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The challenges that climate change poses for marine ecosystems are already manifesting in impacts at the species, population, and
community levels in Australia, particularly in Tasmania and tropical northern Australia. Many species and habitats are already
under threat as a result of human activities, and the additional pressure from climate change significantly increases the challenge
for marine conservation and management. Climate change impacts are expected to magnify as sea surface temperatures, ocean
chemistry, ocean circulation, sea level, rainfall, and storm patterns continue to change this century. In particular, keystone species
that form the foundation of marine habitats, such as coral reefs, kelp beds, and temperate rocky reefs, are projected to pass
thresholds with subsequent implications for communities and ecosystems. This review synthesises recent science in this field:
the observed impacts and responses of marine ecosystems to climate change, ecological thresholds of change, and strategies for
marine conservation to promote adaptation. Increasing observations of climate-related impacts on Australia’s marine ecosystems—
both temperate and tropical—are making adaptive management more important than ever before. Our increased understanding
of the impacts and responses of marine ecosystems to climate change provides a focus for “no-regrets” adaptations that can be
implemented now and refined as knowledge improves.

1. Introduction

Australia’s marine ecosystems are typically areas of high
biodiversity and important for the ecosystem services they
provide to marine industries (e.g., fisheries, aquaculture, and
tourism) and people, as well as being iconic features of
Australia’s national identity. Climate change poses signif-
icant challenges for sustainably managing marine species,
communities, and ecosystems. Already impacts are being
observed in Australia’s marine ecosystems due to extreme
climate events such as heat waves [1], tropical cyclones [2–4],
and flooding [5, 6]. Further, climate change projections
suggest extremes are likely to increase in the future [7, 8].
Themagnitude of impacts onmarine ecosystems andwhether
they can adapt depend on the rate and magnitude of change,
the response of marine species and ecosystems, and their

resilience to future climate change [9]. Some marine species
and ecological communities will be able to respond, while
others will require support in order to adapt to increasing
climate-related stressors.

The current condition of marine ecosystems plays an
important role in determining how they will respond to
climate-related disturbances (both acute and chronic) and
whether they are able to cope with an increasing rate and
magnitude of change. This natural capacity to withstand
and recover from disturbances, or resilience [10, 11], is often
described as the maintenance or return to a stable state [12].
Some projected climate-related changes are within the his-
toric range of variability experienced by marine species.
However, the global rate of change is projected to exceed this
historic exposure [13]. Natural adaptation and resilience may,
therefore, not be sufficient to cope with projected changes
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and may need to be supported by appropriate strategic
conservation. The range of strategies available to managers
to enhance resilience of marine ecosystems will vary spatially
and temporally depending on (i) the response of species,
communities, and ecosystems to climate change, (ii) their
current condition, (iii) trade-offs with other socioeconomic
imperatives, and (iv) existing governance arrangements and
management paradigms.

This review provides a synthesis of recent scientific
studies relevant to climate change impacts and adaptation
of Australia’s marine biodiversity and ecosystems and how
these can inform conservation management. Adaptation of
marine ecosystems to climate change can be reactive or
anticipatory, planned or autonomous [14, 15], and occur at a
range of scales from individuals to complex ecosystems. For
most natural systems, adaptation is inherently autonomous.
However, adaptation can be assisted by interventions that
maximise resilience and reduce harm [16] or realise oppor-
tunities associated with the consequences of climate change.
Management can influence adaptation and resilience of
marine ecosystems in two ways: by acting to reduce
the exposure of ecosystems to climate change that reduces
condition and undermines resilience or by supporting
autonomous adaptation of ecosystems [17]. Conservation
management is now undertaking vulnerability assessments
to better understand the sources and scales of climate-related
impacts and to inform response strategies that build adaptive
capacity and enhance resilience [6, 18–20]. Implementing
planned adaptations to elicit strategic change in anticipation
of a variation in climate requires management regimes that
take a systems perspective, particularly across sectoral and
jurisdictional boundaries; embraces diversity and change,
particularly through accountability, transparency, and being
inclusive; and includes coordinated governance [21].

Specifically, this review considers recent climate change
science—impacts and thresholds of response for marine
species and ecosystems—and how this can focus conser-
vation management on ecosystem-based approaches and
planned adaptations. It represents the key findings of a
larger initiative to determine whether the research priorities
identified in Australia’s National Climate Change Adaptation
Research Plan forMarine Biodiversity and Resources [22] are
being addressed that included a review of marine fisheries
[23].This review provides a synthesis of climate change impli-
cations for conservation management and what research
focus is needed to inform future management under a
changing climate.

