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18.1 Introduction

It is well known that physical forcing, through changes in climatic conditions, has a great influence
on terrestrial*® and marine ecosystems*8s. Most research in this area has focused on dominant climatic
signals on scales of tens of years and at spatial scales of kilometres to thousands of kilometres for the
El Nifio-Southern Oscillation (ENSO) in the Pacific and the North Atlantic Oscillation. Some changes
in the biogeographic patterns of pelagic assemblages, on a scale of decades, have been related to
ocean warming¢. However, there are few reliable data on long-term change and the responses of
organisms to changes in pelagic environments, especially in tropical latitudes. The challenge is to
extrapolate beyond relatively short time scales to climate change and its consequences for pelagic
ecosystems over the longer term. How will environmental baselines change and how will organisms
respond or adapt to change?

This review focuses on pelagic environments. The oceanography of the Great Barrier Reef (GBR) is
dynamic and is the physical template to which organisms respond. Planktonic assemblages are the
basis of pelagic food chains and they provide a rich supply of food for high trophic groups (eg fishes,
birds and whales) as well as the larvae and adults of benthic assemblages (Figure 18.1). Changes in
pelagic systems, therefore, cannot be viewed in isolation from other habitats (such as coral reefs).
Plankton ranges from tiny viruses (less than 1 micron) and bacteria, to larger plant (phytoplankton)
and animal plankton (zooplankton). Jellyfish are the giants of the plankton world and can reach

Figure 18.1 Profile of the GBR from inshore to offshore showing key organisms of the tropical
pelagic food chain, and physical features of the pelagic environment that influence organisms
(eg upwelling and riverine runoff)
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metres in size. Planktonic assemblages support a wealth of predators. Consumers of plankton
(eg small planktivorous fishes such as sprats and pilchards) support larger consumers such as squid
and fishes (eg mackerels, tuna, sharks), seabirds and whales. Plankton feeders are not always small
in tropical waters of Australia and the world’s largest shark (whale shark), largest rays (manta
rays) and marine turtles (leatherbacks) feed on plankton. Changes in planktonic assemblages,
therefore, can have an impact throughout the food chain and include organisms of all sizes.

Phytoplankton are called ‘autotrophs’ because they use sunlight to photosynthesise sugars that are
essential for life. Consumers ranging from microscopic plankton to large fishes directly or indirectly
depend on phytoplankton. Phytoplankton also has a major role in the recycling of carbon dioxide
(CO,). For these reasons anything deleterious that happens to phytoplankton will have a cascade
effect through the entire food chain. Pelagic ecosystems are well known for trophic cascades and it is
generally assumed that nutrient supply and subsequent growth of phytoplankton will result in ‘bottom
up’ control of the whole food chain'*. Top-down effects are also possible. This has been demonstrated
in lakes?> and marine ecosystems?#2 where predators remove zooplankton grazers, relieving grazing
pressure on phytoplankton resulting in an increase in phytoplankton biomass. Changes can happen
very quickly in the plankton and this will affect populations of nektonic animals.

18.1.1 Scope of the chapter

The aims of this chapter are as follows:
i) Give an overview of the physical environment and biota of pelagic ecosystems of the GBR.

i) Discuss the broader significance of pelagic organisms as links between habitats, connectivity
among habitats such as coral reefs, and consequences of change to existing processes (eg
survival of larvae).

iii) Assess the vulnerability of pelagic habitats to climate change.

iv) Discuss the implications for management and make recommendations.

In this volume useful background knowledge to this chapter can be found in Lough (chapter 2) who
provides a detailed account of projected changes in climate in the GBR, and Steinberg (chapter 3)
who provides an explanation of projected changes in oceanography of the GBR. From an organism-
based view, we especially recommend reviews on phytoplankton and mesozooplankton assemblages
(McKinnon et al. chapter 6), planktonic viruses and bacteria (Webster and Hill chapter 5), fishes
(Munday et al. chapter 12), seabirds (Congdon et al. chapter 14) and marine mammals (Lawler
et al. chapter 16).

By necessity this review utilises findings from all over the world. Many paradigms concerning pelagic
habitats have come from high latitude studies in the northern hemispheres*''s and the relevance
of these to tropical pelagic habitats could be questioned. However, there are significant similarities
between temperate and tropical pelagic habitats. At low latitudes, planktonic assemblages are
characterised by small variations in biomass, low standing crop and high turnover rates; rather than
high variation in biomass, sometimes-high standing crop and high turnover rates found at higher
latitudes'3. Although more knowledge is needed about tropical pelagic habitats, it is true that all
pelagic systems are characterised by rapid change, and variation in the physical environment can
have a great influence on all taxa in pelagic assemblages.

Climate Change and the Great Barrier Reef:
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18.2 Description of pelagic systems

18.2.1 Physical environment - oceanography of the GBR

Oceanography affects the GBR at large and small spatial scales’s. At the largest spatial scales
(thousands of kilometres), major oceanic currents of the Pacific bath the GBR, affecting patterns of
flow and the movement of warm and cool waters. At small spatial scales (centimetres to metres),
small-scale turbulence can affect the settlement patterns of organisms such as corals. The South
Equatorial Current that flows from east to west affects the oceanography of the GBR. The South
Equatorial Current weaves its way as ‘jets’ around Vanuatu and New Caledonia before bifurcating
at the central GBR. Waters flow north and south as the East Australia Current. The South Equatorial
Current often enters the reef matrix, especially where the density of reefs is low'2, and influences
flow within the GBR lagoon. Tides (2 to 5 metres in amplitude) flow on and off the shelf and often
dominate transport of water. Complex topography generates jets, eddies and convergences and the
position of these features will vary with direction of flow”°. Wind varies in direction and strength with
time of year and influences water movement and the resuspension of sediments, especially in shallow
water. Wind generated movement and destructive waves can be catastrophic during cyclones.
Variation in vertical physical structure (ie thermoclines and haloclines) and the input of freshwater
from coastal sources also have an effect on water transport and associated particles. Across the shelf,
nearshore waters are often impacted by freshwater and runoff of nutrients whereas outer shelf waters
are more affected by upwelling of cooler nutrient-rich waters*. Anthropogenic impacts are greatest
near shore where delivery of sediments, nutrients and pesticides from agricultural activities varies
according to freshwater flow from rivers. Nearshore waters are most turbid due to wind related
turbulence in shallow water and riverine inputs3+.

18.2.2 Pelagic assemblages of the GBR

18.2.2.1 Viruses to jellyfishes

Tropical pelagic assemblages are diverse and there is great variation in body size from viruses to
whales. Plankton includes tiny viruses, bacteria, cyanobacteria (eg Trichodesmium), dinoflagellates,
diatoms, copepods, larvaceans, arrow worms, larval forms of invertebrates and fishes, and tiny
jellyfishes to those that are metres in length (McKinnon et al. chapter 6). The relative abundance
of autotrophs varies with nutrient input and, at some latitudes, time of year. Although seasons are
often ignored in tropical environments, the latitudinal range of the GBR is extensive (10 to 24° S) and
seasonal change in the composition of plankton is therefore considerable.

Phytoplankton is a critical food source for zooplankton. Zooplankton include many larvae that are
temporary members of the plankton (meroplankton) and those that spend their whole life as plankton
(holoplankton). A multitude of developmental forms that include nauplii, intermediate stages (eg
copepodites) and adult holoplankton are found. Copepods (subclass Copepoda) often dominate
zooplankton samples (up to 80% of catches and there are at least 193 species on the GBR). Common
genera in waters of the GBR include: medium sized Acartia, Paracalanus, Temora (approximately
0.7 to 1.1 mm adults), and larger Candacia, Undinula, Eucalanus, Centropages, Labidocera, Pontella
of the order Calanoida (approximately 1 to 3.0 mm); small to medium sized Oithona and Oncaea
(approximately 0.7 to 1.1 mm adults), of the orders Cyclopoida and Poecilostomatoida respectively;
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and Euterpina and Microsetella of the order Harpacticoida. Other important members of the phylum
Crustacea that are found in net plankton include Penilia (order Cladocera).

Critical links between benthic and pelagic assemblages occur through the larval forms of reef-associated
organisms such as corals, crabs, crown-of-thorns-starfish, sea urchins and fishes. Invertebrates and
fishes release eggs or larvae in the water column and pre-settlement phases can last from about nine
days for clown fish to months for taxa such as surgeon fishes and tropical lobsters. At times of the
year when animals are spawning, larvae can constitute a major component of total plankton. This is
especially the case for corals that have ‘mass spawning’ and benthic algae that have mass releases of
spores into the water column?'#°_ Larvae range from the small and ciliated planula larvae of jellyfish
and corals (about 0.5 mm) and the transparent brachiolaria larvae of starfish, to large and essentially
nektonic pre-settlement reef fishes. The pelagic phase of surgeonfish can be over 50 mm (standard
length, SL) at settlement and tank tests have demonstrated they may swim up to 120 km without
food. Although some larvae do not feed in the plankton's', most are planktotrophic and depend on
planktonic food to survive. Although the larvae of many tropical taxa can be found throughout the
year”3, distinct spawning seasons are typical of most invertebrate and fish taxa®’. The majority of taxa
spawn late spring to summer, the period of time when GBR waters are most likely to be impacted by
warm water anomalies (Lough chapter 2).

There are few data on broad scale (ie kilometres to hundreds of kilometres) abundance patterns
of plankton on the GBR. Some data indicate total plankton is most abundant in nearshore waters,
followed by mid-shelf then outer waters'. This corroborates with a concentration of schooling
planktivorous fishes that concentrate in nearshore waters', but the persistence of these patterns
within and between years is unknown.

Gelatinous megazooplankton are spectacular predators of the zooplankton and can have a great
influence on pelagic food chains. Although jellyfish are a natural part of the ecosystem their
abundance is sometimes related to the health of an ecoystem, be that thermal or nutrient relateds*.
For example, abundance of some jellyfish flourishes in eutrophic conditions”. The phylum Cnidaria
includes the class Scyphozoa, represented by many large jellyfish, some of which have tentacles that
extend over three metres in length (eg Cyanea, Desmonema; lions mane jellyfish) and they can weigh
more than 10 kilograms. Others have stumpy tentacles, such as Catostylus, and fisheries target some
of these taxa for sushi grade jellyfish (adults are up to five kg wet weight). One of the most common
jellyfish in coastal waters is Aurelia (moon jelly), which is harmless and like most jellyfish can be found
in great numbers. Densities of jellyfish can be so great at times that they are referred to as ‘blooms’””.
The deadliest jellyfish belong to the class Cubozoa and include stingers and multiple types of jellyfish
that are responsible for the medical condition called Irukandji syndrome (eg Carukia barnesi and
Pseudoirukandji spp.). Little is known about the ecology of cubozoans, except chirodropids (eg stinger
Chironex fleckeri) that are abundant in nearshore waters. Polyps of chirodropids are in estuaries and
the release of small medusae is thought to coincide with rain events's®. The carybdied Carukia barnesi
is found nearshore, while very dangerous Irukandji syndrome medusae, such as Pseudoirukandji spp.,
are most common kilometres from mainland Australia (L Gershwin and | Seymour pers comm).
Anecdotal accounts suggest that the incidence of stings and observations of dangerous cubozoans
has increased over the last decade and there is strong evidence for global increases in jellyfish and
other gelatinous zooplankton worldwide'3.

Climate Change and the Great Barrier Reef:
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Other gelatinous zooplankters have important roles in pelagic ecosystems. Siphonophores are
voracious predators of plankton and are solitary or form long strings (colonies) that drift and swim
by hydraulic pumping of seawater. In bloom conditions jellyfish siphonophones and comb jellies
(Ctenophora) can have a significant effect on concentrations of holoplankton and meroplankton'''112,
Other gelatinous zooplankters that form strings, but are unrelated to siphonophores, are the salps
and doliolids (phylum Chordata, class Thaliacea; nine species on GBR; McKinnon et al. chapter 6).
Salps can also bloom and their filtration of the water column can have a great effect on tiny plankton
that form the food of larvae and other large holoplankton™2153, Gelatinous zooplankters are not only
predators, they can provide shelter for small fishes and some invertebrate larvae’2.

Tropical waters are generally clear and low in nutrients. In contrast to temperate systems, there is
generally consistent and high turnover of plankton®2. It is often estimated that the entire biomass of
phytoplankton turns over every two days (McKinnon et al. chapter 6). There are localised exceptions
to low biomass, particularly with respect to blooms of plankton that are the result of riverine input
and sometimes upwelling*. Riverine plumes, in particular, are well known for causing great variation
in concentrations of plankton and related feeding conditions for larvae* and larger pelagic predators
such as fishes'®.

18.2.2.2 Nekton

There is great diversity of highly mobile marine organisms in the GBR. There are approximately 12
species of squid, approximately 1500 species of bony fishes and sharks, six species of marine turtles,
eight species of marine snakes (of 50 species in the Indo-Pacific), 35 species of dolphins in tropical
seas, and 11 on the GBR (of which spinner (Stenella longirostris) and bottlenosed dolphins (Tursiops
truncates) are the most common), one species of dugong and 16 species of whales (of which the
humpback whale and dwarf minke whale would be the most common) (Munday et al. chapter 12,
Lawler et al. chapter 16). Although seabirds are not technically nekton, they are regular visitors to
pelagic habitats and many can dive tens of metres below the surface to capture prey (usually fishes,
squid or plankton; Congdon et al. chapter 14). Although the majority of fishes are resident in the GBR,
many large vertebrates are only temporary visitors that move freely in and out of the GBR depending
on the time of year and the conditions they experience.

