk 
† Joint first authors 

Abstract 

Understanding the environmental factors driving the distribution of harvested fish species is essential for effective fisheries 

management, particularly in a changing climate. We investigated the spatial distribution of Patagonian toothfish ( Dissostichus 
eleginoides ) around South Georgia and the South Sandwich Islands, located in the rapidly changing southwest Atlantic sector 

of the Southern Ocean, where a commercial longline fishery for this species operates. Using scientific demersal trawl sur- 

vey data, we examined environmental factors linked to the distribution of Patagonian toothfish at South Georgia, focusing 

on temperature and ontogenetic shifts across different developmental stages. Distribution models, informed by environmen- 

tal covariates, were constructed for six size-classes ( < 26 cm to > 66 cm total length), representing approximate annual age 

groups. Depth and temperature were strongly associated with distribution, with larger size-classes occupying progressively 

deeper habitats. Temperature relationships were evident across all size-classes, but strongest for the three smallest, with 

higher abundances predicted at locations where annual mean sea surface temperature exceeded 1.8◦C. This suggests that 

spatial distribution patterns during early life stages correspond to surface temperature conditions and that this relationship 

persists through early growth. Adult distributions across South Georgia and the South Sandwich Islands were explored using 

longline fishery data. At the South Sandwich Islands, catch-per-unit-effort declined to near zero at seafloor temperatures of 

0.3◦C or below, coinciding with catches largely restricted to the northern part of the island chain. Overall, the results highlight 

strong associations between depth, temperature and Patagonian toothfish distribution, providing new insight into the timing 

of ontogenetic shifts and the environmental thresholds shaping spatial patterns. Understanding life stage-specific environ- 

mental sensitivities is important for improving forecasts of distributional shifts and informing fisheries management under 

climate change. 
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grand and Reid 2003 , Neubauer and Andersen 2019 ). High-latitude 

fish, for example, can be restricted by cold water boundaries and 

face habitat loss as temperatures rise (Dulvy et al. 2008 , Thor- 

son 2019 , Rintz et al. 2025 ). In addition, deep and cold boundary 

zones can act as refuges or limits (Mueter and Litzow 2008 , Sander- 

sfeld et al. 2017 ). Understanding the environmental factors that 

drive the distribution of fish species is essential for fisheries man- 

agement, and increasingly so in the context of climate change. 

Climate-driven shifts in fish distributions may lead to population 

declines in some areas, while in others, species may expand or be 
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Introduction 

The spatial distribution of marine fish is strongly influenced by

environmental factors, including temperature and biogeographic

boundaries (Pinsky et al. 2013 ), that define the conditions suit-

able for different species. These may vary according to age (Collin

et al. 2021 ), maturity status (Bansemer and Bennett 2011 ) and

body size (Collins et al. 2005 , Barbeaux and Hollowed 2018 ). Many

fish species occupy a specific thermal range determined predom-

inantly by physiological limits (Pörtner et al. 2007 , Ern et al. 2023 )
and modified by ecological or behavioural mechanisms (Beau- 
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isplaced from their usual ranges, presenting challenges for man-

gement (Link et al. 2011 , Melbourne-Thomas et al. 2022 , Cruz et

l. 2024 , Azmi et al. 2025 ). 

This study explores these issues with a focus on Patagonian

oothfish ( Dissostichus eleginoides ), a commercially fished no-

othenioid with a circumpolar distribution around islands and

ontinental shelves in the Southern Ocean and South Atlantic,

ncluding South Georgia and the South Sandwich Islands (SSI),

he focal region for this study ( Fig. 1 ). The Patagonian tooth-

ish population at South Georgia, neighbouring Shag Rocks,

nd the northern SSI, is considered a largely self-contained

tock at the southern limit of the species’ range, with limited

onnectivity to other populations (Collins et al. 2010 , Arkhip-

in et al. 2022 , Soeffker et al. 2022 ). In the SSI, the southern

istribution limit overlaps with the northern limit of Antarc-

ic toothfish ( D. mawsoni) , with thermal gradients—reflecting

nderlying physiological differences between the species—

tructuring this transitional zone between sub-Antarctic and

ntarctic waters (Roberts et al. 2011 , Hollyman et al. 2022 ,

oeffker et al. 2022 ). 

Shag Rocks, South Georgia and the SSI are part of the Scotia

rc, a predominantly submarine ridge that forms the perimeter

f the Scotia Sea. Deep gaps separate these features: the South

eorgia and Shag Rocks shelves (average depth ≈ 200 m) are

eparated by a 2000 m deep canyon, and the SSI, the northern-

ost of which is c. 600 km southeast of South Georgia, are small

nd volcanically active islands with steep topography and deep-

ater passages ( > 1500 m at their deepest) between several of

he islands. Regional oceanography is dominated by the eastward-

lowing Antarctic Circumpolar Current (ACC) which comprises sev-

ral deep-reaching ocean fronts that mark horizontal gradients in

ater masses and their properties ( Fig. 1 ; Orsi et al. 1995 , Park et

l. 2019 ). Shag Rocks, located closer to the Polar Front, typically

xperiences warmer surface conditions than around South Geor-

ia, which is affected more strongly by the Southern ACC Front

nd cooler subpolar waters, as well as glacial run off. The SSI are

ocated south of the ACC in waters also influenced by the Wed-

ell Sea, with a north-south gradient along the island chain in wa-

er mass properties and seasonal sea ice cover (Thorpe and Mur-

hy 2022 ). There is strong intra- and inter- annual variability in

he regional frontal systems (e.g. Boehme et al. 2008 , Combes et

l. 2023 ) in addition to rapid climate-driven changes, including in

inds, ocean temperature, circulation, and sea ice extent and du-

ation (Whitehouse et al. 2008 , Cavanagh et al. 2021 , Hogg et al.

021 ). 

How Patagonian toothfish will be affected by these ongoing

hanges is uncertain (IPCC 2019 ). Ontogenetic shifts in distribu-

ion are common in marine species (Wilbur 1980 , Barbeaux and

ollowed 2018 ), with a bigger-deeper trend prevalent across mul-

iple taxa (Macpherson and Duarte 1991 ) and notably for de-

ersal scavenging species (Collins et al. 2005 ) such as Patago-

ian toothfish (Arkhipkin et al. 2003 , Laptikhovsky et al. 2006 ,

ollins et al. 2007 , 2010 ). The life history of this long-lived

pecies ( ∼50 years) includes a prolonged pelagic phase during

arly development. Larvae then settle as small juveniles to de-

ersal habitats in shallow waters gradually migrating deeper

s they grow (Belchier and Collins 2008 , Collins et al. 2010 ).

hese ontogenetic shifts result in exposure to a range of en-

ironmental conditions throughout the species’ development

Cavanagh et al. 2025 ). 
Eggs and larvae are planktonic in surface waters and there-

fore may be susceptible to changes in sea surface temperature

(SST), which may influence planktonic duration, development rate

and survival (North 2002 ). Retention of eggs and larvae near ju-

venile habitat at South Georgia and Shag Rocks is influenced by

oceanographic conditions, with prevailing currents likely influ-

encing juvenile recruitment (Brigden 2017 ). The smallest post-

settlement fish (length < 20 cm) are found mainly on the continen-

tal shelf near Shag Rocks at 100–300 m depths, adopting a primar-

ily benthic lifestyle (Collins et al. 2007 , 2010 , Belchier and Collins

2008 ). As individuals grow, they gradually disperse to deeper wa-

ter, spreading outward from their initial habitats (Collins et al.

2010 ). Spawning occurs annually in austral autumn and winter,

typically along the South Georgia–Shag Rocks continental slope

(Bamford et al. 2024 , Figure 1 ), likely influenced by oceanographic

conditions (Boucher 2018 ; Brigden 2017 ). While there is evidence

of all life-stages at South Georgia, there is no indication of spawn-

ing at the SSI, such that individuals occupying the northern por-

tion of the SSI chain may result from spill-over from South Geor-

gia following periods of high recruitment (Soeffker et al. 2022 ). The

lack of antifreeze proteins in Patagonian toothfish (compared to

their Antarctic congener D. mawsoni ) may limit their polewards

range (Hollyman et al. 2022 , Soeffker et al. 2022 ), with Eastman

(1990) suggesting a lower temperature limit of 2◦C, although indi-

viduals have since been observed at temperatures of 1.4◦C (Collins

et al. 2006 ). 

