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We consider how the ongoing recovery of baleen whale populations requires
improved understanding when managing the largest commercial fishery in the
Southern Ocean, the fishery for Antarctic krill. Baleen whales already represent
one of the major consumers of krill, and as such compete with the fishery.
However, they are not explicitly included either in the monitoring programme or
the krill fisheries management approach of the Commission for the Conservation
of Antarctic Marine Living Resources (CCAMLR). Individual baleen whales are at
direct mortality risk from ship strike, entanglement, or by-catch. In addition, sub-
lethal impacts on individuals, albeit with population-level consequences, via
decreased body condition and reproductive rates, may arise from local
depletion of prey and prey-field disturbance that increases whale energetic
costs. Mitigating these risks requires that baleen whales, including those
species not yet recovered, are fully integrated into management procedures. A
vital issue will be to facilitate the ongoing recovery of blue, fin and sei whales,
populations of which are still heavily depleted relative to their pre-whaling
abundance. Part of the answer to this will be how CCAMLR resolves
outstanding issues related to its newly emerging revised krill fishery
management framework. Management of the krill fishery is data-poor, with
much of the scientific support reliant upon data that are now decades old. The
decision rules for determining sustainable yields need careful re-evaluation,
given they were negotiated at a time when baleen whales were rarely
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observed, and krill fishery catches were low in relation to the estimated available
krill biomass. The Antarctic marine ecosystem is spatially and temporally
dynamic, and is changing, yet CCAMLR still assumes a static system. An explicit
commitment to collect up-to-date monitoring data about krill and baleen whales
is vital to help inform the revised management framework. Precaution argues
that catch levels should not increase until adequate data are available for effective
management. Knowledge about the status of baleen whales will inevitably
require close collaboration with the International Whaling Commission.

KEYWORDS

CCAMLR, Antarctic krill fishery, baleen whale recovery, mitigation, resource competition

1 Introduction

Human impacts in the Southern Ocean have lagged behind
those of more-northerly latitudes (Halpern et al., 2008; 2015),
including for living resource exploitation. Nevertheless, high-value
marine species (e.g., seals and whales) were targeted from the early
17" century, before interests shifted to species of lesser commercial
value (see Pauly et al., 1998; Jackson et al., 2001; Croxall and
Trathan, 2004). Today, the consequences of that early exploitation
continue to have ramifications, not just for those species harvested
historically, but also for other ecosystem components, including
modern day fisheries. Some species were targeted outside our
primary geographic focus, the southwest Atlantic (Figure 1), but
connectivity through seasonal migration would nevertheless have
influenced our core area of interest.

The changing status of the Southern Ocean and its ecological
communities are currently the centre of an important scientific,
economic and political debate that is primarily set in the southwest
Atlantic, principally along the Antarctic Peninsula and within the
Scotia Sea (FAO Subareas 48.1, 48.2, 48.3 and 48.4). In this paper, we
consider the fishery for Antarctic krill (Euphausia superba; hereafter,
krill) and the implications of ecosystem recovery following historical
over-exploitation, particularly the recovery of krill-eating baleen
whales. Our focus is on those locations where the highest krill
catches have been taken over the past 40 years and where different
baleen whale species are increasingly abundant (e.g., Hedley et al,
2001; Baines et al., 2021; 2022; Herr et al., 2022; Biuw et al., 2024).

This review follows from a Workshop (attended by 33 people, in
person and on-line) held at the Oxford University Museum of
Natural History in October 2023. The Workshop considered the
need to improve scientific understanding about interactions
between baleen whales and the commercial krill fishery. The
Workshop provided the authors with the impetus to develop this
paper, augmenting material presented at the Workshop with
discussions after the Workshop, and scientific insights from
all authors.

Frontiers in Marine Science

We consider how effective management of the krill fishery may
be improved so that it meets the challenges presented by a variable
and changing ecosystem. In section 1, we provide a brief overview of
historical exploitation in the southwest Atlantic, including
development of the modern-day legal management instruments.
In section 2, we detail the current management approach for the
krill fishery, and explore the revised management framework under
active development. In section 3, we consider interactions between
the krill fishery and recovering populations of baleen whales. In
section 4, we discuss the energetic demands of baleen whales, whilst
in section 5, we review baleen whale population status. In section 6,
we identify knowledge gaps in krill fishery management together
with plausible alternative futures for the Southern Ocean. In section
7, we consider future management steps, and in section 8, offer a
number of conclusions.

The krill fishery is a legal fishery, but it is data-poor and has
been slow to develop. However, economic interests are now leading
to increased catches (see CCAMLR, 2023a), with approximately
500,000 t (metric tonnes) taken in the 2023/24 fishing season. To
prevent any repeat of ineffective regulation (as with historical
sealing, whaling, and fishing), it is essential to ensure that krill
fishery management is fit for purpose, including with effective
precautionary ecosystem safeguards, given that impacts of krill
fishing remain poorly understood.

1.1 Historical exploitation in the
southwest Atlantic

Until the early 1600s, the southwest Atlantic remained relatively
unaffected by human activities. However, as humans ventured
southward seeking new economic opportunities, marine living
resource exploitation gradually gained pace. Slow moving
southern right whales (Eubalaena australis) were one of the first
species targeted, primarily on their wintering grounds off the coast
of modern-day Brazil (Hart and Edmundson, 2017; Vieira, 2023).
Initially, in the early 17" century, shore-based whaling stations
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(Map) The southwest Atlantic (Antarctic Peninsula, Scotia Sea and northern Weddell Sea) with FAO Subareas 48.1 (Antarctic Peninsula and South
Shetland Islands), 48.2 (South Orkney Islands), 48.3 (South Georgia) and 48.4 (South Sandwich Islands). The fishery for krill operates primarily in
coastal waters to the north of the Peninsula, and to the north of the island archipelagos; green polygons are redrawn from Warwick-Evans et al.
(2018) and Trathan et al. (2021; 2022b). (Histograms) Catch histories are derived from CCAMLR (2023a; 2023c); note y-axes differ in the histograms.

were used, but by the 18" and 19" centuries North American and
British pelagic operations dominated (Townsend, 1935; Tonnessen
and Johnsen, 1982; Smith et al., 2012). As these industries
developed, North American and British sealers also began to
exploit the abundant Antarctic fur seal (Arctocephalus gazella)
rookeries at South Georgia and other island archipelagos (Payne,
1977; Grant, 2001). As some of these stocks also declined, and as
whaling methods evolved, exploitation again shifted, so that by the
beginning of the 20" century, harvesting of other baleen whale
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species and sperm whales (Physeter macrocephalus) (i.e., the “great
whales”) was well established. Later, with the demise of the great
whales, other species were sought, so that by the latter half of the
20" century, fishing for finfish and krill had begun. Much of the
recent history is well-documented (Laws, 1953; Bonner, 1980; 1984;
Everson, 1977; Kock, 1992; Trathan and Reid, 2009; Hofman, 2017;
2019; Hart, 2020; 2021). Antarctic whaling finally came to an end in
2018/19 when Japan ended ‘scientific’ whaling in the Southern
Ocean (Hofman, 2019).
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1.2 Modern regulation of marine living
resource exploitation

In 1980, the multilateral Convention on the Conservation of
Antarctic Marine Living Resources (hereafter, CAMLR
Convention) was agreed, so that exploitation of marine
biodiversity was finally brought under strict international control.
Importantly, the establishment of the CAMLR Convention was
rooted in the whaling problem (Hofman, 2019). The CAMLR
Convention is implemented by a Commission (the Commission
for the Conservation of Antarctic Marine Living Resources;
hereafter, CCAMLR) comprising 26 Member States plus the
European Union. The Commission is advised by a Scientific
Committee. In 1982, living resource exploitation was further
controlled when the International Whaling Commission (IWC)
decided that there should be a pause in commercial whaling on all
whale species and populations from the 1985/86 season onwards
(IWC, 1983). This pause is often referred to as the commercial
whaling moratorium, and remains in place today. The IWC
comprises 88 Member States, and is also advised by a Scientific
Committee. Between them, CCAMLR and the IWC have
responsibility for managing the living resources across the
Southern Ocean. Although CCAMLR does not regulate whaling,
that being the remit of the IWC, it must remain mindful of the role
of whales in the ecosystem. See Hofman (2017) for a discussion
about the origins of both IWC and CCAMLR.

The serial over-exploitation of living resources led to enormous
ecological change in the southwest Atlantic, much of which is not
well understood. Many of the species targeted (e.g., Antarctic fur
seals, various baleen whale species, demersal fish species) relied
upon krill as a key dietary component. Krill is now the target of the
largest commercial fishery (by weight) in the Southern Ocean, with
all catches currently taken from the southwest Atlantic (CCAMLR,
2023a). This juxtaposition of historical and modern-day
exploitation now presents important management challenges for
CCAMLR, albeit challenges foreseen by the authors of the CAMLR
Convention (Box 1).

Article II is key for interpreting how CCAMLR must manage
modern harvesting and the need to restore historically depleted

BOX 1 Article Il from the CAMLR Convention (CCAMLR, 1980), states:

10.3389/fmars.2024.1458042

populations. Further, Article II also offers advice about climate
change, an issue that increases management uncertainty.

Today, only three marine species are commercially exploited in
the southwest Atlantic (Agnew, 2004); krill, mackerel icefish
(Champsocephalus gunnari) and Patagonian toothfish
(Dissostichus eleginoides). In this paper, we focus upon the
krill fishery.

2 Management of the krill fishery

Vessels from the former Soviet Union and Japan initiated
exploratory fishing for krill in the Antarctic in the 1960s
(Hofman, 2017). However, the CCAMLR database only holds
data on krill catches from 1973. Since then, catches of krill have
been reported by 19 nations. Over the past decade, six nations have
fished for krill (CCAMLR, 2023a).

2.1 CCAMLR's krill yield model

CCAMLR sets a precautionary catch limit for the krill fishery
using a set of decision rules (Box 2) that estimate the proportion of
the krill stock that could be fished whilst still achieving the objective
of the CAMLR Convention (CCAMLR, 2023a). This precautionary
catch limit is set on the basis of a sustainable yield (gamma; see Box
2) that can be taken as a constant catch. CCAMLR determines the
yield using a stochastic stock assessment model intended to assess
the status of the krill stock under various levels of uncertainty
(Constable and de la Mare, 1996). The latest model is coded in R
and is publicly available at https://github.com/ccamlr/
Grym_Base_Case/tree/Simulations. The precautionary catch limit
is derived using the yield estimator from the model and an estimate
of stock biomass derived from a large-scale acoustic survey
undertaken in 2000 (Fielding et al, 2011). A large-scale survey
was used to avoid complexities associated with movement of krill
within the ecosystem.