2. Observed Impacts of Climate Change

The impacts of climate change on Australia’s marine ecosys-
tems are already being observed in southeast temperate
regions (e.g., [24–26]), the southwest [1, 27], and the trop-
ical north (e.g., [28–30]). Recent research has documented
impacts in southeast Australia on marine species in response
to changing climate drivers, including a decline of giant kelp
(Macrocystis pyrifera) by up to 95% at some sites [31]; a
poleward range extension of the long-spined sea urchin

(Centrostephanus rodgersii) into Tasmania [32], poleward
shifts of seaweed species along Australia’s east and west coasts
since 1940 [33], and tropicalization of fish communities [34].
In the southwest, reduced resilience of kelp to disturbances at
the northern limit of their range has been documented [35],
a marine heat wave in 2011 led to a range contraction in
the habitat-forming seaweed Scytothalia dorycarpa [27] and
a subsequent shift in community structure towards a depau-
perate state, as well as a tropicalization of fish communities
[1].

Australia’s temperate marine regions have high rates of
species endemism (e.g., [36]) and with the observed [37] and
projected [38] accelerated warming of Australia’s southeast
marine waters and Tasman Sea, some temperate species are
already showing southward (poleward) distributional shifts,
while other endemic species will be unable to shift their
distribution further south as available habitat is limiting. The
expansion of the long-spined sea urchin (C. rodgersii) into
Tasmanian waters from New South Wales is altering benthic
habitats critical for local species, such as rock lobster and
abalone [32]. Southward distributional shifts, attributed to
warming temperate oceans, have also been documented for
45 species of fish in southeast Australia since the late 1800s
[25] and 16 species of Tasmanian invertebrates [24].

Observed impacts have also been documented in tropical
Australia, such as a decline of 11.4% in coral calcification
on the Great Barrier Reef since 1990 [39], declines in fish
diversity after climate-related habitat disturbances [40], and
reduced adult foraging and chick provisioning of some
seabird species during heat waves and after tropical cyclones
[41–43]. Stochastic climate-related disturbances, for example,
tropical cyclones, floods, and excessive and/or prolonged
marine heat waves, have been documented to cause declines
in the condition of tropical marine ecosystems.These include
documented declines in coral cover on the Great Barrier Reef
from 28% to 14% since 1985 [28] and declines in seagrass
meadows since 2009 with 94% of sites surveyed classified as
being in “poor” or “very poor” condition [29].

Ocean acidification, coupled with local stressors, is
expected to impact coralline algae biomass and recruitment,
an important component of temperate and subtropical near
shore communities [44], with consequences for habitat struc-
ture. Reduced calcification will also affect temperate inverte-
brates, such as early life history stages of sea urchins, com-
pounded by the negative effects of increased temperature on
embryo development [45]. Many marine invertebrates are
“keystone species” and any impacts on their populations will
have consequences for habitat structure and other species that
rely on that structure [46].

During the past 15 years, several spatially extensive coral
bleaching episodes have occurred on the Great Barrier Reef
(GBR) as a consequence of marine heat waves [47, 48].These
climate-related impacts have also been observed in other
tropical ecosystems inAustralia withmarine heat waves caus-
ing the first-ever reported bleaching on reefs in the Torres
Strait in 2010 [49] and at Ningaloo Reef in Western Australia
in 2011 [1].The ability of coral reefs to recover from bleaching
events varies between coral species and among regions,
but there is only limited evidence to date that corals can
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adapt to the projected rate and magnitude of increasing
sea temperatures combined with ocean acidification [50].
Marine heat waves have also been observed to causemortality
and reduce reproductive success in intertidal and estuarine
seagrass species (e.g., [29, 51]).

A long term decline in coral calcification documented on
the GBR is postulated to be due to the combined effects of
increasing temperature stress and a declining saturation state
of seawater aragonite, with a threshold reached in the late
20th century [52]. Further, studies of coral reefs surviving in
naturally low pH waters of 7.8–8.1 due to volcanic CO

2
seeps

in Papua New Guinea have documented reductions in coral
diversity, recruitment, and abundance of framework building
corals, as well as benthic invertebrates and fish [53].They also
documented shifts in competitive interactions between taxa
as pH declines from 8.1 to 7.8 (the change expected if atmo-
spheric CO

2
concentrations increase from 390 to 750 ppm

[53]). However, coral cover remained constant between pH
8.1 and ∼7.8, as massive Porites corals dominated (despite
low rates of calcification) resulting in a low diversity reef,
and reef development ceased below pH 7.7.