Patagonian toothfish are the target species of a valuable deep-

water commercial longline fishery in this region that began in

the late 1980s (Agnew 2000 , 2004 , Collins et al. 2010 ). The fish-

ery is managed domestically within the framework of the Com-

mission for the Conservation of Antarctic Marine Living Resources

(CCAMLR). The stock assessment informing the management of

this fishery is an age-structured model (Earl et al. 2024 , Earl and

Readdy 2024 ) which estimates historical abundance and recruit-

ment based on groundfish survey abundance and age compo-

sition, tag recapture rates, catch age compositions, catch-per-

unit-effort (CPUE) and biological data (Masere et al. 2024 ). Cur-

rent management is based on a 35-year projection (Constable

2000 et al. 2000 ) where estimates of historic recruitment in-

form the level and variability of future recruitment. However, in

a changing environment, these baselines may not reliably pre-

dict future population dynamics (Earl et al. 2024 , Ouzoulias et

al. 2024 , Bessell-Browne et al. 2025 ). Moreover, although changes

in distribution and biology are monitored, environmental param-

eters are not explicitly included in the assessment framework

(Welsford 2023 ). 

The aim of this study is to examine how the distribution of

Patagonian toothfish relates to environmental conditions from ju-

venile through to adult life stages, providing insights relevant to

fisheries management. Specifically, species–environment models

were used to identify key habitat requirements and environmental

constraints, and to assess how these relationships vary with life-

stage. 

Methods 

The analyses encompass an investigation of the distribution of

early life-stages of Patagonian toothfish at South Georgia and Shag

Rocks informed by scientific trawl surveys, followed by a broader
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Figure 1. Maps showing the location of the study region in the Atlantic Sector of the Southern Ocean in relation to South America and major 

oceanographic features (SAF = Subantarctic Front, PF = Polar Front, SACCF = Southern Antarctic Circumpolar Current Front, SB = Southern Boundary 

of Antarctic Circumpolar Current; Park and Durand 2019 ), with subsequent panels providing information on Patagonian toothfish distribution (a) and the 

distribution of data used in this study (b and c). The distribution of Patagonian toothfish in the study region (a) is shown for juveniles, adults, as well as 

the location of consistent spawning grounds (Bamford et al. 2024 ), and suspected ontogenetic movement between areas (Collins et al. 2010 , Soeffker et 

al. 2022 ). Spatial coverage of data on Patagonian toothfish distribution is shown as the location of demersal trawls carried out during groundfish surveys 

(1987–2023) at South Georgia (b) and via the number of longline sets in the South Georgia (b) and South Sandwich Islands (c) longline fisheries, shown as 

density heatmaps (number of lines set in 10 × 10 km grid-cells). Bathymetry data shown in each panel were sourced from the ETOPO 2022 (NOAA 2022 ) 

dataset, and contour lines represent the 500, 1000, 1500, and 2000 m isobaths. 
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examination of adult distribution across South Georgia and SSI in-

formed by longline fishery data ( Fig. 1 ). 

Data sources 

Groundfish trawl survey data 

Information collected during groundfish surveys conducted ap-

proximately biennially on the South Georgia and Shag Rocks
shelves between 1986 and 2023 ( Fig. 1 ; see Table S1 for sur-

vey details, where S denotes figures or tables in Supplementar

y materials ) was used to investigate the distribution of early life-

stages. Sampling methods have been consistent over time, con-

sisting of 30-minute demersal trawls (120-foot otter trawl, 18-20 m

wingspread, 3–6 m headline height, 40 mm cod end mesh; Belchier

2013 ) at a ship speed of ∼3 knots carried out between nautical

twilight at dawn and dusk. Surveys were predominantly carried

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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Table 1. Size-classes applied to Patagonian toothfish caught in groundfish 

surveys at South Georgia and Shag Rocks. 

Size-class Size range (cm) Age (years) 

1 ≤ 25 1 

2 26–37 2 

3 38–47 3 

4 48–57 4 

5 58–66 5 

6 > 66 6 + 

Notes : Ages are based on growth rates in Collins et al. (2010) and are indicative 
only, and larger size-classes may encompass individuals spanning two or more 
years of age. 

o  

a  

s  

a  

t  

(  

f  

H  

a  

a  

t  

t

 

s  

f  

r  

r  

C  

a  

s  

u  

t  

p  

d

 

a  

f  

d  

n  

2  

T  

n  

t  

s  

r  

s

L

U  

i  

t  

r  

r  

e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/83/5/fsag059/8671730 by N
atural Environm

ent R
esearch C

ouncil user on 12 M
ay 2026
ut during austral summer (November-February), except for 1997

nd 2007 (August-September), 2008 (April), and 2021 (May). Trawl

ampling encompassed the continental shelves of South Georgia

nd Shag Rocks at depths ranging from 75 to 917 m, with 95% of

rawls at depths less than 330 m. Nearshore and shallower areas

 < 100 m), and locations directly south of South Georgia, were less

requently sampled due to accessibility and ground suitability (see

ollyman et al. 2021 ). For each trawl, total Patagonian toothfish

bundance was recorded as well as trawl depth, trawl distance,

nd horizontal opening (wingspread). The majority of captured

oothfish were measured (total length; cm) allowing for catch to-

als to be separated by size-class. 

To explore ontogenetic shifts in distribution, catch data were

eparated into six size-classes ( Table 1 ) to obtain counts per haul

or each size-class, with size-limits based on discrete modes rep-

esented in size-frequency data ( Figure S1 ) and guided by growth

ates of juvenile Patagonian toothfish ( ∼100-120 mm per year;

ollins et al. 2010 ). While size-classes were established to reflect

ge ranging from 1 to 6 + years (or adults), size-spectra at larger

izes ( > 48 cm) often overlapped and were less distinct ( Fig-

re S1 ), such that larger size-classes likely include fish of mul-

iple ages. As such, results from these analyses should be inter-

reted primarily with regards to size-dependent, rather than age-

ependent, shifts in distribution. 

Given the demersal trawl sampling approach, it is unlikely that

ll toothfish within the trawl area are captured (i.e. sampling ef-

iciency < 1), such that CPUE is an inherently biased estimate of

ensity. In particular, the smallest size-class, < 26 cm, has been

ear-absent in particular years, despite the occurrence of a strong

6-37 cm size-class in the following year (Cavanagh et al. 2025 ).

his discrepancy may arise due to gear selectivity, size-dependent

et-avoidance behaviour, or more localized and patchy distribu-

ion of the smallest size-class. While these biases may vary among

ize-classes, there is no indication that they vary spatially. As such,

esults should be interpreted in terms of relative, rather than ab-

olute, patterns in abundance. 

ongline fishery catch data 

nder CCAMLR Conservation Measures, fishing vessels operating

n the CCAMLR convention area are required to report catch de-

ails on a haul-by-haul basis (CCAMLR C2), which are available on

equest from the CCAMLR Secretariat. Catch and effort data were

equested (Data request 660) for the toothfish longline fishery op-

rating in the waters of South Georgia (CCAMLR Subarea 48.3)
and the South Sandwich Islands (Subarea 48.4) . Requested data

spanned 1985 to 2023 and consisted of catch weight of Patago-

nian toothfish per haul, along with information on vessel, date,

depth (minimum and maximum), location, soak time, and number

of hooks. For information on fishing operations in these Subareas,

including fishing regulation changes (depth limits and seasons of

operation), see Abreu et al. (2024) . Data were screened based on

depth distribution and season, resulting in the exclusion of data

from years prior to 2005 and 2009 in Subareas 48.3 and 48.4, re-

spectively, due to changes in fishing season and depth range ( Fi

gure S2 and S3 ). The resulting data covered the period where the

fishing season (48.3: April-August, 48.4: March-May) and set depth

(majority set at depths of 750-1750 m) were similar among years.