According to Constable et al. (2000): the first rule is intended to
protect the krill stock itself (the ‘recruitment’ criterion of Article II 3

1 The objective of this Convention is the conservation of Antarctic marine living resources.

2 For the purposes of this Convention, the term ‘conservation’ includes rational use.

3 Any harvesting and associated activities in the area to which this Convention applies shall be conducted in accordance with the provisions of this Convention and

with the following principles of conservation:

a) prevention of decrease in the size of any harvested population to levels below those which ensure its stable recruitment. For this purpose its size should not

be allowed to fall below a level close to that which ensures the greatest net annual increment;

b) maintenance of the ecological relationships between harvested, dependent and related populations of Antarctic marine living resources and the restoration

of depleted populations to the levels defined in sub-paragraph (a) above; and

c) prevention of changes or minimisation of the risk of changes in the marine ecosystem which are not potentially reversible over two or three decades, taking

into account the state of available knowledge of the direct and indirect impact of harvesting, the effect of the introduction of alien species, the effects of

associated activities on the marine ecosystem and of the effects of environmental changes, with the aim of making possible the sustained conservation of

Antarctic marine living resources.
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BOX 2 The following rules (Butterworth et al., 1992; Constable et al., 2000) are applied to determine the precautionary harvest rate for krill:

1. Choose the yield, gammal, such 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 the yield, gammaz2, such 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 gammal and gamma2 as the sustainable yield.

The precautionary catch limit (PCL) is derived from the yield estimator selected in step 3 (gamma; A) multiplied by an estimate of biomass from a stock survey,

intended to represent the unexploited biomass (By), viz: PCL = Af,.

(a)); the second rule is intended to protect natural predators (the
‘predator’ criterion of Article II 3(b)); whilst the length of time over
which the risk is evaluated (20 years) relates to Article II 3(c)
(Box 1). The third rule selects the most precautionary option
between rules one and two.

Since the decision rules were first negotiated, scientific
information about both the krill stock and about krill-dependent
predators has been increasing, given more than four decades of
ongoing scientific research (e.g., Meyer et al., 2020; Bestley et al.,
2020). In particular, with respect to the first rule, it has now been
well-established that krill abundance varies intra- (e.g., Reid et al,
2010), and inter-annually (e.g., Reiss et al., 2008; Skaret et al., 2023;
Fielding et al., 2014; Trathan et al., 2022a). Indeed, natural temporal
variability in biomass may mean that stock levels do naturally fall
below 20% of the pre-exploitation biomass with a probability
greater than 10% even in the absence of fishing (SC-CAMLR-
XXIX, 2010 [Annex 6, paragraph 2.78]). In years with naturally
low krill abundance, it would be precautionary to restrict, or even
close, the krill fishery (e.g., South Georgia in 1999 and 2009;
Trathan et al,, 2021). However, without appropriately timed stock
surveys, CCAMLR has not been able to do this. Consequently, with
the added impact of climate change on recruitment variability, the
current decision rule relating to the maintenance of stable
recruitment should be re-visited (CCAMLR, 2023a).

With respect to the second rule, CCAMLR allows an
escapement of 75% of the available krill biomass for natural
predators. This level has been chosen as the mid-point between
two differing management approaches (see Constable et al., 2000).
Firstly, taking no account of predator needs (50% escapement; that
is, treating krill as a single-species fishery, discounting the
ecosystem approach; but see Pauly and Froese, 2021), or secondly,
providing complete protection for predators (100% escapement;
that is, no krill fishery). However, the ecological complexities of rule
two have not been evaluated in detail, including whether different
predators might influence the level of krill consumed by other
species (i.e., indirect predator-predator interactions), or even alter
the overall demand for krill. Resolving such complexities depends
upon insights into various predator-prey (and predator-predator)
relationships. It also requires understanding about trophic
dependencies, which CCAMLR must grasp to fully implement an
ecosystem approach to fisheries management.

Currently, CCAMLR has not explicitly defined how it will
facilitate the recovery of previously depleted species and stocks
(including populations of predators), or how much krill should be
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available so that such populations can recover. Importantly, the
75% escapement under rule two is the only means of facilitating the
recovery of depleted stocks, including krill predators. Consequently,
understanding how total natural consumption may change in the
future as more populations of baleen whales recover, suggests that
CCAMLR should now consider how to implement a precautionary
strategy that allows for baleen whale recovery.

To achieve this, CCAMLR should now determine if the second
decision rule is adequate, and that 75% escapement is adequate to
facilitate the recovery of baleen whale populations at rates which
ensure their stable recruitment. However, CCAMLR will still need
to understand how predator-prey relationships for one predator
taxa might influence those for other predator taxa. Indeed, such
information will be vital for identifying whether the fishery does
lead to any changes in species abundance, or whether any such
observed changes might be a result of predator-predator
interactions, or a combination of interactions.

The decision rules were agreed following considerable negotiation
within CCAMLR, yet they have never been tested, as krill catches have
always remained small in relation to the estimated available biomass.
Now, with krill consumption by baleen whales increasing, at the same
time that commercial krill catches are also increasing, and with
pressure to increase catches even further, the decision rules should
be re-evaluated to ensure that they are fit for purpose. This requires that
any intrinsic assumptions are grounded in science. However, there is
little documentation available about the decision rules and about:
ecological assumptions inherent in the rules; possible ecological
consequences should assumptions be invalid; or research being
undertaken to validate relevant assumptions (Hofman, 2017; 2019).
Given the central importance of these rules, CCAMLR should
undertake a detailed evaluation as a matter of urgency.

Determining a revised set of decision rules is challenging and
hampered by mismatches in the scales of relevant data (e.g., seasonal
krill distribution and abundance and associated predator survival and
reproductive performance), as well as a lack of causal understanding
about confounding climatic and other ecosystem factors (see Sydeman
et al,, 2017). Nevertheless, some studies have shown that when prey
biomass decreases below 15 to 18% of its maximum recorded value,
predation by seabirds becomes an important pressure (Saraux et al,
2021). This suggests that a threshold of 18% should be considered a
limit to secure stocks of forage fish, and a point below which extra
cautious management may be required. Sydeman et al. (2017) offer a
set of best practices for investigations of fisheries-seabird competition.
However, most studies to date have primarily considered the needs of

frontiersin.org


https://doi.org/10.3389/fmars.2024.1458042
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Trathan et al.

seabirds, and to our knowledge none have considered the spatial and
temporal resource demands of baleen whales. Given the resurgence of
baleen whales, a review is now overdue.

2.2 CCAMLR's current krill fishery
management approach and
catch allocations

In the southwest Atlanticc, CCAMLR’s current management
approach for the krill fishery has relied upon two Conservation
Measures (CM), CM 51-01 (CCAMLR, 2010) and CM 51-07
(CCAMLR, 2023b). Respectively, these identified the catch limit
and the spatial distribution of that limit. CM 51-01 has no
expiration date, and continues until CCAMLR agrees otherwise
(CCAMLR, 2010). CM 51-07 expired at the end of the 2023/24
fishing season (CCAMLR, 2023b).

CCAMLR has agreed an annual precautionary catch limit of
5.61 Mt (million t) across the southwest Atlantic (Box 3), based
upon the decision rules (Box 2) and an acoustic survey undertaken
in 2000 which reported a standing stock of 60.3 Mt (Fielding et al.,
2011). The survey was repeated in 2019 using slightly different
acoustic techniques and different vessels, but the overall abundance
of krill remained very similar, albeit with a differing spatial
distribution (Krafft et al., 2021). Nevertheless, CCAMLR has
never permitted catches up to this precautionary catch limit due
to concerns about potential ecosystem impacts from fishing if
catches aggregate at small spatial and temporal scales.
Consequently, in the southwest Atlantic, CCAMLR has instigated
an interim catch limit of 620,000 t (the so-called ‘trigger level’) to
reduce the risk of ecosystem impacts from catch aggregation.

Currently, it is not operationally feasible to undertake large-
scale acoustic surveys every year; however, annual small-scale
surveys provide confidence about the continuing status of the
krill stock (e.g. Reiss et al., 2008; Skaret et al., 2023; Fielding et al.,
2014; Trathan et al., 2022a). Variability is known to exist in krill

10.3389/fmars.2024.1458042

distribution and abundance, plausibly driven by physical forcing
factors (Trathan and Murphy, 2003; Murphy et al., 2004; Trathan
et al., 2022a). Approximately 87% of the circumpolar krill stock
occurs offshore over waters >2000 m deep (Atkinson et al., 2008),
although the fishery primarily operates over shelf and shelf slope
areas (Figure 1) where krill density is much higher. Most catches are
taken around the Antarctic Peninsula (Subarea 48.1), to the west of
the South Orkney Islands (Subarea 48.2) and in waters adjacent to
South Georgia (Subarea 48.3). Catches at the South Sandwich
Islands (Subarea 48.4) have been negligible since CCAMLR was
agreed in 1980 (Figure 1). Pressure to increase catches in Subarea
48.1 continues to drive the development of CCAMLR’s krill fishery
management procedures. However, the expiration of CM 51-07
(CCAMLR, 2023b) might now lead to unintended consequences if
increased catches repeatedly aggregate in space and time,
particularly before a revised management framework is ready.

2.3 CCAMLR's revised krill fisheries
management framework

The spatial subdivision of the trigger level has served to limit
catches whilst fishery demand has remained low. However, with
demand increasing, a revised scientifically-based krill fishery
management framework is being developed to facilitate catches
up to the precautionary catch limit (Constable et al., 2023). Thus,
instead of using the trigger level which was not founded on science
(SC-CAMLR-X, 1991; paragraph 3.109), CCAMLR is moving
towards use of the decision rules to set catch limits (Box 2),
recognising that krill fishery management remains data-poor.