Squid are common in tropical waters (eg Sepioteuthis lessoniana, Loligo chinensis, Loliolus noctiluca)s2.
They are voracious predators that feed on plankton and fishes, and reproduce and die young®”. No
tropical squid lives for longer than one years2. Small squid have been collected at all distances across
the continental shelf of the GBR?, but knowledge of their ecology and movements on and off the
shelf is poor. However, distributional data would suggest that some taxa never leave shelf waters (eg
Idiosepius pygmaeus).

A range of small fishes, both open water and reef-associated, feed on plankton and in turn provide
critical food for a broad range of bony fishes, elasmobranchs, seabirds and cetaceans. Small fishes of
the families Clupeidae (herrings and sprats), Engraulididae (anchovy), Carangidae (trevallies and scad),
Scombridae (mackerels) and Caesionidae (fusiliers) are important as bait fish at all latitudes on the GBR
(Figure 18.2). These small fishes are the prey of larger fishes that include: scombrid (eg Scomberomorus
commerson, narrow barred spanish mackerel; Scomberomorus semifasciatus, grey mackerel; Euthynnus
affinis, mackerel tuna; Thunnus tonggol, longtail tuna), carangid (Elegatis bipinnulata, rainbow runner;
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Figure 18.2 School fish and piscivores: a predatory spanish mackerel hunting hardy heads
(Photo credit: Robert Torelli, Blue Water International)

Caranx ignobilis, giant trevally; Carangoides fulvoguttatus, gold-spotted trevally), Coryphaenidae (eg
Coryphaena hippurus, dolphinfish) and at the largest end of the fin-fish tree the sailfish and marlins of
the family Istiophoridae (eg Istiophorus platyerus, sailfish; Makaira mazara, black marlin).

Open water sharks of the GBR are broad ranging’” and have a diverse diet that includes squid, small
and large bony fishes and other sharks** (Chin and Kyne chapter 13). Whaler sharks (Carcharhinidae)
are common in open water and fast-moving sharks of the Lamnidae (eg Isurus oxyrinchus, mako
shark) will feed on fish as large as marlin. Large but relatively docile planktivores include whale
sharks (Rhincodon typus) and manta rays (Manta alfredi). Many of these large elasmobranchs have
been demonstrated to move outside the GBR and sometimes between countries (eg whale sharks
move from Ningaloo Reef in Western Australia to Indonesia). Juvenile whale sharks are thought to
aggregate off Ningaloo Reef during the Austral autumn to feed on a rich supply of euphausids and
other planktonic food such as coral spawn''42. There is some evidence that numbers of sharks are
influenced by ENSO, where numbers are greatest during La Nifia conditions''. Large rays such as
manta rays may also have large-scale movements that relate to reproduction, similar to cownose rays
in Atlantic waterss, but there are no data on this.

Large mammals use tropical waters of the GBR and many species of dolphin and whale are found
in GBR waters (Lawler et al. chapter 16). Dolphins focus on bait fish as a food source and are found
in nearshore to offshore waters over the continental shelf. Although some dolphin populations are
resident on scales of less than 10 km?, many whales only use reef waters at certain times of the year.
Humpback whales give birth during the Austral winter before mating and returning to Antarctic
waters. Similar migrations have been discovered for Arnold’s minke whales that are common in mid-
and outer-shelf waters of the GBR. Baleen and toothed whales (Odonticeti) are sometimes observed
feeding on schools of bait fish (Lawler et al. chapter 16).

Climate Change and the Great Barrier Reef: A Vulnerability Assessment
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18.3 Significance of pelagic organisms in the GBR

18.3.1 Food for larvae

Trophic cascades in pelagic ecosystems are likely to be strongly bottom-up with ample evidence
in different environments for strong linkages between phytoplankton, zooplankton and fish
populations'®. Larval invertebrates, squid and fishes from all environments on the GBR as well as
those from coastal systems, and perhaps the deep seas adjacent to the shelf, have to survive their early
life history in the plankton. Some larvae will grow and eventually settle in benthic environments such
as reefs, while others will grow into pelagic juveniles. Great focus has been given to understanding
how organisms survive early life because it is a fundamental determinant of input to and the viability
of populations™. It is clear that abundance of food and predators can be critical determinants of
survival in the plankton (Table 18.1). The timing, types and amount of plankton produced are all
important. The combination of plankton and suitable oceanographic conditions can also be critical
to concentrate prey to levels required by larvae to survive.

Table 18.1

Hypothesis

Match-Mismatch

Vertical stability

Upwelling/turbulence

Stable retention areas

Larval transport by
internal waves

Ctenophore
predation

562

Scenario

The survival of fish larvae is greatest when
production of larvae through spawning of adult fish
matches the production of larval food

Thermoclines are essential to aggregate planktonic
food into concentrations that allow fish to survive

Level of upwelling and disturbance influences
encounter rates of larvae with food which will
influence survival of larvae

Oceanographic features retain larvae so that

they recruit to adult populations. Retention areas
prevent expatriation of larvae and the size of
retention areas influences population size. The
presence of a retention area is more important than
concentrations of food.

The frequency and location of internal waves will
determine the number of invertebrates and fish
larvae that return to coastal environments

Introduced ctenophore blooms in the Black Sea and
predation on clupeid fish larvae cause recruitment
failure of fish

Climate Change and the Great Barrier Reef:

Source

Cushing?

Laskerss

Cury and Roy?

Sinclair'z, Lobel
and Robinson®

Pineda and Lopez'®,
Shanks and
Wright'20

Kideys and
Moghims¢?



Hypothesis Scenario Source

Jellyfish predation The number of larvae surviving correlates with Mollerss
number of predators (ie more jellyfish means less
larvae survive, regardless of the size of adult fish

stock)
Jellyfish predation Jellyfish consume many larvae, but they are also Lynam et al.®
and competition significant competitors for larval food
Salp predation Salps consume food for larvae so that larvae starve. Zeldis et al.'s?

Survival rates of larvae are higher in the absence
of salps.

18.3.2 Food for benthic assemblages

Plankton supports a diversity of organisms in coastal, inter-reef and pelagic habitats. Sponges, corals,
anemones, ascidians and other suspension feeders feed on plankton and are critical for the input of
nutrients to reefs and other habitats'’s. Many small reef fishes also feed on plankton. The densities of
these fishes and their abundance has coined the term ‘wall of mouths’#, and in tropical and temperate
regions they can have a measurable effect on plankton’é and provide and important input of nutrients
to reefs''s. Important reef-associated taxa include fishes of the families Pomacentridae, Caesionidae,
Serranidae (especially Anthids) and fishes that have a more facultative relationship with reefs such as
the Carangidae and Scombridae. Munday et al. (chapter 12) and Hoegh-Guldberg et al. (chapter 10)
provide discussion on coral reef fishes and corals. The fall-out of plankton and faeces from the water
column to the benthos is also a critical component of marine sediments that deposit feeders such as
sea cucumbers feed on; often called ‘marine snow’?®. Variation in the pelagic environment, therefore,
will manifest itself on the substratum as variation in the input of food.

18.3.3 Predators

Predators of a wide range of sizes are found in the pelagic environment. Some of these organisms
have the ability to influence population sizes of autotrophs or consumers and, therefore, variation in
predator numbers will have a great influence on pelagic environments. Tiny plankton feed on each
other. Of great significance to organisms from all environments on the GBR is predation of larvae. In
many parts of the world, it is argued that numbers of predators determine the number of larvae that
survive the larval phase (Table 18.1). The abundance of jellyfishes, ctenophores and siphonophores
for example may have a great influence on the survival of fish larvae. Large gelatinous organisms
also have other roles in pelagic ecosystems such as providing shelter for a host of larval invertebrates
and fish’2. It has been argued that there is a positive relationship between the abundance of large
predatory jellyfish and the recruitment of small fishes that utilise the jellyfish as shelter®. Jellyfish
predation can also result in top-down effects, for example Fock and Greve3? modelled a pelagic food
web where small ctenophores and copepods are known to eat a dinoflagellate responsible for red
tide (Noctiluca scintillans). The model indicated that predation by scyphozoan jellyfish on ctenophores
and copepods reduced predation pressure and this could facilitate blooms of the dinoflagellate.
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There is experimental evidence for this in Australia (K Pitt and Kingsford unpublished data). This type
of cascade could become more common with global increases in numbers of gelatinous zooplankton
in coastal waters's.

Large predators from the pelagic environment affect other environments and generate complex
trophic links. Piscivorous fishes (especially from the Carangidae and Scombridae) and dolphins, for
example, commonly prey on reef and estuarine associated fishes. Some large predators are closely
associated with reefs (eg Serranidae’) and consume pelagic prey while others are open water taxa
that often move in response to food and/or temperature?s where these two factors are sometimes
correlated. Intense predation by both reef-associated and open water taxa can have significant effects
on populations of prey.

18.3.4 Bait fish: a critical resource

Bait fish are a critical resource for many consumers including squid, fishes, seabirds and marine
mammals'®. Small planktivorous school fish are found across the GBR and they are a critical resource
to larger fishes from all environments”'. There are ‘hot spots’ or billfish grounds in the GBR lagoon
where large numbers of planktivorous school fish aggregate. Mangrove-lined bays adjacent to the
GBR lagoon are highly productive and are called Effective Juvenile Habitats?®. These grounds are
considered important for a range of taxa and include the following regions: Cairns (16.8° S, 145.7°
E), Dunk Island (17.8° S, 146.2° E) and Cape Bowling Green Bay (19.3° S, 147.4° E). Nutrient rich
waters from mangroves and associated creeks enter coastal waters and enhance primary and then
secondary production. Coastal eddies entrain this production and maintain the geographic stability
of nursery areas.

Bait fish move throughout the GBR lagoon during the year. In winter, great aggregations of clupeid,
carangid and scombrid bait fish and teleost, elasmobranch, avian and cetacean predators occur in
billfish grounds’. Juvenile black marlin and adult sailfish target large surface aggregations of bait fish.
Gut content data demonstrate that northern pilchard (Amblygaster sirm) and golden-lined sardines
(Sardinella gibbosa) compose 95 percent of the diet in the majority of black marlin. Sailfish also
consume many pilchards (57% of the diet), as well as larval monacanthids and balistids'®. Marine
mammals such as dolphins and whales also focus on large schools of small planktivorous fishes (Lawler
et al. chapter 16). Many of the larger piscivores move outside the GBR once they have spawned or
grown large enough to leave GBR nursery areas, thus connecting with open ocean environments.
These predators are therefore reliant on adequate supplies of bait fish as their primary food source
and represent an important link at the top of the food chain (Figure 18.3), and many species in turn
support fisheries of importance on the GBR.

Seabirds such as terns, mutton birds, shearwaters and boobies are abundant on coral cays and granite
islands of the GBR (Congdon et al. chapter 14) and use these locations as roosting and breeding sites.
Near and abundant prey is usually a prerequisite for the successful survival of chicks where they feed
on small clupeid fishes such as Spratelloides robustus as well as anchovies (Engraulis spp.). Adults make
long distance forays from isolated reefs inside and outside of the GBR where complex topography
facilitates good conditions for feeding?s.

Climate Change and the Great Barrier Reef:



Figure 18.3 Baitfish are a critical source of food for piscivores: Golden trevally patrolling a school of
bait fish (hardy heads) (Photo credit: Robert Torelli, Blue Water International)

18.3.5 Fisheries

Fishers are effective predators in multiple habitats of the GBR. In some parts of the world overfishing
has resulted in fishing down the food chain¢*. Overfishing has a direct effect on fishes, but can also
cause trophic cascades in pelagic systems. For example, overfishing of plankton feeding fishes along
the coast of Angola resulted in great population growth of gelatinous zooplankton that thrive on the
additional prey*. Commercial and recreational fishers take fishes from the GBR lagoon and adjacent
habitats such as estuaries. Reef fish, pelagic fish and fish from coastal environments are taken (Table
18.2). Fisheries have a direct ecological impact on target species and potential indirect positive affects
on prey taxa. In addition, they are of considerable social and economic significance to the region.

Several commercial fisheries on the GBR target pelagic species ranging from net fisheries near the
coast to line fisheries operating throughout much of the GBR. Spanish mackerel represents an
important line fishery on the GBR worth approximately A$2 million annually with an annual harvest of
about 600 tonnes (Table 18.2). GBR line fisheries also take shark mackerel, mostly as bycatch, and not
currently in significant quantities. Other commercial fisheries that take pelagic species on the GBR are
net fisheries operating in nearshore environments and take species such as grey mackerel, carangids,
queenfish, pilchards, sardine, garfish and several shark species.

Recreational fishing is a significant pastime on the GBR with Queensland residents spending
approximately 4.6 million days fishing during the period May 2000 to April 200152, Recreational fishers
using the GBR contribute about A$623 million to the Australian economy annually2. Mackerel species
represent one of the most highly targeted recreational species groups. Commercial and recreational
GBR fisheries also target a suite of reef and inshore species representing significant social and economic
importance (Munday et al. chapter 12, Sheaves et al. chapter 19, Fenton et al. chapter 23).
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Table 18.2

Common name

Pelagic taxa

Spanish mackerel
Grey mackerel
School mackerel
Spotted mackerel
Garfish

Shark mackerel
Pilchards/Sardine
Trevally unspecified
Queenfish

Reef taxa

Coral trout

Red throat emperor
Red emperor
Spangled emperor
Snapper

Tropical rock lobster

Species

Scomberomorus commerson
Scomberomorus semifasciatus
Scomberomorus queenslandicus
Scomberomorus munroi
Hemiramphidae
Grammatorcynus bicarinatus
Sardinops sp.

Carangidae

Scomberoides sp.

Plectropomus leopardus
Lethrinus miniatus
Lutjanus sebae
Lethrinus nebulosus
Lutjanid sp.

