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Dear Christine

The Australian Institute of Marine Science (AIMS) is a Commonwealth statutory authority established under
the Austrdlian Institute of Marine Science Act 1972. As Australia’s leading tropical marine research agency,
AIMS conducts innovative, world-class scientific and technological research to support sustainable growth

in the use, and effective environmental management and protection of, Australia’s tropical marine estate.

Recently AIMS has been working to assess the extent of coral bleaching caused by warming ocean
temperatures around Northern Australia. In conjunction with the ongoing work of the Institute to
understand the impacts of climate change and other environmental stressors on tropical marine
ecosystems, this puts AIMS in a strong position to provide advice to the inquiry into current and future
impacts of climate change on marine fisheries and biodiversity.

With respect to the Terms of Reference of the inquiry, AIMS provides specific comments below relating to
(i) the impact of recent changes in ocean temperatures on marine ecosystems; (ii) the effect of recent
ocean chemistry changes (increasing acidification) on marine ecosystems; and (jii) the effect of extreme
weather events on marine ecosystems — including the role these play in benefiting marine pest species.

Specific comments
(i) The impact of recent changes in ocean temperatures on marine ecosystems
Recent changes in ocean temperatures

As the global climate system warms, due to the increasing concentrations of atmospheric greenhouse gases,
so do the tropical oceans — home to tropical coral reef ecosystems. Sea surface temperatures around
Australia are warming and this warming is projected to continue into the foreseeable future — the
magnitude of future warming being dependent on global greenhouse gas mitigation strategies.

Observed warming of Australia’s tropical coastal waters has already resulted in climate zones shifting
southwards along the east and west coasts. Over the period 1880-2015 when global average land and sea
temperatures warmed by 0.88°C, surface water temperatures of the GBR warmed by 0.78°C (based on
analyses of publically available global temperature data sets).

El Nino-Southern Oscillation events are the major source of natural, inter-annual climate variability with
significant impacts on Australia’s tropical terrestrial and marine environments. During La Nifa events,
while northeast Australia tends to experience above-average rainfall and tropical cyclone activity (for
example as happened in 2010-201 I), waters off southwestern Australia tend to be unusually warm due to
strengthening of the Leeuwin Current. Sea-surface temperature reconstructions from massive corals
extending back to the late |8th century show that such ‘marine heat waves’ are becoming more frequent.
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El Nino events are typically associated with a weaker summer monsoon and unusually warm late summer
water temperatures along the Great Barrier Reef. This is the time of year when tropical corals are most at
risk of exceeding their thermal optimum due to unusually warm sea surface temperatures and may bleach.

Mass coral bleaching occurred on the Great Barrier Reef during the 1997-1998 and 2015-2016 El Nino
events. The magnitude of the thermal stress during these recent El Nifho events was, however,
compounded by the demonstrated increase in baseline water temperatures (as a result of global warming).

Record warm sea surface temperatures were observed on the Great Barrier Reef in March, April and May
2016 and on northern reefs of Western Australia (10.5-14.5°S) from January to July 2016.

The extent of effects of rising temperature on a given marine species will be directly related to several
factors including, but not limited to:

e current species distribution and thermal thresholds

e generation time and capacity to adapt/evolve to changing conditions

e habitat dependence (e.g. obligate coral reef dwellers), and

e mobility (i.e. capacity to emigrate to new locations)

Species that are at their thermal limit have two main options: evolve to cope with the temperature, or
move to an area where temperatures are more suitable. Movement to new areas would result in range
shifts in distribution. Species that have low mobility or rely on specific habitats for survival may or may not
be able move to new or more suitable habitats. Sessile species such as marine plants, corals and other
invertebrates obviously cannot move. In these cases, if species cannot evolve quickly enough their
distribution range may shrink as populations are no longer viable in areas beyond their thermal tolerance.

For corals specifically, higher temperatures will reduce the intervals for recovery after disturbances such as
coral bleaching, by causing reduced calcification rates of corals and coral reproduction for several years.

The effects of recent bleaching on reefs of Western Australia

Western Australia (WA) has hundreds of coral reefs spanning tropical to subtropical latitudes. Most WA
reefs have few local pressures but are increasingly exposed to elevated water temperatures. Since
monitoring on some reefs commenced in the early to mid-1990s, coral bleaching has increased in frequency
and severity.

As with many Indian Ocean reefs, the first record of severe bleaching (defined as affecting the majority of
corals on an individual reef) and mortality of WA reefs was in 1998, with the greatest impacts being at the
oceanic reefs (Scott, Seringapatam, Christmas Is). In the following decade (1998-2008), there were no
records of severe bleaching, but minor bleaching events were documented at Christmas Island, Cocos-
Keeling, the Rowley Shoals and at Ashmore reefs. In the summer of 2010/1 | a ‘marine heatwave’ caused
moderate or severe bleaching at several reefs across WA, and affected other ecosystems and fisheries.
Since 2011, moderate or severe bleaching has been observed during most years on one or more WA reefs,
including the oceanic reefs, and/or those in the Pilbara, Ningaloo, the Abrolhos Islands and Rottnest Island.

Although the patterns are not conclusive, the reefs at Ningaloo and further south seem most likely to
bleach during strong La Nina conditions, as during the 2010/1 | ‘marine heatwave’, whereas the oceanic
reefs and those in the Kimberley seem most likely to bleach during strong El Nino conditions.

The strong El Nino conditions during the recent summer of 2015/2016 caused the most severe coral
bleaching event on record. Reefs at Christmas Island and Scott and Seringapatam reefs were severely
bleached, while minor bleaching was documented at Cocos Keeling, Ashmore reefs and at the Rowley
Shoals. Unlike the 1998 bleaching, deep-water corals (20-50m) were also affected.

