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Abstract

Food-webs are a critical feature of ecosystems and help us understand how communities will
respond to climate change. The Southern Ocean is facing rapid and accelerating changes
due to climate change. Though having evolved in an isolated and somewhat extreme envi-
ronment, Southern Ocean biodiversity and food-webs are among the most vulnerable. Here,
we review 1) current knowledge on Southern Ocean food-webs; 2) methods to study food-
webs; 3) assessment of current and future impacts of climate change on Southern Ocean
food-webs; 4) knowledge gaps; and 5) the role of Early Career Researchers (ECRs) in future
studies. Most knowledge on Southern Ocean food-webs come from the pelagic environment,
both at macro- and microbial levels. Modelling and diet studies of individual species are
major contributors to the food-web knowledge. These studies revealed a short food-web, pre-
dominantly sustained by Antarctic Krill (Euphausia superba). Additionally, alternative path-
ways exist, involving other krill species, fish, and squid, which play equally important roles in
connecting primary producers with top predators. Advantages and disadvantages of several
techniques used to study Southern Ocean food-webs were identified, from the classical anal-
yses of stomach contents, scats, or boluses to the most recent approaches such as metabar-
coding and trophic-biomarkers. Observations show that climate change can impact the food-
web in different ways. As an example, changes to smaller phytoplankton species can
lengthen the food-web, increasing assimilation losses and/or changing nutrient cycles.
Future studies need to focus on the benthic-dominated food-webs and the benthopelagic
coupling. Furthermore, research during the winter season and below the ice-shelves is
needed as these areas may play a crucial role in the functioning of this ecosystem. ECRs can
play a significant role in advancing the study of Southern Ocean food-webs due to their will-
ingness for interdisciplinary collaboration and proficiency in employing various methodolo-
gies, contributing to the construction of high-resolution food-webs.
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Introduction

Food-webs consist of a network of biological interactions that reflect predator-prey interac-
tions in an ecosystem [1]. Food-webs are primarily composed of several food chains, i.e. path-
ways of energy transfer from primary producers to top predators [2]. These networks are the
primary drivers of structure and function in ecosystems [3-5] and do not only influence the
population sizes and distributions of organisms [6], but regulate the stability and resilience of
the ecosystem. Such regulation can originate from top predators influencing lower trophic lev-
els (i.e. “top-down” [7]), from primary producers (i.e. “bottom-up” [6]), or from mid-trophic
level species when an intermediate level of the food-web is dominated by a single species (i.e.
“waist-wasp” [8]). Disturbances or alterations targeting a particular species can trigger cascad-
ing effects, impacting multiple trophic levels and potentially leading to imbalances that disrupt
the entire system [6, 9]. Food-webs provide information on energy flux, nutrient cycling, and
the responses of communities to external stressors such as climate change [3, 10]. How a com-
munity will cope with these stressors depends on the food-web structure.

The structure of food-webs has been a major focus of ecological studies [11-13]. The num-
ber of species, number of links, connectance, modularity, and food chain length (FCL) are
important characteristics in determining the structure of food-webs [1, 11, 12, 14, 15]. Among
these, FCL is recognized to largely influence community and ecosystem processes, and hence
how communities will respond to changes in the environment [10, 12]. Some studies also sug-
gest that the structure of food-webs can be determined only by the predators’ functional traits,
such as body size or type of locomotion, and with very few traits, e.g. predator-prey size ratio,
it is possible to determine potential predators and preys in a community [16-18]. Under both
approaches, the structure of a food-web is highly dependent on biodiversity [5].

The biodiversity of a region is strongly influenced by abiotic and biotic factors [19]. In
marine ecosystems, species distributions are mainly defined by water temperature but, on a
smaller scale, other habitat characteristics such as productivity, salinity, or substrate, may play
arole in determining the presence and abundance of species [5, 20, 21]. Within the distribu-
tional range of species, environmental conditions are not homogeneous [22]. Oceanic fronts
exemplify this: temperature abruptly decreases southwards of the Antarctic Polar Front, and
where the Weddell Front cross the South Sandwich Islands. Consequently, communities in the
northern part of the archipelago are typically composed by subantarctic species while those in
the south are typically Antarctic species [23-26]. Conditions at border regions are less favour-
able for the survival and proliferation of species, with individuals inhabiting these areas being
more susceptible to environmental change [27, 28]. This influence of abiotic factors indicates
that both species and food-webs are vulnerable to climate change [3, 29, 30]. For instance, the
poleward movement of temperate generalist predators is redefining predator-prey interactions
in Arctic food-webs [14].

Climate change serves as a primary catalyst for changes in marine ecosystems with shifts
in environmental conditions having profound repercussions on biodiversity and food-webs
[31-33]. From the surface to the deep-sea, warming, freshening, acidification, and alterations
in productivity and circulation patterns are being observed throughout the world’s oceans [31,
34, 35]. Predicting the effects of climate change on individual species is relatively simpler com-
pared to projecting consequences on the entire structure of a food-web [29, 36]. The complex-
ity arises from the involvement of a broader array of variables, encompassing multi-trophic
level effects, species-species interactions, and responses to changes in habitat, all of which col-
lectively shape the overarching response of the community [3, 14, 37]. Changes in prey ener-
getic value, predator-prey ratios, or phytoplankton communities that alter the FCL (e.g.
changes to smaller phytoplankton species increase the FLC due to the introduction of
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heterotrophic phytoplankton) are examples of shifts in food-webs due to climate change [34,
38, 39]. However, climate change impacts are not uniform in all food-webs. Those with higher
connectance and low modularity are more resistant than those with lower connectance and
high modularity [5, 14, 30]. For example, the loss of one prey in a food-web with high modu-
larity can lead to cascade effects but these are contained to a specific module where that prey
species is; if a first consumer species is prey of just one predator that is consequently prey of a
top predator (low connectance), the loss of the first consumer species will only affect that pred-
ator and its respective top predator; in contrast, if a species is a prey of different predators and
one predator has different prey species (especially mesoconsumers; high connectance), if the
prey species is impacted by climate change this will cascade through several food chains in that
food-web and impact a wider number of top predators [5, 14, 30]. The Southern Ocean is one
of the regions changing faster due to climate change and impacts on ecosystems within this
region have already been documented [40-42].

Early Career Researchers (ECRs), defined here as researchers within five years of complet-
ing their last degree, can play a major role in marine science, including the Southern Ocean
[43, 44]. Incorporating ECRs in research teams and involving them in large international ini-
tiatives can benefit both the ECRs (e.g. providing unique opportunities to network, develop
communication skills, and foster wider collaborations) and the teams and initiatives them-
selves [43]. The involvement of ECRs in scientific projects increases, for example, the diversity
of teams, new ideas, and perspectives, which are important to increase the work quality [43,
45-47]. Recently, ECRs have been involved in polar and climate change science at several lev-
els, for example, the Marine Ecosystem Assessment for the Southern Ocean (MEASO) had the
involvement of 203 scientists of which 30% were ECRs [43, 48]; ECRs participated in the
review of the Intergovernmental Panel on Climate Change (IPPC) Special Report on the
Ocean and Cryosphere in a Changing Climate (SROCC; [49]) and the Sixth Assessment
Report (AR6; [50] as a group review [51, 52]. More recently, a delegation of ECRs from the
Association of Polar Early Career Scientists (APECS) participated in the United Nations Cli-
mate Change Conference (COP 28). Besides these contributions, ECRs have the capacity to
deliver the best possible science, including in food-web studies, as they have, among others,
the potential for cross-disciplinary, cross-generational, and international collaboration neces-
sary in this research topic.

This review aims to: 1) assess the state of knowledge on Southern Ocean food-webs; 2)
discuss available techniques that can improve our understanding of Southern Ocean
predator-prey interactions and the structure of Southern Ocean food-webs; 3) assess possible
impacts of climate change in Southern Ocean food-webs; 4) discuss possible future directions
of food-web research in the Southern Ocean; and 5) explore the roles of ECRs in this
discipline.

Southern Ocean food-webs

Southern Ocean (here considered as south of the Antarctic Polar Front (Fig 1)) food-webs
were traditionally presented as short and dominated by an Antarctic krill (Euphausia superba)
surplus that supports the predators of the region (Fig 1) [53, 54]. However, this long-standing
hypothesis has been deconstructed over the last decades, with several studies showing alterna-
tive pathways where other krill species, fish, and cephalopods play a major role in linking pri-
mary producers to higher trophic levels (Fig 1) [e.g. 55-60]. Furthermore, studies suggest that
Salps (Salpa thompsoni) constitute an alternative prey to Antarctic krill, but likely in different
locations of the Southern Ocean [61]. Despite the existence of these alternative pathways, Ant-
arctic krill remain widely accepted as an essential species in Southern Ocean ecosystems, with
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Fig 1. Southern Ocean and the Antarctic Polar Front (APF). Full circles show locations where previous studies analysed the food-web
(e.g. Fildes Bay); Empty circles show the location of general studies, i.e. studies analysing the food-web of an entire region (e.g. Ross Sea).
Colour code shows the different types of food-webs. WAP: Western Antarctic Peninsula. Map was produced using QGis 3.20 Odense.
Basemayp is the “ESRI Ocean Basemap” [65].

https://doi.org/10.1371/journal.pcim.0000358.9001

changes in its dynamics and/or biomass having profound impacts on the functioning of these
ecosystems [62-64].

Santana et al. [66] showed that Southern Ocean food-webs follow a pyramid shape with
higher numbers of basal species than top predators. Approximately 40% of species in these
food-webs are omnivorous, spanning up to three trophic levels [66]. However, percentage of
omnivory can vary between food-webs in the Southern Ocean, e.g. the East Antarctic food-
web presents lower omnivory (26%) than the food-web in the West Antarctic (~*48%) [66].
In addition, several prey species have the same predators, and vice-versa, i.e. high connectance,
suggesting high vulnerability and generality of the food-web [5, 14, 30, 66]. Southern Ocean
food-webs are structured by both top-down and bottom-up effects [39, 63, 67], and display
seasonal effects, such as decreased connectance in response to yearly thawing [59, 60, 68].
However, in-situ studies examining the entire food-webs and their structure remain scarce.
The few existing studies mostly focus on the West Antarctic Peninsula, Scotia Sea and
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Subantarctic Islands [e.g. 69-72]. Furthermore, with few exceptions [e.g. 66, 71, 72], the topo-
logical features, e.g. connectance, modularity, of the Southern Ocean food-webs remain poorly
studied.

Most studies of the Southern Ocean food-web have focused on the pelagic environment
(Fig 1). For example, Murphy et al. [73] compared the West Antarctic Peninsula and South
Georgia ecosystems, focusing on the pelagic food-web and its interaction with land-based
predators. This study showed that, despite the contrasting biodiversity and seasonality, the
structure of food-webs at both locations is similar, with Antarctic krill playing a pivotal role in
both ecosystems. However, the presence of different predators and plankton species (linked to
the winter sea-ice in the Western Antarctic Peninsula) support varying energy pathways
between both systems [73]. Stowasser et al. [69], using stable isotopes, studied the pelagic
food-web of the Scotia Sea. This study revealed a short food-web, but the presence of tertiary
consumers such as myctophids Gymnoscopelus nicholsi and Protomyctophum bolini provides
evidence of alternative pathways [69]. Also at the Scotia Sea, Lopez-Lopéz et al. [72] compiled
a database of trophic interactions to study the pelagic food-web in the northern (near South
Georgia) and southern (near South Orkney) areas of this sea. This study identified multiple
pathways in the food-web, with differences between both areas, i.e. the North has a more com-
plex food-web than the South, with higher number of species, connectance, and clusters. Fur-
thermore, it shows an influence of depth in the food-web, with the mean trophic position
being higher in species inhabiting deeper areas [72].

Coastal benthic food-webs have been studied in different locations through the Southern
Ocean but primarily focusing on the Western Antarctic Peninsula [74-80]. Marina et al. [71]
studied the food-web structure of Potter Cove at King George Island, showing a short food-
web, and low link density, connectance, percentage of omnivores and clustering coefficient.
Using stable isotopes, Rossi et al. [74] showed that the sea-ice has an influence on the structure
of food-webs at Terra Nova Bay (Ross Sea) due to the release of sympagic material. After the
seasonal sea-ice breakup, food-webs become less complex, with lower number of species and
link density [74]. A similar influence of sea-ice was found for Tethys Bay (Ross Sea) by Caputi
et al. [79], with a shortening of food-web after the seasonal sea-ice breakup. Michel et al. [77]
had the opportunity to study food-web structure at Adélie Land during two anomalous years
when the sea-ice did not break. Invertebrates would change their diet in response to the con-
tinuous sea-ice cover and the consequent non-release of sympagic material [77]. Cardona et al.
[75] studied coastal benthic food-webs at five locations along the Western Antarctic Peninsula
and found that sea-ice partially determine the differences on food-web structures across the
five locations, though the main influence came from the intensity of the phytoplankton bloom
in the spring/summer. This study also found that, despite the great latitudinal range (from 62
to 67 °S), food-web structure was similar between locations [75]. Gillies et al. [76] at Windmill
Islands (East Antarctica) and Zenteno et al. [78] at Fildes Bay (King George Island) showed
that Antarctic coastal benthic food-webs can have different carbon pathways such as pelagic
particulate organic matter, benthic organic matter and macroalgae. All these coastal benthic
food-webs presented three to four trophic levels, with food-webs not including fish being
shorter (three trophic levels) than those including, at least, one fish species showing that fish is
the top predator of these food-webs [75-80]. Some of these results, i.e. both pelagic and coastal
benthic food-webs, contrast with those of Santana et al. [66] and support variability across dif-
ferent Southern Ocean food-webs.

The microbial food-web is mainly controlled by top-down regulation, with dinoflagellate
production driving the dynamics of smaller phytoplankton and heterotrophic nanoflagellates,
which ultimately influence the bacterial community [81-83]. These studies also showed that
microbial communities respond to bottom-up effects such as iron inputs, and present strong
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seasonal patterns being less efficient in the spring (higher respiration rates) and summer
(higher viral lysis in warmer waters) [82, 83]. These variations influence the response of higher
trophic levels. Regarding the demersal/benthic-dominated food-webs in the deep-sea, very lit-
tle information exists. Pinkerton and Bradford-Grieve [84] modelled a food-web for the Ross
Sea which includes a benthic/demersal component, showing a connection with the pelagic
component via demersal fish feeding on pelagic organisms like squid. This study showed that
large demersal fish can occupy trophic levels as high as toothed whales [84]. Furthermore,
studies on the diet of demersal top predators such as the Antarctic toothfish (Dissostichus
mawsoni) gave us some information on trophic interactions near the bottom of the ocean [e.g.
85-87], though a lot of information is still needed for deep-sea ecosystems (Fig 2). Similarly, a
total lack of knowledge exists about the food-web below ice-shelves (Fig 2). Aside from studies
analysing the entire food-web, knowledge on Southern Ocean food-webs and trophic interac-
tions is advancing through studies analysing the diet and trophic relations (using a wide variety
of techniques) of specific species, e.g. seabirds [e.g. 88, 89], marine mammals [e.g. 90-93], fish
[e.g. 86, 87], cephalopods [e.g. 94-96], crustaceans [e.g. 97, 98], and others.

—— Classical Southern Ocean Food-Web
Alternative Pathways

Fig 2. Illustration of Southern Ocean food-web different pathways. Yellow arrows show the long standing short, krill-dominated pathway while red arrows show
alternative, but equally important, pathways with other krill, fish, and squid as major links between primary producers and higher-level predators. Myctophid and

toothfish drew by Tom Langbehn.

https://doi.org/10.1371/journal.pcim.0000358.9002
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How to study Southern Ocean food-webs

There are several methodologies for studying marine food-webs worldwide, including those of
the Southern Ocean. Advantages and limitations arise when considering each methodology
(Table 1). Their advantages and limitations are, with few exceptions like the barometric associ-
ated trauma in deep-sea organisms that do not apply to coastal and surface ecosystems, com-
mon to all marine ecosystems. However, the remoteness of Southern Ocean implies bigger
constraints and specific limitations to the use of some methodologies compared to other
regions of the world, especially during the winter due to sea-ice [24]. Furthermore, despite
recent efforts [99, 100], knowledge on the Southern Ocean biodiversity (especially in the deep-
sea) remains scarce, thus classical taxonomic identification to define trophic interactions may
not be sufficient [101-103]. Therefore, alternative methodologies to study trophic interactions

such as DNA metabarcoding, trophic biomarkers or biologging present higher usefulness for
Southern Ocean food-web studies in comparison to other regions of the World’s Ocean.
Historically, research on food-webs and trophic ecology of Southern Ocean species has pri-
marily relied on the examination of stomach contents of predators [e.g. 104, 105]. This meth-
odology has the advantage of being a direct observation of the predator-prey interaction and
often allows for the identification of prey species [106, 107]. However, it only gives a snapshot

Table 1. Summary of the advantages and limitations of different methodologies used to study Southern Ocean food-webs. Studies presented are examples of applying
the different methodology to study the entire food-web, the diet and/or trophic ecology of Southern Ocean ecosystems and species (and in some cases from the Patagonian

shelf).