The revised framework is intended to specifically account for the
needs of different krill-predators across both space and time. It has been
under active development since 2019, including with a pilot analytical
study focused on the Antarctic Peninsula (Trathan et al., 2018a; 2022b;
Warwick-Evans et al., 2022a; 2022b; 2022c). The revised framework

BOX 3 Acoustic biomass of krill in the southwest Atlantic and current catch limits:

60.300 Mt—The acoustic biomass of krill in the southwest Atlantic (Fielding et al., 2011).

5.610 Mt—The precautionary catch limit for krill across FAO Subareas 48.1, 48.2, 48.3 and 48.4 based on the acoustic biomass and the CCAMLR decision rules (Box 2)
is identified by CM 51-01 (CCAMLR, 2010). This is a theoretical sustainable catch limit, but has never been implemented.

0.620 Mt—The interim catch limit (the ‘trigger’ level) is identified by CM 51-01 (CCAMLR, 2010). The trigger level was calculated as the sum of the historical
maximum catch in Subareas 48.1, 48.2, 48.3 and 48.4 prior to 1991 (SC-CAMLR-X, 1991; paragraph 3.106). Its relationship to the stock biomass or the precautionary
catch limit is not defined. The trigger level is the effective catch limit until such time as CCAMLR has defined an allocation of the precautionary catch limit amongst

smaller management units. CM 51-01 has no expiration date, and continues until CCAMLR agrees otherwise.

0.155 Mt—The historical maximum allocation of the ‘trigger’ level in FAO Subarea 48.1 identified by CM 51-07 (CCAMLR, 2023b). CM 51-07 expired at the end of

the 2023/24 fishing season.

0.279 Mt—The historical maximum allocation of the ‘trigger’ level in FAO Subarea 48.2 identified by CM 51-07 (CCAMLR, 2023b). CM 51-07 expired at the end of

the 2023/24 fishing season.

0.279 Mt—The historical maximum allocation of the ‘trigger’ level in FAO Subarea 48.3 identified by CM 51-07 (CCAMLR, 2023b). CM 51-07 expired at the end of

the 2023/24 fishing season.

0.930 Mt—The historical maximum allocation of the ‘trigger’ level in FAO Subarea 48.4 identified by CM 51-07 (CCAMLR, 2023b). CM 51-07 expired at the end of

the 2023/24 fishing season.
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relies upon the development of three core elements (CCAMLR, 2019,
paragraph 5.17 to 5.19):

i. A krill stock assessment to estimate precautionary
harvest rates;
ii. Regular updates of krill biomass estimates, potentially at
multiple scales; and,
iii. A risk assessment framework to inform the spatial
allocation of krill catch.

This revised framework extends the existing precautionary
approach through the addition of a risk assessment. With perfect
knowledge, catches could be distributed to avoid areas of high
ecosystem risk, equivalent to using an accurate dynamic ecosystem
model for determining a spatially and temporally resolved fishing
strategy (Constable et al., 2023). However, without perfect
knowledge, the aim is to guide fishery catch distribution towards
areas of lower ecosystem risk. Consequently, this revised framework
is an improvement over the current approach in that it requires
more detailed information about the needs of predators and their
important feeding areas. Fully parameterised spatial and temporal
consumption estimates of krill by whales and other krill predators
are now key for CCAMLR moving forward.

In addition to the pilot study, CCAMLR has also recognised the
need for enhanced ecosystem monitoring, as well as the need for
spatial management at the Antarctic Peninsula (see Trathan,
2023a). Consequently, appropriate monitoring together with
spatial management tools are also under active consideration so
as to ensure that biodiversity is adequately maintained, especially
given regional climate change.

Once fully tested, the analytical pilot study could be
implemented and eventually rolled out for the whole of the
southwest Atlantic, providing a science-based, precautionary krill
fishery management framework. Field testing and implementation
will be contingent upon reaching consensus within CCAMLR. If
CCAMLR cannot reach agreement, or if the analytical pilot project
fails for any reason, the existing highly precautionary management
approach should remain in place.

3 Interactions between krill fisheries
and baleen whales

The spatial and temporal distribution of krill is a critical matter
for krill, krill predators and the krill fishery. Whilst most of the krill
population exists over deep water, albeit at lower density (Atkinson
et al., 2008), many predators (e.g., Weinstein et al., 2017;
Friedlaender et al., 2021; Reisinger et al., 2022; Trathan et al,
2022b), and the fishery primarily focus on shelf and shelf slope
areas (e.g., Trathan et al, 2021). Krill densities are known to be
higher in these areas (Trathan et al., 2003; 2022a; Warwick-Evans
et al., 2022a). Moreover, seasonal movements of krill associated
with reproduction are also thought to occur over shelf and shelf
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slope areas (Siegel, 1988; Trathan et al., 1993; Espinasse et al., 2012),
making these areas important for krill itself. Therefore,
understanding the ecological processes that lead to krill
aggregating over shelf areas (e.g., Trathan and Murphy, 2003;
Murphy et al., 2004; Trathan et al, 2022a) will be critical for
understanding ecological interactions between krill, krill predators
and the krill fishery. Land-based predators are restricted in their
foraging ambit during the breeding season. However, baleen whales
may be able to exploit aggregations of krill further offshore over
deeper water. Nevertheless, the most intense interactions are highly
likely to occur where baleen whales, other krill predators, and the
krill fishery aggregate over shelf areas. The close proximity of
predators and fishing vessels is likely to lead to a variety of
interactions, with both direct and indirect threats to predators
(see also Supplementary Material, SM 1). Direct threats to whales
include ship strike, by-catch, or entanglement, as well as pollution,
including sound pollution which impacts whale acoustic
communication. Important indirect threats include competition
for local prey resources, or prey-field disturbance through altered
krill swarm structure. Here we focus upon these indirect threats as
these can lead to sub-lethal impacts on individuals that can have
significant population-level consequences, including increased
energetic costs, decreased body condition and reduced
reproductive rates.

Baleen whale and fishery interactions are readily studied at the
Antarctic Peninsula, where krill fishing vessels concentrate their
effort in the Bransfield Strait (Santa Cruz et al., 2018; Reisinger et al.,
2022). In this area, most krill catches (>99%) have been taken
between March and June in recent years (CCAMLR, 2023a). When
targeting a local area, fishing vessels tend to focus their efforts for 4
or 5 days, before moving elsewhere when catch rates drop (Trathan
and Hill, 2016; SC-CAMLR-XXXV, 2016 Annex 6, paragraphs
2.215 to 2.221). Subsequently, Santa Cruz et al. (2018) showed
that fishing hotspots last from 3 to 17 days, depending upon the
number of vessels present and the spatial scale of a hotspot.
Presumably fishing vessels preferentially operate in areas where
krill are abundant, which they then target, until catch rates decline,
either because the krill swarm is depleted, or the swarm structure is
disturbed (see Hamner et al., 1983). Further work is needed to
determine which is most likely.

The relatively small spatial scales at which fishing vessels
operate (~10 to 20 km) are critical for krill predators, and it is at
these scales that interactions are likely to be most intense. For krill
predators, including baleen whales, the duration of feeding within a
given area will depend upon local krill density (abundance and
distribution of swarms), the rate of consumption, and how krill
move in ocean currents (so-called ‘krill flux’) (Trathan et al., 2022b).
An important concern therefore, must be to determine how
predators, including whales, respond to changes in prey
abundance and distribution at small scales, both in the presence
and absence of fishing vessels. Land-based predators may be directly
affected by resource competition with fisheries, whilst baleen whales
may be able to relocate, although the energetic cost of missed
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foraging opportunities may be considerable (Czapanskiy et al,
2021). This highlights the need to better understand how
predators locate prey at densities that are critical for effective
foraging, including associated energetic costs.

Interactions at these small spatial scales highlight an important
mismatch between CCAMLR’s current spatial management
approach (Subarea scale; 100’s to 1000’s km) and the spatial
scales of ecosystem operation (1’s to 10’s to 100’s km) (Murphy
et al., 1988). Further, CCAMLR’s current management approach
takes no account of the temporal or seasonal scales of ecosystem
operation. However, interactions at relevant scales can be addressed
through the revised management framework which can
(theoretically) encapsulate any management scale. Currently, with
available data, management should be feasible with spatial scales of
100’s to 250’s km, and two seasons, winter and summer. The revised
framework should also better account for the habitat use of different
taxa (e.g., fish, penguins, flying seabirds, pinnipeds and baleen
whales). Nevertheless, though a major step forward, the revised
management framework assumes the ecosystem is static, whereas
dynamic management may be more suitable for pelagic systems
(Hazen et al., 2018; Maxwell et al., 2015).

Characterising predator-prey-fishery interactions at ecologically
meaningful scales requires further study, especially given the
different feeding behaviours found amongst the broad guild of
krill consumers. Energetically, baleen whales probably require
aggregations of krill that may be quite similar to those targeted by
krill trawlers. For example, baleen whale telemetry data have
revealed that humpback whales (Megaptera novaeangliae) exhibit
characteristic spatial scales of feeding of ~36.2 km (based on first
passage time and the spatial scale at which an animal concentrates
its effort; Fauchald and Tveraa, 2003), whilst minke whales
(Balaenoptera bonaerensis) exhibit characteristic scales of ~19.7
km (Hutchinson, 2023). In contrast, the characteristic scale of krill
fishing vessel operations, based on vessel automatic identification
system data, is ~18.13 km (Hutchinson, 2023). Thus, it is plausible,
though untested, that these spatial scales reflect aspects of the
distribution of krill. If correct, this means that the feeding scales
of baleen whales and the operational scales of fishing vessels will be
similar, requiring that CCAMLR exercises cautious management in
areas attractive to both whales and fishing vessels. Spatial scales for
broader search behaviour are likely to be much larger. Depending
upon the distribution and frequency of krill patches with a
particular density, fisheries have the potential to deplete the local
prey-field (Trathan and Hill, 2016; Santa Cruz et al.,, 2018),
including those of baleen whales, leading to greater energetic
costs. Such relationships will potentially have a seasonal
component, given observed seasonal variation in krill swarm
structure (Lascara et al., 1999).

The overlap in the spatial and temporal scales exhibited by
whales and fishing vessels suggests that subdivision of any catch
limit should not allow large catches to aggregate in areas preferred
by whales (or other predators). The geographic scale of
management units and associated catch is therefore an important
determinant in avoiding ecosystem impacts from fishing.
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3.1 Spatial overlap between krill fisheries
and baleen whales

Despite signs of recovery of different baleen whale populations,
distribution data remain relatively sparse, and for some whale
species almost non-existent (Bamford et al., 2023), when
compared with historical whale distribution data (derived from
historical catches, Figures 2-6). Knowledge of krill distribution and
consumption by whales at scales relevant to the fishery is now vital
for estimates of overlap and competition (see Warwick-Evans et al.,
2022b). Overlap is only likely to increase into the future.