Other tropical species are also experiencing the effects
of climate-driven changes in habitats, for example, breeding
seabirds that have lost suitable nesting islands due to rainfall
changes impacting vegetation and increasing inundation
from more intense storms [54, 55], and declines in fish
diversity after coral bleaching and tropical cyclone induced
habitat disturbances [40]. Impacts on important marine
turtle nesting islands are increasingly becoming evident, with
elevated sand temperatures biasing hatchling gender ratios
toward more females or exceeding thermal mortality thresh-
olds [56, 57]. Habitat range changes have also been docu-
mented for coral reefs in Japan, where examination of 80
years of data shows a poleward range expansion of tropical
coral species [58].

3. Ecological Thresholds of Response

The value of recent observations of climate change impacts
is that they can provide insight into thresholds where a rela-
tively small change in external conditions causes a significant
change in an ecosystem. When such an ecological threshold
has been passed, the ecosystem may no longer be able to
return to a stable state and this can lead to rapid declines in
ecosystem health [59]. It is for this reason that conservation
management is starting to focus on enhancing ecosystem
resilience as a key strategy for sustaining marine systems
and avoiding these “tipping points” or thresholds of irre-
versible change. Understanding the environmental condi-
tions that drive thresholds to be crossed and identifying spe-
cific communities or habitats that are on the brink of crossing
a threshold are critical for being able to successfully manage
for resilience.

Studies of ecological thresholds use a range of approaches,
including long term studies of ecosystem condition and
response [50]; investigations of historic reconstructions using
paleorecords [60], ice cores [61], and coral cores [62]; exper-
imental manipulation of environmental conditions to detect

thresholds of change [63]; and monitoring of bioindicators
coupled with models of ecosystem responses to changing
conditions [59].Most of the recentwork on critical thresholds
for marine ecosystem change has focused on the impacts of
single parameters—in particular, temperature—rather than
multiple stressors. The potential for additive, negative, and
deleterious synergistic effects will be more severe than indi-
cated from studies of individual stressors [64]. However, for
some species antagonistic effects (or reduced stress) are also
possible; for example, benthic invertebrate biomass in south-
east Australia increased as a result of the interacting effects
of fishing, ocean warming, and acidification [65].

An examination of historic climate data and coral reef
responses worldwide has shown that mass coral bleach-
ing causing mortality in geographically extensive locations
started when atmospheric CO

2
concentrations exceeded

320 ppm (with associated ocean warming), and bleaching
became sporadic but highly destructive in most reefs at
∼340 ppm. Coral reefs are projected to be in rapid and ter-
minal decline at 450 ppm (2030–2040 at current rates) from
multiple synergies ofmass bleaching, ocean acidification, and
local environmental impacts [64].

Corals live within 1-2∘C of their upper thermal limit [66]
and the warming of oceans has raised the baseline sea surface
temperature closer to their thermal bleaching threshold, so
that natural variability is more likely to exceed this threshold
[67]. Tropical coral reefs exist in ambient waters of 28.2–
34.4∘C [68] and therefore have higher bleaching thresholds
than subtropical corals along Australia’s east coast, whose
bleaching threshold ranges from 26.5 to 26.8∘C [69]. Hence,
subtropical reefs may be more susceptible to marine heat
waves [69] in a region of eastern Australia that is projected
to experience accelerated ocean warming.

Recent modelling of increasing air and sea temperature
impacts on marine turtle nesting in northern Australia
projects that hatchlings will be primarily females at three
north Queensland nesting sites by 2070 (Moulter Cay, Mil-
man Island, and Bramble Cay) and by 2030 at Ashmore Island
(WA) and Bare Sand Island (Northern Territory).These latter
two sites are projected to regularly exceed the upper egg
thermal incubating threshold (33∘C) by 2070, resulting in
deformed hatchlings and severe mortality [56].

