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The East Antarctic krill fisheries are spread across two Divisions of the Commission

for the Conservation of AntarcticMarine Living Resources (CCAMLR), Division 58.4.1

between 80-150°E and Division 58.4.2 between 30-80°E. Each of these Divisions is

further divided into East and West subregions with separate catch limits. In 2019,

CCAMLR agreed to a revised krill fishery management strategy recommended by

the Scientific Committee. This strategy consists of setting catch limits for Euphausia

superba using three combined approaches; 1) an acoustic biomass estimate, 2) a

precautionary harvest rate derived from a stock assessment and 3) a spatial

allocation of catch limits based on overlap of predator needs. Using recent survey

data we estimate 50% length at maturity for E. superba to be 41.67 mm and 42.29

mm for Divisions 58.4.1 and 58.4.2 respectively. In both areas females were

estimated to reach 50% maturity at a smaller length than males. Using these

updated estimates of E. superba length at maturity and a new implementation of

the Generalized Yield Model (the Grym), we estimate precautionary harvest rates for

krill in Divisions 58.4.1 and 58.4.2-East ranging between 0.0854 - 0.1201. These

calculated harvest rates were then applied to the biomass estimates from recent

surveys to estimate total precautionary catch limits for E. superba in Divisions 58.4.1

(391,754 tonnes) and 58.4.2 East (640,872 tonnes). These catch limits are based on

biomass estimates from a 2019 survey conducted by Japan in Division 58.4.1 and a

2021 survey conducted by Australia in Division 58.4.2 East.
KEYWORDS

krill, fishery, precautionary catch limit, generalised yield model, Grym, CCAMLR,
stock assessment
1 Introduction

Antarctic krill (Euphausia superba, hereafter krill) is a key species in Southern Ocean

ecosystems. Krill is a major grazer of primary production and forms the main prey for

many marine predators such as fish, penguins, flying seabirds, seals, and whales (Everson,

2000) as well as playing an important role in marine biogeochemical cycles in the region
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(Cavan et al., 2019). Krill is also the target of the region’s largest

fishery which is managed by the Commission for the Conservation

of Antarctic Marine Living Resources (CCAMLR) (Nicol et al.,

2012). CCAMLR is divided into three statistical areas for

management purposes: Area 48 (Atlantic Ocean Sector, 70°W–30°

E), Area 58 (Indian Ocean Sector, 30°E–150°E) and Area 88 (Pacific

Ocean Sector, 150°E–70°W). These areas are further subdivided

into statistical Subareas and Divisions (Figure 1).

The krill fishery initially commenced in the 1970s in Area 58 in

the Southern Ocean, then spread around the Antarctic continent to

the Antarctic Peninsula in Area 48. Since the 1990s, the fishery has

been almost exclusively focused in Area 48, and the fishing within this

sector has further concentrated to only a few, relatively small locations

(Kawaguchi and Nicol, 2020). Krill fishing has grown rapidly since ~

2010, with recent increasing commercial interest in krill oil driving

annual catches to levels previously recorded in the 1980s. Over the last

few years, the krill fishery has regularly reached the catch limits on the

main fishing ground in the Antarctic Peninsula region (Subarea 48.1)

and expanded to other fishing grounds within the Southwest Atlantic

sector (such as Subarea 48.2) in the middle of the season. There has

also been interest in resuming krill fishing in Area 58, with some

activity between 2016/17 and 2018/19 (CCAMLR, 2022).

The Antarctic environment is changing rapidly, and these

changes are considered to affect the krill population in a range of

ways, including shifts in habitat, physiology, and biomass

(Kawaguchi et al., 2024). While CCAMLR’s management
Frontiers in Marine Science 02
procedure takes into account the uncertainty in the long-term

dynamics of krill stocks through projections, overall catch limits

are likely to be sensitive to changes in biological parameters (such as

relationships of length to weight, maturity, and age), and hence

management advice is likely to be more robust if derived from

multiple surveys and/or more contemporary information. Spatial

allocations of catch limits would also benefit from better

understanding of variation in the spatial distribution of krill.

In Area 48, there has been recognition of the risk of concentrating

krill fishing effort in small areas where central-place foragers also feed

(Constable and Nicol, 2002; Watters et al., 2020). As a result,

CCAMLR has adopted the concept of small-scale management units

(SSMUs), which aim to break up large management areas into smaller

areas with their own catch limits, in turn limiting concentrated fishing

and spreading the risk of fishing across a broader spatial area (Hewitt

et al, 2004). Since their introduction, however, CCAMLR has been

unable to reach consensus on allocation of Subarea catch limits to the

SSMUs. Notably, due to a lack of recent krill fishing, Area 58 has

received less attention or emphasis in ensuring mechanisms are in

place to avoid localized risks. Upon joining CCAMLR,member parties

agree to be legally bound by ‘Conservation Measures’ (CM) which are

agreed each year by the CCAMLR Commission (Constable, 2011).

The CMs, among other things, outline the spatial areas and catch

limits for all fisheries within the CCAMLRConvention Area. Specified

within CM 51-02 and CM 51-03, the Area 58 krill fisheries (and

subsequent catch limits) are subdivided into Division 58.4.1 (80–150°
FIGURE 1

Management areas of the Commission of the Conservation of Antarctic Marine Living Resources (Bottom circle) showing Area 48 (green), Area 58
(blue) and Area 88 (red). Division 58.4.1 and Division 58.4.2 (Top arc) showing current management splits for the krill management into east and west
regions in each Division. Maps produced with the SOmap package in R (Maschette et al., 2019).
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E) and Division 58.4.2 (30–80°E) respectively. The current catch limits

for these two areas are 440 000 tonnes in Division 58.4.1 and 2.645

million tonnes in Division 58.4.2.