Panulirus ornatus

Reef, inter-reef and open water

Shark
Coastal Taxa

Blue swimmer crab
Mud crab
Barramundi

Tiger prawn
Eastern king prawn
Banana prawn

Unspecified

Portunus pelagicus

Scylla serrata and Scylla olivacea
Lates calcarifer

Penaeus esculentus

Penaeus plebejus or latisulcatus
Penaeus merguiensis

Commercial Catch

(%)

249.31 ($1.746)
181.1 ($1.087)
29.6 (30.178)
27.8 (30.167)
74.3 (30.446)
43.2 ($0.259)
6.1 ($0.012)
90.8 ($0.363)
78.2 (30.235)

1134.0%5 ($34.020)
300.0¢ ($1.501)
29.3 ($0.264)

16.9 (30.102)

23.0 (30.184)
210.0 ($4)

657.7 ($3.946)

29.8 (30.192)
539.9 ($5.669)
199.9 ($1.399)
1619.1 ($24.287)
1331.1 ($14.857)
348.0 ($3.132)

Recreational Catch

(year)

406 (2003)
12 (1995)

43

70

5.2 (2001)s
nd

nd

235.2 (2001)
nd

386 (2005)

118 (2005)8

232 (2005)8

nd

approx. 850 (2005):
nd

approx. 105 (2001)s

200 (1999)
1000 (1999)
275 (1999)
nd

nd

nd

* Most of these taxa are important in the recreational fishery but there are few data on catches
T From 2004 Total Allowable Commercial Catch (TACC) capped at 619.5t
F from 2004 TACC capped at 1350t
# from 2004 TACC capped at 700t

§ estimates for all QLD

a Queensland Department of Primary Industries and Fisheries commercial logbook data,
http://chrisweb.dpi.qld.gov.au/chris/

Climate Change and the Great Barrier Reef:



Collectively the commercial and recreational fishing catch and effort for pelagic species on the GBR
is relatively modest by international standards. However, locally they represent important industries
both socially and economically. Just as impacts on the pelagic environment attributable to climate
change may have an impact on the populations of bait fish species and those that prey on them,
there would also be flow-on impacts to fisheries that target these species either commercially or
recreationally. Unless these fisheries are monitored closely over the coming years of climate change,
impacts on pelagic species populations may develop unchecked.

Some bony fishes and sharks have very large home ranges or are highly migratory. Consequently
they are often fished immediately outside of the GBR by Australian and international vessels?. Fishing
impacts or climate stressors outside of the GBR therefore, may affect the size of pelagic populations
within the GBR. This is certainly true of large pelagic fishes such as marlin and some sharks.

18.3.6 Tourism

Many pelagic organisms represent the charismatic megafauna of tropical marine ecosystems and
often are a focus of GBR tourism, which as part of regional tourism contributes AU$6.1 billion to the
Australian economy?. Tourist operations have tours to sites such as the ‘cod hole’ on the northern GBR
to observe large site-attached serranids. Sites with abundant reef sharks are also popular (eg Osprey
Reef in the Coral Sea). Open water fauna including sharks and mammals also attract significant
tourism attention. Tourists keenly seek observations of whales and operators take them to observe
migrating humpback and minke whales.

18.4 Physical environment effects on pelagic organisms

Pelagic organisms interact with the physical environment. Therefore, it is not surprising that the
physical environment has a great influence on fauna and variations in physical aspects of the
environment will alter assemblages (Table 18.3). This is especially true where organisms are intolerant
of variation outside a narrow range of conditions (eg temperature: stenothermal organisms).
The physical environment can influence patterns of growth, mortality, movement, reproduction,
recruitment and assemblage composition. Key physical factors include: oceanography (current
strength and direction), sea level, sea temperature, ocean chemistry, ultraviolet radiation, nutrient
enrichment, rainfall, salinity, wind and cyclone events. For the purposes of this chapter we are nesting
rainfall (and related salinity changes), upwelling, winds and cyclones within nutrient enrichment, as
all of these physical factors will have an impact on nutrient levels. Rainfall not only affects nutrient
levels through runoff but can also cause low salinity waters that can kill some organisms. For example,
benthic phases of some jellyfishes die in salinities of less than 12 practical salinity units (psu)’”.
Cyclones can also have significant destructive effects on reef habitats and associated organisms.

Climate Change and the Great Barrier Reef:

567

1l 3ed

=
1)
T
=
-
1
-,
“




568

Part lll: Habitats

Table 18.3

Source of change

Oceanography

Change in sea level

Temperature

Acidification

UV radiation

Rainfall and clouds

Upwelling

Wind

Cyclones

Scenario

Changes in current strength and direction; some changes in current strength
are expected.

Inundation of established coastal habitats such as mangroves and seagrass
beds. An increase of up to one metre is expected in the long term. Current
rates of increase are 2.9 mm per annum, but sea level would increase
significantly with catastrophic melting of ice caps.

Changes in average temperature will influence the size and duration of hot
spots. Average increases of 1.6°C long term. There are no predictions on hot
spots.

A reduction in pH as a result on increased levels of dissolved CO,.
Decrease of 0.5 pH units is expected over the next 100 years.

Increased exposure to UV radiation; variation in short and long terms not
expected to be great.

Increased residence time of warm water on the GBR could result in increased
evaporation and accumulation of clouds. Onshore winds would result

in greater rainfall and input of low salinity water; but predictions do not
suggest a great increase in rain.

Upwelling frequency, duration and intensity along the shelf break;
no predictions, but wind would affect upwelling.

Changes in strength and direction of wind would alter currents, upwelling
and rainfall. No predicted change in wind for the short or long term,
but see cyclones.

Increased intensity and frequency of cyclones. Changes in wave height and
increased potential for habitat destruction; extreme rainfall and freshwater
input to coastal environments which is toxic to many organisms (low
salinity), increased mixing of surface layers resulting in localised change

in temperature. Long- and short-term predictions show little change in
cyclone behaviour.

18.4.1 Oceanography

Currents connect habitats on the GBR through the transport of larvae and nutrients, and influence

the movements of patches of planktonic organisms. In addition, currents influence the genesis of

planktonic assemblages. For example, upwelling will transport nutrient rich waters into the photic

zone. The subsequent growth of phytoplankton will in turn influence production of consumers

(McKinnon et al. chapter 6).

Climate Change and the Great Barrier Reef:



Most benthic organisms have a larval stage that spends time in the pelagic environment. Currents
can favour repatriation to areas where larvae were spawned (source) or expatriate them (sink).
Oceanography clearly affects the connectivity of benthic habitats such as reefs that are separated
by expanses of shelf waters. This is seen dramatically during the mass spawning of corals'®"4 where
many reproductive products are dispersed among reefs separated by hundreds of metres to kilometres
(Figure 18.4). Although models have predicted that larvae can disperse over great distancess>'¥, it
is clear that the probability of broad dispersal will depend on currents as well as the mobility and
sensory capability of larvae’®. Recent studies have indicated that a substantial proportion (20 to 30%)
of at least some taxa may return to source reefss¢’. Despite high rates of settlement to source reefs
by some taxa¥’, there is still some dispersal among clusters of reefs?*. The strength and direction of
currents will influence the position of source and sink reefs?® and a change in currents may require a
response by managers to consider marine protection regimes.

Figure 18.4 Connectivity of reproductive products among reefs on the central GBR.

A. Patch reefs in the lagoon of Bowden Reef (altitude 300 metres), coral spawn among reefs
separated by tens to hundreds of metres, slick area 200 to 500 metres long

B. Stanley reef (altitude 1500 metres), coral spawn slicks among reefs, shown boat is eight metres
long and the slick is two to three km long (Photo credit: Bette Willis)

Climate Change and the Great Barrier Reef: A Vulnerability Assessment
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Oceanography will also influence the distribution of patches of plankton. For example, larvae of
pelagic fishes are transported by currents that are important for retaining or transporting larvae
to suitable nursery areas. Thermal signatures of patches may correspond to a unique plankton
assemblage on and off the shelf*, while nekton may respond to thermal structure®s, a potential sign
that conditions are good for feeding. Climatic factors that change the direction and strength of
currents therefore, would alter patch dynamics on the GBR.

Stratification of the water column influences the distribution and abundance of plankton and can
have a great influence on the distribution of planktonic food and the nekton that feeds on it. Although
shelf waters of the GBR are often well mixed, stratification can result from freshwater input and waters
are stratified immediately off the shelf break (Steinberg chapter 3). Changes in stratification can alter
patterns of plankton biomass'2?2 and the degree of stratification is influenced by climatic factors.

18.4.2 Sea level

Sea level changes with phase of the tide and, tidal ranges of 1.7 to 6 metres are typical on the
GBR. Tides combined with bathymetry are primary drivers of the physical oceanography of the
GBR and influence transport of nutrients, plankton and nekton and the advection of larvae as well
as influencing organisms with intertidal distributions (Lovelock and Ellison chapter 9). However, the
entire tidal base-line can alter with changes in sea level.

Organisms of the GBR have dealt with previous changes in sea level. Five thousand to twelve
thousand years before present the current continental shelf was not immersed and as recently as
1000 years before present sea level was one metre higher than it is now. It is predicted that sea level
will rise approximately one metre within the next 100 years. Organisms with narrow nearshore depth
ranges would be most affected. Benthic organisms such as mangroves have moved seaward or further
inland with historical changes in sea level'*. For pelagic organisms, changes in nearshore sea level
could have a great affect on nearshore production levels, the effectiveness of nursery areas, turbidity
and changes in currents due to alterations to bathymetry and related water movement.

18.4.3 Temperature

Variation in water temperature affects many aspects of the biology of pelagic organisms, including:
timing and duration of phytoplankton blooms; spawning of adults (eg fishes'?', egg size®, survival
of larvae’s, duration of larval phase*}); growth of larval, juvenile and adult forms (eg squid, tropical
wrasse and other reef fishes'?”); and movements and distribution of adults®. Temperature has
also been shown to influence the distribution, abundance and growth of mesozooplankton and
phytoplankton''s, the abundance and distribution of planktonic pathogens, and the occurrence and
virulence of disease (Webster and Hill chapter 5).

Biogeographic patterns and growth of most marine organisms are affected by temperature?z.
Range changes in response to increases in temperature, have been demonstrated for marine fishes
elsewhere'?’. In summer, normal latitudinal temperature variation from Torres Strait to the southern
GBR can be 4 to 5°C (ie 25.5 to 29°C). Temperature varies with time of year, especially at high
latitudes on the GBR, so some tolerance of variation in temperature is apparent. On the southern
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GBR, temperatures range from 18 to 29°C during the year. Local effects that influence temperature
include warming in lagoons?, upwelling and the input of freshwater'#. Upwelling will generally cause
low temperature anomalies, while freshwater can be either warmer or cooler than the ocean and
this generally depends on the time of year. Patches of warm water can pool at various locations for
days to weeks based on activity of the South Equatorial Current and related ENSO effects, as well as
interaction with local tides. Over the last two decades, patches of water greater than 31°C have been
resident on coral reefs for long enough to cause coral bleaching.

Patches of warm water affect the distribution and recruitment of nekton. The distribution and
abundance of pelagic fish species are strongly linked to temperature regimes. For example, highest
catches of skipjack, the world’s most prolific tuna species with respect to fisheries, comes from a
‘warm pool’ in the western equatorial Pacific. Further, spatial shifts in skipjack populations have been
linked to large spatial displacements of this warm pool that occurs during ENSO events®. This has
also been found for other tuna and billfish'+.

The shift in the distribution of round sardinella (Sardinella aurita) in the western Mediterranean Sea
has been shown to correlate with changing sea temperatures, with temperature also explaining areas
of high abundance and high fisheries landings'. Perry et al.’*” also demonstrated similar changes in
a number of exploited and non-exploited North Sea fish species with changes in distribution by both
latitude and depth. There are also indications of this occurring in the Bering Sea with a northward
shift in the range of some fish, bird and mammal species'2.

Large pelagic species tend to show a consistent vertical stratification with dolphin fish occupying
surface layers, marlin in the surface mixed layer, yellowfin tuna in the thermocline layer, bigeye tuna
below the cooler thermocline and swordfish in the deeper cold waterssé. Patterns in the geographical
and vertical distribution of tuna and billfish species are strongly linked to temperature (eg Pacific
bluefin’#, yellowfin tuna'©s?’, skipjack'e¢, black marlin+¢'7. Worm et al.™#® concluded that sea surface
temperature was the strongest predictor for pelagic predator diversity and density globally.

Spanish mackerel (Scomberomorus commerson) represent the most significant pelagic fishery in GBR
waters. As an epipelagic shelf species, spanish mackerel are found the length of the GBR and are
thought to carry out seasonal migrations along the GBR coast'', with their range extending south
during warmer months. Movements are thought to be related to food supply more than temperature,
and the east coast population appears to tolerate a wide range of water temperatures. Other smaller
mackerel include spotted (S. munroi), grey (S. semifasciatus) and shark mackerel (Grammatorcynus
bicarinatus) that are important epipelagic predatory fish associated with reef and inshore waters and
are important recreational and commercial species. Spotted mackerel are known to carry out seasonal
northerly migrations during winter” suggesting that water temperature may be an important factor.
Little is known of the influence of temperature on grey and shark mackerel. Temperature has been
shown to be a significant determinant of distribution and movements of other fish species elsewhere
including similar mackerel species (eg Atlantic mackerel, Scomber scombrus®).

Peck et al.os found that small scale variations in sea surface temperature of the southern GBR affected
the foraging success of wedge-tailed shearwaters during their breeding season, providing evidence
of fine scale mechanisms driving the coupling of breeding success of seabirds with pelagic prey
distribution and ENSO events.

