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The massive number of seabirds (penguins and procellariiformes) and marine mammals

(cetaceans and pinnipeds) – referred to here as top predators – is one of the most

iconic components of the Antarctic and Southern Ocean. They play an important role

as highly mobile consumers, structuring and connecting pelagic marine food webs

and are widely studied relative to other taxa. Many birds and mammals establish

dense breeding colonies or use haul-out sites, making them relatively easy to study.

Cetaceans, however, spend their lives at sea and thus aspects of their life cycle are

more complicated to monitor and study. Nevertheless, they all feed at sea and their

reproductive success depends on the food availability in the marine environment, hence

they are considered useful indicators of the state of the marine resources. In general,

top predators have large body sizes that allow for instrumentation with miniature data-

recording or transmitting devices to monitor their activities at sea. Development of

scientific techniques to study reproduction and foraging of top predators has led to

substantial scientific literature on their population trends, key biological parameters,

migratory patterns, foraging and feeding ecology, and linkages with atmospheric or

oceanographic dynamics, for a number of species and regions. We briefly summarize
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the vast literature on Southern Ocean top predators, focusing on the most recent

syntheses. We also provide an overview on the key current and emerging pressures

faced by these animals as a result of both natural and human causes. We recognize

the overarching impact that environmental changes driven by climate change have on

the ecology of these species. We also evaluate direct and indirect interactions between

marine predators and other factors such as disease, pollution, land disturbance and

the increasing pressure from global fisheries in the Southern Ocean. Where possible

we consider the data availability for assessing the status and trends for each of these

components, their capacity for resilience or recovery, effectiveness of management

responses, risk likelihood of key impacts and future outlook.

Keywords: marine ecosystem assessment, marine predators, climate change, fisheries interactions,

conservation management, Antarctic

INTRODUCTION

The massive number of seabirds and marine mammals –
hereafter referred to as top predators1 – is one of the most
conspicuous and iconic components of the Antarctic and
Southern Ocean (Figure 1; Ropert-Coudert et al., 2014). Some
species solely inhabit the polar region, adapted to survive and
thrive year-round in this highly seasonal environment, such as
the emperor penguin (Aptenodytes forsteri) famous for breeding
on the ice during the austral2 winter (Stonehouse, 1952). Others
are based on the scattered subantarctic islands, and commute
between prey patches at sea and their breeding sites, sometimes
covering extraordinary distances to do so, like the wandering
albatross (Diomedea exulans). Still other populations, notably
baleen whale species such as the humpback whale (Megaptera
novaeangliae), undertake mass migrations poleward to capitalize
on the high marine productivity during the spring and summer
periods. These migratory movements connect the apparently
isolated Southern Ocean environment with the temperate and
tropical regions (see Murphy et al., to be published in this
research topic), and in some cases even pole-to-pole, as in the
case of the Arctic tern (Sterna paradisaea) (Egevang et al., 2010).

Rapid climate-related change is already manifesting in the
physical environment and biological dynamics of the Southern
Ocean (high confidence) (Meredith et al., 2019; Rogers et al.,
2020). Within this apparently remote region, seabirds and
marine mammals are also increasingly influenced by other
human-related impacts (e.g., Erbe et al., 2019; Rodríguez et al.,
2019; Ropert-Coudert et al., 2019). While relatively well-studied
compared to other ecosystem components, knowledge of marine
predators is still biased by accessibility (e.g., land-based versus
oceanic or pack-ice breeders, also cryptic deep divers), seasonality
(primarily summer studies) and also in relation to age or life-
history stages (e.g., paucity of knowledge on juvenile, non-
breeding individuals). Key trophic processes supporting oceanic
and ice-related food webs are still being unraveled.

1Not all species covered here are top predators, some refer to these diverse taxa as
“meso- and top-predators” but, for simplicity, we will use the term top predators
throughout.
2Seasons referred to are austral seasons throughout.

The first Marine Ecosystem Assessment for the Southern
Ocean (MEASO) is an activity of the IMBer-SCAR program
Integrating Climate and Ecosystem Dynamics in the Southern
Ocean. The primary aim of MEASO is to assess the risks to
Southern Ocean marine ecosystems from climate change and
related change processes. As a core MEASO contribution, this
paper summarizes the vast literature on Southern Ocean seabirds
(flying and diving) and marine mammals (fur and true seals,
and baleen and toothed cetaceans) to present the current state of
knowledge. We provide an overview of the key pressures, arising
from natural and human causes, that these animals face at sea and
on land, recognizing the overarching effect that environmental
changes – driven by global climate change – have on the ecology
of these species. We also evaluate direct and indirect interactions
between marine predators and other key stressors including the
impacts of historical harvesting, the increasing pressure from
fisheries in the Southern Ocean, global pollution, disease and
stress, and terrestrial disturbances.

Different Southern Ocean marine systems are affected by and
respond to change in different ways. Effects on species’ ecology,
and their status and trends, are species-specific and variable
depending on location. Yet all seabirds and marine mammals
feed at sea, their fitness, survival and reproductive success
depending on the food availability in the marine environment.
Their dependency on lower trophic level prey, such as Antarctic
krill (Euphausia superba) linked directly to primary productivity,
makes them particularly sensitive to bottom-up environmental
changes driven by climate change. Therefore, top predators
are widely considered useful indicators integrating the state of
marine resources (Hazen et al., 2019).

DATA, METHODS AND TOOLS

Quantitative knowledge of the ecology of Southern Ocean top
predators has rapidly increased in recent decades, facilitated by:
(1) more researchers visiting more Southern Ocean sites, often
for longer periods; (2) new and cheaper methods, technologies
and techniques for collecting and analyzing data (Figures 2, 3)
recognition of the importance of long-term, longitudinal data
sets by researchers and funding organizations. Concurrently, the
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FIGURE 1 | Top predators (black) distribute throughout the Southern Ocean, horizontally, from the continent to the subantarctic islands, as well as vertically, with

deep-diving species following their prey down to >2000 m.

role of freely accessible datasets has become widely recognized
because of their contributions to diverse initiatives and because
no single research group can obtain sufficient data over the spatial
and temporal scales relevant to marine predators.

Methods for Studying Marine Predators
Population Monitoring

At sea, shipboard observations are a traditional way of estimating
the presence of given taxa. These observations may be from
“platforms of opportunity” (e.g., regular transits to supply
Antarctic stations, tourism vessels, commercial fishing vessels)
or dedicated surveys. The observations are only available along
ship tracks, but once collected in atlases (e.g., De Broyer
et al., 2014) they can provide a holistic circumpolar view
of the spatial distribution of top predators, albeit that the
providence of observed individuals remains unknown. Further,
survey data (ships, helicopters, fixed-wing aircrafts) can be used
to estimate the abundance of species for a given area (e.g.,
Southwell et al., 2004; Williams et al., 2014) using density surface
modeling methods relating observations to environmental
covariates and estimating relative spatial distributions (e.g.,
Friedlaender et al., 2006).

On land, population counts via direct observation (e.g.,
Wege et al., 2016a), or aerial photography by aircraft (e.g.,
Weimerskirch et al., 2018), gliders (e.g., Kahl et al., 2010), drones
(e.g., Goebel et al., 2015; Gray et al., 2019; Johnston, 2019) or kites
(Delord et al., 2015) have been conducted at key sites for many
decades. This yields detailed information on interannual patterns
in abundance (e.g., Wege et al., 2016a) or intra-annual behavior,
for example, phenology (e.g., Barbraud andWeimerskirch, 2006),

but sites where counts are routinely conducted in longitudinal
studies are spatially very limited. Remote observation might
improve this (e.g., Southwell and Emmerson, 2015; Labrousse
et al., 2019) and satellite surveillance can enable remote area
assessment, at large scale and much reduced cost (LaRue and
Knight, 2014). Counting animals from satellite images manually
can be time-consuming and researchers are harnessing Deep
Learning (e.g., Gonçalves et al., 2020) and citizen science through
crowdsourcing, where online volunteers identify animals in the
images (LaRue et al., 2019).

Long-term programs where individuals are marked or tagged
enable trends in demographic parameters to be related to natural
and anthropogenic environmental variation (e.g., Crawford and
Cooper, 2003; Pardo et al., 2017). Increasingly, this information
is linked to other aspects of a population or individual’s ecology,
such as genetic information (e.g., Forcada and Hoffman, 2014) or
habitat use (e.g., Hindell et al., 2017).

Animal-Borne Technologies

Biotelemetry, where positional data are sent to a radio base
(radio-telemetry) or relayed by satellite to a land-based platform
(satellite telemetry), became widespread in the early 1990s,
when it revealed the impressive distances that some species
can cover (e.g., Jouventin and Weimerskirch, 1990). Satellite
telemetry is now commonly used, especially to track species or
life-history stages for which recapture is difficult or impossible,
such as fledglings and juveniles (e.g., Orgeret et al., 2016).
A key limitation is the quantity of data that can be transmitted
to available satellites during the short surface times of diving
animals. Nonetheless, thousands of individuals have been tracked
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FIGURE 2 | Observational capacity, from traditional direct observations (visual population census, biological sampling) through to (semi-)automated processes (e.g.,

census counts via aerial photography from drones, satellite-based images and networks of remotely operating cameras). Vertical distribution is an important element

constraining observational capacity. Underwater observations can be ship-based from active (e.g., echosounder) and passive (e.g., sonobuoy) acoustics, but are

increasingly from technological advances in biotelemetry, automated underwater vehicles and underwater moorings (e.g., the Southern Ocean hydrophone network

monitoring trends in whale abundance, distribution, and seasonal presence through use of passive acoustic techniques).

in the Southern Ocean using biotelemetry and bio-logging
techniques (Ropert-Coudert et al., 2020), contributing to our
understanding of the at-sea distribution and behavior of top
predators (e.g., Reisinger et al., 2018; Hindell et al., 2020;
Figure 3).

In comparison, archival bio-logging devices (Ropert-
Coudert and Wilson, 2005; Ropert-Coudert et al., 2012) allow
high quantities of continuous high-resolution streams of
environmental and biological data to be recorded inside/outside
animals and stored in onboard memory with ever-growing
capacities. The disadvantage is the necessity to recapture
individuals to retrieve devices. A new generation of devices
combining the advantages of both biotelemetry and bio-
logging (e.g., Heerah et al., 2019) has enabled cross-disciplinary
studies, recording not only the georeferenced physiological
and behavioral activity of animals, but also enabling measures
of in situ physical parameters of the environment directly
surrounding the animal. International programs like the
Marine Mammals Exploring the Oceans Pole to Pole (MEOP)
(Treasure et al., 2017) illustrate this well, as about 70% of
oceanographic profiles measured south of 60◦S come from
bio-loggers (Fedak, 2013).

Regarding foraging ecology, bio-loggers were developed to
measure the temperature inside the stomach (Wilson and Culik,
1991) or the esophagus (Ancel et al., 1997) of seabirds to detect
prey ingestion and to some extent, size (but see Grémillet and
Plös, 1994). Other approaches used beak movements (Wilson
et al., 2002a), speed changes (Wilson et al., 2002b), accelerometry

(Yoda et al., 2001), changes in diving profiles (Bost et al., 2007),
a combination of these (Ropert-Coudert et al., 2001), or video-
cameras mounted on animals (e.g., Krause et al., 2015; Thiebot
et al., 2017) to infer prey encounter and/or ingestion.

Biomolecular Methods

Foraging
Information on predators’ feeding ecology is required to
understand how changes in their prey might affect their status, as
well as understand the status of their prey. Methods for learning
about feeding ecology have evolved from early dietary studies
collecting stomachs from dead animals, through using stomach
evacuation procedures on live animals (Wilson, 1984), to modern
genetic and other techniques for assessing prey composition from
feces or tissue samples (McInnes et al., 2017a).

Stable isotope analysis has become popular for investigating
predator diet and foraging habitat (e.g., Newsome et al., 2010).
Most often, nitrogen (δ15N) and carbon (δ13C) stable isotope
ratios are used to estimate trophic level and foraging habitat,
respectively. The latter relies on the strong baseline δ13C
latitudinal gradient, or “isoscape” in the Southern Ocean (e.g.,
Jaeger et al., 2010; Brault et al., 2018). Oxygen stable isotope ratios
(δ18O) provide additional dietary information in some cases (e.g.,
Connan et al., 2019). Multiple tracers can be used together in
mixing models to estimate predator diet (e.g., Lübcker et al.,
2017), provided potential prey values are also measured, or to
investigate the isotopic niche of different individuals, populations
or species (e.g., Connan et al., 2019). The analysis of “archival”
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FIGURE 3 | Circumpolar distribution of top predator breeding and foraging sites in relation to the MEASO spatial areas. Purple shading indicates areas of ecological

significance for multiple top predators (Hindell et al., 2020). Colored circles are scaled relative to colony size for 14 species (following Hindell et al., 2020; largest

count is for macaroni penguins (Eudyptes chrysolophus) at Crozet with >2 million birds, Crossin et al., 2013). Blue shading demarcates the MEASO spatial areas.

tissues such as whiskers (e.g., Lübcker et al., 2017) or teeth (e.g.,
Authier et al., 2012) can provide time series of stable isotope ratio
values. Commonly, these use bulk analysis but more recently,
compound-specific stable isotope analysis has proved to be a
powerful tool for enabling more nuanced ecological inference
(e.g., Brault et al., 2019).

A less-used biomolecular method for studying marine
predator diets is fatty acid analysis of adipose tissues (e.g.,
Bradshaw et al., 2003) or stomach oils (e.g., Connan et al.,
2014). When prey fatty acid signatures are also available,
quantitative signature analysis of blubber in marine mammals,
or subcutaneous adipose tissue in seabirds allows dietary
reconstruction (Iverson et al., 2004).

Genetics
Molecular genetic markers can estimate the abundance,
diversity, connectivity or distribution of populations, species and
ecosystems, and track changes in these parameters over time
(Schwartz et al., 2007). Genetic analyses have been conducted on
a wide variety of Antarctic predators, for example to understand
the geographical features that separate populations, monitor
population abundance and effective size in colonies, identify
species that are not readily recognizable and measure genetic
diversity. The commonly used genetic markers have evolved from
allozyme analyses to study protein-based differences between

individuals (e.g., Smith and McVeagh, 2000), to mitochondrial
DNA, useful for understanding maternally inherited patterns
(e.g., Christiansen et al., 2018). Rapidly evolving nuclear
microsatellite markers enable individuals to be identified,
measurement of effective population size (e.g., Hoffman et al.,
2011), detecting levels of population differentiation (e.g.,
Amaral et al., 2016) and monitoring of population changes over
management-relevant timescales (e.g., Forcada and Hoffman,
2014). Finally, single nucleotide polymorphism markers (SNPs)
can be obtained in their thousands via restriction site-associated
(RAD) or whole genome sequencing approaches (e.g., Clucas
et al., 2018; Cole et al., 2019).

