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What is happening

New research suggests that some species havetargraaacity to acclimate to rising
temperatures than previously thought; however wdrethch acclimation capacity is
widespread in tropical marine fishes, and whetbarescritical processes (e.g.
reproduction) remain significantly impaired, is mokvn.

What is expected

In addition to effects of habitat degradation, warmcean temperatures will cause
distribution shifts in some tropical fishes, insigy the geographic ranges of some
species and decreasing the ranges of others, inglsdme commercially important
species.

What we are doing about it

Experimental and observational work is underwaynteestigate the adaptive capacity
of tropical fish.
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Summary

Climate change is expected to affect populatiords @mmunities of tropical marine
fishes in many ways, ranging from indirect effeatsociated with habitat degradation
and altered resource availability to direct effectsrapidly changing environmental
conditions. In the short-term (up to 2030), thejgeted impact of climate change on
Australia’s tropical coastal and demersal fishesargely tied to the fate of critical
benthic habitats, especially for coral reef envwin@mts, which are highly vulnerable to
elevated temperature, ocean acidification and motense storms. There is good
evidence and strong consensus that climate-indum@dl bleaching affects the
community structure and abundance of reef-assatiabes, especially when it leads
to the structural collapse of reef habitat. In kiveger-term (after 2030), sea level rise
and altered rainfall patterns are expected to sitpaificantly alter coastal wetlands that
are important nursery areas for estuarine and he@species. In addition to the effects
of habitat degradation, warmer ocean temperatueegprajected to cause distributional
shifts in some tropical fishes, increasing the gaplgic ranges of some species and
decreasing the ranges of others, including somerangially important species. Life
history traits and population dynamics will be atéedl by warmer temperatures, with
potential implications for fisheries yields. Altéreoceanic circulation and ocean
acidification could also have very significant et on populations and communities of
coastal fishes in the longer term. There are a nwitical knowledge gaps in our
understanding of the effect of climate change apital marine fish, including how
predicted effects on individuals and populationi sgale-up to influence community
structure and function, and the degree to which fsll acclimate or adapt to the
expected rapid climate change. Non-reefal enviroimmand commercially important
species are especially understudied in relatiatliboate change impacts. Key strategies
in mitigating effects of climate change on coastalrine fishes are to maintain and
restore habitat quality, incorporate climate ureiety into fisheries management plans,
and limit impacts of other human activities likaly reduce the sustainability of fish
populations.

Introduction

Australia has over 1.5 million Kiof tropical coastal waters (territorial area wittthe
continental shelf) extending from Queensland ardGheat Barrier Reef (GBR) on the
east coast, across the Northern Territory and AaaBea region, to Western Australia
and Ningaloo Reef on the west coast. These waterslaabited by approximately 2000
species of marine fishes (Allen and Swainston 198B¢ vast majority of species live
on or around coral reefs (Randall et al. 1997, €laod Russell 2009), with a smaller
number of species inhabiting inter-reefal areashame and estuarine water, or the
pelagic zone above the continental shelf.

Although most coastal fishes are closely associatéth reefs or other benthic

substratum as adults, nearly all species haveeaytife that includes a pelagic larval
stage, which lasts for a period of weeks to montlepending on the species (Leis
1991). When sufficiently developed, the larvaelsét the benthos, usually in the same
general habitat as juveniles and adults (Booth \Afalington 1998). Some species,
such as some snappers and groupers, settle intovshiashore and estuarine habitats
and migrate to reefs or deeper inter-reefal arsagueeniles or subadults (Sheaves
2005).
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Climate change is expected to affect individualspuysations and communities of
coastal and demersal fishes through a range ofdtsma the larval, juvenile or adult
phases (Munday et al. 2008a, 2009a, Pratchett. &0alla). Changes to sea surface
temperature (SST), ocean pH, and circulation padtare expected to influence a suite
of biological and ecological characteristics of marfishes, including: physiological
condition, life history traits, the timing of spaimg, reproductive output, larval
development, population connectivity and geograpfitributions (Table 1). The
effects of climate change on food supply and haltaality are projected to have
further significant effects on marine fishes (Talle In the short-term, the greatest
effects of climate change on coastal fishes is e®peto be caused by degradation of
shallow marine habitats, especially for coral reef/ironments (Munday et al. 2007,
2008a, Pratchett et al. 2008, 2011b) which areiquéarly sensitive to increasing
temperatures and declining ocean pH (Hoegh-Guldeesy. 2007). In the longer-term
sea level rise and altered rainfall patterns agse aekpected to alter the distribution and
guality of coastal wetlands that are important ewysareas for many estuarine and
nearshore species.

Predicting the changes that will occur to tropicabstal fishes as a result of climate
change is challenging because of complex intenagtidetween the physical
environment, physiological and behavioural respsrdefishes at different life history
stages, energy transfer between trophic levels, taadeffect of habitat structure on
ecological processes and interactions (Figure ¥¢r@he past few years there has been
increased research into the effects that changéetphysical environment have on the
ecology and biology of tropical marine fishes. Hoete the number of studies remains
low and most experimental research has involved| saite-attached coral reef species.
The relevance of these studies to larger, molsle $pecies is still uncertain. Although
the confidence in most projections about the immdiatlimate change on Australia’s
tropical coastal fishes remains moderate-low, arfdraeen impacts are likely to occur,
there have been significant advances in our uralaistg of some climate change
threats (e.g. ocean acidification). The level ataiaty regarding other impacts has also
improved since the first assessment in 2009
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Figure 1. The potential impacts of climate change on populations and communities of tropical
coastal fishes will depend on complex interactions between changes in the physical environment
(e.g. changesin SST, currents and upwelling, storms, ocean pH), physiological and behavioural
responses of fishes at different life history stages, energy transfer between trophic levels, and
the effect of altered habitat structure on ecological processes and interactions. From Munday et
al. (2007).