Current precautionary catch limits and trigger levels in Area 58

have been set based on information collected through two large-scale

surveys conducted by Australia, the BROKE (Baseline Research on

Oceanography, Krill and the Environment) survey in Division 58.4.1

in 1996 (Nicol, 2000) and the BROKEWest survey in Division 58.4.2

in 2006 (Nicol et al., 2010). Catch limits for each Division are further

split into east and west subdivisions. In 2019, the CAMLR

Commission endorsed a revised krill fishery management strategy

recommended by the Scientific Committee (CCAMLR, 2019, para.

5.17). This management strategy consists of three elements:
Fron
1. a stock assessment to estimate precautionary harvest rates

(defined as g).
2. regular updates of biomass estimates, initially at the subarea

scale, but potentially at multiple scales.

3. a spatial overlap analysis framework to inform the spatial

allocation of catch.
Most of the work undertaken since then has focused on the

areas covered by Conservation Measure 51-07, specifically Subarea

48.1. In Area 58, two surveys have been conducted recently, the first

by Japan in Division 58.4.1 in 2018/19 (Abe et al., 2023) and the

second by Australia in the eastern sector of Division 58.4.2 (55–80°

E) in 2021 (Cox et al., 2022). These provide the necessary data for

updating biological parameters (such as length, sex, or maturity;

e.g., Schaafsma et al., 2024) and precautionary catch allocations in

these Divisions. Here, we provide results from updated stock

assessments for both Divisions 58.4.1 and 58.4.2, addressing the

first element of the new krill management strategy, i.e., estimating

precautionary harvest rates, in these areas.

The Generalised Yield Model (GYM) is an assessment model

for assessing the status of stocks under various levels of uncertainty

using either deterministic (for icefish) or stochastic (for other

species) projections (Constable and de la Mare, 1996; Constable,

2004). The core functionality of the GYM is to project stock

abundance, biomass, and yield in each age class forward in time

over a single year. The GYM assumes the number, biomass, and

yield of individuals of an age class, in a year, at specified timesteps

within the year satisfy the system of differential equations with an

adaptive Runge-Kutta scheme outlined in Constable and de la Mare

(1996). Unlike more modern stock assessment models which

integrate observation data to estimate population parameters

within the model runs, GYM assessments for krill used pre-

calculated parameter values with uncertainty to project the

population forward. As noted by Thomson (2016) this provided

CCAMLR with an innovative solution to the problem of calculating

harvest rates for stock about which little was known, and for which

fisheries data were absent. The GYM was reexamined by Maschette

et al. (2023), the outcome of which was the development of the

Grym model framework which provides same utility of the GYM

but with a more exact solution by replacing the adaptive Runge-

Kutta scheme with a composite trapezoidal rule. Additionally, by
tiers in Marine Science 03
being implemented in an open-source language (Wotherspoon and

Maschette, 2023) the Grym has overcome issues highlighted by

Kinzey et al. (2013) of pre-termination in the GYM software, and

allowed for further expansion of capability such as those

implemented by Liu et al. (2023) on incorporating multiple

fishing fleets into projections.

Within stock assessment models’ maturity ogives are used to

indicate for a given length (or age) class what proportion of individuals

are mature (spawning), and ultimately the size of the spawning stock

biomass (SSB). As such, changing the underlying shape or distribution

used for estimating the ogive function implemented in a stock

assessment may lead to quite different estimates of SSB when given

the same data. To allow for stock assessments that reflect current

population parameters we have re-estimated size at maturity using a

ramped ogive function following the methods outlined in Maschette

andWotherspoon (2023) and expanded on these methods to estimate

a logistic-based size at maturity for comparison with results using the

ramped ogive function.

The results from our krill stock assessments provide

precautionary harvest rates for Divisions 58.4.1 and 58.4.2.

Similar to the process undertaken in 2021 for Subarea 48.1

(Maschette et al., 2021), these harvest rates are then applied to

the recent survey estimates of biomass in Division 58.4.1 (Abe et al.,

2023) and 58.4.2 East (Cox et al., 2022) to derive updated

precautionary catch limits.
2 Methods

2.1 Maturity-at-length estimation

2.1.1 Modelling maturity within Grym projections
The Grym (Maschette et al., 2023) when used for krill currently

models maturity-at-length with a ramp-shaped ogive function

(rampOgive in the Grym R package; Wotherspoon and

Maschette, 2023) to be consistent with the original Generalized

Yield Model implementation (Constable and de la Mare, 1996):

p(l) =  

0 l ≤ L − w
2

l−L
w + 1

2 L − w
2 <   l < L + w

2

1 l ≥ L + w
2

8>><
>>:

where p(l) represents the proportion of individuals of length l that

are mature, L is the length at which 50% of all individuals are

mature, and w is the width of the ramp.

For the krill stock assessments, within each projection L and w

are held constant, but for each individual projection L is drawn

from a uniform distribution with limits Lmin and Lmax :

L  ∼  U(Lmin, Lmax) :

Maschette et al. (2021) and Maschette andWotherspoon (2023)

used these to be consistent with previous assessments for krill

performed within CCAMLR. Recently, however, functionality has

been added to the Grym package to model selectivity and maturity

using logistic ogive functions. For consistency with the stock
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assessment framework CASAL (Bull et al., 2012), which is used for

many fish stock assessments in CCAMLR, the logistic model is

parameterized in terms of the 50% and 95% quantiles and uses a

constant of 19 (See Bull et al., 2012 for details), so that:

p(l) =   1 + exp − log (19)
l − q50
d95

 

� �� �−1

where q50 and q95 are the 50% and 95% quantiles respectively and

d95 = q95 − q50 :Within an individual projection run q50 and d95
(and hence q95) are held constant across years, between projection

runs however, q50 and d95   are drawn from a multivariate normal

distribution:

q50

d95

 !
 ∼   N(m,S)

with mean m and variance covariance matrix S : The use of d95  
allows the stock assessment model to maintain the same shape for

the logistic ogive relative to each randomly drawn value of q50 when

a range of q50 values are provided.