At the Antarctic Peninsula (Subarea 48.1), where krill catches
have been restricted (Box 3) in most years since 2010, the most
frequently observed baleen whale species is the humpback whale
(Secchi et al., 2001; Nowacek et al., 2011; Friedlaender et al., 2021).
The smaller, but much more abundant sea ice-associated Antarctic
minke whale is also frequently observed (Friedlaender et al., 2014;
2021). Fin whales (Balaenoptera physalus) are also now regularly
sighted in inshore waters (Warwick-Evans et al., 2022b), and occur
in higher densities over deeper waters along the shelf edge (Herr
et al,, 2016; 2022). Fin whales have not yet returned en masse to
ancestral feeding grounds in the Bransfield Strait, where overlap
with krill fisheries would be extensive (Herr et al., 2022). However,
they are showing strong signs of recovery, particularly in the eastern
Bransfield Strait and around Elephant Island, but still with fewer
numbers around the South Shetland Islands (Herr et al., 2022; Biuw
et al., 2024).

At the South Orkney Islands (Subarea 48.2), the most frequently
observed baleen whale species are fin whales (e.g., Viquerat et al,
20225 Ryan et al, 2023; Biuw et al., 2024), although humpback
whales and southern right whales are occasionally sighted (Kennedy
et al., 2024; Biuw et al., 2024). Considerable numbers of fin whales
are now regularly seen in areas used by the krill fishery to the west of
the archipelago, at the same time of year that the krill fishery
operates (e.g., Viquerat and Herr, 2017; Viquerat et al., 2022; Ryan
et al., 2023; Biuw et al., 2024).

At South Georgia (Subarea 48.3) and at the South Sandwich
Islands (Subarea 48.4), the predominant baleen whale species
observed is the humpback whale (Baines et al., 2021; 2022),
although southern right whales are also regularly sighted (Leaper
et al., 2006; Zerbini et al., 2018; Jackson et al., 2020; Calderan et al.,
2023; Kennedy et al., 2024). Fin whales are now increasingly
common (Biuw et al, 2024), whilst blue whales (Balaenoptera
musculus) are only occasionally sighted (Kennedy et al., 2020),
consistent with the situation that this species is still very much
depleted. Whaling catch history data (e.g. Calderan et al., 2020)
show that early blue whale catches were taken from the area now
used by the krill fishery at South Georgia (Trathan et al,, 2021),
suggesting that as blue whales recover, it is highly likely that spatial
overlap with blue whales will occur.

The rate of increase in baleen whale biomass in the southwest
Atlantic is considerable; at the time of the CCAMLR 2000 krill stock
assessment survey, the ratio between whale biomass and krill
biomass was 1:131, by the time of the 2019 krill survey this had
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(Map) Spatial and (Histograms) Temporal distribution of historical catches for Antarctic blue whales from Allison (2016); note y-axes differ in

the histograms.

changed to 1:24 (Baines et al., 2022). In the future, as baleen whale
populations continue to recover, it is highly likely that this ratio will
further decrease. It is therefore apparent that the overlap between
krill fisheries and baleen whales is already extensive, and is likely to
expand as still-depleted whale species such as fin, sei (Balaenoptera
borealis) and blue whales recover further.

Protecting food supplies for baleen whales is now vital.
Warwick-Evans et al. (2022b) have reported that, amongst a guild
of 17 krill predators feeding at the northwest Antarctic Peninsula,
humpback and fin whales together account for ~73% of krill
consumption. Indeed, consumption by all members of the guild is

Frontiers in Marine Science

only approximately four times the trigger level (620,000 t; Box 3).
Therefore, aggregation of catches up to the trigger level at the
Peninsula could have unintended consequences. Importantly,
whales (and other predators) forage in the region for several
months, whereas the fishery reaches its catch within weeks, so
information from dedicated overlap analyses (e.g., Reisinger et al.,
2022) will now be important. In the future, relative consumption by
difterent krill consumers will change, both spatially and temporally,
in response to the ongoing recovery of baleen whales. Consequently,
understanding fishery overlap at different times of year should now
be a central focus for krill fishery management.
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(Map) Spatial and (Histograms) Temporal distribution of historical catches for fin whales from Allison (2016); note y-axes differ in the histograms.

3.2 Ensu ring adequate prey remain including at small spatial and temporal scales, requires agreement on
for predators the appropriate spatial and temporal scales of management and

corresponding catch allocations.

CCAMLR’s management principles mandate that sufficient krill The recent focus for krill fisheries management within
biomass must be available for natural predators (see Box 1 and Box 2; CCAMLR has been to distribute the catch in space and time so
Constable and de la Mare, 1996; Constable et al., 2000; also Constable, that krill-dependent predators, such as penguins and seals, are not

2001). However, ensuring that adequate krill remains available, affected by catch aggregation within small areas (e.g., Trathan et al,,
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(Map) Spatial and (Histograms) Temporal distribution of historical catches for sei whales from Allison (2016); note y-axes differ in the histograms.

2022b). This is an important issue within CCAMLR, particularly for
central place foragers, that is, predators that must return to land
regularly to feed their offspring. Whilst provisioning young,
penguins and seals can only travel relatively short distances,
which means that catches in the vicinity of breeding sites must be
carefully regulated. More recently, with the ongoing recovery of
baleen whale populations, feeding areas important to whales are
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also becoming a concern. Most such areas are thought to be close to
land, mainly over the shelf or at the shelf edge (e.g., Weinstein et al.,
2017; Reisinger et al., 2022; Trathan et al., 2022b) in areas where the
fisheries predominantly operate. However, additional work is
needed to determine whether the identification of such areas may
be a result of observational bias, given that offshore areas are hardly
ever fished and are less frequently surveyed.
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FIGURE 5

(Map) Spatial and (Histograms) Temporal distribution of historical catches for humpback whales from Allison (2016); note y-axes differ in the
histograms. Additionally, a large number of humpback whales were caught between the early 1900s and the 1920s (e.g. about 11,000 near the
Antarctic Peninsula and about 25,000 near South Georgia) that are not reflected here; these catches are only available in a summary form (and not

in the IWC Individual Catch Database) as no precise information is available on the catch location or for any biological parameters of the

whales taken.
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Developments in krill fishing technology have been important
over the past two decades. The ‘traditional” fishing method utilises
trawling methods whereby the net is hauled on board as part of
fishing operations. The ‘continuous’ fishing system was
introduced into the krill fishery in 2004 (CCAMLR, 2023a), and
utilises a system whereby the cod-end of the net is continually
emptied via a pump connected to the vessel. Currently, both
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fishing methods are used, although most catches are now taken
with the continuous fishing method. Traditional krill trawlers can
harvest 100 to 400 t d”!, whilst modern continuous trawlers can
harvest 800 to 1,000 t d' (Nicol et al, 2012). The use of
continuous trawlers can lead to more concentrated catches,
particularly in coastal areas where predator concentrations are
at their greatest (Trathan et al., 2021; 2022b).
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4 Estimates of baleen whale krill
consumption rates

To comply with Article II (Box 1) and to parameterise the
revised krill fishery management framework, CCAMLR requires
up-to-date information about the changing status (including
seasonal abundance and distribution) of both krill and krill-eating
predator populations. This information is needed both regionally
and locally for predator foraging areas and preferred fishing
grounds. CCAMLR also needs information about seasonal rates
of krill consumption by different predators (e.g., Johannessen et al.,
2024). Warwick-Evans et al. (2022b) estimated both the absolute
and relative importance of krill consumption by baleen whales,
while also highlighting several aspects of uncertainty associated
with their population status, growth rate, energetic requirements
and krill consumption. Given that baleen whales are now the
dominant air-breathing consumers of krill, better information is
needed about their consumption rates, duration of feeding, and any
dietary relationships with survival and reproductive output.

4.1 Different estimates of consumption

Historically, estimates of prey consumption for baleen whales
were determined by consideration of energetic demands, often
based on allometric models (e.g., Leaper and Lavigne, 2007).
Given the uncertainty associated with these estimates, empirically
based estimates of consumption are needed, especially as baleen
whale abundance increases (Warwick-Evans et al., 2022b). The
current pilot analyses for the CCAMLR revised management
framework use data from Reilly et al. (2004), assuming 497 kg d”'
for humpback whales and 693 kg d! for fin whales, based on a 120-
day summer feeding period. However, Savoca et al. (2021) provide
revised estimates of prey consumption for Antarctic humpback and
minke whales, using empirical tag-derived data on lunge-feeding
rate, volume of engulfment and acoustic estimates of prey density.
The results reported by Savoca et al. (2021) (i.e., 685 kg d* for
minke whales, 3,151 kg d?! for humpback whales), indicate that
daily estimates of krill consumption may be around three to six
times greater per species than previously thought. However, prey
consumption varies, based on time of season and demographic class
(Bierlich et al., 2022; Nichols et al., 2022); thus, a more nuanced
view is needed. A critical gap remains in directly measuring feeding
and consumption rates for Southern Ocean fin and blue whales.

Further, research is also needed to better understand whale-krill
interactions. For example, information on prey-patch preferences
(e.g., Friedlaender et al., 2016; Cade et al., 2022; 2023), as well as
prey patch dynamics (including how prey patches form, how long
they last, and how they dissipate). Lunge feeding may also be
cheaper energetically than previously thought (Videsen et al,
2023). Suggesting that baleen whales may be flexible in the
quality of the prey patches they exploit and therefore more
resilient to environmental variability and perturbation. Thus,
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better understanding about baleen whale prey interactions,
improved understanding about energy expenditure and about
how baleen whales utilise the entire water column, in contrast to
the vertical distribution of krill, and the distribution of fishing
depths, is now urgent, if these interactions are to be
properly understood.