Climate Change and the Great Barrier Reef:
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18.4.4 Ocean chemistry

Stable pH is critical for most marine organisms. Many species of marine plankton rely on optimal
ocean chemistry conditions for development of calcareous shells, plates and skeletons'®2. Ocean
chemistry can also affect the subcellular functions and physiology of respiration, growth and
reproduction in marine organisms''4. However, studies on the impact of changes in ocean chemistry
on pelagic organisms are sparse.

Several studies have examined the effects of changes in water chemistry in the pelagic environment
on the early development of some species but few data exist on the physiological regime requirements
for individual species. It is significant though, that from geological records, current levels of ocean
pH (and CO,) are inferred to have been stable during the past 300 million years'. There has been
some change over the last 200 years (a reduction of 0.1 pH units), probably due to industrialisation'4.
Development of pelagic eggs and larval stages of various marine organisms have been shown to
be sensitive to changes in water CO, concentration and pH levels*’, however responses can differ
among species and life stages. Ishimatsu et al.s' examined a range of different species types and
found that silver seabream (Pagrus major) and Japanese sillago (Sillago japonica) larval development
was disrupted, particularly at the cleavage and juvenile stages with increased levels of CO,. The
authors also found that adults of the pelagic Japanese amberjack (Seriola quinqueradiata) died within
eight hours of being exposed to seawater equilibrated with five percent CO, levels. Kurihara and
Shirayama#?® found that fertilisation rates and development of two species of pelagic spawning sea
urchins decreased with increasing CO, concentrations.

Photosynthesis in marine phytoplankton has been shown to decrease under increased levels of CO,
(and reduced pH) resulting in lower phytoplankton biomass'¢. From experiments between latitudes
of 11 and 44° N in the western north Pacific Ocean, copepod mortality increased under increasing
levels of CO,'*. Although not conducted in the southern hemisphere, these studies found tolerance
to CO, concentration changes was lower in shallow water, sub-tropical copepods.

Some subcellular functions, such as ion exchange and protein synthesis, are reduced under conditions
of elevated CO, levels, more so in invertebrates than fish'°. This can affect growth and survival and
so ocean acidification impacts may vary between species. There are also potential negative synergies
to organisms with increases in CO, concentration and increased exposure to ultraviolet radiation.

18.4.5 Ultraviolet radiation (UVR)

Ultraviolet radiation (UVR) is damaging, particularly to the DNA of organisms. UVR is long wavelength
and can penetrate seawater to depths of 30 to 40 metres. There has been concern for phytoplankton
and zooplankton at high latitudes where ozone depletion is greatests'. Ultraviolet B (UVB) exposure has
been shown to inhibit photosynthesis in phytoplankton®¢, but there is evidence that phytoplankton is
more vulnerable at high latitudes than at low latitudes®’. UVR is known to influence the composition of
zooplankton communities in freshwater systems'® and vulnerability to UVR is greatest at high latitudes.

18.4.6 Nutrient enrichment - upwelling, rain, winds and cyclones

Upwelling, rain, winds and cyclones can all influence levels of nutrient enrichment and will, therefore,
affect primary productivity in the pelagic environment. Areas of upwelling, around the globe, are
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where the highest biomass of pelagic organisms is found from plankton to large nekton. Nutrient
rich waters are advected into the photic zone where the producers (phytoplankton) can utilise them
during photosynthesis. Concentrations of nutrients are relatively low near the break of the GBR when
compared to other parts of the world'5, but are of considerable biological importance to reef, inter-
reef and pelagic habitats. Upwelling is of greatest biological relevance along the shelf break of the
GBR where cold tongues of water are advected onto the shelf and in some cases may extend to mid
shelf reefs3s (Steinberg chapter 3).

Wilson et al.™3 showed that upwelling associated with El Nifio conditions resulted in high chlorophyll
abundance (phytoplankton) and high abundance of meso- and macrozooplankton. While down-
welling associated with La Nifia conditions resulted in the opposite community structure in the
plankton. Further, differences between surface and deep macrozooplankton assemblages were more
pronounced during down-welling conditions.

Wind direction and strength will influence the location of upwelling and the duration of upwelling.
Thus, any changes in wind could perturb spatial and temporal patterns of biology (eg distributions
and productivity). Wind has a major influence on the transport of waters near the surface (Ekman
Layer) and this can influence the transport of larvae and other plankton as well as patterns of nutrient
enrichment's.

Cyclones impact on the surface layers of the ocean through increased mixing and alteration of water
temperature, at least in the path of the cyclone, and significant damage can occur to the habitats
of reef-associated organisms. In January 1998 on the southern Northwest Shelf in Western Australia,
the passage of Cyclone Tiffany resulted in changes to the physical characteristics of the water
column and in plankton communities®’. Changes in both water temperature and salinity occurred
but differed depending on proximity to the coast (shelf position). Changes to plankton included
increased abundance and biomass of phytoplankton with higher primary production, changes in the
composition of copepod species, and increased presence of larval fish species that were previously rare
or absent. On the GBR, Cyclone Justin traversed the coast for several weeks in March 1997 and resulted
in anomalous localised decreases in water temperature. No studies were conducted coinciding with
this event that were able to detect changes in the pelagic environment, however resultant changes in
catches of the two primary target species of the GBR line fishery were evident'®.

A major source of nutrient enrichment in the marine environment is from riverine inputs3+s14s,
The input of terrestrial sediments and nutrients is known to affect the recruitment of fishes and
prawns, and it is often argued that recruitment is enhanced through increased primary and
secondary production as rainfall and associated riverine input increase. In addition, as riverine input
increases associated flood plumes become increasingly effective as retention areas for larvae. Thus,
a combination of factors may contribute to good recruitment, including high growth rates of larvae
that can minimise the time they are affected by small planktonic predators. Inshore waters of the GBR
are regularly exposed to riverine inputs and nutrient related biological impacts are likely to be greatest
inshore and on wide ranging nekton that utilise inshore areas. Other biological effects of freshwater
input can be mortality of some taxa through low salinity and high levels of turbidity that can reduce
light penetration to the benthos3.
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A combination of climate factors will often affect organisms. For example, Bergenius et al.’® concluded
that UV radiation, along-shore winds and rainfall during early larval growth of fish on the GBR may
influence growth, larval duration and settlement.

18.5 Vulnerability of pelagic systems to climate change

This chapter has described how the physical environment affects organisms and how changes in
the physical environment can have multiple impacts (Table 18.4). Some aspects of the physical
environment have shown little variation in the last few thousand years, but climate change has altered
this pattern and will continue to do so. Changes that are significant for the pelagic environment
include ocean acidification, ocean warming and resultant thermal expansion of water causing sea
level rise of as much as one metre in the GBR region by 2100, which will inundate some low-lying
coastal and coral reef environments. Inundation will be greater if there is catastrophic melting of the
ice caps, where significantly higher sea level rise would be experienced. The exposure of organisms
to UV light (a DNA destructor) will potentially change with loss of global protection through ozone
depletion, though predictions for the next 100 years suggest little change in the tropics (see also
McKinnon et al. chapter 6).

18.5.1 Spatial and temporal scales of impact

Climatic factors vary in space and time and this variation will have a great influence on the response
of pelagic organisms. Although discussions often focus at global or GBR regional scales, some
climatic perturbations will at times only affect some regions (eg northern or southern regions),
certain distance strata (eg temperature induced coral bleaching is often greatest near the mainland;
Hoegh-Guldberg et al. chapter 10), or clusters of reefs within a distance strata. Temperature is a good
example of a stressor that varies in space (eg patches of warm water) and the duration of exposure
will vary depending on the size of the patch and how fast it is being advected. Bender et al.? identified
two kinds of perturbations, ‘pulse’ and ‘press’. A ‘pulse’ is a relatively instantaneous alteration after
which the system returns to its previous state (eg a warm patch of water in an area for hours to a few
days). A ‘press’ is a longer-term fluctuation that is sustained and can lead to significant impacts and
possibly the elimination of some taxa (eg warm water resident in an area for weeks). An example of
a press event on a scale of tens of square kilometres was experienced in the Keppel Islands in 2006
where there was substantial bleaching of corals. The ability of populations of pelagic and benthic
organisms to recover will depend on the frequency and duration of events. It is highly likely that
localised pulse and press events would be the first stage of climate change on the GBR for stressors
such as temperature. Therefore, detection of climate change impacts over the next 100 years needs
to consider spatial monitoring on the GBR.

18.5.2 Climatic stressors on the GBR

There are multiple projected changes in the physical environment with climate change and scenarios
vary by physical variable and years from present (Lough chapter 2). Climate change is expected to alter
current patterns in the GBR and the connectivity of populations between habitats. Sea level rise of up
to two metres or more is possible and this will immerse shallow habitats, alter patterns of nearshore
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production and alter currents. Mean sea temperature and the size and duration of temperature
hotspots will increase on the GBR and expose pelagic organisms to temperatures that are known to
stress corals and could affect pelagic organisms (Table 18.4). Projected changes in sea temperature are
+0.4 to 0.5°C to 2020 and 1.1 to 1.5°C by 2050 (Lough chapter 2). Changes in wind will contribute
to changes in oceanography, altering patterns of connectivity, transport and nutrient enrichment
factors such as upwelling and rainfall. Projections suggest that patterns of rainfall will remain similar
with seasonal rain in the northern and far northern regions of the GBR, and stochastic rainfall in central
and southern regions (Lough chapter 2). The magnitude of droughts and high intensity rainfall events
are likely to be greater. For example, the stochastic element of rainfall may increase if there is a higher
frequency of category 4 and 5 cyclones. Cyclones will generally affect relatively small areas of the
GBR (eg a swath of 100 km), but this can result in significant local destruction of benthic habitats and
changes in nutrient enrichment and temperature, especially through rainfall.

Projections suggest that currents are likely to remain similar in direction but with increases in the
speed of key currents that influence the GBR likely (eg the East Australian Current; Steinberg chapter
3). Therefore the direction of connectivity of populations is likely to remain the same, but increases
in current speed will influence local patterns of upwelling. Greatest variation in upwelling would be
experienced on the shelf break. If current direction does change, patterns of larval connectivity will
also change along with biogeographic patterns. Increased speed of the GBR lagoon current that flows
from the central GBR to the southern GBR is likely to move temperature hotspots to the south faster.
Currents in the northern and far northern regions of the GBR are generally slower behind reefs and
longer residence times of temperature hotspots would be expected. Inshore, central and northern
reefs are generally impacted to the greatest extent in bleaching events and pelagic assemblages may
experience greater press perturbations of temperature as average sea temperatures and frequency
of hotspots increase. The risk of ponding warm water masses is greatest on the northern GBR.
Although bleaching has been recorded in the southern GBR, faster flowing currents in the GBR
lagoon may move patches more quickly. Sea level rise will also change local currents, especially near
the mainland where large expanses of low-lying coastal land would be inundated and local retention
areas altered.

Average change of physical perturbations at GBR or global scales is not indicative of exposure for local
populations. For example, warm seawater anomalies usually manifest themselves on the GBR as warm
patches that only affect some parts of the ecosystem. The duration of a hotspot will vary from a pulse of
a few hours to days, to a press lasting weeks to months. These anomalies can result in changes of up to
five degrees (eg 26 to 31°C) that can affect pelagic organisms. It is likely in the next 20 to 50 years that
some of the greatest impacts on organisms will be in patches rather than GBR-wide. Over longer time
scales, the combination of increase in average temperature combined with an increase in the number,
size and press duration of hotspots has the potential for greater impacts on pelagic populations.

Projections of atmospheric CO, concentrations show increases from current 380 parts per million to
concentrations ranging from 540 to 970 parts per million by 2100¢°. As a result of CO, exchange
with sea water'®?, pH and concentrations of carbonate in sea water will change. The relationship for
the absorption of CO, in sea water is also influenced by temperature®' and there is the potential for
calcification to facilitate a negative feedback on atmospheric levels'”. A drop of 0.5 pH units over
the next 50 to 100 years is predicted. This has the potential to affect intracellular processes and the
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physiology of organisms and especially pelagic organisms with calcium carbonate (as for corals)
or calcium phosphate in their skeleton. Plankton (ie foraminifera, coccolithophores), molluscs (eg
pteropods, heteropods and squid), crustaceans (eg copepods) and fishes have calcium carbonate
in their skeletons and fishes and marine mammals have calcium phosphate as bone. All of these
organisms therefore, are at risk from ocean acidification’?. We have already described how the
environment affects pelagic organisms, and physical changes will also affect the biota of pelagic
ecosystems (Table 18.4).

18.5.3 Empirical models - correlations between climatic factors and abundance

Empirical models are simple correlations between physical variables (eg temperature) and population
parameters (eg abundance and recruitment). Empirical models'?* of recruitment levels versus oscillation
indices have been published for a wide range of taxa including algae, benthic fishes and pelagic
fishes. Based on these correlations, many have concluded that climatic forcing has a strong influence
on populations and assemblages. Pattern seeking of this type requires data sets that encompass long
periods if they are to relate with a wide range of climatic conditions (eg El Nifio to La Nifia). Data sets
of greater that 10 years have shown strong relationships between climatic indices and recruitment.

Attrill and Power* concluded that climatic forcing (over 16 years, North Atlantic Oscillation) was
consistently the most important parameter explaining variation in assemblage composition,
abundance and growth of juvenile marine fishes during estuarine residency. The recruitment of West
Australian rock lobsters correlates strongly with the Southern Oscillation Index, where recruitment is
highest in La Nifia conditions (over 18 years'). Interestingly, direction of correlations varies according
to taxa. For example, Caputi et al.” found a negative correlation between the Southern Oscillation
Index and recruitment of lobsters while there was positive relationship for bivalves. Parrish and
MacCall (in Sissenwine'?#) could explain 60 to 86 percent of the variation in recruitment of Pacific
mackerel to a survival index. Empirical models do not explain the processes influencing recruitment,
but provide a hypothesis-generating platform for further investigation. Furthermore, robust models
can be used to make accurate predictions of levels of recruitment to populations or movement that
includes important commercial stocks®é. Parrish and MacCall'** argued that 84 percent of their survival
index was due to zonal Ekman transport. This oceanography transports larvae from offshore spawning
grounds to inshore nursery areas.

