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Abstract  

A detailed understanding of the life cycles of fished species in relation to their environment is 

important for predicting the impacts of environmental change and integrating these considerations 

into management to ensure long-term sustainability. Here, we present findings from a study exploring 

the relationship between the abundance of early life stages of Patagonian toothfish (Dissostichus 

eleginoides) and temperature in the waters around the sub-Antarctic island of South Georgia and 

nearby Shag Rocks (Subarea 48.3). Using counts and size data of Patagonian toothfish collected during 

demersal trawls performed on the South Georgia and Shag Rocks shelf (1986-2023), we constructed a 

series of models relating interannual variability in juvenile (< 26 cm and 26-37 cm size-classes) 

abundance to regional temperatures during spawning, egg-dispersal, larval-dispersal, and post-

benthic settlement developmental stages. During those analyses, we considered temperatures at 

multiple depth-strata, ranging from the surface to the seafloor, informed by the known distribution of 

Patagonian toothfish during those stages of development. We then evaluated long-term trends in 

temperature to identify stages that have potentially experienced the largest changes in thermal 

conditions over the last 30 years. Juvenile Patagonian toothfish showed marked interannual variability 

overlaid onto an apparent long-term decline in abundance from 1987 to 2023. Interannual variation 

in abundance of juveniles was highly correlated with sub-surface temperatures during the spawning 

and egg-dispersal time-windows, with cooler temperatures associated with lower abundance. While 



regional sea surface temperatures increased from 1993 to 2023, temperatures below the surface 

mixed layer during the spawning period appear to have decreased, which may be contributing to the 

apparent decline in juvenile abundance. This study contributes to the work of WG-FSA in progressing 

recommendations from the CCAMLR Workshop on Climate Change, particularly in relation to drivers 

of distribution and inter-annual variability in abundance and recruitment patterns. Our findings 

underscore the importance of considering factors beyond sea surface temperature changes when 

assessing the impacts of climate change on fished species, as well as the role of environmental 

conditions across key developmental windows. Understanding these drivers provides the opportunity 

for future recruitment assumptions used in management to be based on an understanding of the 

underlying processes, rather than empirical approaches, ultimately leading to more informed and 

effective decision-making. 

Introduction  

Understanding the dynamics and distribution of commercially exploited fish in relation to 

environmental factors is essential for effective fisheries management. High-latitude fish species are 

particularly relevant in this context, given their sensitivity to environmental variability and occurrence 

in ecosystems undergoing accelerated, climate-driven changes (Frainer et al., 2017; Campana et al., 

2020). Life stages vary in their sensitivity and exposure to changing environmental conditions, 

influenced by factors such as physiology (e.g., thermal tolerance), horizontal and vertical distribution 

(e.g. dispersal ability, ontogenetic migration (Collins et al., 2005)), and trophic position (Freer et al., 

2019). This sensitivity can be especially pronounced during early life stages, where environmental 

conditions can play a critical role in determining survival and recruitment success (Howard et al., 2024). 

A key driver is temperature, known to influence physiology, development, phenology, recruitment and 

survival in high-latitude species such as Arctic cod (Boreogadus saida) and Walleye pollock (Theragra 

chalcogramma) (Laurel et al., 2018; Huserbråten et al., 2019; IPCC 2019; Ljungström et al., 2021; 

Levine et al., 2023).  



However, early life stages are often less well understood and consequently underrepresented in stock 

assessment models and fisheries management compared to adult fish (Gross & Hoenig 2025). Gaining 

a detailed understanding of exploited species throughout their life stages is crucial for more accurately 

predicting the impacts of environmental change and integrating these considerations into 

management. 

Here we focus on Patagonian toothfish (Dissostichus eleginoides Smitt 1898), a commercially fished 

notothenioid with a circumpolar distribution around islands and continental shelves in the Southern 

Ocean and South Atlantic, including the sub-Antarctic islands of South Georgia and Shag Rocks which 

are the focus of this study (Figure 1). The Patagonian toothfish population at South Georgia, Shag 

Rocks, and the northern South Sandwich Islands, is considered a largely self-contained stock with 

limited connectivity to other populations and lies at the southern limit of the species’ distribution 

(Shaw et al., 2004; Collins et al., 2010; Rogers et al., 2006; Soeffker et al., 2022; Jones et al., 2025).  

While we note that Arkhipkin et al. (2022) proposed that stocks of D. eleginoides on the Patagonian 

Shelf and at South Georgia are sufficiently distinct to be considered separate species, this has yet to 

be verified and hence we continue to use D. eleginoides for both populations. 

South Georgia and Shag Rocks are part of the Scotia Arc, a predominantly submarine ridge that forms 

the perimeter of the Scotia Sea. The South Georgia and Shag Rocks shelves (average depth ≈ 200 m; 

Gregory et al., 2017) are separated by a deep canyon (maximum depth of 2000 m) and lie in the 

Antarctic Circumpolar Current (ACC), to the south of the Polar Front.  Shag Rocks, located closer to the 

Polar Front, typically experiences warmer surface conditions than around South Georgia, as waters 

around South Georgia are more strongly influenced by cooler subpolar waters given its proximity to 

the Southern ACC Front (SACCF), as well as due to glacial run off (Figure 1). The ACC and its frontal 

systems exhibit strong intra- and interannual variability which drives variability in the conditions 

experienced at Shag Rocks and South Georgia (Meredith et al., 2005, Murphy et al., 2007, Boehme et 

al., 2008, Combes et al., 2023). The region is undergoing rapid climate-driven changes, including in 



winds, ocean temperature, acidification, circulation, and sea ice extent and duration (Whitehouse et 

al., 2008; IPCC, 2019; 2022; Cavanagh et al., 2021; Hogg et al., 2021).  

How Patagonian toothfish will be affected by these ongoing changes is uncertain (IPCC, 2019). The life 

history of this long-lived species (~50 years) includes a prolonged pelagic phase during early 

development. Eggs and larvae are planktonic in surface waters and therefore may be susceptible to 

changes in sea surface temperature (SST), which may influence planktonic duration, development rate 

and survival of eggs and larvae (North, 2002). Following dispersal, larvae settle as small juveniles to 

demersal habitats in shallow waters with a gradual migration deeper as they grow (Collins et al., 2010). 

These ontogenetic shifts result in exposure to a range of environmental conditions throughout early 

life-stages. Retention of eggs and larvae near South Georgia and Shag Rocks is influenced by 

oceanographic conditions, with prevailing currents likely influencing rates of recruitment to the 

population (Brigden, 2019). The smallest post-settlement fish in this population (length < 20 cm) are 

found mainly on the continental shelf around Shag Rocks at depths of 100–300 m (Collins et al., 2007, 

2010; Belchier & Collins, 2008), adopting a primarily benthic lifestyle, although smaller individuals may 

also forage in the water column (Collins et al., 2007). As individuals in this population grow, their range 

expands as adult toothfish are broadly distributed around the continental shelf margin surrounding 

South Georgia and Shag Rocks, which may potentially be linked with temperatures near the seafloor 

(Jones et al., 2025). Spawning occurs annually in austral autumn and winter, typically along the South 

Georgia–Shag Rocks continental slope (Bamford et al., 2024; Fig. 1), likely influenced by oceanographic 

conditions, including temperature (Everson and Murray, 1999; Boucher, 2018; Brigden, 2017, 2019; 

Bamford et al., 2024). 

Patagonian toothfish are the target species of a valuable deepwater commercial longline fishery that 

began in the late 1980s (Agnew, 2000; Collins et al., 2010). In South Georgia waters, the fishery is 

managed within the framework of the Commission for the Conservation of Antarctic Marine Living 

Resources (CCAMLR) (https://fisheryreports.ccamlr.org/). The stock assessment informing 



management of Patagonian toothfish at South Georgia and Shag Rocks is an age-structured model (Earl 

et al., 2023, Earl & Readdy, 2024, Casal2 Development Team, 2024) which estimates historical 

abundance and recruitment based on groundfish survey abundance and age composition, tag 

recapture rates, catch age compositions, catch per unit effort and biological data. Current management 

is based on a 35-year projection (Constable, 2000) where estimates of historic recruitment are used to 

inform assumptions in the projection about the level and variability of future recruitment. However, 

in a variable or changing environment, these baselines may not reliably predict future population 

dynamics, and do not fully consider changing climate (Cavanagh et al., 2021; Earl et al., 2024; Ouzoulias 

et al., 2024). Moreover, although changes in distribution and biology are monitored, environmental 

parameters are not explicitly included in the assessment framework (Welsford et al., 2023). The 

CCAMLR Workshop on Climate Change (WS-CC-2023, SC-CAMLR-42, Annex 11) resulted in several 

recommendations directed to CCAMLR’s Working Group on Fish Stock Assessment (WG-FSA) in this 

regard (Cavanagh and Pardo, 2024). WG-FSA has begun to address these, via its work plan, particularly 

in summarising evidence for changes in stock assessment and population parameters or processes that 

could be due to the effects of environmental variability or climate change (WG-FSA-IMAF-2024, 

paragraphs 7.9-7.14, Tables 19-23), including for Patagonian toothfish in Subarea 48.3 (WG-FSA-IMAF-

2024, Table 19). 

Here, we explore the relationship between Patagonian toothfish and temperature during early life-

stages at South Georgia and Shag Rocks, focused on conditions related to abundance of small-sized 

toothfish (< 26 cm, 26-37 cm), putatively representative of 1 and 2 year-old fish. We consider temporal 

variation in abundance and investigate the degree to which temperature at different depths during the 

timing of early development stages, from spawning to benthic settlement, are correlated with 

abundance. This work provides a foundation for identifying Patagonian toothfish-environment 

relationships across life-history stages. Understanding these relationships can help determine key 

factors driving distribution and inter-annual variability in abundance, improving knowledge of climate 

change effects and informing fisheries management.  



 

Figure 1. The location of South Georgia and the surrounding shelf area in the southwest Atlantic are 

shown in relation to South America (A), along with the location of major oceanographic features (SAF 

= Subantarctic Front, PF = Polar Front, SACCF = Southern Antarctic Circumpolar Current Front, SB = 

Southern Boundary of Antarctic Circumpolar Current; taken from Park and Durand 2019) and the 

South Sandwich Islands (SSI) chain. The South Georgia and Shag Rocks shelf are shown in detail (B), 

with information on the distribution of adult toothfish (between 500 and 2000 m isobaths) and 

known spawning grounds (taken from Bamford et al., 2024), and locations of demersal trawls used 

throughout analyses. Bathymetry data were sourced from the ETOPO 2022 dataset (NOAA 2022), 

and contour lines represent 500, 1000, 1500 and 2000 m isobaths (A: 500 and 2000 only).  



Methods 

Groundfish trawl survey data 

Data on Patagonian toothfish distribution and abundance were collected during groundfish surveys 

conducted approximately biennially on the South Georgia and Shag Rocks shelves between 1986 and 

2023 (Figure 1; see Supplementary materials, Table S1). Sampling methods have been consistent over 

time, consisting of 30-minute demersal trawls (120-foot otter trawl, 18-20m wingspread, 3-6m 

headline height, 40 mm cod end mesh; Belchier et al., 2015) at a ship speed of ~3 knots carried out 

between nautical twilight at dawn and dusk. Surveys were predominantly during the austral summer 

(November-February), except for 1997 and 2007 (August-September), 2008 (April), and 2021 (May; 

see Table S1). Trawl sampling encompassed the continental shelves of South Georgia and Shag Rocks 

at depths ranging from 75 to 700 m, although 95% of trawls were at depths less than 330 m. Nearshore 

and shallower areas (< 100 m), as well as locations directly south of South Georgia, were less frequently 

sampled due to accessibility and ground suitability (see Hollyman et al., 2021, 2023). For each trawl, 

total toothfish abundance was recorded as well as mean trawl depth, trawl distance, and horizontal 

wingspread. In addition, the majority of captured toothfish were measured (total length; cm) and 

weighed, allowing for the identification of size-distributions and a detailed evaluation of interannual 

variability in abundance by size-class. 

Size distributions and construction of size-classes  

Size frequency data were used to identify size-classes, putatively representative of 1 to 6+ (adult) age 

groups, based on discrete modes represented in size distributions among years (Table 1) and guided 

by known growth rates in juvenile Patagonian toothfish (~100-120 mm per year; Collins et al., 2010). 

The total number of individuals caught in each trawl within each size-class was then enumerated based 

on measured size and size-class limits to obtain size-class specific counts for each trawl (Table 1). While 

size class limits were generally applicable across most years, we modified them to account for 

differences in survey timing, most notably for surveys performed in April-May (2008, 2021), September 

(1997, 2007), or early December (1987, 1988; Table S1), so that single-year cohorts were not divided 



among size-classes. Catch per unit effort (CPUE; individuals km-2) was also calculated based on 

individuals caught per area swept (trawl distance × wingspread; km2) (Hollyman et al., 2021, 2023). 

For each size-class we then calculated the mean CPUE per survey, along with its 95% confidence 

interval via bootstrap resampling (n = 1000 permutations). This was calculated separately for the Shag 

Rocks and South Georgia shelf areas to investigate changes in abundance through time. 

Throughout we refer to these size-classes via the shorthand notation Szlengths, where lengths indicates 

the length range (total length) in cm included in that size-class. Furthermore, as much of our analysis 

focuses on abundance of the two smallest size-classes, Sz<26 and Sz26-37, we use the term juvenile to 

refer to these to distinguish them from the remaining size-classes. 

Table 1. Size-classes applied to Patagonian toothfish (Dissostichus eleginoides) caught in groundfish 

surveys at South Georgia and Shag Rocks. Ages are based on growth rates in Collins et al. (2010) and 

are indicative only. Larger size-classes may encompass individuals spanning two or more years of 

age. 

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

1 Sz<26 ≤ 25 1 
2 Sz26-37 26 - 37 2 
3 Sz38-47 38 - 47 3 
4 Sz48-57 48 - 57 4 
5 Sz58-66 58 - 66 5 
6 Sz>66 > 66 6+ 

 

Analyses of temporal variation in abundance of early life-stages at Shag Rocks  

For the smallest two size-classes, Sz<26 (total length TL < 26 cm) and Sz26-37 (TL = 26-37 cm), putatively 

representative of age 1 and 2 individuals, respectively, we investigated whether interannual variability 

in abundance was related to temperature during early development stages. For these analyses we only 

used trawl data from the Shag Rocks shelf as these size-classes were rarely caught on the South Georgia 

shelf (2% and 7% of Sz<26 and Sz26-37 fish captured; n = 3737 and 2839, respectively); results are 

therefore only applicable to variation at Shag Rocks. Furthermore, analyses were performed 

independently for both size-classes, rather than just for the smallest size-class, because catches of Sz<26 



fish have been near-absent in particular years, despite the occurrence of a strong Sz26-37 size-class in 

the following year. This discrepancy may arise due to gear selectivity, or because of the more localized 

and patchy distribution of the smallest size-class (Jones et al., 2025). Performing analyses for both size-

classes therefore allowed us to explore relationships between temperature and juvenile abundance, 

potentially avoiding concerns outlined above, but with the caveat that Sz26-37 fish are older and 

therefore subject to additional factors that may influence their abundance. 

To inform these analyses, daily temperature fields for the study region (50-64oS, 30-50oW) were 

extracted from two different products available through the Copernicus Marine Service. Sea surface 

temperature (SST) for the period 1993-2023 was obtained from the Global Ocean and Sea Ice Analysis 

(OSTIA, https://doi.org/10.48670/moi-00165; Donlon et al., 2012, Good et al., 2020) dataset, and 

consisted of daily maps at 0.05° resolution. 3D temperature fields for full ocean depth for the years 

1993-2023 were obtained from the Global Ocean Physics Reanalysis dataset (GLORYS12V1, 

https://doi.org/10.48670/moi-00021; Lellouche et al., 2021). GLORYS12V1 has a horizontal resolution 

of 0.083° with 50 standard vertical levels ranging from 1 m thick in the upper levels to 450 m thick at 

5000 m, with seafloor temperature provided as an additional output. GLORYS12V1 is an estimate of 

the state of the ocean which assimilates ocean observations and has been used in previous studies to 

examine variability in the marine environment around South Georgia and the South Sandwich Islands 

where 3D data have been required but observations do not provide sufficient temporal and spatial 

coverage (Hollyman et al., 2022, Saunders et al., 2022, Thorpe & Murphy, 2022). A comparison of 

GLORYS12V1 temperature with in-situ measurements from a summer survey carried out at South 

Georgia found that while surface water temperature tended to be overestimated in the GLORYS12V1 

output, temperatures at depths below 50 m were generally within ±0.5°C of the observations 

(Saunders et al., 2022). To further examine the ability of GLORYS12V1 to reproduce the subsurface 

water properties in our study region in austral winter, we carried out a comparison with additional 

vertical temperature profile data collected around South Georgia (Figure S9). This indicated generally 

https://doi.org/10.48670/moi-00165
https://doi.org/10.48670/moi-00021


good agreement in April and July, although the GLORYS12V1 dataset performed less well in September. 

As such, we treat conclusions based on subsurface temperature relationships with some caution.  

Each daily temperature field was cropped to the 1500 m isobath surrounding Shag Rocks and the South 

Georgia shelf. The fields were divided at 40°W to distinguish conditions at Shag Rocks from those on 

the South Georgia shelf where juvenile abundance is typically lower, but where adults occupy the shelf 

edge. Using these data, we calculated annual mean temperature fields during four stages of toothfish 

early development by averaging across days specific to the following stages: spawning (June-August; 

Bamford et al., 2024), pelagic eggs (September-November; North, 2002), pelagic larvae (December-

February; North, 2002, Belchier and Collins, 2008), and post-larval benthic settlement (March-May). 

Given differences and uncertainty regarding the depth distribution inhabited during each 

developmental stage, average temperatures were calculated for several depth strata (summarised in 

Table 2), determined by the vertical distribution of: spawning adults (700-1000 m; Collins et al., 2010); 

eggs, which rise from ~1000 m potentially to the surface, although few eggs have been captured at 

South Georgia (7 records at depths of 0-500 m; North et al., 2002); pelagic larvae, which have mostly 

been caught in the upper water column (23 of 43 larvae caught at depths of 0-3 m, 18 of 43 caught at 

depths of 3-250 m; North et al., 2002); and post-larval fish following settlement to the benthos 

(majority at seafloor depths < 250 m; South Georgia groundfish survey dataset). As spawning occurs 

around South Georgia and Shag Rocks (Bamford et al., 2024), we calculated temperature measures for 

spawning, egg, and larval stages separately for both South Georgia and Shag Rocks. This was to 

ascertain which, if any, season by regional division had the strongest correlation with juvenile 

abundance at Shag Rocks in subsequent years. However, because we only included juvenile abundance 

from Shag Rocks, we only tested temperature measures from Shag Rocks for the benthic settlement 

time-window (March to May). Annual temperature measures for each stage were then assigned to 

surveys and size-classes based on the presumption that Sz<26 fish present in January (typical survey 

timing; Table S1) of year Y likely resulted from spawning in June-August of year Y-2, with temperature 

measures for subsequent developmental stages (egg dispersal, larval dispersal, post-larval settlement) 



assigned accordingly. These analyses were limited to groundfish surveys from 1997-2023 (n = 19 

surveys), as GLORYS12V1 data used to inform seafloor and midwater temperature covariates were only 

available from 1993 onwards, which meant that temperature data were only available for surveys after 

1995 due to the temporal lags we investigated.   

Table 2. Description of temperature covariates and rationale for their use in analyses of interannual 

variation in abundance of juvenile Patagonian toothfish at Shag Rocks. For midwater temperatures, 

exact depth range end points were based on depth limits of the 50 vertical levels within the 

GLORYS12V1 dataset (https://doi.org/10.48670/moi-00021). Associated depth level numbers for 

midwater depth strata are given in [].  

Depth strata Stages Rationale 

Surface: SST Egg (Sep-Nov) 

Larvae (Dec-Feb) 

Settlement (Mar-

May) 

Temperature potentially experienced by eggs and/or 

pelagic larvae if within surface mixed layer 

Midwater:  

110 – 267 m [23-27] 

Spawning (Jun-Aug) 

Egg (Sep-Nov) 

Larvae (Dec-Feb) 

Temperature potentially experienced by eggs and/or 

pelagic larvae in water column 

Midwater:  

267 – 454 m [28-30] 

Spawning (Jun-Aug) 

Egg (Sep-Nov) 

Larvae (Dec-Feb) 

Temperature potentially experienced by eggs and/or 

pelagic larvae in the water column 

Seafloor:  

< 267 m 

Spawning (Jun-Aug) 

Settlement (Mar-

May) 

Temperature potentially experienced by initially 

benthic eggs and juveniles following benthic 

settlement 

Seafloor:  

644 – 1063 m 

Spawning (Jun-Aug) Temperature potentially experienced by adults and 

eggs during spawning at depth 

 

Trawl counts for each of the two size classes (Sz<26, Sz26-37) were used as the dependent variable 

representative of abundance in each year, allowing us to control for differences in depth and spatial 

arrangement of trawls among surveys. For each size-class we fitted a set of Generalised Additive Mixed 

Models (GAMM; Wood, 2011), all of which included survey random effects, an offset term of swept-

area to account for differences in trawl effort and such that fitted models were representative of CPUE, 

and smooths for depth and spatial variation. Models varied via the inclusion of a smooth term for 

temperature, with each candidate temperature covariate (Table 2) tested in separate models, and a 

smooth term for date to model a continuous trend:  

https://doi.org/10.48670/moi-00021


log(𝑦̂𝑖) = log(𝐴𝑖) + 𝜇0 + 𝛼𝑆𝑖
+ 𝑠(𝐷𝑖) + 𝑠(𝐸𝑖 , 𝑁𝑖) + 𝑠(𝑇𝑌𝑖

) + 𝑠(𝑡𝑆𝑖
) 

[eqn. 1] 

where 𝑦̂𝑖  is the fitted value for trawl i, log(𝐴𝑖) is an offset term of swept area, 𝜇0 is the intercept, 𝛼𝑆𝑖
 

are survey random effects, and 𝑠(. . ) are smooth functions specified for trawl depth, 𝐷𝑖, trawl 

easting, 𝐸𝑖  and northing, 𝑁𝑖, coordinates (in km), the date of each survey, 𝑡𝑆𝑖
, modelling a continuous 

trend through time, and temperature, 𝑇𝑌𝑖
, with 𝑌𝑖  indicating the year from which temperature was 

assigned to a particular survey, dependent on size-class and developmental stage being tested (Table 

2). Models were fitted assuming that counts, 𝑦𝑖  followed a negative binomial distribution (family = 

nb, log-link): 

𝑦𝑖~𝑁𝐵(𝑦̂𝑖 , 𝜃) 

[eqn. 2] 

where 𝜃 is the negative binomial dispersion parameter. All smooth functions were thin-plate 

regression splines (basis = ‘tp’), apart from spatial effects that were specified by a two-dimensional 

Gaussian process smooth (Kammann and Wand 2003; Hefley et al., 2016). We initially explored 

variations of models containing only survey, depth, and spatial effects to identify an appropriate null 

model (see Supplementary materials), which was then kept constant across all subsequent models. 

We then investigated the addition of individual temperature covariates to this null model. These 

alternate models were compared based on Akaike’s Information Criterion (AIC) and predictive accuracy 

calculated via leave-one-out cross-validation, holding out entire surveys (n = 19), which effectively tests 

the ability of temperature relationships to predict abundance in an unseen year. Predictive accuracy 

was quantified using a likelihood-based score (Dormann et al., 2018), equal to the log-likelihood of the 

held-out data given predictions from the model trained on the remaining data. For interpretability, we 

converted scores to a measure akin to deviance explained:  



𝑝𝐷𝑚𝑜𝑑 =
ℒ𝑛𝑢𝑙𝑙 − ℒ𝑚𝑜𝑑

ℒ𝑛𝑢𝑙𝑙 − ℒ𝑏𝑒𝑠𝑡
 

[eqn. 3] 

where ℒ𝑚𝑜𝑑 and ℒ𝑛𝑢𝑙𝑙 are the cross-validated likelihood scores (lower = lower prediction error) of 

the focal model and null model, respectively, and ℒ𝑏𝑒𝑠𝑡  is the likelihood of a model where all 

interannual variability is explained (see Supplementary materials). The resulting measure varies 

from 0, where the model performs no better than the null model and explains no interannual 

variation, to 1 where model predictions are as good as possible within the constraints of explaining 

interannual variability. All GAMMs were fitted using the gam function in the mgcv package in R 

(Wood 2011). 

Analyses of long-term temperature trends 

To supplement these analyses, we also tested for long-term trends in surface, sub-surface (depth: 110-

267 m) and seafloor temperatures during spawning (June-August), egg (September-November), larval 

(December-February) and post-larval settlement (March-May) developmental stages. For each 

temperature metric, trends through time were estimated by fitting a linear model with year as the 

independent variable using Generalised Least Squares (GLS, package nlme; Pinheiro et al., 2025) with 

a first-order autoregressive correlation structure (AR1) to account for temporal autocorrelation. We 

present results regarding long-term trends via the estimated mean trend coefficient, expressed as 

degrees C per decade, along with 95% confidence interval. 

Exploration of water column temperature variability in relation to juvenile abundance 

Following the analyses relating interannual variability in juvenile abundance to temperature, we then 

explored differences in temperature throughout the water column during the spawning period (June 

to August) between years of low juvenile abundance versus moderate-high juvenile abundance. This 

characterisation was based on putative year-class strength indicated by CPUE on the Shag Rocks shelf 

for the Sz<26 and Sz26-37 size-classes. For each year of available data (n = 26), we characterised year-



class strength as either moderate-high versus low, using the lower quartile of year-averaged CPUE at 

Shag Rocks as the cut-off, such that low years were those where CPUE was below the 25th percentile 

of CPUE among all years. This was performed independently for Sz<26 and Sz26-37 size-classes because 

each potentially provides information on conditions 1 and 2 years prior to the survey, respectively, 

enabling us to infer conditions for a greater number of years given the typical biennial timing of 

groundfish surveys.  

We then identified the putative spawning time-period associated with each year-class (Jun-Aug, which 

we assume were 1.5 and 2.5 years prior to the survey for Sz<26 and Sz26-37 fish, respectively) and labelled 

the spawning period according to year-class strength (low versus moderate-high). Cases where 

spawning periods were classified by CPUE for both juvenile size-classes (surveys separated by 1 year; 

n=12) agreed in 7 of the 12 cases, with the remainder being predominantly those where the Sz<26 

classification was ranked as low and the Sz26-37 classification ranked as moderate (Table S5). In those 

instances, we defaulted to the Sz26-37 classification of year-class strength given concerns raised earlier 

regarding the consistency of sampling for the Sz<26 size-class. As survey-averaged CPUE might be biased 

by the spatial and depth distribution of trawls on any given survey, we also compared the classifications 

of year-class strength based on CPUE to those derived from year random effects (𝛼𝑆𝑖
) extracted from 

a model containing relationships to account for depth (𝑠(𝐷𝑖)) and spatial effects (𝑠(𝐸𝑖 , 𝑁𝑖)) fitted to 

trawl counts of toothfish: 

log(𝑦̂𝑖) = log(𝐴𝑖) + 𝜇0 + 𝛼𝑆𝑖
+ 𝑠(𝐷𝑖) + 𝑠(𝐸𝑖 , 𝑁𝑖) 

[eqn. 4] 

where the model was fitted to size-class specific counts (𝑦𝑖) using a GAMM (family = negative binomial, 

fitted using gam in the mgcv package in R; Wood 2011), with all terms as defined for equation 1. The 

same process of classifying year-class strength was then applied but replacing survey-averaged CPUE 

with estimated year random effects (𝛼𝑆𝑖
). Both approaches produced similar classifications of year-

class strength (see Supplementary materials).   



We then examined water column temperature characteristics during the spawning period (June to 

August) averaged across years according to year-class strength. Daily temperature fields were 

extracted from GLORYS12V1 as before and then explored using two different approaches: i) north-

south 3D transects of temperature (0-650 m) across the Shag Rocks shelf (52.5-54°S, 41.5°W); ii) 

horizontal maps of temperature at 110-131 m depth for the South Georgia and Shag Rocks region. This 

latter dataset corresponds to temperature at or below the mixed layer (typically 100-150 m during 

June-August in the vicinity of South Georgia; Dong et al., 2008) and lies just above much of the Shag 

Rocks shelf. In each case, the extracted data (daily; June to August) were averaged over time and over 

the years as classified based on year-class strength to ascertain average water column conditions 

associated with low juvenile abundance versus moderate-high abundance.   

All analyses and data processing were performed in R version 4.3.3 (R Core Team 2024).  

