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Abstract

Regular monitoring is an important component of the successful management of pelagic

animals of interest to commercial fisheries. Here we provide a biomass estimate for Antarc-

tic krill (Euphausia superba) in the eastern sector of the Commission for the Conservation of

Antarctic Marine Living Resources (CCAMLR) Division 58.4.2 (55˚E to 80˚E; area =

775,732 km2) using data collected during an acoustic-trawl survey carried out in February

and March 2021. Using acoustic data collected in day-time and trawl data, areal biomass

density was estimated as 8.3 gm-2 giving a total areal krill biomass of 6.48 million tonnes,

with a 28.9% coefficient of variation (CV). The inaccessibility of the East Antarctic makes

fisheries-independent surveys of Antarctic krill expensive and time consuming, so we also

assessed the efficacy of extrapolating smaller surveys to a wider area. During the large-

scale survey a smaller scale survey (centre coordinates -66.28˚S 63.35˚E, area = 4,902

km2) was conducted. We examine how representative krill densities from the small-scale

(Mawson box) survey were over a latitudinal range by comparing krill densities from the

large-scale survey split into latitudinal bands. We found the small scale survey provided a

good representation of the statistical distribution of krill densities within its latitudinal band

(KS-test, D = 0.048, p-value = 0.98), as well as mean density (t-test p-value = 0.44), but not

outside of the band. We recommend further in situ testing of this approach.

Introduction

Antarctic krill (Euphausia superba, hereafter krill) is a keystone species of the Southern Ocean

(SO) ecosystem, being an important grazer, linking the biological pump and facilitating carbon
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transport from the pelagic to the benthic realms [1], and are a critical prey for baleen whales,

seals and seabirds [2].

Commercial fisheries in the region are managed by practices agreed by member nations of

the Convention on the Conservation of Antarctic Marine Living Resources (CCAMLR). Man-

agement procedures set catch limits and trigger levels for agreed spatial strata, or subareas

using conservation measures [3]. Precautionary yield estimates are derived from population

parameters in a 20-year projected stock assessment model (the generalised yield model

(GYM); [4]). The biomass estimated by acoustic-trawl surveys are then multiplied by the pre-

cautionary yield to set catch limits for the krill fishery.

After a hiatus of over two decades, there is renewed interest in fishing for krill in the East

Antarctic [5] and the krill fishery recommenced in the Indian Ocean sector in the 2016/17 fish-

ing season. Historical fishing patterns suggest future fishing grounds will likely form to the

east of the 50˚E meridian in the Indian Ocean sector [3].

CCAMLR Conservation Measures 51–02 and 51–03 govern the catch limit for Division

58.4.1 and 58.4.2 (i.e., Indian Ocean sector), respectively. Current precautionary catch limits

and trigger levels in the Indian Ocean sector are set based on information collected through

two large-scale surveys conducted by Australia in Divisions 58.4.1 in 1996 (BROKE; [6]) and

58.4.2 in 2006 [7]. Catch limits for both Divisions are further split into two east and west divi-

sions. The most recent krill biomass survey for Division 58.4.1 (80–150˚E) was conducted by

Japan in 2019 [8], however the entire Division 58.4.2 was last surveyed in 2006 [7].

The Antarctic environment is changing rapidly and these changes are considered to affect the

krill population [9]. A changing environment requires increased regular monitoring of krill to

ensure precautionary catch limits are based on accurate stock information. However, surveying in

the East Antarctic presents logistical challenges. Ship time is expensive (c. 70,000 USD/day in

2022) and the transit time to the East Antarctic is at least eight days from the nearest port in Aus-

tralia and the subareas are large (this survey 775,732 km2; entire 58.4.2 division 1,585,062 km2).

One possible approach to regular monitoring is to conduct a series of small scale surveys, to ‘fill-

in-the-gaps’ (in time) between large-scale surveys. Smaller scale surveys could be conducted as a

component of multi-disciplinary science voyages, or as part of annual resupply voyages to Antarc-

tic research stations. Before this approach could be objectively assessed it is important to learn

how representative small-scale surveys are of larger-scale patterns in krill density.

The objectives of this research were two-fold. Firstly, to update the large-scale biomass esti-

mate of the eastern sector of the CCAMLR Division 58.4.2 (55˚E to 80˚E). Secondly, to esti-

mate krill biomass for a smaller-scale survey and compare this estimate to the distribution of

krill density found in the main survey within latitudinal boundaries.

Materials and methods

We conducted a multidisciplinary marine science voyage named Trends in Euphausiids off

Mawson, Predators, and Oceanography (TEMPO) from the 94 m long research vessel, RV

Investigator. The vessel departed Hobart, Australia, on 29 January and returned to Hobart on

24 March 2021, and conducted an acoustic-trawl biomass survey in the eastern sector of the

CCAMLR Division 58.4.2 from 13 February to 12 March 2021. The area of operation spanned

62˚S to 68˚S and 55˚E to 80˚E (Fig 1). This research was conducted under the Antarctic

Marine Living Resources Conservation Act 1981 (Australia) Permit AMLR 20-23-4512.

