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GENERAL ABSTRACT
The amount of carbon dioxide dissolved in the oceans is steadily rising due to a 40% increase in
atmospheric CO2 since the industrial revolution, leading to significant changes in water
chemistry. Recent studies show that larval reef fish exposed to near future concentrations of CO2
experience impaired ability to discriminate between olfactory cues and exhibit changes in
behaviour that increase post-settlement mortality. Reef fishes at all life history stages rely on
olfactory cues for critical behaviours including feeding, reproduction, predator avoidance, and
the establishment and maintenance of habitat associations. However, it is unknown if olfactory
impairment due to elevated CO2 observed in larval fish will affect critical ecological processes,
such as habitat selection at settlement, and if sensory disruption will also occur in adults. This
thesis examines the effects that CO2 concentrations predicted to occur in the ocean this century
(550-950ppm) have on habitat associations of coral reef fishes. Fishes tested in each study were
selected to assess behavioural responses to high-CO2 conditions at both larval and adult stages
and across multiple reef fish taxa, using species with varying degrees of habitat specialisation
and habitat use. The chapters comprising this thesis address the following questions: 1) does
olfactory impairment alter habitat selections and settlement behaviour of larval reef fishes when
all sensory cues are available?; 2) does elevated CO2 cause sensory impairment in adult fish, and
if so how might olfactory-mediated processes such as homing behaviour be affected?; and 3)
does elevated CO2 affect habitat preferences of habitat specialist species?

As larvae of many reef fish species settle to benthic substrates overnight and during new moon
phases, when low light aids in predator avoidance, olfaction is potentially the key sensory system
employed during the settlement process. The effect of elevated CO2 on larval behaviour and
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habitat preferences was tested in three species of damselfishes with different habitat preferences.
Although exposure to elevated CO2 affected the ability of larvae to discriminate between
common reef microhabitat odours (hard coral, soft coral, coral rubble), this olfactory impairment
had no effect on the habitats selected at settlement when all sensory cues were available.
However, the settlement behaviour of larvae following CO2 exposure was significantly altered.
While control larvae exhibited typical peak settlement around the new moon, larvae exposed to
850ppm CO2 displayed highest settlement rates around the full moon and lowest settlement
around new moon phases. Such a pronounced shift in settlement timing could have significant
consequences for the success of settling larvae.

Following selection of preferred habitats at settlement, some reef fishes often depend on
olfactory cues for recognition of selected habitats in addition to foraging and reproductive
behaviours. Cardinalfishes nocturnally forage throughout the reef, returning each morning to the
same daytime home resting site with the aid of olfactory cues associated with the home site.
Adult five-lined cardinalfish, Cheilodipterus quinquelineatus, exposed to elevated CO2 exhibited
impaired ability to distinguish between odours of home- versus foreign-site conspecifics in pairwise choice experiments. In a displacement experiment, fish from all CO2 treatments exhibited a
22-31% reduction in homing success compared with control fish when released at 200m from
home resting sites. While CO2 exposed cardinalfish released directly back onto home sites
exhibited similar persistence rates to control subjects, behaviour at home sites was affected, with
CO2 exposed fish exhibiting increased activity levels and venturing further from shelter. This
study demonstrates that disruption of sensory mechanisms in fishes due to elevated CO2 extends
to critical adult behaviours.
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Coral-dwelling gobies are some of the most habitat-specialist fish species on coral reefs,
spending their entire benthic life within the branches of corals. Respiration of the coral host
causes nocturnal increases in CO2 concentrations among the coral branches, possibly enabling
gobies to be more tolerant to changes in ocean chemistry than other fishes. Pair-wise olfactory
tests demonstrated that exposure to elevated CO2 impaired the ability of Paragobiodon
xanthosomus to discriminate between odour cues of their sole host coral (Seriatopora hystrix)
and a non-preferred coral (Pocillopora damicornis). A habitat choice experiment conducted in
the field revealed alterations in habitat preferences following CO2 exposure.

All control

Gobiodon histrio individuals vacated dead coral habitat and successfully located new live
colonies of Acropora nasuta (preferred host coral) within 24 hrs, however gobies exposed to
elevated CO2 remained on dead coral habitats and associated with both preferred (A. nasuta) and
non-preferred (A. tenuis) habitats in approximately equal frequency. These results suggest that
rising CO2 could affect the fitness and survival of habitat specialist fish species by impairing
their ability to select favourable habitat.

