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At-a-glance:
Key findings of MEASO

Warming limIted to 1.5
Warming beyond our limits

invasive
crabs

the ecosystem
remains STABLE

SEA ICE LOSS

loss of 
seafloor 

ecosystems

The FUTURE of the ANTARCTIC

water war m in
g

and acidif yin
g

i.     The Antarctic Treaty System (beginning in 1959 
with the Antarctic Treaty) and its emphasis 
on conservation and protection, exemplified 
in the Convention on the Conservation of 
Antarctic Marine Living Resources (1980) and 
its Protocol on Environmental Protection to 
the Antarctic Treaty (1991), provide the most 
recent articulation of  the global interest in 
Antarctica and the Southern Ocean and the 
need for their protection.

ii.  The Southern Ocean and its ecosystems 
play critical roles in the climate system. 
Ecosystem functions are at risk because of 
anthropogenic climate change.

iii.  Global policies and actions are urgently 
required to safeguard Southern Ocean 
ecosystems from the effects of climate 
change, ocean warming and acidification 
caused by greenhouse gas emissions.

iv.   Regional human pressures on Southern 
Ocean species and ecosystems have been 
dominated by fisheries, with human presence 
(science and tourism) and pollution having 
localised, but increasing, impacts.

v.  The Marine Ecosystem Assessment for the 
Southern Ocean (MEASO) has demonstrated 
the array of existing knowledge, data, tools and 
approaches available for informing decisions 
on conserving and sustaining the marine 
ecosystems in the region and the services 
they provide, and how implementation of 
those processes could be improved.

Policy-relevant findings 
and recommended research 
priorities
Managing for change

vi. Effective regional and local protection is 
critical to safeguard ecosystems against the 
effects of climate change that are already 
underway. However, maintenance of Southern 
Ocean ecosystems, particularly polar-adapted 
Antarctic species and coastal systems, can 
only be achieved, with high confidence, in the 
long-term by significant and urgent global 
action to curb climate change and ocean 
acidification.

vii. Strategies for conserving Southern Ocean 
marine biodiversity, including management of 
fisheries, need to be further developed, based 
on current knowledge of the implications 
of climate change, to ensure resilience of 
Southern Ocean ecosystems into the future, 
accounting for not only long-term change 
but the potential for increased near-term 
variability and extreme events.

viii.  Managing human activities in the Southern 
Ocean will benefit from assessing risks 
associated with different scenarios of climate 
change and future socio-economic demands; 
improved socio-ecological modelling and 
stakeholder engagement will enable better 
consideration of risks to environments, 
societies and economies.

©Eav Brennan
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The ANTARCTIC is key part of
OCEAN CIRCULATION, where 
CARBON and NUTRIENTS 
sink to the bottom of 
the ocean, and... 

TRAVEL AROUND
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WORLD

THE ECOSYSTEM FOUNDATION

PHYTOPLANKTON AND KRILL
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Measuring Change

ix.  Directly measuring the state of Southern 
Ocean ecosystems is central to ecosystem 
assessments; new approaches, and greater 
and more sustained investment than at 
present is required for covering the complexity 
of food webs, diverse communities, and the 
large extent and remoteness of the region.

x.   A greater geographic spread of ongoing, 
comprehensive, long-term ecosystem studies 
is needed to assess spatial and seasonal 
variability, and for identifying trends in the 
structure and function of Southern Ocean 
ecosystems and the relative importance of 
different ecological processes in different 
areas.

xi.  Systematic and sustained long-term 
measurements of habitats and biota 
are needed to underpin assessments of 
ecosystem change in the Southern Ocean, 
and for projecting future changes.

xii.  Assessments of change will be facilitated by 
archiving, curating and openly sharing data, 
algorithms, and tools, based on FAIR principles 
(Findable, Accessible, Interoperable, and 
Reusable).

Projecting change to support risk 
assessments

xiii.	 Projecting future changes in the survival and/
or dynamics of species and communities 
needs improved models of the impacts from 
change in habitats, food webs, and human 
activity.

xiv.	 Projecting change in ecosystems at 
appropriate spatial scales needs dynamic 
ecological models driven by outputs of global 
ice-ocean-atmosphere (physio-chemical) 
models down-scaled to spatial scales relevant 
to ecological processes.

State, variability and change in 
Southern Ocean ecosystems
Value and importance of Southern Ocean 
ecosystems in the Earth System

xv. 	 Southern Ocean ecosystems are an integral 
part of the Earth System; changes in Southern 
Ocean ecosystems will have impacts 
throughout the world’s oceans and climate 
system, and vice versa.



 VIII

xvi.  The Southern Ocean exchanges water with all 
oceans to the north through surface eddies 
driven by wind, as well as through deep 
water convection driven by temperature and 
salinity. Such connectivity enables movement 
of pelagic organisms (plankton and fish) 
and biological material into and out of the 
Southern Ocean.

xvii.	 The Southern Ocean provides important 
feeding and breeding grounds for migratory 
birds and marine mammals; migratory species 
transport important nutrients to and from the 
Southern Ocean each year and can contribute 
to the transport of invasive species.

xviii.	 In many parts of the world, people have a 
deep, often unacknowledged, connection 
with the Southern Ocean and value it greatly, 
despite not living there.

xix.	 Human activities in the region (science 
operations, fisheries, tourism) involve a large-
scale transfer of people and material north 
and south each year, linking communities and 
social systems elsewhere to the Southern 
Ocean, and also potentially contributing to 
unexpected impacts in the region through 
transport of non-native species/diseases, 
direct disturbance, and pollution.

xx.	 The demand for, and global importance of, 
ecosystem services from the Southern Ocean 
are expected to increase during the 21st 
century, and climate change is expected to 
impact on these services.

Changing habitats in the Southern Ocean

xxi.	 The Southern Ocean is warming, with some 
areas warming faster than others.

xxii.	 Sea ice, a key habitat and defining feature 
of the Southern Ocean, has been declining 
in some areas but increasing in others; 
prognoses for sea ice are amongst the 
greatest uncertainties about the future of 
marine ecosystems in the region.

xxiii.	 The Southern Ocean is freshening, becoming 
windier, and has a changing light environment, 
all of which are affecting blooms of 
phytoplankton.

xxiv.	 Nutrients (iron, silicon, phosphorus, nitrogen) 
that are required for primary production are 
changing regionally but supply is dependent 
on local conditions.

xxv.	 Absorption of large amounts of atmospheric 
CO2 by the Southern Ocean is causing ocean 
acidification.

xxvi.	 The melting and retreat of glaciers and 
the collapse of ice shelves from increased 
oceanic and atmospheric temperatures are 
affecting coastal ecosystems.

xxvii.	 Globally-generated pollutants, including 
micro-plastics, are increasingly detected in 
the environment and in biota of the Southern 
Ocean, and local effects of pollution are 
altering environments adjacent to stations.

Biological changes and vulnerabilities

xxviii.	 Sea ice supports year-round productivity, and 
habitat for feeding, breeding and refuge for 
many species.

xxix.	 Coastal and shelf systems of the Southern 
Ocean in waters shallower than 2000 m are 
among the most productive ecosystems in 
the global ocean and drive production locally 
and downstream.

MARINE PREDATORS

WHALES AND PENGUINS

UNIQUE BOTTOM-DWELLERS

CORALS, SPONGES and
GIANT SPIDERS ©Eav Brennan



IX I MEASO Summary for policymakers

xxx.	 Primary production by phytoplankton and 
carbon export to deeper water around 
Antarctica are changing, but the drivers 
are complex and trajectories of change are 
uncertain.

xxxi.	 Warming will alter seasonal patterns 
(phenology) in production and the 
relative abundances of different types of 
phytoplankton (particularly diatom vs. non-
diatom) with consequent effects to food webs 
and to climate.

xxxii.	 Individual sensitivities of benthic and pelagic 
species to individual drivers of change in 
habitat conditions are determined by their 
shape and size, ability to regulate their 
physiology, and ability to move away from 
inhospitable conditions.

xxxiii.	 Reduced dominance of Antarctic krill may 
arise in the Atlantic sector of the Southern 
Ocean due to sea ice and diatom loss, and 
warming, thereby impacting higher trophic 
levels and the energetic efficiency of the 
ecosystem.

xxxiv.	 Regional reductions in sea ice and increasing 
ocean temperatures are causing the Antarctic 
(polar) ecosystem to contract towards 
Antarctica, increasing the potential for 
more northern species to move southward; 
the interacting effects on polar species of 
changes in multiple environmental drivers 
make the consequences for lower trophic 
levels difficult to predict.

xxxv.	 Birds and marine mammals dependent 
on sea ice for breeding and resting will be 
negatively impacted by declining sea ice 
cover. Conversely, those that do not depend 
on sea ice may benefit from reduced sea ice, 
although this will depend on whether or not 
their prey are also affected by sea ice loss.

xxxvi.	 Species in shore-based colonies will be 
impacted by shifting prey distributions, 
particularly for subantarctic predators, and by 
changing on-shore environmental conditions 
at their colonies.

xxxvii.	 Foraging success of migratory birds and 
marine mammals may be disrupted should 
there be a change in timing of productivity in 
the ocean-ice systems.

xxxviii.	Pollution and pathogens are emerging as 
factors impacting species in the Southern 
Ocean, including zooplankton, fish, marine 
mammals and birds.

xxxix.	 Benthic systems will be negatively impacted 
by warming, freshening and acidification of 
their habitats, and additionally by increased 
iceberg scour on the Antarctic continental 
shelf.

xl.	 Changes in Southern Ocean food webs are 
dependent on the energy pathways prevalent 
in any given area and the sensitivity of species 
(either as predators or as prey) to changes 
in other species impacted by environmental 
change.

THE ANTARCTIC AND SOUTHERN OCEAN

is an ecosystem of global signficance as a HEAT and CARBON SINK. 

  It’s a place that captures the IMAGINATION of 
  people around the world as a MARINE ECOSYSTEM of WONDER 

         ... and as fertile grounds for fisheries and tourism 
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Figure 1: Where Southern Ocean ecosystems are experiencing underlying changes that may impact the system 
overall. Lighter shading of arrows indicates effects/drivers for which there is an expectation that these have 
occurred at deeper depths of the Southern Ocean, but there are no direct observations currently available.

*The Southern Ocean is particularly vulnerable to ocean acidification because of the effect of temperature on 
carbonate chemistry. Ocean acidification is affecting ecosystems at all depths, but organisms at deeper depths 
are particularly vulnerable because of the effects of both temperature and pressure on the dissolution of calcium 
carbonate.

Figure credit: Huw Griffiths, British Antarctic Survey
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Glossary of specialised terms
The following explanations of terms are to help the reader understand the intended meaning in this document.  
Fuller technical definitions can be obtained in the MEASO papers.

ACC
Antarctic Circumpolar Current is the part of the 
Southern Ocean that flows uninterrupted from west 
to east around Antarctica and is mostly captured in 
the Subantarctic and Northern MEASO Zones 	
(Box 1).

Antarctic Polar Front
This ocean front (a boundary between two distinct 
water masses) has been used as the northern 
boundary of the Convention for the Conservation of 
Antarctic Marine Living Resources.  Formerly named 
the ‘Antarctic Convergence’, it was thought to be a 
biological boundary for Antarctic ecosystems.

ATCM
Antarctic Treaty Consultative Meeting

ATS
Antarctic Treaty System

Benthic
Relating to the lowest levels of the sea, including 
living on, in or in the vicinity of the seafloor.

Benthos
Species living on, in, or associated with the seafloor.

Biodiversity
The variety of genotypes, species and ecosystems 
within an area.

Biogeochemistry
The cycling of chemical elements through living 
systems and their environments by physical, 
chemical, biological and geological processes; a 
fundamental component of the functioning of Planet 
Earth.

Biota
All living organisms

Birds
When used alone, this term refers to flying birds and 
penguins.

CBD
Convention on Biological Diversity

CCAMLR
Commission for the Conservation of Antarctic Marine 
Living Resources

CEP
Committee on Environmental Protection

Cetaceans
This group of marine mammals is divided into two 
main groups – baleen whales (Mysticetes) and 
toothed whales (Odontocetes).  The latter includes 
sperm whales, orca, dolphins and porpoises, all of 
which occur in the Southern Ocean.

CMIP
Coupled Model Intercomparison Project

CMIP (WCRP) models
Coupled Model Intercomparison Project of the World 
Climate Research Program - models that encompass 
physical and chemical processes aiming to resemble 
the global system over time.

Confidence
The robustness of a finding, which comes from 
a combination of the type, amount, quality, and 
consistency of evidence (e.g., mechanistic 
understanding, theory, data, models, expert 
judgement) and on the degree of agreement across 
multiple lines of evidence.

Coupled ecosystem models
Biological models coupled to Earth System models. 
True coupling is when the dynamics within each 
model influence the dynamics of the other models at 
appropriate temporal and spatial scales of interaction 
and feedbacks.

Cryosphere
That part of the Earth system dominated by ice.  For 
the Southern Ocean, this includes continental ice 
extending into the ocean, such as glacier tongues 
and ice shelves, and sea ice, which comprises fast 
ice attached to the coast and the marginal ice zone 
subject to the influence of wind and currents.