Methodology Advantages

Stomach contents/Scats/ Boluses « Allow prey identification
« Low cost (except for sample collection)
« Non-invasive methodology (scats and boluses)

o Allow to determine the numerical and mass
importance of prey

Metabarcoding « Allow identification of soft body prey, cryptic
interactions, and minor prey group

« Can be applied into non-invasive diet samples
(scats and boluses)
Bulk Stable Isotopic Analyses (SIA) « Provide information on the foraging area and
trophic level

« Requires low amount of sample (<1 mg)

Fatty Acids (FA) « Qualitative and quantitative information on
the diet

« High number of variables that increase
likelihood of describing prey-specific diet and
trophic level

Compound Specific SIA in Amino Acids | e Similar information to bulk SIA and FA
(CSIA-AA) and Fatty Acids (CSIA-FA) « Does not require baseline information

Biologging . ﬁll;w description of feeding behaviour and
abitat

o Detect prey capture moments

« Can be used to detect trophic interactions
during the winter

https://doi.org/10.1371/journal.pcim.0000358.t001

Limitations

« Snapshot of last feeding event

« Digestion state influence the prey
identification

« Results biased towards taxa with hard
structures

« Requires high number of samples

» Dependent on the primer choice and
design

« Relatively expensive

« Preclude identification of prey to species
level

« Requires baseline information

« Trophic enrichment factor required to
properly access trophic level

« Requires prey fatty acid profile

« Trophic discrimination factor is
necessary and depend on the species and
location

« More expensive than bulk analysis
« Requires extra devices to determine the
prey species (e.g. video cameras)

« Some technologies are still under
development

« Limited by the size of the animal

Studies applying the
methodology

[85, 86, 89, 90, 97, 104,
105, 109, 110, 174]

[87, 88,114, 116, 121-124]

[69,74-78, 86,91, 93, 95,
96, 98, 132, 133, 175]

[136, 141, 176-179]

(96, 148, 152, 153]

[90, 92, 162-169]
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of the recent feeding events, the digestion state may preclude the prey’s identification, results
are biased towards prey with hard indigestible structures, e.g. fish otoliths or cephalopod
beaks, and it requires a high number of samples, especially if the predator tends to regurgitate
upon capture [107, 108]. Furthermore, it demands, for some predators such as fish, the capture
and sacrifice of the animal. Alternative, less invasive techniques such as the visual analyses of
scats (mammals) or boluses (birds) are still used as a direct observation of the diet of high-tro-
phic level predators [e.g. 109, 110].

Metabarcoding is another method commonly used to study the diet of organisms and can
overcome the bias towards prey with hard structures from stomach content analyses [111,
112]. It has been successfully applied to many species such as seabirds and marine mammals
with a wide range of dietary habits [113-116]. This method combines the use of Next Genera-
tion Sequencing (NGS) with DNA metabarcoding and can be used in different types of sam-
ples, e.g. faeces, cloacal swab, intestinal fluid etc. [117, 118]. This process performs selective
amplification of small target regions from genomes that contain a combination of highly con-
served and highly variable elements [119]. Metabarcoding allows the detection of highly
resolved food-web linkages, having the capacity to detect soft-bodied and cryptic interactions
[120], overlooked by other methods relying on hard part remains. DNA metabarcoding is
becoming an increasingly prevalent method for identifying species interactions in the South-
ern Ocean [e.g. 88, 116, 121-125]. However, the level of resolution and accuracy of data
obtained from DNA metabarcoding is highly dependent on primer choice and design [113].
Certain markers provide high taxonomic coverage but low resolution (e.g. universal marker
targeting the 18S rRNA gene), whilst group-specific markers can identify targeted prey to spe-
cies level (e.g. marker targeting a 125 rRNA, 16S rRNA, or cytochrome ¢ oxidase I genes)
[126-130]. A combination of both universal and group-specific markers can provide a com-
prehensive overview of a species’ diet [125]. This approach allows for the preservation of spe-
cies resolution for targeted prey, whilst also identifying minor prey groups [129].

Trophic biomarkers have been used to overcome some of the disadvantages found in con-
ventional techniques and have the advantage of integrating dietary information over longer
time scales, dependent on tissue turnover rate [131]. In recent decades, bulk stable isotope
analyses (SIA) have been widely used in species-specific dietary studies, and more broadly to
glean insights into trophic structures and food-webs [e.g. 69, 132, 133]. Carbon (6'3C) and
nitrogen (6'°N) isotopes are the most used and provide information on the source of the food-
web and the trophic level of an organism, respectively [134, 135]. Similarly, fatty acid composi-
tion analyses provide valuable information of a species’ diet [136-138]. Synthesis of some fatty
acids is restricted to lower trophic levels and are minimally modified when transferred to
higher trophic levels [138]. This allows both qualitative and quantitative prey assessment by
directly analysing the predators’ fatty acids [136, 139-141]. When compared to SIA, the advan-
tage of fatty acid analyses is the number of variables used to predict the prey captured. To
describe diet, SIA is usually based on two variables, i.e. carbon and nitrogen. This often limits
the analysis to a certain number of food sources that can be considered for diet tracing or to a
description of the trophic position rather than determining the exact prey species [142, 143].
In contrast, the wide number of fatty acids that are transferred from prey to predators
increases the probability of identifying the specific prey and even quantifying the proportion
of each prey more accurately [141, 144]. Regardless of their use, both SIA and fatty acids are
limited by the baseline prey information available. SIA requires the baseline value for the iso-
tope in the study area (i.e. by analysing organic matter), and in both SIA and fatty acid the cor-
rect assessment of prey species is not possible without the preys’ isotopic or fatty acid signature
[141, 145, 146].
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Some of these caveats can be overcome by Compound Specific Stable Isotopes Analysis of
Amino Acids (CSIA-AA) or Fatty Acids (CSIA-FA), which allows the assessment of more com-
plex food-webs. Compared with SIA, a larger number of markers can be used in CSIA, increas-
ing the tracing power [147]. Succinctly, in CISA-AA, some amino acids are incorporated
directly from the food into an animal’s tissue without undergoing metabolic changes (e.g.
source amino acids), while others undergo biochemical transformations after consumption
(e.g. trophic amino acids), thereby simultaneously providing insights into the isotopic baseline,
an animal’s physiology, and its diet [148-150]. This method enables the disentanglement of the
effects of primary production sources from trophic effects without the need to sample the food-
web’s baseline, and the tracking of nutrient and energy flow, providing more accurate trophic
position estimation [149-151]. CSIA-AA is particularly valuable for studying the trophic ecol-
ogy of organisms and food-web structure at broad spatial and temporal scales in the Southern
Ocean, making it especially relevant for migratory species like birds, seals, and whales, and
when comparing communities from different Southern Ocean basins [96, 152, 153].

CSIA-FA is commonly used in aquatic systems to quantify consumers’ reliance on food
sources from different habitats (e.g. ice algae [154]). Similar to amino acids, fatty acids also
undergo modifications with trophic transfer, but specific fatty acids cannot be synthesised by
marine predators and can hence be used as biomarkers of their source [155]. These group-spe-
cific biomarkers can be measured in mixed samples without physical separation [155]. One
limitation of CSIA-AA, CSIA-FA, and bulk SIA to assess the trophic level of an organism is
the determination of the Trophic Discrimination Factor (TDF for CSIA) and Trophic Enrich-
ment Factor (TEF for SIA), which refers to the difference of 5'°N values between a predator
and its prey. For SIA the most accepted, and commonly used, TEF is ~3.4 %o [69, 156-158],
though recent studies suggest that this value changes according to the trophic position (the
higher the trophic position, the lower the TEF) and the study region [159]. The most used
TDF value is 7.6 %o though no studies have evaluated if this value changes with trophic posi-
tion, region, or taxa [150].

Furthermore, newly developed technologies give us the possibility of tracking, describing,
and quantifying the foraging ecology of marine megafauna (i.e. Biologging), providing a
unique opportunity to identify predator-prey interactions in remote and isolated regions like
the Southern Ocean [reviewed in 160]. Because biologgers can be deployed and record data for
several months, this technique can be useful to characterize trophic interactions also during
Winter [161]. Devices such as Time Depth Recorders (TDRs) and accelerometers allow for the
description of the diving behaviour of many Antarctic predators as well as the identification of
prey items by recording capture events [e.g. 92, 162]. However, identifying and validating the
actual prey species remains a challenge. Nowadays, behavioural descriptive devices are often
used with additional instruments that provide direct information about the prey consumed,
such as stomach sensors [e.g. 163, 164], beak openings characteristics [e.g. 165], sonar tags
[e.g. 166], and/or video cameras [e.g. 167-169]. Although each instrument has its own limita-
tions, the rapid development of more accurate, self-sufficient, and long-lasting technologies
will certainly prove to be advantageous in refining our understanding of predator roles in
Southern Ocean food-webs.

Food-web modelling

Food-web modelling is another valuable tool for studying Southern Ocean food-webs and
assessing the effects of climate change [59, 61, 66, 68, 71]. Different modelling approaches exist
such as qualitative models that represent the current knowledge on food-webs and can focus
on a specific predator, directly evaluating the predator-prey interactions, e.g. if prey
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populations change how the predators are affected [e.g. 170]); ecological network models that
can evaluate impacts of external stressors such as climate change in the food-web, e.g. evaluate
the impact of local extinctions in the structure of the food-web [e.g. 171]; modelling key spe-
cies and trophic interactions which have been used to test regional and seasonal differences in
food-webs across the Southern Ocean [e.g. 68]; and whole food-web models which models the
entire food-web, from primary producers to top predators and can be used to study, for exam-
ple, cascading effects arising from climate change or other external stressors such as fisheries
[e.g. 84]. Despite a powerful methodology, models demand sufficient and reliable data on the
diet of the different species, the structure and functioning of the food-web, but also the dynam-
ics of the entire ecosystem [172, 173].

Climate change: A threat to Southern Ocean food-webs

The Southern Ocean is characterised by extreme oceanographic features such as cold tempera-
tures, strong seasonality (e.g. formation of winter sea-ice), and distinct thermal fronts which
act as boundary zones, including the strongest and fastest current in the world, the Antarctic
Circumpolar Current [180-182]. These unique features have largely isolated the Southern
Ocean and its biota, with species evolving unique phenotypes and physiological adaptations
[183, 184]. This relatively isolated evolutionary process is reflected in the high levels of ende-
mism (~=97% of all species) [24, 184, 185]. However, being highly adapted to this environment,
Southern Ocean species are among the most vulnerable to climate change [41, 186, 187]. Con-
sequently, Southern Ocean food-webs are also vulnerable to climate change [66, 184].

The Southern Ocean is rapidly changing in response to climate change [188]. This ocean
dominates the global ocean uptake of anthropogenic CO, and heat [41, 189, 190]. This buffer
role is leading to profound physical changes, including, inter alia, rapidly increasing sea tem-
peratures, decreasing salinity and pH, spatial and temporal variability in sea-ice thickness and
extent, changes in ocean circulation and even a poleward shift of oceanic fronts [41, 181, 186,
191]. These oceanographic changes increase the probability of invasion by non-native species
and affect the primary production across the Southern Ocean [48, 49, 190, 192, 193]. However,
the impacts of climate change differ among regions, with some areas being more affected than
others, for example, the Western Antarctic Peninsula and the Scotia Sea are changing faster
than elsewhere in the Southern Ocean [42, 48, 49, 194-197].

Although Southern Ocean ecosystems are unique in many aspects, the impact of climate
change on the structure of food-webs may be similar to those in other regions, e.g. redistribu-
tion of species leading to novel interactions [32]; changes in phytoplankton diversity, densities
and phenology will affect the structure of the food-webs [38, 198]; and the loss of species in a
community can alter food-web structures [30].

In the Southern Ocean, there is a notable shift in phytoplankton communities, character-
ized by the replacement of large diatoms with smaller species such as cryptophytes, nanoflagel-
lates, and other varieties of phytoplankton [82, 199]. Furthermore, shifts in the life cycle of
phytoplankton, such as changes in the seasonality of phytoplankton blooms due to the early-
sea ice retreat, may generate desynchrony with the dependent species which will highly influ-
ence the food-web [198]. For example, Antarctic krill larvae rely on sea-ice algae to survive
and reach adult life-stages; changes in the seasonality of sea-ice affect the life cycle of algae
which will, consequently, impact Antarctic krill survival and all trophic levels above [200].
Aside from changes in the phytoplankton diversity and phenology, enhancement of primary
production due to increasing temperatures, reduction of sea-ice cover, iron fertilisation from
glacier melting, and changes in water stratification and wind patterns [29, 201, 202] are some
of the clear developments attributed to climate change during the last 20 years [165, 167]. For
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example, the number of large icebergs releasing from the Antarctic ice sheet is increasing
[203]; while melting these icebergs release into the water nutrients and trace elements, includ-
ing iron, that enhance productivity in the Southern Ocean [201, 204]. These shifts will cascade
through food-webs, changing the carbon supply to higher trophic levels, the amount of carbon
reaching the deep-sea which will affect benthic-dominated food-webs and the benthopelagic
coupling (e.g. changes in the amount of particulate organic matter reaching the seafloor due to
changes in the phytoplankton community at the surface will affect benthic species that depend
on this food source and, consequently, impact pelagic predators feeding on these benthic
organisms), and increasing assimilation losses (e.g. on average, only 10% of the energy of a
prey is transferred to its predator, and thus increasing the length of the food chain with more
intermediate consumers will decrease the amount of energy transferred to the top predator)
[34, 205].

In some Southern Ocean regions, sea warming is driving an important shift in the Antarctic
pelagic community composition from Antarctic krill to Salps, potentially affecting pelagic
food-webs and especially Antarctic krill predators [62, 206]. In response to this phenomenon,
some predators can change their diet in years of poor Antarctic krill availability. This is the case
for Antarctic fur seals (Arctocephalus gazella) at South Georgia that feed on Slosarczykovia cir-
cumantarctica when krill is not abundant [109]. Indeed, modelling studies suggest that because
of climate change, the keystoneness value of cephalopods and fish might be higher than Antarc-
tic krill in ecosystems where krill is currently the keystone species [59]. The existence of these
alternative pathways may buffer ecosystems from the impacts of climate change [59]. However,
these alternative pathways result in longer food chains in comparison to the typical three tro-
phic-level, krill-dominated food-webs [e.g. 55, 56, 69, 207]. This can, ultimately, affect entire
ecosystems by altering major ecosystem processes like nutrient and carbon cycles [12]. None-
theless, further research is needed to assess the long-term effect of transitioning to these alter-
native pathways over species typically involved in the short, krill-dominated pathway [42, 48].

Another common climate change-related threat is the increasing frequency and intensity of
extreme weather events in the Southern Ocean during the last few decades [208]. This
includes, inter alia, marine heat waves, years of extremely low sea-ice extent, and accelerated
loss of ice shelves (through more frequent loss of larger icebergs), all of which are anticipated
to affect the Southern Ocean biodiversity and food-webs [208]. Large icebergs scour benthic
habitats, decimating respective communities, and melt in the open ocean, fertilising these
areas with nutrients [208, 209]. Food-webs are influenced by iceberg scouring in two principal
ways: (1) proliferation of species with rapid colonisation rates; and (2) introduction of nutri-
ents like iron from melting icebergs resulting in phytoplankton blooms [201, 208, 210]. On the
other hand, marine heat waves lead to breeding failures of some predators, e.g. Adelie penguin
(Pygoscelis adeliae), but they also impact the structure of phytoplankton communities [208,
211]. A previous study noted an increase in productivity during a marine heat wave in Potter
Cove (King George Island), with increased mortality of diatoms, changes in the phytoplankton
community, and physiological consequences, damage, and changes in their lipid composition
[211]. Changes in the lipid composition of primary producers likely influence grazer commu-
nities, which cascade to higher trophic levels [186, 211].