Observed Impacts

Coral reefs have been studied more intensively thher tropical marine environments.
Recent episodes of coral bleaching caused by elé\sda temperatures have seriously
degraded reefs around the world (Wilkinson 2004raCmortality from bleaching has
caused significant declines in the diversity andralances of reef fishes in some places
(Jones et al. 2004, Pratchett et al. 2008) espedrallocations where the structural
complexity of the reef habitat has been signifisaregduced (Graham et al. 2006). The
amount of suitable habitat for reef fishes declifuether if the effects of coral bleaching
interact with other disturbances that kill live abrsuch as outbreaks of crown of thorns
starfish, increasingly severe storms, or terrdsp@dlution. The interacting effects of
climate change and other stresses to reef hal{fPatdchett et al. 2011b) have the
potential to substantially alter the structure ishfcommunities in tropical Australia
(Wilson 2008a).
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Loss of live coral cover has the greatest effecthmse species of fish that rely on live
coral for their diet, habitat or settlement (Wilseh al. 2006, Pratchett et al. 2008,
Emslie et al. 2011). Declines in population abureéan these species can occur rapidly
following coral loss, and are greatest for morecgdised species, such as those that
live or feed on just 1-2 species of coral (Mund@p4£2 Pratchett et al. 2006, Wilson et
al. 2008b). Importantly, many reef fish that spkséaon live coral are dependent on
coral species that are susceptible to coral blegch{e.g. Acroporidae and
Pocilloporidae; Marshall and Baird 2000). If codales not recover in the longer-term
(after 5-10 years), impacts can be more substamiithl up to 75% of fish species
declining in abundance, including many species wahapparent reliance on live coral
(Jones et al. 2004, Cheal et al. 2008). Skeletérdead corals ultimately erode and
collapse thereby reducing topographic and habibabptexity. This leads to further
changes to the fish community, including reductiamsspecies richness, taxonomic
distinctness and abundance (Graham et al. 20063lines are often greatest for
smaller-bodied species <20cm (Graham et al. 2088)vever, smaller size classes of
larger species also decline in some instances,estigg that the contribution of these
species to ecosystem function and fisheries coalldrisermined in the future (Graham
et al. 2007).

Australia’s coral reefs have suffered several $icgmt episodes of coral bleaching
since the mid 1990’s. During the 1998 global mat=madhing event sea surface
temperatures in the GBR reached the highest ewerded. Approximately 42% of

GBR reefs bleached to some extent in 1998, althabgh2002 bleaching event was
more extensive (Berkelmans et al. 2004). In 20@pr@imately 54% of GBR reefs

suffered bleaching, with more bleaching on insheefs compared with mid-shelf and
offshore reefs. Inshore reefs also suffered thédsg coral mortality rates. Overall,
about 5% of reefs were severely damaged. Scott Re¥festern Australia suffered

severe bleaching in 1998, with an 80% reductiondral cover recorded (Smith et al.
2008). A localised severe bleaching event in thetheyn GBR in 2006 caused 40%
coral mortality in the Keppel Islands (Great Barfreef Marine Park Authority 2007),

but little impact elsewhere. Although severe bléaghevents have occurred on
Australia’s coral reefs, there has also been sgant post-bleaching recovery (Smith et
al. 2008; Osborne et al. 2011; Pratchett et al1BD1

The long-term monitoring program (LTMP) conductegl the Australian Institute of
Marine Science (AIMS) (http://www.aims.gov.au/reebnitoring) provides the best
available data set to assess the broad-scale impé@cological disturbances on the
GBR. Since the mid 1990’s outbreaks of crown-ofdtisostarfish and severe storms
appear to have caused most of the coral mortahitthe GBR and climate-induced coral
bleaching has so far contributed relatively litibteobserved coral loss (Osborne et al.
2011; Pratchett et al. 2011b). Nevertheless, sustaand ongoing climate change will
have increasing impacts in coming years, includimgreases in the intensity and
frequency of coral bleaching (Hoegh-Guldberg 198nner et al. 2005). Aside from
causing declines in coral abundance, selectivetsfigf bleaching and stronger storms
are likely to cause changes in the structure oélcassemblages, which in turn will
affect fish assemblages (e.g., Berumen and Prai20@6).

Averaged across all 48 reefs surveyed by the LTtére was little change in species
richness and diversity of fish communities sampbetiveen 1993-2007 (Delean and
De’ath 2008). Similarly, there was little changetire averaged abundances of major
trophic groups of fishes including herbivores, Blarores, benthic feeders and

predators across all reefs (Delean and De’ath 2008re were, however, large and
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important changes in fish abundance and commutiiictsire at specific reefs where
coral cover had declined significantly (Halfordat 2004, Cheal et al. 2008). In the
most comprehensive study to date, Cheal et al.gfa@ind that although fish diversity
was not affected on seven reefs that suffered @%é6 coral loss from a variety of
disturbances between 1995-2005, there were majangds in fish community
structure. Changes included increases in abundzriaege herbivores and decreases in
abundance of both coral-dependent fishes and alste sspecies with no obvious
dependence on coral. The proportion of species theteased or decreased in
abundance varied among reefs, but 45 to 71% ofsfigities decreased in abundance on
some reefs. The magnitude of change in speciesdabuas increased linearly with the
magnitude of coral decline. Bellwood et al. (20@6)d Wilson et al. (2009) also
reported significant changes in fish community cinte on GBR reefs affected by
major disturbances (including coral bleaching), hwdecreases in coral-dependent
species and increases in small generalist speekthic algal feeders and rubble
dwellers. Finally, Booth and Beretta (2002) obsdnagnificant declines in the
recruitment of 3 species of damselfishes at One Tskand immediately following the
1997-1998 bleaching event. Together these studidgate that coral bleaching in
conjunction with other major agents of disturbahes already had a significant effect
on the abundances and community structure of fishesome reefs on the Great Barrier
Reef. They also suggest that significant changdisthiocommunities will become more
widespread if mass coral bleaching occurs moreaugetly in the future (Table 2).