For cetaceans and seabirds, most genetic studies have focused
on population connectivity and diversity across breeding sites or
oceanic areas. Levels of diversity and connectivity are important
to gauge the level of isolation and vulnerability, particularly
of exploited or threatened populations. Baleen whales from
geographically distinct wintering grounds often mix within their
Southern Ocean feeding grounds, so patterns of spatial genetic
structure are usually weak (e.g., Amaral et al., 2016; Attard
et al., 2016). Genetic diversity is particularly low for southern
right whales (Eubalaena australis); following three centuries
of exploitation, populations such as that in the New Zealand
Auckland Islands exhibit low mitochondrial DNA diversity
(Patenaude et al., 2007), with genetic differentiation between
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calving grounds suggesting demographic independence between
populations (Carroll et al., 2015). Multiple markers are required
to reliably detect weak structuring. RAD-Seq analyses of four
penguin species uncovered weak population structuring across
their Southern Ocean range, indicating regular long-distance
migratory movements between colonies (Younger et al., 2016;
Clucas et al., 2018). In contrast, gentoo penguins (Pygoscelis
papua), with their restricted, coastal distribution, are much
more genetically isolated (Levy et al., 2016; Clucas et al.,
2018). Hoffman et al. (2011) used SNPs to assess the pre-
exploitation abundance and subsequent population bottleneck
of Antarctic fur seals (Arctocephalus gazella) at South Georgia
due to sealing, finding robust evidence for a recent population
decline consistent with over-exploitation. Genetic monitoring
of colonies over time can also be extremely valuable to
understand population abundance, survival rates and response
to local environmental conditions. Regular genetic monitoring
of Weddell seals (Leptonychotes weddellii) on White Island
has enabled pedigree reconstruction since 1990, facilitating
annual estimation of effective population sizes. Across three
reconstructed generations, heterozygosity declined from past to
present and is likely to decline further if the current generation of
pups continue to interbreed (Gelatt et al., 2010).

Physiological Status
The physiological status of top predators is now being monitored
by measuring various parameters in a range of tissues. In
humpback whales steroid hormones are measured in blubber
samples to determine pregnancy and obtain demographic rates
(Pallin et al., 2018), providing some baseline against which
to assess impacts of change. Steroid hormones have recently
been measured sequentially in the whiskers of three seal species
and this approach can be used to study reproductive cycles in
mammals with cryptic life stages, or study links between animal
stress and environmental variation (Lübcker et al., 2020). In
response to stressors, secretion of glucocorticoid dramatically
increases to mediate breeding and foraging decisions (review
in Wingfield et al., 1998). The importance of oxidative
stress in influencing fitness components and the resolution
of life history trade-offs is attracting increasing attention
(Monaghan et al., 2009). Adélie penguins (Pygoscelis adeliae)
modulate their oxidative status by adopting different foraging
behavior (Beaulieu et al., 2010). In humpback whales an
adiposity index measured in blubber biopsy samples cycled over
8 years in synchrony with environmental variables (e.g., sea-ice
concentration, negative relationship) and climate indices (e.g.,
ENSO, positive relationship) (Bengtson Nash et al., 2018).

Developing an Integrated Perspective

The suite of tools developed over the past decades, briefly
summarized above, are increasingly used in combination on
the same individuals and populations. Advances in micro
technologies, lab analyses and field techniques have made
this possible practically and ethically. In less than 10 min,
an animal can be instrumented, and blood and/or feces
sampled with minimally invasive approaches. Data on individual
performance/condition can be collected at regular intervals, at

least for land-based breeding species, and when paired with
demographic parameters at the population level, they turn top
predators into “living observatories” (Figure 4), the biological
counterpart to the physical sciences observatories.

Biases and Regional Coverage
Data collected on top predators are commonly biased toward
certain groups. Overwhelmingly, the individuals studied are
adults but there is a concerted effort to learn more about juveniles
(e.g., Orgeret et al., 2016). In seals, studies are biased toward
adult females since adult males are relatively large and difficult to
restrain physically. Most work has focused on seals and seabirds –
since they are easier to observe, catch and/or handle when they
return to their terrestrial sites – than cetaceans which remain at
sea, although technological advances are making it possible to
study new aspects of their lives (Nowacek et al., 2016). While
commercial whaling provided substantial historical data, this
again contains very little information on juveniles due to the
target catch of the industry. Three dedicated abundance surveys
(Table 1) provided standardized circumpolar data on whale
abundance, distribution and trends, however, many cetacean
species are rare and remain infrequently observed.

Relative to the MEASO areas, many of the longitudinal
datasets come from locations where researchers have access to
breeding, resting or molting sites on land and ice, frequently
near research infrastructure on Subantarctic islands in the
Atlantic, Central Indian and East Indian sectors, at the Antarctic
Peninsula, as well as in east Antarctica and the Ross Sea in
the Antarctic zone.

Open Data and Computing
Antarctic scientists are acutely aware of the necessity of
making their data publicly available and shareable, following
from the requirement of Article III of the Antarctic Treaty.
Accordingly, the Scientific Committee on Antarctic Research
houses groups that are dedicated to the proper curation and
sharing of data and metadata such as the Standing Committee on
Antarctic Data Management or the Expert Group on Antarctic
Biodiversity Informatics (Van de Putte et al., to be published
in this research topic). While there is disparity in practices
and data standards among research groups, there are several
international efforts promoting free data and/or metadata access
of top predator studies (Table 1). Furthermore, a push toward
better reproducibility of results accompanied by the growth
of open-source computing has meant that many projects and
researchers now make their computer code freely available (e.g.,
the Antarctic/Southern Ocean rOpenSci community; Raymond
and Sumner, 2018).

BIOLOGY, DRIVERS AND FUNCTIONAL
RELATIONSHIPS

Marine Predators in a Changing Climate
A core component of the MEASO work program has been to
provide a source of standardized and validated information on
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FIGURE 4 | Example of a living observatory, an Adélie penguin, demonstrating the diversity of information that can be obtained from individual-based studies.

TABLE 1 | A non-exhaustive list of existing large-scale initiatives to collate and make openly available data on Southern Ocean marine top predators.

Antarctic and Southern Ocean initiatives

Population trends Mapping Application for Penguin Populations and

Projected Dynamics (MAPPPD)

http://www.penguinmap.com/ Humphries et al. (2017)

Distribution at sea Biogeographic Atlas of the Southern Ocean (SCAR

product)

http://atlas.biodiversity.aq/ De Broyer et al. (2014)

Retrospective Analysis of Antarctic Tracking Data

(RAATD)

https://github.com/SCAR/RAATD Hindell et al. (2020);

Ropert-Coudert et al. (2020)

Abundance and distribution International Whaling Commission (IWC) Southern

Ocean Whale and Ecosystem Research Programme

(SOWER)*

https://iwc.int/sower E.g., Branch (2011)

Antarctic Pack Ice Seals (APIS) Programme* https://www.seals.scar.org/pdf/

IntAPISSummUpdateRevis.pdf

Southwell et al. (2012)

Oceanographic data from

animal-borne devices

Marine Mammals Exploring the Oceans Pole to Pole

(MEOP)

http://www.meop.net/ Treasure et al. (2017)

The Penguiness Book of dive records http://www.penguiness.net/ Ropert-Coudert et al. (2018a)

Trophic information Southern Ocean Dietary Database (an EGABI product) https://data.aad.gov.au/trophic/ Raymond et al. (2011)

Related initiatives

Distribution Movebank for Animal Tracking Data https://www.movebank.org/cms/

movebank-main

Kranstauber et al. (2011)

Animal distribution and bio-physical

data from animal-borne devices

Integrated Marine Observing System http://imos.org.au/

https://portal.aodn.org.au/

Harcourt et al. (2019)

Distribution BirdLife International Seabird Tracking Database http://www.seabirdtracking.org// E.g., Lascelles et al. (2016)

*Indicates inactive initiatives.

the Southern Ocean Knowledge and Information wiki (SOKI).
The SOKI biota pages3 summarize basic information for a species
or taxonomic group for flying birds, penguins, seals, baleen
whales, dolphins and toothed whales, and how the status and
ecology of the group may be changing over time. We refer the
reader to this resource for detailed species-level information
including life history parameters (where available), population
estimates and dynamics, movement and distribution, diet and

3http://soki.aq/display/MEASO/MEASO+Biota

energetics, and species interactions and dependencies. In this
section we provide a high-level overview of drivers and functional
relationships, from an ice-dependent and oceanic perspective,
and highlight the overarching importance of climate change
impacts upon Southern Ocean top predators.

Ice-Dependent Predators

Depending on their affinity for sea ice, marine predators are
either directly influenced by sea ice as a platform on which
to forage or rest (and other stages of life cycle), or indirectly
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through associated processes such as biological production
and prey aggregation (Murphy et al., 2007; Massom and
Stammerjohn, 2010; Flores et al., 2012). Antarctic sea ice extent
shows interannual variability with marked regional variation
(Zwally et al., 2002; Cavalieri and Parkinson, 2012; Hobbs
et al., 2016; Parkinson, 2019). Changes in extent and seasonality
have important implications for the structure and functioning
of Southern Ocean ecosystems (Massom and Stammerjohn,
2010; Morley et al., to be published in this research topic).
Predators exhibit differential usage of sea-ice areas with distinct
characteristics, from north to south the: (i) marginal ice zone;
(ii) pack ice; (iii) coastal zone comprising landfast (fast) ice with
recurrent polynyas and flaw leads.

Sea-ice obligate pack-ice seals – crabeater (Lobodon
carcinophaga), leopard (Hydrurga leptonyx), Ross (Ommatophoca
rossii) and Weddell seals – and the emperor penguin use sea
ice as a platform for breeding and molt. Volant seabirds such
as snow (Pagodroma nivea) and Antarctic petrels (Thalassoica
antarctica) spend long periods sitting on icebergs or large ice floes
(Delord et al., 2020). Crabeater, leopard, and Ross seals avoid
areas of consolidated pack ice where freeze-ups are frequent
and restrictive (Ribic et al., 1991). Crabeater and leopard seals
are predominantly southern pack-ice species year-round. In
contrast, Ross seals spend ∼70% of their time 500–1000 km from
the ice edge. They haul out in the pack ice mainly during the
December–January molt, and in October–November when they
breed (Arcalís-Planas et al., 2015).

Although southern elephant seals (Mirounga leonina) mate,
breed and molt on subantarctic islands, a significant proportion
forage within the Antarctic sea ice region in winter (Hindell
et al., 2017). Compared with other marine mammals, whales have
limited capacity to make breathing holes through ice (Nicol et al.,
2008). Antarctic minke whales (Balaenoptera bonaerensis) are
known to overwinter in the Antarctic; although sighted within
the winter pack ice the proportion of the population that remains
year-round is unknown (Perrin et al., 2018). At least two different
ecotypes (B and C) of killer whales (Orcinus orca) are present near
or within the Antarctic sea-ice region (Pitman, 2011). “Pack ice
killer whales” (B-types) forage mainly among the pack ice around
the entire continent. “Ross Sea killer whales” (C-types) live deep
in East Antarctic pack ice and use leads (cracks) in the fast ice,
often far from open water. Sei whales (Balaenoptera borealis),
southern right whales, A-type and D-type killer whales are not,
or rarely, seen close to the sea-ice edge.

In the Southern Ocean baleen whale diets are predominantly
euphausiid based, reflecting the available biomass of different
krill species, but with the super-abundant Antarctic krill being
the primary prey for many whales and other species (Box 1)
(see also Rogers et al., 2020; Johnston et al., to be published
within this research topic; and references therein). The small
size of minke whales allows them to enter the pack ice zone
and affords access to Antarctic krill there. In addition, their
ability to filter large quantities of krill provides an advantage over
smaller krill predators that feed on individual prey (Friedlaender
et al., 2014). Humpback and fin whales (Balaenoptera physalus)
are also krill specialists but are more oceanic-dwelling and less
associated with sea-ice habitats or continental shelf areas (see

Nicol et al., 2008). Humpback whales generally arrive in Antarctic
waters in December and their numbers increase throughout
summer months (e.g., Andrews-Goff et al., 2018; Bestley et al.,
2019). Antarctic blue (Balaenoptera musculus intermedia) and fin
whales appear to show up comparatively later in the summer
(Širović et al., 2009).

Sea-ice predator populations do not respond uniformly to sea-
ice changes around Antarctica (Table 2). Different functional
relationships and contrasting population trends reflect regionally
specific differences in sea ice change and variability, and in
species ecology and life history (Jenouvrier et al., 2005; Massom
and Stammerjohn, 2010; Constable et al., 2014; Southwell et al.,
2015). Sea ice characteristics affect foraging behavior (e.g., Le
Guen et al., 2018) and breeding habitat (Jenouvrier et al.,
2017), with consequences on vital rates (reproduction: Jenouvrier
et al., 2003; Massom et al., 2009; Stroeve et al., 2016; Ropert-
Coudert et al., 2018a; survival: Barbraud and Weimerskirch,
2001b; Jenouvrier et al., 2005; Kooyman et al., 2007; Fretwell
and Trathan, 2019), ultimately affecting population dynamics
(Jenouvrier et al., 2003, 2012; Ainley et al., 2010) and species
persistence (Jenouvrier et al., 2014).

Predators employ a diversity of foraging strategies within the
sea-ice zone (Supplementary Material 1). Knowledge of the
present and predicted effects of sea-ice changes on predators
around Antarctica is limited for whales compared with other
vertebrate predators for which long-term demographic data exist
(Table 2). However, extended feeding seasons for humpback and
minke whales’ habitat use were tightly correlated with presence of
sea ice (Friedlaender et al., 2006; Williams et al., 2014).

Predictions about the effect of Antarctic sea ice changes
and variability on predators is a complex question, arising
from three factors. First, there remain important uncertainties
in understanding of sea-ice variability, change, climate model
configurations and forecasts. Sea-ice dynamics (timing and
duration), sea icescapes (ephemeral and persistent latent heat
polynyas, icebergs, and leads) and sea-ice extent are highly
variable in time and space. In most ecological studies the scales
used are too coarse to accurately or realistically understand the
reliance of Antarctic predators upon sea ice (Jenouvrier et al.,
2012). New approaches, using drones (Torres et al., 2018), high
resolution satellite imagery (LaRue et al., 2019) or animal-borne
sonar (Lawson et al., 2015) can investigate fine-scale features
relevant to the foraging scale of predators.

Second, diversity in behavior and individual phenotypic
plasticity makes predator responses to sea-ice changes highly
variable between sites, individuals and across species. The
response of predators is governed by their physiological plasticity
to tolerate change, adapt to new environmental conditions or
migrate to alternative foraging grounds that enable survival.