The reduction of sea-ice and ice-shelves due to ocean warming can also alter the structure
of food-webs. Newly ice-free areas and the shrinking of ice-shelves will increase inter-species
competition for penguins as they switch from Ice krill (E. cristallorophias) to Antarctic silver-
fish (Pleuragramma antarcticum) which is a major prey of seals, fish, and seabirds [212, 213].
Furthermore, the reduction of sea-ice will impact the early life-stages of Antarctic krill and
Antarctic silverfish, which through their major role as mid-trophic level species, will impact
top predators in the region by changes in prey density, increasing competition for fewer
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resources, resulting in changes in their foraging area and, to some extent, altering their diets
[63, 109, 214]. In addition, early sea-ice loss is linked to an earlier sea-ice algae bloom which
can result in a desynchronization of species-dependent processes. For instance, penguins and
seals that rely on ice for reproduction, and several krill species, which depend on early seasonal
sea-ice algae biomass, are being affected [215]. This desynchronization can trigger cascading
effects throughout entire food-webs [200].

While climate change is anticipated to have significant detrimental impacts on many South-
ern Ocean species (i.e. “the losers”), it is important to bear in mind that some species and/or
populations are likely to benefit from climate change (i.e. “the winners”) [216, 217]. For exam-
ple, the poleward shift of the Antarctic Circumpolar Current may be detrimental for popula-
tions of King penguins (Aptenodytes patagonicus) at the Crozet Islands but benefit those at
South Georgia [218]. Similarly, the number of Adelie penguins on Beaufort Island has
increased in response to the expansion of available breeding habitat by an increase in ice-free
areas due to glacier-retreat [219]. At the Antarctic Peninsula, populations of both Adelie and
Chinstrap (P. antarctica) penguins are decreasing because of either lower availability of Ant-
arctic krill and Antarctic silverfish or snow accumulation and increased melt-water run-off
[216]. In contrast, Gentoo penguins (Pygoscelis papua) seem to benefit from the changing envi-
ronment at the Antarctic Peninsula [216]. Population growth and range expansion of climate
“winners” will affect food-webs differently depending on their trophic level. For example,
increased availability or introduction of new prey species, i.e. non-native species dispersing
southwards, will likely benefit generalist predators with broad ecological niches or, at least,
mitigate the effects of declines in their traditional prey, because generalist predators feed on
what is available thus new prey will increase the range of prey, whilst range expansions of gen-
eralist predators into new areas may be detrimental to lower trophic levels [182, 205].

These and other impacts of climate change in food-webs, directly or indirectly through
impacts on individual species, will magnify the consequences of climate change on Southern
Ocean biota [41, 186, 205]. Southward range expansions of species from northern territories
may act as a vector of new diseases like the high pathogenic Avian Influenza H5N1 [220].
Changes in the structure of food-webs towards a longer food chain length will increase the con-
centration, bioavailability and biomagnification of metals [207], and increase the assimilation
loss with top predators needing to feed on more prey to obtain the same amount of energy [38].
Novel interactions and the disappearance of some species can ultimately lead to a decrease in
abundance and changes in the distribution of some species [186, 190, 218]. The cumulative
impacts of climate change on organisms and changes in the structure of communities will ulti-
mately increase the vulnerability of Southern Ocean biodiversity [186, 218, 221, 222]. Therefore,
we may expect that Southern Ocean food-webs will differ in the future from what we know now.

Future directions for the study of Southern Ocean food-webs

Our knowledge of Southern Ocean food-webs has significantly improved over the last decade.
However, several knowledge gaps, such as the topological features of these food-webs, persist.
Topological features influence the response of communities to climate change [1, 13], there-
fore it is crucial that future studies, using visual predator-prey interactions or stomach con-
tents (when possible), analyse these characteristics. Furthermore, previous studies analysing
both macro- and microbial food-webs, have mostly focused on pelagic and coastal environ-
ments [e.g. 58, 69, 73, 74, 79, 80, 82, 84]. Consequently, there is a paucity of information on the
structure of deep-sea benthic-dominated food-webs, including the important benthopelagic
coupling [223, 224]. Future research should also focus on these deep-sea benthic food-web
structures given their role in structuring deep-sea ecosystems and in the nutrient and carbon

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 12/26


https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

cycles. The lack of understanding of these food-web structures limits our ability to predict the
response of deep-sea communities to climate change [34, 224]. Furthermore, there is a paucity
of information on food-webs below ice-shelves and during winter (including the pelagic). This
assumes greater importance when new habitats, e.g. hard-substrate communities under the ice
[225], or communities/aggregates, e.g. icefish colonies beneath the ice [226], are discovered.
Many of these gaps exist because of the inaccessibility to some areas of the Southern Ocean,
e.g. below ice-shelves or winter sea-ice, but also by high logistical operational costs [24]. The
development of new technologies that allow sampling in these areas, e.g. autonomous under-
water vehicles that collect samples and data for several months without the need to return to
the surface and can thus operate below the sea-ice during the winter months, may be a crucial
step forward to improve our knowledge on Southern Ocean food-webs.

Previous studies also showed that food-web structures vary seasonally, with different food-
web structures during the sea-ice period and post sea-ice breakup [e.g. 74, 79], and regionally
[59, 60, 68]. These studies showed that the Antarctic krill-dominated food-web is the predomi-
nant pathway in the Atlantic and East Pacific sectors, as well as in the Antarctic region of the
East Indian and Indian sectors, while in the West Pacific sector a mesopelagic fish pathway
dominates, and a cephalopod and mesopelagic fish pathways are the most common in the sub-
antarctic islands of the East Indian and Indian sectors [59, 61, 68, 69, 73, 172]. Seasonal varia-
tion of food-web structures, mostly in response to changes in environmental conditions like
sea-ice, highlights the importance of studies to understand how food-web structures are influ-
enced by the environment. Furthermore, it is important to study if the different regional struc-
tures of the food-web are driven by different environmental conditions in different locations
and evaluate if interannual environmental changes in one location may influence the structure
of food-webs [227].

The phytoplankton community has a direct influence on structuring marine food-webs,
e.g. smaller phytoplankton are present in longer food chains [12, 38]. Previous studies showed
that climate change will impact Southern Ocean phytoplankton communities [186, 228],
therefore it is important to study the effects of changes in phytoplankton communities and
how they will cascade through the food-web [40, 199, 211]. Previous studies have shown that
different species across different trophic levels—from benthic invertebrates to top predators—
can change their diet in response to atypical years [77, 109]. Despite no evidence existing of
impacts on predators due to this short-term dietary shift, a long-term change due to climate
change was not assessed. Furthermore, some changes in food-webs cannot be evaluated over a
short-term period, thus long-term studies are also needed to better capture the impacts of cli-
mate change in the food-webs [48].

A useful tool for the future of food-web research is the existence of databases that combine
diet and trophic biomarkers for different Southern Ocean species, e.g. the Southern Ocean
Diet and Energetics Database (SO-Diet) [229]. Data sharing through open-access databases
generates opportunities for dietary studies on individual species to be integrated into larger
food-web research [e.g. 66]. However, publishing data, either being databases targeting a spe-
cific topic (e.g. SO-Diet) or public repositories (e.g. Dryad, GenBank, TreeBASE, Zenodo,
etct), requires that authors shape the data to be published and make it understandable to every-
one. The preparation of the data consumes time and, on many occasions, there is no recogni-
tion by funding agencies and/or universities which may discourage authors from publishing
their data (if not mandatory by scientific journals). Consequently, it is possible to see several
diet and/or trophic studies without associated data nor a DOI of a public repository. To
encourage more data sharing we suggest that the publication of databases should be fully rec-
ognised as scientific work by authors. Besides databases, the development or extension of, for
example, qualitative models that can be used to estimate the abundance of lower trophic level
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organisms or whole food-web models that allow the impact of changes in the entire food-web
to be studied, offers great promise for the future [230, 231].

The role of early career researchers in the study of Southern Ocean
food-webs

ECRs can play an important role in the study of Southern Ocean food-webs [43]. One of the
most crucial aspects to study these complex networks is time, e.g. to collect and analyse large
amounts of data or develop new technologies. Professors and senior researchers usually have,
among others, lecturing duties, coordinate working groups and/or institutes, and write project
proposals and reports, while researchers at the beginning of their career can usually focus on
research. Though, we must be aware that focusing on large-scale, transdisciplinary food-web
studies is not always possible for ECRs. Previous studies identified that because of, but not lim-
ited to, pressure to publish, uncertainty regarding the future, lack of support from institutions,
and demanding workloads may act as a barrier for ECRs and create severe time limitations to
engage in such studies [44, 232]. If these obstacles can be overcome, ECRs could have time to
work on more complex data and explore, for example, existing databases. Furthermore, ECRs
have more potential and time for interdisciplinary collaborations. This willingness to break
disciplinary boundaries and work with researchers and/or datasets from various backgrounds,
and sourced from different methodologies, breaking away from traditional academic silos,
lead to innovative research surrounding species interactions, and thus the construction of
multi-layered, high-resolution (i.e. networks including different types of interactions at differ-
ent size-, spatial, and temporal-scales that interact among them) food-webs [233].

To study deep-sea food-webs, as well as those in winter and/or below ice-shelves, new and
innovative technologies are needed, and here ECRs can play a major role as younger scientists
are more prone to develop and test new tools [234]. In earlier stages of a researcher’s academic
career, e.g. Master thesis, studying the diet or trophic ecology of a single species, which is
achievable within the time frame of this academic work, can play an important role to the
study of Southern Ocean food-webs as it delivers information that can be integrated, for exam-
ple, into food-web models. Moreover, the ECR community is more diverse regarding gender,
ethnicity, and background. However, we need to be aware that we are still far from the ideal,
with recognized barriers to ECRs from underrepresented, marginalised, and overburdened
groups including, but not limited to, women, LGBTQI+, black, indigenous and people of col-
our (BIPOC) [43, 47, 235, 236]. Higher diversity results in broader perspectives and novel
insights into research problems, enhancing innovation, e.g. development of new technologies,
which ultimately result in novel findings [45, 46].

Acknowledgments

The authors would like to thank to the anonymous reviewer and Tomas I. Marina for the use-
ful comments provided during the revision of this manuscript that helped to improve the over-
all quality of the manuscript.

Author Contributions

Conceptualization: José P. Queiros.

Writing - original draft: José P. Queiros, Renato Borras-Chavez, Noémie Friscourt, Jasmin
Grof3, Candice B. Lewis, Georgia Mergard, Katie O’Brien.

Writing - review & editing: José P. Queiros, Renato Borras-Chavez, Noémie Friscourt, Jasmin
Grof3, Candice B. Lewis, Georgia Mergard, Katie O’Brien.

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 14/26


https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Dunne JA, Williams RJ, Martinez ND. Food-web structure and network theory: The role of connec-
tance and size. Proc Natl Acad Sci U S A. 2002; 99: 12917-12922. https://doi.org/10.1073/pnas.
192407699 PMID: 12235364

Elton C. Animal Ecology. Text-books. Huxley JS, editor. New York: The MacMillan Company; 1927.

Pinsky ML, Selden RL, Kitchel ZJ. Climate-driven shifts in marine species ranges: scaling from organ-
isms to communities. Ann Rev Mar Sci. 2020; 12: 153—-179. https://doi.org/10.1146/annurev-marine-
010419-010916 PMID: 31505130

Hernvann PY, Gascuel D, Griiss A, Druon JN, Kopp D, Perez |, et al. The Celtic Sea Through Time
and Space: Ecosystem Modeling to Unravel Fishing and Climate Change Impacts on Food-Web Struc-
ture and Dynamics. Front Mar Sci. 2020; 7: 578717. https://doi.org/10.3389/fmars.2020.578717

Hattab T, Leprieur F, Ben Rais Lasram F, Gravel D, Loc’h FL, Albouy C. Forecasting fine-scale
changes in the food-web structure of coastal marine communities under climate change. Ecography.
2016; 39: 1227—-1237. https://doi.org/10.1111/ecog.01937

Pace ML, Cole JJ, Carpenter SR, Kitchell JF. Trophic cascades revealed in diverse ecosystems.
Trends Ecol Evol. 1999; 14: 483—488. https://doi.org/10.1016/s0169-5347(99)01723-1 PMID:
10542455

Paine RT. Food webs: linkage, interaction strength and community infrastructure. Journal of Animal
Ecology. 1980; 49: 666—685. https://doi.org/10.2307/4220

Bakun A. Wasp-waist populations and marine ecosystem dynamics: Navigating the “predator pit”
topographies. Prog Oceanogr. 2006; 68: 271-288. https://doi.org/10.1016/j.pocean.2006.02.004

Knight TM, McCoy MW, Chase JM, McCoy KA, Holt RD. Trophic cascades across ecosystems.
Nature. 2005; 437: 880—883. https://doi.org/10.1038/nature03962 PMID: 16208370

Hette-Tronquart N, Roussel J-M, Dumont B, Archaimbault V, Pont D, Oberdorff T, et al. Variability of
water temperature may influence food-chain length in temperate streams. Hydrobiologia. 2013; 718:
159-172. https://doi.org/10.1007/s10750-013-1613-7

Pimm SL, Lawton JH, Cohen JE. Food web patterns and their consequences. Nature. 1991; 350: 669—
674. https://doi.org/10.1038/350669a0

Post DM. The long and short of food-chain length. Trends Ecol Evol. 2002; 17: 269-277. https://doi.
org/10.1016/S0169-5347(02)02455-2

Dunne JA, Williams RJ, Martinez ND. Network structure and robustness of marine food webs. Mar
Ecol Prog Ser. 2004; 273: 291-302. https://doi.org/10.3354/meps273291

Kortsch S, Primicerio R, Fossheim M, Dolgov A V, Aschan M. Climate change alters the structure of
arctic marine food webs due to poleward shifts of boreal generalists. Proceedings of the Royal Society
of London B: Biological Sciences. 2015; 282: 20151546. https://doi.org/10.1098/rspb.2015.1546
PMID: 26336179

Kortsch S, Primicerio R, Aschan M, Lind S, Dolgov A V, Planque B. Food-web structure varies along
environmental gradients in a high-latitude marine ecosystem. Ecography. 2019; 42: 295-308. https://
doi.org/10.1111/ecog.03443

Eklof A, Jacob U, Kopp J, Bosch J, Castro-Urgal R, Chacoff NP, et al. The dimensionality of ecological
networks. Ecol Lett. 2013; 16: 577-583. https://doi.org/10.1111/ele.12081 PMID: 23438174

Gravel D, Albouy C, Thuiller W. The meaning of functional trait composition of food webs for ecosys-
tem functioning. Philos Trans R Soc Lond B Biol Sci. 2016; 371: 20150268. https://doi.org/10.1098/
rstb.2015.0268 PMID: 27114571

Brose U, Archambault P, Barnes AD, Bersier LF, Boy T, Canning-Clode J, et al. Predator traits deter-
mine food-web architecture across ecosystems. Nat Ecol Evol. 2019; 3: 919-927. https://doi.org/10.
1038/s41559-019-0899-x PMID: 31110252

Gaston KJ. Global patterns in biodiversity. Nature. 2000; 405: 220-227. https://doi.org/10.1038/
35012228 PMID: 10821282

Tittensor DP, Mora C, Jetz W, Lotze HK, Ricard D, Berghe E V, et al. Global patterns and predictors of
marine biodiversity across taxa. Nature. 2010; 466: 1098—1101. https://doi.org/10.1038/nature09329
PMID: 20668450

Rogers AD, Yesson C, Gravestock P. A Biophysical and Economic Profile of South Georgia and the
South Sandwich Islands as Potential Large-Scale Antarctic Protected Areas. Adv Mar Biol. 2015; 70:
1-286. https://doi.org/10.1016/bs.amb.2015.06.001 PMID: 26296718

Stein A, Gerstner K, Kreft H. Environmental heterogeneity as a universal driver of species richness
across taxa, biomes and spatial scales. Ecol Lett. 2014; 17: 866—880. https://doi.org/10.1111/ele.
12277 PMID: 24751205