This thesis demonstrates sensory disruptions due to elevated CO2 are present in both larval and
adult reef fishes, with potential alteration of habitat associations observed in multiple species
groups. While fishes may be able to compensate for olfactory impairment through use of
alternative sensory mechanisms, behavioural alterations observed throughout this project suggest
possible interference of critical neural pathways necessary for accurate interpretation of
environmental cues. This research indicates that rising CO2 has the capacity to affect fitness of
reef fishes through changes in habitat utilization, with potentially far-reaching consequences for
population dynamics and community structure.
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CHAPTER 1: GENERAL INTRODUCTION
Species are distributed unevenly throughout the environment, with concentrations of individuals
often occupying distinct habitat types. As habitats are heterogeneous in composition, variance in
developmental rates, survival, and reproductive potential can exist between individuals
inhabiting different habitats (Huey 1991; Pulliam and Danielson 1991; Pettorelli et al. 2002).
Selection to persist within particular habitats can be dependent on local resources and conditions
promoting optimal fitness (Pulliam and Danielson 1991; Garshelis 2000). Settlers may occupy
certain areas with increased frequency if local conditions support optimal foraging, low predator
abundance, or provide suitable breeding sites; however, species distributions may be influenced
by both intraspecific density and co-occurrence of competitors exploiting the same habitats
(Rosenzweig 1991; Orians and Wittenberger 1991). While some species have maintained use of
specific habitat types (habitat specialists), others possess a wider ecological niche and have
evolved to persist throughout an array of different habitats (habitat generalists) (Van Tienderen
1991; Fridley et al. 2007).

The distribution of fishes across coral reefs can be influenced by a range of factors, including
depth, temperature and currents (Doherty et al. 1996; Floeter et al. 2001; Srinivasan 2003),
interactions with other species (Sweatman 1985; Geange 2010), food availability (Doherty 1982;
Jones 1986; Forrester 1990), and habitat composition and complexity (Williams 1982; Chabanet
et al. 1997; Almany 2004). These factors are often derived from the spatial heterogeneity of
coral reef environments which can influence the assemblages of marine organisms at a variety of
spatial scales (Williams 1991). Within and among coral reefs, depth and exposure conditions
often dictate the distribution and composition of habitats across reef zones (Montaggioni 2005).
1

Habitat selection appears to be particularly important in the structuring of reef fish assemblages
(Shulman 1984; Wellington 1992; Tolimieri 1995; Caselle and Warner 1996; Holbrook et al.
2000), although the supply of recruits (Fowler et al. 1992) predator abundance (Caley 1993;
Webster 2002) and positive or negative associations with resident conspecifics and
heterospecifics (Jones 1987; Sweatman 1988; Almany 2003; Kane et al. 2009) also contribute to
the distribution of fishes among reef substrates. Most reef fishes are characteristically associated
with particular microhabitats throughout the reef environment (Sale 1977; Randall et al. 1997).
While some reef fishes occur in a variety of reef habitats, other species exhibit specific habitat
preferences, with optimal growth, reproductive success and survival dependent on associating
with preferred substrates (Jones 1988; Clarke 1992; Wellington 1992; Munday 2001; Caley and
Munday 2003). Approximately 10% of species are dependent on live coral habitat for most of
their life (Jones et al. 2004; Pratchett et al. 2008) with some of the most specialised species
associating with only a single coral species (Munday et al. 1997; Elliott and Mariscal 2001;
Wong 2011).

Habitat selection by reef organisms typically occurs early in life as larvae settle to reef substrates
following a pelagic larval stage (Leis 1991). Despite their naivety to the reef environment, reef
fish larvae display innate affinities for particular habitats and are capable of distinguishing
between various reef substrates to actively locate preferred habitat types during settlement
(Williams and Sale 1981; Booth 1992; Doherty et al. 1996; Danilowicz 1996; Öhman et al. 1998;
Feary et al. 2007). Locating preferred habitats during this transition to a benthic existence is
critical, as habitat use has been shown to influence larval success post-settlement, with direct
affects on mortality, growth rate, and age at maturation in some species (Jones 1988; Wellington
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1992; Munday 2001; Lecchini et al. 2007a; Bonin et al. 2009b). For example, Jones (1988)
found an approximately 50-75% reduction in survival and decreased growth rates for juvenile
damselfishes 4 months post-settlement occupying Porites reefs compared to individuals settled
to the higher complexity Pocillopora reefs. Thus, habitat selection can be a crucial factor
determining the success of individuals following settlement to the reef environment.