Populations of fin and blue whales have not yet fully recovered,
or reoccupied all of their historical feeding grounds (Calderan et al.,
2020; Herr et al.,, 2022; Biuw et al., 2024; Savoca et al., 2024).
Consequently, continued recovery (Supplementary Material SM 2)
is highly likely to place increasing pressure on krill stocks. Further
work on krill consumption is therefore needed. Recent estimates of
historical consumption are of such a scale that the current estimate
of krill biomass (Krafft et al.,, 2021) could not support the pre-
exploitation populations of baleen whales (Savoca et al., 2021;
2024). Even conservative estimates of consumption suggest that
the historical krill stock in the southwest Atlantic must have been
larger than currently reported (Savoca et al., 2024).

4.2 Duration of the feeding season

Estimates of both individual- and population-level annual prey
consumption require assessment of basic information about the
number of days spent feeding, and the seasonal phenology of
feeding, details of which are only poorly understood. The current
pilot analyses for the revised krill fishery management framework
use historical estimates of 120 days for the duration of the feeding
season, approximately December to April (Lockyer, 1972b).
However, contemporary data suggest that some individuals may
remain on the feeding grounds for at least five to six months (e.g.,
humpback whales, Bedrifnana-Romano et al., 2022). Improved
population-level information is therefore required, including the
actual number of days feeding, as opposed to the number of days
present on the feeding grounds. Estimates for the number of feeding
days vary, ranging from 90 to 120 days (Lockyer, 1972b; 1981;
Leaper and Lavigne, 2007).

Understanding differences in feeding rates throughout the
feeding season are also important (Johannessen et al., 2024), as
hyperphagia may only be present immediately after whales return
to the feeding grounds in spring (see Baines et al., 2022; Nichols
et al., 2022). However, a continuous increase in body condition
throughout the feeding season (Bierlich et al., 2022) implies that
whales continue to grow despite decreased feeding rates, something
potentially explained by changes in krill patch density. Generally,
krill exist within different aggregation states, but with the numbers
and sizes of swarms in an area changing across space and time.
Smaller, more widely dispersed swarms occur in summer, whilst
larger, more infrequent swarms occur in winter, with the patterns
and seasonal changes unlikely to be solely the consequence of
oceanographic circulation (Lascara et al,, 1999). Thus, feeding
rates may also be a consequence of prey aggregation state and
swarm distribution. In addition to better seasonal information
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about feeding (Johannessen et al., 2022), improved understanding
about diel feeding patterns (e.g., Friedlaender et al, 2013),
particularly in relation to krill vertical diel migration is also
required. Importantly, the fishery has recently shifted towards the
autumn (Trathan et al, 2022b), coincident with the time when
larger, more-dense krill swarms are present (Lascara et al., 1999).
Most individual baleen whales leave their feeding grounds in
autumn and winter. However, based on modelled tracking data
(e.g., Bamford et al., 2022; Bedrinana-Romano et al., 2022), passive
acoustic data (e.g. Sirovi¢ et al., 2004; Sirovi¢ and Hildebrand, 2011;
Thomisch et al., 2016; Filun et al., 2020) and visual observation data
(e.g., Kennedy et al.,, 2020; Owen et al., 2024), whales are present on
their feeding grounds throughout the annual cycle (e.g., Smith et al.,
2024), albeit at lower numbers in the winter. Individuals that winter
on the feeding grounds are most likely not reproductively active
(i.e., immature or resting adult females). At least for humpback
whales, given the male positive sex bias reported from breeding
grounds (Clapham, 1996), those that remain on the feeding grounds
may be predominantly females taking a breeding hiatus. Several
species (e.g., blue, fin, southern right) have a calving interval of 2 to
3 years (Taylor et al., 2007), although this varies with biological and
ecological conditions. Sub-adult whales not yet sufficiently
physically mature enough to breed may be present in winter.
These individuals may represent important demographic
components of the population that require special consideration.
Determining feeding rates in winter, compared with the summer,
together with identifying the proportion of the population on the
feeding grounds in winter, will be important for assessments of
fisheries overlap and estimates of seasonal krill consumption.

4.3 Krill density and baleen whale
reproductive output

Baleen whales are capital breeders (Stephens et al., 2014), thus,
even marginal reductions in krill availability can impact on their
near-future reproductive rates. Therefore, to fulfil its obligation
under Article IT (Box 1), CCAMLR needs to better understand
baleen whale recovery, including modelling efforts to improve
estimates of baleen whale pre-exploitation biomass. Various
estimates are available (Christensen, 2006; Tulloch et al.,, 2018;
Zerbini et al., 2019), but not at the scale necessary for comparison
with CCAMLR krill fisheries. Part of this analysis requires
information about whale reproductive output relative to
krill availability.

Krill density (food availability) affects whale (and other
predators) nutritional condition (e.g., Fortune et al, 2013;
Bengtson-Nash et al, 2018) and therefore reproductive success
(e.g., Cooke et al,, 2003; Leaper et al., 2006; Seyboth et al., 2016;
2021). For males, food availability probably affects age of first sexual
maturation, sperm production and quality, and their copulation
success (Reeves et al, 2001). For females, nutritional condition
probably affects age of first sexual maturation, ovulation and
fertility, quality and quantity of milk production and hence calf
survival, and potentially calving interval either through time
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between pregnancies or late-term abortions (Leaper et al., 2006;
Pallin et al., 2023).

Nutritional status and social interactions may combine to
modify reproductive success. Examples include changes in the age
of attainment of sexual maturity in fin whales, as determined by ear
plug transition layers (Lockyer, 1972a). Pregnancy rates may also
change, tending to increase, as population size declines (Lockyer,
1984). More recently, Seyboth et al. (2016; 2021) demonstrated that
southern right whales and humpback whales exhibit a close
relationship between krill availability and calving rate. Further,
inter-annual variability in humpback whale pregnancy rates
(determined from skin-blubber biopsy samples) in the western
Antarctic Peninsula, show positive correlations with krill
availability and fluctuations in sea ice cover in the previous year
(Pallin et al., 2023). This suggests that humpback whales may now
be at a threshold for population growth due to prey limitations
(Pallin et al., 2023). Consequently, increased fishery catches within
the feeding grounds of humpback whales in Subarea 48.1 might
now have unintended consequences for their population status.

5 Population status of different baleen
whale species

Baleen whale population size is a key factor in determining total
krill consumption (Savoca et al., 2021; 2024). Most historical whale
populations (when catches were taken across the whole southwest
Atlantic; Figures 2-6) were much larger than observed today. The
pilot analyses for the revised krill fisheries management framework
in Subarea 48.1 only include krill consumption estimates for
humpback whales and fin whales (Warwick-Evans et al., 2022b).
Revisions in the future should include all of the baleen whale species
listed in Table 1 (see also Supplementary Material, SM 2). Revisions
should include updated estimates of both abundance and krill
consumption. Plausibly, other predators should also be re-
evaluated, should their population status also change.

Many ecological interactions relevant to CCAMLR’s ecosystem
approach to fisheries management are not well understood. In
particular, those between baleen whales, their preferred habitats
and their prey, or between whales and other krill-dependent
predator species, or even between different whale species. Some
interactions are little studied, for example, how whale habitat use
and prey preferences vary intra- and inter-annually, or how these
might vary as other species of whale recover. Plausibly, the
distribution and abundance of baleen whales observed today will
change as populations continue to recover. As populations increase,
density dependent effects (e.g., Williams et al., 2013; Crespo et al.,
2019) and inter-specific competitive effects (Garcia-Vernet et al.,
2021) may emerge. The distributions of some species may shift to
more marginal habitats or alternative prey species, whilst others
that are strong competitors will dominate. Mechanisms behind
density dependence effects on population growth rate in baleen
whales need to be explored (Kanaji et al., 2024). In theory, baleen
whale population growth is maximal when there is sufficient food,
but food availability is variable, and depletion below some threshold
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TABLE 1 Estimated abundance® for various krill-eating baleen whales that have feeding grounds at the Antarctic Peninsula and Scotia Sea.

Species Circumpolar Survey Antarctic Scotia Sea Reference IUCN Red List
abundance dates Peninsula status (v 2024-2)

Antarctic blue whale ~2,280 2004 ~90 ~300 IWC, 2013 Critically Endangered
Balaenoptera (CV =0.36) (CV =0.85) (CV =0.55) Alabd
musculus intermedia
Fin whale 2019 53,873 Biuw et al., 2024 Vulnerable
Balaenoptera physalus (95% CI 40,233-72,138) Ald
Sei whale No estimate possible Endangered
Balaenoptera borealis Alabd
Humpback whale 96,675 2015 to 9,687% 24,9257 Jackson et al., 2015, Least Concern
Megaptera novaeangliae (PI 78,041-117,527) 2019 (PI 8,520-10,202) (PI 22,369-27,007) Zerbini et al., 2019
Southern right whale ~17,950 2009 to Argentina: 4,600 IWC, 2013 Least Concern
Eubalaena australis 2020 (95% CI 3,840-5,690)

South Africa: 6,470

(95% CI 5,910-7,030)
Antarctic minke whale ~515,000 1992/1993 ~40,000 ~57,000 IWC, 2013 Near Threatened
Balaenoptera bonaerensis (CI 360,000-730,000) to (CV=0.38) (CV=0.35) A2b

2003/2004

!To facilitate comparison across species, we report abundance estimates for species with coastal winter breeding habitats (e.g. southern right whale and humpback whale breeding stocks G and
A), as well as abundance estimates on summer feeding grounds for species that do not breed in accessible coastal habitats (e.g. Antarctic minke, blue and fin whales).

*The IWC recognizes seven humpback whale breeding stocks (labelled A-G, Jackson et al., 2015) in the Southern Hemisphere. Most of the whales summering in the Antarctic Peninsula and the
Scotia Sea come from, respectively, breeding stock G (southeastern Pacific wintering grounds) and breeding stock A (southwest Atlantic wintering grounds). A fraction of humpback whales

wintering off Africa (breeding stocks B and C) also migrate to feed in the Scotia Sea; numbers are likely small.
CV, coefficient of variation; CI, approximate 95% confidence intervals; PI, 95% probability intervals.

may impact calving, with the potential to lead to population
declines (Kanaji et al., 2024).