Generally, fish captured by the fishery are greater than 60 cm total

length (Abreu et al. 2024 ) and estimates of selectivity suggest that

50% of fish are vulnerable to the fishery (i.e. within the horizon-

tal and vertical operational range of the fishery) by age 8, reach-

ing maximum vulnerability by age 10 (Earl et al. 2024 ). Given that,

we use the term adult to refer to individuals captured in the fish-

ery and use CPUE according to catch weight per 1000 hooks as a

proxy for distribution of fish vulnerable to the fishery, acknowl-

edging that fishery-dependent data often provides a biased rep-

resentation (Bishop 2006 ). Day of year and lunar phase were cal-

culated based on date, and in addition to average set depth and

soak time (time elapsed between set start and haul start times in

hours), were used as covariates in subsequent analyses. 

Bathymetric and environmental data 

Spatial data describing the variation in bathymetry and environ-

mental variables were obtained for the South Georgia and Shag

Rocks shelf region (53–56◦S, 33–44◦W) to identify the factors which

may influence Patagonian toothfish distribution as indicated by

demersal trawl data. Bathymetry data were obtained from the

ETOPO 2022 (2 km resolution) dataset (NOAA 2022 ). Bathymetric

data were also used to calculate seafloor slope, planform curva-

ture, and bathymetric position index (BPI) using the terrain func-

tion in the raster package (Hijmans 2025 ) and the BPI function in

the MultiscaleDTM package (Ilich et al. 2023 ) in R. Environmen-

tal variable datasets were obtained from the Copernicus Marine

Data Store and consisted of daily maps of surface (temperature,

salinity, current speed, mixed layer thickness and log chlorophyll-

a concentration) and seafloor (temperature, salinity; Table 2 ) con-

ditions. In addition, we obtained temperatures at 92 m depth in

the water column, corresponding to level 22 of the 50 depth lev-

els in the Global Physics Reanalysis dataset (GLORYS12V1, https:

//doi.org/10.48670/moi-00021 ; Lellouche et al. 2021 ), correspond-

ing to conditions below the mixed layer that may be influential

during early (egg, larvae, and initially after benthic settlement) de-

velopmental stages. For areas with seafloor depth shallower than

92 m (6% of shelf area less than 500 m depth), values from the clos-

est available depth-level were used, and only affected a small area

as model predictions were restricted to depths sampled by trawls

(70 to 1000 m). For all variables, the annual (January-December)

climatological mean value was calculated on a cell-by-cell basis

across years from 1993 to 2023. Values for each bathymetric and

environmental variable were then assigned to the demersal trawl

dataset according to trawl mid-point location. 

Analyses of longline CPUE for the South Georgia and SSI fish-

eries were limited to an exploration of CPUE with respect to depth,

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://doi.org/10.48670/moi-00021
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Table 2. Trawl and environmental covariates, data sources, and processing information for variables included in Patagonian toothfish distribution analy- 

ses. 

Variable Description Source Time-range Resolution 

survey Survey categorical variable survey 

date Survey mid-point date survey 

sun Sun altitude above the horizon (radians) trawl 

area Area swept during trawl in km2 trawl 

deptha Seafloor depth 

ETOPO 2022 2 km 

slope Seafloor slope, calculated from depth 

bpi Seafloor bathymetric position index 

curve Seafloor planform curvature, calculated 

from depth 

SST Mean sea surface temperature Global Ocean 

OSTIA SSTb 

1993–2023 0.0167◦ daily 

SFT Mean temperature at the seafloor 

Global Ocean 

Physics Reanalysisc 1993–2023 0.083◦ daily 

MWT Mean midwater column temperature 

at 100 m 

SSAL Mean sea surface salinity 

VEL Mean surface current speed 

MLT Mean mixed layer thickness 

CHL Mean surface chlorophyll-a concentration Global Ocean 

Colourd 

1997–2023 4 km daily 

a: In-situ trawl depth was used in model fitting, with ETOPO 2022 bathymetry data used for prediction 
b: Copernicus Data Store: sst_glo_sst_l4_rep_observations_010_011, https://doi.org/10.48670/moi-00165 
c: Copernicus Data Store: global_multiyear_phy_001_030, https://doi.org/10.48670/moi-00021 
d: Copernicus Data Store: oceancolour_glo_bgc_l4_my_009_104, https://doi.org/10.48670/moi-00281 
Notes : All variables listed were used primarily in construction of distribution models for the South Georgia and Shag Rocks shelf based on demersal trawl survey 

data. However, seafloor temperature data from the Global Ocean Physics Reanalysis dataset (GLORYS12V1) were also used in analyses of broad-scale distribution 
using longline fishery data. Covariates listed represent the climatological mean and variability calculated across all daily layers for the specified time-range. 
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recorded in-situ, and broad-scale patterns in seafloor temperature

as adult toothfish are thought to be primarily benthic (Collins et al.

2010 ). For each line climatological average (2005–2023, to match

the fishing time-period) seafloor temperature was extracted for

the corresponding location using data sourced from the GLO-

RYS12V1 dataset (see Table 2 ). 

Distribution models—South Georgia and 

Shag Rocks shelf 

Model framework 

For each size-class of Patagonian toothfish captured during

groundfish surveys ( Table 1 ), models were fitted to identify envi-

ronmental relationships that best describe patterns in spatial dis-

tribution. Generalized Additive Models (GAMs) were used to ac-

commodate non-linear functions of environmental/bathymetric

covariates (henceforth referred to as habitat covariates) and were

fitted to size-class specific counts (response = count per trawl,

n = 1773; Table S1 ). All models were fitted using the gam function

in the mgcv package in R fitted via restricted maximum likelihood

(REML; Wood 2011 ) assuming counts were distributed according

to a negative binomial distribution (nb family, log-link). Prior to

model fitting, habitat covariates were transformed where neces-

sary to reduce the potential for outliers, then scaled and centred

to aid model fitting. 

Several components were included in all models to account

for differences among trawls unrelated to spatial variability in

abundance. Smooths for date and survey random effects were in-
cluded to account for long-term trends and interannual variabil-

ity among surveys, respectively, and time of day was included via

a smooth based on sun altitude to model potential diel vertical

movement. An offset term of log-transformed trawl area (horizon-

tal wingspread × trawl distance; km2 ) was also included to ac-

count for variable trawl effort. 

Alternate distribution models were constructed for each size-

class, consisting of all possible combinations of habitat covariate

( Table 2 ) smooths. The basis dimension size, k, was set at 8 for

all covariates based on preliminary analyses investigating a range

of values (k = 5–12) and noting at what point there was little to

no change in fitted function, or when signs of overfitting (mul-

timodality) became apparent. As sea-surface temperature (SST)

and mid-water temperature (MWT; at 92-100 m depth) were highly

correlated (r = 0.89), model fitting and selection were performed

in parallel for these two terms. This was achieved by construct-

ing two model sets; one where horizontal variation in tempera-

ture was represented by SST, and another where it was repre-

sented by MWT. Comparing and contrasting model performance

for the best models in each of those sets allowed for the identifi-

cation of the temperature covariate that best predicted toothfish

distributions. As seafloor temperature (SFT) was not strongly cor-

related with either SST or MWT (r = 0.37 for both), SFT was fea-

tured in both model sets. Model performance was judged based on

predictive accuracy calculated via 8-fold cross-validation. To ad-

dress potential spatial autocorrelation, a spatially blocked cross-

alidation design was adopted, using a 25 × 25 km grid to divide

the South Georgia and Shag Rocks shelf areas into discrete cells.

https://doi.org/10.48670/moi-00165
https://doi.org/10.48670/moi-00021
https://doi.org/10.48670/moi-00281
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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rid cells were then assigned at random to one of the 8 folds, and

ll trawls labelled according to the cross-validation fold assigned

o the grid-cell they belonged to. Predictive accuracy was calcu-

ated using a log-likelihood score statistic equal to the summed

og-likelihood of the held-out observations (one of the eight folds)

iven model predictions for that cross-validation fold (Dormann et

l. 2018 ). The resulting statistic was converted to a measure D that

aries from 0 to 1, with 0 indicating the model predicts no better

han a null model with no spatial components (only survey and

rea offset terms), and 1 indicating perfect prediction (see Supp

ementary materials for more information on cross-validation ap-

roach). For each size class, results are presented for those mod-

ls with highest predictive accuracy that also had maximum con-

urvity (the ability of a smooth for one covariate to be approxi-

ated by other terms; Wood 2008) across covariates less than 0.7.

urthermore, given the focus on temperature effects, model statis-

ics are also presented for those models containing temperature

one of SST, MWT, SFT) and depth covariates to examine the pre-

ictive capacity of relatively simple models for toothfish distribu-

ion. 