The structure of fish communities at Scott ReefwWestern Australia also changed
substantially following the mass coral bleachingl®98 (Halford and Caley 2009).
Species richness declined in 4 fish families follogvthe bleaching, but had recovered
in 2 of them (surgeonfishes and parrotfishes) withiyears. In the other 2 families
(butteflyfishes and damselfishes ), both specielsness and total abundance declined
and remained lower than pre-bleaching after 5 yeespecially on the reef slope.
Changes in fish community structure tended to kgrd changes in the benthic habitat
by 12-18 months. Recovery of fish communities waseoved as coral cover returned,
but was still incomplete after 5 years. Recent eysvindicate further recovery to coral
and fish communities at Scott Reef (Anon 2010; Bnpérs. com.), although fish
communities are now characterised by species withengeneralist diet and habitat
requirements than those before the bleaching, boddances of mid-sized fishes have
increased substantially, possibly due to overfighofi sharks and other top predators
(Travers pers. com.; Meekan pers. com.).

A range of other impacts on tropical coastal fishesexpected (Table 1) and there are
indications that some of these are already ocayrrideographic range shifts are a
common response of animals to climate change, wéhy species expanding to higher
latitudes in both terrestrial and aquatic ecosysters global temperatures increase
(Hickling et al. 2006, Parmesan 2006). Similar tshiby tropical marine fishes are

projected to occur in Australian waters (Mundayaét 2007). Recruits of tropical

species are being recorded in increased abundancmibi-tropical and temperate

locations and in some instances these fish, hangesped for several years (Booth et al.
2007). Persistence is largely determined by oveegimg temperatures, which have

been increasing over the past decade (FigueirdBanth 2009). There have also been
increasing anecdotal reports of larger tropicalcesebeing sighted and caught as far
south as Perth in Western Australia in recent y@afigsson pers. com.). The apparent
increase in larger, mobile, tropical species, soamted with a strong La Nina pattern
and anomalously high water temperatures (4-5°C elsmmmer averages) extending
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into higher latitudes (Pearce et al. 2011). Theservations indicate that range shifts
by tropical species are already underway.

Many tropical marine fishes have large latitudiraalges that extend across temperature
gradients of 3-2C. Life history traits of some species covary ipradictable way with
these latitudinal and temperature gradients (CandtRobertson 2002, Robertson et al.
2005). Reef fish species tend to be shorter livedl @ach smaller maximum sizes at
higher temperatures (Munday et al. 2008a). Juverdlte also expected to reach their
asymptotic size at a faster rate at higher temperst Recently, Meekan et al.
(unpublished data) found that early growth of thesférn Gregorytegastes obreptus,
had increased significantly in the sub-tropical @lbos Islands in association with a
1.6°C increase in average SST at this location ovemptst 25 years. This is the first
evidence that life history traits of tropical maifishes may be altering in response to
climate change.

Finally, small increases in SST are expected taemse larval survival of marine
species by reducing the duration of the pelagisel{® Connor et al. 2007). Consistent
with this projection, Cheal et al. (2007) found ttHarge population increases of
damselfishes on the GBR often followed elevated 8SSociated with El Nifio events.
However, higher temperatures have not been beakfioi larval supply in other
locations. In a long-term study in French PolyneRaval supply of coral reef fishes
declined by >50% below average during the 1997-BRliko, when average SST was
3.5°C above the mean, and increased nearly 250%gdura Nifia years, when
temperatures were almost 2°C below the mean (LoeYatl. 2012). Increased larval
supply during La Nifa years was correlated withreased ocean productivity
(chlorophyll-a). These results suggest that in@éagmperatures can have negative
effects on affect both the reproductive output Oyles and the survival of larvae in the
plankton, leading to a reduced supply of larvaeefdenish benthic populations.

Potential impacts by the 2030s and 2100s
Sea Surface Temperature

Increased SST is predicted to have a range of itegactropical fish populations and
communities (Table 1). Fishes are ectotherms angéeature changes of a few degrees
Celsius can influence their physiological conditi@evelopmental rate, growth rate,
reproductive performance and behaviour. Consequeht projected 1°Z increase in
SST by 2030 and 2°@ increase by 2100 are expected to have signifitapacts on
coastal marine fishes.

Increased temperature could have either a posiivenegative effect on adult
performance, depending on the current temperagxesrienced by individuals relative
to their thermal optimum for physiological actiesi (Munday et al. 2008a, Pankhurst
and Munday 2011). At least some tropical coassdle’s appear to be closely adapted to
the local thermal environment (Pankhurst and Po2@03, Nilsson et al. 2009,
Donelson et al. 2010), with growth rates and repetide capacity declining at higher
temperatures, even when additional food is avalablfuel higher metabolic rates at
higher temperatures. For example, adults of tha@yspiamselfish,Acanthochromis
polyacanthus, lost weight when reared a3 above the average summer temperatures
experienced in the wild, regardless of the amofifdad they consumed (Munday et al.
2008b). Reproduction ofA. polyacanthus is even more sensitive to increased
temperature, with the numbers of pairs laying egligch size, and egg size all being
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reduced at 1% above the average summer temperatures and falcbnes evident at
3°C above summer temperatures (Donelson et al. 2(&hways for synthesis of
reproductive hormones are temperature sensitifishn(Pankhurst and Munday 2011)
and it is possible that reproduction may be seyemirtailed by rising water
temperature, even in species that exhibit some ctgpéor acclimation to higher
temperatures over a number of generations (Donadsah 2011, 2012). Furthermore,
there is good evidence that some species from predmtly temperate water fish
families (eg Pagrus auratus. Sparidae) are already at their thermal limit for
reproduction in tropical waters (Sheaves 2006).getloer these results suggest that
reproductive performance of some species will becédd as early as 2030 and many
species could be impacted by 2100 (Table 2).