6 Knowledge gaps in krill
fishery management

6.1 Baleen whale population ecology

CCAMLR’s ecological understanding about baleen whale
populations has been slow to be revised. Possibly because
CCAMLR was agreed in 1980, at a time when baleen whale
populations were severely depleted. Consequently, though whales
were included in CCAMLR’s ecological considerations, they were
only included generically as ‘krill-dependent populations’. More
explicitly, CCAMLR’s existing ecosystem monitoring program
(CEMP; Box 4) does not consider baleen whales (CCAMLR,
2014). Minke whales were originally included, but dropped in
1991 because no suggestions had been forthcoming about how
monitoring should take place (Agnew, 1997). Now, CEMP has
developed an extensive database documenting land-based
predators, mainly penguins, but has no details about pelagic

BOX 4 CEMP was established with the following aims (Agnew, 1997):

predators. Long-term data concerning baleen whales exist outside
CCAMLR, and are certain to be highly informative. For example, a
biopsy database for humpback whales with 15 years of consecutive
data exists, a resource vital for comparing pregnancy rates with sea
ice metrics and various krill indices (e.g., Pallin et al., 2023). Other
information gaps include:

a. Estimation of baleen whale abundance is necessary at scales
relevant to krill fishery management. This requires information on
the spatial density and distribution of whale populations over
relevant temporal scales. Key is the statistical power needed to
detect baleen whale population trends; this not only requires a long
time series but also depends upon the precision of population
estimates. Dedicated surveys and mark-recapture efforts covering
the area of interest are therefore needed. Related to this, is the
precision needed for distinguishing local changes in abundance
from broader scale changes in distribution. Thus, it may be more
important to determine changes in the patterns of whale
distribution than it is to determine changes in overall population
size. For example, despite indications of continual population
growth on the breeding grounds of humpback whales (breeding
stock A) (Zerbini et al., 2019), changes in abundance on the feeding
grounds at South Georgia have been relatively recent (Baines et al.,

i Detect and record significant changes in critical components of the marine ecosystem within the Convention Area, to serve as a basis for the conservation of Antarctic

marine living resources.

ii Distinguish between changes due to harvesting of commercial species and changes due to environmental variability, both physical and biological.
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2021; 2022). Understanding such changes, and any associated lags,
requires continued monitoring, probably over large areas.

b. Seasonal movements for some species of baleen whales are
poorly understood, including nearly no movement data for key
species such as fin and blue whales.

c. Baleen whale krill consumption rates are variable depending
upon the time within the feeding season, although there is a lack of
data, let alone seasonal data (e.g., Baines et al, 2022) for many
species. Linked to consumption is the need to improve
understanding about baleen whale prey searching behaviour, the
types of swarms preferred, and the duration of feeding on a
given swarm.

d. As populations recover, there are likely to be interactions
between different species of baleen whales and between whales and
other krill predators. Understanding how different whale species
may affect other species is especially important, given the
environment’s carrying capacity and how it may be changing. For
instance, the ongoing recovery of fin whales may have an impact on
humpback whale distribution and abundance, at least at a scale
relevant to krill management. As populations recover, other krill-
dependent species may also be affected. Changes in the abundance
and distribution of other ecosystem components, such as krill-
eating penguins, may be related to marine mammal recovery (e.g.,
Laws, 1977; Ballance et al., 2006; Trathan et al., 2012).

6.2 Movement of krill in oceanographic
currents to feeding grounds and
fishing grounds

The relationship between krill standing stock, predator
consumption, and commercial harvesting highlights the
importance of CCAMLR’s ecosystem approach to management.
Important aspects include the seasonal, dynamic nature of the
Antarctic marine ecosystem (e.g., Lascara et al., 1999) and spatial
aspects of krill population dynamics (Perry et al., 2019). Reliable
metrics of predator-prey-fishery overlap are vital if CCAMLR is to
understand ecological risks associated with harvesting. Such metrics
require knowledge about the residence time of krill, which in turn
requires information about local and regional oceanography, krill
movement in ocean currents and krill behaviour (Meyer et al., 20205
Trathan et al., 2022a; Young et al., 2024). To date, such information
is not readily available, and is unlikely to be available at scales
relevant to either fishery operation or predator habitat use (e.g.,
spatial scales of 10s to 100s of km, and temporal scales of days to
months). Such complexity previously led CCAMLR to focus upon a
large-scale static realisation of the ecosystem, instead of a small-
scale dynamic assessment.

A static assessment might be precautionary as it does not
account for continual replenishment of krill in ocean currents for
areas where krill are depleted by natural consumption or harvesting.
However, a static assessment may not be precautionary if catches
regularly aggregate at high levels within small areas important to

Frontiers in Marine Science

17

10.3389/fmars.2024.1458042

predators. Large-scale assessments of biomass (e.g., Fielding et al.,
2011; Krafft et al., 2021) assume that the consequences of krill
movement are minimal at the scale of the survey (e.g., 100s to 1000s
km). However, at smaller scales of ecosystem operation (10s to 100s
of km), the movement and replenishment of krill is likely to be a
major issue (Trathan et al., 2022b). Disturbance or depletion of krill
aggregations by fishing vessels over a few days (Trathan and Hill,
20165 Santa Cruz et al.,, 2018) may have important implications.

6.3 Alternative futures — the enhanced
productivity hypothesis, or the krill
surplus hypothesis

With the recovery of baleen whales, ecosystems may change,
possibly dramatically. However, it is uncertain how they will
change. Two possible scenarios are plausible.

Firstly, Smetacek (2008) and Nicol et al. (2010) hypothesised
that pre-exploitation populations of baleen whales and krill stored
larger amounts of available iron than is the case today. These species
would also have recycled substantial amounts throughout the
surface waters, thereby enhancing overall ocean productivity. This
hypothesis reiterates iron as the limiting micronutrient in the
Southern Ocean (Martin et al., 1990), and defecation by baleen
whales as a major mechanism for recycling and making iron
available. Consequently, as baleen whales recover, Southern
Ocean productivity might increase overall. Recently, Gilbert et al.
(2023) showed that released nutrient cocktails vary geographically,
driven by the composition of cetacean communities. Thus, the
ecosystem function and species diversity of cetacean communities
expands beyond their role as predators to include their role as active
nutrient vectors.

Secondly, Sladen (1964) and Laws (1977), hypothesised that the
removal of the great whales should have resulted in an enormous
annual release of prey and that substantial changes in the marine
ecosystem would have then resulted in major ecosystem responses.
Consequently, the return of the great whales suggests that the
marine ecosystem across the southwest Atlantic might now
change fundamentally, with some species declining as baleen
whales recover (Murphy, 1995).

Determining whether either hypothesis is correct is challenging.
Nonetheless, managers should appreciate and understand that a
major ecosystem change is likely, and that management of
harvesting should remain precautionary (Trathan, 2023b).
CCAMLR might therefore consider alternative scenarios and
whether particular management approaches are robust to
different future states. It is probable that the current biomass of
krill is insufficient to support baleen whale populations at historical
levels (Savoca et al., 2021; 2024), supporting reports of a historical
decline in krill biomass (Atkinson et al., 2019). The recovery of
baleen whales and their nutrient recycling services (Roman and
McCarthy, 2010; Lavery et al., 2014; Doughty et al., 2016) could
augment productivity and restore ecosystem function lost during
20t century whaling (Estes et al., 2016).

frontiersin.org


https://doi.org/10.3389/fmars.2024.1458042
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Trathan et al.

6.4 The impact of climate change on krill
and the krill-based ecosystem

The southwest Atlantic has been the region with the most
pronounced warming in the Southern Ocean (e.g., Vaughan et al,
2003; Whitehouse et al., 2008; Stammerjohn et al., 2008; Turner
et al., 2022). The interplay of altered physical properties, including
fast ice (e.g., Fraser et al,, 2021), sea ice (e.g., Turner et al., 2022),
ocean temperatures (e.g., Whitehouse et al., 2008), wind speed, and
ocean freshening (Hobbs et al., 2016), have the potential to alter
ocean ecosystems. Changes may occur in ecological niches, species
abundance and distribution, with plausibly new trophic
interactions. For example, climate change may cause alteration to
krill distribution and abundance (e.g., Flores et al., 2012; Atkinson
et al,, 2019; Veytia et al,, 2020) and impact krill larval development
(Kawaguchi et al.,, 2013). This could have important consequences
for both krill predators and the fishery. In the context of a warming
and acidifying ocean, particular concerns arise regarding baleen
whales, given that they are capital breeders that rely upon the
accumulation of resources during a short period of intensive
feeding. Baleen whales are likely to be susceptible to regional
warming (Tulloch et al,, 2019; Bestley et al., 2020).

Atmospheric drivers, such as El Nifio, have already been shown
to influence population processes of some species (e.g., Leaper et al.,
20065 Schall et al., 2021). Whilst the 2014-2016 marine heatwave
across the northern Pacific probably led to a 20% decline in
humpback populations in that region (Cheeseman et al., 2024).

Further, the ecosystem responses to climate change and
historical exploitation may act in concert to alter ecosystem

10.3389/fmars.2024.1458042

dynamics. Disentangling these confounding drivers may be
difficult and complex (Trathan and Reid, 2009).

7 The immediate next important steps
in krill fishery management

CCAMLR has resolved to utilise the best available science
(CCAMLR, 2009 [Resolution 31/XXVIII]) in formulating its
management decisions. However, given the enormous geographic
extent of the Southern Ocean, many areas remain data-poor (e.g.,
Trathan, 2023a). Consequently, CCAMLR maintains a
precautionary approach.

With the recovery of baleen whale populations, CCAMLR
should evaluate threats to baleen whales. Currently, these main
threats include, inter alia, death (e.g., from whale ship strike, by-
catch, or entanglement), physiological impacts (e.g., pollution,
whether chemical, marine debris including plastics, or noise), and
energetic impacts (e.g., competitive effects for prey, with possible
associated disturbance to the prey-field aggregation state).
Mitigating each of these requires different management actions.
Those threats that should be most straightforward to manage are
those that result from physical interactions, or pollution (Table 2),
see also Supplementary Material, SM 1. Threats that may lead to
energetic impacts are potentially more challenging to quantify and
to mitigate (Table 2). Nevertheless, these are vital to address, given
the ecological foundation underpinning CCAMLR’s revised
management framework (CCAMLR, 2019, paragraph 5.17 to 5.19).

TABLE 2 Mitigation measures appropriate to the protection of baleen whales.