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 15/26


https://doi.org/10.1073/pnas.192407699
https://doi.org/10.1073/pnas.192407699
http://www.ncbi.nlm.nih.gov/pubmed/12235364
https://doi.org/10.1146/annurev-marine-010419-010916
https://doi.org/10.1146/annurev-marine-010419-010916
http://www.ncbi.nlm.nih.gov/pubmed/31505130
https://doi.org/10.3389/fmars.2020.578717
https://doi.org/10.1111/ecog.01937
https://doi.org/10.1016/s0169-5347%2899%2901723-1
http://www.ncbi.nlm.nih.gov/pubmed/10542455
https://doi.org/10.2307/4220
https://doi.org/10.1016/j.pocean.2006.02.004
https://doi.org/10.1038/nature03962
http://www.ncbi.nlm.nih.gov/pubmed/16208370
https://doi.org/10.1007/s10750-013-1613-7
https://doi.org/10.1038/350669a0
https://doi.org/10.1016/S0169-5347%2802%2902455-2
https://doi.org/10.1016/S0169-5347%2802%2902455-2
https://doi.org/10.3354/meps273291
https://doi.org/10.1098/rspb.2015.1546
http://www.ncbi.nlm.nih.gov/pubmed/26336179
https://doi.org/10.1111/ecog.03443
https://doi.org/10.1111/ecog.03443
https://doi.org/10.1111/ele.12081
http://www.ncbi.nlm.nih.gov/pubmed/23438174
https://doi.org/10.1098/rstb.2015.0268
https://doi.org/10.1098/rstb.2015.0268
http://www.ncbi.nlm.nih.gov/pubmed/27114571
https://doi.org/10.1038/s41559-019-0899-x
https://doi.org/10.1038/s41559-019-0899-x
http://www.ncbi.nlm.nih.gov/pubmed/31110252
https://doi.org/10.1038/35012228
https://doi.org/10.1038/35012228
http://www.ncbi.nlm.nih.gov/pubmed/10821282
https://doi.org/10.1038/nature09329
http://www.ncbi.nlm.nih.gov/pubmed/20668450
https://doi.org/10.1016/bs.amb.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26296718
https://doi.org/10.1111/ele.12277
https://doi.org/10.1111/ele.12277
http://www.ncbi.nlm.nih.gov/pubmed/24751205
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Orsi AH, Whitworth T, Nowlin WD. On the meridional extent and fronts of the Antarctic Circumpolar
Current. Deep Sea Research Part I: Oceanographic Research Papers. 1995; 42: 641-673. https://doi.
0rg/10.1016/0967-0637(95)00021-W

Griffiths HJ. Antarctic Marine Biodiversity—What do we know about the distribution of life in the South-
ern Ocean? PLoS One. 2010; 5: e11683. https://doi.org/10.1371/journal.pone.0011683 PMID:
20689841

Hollyman PR, Soeffker M, Roberts J, Hogg OT, Laptikhovsky V V., Queirés JP, et al. Bioregionaliza-
tion of the South Sandwich Islands through community analysis of bathyal fish and invertebrate
assemblages using fishery-derived data. Deep Sea Research Part II: Topical Studies in Oceanogra-
phy. 2022; 198: 105054. https://doi.org/10.1016/j.dsr2.2022.105054

Soeffker M, Hollyman PR, Collins MA, Hogg OT, Riley A, Laptikhovsky V, et al. Contrasting life-history
traits of two toothfish (Dissostichus spp.) species at their range edge around the South Sandwich
Islands. Deep Sea Research Part |I: Topical Studies in Oceanography. 2022; 201: 105098. https://doi.
org/10.1016/j.dsr2.2022.105098

Gaston KJ. Geographic range limits: achieving synthesis. Proceedings of the Royal Society of London
B: Biological Sciences. 2009; 276: 1395—1406. https://doi.org/10.1098/rspb.2008.1480 PMID:
19324809

Sexton JP, Mclintyre PJ, Angert AL, Rice KJ. Evolution and Ecology of Species Range Limits. Annu
Rev Ecol Evol Syst. 2009; 40: 415—-436. https://doi.org/10.1146/annurev.ecolsys.110308.120317

Pecl GT, Aratjo MB, Bell JD, Blanchard J, Bonebrake TC, Chen I-C, et al. Biodiversity redistribution
under climate change: Impacts on ecosystems and human well-being. Science (1979). 2017; 355.
https://doi.org/10.1126/science.aai9214 PMID: 28360268

Vinagre C, Costa MJ, Wood SA, Williams RJ, Dunne JA. Potential impacts of climate change and
humans on the trophic network organization of estuarine food webs. Mar Ecol Prog Ser. 2019; 616:
13—24. https://doi.org/10.3354/meps12932

Hoegh-Goldberg O, Bruno JF. The impact of climate change on the World’s marine ecosystems. Sci-
ence (1979). 2010; 328: 1523-1528. https://doi.org/10.1126/science.1189930 PMID: 20558709

Molinos JG, Halpern BS, Schoeman DS, Brown CJ, Kiessling W, Moore PJ, et al. Climate velocity and
the future global redistribution of marine biodiversity. Nat Clim Chang. 2015; 6: 83—-88. https://doi.org/
10.1038/nclimate2769

Lenton TM, Rockstrém J, Gaffney O, Rahmstorf S, Richardson K, Steffen W, et al. Climate tipping
points—too risky to bet against. Nature. 2019; 575: 592-595. https://doi.org/10.1038/d41586-019-
03595-0 PMID: 31776487

Rogers AD. Environmental change in the deep ocean. Annu Rev Environ Resour. 2015; 40: 1-38.
https://doi.org/10.1146/annurev-environ-102014-021415

Levin N, Kark S, Danovaro R. Adding the third dimension to marine conservation. Conserv Lett. 2018;
11: €12408. https://doi.org/10.1111/conl.12408

Cavanagh RD, Murphy EJ, Bracegirdle TJ, Turner J, Knowland CA, Corney SP, et al. A Synergistic
Approach for Evaluating Climate Model Output for Ecological Applications. Front Mar Sci. 2017; 4:
308. https://doi.org/10.3389/fmars.2017.00308

Albouy C, Velez L, Coll M, Colloca F, Le Loc’h F, Mouillot D, et al. From projected species distribution
to food-web structure under climate change. Glob Chang Biol. 2014; 20: 730-741. https://doi.org/10.
1111/gcb.12467 PMID: 24214576

Hollowed AB, Barange M, Beamish RJ, Brander K, Cochrane K, Drinkwater K, et al. Projected impacts
of climate change on marine fish and fisheries. ICES Journal of Marine Science. 2013; 70: 1023—-1037.
https://doi.org/10.1093/icesjms/fst081

Schaafsma FL, Cherel Y, Flores H, van Franeker JA, Lea MA, Raymond B, et al. Review: the energetic
value of zooplankton and nekton species of the Southern Ocean. Mar Biol. 2018; 129-165. https://doi.
org/10.1007/s00227-018-3386-z PMID: 30100628

Chown SL, Brooks CM. The state and future of Antarctic environments in a global context. Annu Rev
Environ Resour. 2019; 44: 1-30.

Rogers AD, Frinault BA V, Barnes DKA, Bindoff NL, Downie R, Ducklow HW, et al. Antarctic futures:
An assessment of climate-driven changes in ecosystem, structure, function, and service provisioning
in the Southern Ocean. Ann Rev Mar Sci. 2020; 12: 87—120. https:/doi.org/10.1146/annurev-marine-
010419-011028 PMID: 31337252

Chown SL, Leihy RI, Naish TR, Brooks CM, Convey P, Henley BJ, et al. Antarctic Climate Change
and the Environment: A Decadal Synopsis and Recommendations for Action. Scientific Committee
on Antarctic Research. Cambridge, United Kingdom: Scientific Committee on Antarctic Research;
2022.

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 16/26


https://doi.org/10.1016/0967-0637%2895%2900021-W
https://doi.org/10.1016/0967-0637%2895%2900021-W
https://doi.org/10.1371/journal.pone.0011683
http://www.ncbi.nlm.nih.gov/pubmed/20689841
https://doi.org/10.1016/j.dsr2.2022.105054
https://doi.org/10.1016/j.dsr2.2022.105098
https://doi.org/10.1016/j.dsr2.2022.105098
https://doi.org/10.1098/rspb.2008.1480
http://www.ncbi.nlm.nih.gov/pubmed/19324809
https://doi.org/10.1146/annurev.ecolsys.110308.120317
https://doi.org/10.1126/science.aai9214
http://www.ncbi.nlm.nih.gov/pubmed/28360268
https://doi.org/10.3354/meps12932
https://doi.org/10.1126/science.1189930
http://www.ncbi.nlm.nih.gov/pubmed/20558709
https://doi.org/10.1038/nclimate2769
https://doi.org/10.1038/nclimate2769
https://doi.org/10.1038/d41586-019-03595-0
https://doi.org/10.1038/d41586-019-03595-0
http://www.ncbi.nlm.nih.gov/pubmed/31776487
https://doi.org/10.1146/annurev-environ-102014-021415
https://doi.org/10.1111/conl.12408
https://doi.org/10.3389/fmars.2017.00308
https://doi.org/10.1111/gcb.12467
https://doi.org/10.1111/gcb.12467
http://www.ncbi.nlm.nih.gov/pubmed/24214576
https://doi.org/10.1093/icesjms/fst081
https://doi.org/10.1007/s00227-018-3386-z
https://doi.org/10.1007/s00227-018-3386-z
http://www.ncbi.nlm.nih.gov/pubmed/30100628
https://doi.org/10.1146/annurev-marine-010419-011028
https://doi.org/10.1146/annurev-marine-010419-011028
http://www.ncbi.nlm.nih.gov/pubmed/31337252
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

43.

44.

45.
46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Brasier MJ, McCormack S, Bax N, Caccavo JA, Cavan E, Ericson JA, et al. Overcoming the
Obstacles Faced by Early Career Researchers in Marine Science: Lessons From the Marine Ecosys-
tem Assessment for the Southern Ocean. Front Mar Sci. 2020; 7: 1-9. https://doi.org/10.3389/fmars.
2020.00692

Rolfer L, Elias llosvay XE, Ferse SCA, Jung J, Karcher DB, Kriegl M, et al. Disentangling Obstacles to
Knowledge Co-Production for Early-Career Researchers in the Marine Sciences. Front Mar Sci. 2022;
9. https://doi.org/10.3389/fmars.2022.893489

Medin DL, Lee CD. Diversity makes better science. APS Obs. 2012; 25.

Swartz TH, Palermo A-GS, Masur SK, Aberg JA. The Science and Value of Diversity: Closing the
Gaps in Our Understanding of Inclusion and Diversity. J Infect Dis. 2019; 220: S33-S41. https://doi.
org/10.1093/infdis/jiz174 PMID: 31430380

Johri S, Carnevale M, Porter L, Zivian A, Kourantidou M, Meyer EL, et al. Pathways to Justice, Equity,
Diversity, and Inclusion in Marine Science and Conservation. Front Mar Sci. 2021; 8: 696180. https://
doi.org/10.3389/fmars.2021.696180

Constable AJ, Melbourne-Thomas J, Muelbert MMC, McCormack S, Braiser M, Caccavo JA, et al.
Marine Ecosystem Assessment for the Southern Ocean: Summary for Policymakers. Integrated Cli-
mate and Ecosystem Dynamics in the Southern Ocean, Scientific Committee on Antarctic Research,
Scientific Committee on Oceanic Research, Integrated Marine Biosphere Research. 2023; https://doi.
org/10.5281/zenodo.8359585

IPCC. The Ocean and Cryosphere in a Changing Climate. Cambridge University Press; 2022. https://
doi.org/10.1017/9781009157964

IPCC. Climate Change 2023: Synthesis Report. Contribution of Working Groups |, Il and Ill to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change. Core Writing Team, Lee H,
Romero J, editors. Geneva, Switzerland: IPCC; 2023.

Casado M, Gremion G, Rosenbaum P, Caccavo JA, Aho K, Champollion N, et al. The benefits to cli-
mate science of including early-career scientists as reviewers. Geoscience Communication. 2020; 3:
89-97. https://doi.org/10.5194/gc-3-89-2020

Casado M. Engage more early-career scientists as peer reviewers. Nature. 2018; 560: 307-307.
https://doi.org/10.1038/d41586-018-05956-7 PMID: 30108357

Everson |. The living resources of the Southern Ocean: Southern Ocean fisheries survey programme.
Rome: FAQO; 1977.

Benninghoff WS. The Antarctic ecosystem. Environ Int. 1987; 13: 9—-14. https://doi.org/10.1016/0160-
4120(87)90037-7

Barrera-Oro E. The role of fish in the Antarctic marine food web: differences between inshore and off-
shore waters in the southern Scotia Arc and west Antarctic Peninsula. Antarct Sci. 2002; 14: 293—-309.
https://doi.org/10.1017/S0954102002000111

La Mesa M, Eastman JT, Vacchi M. The role of notothenioid fish in the food web of the Ross Sea shelf
waters: a review. Polar Biol. 2004; 27: 321-338. https://doi.org/10.1007/s00300-004-0599-z

Murphy EJ, Watkins JL, Trathan PN, Reid K, Meredith MP, Thorpe SE, et al. Spatial and temporal
operation of the Scotia Sea ecosystem: a review of large-scale links in a krill centred food web. Philo-
sophical Transactions of the Royal Society B: Biological Sciences. 2007; 362: 113—148. https://doi.
org/10.1098/rstb.2006.1957 PMID: 17405210

Xavier JC, Peck LS. Life Beyond the Ice. In: Liggett D, Storey B, Cook Y, Meduna V, editors. Exploring
the Last Continent. Cham: Springer International Publishing; 2015. pp. 229-252. https://doi.org/10.
1007/978-3-319-18947-5_12

McCormack SA, Melbourne-Thomas J, Trebilco R, Blanchard JL, Constable A. Alternative energy
pathways in Southern Ocean food webs: Insights from a balanced model of Prydz Bay, Antarctica.
Deep Sea Research Part |I: Topical Studies in Oceanography. 2020; 174: 104613. https://doi.org/10.
1016/j.dsr2.2019.07.001

Trebilco R, Melbourne-Thomas J, Constable AJ. The policy relevance of Southern Ocean food web
structure: Implications of food web change for fisheries, conservation and carbon sequestration. Mar
Policy. 2020; 115: 103832. https://doi.org/10.1016/j.marpol.2020.103832

McCormack SA, Melbourne-Thomas J, Trebilco R, Blanchard JL, Raymond B, Constable A. Decades
of dietary data demonstrate regional food web structures in the Southern Ocean. Ecol Evol. 2021; 11:
227-241. https://doi.org/10.1002/ece3.7017 PMID: 33437425

Atkinson A, Siegel V, Pakhomov E, Rothery P. Long-term decline in krill stock and increase in salps
within the Southern Ocean. Nature. 2004; 432: 100-103. https://doi.org/10.1038/nature02996 PMID:
15525989

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 17/26


https://doi.org/10.3389/fmars.2020.00692
https://doi.org/10.3389/fmars.2020.00692
https://doi.org/10.3389/fmars.2022.893489
https://doi.org/10.1093/infdis/jiz174
https://doi.org/10.1093/infdis/jiz174
http://www.ncbi.nlm.nih.gov/pubmed/31430380
https://doi.org/10.3389/fmars.2021.696180
https://doi.org/10.3389/fmars.2021.696180
https://doi.org/10.5281/zenodo.8359585
https://doi.org/10.5281/zenodo.8359585
https://doi.org/10.1017/9781009157964
https://doi.org/10.1017/9781009157964
https://doi.org/10.5194/gc-3-89-2020
https://doi.org/10.1038/d41586-018-05956-7
http://www.ncbi.nlm.nih.gov/pubmed/30108357
https://doi.org/10.1016/0160-4120%2887%2990037-7
https://doi.org/10.1016/0160-4120%2887%2990037-7
https://doi.org/10.1017/S0954102002000111
https://doi.org/10.1007/s00300-004-0599-z
https://doi.org/10.1098/rstb.2006.1957
https://doi.org/10.1098/rstb.2006.1957
http://www.ncbi.nlm.nih.gov/pubmed/17405210
https://doi.org/10.1007/978-3-319-18947-5%5F12
https://doi.org/10.1007/978-3-319-18947-5%5F12
https://doi.org/10.1016/j.dsr2.2019.07.001
https://doi.org/10.1016/j.dsr2.2019.07.001
https://doi.org/10.1016/j.marpol.2020.103832
https://doi.org/10.1002/ece3.7017
http://www.ncbi.nlm.nih.gov/pubmed/33437425
https://doi.org/10.1038/nature02996
http://www.ncbi.nlm.nih.gov/pubmed/15525989
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Atkinson A, Hill SL, Pakhomov EA, Siegel V, Reiss CS, Loeb VJ, et al. Krill (Euphausia superba) distri-
bution contracts southward during rapid regional warming. Nat Clim Chang. 2019; 9: 142—-147. https:/
doi.org/10.1038/s41558-018-0370-z

Rintoul SR, Speer K, Sparrow M, Meredith M, Hofmann E, Fahrback E, et al. Southern Ocean Observ-
ing System (SOOS): rationale and strategy for sustained observations of the Southern Ocean. In:
Stammer DE, editor. OceanObs09: Ocean information for society: sustaining the benefits, realizing
the potential. Noordwihk, The Nederlands: European Space Agency; 2009. pp. 851-863.