Recent surveys (October 2016) at Scott and Seringapatam reefs confirmed that most of the bleached corals
had died. Bleaching was also recorded for the first time by researchers and indigenous communities at the
inshore reefs of the southern Kimberley, while indigenous communities reported coral bleaching for the
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first time in northern Australia; mass-mortality of fish and of mangrove areas also coincided with the
temperature anomalies.

The frequency and consequences of coral bleaching in WA are best documented for Scott and
Seringapatam reefs. The loss of 80% of corals from these reefs during the 1998 bleaching event was
followed by recovery over |5 years, with the exception of the corals that were decades to centuries old
when they died. This recovery was attributed to the favourable local conditions and lack of chronic
pressures (e.g. poor water quality, overfishing), in contrast to other Indo-Pacific reefs that had not
recovered from the 1998 bleaching.

At present we cannot predict how the WA reefs affected by the 2016 heat event will recover, i.e. over
what time period and which species. As yet, there has not been a mass-bleaching of comparable severity at
the other oceanic reefs (Cocos Keeling, Rowley Shoals, Ashmore reefs), at the inshore reefs of the
Kimberley, or at Ningaloo reefs, but all have experienced moderate bleaching events in recent years

Severe bleaching and local pressures have affected some reefs in the Pilbara. Sub-tropical (Abrolhos Is.) and
temperate (Rottnest Is.) reefs have also bleached in recent years, suggesting coral bleaching is a
consequence of relative increases in ocean temperatures and lower latitudes do not provide a refuge.
Further increases in ocean temperatures in the next decade will likely cause severe coral bleaching and
mortality on many reefs across all regions of WA.

The effects of recent bleaching on the Great Barrier Reef

The 2016 global coral bleaching event has significantly affected the composition and diversity of benthic reef
communities of the GBR. This stress event was caused by the record breaking ocean temperatures that
exceeded typical summer maxima for prolonged periods of time.

Coral bleaching was observed across the entire length of the GBR, however the most severe levels of
extensive bleaching and mortality has occurred in the Far Northern GBR, from Port Douglas to the Torres
Strait Islands. In this region of the GBR, sensitive coral species were killed or were dying in March and April
2016, and tolerant long-lived century-old massive coral species — that typically resist thermal stress — were
severely bleached and subsequently recorded as dead during repeated surveys in September 201 6.

There have now been three documented mass coral bleaching events on the GBR in the past 20 years
(1998, 2002 and 2016) and the severity of each subsequent mass bleaching event has increased, with the
2016 event the most severe on record. The number of reefs that were scored as severely bleached was
more than four times higher than in the 2002 and 1998 observations. The frequency and severity of major,
widespread coral bleaching events worldwide is expected to increase as climate change increases ocean
warming.

The full extent of mortality from the 2016 GBR bleaching will be determined by assessing the loss of live
coral cover throughout the GBR Marine Park prior to the 2017 summer. Surveys are ongoing in
September, October and November by AIMS, the Great Barrier Reef Marine Park Authority and James
Cook University teams.

Effects of rising water temperature on fish and megafauna

Rising water temperature is likely to have a variety of effects on fish and megafauna species including
behavioural, physiological and biological changes. The evidence base of climate change effects on these
animals is still developing.

Rising temperature may have more profound effects on long-lived species (which are unlikely to evolve
quickly enough to adapt to the change) or those requiring specific temperature cues as part of their life
cycle. Changing temperatures could alter the timing or route of migrations and even alter sex ratios in
populations. For example, the sex of marine turtles is dictated by sand temperature with females typically
more common in nests in warm sands. Recent evidence has indicated female bias in hatchling production
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for several species — which could have long-term implications. Increasing temperatures at nesting beaches
will continue to create female biased populations.

It is also possible that increasing temperatures will have implications for eggs and larvae of fish populations
and the vulnerability of individuals to predation if movement or behaviours are slowed or altered in ways
that increase predation risk. Biological changes may also extend to individual size. For example, some
species may be smaller size in warmer water and growth rates may change. The extent of these effects will
vary by species.

The overall effects of rising temperatures are that we are likely to see some species moving into areas not
previously inhabited, and some species disappearing from areas currently inhabited. Changes in distribution
will be coupled with a variety of behavioural and biological changes which will vary by species and location.
Implications for marine fisheries will also vary with productivity in some species potentially increasing while
others decrease.

(i) The effect of recent ocean chemistry changes (increasing acidification) on marine
ecosystems

Concentrations of carbon dioxide (CO3) are rising rapidly in the atmosphere, due to the burning of fossil
fuels and deforestation, and about 25% of this extra CO, added to the atmosphere is being absorbed by the
oceans.

When atmospheric CO; dissolves in seawater, it first forms carbonic acid and triggers a cascade of other
chemical changes. The concentrations of hydrogen ions increase and carbonate ions decline. In fact, the
concentrations of hydrogen ions have already increased by 30% in the seawater compared with pre-
industrial times. This change in the seawater chemistry is called “ocean acidification” (OA). The surface
ocean pH has declined overall by about 0.1 so far, and is predicted to further decline by 0.2-0.4 by the end
of this century.

Although some scientists had recognised more than 50 years ago that rising CO; concentrations would
affect seawater chemistry this phenomenon has only recently emerged as an important knowledge gap in
marine science, and has now become a global research priority.

The evidence base of how the ongoing changes in the seawater chemistry will affect marine ecosystems
continues to develop. Experimental studies suggest ocean acidification will profoundly affect the physiology
and behavior of some marine organisms. For example, ocean acidification makes it harder for some marine
animals (especially corals) to form their shells and skeletons. A lower pH in the seawater seems to also lead
to behavioural changes in fishes and invertebrates.

AIMS scientists are researching the effects of ocean acidification on coral reef organisms and ecosystems,
using a number of complementary approaches.