Annual climatologies of environmental variables may not cap-

ure changes in distribution associated with varying conditions,

herefore model performance was also evaluated by replacing cli-

atological average values for each covariate ( Table 2 ) with year-

pecific, or dynamic, values (see Supplementary materials ). 

abitat relationships and density maps 

abitat relationships were visualised through partial dependence

lots. These were created by first calculating the expected CPUE

redicted by the model across the range of values exhibited by

 particular habitat covariate, holding all other terms constant

t their median value. Given differ ences in absolute abundance

mong size-classes, the predicted values, ̂  y , were converted to rel-

tive density, ̂  z , by dividing by the mean across predicted values. 

ˆ z = ˆ y 
1 
n 

∑ n 
j=1 ̂  y j 

(1)

here n signifies the number of predicted values. Plots of rela-

ive (rather than absolute) density are therefore easier to compare

iven differ ences in CPUE among siz e-classes. Rather than pr esent

esults for the singular best model, which may omit certain habitat

ovariates, an ensemble approach was used, averaging predicted

elative density ̂  z across all fitted models, weighted according to

ach model’s log-likelihood score (see Supplementary materials

or more details). This approach was applied across models, in-

luding those that did not contain the focal covariate, for which

he predicted relative densities were constant (i.e. ̂  z = 1) across

he covariate range indicative of no effec t. Ther ef or e, the r esult s

ct to show relationships for covariates included across models

ith higher predictive accuracy, and a flat constant relationship

or non-informative terms. 

Maps of toothfish density (individuals km-2 ) were created by us-

ng models to predict values onto a 2 × 2 km resolution grid pop-

lated with habitat covariates projected from their native grid. A

 km grid was chosen to match the bathymetry data, which had the

ighest resolution, to best visualise distribution patterns accord-

ng to bathymetric features on the South Georgia shelf. When mak-

ng predictions, date was set to January-2023 so that predictions

epresent the most recent survey date, sun angle was set to 0.5,

qual to the median value in the dataset, and area-swept was set
to 1 km2 such that predicted values represented counts per km2 .

When predicting from the models, survey random effects, which

account for interannual variability in abundance, were excluded

(setting exclude = “s(survey)” in the predict.gam function) such

that predictions were not for any specific survey (survey effec t

= 0) but represented an average survey (median, given the log-

link function) among those present in the dataset. As with habi-

tat relationships, an ensemble approach to model prediction was

adopted, whereby predicted maps were created for each model

and then averaged, weighted by the predictive likelihood score of

the corresponding model. Maps representing collective intra- and

inter-model uncertainty (coefficient of variation; CV) were also cre-

ated using a similar model ensemble approach. Residuals from the

best model for each size-class were also checked for spatial auto-

correlation. Maps showing prediction uncertainty, and results re-

lated to the assessment of spatial autocorrelation, are provided in

the Supplementary materials . 

Broad scale analyses—adult Patagonian 

toothfish distribution in the Scotia Sea 

Longline data analyses 

Separate analyses, although founded on the same approach, were

applied to catch data (response: catch weight per haul) from the

South Georgia and SSI longline fishery. For each area, models were

fitted to catch weight using GAMs with random effects to control

for variation among vessels and years and an offset term (log(hook

count)) to control for differential effort among sets. To the base

model containing offset and random effects terms, we then added

smooth terms for date, set depth, day of year, lunar phase, soak

time, and bottom temperature to explore potential effec t s of each.

Spatial fields, modelled via Gaussian process smoothers accord-

ing to easting and northing coordinates, were also included to

account for spatial variation and autocorrelation not accounted

for by other model terms. Models were fitted assuming a tweedie

distribution (family = tw) for catch weights as the response con-

tained zeroes and continuous measures. Except for spatial effects

that were specified using a gaussian process smoother (basis =
“gp”), all remaining smooth terms were specified as thin-plate re-

gression splines (basis = “tp”). As seafloor temperature covaries

with depth and location, alternate models were fitted, varying the

inclusion of depth, seafloor temperature, and spatial field to in-

vestigate whether the inclusion of depth or location confounding

factors altered fitted temperature relationships. Alternate models

were ranked based on Akaike’s Information Criterion (AIC), and

results are presented for the model with lowest AIC. Following

model fitting, residuals from the best-fitting models were exam-

ined for temporal autocorrelation between catches on lines set by

the same vessel each year (see Supplementary materials ). 

Spatial variation in CPUE and seafloor temperatures 
for the longline fishery areas 

In addition to the analyses outlined above, spatial variation in

longline catch data was visualised to identify correspondence with

variation in seafloor temperatures around South Georgia and at

the SSI. For each area, spatial variation in Patagonian toothfish

CPUE (catch weight per 1000 hooks) was visualised by calculat-

ing the mean CPUE of all lines set within 10 × 10 km grid cells

covering the extent of the longline fishery, which at the SSI ex-

https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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tends south to where Antarctic toothfish dominate the catch (So-

effker et al. 2022 ). This was then compared to climatological aver-

age seafloor temperatures in each region, and by visualising tem-

peratures across the longitudinal or latitudinal span of the South

Georgia and SSI regions, respectively, at depth intervals of 1063-

1246 m and 1246-1453 m, encompassing the main depths at which

the fishery operates. For SSI, we also evaluated temperatures

throughout the entire water column using a cross-section along a

latitudinal transect along the SSI chain. Temperature data used in

these analyses were obtained from the GLORYS12V1 dataset, with

climatological average temperatures at the seafloor and for each

depth-level (cross-section approach) calculated over data from

2005 to 2023. 

Temperature trends in the Scotia Sea 

To provide a large-scale overview of temperature trends through-

out the known range of Patagonian toothfish in the Scotia Sea, we

analysed year-average SST and water column temperatures at a

range of depths for Shag Rocks, South Georgia, and the SSI chain.

The SSI chain was divided into three sections to represent ar-

eas where Patagonian toothfish are frequently (northern: north of

57◦S) versus rarely (southern: 58.2–60.5◦S) caught by the longline

fishery, with the central section (57–58.1◦S) representing the tran-

sitional zone. Temperature data were obtained from the Global

Ocean OSTIA (SST) and GLORYS12V1 datasets (water column tem-

perature) for the 30-year period covering 1994 to 2023. Extracted

data were cropped to the 2000 m isobath for each area (Shag

Rocks = 40–44◦W, South Georgia = east of 40◦W), and then aver-

aged over space and time to produce annual measures of temper-

ature for each area for the following strata: 60-101 m (GLORYS12V1

vertical levels 20–22), 101-204 m (levels 23–26), 204-417 m (lev-

els 27–30), 417-833 m (levels 31–34), 833-1349 m (levels 35–37),

and 1349-1813 m (levels 38–39). These strata were chosen to rep-

resent putative depth ranges inhabited by Patagonian toothfish

from larvae and small juvenile fish (surface, 60-101 m and 101-

204 m), through intermediate-sized juveniles (204-417 m), and

adults (500-2000 m). Trends in temperature were estimated for

each area and depth strata by fitting a linear model with year as the

independent variable using Generalised Least Squares (GLS, pack-

age nlme; Pinheiro and Bates 2025 ) with a first-order autoregres-

sive correlation structure (AR1) to account for temporal autocor-

relation. Trend estimates, and their uncertainty (95% confidence

interval), were used to identify the areas and depth strata with the

largest changes over the 1994–2023 period. 

Unless otherwise specified, all analyses and data processing

were performed in R version 4.3.3 (R Core Team 2024). 