ESRI. “Ocean” [basemap]. Scale: 1:577k. “Ocean basemap”. October 3, 2018. (January 10, 2024)
https://www.arcgis.com/home/item.html?id=67ab7{7c535c4687b6518e6d2343e8a2.

de Santana CN, Rozenfeld AF, Marquet PA, Duarte CM. Topological properties of polar food webs.
Mar Ecol Prog Ser. 2013; 474: 15-26. https://doi.org/10.3354/meps10073

Younger JL, Emmerson LM, Miller KJ. The influence of historical climate changes on Southern Ocean
marine predator populations: a comparative analysis. Glob Chang Biol. 2016; 22: 474—493. https://doi.
org/10.1111/gcb.13104 PMID: 26391440

Hill SL, Pinkerton MH, Ballerini T, Cavan EL, Gurney LJ, Martins I, et al. Robust model-based indica-
tors of regional differences in food-web structure in the Southern Ocean. Journal of Marine Systems.
2021; 220: 103556. https://doi.org/10.1016/j.jmarsys.2021.103556

Stowasser G, Atkinson A, McGill RAR, Phillips RA, Collins MA, Pond DW. Food web dynamics in the
Scotia Sea in summer: A stable isotope study. Deep Sea Research Part |I: Topical Studies in Ocean-
ography. 2012; 59-60: 208—221. https://doi.org/10.1016/j.dsr2.2011.08.004

Kaehler S, Pakhomov EA, McQuaid CD. Trophic structure of the marine food web at the Prince
Edward Islands (Southern Ocean) determined by 5'3C and 5'°N analysis. Mar Ecol Prog Ser. 2000;
208: 13—-20. https://doi.org/10.3354/meps208013

Marina Tl, Salinas V, Cordone G, Campana G, Moreira E, Deregibus D, et al. The Food Web of Potter
Cove (Antarctica): complexity, structure and function. Estuar Coast Shelf Sci. 2018; 200: 141-151.
https://doi.org/10.1016/j.ecss.2017.10.015

Lopez-Lépez L, Genner MJ, Tarling GA, Saunders RA, O’Gorman EJ. Ecological Networks in the Sco-
tia Sea: Structural Changes Across Latitude and Depth. Ecosystems. 2022; 25: 457—470. https://doi.
0rg/10.1007/s10021-021-00665-1

Murphy EJ, Hofmann EE, Watkins JL, Johnston NM, Pifiones A, Ballerini T, et al. Comparison of the
structure and function of Southern Ocean regional ecosystems: The Antarctic Peninsula and South
Georgia. Journal of Marine Systems. 2013; 109—110: 22—42. https://doi.org/10.1016/j.jmarsys.2012.
03.011

RossiL, Sporta Caputi S, Calizza E, Careddu G, Oliverio M, Schiaparelli S, et al. Antarctic food web
architecture under varying dynamics of sea ice cover. Sci Rep. 2019; 9. https://doi.org/10.1038/
5$41598-019-48245-7 PMID: 31462668

Cardona L, Lloret-Lloret E, Moles J, Avila C. Latitudinal changes in the trophic structure of benthic
coastal food webs along the Antarctic Peninsula. Mar Environ Res. 2021; 167: 105290. https://doi.org/
10.1016/j.marenvres.2021.105290 PMID: 33684658

Gillies CL, Stark JS, Johnstone GJ, Smith SDA. Carbon flow and trophic structure of an Antarctic
coastal benthic community as determined by 5'3C and &'°N. Estuar Coast Shelf Sci. 2012; 97: 44-57.
https://doi.org/10.1016/j.ecss.2011.11.003

Michel LN, Danis B, Dubois P, Eleaume M, Fournier J, Gallut C, et al. Increased sea ice cover alters
food web structure in East Antarctica. Sci Rep. 2019; 9. hitps://doi.org/10.1038/s41598-019-44605-5
PMID: 31147605

Zenteno L, Cardenas L, Valdivia N, Gomez |, Hofer J, Garrido |, et al. Unraveling the multiple bottom-
up supplies of an Antarctic nearshore benthic community. Prog Oceanogr. 2019; 174: 55-63. hitps://
doi.org/10.1016/j.pocean.2018.10.016

Sporta Caputi S, Careddu G, Calizza E, Fiorentino F, Maccapan D, Rossi L, et al. Seasonal Food Web
Dynamics in the Antarctic Benthos of Tethys Bay (Ross Sea): Implications for Biodiversity Persistence
Under Different Seasonal Sea-Ice Coverage. Front Mar Sci. 2020; 7. https://doi.org/10.3389/fmars.
2020.594454

Ortiz M, Berrios F, Gonzalez J, Rodriguez-Zaragoza F, Gémez |. Macroscopic network properties
and short-term dynamic simulations in coastal ecological systems at Fildes Bay (King George

Island, Antarctica). Ecological Complexity. 2016; 28: 145—157. https://doi.org/10.1016/j.ecocom.2016.
06.003

Kuparinen J, Bjgrnsen PK. Bottom-up and top-down controls of the microbial food web in the Southern
Ocean: experiments with manipulated microcosms. Polar Biol. 1992; 12: 189—195. https://doi.org/10.
1007/BF00238259

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 18/26


https://doi.org/10.1038/s41558-018-0370-z
https://doi.org/10.1038/s41558-018-0370-z
https://www.arcgis.com/home/item.html?id=67ab7f7c535c4687b6518e6d2343e8a2
https://doi.org/10.3354/meps10073
https://doi.org/10.1111/gcb.13104
https://doi.org/10.1111/gcb.13104
http://www.ncbi.nlm.nih.gov/pubmed/26391440
https://doi.org/10.1016/j.jmarsys.2021.103556
https://doi.org/10.1016/j.dsr2.2011.08.004
https://doi.org/10.3354/meps208013
https://doi.org/10.1016/j.ecss.2017.10.015
https://doi.org/10.1007/s10021-021-00665-1
https://doi.org/10.1007/s10021-021-00665-1
https://doi.org/10.1016/j.jmarsys.2012.03.011
https://doi.org/10.1016/j.jmarsys.2012.03.011
https://doi.org/10.1038/s41598-019-48245-7
https://doi.org/10.1038/s41598-019-48245-7
http://www.ncbi.nlm.nih.gov/pubmed/31462668
https://doi.org/10.1016/j.marenvres.2021.105290
https://doi.org/10.1016/j.marenvres.2021.105290
http://www.ncbi.nlm.nih.gov/pubmed/33684658
https://doi.org/10.1016/j.ecss.2011.11.003
https://doi.org/10.1038/s41598-019-44605-5
http://www.ncbi.nlm.nih.gov/pubmed/31147605
https://doi.org/10.1016/j.pocean.2018.10.016
https://doi.org/10.1016/j.pocean.2018.10.016
https://doi.org/10.3389/fmars.2020.594454
https://doi.org/10.3389/fmars.2020.594454
https://doi.org/10.1016/j.ecocom.2016.06.003
https://doi.org/10.1016/j.ecocom.2016.06.003
https://doi.org/10.1007/BF00238259
https://doi.org/10.1007/BF00238259
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

Christaki U, Obernosterer |, Van Wambeke F, Veldhuis M, Garcia N, Catala P. Microbial food web
structure in a naturally iron-fertilized area in the Southern Ocean (Kerguelen Plateau). Deep Sea
Research Part II: Topical Studies in Oceanography. 2008; 55: 706—719. https://doi.org/10.1016/j.dsr2.
2007.12.009

Christaki U, Gueneugues A, Liu Y, Blain S, Catala P, Colombet J, et al. Seasonal microbial food web
dynamics in contrasting Southern Ocean productivity regimes. Limnol Oceanogr. 2021; 66: 108—122.
https://doi.org/10.1002/In0.11591

Pinkerton MH, Bradford-Grieve JM. Characterizing foodweb structure to identify potential ecosystem
effects of fishing in the Ross Sea, Antarctica. ICES Journal of Marine Science. 2014; 71: 1542—1553.
https://doi.org/10.1093/icesjms/fst230

Roberts J, Xavier JC, Agnew DJ. The diet of toothfish species Dissostichus eleginoides and Dissosti-
chus mawsoni with overlapping distributions. J Fish Biol. 2011; 79: 138—154. https://doi.org/10.1111/j.
1095-8649.2011.03005.x PMID: 21722116

Queirds JP, Stevens DW, Pinkerton MH, Rosa R, Duarte B, Baeta A, et al. Feeding and trophic ecol-
ogy of Antarctic toothfish Dissostichus mawsoni in the Amundsen and Dumont D’Urville Seas (Antarc-
tica). Hydrobiologia. 2022; 849: 2317-2333. https://doi.org/10.1007/s10750-022-04871-3

Lee SR, Choi S-G, Chung S, Kim DN, Kang C-K, Kim H-W. Geographical differences in the diet of Dis-
sostichus mawsonirevealed by metabarcoding. Front Mar Sci. 2022; 9. https://doi.org/10.3389/fmars.
2022.888167

Mclnnes JC, Alderman R, Lea M, Raymond B, Deagle BE, Phillips RA, et al. High occurrence of jelly-
fish predation by black-browed and Campbell albatross identified by DNA metabarcoding. Mol Ecol.
2017; 26: 4831-4845. https://doi.org/10.1111/mec.14245 PMID: 28734075

Xavier JC, Cherel Y, Ceia FR, Queir6s JP, Guimaraes B, Rosa R, et al. Eastern rockhopper penguins
Eudyptes filholi as biological samplers of juvenile and sub-adult cephalopods around Campbell Island,
New Zealand. Polar Biol. 2018; 41: 1937-1949. https://doi.org/10.1007/s00300-018-2333-2

Borras-Chavez R, Goebel ME, Villegas-Amtmann S, Hiickstadt LA, Rivera-Rebella C, Costa DP, et al.
Time and behavioral adjustments to lactation: Insights from a marine predator. Mar Mamm Sci. 2023;
39: 131-150. https://doi.org/10.1111/mms.12970

Krause DJ, Goebel ME, Kurle CM. Leopard seal diets in a rapidly warming polar region vary by year,
season, sex, and body size. BMC Ecol. 2020; 20: 32. https://doi.org/10.1186/s12898-020-00300-y
PMID: 32493329

Gallon S, Bailleul F, Charrassin J-B, Guinet C, Bost C-A, Handrich Y, et al. Identifying foraging events
in deep diving southern elephant seals, Mirounga leonina, using acceleration data loggers. Deep Sea
Research Part II: Topical Studies in Oceanography. 2013; 88—89: 14—22. https://doi.org/10.1016/.
dsr2.2012.09.002

Cherel Y, Ducatez S, Fontaine C, Richard P, Guinet C. Stable isotopes reveal the trophic position and
mesopelagic fish diet of female southern elephant seals breeding on the Kerguelen Islands. Mar Ecol
Prog Ser. 2008; 370: 239-247. https://doi.org/10.3354/meps07673

Queirds JP, Hilario A, Thompson DR, Ceia FR, Elliott G, Walker K, et al. From warm to cold waters:
new insights into the habitat and trophic ecology of Southern Ocean squids throughout their life cycle.
Mar Ecol Prog Ser. 2021; 659: 113—-126. https://doi.org/10.3354/meps13551

van Tonder A, Libcker N, Guerreiro M, Xavier JC, Cherel Y, de Bruyn PJN. The ecology of Moro-
teuthopsis longimana at the sub-Antarctic Prince Edward Islands, as revealed through stable isotope
analysis on squid beak prey remains. Mar Ecol Prog Ser. 2020; 658: 105—115. https://doi.org/10.3354/
meps13556

Woods B, Walters A, Hindell M, Revill A, Field I, McCormack S, et al. Trophic structure of Southern
Ocean squid: a cross-basin analysis of stable isotopes in archived beaks from predator stomachs. Mar
Ecol Prog Ser. 2022; 685: 137—-152. https://doi.org/10.3354/meps13990

Bocher P, Cherel Y, Labat J-P, Mayzaud P, Razouls S, Jouventin P. Amphipod-based food web: The-
misto gaudichaudiicaught in nets and by seabirds in Kerguelen waters, southern Indian Ocean. Mar
Ecol Prog Ser. 2001; 223: 261-276. https://doi.org/10.3354/meps223261

Gurney L, Froneman P, Pakhomov E, McQuaid C. Trophic positions of three euphausiid species from
the Prince Edward Islands (Southern Ocean): implications for the pelagic food web structure. Mar Ecol
Prog Ser. 2001; 217: 167-174. https://doi.org/10.3354/meps217167

De Broyer C, Koubbi P, Griffiths HJ, Raymond B, Udekem d’Acoz C, Van de Putte AP, et al. Biogeo-
graphic Atlas of the Southern Ocean. Cambridge: Scientific Committee on Antarctic Research; 2014.

Brandt A, de Broyer C, Ebbe B, Ellingsen KE, Gooday AJ, Janussen D, et al. Southern Ocean deep
benthic biodiversity. In: Rogers AD, Johnston NM, Murphy EJ, Clarke A, editors. Antarctic Ecosys-

tems: An Extreme Environment in a Changing World. Wiley; 2012. pp. 291-334. https://doi.org/10.
1002/9781444347241

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 19/26


https://doi.org/10.1016/j.dsr2.2007.12.009
https://doi.org/10.1016/j.dsr2.2007.12.009
https://doi.org/10.1002/lno.11591
https://doi.org/10.1093/icesjms/fst230
https://doi.org/10.1111/j.1095-8649.2011.03005.x
https://doi.org/10.1111/j.1095-8649.2011.03005.x
http://www.ncbi.nlm.nih.gov/pubmed/21722116
https://doi.org/10.1007/s10750-022-04871-3
https://doi.org/10.3389/fmars.2022.888167
https://doi.org/10.3389/fmars.2022.888167
https://doi.org/10.1111/mec.14245
http://www.ncbi.nlm.nih.gov/pubmed/28734075
https://doi.org/10.1007/s00300-018-2333-2
https://doi.org/10.1111/mms.12970
https://doi.org/10.1186/s12898-020-00300-y
http://www.ncbi.nlm.nih.gov/pubmed/32493329
https://doi.org/10.1016/j.dsr2.2012.09.002
https://doi.org/10.1016/j.dsr2.2012.09.002
https://doi.org/10.3354/meps07673
https://doi.org/10.3354/meps13551
https://doi.org/10.3354/meps13556
https://doi.org/10.3354/meps13556
https://doi.org/10.3354/meps13990
https://doi.org/10.3354/meps223261
https://doi.org/10.3354/meps217167
https://doi.org/10.1002/9781444347241
https://doi.org/10.1002/9781444347241
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

Xavier JC, Brandt A, Ropert-Coudert Y, Badhe R, Gutt J, Havermans C, et al. Future Challenges in
Southern Ocean Ecology Research. Front Mar Sci. 2016; 3. https://doi.org/10.3389/fmars.2016.00094

Brandt A, Griffiths H, Gutt J, Linse K, Schiaparelli S, Ballerini T, et al. Challenges of deep-sea biodiver-
sity assessments in the Southern Ocean. Adv Polar Sci. 2014; 25: 204-212. https://doi.org/10.13679/j.
advps.2014.3.00204

De Broyer C, Danis B. How many species in the Southern Ocean? Towards a dynamic inventory of the
Antarctic marine species. Deep Sea Research Part II: Topical Studies in Oceanography. 2011; 58: 5—
17. https://doi.org/10.1016/j.dsr2.2010.10.007

Clarke MR. Cephalopoda in the diet of sperm whales of the Southern hemisphere and their bearing on
sperm whale biology. Discovery Reports. Plymouth: Institute of Oceanographic Sciences; 1980. p.
324.

Pilling GM, Purves MG, Daw TM, Agnew DA, Xavier JC. The stomach contents of Patagonian toothfish
around South Georgia (South Atlantic). J Fish Biol. 2001; 59: 1370—1384. https://doi.org/10.1111/j.
1095-8649.2001.tb00198.x

Hyslop EJ. Stomach content analysis—a review of methods and their application. J Fish Biol. 1980;
28: 411-429. https://doi.org/10.1111/j.1095-8649.1980.tb02775.x

Barrett RT, Camphuysen K, Nilssen TA, Chardine JW, Furness RW, Garthe S, et al. Diet studies of
seabirds: a review and recommendations. ICES Journal of Marine Science. 2007; 64: 1675-1691.
https://doi.org/10.1093/icesjms/fsm152

Drazen JC, Sutton TT. Dining in the Deep: The Feeding Ecology of Deep-Sea Fishes. Ann Rev Mar
Sci. 2017; 9: 337-366. https://doi.org/10.1146/annurev-marine-010816-060543 PMID: 27814034

Abreu J, Staniland I, Rodrigues CF, Queirds JP, Pereira JM, Xavier JC. Squid in the diet of Antarctic
fur seals: potential links to oceanographic conditions and Antarctic krill abundance. Mar Ecol Prog Ser.
2019; 628: 211-221. https://doi.org/10.3354/meps13100

Cherel Y, Waugh SM. Dietary evidence of trophic segregation between Campbell albatross Thalas-
sarche impavida and grey-headed albatross T. chrysostoma at subantarctic Campbell Island. Mar
Biol. 2023; 170. https://doi.org/10.1007/s00227-023-04267-4

Bush A, Compson ZG, Monk WA, Porter TM, Steeves R, Emilson E, et al. Studying Ecosystems With
DNA Metabarcoding: Lessons From Biomonitoring of Aquatic Macroinvertebrates. Front Ecol Evol.
2019; 7. https://doi.org/10.3389/fevo.2019.00434

JiY, Ashton L, Pedley SM, Edwards DP, Tang Y, Nakamura A, et al. Reliable, verifiable and efficient
monitoring of biodiversity via metabarcoding. Ecol Lett. 2013; 16: 1245-1257. https://doi.org/10.1111/
ele.12162 PMID: 23910579

Deagle BE, Jarman SN, Coissac E, Pompanon F, Taberlet P. DNA metabarcoding and the cyto-
chrome c oxidase subunit | marker: not a perfect match. Biol Lett. 2014; 10: 20140562. https://doi.org/
10.1098/rsbl.2014.0562 PMID: 25209199

Peters KJ, Ophelkeller K, Bott NJ, Deagle BE, Jarman SN, Goldsworthy SD. Fine-scale diet of the
Australian sea lion (Neophoca cinerea) using DNA-based analysis of faeces. Marine Ecology. 2015;
36: 347-367. https://doi.org/10.1111/maec.12145

Horswill C, Jackson JA, Medeiros R, Nowell RW, Trathan PN, O’Connell TC. Minimising the limitations
of using dietary analysis to assess foodweb changes by combining multiple techniques. Ecol Indic.
2018; 94: 218-225. https://doi.org/10.1016/j.ecolind.2018.06.035

Ratcliffe N, Deagle B, Love K, Polanowski A, Fielding S, Wood AG, et al. Changes in prey fields
increase the potential for spatial overlap between gentoo penguins and a krill fishery within a marine
protected area. Divers Distrib. 2021; 27: 552-563. https://doi.org/10.1111/ddi.13216

Greiman SE, Cook JA, Tkach V V., Hoberg EP, Menning DM, Hope AG, et al. Museum metabarcod-
ing: A novel method revealing gut helminth communities of small mammals across space and time. Int
J Parasitol. 2018; 48: 1061—1070. https://doi.org/10.1016/j.ijpara.2018.08.001 PMID: 30315762

Ciric M, Waite D, Draper J, Jones J. Characterization of mid-intestinal microbiota of farmed Chinook
salmon using 16S rRNA gene metabarcoding. Arch Biol Sci. 2019; 71: 577-587. https://doi.org/10.
2298/ABS190402040C

Hebert PD, Ratnasingham S, deWaard JR. Barcoding animal life: cytochrome ¢ oxidase subunit 1
divergences among closely related species. Proceedings of the Royal Society B. 2003; 270: S96-S99.
https://doi.org/10.1098/rsbl.2003.0025 PMID: 12952648

Nielsen JM, Clare EL, Hayden B, Brett MT, Kratina P. Diet tracing in ecology: Method comparison and
selection. Methods Ecol Evol. 2018; 9: 278-291. https://doi.org/10.1111/2041-210X.12869

Xavier JC, Cherel Y, Medeiros R, Velez N, Dewar M, Ratcliffe N, et al. Conventional and molecular
analysis of the diet of gentoo penguins: contributions to assess scats for non-invasive penguin diet
monitoring. Polar Biol. 2018; 41: 2275-2287. https://doi.org/10.1007/s00300-018-2364-8

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 20/26


https://doi.org/10.3389/fmars.2016.00094
https://doi.org/10.13679/j.advps.2014.3.00204
https://doi.org/10.13679/j.advps.2014.3.00204
https://doi.org/10.1016/j.dsr2.2010.10.007
https://doi.org/10.1111/j.1095-8649.2001.tb00198.x
https://doi.org/10.1111/j.1095-8649.2001.tb00198.x
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.1093/icesjms/fsm152
https://doi.org/10.1146/annurev-marine-010816-060543
http://www.ncbi.nlm.nih.gov/pubmed/27814034
https://doi.org/10.3354/meps13100
https://doi.org/10.1007/s00227-023-04267-4
https://doi.org/10.3389/fevo.2019.00434
https://doi.org/10.1111/ele.12162
https://doi.org/10.1111/ele.12162
http://www.ncbi.nlm.nih.gov/pubmed/23910579
https://doi.org/10.1098/rsbl.2014.0562
https://doi.org/10.1098/rsbl.2014.0562
http://www.ncbi.nlm.nih.gov/pubmed/25209199
https://doi.org/10.1111/maec.12145
https://doi.org/10.1016/j.ecolind.2018.06.035
https://doi.org/10.1111/ddi.13216
https://doi.org/10.1016/j.ijpara.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/30315762
https://doi.org/10.2298/ABS190402040C
https://doi.org/10.2298/ABS190402040C
https://doi.org/10.1098/rsbl.2003.0025
http://www.ncbi.nlm.nih.gov/pubmed/12952648
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1007/s00300-018-2364-8
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Jarman SN, Gales NJ, Tierney M, Gill PC, Elliott NG. A DNA-based method for identification of krill
species and its application to analysing the diet of marine vertebrate predators. Mol Ecol. 2002; 11:
2679-2690. https://doi.org/10.1046/j.1365-294x.2002.01641.x PMID: 12453250

Jarman SN, Mclnnes JC, Faux C, Polanowski AM, Marthick J, Deagle BE, et al. Adélie Penguin Popu-
lation Diet Monitoring by Analysis of Food DNA in Scats. PLoS One. 2013; 8: €82227. https://doi.org/
10.1371/journal.pone.0082227 PMID: 24358158

Casper RM, Jarman SN, Gales NJ, Hindell MA. Combining DNA and morphological analyses of faecal
samples improves insight into trophic interactions: a case study using a generalist predator. Mar Biol.
2007; 152: 815-825. https://doi.org/10.1007/s00227-007-0732-y

Mclnnes JC, Jarman SN, Lea M-A, Raymond B, Deagle BE, Phillips RA, et al. DNA Metabarcoding as
a Marine Conservation and Management Tool: A Circumpolar Examination of Fishery Discards in the
Diet of Threatened Albatrosses. Front Mar Sci. 2017; 4. https://doi.org/10.3389/fmars.2017.00277

King RA, Read DS, Traugott M, Symondson WO. Molecular analysis of predation: a review of best
practice for DNA-based approaches. Mol Ecol. 2008; 17: 947-963. https://doi.org/10.1111/j.1365-
294X.2007.03613.x PMID: 18208490

de Sousa LL, Silva SM, Xavier R. DNA metabarcoding in diet studies: Unveiling ecological aspects in
aquatic and terrestrial ecosystems. Environmental DNA. 2019; 1: 199-214. https://doi.org/10.1002/
edn3.27

Pompanon F, Deagle BE, Symondson WOC, Brown DS, Jarman SN, Taberlet P. Who is eating what:
diet assessment using next generation sequencing. Mol Ecol. 2012; 21: 1931-1950. https://doi.org/10.
1111/j.1365-294X.2011.05403.x PMID: 22171763

Clare EL. Molecular detection of trophic interactions: emerging trends, distinct advantages, significant
considerations and conservation applications. Evol Appl. 2014; 7: 1144-1157. https://doi.org/10.1111/
eva.12225 PMID: 25553074

Tournayre O, Leuchtmann M, Filippi-Codaccioni O, Trillat M, Piry S, Pontier D, et al. In silico and
empirical evaluation of twelve metabarcoding primer sets for insectivorous diet analyses. Ecol Evol.
2020; 10: 6310-6332. https://doi.org/10.1002/ece3.6362 PMID: 32724515

Vander Zanden MJ, Clayton MK, Moody EK, Solomon CT, Weidel BC. Stable Isotope Turnover and
Half-Life in Animal Tissues: A Literature Synthesis. PLoS One. 2015; 10: e0116182. https://doi.org/10.
1371/journal.pone.0116182 PMID: 25635686

Queir6s JP, Cherel Y, Ceia FR, Hilario A, Roberts J, Xavier JC. Ontogenic changes in habitat and tro-
phic ecology in the Antarctic squid Kondakovia longimana derived from isotopic analysis on beaks.
Polar Biol. 2018; 41: 2409-2421. https://doi.org/10.1007/s00300-018-2376-4

Polito MJ, Goebel ME. Investigating the use of stable isotope analysis of milk to infer seasonal trends
in the diets and foraging habitats of female Antarctic fur seals. J Exp Mar Biol Ecol. 2010; 395: 1-9.
https://doi.org/10.1016/j.jembe.2010.08.015

Peterson BJ, Fry B. Stable isotopes in ecosystem studies. Annual Review of Ecology and Systematics.
1987; 18: 293-320. https://doi.org/10.1146/annurev.es.18.110187.001453

Newsome SD, del Rios CM, Bearhop S, Phillips DL. A niche for isotopic ecology. Front Ecol Environ.
2007; 5: 429-436. https://doi.org/10.1890/060150.1

Guerrero Al, Pavez G, Santos-Carvallo M, Rogers TL, Sepulveda M. Foraging behaviour of the
South American sea lion (Otaria byronia) in two disparate ecosystems assessed through blubber
fatty acid analysis. Sci Rep. 2020; 10: 5725. https://doi.org/10.1038/s41598-020-62178-6 PMID:
32235837

Budge SM, Iverson SJ, Koopman HN. Studying trophic ecology in marine ecosystems using fatty
acids: a primer on analysis and interpretation. Mar Mamm Sci. 2006; 22: 759-801. https://doi.org/10.
1111/j.1748-7692.2006.00079.x

Iverson SJ. Milk secretion in marine mammals in relation to foraging: can milk fatty acids predict diet?
Marine Mammals: Advances in Behavioural and Population Biology. Oxford University PressOxford;
1993. pp. 263—-291. https://doi.org/10.1093/0s0/9780198540694.003.0015

Dalsgaard J, John MS, Kattner G, Muller-Navarra D, Hagen W. Fatty acid trophic marker in the pelagic
marine enviornment. Adv Mar Biol. 2003; 43: 225-340. https://doi.org/10.1016/S0065-2881(03)
46005-7 PMID: 14601414

Nichols PD, Pethybridge HR, Zhang B, Virtue P, Meyer L, Dhurmeea Z, et al. Fatty acid profiles of
more than 470 marine species from the Southern Hemisphere. Ecology. 2023; 104. https://doi.org/10.
1002/ecy.3888 PMID: 36208280

Guerrero Al, Pinnock A, Negrete J, Rogers TL. Complementary use of stable isotopes and fatty acids
for quantitative diet estimation of sympatric predators, the Antarctic pack-ice seals. Oecologia. 2021;
197: 729-742. https://doi.org/10.1007/s00442-021-05045-z PMID: 34626270

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 21/26


https://doi.org/10.1046/j.1365-294x.2002.01641.x
http://www.ncbi.nlm.nih.gov/pubmed/12453250
https://doi.org/10.1371/journal.pone.0082227
https://doi.org/10.1371/journal.pone.0082227
http://www.ncbi.nlm.nih.gov/pubmed/24358158
https://doi.org/10.1007/s00227-007-0732-y
https://doi.org/10.3389/fmars.2017.00277
https://doi.org/10.1111/j.1365-294X.2007.03613.x
https://doi.org/10.1111/j.1365-294X.2007.03613.x
http://www.ncbi.nlm.nih.gov/pubmed/18208490
https://doi.org/10.1002/edn3.27
https://doi.org/10.1002/edn3.27
https://doi.org/10.1111/j.1365-294X.2011.05403.x
https://doi.org/10.1111/j.1365-294X.2011.05403.x
http://www.ncbi.nlm.nih.gov/pubmed/22171763
https://doi.org/10.1111/eva.12225
https://doi.org/10.1111/eva.12225
http://www.ncbi.nlm.nih.gov/pubmed/25553074
https://doi.org/10.1002/ece3.6362
http://www.ncbi.nlm.nih.gov/pubmed/32724515
https://doi.org/10.1371/journal.pone.0116182
https://doi.org/10.1371/journal.pone.0116182
http://www.ncbi.nlm.nih.gov/pubmed/25635686
https://doi.org/10.1007/s00300-018-2376-4
https://doi.org/10.1016/j.jembe.2010.08.015
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.1890/060150.1
https://doi.org/10.1038/s41598-020-62178-6
http://www.ncbi.nlm.nih.gov/pubmed/32235837
https://doi.org/10.1111/j.1748-7692.2006.00079.x
https://doi.org/10.1111/j.1748-7692.2006.00079.x
https://doi.org/10.1093/oso/9780198540694.003.0015
https://doi.org/10.1016/S0065-2881%2803%2946005-7
https://doi.org/10.1016/S0065-2881%2803%2946005-7
http://www.ncbi.nlm.nih.gov/pubmed/14601414
https://doi.org/10.1002/ecy.3888
https://doi.org/10.1002/ecy.3888
http://www.ncbi.nlm.nih.gov/pubmed/36208280
https://doi.org/10.1007/s00442-021-05045-z
http://www.ncbi.nlm.nih.gov/pubmed/34626270
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

142,

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Phillips DL, Inger R, Bearhop S, Jackson AL, Moore JW, Parnell AC, et al. Best practices for use of sta-
ble isotope mixing models in food-web studies. Can J Zool. 2014; 92: 823-835. https://doi.org/10.
1139/cjz-2014-0127

Brett M. Resource polygon geometry predicts Bayesian stable isotope mixing model bias. Mar Ecol
Prog Ser. 2014; 514: 1-12. https://doi.org/10.3354/meps11017

Guerrero Al, Rogers TL. Evaluating the performance of the Bayesian mixing tool MixSIAR with fatty
acid data for quantitative estimation of diet. Sci Rep. 2020; 10: 20780. https://doi.org/10.1038/s41598-
020-77396-1 PMID: 33247163

Vanderklift MA, Ponsard S. Sources of variation in consumer-diet 3'°N enrichment: a meta-analysis.
Oecologia. 2003; 136: 169—182. https://doi.org/10.1007/s00442-003-1270-z PMID: 12802678

Bearhop S, Adams CE, Waldrons S, Fuller RA, Macleod H. Determining trophic niche width: a novel
approach using stable isotope analysis. Journal of Animal Ecology. 2004; 73: 1007—-1012. https://doi.
org/10.1111/j.0021-8790.2004.00861.x

Ohkouchi N, Chikaraishi Y, Close HG, Fry B, Larsen T, Madigan DJ, et al. Advances in the application
of amino acid nitrogen isotopic analysis in ecological and biogeochemical studies. Org Geochem.
2017; 113: 150-174. https://doi.org/10.1016/j.orggeochem.2017.07.009

Lubcker N, Whiteman JP, Millar RP, de Bruyn PJN, Newsome SD. Fasting affects amino acid nitrogen
isotope values: a new tool for identifying nitrogen balance of free-ranging mammals. Oecologia. 2020;
193: 53-65. https://doi.org/10.1007/s00442-020-04645-5 PMID: 32300864

McMahon KW, Newsome SD. Amino Acid Isotope Analysis. Tracking Animal Migration with Stable Iso-
topes. Elsevier; 2019. pp. 173—-190. https://doi.org/10.1016/B978-0-12-814723-8.00007-6

Whiteman J, Elliott Smith E, Besser A, Newsome S. A Guide to Using Compound-Specific Stable Iso-
tope Analysis to Study the Fates of Molecules in Organisms and Ecosystems. Diversity (Basel). 2019;
11: 8. https://doi.org/10.3390/d11010008

Ramirez MD, Besser AC, Newsome SD, McMahon KW. Meta-analysis of primary producer amino acid
5'°N values and their influence on trophic position estimation. Methods Ecol Evol. 2021; 12: 1750
1767. https://doi.org/10.1111/2041-210X.13678

Cherel Y, Bustamante P, Richard P. Amino acid 5'3C and &'°N from sclerotized beaks: A new tool to
investigate the foraging ecology of cephalopods, including giant and colossal squids. Mar Ecol Prog
Ser. 2019; 624: 89-102. https://doi.org/10.3354/meps13002

Brault E, Koch P, Costa D, McCarthy M, Hiickstadt L, Goetz K, et al. Trophic position and foraging
ecology of Ross, Weddell, and crabeater seals revealed by compound-specific isotope analysis. Mar
Ecol Prog Ser. 2019; 611: 1-18. https://doi.org/10.3354/meps12856