Larval fish utilize a variety of sensory systems to discriminate between various reef substrates,
with spatial and temporal factors likely influencing the sensory modalities used during the
settlement process (Kingsford et al. 2002; Leis et al. 2011). Larvae possess highly developed
sensory systems (Job and Bellwood 1996; Wright et al. 2005; Leis et al. 2011) and are able to
actively swim to orientate toward specific cues while migrating to reef habitat (Fisher et al. 2000;
Kingsford et al. 2002; Montgomery et al. 2001; Stobutzki and Bellwood 1997; Simpson et al.
2005; Wright et al. 2005). Post-hatching and throughout their pelagic duration larvae are capable
of interpreting a range of sensory and environmental cues, enabling orientation toward
favourable conditions, and eventually toward suitable reef habitat (Kingsford et al. 2002).
During migration toward reefs from offshore waters larvae may use a range of far-field cues,
including auditory, olfactory, and visual cues (e.g. celestial and polarization patterns) (Simpson
et al. 2005; Gerlach et al. 2007; Leis et al. 2011). As larvae approach reefs, olfactory detection
of chemical cues and visual interpretation of the reef environment play an important role in
location of suitable settlement habitat (Elliott et al. 1995; Danilowicz 1996; Lecchini et al. 2005,
2007b; Ben-Tzvi et al. 2010). However, as larvae of most reef fishes settle overnight, often
during new moon phases when low light levels aid in predator avoidance (Victor 1986;
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Robertson et al. 1988; Dufour and Galzin 1993; Leis et al. 2002; Doherty et al. 2004), it is
uncertain how reliable visual cues may be for discriminating between habitat types at settlement.

Olfaction potentially plays an important role in the initial selection and subsequent recognition of
habitat sites. Larval reef fishes preparing to settle are able to distinguish between habitat types
using chemical cues and are known to display species-specific preferences for the odours of
particular reef microhabitats (Danilowicz 1996; Elliott et al. 1995; Lecchini et al. 2005; BenTzvi et al. 2010).

In laboratory choice tests, Danilowicz (1996) found 93% of Dascyllus

albisella larvae orientated toward the odour cues of their preferred coral habitat, Pocillopora
meandrina, compared to the odours of two less preferred corals Porites compressa and
Montipora verrucosa. Other species rely on the odours of conspecifics in order to locate suitable
habitats at settlement (Sweatman 1988; Lecchini et al. 2005, 2007b), with preferential settlement
of larvae to coral colonies with resident adult conspecifics observed in many damselfish species
(Sweatman 1985, 1988; Jones 1988; Öhman et al. 1998).

Habitat selection can also be important to adult fishes. For many species, adult survival and
reproduction can be critically dependent upon navigation to home sites (Colin 1996; Dittman and
Quinn 1996). Possessing home sites can contribute to the overall fitness of an individual, with
benefits derived from familiarity with local food resources, shelter, and the location of mates,
competitors and predators (Shapiro 1986; Noda et al. 1994; Brown and Dreier 2002). Many reef
fishes display strong site fidelity (Marnane 2000; Meyer et al. 2000; Willis et al. 2001) and
occupy the same caves or corals for extended periods, departing daily to forage across reef
habitats (Chave 1978; Marnane and Bellwood 2002). Others must regularly abandon home sites
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to navigate to distant breeding grounds or successfully locate sites of mass spawning (Warner
1995; Domeier and Colin 1997; Fukumori et al. 2010). Species possessing home sites are
believed to rely heavily on olfactory cues associated with home sites in order to successfully
navigate to return (Braithwaite 1998; Atema et al. 2002; Døving et al. 2006; Myrberg and
Fuiman 2002). Therefore, interpretation of olfactory cues can be important for the maintenance
of essential habitat associations for adult reef fishes.

Habitat selection is clearly an important aspect determining the distribution and abundance of
reef fishes. However, coral reef habitats are predicted to change dramatically over the next few
decades due to rapid climate change (Hughes et al. 2003; Hoegh-Guldberg et al. 2007).
Increasing temperatures, changes in water chemistry, and increased frequency of habitat
disturbances are predicted to compromise the integrity of reef ecosystems (Hoegh-Guldberg
1999; Donner et al. 2005). Mass coral bleaching in response to elevated water temperatures can
significantly alter the composition of reef environments through the selective mortality of
susceptible coral species (Marshall and Baird 2000; McClanahan et al. 2004). Dead coral are
quickly overgrown by algae and vacant space occupied by a range of other benthic invertebrates,
such as sponges and soft coral. Furthermore, dead corals erode through time, reducing the
topographic complexity of reef habitats (Pratchett et al. 2008). While habitat composition will
undoubtedly be transformed as a result of global climate change, relatively little is known about
how such changes in the composition of benthic habitats might affect the survival and behaviours
of reef-associated fishes.
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Since the start of the industrial age, the global concentration of atmospheric CO2 has risen nearly
40%, from about 280 parts per million (ppm) in preindustrial times to the present-day level of
approximately 390ppm (Solomon et al. 2007). This rapid increase of CO2 can be attributed to
both direct and indirect anthropogenic effects, from fossil fuel combustion and industrial activity
to alterations in land-usage through deforestation and agriculture processes (Raupach et al.
2007). Based on trajectories of future emission scenarios developed by the Intergovernmental
Panel on Climate Change, at the current rate of CO2 production atmospheric CO2 could reach
850ppm by the end of this century. Although geological records indicate the amount of CO2 in
the atmosphere has been highly variable, the current concentration of CO2 and rate of increase is
unlike any observed in at least the past 800,000 years (Lüthi et al. 2008).