The spawning season is thought to be cued by tetnyerin many tropical fish species
(Hilder and Pankhurst 2003, Pankhurst and PorteBR0Consequently, the effects of
increasing temperature on reproductive performa&océd potentially be ameliorated to
some extent by shifts in the seasonal timing ofwsiiag (Munday et al. 2008a),
however this could lead to a mismatch in the opititime for reproduction compared
with the optimal time for larval survival (Edwardsd Richardson 2004). The greatest
problems are expected for fish that use photopdnoclie reproduction, because these
species may not shift their spawning cycle as 38fieases.

Early developmental stages of reef fishes are quaatily sensitive to temperature
changes. Small temperature increases may accellEnat@ development, increase
larval growth rate, and reduce pelagic larval dara{PLD; McCormick and Molony
1995, Wilson and Meekan 2002, Meekan et al. 2008eand Fisher 2004, Sponaugle
et al 2006), provided temperatures do not exceedrial optima. Such changes could
improve larval survival and recruitment if larvaancconsume sufficient additional food
to support the increased energetic demand of dewejoat a higher temperature.
However, recruitment may fail at times and placéene food is limited because larvae
will be more susceptible to starvation at highenpgeratures (Munday et al. 2008a, Lo-
Yat et al. 2011).

The limited evidence available suggests thaf@ iBcrease in SST would reduce the
PLD of larval reef fishes between 12-25% (Mundayakt2009a). Simulations using
coupled biological-physical models indicate thas thill tend to reduce the spatial scale
of pelagic dispersal. A 20% reduction in PLD focanmon reef fish in the Caribbean
changed the modal dispersal distance predictednylaions from ~50km to mostly
self-recruitment (10’s km) and also reduced the lpemmof larvae dispersing long
distances (Munday et al. 2009a). This suggests tkdticed PLDs at higher
temperatures could reduce population connectitdtuwever, the effect of reduced PLD
on connectivity was also strongly affected by tiepdrsion of habitat patches. In areas
of high reef density, simulations predicted thataloconnectivity networks would
strengthen with decreased PLD because more lanaédwbe exchanged between
nearby reefs. In contrast, connections betweers regiakened in areas of low reef
density. Therefore, projecting the effect of redudd.D on connectivity patterns is
challenging, and the outcome is likely to diffetveeen locations with contiguous tracts
of reef, such as barrier reefs or fringing reefs] éocations with a more fragmented
distribution of reefs (Munday et al. 2009a).

As discussed above, geographic range shifts areceegh as SST increases. Range
limits may increase or contract depending on cuarrdistributions and thermal
tolerances (Munday et al. 2008a). Most tropical stalafishes are geographically
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widespread, but some species have restricted listvhs within Australia’s tropical
zone. At least 90 species of fishes from the nomntlalf of the GBR do not currently
occur, or are relatively uncommon, in the southarifar-southern regions of the GBR
(Munday et al. 2007). Some of these species wipaex their southern limits as
temperature increases. The region aroundSl1&ppears to be an important
biogeographic boundary for many fish in the nomh&BR (M Emslie pers comm),
Consequently, most range extensions are likelyetsduth of this region. The speed and
extent of range expansions will depend on: (1)rtfasensitivity, being faster for more
sensitive species (Nilsson et al. 2009), (2) theacdy for dispersal outside the existing
geographic range (Booth et al. 2007, Munday et28l09a) and (3) ecological
interactions with different competitors and predsiat more southerly locations.

At least 30 species of fish are restricted to thetseern GBR (Munday et al. 2007). The
northern range limits of some of these species shiift south as SST increases. One
important commercial and recreational speciesthrinus miniatus (sweetlip or
redthroat emperor) has an apparent upper thermaldf about 28°C and is expected to
become significantly less abundant in tropical talawaters (Munday et al. 2007).
Some species will expand into current-day sub-t@pior temperate locations as
temperatures become more favourable at these dosain the future. Some other
southern GBR species, however, are confined td oeeés and are unlikely to persist in
non-reef areas, even if temperature become favunalthese locations. Consequently,
the geographic ranges of these species will cantoacards the far southern GBR. For
these species, smaller ranges would ultimatelyess® the risk of extinction from other
impacts.

Species of tropical reef fishes living at the sdowation on the GBR differ greatly in
their sensitivity to temperature increases. Sonaeisp are highly sensitive to a 24
increase in average summer temperature, whereassotlappear to be much more
tolerant (Nilsson et al. 2009). These results ssgt&t range shifts to cooler southern
locations will occur rapidly for some species, dre slowly for others species. As a
result, local fish communities will change, nottjdsie to the selective effects of habitat
loss on different species, but also due to diffeeein thermal tolerances among species.
There is also evidence that populations on thehgontGBR have greater capacity to
cope with elevated temperatures than populatiorthefsame species on the northern
GBR (Gardiner et al. 2010). Therefore, northernytaions are at greatest risk of
decline, even if they experience a smaller increas8ST compared with southern
populations.

Finally, nearshore and estuarine fishes show cemisssemblage composition across
large latitudinal gradients, indicating they aresigd to highly variable environments,
and so are likely to be less affected by physita@nges such as rising SST than fish
with more restricted physical tolerances.

Ocean currents and mixing

Changes to major ocean currents, wind-driven searfaarents, upwelling and other
types of hydrodynamic features could have importaifiécts on the dispersal and
survival of tropical fish larvae (Munday et al. 2@0 Lo-Yat et al. 2011). However, at
this time, the projections of how ocean current$ efiange lack sufficient confidence
and resolution at scales relevant to the ecologsnaiine fishes to allow meaningful
predictions to be made about the likely impactropital coastal fishes..

www.oceanclimatechange.org.au 289



Tropical Coastal Fish

It is more certain that there will be greater \aatistratification of the water column,
which will tend to reduce nutrient enrichment offaue waters. This may reduce the
productivity of plankton communities that are anportant food source for many
tropical marine fishes, or are the food sourceifwertebrates that the fish prey on.
Planktonic food chains will also be less productavéigher temperatures (McKinnon et
al. 2007). At the same time consumers will haveeased metabolic demands due to
higher metabolic rates at higher temperatures. €&prently, there might be a general
decline in the productivity of fish assemblagestiapical waters (Brander 2007,
Cheung et al. 2010). However, changes in produgtmill be highly variable and
unpredictable. Productivity will probably increase some locations where local
changes to current and upwelling improve nutriempipdies to surface waters.