Driver
A factor potentially causing positive or negative 
change in the physiology, distribution and/or 
abundance of a species, which could be specific to 
a life-stage.
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Earth System
All the interacting physical, chemical, biological and 
geological processes on the planet. It encompasses 
all the land, oceans, atmosphere and ice in polar and 
high mountain regions. The term Earth System also 
now includes human society. 

Earth System model
Earth System models seek to simulate all relevant 
aspects of the Earth System and include physical, 
chemical and lower trophic level (phytoplankton and 
some zooplankton) biological processes. Global 
climate models, the predecessors to Earth System 
models, only included physical processes.

Ecosystem
The living and non-living components of a natural 
system and the combination of physical, chemical 
and biological interactions.

End-to-end models
Typically whole-of-ecosystem models including 
physical, chemical and biological components and 
processes.

EOVs
Essential Ocean Variables as defined by the Global 
Ocean Observing System are a set of ocean variables 
that describe and define the physics of the ocean 
system, the biogeochemistry, the biology and 
ecosystems.

EVs
Essential Variables critical for observing and 
monitoring a given facet of the Earth System (many 
professional groups have supported the identification 
and standardisation of essential variables for 
physics, chemistry, biology and geology).

FAIR data principles
Principles by which data should be Findable, 
Accessible, Interoperable and Reusable.

Food web
The combinations of interacting species through 
which energy flows from primary producers to top 
predators.

GOOS
Global Ocean Observing System

Habitat
Biological or physical environment in which 
organisms live.

Impact
Positive or negative change arising from a driver.

ICED
Integrating Climate and Ecosystem Dynamics in the 
Southern Ocean, an IMBeR regional program

IPBES
Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services

IPCC
Intergovernmental Panel on Climate Change

Macronutrients
Nutrients that are generally present in relatively 
high concentrations and can be taken up by primary 
producers, including nitrogen, phosphorous and 
silicon.

Marine mammals
When used alone, this term refers to all cetaceans, 
true seals, sea lions and fur seals.

MEASO Areas
Areas derived from the combination of Sectors and 
Zones, within which the dynamics of sea ice, ocean 
and benthic habitats together remain similar from 
east to west.

Micronutrients
Nutrients that are generally present in relatively low 
concentrations, but are important for biological 
processes, such as iron.

Mixed layer
The surface stratum of the ocean, which is well-
mixed and separated from deeper water because of 
higher temperature and/or decreased salinity.

Nekton
Organisms freely living in the water column that can 
actively move against currents; they are larger than 
most plankton, ranging in size from small fish and 
krill to whales.

Ocean acidification / saturation horizon
Acidity is related to the concentration of carbon 
dioxide in the water; higher carbon dioxide can result 
in more acidic waters and under-saturation of calcium 
carbonate.  Calcium carbonate is generally in excess 
(saturated concentration) in surface ocean waters; 
the depth at which calcium carbonate becomes 
undersaturated is the saturation horizon.

Phenology
Timing of biological processes, often related to the 
seasonal cycle of changes in physical and chemical 
environments.
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Phytoplankton
Species living in the surface of the ocean that use 
photosynthesis to fix carbon, making energy available 
to zooplankton and, therefore, food webs.

Pinniped
Fin-footed marine mammals; in the Antarctic these 
include fur seals and earless (true) seals.

POPs
Persistent organic pollutants: organic pollutants 
travelling to the Antarctic and remaining in the 
environment for prolonged periods.

Primary Production
The process in species by which the energy in light 
is converted to usable energy, based on carbon, by 
living organisms.

Region
Often used in reference to the Southern Ocean as a 
whole.  It may also be used to reference areas at the 
scale of seas, or large parts of the Antarctic coast, 
which equates to spatial areas at the scale of MEASO 
Sectors (Figure 4).  The term ‘subregion’ may be used 
in reference to areas equivalent in size to MEASO 
Areas.

Risk
The degree to which a species or other ecosystem 
component is exposed and vulnerable to a driver or 
drivers.

SC-CAMLR
Scientific Committee for the Conservation of 
Antarctic Marine Living Resources

SCAR
Scientific Committee on Antarctic Research

SCOR
Scientific Committee on Oceanic Research

Sectors
MEASO Sectors are differentiated by a combination 
of the nature of the Antarctic coast and shelf, extent 
of sea ice from the coast, and large bathymetric 
features such as island chains, plateaus and ridges. 
The five sectors are Atlantic, Central Indian, East 
Indian, West Pacific, and East Pacific (see Figure 4).

Sedentary
Species or life stages of species that are unable to 
move far.

Sessile
Species or life stages of species that are fixed to the 
seafloor.

SOOS
Southern Ocean Observing System

Trophic
Referring to the relationships in a food web. Trophic 
structure is the overall feeding relationships between 
all species or functional groups in a food web.  
Trophic level refers to levels in a food chain.  Primary 
producers (algae/phytoplankton) are at Trophic level 
1, phytoplankton consumers (grazers) are at Trophic 
level 2, and so on.

Uncertainty
A state of incomplete knowledge represented by 
quantitative measures (e.g., statistical functions 
reflecting imprecision, accuracy or range of 
alternative values) or by qualitative statements (e.g., 
judgment of a team of experts on the importance 
of different theories).  It does not reflect that the 
phenomenon in question is not important.

Vulnerability
The degree to which a species is vulnerable to a 
driver, such as ocean warming.

Water column / pelagic
All parts of the ocean from just above the seafloor 
(the benthic environment) to the surface.

WCRP
World Climate Research Programme

Zones
MEASO Zones are bounded by fronts and the 
Antarctic coast. The zones are Antarctic (south 
of the Southern ACC Front), Subantarctic (from 
the Subantarctic Front in the north to the Southern 
ACC Front in the south) and Northern (north of the 
Subantarctic Front to the Subtropical Front but no 
further north than 40°S)(see Figure 4).
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Snapshot of MEASO 
organisation and activities
MEASO is the first circumpolar interdisciplinary assessment of Southern Ocean ecosystem status and trends, 
beginning its activities in 2018. It is a core activity of Integrating Climate and Ecosystem Dynamics in the 
Southern Ocean (ICED), which is a regional program of Integrated Marine Biosphere Research (IMBeR, which is 
a joint program of the Scientific Committee on Oceanic Research [SCOR] and Future Earth), and co-sponsored 
by the Scientific Committee on Antarctic Research (SCAR). MEASO is also supported by the Southern Ocean 
Observing System (SOOS), a joint program of SCAR and SCOR.

Key Features
•	 A spatially-structured circumpolar ecosystem assessment.

•	 A five-year inclusive international program, modelled on a working group of the Intergovernmental 
Panel on Climate Change, providing a forward-looking assessment of status and trends in Southern 
Ocean ecosystems. It involved 203 scientists from across the Antarctic and Southern Ocean scientific 
community (19 countries, 51% female, 30% early career), contributing to 24 research articles published in a 
special research topic in Frontiers journals (at time of this publication, greater than 214,000 views, 37,000 
downloads). 

Outputs and events
International Conference on the Marine Ecosystem Assessment for the Southern Ocean, including 
a one-day Policy Forum, Hobart, Australia.

Workshop on progressing the first MEASO, Woking, UK.

Delivery of the Marine Ecosystem Assessment research topic published in Frontiers; Contributions 
to Intergovernmental Panel on Climate Change: Special Report on Oceans and Cryosphere in a 
Changing Climate (Ch 3: Polar Regions), Working Group II (Ch 3: Oceans and Coastal Ecosystems 
and their Services; Cross-Chapter Paper 6: Polar Regions).

UN Framework Convention on Climate Change, Conference of Parties 26 (UK) - Cryosphere Pavilion 
Polar Oceans Day: “Antarctic marine ecosystems under pressure: protection needs action locally 
and globally”.

UN Framework Convention on Climate Change, Conference of Parties 27 (Egypt) - Cryosphere 
Pavilion Polar Oceans Day: “Southern Ocean ecosystems: need for augmented understanding, 
research efforts and protection”; Presentations to SCAR Open Science Conference and to the 
Challenger 150 Symposium, among others.

Presentations to the SCAR Biology Symposium, SOOS Symposium and the CCAMLR Workshop on 
Climate Change.  Contributions to SOOS Workshop on essential variables and SOOS plenary on 
future needs in Southern Ocean science.

Publications
Research Topic in Frontiers with participating journals: Frontiers in Ecology and Evolution (Conservation & 
Restoration Ecology), Frontiers in Environmental Science (Conservation & Restoration Ecology), and Frontiers 
in Marine Science (Global Change and the Future Ocean). The research topic can be accessed at:

https://www.frontiersin.org/research-topics/10606/marine-ecosystem-assessment-for-the-southern-ocean-
meeting-the-challenge-for-conserving-earth-ecosys#overview

2018

2019

2019-23

2021

2022

2023

https://www.frontiersin.org/research-topics/10606/marine-ecosystem-assessment-for-the-southern-ocean
https://www.frontiersin.org/research-topics/10606/marine-ecosystem-assessment-for-the-southern-ocean
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Figure 2: Scope of the MEASO assessment. MEASO provides a first assessment of status and trends for habitats 
(drivers of habitat change shown as icons on the left), species and food webs (central icons with colours denoting 
the two main pathways of energy flow through krill in orange and through fish in blue; species icons with both 
colours are part of both pathways; icons with solid outlines show species recovering from past exploitation, 
including blue whales, groundfish and elephant seals), and ecosystem services (icons on the right). Example 
observation platforms delivering data to underpin assessments are shown at the top. The assessment and 
modelling process is shown at the bottom, which in turn informs decision-making for conservation, resilience 
and sustainability. The decisions impact on the trajectories of drivers and the ecosystem (arrows looping back 
up to the central ellipse).
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This Summary for Policymakers uses information and infographics from the research articles, updated with 
other more recent research articles, to provide the following information:

1.    How Southern Ocean species and ecosystems are already being affected by climate change and what the 
future looks like;

2.    Where to find fuller explanations in MEASO articles for statements made in this summary;

3.    Policy-relevant advice on protecting and conserving these ecosystems and enhancing their resilience; and

4.    Priorities and processes for scientific research to support the provision of policy-relevant advice into the 
future.

Figure 3: How to use this Summary for Policymakers.

The summary is divided into 6 main sections. Each section comprises a number of headline statements or 
conclusions that provide the narrative of the section. Where needed, each headline statement has supporting 
statements to provide further background.  In cases where the statements have uncertainty, a confidence level 
is assigned – ranging from low to medium to high to very high. The source of a statement and background 
to the confidence level can be found in the citation indicated by the number, which relates to the reference in 
the References section.  Infographics are provided in each section to promote a better understanding of the 
conclusions in the text.

Purpose of this MEASO 
Summary for Policymakers

Section

1.2.1
The future of the Earth System depends on people (104), who 
are influenced by their material needs, their relationships 
between each other (in communities and societies, and 
within and between nations) and with their environment, 
their cultural needs and aspirations, and their dependencies 
on our living planet••••(1).

•••• High confidence
•••• Medium confidence
•••• Low confidence

Confidence level

•••• Very high confidence

••••

(104) Numerical citation corresponding 
to numbered references in 
References section

01

•••• High confidence
•••• Medium confidence
•••• Low confidence

Confidence level

•••• Very high confidence

1.1
Southern Ocean ecosystems are 
important in the Earth System••••(74)

1.1.1
The Southern Ocean (south of 30°S) has a 
disproportionately large role in global excess heat 
uptake (75% in CMIP5 models)••••(33, 65), and total 
oceanic uptake of CO2 emissions (40%) produced 
over the industrial era••••(42).

1.1.2
The biodiversity in the Southern Ocean is inextricably 
linked to the extreme seasonal cycle, and the 
unique polar environment, which has existed for 
millennia••••(21, 23, 56).

1.1.3
Life in the Southern Ocean contributes significantly 
to global biodiversity••••(50); it is integral to the lives 
of many plants and animals in temperate and tropical 
waters because many birds and marine mammals 
move between the Southern Ocean and more 
northern areas, including the Arctic, and because 
there is exchange of life-rich water from south to 
north••••(4, 42, 56, 74).

1.1.4
Life in the Southern Ocean affects us all (12, 

74), providing food••••(35), having cultural 
significance••••(94) and contributing to global 
nutrient and carbon cycles and Earth’s climate••••(42).

Importance and background 
of MEASO

1.1.5
In many parts of the world, people have strong 
connections with Antarctica and the Southern Ocean 
and are concerned for the future of the region••••(12, 

74, 94).

1.2
The future of Southern Ocean 
ecosystems will be impacted by 
choices from peoples distant from 
the Southern Ocean••••(74).
1.2.1
The future of the Earth System depends on people 
(104), who are influenced by their material needs, their 
relationships between each other (in communities 
and societies, and within and between nations) 
and with their environment, their cultural needs and 
aspirations, and their dependencies on our living 
planet••••(1).