Empirical models are not causal since the physical variable is only a proxy for an underlying biological
process. For example, the Southern Oscillation Index may correlate with current flow that influences
the transport of larvae, or correlations of abundance with increased temperature may be indicative
of good feeding conditions.

Table 18.4 presents information on the sensitivity, potential impact, adaptive capacity, and linkages
and interactions that may result from exposure to multiple climatic factors. Stressors with greatest
potential for impact are sea temperature and nutrient enrichment, followed by oceanography and sea
level rise. Some of these stressors are not independent, for example, oceanography can alter patterns
of sea temperature and nutrient enrichment. Changes in water chemistry have the potential for far
reaching change. However, this is more likely at time scales beyond 50 years from present.
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18.5.4 Oceanography

18.5.4.1 Exposure and sensitivity

All organisms that are dependent on pelagic food resources and the pelagic environment for larval
transport will be exposed. Predictions are for only minimal changes in current direction and changes
in current strength. However, some change to the oceanography of the GBR would be expected as a
result of sea level rise that will influence local currents.

18.5.4.2 Potential and observed impacts

Changes in current direction and speed could alter patterns of connectivity and the ability of larvae
to return to natal (ie source) reefs. For example, Cowen et al.2> found that the return of larvae to
a reef was dependent on depth stratified currents, where deep currents advected larvae onshore.
Expatriation of larvae through adverse currents could have a large influence on populations®.
Changes in currents could also influence the movement of pelagic larvae from spawning grounds to
recruitment areas. The position of retention areas could change, influencing not only plankton but
also the nekton that depend on them (eg bait fishes and predators).

18.5.4.3 Adaptive capacity

Unknown for plankton, but there is the potential for larvae to alter patterns of vertical migration
in response to changes in currents. Large nekton may alter patterns of migration and patterns of
biomassss.

18.5.4.4 Vulnerability and thresholds

All taxa are vulnerable, but changes in currents are predicted to be small with some changes to
currents nearshore due to sea level rise being the most significant. The interaction between currents
and patches of different temperature water is likely to have the greatest effect on pelagic organisms
and cause the greatest vulnerability.

18.5.5 Sea level rise

18.5.5.1 Exposure and sensitivity

Although the projected sea level rise is unlikely to cause great change over the continental shelf at mid
and outer distances, there would be effects nearshore due to changed nutrient and sediment regimes
and changes in size of estuarine and mangrove forest recruitment areas. Local sea levels will vary
according to topographic channelling of tidal waters to adjacent basins (eg near Cairns sea level rise is
not expected to be as great as two metres; ] Nott pers comm). A catastrophic increase in sea level due to
the melting of major ice caps may be too fast a change for nearshore production cycles to re-establish.
Populations with restricted depth tolerances may struggle for physiological reasons or due to an inability
to interact with organisms from other depths (ie competition and predation). A two to ten metre sea
level rise will alter local currents for local populations with subsequent oceanographic influences.
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18.5.5.2 Potential and observed impacts

There are likely to be changes in the size and quality of nursery areas that are critical to the recruits
of many fishes and invertebrates. Some shallow water habitats would increase, as predicted for
mangrove habitat on the mainland, while others may disappear due to steep sided islands, similar
geomorphology and landward constraints by man made structures (Lovelock and Ellison chapter 9).
Many changes due to sea level are likely to affect benthic rather than pelagic organisms, but most
marine organisms have pelagic larvae and the composition of pelagic larval assemblages would
change if intertidal assemblages changed greatly as a result of sea level rise. Sediment regimes may
change and local levels of production (eg from detrital food chains) may alter and affect interactions
with pelagic organisms. There is also the possibility that increased inundation of land will increase
the input of pollutants to inshore waters of the GBR. The latter scenario may not be significant as
the size of populated areas adjacent to the GBR is relatively small (ie there are only three cities with
populations greater than 100,000). The inundation of beaches used by turtles for nesting may alter
patterns of reproduction on the GBR and therefore that component of the pelagic environment.

18.5.5.3 Adaptive capacity

Some pelagic organisms may migrate away from areas that have been inundated or altered by sea
level rise, and in some cases there may be local extinctions where water depth becomes too great.
If the inundation of coastal habitats is slow then critical coastal and estuarine habitats should re-
establish as they have done in the past (eg mangroves'#). However, a sudden sea level rise due to the
melting of polar ice caps would allow less time for relatively gradual changes of habitats.

18.5.5.4 Vulnerability and thresholds

Nearshore assemblages will be most vulnerable to changes in sea level, with the areas of greatest
concern being nursery areas. There is an unknown component of vulnerability to sea level rise due to
the possible melting of polar ice caps and a sudden sea level rise.

18.5.6 Sea temperature

18.5.6.1 Exposure and sensitivity

Plankton and nekton of the pelagic environment in the GBR will be highly exposed to the 1 to 3°C
increase in mean sea temperature predicted. Temperature anomalies will be experienced as patches
of warm water that remain in an area for a short (pulse) or long (press) time. Although warm water
is low density and should float, a high level of mixing on the shelf would be facilitated through
physical processes such as wind, tide and currents, so temperature incursions may be experienced
at all depths.

18.5.6.2 Potential and observed impacts

Many pelagic organisms have the capacity for substantial vertical and horizontal migrations through
the water column and this could encompass temperature ranges of greater than 3°C. It could be
predicted, therefore, that the potential impact on pelagic organisms due to temperature increases
in the next 100 years will be slight. However, for most organisms there are no data on response
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to upper critical levels of temperature (ie thermal tolerance above a temperature such as 31°C).
Temperature tolerance may cause mortality but critically there may be sub-lethal effects on larvae and
other plankton such as changes to growth, vulnerability to starvation and predation, behaviour and
longevity”s. Shifts in the structure of prey and predator communities is likely to be a major secondary
effect on many plankters within the pelagic plankton as has been documented at other latitudes and
this is likely to affect the growth, development and survival of larvaes.

Higher water temperatures can improve growth rates in larvae of Pomacentrus coelestis on the tropical
northwest coast of Western Australia®*. Sponaugle et al.’?” found this was the case also for the tropical
wrasse Thalassoma bifasciatum, and that recruitment was higher, although more variable, in warmer
water conditions. Squid also grow faster in warmer water3:.

For nekton, variation in sea temperature is likely to change movements, particularly if prey are
affected. There are demonstrated temperature limits that influence the distribution and abundance
of the bait fish round sardinella (Sardinella aurita) in the Mediterranean Sea''?. The movement of bait
fish can also affect the movements and survival of fishes and birds that feed on them (Congdon et
al. chapter 14).

Changes in planktonic assemblages have been demonstrated to vary with sea temperature. For example,
warming in the north Atlantic has affected the composition of plankton's and the feeding environment
for larval cod that are now thought to have poorer conditions for feeding®. It is also thought that the
frequency of harmful toxic algae blooms that can affect nekton will increase®. In addition, warmer
waters are likely to change the timing of phytoplankton and zooplankton blooms and influence the larval
and older forms that are dependent on them?®. Zeldis et al.'s? argued that salp outbreaks were more
common in warm water and the feeding activity of the salps destroyed a suitable feeding environment
for fish larvae's. Slight increases in water temperature have been shown to alter the balance between
plankton autotrophic and heterotrophic communities in temperate environments!00126,

Sea temperature has the potential to affect nekton. On Australia’s east coast, Hobday> predicted that
under the various IPCC assessment scenarios of climate change, the range of southern bluefin tuna
(Thunnus maccoyii) would contract southwards, while yellowfin tuna (Thunnus albacares) will increase
their distribution and abundance. Demographic changes have been noted in a number of North Sea
fish species with altered distributions in response to recent changes in water temperature. Further, it
is species with shorter life cycles that have shown the greatest response’®’.

Humpback whales annually migrate to mid-GBR waters during the cooler winter months to give birth
to calves. It is possible that with increases in temperature these migrations will contract further south
(Lawler et al. chapter 16).

Increased ocean warming is likely to alter spatial distribution of primary and secondary pelagic production
in the pelagic environment, with a cascade effect up the food chain, potentially placing greater stress
on fish and mammal populations's (Lawler et al. chapter 16). Predicting the responses of pelagic
communities to increasing water temperature is difficult given the complexities associated with the inter-
relationships of different trophic levels and the multitude of different species within these levels.
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18.5.6.3 Adaptive capacity

The ability of larval, juvenile and adult forms to alter thermal tolerances is poorly known. Lamnid sharks
(eg mako and white sharks) are able to regulate their body temperature and so are more adapted to
occupy a greater range of environmental temperature regimes (Chin and Kyne chapter 13). However,
these species are infrequent GBR visitors. Lamnids and pelagic tunas and billfish are unique in that
they can essentially regulate their body temperature via an internal countercurrent system and a
structure called a rete mirabile. This essentially means that they have higher body temperatures and
provides the ability for niche expansion*. These species are naturally suited to adapt to changes
in sea temperature. Mobility is important for nekton, but changes in prey distribution may be
more influential.

18.5.6.4 Vulnerability and thresholds

Planktonic organisms are highly vulnerable to environmental changes, which can result in a trophic
cascade as observed in the northern hemisphere. In the medium term on the GBR this is likely to
be restricted to sections of the GBR that are exposed to press events of warm water. Temperature
thresholds are poorly known for tropical plankton and nekton. Nekton can move in response to
changes in temperature but they may experience recruitment failure of larval habitat and juvenile
nursery grounds may be compromised.

18.5.7 Ocean chemistry

18.5.7.1 Exposure and sensitivity

Climate change projections predict increased dissolved CO, accompanied by a reduction in the
oceanic pH of 0.5 units by 2100 (Lough chapter 2). Calcifying zooplankton will be most susceptible to
this change'®?, but intracellular and physiological affects (eg changes in respiratory efficiency, growth
and reproduction) are also likely to occur'™. Pelagic eggs and larvae of fish and invertebrates will
be exposed to these changes and are likely to be highly sensitive to them. It is unknown how local
buffering effects of calcium carbonate reefs will affect the pelagic environment of the GBR.

If a rate of change of 0.5 units over 100 years is realised it will be the fastest rate of change
experienced by marine organisms for about 400,000 years''*. However, marine organisms have had
to deal with ocean CO, concentrations that were three to four times higher than present about 100
million years ago (Cretaceous era'') and pH would have also been lower. However, many organisms
that are critical in pelagic food chains today have a form of calcium carbonate in their skeletons called
aragonite that is more susceptible to changes in pH than calcite, which was more abundant in the
skeletons of organisms 100 million years before present. Not withstanding unknown buffering effects
due to calcium carbonate stored in the dead matrix of coral reefs, organisms will have to deal with
lower pH over time.

18.5.7.2 Potential and observed impacts

Adult pelagic species are likely to be less sensitive to predicted changes in ocean chemistry than early
life history stages although few data are available. It is likely that selective removal or reduction in
abundance of some taxa will result in trophic cascade effects with potential negative impacts on the
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pelagic food chain. Potential decreases in abundance of particular zooplankton, particularly calcifying
species'’, will lower food reserves for planktonic larval species possibly lowering recruitment levels.
Carbon flux to the substratum, through marine snow, would alter due to increases in polysaccharide
production. The production of these complex sugars would increase with higher photosynthetic
rates of phytoplankton cells, a response to increased levels of CO,*'. Changes in benthic assemblages
can also link with pelagic ecosystems. For example, many molluscs have a critical role in releasing
nutrients from sediments. If the mortality, growth and reproduction of these organisms are affected
then nutrient exchange with the water column may be altered and this could in turn facilitate a
trophic cascade. If coral reefs are compromised by reduced pH then this could change the habitats of
many organisms that interact with and contribute to the pelagic environment through feeding and
reproduction?. The oceans are critical in the global carbon cycle and changes in the ability of the
ocean to absorb CO, could affect rates of global warming'4.

18.5.7.3 Adaptive capacity

Given that ocean chemistry has been historically highly stable, it is unknown how pelagic organisms
will respond to changes in ocean CO, concentrations and pH. Generation times of phytoplankton
and zooplankton can be rapid suggesting good adaptive capacity for organisms such as copepods.
The capacity of different organisms to respond to change is likely to be highly variable and is difficult
to predict. Most experiments that have been done on tolerance to variation in pH are too short term
(ie responding to pulse not press impacts) to be relevant'4.

18.5.7.4 Vulnerability and thresholds

Organisms in the plankton, including larval forms and crustacean stages, are likely to be the most
vulnerable in the pelagic environment. Thresholds for tropical plankton species are poorly known and
are likely to be highly variable across the myriad of species present.

18.5.8 Ultraviolet radiation

18.5.8.1 Exposure and sensitivity

Ultraviolet radiation levels on the GBR are not predicted to change significantly. Therefore, although
many pelagic organisms occupy the upper 20 to 30 metres of the water column, they are not likely
to be exposed to changes in UV radiation. Phytoplankton are known to be sensitive to increases in
UVB exposure.

18.5.8.2 Potential and observed impacts

Should current predictions of UV radiation levels alter, a reduction in phytoplankton levels is possible
which would result in changes in species abundance and composition at higher trophic levels.
Zooplankton community composition may also be altered.

18.5.8.3 Adaptive capacity

Although it is known that some phytoplankton species can respond quickly to changes in UV
exposure, few studies exist for tropical species (McKinnon et al. chapter 6).
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18.5.8.4 Vulnerability and thresholds

Based on current predictions the pelagic environment is not considered to encounter changed UV
radiation conditions over the next 100 years.