Results 

Distribution models across toothfish 

size-classes at South Georgia 

Spatial patterns of Patagonian toothfish abundance were con-

sistently associated with depth and temperature across all size-

classes ( Table 3 ). In almost all instances, models containing depth

and one of the three temperature covariates (mean SST; mid-

water temperature at 100 m depth, MWT; seafloor temperature,

SFT; Table 2 ) represented considerable improvements in predic-
tive accuracy compared to models only including depth ( Table

3 ). Across all size-classes, models containing SST or MWT outper-

formed those containing SFT based on predictive accuracy ( Table

3 ). Furthermore, for all size-classes the best performing model

containing only temperature and depth had comparable predic-

tive accuracy to the best performing models that contained addi-

tional habitat covariates ( Table 3 ). Predictive accuracy scores cal-

culated via cross-validation ranged from 0.097 (58-66 cm) to 0.410

( < 26 cm), suggesting that model predictions were accounting for

∼10%–40% of the spatial variation among trawls in our dataset

( Table 3 ). 

Depending on size-class, models with highest predictive accu-

racy either included MWT ( < 26 cm to 58-66 cm size-classes) or SST

( > 66 cm size-class and total toothfish counts); however, SST and

MWT were largely interchangeable and produced similar models

and predictions due to the high correlation between them. Covari-

ates associated with seabed morphology (slope and bathymetric

position index) were included in the set of best models for the

26-37 cm size-class and for models of total toothfish counts but

were largely absent from models for the other size-classes. Covari-

ates associated with current speed, chlorophyll-a concentration,

seafloor temperature and salinity all featured in the best predict-

ing models across size-classes. However, none of these covariates

were consistently included across size classes, or across the set

of high-ranking models for a given size-class ( Table 3 ). Notably,

the best predicting models for each size-class were frequently

simple, containing only two to three spatio-environmental covari-

ates. The exceptions were for the 26-37 cm size-class model, which

contained five spatio-environmental covariates, albeit with three

of those related to seabed depth and morphology, and for the

model fitted to total toothfish counts that contained six covariates

( Table 3 ). However, in both cases, the addition of covariates be-

yond depth and temperature did not markedly improve predictive

accuracy, suggesting that these additional terms were relatively

weaker ( Table 3 ). 

Fitted relationships for depth were indicative of a shift towards

deeper water with increasing size, shifting from depths of < 200 m

(peak density at 110 m) for the < 26 cm size-class, to 200-400 m

(peak density at 300 m) for 26-37 cm, and 38-47 cm fish, followed

by a transition to waters > 400 m for the largest size-classes ( Fig.

2 ). Except for the smallest and largest size-classes, which were

associated with monotonically decreasing or increasing relation-

ships with depth, respectively, size-classes displayed either a ma-

jor (26-37 cm, 38-47 cm) or minor (48-57 cm) peak in abundance

at ∼ 300 m, suggesting this represents an optimum intermediate

depth as toothfish grow at South Georgia ( Fig. 2 ). The bimodal

relationship estimated for 26-37 cm fish also suggests that this

size-class represents the first transitional stage from very shallow

depths of smaller ( < 26 cm) fish to the deeper habits of larger (38-

47 cm) fish ( Fig. 2 ). 

For all size classes, predicted abundances were higher at

warmer SST and/or MWT, with major increases in abundance

noted at SST = 1.8◦C and MWT = 1.2◦C for the smaller size-classes

( Fig. 2 ). To address the uncertainty of these temperature “break-

points,” functionally identified as the temperature at which rela-

tive density exceeded 0.5, or half the average density across the

functions range, posterior simulations of the temperature smooth

were performed (see Supplementary materials , Table S2 ). From

these simulations, temperature “break-point” uncertainty was rel- 

atively low for the first four size-classes (95% confidence interval

https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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Table 3. Statistics for distribution models fitted to Patagonian toothfish counts from South Georgia and Shag Rocks groundfish surveys. 

Depth + temperature models Best predicting models 

Size (cm) Model edf pD Model edf pD 

< 26 depth 24.6 0.251 depth + MWT 23.0 0.410 

< 26 depth + SST 25.9 0.355 depth + MWT + SFT 25.7 0.408 

< 26 depth + MWT 23 0.410 depth + MWT + SFT + SAL 28.6 0.407 

< 26 depth + SFT 25.8 0.329 depth + curve + MWT + SFT 29.4 0.407 

26–37 depth 26.3 0.017 depth + slope + BPI + MWT + SAL 42.1 0.232 

26–37 depth + SST 36.4 0.18 depth + slope + BPI + MWT + SAL + VEL 44.9 0.227 

26–37 depth + MWT 37.4 0.189 depth + BPI + MWT + SAL 42.2 0.226 

26–37 depth + SFT 32.2 0.046 depth + slope + BPI + MWT + SFT + SAL 46.4 0.223 

38–47 depth 33.0 0.041 depth + MWT + CHL 44.6 0.189 

38–47 depth + SST 39.6 0.170 depth + BPI + MWT + CHL 45.6 0.187 

38–47 depth + MWT 39.1 0.185 depth + MWT + CHL + VEL 47.7 0.187 

38–47 depth + SFT 39.5 0.069 depth + MWT + CHL + MLT 50.4 0.186 

48–57 depth 33.2 0.014 depth + MWT + VEL 38.8 0.170 

48–57 depth + SST 38.4 0.129 depth + MWT 37.8 0.170 

48–57 depth + MWT 37.8 0.170 depth + MWT + SAL + VEL 39.7 0.167 

48–57 depth + SFT 38.6 0.105 depth + MWT + SAL 38.7 0.167 

58–66 depth 30.0 0.076 depth + MWT 35.7 0.097 

58–66 depth + SST 35.9 0.094 depth + MWT + SFT 32.1 0.096 

58–66 depth + MWT 35.7 0.097 depth + SST 35.9 0.094 

58–66 depth + SFT 33.4 0.08 depth + MWT + SFT + VEL 33.1 0.091 

> 66 depth 30.4 0.107 depth + SST + SAL 34.8 0.204 

> 66 depth + SST 31.8 0.193 depth + SST + MLT + SAL 35.6 0.194 

> 66 depth + MWT 33.6 0.173 depth + SST 31.8 0.193 

> 66 depth + SFT 37.0 -0.090 depth + BPI + SST + SAL 36.3 0.191 

All depth 34.8 -0.010 depth + slope + BPI + SST + SFT + CHL 55.7 0.188 

All depth + SST 39.6 0.182 depth + slope + BPI + SST + SFT + CHL + SAL 59.2 0.185 

All depth + MWT 39.3 0.168 depth + slope + BPI + SST + SFT + CHL + VEL 56.6 0.185 

All depth + SFT 40.4 0.081 depth + slope + BPI + SST + SFT + CHL + SAL + VEL 60.2 0.185 

a: Depth is omitted in model descriptions to save on space but was included as a covariate in all models presented here 
Notes : Models containing depth and a single temperature covariate are presented alongside the four best models based on predictive accuracy. Statistics are the 

estimated degrees of freedom (edf), and prediction accuracy score (pD) from cross-validation, which varies from 0 (no improvement over the null) to 1 (predicted 
values perfectly). All covariates are annual climatological mean values, unless otherwise specified, and include: sea surface temperature (SST), seafloor temperature 
(SFT), midwater temperature at 100 m depth (MWT), mixed layer thickness (MLT), surface salinity mean (SAL), chlorophyll-a concentration (CHL), seabed planform 

cur vature (cur ve), bathymetric position index, and slope, and surface current speed (VEL). 
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idth ranged from 0.11 to 0.28◦C for SST and MWT across size-

lasses). However, for models fitted to the two largest size-classes

here was both a shift in location of the temperature break-point

o lower values, and an increase in uncertainty (95% confidence in-

erval width from 0.20 to 0.65◦C across SST and MWT), suggesting

 progressive weakening in the association between distribution

nd near-surface temperatures with increasing size ( Fig. 2 ). 