Headline statement/conclusion

Supporting statements
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1.3
Advice on the state of, and change 
in, Southern Ocean ecosystems is 
needed to support the conservation 
of these systems(22), but such 
assessments can be challenging to 
undertake••••(8, 107).
1.3.1
States bordering the Southern Ocean, regional 
management bodies and global decision-making 
bodies need ecosystem assessments••••, 
including the Antarctic Treaty System (ATS, in which 
management bodies include the Antarctic Treaty 
Consultative Meeting [ATCM] and its Committee on 
Environmental Protection [CEP] and the Commission 
for the Conservation of Antarctic Marine Living 
Resources [CCAMLR])(48), the International Whaling 
Commission(34), the UN Convention on Biological 
Diversity (CBD)(14) and the UN Framework Convention 
on Climate Change(25).

1.3.2
Regional scientific assessments, such as from 
the Southern Ocean, inform global scientific 
assessments••••, such as the World Ocean 
Assessment(111), the Intergovernmental Panel on 
Climate Change(53), the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem 
Services(49) and the CBD Kunming-Montreal Global 
Biodiversity Framework(14). 

1.3.3
Scientific challenges arise because of the difficulty 
in taking measurements across such a large region, 
which has extreme seasonality, variation in the 
environmental attributes among different sectors, 
with subregional differences in interannual variability 
and long-term change••••(5, 42, 68). 

1.3.4
Responses to change by organisms living in the 
Southern Ocean are variable and uncertain(2, 4, 7, 11, 28, 

56, 82, 105), with many ecological processes operating at 
different spatial scales••••(21, 23).

1.3.5
The ongoing recovery of Southern Ocean ecosystems 
from past impacts, particularly the exploitation of 
living marine resources(35), makes the provision of 
advice about future risks more difficult, notably on 
food webs(64), ecosystem services(12) and feedbacks 
to the Earth system••••(74). 

1.3.6
An important challenge for all ecosystem 
assessments is to incorporate and portray findings 
from alternate sources of information, in original 
languages, and to facilitate use of the results of the 
assessments more broadly, which could include 
identifying local actors in different communities 
and countries who can amplify and incorporate the 
findings into local reality and culture••••(1, 53, 70).

1.4
Despite these challenges, sufficient 
evidence is available to establish 
that Southern Ocean ecosystems 
are at risk from climate change and 
ocean acidification••••(17, 65).
1.4.1
Significant changes in habitats in the Southern 
Ocean are occurring because of atmospheric and 
oceanic change driven primarily by greenhouse gas 
emissions, resulting in increased temperature, sea 
ice change, acidification, heatwaves, glacier retreat 
and ice shelf collapse••••(42, 68, 89, 101).

1.4.2
The unique regional biodiversity and functioning of 
the ecosystem are being undermined by changes in 
habitats••••(4, 7, 11, 56, 82).

1.4.3
Recovery of whales, seals, and fish from historical 
over-exploitation and seabirds from incidental 
mortality in fisheries(35) may be hindered by the 
effects of climate change on the environments and 
populations of these species••••(4, 11, 80).

1.4.4
Loss of biodiversity and ecosystem function 
because of the effects of climate change may result 
in irrevocable change in parts of the Southern Ocean, 
where species are unable to recover or return to their 
usual areas••••(7, 11, 105).

1.4.5
Global action is needed to mitigate climate change 
and ocean acidification impacting Antarctica and the 
Southern Ocean••••(17).

1.4.6
Climate change remains to be addressed in the 
development of measures to manage activities 
potentially impacting marine ecosystems in the 
region••••(13, 15, 17, 22).
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1.5
The Marine Ecosystem Assessment 
for the Southern Ocean (MEASO) 
was an open participatory, 
interdisciplinary and up-to-date 
assessment (2018 to 2023) of 
status and trends in Southern Ocean 
ecosystems and drivers of change, 
for use by policymakers, scientists 
and the wider public.
1.5.1
203 researchers from 19 countries united in this 
international and inclusive collaboration facilitated 
by involvement and leadership of early career 
researchers (30%)(9) and female researchers (51%).

1.5.2
How and why Southern Ocean ecosystems are 
changing or may change in the future are synthesised, 
extending previous initiatives in the IMBeR program 
Integrating Climate and Ecosystem Dynamics in the 
Southern Ocean (ICED) and the SCAR(20, 21, 23, 37, 38, 73, 109).

1.5.3
Since the initiating conference in 2018, 24 articles 
have been published as a Frontiers research topic1  
with participating journals: Frontiers in Ecology and 
Evolution (Conservation & Restoration Ecology), 
Frontiers in Environmental Science (Conservation & 
Restoration Ecology), and Frontiers in Marine Science 
(Global Change and the Future Ocean).

1.5.4
Each paper provides summaries to help guide 
decisions to protect and conserve this region.

1 Marine Ecosystem Assessment for the Southern Ocean: Meeting 
the Challenge for Conserving Earth Ecosystems in the Long Term 
(https://www.frontiersin.org/research-topics/10606/marine-
ecosystem-assessment-for-the-southern-ocean-meeting-the-
challenge-for-conserving-earth-ecosys#overview)
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Spatially structured ecosystem assessment

5-year international program of ~203 scientists
providing a forward-looking assessment of
trends in Southern Ocean ecosystems

Key output of the IMBeR Program Integrating
Climate and Ecosystem Dynamics of the
Southern Ocean (ICED) and endorsed by SCAR

24 papers submitted with more than 200,000
views across all papers

Diversity in MEASOMarine Ecosystem Assessment
for the Southern Ocean

Number of authors by continent

High level of Early Career Researcher
involvement and leadership (30%)
51% of authors are female

28

17 6

75

4

73

Global assessments

Science and observing
priorities

Outputs

Management and conservation

Syntheses literature

Inputs

Antarctic Treaty

Figure 4: The context for MEASO: Data, Syntheses and scientific literature are used to assess status and 
trends in Southern Ocean ecosystems and to use these assessments to advise management and conservation 
agencies on their scientific needs, contribute to global assessments and to help identify priorities for science 
and observing systems.
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Box 1
Dividing the Southern Ocean into 
meaningful Assessment Areas
B1.1
Terminology for classifying areas in the Southern 
Ocean is not consistently used in the literature 
and across disciplines. The term ‘region’ has been 
used to refer to the whole of the Southern Ocean 
in global assessments. However, within the 
Southern Ocean scientific community, the term 
usually applies to large areas within the Southern 
Ocean, either as a sea, e.g. Bellingshausen, 
Amundsen, Ross, Weddell, or with reference 
to the Antarctic coast, e.g. West Antarctic 
Peninsula, East Antarctica and so on. The term 
‘region’ could equally apply to the spatial extent 
of the MEASO assessment areas, as these are of 
a similar scale.

B1.2
At its Woking workshop in 2019, MEASO 
participants agreed to establish areas for 
assessing how ecosystem attributes vary 
around Antarctica and the Southern Ocean and 
for assessing dynamics and change within 
those areas. MEASO areas were intended to 
reflect regions within which the dynamics of 
sea ice, ocean and benthic habitats combined 
remained similar across the region, from east to 
west. Connectivity arising from the large scale 
currents and gyres makes it difficult to define 
more-or-less isolated marine regions. While the 
MEASO areas are similar to areas designed for 
particular disciplines and for management of 
fisheries in CCAMLR, they do not match because 
of the intention in MEASO to reflect ecological 
and ecosystem properties (i.e., across many 
disciplines) within an area. For this reason, they 
are often larger than areas designed to coordinate 
field research activities across nations operating 
in a given area, such as those adopted by the 
Southern Ocean Observing System (https://www.
soos.aq/activities/rwg). 

B1.3
MEASO Areas are determined by a combination 
of 5 sectors and 3 zones (Figure 5). 

B1.4
Sectors are differentiated by a combination of 
the nature of the Antarctic coast and shelf, extent 
of sea ice from the coast, and large bathymetric 
features such as island chains, plateaus and 
ridges. The five sectors are:

Atlantic (code: AO):
Covers the Scotia Arc and Weddell Sea, including 
the influence of the latter at the northern end 
of the Antarctic Peninsula (hence the boundary 
across Drake Passage) and most of the eastern 
margins of the Weddell Gyre, including Maud 
Rise. Winter sea ice extends far to the north in 
this region.

Central Indian (CI):
Covers the Kerguelen Plateau, Prydz Bay and its 
small gyre, the islands and banks to the west and 
the downstream area influenced by the plateau. 
Winter sea ice extends much further north in 
this region compared to parts of East Antarctica 
further to the east.

East Indian (EI):
Covers the eastern margins of East Antarctica 
through to the boundary of the Ross Sea (Cape 
Adare), including the Balleny Islands and the 
Macquarie Ridge. The continental shelf is narrow 
and the sea extent is closer to the continent than 
further west. 

West Pacific (WP):
Covers the Ross Sea, gyre and the sea mounts to 
the north. Sea ice is more expansive in this area 
compared to further east and further west.

East Pacific (EP):
Covers the area noted for its much-reduced sea 
ice, including the Amundsen and Bellingshausen 
Seas and the west Antarctic Peninsula.

B1.5
Zones are bounded by fronts and the Antarctic 
coast. The zones are:

Antarctic (A):
Comprises the marine areas south of the 
Southern ACC Front, typically consisting of high 
latitude/polar biota and broadly encompassing 
the winter sea ice area.

Subantarctic (S):
Comprises the marine areas typically regarded 
as subantarctic due to the islands present in the 
regions and being north of the winter sea ice 
area, extending from the Subantarctic Front in 
the north to the Southern ACC Front in the south.

https://www.soos.aq/activities/rwg
https://www.soos.aq/activities/rwg
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Northern (N):
Comprises the northern part of the Southern 
Ocean that has strong eddy fields and borders 
with the main ocean basins to the north. In 
these assessments it extends to the north of the 
Subantarctic Front to the Subtropical Front but 
no further north than 40°S.

A Temperate zone could be added in future to 
help assess differences between the Southern 
Ocean and adjacent areas to the north. It could 
be delineated between the Subtropical Front and 
a northern boundary, say, at 30ºS.

Figure 5: MEASO assessment areas. 

Boundaries for the Marine Ecosystem Assessment for the Southern Ocean (MEASO) areas including 
five ocean sectors (Atlantic, Central Indian, East Indian, West Pacific, and East Pacific) each with three 
zone divisions. Sectors are divided meridionally. Zones extend from the coast to the Southern Antarctic 
Circumpolar Current Front (Antarctic Zone), to the Subantarctic Front (Subantarctic Zone) and to the 
Subtropical Front (Northern Zone). Islands are marked in white. Antarctica includes ice shelves, with the 
underlying coastline marked in brown. The Antarctic Treaty area is denoted by the solid white line and the 
extended area of the Convention on the Conservation of Antarctic Marine Living Resources is added with 
a dashed line, which approximately follows the Antarctic Polar Front. The 2,000 m isobath is shown in 
light blue.  The approximate position of the average maximum winter sea ice extent is shown in dark blue. 
Numbers refer to locations often discussed in policy and science forums.

Adapted from McCormack et al., 2021
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Changing habitats in the 
Southern Ocean
2.1
The Southern Ocean is warming, 
but to varying extents around 
Antarctica••••(68)

2.1.1
Warming sea water increases metabolic rates of 
organisms and rates of chemical processes••••(56, 69, 

88).

2.1.2
Much of the Southern Ocean has seen stable 
temperatures or small increases during the last 
century••••(68), yet the West Antarctic Peninsula 
(WAP) has experienced warming of 2°C in the upper 
150 m over the past 81 years••••(68).

2.1.3
Temperatures increase through the import of heat 
from outside the Southern Ocean and the movement 
and shallowing of these water masses from deep 
water onto the continental shelf••••(68).

•••• High confidence
•••• Medium confidence
•••• Low confidence

Confidence level

•••• Very high confidence

2.2
Sea ice, a key habitat and defining 
feature of the Southern Ocean, 
is changing but in different 
ways around Antarctica••••(68, 105); 
prognoses for sea ice change are 
amongst the greatest uncertainties 
on the future of marine ecosystems 
in the region••••(Box 2).
2.2.1
Sea ice is a major structuring feature of Antarctic 
ecosystems, regulating light, water column structure 
and nutrient availability, as well as providing physical 
refuge; changes to sea ice will affect everything from 
Antarctic microbes to whales••••(105).

2.2.2
Sea-ice extent has reduced in the East Pacific 
sector (West Antarctic Peninsula, Bellingshausen 
and Amundsen Seas, and the eastern margin of 
the Ross Sea) and increased in the West Pacific 
Sector (western Ross Sea) since the 1970s, driven 
by atmospheric ozone depletion and continued 
atmospheric and oceanic warming••••(68, 105).
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2.2.3
Over the last eight years the extent of Antarctic sea 
ice each austral winter has varied greatly with some 
extreme low winter extents, and the lowest extent on 
record to date being winter in 2023••••(Box 2)(30, 89).

2.2.4
The sea-ice system is threatened by warming and 
increased winds, combining to reduce the duration 
and extent of sea ice••••; the timing, magnitude and 
location of these impacts remain uncertain(105). 

2.2.5
Broken sea ice in the marginal ice zone (the area 
with moving sea ice) will increase as a proportion of 
the sea ice system in warming and windy areas••••, 
forming complex habitats of a mixture of rafted 
(piled) sea ice and many smaller ice floes(105).

2.3
Surface mixing of the Southern 
Ocean is changing, which will 
change the dynamics of organisms 
in the sunlit surface layer••••(68).
2.3.1
Storminess and winds have increased in spring and 
summer••••(68).