Extreme weather events and terrestrial runoff

Stronger tropical storms will compound reef degtimtacaused by coral bleaching and
ocean acidification and cause increased disturlsancether habitats beside coral reefs.
Such changes affect local fish communities in geaof coastal environments. Changes
in rainfall and terrestrial runoff are expectedhive greatest effects on nearshore and
estuarine species. The ability of fishes to accgsand habitat is influenced by
flooding from storms (Sheaves et al. 2006), as wsllby tides. A decrease in the
frequency of flooding will lead to less regular oewtivity (Sheaves 2005). This could
impair the viability of wetland habitats in manyas of the dry tropics, and move some
wet tropics wetlands towards the intermittent cantingy currently a feature of the dry
tropics. Beyond direct effects on the ability tacess wetlands, any reduction in the
amount or regularity of rainfall would reduce thiahility of wetland pools as fish
habitats and nurseries. Extended drought allovehiater pools to dry and saline pools
to develop extremely hypersaline conditions (Sheateal. 2006). In either case their
function as fish habitats is significantly alterezkacerbating the reduction already
occurring through the construction of weirs andiyp@sponding (Hyland 2002).

Sea level

Nearshore species will be exposed to coastal irfiomdand associated habitat changes
as a result of the projected 0.6-0.74 m rise in se&l by 2100. Many coastal
environments such as mangroves and seagrass bemsdep juvenile fish with
protection or food resources (Sheaves and Molor§0R0Changes in the extent and
proximity of the various habitat types would afféogir function as nursery grounds for
a range of commercially valuable fish species.. @hection and magnitude of this
impact is likely to vary spatially, determined byetdetails of specific habitat change,
and is likely to depending on the specific requieats of different species. Sea level
rise will influence connectivity among estuariestuarine wetlands and freshwater
habitats (Sheaves et al. 2006), changing the wlolit fish like barramundilates
calcarifer, to access crucial juvenile habitats. Sea leves 5 expected to enhance
connectivity between habitats that are normallyaisal at low tide. However, human
responses to prevent inundation of urban areasaamdiand as sea level rises could also
cause compression of coastal habitats, reducingemivity and the habitable area for
some nearshore fish species.

Ocean acidification

Acidification of the ocean is expected to signifitg affect Australia’s coral reefs,
especially after 2030 when aragonite saturatiorlteare projected to become marginal
for coral growth (Guinotte et al. 2003). As a résusignificant degradation of reef
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habitat for fishes is expected. A further concerthat increased levels of dissolved,CO
could affect the physiological performance and beha of some marine fishes
(Ishimatsu et al. 2008, Munday et al. 2009c,d, $difs et al. 2012), especially at
projected higher water temperatures (Poértner e@D5).Studies in Australia have
found no evidence that elevated J€vels have a direct negative effect on the gnowt
survival or swimming performance of larval or juilerreef fish (Munday et al. 2009b,
2011a).. Similarly the development of otoliths (banes made of aragonite) appears to
unaffected by C®levels likely to be experienced in surface-oceaevs over the next
50-100 years (Munday et al. 2011a,b) However, gealll the research to date has
concerned small demersal-spawning reef fishes, lwhigght be adapted to variable
CO; levels, especially during early development. Ipassible that pelagic species and
broadcast spawners are more susceptible to highgte®els during early development
(Munday et al. 2008a, 2011a,b).

Of greater concern is that G@vels projected to occur by 2100 can impair senso
functions and alter a broad suite of behaviourdamal, juvenile and adult fishes.
Changes include increased boldness and activityn(dy et al. 2010), loss of
behavioural lateralization (Domenici et al. 201&8jered auditory preferences (Simpson
et al. 2011), inability to learn (Ferrari et al.12), and impaired olfactory function
(Munday et al. 2009d), the latter making larvahfattracted to odours they normally
avoid, including smells from predators and unfaable habitats (Munday et al. 2009d,
2010, Dixson et al. 2010). These behavioural ditara significantly increase mortality
of fish in natural reef habitat, with potentiallgrfreaching implications for population
replenishment, community structure and ecosystenttion (Munday et al. 2010,
Ferrari et al. 2011a,b). New research has found tthese diverse behavioural and
sensory effects are caused by interference withotr@nsmitter function by changed
ion concentrations in the tissues of fish exposedigh CQ, (Nilsson et al. 2012).
Importantly, effects are manifest in both larvaladult reef fishes at the G@evels
(600-700 patm Cg) that are projected to occur by 2100 on the IS8Rassions
scenario (Munday et al. 2010, Simpson et al. 20EVjine et al. 2012), thus increased
CO, concentrations could be a serious threat to mdrgles in the later part of the
century.

Major predicted impacts are shown in Table 1 amzlines in Table 2.
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Table 1. Projected impacts of climate change on populations and communities of tropical
coastal fishesin Australia and the level of certainty associated with these predictions for 2100.
Confidence levels were assigned using the IPCC framework for considering available evidence

and expert judgements.

Reduced abundances and
changes to community
composition of reef fishes

and declining
structural
complexity of
habitat from coral
bleaching, more

Loss of coral cover, Sharp declines in abundance of | High

coral-dependent species and
species that prefer to settle near
live coral. Longer-term declines in
abundances of other species as
habitat structure decreases.

intense storms, and Increased abundance of some

reduced
calcification rates
of corals

Increased
temperature

Geographic range shifts

Increased
temperature

Life history modification

Increased
temperature

Shift of breeding season

Increased
temperature

Reproductive decline

Increased
temperature

Reduced pelagic duration

www.oceanclimatechange.org.au

herbivores, small generalist
species and rubble-dwellers.