18.5.9 Rainfall, nutrient enrichment and cyclones

18.5.9.1 Exposure and sensitivity

Predictions of changes in rainfall and cyclones on the GBR are uncertain. However, it is predicted that
although there may be no change in their frequency, the intensity of extreme events will increase. This
will expose the pelagic environment of inshore areas to more intense events of increased nutrients
associated with flood plumes. Exposure may also extend further offshore (depending on currents and
wind) to mid- and offshore reefs where few flood events have been experienced in the past. This may
mean that organisms further offshore are more sensitive than their inshore counterparts. More intense
winds from cyclones would exacerbate the enrichment of pelagic waters through mixing of benthic
layers with surface waters. Increased flooding will also reduce salinity and temperature. Changes in
sea level may also cause changes in nutrient enrichment depending on how drainage systems change
with increased inundation.

18.5.9.2 Potential and observed impacts

It is uncertain how ENSO events will alter in the face of climate change, if at all, so changes in
upwelling and down-welling events on the GBR are unknown. An increase in nutrients would
generate bottom-up responses of the pelagic food chain'* and significant changes in planktonic
assemblages would be expected. Impacts of high nutrient inputs to the GBR are likely to be greatest
in inshore areas, however there will also be increased occurrence of nutrient rich flood waters on
mid- and outer-shelf reefs. Recruitment of fish and crustacean species is likely to be enhanced and
will possibly result in much higher inter-annual variability in recruitment of populations. This may
have significant impacts on fisheries production but may also alter biological and fishery stability.
Changes in nutrient regimes also have the potential to alter the recruitment of gelatinous zooplankton
including dangerous cubozoans. Aside from increased risk to the public, abundant gelatinous
zooplankton has the potential for top-down effects where other plankton proliferates, including those
that can generate toxic blooms3230.

Cyclone events are likely to have more localised effects. Increased flood events and associated winds
may also have lethal or sub lethal effects on organisms sensitive to low salinity or benthic organisms
sensitive to turbid conditions and increased sedimentation. Increased intensity of rainfall, cyclones
and nutrient enrichment is likely to result in a more variable ecosystem and impacts may vary spatially
within the GBR.

18.5.9.3 Adaptive capacity

In response to rapid changes associated with storm and rainfall events, some organisms can move
away if conditions become unfavourable. Benthic organisms will be less capable of responding to
these events.
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18.5.9.4 Vulnerability and thresholds

Changes in nutrient levels will cause fundamental changes in pelagic assemblages. The composition
of plankton changes quickly in response to changes in nutrient levels and this will in turn affect
nekton. Experimental perturbations demonstrate rapid change. In Kaneohe Bay, Hawaii, for example,
nutrient enrichment occurred from sewage that was pumped into the bay from the 1950s to 1977.
The major uptake of inorganic nitrogen and phosphorus was by phytoplankton and this supported
abundant zooplankton. When the sewage was diverted, biomass of plankton decreased rapidly'?s. As
with other stressors, plankton in the pelagic environment will therefore be most vulnerable to changes
in nutrients. However, this will result in community changes at higher trophic levels as they respond to
altered primary and secondary production as well as changes in species assemblages in the plankton.
Some benthic organisms may be most vulnerable to these rapid changes.

18.6 Linkages, interactions and implications

It is clear that changes to pelagic ecosystems will result in trophic cascades from plankton to benthic
assemblages. The supply of planktonic food affects invertebrates and fish alike. Suspension feeders
depend on plankton and changes in plankton supply from currents, upwelling, riverine input and
other sources will affect them.

Excess plankton (eg algal blooms) can result in deoxygenated waters and death of benthic organisms.
This has happened with prolonged El Nifio conditions and atypical temperatures in New Zealand
where diatom blooms were generated and then collapsed to decompose near the substratum, killing
invertebrates and fishes'?.

Most benthic algae, fishes and invertebrates have a pelagic phase to their life history. Algae have
spores and marine animals generally have pelagic larvae and often pelagic eggs. Conditions in the
water column, therefore, will affect the probability of survival of these organisms (Table 18.3). It
will also affect connectivity and the ability of pelagic organisms to be transported or move between
environments and detect suitable habitat for successful settlement and growth37.

The pelagic habitat of the GBR links with open ocean systems through pelagic fishes and marine
mammals that visit the GBR on occasion or have strong seasonal migrations®. The nature of these
links will vary according to environmental variation such as sea temperature, which can be used as a
proxy for good feeding conditions?. On the GBR, there are geographically stable aggregations of bait
fish (section 18.3.4) that attract open water predators and act as Effective Juvenile Habitat for pelagic
fish such as marlin. The climatic factors that affect the fidelity and size of these aggregations will have
a great effect on the local pelagic food chain.

Variation in pelagic stressors will affect the whole food chain, and this was dramatically observed
in Peru where an upwelling failure resulted in altered bait fish distribution, lower survival of fish
larvae, the movement of large nekton such as tuna, whales and sharks away from the area and the
starvation of birds and other animals that depend on bait fish. Fisheries and the communities that
depend on them are also greatly affected when these events occur®. There is varying certainty about
how climatic factors will vary in the GBR in the short and long term. Variation in sea temperature and
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sea

level are the most certain along with long-term changes in pH. Changes in nutrient enrichment

and oceanography will occur at local scales. All of these stressors will affect biota at different spatial
and temporal scales, will interact with each other and therefore require multiple approaches by
environmental managers.

18.7 Implications for management and recommendations

The implications that come from this review are as follows:

i)

ii)

i)

iv)

Predictions of global change and related environmental stressors are often weak, especially at
spatial scales of less than one hundred kilometres.

Changes in environmental stressors will alter the pelagic environment and linkages with other
environments (eg coral reefs).

Pelagic systems are quickly influenced by bottom-up (eg nutrient input) and top-down processes (eg
predation) while mobile nekton can move great distances in response to environmental change.

Predictions of physical change suggest that within the next 50 years biological changes in pelagic
systems are likely to occur in patches on the GBR, rather than the entire region. Managers will
have to deal with impacts on scales of tens to hundreds of kilometres in the medium term and
spatial scales of impact are likely to increase with time.

Our recommendations to managers are:

D)

ii)

i)

iv)

v)

vi)

vii)

Reducing CO, emissions to the atmosphere is the only practical way to minimize the risk of large-
scale and long-term changes to the oceans'.

Managers need to set up relevant monitoring programs and research taking into account regional
variation in GBR physical and biological processes.

Monitoring of pelagic and benthic assemblages provides early warning of change. Coral reefs
are considered the canaries in the coalmine, but plankton are the silent sentinels of change, as
demonstrated in the northern hemispheres.

Monitoring changes in physical oceanography can also warn of potential change. A GBR network
of sensors and satellite imagery would allow broad scale monitoring of physical changes in
currents, water temperature, salinity, pH and upwelling. It is critical that climatic conditions on the
GBR are monitored. It is also important that predictions and measurements are made of patches
of water with a high stress rating (eg waters over 31°C) and the time they spend in an area (ie
pulse or press).

Monitoring catches of key taxa such as bait fish and large piscivores will track changes in pelagic
fish assemblages, which has proven useful in the northern hemisphere.

Patterns of growth, movement, reproduction and biogeography of many taxa track the
environment and should be researched and monitored.

Monitoring of plankton is time consuming and research on plankton should be used to develop
models that predict biological responses to changes in environmental stressors.
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viii) Some changes in the environment may increase risk to the public through toxic blooms and

ix)

x)

xi)

dangerous jellyfishes. Monitoring of these groups would be judicious as would the development
of predictive models.

Few data are available to managers on the response of different organisms to stressors. Field
and laboratory-based research is required to determine the impact of pulse and press type
perturbations on organisms. Early life history stages are the raw material of marine populations
and are likely to be most vulnerable’s. Responses to stressors can be lethal or sublethal as well
as acute or chronic and the literature on pollution provides a useful framework for this type of
research (eg Underwood and Peterson'?).

Marine Protected Areas (MPAs) and fisheries management don’t protect against the impacts of
climate change, but will reduce additional stress on habitats and organisms not attributable to
climate change?. Current management of the GBR through MPAs and fisheries management
are considered excellent by international standards, but protection of pelagic taxa is more
challenging. One option, however, would be to have increased protection of bait fish where they
regularly concentrate. Protected areas could include Effective Juvenile Habitats in coastal bays,
which are critical for many game fish, as well as areas of upwelling.

Pelagic ‘predator diversity hotspots''#” may be protected. The protection of diversity may allow
ecosystems to recover from perturbations as the loss of diversity can impair normal ecosystems
function™®.

With climate change and related variations in environmental stressors it is inevitable that there will be

changes in the biogeography of benthic and pelagic organisms. Species replacements are possible,
as recorded through times of historical environmental change, and fisheries managers of the GBR will

need to monitor target taxa and review quotas. There is an element of wait and see, but vigilance
and increased understanding of the response of organisms to stressors are the keys to considering
options for adaptive management.

Climate Change and the Great Barrier Reef:



References

1

15
16

20

21
22

23

24
25

26

27

ABARE (Australian Bureau of Agricultural and Resource Economics) (2007) Australian Fisheries Statistics 2006.
Australian Bureau of Agricultural and Resource Economics, June 2007, Canberra.

Access Economics (2007) Measuring the economic and financial value of the Great Barrier Reef Marine Park 2005/06.
Report by Access Economics Pty Limited for Great Barrier Reef Marine Park Authority. Great Barrier Reef Marine Park
Authority, Townsville.

Atema J, Kingsford M) and Gerlach G (2002) Larval reef fish could use odour for detection, retention and orientation
to reefs. Marine Ecology Progress Series 241, 151-160

Attrill M and Power M (2002) Climatic influence on a marine fish assemblage. Nature 417, 275-278.

Baylock RA (1989) A massive school of cownose rays, Rhinoptera bonasus (Rhinopteridae), in lower Chesapeake Bay,
Virginia. Copeia, 744-748.

Beaugrand G, Brander KM, Lindley JA, Souissi S and Reid PC (2003) Plankton effect on cod recruitment in the
North Sea. Nature 426, 661-664.

Begg GA, Cameron DS and Sawynok W (1997) Movements and stock structure of school mackerel (Scomberomorus
queenslandicus) and spotted mackerel (S. munroi) in Australian east-coast waters. Marine and freshwater Research 48,
295-301.

Bellwood DR, Hughes TP, Folke C and Nystrém M (2004) Confronting the coral crisis. Nature 429, 827-833.

Bender EA, Case T) and Gilpin ME (1984) Perturbation experiments in community ecology: theory and practise.
Ecology 65, 1-13.

Bergenius MAJ, McCormick MI, Meekan MG and Robertson DR (2005) Environmental influences on larval duration,
growth and magnitude of settlement of a coral reef fish. Marine Biology 147,291-300.

Bergman NM, Lenton TM and Watson AJ (2004) COPSE: a new model of biogeochemical cycling over phanerozoic
time. American Journal of Science 304, 397-437.

Brinkman R, Wolanski E, Deleersnijder E, McAllister F and Skirving W (2001) Oceanic inflow from the Coral Sea into
the Great Barrier Reef. Estuarine, Coastal and Shelf Science 54, 655-668.

Brodeur RD, Sugisaki H and Hunt JGL (2002) Increases in jellyfish biomass in the Bering Sea: implications for the
ecosystem. Marine Ecology Progress Series 233, 89-103.

Brothers EB, Williams DM and Sale PF (1983) Length of larval life in twelve families of fishes at “One Tree Lagoon”,
Great Barrier Reef, Australia. Marine Biology 76, 319-324.

Caldeira K and Wickett ME (2003) Anthropogenic carbon and ocean pH. Nature 425, 365.

Cameron DS and Begg GA (2002) Fisheries Biology and interaction in the northern Australian small mackerel fishery.
In: DP Manager (ed) Federal Research and Development Corporation Report. Department of Primary Industries.

Campbell RA, Pepperell JG and Davis TLO (2003) Use of charter boat data to infer the annual availability of black
marlin, Makaira indica, to the recreational fishery off Cairns, Australia. Marine and Freshwater Research 54, 447-457.

Cappo M and Kelley R (2001) Connectivity in the Great Barrier Reef World Heritage Area - An Overview of Pathways and
processes Oceanographic processes of coral reefs. CRC Press, Boca Raton, pp 161-187.

Caputi N, Flectcher W, Pearce A and Chubb CF (1996) Effect of the Leeuwin Current on the recruitment of fish and
invertebrates along the Western Australian coast. Marine and Freshwater Research 47, 1323-1650.

Carr MH and Reed DC (1993) Conceptual issues to marine harvest refuges: examples from temperate reef fishes.
Canadian Journal of Fisheries and Aquatic Science 50, 2019-2028.

Clifton KE (1997) Mass spawning by green algae on coral reefs. Science 275, 1116-1118.

Conover DO, Brown JJ and Ehtisham A (1997) Countergradient variation in growth of young striped bass
(Morone saxatilis) from different latitudes. Canadian Journal of Fisheries and Aquatic Science 54, 2401-2409.

Cowen RK, Lwiza KMM, Sponaugle S, Paris CB and Olson DB (2000) Connectivity of marine population: open or
closed? Science 287, 857-859.

Cowen RK, Paris CB and Srinivasan M (2006) Scaling of connectivity in marine populations. Science 311, 522-527.

Cury P and Roy C (1989) Optimal environmental window and pelagic fish recruitment success en upwelling areas.
Canadian Journal of Fisheries and Aquatic Science 46, 670-680.

Cushing DH (1990) Plankton production and year-class strength in fish populations: an update of the match/
mismatch hypothesis. Advances in Marine Biology 26, 250-293.