Threat Impact Mitigation

Ship strike Physical injury,

or death

Vessel speed reductions
Observers during daylight

CM 25-03 (CCAMLR, 2023d)

Entanglement or by- Physical injury,

or death

Observers during daylight
catch in fishing gear
Vessels avoid aggregations of whales
Move-on rules

Develop code of practice

CM 25-03 (CCAMLR, 2023d)

Debris or Physiological,

chemical pollution physical CM 26-01 (CCAMLR, 2022)

injury, death

Infra-red detection at night (and day)

Infra-red detection at night (and day)

Resolution 28/XXVII (CCAMLR, 2008)

Pertinent references

Tort Castro et al., 2022, Rockwood et al., 2020, Schoeman et al.,
2020, Keen et al., 2019, Zitterbart et al., 2013; 2020, IMO, 2009

CCAMLR, 2021, Werner et al., 2015, Zitterbart et al., 2013; 2020,
Hamer et al., 2008

Murphy et al., 2024, da Silva et al., 2023, Torres et al., 2023, Garcia-
Garin et al., 2022

Sound pollution Physiological, Vessel speed reductions
communication
Local Energetic Avoid aggregations of feeding whales
resource depletion Move-on rules
Spatial protection of feeding grounds
Reduced catch limits in poor krill years
Local Energetic Avoid aggregations of feeding whales
resource disturbance Move-on rules
Spatial protection of feeding grounds
Reduced catch limits in poor krill years
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Elemans et al., 2024, Reidenberg, 2024, Findlay et al., 2023, Erbe
et al,, 2019, Goldbogen et al., 2013

Hutchinson, 2023, Trathan et al., 2022b, Watters et al., 2020, Santa
Cruz et al., 2018, Trathan and Hill, 2016
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7.1 Consideration of the krill fishery
sustainable yield

Article IT (Box 1) has been interpreted by some as a licence to
fish. However, Article IT actually specifies the conditions under
which fishing is allowed, and these are highly restrictive. One major
constraint is the maintenance of ecological relationships, including
those of previously depleted populations. Land-based predators are
highly constrained when breeding and therefore subject to variation
in local krill availability. In contrast, predators with an ideal-free
distribution (Kennedy and Gray, 1993) have the potential to adjust
foraging location. However, if baleen whales also have the potential
to outcompete various other krill-dependent species (see Murphy,
1995; Ballance et al., 2006; Trathan et al., 2012), then baleen whales
become critical to any assessment of ecosystem status. The current
increase in humpback whales (Jackson et al., 2015), and decrease in
chinstrap penguins (Strycker et al., 2020), highlights the need for
broader ecological understanding (see Ballance et al., 2006).

As CCAMLR moves towards a science-based ecosystem
approach for krill fishery management, the decision rules need to
be fully grounded in evidence. Of particular importance will be to
challenge the decision rules at different spatial and temporal scales.
Decision rules that are appropriate at large scales may be inadequate
at smaller scales, or vice versa. The existing decision rules are
currently specified without any ecological or geographic context,
but must operate across species and across different spatial and
temporal scales.

Any revision of decision rules might include more direct
consideration of baleen whales, given they have the potential to
outcompete other species such as penguins (see Murphy, 1995). For
example, it may be important to reference their population status,
reproductive success, or other more immediate proxies, such as
pregnancy rate (Pallin et al,, 2023). Data on such indicators remain
sparse (Cury et al., 2011; Saraux et al., 2021), hence development of
new decision rules will require concerted effort. A precautionary
approach would preserve any ‘krill surplus’ for natural predators,
restricting fishery expansion whilst baleen whale populations
recover (Table 3 cf Table 4). Such an approach might eventually
allow ‘enhanced productivity’ to be exploited, if ever available.

Currently, the decision rules assume a static albeit variable
ecosystem, whereas in reality the Antarctic ecosystem is highly
dynamic, both spatially and temporally, including with ongoing
biological and physical changes. Managing fisheries in dynamic,
sensitive ecosystems requires new approaches; as catches increase in
relation to the available (local) biomass of krill, decision rules will
become increasingly important. Hence, monitoring the effective
exploitation rate in each management unit, especially in years of low
krill biomass, will be fundamental for CCAMLR’s ecosystem
approach to management (see Punt et al., 2023).

Key sources of uncertainty in ecosystem assessments include
how prey abundance and availability impact predator demography
(e.g., Koehn et al,, 2021) and the extent to which the population
dynamics of prey are driven by environmental factors (e.g.,
Licandeo et al., 2023). Data are available to address only some of
these, necessitating exploration of sensitivity to alternative model
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formulations and parameter values when providing advice on
management strategies to decision makers (Punt et al., 2016).

7.2 Revision of the krill fishery risk
assessment layers

The revised krill fishery management framework includes a risk
assessment which considers the spatial and temporal demands for
krill by natural predators in order to distribute catches (Constable
etal, 2023). The pilot analytical study for Subarea 48.1 includes the
most up-to-date data for a broad guild of krill consumers, including
three species of penguin, eleven species of flying seabird, Antarctic
fur seals and two species of baleen whale (Warwick-Evans et al.,
2022b). Krill consumption by fish (Hill et al., 2007) and pack-ice
seals (Forcada et al, 2012), both important consumers, are also
included, but data are only available at different scales of spatial
resolution (Warwick-Evans et al., 2022c). Spatially explicit
consumption estimates for these latter taxa are based on a set of
Small-scale Management Units (Hewitt et al., 2004; Figure 7) which
differ from the spatial framework under consideration by CCAMLR
(Warwick-Evans et al., 2022¢; Figure 7). Nevertheless, given the
importance of these taxa as krill consumers (Table 3), their
inclusion is essential. Indeed, it is now evident, despite the
differences in spatial extent, that pelagic predators (fish, pack-ice
seals and baleen whales) are the major consumers of krill, whereas
CCAMLR has so far focused largely on land-based predators
(penguins, fur seals and a limited number of flying seabirds).

Importantly, many of the data used in the pilot analyses were
derived from field survey data that were spatially limited, or are now
many years old, in some cases many decades old (Table 3). For
example, the spatial estimates of krill consumption by fish (Hill
et al., 2007 and references therein) were based on limited data from
the west Antarctic Peninsula. Biomass density and krill
consumption estimates for myctophids were based on a limited
study on the shelf slope near King George Island (Pusch et al,
2004), whilst estimates for perciform fish were based on data
reported by Kock (1985).

Given the rate of ecosystem change, particularly levels of
warming in the Antarctic Peninsula region and across the Scotia
Sea (Vaughan et al., 2003; Meredith and King, 2005; Whitehouse
et al,, 2008), and the regional recovery of some baleen whale
populations (e.g., Jackson et al.,, 2015; Zerbini et al., 2019; Biuw
et al., 2024), it would be precautionary to update data for the risk
assessment. This requires the initiation of new field data collection
programmes to better establish the spatial and temporal
distribution of krill consumption levels. If the krill risk
assessment is not correctly parameterised, including with
representative winter data for krill abundance and distribution
(see criticisms by Trathan, 2023a), putative management units
may inadvertently facilitate catch aggregation such that local
exploitation rates increase to levels beyond expectation. In
particular, the winter period remains data-poor; all existing
survey data for krill, land-based predators, and pelagic predators
are biased towards the summer. As such, the krill fishery risk
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TABLE 3 Estimated consumption of krill by various predators within Subarea 48.1; see Figure 7 for spatial scale of analyses.

Species

Spatial scale

Diet
percent
krill

Estimated
population

Summer Kkrill

requirement
(t/season)

Percentage of
total krill
consumed

Data
collected

Reference

Warwick-Evans

Chinstrap penguin Fishery area 97.5 4,200,000 294,072 4.11 1960-2018 et al.,, 2022b
Warwick-Evans
Gentoo penguin Fishery area 82 240,000 23,162 0.32 1960-2018 et al,, 2022b
Warwick-Evans
Adelie penguin Fishery area 98 2,600,000 237,970 333 1960-2018 et al,, 2022b
Warwick-Evans
‘Wandering albatross Fishery area 10 5,174 50 0.00 2003-2011 et al,, 2022b
Warwick-Evans
Gray-headed albatross Fishery area 15 9,527 83 0.00 2003-2011 et al.,, 2022b
Warwick-Evans
Black-browed albatross Fishery area 38 82,957 1799 0.03 2003-2011 et al., 2022b
Warwick-Evans
Wilsons storm petrel Fishery area 45 139,415 176 0.00 2003-2011 et al,, 2022b
Black-bellied Warwick-Evans
storm petrel Fishery area 48 80,965 182 0.00 2003-2011 et al,, 2022b
Warwick-Evans
Prions Fishery area 58 88,191 484 0.01 2003-2011 et al., 2022b
Warwick-Evans
Southern giant petrel Fishery area 80 62,793 5267 0.07 2003-2011 et al.,, 2022b
Warwick-Evans
Cape petrel Fishery area 85 1,039,873 25,650 0.36 2003-2011 et al,, 2022b
Warwick-Evans
White-chinned petrel Fishery area 27 33,047 500 0.01 2003-2011 et al,, 2022b
Warwick-Evans
Southern fulmar Fishery area 85 661,208 19,638 0.27 2003-2011 et al.,, 2022b
Warwick-Evans
Blue petrel Fishery area 83 42,444 378 0.01 2003-2011 et al,, 2022b
Hill et al., 2007;
Perciform fish SSMU (2-7) 8.18 t km™ 3,415,000 47.75 1975-1978 Kock, 1985
Hill et al., 2007;
Myctophid fish SSMU (2-7) 3.27 t km™? 829,000 11.59 1996 Pusch et al.,, 2004
Warwick-Evans
Fur seal Fishery area 90 25,193 10,080 0.14 2003-2011 et al.,, 2022b
Forcada
Crabeater seal SSMU (2-7) 95 69,630 136,000 1.90 1999 et al., 2012
Forcada
Weddell seal SSMU (2-7) 1 5,837 105 0.00 1999 et al.,, 2012
Forcada
Leopard seal SSMU (2-7) 40 203 195 0.00 1999 et al., 2012
Warwick-Evans
Fin whale Fishery area 100 14,360 1,194,120 16.70 2013-2020 et al., 2022b
Minke whale 2000 survey 100 7,395 198,921 2.78 2000 Reilly et al., 2004
Warwick-Evans
Humpback whale Fishery area 100 17,185 759,240 10.62 2012-2016 et al., 2022b
Total 7,152,072 100.00
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TABLE 4 Conservative estimates of historical krill consumption by five species of baleen whale within Subarea 48.1.