2.1.2 Modelling maturity input parameters for
the Grym
2.1.2.1 Available data

RMT 8 nets with 8m2 mouth opening and mesh size of 4.5mm

were used for either ‘target-trawls,’ i.e., responsive fishing when krill-
Frontiers in Marine Science 04
like echoes were observed using the vessel’s echo sounders, or routine

trawls (i.e., oblique tows at pre-planned survey stations). Trawls were

hauled at approximately 2 knots through water speed and routine

trawls sampled the upper 200 m of the water column. Because the

total number of krill captured at predetermined stations was generally

small, the length measurements of predetermined and targeted

stations were both used. Total length of krill (Standard 1; Morris

et al., 1988) for up to 150 individuals were measured per station.

Within Division 58.4.1, data collected on board the RV Kaiyo-

maru during the Japanese KY1804 survey in 2018/19 (Figure 2, Abe

et al., 2023) contain length and maturity observations from 4632

krill consisting of 1124 juveniles, 1245 males and 1824 females

ranging from 14 - 63 mm collected in 45 hauls (Figure 3). For

Division 58.4.2, data were collected on the RV Investigator TEMPO

voyage in 2021 (Figure 2, Cox et al., 2022) and contain length and

maturity observations from 2761 krill consisting of 714 juveniles,

1032 males and 1015 females ranging from 14 - 56 mm collected in

27 hauls (Figure 3).

In both data sets, krill exhibiting maturity stages F3B to F3E and

M3 were considered mature individuals (Makarov and Denys,

1980). Additionally, all krill less than 30 mm in length were

designated as immature (Tarling et al., 2016; Pakhomov, 1995a).

For each region maturity was estimated for ramp and logistic o-

gives for all sexes, and for males and females. Due to the inability to

know whether juveniles were male or female, they were included in

both the male and female maturity estimates.
FIGURE 2

Survey transect locations for KY1804 in Division 58.4.1 split into two legs (pinks) and TEMPO survey transects in Divisions 58.4.2 (purple) showing
average sea ice extent over survey periods (transparent colors). Management areas of the Commission of the Conservation of Antarctic Marine Living
Resources (Bottom circle) showing Area 48 (green), Area 58 (blue) and Area 88 (red). Maps produced with the SOmap package in R (Maschette
et al., 2019).
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2.1.2.2 Estimating the ramp parameters:

The parameters Lmin, Lmax andw for the ramped ogive function are

estimated by fitting a Bayesian nonlinear binomial model to maturity at

length data observed in the survey. The model takes the form:

Mi  ∼   Bin(1, pi)

pi =  

p1 li ≤ L − w
2

p1 + (p2 − p1)  
li−L
w + 1

2

� �
L − w

2 <   li < L + w
2

p2 li ≥ L + w
2

8>>><
>>>:

whereMi is a binary variable that is 1 if individual i is mature and 0

otherwise; li is the length of that individual; and pi is the probability
that an individual of that length observed in that year will be

mature. Here, L is the length at which the probability of maturity is

0.5, and w is the width of the ramp. The parameters p1 and p2  

represent the probabilities that the smallest and largest individuals

will be mature. It is necessary that p1 > 0 and p2 < 1 to allow for the

small number of individuals that mature unusually early or late, and

any potential misidentification of maturity stage, and Beta priors are

adopted that constrain p1 to be near 0 and p2 to be near 1

p1 ∼Beta(1, 100)

p2 ∼Beta(100, 1)

Diffuse Normal priors are chosen for L and w:

L∼   N(45, 0:01)
Frontiers in Marine Science 05
w∼N(10, 0:01)  

where again the normal distributions have been parameterized in

terms of mean and standard deviation.

The upper and lower limits Lmin and Lmax for L are determined

as the 2.5% and 97.5% quantiles for L, and w is determined as the

97.5% quantile for w.

2.1.2.3 Estimating the logistic parameters:

The input parameters q50 and q95 for the logistic ogive function

are the 50th and 95th quantiles respectively. They are estimated by

fitting a Bayesian nonlinear binomial model to maturity at length

data observed in the survey. In this case:

Mi  ∼   Bin(1, pi)

pi =   1 + exp − log (19)
li − q50
d95

 

� �� �−1

where againMi is a binary variable that is 1 if individual i is mature

and 0 otherwise; li is the length of that individual; pi is the

probability that individual of that length observed in that year

will be mature; and d95 = q95 − q50.

Diffuse normal priors are chosen for q50 and d95 :

q50 ∼   N(45, 0:01)  

d95 ∼N(10, 0:1)
FIGURE 3

Euphausia superba length distribution measured during surveys in Divisions 58.4.1 and 58.4.2.
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For the simulation, logistic ogive profiles are generated by

drawing from a multivariate Normal distribution with mean and

covariance matching the posterior distribution of q50 and d95.
2.2 Stock assessments

2.2.1 Model parameters
The input parameters used in the stock assessment models for

Divisions 58.4.1 and 58.4.2 East are shown in Table 1. The

parameters are largely consistent with those used in previous

assessments for these areas (SC-CAMLR, 2000; Delegation of

Australia, 2007). Estimates of maturity were calculated in this

paper, where possible, other parameters were obtained from the

literature (Table 1). For these assessments, we have run two

different scenarios for each Division based on the maturity
Frontiers in Marine Science 06
models described above; the first using the maturity values fitted

as a ramp function, the second with maturity implemented as a

logistic function (Table 1). Model were fitted to the base parameters

(Supplementary Material 1) of previous assessments first then one

parameter updated in subsequent runs in the order of B0logSD,

Length to weight relationship, and finally maturity (Table 1).

2.2.2 Model Configuration
The structure of the assessment model was configured to be

consistent with those used in the krill assessment for Subarea 48.1

(see Maschette et al., 2021).