Acoustic data collection and calibration

Active acoustic data were collected using a calibrated EK80 scientific echosounder (Simrad,

Horten Norway) operating at 18, 38, 70, 120, 200 and 333 kHz. The echosounder transducers
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were mounted on a drop keel (water depth = 8.5 m). Echosounder cold water calibration took

place in open water at the start of the first transect (SOL_1, 65˚ 31.46’ S 55˚ 03.01’ E) on 13

February 2021 and followed the procedures of Demer et al. [10] including those for gain esti-

mation (see S1 Table for 120 kHz calibration parameters). Six acoustic transects were designed

to cover the eastern sector of CCAMLR Division 58.4.2 (Fig 1) and were identical to the east-

ern transects of the BROKE-West survey [7, 11].

During the survey, acoustic line transects were observed during day and night at an average

vessel speed of 7.3 knots. Transects were divided into segments, where a segment was a contin-

uously observed proportion of a transect bounded by other activities, such as trawling and

CTD casts.

Net sampling

A rectangular mid-water trawl (RMT 8 + 1 [12]) with an 8 m2 mouth opening and mesh size

of 4.5 mm was used to sample krill and the 1 m2 opening and 300 micron mesh size sampled

smaller organisms. Trawls were either ‘target-trawls,’ i.e., responsive fishing when krill-like

echoes were observed using the vessel’s echo sounders, or routine (i.e., fishing at pre-planned

survey stations). Trawls were hauled at 2 knots through water speed and routine trawls sam-

pled the upper 200 m of the water column. The routine trawl net was open for 16 to 18 minutes

and the target trawls 7 to 9 minutes.Trawls outside of the survey area (n = 4) were excluded

from the analysis, as were individual krill with a total length of less than 10 mm.

Fig 1. Planned survey transects designed to cover the eastern sector of CCAMLR Division 58.4.2 from 55˚E to 80˚E (solid border, dark area), with other

CCAMLR Division borders shown as dashed lines. The sector of Division 58.4.2 covered by the survey is shown with a purple boundary. The survey transects

are solid red lines, labelled with the start-of-line (SOL) and end-of-line (EOL). Acoustic samples (integration intervals) that fall outside of Division 58.4.2, i.e.

the northern ends (north of 64˚S) of transects 5 and 6, were not used in krill density and biomass estimation. The background bathymetry grid is from The

GEBCO_2014 Grid, version 20150318, www.gebco.net.

https://doi.org/10.1371/journal.pone.0271078.g001
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Krill wetmass

Individual krill wet-mass (WW, g) was weighed using motion compensated Ohaus balances

(AX224; Parsippany, USA) and the total length (TL, mm) of each weighed krill was measured.

The krill length-to-wet mass relationship was modelled using a power law with parameters (a
and b) estimated using nonlinear least squares:

WWðTL _ a; bÞ ¼ a� TLb ð1Þ

Estimation was carried out using stats::nls() in R version 4.0.5 [13]. Uncertainty was esti-

mated using a non-parametric bootstrap (999 simulations) with trawl as the sampling unit.

Acoustic data processing

All analyses were carried out on the calibrated 120 kHz data. The 120 kHz data were processed

to remove surface (0 to 15 m water depth) and seabed returns, as well as background and inter-

mittent noise (see Fig 7 in [14] the effect of varying the noise removal filter Sv threshold). The

TEMPO voyage 120 kHz mean volume backscattering strength (Sv, [15]) data was processed

with a noise removal threshold of -40 dB re 1 m-1 (solid black line; S1 Fig) which did not remove

any krill echoes. Lower value thresholds (-44 to -41 dB re 1 m-1) removed krill echoes (S1 Fig

for the selection of Sv noise threshold). Acoustic data processing was carried out using Echoview

software (version 11.1, Echoview, Hobart, Australia), automated via COM-objects using Echo-

viewR (version 1.1.18; [16]). Sound speed and absorption coefficients were applied to each tran-

sect segment and were calculated from the nearest voyage CTD station using the harmonic

mean of sound speed calculated from CTD samples between 10 m and 250 m water depth.

Krill echoes were delineated in the 120 kHz data using the CCAMLR-endorsed ‘swarms-

based’ method [5, 14].

Krill target strength

Krill target strength values from the 2019 large-scale survey [14] were used to scale Nautical

Area Scattering Coefficient (NASC, units: m2 nautical mile -2) to areal biomass density (units

gm-2). Krafft et al. [14] target strength values were calculated using the MATLAB code of [17]

which was an update of [18]. The 120 kHz length-specific krill target strengths were down-

loaded from: https://github.com/ccamlr/2019Area48Survey/blob/master/results/SDWBA-TS-

38-120-200.csv on 2021-05-17.

Areal biomass density

Krill echoes were integrated in one nautical mile by 250 m deep intervals (integration interval

hereafter). Areal krill biomass density was calculated by multiplying the linear measure of

acoustic energy, sA, using a conversion factor C defined as:

C ¼
P
fiWWðliÞP
fisspðliÞ

�
1

18522
ð2Þ

where σsp is the linear form of target strength σsp = 4π10{TS/10} (with units of m2) and fi is the

number of krill in the ith length class of length li.

Mean areal krill biomass density

Mean areal krill biomass density (herein krill density; ρ, gm-2) and associated sampling vari-

ance, Var[ρ], was estimated using the random sampling theory estimator of Jolly and
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Hampton [19]. Transects on the survey area boundary (transects one and six; Fig 1) were

downweighted by 0.5 to account for half the effective transect coverage area falling outside the

survey boundary.