2.3.2
Mixing of the water column brings nutrients to 
the surface, whilst increased stratification holds 
phytoplankton in the favourable well-lit surface 
environment for longer(see also 2.4). Mixing is being 
altered in different parts of the Southern Ocean•••• 
(2, 42, 68, 82) because: (a) warmer, fresher waters form a 
layer on the surface of the ocean inhibiting mixing, 
while (b) increased winds and storminess break this 
layer down and increase mixing.

2.4
The light environment in the 
Southern Ocean is changing due 
to changing sea ice and cloud 
cover••••(42, 82).
2.4.1
Ice regulates the amount of light that can penetrate 
the ocean and drive productivity and light-associated 
activities, including daily migrations of organisms 
(105).

2.4.1.1
Changing seasonal dynamics of sea ice will 
change the light environment in the surface of the 
ocean and in coastal habitats••••(68).

2.4.1.2
Loss of ice shelves and marine-terminating glaciers 
exposes new areas of ocean to the seasonal cycle 
of light and sea ice••••(68).

2.4.2
Cloud cover is expected to increase, thereby reducing 
total light available to the ocean••••(68, 105).

2.5
Availability of nutrients (iron, 
silicic acid, nitrate and phosphate) 
important to primary production is 
changing••••(42, 68).
2.5.1
Nutrient supply is dependent on local conditions 
bringing deep, nutrient-rich waters to the surface, 
and/or being near to, or downstream of, sources of 
iron, including resuspension from shallow sediments, 
release from sea ice, or indirect release from 
reservoirs associated with continental ice, and from 
dust blown from land masses around the Southern 
Ocean••••(42, 68).

2.5.2
Availability of nutrients can also be influenced by the 
degree to which organisms contribute to recycling 
nutrients through decomposition and waste••••(42).

2.5.3
Iron supply will increase in polar waters proximal to 
the Antarctic continent and in the lower latitudes of 
the Southern Ocean••••(42, 68).

2.5.4
Trace metal concentrations may be enhanced 
in coastal water from meltwater influx, but their 
wider distribution will be dependent on local shelf 
processes, rates of overturning, topography and the 
presence of ice shelves••••(42, 58).

2.5.5
The supply of the major nutrients nitrate, phosphate 
and silicic acid will be modified across the Southern 
Ocean by changes in mixing and stratification as well 
as biological activity••••(42).
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2.5.6
Changes in nutrient concentrations in the 
subantarctic will influence the transport of Southern 
Ocean nutrients to the oceans north of 30°S, and may 
lead to declines in low-latitude productivity••••(42).

2.6
Absorption of large amounts of 
atmospheric CO2 by the Southern 
Ocean is causing ocean acidification 
(42, 68).
2.6.1
Changing carbon chemistry in the ocean is expected 
to have widespread impacts on primary production, 
biogeochemistry and ecosystem functioning in the 
coming decades••••(42).

2.6.2
The Southern Ocean is particularly susceptible 
to ocean acidification because deep waters with 
high CO2 concentrations upwell in this region, and 
absorption of CO2 is greater in cooler waters••••(42).

2.6.3
Ocean acidification increases the solubility of 
carbonate minerals calcite and aragonite, which are 
important foundations of calcified skeletons and 
shells••••(28, 56); the ‘saturation horizons’ of these 
carbonate minerals, which are the depths below 
which calcite and aragonite dissolve readily (i.e., 
undersaturated water), are becoming shallower in 
the Southern Ocean••••(42).

2.6.4
Aragonite undersaturation in surface waters has 
already been observed in a number of Southern 
Ocean regions and is expected to become more 
widespread and impact Southern Ocean ecosystem 
components and processes increasingly over the 
coming decades••••(42).

2.7
The melting and retreat of glaciers 
and the collapse of ice shelves from 
increased oceanic and atmospheric 
temperatures are affecting coastal 
ecosystems••••(7, 68, 101).
2.7.1
Increased melting of glaciers adds freshwater 
and nutrients to nearby surface waters, which can 
facilitate increased local primary production••••(101).

2.7.2
Particles released from melting glaciers and from 
erosion caused by meltwater streams on land can 
increase turbidity and reduce light in coastal waters, 
thereby reducing primary production••••(59, 67); the 
total impact of turbidity on primary production will 
be determined by the respective increase in nutrients 
due to melting. Particles can also potentially increase 
mortality of filter feeding zooplankton by clogging 
their feeding apparatus••••(7).

2.7.3
New ice-free marine areas become open to 
colonisation by benthic and pelagic organisms••••(7).

2.7.4
Iceberg scouring happens across the shelf, especially 
in shallow depths (less than 200 m). Its intensity is 
governed by calving rates from local glaciers and 
ice shelves in combination with factors influencing 
movement such as the duration of seasonal sea ice, 
local current patterns, and seafloor topography••••(7).

2.8
Globally-generated pollutants, 
including micro-plastics, are 
increasingly detected in the 
environment and biota of the 
Southern Ocean, and local effects of 
pollution are altering environments 
adjacent to stations••••(4, 11, 56, 68).
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Drivers of change in
Southern Ocean habitats
and ecosystems
Global changes in the atmosphere and ocean
are driving changes in Southern Ocean habiats
and ecosystems.

Key drivers and their expected influences on
the Southern Ocean are represented in the image
below. The majority of these global drivers have
an anthropogenic component, reflecting the
reach of human activity.

There are further key drivers north of the
sub-tropical front. These include:

Northern Drivers

Aragonite saturation
horizon (ASH)

Sub-tropical
front

Fe

Fe

Wind and
weather

Ultraviolet (UV)
radiation Iron supply

Carbon dioxide
(CO2) absorption Temperature

Temperature

Ice-shelf collapse

Predicted
consequences

1

1
3

Altered stability of the water column and mixed layer
depth.

Driver Example impacts

Sea-ice loss2 Increased vertical mixing and lower micronutrient supply.

Glacial retreat3 Changes to primary productivity, pelagic and benthic
food webs.

Ocean acidification4 Altered ecosystem structure/function, carbon export,
biogeochemical cycling and shallowing of the ASH.

Ozone loss
Northern drivers

Variability in the Southern Annular Mode
(wind strength)

4

6

5

CO2

Ocean warming5 Species migrations, altered ecosystem structure/function.

Shoaling of deep-water6 Altered stability of ice shelf/sheets and benthic habitats.

Changes to primary
productivity7 Altered ecosystem structure/function and carbon uptake.

CO2

Species range shifts (e.g. invasive species)

Persistent pollutants (e.g. plastics)

2

7

Figure 6: Global drivers of change in Southern Ocean habitats and ecosystems. Adapted from Morley et al., 2020
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Figure 7: General attributes of MEASO zones. (a) Ocean depth: area (million km2) in different bathomes (depth 
range shown). (b) Seasonality: day length (hours) and sea surface temperature (°C)[method as footnote]. (c) 
sea-ice area (million km2 of more than 90% concentration of sea ice)*.   

*the region was divided into 25 km2 grid.  Average values over 2013-2022 were calculated for each month. For day length and sea surface 
temperature, the range shown was determined as the 20th and 80th percentiles from the zone cell means. Sea-ice area was the sum of the 
cell areas where percent cover was greater than or equal to 90%.    

a) Ocean depth

Zone

b) Seasonality

Shallow shelf
(0 - 300 m)

Day length
(hours)

Sea surface
temperature
(°C)

Deep shelf
(300 - 800 m)

Slope
(800 - 2000 m)

Abyssal
(>4000 m)

Bathyal
(2000 - 4000 m)

Area (million km2)
0

Antarctic
Subantarctic
Northern

1 2 3 6 10 14

25

20

15

10

5

0

b) Total sea ice
(all zones)

Sea ice area
(million km2)

15

10

5

0

Day
JUN JUL AUG SEP OCT NOV DECJAN FEB MAR APR MAY

3

4

5

2

1

0

Day
JUN JUL AUG SEP OCT NOV DECJAN FEB MAR APR MAY



12 I MEASO Summary for policymakers

Box 2
Update from IPCC Working Group 
I and recent literature on sea ice 
change and scenarios for the 
future
B2.1
Morley et al (2020) and Henley et al (2020) 
reviewed the evidence of current and expected 
changes of habitats in the Southern Ocean as part 
of MEASO. Since that time, the Intergovernmental 
Panel on Climate Change (IPCC) has released its 
reports for the 6th Assessment Report (AR6)(51, 52, 

54), providing more background to the conclusions 
in MEASO papers, along with more recent papers 
on some aspects of habitat change; for example, 
ocean warming, sea ice, ocean stratification, 
continental ice melt, iceberg calving and ice shelf 
collapse(29).

B2.2
A great uncertainty in the IPCC AR6 has been the 
current and future trajectories for sea ice in the 
Southern Ocean(29). Since the MEASO papers and 
the IPCC reports, recent events of extreme low 
sea-ice cover have led to suggestions that the 
observed increase in sea-ice extent since the late 
1970s has suddenly transitioned to a decline(27, 

89, 92). As yet there is no robust evidence that 
this is the case, but recent work indicates that 
the variability of summer sea ice has increased 
significantly (Hobbs et al., in review). There is 
still debate over drivers and change of sea ice 
over the last century(29, 76) but further modelling 

and analyses are showing that the inclusion of 
eddy systems in Southern Ocean dynamics(91) 
and ice sheet meltwater, primarily from under 
ice shelves and glacier tongues, enables Earth 
System models to better replicate the observed 
sea-ice coverage(90). This is improving confidence 
in understanding where, when and by how much 
sea ice will decline in the future. Given long-term 
trends in drivers of sea-ice, sea ice extent is 
expected to begin generally trending downward 
over the next 20 years(27).

B2.3
With respect to scenarios of future change, this 
summary for policymakers is written according to 
scenarios consistent with current commitments 
to reduce greenhouse gas emissions. While the 
IPCC reports were mostly based on commitments 
prior to 2021, “policies currently in place with no 
additional action are projected to result in global 
warming of 2.8 °C over the twenty-first century. 
Implementation of unconditional and conditional 
Nationally Determined Contribution scenarios 
reduce this to 2.6 °C and 2.4 °C respectively” 
(110)[p XVI, Figure ES.3]. These conclusions were based 
on projection scenarios used by IPCC Working 
Group III(60).
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3.1
Sea ice supports year-round 
productivity and habitat for feeding, 
breeding, and refuge for many 
species••••(56, 82, 83, 105).
3.1.1
Shorter duration of the sea-ice season will result in 
less sea-ice algal production and can negatively affect 
the initiation of the spring bloom in the marginal ice 
zone••••(82, 83), although other drivers may make this 
more complicated in coastal areas.

3.1.2
Change in the structural complexity of sea-ice 
habitat may be more important than change in sea-
ice extent for some species, such as krill; increased 
complexity of habitat may be a positive local benefit 
to these species as refuge or because of heightened 
production••••(105). 

3.2
Coastal and shelf systems of the 
Southern Ocean in waters shallower 
than 2000 m are among the most 
productive ecosystems in the global 
ocean and drive production locally 
and downstream••••(42, 82, 99).
3.2.1
The Antarctic continental shelf, subantarctic islands, 
and plateaus, ridges, seamounts and banks, can be 
major sources of iron••••(42, 99).

•••• High confidence
•••• Medium confidence
•••• Low confidence

Confidence level

•••• Very high confidence
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Biogeochemical cycling
and the role of organisms
Marine organisms play a number of important
roles in biogeochemical cycling of carbon and
major and minor nutrients:

Storage of carbon in their tissues and
skeletons

Recycling of nutrients through decay
and remineralisation

Energy flow

Nutrient transport

Euphotic zone
Intermediate / mesopelagic
Deep waters

Key
C

Benthic-pelagic coupling
Benthic-pelagic coupling describes the links and
interactions between processes occurring in the water
column and seafloor systems. This can include vertical
transfer of carbon and nutrients via sinking material,
animal movements and physical processes, as well as
carbon and nutrient recycling by seafloor organisms,
resupply to surface waters by upwelling and vertical
mixing, and/or burial in sediments. Benthic-pelagic
coupling is important because it maintains
biogeochemical cycles on which marine organisms
and food webs rely, and which are globally important
for their role in nutrient supply to the global ocean,
oceanic carbon uptake and climate regulation.

Future change
Carbon uptake and storage in food webs is important
for regulating atmospheric CO2 and could be altered
substantially by potential ecosystem shifts related to
warming, freshening, ice losses and acidification.

Observed and expected changes in primary production
and ecosystem structure and functioning in response
to ongoing and future changes in climate, sea ice
and ocean chemistry (acidification) are likely to have
a strong impact on benthic-pelagic coupling and
biogeochemical cycling over timescales of years to
decades.

Transport of carbon to deeper waters
where it can be stored and sequestered

Carbon and nutrient cycling, storage
and burial by Antarctic benthos

Sediment

Sea ice

Iron from
glacial melt

Iron from
the atmosphere

and sea ice

Seals and
penguins

Baleen
whales

Toothed
whales

C

Sea-ice algae

CO2O2

Carbon export

Phytoplankton bloom

Nutrient
resupply Mesopelagic

respiration

Diel vertical
migration Fall

Microbial
carbon
pump

Benthic nutrient
recycling by fauna

and microbes
Carbon sequestration

1

1

2

2

3

Upwelling and vertical
mixing of iron, major

nutrients and CO2

Krill

Copepods

Fish and
squid

3

Figure 8: How Southern Ocean organisms and productivity are linked to biogeochemical processes. Adapted 
from Henley et al., 2020
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Drivers of change in
Antarctic Sea-ice Systems
Sea ice is a key habitat in the Southern Ocean
and is predicted to change in its extent,
thickness and duration in coming decades.