There is a growing body of work using experimental
studies that demonstrate the interactions between multiple
climate stressors on abalone and sea urchins [45, 63], corals
[70, 71], and forams [72]. Studies on the interactive effects of
warming and acidification on abalone (Haliotis coccoradiata)
and sea urchin (Heliocidaris erythrogramma) found deleteri-
ous effects on development (e.g., number of spines produced
and skeleton formation) with increasing acidification (pH
7.6–7.8). An interactive effect between stressors was also
documented for sea urchins, with +2∘C warming reducing
the negative effects of low pH but the developmental thermal
threshold was exceeded at +4∘C [63]. A review of marine
invertebrate thresholds more broadly shows that all develop-
ment stages are highly sensitive to warming and larvae are
particularly sensitive to acidification [45].

In addition, the proposal that elevated nutrients can
lower coral bleaching thresholds [73] has been demonstrated



4 International Journal of Ecology

experimentally by Wiedenmann et al. [74] who showed that
nutrient enrichment (via imbalances) can increase the sus-
ceptibility of reef corals to bleaching. This synergistic effect
of nutrients and temperature on bleaching response demon-
strates the importance ofmanaging local stressors as an effec-
tive management strategy to increase the resilience of corals
to marine heat waves.

The consequence of passing a critical threshold is that
ecosystem condition declines and may not be able to return
to a stable state [75]. However, such phase shifts have been
shown to be less common than expected [76] or transient
[77], demonstrating the dynamic nature of resilient reefs
and the need to understand ecological thresholds better.
Although, for some marine species and ecosystems, ecologi-
cal thresholds have been identified, there are limited examples
of an Australian marine ecosystem passing such a threshold
and undergoing a complete phase shift. International exam-
ples of marine phase shifts exist [78]. However, there is
still debate whether marine ecosystems operating under a
dynamic equilibrium are more likely to exhibit phase shifts (a
change in community composition in response to a persistent
change in environmental conditions) or exist in alternative
stable states (more than one state occurring in the same place
and under the same environmental conditions at different
times) [79] and if in fact crossing a threshold is necessary to
cause such a shift [80].

Adaptive management will be facilitated if the ecolog-
ical processes with nonlinear behaviours and/or threshold
responses to changes in climate drivers can be identified
[59, 81]. Further research on critical thresholds for marine
ecosystems and methods for measuring ecosystem dynamics
and processes is required for a range of marine ecosystems
in Australia, particularly for species of conservation concern
and keystone species where climate change impacts have
already been observed (Table 1).

4. Climate Change Implications for
Marine Conservation Management

Current conservation management uses a number of strate-
gies for managing marine resources in Australia, including
legislation for extractive activities, regulation of fisheries,
international agreements, andmarine reserves ormarine pro-
tected areas (MPAs). Marine reserves (that include no-take
areas) can have great benefits for mobile species [82], benthic
communities (e.g., [83]), biodiversity conservation [84], and
protection of genetic diversity for future adaptation [85].
However, their utility for protecting marine ecosystems from
changing climate pressures has been strongly debated. A
recent study near Maria Island off Tasmania’s east coast
showed that marine reserves have the potential to build eco-
logical resilience through mechanisms that promote species
and functional stability and resist colonisation bywarmwater
vagrants [34].

The Australian Government has established a system of
marine reserves in offshore waters to contribute to the long
term conservation of Australia’s marine ecosystems, protect
marine biodiversity, and maintain resilience. One of the

guiding principles when establishing these reserves was to
accommodate climate change as far as practicable, using
design principles and zoning that promote resilience and
adaptation, in particular, accommodating latitudinal or lon-
gitudinal movement in ecosystem or species distributions
and changes in oceanography, anticipated in response to
climate change [86].The addition of these areas has expanded
the total size of Australia’s marine reserve estate to 3.1 million
km2, making it the largest system of marine reserves globally
[86]. However, criticism about the location of these new
marine reserves in areas that naturally have low exposure to
impacts due to their remoteness or low commercial utility
questions their contribution to the real goals of nature
conservation, that is, to avoid threats and protect biodiversity
[87].

Currentmarinemanagement clearly identifies the need to
protect marine ecosystems in the face of climate change and
allow for changing ocean conditions, distributional shifts,
and natural adaptation. The utility of MPAs in the face of
climate change, therefore, will depend on their location and
their ability to protect ecosystem connectivity and promote
recovery after climate disturbance. However, the return
period of disturbances will be an extrinsic factor that can
undermine resilience, and spatial factors strongly influence
connectivity. Simulations of coral reef ecosystem connectivity
show that climate change is expected to reduce population
connectivity by reducing average larval dispersal distance,
with naturally fragmented habitats likely to be at higher
risk [88]. This study suggests that future conservation
efforts consider habitat fragmentation and connectivity when
designing MPAs, placing reserves closer together to retain
connectivity patterns. As populations become smaller and
more isolated due to climate-related habitat loss and fragmen-
tation, it may also be necessary to increase the size of reserves
to ensure viable populations are maintained within their
boundaries. MPA networks that connect source and sink
reefs and consider their role in promoting recovery after
climate-related impacts and enhancing resilience to climate
change risks will be critical under an uncertain and changing
future [89].