Day-night krill density differences

After [20], day and night were defined by civil day-night, calculated using the function getSun-
lightTimes() in the R package suncalc ([21]; version 0.5.0). The date/time and position at the

start of each integration interval was used to categorise the interval into day or night. Differ-

ences in krill density were examined by: (i) comparing krill density integrated at one nautical

mile intervals; (ii) using a LOESS smoother to look for evidence of diel vertical migration in

krill swarm depth, weighted by volumetric density (higher the density, greater the weight).

Deviation from planned transect

A correction was applied to account for vessel deviation from the planned transects. Following

Hewitt et al. [22], the expected change in latitude for each nautical mile surveyed of planned tran-

sect ΔLwas calculated for each transect. The latitude made good, i.e., actually surveyed, ΔL, was

calculated as the difference between the observed latitudes at the beginning and end of each one

nautical mile integration interval. The weighting for the ith integration interval was calculated as:

WIi ¼
jDLj � jðDL � DL̂Þj

jDLj
ð3Þ

The interval weighting,WI, was only applied in situations where deviation from the

planned transect exceeded 10%, i.e.,WI<0.9. Where deviation was less than 10%, the interval

weight remains asWI = 1, giving:

WIi ¼
WIi � 0:9; 1

WIi < 0:9;WIi

ð4Þ

(

After (Eq 8, [22]) the weight of a transect will be reduced where one or more integration

intervals haveWI<0.9 deviation:

Lj ¼
XNj

i¼1
WI;i ð5Þ

where, Lj is the length of the jth transect and Nj is the number of integration intervals in the jth
transect. Each of the transect lengths L are then used in the random sampling theory estimator

([19], Eqs 9 to 13 in (Hewitt et al. [22], when there is a single stratum, as is the case here.

Latitudinal variation

To investigate whether the small scale ‘Mawson Box’ survey was representative of a larger area,

we divided the integration intervals from the large-scale survey into latitudinal bands, with the

latitudinal height of each band equal to the latitudinal extent of the Mawson Box survey. We

compared the presence-absence of krill and conditional density (ρ[p>0]) in integration inter-

vals between the Mawson Box and each of the latitudinal bands.

Results

The acoustic-trawl survey of krill consisted of six line transects observed between 13 February

2021 and 10 March 2021. The total transect distance run during the acoustic survey was 1,188

nautical miles and included 34 net trawls.
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Acoustic transects

Large scale transect length varied from 72 nautical miles to 297 nautical miles (Table 1). Tran-

sects one and six were run along the western and eastern boundaries respectively of the eastern

sector of CCAMLR Division 58.4.2 (Fig 1) so data from these transects were down weighted by

0.5 in the biomass estimation procedure.

Net sampling

Of the 34 trawls, 21 were routine (planned) trawls and 13 were target (responsive) trawls (Fig

2). After Lawson et al. [23] and references therein, we examined the proportion of catch that

Table 1. Acoustic transect duration (times in UTC), length and coverage weighting of the large scale survey.

Transect Start date/time End date/time Duration (hours) Length (nautical miles) Coverage weighting

1 2021-02-13 15:13 2021-02-15 19:45 53 204 0.5

2 2021-02-16 16:38 2021-02-20 22:11 102 297 1.0

3 2021-02-23 15:18 2021-02-26 22:17 79 276 1.0

4 2021-02-27 21:25 2021-03-03 17:49 92 251 1.0

5 2021-03-05 04:17 2021-03-08 06:11 74 245 1.0

6 2021-03-10 19:58 2021-03-11 19:00 23 72 0.5

https://doi.org/10.1371/journal.pone.0271078.t001

Fig 2. Net trawl locations where krill were sampled. Trawl type: routine or target are denoted by R and T respectively in the station

identification code. Day and night sampling are denoted by square or triangle symbols and colour is the mean length of krill in trawl.

The background bathymetry grid is from The GEBCO_2014 Grid, version 20150318, www.gebco.net.

https://doi.org/10.1371/journal.pone.0271078.g002
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arose from aggregating species, in this case Antarctic krill and ice krill (Euphausia crystalloro-
phias). Across all nets, the ratio of Antarctic krill to ice krill was 7.4 to 1.

Krill length frequency distribution

There were no obvious patterns in krill length frequency distributions by net trawl, although

there was variation in trawl mean length and length distribution (Figs 2 & 3).

Given there was insufficient coverage to discern spatial or temporal patterns in krill mean

total length or length frequency distribution for each trawl, the krill length frequency distribu-

tions were combined into a single distribution (Fig 4) when calculating the NASC to areal bio-

mass conversion factor (C; Eq 1).

Krill length to wetmass

Krill total length to wet mass was modelled as a power function using data from individual

krill (n = 502). The estimated parameters were â = 1.71 x 1e-6 (CV = 22.8%) and b̂ = 3.41

(CV = 1.7%) that produced the solid curved line in Fig 5.

Krill target strength and areal biomass density

The 120 kHz NASC to krill biomass density conversion factor was C = 0.348 g m-2 n.mil-2.

There were no obvious spatial patterns in krill biomass density (Fig 6).

Biomass estimates

Estimated mean areal biomass density, r̂, from the day and night data was 6.2 gm-2, and a total

biomass of b̂ = 4.8 million tonnes of krill (CV = 24.2%) over the 775,732 km2 survey area.

Transect-by-transect results show the effect of accounting for variation in transect length

using transect weights (Table 2) as per [19].

The statistical distributions of integration interval-based areal biomass density varied

between day and night (KS-test D = 0.3, p-value =<2e-16). There were also statistically signifi-

cant (and practical) differences in the mean areal biomass density between day and night (t-

test, t = 5.33; p-value = 1.2e-07) with the 95% confidence intervals for the mean difference

between day and night: 3.01 to 6.51 gm-2, i.e, day time density was higher.