Species distributions will shift
south to match preferred
temperature ranges. Southern
range limits of low-latitude
tropical species will tend to
expand. Northern range limits of
high-latitude tropical species will
tend to decline. Geographic
ranges will contract for species
confined to high-latitude coral
reefs .

High

On average individuals will tend | Moderate
to grow faster during early life,

reach smaller maximum sizes, and

be shorter lived. Effect size may

be small compared to existing

natural variation in life history

traits.

Breeding of some species will Moderate
commence earlier. Breeding
season may increase at high

latitudes.

Some low latitude species and | Moderate
species that do not shift the timing

of breeding will experience

reduced reproductive

performance. A mismatch

between timing of reproduction

and optimum conditions for larvae

could develop.

Small increases in water Moderate
temperature will tend to accelerate

larval development and

competency to settle. Larger

increases in temperature may be
detrimental to embryonic or larvel

survival. Changes to larval

duration and/or survival

probability could influence

population connectivity
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Reduced abundances and
changes to community
composition of reef fishes

Behavioural and sensory
impairment

More extremes in
recruitment

Productivity change

Reduced population
connectivity

Tropical Coastal Fish

Loss of coral cover
and declining
structural
complexity of
habitat from coral
bleaching, more

Sharp declines in abundance of | High
coral-dependent species and

species that prefer to settle near

live coral. Longer-term declines in
abundances of other species as
habitat structure decreases.

intense storms, and Increased abundance of some

reduced
calcification rates
of corals

Ocean acidification

Increased
temperature and
changes in primary
productivity and
ocean circulation

Increased
temperature and
changes in ocean
circulation

Increased
temperature and
habitat loss

Reduced population genetic Increased

diversity

temperature and
habitat loss
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herbivores, small generalist
species and rubble-dwellers.

Elevated G@vels could affect | High
homing ability, habitat selection
and predator avoidance of larval,
juvenile and adult fish.

Shorter pelagic durations and Moderate
faster larval growth will tend to

reduce larval mortality. However,

higher metabolic rates will

increase the risk of starvation

where food supply is limited.

Highly variable and unpredictable

— some locations may tend to have

better recruitment and others

poorer recruitment.

Less nutrient enrichment due to | Moderate
greater stratification of surface
waters in combination with
increased metabolic demands of
consumers could reduce
productivity at higher trophic
levels. Planktonic food chains will
be less productive at higher
temperatures. Highly variable and
unpredictable - productivity may
increase at some locations.

Reduced pelagic larval durations Low
and earlier reef seeking behaviour
might reduce the average scale of
larval dispersal. Increased habitat
fragmentation and smaller

population sizes will reduce
population connectivity.

Strong selection favouring Low
genotypes with tolerance to

elevated temperatures and reduced
populations sizes from habitat
degradation will reduce local

genetic diversity.

293



Tropical Coastal Fish

Table 2. Observed and projected impacts of climate change on tropical coastal and demersal

marinefishesin Australia. MLD = mixed layer depth

Temperature Changes in community Changes in community

Widespread and significant

structure and declines in structure and declines in shifts in fish community

abundance of fishes on| abundance of fishes on
some coral reefs due to| coral reefs will become
habitat degradation from more widespread as
coral bleaching. Impacts habitat degrades from
confined to a few reefs | coral bleaching, more

structure and population
declines due to habitat
degradation. Loss of diversity
(coral-dependent species) and
taxonomic distinctness. Some

or locations that have | intense storms and ocearerbivores, small generalist

suffered severe acidification.

bleaching.

Increasing occurrence | Range shift towards
and persistence of higher latitudes evident
recruits from tropical in the most thermally

species in sub-tropical | sensitive and mobile
and temperate locations. species.

Increased reports of

tropical species in

temperate locations

Increased growth rate of Life history traits of

juvenile Western some high latitude

Gregory at Abrolhos populations will shift

Islands associated with | towards those of the

increase in SST over | same species in

past 25 years populations at lower
latitudes. However
changes will be difficult
to distinguish from
natural variation

Reduced reproductive
performance in
thermally sensitive
species. Earlier start to
breeding season for
some species.

Winds, ocean
currents, MLD
& ocean
stratification
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species and rubble-dwellers will
increase in abundance.

Range shifts towards higher
latitudes evident for many
species. Range area will expand
for some species and contract
for others. Range contractions
will increase the risk of
extinction for southern coral-
reef endemics.

Life history traits will shift
toward those in populations at
low latitudes - smaller
maximum size, reduced
longevity, faster juvenile
growth.

Shifts in the breeding season to
match preferred temperature for
many species. Significant
declines in reproductive
performance for thermally
sensitive species that do not
shift timing of reproduction.
Some populations will become
unviable at higher latitudes.

Reduced pelagic duration,
possibly leading to greater
extremes in recruitment success
(more good years and more bad
years).

Reduced population genetic
diversity due to strong selection
for thermally tolerant
genotypes.

Changes in larval dispersal and
recruitment patterns at some
locations due to changes in
currents and upwelling. Highly
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variable and difficult to predict.

Reduced productivity of fish
populations due to combined
effects of increasing vertical
stratification of surface waters,
less productive plankton
communities { SST and|
nutrients). Highly unpredictable
— productivity may increase at
some locations.

Precipitation, Greater variation in abundances
extreme events, of nearshore and estuarine
and terrestrial species due to reduced function
runoff of coastal wetlands as food

sources and nursery areas.

Sea level Shifts in community structure
of nearshore species due to
inundation of mangroves and
seagrass beds. Loss of juvenile
habitat for some species. Impact
will be spatially variable and
differ greatly among species.