Dagorn L, Holland KN, Hallier J-P, Taquet M, Moreno G, Sancho G, Itano DG, Aumeeruddy R, Girard C, Million ] and
Fonteneau A (2006) Deep diving behaviour observed in yellowfin tuna (Thunnus albacares). Aquatic Living Resources
19, 85-88.

Climate Change and the Great Barrier Reef: A Vulnerability Assessment

587

1 3ed

=
1)
-
=,
-
1
-,
“

abueyd ajewr)d 03 JI3y J3Luieg Jeaan 3y} ul swIsAs sibejad jo fyiqeisuinp gL 131deyd



588

Part lIl: Habitats

28

29

30

31

32

33

34

35

36

37

38

39

40

41
42

43

44

45

46

47

48

49

50

51

52

Dahlgren CP, Kellison GT, Adams AJ, Gillanders BM, Kendall MS, Layman CA, Ley JA, Nagelkerken | and Serafy JE
(2006) Marine nurseries and effective juvenile habitats: concepts and applications. Marine Ecology Progress Series 312,
291-295.

Edwards M and Richardson AJ (2004) Impact of climate change on marine pelagic phenology and trophic mismatch.
Nature 430, 881-884.

Edwards M, Johns DG, Leterme SC, Svendsen E and Richardson A} (2006) Regional climate change and harmful algal
blooms in the northeast Atlantic. Limnology and Oceanography 51, 389-398.

Engel A, Zondervan |, Aerts K, Beaufort L, Benthien A, Chou L, Delille B, Gattuso J-P, Harlay |, Heemann C, Hoffmann
L, Jacquet S, Nejstgaard ], Pizay M-D, Rochelle-Newall E, Schneider U, Terbrueggen A and Riebesell U (2005) Testing
the direct effect of CO, concentration on marine phyoplankton: a mesocosm experiment with the coccolithophorid
Emiliana huxleyi. Limnology and Oceanography 50, 493-507.

Fock HO and Greve W (2002) Analysis and interpretation of recurrent spatio-temporal patterns in zooplankton
dynamics: a case study on Noctiluca scintillans (Dinophyceae) in the German Bight (North Sea). Marine Biology 140,
59-73.

Forsythe JW (2004) Accounting for the effect of temperature on squid growth in nature: from hypothesis to practice.
Marine and Freshwater Research 55, 331-339.

Furnas MJ (2003) Catchments and Corals: terrestrial runoff to the Great Barrier Reef. Australian Institute of Marine
Science, Townsville.

Furnas M) and Mitchell AW (1996) Nutrient inputs to the Central Great Barrier Reef (Australia) from subsurface
intrusions of coral Sea waters: a two dimensional displacement model. Continental Shelf Research 16, 1127-1148.
Genin A (2004) Bio-physical coupling in the formation of zooplankton and fish aggregations over abrupt
topographies. Journal of Marine Systems 50, 3-20.

Gerlach G, Atema |, Kingsford M|, Black KP and Miller-Sims V (2007) Smelling home can prevent dispersal of reef fish
larvae. Proceedings of the National Academy of Sciences 104, 858-863.

Gillanders BM, Kingsford M] (2002) Impact of changes in flow of freshwater on estuarine and open coastal habitats
and associated organisms. Oceanography and Marine Biology an Annual Review 40, 233-309.

Graf G (1992) Benthic-pelagic coupling: a benthic view. Oceanography and Marine Biology an Annual Review 30,
149-190.

Graham A, Wilson A, Jennings S, Polunin NVC, Bijoux |JP and Robinson | (2006) Dynamic fragility of ocean coral
ecosystems. Proceedings of the National Academy of Sciences 103, 8425-8429.

Graham |B and Dickson KA (2004) Tuna comparative physiology. Journal of Experimental Biology 207, 4015-4024.

Granéli E and Turner JT (2002) Top-down regulation in ctenophore-copepod-ciliate-diatom-phytoflagellate
communities in coastal waters: a mesocosm study. Marine Ecology Progress Series 239, 57-68.

Green BS and Fisher R (2004) Temperature influences swimming speed, growth and larval duration in coral reef fish
larvae. Journal of Experimental Marine Biology and Ecology 299, 115-132.

Griffiths FB and Wadley VA (1986) A synoptic comparison of fishes and crustaceans from a warm-core eddy,
the East Australian Current, the Coral Sea and the Tasman Sea. Deep-Sea Research 33, 1907-1922.

Grimes CB and Kingsford M] (1996) How do estuarine and riverine plumes of different sizes influence fish larvae:
do they enhance recruitment? Marine and Freshwater Research 47, 191-208.

Gunn JS, Patterson TA and Pepperell |G (2003) Short-term movement and behaviour of black marlin Makaira indica in
the Coral Sea as determined through a pop-up satellite archival tagging experiment. Marine and Freshwater Research
54, 515-525.

Hall LW) (1987) Acidification effects on larval striped bass, Morone saxatilis in Chesapeake Bay tributaries: a review.
Water Air Soil Pollution 35, 87-96.

Hamner WM, Jones MS, Carleton JH, Hauri IR and Williams DM (1988) Zooplankters, planktivorous fish, and water
currents on a windward reef face: Great Barrier Reef, Australia. Bulletin of Marine Science 42, 459-479.

Hay $J, Hislop JRG and Shanks AM (1990) North Sea scyphomedusae: summer distribution, estimated biomass and
significance particularly for 0-group gadoid fish. Netherlands Journal of Sea Research 25, 113-130.

Hays GC, Richardson AJ, Robinson C (2005) Climate change and marine plankton. Trends in Ecology and Evolution 20,
337-344.

Helbling EW, Villafane V, Ferrario M and Holm-Hansen O (1992) Impact of natural ultraviolet radiation on rates of
photosynthesis and on specific marine phytoplankton species. Marine Ecology Progress Series 80, 89-100.

Henry GW and Lyle JM (eds) (2003) The national recreational and indigenous fishing survey. FRDC Project No. 99/158.
New South Wales Fisheries.

Climate Change and the Great Barrier Reef:



53

54
55

56

57

58

59
60

61

62

63

64

65

66

67
68

69

70

71

72

73

74

75

76

77

78

Hiatt RW and Strasburg DW (1960) Ecological relationships of the fish fauna on coral reefs of the Marshall Islands.
Ecological Monographs 30, 65-127.

Hilborn R and Walters C) (1992) Quantitative fisheries stock assessment. Chapman and Hall, London.

Hobday AJ (2006) Climate change impacts on the distribution of apex pelagic predators in Australian waters. Eos
Transactions of the American Geophysical Union, 87(36), Ocean Sciences Meeting Supplement, Abstract OS52H-06.
Holland KN (2003) A perspective on billfish biological research and recommendations for the future. Marine and
Freshwater Research 54, 343-347.

Holland KN, Wetherbee BM, Lowe CG and Meyer CG (1999) Movements of tiger sharks (Galeocerdo cuvier) in coastal
Hawaiian waters. Marine Biology 134, 665-674.

Holmgren M, Stapp P, Dickman CR, Gracia C, Graham S, Gutiérrez JR, Hice C, Jaksic F, Kelt DA, Letnic M, Lima

M, Lépez BC, Meserve PL, Milstead WB, Polis GA, Previtali MA, Richter M, Sabaté S and Squeo FA (2006) Extreme
climatic events shape arid and semiarid ecosystems. Frontiers in Ecology and the Environment 4, 87-95.

lles TD and Sinclair M (1982) Atlantic herring: stock discreteness and abundance. Science 181, 20-32.

IPCC (Intergovernmental Panel on climate Change) (2001) Climate Change 2001. The Scientific Basis. In: JT
Houghton, Y Ding, D] Griggs, N Noguer, PJ van der Linden, X Dai, K Maskell, and CA Johnson (eds) Contribution of
Working Group | to the Third Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge United Kingdom and New York, NY, USA.

Ishimatsu A, Kikkawa T, Hayashi M, Lee K-S and Kita ] (2004) Effects of CO, on marine fish: larvae and adults. Journal
of Oceanography 60, 731-741.

Jackson GD (1991) Age, growth and population dynamics of tropical squid and sepioid populations in waters off Townsville,
North Queensland, Australia. PhD Thesis, James Cook University, Townsville.

Jackson G and Domeier ML (2003) The effects of an extraordinary El Nifio/La Nifia event on the size and growth of
the squid Loligo opalescens off southern California. Marine Biology 142, 925-936.

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque B), Bradbury RH, Cooke R, Erlandson |, Estes JA,
Hughes TP, Kidwell S, Lange CB, Lenihan HS, Pandolfi |M, Peterson CH, Steneck RS, Tegner M) and Warner RR (2001)
Historical Overfishing and the Recent Collapse of Coastal Ecosystems. Science 293, 629-638.

James MK, Armsworth PR, Mason LB and Bode L (2002) The structure of reef fish metapopulations: modelling larval
dispersal retention patterns. Proceedings of the Royal Society of London B 269, 2079-2086.

Jones GP, Milicich MJ, Emslie M] and Lunow C (1999) Self-recruitment in a coral reef fish population. Nature 402,
802-804.

Jones GP, Planes S and Thorrold SR (2005) Coral reef fish larvae settle close to home. Current Biology 15, 1314-1318.

Kailola PJ, Williams M), Stewart PC, Reichelt RE, McNee A and Grieve C (1993) Australian Fisheries Resources. Bureau of
Resource Sciences and the Fisheries Research and Development Corporation, Canberra.

Kideys A and Moghim M (2003) Distribution of the alien ctenophore Mnemiopsis leidyi in the Caspian Sea in August
2001. Marine Biology 142, 163-171.

Kingsford M] (1990) Linear oceanographic features: a focus for research on recruitment processes. Australian Journal of
Ecology 15, 391-401.

Kingsford MJ (1992) Spatial and temporal variation in predation on reef-fishes by coral trout (Plectropomus leopardus),
Serranidae). Coral Reefs 11, 193-198.

Kingsford MJ (1993) Biotic and abiotic structure in the pelagic environment: importance to small fish. Bulletin of
Marine Science 53, 393-415.

Kingsford M] (2001) Diel patterns of arrival of reef fish to a coral reef: One Tree Island, Great Barrier Reef. Marine
Biology 138, 853-868.

Kingsford MJ and DeFries A (1999) The ecology and fishery for Coryphaena spp. in waters around Australia and

New Zealand. Scientia Marina 63, 267-275.

Kingsford M) and Gray CA (1996) Chapter 12 Influence of pollutants and oceanography on abundance and
deformities of wild fish larvae. In: R] Schmitt and CW Osenberg (eds) Detecting Ecological Impacts: Concepts and
Applications in Coastal Habitats. Academic Press, Santa Barbara, pp. 235-255.

Kingsford M) and MacDiarmid AB (1988) Interrelations between planktivorous reef fish and zooplankton in temperate
waters. Marine Ecology Progress Series 48, 103-117.

Kingsford M], Pitt KA and Gillanders BM (2000) Management of jellyfish fisheries, with special reference to the

Order Rhizostomeae. Oceanography and Marine Biology an Annual Review 38, 85-156.

Kingsford M), Leis ], Shanks A, Lindeman K, Morgan S and Pineda ] (2002) Sensory environments, larval abilities and
local self-recruitment. Bulletin of Marine Science Supplement 70, 309-340.

Climate Change and the Great Barrier Reef: A Vulnerability Assessment

589

1l 3ed

=
1)
-
=,
-
1
-,
“

abueyd ajewr)d 03 JI3y J3Luieg Jeaan 3y} ul swIsAs sibejad jo fyiqeisuinp gL 131deyd



590

Part lll: Habitats

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96
97

98

99

100

Kitagawa T, Nakata H, Kimura S, Sugimoto T and Yamada H (2002) Differences in vertical distribution and movement
of Pacific bluefin tuna (Thunnus thynnus orientalis) among areas: the East China Sea, the Sea of Japan and the western
North Pacific. Marine and Freshwater Research 53, 245-252.

Kitagawa T, Kimura S, Nakata H and Yamada H (2004) Diving behaviour of immature, feeding Pacific bluefin tuna
(Thunnus thynnus orientalis) in relation to season and area: the East China Sea and the Kuroshio-Oyashio transition
region. Fisheries Oceanography 13,161-180.

Kleypas JA, Buddemeier RW, Eakin CM, Gattuso JP, Guinotte ], Hoegh-Guldberg O, Jokiel PL, Langdon C, Skirving W,
Strong AE (2005) Comment on “Coral reef and climate change: The effect of ocean warming”. Geophysical Research
Letters 32, doi: 10.1029/2004GL022329.

Kokita T (2003) Potential latitudinal variation in egg size and number of a geographically widespread reef fish,
revealed by a common-environment experiments. Marine Biology 143, 593-601.

Kurihara H and Shirayama Y (2004) Effects of increased atmospheric CO, on sea urchin early development. Marine
Ecology Progress Series 274,161-169.

Larkum AWD and Wood WF (1993) The effect of UV-B radiation on photosynthesis and respiration of phytoplankton,
benthic macroalgae and seagrasses. Photosynthesis Research 36, 17-23.

Lasker R (1975) Field criteria for survival of anchovy larvae: the relation between inshore chlorophyll maximum layers
and successful first feeding. Fishery Bulletin 73, 453-463.

Lehodey P, Bertignac M, Hampton |, Lewis A and Picaut ] (1997) El Nifio southern Oscillation and tuna in the western
Pacific. Nature 389, 715-718.

Leis M and McCormick MI (2002) The biology, behaviour and ecology of the pelagic larval stage of coral reef fishes
Coral Reef Fishes: dynamics and diversity in a complex system. Academic Press, London, pp. 171-200.

Lobel PS and Robinson AR (1986) Transport and entrapment of fish larvae by mesoscale eddies and currents in
Hawaiian waters. Deep Sea Research 33, 483-500.