In addition, modelling shows that protection of and con-
nectivity to areas expected to have lower exposure to climate
drivers are important for enhancing the adaptive capacity
of corals, as is protecting genetic diversity [90], which
can promote ecosystem recovery post-disturbance [16].
Promoting the conditions that allow for phenotypic adapta-
tion to thermal stress may provide some options for future
conservation management, an ability documented in south-
east Asia after a significant coral bleaching event in 2010 [91].
However, the rate of projected climate change means this is
only a short term option, and long-lived species are unlikely
to have the phenotypic plasticity to “keep pace” in the
medium- to long term [92].

Whether, in fact, MPAs can offer “climate protection” to
marine ecosystems remains to be seen since they are not
designed with large-scale distributional shifts, phase shifts,
and changing ocean currents in mind. Graham et al. [82]
suggest that they offer only limited resilience to climate
impacts that are global in scale, sinceMPAs primarily protect
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Table 1: Summary of key observed impacts of climate change in Australian marine ecosystems, (locations of these impacts have been
documented), main climate driver(s) implicated, and current management options available to support adaptation.

Observed impacts Location of documented
impacts Climate driver Management to support adaptation

Giant kelp decline by up to 95% Eastern Tasmania Increasing ocean
temperature

Maintain ecosystem connectivity;
interventions to replant
communities

Changed structure of nearshore
zooplankton communities Eastern Tasmania Increasing ocean

temperature Maintain ecosystem connectivity

Poleward range extension of the
long-spined sea urchin causing
habitat changes

Eastern Tasmania Increasing ocean
temperature

Interventions to rehabilitate
degraded habitats; removal of
locally invasive species; artificial
habitats for displaced species

Poleward shifts of seaweed species SE Australia, SW Australia Increasing ocean
temperature Maintain ecosystem connectivity

Reduced resilience of kelp to
disturbances at the northern limit of
their range

SW Australia Increasing ocean
temperature

Maintain ecosystem connectivity;
reduce other stressors on kelp
communities

Range contraction of
habitat-forming seaweed and
decline in habitat condition

SW Australia Increasing ocean
temperature

Maintain ecosystem connectivity;
reduce other stressors on habitats in
decline

Tropicalization of fish communities SW Australia, Tasmania Increasing ocean
temperature Maintain ecosystem connectivity

Decline of 11.4% in coral
calcification since 1990

Great Barrier Reef,
northeast Australia

Ocean acidification
and increasing ocean
temperature

Maintain ecosystem connectivity

Declines in fish diversity after
climate-related habitat disturbances
(coral bleaching and storms)

Great Barrier Reef,
northeast Australia

Marine heat waves
and more intense
storms

Maintain ecosystem connectivity;
reduce other stressors on affected
fish populations during recovery

Reduced adult foraging and chick
provisioning of some species of
tropical seabirds

Great Barrier Reef,
northeast Australia

Marine heat waves
and more intense
storms

Reduce other stressors on tropical
seabird populations and breeding
activities

Loss of primary seabird nesting
islands

Great Barrier Reef,
northern Australia

Altered rainfall
patterns and more
intense storms (future
sea-level rise)

Reduce other stressors on seabird
nesting islands; rehabilitate
degraded islands; provide artificial
nesting sites

Declines in coral cover from 28% to
14% since 1985

Great Barrier Reef,
northeast Australia

Marine heat waves
and more intense
storms (and
crown-of-thorn
starfish)

Maintain ecosystem connectivity;
reduce other stressors on coral reefs

Declines in seagrass meadows since
2009 with 94% of sites surveyed
classified as being in “poor” or “very
poor” condition

Great Barrier Reef,
northeast Australia

Extreme rainfall
events and more
intense storms

Maintain ecosystem connectivity;
reduce other stressors on seagrass
meadows; rehabilitate severely
degraded habitats

Reduced coralline algae biomass
and recruitment

Temperate and tropical
Australian reefs Ocean acidification Maintain ecosystem connectivity

Reduced calcification of benthic
invertebrates

Experimental—projected
Australia-wide Ocean acidification

Maintain ecosystem connectivity;
reduce other stressors on benthic
invertebrates

Coral bleaching and mortality, and
resultant habitat declines

Great Barrier Reef,
northeast Australia;
Ningaloo Reef, northwest
Australia; Torres Strait,
northern point

Marine heat waves Maintain ecosystem connectivity;
reduce other stressors on coral reefs
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Table 1: Continued.