In contrast to temperature and depth, the remaining habitat

ovariates displayed weaker effects ( Fig. 2 ). Bathymetric posi-

ion index (BPI) and slope were correlated with the total count,

nd counts of 26-37 cm toothfish suggestive of higher abundance

n canyons (negative BPI, indicating locations deeper than the

urrounding neighbourhood) and in shelf edge habitats (higher

lope; Fig. 2 ). Seafloor temperature was included in the best mod-

ls for the smallest size-class, 58-66 cm fish, and overall fish abun-

ance, suggestive of an association with locations which average

ore than 1.3◦C, with a peak at year-averaged SFT of 1.5 ( < 26 cm

ish) to 2◦C ( Fig. 2 ). Models for the largest and two smallest size-

lasses indicated a negative correlation with salinity, suggestive

f higher abundance in locations with low salinity, most likely on
the South Georgia shelf ( Fig. 2 ). A positive correlation with current

speed was also evident for intermediate size-classes (38-47 cm,

48-57 cm), but the effec t w as r elatively minor. Fitted relation-

ships for chlorophyll-a concentration were complex and displayed

a high degree of uncertainty, indicative of weak and/or location-

specific effects that are not easily characterized (see Figures S4 -

S10 for individual model outputs for each size class). 

For details on spatial autocorrelation test results, and the addi-

tion of dynamic environmental covariates to toothfish distribution

models, see Supplementary materials . 

Size-specific predicted distributions on 

the South Georgia and Shag Rocks shelf 

Predicted distributions resulting from these models indicate a

largely restricted distribution on the Shag Rocks shelf for the <

26 cm size-class, expanding to encompass much of the Shag Rocks

shelf for the 26-37 cm size-class ( Fig. 3 ). Models also predicted

higher densities in the nearshore environment and in the canyons

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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Figure 2. Model-averaged habitat covariate relationships estimated in distribution models for Patagonian toothfish at South Georgia and Shag Rocks 

based on demersal trawl data. Relationships are shown for covariates included in the best model for at least two size-classes and include seafloor depth 

(a), slope (b) and bathymetric position index (c), mean temperatures at the surface (SST; d), 100 m depth in the water column (e) and seafloor (f), and 

log-transformed chlorophyll-a concentration (g), current speed (h) and surface salinity (i). Values on the y-axis are relative CPUE, equal to model 

predicted values divided by the mean of those predictions across the covariate range, holding all other covariates constant at their median value, such 

that plotted values are comparable across size-classes. Apart from depth (a), SST (d) and MWT (e), y-axis scales are identical to highlight differences in 

effect magnitude among covariates. 
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around South Georgia for < 26 cm and 26-37 cm fish, respec-

tively, which was also evident in the raw data ( Fig. 3 ). However,

nearshore areas around South Georgia have much lower, often

zero, survey coverage leading to higher uncertainty (Figure S12),

so we note caution when interpreting these results. Predicted

distributions of 38-47 cm and 48-57 cm fish are indicative of a

transition away from the Shag Rocks shelf, progressing toward

the Shag Rocks shelf break, along with higher densities around

the South Georgia shelf edge and in canyons extending onto the

shelf ( Fig. 3 ). Models also indicate that areas on Shag Rocks at

depths of less than 300 m are devoid of the largest size-class, and

that comparable densities occur off-shelf around South Georgia to

those around Shag Rocks ( Fig. 3 ). However, predicted densities re-

mained highest at the northwest end of Shag Rocks, in addition

to the eastern South Georgia shelf edge with predicted high den-

sities of 58-66 cm fish ( Fig. 3 ). Patterns of abundance, irrespec-

tive of size, show a bias toward Shag Rocks, with 87% of the to-

tal abundance (70-1000 m) predicted there, compared with South

Georgia, where higher density areas are confined to canyons and

the shelf edge ( Fig. 3 ). However, for the two largest size-classes
caution is required when interpreting these results because the

groundfish surveys only cover the shallower part ( < 1000 m) of

the bathymetric range of adult toothfish. Maps showing predic-

tion uncertainty are provided in the Supplementary materials 

(Figure S12). 

Distribution of adult Patagonian toothfish 

from longline data 

Analyses based on CPUE of Patagonian toothfish from the South

Georgia longline fishery were indicative of no meaningful effec t of

seafloor temperature on CPUE ( Fig. 4 ). The fitted relationship was

near constant throughout much of the temperature range (0.7–

2.3◦C), only varying from the mean for temperatures > 2◦C ( Fig. 4 ).

This matches the observed pattern of average CPUE of no consis-

tent change along the major west to east gradient in SFT in this re-

gion ( Fig. 4 ). Spatial analyses did indicate the occurrence of CPUE

hotspots, but these were sporadically located and seemingly un-

related to SFT ( Figure S13 ). Analyses also indicate seasonal vari-

https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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Figure 3. Model predicted densities (catch per unit effort, CPUE: individuals km-2 ) of Patagonian toothfish for size-classes of < 26 cm (a), 26–37 cm (b), 

38-47 cm (c), 48–57 cm (d), 58–66 cm (e), > 66 cm (f), and for all sizes (g) around South Georgia and Shag Rocks. Predicted distributions are shown 

according to fitted bathymetric and environmental relationships, with temporal covariates kept constant (date = 2023, sun angle = 0.5), and limited to 

seafloor depths of 70–1000 m, matching the depth range sampled during groundfish surveys. Inset maps (lower left) show the observed mean CPUE (10 

km grid resolution) across all trawls for the corresponding size-class. Grey contour lines are the 500, 1000, and 2000 m isobaths. 
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tion in CPUE around South Georgia, with CPUE decreasing prior

o/during the spawning season (June-August), as well as at depths

 1700 m ( Figure S13 ). Catch-per-unit-effort in this region may bet-

er reflect catch efficiency than local density and this needs to be

onsidered when interpreting these results. 

At the SSI, the estimated relationship between CPUE and SFT

howed a step-like transition between 0.2–0.3◦C, potentially sug-

esting the presence of a lower thermal threshold for Patago-

ian toothfish in this region ( Fig. 5 ). Examination of SFT along

he SSI chain indicate that this threshold coincides with the de-

rease in temperature south of Saunders Island, which demar-

ates the division between areas where Patagonian toothfish are

requently caught (north) from those where they are seemingly ab-
sent (south) ( Fig. 5 ). Including spatial variation in the models im-

proved model fit based on AIC ( Table S5 ) but obscured this tem-

perature relationship, as it captured the same latitudinal variation

in CPUE while also better capturing CPUE hotspots in the northern

part of the SSI chain ( Figure S14 ). Despite that, a step-like tempera-

ture effect was still evident in that model, reaching an approximate

asymptote at 0.2◦C ( Fig. 5 ). Plotted results for the seafloor temper-

ature relationships are shown for models with and without spa-

tial fields ( Fig. 5 B), but full results inclusive of all model terms, are

given in the Supplementary materials ( Figure S14 and S15 ). Latitu-

dinal gradients in temperature at the main depths where the fish-

ery operates (1063-1453 m) indicate that temperatures vary little

with latitude across the northern (0.3–0.5◦C) and southern (0.1–

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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Figure 4. Distribution of Patagonian toothfish CPUE from longline catch data in relation to seafloor temperature at South Georgia. The mean CPUE (a) 

across all lines set between 2005 and 2023 per 10 km grid cell is shown to indicate broad-scale distribution. The relationship between CPUE and seafloor 

temperature (b) for the South Georgia longline fishery from a Generalised Additive Model is shown as the mean and 95% confidence interval (shading) of 

the estimated relationship scaled to relative CPUE by dividing by the mean fitted value across the function’s range. Spatial variation in seafloor 

temperatures is plotted as a map (c) and according to longitude (d) for seafloor depth intervals of 1063–1246 m and 1246–1453 m around the South 

Georgia and Shag Rocks shelf edge, corresponding to main depths targeted by the fishery. Values plotted in (c) and (d) represent climatological annual 

mean temperatures from 2005 to 2023 extracted from the Global Ocean Physics Reanalysis dataset. 
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0.3◦C) portions of the SSI chain but decrease by 0.2◦C between the

two areas ( Fig. 5 ). While temperatures north of Saunders Island

are warmer, therefore more favourable for Patagonian toothfish,

their lower occurrence further south may also be linked to the two

deep-water passages north and south of Saunders Island ( Fig. 5 ).

In both passages, average temperatures near the seafloor are be-

low 0◦C, which may inhibit transit between the two areas ( Fig. 5 ).

In addition to temperature and spatial variation, the analyses of

longline catch data also indicated that CPUE increased between

2009 and 2013, followed by a declining trend from 2013 onward

( Figure S14 ). 

Results regarding temporal autocorrelation between catches

on subsequent lines set by the same vessel within a fishing sea-

son are provided in the Supplementary materials . 