Natural mortality and recruitment in krill assessments are based

on the proportional recruitment model outlined by de la Mare

(1994) which was further developed by Pavez et al. (2023). These

use the mean (m̂ R) and standard deviation (ŝ 2
R) of proportional

recruitment from survey data (Table 1) to determine the associated
TABLE 1 Grym model parameters for Euphausia superba stock assessments in Divisions 58.4.1 and 58.4.2.

Parameter

Ramp Maturity Logistic Maturity

Division 58.4.1 Division 58.4.2 Division 58.4.1 Division 58.4.2

First Age Class 1 1 1 1

Last Age Class 7 7 7 7

t0 0 0 0 0

L∞ 60.8 mm 60.8 mm 60.8 mm 60.8 mm

k 0.45 0.45 0.45 0.45

Start growth period (dd/mm) 21/10 21/10 21/10 21/10

End growth period (dd/mm) 12/02 12/02 12/02 12/02

Weight-length parameter – A (g) 1.71E-6* 1.71E-6* 1.71E-6* 1.71E-6*

Weight-length parameter – B 3.41* 3.41* 3.41* 3.41*

Min length, 50% mature 40.14 mm 42.24 mm 41.33 mm 41.99 mm

Max length, 50% mature 40.89 mm 42.99 mm 42.00 mm 42.59 mm

Range over which maturity occurs 18.83 mm 16.05 mm 10.27 mm 8.38 mm

Start of spawning season (dd/mm) 1/12 1/12 1/12 1/12

End of spawning season (dd/mm) 28/02 28/02 28/02 28/02

Monitoring interval (dd/mm) 01/02 01/02 01/02 01/02

Mean proportional recruitment 0.557 0.557 0.557 0.557

SD of proportional recruitment 0.126 0.126 0.126 0.126

Min length, 50% Selected 30 mm 30 mm 30 mm 30 mm

Max length, 50% Selected 39 mm 39 mm 39 mm 39 mm

Range over which selection occurs 9 mm 9 mm 9 mm 9 mm

Fishing Season (dd/mm) 01/12 to 01/03 01/12 to 01/03 01/12 to 01/03 01/12 to 01/03

Reference Date (dd/mm) 01/10 01/10 01/10 01/10

Reasonable upper bound for Annual F 1.5 1.5 1.5 1.5

B0logSD 0.17† 0.289* 0.17† 0.289*
Values without notation come from Delegation of Australia (2007). *Cox et al. (2022), †Abe et al. (2023). Bold values are estimated within this paper.
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annual natural mortality and distribution of random recruits which

reproduce the recruitment values observed in the survey. The

recruitment variance and natural mortality indices were pre-

generated using an inverse-beta distribution following the method

outlined in Pavez et al. (2023) to enable consistency between model

runs. The overlap of mortality estimates across runs with expected

values in published literature was used to evaluate the reliability of

the generated estimates.

For the assessment models with logistic maturity, the

rampOgive function within the projection function was changed

to the logisticOgive function (see Supplementary Material 2). For

each run, L50 values for maturity and selectivity were selected from

their respective Lmin and Lmax ranges (Table 1) using a uniform

distribution (See section 2.1.1).

The precautionary harvest rate is calculated following the

CCAMLR decision rules developed for krill (SC-CAMLR, 1994).

These specify that:
Fron
1. Choose a harvest rate, g1, so that the probability of the

spawning biomass dropping below 20% of its median pre-

exploitation level over a 20-year harvesting period is 10%.

2. Choose a harvest rate, g2, so that the median escapement at

the end of a 20-year period is 75% of the median pre-

exploitation level.

3. Select the lower of g1 and g2 as the precautionary

harvest rate.
Initial precautionary harvest rates were determined by testing g
values between 0.05 and 0.13 in 0.0005 increments using 10,000

model iterations. Subsequent runs were conducted at 0.0001

increments for ranges ±0.01 of initial precautionary harvest rates

using 100,000 iterations to determine final precautionary harvest

rates. Using 100,000 iterations rather than the 10,000 used in the

assessment for Subarea 48.1 allows for less variation between reruns

of the same model caused by random number generation.

2.2.3 Precautionary catch limits
The harvest rates determined by applying the CCAMLR

decision rules to the results from the updated stock assessments

were multiplied with the recent krill survey biomass estimates in
tiers in Marine Science 07
Divisions 58.4.1 and 58.4.2 East to determine updated

precautionary catch limits (PCL). The PCL was calculated overall

for Division 58.4.1, and at three smaller spatial scales within it

referred to as ‘West’, ‘Middle’ and ‘East’ in Abe et al. (2023).

Division 58.4.2 is divided into East and West sections. Recently

updated biomass estimated for krill (Cox et al., 2022) only covered

the ‘East’ region as defined in Conservation Measure 51-03. No

recent biomass estimates to update the PCL for Division 58.4.2

West were available.
3 Results

3.1 Maturity-at-length estimation

3.1.1 Ramp parameters
In Division 58.4.1, the combined sex ramp model estimated L50

maturity to be 40.45 mm with 2.5% and 97.5% quantiles of 40.13

mm and 40.89 mm, respectively (Tables 1, 2). The slope of the

ramp, or the 97.5% quantile interval over which maturity occurs,

was estimated to be 18.82 mm (Figure 4A).

In Division 58.4.2, the combined sex ramp model estimated L50
maturity to be 42.64 mm with 2.5% and 97.5% quantiles of 42.24

mm and 42.99 mm, respectively (Tables 1, 2). The 97.5% quantile

interval over which maturity occurs was estimated at 16.05

mm (Figure 4C).

In both Division 58.4.1 and Division 58.4.2 female krill were

estimated to reach L50 maturity at a smaller size (39.00 and 40.00

mm respectively) than male krill (45.11 and 45.47 mm respectively,

Table 2, Figure 5).

3.1.2 Logistic parameters
For both Divisions the combined sex logistic model estimated a

similar value of L50 maturity compared to the respective ramp

models. In Division 58.4.1, L50 maturity was estimated as 41.67 mm

with 2.5% and 97.5% quantiles of 41.33 mm and 42.00 mm,

respectively (Tables 1, 3). The d95, which is used to define the

shape of the curve, was estimated as 10.27 mm (Figure 4B).

In Division 58.4.2, L50 maturity was estimated as 42.29 mmwith

2.5% and 97.5% quantiles of 41.99 mm and 42.59 mm respectively
TABLE 2 Estimates of Euphausia superba length at maturity (mm) from Divisions 58.4.1 and 58.4.2 fitted with ramp o-gives.

Division 58.4.1 58.4.2

Sex All Males Females All Males Females

Individuals 4191 2369 (1124) 2946 (1124) 2761 1746 (714) 1729 (714)

Length at 50% maturity (L50) 40.45 45.11 39.00 42.65 45.47 40.00

L50 2.5% quantile 40.14 44.59 38.67 42.24 45.10 39.37

L50 97.5% quantile 40.89 45.54 39.46 42.99 45.91 40.55

Range over which maturity occurs 17.67 20.33 14.66 17.72 14.01 11.91

Range 2.5% quantile 16.69 18.96 13.11 13.64 13.07 9.57

Range 97.5% quantile 18.83 22.18 15.51 16.05 15.48 14.81
O-gives are fitted for all sexes (male, females and juveniles), and males with juveniles, and females with juveniles. Number of juveniles shown in parenthesis.
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(Tables 1, 3). The d95 for this region was estimated as 8.38

mm (Figure 4D).

Similar to the ramp o-gives, in both Division 58.4.1 and

Division 58.4.2 female krill were estimated to reach L50 maturity

at a smaller size (39.84 and 40.11 mm respectively) than male krill

(44.99 and 45.01 mm respectively, Table 2 and Figure 5).
3.2 Stock assessments

3.2.1 Natural mortality and recruitment
The natural mortality (M_Y-1) associated with the generated

recruitment series using an inverse-beta distribution across runs

ranged from 0.388 – 1.585, with a mean of 0.857 and showed a

98.2% overlap with the expected natural mortality range for this

species (Figure 6; 0.5-1.1; Pakhomov, 1995b). The generated

recruitment series across runs resulted in recruitment variances
Frontiers in Marine Science 08
between 0.0008 and 0.1288, with associated mean recruitments

ranging from 0.229 to 0.809 (Figure 7).

3.2.2 Precautionary harvest rates
The precautionary harvest rates (g) estimated for Divisions

58.4.1 and 58.4.2 ranged from 0.0854 to 0.1298 (Table 4). Across

all models, the 75% escapement criterion (g2) was lowest and

therefore determined the precautionary harvest rate. Each model

following the step-wise change in parameters value showed a

decrease in g from the previous model. The exception to this

being the model with updated B0logSD values for Division 58.4.1

as the values for B0logSD were identical.

The final models were those with updated maturity values.

Models using the ramp maturity function resulted in slightly lower

precautionary harvest rates than models with the logistic maturity

function. Projections of median spawning stock status across final

models indicate a stable population under the no fishing scenario.
FIGURE 4

Euphausia superba maturity at length range (orange) fitted with ramp and logistic ogives to survey data in Divisions 58.4.1 (A, B) and 58.4.2 (C, D)
with Bayesian nonlinear binomial random effects model.
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For both g1 and g2 projections median spawning stock status

declines towards 0.75 over approximately 5 years before

stabilizing (Figures 8, 9).

3.2.3 Precautionary catch limits
The PCL for each Division and Subregions West, Middle and

East in Division 58.4.1 and Division 58.4.2 East using the harvest

rate resulting from the models using a logistic maturity curve

ranged from 28,811 - 640,872 tonnes (Tables 5, 6).
4 Discussion

4.1 Maturity Estimation

As part of updated stock assessments for krill in CCAMLR

Divisions 58.4.1 and Division 58.4.2, we provide new estimates for

length at maturity for krill. These estimates display similar mean
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length at 50% maturity but much tighter confidence intervals than

those calculated for Subarea 48.1. Data originating from single

surveys could have contributed to the tighter confidence intervals,

thus removing any inter-annual variability in length at maturity,

which was included as a random effect in Maschette et al. (2021) for

the estimates from Subarea 48.1. The sex specific estimates for

maturity indicate that females in both Divisions (58.4.1 and 58.4.2)

reach 50%maturity approximately 5 mm smaller than that of males.

This is similar to the findings of Siegel and Loeb (1994) who found

that females were reaching 50% maturity approximately 8 mm

smaller than males in Subarea 48.1. For both sexes though the

estimates in this study are larger than those of Siegel and Loeb

(1994) by approximately 2 mm for males, and 5 mm for females.

This may indicate differences in regional growth, however since the

combined sex estimates in this study are similar to those presented

by Maschette et al. (2021) and which are from the same region as

Siegel and Loeb (1994) it may indicate environmental changes

which have occurred across the Southern Ocean have resulted in
FIGURE 5

Euphausia superba maturity at length range for males and females fitted with ramp and logistic ogives to survey data in Divisions 58.4.1 (A, B) and
58.4.2 (C, D) with Bayesian nonlinear binomial random effects model.
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a shift to a larger length at maturity of krill than was present in the

1980/90s. This could be confirmed by calculating sex specific

estimates through time in Subarea 48.1 in future.

The comparison between different maturity models (ramp versus

logistic) provided similar estimates of 50% maturity. The primary

difference between the ogives comes in the differing shapes and width

of each ogive. For example, when considering the two ogives from

Division 58.4.1 (Figures 3, 5) the length at 50% maturity is

approximately 0.6mm different, which is to be expected when fitting

two models to the same data. Relative to the ramp model, the logistic

model indicates that a larger proportion of the individuals in the

population at lengths less than 42.43mm are mature. Conversely the

ramp ogive indicates that a greater proportion of individuals at lengths

greater than 42.43mm are mature.

When considering a population at equilibrium with no fishing,

this would mean that overall, the logistic curve leads to a higher

proportion of individual krill being mature (as there are more small

krill than large ones). This effect however is often masked in stock

assessments because numbers at age are converted to spawning

stock biomass. By transforming each age class in the population to
Frontiers in Marine Science 10
their relative biomass the differences between the two ogives are

masked. That is, one large krill has the weight of many small krill so

whilst a greater number of individual krill are considered mature

using the logistic ogive, they have a similar weight of the larger krill

included by the ramp ogive. A simplified example illustrating this is

shown in Supplementary Material 3.

The use of the ramp ogive for krill was historically driven by

limitations in the stock assessment software. Given that the

limitation of modelling maturity has been overcome we

recommend the use of logistic curves for maturity estimates for

future krill assessments since they 1) are more representative of the

biological process of maturity, and 2) are consistent with other

fishery assessments in the Southern Ocean (such as Ziegler and

Welsford, 2017).
4.2 Stock assessments

The currently accepted stock assessment model configuration

for krill management in CCAMLR is based on the Grym using

proportional recruitment (SC-CAMLR, 2019). This model structure

has the advantage of providing harvest rates for stocks in which

little is known, and fisheries data is absent, as is the case for

Divisions 58.4.1 and 58.4.2. In future, should a fishery develop in

these areas, the combination of fisheries collected data, with on-

going research survey data collection may provide the opportunity

to utilize integrated stock assessment software packages such as

Casal2 (Doonan et al., 2016) or Stock Synthesis (Methot and

Wetzel, 2013).

Unlike Divisions 58.4.1 and 58.4.2, in Subarea 48.1 a continual

fishery has operated for over 50 years and had annual research

surveys between 1992 - 2011 covering ~19% of the Subarea situated

near the South Shetland Islands which have provided a multitude of

data (Kinzey et al., 2015). Previous efforts to fit integrated

assessments in this region using AD Model Builder highlighted

issues in getting models to converge reliably (Kinzey et al., 2015; de

Lestang, 2016; Thomson, 2016; Wang et al., 2021). Upon reviewing

one of these models Thomson (2016), and SC-CAMLR (2016)

highlighted that this may be due to over-parameterization of the
TABLE 3 Estimates of Euphausia superba length at maturity (mm) from Divisions 58.4.1 and 58.4.2 fitted with logistic o-gives.

Division 58.4.1 58.4.2

Sex All Males Females All Males Females

Individuals 4191 2369 (1124) 2946 (1124) 2761 1746 (714) 1729 (714)

Length at 50% maturity (L50) 41.67 44.99 39.84 42.29 45.01 40.11

L50 2.5% quantile 41.33 44.57 39.47 41.99 44.61 39.78

L50 97.5% quantile 42.00 45.42 40.20 42.59 45.42 40.45

Distance to
95% maturity (d95)

10.27 9.88 7.45 8.33 6.49 6.50

d95 2.5% quantile 9.65 8.99 6.87 7.78 5.78 5.92

d95 97.5% quantile 10.92 10.84 8.05 9.01 7.29 7.11
O-gives are fitted for all sexes (male, females and juveniles), and males with juveniles, and females with juveniles. Number of juveniles shown in parenthesis.
FIGURE 6

Overlap between Euphausia superba natural mortality (-yr, M) from
proportional recruitment models using an inverse-beta distribution
and the expected natural mortality range (0.5-1.1, green shaded
region; WG-EMM-2021 Table 1).
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age-based models. Wang et al. (2021) developed a length-based

model which estimated less parameters however still had issues

fitting some of those estimated. They highlighted that this may be

due to inconsistencies in the data collection in the surveys and

fishery across the time series. More recently integrated model

development in Casal2 (Kinzey and Watters, 2023) and Stock

Synthesis (Mardones et al., 2024) have begun, however these will

require overcoming similar challenges faced by previous models.

One option as a stepping-stone from the current stock

assessment configuration in the Grym to an integrated assessment

may be to explore fitting toothfish style assessments with the Grym

(see Maschette et al., 2023). These incorporate previous survey

biomass estimates, survey recruitments and fishery catch into the

assessment to estimate catch limits. These were used within

CCAMLR for toothfish until the fisheries had large quantities of

data and developed integrated assessments. They have also been

used for several bycatch species which often have less reliable data

than target species (Dell et al., 2015; Maschette and Dell, 2015).

Regardless of the pathway taken to achieve an integrated

assessment of krill in any area, focus needs to be given on the

data collection required to enable models and parameters to be

reliably fit. Arguably among the most important parameters for

these assessments (and Grym assessments) are recruitment and
Frontiers in Marine Science 11
annual growth (Punt, 2023). To estimate these reliably requires

large amounts of survey data collected ideally on an annual basis.

With regards to growth, many studies have been conducted with

either instantaneous or daily growth (such as Tarling et al., 2016;

Melvin et al., 2018; Veytia et al., 2020; Sylvester et al., 2021) however

few exist which attempt to estimate growth parameters used within

stock assessments such as the von Bertalanffy growth curve with most

assessments relying on estimates used by Constable and de la Mare

(1996). Maschette and Wotherspoon (2023) recommended fitting

growth curves by using the modal peaks of length classes fitted with a

mixture distribution to survey time series data as has been done for

other species. This has been conducted twice before for krill, the first

by Siegel (1987) in the Atlantic sector and the second by Pakhomov

(1995a) in the Indian sector. In both instances survey data was

collected between 1983 and 1990. Despite multiple surveys being

conducted for krill since, fitting mixture distributions to estimate

growth has not been conducted. Modal lengths were calculated for

two additional surveys by de la Mare (1994) who was using these to

demonstrate the calculation of proportional recruitment.

When considering recruitment of krill into a fishery, some

studies have reported large fluctuations of krill recruitment within

Subarea 48.1 between years (Kinzey et al., 2013; Meyer et al., 2020;

Maschette et al., 2021; Kinzey et al., 2023). Kinzey et al. (2013)

examined the estimated proportional recruitments from the US-

AMLR survey series and the Palmer LTER survey series using a

length threshold as the cutoff for being a juvenile rather than the

recommended mixture distribution method of de la Mare (1994).

The two survey series have a small spatial overlap and between them

cover most of the shelf zone of Subarea 48.1, unfortunately though

there is only a three year period where both surveys were conducted.

In all three of these years the Palmer LTER survey recruitment

estimates were higher than the US-AMLR survey, particularly 2010

which was a ‘low’ recruitment year in the US-AMLR time series.

Similar differences between surveys conducted in the same year

were also seen by de la Mare (1994) which looked at 10 surveys

(mostly from the Indian Sector) to estimate recruitment which was

subsequently applied in all krill assessments until Maschette et al.

(2021) where Subarea 48.1 specific values were estimated. Both

studies highlight that in order to reliably estimate recruitment for a

stock assessment the sampling needs to cover the entire region of

the assessment (Siegel et al., 1997) either through multiple small-

scale surveys, or large synoptic surveys (such as Krafft et al., 2021).

This is particularly true for regions such as Subarea 48.1 which is
FIGURE 7

Comparison of Euphausia superba mean recruitment and
recruitment variance with respect to the corresponding starting
value combination in red (mean = 0.557, standard deviation =
0.126), fitted with proportional recruitment models using an inverse-
beta distribution.
TABLE 4 Projected harvest rates (g) following the CCAMLR decision rules for krill in Divisions 58.4.1 and 58.4.2 under two different maturity scenarios.

Parameter value change
Division 58.4.1 Division 58.4.1

g1 g2 g to use g1 g2 g to use

Base Model 0.1298 0.1125 2 0.1297 0.1128 2

Updated B0logSD 0.1298 0.1125 2 0.1294 0.1121 2

Updated Length to weight relationship 0.1259 0.1088 2 0.1255 0.1085 2

Updated Maturity – Ramp ogive 0.1070 0.0887 2 0.1032 0.0854 2

Updated Maturity - Logistic ogive 0.1106 0.0906 2 0.1201 0.0989 2
g1 is the harvest rate where the probability of the spawning biomass dropping below 20% of its median pre-exploitation level over a 20-year harvesting period is 10%. g2 is the harvest rate where
the median escapement at the end of a 20-year period is 75% of the median pre-exploitation level. Bold highlights value selected under CCAMLR decision rules.
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FIGURE 8

Euphausia superba spawning stock status projected over a 20-year period in Division 58.4.1 for three values of gamma using either ramp or logistic
maturity o-gives. Stock status is shown as median (solid lines) with 90% (shaded) and 97.5% confidence intervals (dotted).
FIGURE 9

Euphausia superba spawning stock status projected over a 20-year period in Division 58.4.2 for three values of gamma using either ramp or logistic
maturity o-gives. Stock status is shown as median (solid lines) with 90% (shaded) and 97.5% confidence intervals (dotted).
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subject to highly dynamic currents and region winds which may

dictate whether juvenile krill are located inside or out of a static

sampling region (Thompson and Youngs, 2013; Young et al., 2024).

Following the revised krill fishery management strategy

recommended by the Scientific Committee and endorsed by

CCAMLR in 2019 (CCAMLR, 2019, para. 5.17), we provide

updated precautionary catch limits for krill in Divisions 58.4.1 and

58.4.2 East. These catch limits are based on recent biomass estimates

from a 2018/19 survey conducted by Japan in Division 58.4.1 (Abe

et al., 2023) and from a 2021 survey conducted by Australia in

Division 58.4.2 East (Cox et al., 2022). These biomass estimates were

combined with precautionary harvest rates for krill in Divisions

58.4.1 and 58.4.2-East estimated from stock assessments fitted with

the Grym to derive precautionary catch limits.

4.2.1 Division 58.4.1
The ‘BROKE’ survey in 1996 found krill were more abundant

and with a broader latitudinal distribution in the western survey

area (80°-115°E) than the east (115°-150°E) where krill were

confined to the narrow coastal band of cool water (Nicol et al.,

2000; Pauly et al., 2000). Based on this information, CCAMLR

agreed in 2000 to subdivide Division 58.4.1 into two management

Subdivisions at the 115°E meridian and set individual precautionary

catch limits for West and East Subdivisions (Nicol and Pauly, 2000).

The KY1804 krill biomass survey by Japan in Division 58.4.1 in

2018/19 was conducted in two separate legs, with leg 1 covering 80°

E to 120°E, and leg 2 covering 120°E to 150°E (Murase et al., 2025).

Krill biomass in the leg 1 survey area was estimated to be 2.210

million tonnes. More than 70% (1.567 million tonnes) of this

biomass was distributed in the western stratum between 80°-103°

E, and less than 30% (0.643 million tonnes) in the middle stratum

between 103°-123°E (Abe et al., 2023). The areal biomass of krill in

the leg 2 survey area in the eastern stratum between 123°-150°E was

estimated at 2.114 million tonnes. The Scientific Committee

considered this new estimate to be the best available estimate of

krill biomass for this region (SC-CAMLR-2021, para. 2.6).
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The total areal krill biomass of 4.325 million tonnes (CV 0.17)

for the entire Division 58.4.1 in this survey was similar to the

biomass estimated for the same area in the BROKE survey in 1996

(4.83 million tonnes, CV 0.17), and the Scientific Committee

considered this new estimate to be the best available estimate of

krill biomass for this region (SC-CAMLR-2021, para. 2.6).

However, the biomass distribution across Division 58.4.1 was

different between the 1996 and 2018/19 surveys, with relatively

higher biomass in the east and west and low in the middle of the

Division in 2018/19. This difference could be attributed to difference

in the survey timings as well as difference in latitudinal coverage

between the two surveys especially in the western part of the area.

Based on the three strata biomass estimates by Abe et al. (2023),

and the low krill estimates for the middle stratum relative to the

eastern and western strata, along with the CCAMLR Scientific

Committee (SC-CAMLR, 2023) we recommend that catch limits

for Division 58.4.1 are set by CCAMLR individually for three

subdivisions following these strata boundaries, rather than the

two subdivisions west and east of 115°E as currently defined in

CM 51-02. If the middle stratum with low biomass was combined

with either the eastern or western stratum with much higher krill

biomass and managed as a single management unit, there could be a

risk that the entire catch limit set for this management unit could

come out of the middle stratum and disproportionately impact the

ecosystem by exceeding the sustainable harvest rate through

concentrated fishing effort. The proposed precautionary catch

limits for the West, Middle, and East subdivisions are 141,970

tonnes, 58,256 tonnes and 191,528 tonnes, respectively.

Splitting the krill catch limits in Division 58.4.1 into three

subdivisions would be also consistent with the result of the spatial

overlap analysis by Kelly et al. (2018), which was based on data layers

available at the time and indicated that krill predators across Division

58.4.1 could potentially be exposed to disproportionate effects of

fishing if the harvest rate become close to the catch limit. The KY1804

survey (Murase et al., 2025) has also provided valuable data sets to

update the data layers such as whales (Hamabe et al., 2024) and
TABLE 5 Precautionary catch limits estimated for Euphausia superba in Division 58.4.1.

Division Subregion
Longitude range Biomass

(Million tonnes)1
Precautionary
Harvest Rate

Precautionary Catch
limit (tonnes)

58.4.1 West 80°E - 103°E 1.567 0.0906 141,970

58.4.1 Middle 103°E - 123°E 0.643 0.0906 58,256

58.4.1 East 123°E - 150°E 2.114 0.0906 191,528

58.4.1 Total 80°E - 150°E 391,754
1Biomass estimates from Abe et al., 2023, Table 1).
TABLE 6 Precautionary catch limits estimated for Euphausia superba in Division 58.4.2.

Division Subregion
Longitude range Biomass

(Million tonnes)1
Precautionary
Harvest Rate

Precautionary Catch
limit (tonnes)

58.4.2 West 30°E - 55°E 1,448,000*

58.4.2 East 55°E - 80°E 6.480 0.0989 640,872

58.4.2 Total 30°E - 80°E 2,088,872
*Catch limit from Conservation Measure 51-03 Paragraph 3. 1Biomass estimate from Cox et al. (2022).
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seabirds (Kokubun et al., 2024) in future implementations of spatial

overlap analyses in this Division.

4.2.2 Division 58.4.2
Krill biomass across Division 58.4.2 was first estimated from a

summer survey in 2006 (Jarvis et al., 2010) and later recalculated by

Cox and Kawaguchi (2012), with revised estimates of 15.34 million

tonnes (CV 0.21) in the western subdivision (30°-55°E), 11.47 million

tonnes (CV 0.28) in the eastern subdivision (55°-80°E), and a total

biomass of 28.43 million tonnes (CV 0.16) for the entire Division

58.4.2. The 2021 Australian survey estimated a krill biomass for

Division 58.4.2 East of 6.48 million tonnes (CV 0.289; Cox et al.,

2022) and this estimate was endorsed as the best available estimate by

the Scientific Committee (SC-CAMLR, 2021, para. 2.6).

Based on the Grym assessment presented here, the precautionary

catch limit for Division 58.4.2 East was calculated to be 640,872

tonnes. For Division 58.4.2West, there is no updated biomass estimate

available and we recommend that the current precautionary catch

limit be retained. Together, the updated total precautionary catch limit

for the entire Division 58.4.2 is 2,088,872 tonnes.

The areal size of Division 58.4.2 East of 775,732 km2 (Cox et al.,

2022) is larger than the entire Subarea 48.1 (595,490 km2) in the

Atlantic Sector, where management units at smaller scales are being

discussed under the revised krill management strategy agreed in

2019. To follow consistent principles across different areas within

the CAMLR Convention area, it would be important that the krill

fishery in Division 58.4.2 is also managed using smaller spatial

management units. The spatial overlap analysis conducted by Kelly

et al. (2018) could be used for this purpose, however this analysis

was preliminary in nature. Until an updated spatial overlap analysis

can inform on a spatial allocation of catch within Division 58.4.2,

we propose that the current trigger levels for both subdivisions in

Division 58.4.2 (CM 51-03) remain in force.

4.3 Conclusion

Whist currently underutilized, the krill fisheries in East

Antarctica show a substantial resource potential. Despite this, our

work has shown that the current catch limits set in CCAMLR

Conservation Measures are higher than those which should be set

following the CCAMLR decision rule process. Specifically, based on

the presented stock assessment for Euphausia superba in this paper,

we recommend that CCAMLR consider the following:
Fron
• Given that historical limitations have been overcome, future

assessments for krill should be based on the use of logistic

ogives as they are more representative of krill biology.

• In Division 58.4.1, the total catch limit be set at 391,754

tonnes, with a subdivision of 141,970 tonnes west of 103°E,

58,256 tonnes between 103°E and 123°E, and 191,528

tonnes east of 123°E.

• In Division 58.4.2, the total catch limit be set at 2,088,872

tonnes, with a subdivision of 1.448 million tonnes west of

55°E and 640,872 tonnes east of 55°E.

• The current trigger levels in CM 51-03 for both subdivisions

of Division 58.4.2 remain in force until such time that an
tiers in Marine Science 14
updated spatial overlap analysis can inform on a spatial

allocation of catch within this Division.
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