Third, the complexity of trophic interactions within the sea
ice region is poorly understood, limiting the understanding of
how sea ice changes would affect predators through changes
in the availability of resources. The role of winter sea ice as
a main feeding ground for Antarctic krill larvae was recently
challenged, as the pack ice zone may be a food-poor habitat for
larval development compared with the marginal ice zone (Meyer
et al., 2017). Diet indicators suggest that larvae feed on sea-ice
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BOX 1 | Food web interactions of Southern Ocean top predators.

Climate-driven changes are influencing the timing, duration and intensity of primary production in the Southern Ocean, with marked regional variability (high

confidence) (IPCC, 2019), and through a cascading effect modifications in the lower trophic level planktonic communities transfer up the food web (Constable et al.,

2014; Rogers et al., 2020). Many climate-driven changes impacting predators can therefore manifest through changes in the timing and availability of key prey

resources (medium confidence), with consequences for aspects of predator’s life history, phenologies, migratory schedules, foraging distributions and spatial ranges

as detailed in see section “Biology, Drivers and Functional Relationships.” One often-cited example of such bottom-up control is through Antarctic krill: this

crustacean play a central role in high latitude Southern Ocean food webs, as grazers and prey for baleen whales, seals, penguins and seabirds (Trathan and Hill,

2016), although its abundance and importance does vary between regions (McCormack et al., 2017). The Antarctic krill life cycle is tightly synchronized to take

advantage of the seasonal availability of sea-ice habitat and the phenology of Southern Ocean phytoplankton productivity. Bottom-up ecosystem changes have

been reviewed extensively, including for primary (Pinkerton et al., to be published in this research topic) and secondary production (zooplankton and krill: Johnston

et al.; fish and squid: Caccavo et al., to be published in this research topic). Top-down control can additionally be important in Southern Ocean ecosystems, as an

overabundance of predators can lead to local prey depletion thereby releasing the pressure that these prey species exerted on primary producer levels (Ainley et al.,

2007). The state of knowledge regarding key regional Southern Ocean food web structures, function and dynamics are reviewed by McCormack et al. (to be

published in this research topic), together with prognoses for how the relative importance of trophic pathways will change under climate change.

resources when available but can still persist in the water column
when they are not (Walsh et al., 2020).

Extensive research is yet to be done regarding foraging
activity by predators below the ice and quantification of key
dependencies, particularly during the autumn and winter. Three
main questions are: (1) How do oceanographic conditions shape
predator distribution at-depth under sea ice? Key associations
of interest relate to in situ temperature and salinity gradients,
specific water mass properties, topographic structures (creating
local upwelling or sub-mesoscale structures) within the different
ice zones and latent-heat polynya dynamics. (2) Where and when
does primary and secondary production occur within sea ice
and latent-heat polynyas during autumn? The sea-ice region is
still considered a biological desert in winter although predators
forage there successfully throughout the year. Sparse data are
due to limited ship access, and non-detection of ice-associated
phytoplankton in conventional satellite ocean-color images. (3)
How do predators track the zooplankton, ichthyoplankton and
macrofauna distribution at the ice-ocean interface down to
mesopelagic depths? The suite of complementary data-collection
and monitoring tools (see section “Data, Methods, and Tools”)
can help address these questions.

Oceanic Processes and Marine Predators

In the Special Report on the Ocean and Cryosphere in a
Changing Climate (SROCC; IPCC, 2019), medium confidence
was attributed to the identification and location of environmental
features that facilitate the aggregation of prey, and in turn
influence the spatiotemporal distribution of Antarctic marine
mammals and birds (Meredith et al., 2019). However, changes in
predators’ biology and activity patterns are interpreted with high
confidence to be the result of increasing environmental variability
and climate change (Meredith et al., 2019).

Circulation (advection) and fronts
Changes to the ocean circulation and structure are considered
by Morley et al. (to be published in this research topic).
Circulation can impact biological productivity, prey abundance
and distribution, thereby determining foraging hot spots (Hunt
et al., 2016; Atkinson et al., 2019). In the subantarctic
region of the Antarctic Circumpolar Current (ACC), the
advection of biologically enriched waters downstream from

major bathymetric features (Cotté et al., 2015), and the transport
of zooplankton and micronekton in the lee vicinity of islands, is
postulated to supply much of the food necessary for the survival
of the land-based predators feeding offshore (Perissinotto and
McQuaid, 1992). Subantarctic (Arctocephalus tropicalis) and
Antarctic fur seals from the Prince Edward Islands displayed less
searching behavior associated with foraging when current speed
increased (Wege et al., 2019). The decline of several seal and
bird populations at the Prince Edward Islands has been linked
to long-term decline in inshore primary productivity driving
changes in prey availability, associated with regional scale shifts
in ACC circulation (Allan et al., 2013). Recent research has found
no long-term trend in the zonally averaged latitude of ACC
transport and no evidence of an increase in the ACC transport
(Chidichimo et al., 2014).

The ACC fronts are associated with boundaries between the
major water masses. These circumpolar features exhibit high
biological production due to upwelling or changes in the vertical
distribution of resources (Moore and Abbott, 2000). They offer
important foraging habitat for top predators (Tynan, 1998; Bost
et al., 2009; Arthur et al., 2016). Despite representing relatively
predictable foraging grounds, frontal areas are also characterized
by a complex pattern of multiple locations corresponding to
different jets (Sokolov and Rintoul, 2009). Large-scale climatic
anomalies generating interannual variability in the latitudinal
location of fronts impacts the foraging trip distances and
feeding depths of king penguins (Aptenodytes patagonicus), with
consequences for population size (Bost et al., 2015). Potential
change in the transport and location of the ACC and its
fronts, in response to the increasingly positive Southern Annular
Mode, is expected to affect subantarctic foraging top predators
(Allan et al., 2013). However, satellite altimetry and temperature
time-series show consensus on the lack of poleward frontal
displacement over recent decades (Gille and Meredith, 2017;
Chapman et al., 2020). Consequently, frontal proxies such as sea
surface temperature (SST) are unreliable for projection studies
because a decoupling with the location of the fronts (spatial
gradients or isopycnal slopes) may occur due to strong surface
warming (Cristofari et al., 2018; Meijers et al., 2019). However,
temperature is an important parameter for the investigation of
predators foraging habitat within frontal areas since it controls
prey distribution and availability (Reisinger et al., 2018).
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TABLE 2 | Reviews the existing state of knowledge on effects of sea-ice drivers upon Southern Ocean top predators.

Driver Effect Species name Brief summary of impact Geographic zone References

Decreased sea-ice extent Negative Antarctic fur

seal/gentoo and

macaroni

penguins/black browed

albatrosses

(Thalassarche

melanophris)

Population number/frequency of years of low reproductive output South Georgia Reid and Croxall, 2001

Negative Emperor penguins Decline by 50% of emperor penguin population Terre Adélie, East

Antarctica

Barbraud and

Weimerskirch, 2001b

Negative Adélie penguins Krill availability, foraging activity Western Antarctic

Peninsula

Fraser and Hofmann,

2003

Negative 9 seabird species Later arrival and laying than in early 1950s East Antarctica Barbraud and

Weimerskirch, 2006

Negative Snow petrels/emperor

penguins

The emperor penguin population has declined by 50% whereas

snow petrels showed their lowest numbers in 1976, but were able

to skip reproduction

Terre Adélie, East

Antarctica

Jenouvrier et al., 2005

Negative 3 whale species Increased spatial overlap due to shift of fin whales foraging range to

higher latitudes where blue and minke whales used to feed

Circumpolar Nicol et al., 2008*

Negative Crabeater/Weddell/elephant

seals

Limitation in the available breeding and foraging habitat Western Antarctic

Peninsula

Costa et al., 2010*

Negative Adélie/Chinstrap

(Pygoscelis antarcticus)

penguins

Decreased in both populations, change in their main prey Western Antarctic

Peninsula

Trivelpiece et al., 2011

Negative Crabeater/Weddell/leopard

seals

Reduced food resources for pack-ice seals, predicted loss of seal

habitat (1979/2011)

Western Antarctic

Peninsula/Western

Weddell Sea

Forcada et al., 2012

Negative Adélie penguins Prediction of population going extinct; potential mitigation by local

recruitment

Edmonson Point, Ross

Sea

Ballerini et al., 2015

Negative Adélie penguins Negative influence on population growth rate for conditions 4 years

prior (1982–2015; may be site dependent)

Circumpolar Che-Castaldo et al.,

2017

Negative Antarctic minke whales Decreased preferred foraging habitat and shelter from predation

leading to displacement and competition with other krill predators

(e.g., humpback whales)

Circumpolar Risch et al., 2019*

Negative Arctic terns Impact on foraging behavior East Antarctica Redfern and Bevan,

2020

Decreased sea-ice extent

and duration

Negative Adélie/chinstrap

penguins

Replacement of Adélie by chinstrap penguins due to change in

resources

West Antarctic

Peninsula

Ducklow et al., 2007

Negative Crabeater seals Prediction of direct (pupping platform and protection from

predators) and indirect (food supply) influences

Circumpolar Siniff et al., 2008*

(Continued)
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TABLE 2 | Continued

Driver Effect Species name Brief summary of impact Geographic zone References

Decreased sea-ice

concentration

Negative South polar skuas

(Stercorarius

maccormicki)

Population size and number of breeders Terre Adélie, East

Antarctica

Pacoureau et al., 2019

Increased/decreased

sea-ice concentration

Negative Emperor penguins Predicted colony declines (bell shape curve) Circumpolar Jenouvrier et al., 2012,

2014, 2019

Increased sea-ice extent Negative Emperor penguins Fecundity (1952–2000) Terre Adélie, East

Antarctica

Barbraud and

Weimerskirch, 2001b

Positive Emperor penguins Adult survival (1952–2000) Terre Adélie, East

Antarctica

Barbraud and

Weimerskirch, 2001b

Positive Snow petrels Overall breeding success and fledging body condition the following

year (1973–1999)

Terre Adélie, East

Antarctica

Barbraud and

Weimerskirch, 2001a

Negative Weddell seal Weaning masses decreased Erebus Bay, Ross Sea Proffitt et al., 2007

Positive Emperor penguins Chick abundances correlated with sea ice extent during

July-September

Western Ross sea Barber-Meyer et al.,

2008

Negative Adélie penguins Foraging trip duration, distance walked, starving time of chicks Terre Adélie, East

Antarctica

Ropert-Coudert et al.,

2018b

Increased sea-ice duration Negative Elephant seals Negative influence on female abundance in breeding colonies with a

3y lag, likely due to preventing access to profitable prey areas

Western Ross sea van den Hoff et al.,

2014

Increased sea-ice extent

and duration

Positive Adélie penguins Food resources Palmer, Western

Antarctic Peninsula

Saba et al., 2014

Reduced/thinner fast ice Negative Emperor penguins Population numbers Western Pacific/Ross

Sea

Ainley et al., 2005

Negative Weddell seals Prediction of changes for pupping and breeding platforms McMurdo Sound, Ross

Sea/Antarctic Peninsula

Siniff et al., 2008*

Positive Emperor penguins Lower-than-average fast ice extent and persistently short distances

to nearest open water (foraging grounds)

Terre Adélie, East

Antarctica

Massom et al., 2009

Negative Emperor penguins Prediction of decrease of ∼50% of the colonies for 2025–2052 Circumpolar Ainley et al., 2010

Altered ice floe size and

structure

Negative Crabeater seals Prediction of direct (pupping platform and protection from

predators) and indirect (food supply) influences

Circumpolar Siniff et al., 2008*

Negative Ross seals Prediction of changes for pupping and molting platforms Circumpolar Siniff et al., 2008*

Changed polynya activity Positive Adélie penguins Larger Ross sea polynya/access to food sources Western Pacific/Ross

Sea

Ainley et al., 2005

Increased

precipitation/snowfall

Negative Adélie penguins The change in the icescape following the calving of the Mertz

glacier in 2010, with increase in precipitation and changes in

sea-ice firmness led to 2 years of massive breeding failure

Terre Adélie, East

Antarctica

Ropert-Coudert et al.,

2018b

Negative Adélie penguins Prediction of decrease of ∼75% of the colonies for 2025–2052 Circumpolar Ainley et al., 2010

Early fast-ice breakup Negative Emperor penguins Substantial loss of chicks Cape Crozier, Ross Sea Schmidt and Ballard,

2020

Increased iceberg mobility Negative Emperor penguins Low chick numbers Western Ross sea Barber-Meyer et al.,

2008

*Indicates Review paper.
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Mesoscale eddies and mixed layer dynamics
The ACC is a turbulent flow with high levels of meandering
and eddy energy. These mesoscale features bring nutrient-rich
deep water to the surface, consequently locally fueling primary
production and sustaining trophic webs (Kahru et al., 2007).
The importance of mesoscale eddies has been reported for flying
(Nel et al., 2001) and diving birds (Cotté et al., 2007; Scheffer
et al., 2016), and seals (Campagna et al., 2006; Bailleul et al.,
2010; Massie et al., 2016). Tracking studies have highlighted
behavioral adjustments of birds and mammals focusing on
distinct mesoscale eddies characterized by their type, level of
retention (weeks to months, d’Ovidio et al., 2013), and the history
and trajectory of the water parcel (Cotté et al., 2015). Eddies
can assist with foraging because of enhanced production, prey
aggregation and increased prey accessibility (Della Penna et al.,
2015), but not all species, sexes and age-classes interact with
eddies in a consistent pattern (see e.g., Dragon et al., 2010;
Tosh et al., 2015). Recently, submesoscale features (filaments and
small-scale fronts) induced by the interaction between eddies,
and characterized by elevated physical and biological activity,
were also reported to be favored by southern elephant seals (Cotté
et al., 2015; Della Penna et al., 2015; Rivière et al., 2019; Siegelman
et al., 2019). Similarly, chinstrap penguins, macaroni penguins,
and Antarctic fur seals from Bouvetøya targeted negative sea-
level anomalies and sub-mesoscale fronts (Lowther et al., 2014).
An increase in eddy energy (McHogg et al., 2015) as a response
to the strengthening of westerly winds will affect the mixed
layer depth and stratification in the ACC (Hausmann et al.,
2017). This will impact the vertical flux of nutrients and limiting
elements into the surface layer. Such projected physical change
should influence the spatial distribution of production, the
role of eddies in structuring the prey field by bottom-up or
aggregation processes and the resulting trophic transfer of energy
to top predators.

The mixed layer temperature gradient also acts as a barrier for
some vertically migrating prey and therefore plays an important
role in foraging behavior of deep-diving marine predators (Biuw
et al., 2010). Conductivity-temperature-depth data have shown
southern elephant seals were less successful foragers when
diving in warmer water (McIntyre et al., 2011). Shallow diving-
predators, targeting the bottom of the shallow mixed layer depth
(e.g., in certain regions or time of the year/day) will be affected by
mixed layer depth variations given their physiological inability to
dive deep. For example, southern right whales feeding on surface
swarming krill, favored areas with a temperature difference of
10–15◦C in the upper 200 m of the water column, but also
preferred shallower mixed layer depths when foraging (Torres
et al., 2013). Increasing temperatures and changes to the mixed
layer depth mean that marine predators will have to dive deeper
more frequently, i.e., at a greater cost, to obtain the same
amount of resources.

Climate Change and Marine Predator Responses

Temperature increase in some areas of the Southern Ocean
has been particularly rapid leading to major oceanographic
changes which, in turn, are impacting marine predators
(Forcada and Trathan, 2009; Barbraud et al., 2012; Convey

and Peck, 2019). Climate change can directly or indirectly
impact predator demographics, phenology, distribution, diet
and behavior (Sydeman et al., 2015). Separating demographic
changes related to climate from other causative mechanisms
(e.g., fisheries) is challenging – these are often not independent
as impacts may be cumulative – but important to evaluate
to develop effective mitigation strategies (Rolland et al., 2010;
Trathan et al., 2015). This is especially the case in the Southern
Ocean where the recovery of previously exploited species
represents a changing influence on community structure and
prey dynamics (Ainley et al., 2007).

A number of studies have linked population changes to
climate effects. For example, changes in winter SST negatively
affected the survival of juvenile black-browed albatrosses and
consequently population growth (Jenouvrier et al., 2018). King
penguins from Crozet are particularly vulnerable to climate
change, partly due to shifting distribution of their major foraging
grounds (Péron et al., 2012; Bost et al., 2015; Cristofari et al.,
2018). The low adult survival of southern rockhopper penguins
(Eudyptes chrysocome) is linked to warmer SST, presumably
due to the negative influence on prey (Dehnhard et al.,
2013). At Macquarie Island, the long-term population decline
(−1.45% p.a. over seven decades) of southern elephant seals
has been linked to complex changes in ice dynamics along
the Victoria Land coast and in the Ross Sea, as increasing
ice concentration and extent restricts access of the seals to
these foraging areas, forcing them to leave earlier (Hindell
et al., 2017). Global climate indices influence southern right
whale breeding success by determining variation in food (krill)
availability (Seyboth et al., 2016). Coupled climate-biological
modeling projected long-term population declines of varying
magnitude across five baleen whale species, related primarily to
increased competition for reduced prey (copepods/krill) under
ocean warming (Tulloch et al., 2019).

The increasing frequency and magnitude of extreme weather
events as a result of climate change (high confidence) (IPCC,
2019) also place top predators at risk. Marine predators are
philopatric to foraging and/or breeding sites; individuals develop
strategies for behavioral specialization and memory effects which
can have profound effects on fitness and population persistence
(Bradshaw et al., 2004; Grémillet and Boulinier, 2009; Wege
et al., 2016b). Philopatric species relying on long-term strategies
may be more vulnerable to disruption by increased frequency
and intensity of anomalous weather events. Snowstorms, for
example, negatively influence breeding success in Antarctic
petrels (low confidence) (Descamps et al., 2015). Exceptionally
heavy precipitation in East Antarctica disrupted the breeding
activity of Adélie penguins on land, while weak katabatic winds
preserved the sea ice around the colony, thereby affecting
chick provisioning by adults, causing mass mortality of chicks
(Ropert-Coudert et al., 2015).

A recent global meta-analysis found only limited shifts in
seabirds’ reproductive timing over 1952–2015 (Keogan et al.,
2018), but changes in breeding or migratory phenology have
been reported for several Southern Ocean species. These often
represent later rather than earlier onset of breeding, particularly
for sea-ice associated species (Barbraud and Weimerskirch,
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2006; Chambers et al., 2014). Nonetheless, Lynch et al.
(2012) demonstrated an advancement in clutch initiation
with increasing temperatures in three pygoscelis penguin
species (Adélie, gentoo and chinstrap). Among humpback
whales migrating from Central and South America the arrival
time at the Antarctic peninsula has advanced by nearly
30 days in 30 years (Avila et al., 2020). Meanwhile, tracking
reveals whales are remaining in ice-free Antarctic Peninsula
waters well into winter (Weinstein et al., 2017), leading to
longer regional residence times. More detailed investigation
may reveal that climate change is differentially affecting
population components.

Environmental changes can induce distributional shifts in
both the breeding (Forcada and Trathan, 2009) and at-sea
foraging distribution of marine predators. Antarctic (Pachyptila
desolata; Grecian et al., 2016) and thin-billed (Pachyptila
belcheri; Quillfeldt et al., 2010) prions shifted their non-
breeding distribution southward over the past century. The
strengthening of westerly winds has resulted in a poleward
shift in the foraging distribution of wandering albatrosses
but also increased their foraging efficiency and ultimately
breeding success (Weimerskirch et al., 2012). Shifts in the
latitudinal range of flying seabird species were related to
wind and temperature changes during the last decades,
depending on the water masses they visited in the Southern
Indian Ocean (Péron et al., 2010). Arthur et al. (2018) used
species distribution models and satellite-derived ocean data to
recreate historical winter (non-breeding) foraging habitats of
female Antarctic fur seals from three populations. At Marion
and Bird islands, foraging habitat has remained relatively
consistent over 20 years, but not at Cape Shirreff; here,
reduced sea-ice cover has improved habitat accessibility but
also increased the overlap with fisheries. Few studies have used
future climate projections to see how predators such as king
penguins may shift their movements poleward in response
to climate change (medium confidence) (Péron et al., 2012;
Cristofari et al., 2018) and how this will impact population
abundance. Habitat and climate models applied to tracking
data from seven seabird species projected range contractions
and poleward shifts (strong likelihood) (Krüger et al., 2018).
In the subantarctic region, there is an urgent need for studies
that use climate models to create projections of what will
happen in the future.

Long-term dietary studies at many Southern Ocean locations
have improved understanding of lower trophic level community
structure (Ratcliffe and Trathan, 2011), including the trophic
roles of krill, myctophids (e.g., Saunders et al., 2019) and
other prey resources for specialist (krill or mesopelagic) and
more generalist predators (the Southern Ocean Diet and
Energetics Database is a key resource, Table 1). Nonetheless,
few Southern Ocean studies have associated dietary shifts to
climate change (but see Carpenter-Kling et al., 2019, who
demonstrated that diet composition of gentoo penguins at
Marion Island responds to climate-mediated changes in the
position of the subantarctic Front). In the Ross Sea isotopic
analyses show that the long-term trophic niche of Weddell seals
has not shifted, but the baseline of their food web has, i.e.,

the primary producer community has changed in this region
(Hückstädt et al., 2017).

Interactions With Commercial Fisheries
and Resource Extraction
Commercial Exploitation Throughout the Southern

Ocean – Past and Present

In the early 20th century, whalers decimated whale populations
sequentially from largest to smallest in the Southern Ocean
(Hofman, 2017). In total, >2 million whales were taken from
the Southern Ocean (Rocha et al., 2014). The International
Convention for the Regulation of Whaling (carried out by the
International Whaling Commission, or the IWC) came into force
in 1946 as an effort to encourage the sustainable harvest for the
world’s whales. As whale populations continued to decline, the
IWC agreed on a whaling moratorium, which came into force in
1985. In 1994, the IWC designated the entire Southern Ocean
as a whale sanctuary (Friedheim, 2001). Southern right whales
(which were heavily exploited at lower latitudes since the 1600s,
de Morais et al., 2016) are now recovering at ∼7% per annum at
key sites around the SouthernHemisphere, but are not recovering
at others (including Chile-Peru and southeast Australia) (IWC,
2013b; Tulloch et al., 2018). Humpback whale populations are
increasing rapidly at ∼11% per annum in many areas (Branch,
2011), and in some cases are close to recovery, such as southwest
Atlantic (Zerbini et al., 2019) and east Australia (Noad et al.,
2019), while other populations are recovering more slowly (e.g.,
Oceania; Constantine et al., 2012). In contrast, the Antarctic blue
whale was estimated to be at <1% of pre-whaling abundance
in 1997 (Branch et al., 2004) and is still critically endangered
(Thomas et al., 2016). The status of fin and sei whales are less
certain due to lack of abundance estimates (Thomas et al., 2016),
although see Tulloch et al. (2018) for amodel-based assessment of
fin whale recovery. Despite the moratorium and sanctuary status,
Antarctic minke whales remained subject to low-level whaling
as Japan continued to harvest under a national scientific permit
until 2019. At the SouthernOcean level, the population is thought
to be declining but with low confidence in this trend because of
uncertainty in recent abundance estimates and varying trends at
a regional level (IWC, 2013a; there is debate whether different
abundance estimates are due tominke whale sea-ice usage biasing
their availability for survey over time). Currently there is no
whaling in the Southern Ocean.

The commercial exploitation of seals began in the late 18th
century (Scully, 1978). The sealing trade peaked in the 1820s, with
Macquarie Island a key harvesting location for southern elephant
seals, Antarctic and subantarctic fur seals. Crabeater andWeddell
seals were also hunted but in limited numbers primarily to supply
food for sled dogs (Basberg and Headland, 2008). The dramatic
surge in fur sealing during the early 19th century saturated the
market for seal oil and pelts leading to a gradual decline in prices
and imports, and to its cessation in the early 1830s (Basberg and
Headland, 2008). With the advent of new sources of lighting,
this market slowly faded by the turn of the century (Ling, 1999).
While difficult to quantify, given the poor record-keeping, 1.6–
1.7 million fur seals and >1 million southern elephant seals
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are believed to have been killed during this era (Basberg and
Headland, 2008 and references therein). In 1978, the Convention
for the Conservation of Antarctic Seals (CCAS) came into force,
setting quotas for all Southern Ocean seal species, with only
the Soviet Union conducting exploratory commercial sealing of
crabeater seals (N = 4,014), leopard seals (N = 649), Weddell
seals (N = 107), Ross seals (N = 30) and southern elephant
seals (N = 2) near the Balleny Islands (Twiss et al., 1985).
In contrast, penguins were targeted by commercial sealers and
whalers, primarily as a source of food and fuel for fires for those
working ashore, though commercial hunting of king penguins
for oil was conducted (Trathan and Reid, 2009). Currently there
are no sealing operations in the Southern Ocean and while most
historically harvested populations have recovered, the status of
most seals remains poorly known, especially for pack ice seals
(Forcada et al., 2012; Southwell et al., 2012).

Southern Ocean Fisheries Interactions

Most of the Southern Ocean comprises internationally managed
waters apart from maritime Exclusive Economic Zones
around several subantarctic islands. The interplay between
internationally managed waters, the Antarctic Treaty System
(the suite of agreements that govern the Antarctic) and national
jurisdiction creates a complex challenge for fisheries management
and sustainable use.

The Commission for the Conservation of Antarctic Marine
Living Resources (CCAMLR) is the multinational body which
governs marine living resources in the Southern Ocean,
including responsibility for managing impacts of resource
harvesting on dependent and related species. CCAMLR
is not a regional fisheries management organization as its
primary objective is conservation; however, in the CAMLR
Convention “conservation” includes rational use. CCAMLR
manages Southern Ocean fisheries (see also Waller et al.,
to be published in this research topic) including Antarctic
krill, toothfish (Dissostichus spp.) and mackerel icefish
(Champsocephalus gunnari, Supplementary Material 2).
CCAMLR manages for direct operational interactions between
fisheries and top predators, implementing a range of strict
seabird mitigation measures and other entanglement measures
(see section “Operational Interactions – Bycatch”). In line
with a precautionary and ecosystem-based management
approach4 (Kock et al., 2007) CCAMLR also manages for indirect
interactions (see section “Food web effects of fishing”), through
spatially allocated quotas designed to consider competition with
predators, for example through precautionary total allowable
catches for Antarctic krill. We return to top predator governance
mechanisms more broadly in section “Integrated Conservation
Under Uncertainty and Change.”

Operational interactions
Bycatch. There was a major expansion in the 1970s of demersal
fishing in the Southern Ocean, and of pelagic longlining (for

4CCAMLR has a clear set of ecological objectives, describing the ecosystem
approach as management that: “takes into account all the delicate and
complex relationships between organisms (of all sizes) and physical processes
(such as currents and sea temperature) that constitute the Antarctic marine
ecosystem” (CCAMLR, 2001).

tuna and other billfish), demersal longlining and trawling in
subtropical and continental shelf waters (Tuck et al., 2003).
The associated incidental mortality (bycatch) of seabirds had
catastrophic impacts, particularly on albatrosses and large petrels
(Phillips et al., 2016; Pardo et al., 2017). Data are sparse on the
magnitude of bird bycatch pre-mitigation, but an estimated 6,000
seabirds were killed per year in 1997 in the Patagonian toothfish
(Dissostichus eleginoides) fishery around South Georgia (Croxall
and Nicol, 2004; Figure 5A), and around 13–14,000 seabirds
were killed per year in 2001/03 around Crozet and Kerguelen
(Delord et al., 2005; Figure 5B). A suite of mitigation measures
were gradually introduced into CCAMLR toothfish fisheries in
the late 1990s and early 2000s, including a heavier line-weighting
(sinking hooks more rapidly below maximum diving depths),
streamer (bird-scaring or Tori) lines behind vessels (discouraging
birds from attacking baited hooks), bans on both offal discharge
(reducing attraction to vessels) and setting during daylight (when
albatrosses are most active). At South Georgia and around Heard
Island, a seasonal closure during summer (when most seabirds
breed) was implemented as an additional mitigation measure.
Together, these measures reduced seabird bycatch to negligible
levels (Croxall and Nicol, 2004; Figure 5A). The impact on
seabirds of the pelagic trawl fishery for icefish around several
subantarctic islands during the period of high fishing effort in the
late 1970s and early 1980s is undocumented. However, 50–100
albatrosses and petrels were killed each year in the early 2000s, by
which time effort in this fishery was much reduced (Kock, 2007).

While seabird bycatch rates are now very low in fisheries
within CCAMLR’s jurisdiction, many populations of albatrosses
and petrels breeding in the subantarctic still face serious threats
from fisheries in subtropical waters. Wandering albatrosses and
white-chinned petrels (Procellaria aequinoctialis) are at high
risk since their foraging distributions overlap with fisheries
without effective bycatch mitigation during both the breeding
and non-breeding seasons (Delord et al., 2010; Jiménez et al.,
2016). Other species are killed largely during the non-breeding
season, when they overlap with tuna fisheries in the High Seas,
or demersal longline or trawl fisheries on highly productive
continental shelves (Delord et al., 2014; Clay et al., 2019).
Although combined mitigation measures can reduce seabird
bycatch to negligible levels, regulations beyond CCAMLR
waters and some EEZs are not best-practice and monitoring
of compliance and bycatch rates is often woeful (Phillips,
2013). Until this is remedied, many populations will remain
threatened, despite the efforts of parties to international
treaties such as the Agreement on the Conservation of
Albatrosses and Petrels (ACAP), and advocacy and education
campaigns by dedicated NGOs such as BirdLife International
(Phillips et al., 2016).

Antarctic fur seal bycatch occurs in the commercial krill
fishery of the South Atlantic sector of the Southern Ocean
(CCAMLR Area 48). Although the fishery developed in the
1970s, seal bycatch went unreported to CCAMLR until 2003.
In that year, 73 seals were reported by-caught in trawls of
one vessel; 26 mortalities and 47 released alive (CCAMLR,
2018c; Figure 6). In 2004, the reported number increased
to 292 when monitoring was extended to additional vessels.
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FIGURE 5 | Bycatch of seabirds in the Patagonian toothfish fisheries of (A) South Georgia and Prince Edward/Marion Islands (“PEMI”) from 1997 to 2019; and

(B) South Georgia, PEMI, Crozet and Kerguelen from 2002 to 2019 (Source: CCAMLR, 2010, 2019b). Seabird bycatch around Heard Island is excluded as it has

amounted to <20 individuals per year since the start of toothfish longlining in 2003 in this region (CCAMLR, 2018c).

FIGURE 6 | Bycatch of Antarctic fur seals in the krill trawl fishery from 2003 to 2018 in the South Atlantic sector of the Southern Ocean (CCAMLR Area 48).

Numbers were not reported between 1973 and 2002 (Source: CCAMLR, 2018a).
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This, and inconsistencies in the data collection and quality,
prompted CCAMLR to recommend improved observer coverage
and the mandatory use of Marine Mammal Exclusion Devices
(MMEDs) by all vessels (Hooper et al., 2005). Trawling systems all
require nets fitted with marine predator entanglement mitigation
measures to be towed at slow speeds (∼4 knots). Fur seal
bycatch dropped to <10 per year between 2006 and 2017
(CCAMLR, 2018c), but uncertainty around the real extent of
these events remains high, as observer coverage is <100%.
In 2018, 19 fur seals were incidentally captured by one krill
trawler, which was attributed to a malfunction in the MMED
(CCAMLR, 2019b).

Marine mammals are rarely bycaught in toothfish longline
fisheries. Antarctic fur seals, southern elephant seals and, to a
lesser extent, leopard seals, have been either hooked or entangled
in the South Atlantic and South Indian Ocean sectors but
these events have remained anecdotal (<10 individuals/year
across all fishing areas since 2003; CCAMLR, 2018a,b). Sperm
whales (Physeter macrocephalus) entanglements in longlines
have occurred 8 times since 2007 (5 dead and 3 released
alive; CCAMLR, 2009c, 2011, 2012; Richard et al., 2020). Only
one killer whale has been recorded hooked and dead on a
longline (CCAMLR, 2009a).

Depredation. Depredation, i.e., species feeding on catches directly
on the fishing gear, is an operational interaction that has emerged
in all Patagonian toothfish longline fisheries over the past 30 years
(Kock et al., 2006; Söffker et al., 2015; Tixier et al., 2019a).
While Antarctic fur seals and southern elephant seals are involved
occasionally (Roche et al., 2007; Söffker et al., 2015; van den Hoff
et al., 2017), killer whales and sperm whales most frequently take
toothfish from hooks across the Southern Ocean (Kock et al.,
2006). Catch depredation by these two species has been reported
in all the EEZs of the Southern Ocean (Crespo et al., 1997; Nolan
et al., 2000; Hucke-Gaete et al., 2004; Purves and Agnew, 2004;
Tixier et al., 2016, 2019a,c; Boonzaier et al., 2012; Janc et al., 2018)
and in international waters within the CCAMLR and Southern
Indian Ocean Fisheries Agreement areas (Gasco et al., 2019a,b).

Interactions can occur during >50% of the fishing operations
and result in fish removals equivalent to >30% of the total catch
(Gasco et al., 2015; Tixier et al., 2020), hence depredation can
lead to substantial socio-economic and ecological impacts. While
entanglement or bycatch occur sporadically (Kock et al., 2006;
Richard et al., 2020), the major threat is the use of firearms or
explosives by illegal, unreported and unregulated (IUU) fishing
vessels to repel depredating individuals (Guinet et al., 2015). At
Crozet, such lethal responses contributed to the 60% decline of
the local killer whale population in the 1990s (Poncelet et al.,
2010; Tixier et al., 2017). While IUU fishing activities were
greatly reduced after 2003, evidence of a bullet injury on a killer
whale at Crozet in 2019 indicates that depredating individuals
are still being shot from IUU vessels (C. Guinet, pers. comm.).
Depredation may also alter the predatory role of killer and sperm
whales in ecosystem functioning through changes in distribution
and diet, and artificial provisioning effects on populations (Tixier
et al., 2015; Towers et al., 2019).

Discards. Discards (uneaten bait, offal, unwanted non-target fish)
from fishing vessels are consumed by many albatrosses and
petrels in the Southern Ocean (Cherel et al., 2017; McInnes et al.,
2017b), and in more northerly waters during the non-breeding
season (Jiménez et al., 2017). In CCAMLR waters, discarding
is currently banned in all fisheries south of 60◦S. In toothfish
fisheries in the EEZs around subantarctic islands, discarding is
prohibited during setting and can only take place during hauling
on the opposite side of the vessel. For some species, particularly
black-browed albatross, greater consumption of discards has
been linked to more extensive overlap with fisheries or higher
discard availability around colonies, and also to higher breeding
success or breeding frequency among colonies, or across years
within the same colony (McInnes et al., 2017b; Pardo et al., 2017).

Fishing gear, and other debris discarded or lost from fishing
vessels. Fishing gear (mainly hooks and snoods) lost or
deliberately discarded by fishing vessels is ingested in large
quantities by albatrosses and large petrels, particularly wandering
albatrosses at South Georgia, which frequently scavenge behind
vessels especially off South America (Nel and Nel, 1999; Phillips
et al., 2010; Cherel et al., 2017). Many hooks fed to chicks are
completely digested, but there is no information on possible
long-term toxicological effects. A substantial proportion of
the non-fishing marine debris (mainly plastics) ingested by
wandering albatrosses and southern giant petrels (Macronectes
giganteus) at South Georgia also originate from fishing vessels
operating outside CCAMLR waters, which has impacts at least
at the individual level (Phillips and Waluda, 2020). Discarding
is monitored carefully in the toothfish fishery around South
Georgia, andmarked, vessel-specific hooks are required. Controls
are generally weaker elsewhere, and ingestion of anthropogenic
items remains a problem for several subantarctic seabirds
(Phillips et al., 2010; Phillips and Waluda, 2020).

Food web effects of fishing
The Antarctic krill fishery currently operates in three distinct
locations in the Southern Ocean and is driven primarily by
the environmental conditions and local catch limits. During the
summer, fishing occurs primarily off the west coast of Coronation
Island (South Orkney Islands). Toward the summer’s end, the
fleet moves into the Bransfield Strait until the catch limit is
achieved, and then moves to the waters around South Georgia in
winter. The move into the Bransfield Strait coincides with a large
influx of male Antarctic fur seals, presumably coming from South
Georgia after the summer breeding season, though any potential
interactions with the fishery remain unknown (A. Lowther, pers.
comm.). In this region, the fishery is extending its activities until
the beginning of winter, thus overlapping with the fledging period
of three pygoscelid species (during summer, Hinke et al., 2017)
as well as with feeding activities of large numbers of humpback
whales present in the area until winter (Weinstein et al., 2017).

In areas that experience natural variability in krill abundance,
robust evidence exists for an impact on penguin foraging
performance (Reid et al., 2005; Waluda et al., 2012, 2017)
and baleen whale reproductive success (e.g., Seyboth et al.,
2016). Currently catches in the Antarctic krill fishery are
<0.5% of the estimated regional biomass. However, in recent
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years the fishery has concentrated over specific hotspots where
krill dependent predators forage (Santa Cruz et al., 2018).
While spatial and temporal overlap has been demonstrated
(Santora et al., 2010; Ratcliffe et al., 2015; Hinke et al., 2017;
Weinstein et al., 2017) direct evidence that current levels of
biomass extraction alter life histories of predators has not been
clearly demonstrated. Conversely, Watters et al. (2020) argue
there is no evidence that simply having a small catch relative
to estimated krill biomass indicates precaution (see section
“Integrated Conservation Under Uncertainty and Change”).
Only few studies have investigated the overlap between flying
seabirds and Antarctic krill fisheries, but one recent study for
Antarctic petrels from Dronning Maud Land concluded that
competition was negligible (Descamps et al., 2016). CCAMLR has
previously recognized that the existing monitoring design would
be insufficient for distinguishing between ecosystem changes due
to commercial harvesting and changes due to environmental
variability (physical or biological; CCAMLR, 2019b,c).

The importance of Antarctic (Dissostichus mawsoni) and
Patagonian toothfish in the diet of many predators – and
subsequently population-level effects of toothfish biomass
removal – remains unclear and understudied. Patagonian
toothfish are eaten by both wandering and black-browed
albatrosses at Indian Ocean colonies, but only by wandering
albatrosses at South Georgia where they overlap with fisheries
during the breeding season (Cherel et al., 2000, 2017; Mills et al.,
2020); this suggests that toothfish is rarely a natural prey for
albatrosses, even if they can be made available by deep-diving
seals or cetaceans returning to the surface. Both Patagonian and
Antarctic toothfish are natural prey of sperm whales (Yukhov,
1972; Kawakami, 1980), and Patagonian toothfish is important
for Crozet killer whales, composing >30% of their diet (Tixier
et al., 2019b). The extent to which populations of these species
were affected by the illegal overexploitation of stocks across
the Southern Ocean in the 1990s is not known. In the Ross
Sea, Antarctic toothfish is a natural prey of Weddell seals
(Ainley and Siniff, 2009) and type-C killer whales (Pitman
and Ensor, 2003; Ainley and Ballard, 2012), but spatial and
seasonal variation in its importance in diets remain unclear.
This uncertainty has generated much debate around the impacts
of the toothfish fishery on these species. For example, while
overfished toothfish stocks were proposed as responsible for local
declines in killer whale sightings (Ainley et al., 2017), to date
fine-scale bottom-up effects of fishery extraction on populations
have not been evidenced (Pinkerton and Bradford-Grieve, 2014;
Pitman et al., 2018).

Large-scale fishing by Soviet fleets from the late 1960s to
early 1970s depleted mackerel icefish stocks, as well as marbled
(Notothenia rossii) and gray (Lepidonotothen squamifrons)
notothenia around subantarctic islands, which had not recovered
by the early 2000s (Kock, 2007). These fish were, and mackerel
icefish remain, key prey for predators that may have been
impacted by the much-reduced stocks of the small notothens
after the fisheries collapsed (Waluda et al., 2017). Given
the currently low fishing effort for mackerel icefish, and
its offshore location, any effects on predators are now very
likely to be minor.

Future Threats

There is growing interest in large mesopelagic organisms (mainly
fish and squid) as potentially harvestable resources (e.g., FAO,
2011) and krill fisheries are expanding (Johnston et al., to be
published within this research topic) to meet with growing
concerns over food security. Lantern fishes (Myctophidae)
represent huge resources (estimated between 2 and 19.5 gigatons)
available for potential future exploitation for direct human
consumption and for aquaculture feed (Hidalgo and Browman,
2019) but their ecology and life histories are little known
(St John et al., 2016). As myctophid and krill fisheries use
midwater trawl fishing gear (Prellezo and Maravelias, 2019),
the threats (direct and indirect interactions) are expected to
be expanding in magnitude, as well as extending impact to
a different suite of mesopelagic marine predators. However,
there is currently no knowledge of how a myctophid fishery
would be distributed spatially or temporally, nor what level of
biomass extraction would lead to significant food web effects or
ecosystem perturbation.

Pollution
Pollution is broadly defined as the contamination of the
environment by substances or compounds that cause harmful
health effects. Globally, 1 million new chemicals are formulated
annually (Burton et al., 2017), with a proportion of emissions
inevitably destined for the polar regions. Despite the remoteness,
and the “shielding” nature of oceanic and atmospheric systems
surrounding Antarctica (Bengtson Nash et al., 2010, 2017),
pollution from lower latitude source regions represents a growing
but largely unmonitored threat due to an absence of routine
surveillance and measuring systems in Antarctica. In the context
of rapidly changing polar climates, pollution is clearly a co-
stressor to wildlife (Fossi and Panti, 2018) with for example,
the impacts of poor body condition and pathogens expected
to be compounded by accumulated pollutant burdens (Routti
et al., 2018). Pollutant categories known to impact Antarctic
biota from remote global sources include, but are not limited to
synthetic chemicals, heavy metals and macro, micro and nano-
plastic debris. Key input pathways of these to the Antarctic
region include the atmosphere, ocean currents, in situ usage and
biological transport (Bengtson Nash, 2011).

Persistent Organic Pollutants

Persistent Organic Pollutants (POPs) are a sub-group of
organic chemicals that satisfy four criteria: persistence, toxicity,
tendency to accumulate in wildlife over time, and magnify
between trophic levels; as well as a propensity for long-
range transport. While most POPs reach polar regions via the
atmosphere, as a function of their persistence and semi-volatility
(Wania and Mackay, 1993), perfluoroalkylated substances are
proteinophilic (Prevedouros et al., 2006) and hydrophilic,
favoring accumulation in surface waters and dispersal via oceanic
pathways (Yamashita et al., 2008). In addition, Antarctica
supports a number of highly migratory species that can serve as
biological “vectors” of chemical transport to the region (Cipro
et al., 2018). Finally, increasing human polar activity represents
a pollution hazard, with Antarctic research stations identified as
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local emitters of modern POPs (Bengtson Nash et al., 2008; Hale
et al., 2008; Wild et al., 2015).

Persistent Organic Pollutants have been identified in Antarctic
biota since the 1960s (George and Frear, 1966), including in
top predators (Aono et al., 1997; Bustnes et al., 2006, 2007;
Waugh et al., 2014; Dorneles et al., 2015; Das et al., 2017).
The POP profiles of Antarctic foraging species are typically
distinct from northern hemisphere and lower southern latitude
counterparts (Bengtson Nash, 2011), reflecting unique, pesticide-
dominated, hemispheric usage trends, as well as the long-range
transport capabilities of individual chemicals (Bengtson Nash
et al., 2010). For example whilst ubiquitous in the Southern
Ocean, polychlorinated biphenyls (PCBs) do not dominate
chemical profiles of predators but Hexachlorobenzene (HCB)
and para, para-Dichlorodiphenyldichloroethane (p,p’-DDE) do
(Corsolini et al., 2003; Bengtson Nash et al., 2008), with some
indication of legacy POP burdens declining in baleen whales over
the past three decades (Bengtson Nash, 2018).

As most known POPs accumulate in the lipid reserves of
animals, body condition is an important consideration when
evaluating POP burden in wildlife, in terms of target tissues,
timing for exposure assessment (sampling) and evaluation
of toxic effects (Bengtson Nash, 2018). Several studies have
investigated potential toxic effects of POP exposure to Antarctic
top predators, although this area of research remains challenging
due to the uncontrolled nature of testing on larger, free-
roaming species. In snow petrels, circulating levels of legacy
POPs were positively correlated with levels of the stress hormone
corticosterone (Tartu et al., 2015). Similarly, a humpback whale
fibroblast cell line has been applied for the in situ investigation
of toxicological effect of HCB and p,p’-DDE via immunotoxic,
genotoxic and cell integrity endpoints (Burkard et al., 2015, 2019;
Maner et al., 2019). Further investment into in vitro approaches
is suggested for advancing our understanding of the toxicological
sensitivity of Antarctic predators.

Mercury

Methylation of inorganic mercury Hg (II), mainly by bacteria,
produces methylmercury (MeHg), an organic form of mercury
that readily biomagnifies in aquatic food webs. MeHg contributes
50% of total Hg (HgT) in Antarctic bottom waters compared
to just 5% of surface waters (Cossa et al., 2011). Accordingly,
benthic feeding species (e.g., gentoo penguins) or species
consuming benthopelagic species (e.g., wandering albatross) have
accumulated some of the highest HgT levels of 21 seabirds from
the Kerguelen Islands (2.42 and 4.45 µg/g dw, respectively)
(Blevin et al., 2013). Similar findings were made for penguin
communities on King George Island (Polito et al., 2016). Further,
levels of HgT varied between 0.004 and 0.8 µg/g dw in Southern
Ocean squid with the pelagic Slosarczykovia circumantarctica and
the deep-water species Fillipovia knipovitchi demonstrating the
lowest and highest levels, respectively (Seco et al., 2020).

Generally, HgT levels increase with decreasing latitude, with
lower levels found in Antarctic phocid species and albatross
compared to their temperate or tropical counterparts (Aubail
et al., 2011; Cherel et al., 2018). To date Antarctic minke whales
are the only Antarctic-foraging cetacean species in which Hg

burdens have been reported, harvested in Japanese commercial
whaling operations and Japanese Whale Research Under Special
Permit from 1980 to 1999. Considering the bioaccumulative
nature of MeHg, the trophic position occupied by cetaceans, and
the known Hg contamination of lower trophic levels (Sontag
et al., 2019), this remains a significant research gap. Hg is a
known neuro-, immune- and genotoxin (Kershaw and Hall,
2019). Hence, there is significant interest in elucidating the
impacts of Hg exposure to Antarctic biota. For instance, heat
shock protein transcription in Weddell, Ross and crabeater
seals from the Amundsen and Ross Seas negatively correlates
with Hg concentrations in blood (Lehnert et al., 2017). Finally,
the endocrine-disrupting and behavioral effects of Hg were
investigated in snow petrels in relation to Hg burdens, with the
notable finding that egg-neglect was higher in males with higher
Hg burdens (Tartu et al., 2015).

Plastic

The entanglement of animals in flotsam plastics decreases
the survival of individuals by restricting breathing, movement
and the ability to successfully feed. Globally, 36% of seabird
species have been documented as entangled by plastic debris
(Ryan, 2018). In the Southern Ocean, plastic entanglement has
been reported in at least 18 flying seabird (Kühn et al., 2015;
Ryan, 2018) and seven penguin species (Ropert-Coudert et al.,
2019). Of the world’s marine mammal species, 45% have been
documented with cases of entanglement (Gall and Thompson,
2015) highlighting the pollution pressures faced bymigratory and
resident Antarctic species (e.g., García-Godos et al., 2013).

Plastic debris is ingested by a wide range of marine animals,
including top predators (Phillips and Waluda, 2020). There
is a lack of data on the exposure to and impacts of plastic
ingestion and entanglements on animals in the Southern Ocean
(Gall and Thompson, 2015; Provencher et al., 2019). The risks
posed by plastics on these species is determined by a variety of
life history and environmental drivers such as foraging area or
feeding strategy (Fossi et al., 2012; Tavares et al., 2017; Germanov
et al., 2018). Seabirds are the vertebrate group for which there
is most information on ingestion of marine plastics. For some
species, records of plastic ingestion date back almost 30 years
(e.g., short-tailed shearwaters Ardenna tenuirostris; Puskic et al.,
2020). Albatrosses and petrels present the highest risk (Roman
et al., 2019). The high amounts of debris collected by these birds
(Phillips and Waluda, 2020) may be linked to their reliance on
scent to detect prey that leads them to target bio-fouled plastics
(Nevitt et al., 2006; Savoca et al., 2016). Flotsam plastic acts as
a matrix that aids in the dispersal of rafting organisms. Biofilms
on marine plastics absorb environmentally present chemical
pollutants, such as metals and POPs (Johansen et al., 2018;
Richard et al., 2019). Additionally, chemical additives used in the
manufacturing of plastics can contribute to increased pollutant
burden in animals (Lu et al., 2019). For many marine vertebrates,
the digestive tract provides a favorable environment for chemical
pollutants to leach from ingested plastics (Tanaka et al., 2013,
2015; Coffin et al., 2019). There is growing concern for the
combined pressures of plastics and their associated chemical
pollutants upon marine wildlife health (Bakir et al., 2016).
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Health and Disease
Diseases can be introduced to Southern Ocean top predators
through human and animal vectors, changing climate, stress and
pollutants. On their own, each of these drivers can potentially
cause unpredictable effects to predator health; in combination,
effects are very likely multiplicative.

Despite much of Antarctica still being considered pristine
(Tow and Cowan, 2005; Convey, 2011; Grimaldi et al., 2015),
there has been vastly increased human activity in the last two
centuries (Frenot et al., 2005; Kerry and Riddle, 2009) including
recent exponential increases in Antarctic tourism (see section
“On-land Disturbance, Human Impacts and Non-indigenous
Species,” IAATO, 2019). There is opportunity for disease
introduction into relatively naïve populations via anthropogenic
introduction of organisms (Lewis et al., 2004; Frenot et al.,
2005; Tow and Cowan, 2005; Walton, 2012), in addition to
migratory species coming into contact with fauna in more
developed regions; a high risk likelihood presents from either
(or both) of these threats. It is therefore imperative to address
the paucity of data concerning diseases in Antarctic and sub-
Antarctic populations.

Data are lacking on how altered species distributions
and interactions due to climate change (Turner et al.,
2013) can facilitate the introduction and spread of infectious
diseases in the Antarctic. However, the effects of climate
and changing species distributions and densities on wildlife
disease has already been well-recognized in the Arctic (e.g.,
Van Hemert et al., 2014; VanWormer et al., 2019) where
multiple outbreaks of phocine distemper virus (PDV) were
associated with reduction in the extent of sea ice leading to
PDV exposure and infection across species of sympatric marine
mammals (VanWormer et al., 2019). In Antarctica, extensive
research on sea-ice distribution and shifts in top predator
movement ecology (e.g., McMahon and Burton, 2005; Massom
and Stammerjohn, 2010) now needs to be partnered with
investigations into how these changes affect disease prevalence,
expression, and transmission.

Introduced Disease and Expanding Range

Human facilitated movement of pathogens is one of the main
contributing causes behind the rise of emerging infectious
diseases globally (Voyles et al., 2015). Since the first Antarctic
explorations in 1899 birds and mammals have been introduced
(see section “On-land Disturbance, Human Impacts and
Non-indigenous Species”), as well as human food and body
waste products (Kerry and Riddle, 2009) with all the risk for
non-indigenous organism introduction this entails (Convey,
2011). While non-native species are no longer wilfully brought
to Antarctica, the sub-Antarctic islands are not subject to
the environmental protocols of the Antarctic treaty, with
quarantine measures and invasive species management
enacted by the administering country. This can result in
inconsistent and unstandardized management protocols
(Jabour, 2009; Walton, 2012).

Current knowledge of diseases in Antarctic species has
been largely limited to isolation of viral and bacterial agents
in seabirds, at distinct locations and investigations of mass

mortality events, rather than any large scale coordinated effort
to collect baseline data across multiple spatial scales and
species. A review on Antarctic seabirds concluded further
research is required to assess pathogen (and parasite) presence,
geographical and temporal variation, how this could influence
host species and the management required in the event
of outbreaks (Barbosa and Palacios, 2009). Two outbreaks
of Avian Cholera (Pasteurella multocida) have occurred on
the Antarctic peninsula (Leotta et al., 2006), and more
recently on subantarctic islands (Gamble et al., 2019). The
presence of an evolutionarily distinct lineage of avian influenza
virus’ (AIVs) in Adélie penguins was discovered in 2013 at
the Antarctic Peninsula (Hurt et al., 2014). A new study
discovered the presence of 107 viral species in Antarctic
penguins; the majority was associated with host diet and
ticks (Wille et al., 2020). However, it is unknown whether
any of these viruses cause disease in penguins. In 2014,
phylogenetic analysis revealed genomic segments of AIVs from
both Eurasian and North American lineages in two seabird
species (Hurt et al., 2016). These studies demonstrated not
only the presence of potentially highly pathogenic agents in
just one section of Antarctica, but also a combination of
endemic and introduced disease agents. Highlighted by these
knowledge “gains” are the unknown consequences that future
disease introductions might hold and the huge knowledge
gaps remaining to be filled across the continent and its
associated islands.

There remain many knowledge gaps on host-parasite
relationships in Antarctic faunal assemblages. In seabirds and
in marine mammals, ectoparasites and gastrointestinal parasites
are the most documented groups (Barbosa and Palacios, 2009;
McFarlane et al., 2009). Biting lice, feather mite, flea, tick
and helminthes are most frequently recorded among seabirds
(Barbosa and Palacios, 2009); amongst mammals, the main
organisms are sucking lice, nasal mite, flea and helminths
(Murray et al., 1965; Pugh, 1993; McFarlane et al., 2009). The
first report of a blood parasite in Antarctica was published
recently, when a Babesia sp. was detected in chinstrap penguins
(Montero et al., 2016). The only tick species identified in
Antarctica, Ixodes uriae, is the probable vector of this Babesia
sp., although it has not been confirmed (Montero et al.,
2016). Outside Antarctica, I. uriae may also be a potential
vector of different protozoans (Peirce and Prince, 1980) and
bacteria, as Rickettsia spp. (Chastel et al., 1993). The lack of
several blood parasites in Antarctica (e.g., Plasmodium and
Haemoproteus) is explained by the absence of appropriate
vectors (e.g., mosquitoes, Culicidae) that cannot mature in
the region due to the harsh climate conditions (Laird, 1961;
Merino et al., 1997). However, environmental changes can
modify the context of vectors, parasites and hosts in relation
to their development and disease transmission (Patz et al.,
2000). A slight temperature increase may be directly related
to the augmentation of tick feeding, as found on parasitized
penguins at the Antarctic Peninsula in warmer years (limited
evidence) (Benoit et al., 2009), and allow the proliferation of
potential vectors (Jones et al., 2002) accidentally introduced in
the Antarctic ecosystem.
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Animal Stress and Consequences for Health

Serological evidence of potential disease agents, be they
viral, bacterial, protozoal or parasitic, is only one aspect of
disease ecology. Human activity, in addition to the potential
spread of pathogens (indigenous and translocated), results
in increased stress in wildlife populations, which contributes
to disease outbreaks (Lafferty and Holt, 2003) and threatens
immunocompetence (Tarszisz et al., 2014) via its often-
devastating consequences on the immune system (e.g., Dhabhar,
2009) and can be a significant factor in disease expression.
Anthropogenic induced stress occurs through a variety of means,
including (but not limited to): physical proximity (tourists
and researchers); pollution of the Antarctic environment;
nutritional stress; and habitat alteration and fragmentation.
Nutritional stress occurs in Antarctic animal populations
due to alterations in the abundance and distribution of
prey and/or from direct depletion of fish stocks (Grimaldi
et al., 2015). Direct anthropogenic-induced stress also occurs
from physical proximity to humans (e.g., Engelhard et al.,
2001, 2002), which has hastened the rate of non-native
microorganism introduction, particularly in ice-free coastal
areas where human activities are most prevalent (Tow and
Cowan, 2005; Jabour, 2009; Grimaldi et al., 2015). Disease
ecology of predator populations, particularly those that
fall within the ever-increasing sphere of human activities,
requires increasing attention to successfully predict and
manage outbreaks.

Migratory Animals as Vectors for Disease

Transmission

Disease and the potential for far-ranging migratory species to
act as vectors among different animal populations is a very real
risk within MEASO areas. While most Southern Ocean wildlife
has evolved in relative seclusion, a number of top predators
are migratory species. Seals, cetaceans and albatrosses are wide
ranging species (Hindell et al., 2020). The Arctic tern breeds
in the Northern hemisphere, but migrates to Antarctica for the
austral summer, with the reverse occurring for Wilson’s storm
petrel (Oceanites oceanicus) (Kerry and Riddle, 2009). Southern
elephant seals travel several thousand kilometers during their
10 months at sea (Hindell et al., 2016), and can encounter
a range of hosts of common diseases. In several northern
phocid species the canine distemper virus (CDV), a morbillivirus
with high prevalence throughout the world’s dog population
(McCarthy et al., 2007), spread throughout populations leading
to mass mortalities (Grachev et al., 1989; Kennedy et al.,
2000). Serological evidence of CDV has been found in several
Antarctic seal species, although no clinical disease has yet
presented (Bengtson et al., 1991). Far-ranging migration can
therefore increase the risk of disease exposure at distant sites,
with the potential for disease transmission to large sections of
the population in areas where other species congregate e.g.,
haul-out sites for southern elephant seals, breeding colonies
for seals and birds. Couple these with the ability of diseases
to spread more rapidly in marine as opposed to terrestrial
populations (McCallum et al., 2003), and the potential for both

increased expression of endemic disease and the emergence of
new infectious diseases becomes a highly credible threat.

On-Land Disturbance, Human Impacts
and Non-indigenous Species
Species’ tolerance to disturbance vary, and disturbance timing
and duration are relevant when evaluating impact. For example,
disturbance effects can be different during highly sensitive stages
in the breeding cycle (e.g., egg laying in seabirds, pre-weaning in
marine mammals) making it complex to study. Amajor challenge
is to quantitatively link behavioral and physiological responses
to demography and population size. Relying on observations
of behavioral changes may be insufficient, as they may not
reveal cryptic and long-term effects on populations (Coetzee
and Chown, 2016). Here, we broadly discuss land-based impacts
and consequences of human-related disturbance mainly on
seabirds and seals.

Direct Site Disturbance on Land Including Station

Facilities and Tourism

Disturbance at breeding sites, attacks by natural predators or
fights amongst conspecifics are part of life. Human presence,
on the other side, is not, and several studies showed a stronger
reaction to human disturbance than to natural predators (de
Villiers et al., 2005, 2006). For example, repeatedly disturbed
penguins experience a reduction in their breeding success (Giese,
1996; Ellenberg, 2017). Also, colonially breeding species are
more prone to abandon their nests than solitary breeders.
Site disturbance can be transient (e.g., visitations) or physical
(destruction of habitat); both can have long-term consequences
for populations (Christiansen and Lusseau, 2015). Colonially
breeding seabirds and seals are particularly susceptible as they
attract attention of both researchers and tourists.

In the Antarctic context, this is particularly important
where ice-free, terrestrial habitat suitable for vertebrates is
limited and concentrated in coastal regions. It is here where
most human activities also occur (Shaw et al., 2014). Across
Antarctica, the footprint of all infrastructure and buildings now
exceeds 390,000 m2, with an additional disturbance footprint
of >5,200,000 m2 just on ice-free land (Brooks et al., 2019).
This footprint is similar in size to the total ice-free area of
Antarctica and affects over half of all large coastal ice-free areas,
disproportionately concentrating human impacts in some of the
most sensitive areas as many species rely on ice-free ground
to breed. While the Antarctic Treaty System (ATS) forbids
the destruction of colonies, a research station brings with it a
variety of disturbance sources ranging from noise of generators,
vehicles (terrestrial and marine), aircraft and people to increased
visitation of wildlife in the station surrounds. Station personnel
and tourists visit concentrations of wildlife near the stations
frequently (e.g., Tin et al., 2014) and often throughout the
breeding period.

In Antarctica, mainly at the Antarctic Peninsula, visitor
numbers (tourists, staff and crew) have been increasing over the
last two decades (Liggett et al., 2011; Woehler et al., 2014) to
nearly 55,500 people in the 2018/19 summer resulting in over
852,600 individual visits (IAATO, 2019). While not all reported
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visits were to wildlife sites, areas free of human visitation are
becoming rarer (Hughes et al., 2011; Liggett et al., 2011), and
tourists tend to visit breeding colonies in large groups at a higher
frequency than researchers, commonly throughout the breeding
season. Although tourists do not always interact with animals
directly, both kinds of activities – research and visitation – are
types of disturbance but the long-term impact is difficult to
measure and is rarely examined (Carey, 2009). A 21-year study of
tourist interactions with gentoo penguins has revealed a decline
in the Goudier Island population and a reduction in breeding
success (Dunn et al., 2019). It also showed a significant link with
higher numbers of tourist visitors (from 262 in 1996/1997 to
19,688 in 2016/2017). However, given the complexity of possible
drivers, including a significant negative effect of increasing
air temperature and shifts in sea ice variables on breeding
pairs, the authors recommended both improved management
strategies to protect this penguin population, and the initiation
of similar studies at other frequently visited penguin sites.
Detailed site- and species-specific research can support effective
guidelines to develop and implement visitor management; well-
managed ecotourism can contribute to wildlife conservation
(Ellenberg, 2017).

In contrast to tourists, researchers typically work in small
teams and may need to capture and handle animals. However,
these interactions tend to be time limited and individual animals
are typically manipulated once or twice in a season (Wilson and
McMahon, 2006; McMahon et al., 2012). Few studies address
the consequences of repeated handling, but one investigation of
southern elephant seal pups showed no measurable short-term
(survivorship) or long-term (fitness) consequences of handling
intensity (McMahon et al., 2005). Non-lethal disturbance impacts
are often reported as not detrimental with only minor effects,
but long-term studies on apparently minor effects of transient
disturbance are rare. For example, for eco-physiological studies
blood samples are frequently collected, but the long-term
effects of this procedure on other aspects of the animals’ lives
are rarely examined (Angelier et al., 2011). When assessing
impacts of researcher disturbance on wildlife, it is important
to consider whether previous exposure influences animals’
responses. Colonies of some species subjected to long-standing
research efforts may over time become less sensitive to human
presence than naïve colonies. Cumulative exposure to non-lethal
disturbance has been estimated using spatially explicit capture–
recapture models (Christiansen et al., 2015) applied to whale-
watching boat interactions. Similar approaches could be useful
for wildlife populations influenced by the cumulative effects
of either a repeated disturbance factor or experiencing several
disruptive factors (natural and anthropogenic) simultaneously, as
it is important to consider all relevant stress factors that affect
animals at the time of study.

Noise Disturbance

Noise created by human activities occurs both on land and
at sea. Fixed wing aircraft and helicopters have increased
the range of accessible sites, thereby increasing the human
footprint; but few studies have investigated the long-term
effects of anthropogenic noise on land. Studies evaluating

the immediate impact of helicopters approaching wildlife
demonstrated that animals changed behavior, but there was no
distinction between visual/acoustic effects (van Polanen Petel
et al., 2006 and references therein). The use of wheeled and
tracked vehicles on and near stations as well as in the field
is widespread but the effects on wildlife are largely unknown.
Weddell seals reduced the number of calls they made when
over-snow tracked vehicles passed them (van Polanen Petel
et al., 2006). While a single event of this nature causes
only transient disturbance, the situation is unclear where
vehicle operations occur frequently in the same area. The
distance between vehicles and wildlife is also important, as is
the breeding stage.

Assessment of underwater noise impacts in the Antarctic is
an increasingly important issue, primarily related to ship traffic
(from tourism, fisheries, and research), but also geophysical
research (e.g., seismic surveys) and research station support
activities (including construction). A recent review identified
marine mammals to be most vulnerable, having the highest
auditory sensitivity and using sound for communication,
navigation and foraging; reported noise effects included
avoidance responses, behavioral changes, disruption of foraging,
changes in communication, and death in extreme cases (Erbe
et al., 2019 and references therein). Priority research needs to
include improved data on marine mammal distribution, hearing
sensitivity (e.g., a mysticete audiogram) and assessment of the
effectiveness of noise mitigations options. These data can aid
refinement of noise exposure criteria for management, assisting
the standardization of reasonable noise threshold requirements
across countries.

Remote Monitoring via Unmanned Aerial Vehicles

The use of new technologies such as unmanned aerial vehicles
(UAVs) is spreading rapidly and is expected to make wildlife
monitoring less disruptive and more cost effective (e.g., Muller
et al., 2019; Nowak et al., 2019). However, research on the
potential impact of UAVs on wildlife is still preliminary (e.g.,
Rümmler et al., 2018; Weimerskirch et al., 2018) and potential
long-term effects remain poorly understood. UAVs have quickly
become a mainstream activity (Šimek et al., 2017). IAATO
introduced a moratorium on recreational UAV flights in coastal
areas (IAATO, 2015) and recorded the number of flights on
IAATO registered vessels. In 2014/15, some 89 UAV flights were
reported and in 2018/19 the number had risen to 1984 (IAATO,
2019) of which 95% were of commercial nature and less than 2%
were for scientific purposes.

Currently, logistical and operational activities benefit from
the use of UAVs, but information of UAV use in non-IAATO
linked tourism and other commercial or scientific operations is
largely absent. Issues near wildlife include the risk of accidents,
aircraft flying too low over wildlife concentrations, and the
potential number of UAVs flying under no limitations. Therefore,
in 2018, comprehensive environmental guidelines for UAV usage
in Antarctica were drafted and adopted by the ATS Parties to help
avoid and/or reduce disturbance to wildlife while allowing for
beneficial use (Harris et al., 2019). To our knowledge there are
no equivalent guidelines for operation of unmanned underwater
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vehicles used for observing wildlife (e.g., Clarke and Tyler, 2008)
or other purposes.

Non-indigenous (Introduced and Invasive) Species

Antarctica and the sub-Antarctic islands have no native land
mammals; deliberate or accidental introductions occurred
when the islands were exploited for their natural resources
(Russ, 2007; Convey, 2011). The response of island fauna
was complex and variable. While non-native predators
caused extinction of some endemic species (e.g., Taylor,
1979; Holdaway et al., 2010), not all introductions increased
the mortality of local wildlife populations. For example, at
New Island, Falkland Islands, introduced rodents and cats
appear to coexist without a major impact on the local seabird
populations; the cats (Felis catus) prey mainly on rodents
(Quillfeldt et al., 2008).

Most commonly, increased mortality among native vertebrate
populations has been caused directly or indirectly by rats (Rattus
rattus), mice (Mus musculus), cats and rabbits (Oryctolagus
cuniculus). Rodents inflict significant injury andmortality among
seabirds, including albatross chicks (Wanless et al., 2007; Jones
and Ryan, 2010; Dilley et al., 2016). As the birds evolved without
the presence of natural terrestrial predators, they are ill suited to
defend themselves (Frenot et al., 2005). For critically endangered
species such as the Tristan albatross (Diomedea dabbenena;
Wanless et al., 2007, 2009) chick mortalities compound the
albatross deaths in longline fisheries and worst-case scenario
modeling predicts species extinction in ∼30 years; effective
mitigation of both fisherymortality andmouse predation impacts
is required (Wanless et al., 2009).

Mice adapted well to local conditions on many sub-Antarctic
islands. At Marion Island, they reached densities of >150 mice
ha−1 (Matthewson et al., 1994). Cats were eradicated here in
the 1990s (Jones and Ryan, 2010; Jones et al., 2019). Since
2003, mouse attacks on albatrosses (including fatally) have been
noted. Mice also predated incubating adults at Gough Island
where mouse densities are ∼280 mice ha−1 (Parker et al., 2016;
Jones et al., 2019).

At Macquarie Island, rabbits significantly reduced breeding
habitat of burrowing seabirds whose populations declined
markedly. In 2010–12, rabbits and rodents were eradicated,
and many seabird populations improved (Springer, 2018).
Similarly, at the Kerguelen Archipelago, seabird populations
rebounded post-eradication of rabbits some increasing 4- to
8-fold (Brodier et al., 2011).

Introductions of non-native mammals to the Antarctic
continent are currently unlikely as the environmental conditions
are unsuitable for most non-native species (Woehler et al., 2014).

INTEGRATED CONSERVATION UNDER
UNCERTAINTY AND CHANGE

Many factors directly or indirectly threaten top predators
(Table 3) and substantial gaps in information and governance
capacity remain (Box 2 and Table 4). For example, population
estimates for many predator species are imprecise, or out of
date, in some cases by several decades (e.g., Phillips et al., 2016;

Trathan et al., 2019). Estimates of population trend might exist
at some of the better-known breeding sites, but regional or
global estimates for many species are insufficient for accurate
assessment of change driven by factors threatening predators.
To inform management in the face of these threats, a better
understanding of the potential causative mechanisms that shape
population size, demography, phenology, distribution, diet and
behavior is urgently needed along with more comprehensive
and integrated management. This section explores the challenges
and opportunities that scientists and policymakers face in
the implementation of adequate measures for conserving top
predators (Table 5).

Governance of Southern Ocean top predators occurs through
a wide suite of legal instruments and associated regulatory
bodies (Table 4) and through regional fisheries management
organizations (RFMOs) adjacent to the CCAMLR area.While the
IWC, CCAS and RFMOs primarily take a single-species approach
in the management of predators, CCAMLR has a unique
ecosystem and precautionary mandate toward conservation (see
section “Southern Ocean Fisheries Interactions”). The Madrid
Protocol (1991) also establishes an obligation to provide suitable
protection to top predators as species-specific or system-wide
measures. Other international bodies have a remit that covers the
Southern Ocean and may provide opportunities for developing
measures to support top predator conservation, such as ACAP.

Climate change related threats to Southern Ocean top
predators are global in nature, thus requiring coordination
across management bodies (Rintoul et al., 2018; Chown and
Brooks, 2019). While the global threats are managed by the
United Nations Framework Convention on Climate Change,
an opportunity exists for CCAMLR and the Antarctic Treaty
Parties to incorporate recommendations coming out of United
Nations bodies such as the IPCC. For example, the SROCC
(IPCC, 2019) highlights several urgent issues of significance
to managing Southern Ocean ecosystems, including changes in
sea-ice advance/retreat and related impacts on ice-dependent
top predators, as well as potential effects of climate related
drivers on food web structure and function, biodiversity and
fisheries. Furthermore, the report emphasized that governance
arrangements in the polar regions are currently not sufficient
to adequately address the projected risks (IPCC, 2019). In light
of this report, during the CCAMLR annual meeting in 2019,
some members recalled CCAMLR Resolution 30/XXVIII on
climate change (CCAMLR, 2009b), noting that it was timely
to update the 2009 resolution, yet despite extensive discussions
no agreement followed (CCAMLR, 2019a; paras 8.11 to 8.16).
Over recent years, some CCAMLR parties have pursued related
initiatives, such as a Climate Change Response Work Program
that specifies actions to manage the Southern Ocean ecosystem
more effectively under climate change. However, despite having
a dedicated agenda item toward discussing climate change,
these initiatives have been stalled by difficulties in reaching
consensus (Rayfuse, 2018). The Committee for Environmental
Protection – which provides recommendations to the Antarctic
Treaty Parties for carrying forward provisions regarding the
Environmental Protocol – has also developed a similar program
and is progressing (CEP, 2019), but at a pace much slower than
that of climate-related changes. The issues identified here and
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TABLE 3 | Graphical table summarizes effects of high-level drivers on Southern Ocean top predators (red: negative, blue: positive, gray: mixed effects, white: no change,

black: data required) with confidence indicated as • • • high, •• medium, • low.
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See text for commentary on the capability of current monitoring to be able to detect effects.

throughout this paper need to be urgently factored into CCAMLR
and the Antarctic Treaty Consultative Parties precautionary
approaches (Hughes et al., 2018).

The management of indirect interaction and effects on top
predators is undertaken in two ways: a systems approach and
an approach to reduce resource competition. One systems
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BOX 2 | Research gaps and priorities.

Data coverage

Top predators receive considerable study effort and arguably represent the taxa for which the most ecological information is available. Yet, significant gaps remain at

geographic (away from the main study sites and in vast Southern Ocean expanses), species (cryptic cetacean species) or life stage (juveniles) levels. Routine

population censuses are spatially very limited, and population estimates for many predator species are imprecise, or out of date. Observational data remain sparse

and difficult to collect during winter, especially within the sea-ice, hampering understanding of processes shaping predator-prey interactions in polynyas or under the

ice. In oceanic areas, we are improving our understanding of the role of physical oceanic structures (eddies, filaments, fronts) in shaping the prey field distribution and

hence predator foraging success. Further work should prioritize quantifying relationships (and their uncertainty) between key biological parameters (population

growth rate, mortality, breeding success, migration phenology) and their biophysical drivers, to improve predictive capacity.

Given that top predators integrate signals over various spatiotemporal scales, we can take advantage of this through use of bio-logging and bio-monitoring

technologies. Scaling up from such observations to synoptic predictive modeling represents an important strategy to overcoming monitoring limitations.

Projections of future change

Our understanding of current ocean/climate – prey – predator links and dependencies is inadequate. This is especially important for projecting how environmental

changes will affect predator populations, but also for disentangling changes related to climate from changes with other causative mechanisms, such as fisheries.

Meso- and fine-scale ocean features and biological coupling are not well-resolved in most earth system models. This limits the realism in modeling and projecting

biotic interactions. Notably it is also complex to project socio-economic components.

Over the coming decade, we can expect higher resolution forecasting, and improved coupling (ocean-ice, physics-biology), which can better resolve features

influencing predators and their prey. Alongside, we need to improve our characterization of linkages between ocean/climate, prey and predators. While a lot of

attention has been given to krill-predator interactions, the importance of other prey, like toothfish or myctophids, deserves increased attention, as these become

potential targets for commercial fisheries. Other key habitat requirements, notably fast ice (critical for some species life stages), remain poorly represented within both

observational and modeled products.

Identification and management of current and future risks

While outside the direct scope of MEASO, gaps in understanding the connectivity of the Southern Ocean with the rest of the planet (Murphy et al., to be published in

this research topic) pose major threats to our ability to protect it. Management bodies like CCAMLR have made extensive efforts to limit by-catch for example, but

these best practices stop at the CCAMLR administrative boundaries, while some species distribute far beyond them. Governance for conservation of top predators

requires coordination across management bodies. Also, a renewed commitment to progressing work programs specifying actions to manage the Southern Ocean

ecosystem more effectively under climate change, and adequately addressing the projected risks for species and the ecological systems upon which they depend.

Similarly, administrative boundaries are porous to invasive species, introduced pathogens and their possible role in emerging diseases, or pollution. These

increasingly influential and multiplicative threats deserve specific attention, as little is known, for instance, on the toxicological sensitivity of Antarctic predators to

POPs and mercury, but also the real extent of plastic pollution and its impact. Growing human presence and activities, e.g., through tourism, requires studies to

carefully investigate how disturbance, including exposure to a diversified and amplified soundscape, may affect predators long-term.

So, how to address these gaps and challenges? Clearly, additional funding is always a benefit, but this could be targeted toward goals that are often not at the

core of funding schemes. Long-term monitoring has proved an invaluable requirement to examine the inter-connected climatic and anthropogenic effects. However,

this cannot solely be maintained by limited research resources. To this end, and in parallel to researcher positions, dedicated long-term positions for “monitoring

scientists” should be created – a commitment that would also increase work opportunities for many talented early career scientists. With such a task force,

long-term monitoring sites could be expanded. The continued improvement in remote technologies (including satellite censusing, drones, underwater moorings,

animal-borne environmental samplers), should also form an efficient and core part of continuous monitoring, implemented wherever needed to upgrade monitoring

programs. It is also crucial to promote the recent trend in scaling up from individual projects toward multi-site, multi-species synthesis studies, as these are the only

possibility to obtain synoptic views and understanding of these ecosystems.

approach to managing for multiple stressors is through the
establishment of marine protected areas (MPAs). CCAMLR has
established two MPAs to date – one near the South Orkney
Islands (∼94,000 km2) and one of the world’s largest in the
Ross Sea (>1.55 million km2). There are also multiple large
MPAs in subantarctic island Exclusive Economic Zones (see
Brooks et al., 2020), established partly to provide protection
for top predators (see Trathan et al., 2014; Trathan and Grant,
2020). However, Hindell et al. (2020) assessed the locations of
predator hot spots in the Southern Ocean and examined how
these are expected to change under climate scenarios. They
compared these locations to the established and proposed marine
protected areas in the region and concluded that further MPAs
are needed to provide for the long-term requirements of these
predators, including the existing proposals before CCAMLR as
well as other areas. The protected areas system remains largely
unsystematic and underdeveloped (Hughes and Grant, 2017;
Brooks et al., 2020).

Beyond CCAMLR, Annex V of the Environmental Protocol
to the Antarctic Treaty enables the Parties to designate Antarctic
Specially Protected Areas (ASPAs) to protect environmental

values, including areas with important or unusual assemblages
of species, like major breeding colonies of seabirds or mammals
(Environmental Protocol, 1991). ASPAs are primarily on land;
some include a limited at-sea portion, for which CCAMLR is
consulted, and comprise all colonies of one or more bird species
(Wauchope et al., 2019). Given the threats to top predators, MPAs
and ASPAs provide an important tool to help mitigate impacts.
A stronger connection between ASPAs (Antarctic Treaty) and
MPAs (CCAMLR) is desirable to enhance protection of species
that use both domains.

Under Annex II to the Protocol, vulnerable species can
be designated as Antarctic Specially Protected Species (SPS)
(Environmental Protocol, 1991). Designating species facilitates
protection across all life history stages and eventually of all
genetically distinct meta-populations (Trathan et al., 2020).
Currently, no species has yet been designated an Antarctic
SPS; however, designation should in theory mitigate any human
activities that might harm candidate species. The relationship
between CCAMLR and the Antarctic Treaty would also ensure
consistency in the application of such measures by CCAMLR.
Work to consider possible designation of emperor penguins
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TABLE 4 | Regulatory bodies with responsibility for conserving Southern Ocean marine predators, particularly with respect to the main threats shown in Table 3, i.e., climate change, fisheries interactions, global

pollution, health and disease and land-based disturbance.

Legal Instrument Regulatory body Responsibility Approach Information needs and gaps

International Convention on

the Regulation of Whaling

International Whaling

Commission

Conservation of whales Historical catch quotas; modern

moratorium; Southern Ocean Whale

Sanctuary; population assessments.

Status of Southern Ocean whales (including

abundance, trend and past catches), including

under environmental change (and fisheries indirect

interactions).

Antarctic Treaty and the

Protocol on Environmental

Protection to the Antarctic

Treaty

Antarctic Treaty

Consultative Meeting and

Committee for

Environmental Protection

Environmental protection of the

Antarctic continent and the seabed

Antarctic Specially Protected

Areas/Species; Prohibitions of taking or

harming Antarctic species; Prohibitions

of introducing non-native species;

Environmental impact assessments for

science bases.

Population status and trends of many species

unclear; biodiversity assessments needed;

insufficient regulations for managing some threats

(e.g., pollution from global sources, disease and

tourism).

The Convention for the

Conservation of Antarctic

Seals (CCAS)

N/A (currently no

commercial sealing)

Conservation of Antarctic seals Catch regulations (and prohibitions),

protected species and protected areas.

Population status, including under environmental

change.

Agreement on the

Conservation of

Albatrosses and Petrels

Meeting of the Parties Conservation of Albatrosses and Petrels Coordination of international activities;

Recommendations for seabird

mitigation measures, management and

protection of breeding sites.

Accurate population status of many species

unknown; Effective seabird mitigation lacking in a

number of RFMOs leaving Southern Ocean

albatross and petrel populations at risk.

Convention on the

Conservation of Antarctic

Marine Living Resources

(CAMLR Convention)

Commission for the

Conservation of Antarctic

Marine Living Resources

Conservation of Antarctic marine living

resources, including fished species as

well as the ecosystem more broadly

Catch quotas; Ecosystem approach to

management; Mitigation measures to

avoid birds and mammals; Protected

areas; Climate change

resolutions/measures.

Lacking adequate knowledge of ecosystem

impacts (direct/indirect) from fishing as well as

impacts from climate change.

Conventions related to Tuna

and other fished species

Regional Fisheries

Management Organizations

(RFMOs)

Conservation of marine living resources

(including ecosystems) adjacent to the

CCAMLR Area

Mitigation measures to avoid birds and

mammals.

Lacking adequate compliance mechanisms to

mitigate seabird bycatch.

The table shows the legal body, their responsibility, approach, and information needs and gaps with regards to Southern Ocean birds and mammals.
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TABLE 5 | Key messages arising from this chapter.

Key Messages

1. In the Southern Ocean, top predators provide some of the best long-term datasets and, hence, capacity to address issues dealing with climate

change.

2. Climate change is an overarching threat that acts independently and/or in combination with other threats, especially fisheries, but disentanglement of

effects remains key to defining and evaluating conservation measures.

3. Many subantarctic seabird populations remain threatened despite existing fisheries mitigation measures, requiring improved practices beyond

CCAMLR waters (high confidence).

4. Global pollutants increasingly impact Southern Ocean biota, and long-range migrations by top predators can favor transport of pollutants, invasive

species and diseases (low confidence).

5. Emerging health and stress indices show promising capacity for top predators to provide monitoring of ecosystem change (medium confidence).

6. As human activities – tourism and research – increase so does the potential for direct disturbance impacts particularly in ice-free coastal regions (high

confidence); management mechanisms must continue to evolve to mitigate these.

7. Risk-assessment frameworks that explicitly account for predator consumption, including recovering baleen whale populations, are a critical new tool

for allocating spatial (krill) catches.

8. Similar approaches integrating across differing Southern Ocean management responsibilities are necessary to coordinate responses to the

accelerated pace of climate-related change.

is underway (Trathan et al., 2020), given its vulnerability to
environmental changes and related dire population projections
(e.g., Jenouvrier et al., 2019).

One ongoing major threat, especially to flying seabirds, is
incidental mortality in industrial fisheries. While CCAMLR has
successfully eliminated, or at least reduced to very low levels, the
mortality of seabirds in longline fisheries, this issue remains a
challenge for longline and trawl fisheries outside of the CCAMLR
Convention Area. One solution might be more outreach and
coordination from CCAMLR to adjacent RFMOs. This could
include sharing strategies on seabird bycatchmitigationmeasures
and encouraging more direct action or coordination with ACAP.

Beyond threats of direct interactions, a challenge in
implementing true ecosystem-based management is to reduce
the effects of resource competition between a fishery and top
predators, particularly for the krill fishery. While a requirement
under CCAMLR, fisheries are still managed under a single-
species stock assessment approach. This approach has thus far
only provided for predators in setting the catch limits of krill.
It has not yet been able to effectively and directly incorporate
spatial impacts on predator and prey and environmental changes.
This latter need has been demonstrated by a hierarchical model
using 30 + years of penguin monitoring data, which revealed
that penguin performance was reduced when local harvest
rates exceeded relatively low thresholds (Watters et al.,
2020). This effect was similar in magnitude to that of poor
environmental conditions, suggesting that even relatively small
catch limits may not be precautionary for their predators.
Measuring these impacts are a tremendous challenge and
wrought with uncertainty. Predators respond to many drivers,
including but not limited to environmental conditions and
predators’ interactions. However, lack of evidence does not
mean lack of impact.

The commission for the Conservation of Antarctic Marine
Living Resources has made strides in the last year by agreeing
to an advanced management strategy for krill that would include
not only a stock assessment, but also regular updates of biomass
estimates and a risk assessment framework to inform the spatial

allocation of catch (CCAMLR, 2019c, para 5.17). The risk
assessment framework would include consideration of the spatial
foraging needs of predators, including accounting for the ongoing
recovery and modeling.

The development of the risk framework, while demonstrating
progress in CCAMLR’s ecosystem approach, exemplifies the need
for integration, in this case between the Scientific Committees
of CCAMLR and the IWC. The krill risk assessment framework
(SC-CAMLR, 2016, 2019) will necessarily incorporate up-to-
date whale density and abundance data into models of krill
consumption by predators (e.g., Kelly et al., 2018; Trathan
et al., 2019; Warwick-Evans et al., 2019a,b). The IWC’s
Scientific Committee oversees the population assessments of
whales, recording data on abundance and trends, validating
statistical analyses of whale abundance and recovery, and
assessing environmental and anthropogenic threats. Both
CCAMLR and IWC Scientific Committees recognize that
improved engagement between these intergovernmental
organizations could support CCAMLR in achieving ecosystem
assessment objectives. Initiatives in planning to assist with
this include a Cetacean Subgroup within CCAMLR’s Scientific
Committee, a joint workshop on Southern Ocean ecosystem
modeling (IWC, 2017 p56; SC-CAMLR, 2018 p7.12) and a
joint IWC-CCAMLR workshop (IWC, 2018). For populations
of conservation concern, the IWC implements Conservation
Management Plans, providing a framework to protect and
rebuild depleted populations through coordinated collaboration
of countries spanning their range. Two such populations
(southeast Pacific and southwest Atlantic right whales) can also
range into the Southern Ocean (the Bellinghausen/western
Antarctic Peninsula region, and Scotia Arc/northern
Weddell Sea, respectively). Antarctic blue whales are also
classified as Critically Endangered on the IUCN Red List.
Explicit consideration of possible impacts on these depleted
populations should be considered within CCAMLR’s ecosystem
management framework.

Efforts to reduce interactions with land-based colonies
have been occurring throughout the Antarctic Treaty System.

Frontiers in Ecology and Evolution | www.frontiersin.org 26 November 2020 | Volume 8 | Article 566936

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Bestley et al. Southern Ocean Top Predators’ Assessment

For example, SCAR and IAATO are currently leading a
systematic conservation planning project, to inform on how to
optimally manage biodiversity, science and tourism. Antarctic
tourism has increased dramatically in the last two decades.
The decline in Goudier Island gentoo penguins (see section
“Direct Site Disturbance on Land Including Station Facilities
and Tourism”) is in contrast to less visited sites elsewhere in
the region (Dunn et al., 2019) and to the core objectives of
IAATO, i.e., ensuring that tourism has no more than a minor
or transitory impact on the Antarctic environment (IAATO,
2019). In 2019, the Netherlands and the United Kingdom
convened a workshop on Antarctic tourism, attended by many
parties and IAATO, and produced multiple recommendations
to the Antarctic Treaty Consultative Meeting (ATCM, 2019)
which were agreed. These recommendations included work
between Parties, COMNAP, SCAR and IAATO to ensure that
current Antarctic visitor guidelines are in line with best practice,
levying of an administrative fee which could be used to
support environmental monitoring of areas visited by tourists,
development of a standard framework for assessing the safety and
environmental impact of new tourism activities, and to improve
and standardize rules compliance among the parties involved in
Antarctic tourism.

Overall, the institutions with responsibility for conserving
Southern Ocean top predators must manage for those priority
species with a listed status of concern, as well as more broadly
for direct and indirect (including food web) effects on predators.
However, the paucity of information on the status ofmany species
coupled with ongoing threats poses a significant management
challenge. Further, the Southern Ocean lacks institutions that are
directly responsible for the control of pollution, disease, tourism
and other threats highlighted above. All the above-mentioned
tools and approaches, and others (Table 5), need to be used
swiftly and in creative ways given the accelerated pace of climate-
related change in the world’s oceans (Tittensor et al., 2019).
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