Acidification Impairment of sensory ability
(elevated and changed behaviour of larval
pCOo,) fishes will affect population

replenishment and could lead to
population declines in many
species. Cognitive function of
fish is impaired at C@levels
predicted to occur by 2100

Elevated dissolved CQevels
will exacerbate population
declines in thermally sensitive
species

Observed Impacts: Confidence Assessments

Confidence levels are given in Table 1. There isdgevidence and strong consensus
that coral bleaching has affected fish communitycstire at several locations on the
Great Barrier Reef and at Scott Reef in WA. Consaty the confidence level is
HIGH for this observed impact, although the impaats currently isolated and not
sufficiently widespread to be detected at regiatales (e.g. regions within the Great
Barrier Reef). The confidence level is LOW for otvsel impacts on geographic ranges,
life history traits, and larval recruitment pattgrrbecause there is limited evidence
available to date and it is difficult to distinghig€limate change effects from natural
variation (e.g. El Nifio).
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Potential impacts by the 2030s and 2100s: Confidem@&ssessments

There is ample evidence and strong consensus thatastial and sustained loss of
coral cover, changes in coral composition, andienosf structural complexity on coral

reefs will affect the structure of reef fish comrmitigs and lead to reductions in the
abundances of some species. Consequently the eonédlevel is HIGH that such

changes will be evident by 2100. Whether such impalt be widespread by 2030

depends on the accuracy of predictions about tred & degradation on coral reefs by
this date, which are still debated. Therefore tamty of this impact for 2030 is only
MODERATE. Potential effects of habitat degradationnon-reef areas are largely
unknown.

Geographic range shifts towards higher latitudes leeen observed in many terrestrial
and aquatic species and there is high agreemepnttitieoccur in most ecosystems as
temperatures increase. Range shifts have alreaydizserved in Australia’s temperate
marine environment and there is some evidence sbah shifts may already be
underway for tropical species. Consequently thefidence level is HIGH for this
predicted impact by 2100. It is uncertain how qlyiadlange shifts will occur for most
species, therefore the certainty of this impac2f@30 is only MODERATE.

There is reasonable empirical and experimentaleenid to support projections about
changes in life histories, shifts in the spawnirgson, reproductive declines, and
reduced pelagic durations in coastal fishes with38C increase in SST and consensus
in these projections is moderate. Therefore thefidemce for these projections is
MODERATE for 2100. There is less evidence and E®ssensus that similar trends
will be observed with a 1°€ increase in SST. Thus, the confidence for these
predictions is LOWor 2030. Similarly, there is now sufficient empal and theoretical
evidence to support projections about increaseahidity in recruitment patterns and
an overall reduction in productivity by 2100. THere the confidence for these
projections is MODERATE for 2100. It is unlikelyghany trends in these variable
could be distinguished from natural variation by3@0Therefore the confidence for
these projections is LOVér 2030.

There is now strong experimental evidence that @@els projected to occur by 2100
under the 1S92a/A2 emissions scenario (>600 ppr) G@pair cognitive function in
reef fishes, leading to maladaptive behaviour. &twee, the confidence level is HIGH
for this impact by 2100. CQevels will not be sufficiently high (e.g. >600mppCQ,) by
2030 to cause behavioural problems in marine fish.

The confidence levels for other predicted impacth(e 1) are LOW, both for 2030 and
2100 because there is either limited evidence abialto support the projections,
limited agreement, or both.

Adaptation Responses

Some acclimation and adaptation to increased S3Talwost certainly occur among
Australia’s tropical marine fishes, however, thdeex to which fishes can withstand
projected increases in SST will vary among specepending on their current ranges,
temperature tolerances, genetic population strectand generation times. Many
tropical fish species in Australia have geographitges spanning temperature gradients
of at least 2-3C. This suggests that there should be considerpbtential for
acclimation or adaptation to increased SST causedlimate change, especially in
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southern populations that are currently living atvér temperatures than northern
populations of the same species (Gardiner et dl0R0rhere is evidence for strong
genetic connectivity among populations of some $igcies on the GBR (Doherty et al.
1995, Bay et al. 2006), which means that southepulations might already have some
tolerance to higher temperatures due to regulagtgemput from northern populations.

Furthermore, as sea temperature increases, gemdréion northern populations might

assist southern populations adapt to the new dondit

Despite the potential for acclimation and adapmatpmpulations of some species on the
GBR appear to be living close to their thermal mptms. For example, a 1.5°C increase
in average summer temperatures causes signifieatinds in growth and reproductive
output of the spiny damselfishA. polyacanthus from Orpheus Island (Munday et al.
2008b, Donelson et als. 2010). Similarly, the aergierformance of two species of
cardinalfishes from Lizard Island (northern GBRElieed by 50% with a & increase

in SST above the summer average (Nilsson et aR)20hether these species will be
able to adapt quickly enough to rapidly increasiagnperatures will depend on their
generation times and genetic connectivity with otipepulations. A more likely
scenario for these thermally sensitive specielsasriorthern populations will decline as
SST increases, but the species might become maredabt further south (i.e. rapid
shift in geographical distribution and abundance).

Some small-bodied species, such as most gobieg &lawrt generation times that
should favour local adaptation over the next 50-§8érs. Other species are both long
lived and late maturing (e.g. 9-10 years in sonwugers and snappers), which would
greatly reduce the potential for local adaptationless there is considerable genetic
input from populations that are already adaptedvesmer waters (Munday et al.

2008a).

It has recently been discovered that some reekdisimay have more capacity for
thermal acclimation than previously thought. Aewmlperformance of juveniléA.
polyacanthus was significantly reduced in warmer water, but ntthe parental
generation had also been exposed to higher tenupesatheir whole life (Donelson et
al. 2012). This indicates that acclimation of sompleysiological traits to higher
temperatures may occur in some species as theteliweams over coming decades.

There is little prospect of adaptation to habitetsland degradation. Habitat degradation
will also retard adaptation to other climate chariggacts by reducing genetic
variability within populations and by reducing géneonnectivity between populations
(Munday et al. 2008a, 2009). Maintaining and rastprhabitat quality for coastal
marine fishes should be a major focus for climdtange mitigation responses in the
coastal environment (Pratchet et al. 2011a).