Field research at unique CO; seeps in Papua New Guinea

AIMS researchers are studying three shallow volcanic carbon dioxide seeps (also known as ‘CO; vents’) in
eastern Papua New Guinea, in Milne Bay Province, to observe how ocean acidification is affecting marine
ecosystems, such as coral reef and seagrass meadows. The seeps provide a unique “window into the
future” to study how tropical marine ecosystems may adapt and how organisms may acclimatize after life-
long exposure to high CO..

The findings from this ongoing research demonstrated major and often surprising responses to OA in
numerous ecological processes and organism groups, such coral reef, seagrass, sedimentary and demersal
plankton communities, showing clear winners and losers in a high CO; world. For example, at reduced pH,
reductions were observed in coral diversity, recruitment and abundances of structurally complex
framework builders, and shifts in competitive interactions between taxa. Demersal plankton (a major food
source for planktivorous corals and fish) is severely depleted in areas of high CO2, partly due to altered
reef structure. Crustaceans are rare at the seeps despite being physiologically highly CO2 tolerant, as the
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high CO2 reefs lacks structural complexity that determines habitat quality. The seeps in Papua New Guinea
are in the same zoogeographic province as the GBR, making the results relevant for predicting likely
responses of the GBR ocean acidification.

Studies of the carbonate chemistry in the Great Barrier Reef

For open oceans, changes in the carbonate chemistry from rising atmospheric CO; are relatively well
understood. This is not the case in nearshore and shallow marine environments such as the GBR where
conditions are more variable due to biological processes.

GBR carbon chemistry data show that on many reef flats strong day-night variation in these parameters
exist, as well as differences between winter and summer. Measurements of the carbon chemistry at
inshore reefs indicated a decreased ability of corals to produce their carbonate skeletons, compared to
reefs further offshore. Using historical data from the 1980s, that study also suggested that OA conditions
have advanced much faster on inshore reefs. These and other data have recently been included in an
inshore carbon model by CSIRO, confirming the findings.

Controlled CO; enrichment experiments in SeaSim

To complement field studies, researchers at AIMS are undertaking controlled aquarium experiments in the
National Sea Simulator (SeaSim) in Townsville, Queensland, to better understand the effects of ocean
acidification on all life stages of marine organisms. They are also investigating the joint effects of ocean
acidification and other pressures like warming and reduced water quality. The SeaSim also allows
researchers to conduct long term (‘multi-generational’) studies in large mesocosms. This is important to
study the potential for adaptation across generations, develop strategies for improving resilience (“assisted
evolution”), and to identify opportunities for reef restoration (see further below).

Because of the importance in population replenishment, many experimental studies focused on
reproduction and recruitment of corals and other invertebrates. For example, the microbiology of crustose
coralline algae and reef biofilms, both important as settlement substrata for many invertebrates,
substantially changed under temperature increase and OA conditions, leading to reduced coral settlement.

Other studies showed impairment of reproduction and development, and physiology of reef invertebrates
including corals. SeaSim experiments and studies on CO; vents demonstrated that CO; enrichment benefits
tropical seagrass species, but only in areas with sufficient light and good water quality. Other tasks
demonstrated the effect of OA on boring sponges. For instance, production and bio erosion rates of a
common tropical sponge increased under high CO; future scenarios.

(iii) The effect of extreme weather events (and changes in intensity/frequency) on marine
ecosystems — including the role these play in benefiting marine pest species

Increasing frequency of high river flow events

High summer rainfall can lead to substantial inputs of low salinity freshwater (and associated terrestrial
contaminants) into the GBR, as happened during the 2010-201 | La Niha event.

Although there are no clear long-term trends in average northeast Queensland rainfall (due to high natural
inter-annual variability), evidence from luminescence records in long-lived massive coral skeletons (over the
period 1648-201 1) shows that such high flow events in the central GBR have become more frequent and
more extreme since the late 19th century.

Three of the most extreme high river flow events since 1648 (in 1974, 1991 and 201 |) have occurred
within the past 45 years, and such freshwater plumes are reaching mid-shelf reefs more often than in the
past.

Long-term warming of the ocean around Australia has been shown to increase the likelihood of record
rainfall in north-eastern Australia, as occurred in early 201 |. Additionally, a new reconstruction of eastern
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Australia summer Palmer Drought Severity Index based on tree rings and coral records shows that 201 |
was likely the wettest summer in coastal Queensland within the period 1500-2012.

Crown of Thorns (CoTS) response to flood years/water quality

The Crown-of Thorns Seastar (CoTS) is a natural predator of corals in the Indo-Pacific region, including the
Great Barrier Reef. CoTS have been identified, together with cyclones, as a major cause of the 50% decline
in coral cover on the GBR observed during the last 27 years. Since the 1960’s, CoTS populations have
erupted at approximately |5 year intervals with three major outbreaks recorded and a fourth now in
progress on the northern GBR.

When CoTS occur in plague proportions they can reduce the living coral cover on a reef to a few percent.
Research continues to reveal more factors playing a role in initiating and maintaining CoTS outbreak, which
means that the prediction of the effects of climate change on these processes has a high uncertainty.

Although there is evidence for contributing factors such as reduction of natural CoTS predators, the
current most widely accepted hypothesis is that primary outbreaks are promoted through increased
nutrient availability, such as observed after significant flood events. This increases phytoplankton, the food
source of the planktonic CoTS larvae, which in turn increases their survival, ultimately increasing likelihood
of CoTS population outbreaks.

The hypothesis is based on research showing that CoTS larvae growing under increased phytoplankton
concentrations grow faster, which has recently been corroborated, and on observations that outbreaks on
the GBR follow major flood events that occur early in the wet season. A change in the magnitude and
timing of floods due to climate change, as indicated in an analysis of long-term rainfall records, might result
in changes to the frequency and/or severity of CoTS outbreaks. Sources of nutrients other than land runoff
may also be important, such as shelf-break upwelling of nutrient-rich water, but these are not yet well
enough understood to make any prediction of their potential to change, due to the effects of climate
change.