Wang S, Budge S, lken K, Gradinger R, Springer A, Wooller M. Importance of sympagic production to
Bering Sea zooplankton as revealed from fatty acid-carbon stable isotope analyses. Mar Ecol Prog
Ser. 2015; 518: 31-50. https://doi.org/10.3354/meps11076

Budge SM, Wooller MJ, Springer AM, Iverson SJ, McRoy CP, Divoky GJ. Tracing carbon flow in an
arctic marine food web using fatty acid-stable isotope analysis. Oecologia. 2008; 157: 117-129.
https://doi.org/10.1007/s00442-008-1053-7 PMID: 18481094

Minagawa M, Wada E. Stepwise enrichment of '°N along food chains: Further evidence and the rela-
tion between &'°N and animal age. Geochim Cosmochim Acta. 1984; 48: 1135—1140. https://doi.org/
10.1016/0016-7037(84)90204-7

Post DM. Using stable isotopes to estimate trophic position: models, methods and assumptions. Ecol-
ogy. 2002; 83: 703-718. https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2

Cherel Y, Fontaine C, Richard P, Labat JP. Isotopic niches and trophic levels of myctophid fishes and
their predators in the Southern Ocean. Limnol Oceanogr. 2010; 55: 324—332. https://doi.org/10.4319/
10.2010.55.1.0324

Hussey NE, Macneil MA, Mcmeans BC, Olin JA, Dudley SFJ, Cliff G, et al. Rescaling the trophic struc-
ture of marine food webs. Ecol Lett. 2014; 17: 239-250. https://doi.org/10.1111/ele.12226 PMID:
24308860

Watanabe YY, Papastamatiou YP. Biologging and Biotelemetry: Tools for Understanding the Lives
and Environments of Marine Animals. Annu Rev Anim Biosci. 2022; 11: 247-267. https://doi.org/10.
1146/annurev-animal-050322-073657 PMID: 36790885

Arce F, Hindell MA, McMahon CR, Wotherspoon SJ, Guinet C, Harcourt RG, et al. Elephant seal for-
aging success is enhanced in Antarctic coastal polynyas. Proceedings of the Royal Society B: Biologi-
cal Sciences. 2022; 289. https://doi.org/10.1098/rspb.2021.2452 PMID: 35078353

Viviant M, Monestiez P, Guinet C. Can We Predict Foraging Success in a Marine Predator from Dive
Patterns Only? Validation with Prey Capture Attempt Data. PLoS One. 2014; 9: e88503. https://doi.
org/10.1371/journal.pone.0088503 PMID: 24603534

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 22/26


https://doi.org/10.1139/cjz-2014-0127
https://doi.org/10.1139/cjz-2014-0127
https://doi.org/10.3354/meps11017
https://doi.org/10.1038/s41598-020-77396-1
https://doi.org/10.1038/s41598-020-77396-1
http://www.ncbi.nlm.nih.gov/pubmed/33247163
https://doi.org/10.1007/s00442-003-1270-z
http://www.ncbi.nlm.nih.gov/pubmed/12802678
https://doi.org/10.1111/j.0021-8790.2004.00861.x
https://doi.org/10.1111/j.0021-8790.2004.00861.x
https://doi.org/10.1016/j.orggeochem.2017.07.009
https://doi.org/10.1007/s00442-020-04645-5
http://www.ncbi.nlm.nih.gov/pubmed/32300864
https://doi.org/10.1016/B978-0-12-814723-8.00007%26%23x2013%3B6
https://doi.org/10.3390/d11010008
https://doi.org/10.1111/2041-210X.13678
https://doi.org/10.3354/meps13002
https://doi.org/10.3354/meps12856
https://doi.org/10.3354/meps11076
https://doi.org/10.1007/s00442-008-1053-7
http://www.ncbi.nlm.nih.gov/pubmed/18481094
https://doi.org/10.1016/0016-7037%2884%2990204-7
https://doi.org/10.1016/0016-7037%2884%2990204-7
https://doi.org/10.1890/0012-9658%282002%29083%5B0703%3AUSITET%5D2.0.CO%3B2
https://doi.org/10.4319/lo.2010.55.1.0324
https://doi.org/10.4319/lo.2010.55.1.0324
https://doi.org/10.1111/ele.12226
http://www.ncbi.nlm.nih.gov/pubmed/24308860
https://doi.org/10.1146/annurev-animal-050322-073657
https://doi.org/10.1146/annurev-animal-050322-073657
http://www.ncbi.nlm.nih.gov/pubmed/36790885
https://doi.org/10.1098/rspb.2021.2452
http://www.ncbi.nlm.nih.gov/pubmed/35078353
https://doi.org/10.1371/journal.pone.0088503
https://doi.org/10.1371/journal.pone.0088503
http://www.ncbi.nlm.nih.gov/pubmed/24603534
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Charrassin J-B, Kato A, Handrich Y, Sato K, Naito Y, Ancel A, et al. Feeding behaviour of free—ranging
penguins determined by oesophageal temperature. Proc R Soc Lond B Biol Sci. 2001; 268: 151-157.
https://doi.org/10.1098/rspb.2000.1343 PMID: 11209884

Hanuise N, Bost C-A, Huin W, Auber A, Halsey LG, Handrich Y. Measuring foraging activity in a deep-
diving bird: comparing wiggles, oesophageal temperatures and beak-opening angles as proxies of
feeding. Journal of Experimental Biology. 2010; 213: 3874—3880. https://doi.org/10.1242/jeb.044057
PMID: 21037067

Brisson-Curadeau E, Handrich Y, Elliott KH, Bost C-A. Accelerometry predicts prey-capture rates in
the deep-diving king penguin Aptenodytes patagonicus. Mar Biol. 2021; 168: 156. https://doi.org/10.
1007/s00227-021-03968-y

Tournier M, Goulet P, Fonvieille N, Nerini D, Johnson M, Guinet C. A novel animal-borne miniature

echosounder to observe the distribution and migration patterns of intermediate trophic levels in the

Southern Ocean. Journal of Marine Systems. 2021; 223: 103608. https://doi.org/10.1016/j.jmarsys.
2021.103608

Krause DJ, Goebel ME, Marshall GJ, Abernathy K. Novel foraging strategies observed in a growing
leopard seal (Hydrurga leptonyx) population at Livingston Island, Antarctic Peninsula. Animal Biote-
lemetry. 2015; 3: 24. https://doi.org/10.1186/s40317-015-0059-2

Hinke JT, Russell TM, Hermanson VR, Brazier L, Walden SL. Serendipitous observations from
animal-borne video loggers reveal synchronous diving and equivalent simultaneous prey

capture rates in chinstrap penguins. Mar Biol. 2021; 168: 135. https://doi.org/10.1007/s00227-021-
03937-5

Manco F, Lang SDJ, Trathan PN. Predicting foraging dive outcomes in chinstrap penguins using bio-
logging and animal-borne cameras. Behavioral Ecology. 2022; 33: 989-998. https://doi.org/10.1093/
beheco/arac066

Melbourne-Thomas J, Constable A, Wotherspoon S, Raymond B. Testing Paradigms of Ecosystem
Change under Climate Warming in Antarctica. PLoS One. 2013; 8: €55093. https://doi.org/10.1371/
journal.pone.0055093 PMID: 23405116

Cordone G, Marina Tl, Salinas V, Doyle SR, Saravia LA, Momo FR. Effects of macroalgae loss in an
Antarctic marine food web: applying extinction thresholds to food web studies. Peerd. 2018; 6: €5531.
https://doi.org/10.7717/peerj.5531 PMID: 30225167

McCormack SA, Melbourne-Thomas J, Trebilco R, Griffith G, Hill SL, Hoover C, et al. Southern Ocean
Food Web Modelling: Progress, Prognoses, and Future Priorities for Research and Policy Makers.
Front Ecol Evol. 2021; 9: 624763. https://doi.org/10.3389/fevo.2021.624763

Murphy EJ, Hofmann EE. End-to-end in Southern Ocean ecosystems. Curr Opin Environ Sustain.
2012; 4: 264-271. https://doi.org/10.1016/j.cosust.2012.05.005

Stevens DW, Dunn MR, Pinkerton MH, Forman JS. Diet of Antarctic toothfish (Dissostichus mawsoni)
from the continental slope and oceanic features of the Ross Sea region, Antarctica. Antarct Sci. 2014;
26: 502-512. https://doi.org/10.1017/s095410201300093x

Cherel Y. Isotopic niches of emperor and Adélie penguins in Adélie Land, Antarctica. Mar Biol. 2008;
154: 813-821. https://doi.org/10.1007/s00227-008-0974-3

Park HJ, Yeon |, Han E, Lee YJ, Hanchet S, Baeck GW, et al. Diet study of Antarctic toothfish caught
in the east Antarctic based on stomach content, fatty acid and stable isotope analyses. CCAMLR Sci-
ence. 2015; 22: 29-44. Available: internal-pdf://0820551748/Park et al 2015.pdf

JoHS, Yeon |, Lim C, Hanchet S, Lee DW, Kang CK. Fatty acid and stable isotope analyses to infer
diet of Antarctic toothfish caught in the southern Ross Sea. CCAMLR Science. 2013; 20: 21-36. Avail-
able: internal-pdf://94.84.236.101/Jo et al 2013.pdf

Pérez-Pezoa K, Cardenas CA, Gonzalez-Aravena M, Gallardo P, Rivero A, Arriagada V, et al. Tropho-
dynamics of the Antarctic toothfish (Dissostichus mawsoni) in the Antarctic Peninsula: Ontogenetic
changes in diet composition and prey fatty acid profiles. PLoS One. 2023; 18: e0287376. https://doi.
org/10.1371/journal.pone.0287376 PMID: 37796854

Stowasser G, Pond DW, Collins MA. Fatty acid trophic markers elucidate resource partitioning within
the demersal fish community of South Georgia and Shag Rocks (Southern Ocean). Mar Biol. 2012;
159: 2299-2310. https://doi.org/10.1007/s00227-012-2015-5

Rintoul SR, Garabato ACN. Dynamics of the Southern Ocean Circulation. In: Siedler G, Griffies SM,
Gould J, Church JA, editors. Ocean Circulation and Climate: A 21st Century Perspective. Oxford, UK:
Elsevier; 2013. pp. 471-492. https://doi.org/10.1016/b978-0-12-391851-2.00018-0

Rintoul SR. The global influence of localized dynamics in the Southern Ocean. Nature. 2018; 558:
209-218. https://doi.org/10.1038/s41586-018-0182-3 PMID: 29899474

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 23/26


https://doi.org/10.1098/rspb.2000.1343
http://www.ncbi.nlm.nih.gov/pubmed/11209884
https://doi.org/10.1242/jeb.044057
http://www.ncbi.nlm.nih.gov/pubmed/21037067
https://doi.org/10.1007/s00227-021-03968-y
https://doi.org/10.1007/s00227-021-03968-y
https://doi.org/10.1016/j.jmarsys.2021.103608
https://doi.org/10.1016/j.jmarsys.2021.103608
https://doi.org/10.1186/s40317-015-0059-2
https://doi.org/10.1007/s00227-021-03937-5
https://doi.org/10.1007/s00227-021-03937-5
https://doi.org/10.1093/beheco/arac066
https://doi.org/10.1093/beheco/arac066
https://doi.org/10.1371/journal.pone.0055093
https://doi.org/10.1371/journal.pone.0055093
http://www.ncbi.nlm.nih.gov/pubmed/23405116
https://doi.org/10.7717/peerj.5531
http://www.ncbi.nlm.nih.gov/pubmed/30225167
https://doi.org/10.3389/fevo.2021.624763
https://doi.org/10.1016/j.cosust.2012.05.005
https://doi.org/10.1017/s095410201300093x
https://doi.org/10.1007/s00227-008-0974-3
https://doi.org/10.1371/journal.pone.0287376
https://doi.org/10.1371/journal.pone.0287376
http://www.ncbi.nlm.nih.gov/pubmed/37796854
https://doi.org/10.1007/s00227-012-2015-5
https://doi.org/10.1016/b978-0-12-391851-2.00018%26%23x2013%3B0
https://doi.org/10.1038/s41586-018-0182-3
http://www.ncbi.nlm.nih.gov/pubmed/29899474
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192,

193.

194.

195.

196.

197.

198.

199.

200.

201.

Gutt J, Bertler N, Bracegirdle TJ, Buschmann A, Comiso J, Hosie G, et al. The Southern Ocean eco-
system under multiple climate change stresses—an integrated circumpolar assessment. Glob Chang
Biol. 2015; 21: 1434-1453. https://doi.org/10.1111/gcb.12794 PMID: 25369312

Convey P, Aitken S, di Prisco G, Gill MJ, Coulson SJ, Barry T, et al. The impacts of climate change on
circumpolar biodiversity. Biodiversity. 2012; 13: 134—143. https://doi.org/10.1080/14888386.2012.
732556

Chown SL, Clarke A, Fraser Cl, Cary SC, Moon KL, McGeoch MA. The changing form of Antarctic bio-
diversity. Nature. 2015; 522: 431-438. https://doi.org/10.1038/nature 14505 PMID: 26108852

Fraser Cl, Morrison AK, Hogg AM, Macaya EC, van Sebille E, Ryan PG, et al. Antarctica’s ecological
isolation will be broken by storm-driven dispersal and warming. Nat Clim Chang. 2018; 8: 704—-708.
https://doi.org/10.1038/s41558-018-0209-7

Constable AJ, Melbourne-Thomas J, Corney SP, Arrigo KR, Barbraud C, Barnes DK, et al.

Climate change and Southern Ocean ecosystems |: how changes in physical habitats directly affect
marine biota. Glob Chang Biol. 2014; 20: 3004—3025. https://doi.org/10.1111/gcb.12623 PMID:
24802817

Sydeman WJ, Poloczanska E, Reed TE, Thompson SA. Climate change and marine vertebrates. Sci-
ence (1979). 2015; 350: 772. https://doi.org/10.1126/science.aac9874 PMID: 26564847

IPCC. Global warming of 1.5°C. IPCC Special Report on Impacts of Global Warming of 1.5°C above
Pre-industrial Levels in Context of Strengthening Response to Climate Change, Sustainable Develop-
ment, and Efforts to Eradicate Poverty. Masson-Delmotte V, Zhai P, Pértner HO, Roberts D, Skea J,
Shukla PR, et al., editors. Cambridge, UK and New York, NY, USA: Cambridge University Press;
2018. https://doi.org/10.1017/9781009157940

Sarmiento JL, Gruber N, Brzezinski MA, Dunne JP. High-latitude controls of thermocline nutrients and
low latitude biological productivity. Nature. 2004; 427: 56—60. https://doi.org/10.1038/nature02127
PMID: 14702082

Rintoul SR, Chown SL, DeConto RM, England MH, Fricker HA, Masson-Delmotte V, et al. Choosing
the future of Antarctica. Nature. 2018; 558: 233—241. https://doi.org/10.1038/s41586-018-0173-4
PMID: 29899481

Li Q, England MH, Hogg AM, Rintoul SR, Morrison AK. Abyssal ocean overturning slowdown and
warming driven by Antarctic meltwater. Nature. 2023; 615: 841-847. https://doi.org/10.1038/s41586-
023-05762-w PMID: 36991191

Byrne M, Gall M, Wolfe K, Aglera A. From pole to pole: the potential for the Arctic seastar Asterias
amurensis to invade a warming Southern Ocean. Glob Chang Biol. 2016; 22: 3874—-3887. https://doi.
org/10.1111/gcb.13304 PMID: 27029504

Cardenas L, Leclerc J-C, Bruning P, Garrido |, Détrée C, Figueroa A, et al. First mussel settlement
observed in Antarctica reveals the potential for future invasions. Sci Rep. 2020; 10: 5552. https://doi.
org/10.1038/s41598-020-62340-0 PMID: 32218472

Stammerjohn SE, Martinson DG, Smith RC, Yuan X, Rind D. Trends in Antarctic annual sea ice retreat
and advance and their relation to El Nifio—Southern Oscillation and Southern Annular Mode variability.
J Geophys Res. 2008; 113: C03S90. https://doi.org/10.1029/2007jc004269

Schmidtko S, Heywood KJ, Thompson AF, Aoki S. Multidecadal warming of Antarctic waters. Science
(1979). 2014; 1227: 1227-1231. https://doi.org/10.1126/science. 1256117 PMID: 25477461

Sallée J-B. Southern Ocean Warming. Oceanography. 2018; 31: 52—62. https://doi.org/10.5670/
oceanog.2018.215