For commercially and recreationally exploited fishdwuman adaptation responses
should include incorporating larger “safety margimso harvest levels to provide some
insurance from greater variability in populationdiuations and uncertainty about other
climate change impacts. In some cases, lower haragéss will need to be revised
because of the possibility that habitat loss ardliced productivity at lower trophic
levels (i.e prey species) will lead to less proogctpopulations of larger predatory
species that are favoured by commercial fisheBgander 2007, Graham et al. 2007).
Limiting fishing pressure on larger mobile speciesd species that perform key
ecological roles is also important as many of thggecies are more vulnerable to
increased fishing pressure than climate changeh@anaet al. 2011). It should be
recognised, however, that the vast majority ofitralpmarine fishes in Australia are not
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exploited and the most practical mitigation resgomgr these species (apart from
reducing greenhouse gas emissions) is to mainwulation resilience by reducing
other stresses. Reducing terrestrial runoff, impr@water quality, limiting the extent
of destructive fishing practices (e.g. benthic frag), removing barriers to dispersal
(e.g. weirs) and considering the impacts that ebasitigation responses will have on
marine fishes are important measures that willsagsbpical coastal and benthic fish
populations deal with a rapidly changing climate.

Knowledge Gaps

More research is required before we can predicfuteamifications of climate change
on tropical coastal fishes and develop better esgras for minimising the impacts
(Wilson et al. 2010). A range of additional infortoa is needed, including:

* More information on the effects that changes in phgsical environment
have on the performance, function, and behaviounafine fishes. Much of
the available data comes from temperate specieshasé results might not
be directly applicable to tropical marine fishes.

* Improved projections of how ocean currents and @ryrproductivity are
likely to change at regional and local scales faamge of climate change
scenarios. The projections are critical for underding how population
dynamics and connectivity patterns may change thveecoming century.

* More information on the habitat requirements dfidéis, especially around the
time of settlement. Understanding the habitat negoénts of fishes
throughout their life will enable more precise potidns to be made about
the long term consequences of declining habitalityua

« A better understanding of how increased temperatimexpected to affect
adult reproduction and the development, survival Behaviour of larvae,
because relatively little data are available anaagolations from temperate
water species are likely to be unreliable. Morepwarst research on climate
impacts for tropical fishes has focussed on snatlaeef species and there
is an obvious need to consider larger species itapbto fisheries.

* There are insufficient data on the biology and egyplof fishes in most non-
reefal environments. A greater understanding ofti@paand temporal
variation in distributions and abundances is remlito assess potential
climate change impacts in these environments.

* Investigations of how ocean acidification affedte development, survival
and behaviour of broadcast spawning and peladiedisElevated C{Qevels
do not appear to directly affect the growth andvisat of small demersal
fishes, but larger pelagic species might be morsigee to future rises in
CQO,. There is now ample evidence that high,d€¥els could be a serious
threat to marine fishes because they affect cagnitinction and behaviour
of marine fish. However, very little is known abdww increased SST and
CO, might interact to affect marine fishes.

* Much more research is needed on the capacity dpical marine fishes to
acclimate or adapt to rapid climate change. Newaeh suggests that some
species have a greater capacity to acclimate togri,emperatures than
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previously though possible; however if such acctiora capacity is

widespread in tropical marine fishes, and whetlmmnes critical processes
(e.g. reproduction) remain significantly impairesl,unknown. The potential
for adaptation will ultimately determine the consences of climate change
for all ecological communities. Our rudimentary amgtanding of the

potential for acclimation and adaptation by marifishes to novel

environmental variation is one of the most serigaiss in our knowledge.

Observation Programs

The AIMS Long Term Monitoring Program (LTMP) hasweyed 47 reefs in the Great
Barrier Reef (GBR) annually since 1993. A teamrained divers surveys fishes by
underwater visual census and records corals ard bémthic organisms along the same
sections of reef at each visit. Fishes from adfst91 species, representing 10 families,
are counted at three sites on each reef. Fish yume conducted in 6 sectors, from
Cooktown/Lizard Island in the north to the Capric@unkers in the south. Information
iIs available on the internet and is updated afterache visit
(http://www.aims.gov.au/docs/research/monitoringfitatest-surveys.html).

Status reports are produced approximately every twoyears
(http://www.aims.gov.au/docs/research/monitoringfitstatus-reports.html). The LTMP
also provides situational awareness on threatd) asccoral bleaching and crown of
thorns starfish outbreaks. AIMS has been monitofisly and coral communities on
Scott Reef in Western Australia on a semi-regulasi® since 1994. Summary
information is presented in occasional reports.

University researchers have monitored fish popoetiat specific locations in tropical

Australia for various periods of time. James Cookivdrsity has surveyed fish

populations on 3 reefs in the Townsville region amiannual basis since 2002, and
Western Australian researchers are also active Rottmest island north.

Fisheries Queensland has conducted fishery indepénsurveys since 2005/6 to
determine annual trends in abundance, length aadstigcture of two commercially
important reef fishes on the GBR. Data are avalabhnnual status reports.

Observation Programs for Climate Change

Although reef fishes on the GBR are monitored atinlry the AIMS LTMP, and to a
limited extent by some other programs, there fie Iihonitoring of non-reef and inshore
fishes. A monitoring program for key species wobkl beneficial. Similarly, there is
currently insufficient monitoring of fish populatie throughout NW Australia. In all
areas, more robust estimates of annual catch dod gends for demersal fish species
from all sectors (commercial and recreational)regeessary.

Greater resolution of spatial and temporal varatiof key physical parameters,
including sea surface temperature, pH, pC@roductivity, and surface currents is
required.

An improved understanding of the capacity for figpulations to adjust to changes in
environmental conditions over years to decadesgenily required.
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