An additional factor for CoTS outbreak initiation appears to be the higher retention of CoTS larvae in the
area between Cairns and Lizard Island where all primary CoTS outbreak have been observed, during
periods of reduced current velocities associated with neutral Southern Oscillation Index (SOI) phases.
Predicted changes in climate variability might have, as yet unknown, flow-on effects on CoTS populations by
affecting currents and connectivity.

The direct influence of rising temperature and ocean acidification on CoTS is still debated. Recent research
indicated positive effects on early life stages of CoTS, such as increased larvae survival and growth of
juveniles, and that CoTS have a high potential for adaptation to climate change. Conversely, in other
studies, ocean acidification decreased fertilisation rates and reduced settlement induction by crustose
coralline algae.

Implications for global coral reefs of projected increases in cyclone intensity

Coral reef communities are dynamic systems that are subject to a range of biophysical disturbances which
kill the stony corals that provide the architecture and some of the productivity of reefs. There have always
been tropical storms, and reef communities have recovered from them.

Many of the world’s coral reefs are regularly exposed to tropical cyclones (Fig |, grey and red dots on
panel A). But not all cyclones are equal. Strong cyclones that are also big in size (Fig | — red dots on panel
A) can damage reefs over a vast extent compared to smaller strong cyclones (400 km versus 60-150 km),
because the high winds extend over a much greater area of water, maximising the development of damaging
seas and swell.

Fig | - Panel B shows that reefs in the NWV Pacific, parts of the Caribbean, central Western Australia, and
the Coral Sea (shown in red) can currently expect to be hit by these particularly destructive cyclones at



Current and future impacts of climate change on marine fisheries and biodiversity
Submission 10

least once per decade. For the central GBR, this is every |5 years, and for the rest of GBR every 25+
years.

Average cyclone intensity is predicted to increase by | m/s per decade as the climate warms. For the
southern GBR, currently hit by big and strong cyclones every 25+ years — this would change to every 6 to
|2 years. For Western Australia’s coast from the Pilbara to the southern Kimberley, this would change
from a hit every 10 years to one every 7.5 years.

60°E 120°E

Coral ecoregions  * 6 hourly positions of big + strong cyclones 6 hourly positions of all cyclones

Typical time between big-strong cylcone events under current climate: >31years [l 25-31 years [l 20-25 years 15-20 years 10-15 years [l < 10 years

C

Change in typical time between big- strong cyclone events under a 22% increased intensity scenario: No change M Up to 25% less 25-50% less 50-75%less [l 75+% less

Cyclones can be a major driver of reef ecological condition in the GBR and the Caribbean. The extent of
development of coral communities on a reef depend on the time since disturbances such as cyclones, on
the intensity of disturbance (extent of damage), and the rate of recovery through recolonisation by coral
larvae and through regrowth of coral fragments. Thus if disturbances of any kind become more intense
(requiring more extensive recolonisation and regrowth) or more frequent (allowing less time for recovery)
or the rate of recovery is slowed (for instance through adverse effects of poor water quality on larval
survival) then the reef community will be degraded from its former state. The predicted increase in
intensity of cyclones, as well as increased frequency of bleaching conditions will increase the overall rate of
disturbances.

Loss of coral structure, especially after cyclones, affects a wide range of reef organisms that use corals for
shelter. Coral cover provides surface complexity and is associated with greater abundance and diversity of

7
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fish communities. Two recent studies have indicated positive effects of protection from fishing on cyclone
impacted reefs. Among reefs that were affected by TC Hamish, the biomass of coral trout declined after
the cyclone on reefs that were open to fishing, while there was no substantial change in biomass on reefs
that were protected from fishing. A 12 year study of recovery of both benthic communities and fish
communities on GBR reefs following disturbances found evidence that time to recovery following storms
was 9% shorter for benthic communities and 18% shorter for fish communities on reefs that were closed
to fishing compared with reefs where fishing was permitted.

(iv) Potential solutions

This submission has provided an overview of the evidence and provided AIMS’ interpretation on some of
the environmental pressures on marine ecosystems and biodiversity, which have increased or are predicted
to increase due to the effects of the changing climate.

It is essential to address the root cause of the changing climate. Australia’s national commitment to
significantly reducing greenhouse gases by 2030 is a key part of this.

It is also essential to address the other (and related) pressures on the reef ecosystems. In the case of
Australia’s Great Barrier Reef, the considerable efforts being undertaken to implement the Australian and
Queensland governments’ Reef 2050 Long Term Sustainability Plan (Reef 2050) will help.

However, these efforts, individually and collectively, are unlikely to be sufficient to protect marine
ecosystems from the impacts of projected (and inevitable) increases in ocean temperature over the next
few decades.

e Oceans will continue warm by a further 0.5°C over the next 30 years, regardless of whether we
reduce emissions. As a result, we are “locked in” to an increased risk of bleaching events such as
the one experienced this year. Further, if the global community fails to reach the 1.5°C Paris target
by 2030, the GBR is at even greater risk.

e The Reef 2050 Plan sets ambitious targets for GBR water quality improvements. However, based
on performance over the last decade significant uncertainty remains around our ability to achieve
these water quality improvement targets over the next 30 years

Thus, in order to complement the management and conservation efforts that are focused on avoiding or
minimising local pressures, for example those specified in the Reef 2050 Plan, and in recognition of the
realities of latent warming in the ocean system, there is an increasing global focus on the active facilitation
of ecosystem ‘recovery, rehabilitation and restoration’.

Developing the capability to restore and rehabilitate stressed or degraded GBR ecosystems will provide a
critical insurance against ocean warming continuing to increase over the coming decades, and also provide a
way of assisting the recovery of reefs hit by cyclones and CoTS.

Reef restoration and recovery

‘Protecting and restoring’ is a key concept in the Reef 2050 Plan Actions. However, compared to terrestrial
systems, restoration activities in coastal and marine environments are relatively new and are a global focus
of active research and development with many small-scale trials underway. To date, there has been limited
active restoration and remediation in the Great Barrier Reef Region, especially the Marine Park (but see the
Raine Island turtle recovery project, involving activities ranging from better monitoring of turtles to
earthworks and fencing to protect nesting sites: https://www.ehp.qld.gov.au/wildlife/animals-az/green-
turtles-raine-island.html).

Options and techniques for the recovery, rehabilitation, repair and restoration of coral reefs range from
coral propagation and “gardening” to “assisted evolution” (i.e. the development of corals with enhanced
stress tolerance through breeding techniques which accelerate naturally occurring processes of adaptation).
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There are critical knowledge gaps for the actual large-scale implementation of these techniques, which
requires careful decision-making and planning and long-term commitment.

AIMS scientists currently actively study ‘assisted evolution’ (AE) as one technique for a potential future
application in the recovery and restoration of coral reefs.

AE is the acceleration of naturally occurring evolutionary processes to enhance certain traits, in this case
environmental stress tolerance and climate resilience. Various AE approaches have been widely used on the
land for the improvement of commercial species, including crop species, wood trees and livestock. AE
approaches include selective breeding and more recently, the manipulation of the microbial communities
associated with plants and animals.

AIMS scientists have commenced a series of experiments to determine the feasibility of developing corals
with enhanced stress tolerance using AE, while at the same time initiating a public dialogue on the risks and
benefits of this approach. Researchers have demonstrated that in some cases corals have naturally adapted
or acclimatised to elevated temperature or have become more tolerant to coral bleaching over successive
bleaching events. AE techniques aim to promote and enhance this natural adaptive ability to increase reef
resilience in the face of current and future climate change.

Further advice

Should any of these points require further clarification, please don’t hesitate to contact me on
or at

Yours sincerely

John Gunn
CEO AIMS



Current and future impacts of climate change on marine fisheries and biodiversity
Submission 10

Appendix A: Scientific references

References on sea temperature changes

Cook BI, Palmer |G, Cook ER, Turney CSM, Allen K, Fenwick P, O’Donnell A, Lough JM, Grierson PF,
Ho M, and Baker PJ (in press). The paleoclimate context and future trajectory of extreme summer
hydroclimate in eastern Australia. Journal of Geophysical Research — Atmospheres (accepted
October 2016).

CSIRO and Bureau of Meteorology (2015) Climate Change in Australia. Projections for Australia’s NRM
Regions. Technical Report, CSIRO and Bureau of Meteorology, Australia, 216pp.
http://www.climatechangeinaustralia.gov.au/

Hobday AJ and JM Lough (201 1) Projected climate change in Australian marine and freshwater
environments. Marine and Freshwater Research 62: 1000-1014.

Lough ] (2007) Climate and climate change on the Great Barrier Reef. In: Climate Change and the Great
Barrier Reef. A Vulnerability Assessment. ] Johnson & P Marshall (eds), GBRMPA/AGO, pp. 15-50.
Lough JM (2008) Shifting climate zones for Australia’s tropical marine ecosystems. Geophysical Research

Letters 35 L14708, doi: 10.1029/2008GL034634

Lough JM (2012) Small change, big difference: sea surface temperature distributions for tropical coral
reef ecosystems, 1950-201I. Journal of Geophysical Research, 117, C0901 8,
doi:10.1029/2012)C008199.

Lough JM and AJ Hobday (201 1) Observed climate change in Australian marine and freshwater
environments. Marine and Freshwater Research 62: 984-999.

Lough JM, A Sen Gupta and A] Hobday (2012) Temperature. In: Marine Climate Change Impacts and
Adaptation Report Card Australia 2012.
http://www.oceanclimatechange.org.au/content/index.php/2012/home/

Lough JM, SE Lewis and NE Cantin (2015) Freshwater impacts in the central Great Barrier Reef: 1648-
201 1. Coral Reefs, 34:739-751, doi:10.1007/s00338-015-1297-8.

Palmer )G, ER Cook, CSM Turney, K Allen, P Fenwick, B Cook, A O’Donnell, ] Lough, P Grierson and P
Baker (2015) Drought variability in the eastern Australia and New Zealand summer drought atlas
(ANZDA, CE 1500-2012) modulated by the Interdecadal Pacific Oscillation. Environmental Research
Letters, doi:10.1088/1748-9326/10/12/124002.

Ummenhofer CC, Sen Gupta A, England MH, Taschetto AS, Briggs PR and Raupach MR (2015) How did
ocean warming affect Australian rainfall extremes during the 2010/201 | La Nina event? Geophysical
Research Letters 42, 9942-9951.

Zinke |, A Hoell, JM Lough, M Feng, AJ Kuret, H Clarke, V Ricca, K Rankenburg and MT McCulloch
(2015) Coral record of southeast Indian Ocean heat waves with intensified Western Pacific
temperature gradient. Nature Communications doi:10.1038/ncomms9562.

References on the effects of recent bleaching on reef conditions and biodiversity

Berkelmans, R., De'ath, G., Kininmonth, S., and Skirving, W. (2004). A comparison of the 1998 and 2002
coral bleaching events on the Great Barrier Reef: spatial correlation, patterns and predictions. Coral
Reefs 23, 74-83.

Cantin, N.E., Cohen, A.L.,, Karnauskas, K.B., Tarrant, A.M. and McCorkle, D.C., 2010. Ocean warming
slows coral growth in the central Red Sea. Science, 329(5989), pp.322-325.

Gilmour, J.P., et al., Recovery of an isolated coral reef system following severe disturbance. Science,
2013. 340(6128): p. 69-71.

Moore, |, et al., Unprecedented Mass Bleaching and Loss of Coral across 120 of Latitude in Western
Australia in 2010-11. PLoS ONE, 2012. 7(12): e51807.

Munday, P.L, Leis, J.M., Lough, J.M., Paris, C.B., Kingsford, M.]., Berumen, M.L. and Lambrechts, ., 2009.
Climate change and coral reef connectivity. Coral Reefs, 28(2), pp.379-395.

Pearce, A.F. and M. Feng, The rise and fall of the “marine heat wave” off Western Australia during the
summer of 2010/201 I. Journal of Marine Systems, 2013. [ 11-112: p. 139-156.

Smith, L.D., J.P. Gilmour, and A.J. Heyward, Resilience of coral communities on an isolated system of
reefs following catastrophic mass-bleaching. Coral Reefs, 2008. 27(1): p. 197-205.

Ward, S., Harrison, P. and Hoegh-Guldberg, O., 2002. Coral bleaching reduces reproduction of
scleractinian corals and increases susceptibility to future stress. In Proceedings of the Ninth
International Coral Reef Symposium, Bali, 23-27 October 2000, (Vol. 2, pp. 1123-1128).



Current and future impacts of climate change on marine fisheries and biodiversity
Submission 10

References on the effect of temperature on fish and megafauna

Bell ]D, Ganachaud AS, Gehrke PC, Griffiths SP, Hobday AJ, Hoegh-Guldberg O, Johnson JE, Le Borgne
R, Lehodey P, Lough JM, Matear R}, Pickering TD, Pratchett MS, Sen Gupta A and Waycott M (2013)
Effects of climate change on tropical Pacific fisheries and aquaculture. Nature Climate Change, 3,
591-599.

Crozier, L.G. and Hutchings, J.A. (2014) Plastic and evolutionary responses to climate change in fish.
Evolutionary Applications,7: 68-87.

Holbrook NJ and Johnson JE (2014) Climate change impacts and adaptation of commercial marine
fisheries in Australia: A review of the science. Climatic Change, 124: 703-715.

Johansen, J.L., Messmer, V., Coker, D.J., Hoey, A.S. and Pratchett, M.S., 2014. Increasing ocean
temperatures reduce activity patterns of a large commercially important coral reef fish. Global
Change Biology, 20: 1067-1074.

Johnson JE and Holbrook NJ (2014) Adaptation of Australia’s marine ecosystems to climate change:
Using science to inform conservation management. International Journal of Ecology,
doi.org/10.1155/2014/140354.

Lalog, J.O., Esteban, N., Berkel, |. and Hays, G.C. (2016) Sand temperatures for nesting sea turtles in the
Caribbean: Implications for hatchling sex ratios in the face of climate change. Journal of Experimental
Marine Biology and Ecology, 474: 92-99.

Maslenikov, K.P., Orr, J.W. and Stevenson, D.E., 2013. Range extensions and significant distributional
records for eighty-two species of fishes in Alaskan marine waters. Northwestern Naturalist, 94 | -21.

Munday, Philip L., Jennifer M. Donelson, and Jose A. Domingos. (201 6) Potential for adaptation to
climate change in a coral reef fish. Global Change Biology. DOI: 10.1111/gcb.13419

References on the effect of ocean chemistry changes (increasing acidification) on tropical marine

ecosystems

Albright R, Langdon C, Anthony K (2013) Dynamics of seawater carbonate chemistry, production, and
calcification of a coral reef flat, central Great Barrier Reef. Biogeosciences 10

Fabricius KE, Kluibenschedl A, Harrington L, Noonan S, De'ath G (2015) In situ changes of tropical
crustose coralline algae along carbon dioxide gradients. Scientific Reports 5: 9537

Fabricius KE, Langdon C, Uthicke S, Humphrey C, Noonan S, De/'ath G, Okazaki R, Muehllehner N,
Glas MS, Lough JM (201 1) Losers and winners in coral reefs acclimatized to elevated carbon dioxide
concentrations. Nature Clim Change |: 165-169 doi http://dx.doi.org/[0.1038/nclimate | 122

Fang JKH, Mello-Athayde MA, Schonberg CHL, Kline DI, Hoegh-Guldberg O, Dove S (2013) Sponge
biomass and bioerosion rates increase under ocean warming and acidification. Global Change Biology
19: 3581-3591

Johnson VR, Russell BD, Fabricius KE, Brownlee C, Hall-Spencer JM (2012) Temperate and tropical
brown macroalgae thrive, despite decalcification, along natural CO2 gradients. Global Change
Biology 18: 2792-2803.

Mongin M, Baird ME, Tilbrook B, Matear R}, Lenton A, Herzfeld M, Wild-Allen K, Skerratt J,
Margvelashvili N, Robson BJ, Duarte CM, Gustafsson MSM, Ralph PJ, Steven ADL (2016) The
exposure of the Great Barrier Reef to ocean acidification. Nat Commun 7

Ow Y, Collier C, Uthicke S (2015) Responses of three tropical seagrass species to CO2 enrichment.
Marine Biology 162: 1005-1017

Uthicke S, Furnas M, Lenborg C (2014) Coral Reefs on the Edge? Carbon Chemistry on Inshore Reefs
of the Great Barrier Reef. PLoS ONE 9: €109092

Uthicke S, Soars N, Foo S, Byrne M (2013) Effects of elevated pCO?2 and the effect of parent acclimation
on development in the tropical Pacific sea urchin Echinometra mathaei. Marine Biology 160: 1913 -
1926

Vogel N, Meyer F, Wild C, Uthicke S (2015) Decreased light availability can amplify negative impacts of
ocean acidification on calcifying coral reef organisms. Marine Ecology Progress Series 521: 49-61

Webster NS, Uthicke S, Botté ES, Flores F, Negri AP (2013) Ocean acidification reduces induction of coral
settlement by crustose coralline algae. Global Change Biology 19: 303-315

References on Crown of Thornes Seastar
Brodie J, Fabricius K, De'ath G, Okaji K (2005) Are increased nutrient inputs responsible for more
outbreaks of crown-of-thorns starfish? An appraisal of the evidence. Mar. Pollut. Bull. 51: 266-278



Current and future impacts of climate change on marine fisheries and biodiversity
Submission 10

Cai W, Borlace S, Lengaigne M, van Rensch P, Collins M, Vecchi G, Timmermann A, Santoso A,
McPhaden M}, Wu L, England MH, Wang G, Guilyardi E, Jin F-F (2014) Increasing frequency of
extreme El Nino events due to greenhouse warming. Nature Clim Change 4: 111-116

De'ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27-year decline of coral cover on the
Great Barrier Reef and its causes. Proc. Natl. Acad. Sci. USA 9: 17995-17999

Kamya PZ, Byrne M, Graba-Landry A, Dworjanyn SA (2016) Near-future ocean acidification enhances
the feeding rate and development of the herbivorous juveniles of the crown-of-thorns starfish,
Acanthaster planci. Coral Reefs: |-11

Kamya PZ, Dworjanyn SA, Hardy N, Mos B, Uthicke S, Byrne M (2014) Larvae of the coral eating
crown-of-thorns starfish, Acanthaster planci in a warmer-high CO2 ocean. Global Change Biology
20: 3365-3376

Lamare M, Pecorino D, Hardy N, Liddy M, Byrne M, Uthicke S (2014) The thermal tolerance of crown-
of-thorns (Acanthaster planci) embryos and bipinnaria larvae: implications for spatial and temporal
variation in adult populations. Coral Reefs 33: 207-219

Lough JM (201 1) Great Barrier Reef coral luminescence reveals rainfall variability over northeastern
Australia since the |7th century. Paleoceanography 26: PA2201

Pratchett M, Caballes CF, Rivera-Posada J, Sweatman H (2014) Limits to understanding and managing
outbreaks of crown-of-thorns starfish (Acanthaster spp.). Oceanogr. Mar. Biol. Ann. Rev. 52: 133-
200

Sparks KM, Foo SA, Uthicke S, Byrne M, Lamare M (2016) Paternal identity influences response of
Acanthaster planci embryos to ocean acidification and warming. Coral Reefs: |-14

Uthicke S, Logan M, Liddy M, Francis D, Hardy N, Lamare M (2015) Climate change as an unexpected
co-factor promoting coral eating seastar (Acanthaster planci) outbreaks. Scientific Reports 5: 8402

Uthicke S, Pecorino D, Albright R, Negri AP, Cantin N, Liddy M, Dworjanyn S, Kamya P, Byrne M,
Lamare M (2013) Impacts of ocean acidification on early life-history stages and settlement of the
coral-eating sea star Acanthaster planci. PLoS ONE 8: 82938

Wolfe K, Graba-Landry A, Dworjanyn SA, Byrne M (2015) Larval Starvation to Satiation: Influence of
Nutrient Regime on the Success of Acanthaster planci. PLoS ONE 10: e0122010

Wooldridge SA, Brodie JE (2015) Environmental triggers for primary outbreaks of crown -of-thorns
starfish on the Great Barrier Reef, Australia. Marine Pollution Bulletin

References on implications to global coral reefs of projected increases in cyclone intensity

Adam TC, Brooks AJ, Holbrook §J, Schmitt R}, Washburn L, Bernardi G (2014) How will coral reef fish
communities respond to climate-driven disturbances? Insights from landscape-scale perturbations.
Oecologia 176: 285-296.

Beeden, Roger, Jeffrey Maynard, Marjetta Puotinen, Paul Marshall, Jen Dryden, Jeremy Goldberg, and
Gareth Williams. "Impacts and recovery from severe tropical Cyclone Yasi on the Great Barrier
Reef." PloS one 10, no. 4 (2015): e0121272.

Carrigan, A. D., & Puotinen, M. L. (201 I). Assessing the potential for tropical cyclone induced sea
surface cooling to reduce thermal stress on the world's coral reefs. Geophysical Research Letters,
38(23).

Cheal, A. J., M. Aaron MacNeil, E. Cripps, M. |. Emslie, M. Jonker, B. Schaffelke, and H. Sweatman.
"Coral-macroalgal phase shifts or reef resilience: links with diversity and functional roles of
herbivorous fishes on the Great Barrier Reef." Coral reefs 29, no. 4 (2010): 1005-1015.

De’ath, Glenn, Katharina E. Fabricius, Hugh Sweatman, and Marji Puotinen. "The 27—year decline of
coral cover on the Great Barrier Reef and its causes." Proceedings of the National Academy of
Sciences 109, no. 44 (2012): 17995-17999.

De’ath, G., Fabricius, K.E., Sweatman, H. and Puotinen, M., 2012. The 27—year decline of coral cover on
the Great Barrier Reef and its causes. Proceedings of the National Academy of Sciences, 109(44),
pp-17995-17999.

Emslie M), Cheal AJ, Johns KA (2014) Retention of habitat complexity minimizes disassembly of reef fish
communities following disturbance: a large-scale natural experiment. PLoS ONE 9(8) e105384

Emslie, M.J., Logan, M., Williamson, D.H., Ayling, A.M., MacNeil, M.A,, Ceccarelli, D., Cheal, AJ., Evans,
R.D., Johns, K.A., Jonker, M.J. and Miller, I.R., 2015. Expectations and outcomes of reserve network

performance following re-zoning of the Great Barrier Reef Marine Park. Current Biology, 25(8),
pp-983-992.



Current and future impacts of climate change on marine fisheries and biodiversity
Submission 10

Harmelin-Vivien, Mireille L. "The effects of storms and cyclones on coral reefs: a review." Journal of
Coastal Research (1994): 211-231.

Hooidonk, Ruben, Jeffrey Allen Maynard, Derek Manzello, and Serge Planes. "Opposite latitudinal
gradients in projected ocean acidification and bleaching impacts on coral reefs." Global Change
Biology 20, no. | (2014): 103-112.

Hughes, T. P. & Connell, J. H. Multiple stressors on coral reefs: A long-term perspective. Limnol.
Oceanogr. 44, 932-940 (1999).

Hughes, Terence P. "Catastrophes, phase shifts, and large-scale degradation of a Caribbean coral reef."
Science-AAAS-Weekly Paper Edition 265, no. 5178 (1994): 1547-1551.

Jones, G.P., McCormick, M., Srinivasan, M. and Eagle, J.V., 2004. Coral decline threatens fish
biodiversity in marine reserves. Proceedings of the National Academy of Sciences of the United
States of America, 101(21), pp.8251-8253.

Kerry, ].T. and Bellwood, D.R., 2015. Do tabular corals constitute keystone structures for fishes on
coral reefs?!. Coral Reefs, 34(1), pp.41-50.

Maynard, Jeffrey, Ruben Van Hooidonk, C. Mark Eakin, Marjetta Puotinen, Melissa Garren, Gareth
Williams, Scott F. Heron et al. "Projections of climate conditions that increase coral disease
susceptibility and pathogen abundance and virulence." Nature Climate Change 5, no. 7 (2015): 688-
694.

McCulloch M, Fallon S, Wyndham T, Hendy E, Lough ], Barnes D (2003) Coral record of increased
sediment flux to the inner Great Barrier Reef since European settlement. Nature 421:727-730

Mellin, C., MacNeil, M.A,, Cheal, AJ., Emslie, M.J. and Julian Caley, M), 2016. Marine protected areas
increase resilience among coral reef communities. Ecology letters, 19(6), pp.629-637.

Mumby, Peter J., Nicholas H. Wolff, Yves- Marie Bozec, lliana Chollett, and Paul Halloran.
"Operationalizing the resilience of coral reefs in an era of climate change." Conservation Letters 7,
no. 3 (2014): 176-187.

Mumby, Peter ]., Craig P. Dahlgren, Alastair R. Harborne, Carrie V. Kappel, Fiorenza Micheli, Daniel R.
Brumbaugh, Katherine E. Holmes et al. "Fishing, trophic cascades, and the process of grazing on coral
reefs." science 311, no. 5757 (2006): 98-101.

Osborne, K., Dolman, A.M., Burgess, S.C. and Johns, K.A,, 201 I. Disturbance and the dynamics of coral
cover on the Great Barrier Reef (1995-2009). PloS one, 6(3), p.el7516.

Puotinen, Mariji, Jeffrey A. Maynard, Roger Beeden, Ben Radford, and Gareth ]. Williams. "A robust
operational model for predicting where tropical cyclone waves damage coral reefs." Scientific reports
6 (2016).

Puotinen, ML, Drost, E, Lowe, R, Gilmour, ], Depczynski, M, Radford, B and Heyward, A. (submitted).
Global exposure to unusually widespread damage from big and strong cyclones to double at some
coral reefs. Nature Climate Change.

Richmond, Robert H. "Coral reefs: present problems and future concerns resulting from anthropogenic
disturbance." American Zoologist 33, no. 6 (1993): 524-536.

Sobel, Adam H., Suzana J. Camargo, Timothy M. Hall, Chia-Ying Lee, Michael K. Tippett, and Allison A.
Wing. "Human influence on tropical cyclone intensity." Science 353, no. 6296 (2016): 242-246.

Van Hooidonk, R., J. A. Maynard, and S. Planes. "Temporary refugia for coral reefs in a warming world."
Nature Climate Change 3, no. 5 (2013): 508-511.

References on on reef restoration and recovery

Barton JA, Willis BL, Hutson KS (2015) Coral propagation: a review of techniques for ornamental trade
and reef restoration. Reviews in Aquaculture

Bayraktarov E, Saunders MI, Abdullah S, Mills M, Beher |, Possingham HP, Mumby P}, Lovelock CE
(2016) The cost and feasibility of marine coastal restoration. Ecological Applications 26:1055-1074

Edwards A (2007) Reef Rehabilitation Manual. Coral Reef Targeted Research & Capacity Building for
Management Program: St Lucia, Australia

Maron M, Hobbs R}, Moilanen A, Matthews JW, Christie K, Gardner TA, Keith DA, Lindenmayer DB,
McAlpine CA (2012) Faustian bargains? Restoration realities in the context of biodiversity offset
policies. Biol Conserv 155:141-148

Ortiz JC, Bozec Y-M, Wolff NH, Doropoulos C, Mumby PJ (2014) Global disparity in the ecological
benefits of reducing carbon emissions for coral reefs. Nature Clim Change 4: 1090-1094 doi
10.1038/nclimate2439



Current and future impacts of climate change on marine fisheries and biodiversity
Submission 10

Rinkevich B (2014) Rebuilding coral reefs: does active reef restoration lead to sustainable reefs? Current
Opinion in Environmental Sustainability 7:28-36

van Oppen MJH, Oliver JK, Putnam HM, Gates RD (2015) Building coral reef resilience through assisted
evolution. Proceedings of the National Academy of Sciences |12:2307-2313