The sea-ice cover is instrumental in mediating
ocean-atmosphere exchanges and provides an
important substrate for organisms from algae
and microbes to predators.

Sea-ice habitat, transitioning from inshore
(stationary) landfast ice to offshore (mobile)
pack ice is illustrated below. Shown are key
ice-associated biota and drivers of change.

Drivers of change

Key

Ice-associated biota

3

4
5

Snow

Sea-ice rafting Sea ice

1

Calanoid
copepod

Harpacticoid
copepod

2
Ocean warming

Wind
intensification Waves

Precipitation

Fast ice Pack ice

Ice algae

Flooding

Platelet ice

Internal communities

Bald rockcod1

Antarctic brine-channel system2
Small brine channels, characterised by
sub-zero temperatures with varying salinities
spread throughout the sea-ice column.
Within these systems, a diverse array of fauna
and flora thrive including various copepod and
algal species.

Antarctic krill4
The early stages of the Antarctic krill life-cycle
rely on sea-ice systems, feeding on ice algae
and using sea ice as a refuge from predation.

Phytoplankton5
Blooms under sea ice and near the ice edge.

Antarctic silverfish3
Lay their eggs in platelet ice.

Figure 9: How sea-ice systems influence the biology of the Southern Ocean. Adapted from Swadling et al., 2023
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3.3
Primary production by phytoplankton 
and carbon export to deeper water 
around Antarctica are changing but 
drivers are complex and trajectories 
of change are uncertain••••(82).
3.3.1
Satellite observations show mainly increases in 
phytoplankton biomass in the Southern Ocean over 
the last 20 years (1997–2019) except in the Ross 
Sea region, but the satellite record is not long enough 
yet to separate long-term trends of phytoplankton 
biomass and production from variability associated 
with decadal climate cycles••••(82).

3.3.2
Primary production at the base of the mixed-layer 
may have decreased over the same period, especially 
in the Atlantic sector••••(82).

3.3.3
Earth system models project increasing primary 
production in the Northern and Antarctic MEASO 
zones but decreases in the Subantarctic Zone, with 
changes in phytoplankton species composition••••(42, 

82).

3.4
Ocean warming will alter seasonal 
patterns in production (phenology) 
and the relative abundances of 
different types of phytoplankton 
(particularly diatom vs. non-
diatom)••••(16, 82).
3.4.1
Diatoms, which are a large component of the 
diet of Antarctic krill••••(56) and important for 
biogeochemical cycling••••(42), become dominant 
when iron and silicic acid are abundant••••(82).

3.4.2
Projections of future productivity are more certain 
than how the species composition will change••••(82).
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Recent past changes (last 20 - 30 years) in
primary production have been observed by
satellites. However, these observations are
limited by various factors such as cloud
coverage, snow and water depth.

To project future changes (50 - 100+ years) in
primary production, Earth System models are
used.

Observing and predicting change

Base of the mixed layer

Composition:
Motile diatoms, small flagellates

Past Future

Subantarctic

Antarctic

Sea-ice algae
Most (>80%) primary production

in the Southern Ocean occurs
in the mixed layer.

Composition:
~350 species, including diatoms,
dinoflagellates, and haptophytes
(coccolithophores, Phaeocystis)

Phytoplankton
Deep chlorophyll maxima support
blooms of large diatoms that can

grow to high abundance and
contribute significantly to carbon

and silica flux.

Composition:
Mostly large diatoms

Deep chlorophyll maximum

North

Past Future

Subantarctic

Antarctic

North

Past Future

Subantarctic

Antarctic

*Arrows indicate changes (increase      , decrease       or unknown      ) in primary production
Note: changes to biomass are expected to follow the same trend

?

?

??

** *

Primary production in
the Southern Ocean

Sea-ice algae

?

5

1
Phytoplankton beneath sea ice2
Ice-edge phytoplankton bloom3
Mixed-layer phytoplankton4
Deep chlorophyll maximum (DCM)5

2

1

Area observable by satellite

3
4

There are different types of microalgal primary 
production in the Southern Ocean, each play an 
important role in providing the energy and organic 
matter to support various marine organisms and 
the marine food web.
Types (locations pictured below) include:

Sea-ice algae communities are 
mostly found in the upper 

metres or at the bottom of sea 
ice with the abundance and 

community compoisition 
dependent on the time of year.

Figure 10: How primary production in the Southern Ocean is changing. Adapted from Pinkerton et al., 2021



18 I MEASO Summary for policymakers

3.5
Sensitivities of benthic and pelagic 
species to individual drivers of 
change in habitat conditions are 
determined by their shape and size, 
ability to regulate their physiology, 
and ability to move away from 
inhospitable conditions••••(7, 56).
3.5.1
Many zooplankton species live in waters with specific 
temperature ranges, forming unique community 
assemblages between frontal systems in the 
Southern Ocean••••(56).

3.5.2
Many Antarctic species of zooplankton (such as 
Antarctic krill and crystal krill) are adapted to the cool 
temperatures, sea ice, and the intense seasonality 
of the Southern Ocean, exhibited through their life 
history strategies, distributions and abundances•••• 
(56).

3.5.3
Antarctic krill are predominantly found in the MEASO 
Antarctic zone••••; warmer temperatures and 
increased dissolved CO2 concentrations may reduce 
reproductive success of krill••••, and larval krill 
depend on sea-ice habitat for food and refuge over 
winter••••(56). 

3.5.4
Sessile benthic species, particularly reef builders that 
provide habitat for a diversity of bottom invertebrates 
and fish, cannot escape unfavourable environmental 
conditions because they are fixed to the bottom••••. 
As temperature tolerance is species-specific, 
different impacts (winners and losers) are expected 
as a result of ocean warming; consequences for 
biotic interactions, food webs and dominance of 
species will be dependent on the current species 
composition of an area••••(7).

3.5.5
Species with aragonitic shells, including shelled 
pteropods and bivalves, or high-magnesium calcite 
skeletons, including sea stars and a number of 
attached reef-building animals such as corals will 
be particularly vulnerable to shell dissolution from 
increased acidification by 2100••••(28, 56).

3.5.6
Antarctic benthic fish species are at risk from 
increased temperatures in the subantarctic•••• 
(11) and changing patterns of ocean circulation 
combined with increased temperature have the 
potential to impact the recruitment of larval fish in 
areas downstream from spawning grounds••••(11).
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3.5.7
Antarctic fish species dependent on the sea-ice 
system will be impacted by declining sea ice and 
warmer temperatures••••(11). Antarctic silverfish face 
a decline in population in regions where incursions 
of circumpolar deep water onto the continental shelf 
are melting ice shelves and reducing the production 
of platelet ice, an important nursery habitat••••(105).

3.6
Relationships with sea ice vary 
between species of birds and marine 
mammals; species dependent on 
sea ice for breeding (e.g. emperor 
penguins) and haul-out resting (e.g. 
crabeater seals) will be negatively 
impacted by declining sea-ice cover, 
while ice-independent species are 
expected to be less impacted••••(4, 16, 

65).

3.6.1
Diverse changes in the characteristics of the sea-ice 
zone (sea-ice duration, concentration, thickness, floe 
size and structure, early fast-ice breakup, increased 
iceberg mobility, changed polynya activity) have more 
complex and mixed biological impacts depending on 
the species, such as for Adélie penguins••••(4, 16).

3.6.2
Species that do not depend on sea ice, such as 
gentoo penguins, may benefit from reduced sea ice 
but this will depend on whether their prey, like krill, are 
also affected by sea-ice loss••••(4, 64, 65).

3.7
Species in shore-based colonies 
will be impacted by shifting 
prey distributions, particularly 
for subantarctic predators, and 
by changing conditions at their 
colonies(4). 
3.7.1
Penguins and flying birds are expected to experience 
increased numbers of large-scale mortalities of 
chicks with increased extreme weather events and 
storminess (precipitation/snowfall) (e.g. Adélie 
penguins)••••(4, 16, 31).
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Copepods Salps Pteropods

How will Southern Ocean
zooplankton taxa respond
to change?
In the Southern Ocean, several zooplankton
taxonomic groups notable for their biomass,
abundance and their roles in maintaining food
webs and ecosystem structure and function,
including the provision of globally important
ecosystem services.

The table below shows the potential impacts of
key physical and chemical drivers of change on
the distribution and abundance of key Southern
Ocean zooplankton taxa. 

Unknown/influence varies greatly
according to species

This assessment represents expert consensus
as explained in Johnston et al., 2022
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Figure 11: Sensitivities of krill and zooplankton to change in physical and chemical drivers. Adapted from 
Johnston et al., 2022
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Marbled
rockcod Toothfish Icefish

Antarctic
squid

How will Southern Ocean
fish and squid respond
to change?
Fish and squid make up a significant portion of
the biomass within the Southern Ocean, filling
key roles in food webs from forage to mid-trophic
species and top predators. Fisheries currently
are the major local driver of change in Southern
Ocean fish productivity, but global climate change
presents an even greater challenge to assess
future changes.

The table below shows the impacts of key
historical and future drivers on Southern Ocean
fish and squid taxa.  

No data

Key

Lanternfish

Distribution by
MEASO area

Historical impact

Silverfish

Negative impact

Mixed impact

Positive impact

Climate change

Pollution

Sea-ice loss

Fisheries

Driver

No data No data Negative Negative No dataNegative

Drivers of
historical impact No data No data No data

Drivers of future
impacts

Future impacts Subantarctic
Positive

Antarctic
Negative

Negative Mixed Mixed PositiveNegative

Figure 12: Drivers of change in fish and squid. Adapted from Caccavo et al., 2021
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3.8
Foraging success of migratory 
birds and marine mammals may be 
disrupted should there be a change 
in timing of productivity in the 
ocean-ice systems••••(4).
3.8.1
Many marine mammals and birds time their long-
distance migrations into the Southern Ocean to the 
seasonal resource peaks associated with sea-ice 
retreat and oceanic productivity••••(4).

3.8.2
Species that have preferred foraging locations may 
also be impacted if those locations were to shift 
because of these changes(4).

3.9
Pollution and pathogens are 
emerging as factors impacting 
species in the Southern Ocean, 
including zooplankton, fish, marine 
mammals and birds••••(4, 11, 35, 56).

3.10
Benthic systems will be negatively 
impacted by warming, freshening, 
and acidification of their habitats 
and additionally by increased 
iceberg scour on the Antarctic 
continental shelf••••(7).
3.10.1
More light will reach the sea floor in Antarctic coastal 
areas due to less sea ice and could result in shifts 
from invertebrate- to algal-dominated assemblages, 
reducing coastal biodiversity in some locations, and 
leading to alterations in ecosystem function••••(7). 

3.10.2
The northern tip of the Antarctic Peninsula and 
around subantarctic islands in the Scotia Arc are high 
risk areas for the establishment of non-indigenous 
species••••(7).

3.10.3
More frequent scouring of the seafloor in shallow 
areas of the continental shelf by icebergs will 
result in assemblages being dominated by fast-
colonising, short-lived species, e.g., bryozoans 
(sea mosses) and spirorbid worms, rather than 
allowing the development of long-lived and diverse 
sponge grounds, dense coral aggregations and 
other rare and vulnerable reef-like three-dimensional 
assemblages••••(7).

3.10.4
After the immediate effects of a collapsed ice shelf 
have passed, reduced iceberg scour may be expected 
and result in less patchy colonisation patterns with a 
lower large-scale biodiversity••••(7).

3.10.5
Any changes in benthic biodiversity are expected to 
impact biological processes with consequences for 
long-term carbon sequestration and benthic nutrient 
recycling••••(39).

3.11
Regional reductions in sea ice and 
increasing ocean temperatures are 
causing parts of the Antarctic (polar) 
ecosystem to contract towards 
Antarctica, increasing the potential 
for more northern species to move 
southward; the interacting effects 
on polar species of changes in 
multiple environmental drivers make 
the consequences for lower trophic 
levels difficult to predict••••(56, 68, 82).
3.11.1
Changes in Southern Ocean food webs are dependent 
on the energy pathways prevalent in any given area 
and the sensitivity of species (either as predators 
or as prey) to changes in other species impacted by 
environmental change••••(64).
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Seals Cetaceans

How will Southern Ocean
birds and marine mammals
respond to change?
The below table shows the effects of high-level
drivers on Southern Ocean birds and marine
mammals with associated confidence indicated
as:

Need data

Key
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Negative impact

Mixed impact
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Key physical and
chemical drivers
of change

Oceanic
processes

Warmer ocean
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Figure 13: Factors impacting Southern Ocean birds and marine mammals. Adapted from Bestley et al., 2020
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Figure 14: How will benthic communities of the Antarctic shelf respond to change? Adapted from Brasier et al., 
2021

How will benthic
communities of the
Antarctic shelf respond?
Antarctic benthic communities vary in their
potential response to drivers of change.