Observed impacts Location of documented
impacts Climate driver Management to support adaptation

Marine turtle nesting failures Northern Australia

Increasing sand
temperature and
inundation (greater
storm surge and
sea-level rise)

Reduce other stressors on turtle
nesting islands; relocate nests;
provide artificial shade at nest sites

exploited fish and motile invertebrates but their effects on
genetic diversity and connectivity are variable and unquan-
tified.

A study of coral reefs in the Seychelles after the 1998 ther-
mal bleaching event showed that reefs in MPAs were most
strongly affected by bleaching mortality and that recovery
was slow with some sites having <5% coral cover seven years
after the event [93]. In Australia, bleached reefs on the GBR
showed no difference in recovery rates between protected and
unprotected areas over a 6- to 10-year period [94]. Similarly,
no differences were found in recovery in the seven years
following the 1998 bleaching event as a function of protection
status [95]. These case studies show that MPAs have had
only a limited role in ecosystem recovery from climate-driven
disturbances to date, despite their positive effect in promoting
recovery from other perturbations, such as crown-of-thorn
starfish outbreaks [96]. Therefore, the current spatial and
temporal design of MPAs does not appear to provide any
advantage to impacted ecosystems recovering from climate-
related disturbances, and the location ofMPAs will be critical
to their contribution to recovery. Protecting source reefs that
are naturally more resilient is a strategy most likely to afford
greater recovery potential for themselves and adjacent reefs
following disturbances [97]. A more flexible and dynamic
approach will need to be part of a suite of tools that can
enhance resilience in an uncertain future under a more
extreme and variable climate [82, 98].

While MPAs may have utility as reference areas to assess
future climate change impacts and document new ecosystem
structures and function [99], they may also act to enhance
resilience [34].Themagnitude of other anthropogenic effects
combined with climate change will further test the resilience
of marine ecosystems to climate change. For example, the
interaction between declining coastal water quality and
recent climate-related extreme events (floods and storms) in
the GBR has resulted in a deterioration of coastal seagrass
meadows since 2009 and species that depend on them, such
as dugong and green turtles [100]. Ultimately, effective imple-
mentation ofMPAs as a resilience strategy will depend on the
conservation objectives, the condition of sites, and the future
risk of climate impacts [101]. In addition, the complementary
management of local and/or regional pressures on marine
ecosystems as well as optimal spatial and temporal design of
dynamic MPAs to maximise connectivity will also need to be
considered if conservation management is to support adap-
tation to climate change [64, 102].

There are many current management strategies employed
in Australia to protect marine ecosystems by minimising

other human pressures that impact directly marine ecosys-
tem condition and have chronic influences that undermine
resilience. These include mining and exploration, shipping
and port development, catchment activities that influence
marine water quality (urban centers, industry, and agricul-
ture), fishing, and tourism, all of which are managed under
different legislative and government levels. At present, man-
agement of these pressures is not coordinated or integrated,
something that will need to change as the pervasive impacts
of climate change increase [102, 103].

5. Adapting Conservation Management under
a Changing Climate

Management of Australia’s marine biodiversity under future
climate change will require an ecosystem-based approach
to conservation [104], explicitly considering the cumulative
effects of multiple pressures [44], dynamic ecosystem inter-
actions [105], and ecosystem function [106] as they interact
to reduce resilience. For example, the effects of fishing and
climate interact because fishing can reduce the biodiversity
of marine ecosystems, making them more sensitive to addi-
tional stresses, such as oceanwarming [107]. Addressing local
pressures on marine ecosystems is critical for maintaining
healthy marine ecosystems, in order to build resilience to
climate change and secure future adaptation options [17, 102].
Adaptations that address other impacts in the short term
and climate change in the long term (“no regrets” or win-
win adaptations) [108] provide a response that can be
implemented immediately and revised as new information
becomes available. Management will therefore need to be
coordinated and integrated across sectors to reduce current
stressors from deteriorating water quality, overexploitation of
marine resources, pollution, and shipping [64, 109, 110].