 

Results 

Size distributions and interannual variability  

Size distributions of Patagonian toothfish captured in groundfish surveys were indicative of sporadic 

pulses of juvenile fish at Shag Rocks, with Sz<26 cohorts present in seven of the ten surveys from 1987 

to 2003, followed by an absence until 2019 (Figure 2). However, Sz26-37 fish were present in years 

between 2004 and 2019 (i.e., 2006, 2010, 2012; Figure 2), confirming concerns raised earlier regarding 

sampling bias for the smallest size-class. Strong cohorts were frequently present in sequential survey 

years, with particularly dominant cohorts first detected in 1990, 2003, 2010, and 2019 forming the 

majority of fish captured on the Shag Rocks shelf over the following 2-5 years (Figure 2). However, 

while year-classes were often initially distinct, widening size distributions and overlapping size among 

year groups prevented identification of individual cohorts for fish larger than ~55-60 cm. In comparison 

to Shag Rocks, juvenile fish (Sz<26 and Sz26-37) were rarely captured on the South Georgia shelf, with 

CPUE of the Sz<26 and Sz26-37 size-classes frequently more than 1-2 orders of magnitude higher on the 



Shag Rocks shelf compared to the South Georgia shelf (Figure 2). Size distributions on the South 

Georgia shelf were dominated by larger-sized individuals (median = 53 cm, compared to 42 cm on the 

Shag Rocks shelf), and lacked the visible cohorts present on the Shag Rocks shelf (Figure 2). The 

difference in CPUE between Shag Rocks and South Georgia decreased with each increase in size-class, 

with CPUE being almost equivalent between the two shelf locations for the largest size class (> 66 cm), 

consistent with dispersal toward the South Georgia shelf (Figure 2).   

Survey-averaged CPUE of the Sz<26 size-class on the Shag Rocks shelf varied by more than three orders 

of magnitude among years, varying from an unusually high value of 9000 individuals km-2 in 1990 to 

zero in multiple years between 2004 and 2017 (Figure 2). While CPUE for this size-class appears to 

have increased in recent years (1999-2023), values remain lower than those typically observed prior 

to 2000 (Figure 2). Broadly similar patterns were observed on the South Georgia shelf (Figure 2). 

Average CPUE of the Sz26-37 size-class at Shag Rocks varied less among surveys, and prior to 2006 

exceeded 100 individuals km-2 in the majority (8 of 12) of years (Figure 2). From 2006 onwards, CPUE 

alternated between periods of low CPUE (2007-2009, 2013-2021) followed by periods of CPUE similar 

to those recorded prior to 2006 (2010-2012, 2023; Figure 2); this pattern was also evident in the Sz38-

47 size-class on the Shag Rocks shelf, albeit delayed by 1 year. The 2023 survey recorded the highest 

CPUE of Sz26-37 and Sz38-47 fish in more than a decade across both shelf locations (Figure 2).    

For larger size classes (48-57 cm, 58-66 cm, > 66 cm) CPUE has been broadly consistent through time 

at Shag Rocks (Figure 2). However, CPUE of Sz48-57 and Sz58-66 size-classes at South Georgia decreased 

from 2009 onwards (mean CPUE 2009-2019 = 1.7 and 1.9 individuals km-2 for Sz48-57 and Sz58-66, 

respectively) compared to the previous 10-years (mean CPUE 1998-2008 = 7.3 and 7.1 individuals km2), 

which matches the 2007 transition observed in the Sz26-37 size-class observed at Shag Rocks (Figure 2). 

However, lower interannual variability of CPUE for the larger size-classes suggest that relative 

abundance of adults may be buffered from the variability in juvenile abundance.  

 



 

 

Figure 2. Size distributions of Patagonian toothfish (Dissostichus eleginoides) caught on the Shag 

Rocks (A) and South Georgia (B) shelves during groundfish surveys from 1987 to 2023, along with 

survey averaged catch-per-unit-effort (CPUE; individuals per km2) for different size-classes (C; < 26 

cm, 26-37 cm, 38-47 cm, 48-57 cm, 58-66 cm, > 66 cm) based on total length. Note that histogram 

heights in (A) and (B) are scaled according to the total number caught within each survey, provided in 

grey text to the right of each panel, and therefore represent relative, rather than absolute, 

abundance in a particular survey. Histograms are colour-coded according to the month in which the 

majority of trawls were performed in a given survey. Size-class thresholds are indicated by dashed 

vertical lines in (A) and (B). Values in (C) correspond to the survey-mean CPUE calculated according to 

counts of individuals caught within each size-class divided by trawl swept area (km2). Error bars 

indicate the bootstrapped 95% confidence interval of the mean.  

 

Abundance of early life-stages in relation to environmental variability 

Size: < 26 cm 



Models fitted to annual abundance of Sz<26 fish on the Shag Rocks shelf suggest a positive correlation 

with temperature during egg and larval dispersal phases, irrespective of the depth at which 

temperature was assessed (surface or midwater; Figure S2), but no relationship with temperatures 

during spawning (Figure 3). The temperature covariate with the highest predictive accuracy was that 

calculated in midwater over the Shag Rocks shelf during egg dispersal (predictive accuracy score, pD = 

0.69, indicative of 69% of interannual variability explained by temperature; Table 3), and was 

suggestive of a 10-fold increase in abundance with temperature increasing from 1.4°C to 1.8°C (Figure 

3). Surface temperatures during the larval-dispersal period and seafloor temperatures during the 

benthic settlement stage were also positively correlated with abundance but had lower predictive 

accuracy (Table 3). Inclusion of a continuous trend through time had no impact on which temperature 

effects were identified as important (Table 3), but when included by itself indicated a declining trend 

in abundance from 1997 to 2010, followed by an increasing trend from 2015 to 2023 (Figure S2). Fitted 

spatial effects also suggested a highly constrained distribution on the Shag Rocks shelf largely due to 

depth range (depth < 200 m; Figure S3).  

Size: 26-37 cm 

Similar to results found for Sz<26 fish, models fitted to abundance of the 26-37 cm size-class on the Shag 

Rocks shelf were also indicative of a positive correlation with temperature during the egg dispersal 

stage (Figure 3D). However, the strongest relationship for this size-class came from models containing 

temperatures calculated during the spawning time-window (June-August) over the Shag Rocks shelf 

either at the seafloor (seafloor depth < 267 m, pD = 0.69) or in the midwater column at 110-267m 

depths (pD = 0.45; Table 3). The fitted relationship between abundance and temperature during 

spawning indicated that abundance increases with temperature up to a maximal value at temperatures 

of 1.65°C (seafloor temperature; Figure 3C) or 1.9°C (midwater temperature; Figure S4) and then 

declines at higher temperatures. Models containing temperature covariates assessed during larval-

dispersal or settlement stages performed worse than the null model, indicating weak to no effect.  



Although including a continuous trend through time indicated an overall declining trend in abundance 

of Sz26-37 fish (Figure S4), models containing this term had lower predictive accuracy both when 

included alone (pD = -0.02; Table S3), or when included with temperature covariates (reduction in pD 

relative to equivalent models of 0.04-0.13; Table 3). This may suggest that long-term patterns are more 

strongly characterised by fluctuations in abundance among years, or groups of years, rather than by a 

continuous trend through time. Fitted spatial effects for the 26-37 cm size-class indicated a deeper and 

more widespread distribution across the Shag Rocks shelf compared to that found for the < 26 cm size-

class (Figure S5), consistent with an ontogenetic shift toward deeper areas as toothfish grow.  

 

  



Table 3. Summary statistics for models fitting abundance of < 26 cm and 26-37 cm Patagonian 

toothfish on the Shag Rocks shelf to temperature conditions during different early development 

stages (Spawn = Jun-Aug, Egg = Sep-Nov, Larvae = Dec-Feb, Settlement = Mar-May), locations (SR = 

Shag Rocks, SG = South Georgia), and depth strata. Statistics shown are the model estimated degrees 

of freedom (edf), Akaike’s Information Criterion (AIC), deviance explained (D2), and predictive 

deviance score (pD) calculated via cross-validation. The Date column indicates whether models also 

included a continuous trend through time. Only those models that improved on the null model (based 

on predictive scores) are presented; see Table S3-S4 for all model statistics.  

Stage Area Depth Date edf AIC D2 
 

pD 

Length: < 26 cm 

NULL    21.9 316.8 79.8 0.00 

Egg (Sep-Nov) SRa Midwater (110-267 m)  20.0 315.8 79.1 0.69 

Larvae (Dec-Feb) SRa Midwater (110-267 m)  20.5 318.9 78.4 0.65 

Larvae (Dec-Feb) SGb Surface  22.6 317.6 79.9 0.27 

Settlement (Mar-May) SR Seafloor (< 267 m)  22.4 319.2 79.4 0.37 

NULL   Y 21.5 316.6 79.6 0.24 

Spawn (Jun-Aug) SG Seafloor (< 267 m) Y 21.7 316.8 79.7 0.28 

Egg (Sep-Nov) SR Midwater (110-267 m) Y 20.9 317.5 79.1 0.63 

Larvae (Dec-Feb) SRa Surface Y 21.9 317.8 79.5 0.48 

Larvae (Dec-Feb) SGb Midwater (110-267 m) Y 20.3 316.7 78.9 0.64 

Length: 26-37 cm 

NULL    23.1 1029.7 58.9 0.00 

Spawn (Jun-Aug) SRa Midwater (110-267 m)  22.5 1028.3 59.0 0.45 

Spawn (Jun-Aug) SR Seafloor (< 267 m)  21.8 1027.8 58.8 0.69 

Egg (Sep-Nov) SGb Midwater (110-267 m)  22.8 1028.8 59.0 0.21 

Larvae (Dec-Feb) SG Midwater (110-267 m)  23.1 1029.6 59.0 0.16 

NULL   Y 23.3 1030.2 58.9 -0.02 

Spawn (Jun-Aug) SR Midwater (110-267 m) Y 22.5 1028.1 59.0 0.32 

Spawn (Jun-Aug) SR Seafloor (< 267 m) Y 22.1 1028.0 58.9 0.65 

Spawn (Jun-Aug) SGb Seafloor (644-1063 m) Y 23.2 1029.7 59.0 0.13 

Egg (Sep-Nov) SR Midwater (110-267 m) Y 22.8 1028.5 59.0 0.09 
a: Temperatures at South Georgia for this season and depth also performed better than the null, but 
had higher predictive likelihood scores and displayed similar fitted temperature effects 
b: Temperatures at Shag Rocks for this season and depth also performed better than the null, but had 
higher predictive likelihood scores and displayed similar fitted temperature effects 
 