Illustrated here are the hypothesised individual
impact of five prevalent drivers of change in the
Antarctic region on seafloor communities.

Fewer low-temperature adapted species, poleward
range extensions and opportunities for invasive
species (e.g. king crab).

Increase in ocean temperature

Increased food availability, more opportunistic
species and fewer specialised suspension-feedersa. 
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In habitats shallower than 100 m there would be an increase in
macroalgae.
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Increased iceberg scouring will also lead to higher habitat
fragmentation/patchiness.

b

Reduction in species such as calcifying corals. Few
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Ocean acidification
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3.11.1.1
Three main pathways from phytoplankton to 
higher trophic levels can occur in Southern Ocean 
food webs; these are all dependent on sea ice 
and thus affected by climate change••••: (i) via 
krill, (ii) via copepods and other zooplankton, 
followed by mesopelagic fish, and (iii) via salps 
(56, 64). Diatoms are the primary food of krill, while 
smaller phytoplankton and microbes provide food 
for copepods and salps(56, 64).

3.11.1.2
The structures of food webs vary around 
Antarctica; the krill pathway dominates in the East 
Pacific and Atlantic sectors while being confined 
to the Antarctic Zone and of mixed importance in 
the Indian and East Indian sectors••••(64).

3.11.1.3
The West Pacific sector hosts a mixed food 
web with greater dominance of mesopelagic 
fish••••(64).

3.11.1.4
Subantarctic islands in the Indian and East Indian 
sectors are dominated by a copepod-mesopelagic 
fish pathway••••(56, 64).

3.11.2
Whilst warming, ocean acidification, and sea-ice loss 
may restrict the areas of suitable habitat for some 
species (Antarctic and crystal krill) to more southerly 
locations, the complexity of interactions may expand 
suitable habitat for others such as Thysanoessa 
macrura (a type of krill) and salps••••(56).

3.11.3
Salps are expected to benefit from climate change 
impacts on the Southern Ocean with increased 
abundance of smaller phytoplankton species, thereby 
displacing krill and copepods and having negative 
impacts on higher trophic levels, but potentially 
increasing carbon export••••(56, 64).

3.11.4
Change in the relative importance of these pathways 
in different areas will arise from the sensitivities 
of lower trophic level species to habitat change, 
including whether diatoms or smaller phytoplankton 
are dominant••••(42, 56, 82).

3.11.5
Changes in pelagic food webs resulting in changes in 
the size of biological material (phytoplankton, detritus 
or dead animals) sinking from the surface waters will 
affect the structure of benthic assemblages; those 
assemblages tend to be dominated by animals that 
can capitalise on the types of material reaching the 
seafloor••••(7).

3.12	
Reduced dominance of Antarctic 
krill may arise in the Atlantic sector 
of the Southern Ocean due to sea 
ice and diatom loss and warming, 
thereby impacting higher trophic 
levels and the energetic efficiency of 
the ecosystem••••(4, 42, 56, 68).
3.12.1
The phytoplankton-Antarctic krill-baleen whales 
energy pathway contributes to iron recycling in 
surface waters, potentially enabling greater carbon 
export to deeper waters••••(42, 56).

3.12.2
The status and trends in the distribution and 
abundance of Antarctic krill are still highly uncertain, 
despite monitoring in some locations of the Atlantic 
and East Pacific sectors for over 20 years(56).
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Figure 15: Different energy pathways in Southern Ocean food webs and the effects of exploitation. Adapted 
from McCormack et al., 2021

Southern Ocean
food webs
Southern Ocean food webs are of major
importance to humans and the global system,
underpinning the existence of wildlife populations
and supporting high-value fisheries and carbon
sequestration. Determining how these food webs
may respond to change requires understanding
multiple aspects of food web structure and
function.

Benthic food webs
Benthic systems influence carbon uptake and play
an important role in linking pelagic and seafloor
systems (bentho-pelagic coupling). Benthic organisms
provide important supplementary inputs to the pelagic
system such as further food input for plankton, and
direct links to higher predators through demersal fish. 

Microbial networks and biogeochemistry
Southern Ocean food web structure,
in particular the composition of the
main grazing community is crucial
in determining the dynamics of the
planktonic community and
biogeochemical cycling.

Alternative pathways for energy flow
Multiple alternative pathways of energy flow through zooplankton and nekton groups
are important for ecosystem function, climate-driven changes and management.

Climate change impacts
Climate changes can cause cascading effects through Southern Ocean food webs. Prominent changes
include alterations to habitats (e.g. temperature, pH, changes to sea ice) that disrupt life cycles and
alter physiology generating shifts in the distribution and abundance of many species.
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Fisheries impacts
Current and historical harvesting (e.g. past exploitation of whale populations) can alter
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to food web structure and dynamics. 
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04
Value and importance of 
Southern Ocean ecosystems in 
the Earth System
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4.1
Southern Ocean ecosystems 
are an integral part of the Earth 
System••••; changes in Southern 
Ocean ecosystems will have impacts 
throughout the world’s oceans 
and climate system, and vice 
versa••••(74).
4.1.1
The Southern Ocean regulates global ocean 
biogeochemistry and productivity(42) by supplying at 
least 60% of the nutrient pool in low-latitude regions 
north of 30ºS••••(see e.g. 32, 96).

4.1.2
The Southern Ocean plays a critical role in regulating 
global climate by absorbing large amounts of 
atmospheric CO2••••, although the increased 
capacity for drawdown may be limited(42).

4.1.3
A negative feedback to climate change may arise with 
increased primary production due to more iron and 
light in some regions(42) coupled with the collapse of 
ice shelves opening areas to primary production and 
enhanced carbon uptake••••(12).

4.2
The Southern Ocean is closely 
interconnected with the Earth 
System••••(61, 74).
4.2.1
Water is exchanged with all oceans to the north 
through surface eddies driven by wind in some 
locations as well as through deeper water convection 
driven by temperature and salinity••••(74).

4.2.2
Large-scale ocean connectivity enables movement of 
pelagic organisms (plankton and fish) and biological 
material into and out of the Southern Ocean••••(74).

4.2.3
Human activities in the Southern Ocean region 
(government operations, science, fisheries, tourism) 
involve the large-scale transfer of people and material 
north and south each year, linking communities and 
social systems elsewhere to the Southern Ocean but 
also potentially contributing to unexpected impacts 
in the region through transport of non-indigenous 
species and pathogens, direct disturbance, and 
pollution••••(35, 74).
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Global Connectivity
of Southern Ocean
Ecosystems
Southern Ocean ecosystems are globally
important. Processes in the Antarctic cryosphere, 
atmosphere and the Southern Ocean directly
influence global atmospheric and oceanic
systems.

Antarctic Polar Front

South North

The Southern Ocean is the central hub of the
global ocean.

Below we broadly assess seasonal shifts in
demand for prey of key groups of marine
predators, including seabirds and cetaceans.
The seasonal shift in and out of the Southern
Ocean of these communities and their demand
for prey in the Southern Ocean compared with
waters north of the Antarctic Polar Front were
estimated:
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9.42 x 106

tonnes

1.99 x 106

tonnes

0.08 x 106

tonnes

1.79 x 106

tonnes

North

Summer
prey demand

Waters leaving the Southern Ocean flow into
the 3 major ocean basins.

The exported waters transport nutrients
northwards helping to fuel productivity in
distant ocean ecosystems.

Physical connectivity

Ecological connectivity

It may take decades or even centuries before
waters from the Southern Ocean rise towards
the surface.

Waters flowing south into the Southern Ocean
also carry lots of nutrients. These help support
the rapid growth of plankton in the southern
summer.

Seasonal predator migrations in and out of the Southern Ocean

People's movement and associated transfer of material and resources

68.5 million birds move seasonally

Seabirds

Winter
prey demand

Summer
prey demand

Winter
prey demand

South

16.98 x 106

tonnes

0.35 x 106

tonnes

?

3.13 x 106

tonnes

North

6 million cetaceans move seasonally

Cetaceans

Figure 16: Global connections and feedbacks with Southern Ocean ecosystems. Adapted from Murphy et al., 
2021
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4.3
The Southern Ocean provides 
important feeding and breeding 
grounds for migratory birds and 
marine mammals••••; migratory 
species transport important 
nutrients and carbon to and from the 
Southern Ocean each year••••(74), and 
can contribute to the transport of 
invasive species••••(4, 68).
4.3.1
Millions of seabirds, pinnipeds and whales migrate 
into and out of the Southern Ocean. This seasonal 
movement connects distant food webs and will 
transfer the impacts of regional changes between 
ecosystems and into different basins••••(74). 

4.4
People have a deep connection 
with the Southern Ocean and its 
ecosystems, and value these greatly, 
despite not living there••••(12, 74, 94).
4.4.1
Cultural knowledge and narratives about Southern 
Ocean ecosystems, generated from within the region 
or from afar, and including Indigenous stories, are an 
important reflection of the non-utilitarian connection 
of people to Southern Ocean ecosystems(94).

4.4.2
The cultural significance of the Southern Ocean is 
an important factor in decision-making for Southern 
Ocean ecosystem management (Cavanagh et al. 
2021, Murphy et al. 2021a, Roberts et al. 2021). The 
global importance of the Southern Ocean ecosystem 
to people – both in terms of its role in the earth 
system, and its cultural values – could be recognised 
more explicitly when formulating and assessing 
policies and making decisions(94, 102).

4.5
The demand for, and global 
importance of, ecosystem services 
from the Southern Ocean, is 
expected to increase during the 
21st century, but climate change 
is expected to impact these 
services••••(12).
4.5.1
Globally important ecosystem services from the 
Southern Ocean include climate regulation, fishery 
products, primary production, nutrient cycling, 
science, tourism, and the cultural value of the region, 
all underpinned by the preservation of biodiversity(12, 

74).

4.5.2
Climate change will impact the overall capacity of the 
Southern Ocean to supply ecosystem services, and 
this is expected to be accompanied by increases in 
demand for most services••••(12).

4.5.3
Southern Ocean ecosystem services, such as 
primary production (supporting service), and fishery 
products (provisioning service), are vulnerable to 
changes in connectivity between ecosystems in the 
Southern Ocean and ecosystems across the world’s 
oceans••••(12, 74).

4.5.4
Southern Ocean ecosystem provisioning services 
(fisheries) are under threat from climate impacts on 
species and habitats, including high risk for krill••••, 
and medium risk for mackerel icefish•••• and 
toothfish••••(12). 
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Figure 17: Summary of marine ecosystem services in the Southern Ocean. See Cavanagh et al., 2021 (Table S2) 
for more information.
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05
Priorities for improving future 
assessments and policy-relevant 
advice
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5.1
MEASO has demonstrated the 
array of existing knowledge, data, 
tools, and approaches available for 
informing decisions on conserving 
and sustaining the marine 
ecosystems in the region and the 
services they provide, and how 
implementation of those processes 
could be improved••••(4, 7, 11, 12, 35, 42, 56, 

64, 68, 74, 82, 105, 112).
5.1.1
Assessments of change and the design of future field 
programs will be facilitated by archiving, curating, 
and openly sharing data, algorithms, and tools 
based on the FAIR principles for data, which are for 
them to be Findable, Accessible, Interoperable and 
Reusable••••(Box 3)(81, 112). 

5.1.2
Availability of existing data, including fisheries data 
through CCAMLR, could be improved using existing 
data networks••••, such as in SCAR(5, 112) and SOOS(78), 
which have connections to other global and regional 
networks(24, 71).

5.1.2.1
Existing platforms and standards need to be 
transparent and traceable••••(112).

5.2.1.2
International coordination is needed to facilitate 
the matching, aggregation and integration of 
datasets using common methodologies for 
comparative analyses of current and future 
ecosystem risks••••(41, 44, 112). 

5.2.1.3
Data from fishing vessels provide the most 
comprehensive time series of data available on 
many fish and krill species in the main fishing 
grounds and could help inform assessments 
of ecosystem change••••(112); mechanisms for 
appropriately making these data available to 
the scientific community would be a valuable 
contribution to future assessments••••.

5.1.3
Syntheses of information and analyses of existing data 
for different MEASO areas would enable planning and 
development of future assessments••••(8). A system 
to support future assessments in the Southern Ocean 
will need to address the knowledge and data gaps 
caused by sampling bias, non-standardised sampling 
methods and data management processes, and by 
data being kept out of the public domain••••(112).

5.1.4
Modelling tools are available and can be readily 
developed further for assessing risks to the region 
and their implications for ecosystem services and 
for managing fisheries and onshore activities••••, 
including (i) assessing implications of change for 
food web interactions affected by fisheries and other 
activities••••(64) and (ii) how to spatially distribute 
fishery catches to lessen risks for food webs and 
biodiversity••••(18, 114) and ecosystem services more 
generally••••(12).
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Figure 18: How research fits in to providing advice for future marine ecosystem assessments for the Southern 
Ocean. Adapted from Brasier et al., 2019
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Box 3
Promoting FAIR data principles
B3.1
MEASO promotes the application of the FAIR data 
principles to data, algorithms and tools, helping 
ensure (meta)data are Findable, Accessible, 
Interoperable, and Reusable(112). These principles 
emerged to help make (meta)data readily 
available to the research community and other 
stakeholders, including having data archived and 
not lost when a research program is finished(115).

