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Patagonian toothfish (Dissostichus eleginoides) are a long-lived, slow-growing deep-
sea species endemic to the Southern Hemisphere and the focus of longline fisheries
managed to ensure sustainable exploitation. Managing the fisheries relies on accurate
stock assessments that include pertinent biological and exploitation processes.
Length and age at first maturity are key biological parameters used in the stock
assessments for Patagonian toothfish in South Georgia (Subarea 48.3). The conven-
tional approach to estimating length and age at first maturity relies on macroscopic
gonadal staging, but this may be confounded by the difficulty in distinguishing imma-
ture and mature resting (i.e., skipped spawning) individuals. Here, we extend existing
length-at-age breakpoint models to incorporate sex and individual temperature expe-
rience, while accounting for increasing variation in length with age. We fit and com-
pare a set of candidate models to assess the empirical evidence for temperature
experience effect on sex-specific length at first maturity estimates using data from
3683 Patagonian toothfish sampled by both commercial longline fisheries and scien-
tific surveys around South Georgia between 2010 and 2023. Our analysis supports
an expected non-linear effect of age on length, with a higher age at first maturity for
females compared to males, and demonstrates that temperature experience explains
significant variation unaccounted for by age and sex alone, showing an inverse rela-
tionship between the temperature experienced by Patagonian toothfish and their
length-at-age. These findings have direct implications for improving the biological
realism and predictive accuracy of stock assessment models, particularly under cli-

mate change.
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change point analysis, climate change, fisheries stock assessment, length-at-age, non-constant
variance, South Georgia
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1 | INTRODUCTION

Patagonian toothfish (Dissostichus eleginoides Smitt 1898) are a long-lived
deep-sea nototheniid fish endemic to the southern Atlantic, Pacific and
Indian oceans, as well as the Southern Ocean (Collins et al., 2010). Similar
to other deep-water fish species, Patagonian toothfish are slow-growing
and maturing, long-lived fish. They can reach lengths of over 2 m during
a life span of at least 50 years, not reaching reproductive maturity before
approximately 7-10 years of age (Collins et al., 2010). In the Subantarc-
tic, this species is targeted by relatively small and highly regulated ben-
thic longline fisheries, and the exploited stocks are managed in line with
the Harvest Decision Rules of the Convention for the Conservation of
Antarctic Marine Living Resources (CCAMLR), aiming for these stocks to
remain around 50% of their unfished spawning stock biomass over the
next 35 years (CAMLR Convention Article Il; Agnew & Kirkwood, 2005;
Collins et al., 2010; Hanchet et al., 2015).

Fishery management advice for Patagonian toothfish relies on regu-
lar stock assessments, which quantify numbers of Patagonian toothfish
as accurately as possible, accounting for the pertinent biological pro-
cesses underlying stock dynamics, as well as the exploitation processes
acting on them (Quinn Il & Deriso, 1999). Currently, Patagonian toothfish
stocks across the Subantarctic are assessed with integrated Bayesian
models (Doonan et al., 2016) that infer population dynamics from data
collected in standardised tag-recapture programmes, together with bio-
logical sampling data, to estimate current, past and future spawning stock
biomass under different fishing pressure scenarios. The maturity ogive,

which provides an estimate of the length or age at which a fish gains the

ability to reproduce, is therefore an influential part of the stock assess-
ment models (notably, alongside individual growth rates) (e.g., Trehin
et al., 2021).

At present, the maturity ogive for Patagonian toothfish is based on
estimated fish age, which is derived from otolith chronologies and esti-
mated gonad reproductive stages (hereafter gonad stages). Together with
biological parameter data and otolith collection, gonad stages are classi-
fied macroscopically into a standardised categorisation by trained scien-
tific observers according to visual cues using standardised data collection
methods developed on long-term historical records from across the
CAMLR Convention Area [CCAMLR Scheme of International Scientific
Observation (CCAMLR SISO), 2025; Gasco et al., 2011; Table 1].
Although this approach leverages historical information, standardisation
and expert opinion, it also represents only a simplified generalisation of
Patagonian toothfish reproductive cycles.

Recent evidence suggests that Patagonian toothfish females
around South Georgia spawn in two peak periods (Bamford
et al,, 2024) but with oocyte maturation occurring only once per year
(Amthauer et al., 2021) and that a non-trivial proportion of females do
not spawn in each cycle, skipping spawning under certain conditions
(Boucher, 2018; Everson & Murray, 1999). However, using macrosco-
pical staging to distinguish between gonads of a sexually immature
individual and those of resting or non-reproducing gonads in a sexu-
ally mature individual can be challenging in Patagonian toothfish
(Gasco et al., 2011; Yates et al., 2018), and both are categorised as ‘2
- maturing virgin or resting’ within the CCAMLR data collection

(Table 1). A study comparing macroscopic versus histological maturity

TABLE 1 Gonadal staging of Patagonian toothfish, as assigned by macroscopic inspection.
Gonadal
Sex stage Description
Female 1 Immature: Gonad oval in shape, translucent with smooth exterior. Ovary small, firm, no eggs visible to the naked eye. Very
small in size, taking up little of the visceral cavity.

2 Maturing virgin or resting: Ovary more extended, firm, small white oocytes visible, giving ovary a grainy appearance. Generally
pale pinkish in colour. Small in size, taking up less than half of the visceral cavity.

3 Developing: Gonads smooth with many eggs which are clearly visible through the gonad wall. Ovary large, starting to swell the
body cavity, colour varies according to species, contains oocytes of two sizes. Medium size gonads occupying about half of the
visceral cavity.

4 Gravid: Ovary large, filling or swelling the body cavity, when opened large ova spill out. Pressure on the abdomen causes ova to
be released. All ova are formed. Very large gonads filling most of the visceral cavity.

5 Spent: Ovary shrunken, flaccid, contains a few residual eggs and many small ova. Ovary wall thick and leathery, often with
signs of blood or bruising. Gonad size approximately a third of the visceral cavity.

Male 1 Immature: Testis small, translucent, whitish, long, thin strips lying close to the vertebral column. Very small in size taking up
little of the visceral cavity.

2 Developing or resting: Testis white, flat, convoluted, easily visible to the naked eye, about 1/4 length of the body cavity.
Generally pink in colour.

3 Developed: Testis large, white and convoluted, no milt produced when pressed or cut. Generally pinkish in colour. Gonads
occupy a large part of the visceral cavity.

4 Ripe: Testis large, opalescent white, drops of milt produced when pressed or cut. Gonads occupy most of the visceral cavity.

Spent: Testis shrunk, flabby, dirty white in colour. Firm texture. When cut, milt remnant can be seen in the tissue. Gonads

occupy a third of the visceral cavity.

Source: From Kock and Kellermann (1991), Gasco et al. (2011) and CCAMLR SISO (2025).
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staging in Patagonian toothfish found 65% and 26% of females classi-
fied macroscopically as stage 2 (‘maturing virgin or resting’) and stage
1 (‘immature’), respectively, exhibited histological evidence of past
spawning and/or oocyte development, suggesting individuals were, in
fact, sexually mature (Yates et al., 2018). Using macroscopic stages for
estimating the age at which maturity first occurs in females (age at
first maturity) can therefore introduce an element of uncertainty.

Without detail on first maturation readily available from current
data collection, age at first maturity must be estimated based on proxy
information, such as length-at-age. Reliable length-maturity keys are a
useful representation for understanding reproductive dynamics in
a population over time. However, as mature female Patagonian tooth-
fish that skip spawning can skew this relationship towards larger sizes,
this can result in uncertainty when determining the length or age at
first maturity in a population, and introduce inaccuracies to length-
maturity keys (Everson & Murray, 1999). To resolve this ‘Catch-22’
problem, past analyses have used empiric length-at-maturity tables to
distinguish among fishes that are likely or unlikely to have become
sexually mature (Everson & Murray, 1999).

An alternative approach to estimating length or age at first maturity
is the use of length-at-age models that use breakpoints in this relation-
ship (Scott & Heikkonen, 2012). Such models use the fact that fish show
indeterminate growth, which means that they grow throughout their life-
time, and so age is strongly related to their size, for example, body length
(Marsh, Cove, et al., 2022; von Bertalanffy, 1957). Breakpoints in the
age-length relationship can represent the point at which metabolic
resources are first redirected from somatic to reproductive growth, that
is, the age at first maturity (Scott & Heikkonen, 2012).

Age is not the sole influence on the length a fish attains and temper-
ature has been found consistently to influence fish growth rate
(e.g., Marsh, Cove, et al., 2022), even in the deep sea where temperatures
are somewhat isothermic (Thresher et al., 2007). An organism's biological
performance (including growth) is expected to follow a thermal perfor-
mance curve (Schulte, 2015), increasing with temperature to their opti-
mum and then rapidly decreasing (termed the pejus temperature;
Farrell, 2016). To date, very little is known on how temperature influ-
ences growth in toothfish. An inverse lagged relationship between
growth and temperature was found in juvenile Patagonian toothfish: The
average length of juvenile toothfish was greater following cooler sea-
surface temperatures during the summer prior to spawning, which was
attributed to improved feeding conditions (Belchier & Collins, 2008).
Although growth parameters are described for assessing stocks of tooth-
fish populations throughout the CAMLR Convention Area and beyond
(and thus a range of temperature conditions, ie, CCAMLR
Secretariat, 2025; Earl et al., 2023; Massiot-Granier et al, 2023a;
Skeljo, 2025), direct comparisons of growth between populations are dif-
ficult as fishing methods differ, and so these observations are also influ-
enced by fishery selectivity (see also Yates et al., 2018). In recognition of
the importance of biological change to stock assessments, key parame-
ters (including growth) are reviewed during each toothfish assessment in
the CAMLR Convention Area for evidence of change due to environ-
mental variability (e.g., Earl et al., 2023).

s FISHBIOLOGY |

In this paper, we examine whether an extended length-at-age
model can produce objective estimates of length and age at first
maturity estimation for Patagonian toothfish, using data from fish
caught around South Georgia (FAO Subarea 48.3) in the Atlantic
Southern Ocean. We extend a model presented by Scott and Heikko-
nen (2012), which they used to investigate the length at first maturity
among female and male plaice Pleuronectes platessa in the Irish Sea, to
include the sex and temperatures experienced by individual fish dur-
ing its lifetime. We include sex-specific parameters to account for
observed differences in length-at-age and age at maturity in Patago-
nian toothfish, that is, females mature at later ages and are larger for a
given age than males (e.g., Marsh, Earl, et al., 2022). We fit and com-
pare a set of a priori chosen candidate models to sex-specific length
data to assess the empirical evidence for our hypotheses about the
influences of age, sex and temperature experience on their length at
first maturity. We predict that age will be non-linearly related to
length, with a sex-specific breakpoint representing age at first matu-
rity that is higher for females compared with males, and that inclusion
of temperature experience will explain a non-negligible amount of var-

iation in length that is unexplained by age and sex alone.

2 | MATERIALS AND METHODS
21 | Data

Patagonian toothfish were sampled from Subarea 48.3 (Figure 1a) in
both the licensed commercial longline fishery and scientific groundfish
surveys. Data from the commercial longline fishery (n = 3556 individ-
uals) were obtained from UK fishing vessels in the 2010 to 2023 fish-
ing seasons. These data were obtained from CCAMLR Data Request
747. Longlines were set at depths between 526 and 1964 m (mean
depth 1277 m); as such these data contain few records of immature
individuals, which are benthopelagic and occupy shallower depths
(<250 m; Belchier & Collins, 2008; Earl et al., 2023). To ensure inclu-
sion of immature individuals, data from the 2015 and 2021 South
Georgia biennial random stratified bottom trawl groundfish survey
were also included (n = 127 individuals), with fishing depths ranging
from 50 to 350 m, and 100 to 350 m, respectively, and using a com-
mercial otter trawl towed at three knots for 30 min (Belchier
et al., 2015). In both the fishery and surveys, onboard fisheries
observers and scientists measured a subset of Patagonian toothfish
for total length (mm), and recorded sex and gonadal stage on a five-
point scale (CCAMLR SISO, 2025; Kock & Kellermann, 1991;
Figure 1b, Table 1).

Sagittal otolith pairs were removed from Patagonian toothfish
selected randomly during longline fishing operations and research
trawls during biological data collection outlined above. For age deter-
mination, otoliths sourced from commercial longlines were stratified
by total body length and sex. Specifically, otoliths from four male and
four female fish were randomly selected from each 1-cm size class

present. Otoliths from the groundfish survey were sampled in a similar
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FIGURE 1

Panels showing (a) a map of South Georgia FAO Subarea 48.3 showing the approximate location and numbers of Patagonian

toothfish individuals used in this study, and (b) a plate showing examples of female (F) and male (M) gonad stages from the CCAMLR SISO Manual
(1:5; see also Table 1; reproduced with permission by N. Gasco). GIS data from the UK Polar Data Centre, accessed using the CCAMLRGIS R

package (Thanassekos et al., 2025).

way for 2021, although five individuals per 1-cm size class were pro-
cessed. All otoliths collected on the 2015 survey were analysed. The
left otolith from each selected pair was embedded in clear epoxy cast-
ing resin (ABL Resin & Glass). Transverse thin sections of each otolith
were produced using a Struers Minitom precision saw (~600 um
thick). Thin sections were then mounted on a standard microscope
slide with a glass cover slip using more resin and left to cure. Ages of
each otolith were then estimated by experienced readers by counting
annuli (paired translucent and opaque zones) from the central nucleus
to the edge at 20x magnification using an Olympus BX-50 compound

microscope. The readability of each sample was scored 1-5 (with

decreasing confidence); any samples scoring a 5 (unreadable) were
removed from the age dataset.

Data on monthly mean bottom temperature at the Patagonian
toothfish catch locations were downloaded from Copernicus (vari-
able sea water potential temperature at the seafloor;
CMEMS, 2025). As these data are available only from 1993, we
subset the toothfish records to those individuals estimated to have
been spawned in or after 1993 by subtracting their age from their
date of capture. These data were then used to calculate degree
month anomalies, a measure of the temperature experienced in an

individual's lifetime.
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TABLE 2 Candidate models for testing for breakpoints in sex-specific length-age relationships of Patagonian toothfish and effects of
temperature experienced, represented as degree month anomalies or the sum of monthly mean temperatures between dates of hatch and

capture conditioned by age (in months).

Model Terms Equation

MO Length ~ sex
+ age

Yi=a+fs +PaAi

M1 Length ~ sex
+ sex-
specific
breakpoint
on age

yi=a+pPs,+Ba, (Ai—3s,) +Ba, (Ai—55;)2+7

M2 Length ~ sex
+ age
+ degree
month
anomalies

Yi = a+ s, + PaAi + famdm’;

M3 Length ~ sex
+ sex-
specific
breakpoint
on age
+ degree
month
anomalies

Degree months for an individual (dm;) were calculated as follows:

G
dm; = Zt,t >0
t=H;

where C; is the month of the date that individual i was caught, H; is
the month of the hatch date and t is the mean monthly bottom tem-
perature in degrees Celsius, limited to be only those greater than
0 since toothfish were not expected to grow below this temperature.
To calculate hatch date, age (in months) was subtracted from the date
the fish was caught and rounded to the nearest 1st of July. July was
chosen because this month corresponds with a major peak in spawn-
ing activity of Patagonian toothfish in this area (Bamford et al., 2024)
To remove the influence of older individuals that will have almost cer-
tainly passed their first maturity, we subset data to remove individuals
of age >360months (30years). Degree months is analogous to the
more widespread measure of degree days except that it is the sum of
monthly mean temperatures rather than daily mean temperatures; we
considered monthly mean temperatures as a good representation of
past temperature experience because (1) bottom temperatures at this
latitude are somewhat isothermic with low day-to-day variability and
(2) fishing generally occurred between May and September each year
(Collins et al., 2021), such that an annual timeframe that omitted tem-
peratures experienced between the dates of capture and hatch was
considered too coarse. To calculate degree month anomalies (dm’;),

age was subtracted from degree months.

2 Sex-specific length-age
yi=a+ps +PBa, (Ai—3s) +Pa,\/ (Ai—85)" +7+Pamdm’; P gth-ag

Testing Hypothesis References
Sex-specific length-age  Length-at-age differs Marsh, Earl,
relationship (null model) by sex; females are etal.

larger for a given age (2022),

relative to males Pauly

(2019)

Sex-specific length-age ~ As MO, plus fish grow  von
relationship including a quicker before Bertalanffy
sex-specific breakpoint ~ maturity than after (1957)
representing maturity maturity, and the

point of first maturity

is later in females than

in males
Sex-specific length-age ~ As MO, plus fish attain ~ Belchier
relationship including greater length in and Collins
an effect of cooler temperatures (2008)
temperature
experienced

As M1, plus fish attain ~ As above

relationship including a
sex-specific breakpoint
representing maturity
and an effect of
temperature
experienced

greater lengths in
cooler temperatures

2.2 | Length-at-age models

The relationship between length and age was modelled using
the alternative parameterisation of the two-stage breakpoint
model presented in Scott and Heikkonen (2012) that takes

the form:

Yi=a+Ba, (A —8) +Pa,\/ (A =8 +7+¢f

where y; is the length of an individual (in mm), A; is the age of an
individual (in months), « is a constant intercept, Pa, and Pa, are the
effects of age on length before and after the breakpoint §, respec-
tively, y controls the breakpoint curvature and €; is a residual for indi-
vidual i that captures the model lack-of-fit and is weighted by their
age to account for an observed increasing variation in length with
increasing age.

The Scott and Heikkonen model was expanded to a candidate
model set to test a priori hypotheses about Patagonian toothfish
length at first maturity developed from the literature and explor-
atory analysis of the data (Table 2). Specifically, the comparison
among models in the candidate model set was designed to reveal
empirical evidence for the existence of a change point in the rela-
tionship between length and age and, if present, to test whether it
differed between sexes and was affected by degree month

anomalies.
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TABLE 3 Notation used to describe candidate models explored in this study, including prior specification on model parameters.

Notation Description Prior
yi Total length (mm) of individual i -
a Intercept Normal(0, 1000)
Ps, Effect of individual i's sex (1 = female, 2 = male) on length, with Ps, fixed to O as the contrast ~ Normal(0, 1000)
level
Pa Effect of age on length Normal(0, 1000)
Pa, Effect of age on length before the breakpoint
Ba, Effect of age on length after the breakpoint
A Age (months) of individual i -
Js, Sex-specific breakpoint (1 = female, 2 = male) Uniform(minage, maxage)
7 Curvature of the breakpoint Half — Normal(0, 1000)
Bam Effect of degree month anomalies on length Normal(0, 1000)
dm’; Degree months anomalies for individual i -
c Standard deviation of model error weighted by age, that is, 6 x A Student — t(4¢—1 (0, 1000) ~ Half — Cauchy
MO M1 M2 M3
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FIGURE 2 Panels showing estimated (black points and uncertainty bars) compared to generating (red points) parameter values for each
model from an example of the simulation testing, where female = 1 and male = 2 for the beta_sex and delta model parameters.

To confirm our understanding of the models and ensure parame-
ter identifiability, we tested the ability of each model to recover the
values of model parameters used to generate datasets simulated from
it, that is, simulation testing. Each simulated dataset was designed
with characteristics of our observed Patagonian toothfish dataset with
respect to number of observations, lengths, ages and degree month
anomalies.

All model parameter values were estimated from parallel Markov
Chain Monte Carlo (MCMC) chains sampled using the Gibbs sampler
in JAGS (Plummer, 2023) called by the R2jags package (Su &
Yajima, 2024) from R version 4.4.1 (R Core Team, 2024). We assigned
weakly informative priors to all model parameters (Table 3). Models
were run in three chains for 100,000 iterations, using a burn-in period

of 50,000 iterations and a thinning parameter of 100. All models were

checked for convergence via visual inspection of chains, posterior
densities and autocorrelation function plots (see Supporting Informa-
tion), as well as the Gelman-Rubin diagnostic (R-hat). Models were
compared using leave-one-out (LOO) cross-validation information cri-
terion implemented in R package loo (Vehtari et al., 2024) to identify

the model best describing the data for inference.

3 | RESULTS

3.1 | Simulation testing

Each model was explored using simulation testing and was found to

recover the values of parameters used to generate simulated datasets
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TABLE 4 Model comparison using leave-one-out (LOO)
information criterion, with both expected log pointwise predictive
density (ELPD) and standard error (SE).

Model LOO ELPD LOO SE ALOO ELPD ALOO SE
M3 —14,318.7 52.9 - -

M1 —14,334.2 53.0 —15.5 6.5

M2 —14,728.2 525 —409.5 32.6

MO —14,745.4 520 —426.6 32.6

Note: Models are ordered with the model best describing the data at
the top.

from it (Figure 2). An example of the simulation testing is given at
https://github.com/CefasRepRes/alewijnse-top-length-at-maturity.

These simulations reassured us that the models were identifiable
despite some correlation between the posterior of sex-specific break-

points, intercept, and age effect estimates.

3.2 | Models

Visual and statistical diagnostics suggested that all model parameter
estimates were inferred from well-mixing parallel MCMC chains
(Table S1; Figures S1-S3).

3.21 | Model comparison

According to the LOO cross-validation (Table 4), model M3 best
described the observed Patagonian toothfish lengths and included
their temperature experiences (measured as degree month anomalies)
alongside a sex-specific breakpoint in their age and an overall effect

of sex.

3.2.2 | Modelinference
From the best model M3 fit (Figure 3) and parameter estimates
(Table 5), we could infer that (1) being male (ﬂsz) had a relative nega-
tive effect on length, indicating that males are smaller than females at
a given age; (2) the effect of age before the breakpoint (4,) was posi-
tive, indicating that length increases with age, at least up to the break-
point that was taken to represent maturity; (3) the effect of age after
the breakpoint (8,,) was negative, indicating that growth slows
after the breakpoint; (4) that the breakpoint occurs earlier in males
(6s,) than in females (5s,), indicating that males mature earlier than
females; and (5) the effect of degree days (4,) was negative, indicat-
ing that exposure to higher temperatures during their lifetime results
in shorter lengths at a given age, sex and maturity status. Reassuringly,
these inferences did not differ for simpler models, that is, the parame-
ter estimates were similar between models (Table 5).

While the positive effect of age on length is widely understood

(i.e., fish growth is indeterminate), the effect of temperature

experience is rarely considered alongside age (with or without a

breakpoint). For Patagonian toothfish, these data and model compari-
sons suggest that individuals exposed to higher temperatures over
their lifetime attained shorter lengths at a given age compared to indi-

viduals exposed to lower temperatures over their lifetime (Figure 4).

3.2.3 | Comparison of age at maturity

Taking the breakpoints (5) as an estimate of age at 50% maturity gives
mean estimates of 13.9 years for females, and 9.1 years for males. By
comparison, 47% of females and 43% of males below these ages were
identified as having immature gonads using macroscopic staging
(stage 1), rising to 77% and 68% when adding in mature virgin or rest-
ing (stage 2) females and males, respectively.

Compared with a recent stock assessment for Patagonian tooth-
fish in Subarea 48.3 for which estimated age at 50% maturity was
based on macroscopic gonadal staging (in which maturity was defined
as stages 2-5; Earl et al., 2023; Earl & Readdy, 2023), the results of
this study suggest a higher age at 50% maturity for both sexes
(Table 6). Both methods estimate a relatively large difference in age at

50% maturity between females and males.

4 | DISCUSSION

4.1 | Extension of the Scott and Heikkonen model
This work presents a novel extension to the Scott and Heikkonen
(2012) model, wherein the length at first maturity can be determined
by a breakpoint in the length-at-age model. Slowing of growth with
increasing size after this breakpoint shows an allocation of energy
away from somatic growth. This phenomenon is well known in fish
(von Bertalanffy, 1957) and is reflected in stock assessment models
by assuming non-linear growth models, such as the von Bertalanffy
growth function (Earl et al., 2023; Earl & Readdy, 2023). Furthermore,
this work suggests that the identified sex-specific breakpoints corre-
spond reasonably well with macroscopic observation of individual
maturation, providing evidence that the breakpoint models capture
the additional cost of reproduction and associated reduced growth
rate after reaching maturity in Patagonian toothfish (Horn, 2002;
Marsh, Earl, et al., 2022; Soeffker et al., 2022).

Secondly, a well-known aspect of fish physiology is the difference
in growth and maturity between female and male fish. Female fish
tend to grow to larger sizes than their male conspecifics (Pauly, 2019),
and female Patagonian toothfish have been noted to mature later
than males (Alewijnse & Earl, 2025; Marsh, Earl, et al., 2022). The for-
mer is reflected in the von Bertalanffy growth function, with female
Patagonian toothfish having greater asymptotic lengths (L,,) and smal-
ler Brody growth coefficients (K, Earl et al, 2023; Earl &
Readdy, 2023). In all models tested in this study, males were smaller
than females at the same age, consistent with established fish physiol-

ogy and previous observations of Patagonian toothfish across their
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FIGURE 3 Relationship between
age (months) and length (cm) of
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Patagonian toothfish (Dissostichus
eleginoides) around South Georgia
(Subarea 48.3). The fitted model is M3,
with mean length-at-age predictions
shown using the black line (grey ribbon
indicating 95% credible intervals) and
mean break point prediction shown
using the vertical dashed line (dotted
lines indicating 95% credible intervals).
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range (e.g., Ross Sea, Horn, 2002; Kerguelen Plateau, Welsford
et al., 2011; South Georgia and South Sandwich Islands, Soeffker
et al., 2022). Similarly, the later breakpoints in the length-at-age rela-
tionships in female Patagonian toothfish compared to males reflects
their later age and size at maturity (Collins et al., 2010). The alignment
between established aspects of fish physiology and the best model
fits supports the use of the extended Scott & Heikkonen model for
estimating age at first maturity in Patagonian toothfish.

Our findings provide the missing detail of first maturation in Pata-
gonian toothfish that could not be readily captured in current data
collection. The extended Scott and Heikkonen model employed here
offers a means of estimating length and age at maturity, independent
of macroscopic gonadal staging. While results were similar, there was
some difference between the two methods, with the breakpoint
model predicting older ages at 50% maturity than macroscopic
gonadal staging, particularly for females. Such differences could arise
depending on whether stage 2 samples are included as immature or
mature fish. The stock assessment currently assumes that only stage
1 individuals are immature (Earl et al., 2023; Earl & Readdy, 2023),
which may account for the differences between estimates of age at
50% maturity between macroscopic gonadal staging and the break-
point model. Nonetheless, the relative similarity in estimates from
both methods lends confidence to each and supports the values used

in the stock assessment. Furthermore, age at 50% maturity estimates
produced in this study are broadly consistent with those derived from
alternative methods on other Patagonian toothfish populations, for
example, using the gonado-somatic index (GSI) and microscopic gonad
evaluation in the Kerguelen Plateau toothfish population (Yates
etal, 2018).

Additional microscopic gonad evaluation would provide definitive
data to elucidate the timescale of maturation (e.g., Yates et al., 2018).
However, this is also a resource intensive approach requiring signifi-
cant additional data collection and sample processing. The Scott and
Heikkonen approach used in our study makes effective use of existing
data to estimate age at maturity independent of gonadal staging. Hav-
ing demonstrated this ability, this modelling approach could usefully
be applied to other fisheries or surveys which have similar data

available.

4.2 | Effect of temperature on growth

In our study, there was an inverse relationship between the tempera-
ture experienced by Patagonian toothfish (as degree month anoma-
lies) and their length-at-age. This aligns with previous findings that, in
Patagonian toothfish in Subarea 48.3, if the summer prior to spawning
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Parameter estimates from candidate models.

TABLE 5

Parameter

Pa

Js,

Js,

ﬂdm

Pa,

Pa,

Ps,

a

Model

0.966 + 0.011
0.970 + 0.012

51.428 + 25.237
51.635 + 24.554

—0.135 + 0.005 —0.021 + 0.004 167.739 + 4.749 109.752 + 3.912

—0.136 + 0.005

0.352 + 0.007
0.350 + 0.007
0.342 + 0.003
0.337 £ 0.003

—27.724 + 1.394

111.976 + 1.784

M3

107.944 + 3.869

166.124 + 4725

—27.658 + 1.366

110.124 + 1.741

M1

1.081 + 0.013
1.086 + 0.013

—0.024 + 0.004

—5.557 +0.416
—5.715 + 0.408

45761 £ 0.502

M2

45.077 £ 0.505

MO

Note: Blank columns indicate that parameters are not present within that model. Models are ordered by their leave-one-out (LOO) estimate given in Table 4.
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was cooler, then the resulting cohort of juvenile fish had an average

greater length than in warmer summers prior to spawning (Belchier &
Collins, 2008). Additionally, a comparison of growth rates between
Patagonian toothfish caught in Subarea 48.3 and those caught in the
more southerly South Sandwich Islands (Subarea 48.4) showed Pata-
gonian toothfish in Subarea 48.4 to grow faster and attain larger
length-at-age (Soeffker et al., 2022). These studies therefore suggest
that cooler temperatures can confer faster growth rates on Patago-
nian toothfish within the South Georgia-South Sandwich Islands pop-
ulation, although neither study provides an unequivocal mechanism,
for example, temperature acting directly on metabolism or indirectly
via food availability, discussed below. We note that larger body size at
cooler temperatures has been postulated as a general phenomenon
(i.e., Bergmann's rule; Bergmann, 1848) for endotherms, but its appli-
cability to ectotherms is still debated (e.g., Zamora-Camacho
et al., 2014). Our study demonstrates further evidence of its applica-
bility to a high-latitude fish species, concurrent with observations in
mesopelagic fish communities in the Southern Ocean (Saunders &
Tarling, 2018).

The exact mechanisms underlying this observed temperature
influence remain unclear and several hypotheses are plausible. Cooler
water temperatures can be associated with favourable environmental
conditions that promote growth opportunities. For example, observa-
tions of other fish species confirmed that higher dissolved oxygen
(and associated aerobic scope) in cooler waters may be a factor con-
tributing to faster growth rates in lower water temperatures
(Farrell, 2016). Patagonian toothfish may have metabolic rates closer
to active large temperate fish species with fast growth rates such as
cod (e.g., Gadus morhua) or trout (e.g., Salmo trutta), rather than deep-
sea species with slow metabolisms (Encina-Montoya et al., 2024).
These observations were made in warmer surface waters and in cap-
tive fish, and so the expected impact of pressure at depth on meta-
bolic rate could not be measured. Nevertheless, this first glimpse at
the metabolism of this species could potentially explain why Patago-
nian toothfish grow slower in warmer waters.

Higher water temperatures may also be associated with lower
productivity. Consequently, fish inhabiting warmer waters could expe-
rience periods of food limitation during their life history, ultimately
resulting in reduced growth compared to individuals living in colder,
more productive environments. Belchier and Collins (2008) suggested
that the inverse relationship between temperature and average juve-
nile length in Patagonian toothfish could be related to productivity
driven by krill. Krill recruitment is typically higher in cooler periods
(Murphy et al., 2006), and while krill themselves are form a small part
of juvenile toothfish diets (Collins et al., 2007), the ‘bottom up’ con-
trol driven by krill abundance could impact toothfish growth
(Belchier & Collins, 2008). Lastly, localised adaptation could also play
a role. Patagonian toothfish in Subarea 48.3 are close to their lower
temperature range edge in 48.3, but highly unlikely to be living at the
upper end of the species' thermal tolerance (Collins et al., 2010;
Encina-Montoya et al., 2024). The South Georgia-South Sandwich
Islands toothfish population are genetically distinct from other Pata-

gonian toothfish populations (Arkhipkin et al., 2022; Canales-Aguirre
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Femnale FIGURE 4 Predictions of length-
1604 at-age for Patagonian toothfish
(Dissostichus eleginoides) using model
M3 at minimum (black), mean (red) and
maximum (yellow) degree month
1204 anomalies. Degree month anomalies
represent a measure of the
temperature experienced in an
individual's lifetime, calculated as the
804 degree months subtracted from the
individual age in months.
Degree month
anomalies
g “ 300
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TABLE 6 Comparison of age at 50% maturity reported in the
2023 Stock Annex for Subarea 48.3 Patagonian toothfish (Earl

et al., 2023; Earl & Readdy, 2023) to those estimated in this study
based on 95% credible intervals for breakpoints (5).

Sex 2023 Stock Annex This study
Females 8.5-11.5 13.2-14.7
Males 7.0-8.2 8.5-9.8

et al, 2018; Rogers et al., 2006; Shaw et al, 2004; Toomey
et al., 2016), and it is possible that this population may be specifically
adapted to lower temperatures, such that they have a lower pejus
temperature than other populations of the same species. Discerning
among these plausible alternative mechanisms could be the subject of
future work.

Sampling biases resulting from targeted fisheries with different
fishing methods makes the comparison of the impact of temperature
on growth rates among Patagonian toothfish populations difficult.
However, comparing von Bertalanffy growth parameters among
populations might offer some insight into how temperature affects
growth in Patagonian toothfish at the species level. Populations from
more southern latitudes have smaller observed asymptotic growth
lengths than those caught further north [listed south to north: South

Georgia L, =154 cm (Earl et al., 2023); Heard Island and McDonald
Island Lo, =141cm (CCAMLR Secretariat, 2025); Falkland Islands
L, =178 cm (Skeljo, 2025); Kerguelen Islands L., =170cm (Massiot-
Granier et al., 2023a); Crozet Islands L, =197 cm (Massiot-Granier
et al., 2023b)]. This appears to initially contrast with our results, how-
ever, which showed that colder temperatures can confer larger size at
age within the same population. The observed gradient from larger to
smaller asymptotic growth length across different populations caught
from warmer to cooler waters could be indicative of the effect likely
being population-specific in Patagonian toothfish, potentially tied to
the restricted genetic exchange between populations (Arkhipkin
et al., 2022; Canales-Aguirre et al., 2018; Rogers et al., 2006; Shaw
et al., 2004; Toomey et al., 2016). Further work could, therefore, look
to expand this study across and within different populations of Pata-
gonian toothfish.

The Southern Ocean is warming (Atkinson et al., 2019; Turner
et al., 2014; Whitehouse et al., 2008). Given the inverse relationship
seen here between length-at-age and temperature, warming of Sub-
area 48.3 could lead to smaller individual Patagonian toothfish at a
given age over time, as has been observed across taxa (Sheridan &
Bickford, 2011). Alongside the direct effect of increasing temperature
on Patagonian toothfish sizes, large-scale studies have shown poten-

tial subsequent effects on fish stock dynamics (Cheung et al., 2013).
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For Patagonian toothfish, recruitment is expected to be linked to
spawning stock biomass (the biomass of reproducing fish in a season)
via the Beverton-Holt relationship (Beverton & Holt, 1957), which is
assumed in their stock assessment. In addition to the effects of a
reduced biomass, larger individuals, particularly females, are the most
fecund and therefore make an important contribution to recruitment
(Hixon et al., 2014). Reduced length-at-age therefore has the potential
to reduce spawning stock biomass and recruitment, suggesting it
deserves additional consideration in the stock assessment. Finally,
while adult toothfish have few predators (Collins et al., 2010), juvenile
toothfish are vulnerable to predation, particularly due to their small
size. Remaining at a smaller size for longer, due to a lower growth rate,
may increase the opportunity for predation (Bailey & Duffy-
Anderson, 2009) and thereby increase mortality during this crucial life

stage.

4.3 | Limitations and extensions

Although the CMEMS (2025) modelled temperature at the sea bottom
product allowed us to represent individual Patagonian toothfish tem-
perature experiences since 1993, we would like to have considered
temperature changes over a longer period. Several studies have sug-
gested that deep-sea water temperatures have changed over time
(e.g., Atkinson et al., 2019; Turner et al., 2014; Whitehouse
et al., 2008). The time period considered here was, perhaps, insuffi-
cient to capture such changes; we believe an extension of this work
including temperature experiences extending back to the hatching of
the oldest Patagonian toothfish from among the earliest fishing
records (i.e., temperature data back to circa 1970, perhaps inferred
from sea-surface temperature data or from temperature data now col-
lected by the longline fisheries) could provide insight into the longer-
term changes in their lengths at age and length at first maturity
(as has been done for age at 50% maturity; Yates et al., 2018), which
could allow us to consider their recent population dynamics within a
longer timeframe.

Similarly, extending this analysis to a larger spatial domain could
also provide much-needed information to broaden our understanding
of water temperature effects on toothfish growth and maturity, and
whether the within-population temperature-growth relationship
found here also holds true in other populations. Given that the popu-
lation at South Georgia is genetically distinct from other Patagonian
toothfish populations (Arkhipkin et al, 2022; Canales-Aguirre
et al, 2018; Rogers et al., 2006; Shaw et al., 2004; Toomey
et al,, 2016), and at the southern end of their species range (Collins
et al., 2010), the relationship between temperature and growth found
here may vary from that seen in different populations.

A further extension of this study could apply this approach to
another toothfish species, the Antarctic toothfish (Dissostichus maw-
soni) to understand better the role of temperature on length-at-age
and maturity in this species, which is also commercially exploited. Ant-
arctic toothfish inhabit colder, more southerly waters and are thought

to attain larger sizes compared with Patagonian toothfish

s FISHBIOLOGY |

(Horn, 2002). In the adjacent South Sandwich Islands, Antarctic tooth-
fish caught in the southern region were heavier at the same length
than those caught at their northern range edge, although whether this
is caused by the metabolic effects of temperature, or is related to
more favourable environmental conditions remains unclear (Soeffker
et al., 2022). However, similar to our findings, there is evidence of a
negative influence of warmer temperature on growth, with a negative
association between increasing seafloor temperature and both the
mean weight and proportion of mature Antarctic toothfish observed
across East Antarctica (Yates et al., 2019). Quantifying the influence
of temperature on length-at-age and maturity in Antarctic toothfish,
therefore, would likely aid our understanding of the vulnerability of
these stocks to climate change.

5 | CONCLUSION

Our study offers two important conclusions which have direct impli-
cations for the stock assessment of Patagonian toothfish in Subarea
48.3. Firstly, given the difficulties inherent in gonadal staging, having
an objective method to assess whether an individual Patagonian
toothfish is sexually mature based on its length, sex and age, could
support expert-determined maturity staging. With careful calibration
and testing, such a tool could be phased into the Patagonian toothfish
stock assessment alongside or in place of maturity staging from
gonads, particularly if temperature experiences can be derived and are
deemed important, as suggested by this study and others
(e.g., Cheung et al., 2013). Indeed, we advocate for wider consider-
ation of temperature experience in the assessment of length (or age)
at maturity for other species (e.g., plaice; Scott & Heikkonen, 2012)
and methods (e.g., biphasic growth models; Honsey et al., 2017).

Secondly, the clear negative impact of temperature experienced
on Patagonian toothfish length-at-age has implications for this spe-
cies' stock assessment and management under climate change scenar-
ios. A reduction in length-at-age driven by warmer temperatures
could lead to increased juvenile mortality and a reduction in spawning
stock biomass with knock-on effects for recruitment. These factors
should be considered in future stock assessments of Patagonian
toothfish in Subarea 48.3.
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