Temperature trends across the Patagonian 

toothfish range in the Scotia Sea 

Over the last 30 years (1994–2023) SST increased in each area ex-

amined, with trend estimates varying from 0.07◦C/decade (95%

CI: −0.03 to 0.18) in the southern part of the SSI chain to

0.17◦C/decade (95% CI: 0.05 to 0.28) at South Georgia ( Fig. 6 ).

While warming trends were evident for most sub-surface depth

strata, temperatures appeared to have remained stable or cooled

over the same time-period at depths of 223-454 m and 110-223 m,
respectively ( Fig. 6 ). Further examination of temperature at those

depth strata indicated relatively higher interannual variability,

along with a non-linear trend through time with temperatures

decreasing from 2005–2007 relative to pre-2005 levels, followed

by static (SSI) or increasing trends (South Georgia, Shag Rocks)

( Figure S17 ). Whilst temperatures at these depths may not be rel-

evant to Patagonian toothfish in the SSI, given the presumption

of a largely adult population, the relatively higher interannual

variability is suggestive of less predictable conditions for juvenile

toothfish at South Georgia. At depths > 454 m, a near constant

warming trend of 0.04–0.05◦C/decade was observed in all regions

( Fig. 6 ), suggesting widespread warming conditions throughout

the adult Patagonian toothfish range in the Scotia Sea. However,

we note caution when interpreting these trends as analyses of

subsurface temperatures are based on model reanalysis (GLO-

RYS12V1) and while this incorporates in-situ measurements, the

corresponding outputs may be subject to shifting biases through

time. 

Discussion 

Overall, the findings of this study provide support for depth- and

temperature-associated relationships in the distribution of Patag-

onian toothfish, offering new insight into the nature and tim-

ing of ontogenetic shifts and potential environmental drivers and

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://www.academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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Figure 5. Patagonian toothfish distribution in relation to temperature along the South Sandwich Islands (SSI) chain. Spatial distribution of Patagonian 

toothfish (a) is shown via the mean CPUE across all lines set between 2009 and 2023 per 10 km grid cell. Saunders Island (SI), referred to in the main text, 

is also shown. The relationship between CPUE and seafloor temperature (b) for the SSI longline fishery from Generalised Additive Models with and 

without spatial effects are shown as the mean and 95% confidence interval (shading) of the estimated relationship scaled to relative CPUE by dividing by 

the mean fitted value across the function’s range. Temperatures at the seafloor (c) and throughout the water column (d) along a transect spanning the 

SSI chain (dashed line in c) are also shown and represent climatological annual mean temperatures from 2009 to 2023 extracted from the Global Ocean 

Physics Reanalysis dataset. 
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hresholds shaping spatial patterns. Most analyses of marine ther-

al niches focus on adult life stages, largely because data for

ther stages are limited. In this study, temperature relationships

ere examined across different developmental stages to explore

ife stage-specific environmental sensitivities, providing a basis for

mproving forecasts of distributional changes and informing fish-

ries management in a changing climate. 

ntogenetic shifts in distribution and 

ssociation with environmental factors 

he distribution of Patagonian toothfish measuring less than

7 cm suggested an association with depths less than 200 m ( <

6 cm) to 400 m (26-37 cm) during the first two years of life.

imilar ontogenetic shifts in vertical distribution have been docu-

ented for Patagonian toothfish on the Patagonian shelf (Lee et al.
2024 ), suggesting that changes in depth distribution may be sim-

ilar across populations. When combined with an apparent lower

temperature limit of 1.8◦C at the surface, or 1.2–1.4◦C at 100 m

depth, this corresponded to a highly constrained predicted dis-

tribution, largely on the Shag Rocks shelf. A preference for shal-

lower habitats in juvenile fish has been documented across mul-

tiple species (Gibson et al. 2002 , Munsch et al. 2016 , Perry et al.

2018 ) and may be associated with factors such as avoidance of pre-

dation risk, ontogenetic changes in foraging behaviour, or warmer

temperatures (Sheaves et al. 2015 ). Recent analyses suggest that

juvenile Patagonian toothfish abundance on the Shag Rocks shelf

covaries with temperature during and following spawning, with

lower abundance following cooler years (Cavanagh et al. 2025 ).

This finding, coupled with the result from the present study that

juvenile distribution is associated with temperature, aligns with

evidence that temperature may be most limiting during early de-

velopment (Collin et al. 2021 ). In general, fish larvae are assumed
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Figure 6. Long-term average temperature (a) and trend estimates (b) for 

regions and depth-strata inhabited by Patagonian toothfish in the Scotia 

Sea. Average temperatures (a) represent the mean temperature from 

1994–2023 within the 2000 m isobath in each region (Shag Rocks = 

40–44◦W, South Georgia = east of 40◦W, N SSI = north of 57◦S, C SSI = 

57–58.1◦S, S SSI = 58.2–60.5◦S) at the stated depth range. Temperature 

trends (◦C/decade; b) are from a linear model fitted to year-average 

temperatures for the same spatial (horizontal and vertical) and temporal 

extents as described in (a). Trend significance is shown as either ∗ or ∗∗, 

based on whether the 90% ( ∗) or 95% ( ∗∗) confidence interval of the trend 

estimate didn’t overlap with 0. All data were obtained from the 

Copernicus Marine Data Store, with sea surface temperature (SST) 

extracted from the Global Ocean OSTIA SST dataset, and remaining data 

extracted from the Global Ocean Physics Reanalysis dataset. 
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to be more temperature sensitive than juveniles or adults (Moy-

ano et al. 2017 ), and the association with temperature exhibited

by the smallest size-classes of Patagonian toothfish may reflect a

carry-over from larval development. Larvae may preferentially oc-

cur in, or exhibit higher survivability, in warmer waters. As such,

variability in environmental conditions may amplify fluctuations

in the abundance of early life-stages through time (Cavanagh et

al. 2025 ), as there are limited alternative areas of suitable habitat

to act as refugia if conditions are suboptimal at this “hotspot” on

the Shag Rocks shelf. 

However, the temperatures associated with juvenile Patago-

nian toothfish distribution broadly correspond to the division be-

tween Shag Rocks and the South Georgia shelf, suggesting that

temperature may act as a proxy for underlying biogeographic (e.g.

alternate prey) or other oceanographic (e.g. salinity, productiv-

ity) differences between the two areas. Notably, the ichthyofau-

nal assemblage on the South Georgia shelf is more diverse with

relatively higher densities of predatory fish such as Scotia-Sea ice-
fish ( Chaenocephalus aceratus ) and South Georgia icefish ( Pseu-
dochaenichthys georgianus ) (Belchier 2013 , Gregory et al. 2017 ),

which may prey upon juvenile toothfish. In contrast, the smaller-

bodied yellowfin notothen ( Patagonotothen guntheri ) dominate,

and are restricted to, the Shag Rocks shelf and are primary prey

for juvenile toothfish (Collins et al. 2007 , 2008 ). However, these

differences are also likely tied to temperature, with yellowfin no-

tothen occurring in warmer waters from the southern Patagonian

shelf to Shag Rocks (Collins et al. 2008 ), and icefish species (apart

from mackerel icefish, Champsocephalus gunnari , which inhabit

both areas; Fallon et al. 2016 ) potentially unable to withstand

the warmer temperatures at Shag Rocks (Beers and Jayasundara

2015 ). 

Whilst the two smallest size-classes ( < 26 cm, 26-37 cm) were

predominantly caught on the Shag Rocks shelf, they were also

captured in lower numbers on the South Georgia shelf, mainly

in the nearshore environment ( Fig. 2 ). It is possible that juvenile

toothfish are more abundant in shallow nearshore areas around

South Georgia than suggested by the models, as these areas are

largely unsuitable for trawl sampling. However, any associated

bias regarding spatial distribution and relation to temperature

is likely minimal given that larger size-classes, found at greater

depths more accessible to trawl sampling, display similar temper-

ature relationships (i.e. Figure 2 d). 