Lynam CP, Heath MR, Hay S) and Brierley AS (2005) Evidence for impacts by jellyfish on North Sea herring
recruitment. Marine Ecology Progress Series 298, 157-167.

Lynam CP, Gibbons M), Bjern EA, Sparks CAJ, Heywood BG and Brierley AS (2006) Jellyfish overtake fish in a heavily
fished ecosystem. Current Biology 16, R492-R493.

McKinnon AD, Meekan MG, Carleton JH, Furnas M), Duggan S and Skirving W (2003) Rapid changes in shelf waters
and pelagic communities on the southern Northwest shelf, Australia, following a tropical cyclone. Continental Shelf
Research 23, 93-111.

Mann KH and Lazier JRN (1991) Dynamics of marine ecosystems: biological-physical interactions in the ocean.

Blackwell Publishing, Oxford.

Mazumder A, Taylor WD, McQueen DJ and Lean DRS (1990) Effects of fish and plankton on lake temperature and
mixing level. Science 247, 312-315.

Meekan MG, Carleton JH, McKinnon AD, Flynn K and Furnas M (2003) What determines the growth of tropical reef
fish larvae in the plankton: food or temperature? Marine Ecology Progress Series 256,193-204.

Micheli F (1999) Eutrophication, fisheries, and consumer-resource dynamics in marine pelagic ecosystems. Science
285,1396-1398.

Moller H (1984) Reduction of a larval herring population by a jellyfish predator. Science 224, 621-622.
Moltschaniwskyi NA (1995) Multiple spawning in the tropical squid Photoligio sp.: what is the cost of somatic growth?
Marine Biology 124, 127-136.

Moltschaniwskyj NA and Doherty P (1995) Cross-shelf distribution patterns of tropical cephalopods sampled with
light traps. Marine and Freshwater Research 46, 707-714.

Murawski SA (1993) Climate change and marine fish distributions: forecasting from historical analogy. Transactions of
the American Fisheries Society 122, 647-658.

Miren U, Berglund ], Samuelsson K and Andersson A (2005) Potential effects of elevated sea-water temperature on
pelagic food webs. Hydrobiologia 545, 153-166.

Oliver JK and Willis BL (1987) Coral-spawn slicks in the Great Barrier Reef: preliminary observations. Marine Biology 94,
521-529.

Orr JC, Fabry V|, Aumont O, Bopp L, Doney SC, Feely RA, Gnanadesikan A, Gruber N, Ishida A, Joos F, Key RM,
Lindsay K, Maier-Reimer E, Matear R, Monfray P, Mouchet A, Najjar RG, Plattner G-K, Rodgers KB, Sabine CL,
Sarmiento JL, Schlitzer R, Slater RD, Totterdall I}, Weirig M-F, Yamanaka Y and Yool A (2005) Anthropogenic ocean
acidification over the twenty-first century and its impact on calcifying organisms. Nature 437, 681-686.

Pace ML, Cole JJ and Carpenter SR (1998) Trophic cascades and compensation: differential responses of
microzooplankton in whole-lake experiments. Ecology 79, 138-152.

Climate Change and the Great Barrier Reef:



104

105

106

109

110

1

—

11

N

113

11

ES

1

(%]

116

11

N

118
119

120

12

iy

12

N

12

i

125

126

12

o

129

Parrish RH and MacCall AD (1978) Climatic variations and exploitation in the Pacific Mackerel fisher. California
Department of Fish and Game Fish Bulletin, 167.

Peck DR, Smithers BV, Krockenberger AK and Congdon BC (2004) Sea surface temperature constrains wedge-tailed
shearwater foraging success within breeding seasons. Marine Ecology Progress Series 281, 259-266.

Pedraza M| and Diaz Ochoa JA (2006) Sea level height, sea surface temperature, and tuna yields in the Panama Bight
during El Nifio. Advances in Geosciences 6, 155-159.

Perry AL, Low PJ, Ellis JR and Reynolds |D (2005) Climate change and distribution shifts in marine fishes. Science
308,1912-1915.

Persaud AD and Williamson CE (2005) Ultraviolet and temperature effects on planktonic rotifers and crustaceans in
northern temperate lakes. Freshwater Biology 50, 467-476.

Pineda | and Lopez M (2002) Temperature, stratification and barnacle larval settlement in two Californian sites.
Continental Shelf Research 22, 1183-1198.

Pértner HO, Langenbuch M and Michaelidis B (2005) Synergistic effects of temperature extremes, hypoxia, and
increases in CO, on marine animals: from earth history to global change. Journal of Geophysical Research 110.

Purcell JE (1985) Predation on fish eggs and larvae by pelagic cnidarians and ctenophores. Bulletin of Marine Science 37,
739-755.

Purcell JE, Cowan Jr JH (1995) Predation by the scyphomedusan Chrysaora quinquecirrha on Mnemiopsis leidyi
ctenophores. Marine Ecology Progress Series 129, 63-70.

Queensland Department of Primary Industries and Fisheries (2007) Annual status report: Coral reef finfish fishery 2006.
Queensland Department of Primary Industries and Fisheries, Brisbane.

Raven | (2005) Ocean Acidification due to increasing atmospheric carbon dioxide. Policy statement of the Royal Society. The
Royal Society, London.

Richardson A] and Schoeman DS (2004) Climate impact on plankton ecosystems in the northeast Atlantic. Science 305,
1609-1612.

Richter C, Wunsch M, Rasheed M, Kotter | and Badran MI (2001) Endoscopic exploration of Red Sea reefs reveals dense
populations of cavity-dwelling sponges. Nature 413, 726-730.

Riebesell U, Zondervan I, Bost B, Tortell PD, Zeebe RE and Morel MM (2000) Reduced calcification of marine plankton
in response to increased atmospheric CO,. Nature 407, 364-367.

Robertson DA (1982) Fish feces as fish food on a Pacific Coral Reef. Marine Ecology Progress Series 7, 253-265.

Sabatés A, Martin P, Lloret ] and Raya V (2006) Sea warming and fish distribution: the case of the small pelagic fish,
Sardinella aurita, in the western Mediterranean. Global Change Biology 12, 2209-2219.

Shanks AL and Wright WG (1987) Internal wave-mediated shoreward transport of cyprids, megalopae, and gammarids
and correlated longshore differences in the settling rate of intertidal barnacles. Journal of Experimental Marine Biology and
Ecology 114, 1-13.

Sheaves M| (2006) Is the timing of spawning in sparid fishes a response tp sea temperature regimes? Coral Reefs 25,
655-669.

Sheridan CC and Landry MR (2004) A 9-year increasing trend in mesozooplankton biomass at the Hawaii Ocean Time-
series Station ALOHA. ICES Journal of Marine Science 61, 457-463.

Sinclair M (1988) Marine populations: An essay on population regulation and speciation. University of Washington Press,
Seattle.

Sissenwine MP (1984) Why do fish communities vary? In: RM May (ed) Exploitation of Marine Communities.
Springer-Verlag, Berlin, pp. 50-94.

Smith SV, Kimmerer W), Laws EA, Brock RE and Walsh TW (1981) Kaneohe Bay sewage diversion experiment:
perspectives to nutritional perturbation. Pacific Science 35, 279-385.

Sommer U, Aberle N, Engel A, Hansen T, Lengfellner K, Sandow M, Wobhlers ], Zollner E and Riebesell U (2007)
An indoor mesocosm system to study the effect of climate change on the late winter and spring succession of
Baltic Sea phyto- and zooplankton. Oecologia 150, 655-667.

Sponaugle S, Grorud-Colvert K and Pinkard D (2006) Temperature-mediated variation in early life history traits and
recruitment success of the coral reef fish Thalassoma bifasciatum in the Florida Keys. Marine Ecology Progress Series 308,
1-15.

Stabeno P) (2006) Climate variability and the Bering Sea ecosystem. Eos Transaction of the American Geophysical
Union, 87(36), Ocean Science Meeting Supplement, Abstract OS14B-03.

Taylor BE, Taylor NJ and Walsby JR (1985) A bloom of the planktonic diatom, Ceratualina pelagica, off the coast of
northeastern New Zealand in 1982-83, and its contribution to an associated mortality of fish and benthic fauna.
Internationale Revue der gesamten Hydrobiologie 70, 773-795.

Climate Change and the Great Barrier Reef: A Vulnerability Assessment

591

1 3ed

=
1)
-
=
-
1
-,
“

abueyd ajewr)d 03} JI3y J3Luieg Jeaan 3y} ul swsAs dibejad jo fyiqeisuinp :gL 131dey>



592

130 Taylor |G (1996) Seasonal occurence, distribution and movements of the whale shark, Rhincodon typus, at Ningaloo
Reef, Western Australia. Marine and Freshwater Research 47, 637-642.

131 Tobin A and Mapleston A (2004) Exploitation dynamics and biological characteristics of the Queensland east coast
Spanish mackerel (Scomberomorus commerson) fishery. CRC Reef Research Centre Technical Report No 51, CRC Reef
Research Centre, Townsville.

132 Underwood A and Peterson CH (1988) Towards an ecological framework for investigating pollution. Marine Ecology
Progress Series 46, 227-234.

133 Walsh I, Chung SP, Richardson M) and Gardner WD (1995) The diel cycle in the integrated particle load in the
equatorial Pacific: a comparison with Primary production. Deep-Sea Research Il 42, 465-477.

134 Ware DM and Thomson RE (2005) Bottom-up ecosystem trophic dynamics determine fish production in the northeast
Pacific. Science 308,1280-1284.

135 Watanabe Y, Yamaguchi A, Ishida H, Harimoto T, Suzuki S, Sekido Y, lkeda T, Shirayama Y, Takahashi MM, Ohsumi T
and Ishizaka | (2006) Lethality of increasing CO, levels on deep-sea copepods in the western North Pacific. Journal of
Oceanography 62,185-196.

136 Welschmeyer N (2006) Effects of CO, on marine phytoplankton: fertilizer or herbicide? Eos Transaction of the
American Geophyisical Union 87(36), Ocean Sciences Meeting Supplement, Abstract OS14B-04.

137 Williams DM, Wolanski E and Andrews JC (1984) Transport mechanisms and the potential movement of planktonic
larvae in the central region of the Great Barrier Reef. Coral Reefs 3, 229-236.

13

o2

Williams DM, Dixon P and English S (1988) Cross-shelf distribution of copepods and fish larvae across the central
Great Barrier reef. Marine Biology 99, 577-589.

13

O

Williams LE (ed) (2002) Queensland'’s fisheries resources: current condition and recent trends 1988-2000. Queensland
Department of Primary Industries, Report No. Q102012.

14

o

Willis BL and Oliver JK (1990) Direct tracking of coral larvae: Implications for the dispersal of planktonic larvae in
topographically complex environments. Ophelia 32, 145-162.

14

juary

Wilson SG, Taylor JG and Pearce AF (2001) The seasonal aggregation of whale sharks at Ningaloo Reef, Western

Australia: currents, migrations and the El Nifio/ Southern Oscillation. Environmental Biology of Fishes 61, 1-11.

142 Wilson SG, Pauly T and Meekan MG (2002) Distribution of zooplankton inferred from hydroacoustic backscatter data
in coastal waters off Ningaloo Reef, Western Australia. Marine and Freshwater Research 53, 1005-1015.

143 Wilson SG, Carleton JH and Meekan MG (2003) Spatial and temporal patterns in the distribution and abundance

of macrozooplankton on the southern North West Shelf, Western Australia. Estuarine, Coastal and Shelf Science 56,

897-908.

Woodroffe C (1995) Response of tide-dominated mangrove shorelines in northern Australia to anticipated sea-level

rise. Earth Surface Processes and Landforms 20, 65-85.

14

E

14

(%

Wolanski E (2001) Oceanographic processes of coral reefs: Physical and Biological Links in the Great Barrier Reef. CRC

Press, Boca Raton.

146 Wolanski E and De’ath G (2005) Predicting the impact of present and future human land-use on the Great Barrier
Reef. Estuarine, Coastal and Shelf Science 64, 504-508.

147 Worm B, Lotze HK and Myers RA (2003) Predator diversity hotspots in the blue ocean. Proceedings of the National
Academy of Sciences 100, 9884-9888.

148 Worm B, Sandow M, Oschlies A, Lotze HK and Myers RA (2005) Global patterns of predator diversity in the open
oceans. Science 309, 1365-1369.

149 Worm B, Barbier EB, Beaumont N, Duffy JE, Folke C, Halpern BS, Jackson |BC, Lotze HK, Micheli F, Palumbi SR, Sala E,
Selkoe K, Stachowicz )] and Watson R (2006) Impacts of biodiversity loss on ocean ecosystem services. Science 314,
787-790.

150 Yamaguchi M and Hartwick RF (1980) Early life history of the sea wasp Chironex fleckeri (Class Cubozoa). In:
Developmental Cellular Biology. (eds P. Tardent and R. Tardent). Elsevier/North Holland Biomedical Press, Amsterdam,
pp. 11-13.

151 Young CM (1990) Larval ecology of marine invertebrates: a sesquicentennial history. Ophelia 32, 1-48.

152 Zeldis JR, Davis CB, James MR, Ballara SL, Booth WE and Chang FH (1995) Salp grazing: effects on phytoplankton

abundance, vertical distribution and taxonomic composition in a coastal habitat. Marine Ecology Progress Series 126,

267-283.

153 Zeldis JR, Oldman |, Ballara SL and Richards LA (2005) Physical fluxes, pelagic ecosystem structure, and larval fish
survival in Hauraki Gulf, New Zealand. Canadian Journal of Fisheries and Aquatic Science 62, 593-610.

Climate Change and the Great Barrier Reef:



