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This document aims to:

Update the Australian
Government and the
community on the latest
developments in research
into the impacts on climate
change on Southern Ocean
ecosystems

Explain the techniques that
are being used, those that
are being developed and the
future development of tools
capable of reflecting the
complexity of climate change
impacts on Southern Ocean
ecosystems

Explain the international
framework underpinning
this work

Identify issues for
consideration in policy
development
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INTRODUCTION
AND BACKGROUND

Marine ecosystems are integral to the health of our planet and
to humankind. As the Earth’s largest ecosystem, the oceans
provide us with a enormous variety of vital ‘services’, from
sequestering atmospheric carbon to providing a major source
of nutrition and natural resources. These ecosystems are
changing and will continue to change over the coming century
as climate change, ocean acidification and commercial
pressures continue to modify ocean habitats. Minimising

such impacts on ecosystem services is one challenge for
governments and regulators. A further and important challenge
is to identify how policy and regulatory frameworks may need
to adapt to prospective impacts in a timely manner, such that
the resilience of these ecosystems is retained, ecosystem
services are conserved and, with sufficient warning, rapid
upheavals in how we use the ecosystems are minimised.

Climate change poses greater difficulties for policy makers
and managers than the usual forms of environmental
management because the effects of actions are not seen
immediately, or even in the foreseeable future. The experience
of the rate of recovery of the ozone hole and the associated
changes to ecosystems suggests that ecosystems will

take many decades to change in response to changes in
greenhouse gas emissions.

To ensure ecosystem services are sustained in the face of

future change, we need:

1. robust early-warning indicators of change

2. robust assessments of the likelihood of different future
states of ecosystem services given different management
options or scenarios, and

3. mechanisms for adjusting management options to take
account of new information.

Humpback whales.
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This position analysis outlines how these three needs can be
met for Southern Ocean ecosystems by building a number of
policy-relevant scientific capabilities. The Southern Ocean is
remote from most of the world’s population, but has attracted
interest since the late 18th Century for harvesting, science,
wilderness and, most recently, conservation. It is no less
important than other ocean basins — in fact it could be used as
a model for sustaining ecosystem services and climate change
adaptation elsewhere in the world.

Following the background to this analysis, Part A summarises
the current knowledge on change in Southern Ocean
ecosystems. Part B details the key scientific questions on
which policy-makers need advice, the primary scientific
capabilities needed to address those questions and how these
capabilities can be delivered. In conclusion, it describes the
benefits to Australia of meeting this challenge.

Southern Ocean ecosystems are important globally

and regionally

The Southern Ocean, defined here as waters south of the
Subtropical Front (Figure 1), is important in the Earth System,
accounting for about 40% of the total global ocean uptake of
anthropogenic CO, 2. Prior to the 18th century, it was the most
significant region supporting marine mammals “*and is home
to most species of albatross and penguin. It also has a very
short food chain supporting higher predators.

Exploitation of biota has wrought significant change historically
and will likely remain as the dominant human activity across
the region for decades to come. At present, fisheries in the
region target Antarctic krill, Patagonian and Antarctic toothfish
and mackerel icefish. Antarctic krill is the most likely species to
sustain very high catches in the region, although the fishery is

Clockwise from left:

emperor penguins,
,‘ asingle Antarctic krill
‘){ and a juvenile icefish.

A CRITICAL
HYPOTHESIS FOR
POLICY AND
SCIENCE TO ASSESS:

m Southern Ocean
ecosystems will be
impacted this century, in
a non-linear manner and
with outcomes differing
between regions,
resulting overall in a
substantial reduction of
the relative importance
of the krill energy
pathway before 2100.
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FIGURE 1: Important physical features that shape the ecosystems
of the Southern Ocean include the positions of major frontal features
(dark blue lines) and sea ice cover (pink line shows the average
maximum winter extent over the past 10 years) (after Deppeler &
Davidson, 2017%). These physical features play an important role in
shaping patterns of productivity, as illustrated by the near-surface
chlorophyll-a concentration (from Moderate-Resolution Imaging
Spectroradiometer, Aqua satellite estimates from austral summer
seasons between 2002/03 and 2015/16). Major sectors can be
distinguished based on differences in the physical environment
(Constable et al 2014), delineated here by dashed lines.
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currently operating at a low level (approximately 2% of the total
catch limit) but increasing. This fishery may become one of the
top 10 wild-caught fisheries in the world in terms of biomass
production *°. Catch limits for Antarctic krill are currently set by
the Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR), which is responsible for conserving the
biota and ecosystems of the Southern Ocean 7, and amount

to 8.695 million tonnes. These estimates are considered
ecologically sustainable at present, although mechanisms to
avoid local impacts of the fishery are still needed and any future
changes in system productivity would require adjustments

to the catch limits 7. The catch limits are likely to increase solely :
as a result of improved methods for estimating abundance Juvenile southern elephant
from acoustic data from ship-based surveys . If taken in full, seals on Macquarie Island.
catches at the limit would be 11% of the global wildfish fisheries

production in 2011 (78.9 million tonnes)?. By contrast, Peruvian

anchovetta, which is currently the largest single species fishery,

accounts for only 5 % of annual global landings.

The comparative simplicity of the Southern Ocean ecosystem
provides an opportunity to better understand the ramifications
of climate change on ecosystems at large scales, identifying
positive and negative feedbacks. Also, different parts of

the Southern Ocean (sectors in Figure 1) are expected to
experience different changes in physical habitats, which

will provide opportunities for large scale comparisons of
ecosystem responses to different physical regimes. Overall,
this will improve our ability to hone and validate models that
will be used by policy-makers to forecast the likelihood of
different future states .

Further, polar ecosystems are expected to experience
many substantive changes in the physical environment
before other regions of the globe. Early changes such as
these may be used to trigger adaptation responses to
imminent changes elsewhere.

Southern Ocean
mesopelagic fish are key
prey for many predators
including penguins, seals
and larger fish.
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Polar ecosystems are currently the least impacted
ecosystems on the planet — in terms of the direct effects of
current human activities in the region —and may remain so

if the current comprehensive management regimes are able
to respond to the requirements for conserving changing
ecosystems in the future. This makes the Southern Ocean a
perfect laboratory for monitoring the effects of climate change
and acidification on marine ecosystems if fisheries and other
activities are managed in such a way as to maintain the
scientific values of this laboratory.

How does science fit into management?

Science has an integral role to play in the management of
marine ecosystems. Figure 2 illustrates the links between
science and policy. Policy objectives provide the top level of
requirements for the relationship between policy and science,

Biodiversity conservation

OBJECTIVES

Sustainable fisheries

Utility of management
T procedures

Government

POLICY BODIES

ASSESSMENTS Key assessment gaps

SYNTHESIS METHODS

& Status, trends, impacts

International: CCAMLR, IWC,
ACAP, CEP

/I\

Decisions

T

Assessment methods

/P

FIELD WORK

DESIGN

Regional observations

T

Status: Habitats
Carbon Cycle
Productivity
Key Species
Ecosystems

Field design

[

SHORT-TERM DECISION-MAKING
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with a separation of short-term tactical needs to manage
current day direct interactions of people with ecosystems (left
half of the chart) from the strategic needs for adjusting human-
ecosystem interactions in the longer term (right half of the
chart). For tactical needs, science tends to be oriented towards
field observations and assessments of status and trends of the
ecosystem and impacts from human activities. For strategic
needs, science is currently more focused on processes as
well as models that can assess the potential for ecosystems
to change and what future states may arise. However, science
cannot neatly be divided between tactical and strategic needs.
Each depends on the other for producing advice.

The priority for science based on policy needs will be for
research that reduces important uncertainties and gaps
in assessments. Important uncertainties and gaps are the

FIGURE 2: Linkages of science and
policy in the management of marine
ecosystems. Ecosystem objectives
relate to maintaining the status of
key attributes of the ecosystem (dark
T blue boxes). Gaps in the capability
of assessments and models to assist

Avoidance Mitigation
Adaptation

|PCP ) the policy regimes (top half) drive the
Other strategic agencies science to support policy (bottom
half). The left column of activities
T relate to short-term decision-making
) while the right column relates to work
Evaluation to develop a medium to long-term
| policy response. Delivery into policy
requires designing and evaluating
- Future states — Keymodel gaps how to address gaps, undertaking the

field and laboratory work, developing
T the methods for synthesis and

assessments and then undertaking
the assessments themselves.

Dy Ecosystem models

ol

Process studies

T

Modelling design

[

MEDIUM TO LONG-TERM
POLICY RESPONSE
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An Antarctic toothfish is hauled on board a commercial
fishing vessel in the Southern Ocean.
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FIGURE 3: The role of an organism in
an ecosystem. An organism ingests
food based on what is available, and
food preferences (usually smaller
organisms or, in the case of plants,
nutrients from the nutrient pool).

Not all food is assimilated into the
organism. Waste food is ejected as
faeces which, depending on its size,
may sink to deeper water, contributing
to carbon sequestration or feeding
bottom-dwelling (benthic) species.
Some of the faeces may be ingested
by other organisms and/or recycled
into the dissolved nutrient pool by
bacteria. Nitrogenous metabolic waste
is released into the nutrient pool. The
organism may be consumed by higher
predators or suffer mortality from other
agents. The combined result of all

of the trophic interactions shown by
gray arrows is the energy pathways
that make up foodwebs as shown in
Figures 4 and 6.

* Export

Carbon

!

Deep sea / Bottom

attributes of the assessments that substantially reduce
confidence in policy bodies achieving their objectives. That
said, the achievement of the high-level objectives will also be
determined by the ability of management systems to adapt to
the uncertainties in the available science.

Why do foodwebs matter to changing ecosystems?

The biomass of a species, whether it be phytoplankton or
whales, is dependent on the food eaten by the species, giving
rise to production (body growth and reproduction), and by
the loss of biomass through consumption by predators or
other factors that impact on survivorship (which may include
features of its habitat or diseases and the like)(Figure 3).
These relationships are not static, even hour to hour.

Environmental factors can favour some kinds of phytoplankton
over others, each of which, in turn, may be favoured as food
by different herbivores. This can lead to the energy (carbon)
being committed to different energy pathways through the
foodweb, driven by the predator-prey relationships (Figure 4).
In the past, Southern Ocean foodwebs were considered

to be relatively simple and dominated by a short trophic
pathway transferring primary production to top predators
(whales) via krill. However, this is now recognised to be an
over-simplification for much of the Southern Ocean and there
is at least one other energy pathway that moves energy

from smaller phytoplankton to top predators via copepods
and small mesopelagic fishes. Toothfish, a primarily bottom-
dwelling species, feed on mesopelagic fishes and squids
during vertical feeding migrations. They also feed on species
dependent on the bottom-dwelling (benthic) communities
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fuelled by the detrital (particulate) rain from surface waters.
The relative importance of these different energy pathways
in foodwebs has significiant implications for resource
management, in particular the management of krill and
toothfish fisheries in the Southern Ocean. There is therefore
a clear need to understand and predict foodweb change
for Southern Ocean ecosystems. For example, change in
the relative importance of these energy pathways may see
increases in krill and decreases in toothfish or vice versa.

In addition to moving through food chains, carbon can be
lost to the deep sea (sequestration). This may arise through
the transport of carbon dioxide in the water and by sinking of
the tests (shells) and bodies of plants or animals (e.g. whale
carcasses), and discarded waste products, such as faeces
(Figure 3). Different species will have a different propensity

to contribute to carbon sequestration, either because of their
efficiency at using ingested carbon or by the potential for their
wastes to be consumed or recycled in the foodweb (Figure 3).
Thus, the production of a species (its capacity for storing
energy as biomass) will be dependent on the efficiency of the
pathway that provides its main source of energy.

FIGURE 4: Simplified
representation of the role of
different energy pathways

in foodwebs and carbon
sequestration. The left pathway is
regarded as an efficient pathway
from nutrients to the top trophic
level. The right pathway is less
efficient with more intervening
trophic levels and consequent
loss of energy along the way.
This pathway also shows
possible linkages between the
benthic (bottom) and pelagic
(water column, notably epi-

and mesopelagic) parts of the
ecosystem. Carbon sequestration

occurs when particulates sink to
deep water and are not recycled
into the pelagic foodweb (as
shown in Figure 3).

Altogether, the dynamics of important species and carbon
sequestration will be dependent on the structure and function
of the foodweb as a whole. How these dynamics may change
as a result of climate change and ocean acidification will be
dependent on the manner in which species at different trophic
levels will be directly affected by changes in habitats.

Baleen Whales ‘ /'\

Mammals/Birds

Krill Copepods >

N
Mesopelagic
Fish

Dissolved Nutrient Pool | I

Benthopelagic
Fish

Benthic Assemblages

POSITION ANALYSIS: MANAGING CHANGE IN SOUTHERN OCEAN ECOSYSTEMS 11



PART A:
CURRENT KNOWLEDGE
AND SCIENCE

E

WHAT ARE
SOUTHERN OCEAN
ECOSYSTEMS

AND HOW ARE
THEY CHANGING?

Grey headed albatross

nest in colonies on several
sub-Antarctic islands in the
Southern Ocean, including
Macquarie Island, foraging for
food in the open ocean.

Southern Ocean ecosystems

Southern Ocean ecosystems comprise habitats, communities
of interacting species, and foodwebs (Figure 5) that together
perform functions or processes that we can consider as
‘ecosystem services’ (e.g. fisheries production, carbon
sequestration, conservation values). Dominant features of the
physical environment that define Southern Ocean habitats
include the Antarctic Circumpolar Current (ACC) and its frontal
systems, polar seasonality, and the annual advance and
retreat of sea ice 81°"?7. Phytoplankton productivity is
contained within the region by the frontal systems, with

highest production occurring in conjunction with shallow areas,
linked to the supply of iron 78. Along with the physical variables,
the biomass of phytoplankton is also a measure of pelagic
habitat quality.

Habitats in the Southern Ocean show latitudinal zonation from
south to north due to the transitions between the Antarctic
continental shelf, slope, deep ocean, and sub-Antarctic
Islands. There is also longitudinal zonation associated

with the subpolar Weddell and Ross seas, the Scotia Arc

T
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Primary drivers of ecosystem change
Temperature 1 Wind 1 Acidification 1 Harvesting
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FIGURE 5: lllustration of the key features of Southern Ocean ecosystems (sub-Antarctic to left
and Antarctic continent to right). The ecosystem transitions from a copepod-fish foodweb in the
north to a foodweb dominated by Antarctic krill in the south. The seasonal cycle is dominated by
the changing light and sea ice conditions. Future change in temperature, wind and acidification
may drive a shallowing of the mixed layer depth in spring and summer, movement south of the
fronts and greater concentrations of carbon dioxide in the surface waters. The marginal ice zone
is expected to contract with increasing temperatures, although wind can play an important role in
distributing the sea ice. Corresponding changes in the different organisms are shown in Table 1.

in the southwest Atlantic, the Kerguelen Plateau in the

Indian sector, and the Macquarie Ridge and seamounts to
the north of the Ross Sea in the western Pacific sector 2%
(Figure 1). Superimposed on this topographical complexity
is oceanographic complexity associated with the fronts

and zones of the ACC, the shelf sea current systems, the
subpolar gyres, and latitudinal variation in a number of other
factors, most notably temperature, salinity and sea ice . The
interactions of all these factors result in substantial regional
variation in both habitats as well as differences in the effects of
climate change on ecosystems '°.

Productivity and food web dynamics in the Southern Ocean are
dominated by the extreme seasonal fluctuations of irradiance
and the dynamics of sea ice, along with temperature,
carbonate chemistry and light due to deep vertical mixing
34104778 Diatoms are the dominant primary producers,
particularly in the coastal waters, and are also the primary
contributors to the annual carbon flux in the region (Figure 6).
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Southern ocean diatoms photographed
using scanning electron microscope.

Antarctic marine food webs (Figure 6) are considered to be
dominated by Antarctic krill, the adults of which range in size
from 30-60mm and live for up to seven years . Krill is the
dominant consumer of large phytoplankton (diatoms) and
small zooplankton and are themselves food for many of the
fish, squid, marine mammals, penguins and flying birds in the
Southern Ocean.

Other secondary producers (consumers of primary
producers) are salps and copepods. The latter feed on
smaller phytoplankton, and are consumed by smaller fish,
such as myctophids. Food chains where most primary
production reaches higher trophic levels via krill, copepods
or salps represent, respectively, three energy pathways in
these food webs.

The relative importance of krill varies regionally. They are
dominant from the Bellingshausen Sea east through to the
Weddell Sea and the Atlantic sector of the Southern Ocean

%, In the Indian and southwest Pacific sectors of the Southern
Ocean, the krill-dominated system lies to the south of the
Southern Boundary of the ACC &', while in the north the

system is dominated by copepods (Figure 5). In the colder
coastal waters over the continental shelf, including the shelf
regions of the Ross Sea, Weddell Sea and Prydz Bay, the
secondary producers are dominated by ice krill (smaller than
Antarctic krill — Euphausia crystallorophias) and copepods ©'7°.
Copepods are also found in the Atlantic sector but their relative
importance to the food web only comes to the fore when krill
are in low abundance. Those conditions may also favour salps.

In the open ocean zone (not covered by sea ice in winter),
myctophids dominate the fish fauna with distributions showing
a high degree of correlation with oceanographic features,
particularly frontal zones that act as biogeographic barriers
62233 These fishes constitute the mid-trophic level between
mesozooplankton and many top predators (seabirds, marine
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mammals, large fish and squid), and therefore are important
influences on energy flows in these food webs *°. They are
particularly important in sub-Antarctic waters of the Indian
Sector of the Southern Ocean.

Current changes and trends

Southern Ocean ecosystems have been changing as a direct
result of human influence since the near elimination of Antarctic
and subantarctic seals starting in the 1800s, followed by the
overexploitation of many whale species and benthic finfish in
the mid-20th Century ®. The Southern Ocean will substantially
change in the coming decades as a result of climate change
and ocean acidification 81%28_|ncreases in mid-water ocean
temperature 2 and a possible reduction in the extent of sea
ice of up to 30% '>'""%have occurred since the 1940s. Since
the late 1960s, significant changes include increased westerly
winds # as well as a southward shift in their location ®, extent
and timing of sea ice advance and retreat (although varying

Size (m) Baleen whales
10 —
o Top predators
A\l
¢ Seals/Birds
Seals/Birds S (non-krill feeders)

1= (krill feeders) T L—‘
/ Fish & squid ‘z 41\
01 T il

Krill

-
Salps ,

Copepods 7\

0.001 |— Diatoms @@ﬁ /l\ /l\

Krill pathway
0.0001 L_ Small @ o
phytoplankton Fish pathway

=== Salp pathway

Nutrients

FIGURE 6: Generic Southern Ocean foodweb showing the different energy pathways based on the primary herbivores

— Antarctic krill (yellow), copepods (blue), and salps (grey). The complexity of the food web is illustrated by the potential
for some species to be dependent on more than one pathway. The dashed blue line indicates that the predators of salps
are currently unknown. Vertical position indicates the approximate size of different organisms with the largest organisms
at the top and the smallest at the bottom (the size bar on the LHS is on a log10 scale). Not shown here is the contribution
of all organisms to the nutrient pool and carbon sequestration via sinking of whole dead individuals and ejection of waste
products, as summarised in Figures 3 and 4.
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regionally from positive to negative) '€ abrupt loss of ice
shelves #1475 freshening of the bottom water indicating a
freshening of the surface waters, a southward shift in the ACC
fronts, along with a changed eddy field 558 and an increase
in ocean acidification .

Changes in the physical environment of the Southern

Ocean constitute changes in habitats, which have implications
for diversity and Antarctic marine foodwebs. As a result,
climate change is expected to impact more than just

primary production (phytoplankton); the diversity of species
present in different areas is changing through changes in the
spatial extent of different habitats. Also, the modification of
habitats in some areas means that predator-prey interactions
may be affected at different trophic levels of the food web or
the production of some species may be affected by the
energetic costs associated with living in modified habitats
(e.g., changes in sea ice may change the feeding locations
of ice-dependent predators). Thus, climate change can
result in changes in species in lower trophic levels, thereby
changing the production that reaches the higher trophic
levels. It can also result in impacts on higher trophic levels
which then alters the predation pressure on species at lower
trophic levels.

While changes in biota have been identified in recent decades
(Table 1), the mechanisms of change are generally poorly
understood. Species that live near the surface, including
zooplankton *, may migrate southward as the ocean warms,
but regional geography and oceanography may make the
response more complex 8.

In the Scotia Sea, Antarctic krill, the best studied Southern
Ocean pelagic species, had been estimated to have declined
in density and this was attributed to a decline in seaice ',
although these estimated changes have now been assessed
as part of the variability in the system over time “2. The switch
from a krill-based food chain to a copepod and fish-based
food chain in times of low krill abundance *°is likely to be a
result of poorer habitats and primary production available

for krill in some years '°. This suggests that if poorer habitats
persist for longer in the future then the copepod and fish-
based food chain may become more common 73%. The
overall prognosis for Antarctic krill is ambiguous because:

(i) factors that could directly impact them vary regionally, (ii)
they use different habitat features at different times in their
life-cycle (e.g. larvae and juveniles utilise sea ice habitat in
winter *°) and (iii) they are able to adapt to changing conditions
physiologically and behaviourally °. New research is also
showing that the survival of larval krill may be negatively
affected by increasing ocean acidity *¢%” adding further
complexity to these assessments.
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Some key trends in distribution and abundance of bird Emperor penguins on sea ice

populations (penguins and flying birds) have been linked to in EtanSt A”:am“?a- IThtehset g"dsd
. . . . . are the only animals that dree
climate change impacts, including negative responses to during the Antarctic winter

warmer conditions °. However, the primary forces of change
on higher predators may be difficult to untangle because
higher predators can, except in extreme cases, have flexible
responses, behaviourally and/or reproductively, to variability in
prey and foraging habitat. This may mean that the responses
of some populations may lag behind trends in prey or habitats
and may be difficult to attribute to a particular cause if many
factors are changing at the same time, such as may occur
when changes in habitats affect different trophic levels in
different ways 67787,

A difficulty with these analyses is that, at present, there are
no circumpolar assessments of the status of all the major
taxonomic groups, although there has been substantial
progress for some groups (e.g. penguins and seals) and
across many groups in some areas, such as the Antarctic
Peninsula and the Scotia Arc. This makes it difficult to
determine what has happened to these ecosystems overall.

Expectations for the future

Southern Ocean habitats are expected to continue to

change with further southward movement of ocean fronts,
warming and freshening of the surface waters, and increased
stratification ”'. These changes would be a result of the
expected intensification of winds (through the Southern
Annular Mode) and a southward expansion of the subtropical
gyres “8. This will also bring increased upwelling of warm, salty,
nutrient-rich water, including increased incursions of warm
Circumpolar Deep Water on to the Antarctic continental shelf
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Ocean Mixed Move

Taxon Size (m) UV Temperature  acidification  Layer Depth ~ Sea-ice with fronts ~ Eddies
Diatoms 00005 4
Flagellates
(Phaeacystis) 0.0001 N v v
Microzooplankton 0.001 ? ? N%
Bacteria & viruses | 0.000001 N%
Zooplankton N 0.005-0.01
Salps & 001005 \Y
Antarctic krill % 0.05 \l/
v Sub-Antarctic v
Nototheniid fish A@< (i Ny
Myctophid fish = 00501
Oegopsid squid .y (55 N N%
Southern
Elephant seal L- 25 !
Krill-eating seals \ 1-3 N2 ?
King penguin ‘ 1
Emperor penguin l 15 ? ?
no ice to
N . lower ice
Adélie penguin 0.7 ? conditions
heavy ice
conditions
Macaroni penguin 6 0.7 \l/
Baleen Whales ﬁ’ >10 ? ?
Fying birds / 05-2 ? ? ?
Benthic communities i 0.1-05 N N

Table 1: Summary of known direct responses of biota to changes in physical parameters in Antarctica and the Southern
Ocean (based on Constable et al. 2014). UV = ultraviolet radiation. Acidification includes altered carbonate chemistry

and pH. Sea-ice includes consideration of thickness, concentration, and extent without differentiating the factor/s causing
change in each group of organisms. An upwards arrow indicates a positive relationship (increase in the physical variable is
expected to cause an increase in the taxon). A downward arrow indicates a negative relationship (increase in the physical
variable is expected to cause a decline in the taxon). A question mark (?) indicates where there is likely to be a response but
the direction is uncertain, i.e. the result may be variable in space, time or for specific taxa, or the evidence is equivocal. As
physical factors vary in their direction of change between different sectors of the Southern Ocean, the responses in this table
are used to interpret what specific directions of change may mean for the populations in a sector.
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(for example see Sen Gupta et al. 2009 ™). Sea ice is

expected to decrease in both extent °and annual duration “, POSSIBLE

although assessment models show that the sea ice prognosis CONSEQUENCES OF
remains one of the greatest uncertainties surrounding SHIFTS IN ENERGY
Southern Ocean habitats (there is still some discrepancy PATHWAYS:

between observations and model simulations of Antarctic sea m decline in kil will reduce

ice extent 3'4%). Further ice shelf disintegration may occur if
rates of warming experienced in the Antarctic Peninsula area
occur in other regions 75,

These changes in physical habitats are expected to result

in a contraction southward of Southern Ocean ecosystems,

a decline in krill, along with changes in higher predators.

The manifestations of climate change impacts on ecosystems
will vary between sectors, with southward shifts in habitats

abundance of baleen
whales and krill fishery
production;

increase in copepods
may result in increased
toothfish catch;

increase in salps may
increase carbon
sequestration and food
for benthic communities.

along the Antarctic Peninsula, increasing sea ice conditions

in the Ross Sea but uncertain trajectories of change in
East Antarctica.

The responses of biota will be governed by how easily the
taxa can tolerate change within existing physiological flexibility,
adapt to new environmental regimes or migrate to alternative
sites that enable survival. The ultimate consequences of such
changes are expected to go beyond shifts in species ranges
and may result in novel functional organisation and dynamics
of Southern Ocean food webs and potentially to reduced
biodiversity. Importantly, foodweb-level change is difficult to
predict because of the interactions between different energy
pathways in the foodweb and the presence of feedbacks.

Finally, changes in Southern Ocean habitats will affect patterns
of change in primary production and foodwebs. Pelagic
species may migrate southward as the ocean warms and

the winter sea ice extent reduces, but regional geography

and oceanography may make the response more complex.
Knowledge of the key habitat variables that limit the ranges

of key species within food webs will be very important for
determining whether marine food webs will contract polewards.

A minke whale breathes
through a lead in sea ice
in East Antarctica. Minke
whales have been seen
hundreds of kilometres
into heavy pack ice in
the middle of winter.
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SUMMARY OF
KEY MESSAGES

Current understanding/
capability

What needs to be done

Responses of key

species

Responses of key species to
individual habitat drivers are
relatively well understood'™®
(e.g. see Table 1).

There is a need to:

— Better understand combined
effects of multiple drivers and
responses;

— Evaluate the capacity of key
species to adapt to environmental
change.

Habitat change

Habitat change is relatively
well understood at the broad
scale, as are biological
relationships with key

habitat drivers (temperature,
acidification, mixed layer
depth, sea ice extent, sea ice
duration, timing of sea ice
advance and retreat, and the

location of fronts and eddies).

There is a need for better methods
to document and summarise
habitat variability and change at
scales that are meaningful to
policy makers.

Foodweb structure

The krill-based food-chain

is well described, and the
importance of alternative
energy pathways in Southern
Ocean foodwebs has been
established.
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There is a need to better
understand:

— What factors cause differences in
foodweb configuration and in the
relative importance of key energy
pathways (particularly pathways
through mesopelagic fish and
salps);

— What the implications are for
delivery of ecosystem service
(carbon sequestration and
productivity available for
fisheries).



Current understanding/
capability

What needs to be done

Assessing status
and trends in
ecosystems

Estimating future
states

Adapting
management
approaches

We now understand the
components/information that

is needed to undertake a full
assessment of Southern Ocean
ecosystem status and trends.

No clear statements of
ecosystem futures are
currently available but two
things are recognised to

be needed for providing
estimates of future ecosystem
states: (i) dynamic ecosystem
models, and (i) an estimate
of current state to provide a
starting point for projections.

A consolidated framework
for evaluating and adapting
management strategies for
changing Southern Ocean
ecosystems is now available
(see Figure 8).

The first circumpolar assessment
of Southern Ocean ecosystem
status and trends is being led by
the ACE CRC and will culminate in
a conference in Hobart in 2018 on
a Marine Ecosystem Assessment
for the Southern Ocean (www.
measo2018.aq).

Long-term integrated, circumpolar,
biological observations need

to be established to support
assessments of change in the
future (co-ordinated through
Southern Ocean Observing
System).

A set of dynamic models for
Southern Ocean ecosystems are
near completion. Further tools will
be needed to down-scale these
models to support management
objectives for the region.

Benchmarking of Southern Ocean
ecosystems needs support and is
planned for 2022.

Adaptive approaches need to be
informed by scenarios for future
change derived from coupling Earth
System models and end-to-end
ecosystem models, along with tools
for downscaling these results to

the management systems. These
scenarios need to be evaluated
against observations designed to
help discriminate between them.
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5

TIMELINE OF
SOUTHERN OCEAN
ECOSYSTEM
RESEARCH,
CHANGE AND
MANAGEMENT

Scientific study of Southern Ocean ecosystems commenced

in the early-mid 20th century. The Discovery Expeditions,
International Geophysical Year and the advent of the Antarctic
Treaty System and the accompanying Scientific Committee

on Antarctic Research are landmark events. Although
unconnected initially, the growth in large-scale coordinated
scientific activity coincided with the emerging effects of climate
change, ozone depletion and ocean acidification. Timing of
key steps in the development of ecosystem research relative to
ecosystem change is illustrated in Figure 7. A key point is that,
by the time systematic scientific observations commenced,
humans had already been exploiting Southern Ocean
ecosystems for more than 150 years.

Marine ecosystem research has evolved from an initial
emphasis on production, krill and whales at spatial scales
often less than the sectors in Figure 1 to a point where the
research community is endeavouring to take a more whole-
of-ecosystem view at a spatial scale of at least sectors if not a
synoptic circum-polar view. Nevertheless, patchy sampling of
the biota, in space and time has meant that there are very few
datasets from which we can identify the state of the ecosystem
and the relationships between many of the physical, chemical
and biological variables.

A number of censuses have helped contribute to
circumpolar estimates of abundance of Antarctic krill®60%,
Adelie penguins®4+& emperor penguins?, pack ice seals®!,
and baleen whales*!. Time series of observations of different
components of food webs became co-ordinated in the
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1980s through activities in SCAR and the establishment of
the ecosystem monitoring program of the Commission for
the Conservation of Antarctic Marine Living Resources
(CCAMLR) °. However, long-term observations integrated
across all levels of the food web along with the physical
environment have not been taken routinely in many locations,
except in the vicinity of the West Antarctic Peninsula®' and

the Scotia Sea®. Most of this work is oriented towards krill-
centred interactions. Few areas have data on the other
energy pathways in the region. An assessment of pelagic and
benthic biodiversity was undertaken by the Census of Antarctic
Marine Life during the International Polar Year (CAML-IPY;
2007-2008) *®leading to the SCAR Biogeographic Atlas of
the Southern Ocean .

Recent reviews on the state of knowledge on the status of
Southern Ocean ecosystems indicates an overall paucity of
data and results available to examine the current and future
impacts of climate change and ocean acidification on Antarctic
food webs 1062, In particular, the IPCC Working Group |I
Summary for Policy Makers concludes there is only medium
confidence around statements of ecosystem change for polar
regions due largely to this lack of data to estimate whether
change has occurred. The Summary for Policy Makers also
indicates the need for enhanced monitoring, regulation and
warning systems that achieve safe and sustainable use of
ecosystem resources in these areas (see also the Millennium
Assessment 2005°" and the report of the Scientific Committee
of CCAMLR in 2011°7).

1800 1900 2000
Exploitation I SEALS
WHALES [
BlFsH
Atmosphere GREENHOUSE GASES N
I 070NE
Physical change SEA ICE/SO HEAD CONTENT NN
. e
INDIAN SECTOR [
Research I s TvLLTES
LoNG- TERM FIELD STUDIES [
Management CCAMLR[___ |

2100

In 2003, ACE CRC
added ecosystem
capability to its
biogeochemical
capability with
leading research on:

m key processes that
influence krill dynamics
and ecosystem ecology
in East Antarctica,

m the role of seaice
in Southern Ocean
ecosystems, and

m ecosystem assessments
and modelling
ecosystem futures.

FIGURE 7: Timeline of
exploitation, environmental
changes, major international
field programs, major long-
term observing activities,

and management (see text

for details). Present day is
indicated by the vertical red
dotted line. Satellite data began
with measurements of physical
ocean variables (e.g. Sea
Surface Temperature, orange
part of bar) with ocean colour
being measured alongside
physical variables from 1997
(dark blue part of bar).
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PART B:

POLICY-ORIENTED SCIENCE
FOR ESTIMATING CHANGE

4

THE POLICY
CHALLENGES

FOR ECOSYSTEM
SCIENCE IN THE
SOUTHERN OCEAN

A scientist working in the
wet lab on board RV Aurora
Australis sorts mesopelagic
fish species collected around
the Kerguelen Plateau.

Climate change is challenging ecosystem scientists to
determine how ecosystems are changing, how fast they are
changing and what capacity key biota have to buffer against
the changes impacting them. For the Southern Ocean, the key
overarching questions for ecosystems are:

Carbon uptake and storage:

= How will the uptake of anthropogenic CO? by the Southern
Ocean be affected by climate change?

= How might changes in the food web influence that uptake?

Fisheries:

= How will Antarctic fisheries production be impacted by
climate change?

= Could fisheries impact on the long-term resilience of Antarctic
krill-based food webs to climate change effects?

= What management strategies are needed to ensure fisheries
remain ecologically sustainable and do not contribute to
undesirable shifts in ecosystem structure and function?

Conservation:

= How will climate change impact on marine mammals and
birds in Antarctica and the Southern Ocean and will the
recovery of depleted populations be impeded?

24 POSITION ANALYSIS: MANAGING CHANGE IN SOUTHERN OCEAN ECOSYSTEMS
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m What is the potential for a shift to a less productive and
less efficient food web based on copepods and fish rather
than krill?

From a scientific perspective, these questions can be
distilled into the following capabilities, which can then be
used to address the different questions above:

Scientific Capability 1:

Status and trends of key biota and ecosystems

m Assessments of the current state of key biota and
ecosystems, against which change in ecosystem structure
and function can be measured.

m Estimation of changes in key biota and ecosystems,
including attributing the causes of change, such as the
effects of fishing and/or the effects of climate change.

Scientific Capability 2:

Estimation of the likelihood of future states

m Identification of critical processes, mechanisms and
feedbacks that directly influence the population responses
of biota to change in their habitats and the productivity and One of the most common species of pteropod in the Southern
dynamics of the ecosystem generally. Ocean, Limacina helicina antarctica.

m Assessments of the likelihood of future changes in biota
and ecosystems under specific climate change and/or
fishery scenarios.

Injecting science into decision-making
In managing ecosystems (as for managing complex Climate change
systems in general), managers aim to achieve system is challenging
objectives despite their uncertainties in knowledge.

Uncertainties may stem from: (i) assumptions about how egosystem
the system works (including the manner in which people scientists to
interact with the system); (ii) knowledge about the state of determine how

the system and where it is heading; and (iii) the degree to
which the future state of the system will be affected by .
random behaviour. In fisheries, these three components changing
would be considered, respectively, as (i) the fish stock

population parameters that are influenced by environmental

conditions (e.g. growth, reproduction, natural mortality

and fishing mortality), (ii) the current state and trajectory of

abundance and stock structure relative to some reference

level, and (iii) natural (stochastic) variability in the fish stock.

In setting levels of human interaction, e.g. fishery catch limits,

a manager needs to consider the risks of failing to meet the

objectives as a result of uncertainties in the process. For a

given catch, greater uncertainty means relatively higher risk.

A precautionary approach entails maintaining a comparatively

low level of risk.

ecosystems are

Control systems theory has been used to help assess the
risks of a management strategy failing to meet the objectives
in fisheries and ecosystem management as a result of
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uncertainties '. It can also be used to assess the trade-offs

in risk between different scenarios, such as risks associated
with different management actions governing catch and risks
arising from different levels of scientific efforts to address the
uncertainties in stock parameters, stock status, and dynamics.
This approach can be extended to include scenarios for long-
term change in environment as a result of climate change and
ocean acidification. A systems approach such as this could
also include how risk may be moderated by actions to avoid,
mitigate or adapt to climate change and ocean acidification.

Figure 8 shows the interaction between management, industry
and science in a “control system” for the case of fisheries.
Even though we may not have perfect knowledge of the entire
system, it is still possible to simulate (model) it based on the
knowledge that we do have of the different components of

the system and their interactions, including the ecosystem.
Simulations can then be used to explore plausible scenarios
and determine how management, science and industry may be
adjusted in order to successfully meet the objectives with an
agreed maximum level of risk 2.

Assessment of future trends

Annual
data

survey Catch data

Long-term Ancillary observations
Ecosystem research m::laat;emem
Observations Strat
Assessments rategy
Fishing Within season

Region grounds Provisions
T Decision rules
Authorised
vessels
MANAGEMENT STRATEGY Annual management ¢
measures

FIGURE 8: Adaptive management strategy showing short-term requirements of science for management and the
longer-term requirement to achieve adaptation of the management system before problems arise (after Constable &
Welsford 2011)'2. The management strategy utilises data from the fishery and regular surveys in an assessment of the status
of the stock. Catch limits and their spatial distribution are set according to pre-agreed decision rules that specify how the
catch will be altered to achieve the objectives (e.g. long-term annual catch that will be consistent with the conservation
requirements of the Convention on the Conservation of Antarctic Marine Living Resources). Annual management measures
are then established and used to govern the authorised vessels. Some within-season provisions may be needed, such

as keeping the by-catch rates within acceptable bounds. Annual assessments may be insufficient to determine when the
management strategy may need to be adapted to changes in the ecosystem. A combination of long-term ecosystem
observations and ecosystem models will be important for assessing future trends in the ecosystem and to signal when the
management strategy may need to be adjusted in order for the objectives to be met in the long-term.
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Using science to formulate objectives

Fisheries usefully illustrate how science can contribute to the
formulation of objectives that can then be used for making
decisions to manage human activities.

Management of fish stocks often assumes that:
i) a stock biomass gravitates around a stable median level,
despite its inherent natural variability
ii) if the biomass is exploited at a relatively constant rate, the
new stable median value will be at a proportion of a median
level prior to exploitation.
i) biomass will recover to the pre-exploitation median over
time, in the absence of fishing, no matter how depleted the
stock may become.

At the ecosystem level (multiple stocks and species), the
extension of these assumptions is that the ecosystem has
an approximately equilibrium state that is very resistant to
change. These principles are encapsulated in the decision
rules for CCAMLR fisheries ® and are illustrated for Antarctic
krill in Figure 9.

Pre-exploitation stock Target level
(stock size to sustain

stock and predators)

Reference level
(stock size in the
absence of fishing)

FIGURE 9: lllustration of the principles
embedded in the rules for determining
long-term annual catch limits for Antarctic
krill by the Commission for the Conservation
of Antarctic Marine Living Resources
(CCAMLRY). The principles are based on the
relative status of the population (spawning
biomass) over years. The pre-exploitation
median spawning stock biomass is the
reference level (top red horizontal line)
under constant system productivity. The
target level for the spawning stock (middle
red horizontal line) was determined to be
0.75 of the pre-exploitation level, based

on an assumed level of requirements for

krill predators and that recovery of the
ecosystem needed to be able to occur in two
to three decades (vertical long-dashed lines
at 90 and 100 years) should fishing cease
(fishing period indicated by vertical dotted
lines; here fishing begins at year 10 ends at
year 70). The decision rules also recognise
the need to ensure the fishery has only a low
chance of causing the stock to decline below
the critical level (bottom red horizontal line),
which was set at 20% of the pre-exploitation
level. The solid black line indicates a stock
trajectory based on a surplus-production
model and a long-term annual yield by the
fishery that satisfies the decision rules.

Critical level
(stock size below which stock
recovery is highly uncertain)

10 e Q ........................
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FIGURE 10: Schematics showing
the relationship between two
alternative ecosystem states based
on the dominant prey — Antarctic
krill (orange) or mesopelagic fish
(blue) — and an environmental
gradient. Three plausible scenarios
are shown: (a) a linear change in
environmental gradient gives rise to
a linear transition from Antarctic krill
to mesopelagic fish. (b) a nonlinear
transition from one state to the
other occurs over a small change
in the environmental gradient. (c)
hysteresis occurs giving rise to two
alternative stable states along the
environmental gradient.

Why should policy-makers be concerned about how
ecosystems respond to climate change?

Management approaches for fish stocks and marine
ecosystems generally require that (i) the trajectory of a species
is largely predictable, relative to the environment and to other
species, and (i) these relationships are measurable now.
However, these requirements, together with the assumptions
described above for the recovery of fish stocks, may not
stand up to the reality of biological systems, particularly under
climate change and ocean acidification. Acidification and
climate change in particular may cause dramatic changes

in the relationships between species, yielding unpredictable
ecosystem states in the future.

There are three plausible scenarios for ecosystem change
under climate change (Figure 10). The first of these is that,

if the ecosystem changes in a consistent manner relative

to environmental changes, then the long-term change may

be wholly predictable based on estimates from recent
observations (Figure 10a). Under this first scenario, if the
environment is restored then we expect that the ecosystem will
be restored as well. The second scenario is that the current
rate of change in the ecosystem may not remain constant and
that an abrupt, non-linear transition from the current ecosystem
state to a new state may occur at some time in the future
(Figure 10b). Under this scenario, restoring the environment
will also result in the ecosystem being restored but with rapid
restorative change at some point. The third scenario is one in
which alternative stable states (hysteresis) are possible (Figure
10c); these states are hyperstable despite change in the
environment. In this scenario, the ecosystem state deteriorates
until a ‘tipping point’ is reached and the alternative state rapidly
takes over. This alternative stable state then remains even if the
environment returns to conditions that supported the other state
in the past; restoring the ecosystem will require much more
substantial environmental restoration or may not be possible
within the constraints of restoration.

Nonlinear transitions and hysteresis are of particular concern
for management; an important goal in designing robust
management approaches is to maintain the resilience of
biological systems to help ensure that management actions
do not precipitate phase shifts or alternative stable states.

(A)

State

(B)

State

()r
| -t

State

Environmental Gradient

Environmental Gradient Environmental Gradient
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An important question for science — in
supporting policy makers —is whether
ecosystems (and species) have
comparatively smooth relationships with
environmental change or are prone to
phase shifts or hysteresis.

The implications of these considerations
for management of marine ecosystems is
illustrated in Figure 11 using the Antarctic
krill fishery managed by CCAMLR as an
example. The three scenarios shown
here relate to shifts in primary production,
which would be expected to cause
consequent shifts in production of krill.
These simple scenarios do not directly
consider the effects of krill predators on
krill and how their relationship with Kkrill
may change under climate change.

As Figure 11 suggests, knowledge of the
status and trends of the ecosystem and
its primary components are important
challenges for managing and adapting
to the future. Importantly, science can
advise policy-makers on what is needed
to discriminate between competing
hypotheses on the future state of
ecosystems and to accommodate these
needs in determining how to adapt
management strategies to satisfactorily
achieve their objectives (Figure 8).

FIGURE 11: Scenarios indicating the
consequences of possible future ecosystem
changes on the effects of fishing on Antarctic
krill and why long-term assessments of the
status and trends of the ecosystem can
enable adaptation before problems arise. In
the first scenario there is an overall decline in
production that manifests as a decline in the
stock; population status is below the target
level for a short period of time. In the second
scenario there is step change in system
productivity and an unchanged constant catch
causes overfishing below the target level.
The final scenario includes a catastrophic
shift in the ecosystem coupled with a shift in
system productivity (e.qg. if krill production
declined due to decreasingly favourable
environmental conditions and recruitment failed
catastrophically in one or more years); under
this scenario the stock is reduced below the
critical level and does not fully recover to the
reference level after 30 years.

Population status

Year

Decline in stock parallels decline in production.
Unchanged constant catch causes overfishing long-term.

Shift in system productivity

Population status

Unchanged constant catch causes overfishing below
target level soon after step-change in production.

Shift in system productivity +
Catastrophic shift in ecosystem

Population status

Year

Unchanged constant catch causes critical levels of overfishing
after catastrophic decline in stock from ecosystem pressures.
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ASSESSING
STATUS, TRENDS
& FUTURE STATES

An automated camera
records an Adélie penguin
colony at Whitney Point
near Casey Station.

The state of an ecosystem can be summarised according

to nine ecosystem properties 8. These ecosystem properties
relate to spatial arrangements of taxa (Habitat, Diversity
[species pool], Spatial Distributions of Organisms), food-web
structure and function (Primary Production, Structure [relative
abundance of taxa and processes], Production [of different
trophic levels], Energy Transfer), and human pressures
(Regional, Global). Assessments of these properties can be
used to facilitate decisions on how management strategies
may need to be altered (Figure 8).

Regular field measurements are needed to provide the data
for estimating the status of these ecosystem properties in
different regions of the Southern Ocean and how they may
be changing over time. Many of the measurements that are
currently taken routinely relate to the physical environment.
Biological indicators are only available for particular aspects
of the ecosystem, most notably on the effects of fishing
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(see references cited in Shin et al. 2010) . An approach for
establishing a set of measurements to satisfactorily assess
status and trends in Southern Ocean ecosystems is described
in Constable et al (2016) 8. The identification of ecosystem
Essential Ocean Variables (eEQVs) will help this process.
eEQVs are biological or ecological quantities derived from field
observations in order to be able to estimate the ecosystem
properties. They will often include abundances of those taxa
that represent the primary dynamics of a food web, together
with key elements of the ecology of these taxa, e.g. diet,
reproduction and growth rates. Several different types of field
measurements may be collected in order to estimate the
eEQVs. For example, satellites can measure ocean colour,
from which the concentration of Chlorophyll a is estimated. An
algorithm is then used to convert these measures to an eEOV
for phytoplankton abundance. Periodic measurements of the
phytoplankton in the water help validate the continued use of
the satellite-derived measurement of the eEOV.
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Issues of uncertainty and
attributing change to causes

The selection of eEOVs will need

to balance their importance in
monitoring ecosystem status and
change, with the feasibility of their
sustained measurement based on
present and emerging observing
technology. Marine ecosystems are
inherently variable in space and time,
often resulting in the need for long
time series of data to differentiate
change from natural variability.
There will be a trade-off between

the number of observations needed
and the statistical power required for
quantitative statements of change.

A mid-water trawl net is deployed
from the RV Aurora Australis in the
Indian sector of the Southern Ocean.
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The Southern Ocean provides a large-scale natural experiment
where the physical changes in habitats arising from climate
change will differ between the sectors of the Southern Ocean
in Figure 1. The East Pacific sector includes the West Antarctic
Peninsula, which is one of the fastest changing marine regions
on Earth with its loss of sea ice and ice shelves. The Atlantic
sector includes the Scotia Arc, which is likely to experience
significant shifts southwards of available krill habitat. The
Indian sector includes the Kerguelen Plateau, which is
experiencing southward movement of frontal systems that may
result in substantial reductions of icefish populations. At the
same time the sea ice environment in the Indian sector may be
more favourable to predators, such as penguins, rather than
less favourable, as is occurring on the Antarctic Peninsula.
The West Pacific sector includes the Ross Sea, Balleny Islands
and the Macquarie Ridge. Here, the sea ice environment is
expected to increase. With concurrent studies in each of these
four different treatments for climate change impacts, key
processes and responses of Southern Ocean ecosystems to
climate change will be able to be identified more easily.

The expansion of fisheries into important areas will potentially
be a confounding factor for understanding climate change
impacts on productivity and ecosystem dynamics. Reference
areas in these main regions that are able to minimise the
effects of fishing will be important for undertaking robust
assessments of whether changes should be attributed to one
or both of climate change and ocean acidification.

Changing resilience to extreme events

The shift from a food web dominated by krill to one dominated
by copepods in the south Atlantic occurs because of rare but
extreme events. The indirect effect of these events is failed
reproduction by krill-dependent predators in those years. More
frequent extreme events may make the system vulnerable to
abrupt transitions or tipping points. Reference areas can help
determine whether the frequency of exireme events may be
changing and whether fisheries may alter the resilience of food
webs to such changes.

Scenarios of the future

Population models for individual taxa are difficult to use to
examine climate change impacts on species in the future
because they lack the positive and negative feedbacks

that may arise in food webs and ecosystems as a whole.
Representations of Southern Ocean ecosystems in dynamic
models are needed to validate the performance of individual
population models but also to examine the likelihood of phase
shifts or alternative stable states arising in the future, given
the climate change scenarios predicted by Earth System
models %, Moreover, these dynamic models can help explore
the relative importance of global and regional pressures in
explaining the current and future trends in these ecosystems.
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These models need to be constructed in such a way that they
will be free to re-organise the relative importance of taxa in the
food webs and that tipping points could be an outcome in the
simulation.

Future states will be determined by the starting conditions

for the ecosystem (benchmark), scenarios for the primary The likelihood of
drivers of the system (usually physical forcing variables) hypothesised futures
and the responses of the different taxa to those drivers and .
change in other taxa. Models can be validated by continuously can be tested with
fine-tuning critical parameters and states through repeated models and data.
field observation and estimation of eEQVs. As the skill of

a given model is improved in replicating existing data, its

ability to project the likelihood of future states improves.

Importantly, continued measurements of eEOVs provide the

means by which predictions from the models can be verified;

measurements in the future can be used for determining which

models make good predictions and which do not. Ideally,

several models would be used together in an ‘ensemble’;

contrasting the ensemble of models with field data shows

which models are the most plausible given the data 2% 62,

The most reliable models, ie those that regularly give correct

predictions, will be best for making decisions.

The development of end-to-end (physics to higher predators)
ecosystem models is considered a high priority in the
Southern Ocean science community %2. The ACE CRC is
developing the Atlantis end-to-end ecosystem model 2 for
simulating ecosystems in the Indian sector of the Southern
Ocean (Figure 13).

FIGURE 13: Domain of Atlantis?®®> model being developed for Indian Sector of the Southern Ocean.
Red lines indicate spatial polygons over the whole domain. Yellow lines indicate a smaller model
being developed to test the model with existing data before the larger domain is completed.
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Fieldwork is a critical
component of
ecosystem assessment
and monitoring.

‘ (©))

A STRATEGIC
APPROACH
TO MEET THE
CHALLENGE

Regular assessments of status and trends in Southern Ocean
ecosystems are needed. A strategy to achieve these must
include (i) identification of the quantities needed to indicate the
status of an ecosystem, (i) the field methods that would be used
to take the measurements, (iii) a design of the field program to
measure the status of the ecosystem in a region, (iv) a design
of how often the measurements may need to be taken given
the time scales of natural variation and change in the indicators
being measured, and (v) an assessment methodology. Once
the assessment methodology is determined, Southern Ocean
ecosystems will need to be ‘benchmarked’ in order to provide a
strong foundation for assessing future change.

At present, several large scale monitoring programs for
assessing the current and future impacts of climate change
on marine biodiversity and ecosystems are being developed.
Internationally, the importance of large scale, integrated
measurement programs is now recognised *, particularly
through the SCAR-SCOR Southern Ocean Observing System
(SOO0S) % and the IMBER program Integrating Climate and
Ecosystem Dynamics (ICED) in the Southern Ocean .

An international work program through SCAR, SOOS, and

ICED for assessing status and change in Southern Ocean

ecosystems includes work to address the questions:

1. What is the current status of Southern Ocean ecosystems?

2. What measurements could be routinely used to assess
change in different components of these ecosystems?

3. What models and statistical assessment methods can be
used to estimate status and trends in these ecosystems and
to forecast the likelihood of different states in the future?
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An international conference, including a series of workshops,
on a Marine Ecosystem Assessment of the Southern Ocean

in 2018 is being organised and led by the ACE CRC. This
conference aims to develop a quantitative assessment of the
status and trends of habitats, species and foodwebs, as well
as key drivers of change. It also will identify important gaps
and priorities for future research on these assessments as well
as the development of modelling and assessment methods to
support them.

A key element for future assessments will be to benchmark the
status of Southern Ocean ecosystems, possibly in 2022-23.

In the first instance, available data will be used to conduct
regional assessments and to help identify appropriate field
strategies. A longer-term program is being developed to
integrate satellite, ship and land-based observations along with
those from autonomous platforms. For example, a transect
design is being considered based on the oceanographic
approach established by the World Ocean Circulation

Experiment (WOCE) ™ but taking
account of biological variability (Figures
14,15) &,

Advancing these research capabilities
will enable a second more
comprehensive ecosystem assessment
by the end of the next decade (2030),
enabling decadal re-assessments of
status and trends of Southern Ocean
ecosystems thereafter. Australia’s work
as part of international work programs
contributes to increasing knowledge
and understanding of the Southern
Ocean ecosystem and also provides
important base for national policy

and management of fisheries and
conservation of wildlife and biodiversity
in its maritime jurisdiction.

FIGURE 14: lllustration of a
potential design of field sampling
for ecosystems in the Southern
Ocean Observing System. The
map of the Southern Ocean
shows potential field capability
at present, using satellites, land-
based monitoring and possible
transects that could be occupied
routinely using shipping in the
region. Black circles indicate
transects near where shipping
operations exist. Blue circles are
transects that may be possible
with some deviations. Light
circles are those transects that
would be desirable but not near
regular shipping routes.

The first letters on transects
relate to sectors that may be
used for assessments: E =
East Pacific, W = West Pacific,
| = Indian, A = Atlantic (Figure
1). The second letter E =
Ecosystem transect and then a
number for identification. (after
Constable et al. 2016°).

{'6‘% SO0S

¢ ctre—
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.

BENEFITS OF
MEETING THE
CHALLENGE

FIGURE 15: Australia’s marine
jurisdiction, showing the
Exclusive Economic Zone and
the Extended Continental Shelf
areas. The CCAMLR boundary is
shown with a red line.

Having the capacity to observe and assess status and trends
of Southern Ocean ecosystems will provide the necessary
long-term context of ecosystem change for bodies responsible
for managing the region. For Australia, it will provide important
assessments that underpin the management of fisheries and
the conservation of wildlife and biodiversity in the Indian Sector
of the Southern Ocean. Australia has a significant interest in
that sector; 36% of its marine jurisdiction is in the Southern
Ocean (not including the South Tasman Rise) (Figure 15).
Research into change in these ecosystems is a high priority in
the Australian Antarctic Science Program’s Strategic Plan.

Australia’s commitment to Southern Ocean ecosystem
research developed from participation in the Biological
Investigation of Marine Antarctic Systems and Stocks
(BIOMASS), established by the Scientific Committee on
Oceanography (SCOR) as the first large-scale, multinational
research program focusing on the marine ecosystems and
resources of the Southern Ocean. BIOMASS had direct

and significant effects on discussions of these issues by
parties to the Antarctic Treaty and within Antarctic Treaty
forums, and directly shaped Australian research efforts in the
Southern Ocean. This led to Australia’s active leadership in
the development of an innovative multi-species ecosystem
approach to management, pioneered in what became the
Convention on the Conservation of Antarctic Marine Living
Resources (CCAMLR). CCAMLR's focus on science-based
conservation management provided early implementation

of what has become known as the precautionary approach.
Australia, as depository state for CCAMLR and an active
member of its commission, has supported the ongoing
evolution of ‘the CCAMLR approach’, its values and objectives.

The observation and assessment program provides a focus
for ongoing science in the Southern Ocean. It provides

a new direction and opens a range of opportunities for
Australia, while addressing the key goals of the Australian
Antarctic Program and reinforcing the longstanding bipartisan
statements of Antarctic policy interests. These opportunities
develop from the fact that Australia (or any other party)

alone cannot achieve the stated objectives for the Southern
Ocean. This program is built on international cooperation and
collaboration in logistics (including ship and air time), science
projects and work in international forums, within and outside
the Antarctic Treaty System. It provides a further opportunity
providing a significant foundation for Australia’s policy
objectives for managing climate change impacts, fisheries and
conservation in the region.

36 POSITION ANALYSIS: MANAGING CHANGE IN SOUTHERN OCEAN ECOSYSTEMS



FIGURE 16: Types

of technologies that
could be used to
monitor indicators

of Southern Ocean
ecosystems, including
remote sensing
(satellites, moorings,
gliders), underway

measurements (such
as the continuous
plankton recorder,
surface phytoplankton
and acoustic
measurements of

krill, fish and other
schooling organisms),
ship-based station
observations using
CTDs and net
sampling, land-
based studies of the
population dynamics,
foraging and diet of
seals and seabirds,
and fully integrated
remote/ship/land
studies.

GLOSSARY

Benchmark: A comprehensive assessment
at a single point in time, to serve as a point of
reference for future assessments of change.
Benthic: On or near the sea-floor.
Benthopelagic: A term used to describe
organisms that are bottom-associated but
move up into the water column to forage
(e.g. Patagonian toothfish).

Control system: A system that regulates/
controls the behaviour of other, component
systems; in this context an overarching
framework to link science and fisheries
management.

Copepods: Small crustaceans, generally
ranging between 100 um and 6 mm in
length, which form a dominant component of
mesozooplankton communities on a global
scale. Their high abundance makes them
key contributors to secondary production in
Southern Ocean ecosystems.

Ecosystem: Linkages of physics, chemistry
and biology as a whole system, the
function of which is characterised by the
flow of energy through the major pathways
(food chains). Services such as carbon

sequestration and and fisheries provision are
a by-product.

Food web: The network of trophic links
(inter-connected food chains) among taxa or
groups in an ecosystem.

Habitat: The physical and biological factors
that define the environment in which an
organism lives (e.g. for Antarctica — sea ice
habitat, benthic habitat, pelagic habitat).
Marginal ice zone: The part of the Sea Ice
in the Southern Ocean that is substantially
affected by the open-ocean (e.g. where the
ice pack is impacted by ocean swell and
currents). The maginal ice zone may extend
tens or hundreds of kilometres from the
ice-edge, and retreates poleward as the ice
melts in the spring/summer then advances
equatorward in the winter each year.
Myctophids: Fishes between 5-20 cm

that are noted in many oceans comprising
‘feed layers’ between the surface and
800m deep. These are often referred to as
mesopelagic fish.

Pelagic (epi, meso, bathy): In the open-
ocean. In the pelagic zone, the water

column is typically split into epipelagic,
mesopelagic, and bathypelagic zones
—which are often defined as 0-200m,
200-800m, 800-2000m respectively.
These terms are used to describe both

the zones, and the organisms that inhabit
them (e.g. mesopelagic fish — the fish that
inhabit the mesopelagic zone).

Reference areas: Areas in which one or
more activities or impacts are deliberately
excluded so that they can provide a point of
reference for the state of areas where these
activities continue. Reference areas are
important because traditional before/after
comparisons have limited use in evaluating
impacts under changing environmental
conditions.

Tipping point: The point at which a

system shifts between alternative stable
states91. Beyond a tipping point the new
alternative stable state will remain even if
the environment returns to conditions that
supported the previous state in the past.
Trophic level: The position that an organism
occupies in a food chain.
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