Analysing swarm depth distribution offers a higher depth resolution than considering echo

integration intervals where depth is collapsed. Swarms were found at all sampled depths (Fig

7) during night although typically fewer swarms were found in deeper waters (>100 m). No

obvious diurnal pattern emerges examining the loess smooth of swarm depth (weighted by

swarm interval density). Also there was no evidence of abrupt changes in krill swarm depth in

the water column at the day to night transition (Fig 7). Throughout the survey, however, krill

swarm depth distribution varied between day and night (KS-test, D = 0.3; p< 2e-16), with

krill being found closer to the surface at night (peak in krill depth distribution between 15 and

30 m; Fig 8). Also, the krill swarm encounter rate was higher and more variable in the day at

3.7 swarms/nautical mile (CV = 55.8%) compared to the night time encounter rate 1 swarm/

nautical mile (CV = 37.7%).

Recalculation of krill biomass for day-night differences

After finding statistically different day-night differences in krill mean areal biomass density

and krill swarm depth distribution we recalculated krill biomass using only the day time data

(n = 932; 65% of the integration intervals; Fig 9 & Table 3).
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Latitudinal variation

The latitudinal height of the ‘Mawson Box’ survey (purple shaded area Fig 10) was 0.63˚ (69.9

km). We used this latitudinal height to divide transects 2 to 5 into four equal width bands

(dashed lines labelled A to D, Fig 10). Latitudinal band D aligned with the Mawson

box enabling comparison with the main survey.

There were significant differences between the conditional krill density in one or more lati-

tudinal bands (Kruskal-Wallis, p = 0.0011; upper panel Fig 11). Pairwise comparisons revealed

differences between the Mawson box conditional densities and those in band-B and band-C.

Conditional densities in the Mawson box were similar in latitudinal band-D, which is the

same latitudinal band as the Mawson box. Interestingly, band-A, the band furthest from the

Mawson box (upper panel Fig 11) had similar conditional krill densities as the Mawson box.

In contrast, band A had the fewest integration intervals containing krill (lower panel Fig 11).

Fig 3. Routine (planned) and target (responsive) net trawls. Krill total length (mm) here are from the rectangular

mid-water trawl (RMT) samples. The mean TL for each trawl is a solid vertical line and for nets with 30 or more

samples, the 95% confidence interval of the mean TL is shown as a vertical grey region.

https://doi.org/10.1371/journal.pone.0271078.g003

Fig 4. Length frequency distribution of krill combined from all trawls (n = 3,247) and used to calculate the NASC

to areal krill biomass density.

https://doi.org/10.1371/journal.pone.0271078.g004
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The distribution of krill densities was similar in the Mawson box and band-D (KS-test,

D = 0.048, p-value = 0.98) and similar means (t-test, t = -0.78, p-value = 0.44).

Discussion

From this work, krill biomass for the eastern sector of the CCAMLR Division 58.4.2 is esti-

mated at 4.8 million tonnes (2.5–7.1 million tonnes, lower and upper bounds). Areal bio-

mass density estimated here, (6.4 gm-2, CV = 28.9%), is considerably lower than other

estimates from East Antarctica (although see [24]). A recalculation of the 2006 BROKE-

West (30˚E to 80˚E; entire CCAMLR Division 58.4.2) krill biomass estimate, revising the

work of Jarvis et al. [11], to account for changes in the parameterisation of the krill target

strength (TS) model and acoustic data processing gave r̂ = 20.5 gm-2 (CV = 16%) [25]. In

March 1996 the adjacent CCAMLR Division (58.4.1; 80˚ to 150˚E) had a krill biomass den-

sity of 5.5 gm-2 (CV = 17%) [26], however this was calculated with a different target strength

model [27] which probably gave a lower biomass density estimate [18] compared to the cur-

rent TS model [17].

Fig 5. Krill total length to wet mass relationship. Observations are grey semi-transparent dots, the fitted model is a

solid black line and the 95% confidence intervals, determined by non-parametric bootstrap, are dashed lines.

https://doi.org/10.1371/journal.pone.0271078.g005

PLOS ONE Krill biomass in the East Antarctic

PLOS ONE | https://doi.org/10.1371/journal.pone.0271078 August 24, 2022 10 / 19

https://doi.org/10.1371/journal.pone.0271078.g005
https://doi.org/10.1371/journal.pone.0271078


Diel vertical migration signal

Our analyses found significant differences in krill areal density between day and night. We

assessed diel vertical migration (DVM) at three analysis scales: (i) areal biomass density at the

one nautical mile integration interval; (ii) evidence of DVM at the scale of swarms, and (iii)

the vertical distribution of krill (survey scale). Using method one we found lower areal biomass

density during nighttime. The results of method two were equivocal. No consistent changes

Fig 6. Krill areal biomass density per one nautical mile integration interval to a 250 m water depth. Circle colour is related to a category of krill areal

biomass density denoted by the intervals in the legend. The eastern sector of CCAMLR Division 58.4.2 covered by the survey is shown as a grey shaded area

with a purple boundary. The background bathymetry grid is from The GEBCO_2014 Grid, version 20150318, www.gebco.net.

https://doi.org/10.1371/journal.pone.0271078.g006

Table 2. Day and night data transect level results for the random sampling theory estimator. NB transects one and six are down weighted to account for the transect

being placed on the Division eastern and western boundaries respectively (shown in the transect length weight). The transect weight column is the random sampling theory

estimator transect weights (based on the reduced transect lengths). Surveying was carried out both day and night.

Transect

number

Transect length (nautical

mile)

Transect length

weight

Transect

weight

Biomass density (gm-

2)

Weighted biomass density

(gm-2)

Density

deviation

1 205.8 0.5 0.519 5.1 2.6 1.25

2 278.7 1.0 1.407 11.4 16.0 26.80

3 275.4 1.0 1.390 5.4 7.5 0.59

4 252.2 1.0 1.273 5.0 6.3 1.45

5 243.3 1.0 1.228 3.7 4.6 5.93

6 72.0 0.5 0.182 0.1 0.0 37.23

https://doi.org/10.1371/journal.pone.0271078.t002
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were found in the vertical distribution of krill swarms at dawn or dusk. This might be due to a

change in tilt angle of krill during ascent resulting in a reduction in backscattering cross sec-

tion, which in turn reduces krill target strength and so the detectability of krill [28]. Also, the

low swarm encounter rate makes detecting this signal difficult. The DVM signal is much easier

to detect in acoustic scattering layers because the layers are often present as strong echoes (e.g.

fish with swim bladders) and are also continuous features, although rarely at high latitudes

[29].

For ship-based surveys, the surface zone, in this case from the sea surface to 20 m water

depth is unsampled. The peak in night time swarm depth distribution occurred at 30 m water

Fig 7. Diel patterns of krill swarm depth and internal density for each transect. Each of the six transects is shown on a separate panel labelled 1 to 6. NB the

different start and end latitudes (x-axis) for each transect are denoted as grey rectangles. Day and night are defined as civil day-night and swarms coloured light

grey for day and dark grey for night. The area of each swarm circle is proportional to internal swarm volumetric density (gm-3) and the black dashed line is a

LOESS smooth (span = 0.4) through the centre of mass, i.e. the mean swarm depth weighted by mean swarm internal density.

https://doi.org/10.1371/journal.pone.0271078.g007
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depth, providing some evidence that krill swarms were missed during night time surveys

(Fig 8).

Given the day-night differences we found in the statistical distribution of krill areal biomass

density and the vertical distribution of krill swarms, we recalculated the biomass estimate

using day time data only, which gave a higher biomass estimate and CV compared to com-

bined day and night data.

Krill morphology and species identification

Seasonal changes in krill morphology will also affect krill target strength (TS; [28, 30]). This

survey took 26 days to complete and krill growth during this time will potentially increase krill

length and girth [31, 32]. The current krill TS model implements girth as the fatness coefficient

[17]. Feeding may change krill material properties (density and sound speed contrasts, also

implemented in the current krill TS model; [17]), although it is unclear if seasonal changes or

natural variation would dominate TS variance at the spatial scale or over the duration of the

survey.

There does not appear to be any systematic spatial pattern in length frequency during sur-

vey (Figs 2 & 3). As growth rate of krill in this region is known to range -0.006 to 0.091 mm

Fig 8. Distribution of krill swarms by water depth, split by day and night.

https://doi.org/10.1371/journal.pone.0271078.g008
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per day in February and March [33], the entire krill length frequency (Fig 4) was used to con-

vert sA to ρ, both of which eliminate any temporal bias in length frequency data.

Net sampling during the survey was a combination of routine and target trawls. The lower

encounter rate of swarms and bad weather days meant that the planned number of target and

routine trawls was not reached. Arguably the spatial distribution of krill length frequency was

under sampled on this survey, which is why we have not explicitly accounted for spatial varia-

tion in krill length frequency (Fig 4).

Ice krill was present in the net samples. The current acoustic sampling and processing

methods cannot discriminate between Antarctic krill and ice krill [23] so it is possible that

some of the acoustic signal allocated to Antarctic krill, and hence the biomass estimate may

actually be from ice krill. Although, this possible confusion between acoustic echoes from ice

Fig 9. Day/night effort distribution of survey. Point area is proportional to krill areal biomass density. The background bathymetry grid is from The

GEBCO_2014 Grid, version 20150318, www.gebco.net.

https://doi.org/10.1371/journal.pone.0271078.g009

Table 3. Krill biomass estimate for the eastern sector of the CCAMLR Division 58.4.2.

Biomass (million tonnes)

Data name Density estimate CV Estimate Lower bound Upper bound

All data 6.2 gm-2 24.2% 2.5 4.8 7.1

Day time only 8.3 gm-2 28.9% 2.7 6.2 9.7

https://doi.org/10.1371/journal.pone.0271078.t003
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krill or Antarctic krill will only probably occur in areas of the survey that sample coastal

regions [34].

Latitudinal variation

The overlap in conditional density krill distributions between the Mawson box and latitudinal

band D (Figs 10 & 11), coupled with similar krill presence-absence suggests that the Mawson

box can be representative of krill distribution within the latitudinal extents of the Mawson

box. This suggests that it may be viable to estimate krill density over a large area using a series

of small-surveys extrapolated to several, potentially overlapping, latitudinal bands.

The increase in conditional density of krill at the northernmost survey extent (band A, Figs

10 & 11) was possibly caused by a non-linear relationship between krill and its environment

(e.g. [35, 36]). It may however, also be caused by individual krill swarms attempting to main-

tain an internal biomass, despite reduced regional, in this case latitudinal band, biomass [37].

Summary

Krill biomass for the eastern sector of CCAMLR Division 58.4.2 is estimated at 4.2 million

tonnes with areal biomass densities of 6.4 gm-2. Observed krill densities were higher in the day

than night. This is indicative of krill moving closer to the surface at night above the minimum

observation depth of the echosounder. This diel vertical migration pattern is not ubiquitous.

Fig 10. Variation in krill density with latitude. The main-survey transects were divided into four latitudinal bands (black dashed lines; labelled A to D).

Latitudinal band width was 0.63˚ which is equal to the latitudinal width of the Mawson box (shaded rectangle) located in latitudinal band D. NB latitudinal

band letters are coloured coded to match Fig 11. The background bathymetry grid is from The GEBCO_2014 Grid, version 20150318, www.gebco.net.

https://doi.org/10.1371/journal.pone.0271078.g010
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Krafft et al. [14] for example, did not detect a DVM signal in krill densities during their large-

scale survey of the Southwest Atlantic sector of the Southern Ocean.

In order to make the scaling of small surveys to larger areas useful for krill management, i.e.

setting krill catch limits, there is more work to be done in variance estimation and more data

collection and testing of how representative the small surveys area across latitudinal bands.

Supporting information

S1 Table. Calibration parameters and operation settings for the 120 kHz Simrad EK80

echosounder.

(DOCX)

Fig 11. Krill density split into latitudinal bands (see Fig 10 for bands). Krill densities from one nautical mile echo integration intervals from the main survey

data were allocated to a band. Mawson box densities are given in the final column. The upper panel is conditional krill density (i.e. all non-zero krill densities; ρ
[ρ>0]). The lower panel is the percentage of echo integration intervals containing krill. The solid horizontal lines are p-values from paired t-tests comparing

krill densities in each of the bands to krill densities in the Mawson box.

https://doi.org/10.1371/journal.pone.0271078.g011

PLOS ONE Krill biomass in the East Antarctic

PLOS ONE | https://doi.org/10.1371/journal.pone.0271078 August 24, 2022 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271078.s001
https://doi.org/10.1371/journal.pone.0271078.g011
https://doi.org/10.1371/journal.pone.0271078


S1 Fig. Effect of mean volume backscattering strength (Sv) noise filter setting on cumula-

tive NASC. The noise removal filter Sv threshold can remove low-volume, high-density, krill

echoes. Following the procedure of [14] the effect of varying the noise removal filter Sv thresh-

old was investigated. The TEMPO voyage Sv data was processed with a noise removal thresh-

old of—40 dB re 1 m-1 (solid black line) which did not remove any krill echoes. Lower value

thresholds (-41 to -44 dB re 1 m-1) removed krill echoes.

(TIF)

Acknowledgments

We thank Keith Reid for his encouragement and support during the writing of this

manuscript.

We also thank Karen Westwood for voyage management and planning, and Nat Kelly for

statistical support to the voyage and comments on the manuscript.

Author Contributions

Conceptualization: Martin J. Cox, So Kawaguchi.

Formal analysis: Martin J. Cox, Gavin Macaulay, Abigail J. R. Smith, Simon Wotherspoon.

Funding acquisition: Martin J. Cox, So Kawaguchi.

Investigation: Martin J. Cox, Gavin Macaulay, Madeleine J. Brasier, Alicia Burns, Olivia J.

Johnson, Dale Maschette, Jessica Melvin, Abigail J. R. Smith, Christine K. Weldrick, Simon

Wotherspoon, So Kawaguchi.

Methodology: Martin J. Cox, Gavin Macaulay, Rob King, Simon Wotherspoon.

Resources: Rob King, So Kawaguchi.

Software: Martin J. Cox, Gavin Macaulay, Dale Maschette, Simon Wotherspoon.

Supervision: Gavin Macaulay, Rob King, So Kawaguchi.

Validation: Gavin Macaulay, Jessica Melvin.

Visualization: Martin J. Cox, Dale Maschette.

Writing – original draft: Martin J. Cox.

Writing – review & editing: Martin J. Cox, Gavin Macaulay, Madeleine J. Brasier, Alicia

Burns, Olivia J. Johnson, Rob King, Dale Maschette, Jessica Melvin, Abigail J. R. Smith,

Christine K. Weldrick, Simon Wotherspoon, So Kawaguchi.

References
1. Cavan EL, Belcher A, Atkinson A, Hill SL, Kawaguchi S, McCormack S, et al. The importance of Antarc-

tic krill in biogeochemical cycles. Nat Commun. 2019; 10: 4742. https://doi.org/10.1038/s41467-019-

12668-7 PMID: 31628346

2. Everson I. Distribution and Standing Stock—3.3 The Southern Ocean. In: Everson I, editor. Krill: Biol-

ogy, Ecology and Fisheries. Wiley; 2000. pp. 63–81.

3. Nicol S, Kawaguchi S. Krill fishery. In: Thiel GLA, editor. Fisheries and Aquaculture. New York, USA:

Oxford University Press; 2020. pp. 137–158.

4. Constable AJ, De la Mare WK. A generalised model for evaluating yield and the long-term status of fish

stocks under conditions of uncertainty. CCAMLR Science. 1996; 3: 31–54.

PLOS ONE Krill biomass in the East Antarctic

PLOS ONE | https://doi.org/10.1371/journal.pone.0271078 August 24, 2022 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271078.s002
https://doi.org/10.1038/s41467-019-12668-7
https://doi.org/10.1038/s41467-019-12668-7
http://www.ncbi.nlm.nih.gov/pubmed/31628346
https://doi.org/10.1371/journal.pone.0271078


5. CCAMLR. Report of the Thirty-Sixth Meeting of the Scientific Committee (SC-CAMLR-XXXVI).

CCAMLR; 2017. Report No.: SC-CAMLR-XXXVI/06. Available: https://www.ccamlr.org/en/sc-camlr-

xxxvi

6. Nicol S, Pauly T, Bindoff NL, Wright S, Thiele D, Hosie GW, et al. Ocean circulation off east Antarctica

affects ecosystem structure and sea-ice extent. Nature. 2000; 406: 504–507. https://doi.org/10.1038/

35020053 PMID: 10952309

7. Nicol S, Meiners K, Raymond B. BROKE-West, a large ecosystem survey of the South West Indian

Ocean sector of the Southern Ocean, 30˚E–80˚E (CCAMLR Division 58.4.2). Deep Sea Research Part

II: Topical Studies in Oceanography. 2010. pp. 693–700. https://doi.org/10.1016/j.dsr2.2009.11.002

8. CCAMLR. Report of the Thirty-Eighth Meeting of the Scientific Committee SC-CAMLR-38). Commis-

sion for the Conservation of Antarctic Marine Living Resources; 2019. Report No.: SC-CAMLR-38.

Available: https://www.ccamlr.org/en/sc-camlr-xxxvi

9. Veytia D, Corney S, Meiners KM, Kawaguchi S, Murphy EJ, Bestley S. Circumpolar projections of Ant-

arctic krill growth potential. Nature Climate Change. 2020; 10: 568–575.

10. Demer DA, Berger L, Bernasconi M, Bethke E, Berger L, Bernasconi M, et al. Calibration of acoustic

instruments. CES Cooperative Research Report; 2015. Report No.: 326. Available: http://dx.doi.org/10.

25607/OBP-185

11. Jarvis T, Kelly N, Kawaguchi S, van Wijk E, Nicol S. Acoustic characterisation of the broad-scale distri-

bution and abundance of Antarctic krill (Euphausia superba) off East Antarctica (30–80˚E) in January-

March 2006. Deep-sea research Part II, Topical studies in oceanography. 2010; 57: 916–933.

12. Everson I, Bone DG. Effectiveness of the RMT8 system for sampling krill (Euphausia superba) swarms.

Polar Biol. 1986; 6: 83–90.

13. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical

Computing; 2021. Available: https://www.R-project.org/

14. Krafft BA, Macaulay GJ, Skaret G, Knutsen T, Bergstad OA, Lowther A, et al. Standing stock of Antarc-

tic krill (Euphausia superba Dana, 1850) (Euphausiacea) in the Southwest Atlantic sector of the South-

ern Ocean, 2018–19. J Crustacean Biol. 2021; 41. https://doi.org/10.1093/jcbiol/ruab046

15. MacLennan DN, Fernandes PG, Dalen J. A consistent approach to definitions and symbols in fisheries

acoustics. ICES J Mar Sci. 2002; 59: 365–369.

16. Harrison L-MK, Cox MJ, Skaret G, Harcourt R. The R package EchoviewR for automated processing of

active acoustic data using Echoview. Frontiers in Marine Science. 2015; 2. https://doi.org/10.3389/

fmars.2015.00015

17. Calise L, Skaret G. Sensitivity investigation of the SDWBA Antarctic krill target strength model to fat-

ness, material contrasts and orientation. CCAMLR Sci. 2011; 18: 97–122.

18. Demer DA, Conti SG. New target-strength model indicates more krill in the Southern Ocean. ICES J

Mar Sci. 2005; 62: 25–32.

19. Jolly GM, Hampton I. A Stratified Random Transect Design for Acoustic Surveys of Fish Stocks. Cana-

dian Journal of Fisheries and Aquatic Sciences. 1990. pp. 1282–1291. https://doi.org/10.1139/f90-147

20. Trathan P.N., Watkins J.L., Murray A.W.A., Hewitt R.P., Naganobu M., Sushin V., et al. The CCAMLR-

2000 Krill Synoptic Survey: A Description of the Rationale and Design. CCAMLR Sci. 2001; 8: 1–23.

21. Thieurmel B, Elmarhraoui A. suncalc: Compute Sun Position, SunlightPhases, Moon Position and

Lunar Phase. 2019. Available: https://CRAN.R-project.org/package=suncalc

22. Hewitt RP, Watkins J, Naganobu M, Sushin V, Brierley AS, Demer D, et al. Biomass of Antarctic krill in

the Scotia Sea in January/February 2000 and its use in revising an estimate of precautionary yield.

Deep Sea Res Part 2 Top Stud Oceanogr. 2004; 51: 1215–1236.

23. Lawson GL, Wiebe PH, Stanton TK, Ashjian CJ. Euphausiid distribution along the Western Antarctic

Peninsula—Part A: Development of robust multi-frequency acoustic techniques to identify euphausiid

aggregations and quantify euphausiid size, abundance, and biomass. Deep Sea Research Part II: Topi-

cal Studies in Oceanography. 2008. pp. 412–431. https://doi.org/10.1016/j.dsr2.2007.11.010

24. Abe K., Matsukura R., Yamamoto N., Amakasu K., and Murase H. A revised biomass estimation of Ant-

arctic krill based on the up-to-date swarm based method for CCAMLR Division 58.4.1 in 2018/19 using

data obtained by Japanese survey vessel, Kaiyo-maru. CCAMLR; 2021. Report No.: WG-ASAM-2021/

06.

25. Cox M.J., and Kawaguchi S. Recalculation of Antarctic Krill (Euphausia superba) Biomass Off East Ant-

arctica (30˚-80˚ E) in January-March 2006. Commission for the Conservation of Antarctic Marine Living

Resources; 2012. Report No.: SC-CAMLR-XXXVI/06.

26. Pauly T, Nicol S, Higginbottom I, Hosie G, Kitchener J. Distribution and abundance of Antarctic krill

(Euphausia superba) off East Antarctica (80–150˚E) during the Austral summer of 1995/1996. Deep

PLOS ONE Krill biomass in the East Antarctic

PLOS ONE | https://doi.org/10.1371/journal.pone.0271078 August 24, 2022 18 / 19

https://www.ccamlr.org/en/sc-camlr-xxxvi
https://www.ccamlr.org/en/sc-camlr-xxxvi
https://doi.org/10.1038/35020053
https://doi.org/10.1038/35020053
http://www.ncbi.nlm.nih.gov/pubmed/10952309
https://doi.org/10.1016/j.dsr2.2009.11.002
https://www.ccamlr.org/en/sc-camlr-xxxvi
http://dx.doi.org/10.25607/OBP-185
http://dx.doi.org/10.25607/OBP-185
https://www.R-project.org/
https://doi.org/10.1093/jcbiol/ruab046
https://doi.org/10.3389/fmars.2015.00015
https://doi.org/10.3389/fmars.2015.00015
https://doi.org/10.1139/f90-147
https://CRAN.R-project.org/package=suncalc
https://doi.org/10.1016/j.dsr2.2007.11.010
https://doi.org/10.1371/journal.pone.0271078


Sea Research Part II: Topical Studies in Oceanography. 2000. pp. 2465–2488. https://doi.org/10.1016/

s0967-0645(00)00032-1

27. Greene CH, Stanton TK, Wiebe PH, McCiatchie S. Acoustic estimates of Antarctic krill. Nature. 1991;

349: 110–110.

28. Bairstow F, Gastauer S, Finley L, Edwards T, Brown CTA, Kawaguchi S, et al. Improving the Accuracy

of Krill Target Strength Using a Shape Catalog. Frontiers in Marine Science. 2021; 8. https://doi.org/10.

3389/fmars.2021.658384

29. Proud R, Cox MJ, Le Guen C, Brierley AS. Fine-scale depth structure of pelagic communities through-

out the global ocean based on acoustic sound scattering layers. Mar Ecol Prog Ser. 2018; 598: 35–48.

30. Sakinan S, Lawson GL, Wiebe PH, Chu D, Copley NJ. Accounting for seasonal and composition-related

variability in acoustic material properties in estimating copepod and krill target strength. Limnol Ocea-

nogr Methods. 2019; 17: 607–625.

31. Goebel ME, Lipsky JD, Reiss CS, Loeb VJ. Using carapace measurements to determine the sex of Ant-

arctic krill, Euphausia superba. Polar Biol. 2007; 30: 307–315.

32. Constable AJ, Kawaguchi S. Modelling growth and reproduction of Antarctic krill, Euphausia superba,

based on temperature, food and resource allocation amongst life history functions. ICES J Mar Sci.

2017; 75: 738–750.

33. Kawaguchi S, Candy SG, King R, Naganobu M, Nicol S. Modelling growth of Antarctic krill. I. Growth

trends with sex, length, season, and region. Mar Ecol Prog Ser. 2006; 306: 1–15.

34. Nicol S, Virtue P, King R, Davenport SR, McGaffin AF, Nichols P. Condition of Euphausia crystalloro-

phias off East Antarctica in winter in comparison to other seasons. Deep Sea Res Part 2 Top Stud

Oceanogr. 2004; 51: 2215–2224.

35. Trathan PN, Brierley AS, Brandon MA, Bone DG, Goss C, Grant SA, et al. Oceanographic variability

and changes in Antarctic krill (Euphausia superba) abundance at South Georgia. Fisheries Oceanogra-

phy. 2003. pp. 569–583. https://doi.org/10.1046/j.1365-2419.2003.00268.x

36. Bestley S, Raymond B, Gales NJ, Harcourt RG, Hindell MA, Jonsen ID, et al. Predicting krill swarm

characteristics important for marine predators foraging off East Antarctica. Ecography. 2018; 41: 996–

1012.

37. Brierley AS, Cox MJ. Fewer but not smaller schools in declining fish and krill populations. Curr Biol.

2015; 25: 75–79. https://doi.org/10.1016/j.cub.2014.10.062 PMID: 25467893

PLOS ONE Krill biomass in the East Antarctic

PLOS ONE | https://doi.org/10.1371/journal.pone.0271078 August 24, 2022 19 / 19

https://doi.org/10.1016/s0967-0645%2800%2900032-1
https://doi.org/10.1016/s0967-0645%2800%2900032-1
https://doi.org/10.3389/fmars.2021.658384
https://doi.org/10.3389/fmars.2021.658384
https://doi.org/10.1046/j.1365-2419.2003.00268.x
https://doi.org/10.1016/j.cub.2014.10.062
http://www.ncbi.nlm.nih.gov/pubmed/25467893
https://doi.org/10.1371/journal.pone.0271078