The importance of addressing nonclimate stressors is
supported by modelling that projects that, even under low
CO
2
emissions scenarios (e.g.,∼540 ppm), localmanagement

maintains and/or restores resilience and increases the chance
of reefs remaining coral dominated [111]. Managing marine
ecosystems to avoid or reverse such undesirable phase shifts
therefore requires an integrated approach through reforms
of scientific approaches, policies, governance structures, and
management goals [75]. Iwamura et al. [112] used a resource
allocation algorithm to prioritise conservation investment
that incorporates the stability of ecological regions under
future climate change. While focusing on terrestrial ecosys-
tems, their governance approach of accounting for ecolog-
ical stability to target funding in stable regions and avoid
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phase shifts provides a functional way of incorporating
climate change into conservation planning. Essentially, this
is a resilience-based approach that advocates protecting
the “strong,” while improving understanding of ecosystem
dynamics to support ecosystem-based management [75, 113].
Progress is being made in this arena, with a trial in the
southern GBR using a series of indicators to identify resilient
reefs to prioritise management effort and operationalize a
range of local resilience strategies [114], providing a plausible
framework for future conservation.

New generation ecosystem models (e.g., multispecies
and coupled biophysical) can provide skillful predictions of
ecosystem responses to multiple pressures for management
and provide information for integrated ecosystem-based
management. Models are currently used to focus actions
taken by marine management; for example, predictions of
marine heat waves known to cause coral bleaching (e.g., [115–
117]) can trigger responsive management (e.g., [118]), and
more such applications will be essential under an uncertain
and changing future. The results of recent modelling of
ecosystem responses to climate-driven food web changes
[119, 120] could be incorporated into future ecosystem-
based approaches that use strategies to focus on locations
where declines in primary productivity or communities are
predicted.

Although the implications of cascading processes on
ecosystem function and resilience remain uncertain, lessons
learnt from systems that have lost key functional groups
such as top predators [121] and herbivores [122] suggest the
need for ecosystem-based approaches that include a food
web perspective. Consideration of ecosystem structure and
function will likely maximise adaptation to climate change as
reductions in marine biodiversity (due to local and regional
drivers) can lead to compromised ecosystem resilience to
climate change [123].

Marine reserves can protect habitat-specific predator-
prey dynamics and have been demonstrated to reinstate
trophic dynamics and increase resilience to climate-driven
phase shifts in Tasmanian waters [83]. However, recent stud-
ies have shown thatMPAs do not afford benthic communities
protection from climate-related coral bleaching impacts [76,
95].Their future design should therefore consider both spatial
and temporal drivers of change and accommodate inherent
uncertainty through greater flexibility. Further, in Australia,
where overfishing is not a significant factor that undermines
resilience or recovery, the widespread application of MPAs as
a response to climate change will need to be complemented
by management of chronic nonclimate stressors.

Dynamic MPAs that are designed to be mobile (both
spatially and temporally) would allow for climate-related
changes in marine environments, with mobile MPAs pro-
posed as an option for protecting species as distributions
change [124]. Although there are legal implications of a more
flexible conservation approach, many jurisdictions already
have the legal frameworks in place to begin to promote and
implement actions now with the ability to amend or enact
new instruments as experience and knowledge increase [125].
Guidelines for incorporating connectivity into MPAs have
been developed [84, 126] that outline optimum size, spacing,

shape, risk spreading (representation and replication), and
connectivity for designing MPA networks that may be more
robust in the face of climate change. Although being a
legislatively daunting task, the coordinated management of
spatially large and connected protected areas that are tem-
porally dynamic and act across sectors is becoming the new
paradigm for effective MPAs [126–128] as part of a range of
conservation tools [82].

Conservation management will also need to prioritise
effort in the face of climate change, and decisions need to be
made whether areas of high biodiversity [129], high genetic
diversity [92, 106], high stability [112], high resilience [75],
or unique ecosystems [106] should be protected. However,
it is postulated that the speed at which climate change is
impacting marine ecosystems leaves little opportunity for
evolutionary processes and survival will be highly dependent
upon the natural resistance already in gene pools and the
management interventions that can increase resilience [64].