B3.2
The FAIR data principles are designed to be 
implemented in the context of long-term data 
stewardship, where data centres have ongoing 
funding to maintain datasets and make them 
available to new generations of researchers, even 
as sharing technology advances. Contributing 
countries and programs must assure long-term 
data management.

B3.3
These principles are promoted in the Antarctic 
Treaty System, which has a policy of sharing data 
between nations, with policies and procedures 
to support their implementation developed in 
SCAR via its Standing Committee on Antarctic 
Data Management(97) and in the Southern 
Ocean Observing System (Data Management 
Subcommittee)(103). Principles have also been 
developed to align polar data policies(108). The 
objective for promoting FAIR data is to ensure 
research programs have ready access to data in 
planning and undertaking their research programs 
(field observations and monitoring, experiments) 
including having data made available for use by 
ecosystem modellers and statisticians, who may 
find those data useful for extending our systemic 
understanding of Southern Ocean ecosystems. 
FAIR data also create opportunities for scientists 
undertaking applied research to have all available 
data when supporting policymakers.

5.2
A greater geographic spread across 
MEASO sectors of comprehensive, 
long-term ecosystem studies 
is needed to assess spatial and 
seasonal variability in the structure 
and function of Southern Ocean 
ecosystems and the relative 
importance of different ecological 
processes in different areas••••(5, 8, 19, 

20, 74). 
5.2.1
Systematic whole-of-ecosystem studies will enable 
more robust projections of future change in Antarctic 
ecological communities and food webs••••(20, 36, 105) 
and help refine knowledge on the scale and location 
of areas needed for protecting and maintaining 
marine biodiversity into the future, including 
satisfying conservation outcomes for biodiversity in 
the Antarctic Treaty System••••(20) and in the United 
Nations••••(14, 50).

5.2.2
Replication of whole-of-ecosystem programs such 
as the US Palmer Antarctica Long-Term Ecological 
Research project in the West Antarctic Peninsula 
(East Pacific MEASO sector) and the South Georgia 
Western Core Box (Atlantic MEASO sector) is 
needed••••(8).

5.2.2.1
The dynamics of coastal and sea-ice systems 
vary around Antarctica and are known to result in 
different outcomes for food webs, and may have 
different outcomes from change in local and/or 
global drivers••••(30, 56, 63, 64, 105).

5.2.2.2
Representative whole-of-ecosystem studies, 
similar in scale to those that exist for the Atlantic 
MEASO sector, could be in the following areas: 
Dronning Maud Land/eastern Weddell Sea 
(Atlantic MEASO sector)(36), the area around Prydz 
Bay and the Kerguelen Plateau (Indian MEASO 
sector), and the Ross Sea (West Pacific MEASO 
sector)••••.

5.2.3
Time series of observations need to be made at 
seasonally appropriate times and places, and not 
just be concentrated in ice-free areas or in summer 
months••••(7, 8, 78, 95, 112).
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Box 4
Status and development of 
Southern Ocean ecosystem 
models
B4.1
A combination of different types of models 
are needed to understand changes occurring 
to date, to project future changes to Southern 
Ocean ecosystems and to explore appropriate 
management responses. Types of models that are 
needed include (a) Earth System Models (ESMs 
– coupled climate-ocean models); (b) ecosystem 
models (e.g. species-based, size-based, process-
based, end-to-end models); and (c) single/multi-
species models (such as fisheries assessment 
models, or species-distribution models). Models 
focussed on different aspects of Southern Ocean 
ecosystems have significantly advanced over the 
last decade(64), which has been a major priority of 
the program Integrating Climate and Ecosystem 
Dynamics of the Southern Ocean (ICED)(73).

B4.2
Recent modelling studies of the Southern 
Ocean using CMIP5 and CMIP6 Earth System 
projections(3) have been valuable but have 
also identified the limitations of current 
physical and biogeochemical projections for 
the Southern Ocean, e.g., projections of sea 
ice(100), biogeochemical cycles and primary 
productivity(98). These limitations therefore limit 
ecological projections. 

B4.3
Major gaps remain in connecting species/
population and ecosystem models with Earth 

System models. In particular, there are few 
ecosystem models for ice covered regions or 
that consider seasonal dynamics (particularly 
winter). The generation of year-round and 
climate-ocean-ecosystem coupled models is an 
area where Southern Ocean modelling can draw 
on advances made in other ecosystems (see 
Box 5 on the Arctic experience). Models used for 
providing management advice (e.g. in fisheries) 
should take into account the effects of climate 
change and uncertainties in order to reduce risk 
of undesirable effects of human activities.

B4.4
A systematic effort is required to develop an 
ensemble of multi-scale models for the Southern 
Ocean ecosystems to assess the potential 
impacts of future change and to provide scientific 
advice for conservation and management. These 
models will need to include the global context 
and connections of Southern Ocean ecosystems, 
the services they provide and human dimensions 
(e.g. future drivers of change and societal 
connections and context). The models should 
explicitly consider the effects of parameter 
and model uncertainties on the projections. A 
systematic programme of model development 
for Southern Ocean species, food webs and 
regional and circumpolar ecosystems and the 
global connections and context is a major future 
priority for development in the ICED Programme. 
It will benefit from close coordination with, 
and investment in, a range of bodies and 
groups modelling aspects of Southern Ocean 
ecosystems and the future impacts of change, 
including ocean and ice modellers linked through 

5.3
Systematic and sustained 
measurements of habitats and biota 
in all relevant MEASO areas are 
needed to underpin assessments of 
ecosystem change in the Southern 
Ocean, and for projecting future 
changes••••(5, 20, 71).

5.3.1
Species of direct interest to management bodies, 
as well as species that are important indicators 
of ecosystem-level change, include diatoms, krill, 
mesopelagic fish, penguins, flying birds, seals and 
whales(20).

5.3.2
The Southern Ocean Observing System (SOOS) 
provides a useful integrated approach to long-term 
ecosystem observations, based on coordination 
through their regional working groups••••; standard 
field and analytical methods are needed for enabling 
metrics for assessments and for tuning models••••(20, 

55, 77, 78, 81).
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Figure 19: Summary of currently available modelling tools to support assessments of Southern Ocean 
ecosystems. Adapted from McCormack et al., 2021

SCAR to the programme on future environmental 
change, AntClimNow, and the CMIP activity of the 
World Climate Research Programme (WCRP). An 
interaction between Southern Ocean ecosystem 

modellers and those involved with the global 
Fish-MIP (Fisheries and Marine Ecosystem 
Model Intercomparison Project)(106) is needed.

5.4
Direct measurement of Southern 
Ocean ecosystems needs new 
approaches, and greater and more 
sustained investment than at 
present because of the complexity 
of food webs, diverse communities, 
the large extent and remoteness 
of the region, and the rapid pace of 
changes underway••••(5, 78, 79).

5.4.1
Pooled resources, platforms, infrastructure, and 
collaborative research across institutions and 
countries, such as in the coordinated tracking of 
birds and marine mammals in SCAR(44), are needed 
to achieve the field work necessary for the whole-
of-ecosystem study areas and the observations of 
essential biological variables(20); coordinated efforts 
can be achieved through the existing programs in 
SCAR and ICED, as well as greater coordination in 
field programs using SOOS and its relationship with 
Council of Managers of National Antarctic Programs 
(COMNAP)••••(77, 78).
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5.4.2
Existing operations in the Southern Ocean, such as 
fisheries, tourism, and station resupply (ships of 
opportunity), could be used to undertake routine 
measurements and observations as well as for 
deploying and retrieving autonomous equipment, 
which may also require support from scientists and/
or equipment at sea••••(77, 78).

5.4.3
Autonomous and/or remotely operated systems, 
such as multi-frequency acoustics, profiling drifters 
(floats), fixed long-term moorings, mobile remotely-
operated stations (gliders, wave-riders, autonomous 
seacraft), and remote weather and observation 
stations provide opportunities to collect data from 
across the spectrum of pelagic organisms and 
conditions at large spatial scales, and year-round, for 
a fraction of the cost of research vessels••••(77, 78). 

Figure 20: Current biological observing to support management and science, within the context of the Southern 
Ocean Observing System and the CCAMLR Ecosystem Monitoring Program. Colours indicate SOOS group zones, 
black lines show MEASO assessment areas.
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5.4.4
Efficient spatial and temporal sampling requirements 
can be designed through Observation System 
Simulation Experiments, which use coupled 
ecosystem-Earth system models to test the power of 
the field program to estimate change••••(20, 62, 79).

5.5
Projecting future changes in the 
survival and/or dynamics of species 
and communities needs improved 
models of the impacts from change 
in habitats, food webs, and human 
activity••••(8, 64, 79).
5.5.1
The degree of tolerance of benthic and pelagic species 
to change in temperature needs to be reviewed 
and strategies developed to refine approaches for 
assessing how species will respond to warming, 
including the potential for multiple drivers to have 
interacting effects••••(56, 69).

5.5.2
How sea ice influences populations of krill, 
zooplankton and pelagic fish remains a very important 
question for predicting how changes in sea ice will 
influence species in the Southern Ocean••••(56, 105).

5.5.3
Models of the spatial distribution of benthic habitats 
are needed for translating synoptic data (bathymetry, 
ocean surface features) into expectations for where 
sessile and sedentary biota may be concentrated 
and how they may be impacted by environmental 
change••••(7).

5.5.4
Dynamic population models of mobile pelagic 
(nektonic) species, including krill, fish and marine 
mammals, are needed for assessing how these 
species may respond to habitat and/or food 
web changes and exploitation, through altered 
reproductive success (recruitment), mortality, and/or 
migration••••(64).

5.5.5
Squid, zooplankton, such as salps, and mesopelagic 
fish are important in terms of biomass, but their 
roles in food webs are poorly understood and need 
elaborating••••(64).

5.5.6
Models of how species are influenced by processes 
outside the Southern Ocean are needed to better 
elaborate models of the dynamics of those 
populations within the region••••(74). 

5.6
Projecting change in ecosystems 
at appropriate spatial scales will 
need dynamic ecological models 
driven by outputs of global ice-
ocean-atmosphere (physico-
chemical) models downscaled to 
spatial scales relevant to ecological 
processes••••(Box 4)(64, 79). 
5.6.1
Earth system physico-chemical models need to 
better replicate ice-ocean-atmosphere conditions in 
the Southern Ocean generally and relevant MEASO 
areas in particular••••(64, 79).

5.6.2
Coupled ecosystem models need to include the 
networks of interactions necessary to realistically 
replicate the dynamics of ecosystems, including 
linkages with other areas and processes within and 
external to the Southern Ocean, as well as include 
relevant feedbacks from local human drivers, such 
as pollution, disturbance and fisheries••••(35, 64, 74).

5.6.2.1
The behaviour of ecosystem models needs to be 
validated against known ecosystem behaviours in 
different parts of the Southern Ocean and under 
different ecological scenarios, which reinforces 
the need for sustained time series of essential 
biological variables from across the Southern 
Ocean••••(79).

5.6.2.2
Uncertainties in the dynamics of ecosystems can 
be usefully explored using an ensemble approach, 
where different models represent different 
plausible ecosystem structures••••(64, 79).

5.6.3
As part of assessing uncertainty, modelling 
studies are needed to consider the potential for 
rapid ecological changes resulting from (i) rate of 
environmental change, (ii) changing frequencies of 
environmental fluctuations (e.g. impacts associated 
with changes in the global scale weather phenomena 
like the El Niño and Southern Oscillation), and (iii) 
extreme events or reaching tipping points(46, 79).
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Box 5
Approaches to advising on 
managing future risks to 
polar ecosystems: the Arctic 
experience
B5.1
Research challenges imposed by climate change 
have many parallels in Antarctic and Arctic marine 
ecosystems(17, 65), including important gaps in 
time series of ecosystem data, uncertainty in 
how polar marine ecosystems function, and, not 
least, the need for ecosystem models to reliably 
develop scenarios for the future based on Earth 
System models and for examining how well 
different management approaches will meet 
their objectives(79). 

B5.2
Ensemble approaches to dynamic modelling 
to support management of climate risks have 
advanced greatly in recent years for Arctic marine 
ecosystems. This modelling capability could be 
readily applied to Antarctic and Southern Ocean 
requirements. 

B5.3
In some regions (e.g., the eastern Bering Sea 
and the Barents Sea), interdisciplinary multi-
scale modelling teams are working with coupled 
physical, chemical and biological models to 
evaluate (i) past, present and future implications 
of climate change on living marine resources and 
(ii) the effectiveness of current and alternative 
management and adaptation strategies for 
fisheries and other activities in the regions(40, 

46). These teams utilise downscaled Earth 
System model output to provide high resolution 
simulations of physical and biogeochemical 
ocean conditions(26); key oceanographic 
processes are resolved at ecological scales 
satisfactory for representing the relationships 
between these drivers and fish and shellfish 
production(43). The down-scaled oceanographic 
models are coupled to biological models of 
different levels of ecological complexity for 
fish and shellfish to allow users to explore 
implications of uncertainty in the representation 
of the ecosystem (structural uncertainty) on 
future projections and assessments(93). 

B5.4
Modelling teams work with fishery-dependent 
communities and managers to select 
combinations of management and adaptation 
scenarios that could inform decision-makers 
of the social, economic and ecological trade-
offs associated with current and alternative 
management strategies(47, 84). Within the U.S., 
this transfer of knowledge to managers and 
the public is facilitated through the Bering Sea 
Fishery Ecosystem Plan, Climate Change Task 
Team (CCTF). The CCTF identified opportunities 
for the uptake of climate-change-informed 
outcomes within the existing management 
process for making decisions, which provided 
a trusted process for sustaining delivery of that 
information. Efforts are underway to provide 
reliable, downscaled outputs from ocean models 
for sustained support of this modelling system 
throughout the coastal waters of North America 
and the Arctic. 

B5.5
Creation of similar climate change decision-
support modelling systems in the Antarctic 
could be accelerated through the formation of a 
Polar Research Partnership involving scientists 
working in Arctic and Antarctic systems. This 
type of partnership could support rapid transfer 
of knowledge and best practices for the delivery 
of state-of-the-art science to decision makers 
to sustain high latitude ecosystems and their 
services under changing climate conditions.
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Figure 21: Ensemble modelling of Arctic marine socio-ecological systems to advise on adapting them 
to climate change. Adapted from Hollowed et al., 2020
a) Boxes show sub-models in the ensemble related to physical, biological and social systems, and 
the number of different representations of the sub-models. Coupling these models at relevant spatial 
and biological scales can produce outputs relevant to stakeholders to decide the best strategies for 
managing activities in regions and how to adapt these systems to environmental change.
b) Relationships between different components of the socio-ecological system at the scale of biological 
processes and stakeholder interactions.

Global climate models: ECHO-G, MIROC3.2 med res., CGCM3-t47, CCSM4-NCAR-PO, MIROCESM-C-PO, GFDL-ESM2M*-PO, 
GFDL-ESMRM*-PON; Projection scenarios: AR4 A1B, AR5 RCP 4.5, AR5 RCP 8.5; Nutrients, Phytoplankton, Zooplankton (NPZ) 
model: Bering Sea 10K Model; Climate enhanced biological models: CE-single-spp assessment models, CE-multi-spp model 
(CEATTLE), CE-Size spectrum model, CE-Ecopath with Ecosim, End-to-end model (FEAST), CE-spatial MICE model, CE-IBM 
(crab); Social and economic/harvest strategies: No fishing, Status quo, 2MT cap-gadid, 2MT cap-flatfish, CE-control rules
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5.8
Extensive collaboration and 
coordination of activities is needed 
for further developing observation 
and data access systems, 
ecosystem assessments, models, 
and projections of future change in 
Southern Ocean ecosystems••••(77-79, 

102, 113).
5.8.1
Increased collaboration and coordination of 
international and national activities is required to 
generate integrated analyses at the scale needed, 
linking activities of SCAR, ICED, SOOS, CCAMLR, 
and associated groups including early career 
researchers••••(8, 102).

5.8.1.1
The developing Southern Ocean coordination 
activity being led by SCAR under the UN Decade 
of Ocean Science for Sustainable Development 
provides a mechanism for generating the 
integration required••••(55).

5.8.1.2
The early career APECS and IMBeR-IMECAN 
communities have a crucial role in leading the 
development of Southern Ocean and global marine 
science and are needed to ensure the diverse 
development and engagement of the Southern 
Ocean science community••••(9). 

5.8.1.3
Increased collaboration and coordination 
is required with science, conservation and 
management groups in areas outside the Southern 
Ocean and across the global ocean. SCAR, SOOS, 
ICED, and the UN Decade activities can provide 
the mechanism for developing the coordination 
needed••••(55, 75).

5.8.2
The ICED program, a regional program of the global 
IMBeR program, provides a useful approach to 
ecosystem modelling, developing a Southern Ocean 
ecosystem modelling community••••(45, 72).

5.8.2.1
Development and comparison of alternative 
model approaches is needed for models of key 
species, food webs and ecosystems at regional 
and circumpolar scales••••(45, 46, 72, 79).

5.7
Managing human activities in 
the Southern Ocean will benefit 
from assessing risks associated 
with different scenarios of 
climate change and future socio-
economic demands; improved 
socio-ecological modelling and 
stakeholder engagement will 
enable better consideration of risks 
to environments, societies, and 
economies••••(Boxes 4,5)(64).
5.7.1
Modelling procedures, including accounting for 
uncertainty, need to be developed for assessing how 
the ecosystems may recover from past exploitation 
(64, 73) combined with the risks of (i) significant change 
in species, (ii) changing variability and extreme 
events, (iii) potential tipping points in ecosystems, 
such as shifting dominance of energy pathways, 
and (iv) loss of resilience, under different scenarios 
of habitat change and/or human activities, such as 
fishing••••(Box 5)(46, 79).

5.7.2
Consultations across the broad range of stakeholders 
would improve decision-making on conserving and 
sustaining ecosystem services in the region••••(12, 

102).

5.7.3
Consultations across the diversity of cultural and 
national interests in Antarctica and the Southern 
Ocean is needed to help frame the objectives 
and undertaking of scientific assessments 
and the methods for delivering results into the 
broader scientific community, civil society and 
policymakers••••(1, 53, 70).



 41

06
Protecting and enhancing the 
resilience of Southern Ocean 
ecosystems

©
Ro

w
an

 T
re

bi
lc

o

•••• High confidence
•••• Medium confidence
•••• Low confidence

Confidence level

•••• Very high confidence

6.1
Evidence from MEASO and recent 
publications is showing that 
substantial ecosystem changes are 
occurring now•••• and could occur 
in the future over periods of only a 
few years or decades as a result of 
rapid environmental shifts, changing 
patterns of variability, extreme 
events, or the crossing of system 
thresholds to alternative states. 
6.1.1
There have been rapid changes in species 
distributions and food webs west of the Antarctic 
Peninsula over the last few decades, with observed 
changes in environmental conditions(4, 56, 64, 68, 82, 105).

6.1.2
Assessments of the climate impact pathways on 
species indicate that recent rapid environmental 
changes are expected to have regional and 
circumpolar ecological impacts••••(2, 4, 7, 11, 28, 56, 82, 

105). These include the observed record minima of 
circumpolar winter sea-ice extent(Box 2)(89), changing 
frequencies of interannual variability of sea ice and 
ocean temperatures(68), and the occurrence of marine 
and atmospheric heatwaves(Box 2)(30, 101).

6.1.3
These rapid changes may be unexpected and have 
diverse ecological impacts, such as the breeding 
failure in emperor penguin colonies in 2022••••(31) and 
shifts in phytoplankton community structure••••(59). 

6.1.4
These ecosystem changes are expected to have 
consequences for marine ecosystems globally over 
the course of this century••••(74). 

6.2
The Antarctic Treaty System 
(beginning in 1959 with the 
Antarctic Treaty) and its emphasis 
on conservation and protection, 
exemplified in the Convention 
on the Conservation of Antarctic 
Marine Living Resources (1980) 
and the Protocol on Environmental 
Protection to the Antarctic Treaty 
(1991), provide the most recent 
articulation of the global interest 
in Antarctica and the Southern 
Ocean and the desire for their 
protection••••(86, 87).
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Figure 22: Stakeholder engagement, including the wider public, needed to manage and protect ecosystem 
services in the Southern Ocean (adapted from Solomonsz et al. 2021).  Stakeholders have influencing links 
to an ecosystem service either through scientific advice/evidence, as users or as policymakers/managers. 
Stakeholders listed under ‘Research’ are examples - i.e. not comprehensive. Acronyms are detailed in the 
Glossary.
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6.2.1
A primary objective in the Antarctic Treaty System is 
to conserve the biodiversity and ecosystems of the 
Southern Ocean••••(48, 86, 87).

6.2.2
Sound management of the region is dependent 
not only on scientific understanding but also 
on incorporating different perspectives, cultural 
sensitivities and global priorities••••(102). 
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6.3
Regional pressures on Southern 
Ocean species and ecosystems 
have been dominated by fisheries, 
with human presence (stations and 
tourism) and associated sources 
of pollution having localised, but 
increasing, impacts••••(35). Pollution 
originating from outside the 
Southern Ocean has been detected 
for decades and is increasing••••(68).
6.3.1
Seal and whale populations were substantially over-
exploited from the late 18th to mid 20th centuries••••; 
no commercial sealing or whaling is occurring in the 
Southern Ocean at present (35).

6.3.1.1
Antarctic fur seals and humpback whales have had 
strong recoveries, but many whale species have 
not recovered from being critically endangered 
••••(4).

6.3.1.2
Southern elephant seals exhibit differing 
population trends among colonies as a result 
of variations in habitat quality, wintering ice 
conditions, food quality and availability at foraging 
grounds, and particularly long-term regional trends 
in sea-ice extent••••(4, 30, 58).

6.3.2
Finfish stocks were over-exploited prior to the 
establishment of CCAMLR in 1982••••; fishing is 
currently permitted for Antarctic krill, Antarctic and 
Patagonian toothfish and mackerel icefish under the 
management of CCAMLR(35).

6.3.2.1
A reconstruction of historical finfish fishing shows 
substantial removals by bottom trawling around 
most subantarctic islands and in some areas of 
the Antarctic continental shelf(35); many species 
are yet to recover••••(11).

6.3.2.2
Seabirds affected by fisheries in the CCAMLR 
area(35) are still declining despite a near cessation 
of their mortality in CCAMLR fisheries••••(4).

6.3.3
Pollutants, such as persistent organic pollutants 
(POPs), are increasingly transported to the Southern 
Ocean via the atmosphere, oceans and migratory 
animals; pollution accumulated in glaciers could be 
released with increased ice melt••••(4, 68).

6.4
Strategies for conserving Southern 
Ocean marine biodiversity, including 
management of fisheries, need to be 
further developed, based on current 
knowledge of the implications of 
climate change, to ensure resilience 
of Southern Ocean ecosystems into 
the future••••(35).
6.4.1
CCAMLR has an ecosystem approach for achieving 
conservation embedded within its Convention(85, 

86) and maintains a precautionary approach for the 
fisheries it manages••••(35).

6.4.1.1
CCAMLR is yet to implement specific approaches 
for managing the needs of krill predators in 
an expanding fishery, although methods have 
been agreed for development in the Scientific 
Committee of CCAMLR (SC-CAMLR)••••(18, 114).

6.4.1.2
The SC-CAMLR has not yet assessed whether 
the strategies for managing fisheries will be 
successful under scenarios of climate change and 
ocean acidification••••(15).

6.4.2
CCAMLR agreed in 2011 to establish a representative 
system of marine protected areas (MPAs) in the 
Southern Ocean; to date, only two MPAs have been 
established••••(6, 10).

6.4.3
The current state of finfish species depleted prior to 
CCAMLR is not well documented••••(15).

6.4.4
Effective regional and local protection is critical to 
safeguard ecosystems against the effects of climate 
change which are already underway; strategies 
are needed for planning, preparing and responding 
to rapid and potentially unexpected or surprising 
changes in Southern Ocean ecosystems••••(79, 101). 
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Figure 23: a) Accumulated catch for groundfish, icefish, toothfish and Antarctic krill from 1970 to 2022 plotted 
against ocean depth as catch density (tonnes per square kilometre). Source data: CCAMLR Statistical Bulletin 
2022. Black lines show the boundaries of the 15 MEASO areas.  Note: haul data are not available in the Bulletin, 
so catch records are distributed by rules relating to depth and general locations of fishing operations resulting in 
some catches being dispersed over large areas, such as for Antarctic krill(35).
b) Current management areas in the area of the Convention on the Conservation of Antarctic Marine Living 
Resources: fishery reporting areas (red lines), CCAMLR marine protected areas - established (blue) and proposed 
(brown). Nationally enforced subantarctic reserves (olive green), coastal Antarctic stations (red dots), and 
MEASO areas (black lines) are also shown.  Small protected areas not visible on this map also include Antarctic 
Specially Protected Areas and Vulnerable Marine Ecosystems. 

b) Current spatial protection and management areas
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Figure 24: Risk assessment for Southern Ocean ecosystem services. Adapted from Cavanagh et al., 2021
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6.5
Long-term maintenance of Southern 
Ocean ecosystems, particularly 
polar-adapted Antarctic species 
and coastal systems, can only be 
achieved with high confidence by 
significant and urgent global action 
to curb climate change and ocean 
acidification••••(17). 
6.5.1
Climate change is the most significant driver of 
species and ecosystem change in the Southern 
Ocean and coastal Antarctica••••(4, 7, 11, 42, 56, 68, 82, 105).

6.5.2
Direct human interventions at sufficient scale to 
reduce sensitivities and exposure of cold- and 
sea-ice-adapted species to the impacts of climate 
change and preserve Southern Ocean ecosystems 
are unavailable at present••••.

6.5.3
Actions are needed to ensure local and regional 
human activities do not impact resilience of these 
species and systems••••(12, 35), and to reduce the risk 
of Southern Ocean ecosystems transitioning into 
alternative states from which recovery cannot be 
achieved.
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Figure 25: Developing cultural awareness by bridging diversity of experiences in conversation and the arts. 
Figure credit: Lisa Roberts
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