 

Figure 3. Fitted relationships between observed catch-per-unit effort (CPUE; individuals km-2) of 

juvenile Patagonian toothfish (Dissostichus eleginoides) on the Shag Rocks shelf and temperature 

during different stages of early development. Panels correspond to relationships for < 26 cm (upper) 

and 26 – 37 cm (lower) size-classes for the two temperature covariates that were the best predictors 

of annual abundance: seafloor temperature on the Shag Rocks shelf calculated during spawning 

(June-August, left panels), and midwater temperature at 110-267 m calculated during egg-dispersal 

(September-November, right panels). Points and error bars are the mean (± 95% confidence interval) 

predicted density for a given survey from the null model after accounting for depth and location 

effects for each size-class. Lines and shading indicate the fitted relationship and 95% CI from the 

model fitted with the corresponding temperature effect.  

 



Long-term trends in temperature specific to stages of early development 

Given the importance of temperatures on the Shag Rocks shelf at various stages throughout early 

development of Patagonian toothfish, we chose to examine long-term trends in seafloor, midwater (or 

subsurface; 110-267 m depth), and sea surface temperature during each of the putative spawning, 

egg, larval, and post-larval benthic settlement stages (Figure 4). Long-term trends over a 30-year time-

period during spawning (June-August) and egg (September-November) stages were indicative of 

warming in the surface layers, and a contrasting cooling trend in subsurface and seafloor temperatures 

(Figure 4. Surface warming was greatest during the egg dispersal time-window, having increased at an 

average rate of 0.23°C/decade, whereas trends of subsurface cooling were strongest during spawning 

(-0.1 °C/decade; Figure 4). Long-term patterns of temperature during larval (December-February) and 

benthic settlement (March-May) stages indicated no trend over the same time-period for all depth 

levels, except for surface temperatures during December-February, which displayed an increasing 

trend of 0.11°C/decade, albeit with high interannual variability (Figure 4). Collectively, these trends 

indicate that temperature conditions have changed the most during the spawning and egg-dispersal 

stages of Patagonian toothfish at South Georgia but have remained approximately constant over time 

for the latter developmental stages.    



 

Figure 4. Long-term trends in temperature over the Shag Rocks shelf by time-period and water 

column strata (sea surface, subsurface, seafloor) specific to early development of Patagonian 

toothfish (Dissostichus eleginoides). Panels correspond to seasonal average temperatures calculated 

per year for June-August, September-November, December-February, and March-May, putatively 

representative of spawning, egg, larval, and post-larval stages of toothfish in the South Georgia and 

Shag Rocks region, respectively. Subsurface (depth = 110-267 m) and seafloor (depth < 267 m) 

temperature data were extracted from the Global Ocean Physics Reanalysis dataset, whereas sea 

surface temperature were obtained from the Global Ocean OSTIA dataset, both archived on the 

Copernicus Marine Data Store. Trend lines are those from a linear model fitted to the corresponding 

data, with shading to indicate the 95% confidence interval. Trend estimates, and 95% CI are also 

given as °C/decade.  

 

Exploration of water column temperature variability in relation to juvenile abundance 

Prior to years with low juvenile abundance (abundance of the Sz<26 or Sz26-37 size-class at or below the 

lower quartile across available years), average temperatures during spawning were characterised by a 

deeper transition from cold surface waters (< 1.4°C) to warmer subsurface waters (typically > 2°C) 

when compared to years in which juvenile abundance was high (Figure 5). In years preceding high 



juvenile abundance, warmer water conditions (> 1.5°C) prevailed on and above the seafloor at the 

Shag Rocks shelf, while the same locations were 0.3 to 0.4°C colder in years of low juvenile abundance 

(Figure 5). Temperatures at a depth of 110-131 m were uniformly colder in poor spawning years 

relative to normal throughout the South Georgia region. Furthermore, warmer water at depths of 100-

200 m that typically covers the Shag Rocks shelf in years of good recruitment was absent in poor years, 

with warmer subsurface conditions shifted westward off the Shag Rocks shelf (Figure 5).    

 

Figure 5. Temperature at depth averaged across years during the Patagonian toothfish (Dissostichus 

eleginoides) spawning season (June-August). Panels correspond to the average water temperature at 

110-131 m throughout the South Georgia region (A and B), and for a cross-section (vertical black 

rectangle in A and B) spanning the Shag Rocks shelf (D and E) showing temperature variation 

according to depth and latitude. Alternate maps and cross-sections correspond to temperatures 

averaged over years in which juvenile toothfish abundance was moderate to high (A and D; years = 

1995-2003, 2007-2009, 2011, 2017, 2019-2021) versus low (B and E; years = 2004-2006, 2010, 2012-

2016, 2018) based on catch-per-unit effort (CPUE) on the Shag Rocks shelf during groundfish surveys. 



The difference in temperature maps (C) and cross-sections (F) between the two year-sets is also 

shown (low minus moderate to high).   

 

Discussion 

This study examined Patagonian toothfish populations in the context of their variable and changing 

environment, focusing on key habitat for juvenile fish around South Georgia and Shag Rocks. Over the 

past 30 years, surface waters in the region have warmed, while subsurface and seafloor layers have 

shown cooling trends, highlighting complex vertical temperature dynamics. We integrated almost 

three decades of groundfish survey data with ocean temperature records throughout the water 

column to explore how environmental conditions may influence Patagonian toothfish populations. The 

analysis revealed significant interannual variability in juvenile Patagonian toothfish abundance, with 

strong correlations to temperature dynamics during early life stages. These findings offer new insight 

into how long-term environmental change and short-term variability may be influencing recruitment 

patterns and population dynamics in this system. 

Our findings reinforce the importance of the Shag Rocks shelf to early life stages (Collins et al., 2007; 

Belchier & Collins, 2008) and demonstrate strong interannual variability in smaller size-classes of 

Patagonian toothfish, with multi-year periods of alternating high and low abundance, and an apparent 

slight long-term decline in abundance of juvenile fish. This strong interannual variability was not 

evident in the larger size-classes we investigated (> 48 cm), suggesting that populations of sub-adults 

and adults that remain on the South Georgia or Shag Rocks shelf (within the extent of groundfish 

surveys) may be buffered to some extent against large changes in juvenile recruitment between years. 

This may be due to limited on-shelf resources supporting a relatively constant population of larger fish, 

with density-dependent mortality and off-shelf dispersal (Collins et al., 2010), regulating the 

population towards carrying capacity. Furthermore, our results indicate that strong year-classes tend 

to persist, dominating size-distributions at least for the first three years following settlement, which 

may reduce the impact on the overall population of poorer recruitment in intervening years. However, 



consecutive weak cohorts may exceed this buffering capacity, leading to a decline in overall population 

size.   

We found positive relationships between juvenile Patagonian toothfish abundance and temperature, 

suggestive of greater abundance following warmer conditions, consistent with the broader distribution 

of this species (Collins et al., 2010). The strongest temperature-abundance relationships were found 

in the water column, below the surface mixed layer, for both Sz<26 and Sz26-37 size-classes. This signal 

was most pronounced for time lags corresponding to early developmental stages, especially spawning 

and egg dispersal, which also coincide with times of year that have experienced the greatest 

temperature changes over the past 30 years.  

However, different temperature relationships were found for analyses based on abundances of the 

smallest size-class, which displayed a simple positive relationship with temperature during egg-

dispersal, while abundances of the 26-37 cm fish displayed a more complex modal relationship, with 

highest abundances coinciding with seafloor/midwater temperatures of 1.6-1.9°C during spawning. In 

addition, the overall strongest relationship, across size-classes and temperature covariates, was for 

abundances of 26-37 cm fish in relation to temperatures during spawning, despite the longer time-lag 

(2.5 years) compared to that evaluated for the < 26 cm size-class. A potential explanation for this 

discrepancy relates to the reliability of CPUE of the smallest size-class, with regards to gear selectivity 

and their patchier distribution, which may act to obscure relationships in relation to environmental 

variability.  

The strong relationship found between CPUE of the 26-37 cm size-class on the Shag Rocks shelf and 

seafloor/subsurface temperatures during spawning leads to several connected hypotheses. The first is 

that subsurface temperature influences prey conditions around Shag Rocks for larval or post-larval fish 

and thereby regulates their abundance via prey limitation under certain temperature regimes.  

Examination of CPUE of 26-37 cm and 38-47 cm size-classes of toothfish on the Shag Rocks shelf in 

relation to abundance of yellowfin notothen (Patagonotothen guntheri), a primary prey species for 



juvenile Patagonian toothfish on the Shag Rocks shelf and that are also recorded during groundfish 

surveys (Collins et al., 2008), suggests only a weak positive correlation (Figure S10) with abundance of 

the larger 38-47 cm size-class, but no correlation with abundance of the 26-37 cm size-class. However, 

reduced abundance of yellowfin notothen from 2007 to 2009 was also accompanied by a transition 

from years of moderate abundance of Sz26-37 and Sz38-47 toothfish, to multiple years (2008-2010) of 

reduced abundance, suggestive of a common or related mechanism. Notably, this time-period was 

also accompanied by a shift in seafloor temperatures towards colder conditions on the Shag Rocks 

shelf that began in 2005 (Figure 5), which may have directly impacted both species (distribution of P. 

guntheri is restricted to the Shag Rocks shelf, potentially due to low temperature tolerance; Collins et 

al., 2008) or via changes to prey community composition important to both yellowfin notothen and 

juvenile Patagonian toothfish. Further work is required to improve understanding of potential changes 

to the prey field and corresponding toothfish responses (Ward et al. 2025).  

Temperature may also have a direct effect on egg survival and development in Patagonian toothfish, 

as seen in other species (e.g. Tsoukali et al., 2016), with cooler subsurface conditions during the 

spawning season potentially leading to higher egg mortality or delayed development. The indication 

of a deeper thermocline and cooler subsurface conditions during the spawning season prior to low 

recruitment years suggest that eggs traversing the water column in those years could experience a 

more extreme change in temperature at greater depths (Figure 5). Additionally, these eggs may then 

occupy cooler water for a period of time, which could delay or inhibit their development. However, 

this is predicated on eggs remaining at depths below the mixed layer (100-300 m) for a duration 

sufficient to affect development. The depth distribution of toothfish eggs at South Georgia is poorly 

understood, and few studies have captured eggs or larvae despite pelagic sampling (North 2002), 

suggesting that they are either patchily distributed, exhibit net avoidance (larvae), or are present 

deeper than is typically sampled during pelagic trawls. Evseenko et al., (1995) reported captures of 

seven eggs in September-October in the upper 500 m of the water column to the north of South 

Georgia, suggestive of a pelagic distribution. However, North (2002) and Zhivov & Krivoruchko (1990) 



have presented arguments that eggs are initially demersal, with the former based on absence of eggs 

in pelagic sampling despite high abundance calculated from population fecundity. An initially demersal 

distribution would align with our findings that indicate the importance of seafloor and subsurface 

temperatures during the spawning and egg dispersal stages to abundance of juvenile toothfish. 

Improved data on the depth distribution of eggs is essential as vertical position in the water column 

strongly influences exposure to temperature, currents, and other environmental drivers. 

Thus, temperature at Shag Rocks appears to be an important factor for juvenile recruitment, with 

warmer temperatures below the mixed layer during spawning showing the strongest correlation with 

juvenile abundance in subsequent years. This is suggestive of lower abundance following spawning 

periods characterised by cooler temperatures.  Notably, while we found that SST at Shag Rocks has 

increased at a rate of 0.09°C per decade in recent years, sub-surface temperatures, including seafloor 

temperatures here during the spawning period, the depth and time most indicative of recruit 

abundance, have decreased by 0.1°C per decade from 1993 to 2023 (Figure 4). This may help explain 

the apparent decline in juvenile abundance. However, while the SST trends are derived from a satellite 

product and are comparable with the rates calculated from in situ data by Whitehouse et al., (2008), 

we note that much of our analyses utilised subsurface temperatures taken from a global ocean 

reanalysis (GLORYS12V1). While multiple observational datasets are assimilated in the reanalysis, the 

representation of properties including temperature in the reanalysis is affected by the availability of 

the assimilated in situ data (Lellouche et al., 2021), which may affect the trends reported here.   

Given the complex life history of Patagonian toothfish, their important role in the South Georgia 

ecosystem and the rapid environmental changes in the region, ensuring their sustainable management 

in the face of future change is essential. Our findings emphasise the importance of considering 

subsurface thermal structure as well as surface temperature change when evaluating the effects of 

climate change on Patagonian toothfish (Azarian et al. 2022; Ward et al. 2025). The same would apply 

for other deepwater species particularly those whose eggs and larvae traverse the water column. 



Changing vertical temperature profiles may expose eggs and larvae to conditions that exceed their 

physiological tolerances. The presence of steep or irregular thermal gradients, such as the transitions 

described in this study from warmer sea floor temperatures through cooler mid-water to warmer 

surface temperatures, may be particularly consequential. These vertical gradients could play a 

significant role in influencing early life stage development, vertical positioning, and survival 

probabilities, with the potential for effects to be carried forward throughout the life cycle. A further 

consideration is that model simulations of transport and retention of early life stages of Patagonian 

toothfish have suggested that variability in local ocean circulation affects their retention in the vicinity 

of South Georgia and Shag Rocks (Brigden, 2019). Combining model experiments that include 

temperature effects with dispersal would be a useful next step to better understand recruitment 

variability.  

This study highlights the need for detailed consideration of environmental conditions across key 

developmental windows to more fully understand species-environment relationships. Such insights 

would enable future recruitment assumptions used in management to be based on an understanding 

of the underlying processes, rather than empirical approaches (Alewijnse et al., 2025, Dunn, 2025), 

thereby enhancing their ecological realism and supporting more climate-responsive management 

approaches. 
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Supplementary materials 

Section 1: Additional information on groundfish survey data 

Table S1. Summary of bottom-trawl surveys used in analyses of Patagonian toothfish (Dissostichus eleginoides) 
distribution. All values presented are after data-cleaning and represent sample sizes entering analyses. Design 
abbreviations: SRS = stratified random sample, RAD = radial, DW = deepwater trawl surveys. 

Survey Date start Date end Gear Design Trawls 

SG87 29-Nov-86 17-Dec-86 B-454 OT SRS 104 

SG88 19-Dec-87 12-Jan-88 P32/36 OT SRS 112 

SG89 1-Feb-89 14-Feb-89 P32/36 OT SRS 55 

SG90 6-Jan-90 26-Jan-90 HC120 OT SRS 68 

SG91 22-Jan-91 11-Feb-91 FP120 SRS 77 

SG92 3-Jan-92 26-Jan-92 FP120 SRS 81 

SG94 4-Jan-94 8-Feb-94 FP120 SRS 81 

SG97 2-Sep-97 29-Sep-97 FP120 SRS 55 

SG00 16-Jan-00 30-Jan-00 FP120 SRS 41 

SG02 12-Jan-02 1-Feb-02 FP120 SRS 63 

SG03 7-Jan-03 31-Jan-03 FP120 RAD 38 

SG04 7-Jan-04 5-Feb-04 FP120 SRS 64 

SG05 7-Jan-05 25-Jan-05 FP120 SRS 42 

SG06 3-Jan-06 1-Feb-06 FP120 SRS 66 

SG07 27-Aug-07 21-Sep-07 FP120 SRS 49 

SG08 16-Apr-08 30-Apr-08 FP120 SRS 70 

SG09 15-Jan-09 23-Jan-09 FP120 SRS 73 

SG10 15-Jan-10 24-Jan-10 FP120 SRS 75 

DW10 29-Jan-10 31-Jan-10 FP120 DW 6 

SG11 26-Jan-11 6-Feb-11 FP120 SRS 87 

SG12 26-Jan-12 29-Jan-12 FP120 SRSa 22 

SG13 22-Jan-13 29-Jan-13 FP120 SRS 68 

SG15 13-Jan-15 23-Jan-15 FP120 SRS 77 

SG17 30-Jan-17 7-Feb-17 FP120 SRS 72 

DW19 5-Feb-19 5-Feb-19 FP120 DW 3 

SG19 27-Jan-19 5-Feb-19 FP120 SRS 73 

SG21 8-May-21 28-May-21 FP120 SRS 76 

SG23 1-Feb-23 10-Feb-23 FP120 SRS 75 

a: 2012 survey was incomplete, with sampling only on Shag Rocks and the NW South Georgia shelf 

 

 

  



Section 2: Results of analyses of juvenile toothfish abundance at Shag Rocks 

Inclusion of spatial effects in analyses of juvenile abundance 

Gaussian process smooths included to model spatial effects in our analyses of juvenile abundance were 

specified using a Matern correlation function with spatial range parameter, r, which we varied from 10 

– 100 km in 10 km jumps to control the degree of spatial smoothing/continuity. We also tested 

stationary (no continuous trend in space) versus non-stationary (a continuous trend in a given 

direction) spatial effects. Both range and stationarity of spatial fields were altered by modifying the m 

argument in the Gaussian process smooth. We then selected among models with alternate range 

parameters based on minimising AIC to identify our null model for subsequent testing (Table S2). For 

Sz<26 fish a stationary spatial field with range = 40 km resulted in the lowest AIC, whereas models 

containing spatial effects for Sz26-37 fish performed no better than the model containing depth alone.  

Table S2. Comparison between alternate null models for examining interannual variability in abundance of < 26 
cm and 26-37 cm size-classes of Patagonian toothfish at Shag Rocks. The range parameter controlling the 
degree of spatial smoothing is given in () when spatial terms (Space) were included. Values correspond to the 
estimated model degrees of freedom (edf), deviance explained (D2) and Akaike’s Information Criterion (AIC). 
Results are only presented for stationary spatial effects as these outperformed the non-stationary alternative 
for both age-classes. The model with lowest AIC for each age-class is highlighted in bold. 

 L: < 26 cm L: 26-37 cm 

Model df D2 AIC df D2 AIC 

Survey 16.8 58.4 359.8 18.9 54.0 1043.8 

Survey + Depth 20.1 78.0 319.9 23.1 58.9 1029.7 

Survey + Depth + Space (10 km) 24.7 80.5 320.1 29.3 60.2 1035.7 

Survey + Depth + Space (20 km) 23.3 80.3 317.9 23.1 58.9 1029.8 

Survey + Depth + Space (30 km) 22.5 80.1 317.1 23.1 58.9 1029.8 

Survey + Depth + Space (40 km) 22.1 79.9 316.8 23.1 58.9 1029.8 

Survey + Depth + Space (50 km) 21.9 79.8 316.8 23.1 58.9 1029.8 

Survey + Depth + Space (60 km) 21.8 79.8 316.8 23.1 58.9 1029.8 

Survey + Depth + Space (70 km) 21.7 79.7 316.9 23.1 58.9 1029.8 

Survey + Depth + Space (80 km) 21.6 79.6 317.0 23.1 58.9 1029.8 

Survey + Depth + Space (90 km) 21.5 79.6 317.1 23.1 58.9 1029.8 

Survey + Depth + Space (100 km) 21.5 79.5 317.1 23.1 58.9 1029.8 

 

 



Cross validation and calculation of prediction error 

Models examining variation in juvenile abundance at Shag Rocks were compared based on cross-

validated predictive error, where cross-validation was performed by fitting the model to data from k-1 

(k=19) surveys and evaluating model predictions on counts in the held-out survey. This effectively tests 

the ability of temperature relationships to predict abundance in an unseen year. Predictive error was 

quantified using a likelihood-based score (Dormann et al. 2018), equal to the log-likelihood of the data 

in each held-out survey given predictions from the model trained on the remaining data:  

ℒ = ∑ ℓ(𝑦[𝑗]|𝑦[𝑗]̂, 𝜃)

𝑘

𝑗=1

 

Where ℒ is the likelihood score, ℓ(𝑦[𝑗]|𝑦[𝑗]̂, 𝜃) is the log-likelihood of counts, 𝑦[𝑗] in the held-out survey 

j, given predicted values 𝑦[𝑗]̂ and dispersion 𝜃 from the model fitted to the remaining data. The model 

fitted to the data (described in the main text) was a Generalised Additive Mixed Model (GAMM) 

estimated assuming that counts were distributed according to a negative-binomial distribution. As 

such, the log-likelihood of the held-out data given model predictions, ℓ(𝑦[𝑗]|𝑦[𝑗]̂, 𝜃), was calculated 

according to the sum of log probability densities evaluated for a negative-binomial probability 

distribution evaluated at 𝑦[𝑗] with mean 𝑦[𝑗]̂ and dispersion 𝜃.  For interpretability, likelihood scores 

were converted to a measure akin to deviance explained by calculating the ratio of the difference in 

likelihood score between the focal model, ℒ𝑚𝑜𝑑, and the null model, ℒ𝑛𝑢𝑙𝑙, relative to the difference 

in likelihood score between the null model and the best possible model, ℒ𝑏𝑒𝑠𝑡: 

𝐷𝑚𝑜𝑑 =
ℒ𝑛𝑢𝑙𝑙 − ℒ𝑚𝑜𝑑

ℒ𝑛𝑢𝑙𝑙 − ℒ𝑏𝑒𝑠𝑡
 

The likelihood score for the null model was calculated through cross-validation as described above, 

and because the null model represented interannual variability only via random effects, it effectively 

explains none of the interannual variability in a predictive sense (i.e., the prediction for a held-out 

survey is the average, or intercept after controlling for depth and spatial variability, of the years 



included in the training dataset). The likelihood score for the best possible model was taken to be the 

log-likelihood of a model where all interannual variability (but not all variability, i.e. not a fully 

saturated model) is explained via the inclusion of a fixed survey effect. The resulting measure, 𝐷𝑚𝑜𝑑, 

ranges from 0 to 1 and represents the improvement in log-likelihood of model predictions compared 

to a model where no interannual variability is explained, relative to the best possible scenario where 

model predictions for held-out surveys match those where all interannual variability is explained.  

Table S3. Statistics for models examining interannual variability in abundance of < 26 cm Patagonian toothfish 
at Shag Rocks according to temperature in different seasons (Spawn = Jun-Aug, Egg = Sep-Nov, Larvae = Dec-
Feb, Settlement = Mar-May), locations (SR = Shag Rocks, SG = South Georgia), and depth strata. Statistics 
include AIC, the predictive likelihood (pLik) score calculated via survey-stratified cross-validation, which is also 
used to calculate a measure of predictive deviance (pD) by comparison to the likelihood of a model where all 
interannual variability is explained via a fixed survey effect (Likelihood = 133.15). Models that improve on the 
null model based on predictive cross-validation scores are highlighted in red. 

   Mod: NULL + s(Temp) 
Mod: NULL + s(Temp) + 

s(Date) 

Stage Area Depth (range, m) AIC pLik pD AIC pLik pD 

NULL   316.8 321.6 0.00 316.6 277.0 0.24 

Spawn SR Midwater (110-267 m) 316.6 330.5 -0.05 316.7 371.4 -0.26 

Spawn SR Midwater (267-454 m) 316.7 321.6 0.00 316.7 290.6 0.16 

Spawn SR Seafloor (< 267 m) 316.8 331.2 -0.05 317.0 282.3 0.21 

Spawn SR Seafloor (644-1063 m) 316.7 344.0 -0.12 317.7 277.6 0.23 

Spawn SG Midwater (110-267 m) 316.8 343.5 -0.12 316.8 283.1 0.20 

Spawn SG Midwater (267-454 m) 316.7 358.9 -0.20 316.5 300.1 0.11 

Spawn SG Seafloor (< 267 m) 317.0 322.7 -0.01 316.8 268.5 0.28 

Spawn SG Seafloor (644-1063 m) 317.2 350.4 -0.15 317.2 294.9 0.14 

Egg SR Surface 317.8 532.4 -1.12 317.8 392.4 -0.38 

Egg SR Midwater (110-267 m) 315.8 192.4 0.69 317.5 202.6 0.63 

Egg SR Midwater (267-454 m) 316.6 340.9 -0.10 316.5 289.8 0.17 

Egg SG Surface 318.5 369.9 -0.26 318.6 354.3 -0.17 

Egg SG Midwater (110-267 m) 317.0 302.3 0.10 316.9 303.8 0.09 

Egg SG Midwater (267-454 m) 316.3 368.6 -0.25 316.1 326.8 -0.03 

Larvae SR Surface 318.3 299.2 0.12 317.8 231.0 0.48 

Larvae SR Midwater (110-267 m) 318.9 199.9 0.65 320.0 212.9 0.58 

Larvae SR Midwater (267-454 m) 316.2 339.5 -0.09 317.4 396.5 -0.40 

Larvae SG Surface 317.6 270.2 0.27 316.9 233.6 0.47 

Larvae SG Midwater (110-267 m) 315.2 212.5 0.58 316.7 201.5 0.64 

Larvae SG Midwater (267-454 m) 317.9 382.5 -0.32 316.5 326.7 -0.03 

Settlement SR Surface 315.4 370.4 -0.26 314.9 307.4 0.08 

Settlement SR Seafloor (< 267 m) 319.2 251.8 0.37 317.6 291.1 0.16 

 



Table S4. Statistics for models examining interannual variability in abundance of 26-37 cm Patagonian toothfish 
at Shag Rocks according to temperature in different seasons (Spawn = Jun-Aug, Egg = Sep-Nov, Larvae = Dec-
Feb, Settlement = Mar-May), locations (SR = Shag Rocks, SG = South Georgia), and depth strata. Statistics 
include AIC, the predictive likelihood (pLik) score calculated via survey-stratified cross-validation, which is also 
used to calculate a measure of predictive deviance (pD) by comparison to the likelihood of a model where all 
interannual variability is explained via a fixed survey effect (Likelihood = 489.6). Models that improve on the null 
model based on predictive cross-validation scores are highlighted in red. 

   Mod: NULL + s(Temp) 
Mod: NULL + s(Temp) + 

s(Date) 

Stage Area Depth AIC pLik pD AIC pLik pD 

NULL   1029.7 944.8 0.00 1030.2 953.6 -0.02 

Spawn SR Midwater (110-267 m) 1028.3 739.5 0.45 1028.1 800.8 0.31 

Spawn SR Midwater (267-454 m) 1029.4 1023.8 -0.17 1029.8 1074.5 -0.28 

Spawn SR Seafloor (< 267 m) 1027.8 631.8 0.69 1028.0 649.6 0.64 

Spawn SR Seafloor (644-1063 m) 1029.5 940.0 0.01 1029.6 921.6 0.05 

Spawn SG Midwater (110-267 m) 1028.7 863.5 0.18 1029.0 1027.8 -0.18 

Spawn SG Midwater (267-454 m) 1029.4 1081.3 -0.30 1029.8 1310.2 -0.79 

Spawn SG Seafloor (< 267 m) 1029.3 1349.5 -0.89 1029.6 2000.0 -2.27 

Spawn SG Seafloor (644-1063 m) 1029.6 968.0 -0.05 1029.7 885.2 0.13 

Egg SR Surface 1029.7 1001.3 -0.12 1029.7 952.5 -0.02 

Egg SR Midwater (110-267 m) 1029.6 865.9 0.17 1028.5 905.3 0.09 

Egg SR Midwater (267-454 m) 1029.0 1134.9 -0.42 1029.6 1382.2 -0.94 

Egg SG Surface 1029.7 996.4 -0.11 1029.7 1124.5 -0.39 

Egg SG Midwater (110-267 m) 1028.8 848.4 0.21 1028.8 960.7 -0.03 

Egg SG Midwater (267-454 m) 1029.4 1838.3 -1.96 1028.9 2695.6 -3.77 

Larvae SR Surface 1029.7 1088.0 -0.31 1030.3 991.8 -0.10 

Larvae SR Midwater (110-267 m) 1030.4 1020.3 -0.17 1030.4 1153.0 -0.45 

Larvae SR Midwater (267-454 m) 1029.8 1276.2 -0.73 1030.0 1194.8 -0.54 

Larvae SG Surface 1029.6 1010.2 -0.14 1029.8 1052.8 -0.23 

Larvae SG Midwater (110-267 m) 1029.6 873.4 0.16 1029.7 1000.5 -0.12 

Larvae SG Midwater (267-454 m) 1029.6 1083.6 -0.30 1030.2 2700.1 -3.78 

Settlement SR Surface 1029.7 1655.8 -1.56 1029.2 1352.4 -0.88 

Settlement SR Seafloor (< 267 m) 1027.8 1005.5 -0.13 1028.0 970.9 -0.06 

 



 

Figure S1. Fitted effects from the best-predicting model for abundance of the < 26 cm size-class of Patagonian 
toothfish at Shag Rocks. Panels correspond to survey random effects, and fitted smooths for (log-transformed) 
depth (thin-plate regression spline, basis=’tp’), easting and northing (Gaussian process, basis=’gp’), and 
midwater temperature during egg-dispersal (September-November) at Shag Rocks (thin-plate regression spline, 
basis=’tp’). Smooth effects show the mean with shading corresponding to 2 standard errors. 

 

 



 

Figure S2. Relationships between temperature and survey-average abundance of < 26 cm Patagonian toothfish 
at Shag Rocks. Panels correspond to fitted relationships for each temperature metric, which were created based 
on combinations of time-periods relevant to toothfish early development, position in the water column (surface, 
midwater, seafloor) and shelf area (SR = Shag Rocks, SG = South Georgia). Midwater temperatures were those 
calculated at 110-267 m depth, and seafloor temperatures were calculated for locations shallower than 267 m. 
Fitted trends through time are also shown. Survey-average abundance is shown as the mean, with error bars 
indicating ± 2 SE, and fitted relationships (red) indicate the mean with shading indicating ± 2 SE. 

 



 

Figure S3. Estimated relative distribution of the < 26 cm size-class of Patagonian toothfish at Shag Rocks in 
relation to bathymetry. Panels correspond to the bathymetry of the Shag Rocks shelf (upper), and the projected 
distribution from the best-predicting model fitted to counts of < 26 cm toothfish (lower) according to fitted 
depth and spatial effects. Predicted distribution is relative density (predicted density/max predicted density) 
rather than absolute density as the model contained temporal effects which scale up/down absolute density but 
have no impact on distribution.  

 

 

Figure S4. Fitted effects from the best-predicting model for abundance of the 26-37 cm size-class of Patagonian 
toothfish at Shag Rocks. Panels correspond to survey random effects and fitted smooths for depth (thin-plate 
regression spline, basis=’tp’), and seafloor temperature during spawning (June-August) at Shag Rocks (thin-
plate regression spline, basis=’tp’). Smooth effects show the mean with shading corresponding to 2 standard 
errors. 

 



 

Figure S5. Relationships between temperature and survey-average abundance of 26-37 cm Patagonian 
toothfish at Shag Rocks. Panels correspond to fitted relationships for each temperature metric, which were 
created based on combinations of time-periods relevant to toothfish early development, position in the water 
column (surface, midwater, seafloor) and shelf area (SR = Shag Rocks, SG = South Georgia). Midwater 
temperatures were those calculated at 110-267 m depth, and seafloor temperatures were calculated for 
locations shallower than 267 m. Fitted trends through time are also shown. Survey-average abundance is 
shown as the mean, with error bars indicating ± 2 SE, and fitted relationships (red) indicate the mean with 
shading indicating ± 2 SE. 

 



 

Figure S6. Estimated relative distribution of the 26-37 cm size-class of Patagonian toothfish at Shag Rocks in 
relation to bathymetry. Panels correspond to the bathymetry of the Shag Rocks shelf (upper), and the projected 
distribution from the best-predicting model fitted to counts of 26-37 cm toothfish (lower) according to fitted 
depth and spatial effects. Predicted distribution is relative density (predicted density/max predicted density) 
rather than absolute density as the model contained temporal effects which scale up/down absolute density but 
have no impact on distribution.  

 

 

  



Section 3: Classification of year-class strength 

Table S5. Classification of year-class strength of Patagonian toothfish (Dissostichus eleginoides) according to 
spawning year. Year-class strength was quantified as high, average or low, according to the empirical mean 
CPUE (ind./km2) of < 26 cm and 26-37 cm size-classes (assigned to spawning year by a 1.5 or 2.5 year offset, 
respectively), and according to survey random effects (expressed as z-scores; Model est.) from a model fitted to 
trawl counts, accounting for differences in trawl locations and depth among surveys. Estimates of year class 
strength are colour-coded based on whether they occur in the lower (red) or upper (blue) quartiles of the 
distribution of values among years. Where classifications of year class strength disagree between < 26 cm and 
26-37 cm size-classes, the overall classification (Consensus) was based on the 26-37 cm classification. 

Spawn-
year 

L: < 26 cm L: 26-37 cm 

Consensus Survey Mean CPUE Model est. Survey Mean CPUE Model est. 

1984    SG87 100.4 0.61 ave 
1985 SG87 19.1 -0.71 SG88 171.9 0.50 ave 
1986 SG88 313.0 0.14 SG89*   ave 
1987    SG90 26.0 -0.19 ave 
1988 SG90 9157.5 2.10 SG91 554.0 1.33 high 
1989 SG91 76.7 0.04 SG92 363.5 1.21 high 
1990 SG92 21.6 -0.12    ave 
1991    SG94 225.6 0.79 high 
1992 SG94 818.3 0.88    high 
1993        
1994        
1995    SG97 7.2 -0.39 ave 
1996 SG97 13.5 -0.02    ave 
1997    SG00 181.4 0.76 ave 
1998 SG00 109.0 0.55    ave 
1999    SG02 435.2 1.37 high 
2000 SG02 6.8 -0.40 SG03 8.3 -0.28 ave 
2001 SG03 224.9 1.75 SG04 181.7 1.11 high 
2002 SG04 0.0 -1.33 SG05 24.0 -0.05 ave 
2003 SG05 0.0 -1.33 SG06 46.2 0.09 ave 
2004 SG06 0.8 -0.89    low 
2005    SG08 0.0 -2.05 low 
2006 SG08 5.7 0.39 SG09 0.0 -2.00 low 
2007 SG09 0.0 -1.11 SG10 121.7 0.64 ave 
2008 SG10 5.8 -0.09 SG11 266.1 1.03 high 
2009 SG11 0.8 -1.01 SG12 57.0 0.34 ave 
2010 SG12 0.8 -0.53 SG13 3.3 -1.06 low 
2011 SG13 1.1 -0.64    ave 
2012    SG15 7.0 -0.72 low 
2013 SG15 0.0 -1.07    low 
2014    SG17 1.7 -1.32 low 
2015 SG17 0.0 -0.86    low 
2016    SG19 2.0 -1.27 low 
2017 SG19 20.0 1.51    ave 
2018    SG21 6.4 -0.75 low 
2019 SG21 8.5 1.32    ave 
2020    SG23 67.0 0.37 ave 
2021 SG23 1.8 0.81    ave 

*: While a groundfish survey was performed in 1989, no trawl data were collected from the Shag Rocks 
shelf  



Section 4: Additional temperature results 

Validation of water column temperature 

Given concerns related to reliance on model-derived seawater temperature from the GLORYSv12 

dataset, we obtained data collected in-situ from nine CTD deployments (Figure S7) at South Georgia 

in 2023 and compared the resultant vertical temperature profiles to equivalent profiles extracted from 

the GLORYSv12 dataset. For each CTD deployment, we extracted temperature data from the 

GLORYSv12 dataset on the date of CTD deployment from each depth layer in the grid cell nearest to 

the CTD location. This enabled us to construct a time- and location-matched vertical temperature 

profile from the GLORYSv12 dataset for each CTD deployment. In our comparisons, we compare values 

for each individual CTD deployment, but also compare the aggregated profiles for April, July, and 

September, given that CTD deployments were collected in close proximity (except for deployments in 

September; Figure S7) and over the space of 2-3 days within each month. The rationale for comparing 

vertical temperature profiles in aggregate is that the model informing the GLORYSv12 dataset may not 

be able to resolve small scale or short-term variability in temperature, but ought to perform better at 

explaining patterns aggregated across multiple in-situ observations. 

 



Figure S7. Locations of CTD deployments in April, July, and September 2023 at South Georgia collected by the 
British Antarctic Survey. Deployment locations are overlaid onto a map showing the bathymetry around South 
Georgia, with contour lines representing the 500 and 2000 m isobath.  

Whilst individual CTD temperature profiles were not particularly well replicated by the GLORYSv12 

temperature data, when the same data were aggregated to a monthly scale there was much better 

agreement between the two data sources (Figure S8). This was particularly so for April and July, where 

the major characteristics of the CTD-derived temperatures were well replicated by the GLORYSv12 data 

(Figure S8). However, deployments in September showed a relatively larger difference, even when 

aggregated across deployments, with the GLORYSv12 data tending to overestimate temperature in the 

near surface mixed layer, while underestimating temperatures for depths greater than 200m (Figure 

S8).  

 

Figure S8. Vertical temperature profiles derived from CTD deployments, and compared to equivalent data, 
matched to time and location, extracted from the GLORYSv12 dataset. In addition to individual profiles from 
each CTD deployment, we also show the aggregate profile for each month by averaging across the available 
data.  

  



Section 5: Additional figures 

 

Figure S9. Comparisons of interannual variability in CPUE at Shag Rocks between Patagonotothen guntheri and 
26-37 cm (upper panel) and 38-47 cm (lower panel) size-classes of Patagonian toothfish. Values correspond to 
standardised (z-score) log-CPUE based on interannual variability, along with bootstrapped 95% confidence 
intervals. 

 

 

 

 

 

 