The relationship between abundance and SST or MWT was

largely the same for Patagonian toothfish up to the 38-47 cm size-

class (around the first three years of age), which all appeared to in-

habit locations within a similar temperature range (SST > 1.8◦C),

prior to a shift to encompass a wider range of temperatures at

larger sizes. As noted above in the context of the results for the

smallest size-class, temperature conditions during early devel-

opment potentially influence areas of suitable habitat for later

stages. In the larger size-classes ( ≥ 48 cm), the observed temper-

ature relationship, which indicates higher densities in warmer lo-

cations, albeit at much reduced rates compared to smaller size-

classes, may be an artefact of individuals remaining on the Shag

Rocks shelf near initial settlement grounds. This is particularly so

given that larger sized individuals occur in deeper water (Collins

et al. 2010 ), and are therefore not exposed to surface conditions.

This also aligns with other research indicating that realized or ob-

served thermal niches of marine organisms are determined dur-

ing early development (Collin et al. 2021, Drost et al. 2015 ). The

observed weakening relationship with SST and MWT with increas-

ing size ( ≥ 48 cm) is likely a consequence of downslope migra-

tion facilitating dispersal away from Shag Rocks to areas around

South Georgia given the deepwater canyon ( > 1500 m) separating

the two areas, with only larger fish migrating across. However, an

association with seafloor temperatures > 1.5◦C, with an optimum

of 2◦C was also evident for the 38-47 cm and 48-57 cm size-classes

( Fig. 2 ). Whether this is an artefact of the depth range inhabited

(seafloor temperatures typically increase up to a maximum of ∼
2◦C at 600 m; Fig. 4 ), or an attempt to remain within a specific tem-

perature range is difficult to disentangle. For the largest size-class,

associations with temperature were much reduced, aligned with

the hypothesis that thermal ranges widen from early developmen-

tal stages through to adults (Dahlke et al. 2020 , Collin et al. 2021 ). 

Across all size classes, the observed spatial distribution pat-

terns can be conceptualized in terms of three connected, non-

exclusive processes: depth-related habitat use and ontogenetic

shifts; biogeographic differences and prey/predator assemblages 
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including differ ences in ichthyofaunal communities between ar-

as); and temperature, which may influence distribution both di-

ectly through physiological effects and indirectly as an integrative

roxy for underlying spatial and environmental gradients. The rel-

tive influence of these processes likely varies across ontogeny,

ith juvenile distributions potentially reflecting depth prefer-

nces, prey availability, and early-life thermal conditions, while

arger size-classes may remain near initial settlement grounds or

igrate downslope, contributing to the observed weakening of

emperature associations with increasing size. We note that, al-

hough the models captured consistent spatial associations, some

f the observed spatial variation remained unexplained, likely

eflecting factors not explicitly represented, such as fine-scale

cological interactions, localized hydrographic features, and be-

avioural processes. 

road-scale distribution of adults in 

elation to seafloor temperature 

esults from the longline fishery catch data from around South

eorgia indicate limited influence of seafloor temperature on

PUE. This is not unexpected given that most areas in the depth

ange targeted by the fishery had seafloor temperatures of 1–

.5◦C, therefore a lower temperature threshold may not occur

ithin this region. In addition, because adult fish are vulnerable

o longline fishing (700-2000 m), this will also influence their ap-

arent distribution, making environmental effects more difficult

o assess than for smaller fish caught in the groundfish survey. 

At SSI, adult Patagonian toothfish abundance declined rapidly

elow temperatures of 0.3◦C, suggesting a threshold for their dis-

ribution. Whether this is a genuine temperature threshold is un-

ertain, as multiple non-exclusive hypotheses may give rise to the

ame latitudinal gradient in Patagonian toothfish CPUE. 

The first of these is that an annual average temperature of 0.3◦C

epresents the limit below which Patagonian toothfish are unable

o sustain core functions (Sandersfeld et al. 2017 ). This is consis-

ent with their lack of antifreeze glycoproteins preventing them

rom occupying sub-zero temperatures (Miya et al. 2015 ). Whilst

 physiological explanation is compelling, Patagonian toothfish

ave been captured throughout the SSI chain—albeit at much re-

uced rates in the south (i.e. Figure 5 )—suggesting that some indi-

iduals can survive at lower temperatures, at least over short pe-

iods of time. 

A second hypothesis is that the observed distribution is trun-

ated due to the biogeographic boundary imposed by deep-water

assages north and south of Saunders Island, which happen to co-

ncide with the 0.3◦C threshold. In both passages, temperature at

epth is below 0◦C and midwater current velocities are high, in-

icating that transit near or above the seafloor may be prevented

y temperature conditions (seafloor), transverse current velocity

midwater), or a combination thereof. 

Finally, the distributional limit may be due to competition with

ntarctic toothfish, potentially mediated by ambient temperature

onditions (Kordas et al. 2011 ). Longline catches along the SSI

hain transition from Patagonian toothfish in the north, to Antarc-

ic toothfish south of Saunders Island (Soeffker et al. 2022 ), indi-

ating opposite abundance trends. Antarctic toothfish are a high-

ntarctic species adapted to sub-zero temperatures (Chen and

heng 1997 ), with a preferred range of -0.1 to 0.06◦C (Nissen et
al. 2025 ). They may exclude Patagonian toothfish in the colder

southern part of the SSI chain (and vice versa further north), sug-

gesting the 0.3◦C temperature threshold reflects competitive bal-

ance between the species. Supporting this is the observation that

Antarctic toothfish have expanded northward during recent years

(Soeffker et al. 2022 ), coincident with a reduction in the Patago-

nian toothfish population ( Figure S14– 15 ), implying that Antarctic

toothfish can occupy sub-optimal, warmer habitats when compe-

tition is reduced. Extending this reasoning, this suggests that dis-

tributional limits of both species at SSI may be linked to pulses of

Patagonian toothfish recruitment at South Georgia (Soeffker et al.

2022 ), with a more southerly boundary following periods of high

recruitment and spill-over of juveniles to the SSI, followed by a

gradual reduction in Patagonian toothfish and northward expan-

sion of Antarctic toothfish in the years between high Patagonian

toothfish recruitment. 

Determining whether the apparent temperature threshold at

SSI reflects physiological limits, bathymetric boundaries, prey and

predator assemblages, and/or altered competitive dynamics will

require further study. A further consideration is that the long-

line analyses have data limitations, including that information on

factors such as specific gear type or the potential influence of

cetacean depredation was not available for inclusion. While their

omission is unlikely to affec t the br oad patterns identified here,

these factors are known to affect longline catch rates (Soeffker et

al. 2014, Abreu et al. 2024 ) and warrant consideration in future

studies. 

This study provides new insights into factors associated with

Patagonian toothfish distribution and also highlights remaining

uncertainties for future work to address, including knowledge

gaps for early life stages, biogeographic influences, and predator-

prey interactions. These could be further explored by combining

environmentally focused approaches with biogeographic frame-

works (e.g. Nissen et al. 2025 , Rintz et al. 2025 ) and considered in

the context of ongoing and projected changes in the regional phys-

ical environment. 

Implications for fisheries management 

Several key considerations emerge from these findings for fish-

eries management. Reliance on fishery-dependent data focused

on adults risks overlooking early-life bottlenecks or habitat con-

straints influencing population structure. Evaluating only adult

distribution underestimates vulnerability to factors such as tem-

perature change and misses critical early-life habitat. Here, analy-

sis based solely on adults would reveal only the potentially lower

thermal limit at SSI, without identifying Shag Rocks as a possible

“thermal island” for juveniles. This perspective is essential for re-

vealing early-year distribution changes and highlighting areas im-

portant for recruitment and sensitive to environmental change.

Identifying and monitoring juvenile habitats, especially thermal

refuges, is critical for understanding recruitment dynamics and

population resilience under climate change (Barceló et al. 2016 ,

Stamp et al. 2025 ). 

Incorporating early life-stage information into management

considerations will improve the accuracy of forecasting and the ef-

fectiveness of management. Knowledge gaps remain, particularly

for eggs and larval stages, including vertical distribution, reten-

tion and dispersal (Cavanagh et al. 2025 ). Fisheries management

needs to be flexible and responsive, accounting for climate-driven

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag059#supplementary-data
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changes—including in temperature and habitat availability—that

differentially affect life stages and geographic areas, rather than

treating populations as environmentally homogenous. 
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