6. Future Research Needs

Recent climate change science has sought to better under-
stand how Australia’s marine ecosystems are being impacted
and are projected to be impacted by climate change and what
adaptation strategies are available [130]. However, conser-
vation managers need more information to anticipate the
phenology and movements of individual species in response
to climate change as well as potential changes to biolog-
ical communities [131]. Future research needs to support
ecosystem-based management by defining critical thresholds
and designing methods for measuring ecosystem dynamics
and processes, such as phase shifts. This will inform where
adaptation management should focus (spatially) on enhanc-
ing resilience and employ active conservation tominimise the
risks of climate impacts.

WhileMPAshave utility for conserving importantmarine
resources by reducing extractive activities, their utility as
tools for addressing climate change impacts on marine
ecosystems is only likely to enhance resilience if comple-
mented by strategies that minimise other pressures, such as
deteriorating water quality.The recent consensus for the GBR
is that although climate drivers will exacerbate water quality
issues, existing pressures need to be addressed to halt the
decline of marine ecosystem condition [103]. Science and
modelling have a role in developing methods to select the
most effective suite of possible strategies and understanding
of the spatial and temporal drivers affecting connectivity of
marine habitats. Research also needs to investigate whether
improving networks of MPAs can connect source and sink
reefs to promote recovery after climate-related impacts and
if these will actually be effective in reducing long term
climate change risks. Improvements in the coupled dynamic
representation of the biophysical, economic, and social com-
ponents of systems and major environmental and anthro-
pogenic drivers will bolster modelling of critical processes
whose characteristic spatiotemporal scales span many orders
of magnitude (from microbes to ocean basins) [98].
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Separating marine conservation management from other
sectors that impact marine resources, such as catchment and
fisheries management, is a paradigm that we need to move
away from. Such an integrated approach is being widely
applied in the Pacific region through the Ridge to Reef
initiative, that aims to integrate water, land, forest, and coastal
management to preserve biodiversity and ecosystem services
[132]. Ultimately, single sector management is unlikely to see
major challenges like climate change addressed and critical
research gaps exist to identify and inform multisector inte-
grated management approaches. These gaps are not new;
information on multistressor thresholds, multiscale analyses,
and synergistic effects has long been identified as challenges
for conservation biologists [131].

7. Conclusions

Australia’s marine ecosystems are areas of high biodiversity,
providing important ecosystem goods and services to marine
industries and people. These ecosystems are at risk from cli-
mate change, and impacts are already being observed inmany
species and ecological communities aroundAustralia. Recent
research efforts reflect the importance of these ecosystems
and issues to Australia. However, research gaps still exist
and targeted research is needed to inform “no-regrets” adap-
tations that adopt robust solutions that allow for potential
uncertainties together with adaptive approaches that involve
monitoring and review as circumstances, conditions, and
knowledge change.

A new management paradigm is needed. Climate-aware
conservation requires the development of objectives that are
not underpinned by a return to historic baselines [124] but
rather acknowledge that current equilibrium assumptions are
no longer valid. Climate change acts at a range of scales—
cellular, genetic, species, population, and ecosystem—and
managers will need to respond to this by acting over differ-
ent spatial and temporal scales. The focus of conservation
will need to shift from historic species assemblages to an
ecosystem-based approach and active adaptation based on
potential future climate scenarios [133]. The increasing trop-
icalization of Australia’s east and west coasts will have
implications for conservation management, making spatial
flexibility, high connectivity, larger management units, and
integrated ecosystem-based management essential.

In summary, marine conservation management needs
to take an ecosystem-based approach that integrates across
sectors and jurisdictions.The temporal and spatial features of
MPAs will need to be more dynamic and flexible to consider
the observed and projected impacts of climate change such as
distributional shifts, habitat declines, and phase shifts. Cli-
mate change impacts on Australia’s marine ecosystems are
currently manifesting in the southeast, southwest, and the
northern tropics but are expected to be widespread, increas-
ing the challenge for conservation management.

Climate change provides an unprecedented opportunity
to challenge the conventional thinking and evaluate conser-
vationmanagement with a different perspective and a longer-
term view. While science is providing important insights

into the impacts of climate change on marine resources,
effective management strategies need to be responsive, bold,
andmultilateral. As climate change places additional pressure
on already strained marine ecosystems, a new management
paradigm needs to consider ecological resilience, cross-
sectoral integration, long term ecological stability, and facili-
tate cooperation between jurisdictions. Ultimately, conserva-
tionmanagement will need to be ecosystem based and imple-
ment “no regrets” adaptations based on the available infor-
mation in order to sustain Australia’s marine ecosystems into
the future.
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