Whitehouse MJ, Meredith MP, Rothery P, Atkinson A, Ward P, Korb RE. Rapid warming of the ocean
around South Georgia, Southern Ocean, during the 20th century: Forcings, characteristics and impli-
cations for lower trophic levels. Deep Sea Research Part I: Oceanographic Research Papers. 2008;
55:1218-1228. https://doi.org/10.1016/j.dsr.2008.06.002

Edwards M, Richardson AJ. Impact of climate change on marine pelagic phenology and trophic mis-
match. Nature. 2004; 430: 881-884. https://doi.org/10.1038/nature02808 PMID: 15318219

Turner J, Barrand NE, Bracegirdle TJ, Convey P, Hodgson DA, Jarvis M, et al. Antarctic climate
change and the environment: an update. Polar Record. 2013; 50: 237-259. https://doi.org/10.1017/
s0032247413000296

Swadling KM, Constable AJ, Fraser AD, Massom RA, Borup MD, Ghigliotti L, et al. Biological
responses to change in Antarctic sea ice habitats. Front Ecol Evol. 2023; 10. https://doi.org/10.3389/
fevo.2022.1073823

Duprat LPAM, Bigg GR, Wilton DJ. Enhanced Southern Ocean marine productivity due to fertilization
by giant icebergs. Nat Geosci. 2016; 9: 219-221. https://doi.org/10.1038/nge02633

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 24/26


https://doi.org/10.1111/gcb.12794
http://www.ncbi.nlm.nih.gov/pubmed/25369312
https://doi.org/10.1080/14888386.2012.732556
https://doi.org/10.1080/14888386.2012.732556
https://doi.org/10.1038/nature14505
http://www.ncbi.nlm.nih.gov/pubmed/26108852
https://doi.org/10.1038/s41558-018-0209-7
https://doi.org/10.1111/gcb.12623
http://www.ncbi.nlm.nih.gov/pubmed/24802817
https://doi.org/10.1126/science.aac9874
http://www.ncbi.nlm.nih.gov/pubmed/26564847
https://doi.org/10.1017/9781009157940
https://doi.org/10.1038/nature02127
http://www.ncbi.nlm.nih.gov/pubmed/14702082
https://doi.org/10.1038/s41586-018-0173-4
http://www.ncbi.nlm.nih.gov/pubmed/29899481
https://doi.org/10.1038/s41586-023-05762-w
https://doi.org/10.1038/s41586-023-05762-w
http://www.ncbi.nlm.nih.gov/pubmed/36991191
https://doi.org/10.1111/gcb.13304
https://doi.org/10.1111/gcb.13304
http://www.ncbi.nlm.nih.gov/pubmed/27029504
https://doi.org/10.1038/s41598-020-62340-0
https://doi.org/10.1038/s41598-020-62340-0
http://www.ncbi.nlm.nih.gov/pubmed/32218472
https://doi.org/10.1029/2007jc004269
https://doi.org/10.1126/science.1256117
http://www.ncbi.nlm.nih.gov/pubmed/25477461
https://doi.org/10.5670/oceanog.2018.215
https://doi.org/10.5670/oceanog.2018.215
https://doi.org/10.1016/j.dsr.2008.06.002
https://doi.org/10.1038/nature02808
http://www.ncbi.nlm.nih.gov/pubmed/15318219
https://doi.org/10.1017/s0032247413000296
https://doi.org/10.1017/s0032247413000296
https://doi.org/10.3389/fevo.2022.1073823
https://doi.org/10.3389/fevo.2022.1073823
https://doi.org/10.1038/ngeo2633
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222,

Morley SA, Abele D, Barnes DKA, Cardenas CA, Cotté C, Gutt J, et al. Global Drivers on Southern
Ocean Ecosystems: Changing Physical Environments and Anthropogenic Pressures in an Earth Sys-
tem. Front Mar Sci. 2020; 7: 1-24. https://doi.org/10.3389/fmars.2020.547188

Silva TAM, Bigg GR, Nicholls KW. Contribution of giant icebergs to the Southern Ocean freshwater
flux. J Geophys Res Oceans. 2006; 111. https://doi.org/10.1029/2004JC002843

Wu S-Y, Hou S. Impact of icebergs on net primary productivity in the Southern Ocean. Cryosphere.
2017; 11: 707-722. https://doi.org/10.5194/tc-11-707-2017

Gutt J, Isla E, Bertler AN, Bodeker GE, Bracegirdle TJ, Cavanagh RD, et al. Cross-disciplinarity in the
advance of Antarctic ecosystem research. Mar Genomics. 2018; 37: 1-17. https://doi.org/10.1016/].
margen.2017.09.006 PMID: 28970064

Loeb V, Siegel V, Holm-Hansen O, Hewitt R, Fraser W, Trivelpiece W, et al. Effects of sea-ice extent
and krill or salp dominance on the Antarctic food web. Nature. 1997; 387: 897-900. https://doi.org/10.
1038/43174

Seco J, Aparicio S, Brierley AS, Bustamante P, Ceia FR, Coelho JP, et al. Mercury biomagnification in
a Southern Ocean food web. Environmental Pollution. 2021; 275: 116620. https://doi.org/10.1016/j.
envpol.2021.116620 PMID: 33581632

Siegert MJ, Bentley MJ, Atkinson A, Bracegirdle TJ, Convey P, Davies B, et al. Antarctic extreme
events. Front Environ Sci. 2023; 11: 1229283. https://doi.org/10.3389/fenvs.2023.1229283

Bigg GR, Marsh R. The history of a cluster of large icebergs on leaving the Weddell Sea pack ice and
their impact on the ocean. Antarct Sci. 2023; 35: 176—193. https://doi.org/10.1017/
S0954102022000517

Ingels J, Aronson RB, Smith CR, Baco A, Bik HM, Blake JA, et al. Antarctic ecosystem responses fol-
lowing ice-shelf collapse and iceberg calving: Science review and future research. WIREs Climate
Change. 2021; 12: e682. https://doi.org/10.1002/wcc.682

Latorre MP, lachetti CM, Schloss IR, Antoni J, Malits A, de la Rosa F, et al. Summer heatwaves affect
coastal Antarctic plankton metabolism and community structure. J Exp Mar Biol Ecol. 2023; 567:
151926. https://doi.org/10.1016/j.jembe.2023.151926

Forcada J, Trathan PN. Penguin responses to climate change in the Southern Ocean. Glob Chang
Biol. 2009; 15: 1618—1630. https://doi.org/10.1111/j.1365-2486.2009.01909.x

La Mesa M, Eastman JT. Antarctic silverfish: Life strategies of a key species in the high-Antarctic eco-
system. Fish and Fisheries. 2012; 13: 241-266. https://doi.org/10.1111/j.1467-2979.2011.00427.x

Corso AD, Steinberg DK, Stammerjohn SE, Hilton EJ. Climate drives long-term change in Antarctic Sil-
verfish along the western Antarctic Peninsula. Commun Biol. 2022; 5: 104. https://doi.org/10.1038/
s42003-022-03042-3 PMID: 35115634

Fretwell PT, Boutet A, Ratcliffe N. Record low 2022 Antarctic sea ice led to catastrophic breeding fail-
ure of emperor penguins. Commun Earth Environ. 2023; 4: 273. https://doi.org/10.1038/s43247-023-
00927-x

Clucas G V., Dunn MJ, Dyke G, Emslie SD, Levy H, Naveen R, et al. A reversal of fortunes: climate
change ‘winners’ and ‘losers’ in Antarctic Peninsula penguins. Sci Rep. 2014; 4: 5024. https://doi.org/
10.1038/srep05024 PMID: 24865774

Griffiths HJ, Meijers AJS, Bracegirdle TJ. More losers than winners in a century of future Southern
Ocean seafloor warming. Nat Clim Chang. 2017; 7: 749-754. https://doi.org/10.1038/nclimate3377

Xavier JC, Phillips RA, Takahashi A. Antarctic Seabirds as Indicators of Climate Change. In: Ramos
JA, Pereira L, editors. Seabird Biodiversity and Human Activities. Boca Raton: CRC Press; 2022. pp.
189-210. https://doi.org/10.1201/9781003047520-15

LaRue MA, Ainley DG, Swanson M, Dugger KM, Lyver POB, Barton K, et al. Climate Change Winners:
Receding Ice Fields Facilitate Colony Expansion and Altered Dynamics in an Adélie Penguin Metapo-
pulation. Peter H-U, editor. PLoS One. 2013; 8: e60568. https://doi.org/10.1371/journal.pone.0060568
PMID: 23573267

Dewar M, Vanstreels RET, Boulinier T, Cary C, Clessin A, Gamble A, et al. Biological Risk Assessment
of Highly Pathogenic Avian Influenza in the Southern Ocean. Scientific Committee on Antarctic
Research. 2023.

Chown SL, Brooks CM, Terauds A, Le Bohec C, van Klaveren-Impagliazzo C, Whittington JD, et al.
Antarctica and the strategic plan for biodiversity. PLoS Biol. 2017; 15: €2001656. https://doi.org/10.
1371/journal.pbio.2001656 PMID: 28350825

Strugnell JM, McGregor H V., Wilson NG, Meredith KT, Chown SL, Lau SCY, et al. Emerging biologi-
cal archives can reveal ecological and climatic change in Antarctica. Glob Chang Biol. 2022; 1-26.
https://doi.org/10.1111/gcb.16356 PMID: 35900301

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 25/26


https://doi.org/10.3389/fmars.2020.547188
https://doi.org/10.1029/2004JC002843
https://doi.org/10.5194/tc-11-707-2017
https://doi.org/10.1016/j.margen.2017.09.006
https://doi.org/10.1016/j.margen.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28970064
https://doi.org/10.1038/43174
https://doi.org/10.1038/43174
https://doi.org/10.1016/j.envpol.2021.116620
https://doi.org/10.1016/j.envpol.2021.116620
http://www.ncbi.nlm.nih.gov/pubmed/33581632
https://doi.org/10.3389/fenvs.2023.1229283
https://doi.org/10.1017/S0954102022000517
https://doi.org/10.1017/S0954102022000517
https://doi.org/10.1002/wcc.682
https://doi.org/10.1016/j.jembe.2023.151926
https://doi.org/10.1111/j.1365-2486.2009.01909.x
https://doi.org/10.1111/j.1467-2979.2011.00427.x
https://doi.org/10.1038/s42003-022-03042-3
https://doi.org/10.1038/s42003-022-03042-3
http://www.ncbi.nlm.nih.gov/pubmed/35115634
https://doi.org/10.1038/s43247-023-00927-x
https://doi.org/10.1038/s43247-023-00927-x
https://doi.org/10.1038/srep05024
https://doi.org/10.1038/srep05024
http://www.ncbi.nlm.nih.gov/pubmed/24865774
https://doi.org/10.1038/nclimate3377
https://doi.org/10.1201/9781003047520-15
https://doi.org/10.1371/journal.pone.0060568
http://www.ncbi.nlm.nih.gov/pubmed/23573267
https://doi.org/10.1371/journal.pbio.2001656
https://doi.org/10.1371/journal.pbio.2001656
http://www.ncbi.nlm.nih.gov/pubmed/28350825
https://doi.org/10.1111/gcb.16356
http://www.ncbi.nlm.nih.gov/pubmed/35900301
https://doi.org/10.1371/journal.pclm.0000358

PLOS CLIMATE

Southern Ocean food-webs and climate change

223.

224,

225.

226.

227.

228.

229.

230.

231.

232,

233.

234.

235.

236.

Smith CR, Mincks S, DeMaster DJ. A synthesis of bentho-pelagic coupling on the Antarctic shelf: Food
banks, ecosystem inertia and global climate change. Deep Sea Research Part II: Topical Studies in
Oceanography. 2006; 53: 875-894. https://doi.org/10.1016/j.dsr2.2006.02.001

Griffiths JR, Kadin M, Nascimento FJA, Tamelander T, Térnroos A, Bonaglia S, et al. The importance
of benthic—pelagic coupling for marine ecosystem functioning in a changing world. Glob Chang Biol.
2017;23: 2179-2196. https://doi.org/10.1111/gcb. 13642 PMID: 28132408

Griffiths HJ, Anker P, Linse K, Maxwell J, Post AL, Stevens C, et al. Breaking All the Rules: The First
Recorded Hard Substrate Sessile Benthic Community Far Beneath an Antarctic Ice Shelf. Front Mar
Sci. 2021; 8: 642040. https://doi.org/10.3389/fmars.2021.642040

Purser A, Hehemann L, Boehringer L, Tippenhauer S, Wege M, Bornemann H, et al. A vast icefish
breeding colony discovered in the Antarctic. Current Biology. 2022; 32: 842—850. https://doi.org/10.
1016/j.cub.2021.12.022 PMID: 35030328

HilleRisLambers J, Harsch MA, Ettinger AK, Ford KR, Theobald EJ. How will biotic interactions influ-
ence climate change-induced range shifts? Ann N Y Acad Sci. 2013; 1297: 112—125. https://doi.org/
10.1111/nyas.12182 PMID: 23876073

Ferreira A, Costa RR, Dotto TS, Kerr R, Tavano VM, Brito AC, et al. Changes in Phytoplankton Com-
munities Along the Northern Antarctic Peninsula: Causes, Impacts and Research Priorities. Frontiers
in Marine Science. Frontiers Media S.A.; 2020. https://doi.org/10.3389/fmars.2020.576254

SCAR. Southern Ocean Diet and Energetics Database. 2023. https://doi.org/10.5281/zenodo.
7796465

Yang G, Atkinson A, Pakhomov EA, Hill SL, Racault M. Massive circumpolar biomass of Southern
Ocean zooplankton: Implications for food web structure, carbon export, and marine spatial planning.
Limnol Oceanogr. 2022; 67: 2516-2530. https://doi.org/10.1002/In0.12219

Green DB, Titaud O, Bestley S, Corney SP, Hindell MA, Trebilco R, et al. KRILLPODYM: a mechanis-
tic, spatially resolved model of Antarctic krill distribution and abundance. Front Mar Sci. 2023; 10:
1218003. https://doi.org/10.3389/fmars.2023.1218003

Andrews EJ, Harper S, Cashion T, Palacios-Abrantes J, Blythe J, Daly J, et al. Supporting early career
researchers: insights from interdisciplinary marine scientists. ICES Journal of Marine Science. 2020;
77: 476—-485. hitps://doi.org/10.1093/icesjms/fsz247

Gosak M, Markovi¢ R, Dolensek J, Slak Rupnik M, Marhl M, StoZer A, et al. Network science of biologi-
cal systems at different scales: A review. Physics of Life Reviews. Elsevier B.V.; 2018. pp. 118-135.
https://doi.org/10.1016/j.plrev.2017.11.003 PMID: 29150402

Yu H, Marschke G, Ross MB, Staudt J, Weinberg BA. Publish or Perish: Selective Attrition as a Unify-
ing Explanation for Patterns in Innovation over the Career. Journal of Human Resources. 2022; 58:
1307-1346. https://doi.org/10.3368/jhr.59.2.1219-10630R1 PMID: 37850081

Bernard RE, Cooperdock EHG. No progress on diversity in 40 years. Nat Geosci. 2018; 11: 292—-295.
https://doi.org/10.1038/s41561-018-0116-6

Nash M, Nielsen H. Gendered Power Relations and Sexual Harassment in Antarctic Science in the
Age of #MeToo. Aust Fem Stud. 2020; 35: 261-276. https://doi.org/10.1080/08164649.2020.1774864

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000358 March 11, 2024 26/26


https://doi.org/10.1016/j.dsr2.2006.02.001
https://doi.org/10.1111/gcb.13642
http://www.ncbi.nlm.nih.gov/pubmed/28132408
https://doi.org/10.3389/fmars.2021.642040
https://doi.org/10.1016/j.cub.2021.12.022
https://doi.org/10.1016/j.cub.2021.12.022
http://www.ncbi.nlm.nih.gov/pubmed/35030328
https://doi.org/10.1111/nyas.12182
https://doi.org/10.1111/nyas.12182
http://www.ncbi.nlm.nih.gov/pubmed/23876073
https://doi.org/10.3389/fmars.2020.576254
https://doi.org/10.5281/zenodo.7796465
https://doi.org/10.5281/zenodo.7796465
https://doi.org/10.1002/lno.12219
https://doi.org/10.3389/fmars.2023.1218003
https://doi.org/10.1093/icesjms/fsz247
https://doi.org/10.1016/j.plrev.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29150402
https://doi.org/10.3368/jhr.59.2.1219-10630R1
http://www.ncbi.nlm.nih.gov/pubmed/37850081
https://doi.org/10.1038/s41561-018-0116-6
https://doi.org/10.1080/08164649.2020.1774864
https://doi.org/10.1371/journal.pclm.0000358