Species Period Estimated® Number? | Percentage® of total Individual® Population
generation harvested harvest from consumption consumption
period (year) from Subarea 48.1 Innes revised  assuming 120 days
Subarea method feeding (t)
48.1 (kg day™)
Blue whale | 1920 to 1929 30.8 15,235 86.9 941.30 1,720,885
Fin whale 1920 to 1929 259 18,957 523 693.07 1,576,623
Humpback | 1920 to 1929 255 5786 58.1 497.23 46,899
whale
Sei whale 1955 to 1964 233 2,512 67.6 394.29 118,855
Antarctic 1974 to 1983 220 1,211 84.9 %224.16 32,574
minke whale
Total 3,495,836

"From IUCN Red List assessment.

*From IWC Individual Catch History database.

*Derived from IWC Individual Catch History database.

“From Reilly et al. (2004).

*See legend to Figure 5.

SFrom Tamura et al. (1997); Reilly et al. (2004) average values.

assessment might result in poorly designed management units with
inappropriate catch allocations.

7.3 Development of a revised CCAMLR
ecosystem monitoring program

The krill fishery risk assessment requires ongoing data
collection to revise and update estimates of krill distribution and
abundance, and estimates of krill consumption by predators
(Table 3). Such data collection should be integrated into CEMP.
This would extend the utility of CEMP and integrate outputs
directly into management, something that CCAMLR intended at
the outset when formulating CEMP (Box 4), but has yet to fully
achieve. As major krill consumers, fish (Everson et al., 1997), pack-
ice seals (Hiickstidt et al., 2020) (Table 3) and baleen whales
(Table 1) should now be explicitly integrated into CEMP.

To better inform CEMP (Box 4), CCAMLR needs to initiate a
field programme to determine whether populations of some taxa
will decline as others recover (see Sladen, 1964; Laws, 1977;
Murphy, 1995), based on the ‘krill surplus’ hypothesis (Laws,
1977). Under this hypothesis, a reassortment of predator
populations might occur, given the carrying capacity of the
ecosystem. As CEMP currently relies upon penguin monitoring
(CCAMLR, 2014), and because baleen whales have the potential to
outcompete penguins (Murphy, 1995), it is now urgent to include
baleen whale monitoring in CEMP. A revised CEMP could also
monitor ecosystem productivity. Under the ‘enhanced productivity’
hypothesis (see Smetacek, 2008; Nicol et al, 2010), ocean
production may increase leading to changes in ecosystem carrying
capacity. Understanding such drivers will help inform any
interpretation of CEMP data, particularly in the context of altered
primary production (Montes-Hugo et al., 2009) and high levels of
carbon sequestration (Cavan et al., 2024). A critical analysis will be
to determine whether baleen whale populations continue to recover
as krill catches rise towards the precautionary catch limit.
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Exploitation of blue and fin whales in the early 20" century
(e.g., in the 1920s; see Table 4; Figures 2, 3) probably had
implications for other krill consumers (e.g., fish, seals and
whales). Altered availability of krill may have contributed to
changes in baleen whale age of maturity, generation time
(Lockyer, 1972a; 1972b; 1984; Laws, 1977) and other vital rates.
Plausibly, the abundance of baleen whale species targeted later in
the 20™ century (Table 4; Figures 4, 6) might also have increased,
compared with their previous status in the unexploited ecosystem.

Understanding the consequential serial impacts of whaling on
the krill-based ecosystem is now difficult, but certainly some of
those impacts may continue to operate. Whilst these consequences
play out, krill fishery management should be cautious (Box 1) and
will require adequate monitoring (Box 4). Management decisions
should include a safety factor to allow for the facts that knowledge is
limited and institutions are imperfect (Hofman, 2019). Critically,
details of functional overlap with fisheries through studies on the
(local) distribution and density of krill patches, and predator scales
of feeding will now be important.

Monitoring baleen whale populations (with associated
confidence intervals), requires dedicated sightings surveys.
However, such surveys are expensive and require substantial
funding. Nevertheless, large-scale scientific surveys that target
both krill and whales (e.g., Fielding et al., 2011; Krafft et al., 2021)
and which include areas of krill habitat, baleen whale feeding
habitat, and preferred fishing grounds are now needed on a
regular basis. Surveys should be frequent (e.g., every 5 to 10 years;
see also Hofman, 2017), given the current rate of (physical and
biological) ecosystem change in the southwest Atlantic. Eventually,
CEMP should include standardised, circumpolar baleen
whale metrics.

In the absence of dedicated surveys, other methods may be
helpful (e.g., Hofman, 2017), albeit with associated higher levels of
uncertainty. Where feasible, methods should include concurrent
monitoring of whales and krill using any platforms of opportunity,
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FIGURE 7

70°W

(Left) Small-scale management units (SSMUs; Hewitt et al.,, 2004) in Subareas 48.1. SSMUs are: (1) Antarctic Peninsula Pelagic Area (APPA); (2)
Antarctic Peninsula West (APW); (3) Drake Passage West (APDPW); (4) Drake Passage East (APDPE); (5) Elephant Island (APEI); (6) Bransfield Strait
West (APBSW); (7) Bransfield Strait East (APBSE); (8) Antarctic Peninsula East (APE). Note that SSMU APE extends partly into Subarea 48.5. (Right)
Provisional krill management units within Subarea 48.1 under consideration by CCAMLR: (El) Elephant Island; (JOIN) Joinville; (BS) Bransfield Strait;
(SSIW) South Shetland Islands West; (GS) Gerlache Strait; (DP) Drake Passage; (PB) Powell Basin. The orange polygon outlines the wider area used by
the krill fishery in Subarea 48.1 (Trathan et al., 2018b), and used as the modelling domain by Warwick-Evans et al. (2022b; 2022c).

including research ships, tourist vessels, and krill fishing boats.
Opportunities to obtain data, including near-real-time data, on
seasonal distribution and habitat use through passive acoustic and
telemetry methods should be considered. Finally, ‘proxies’ that can
be measured in real time to provide information about krill stocks
and krill predators (e.g., progesterone to determine pregnancy rates
and leptin to identify metabolic condition; Pallin et al., 2023) should
be explored.

Surveys from tourist vessels now facilitate collection of
information about temporal differences in the timing of when
species arrive on the feeding grounds, and when shifts in
distribution occur within the feeding season, aspects not generally
captured by traditional research surveys (Henderson et al., 2023).
However, opportunistic platforms may not cover all relevant areas
and may create regional bias. Moreover, formal protocols would
need to be agreed to ensure that observations meet acceptable
scientific standards, sufficient for providing management advice.

Passive acoustics is now proving invaluable (Van Parijs et al,
2009), and a combination of visual and passive acoustic surveys can
help determine whether a visual survey covered the main areas of
whale distribution (Leaper et al., 2023). Photo-identification, where
adequate images are available, can support mark-recapture studies and
hence estimates of abundance (e.g., https://www.happywhale.com).
Machine learning artificial intelligence photo-identification
methods work well with humpback whales (Cheeseman et al.,
2022), and are likely to work with Antarctic blue whales (Patton
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et al, 2023), but may be less suitable for large populations of
fin whales.

Telemetry is an effective way to track large-scale movements
and fine-scale habitat use of whales (Zerbini et al., 2006; 2018; Dalla
Rosa et al., 2008; Bamford et al., 2022; Bedrifiana-Romano et al.,
2022), as well as their foraging ecology (Friedlaender et al., 2014;
Savoca et al, 2021). Telemetry methods are particularly useful to
monitor whale populations in remote areas such as the Southern
Ocean, where visual observation is difficult or impractical.

Satellite surveys potentially represent an exciting development
for high-resolution image-based cetacean observation at sea,
particularly in inaccessible regions; however, adjustment for
surface availability and weather conditions still require further
effort (Bamford et al., 2020).

8 Conclusion

The marine ecosystem in the Southern Ocean is changing,
highlighting the importance of ensuring that marine capture
fisheries remain precautionary. Climate change, coupled with the
recovery of baleen whales, means that CCAMLR is now facing
several important challenges that require re-evaluation of previously
accepted dogmas. Fundamental questions relate to: a) how to estimate
precautionary yields (section 7.1), especially in the context of
environmental change (section 5, section 6); b) how to distribute
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catch in space and time (section 2.3); ¢) how to determine ecosystem
impacts from harvesting based on a revised CEMP (section 7.3); and
d) how to improve modelling efforts since many of the available data
for krill management are decades old, have high levels of uncertainty,
or are seasonally biased (section 7.2). Key will be to better predict
variation in the spatial and temporal distribution and abundance of
krill (section 7.3), and how predators utilise cues to seek out available
foraging opportunities (section 3), competing with the krill fishery.
Future management must include explicit reference to the major krill
consumers, both now and into the future.

CCAMLR first met in 1982. Since then, it has sought to implement
a management system that satisfies all Members. In 2019, CCAMLR
endorsed a revised management framework, aspects of which require
further scrutiny. Once fully implemented and tested, the pilot analytical
project in Subarea 48.1 could be rolled out for other locations where
krill fishing takes place. Given the historical abundance of baleen
whales within the southwest Atlantic (see Figures 2-5), certain areas
will require considerable analysis and field testing. Important areas
within Subarea 48.1 include Elephant Island, the South Shetland
Islands, the Bransfield Strait, and the Gerlache Strait. Similarly,
within Subarea 482 the area to the west of Coronation Island is
important. Whilst within Subarea 48.3 the area to the north of South
Georgia is important. If CCAMLR is unable to reach consensus, or if
the pilot project fails for any reason, the existing highly precautionary
management approach must remain in place. Vitally, CCAMLR must
grasp the levels of management uncertainty.

The revised management framework relies upon the best-
available science (see CCAMLR, 2009 [Resolution 31/XXVIII]).
However, there are a number of important caveats, raised here
and by Trathan (2023a). Time will tell whether best-available
science is also adequate for managing an expanding krill fishery.
The expiration of CM 51-07 (CCAMLR, 2023b) now increases the
urgency for developing the revised framework.

Providing data for parameterising the revised management
framework will be beyond the scope of any single National
Antarctic Program (Trathan, 2023a). International collaboration
will be key. CCAMLR requires an ecosystem approach to fisheries
management. The recovery of baleen whale populations will now
challenge the implementation of this approach. Improved
understanding about baleen whale population status, and their
role in the ecosystem will require close collaboration with the
IWC Scientific Committee.
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