While ecosystems

worldwide have endured great change over time, a rapid shift in climatic conditions could
severely impact the ability of organisms to acclimate and adapt to cope with a changing
environment.

Oceans absorb large quantities of excess CO2 through gas exchange at the sea surface (Revelle
and Suess 1957). Recent estimates indicate approximately one-third of the fossil-fuel derived
carbon released each year is incorporated into the ocean (Doney 2010). Addition of excess CO2
into seawater has profound effects on ocean chemistry. Once dissolved in water, CO2 is rapidly
converted to carbonic acid (H2CO3), which then disassociates to produce a hydrogen ion and
bicarbonate, leading to a decrease in oceanic pH, a process known as ocean acidification. Excess
hydrogen ions bond with carbonate ions, driving a further increase in bicarbonate and a reduction
in carbonate (Feely et al. 2004). The reduced saturation of carbonate ions has consequences for
marine calcifying species including reef building corals and a variety of benthic invertebrates
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that require carbonate ions for skeletal production (Doney et al. 2009; Guinotte and Fabry 2008;
Royal Society 2005). Alterations in growth, reproduction and survival due to ocean acidification
have been observed in multiple calcifying taxa (Kurihara and Shirayama 2004; Kleypas et al.
2006; Gazeau et al. 2007), however how changes in ocean chemistry due to elevated ocean
uptake of CO2 might affect higher order marine organisms, such as fishes, is still poorly
understood (Ishimatsu et al. 2008; Munday et al. 2008).

Gas exchange at the sea surface constantly equilibrates CO2 concentrations between the
atmosphere and ocean (Doney et al. 2009), therefore as CO2 concentrations rise in the
atmosphere they also rise in the shallow ocean (Doney 2010). The pCO2 of body fluids of fishes
is typically a few mmHg above ambient level (Evans et al. 2005). Consequently, tissue pCO2
rises when fish are exposed to elevated CO2 (Brauner and Baker 2009). Increased tissue pCO2
causes acidosis, which can be detrimental to many cellular processes, including protein
synthesis, enzymatic function and oxygen transport (Pörtner et al. 2004). Fish compensate for
acidosis by acid-base equivalent ion transport, mostly across the gills, and to a lesser extent via
the kidneys and intestine (Claiborne et al. 2002; Brauner and Baker 2009). Nevertheless,
exposure to elevated CO2 may have a range of physiological and behavioural effects in marine
fishes (Ishimatsu et al. 2008; Munday et al. 2009b, 2010).

Numerous studies have investigated the physiological responses of fishes to high-CO2
conditions, although relatively few studies have tested CO2 levels relevant to IPCC emission
scenarios. Early research found fishes display reductions in growth (Fivelstad et al. 1998),
higher energetic costs (Hosfeld et al. 2008; Michaelidis et al. 2005), and increased mortality
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throughout ontogeny (Hayashi et al. 2004; Ishimatsu et al. 2004, 2008; Kikkawa et al. 2004)
following exposure to elevated CO2, but only at levels much higher than will occur in the
atmosphere and oceans in the next 100-200 years (pCO2 10,000-50,000µatm). More recent
research has focussed on the effects of CO2 concentrations that could occur by 2100. Although
near-future CO2 levels (500-1000ppm) appear to have little effect on physiological attributes
(Munday et al. 2011), exposure to elevated CO2 causes profound effects on the behaviour of
larval reef fishes. Damselfish larvae held in CO2 treated seawater experienced impairment of
olfactory (Munday et al. 2009b) and auditory ability (Simpson et al. 2011) and were no longer
able to distinguish between sensory cues that may be necessary for habitat site selection
(Munday et al 2009b). Likewise, CO2 exposed larvae were unable to recognize odours of
predator and non-predator fish species, which could negatively impact survivorship of larvae
following migration to the reef environment (Dixson et al. 2010; Munday et al. 2010). Larvae
displayed more active, riskier behaviours, leading to 5-8 times higher predation-related mortality
in natural reef habitat (Munday et al. 2010).

Disruption of sensory mechanisms and subsequent alterations in behaviour observed in larval
fishes could dramatically affect successful recruitment of larvae to adult populations. Olfaction
is potentially a key sense used by larvae for selection of habitat sites (Danilowicz 1996; Elliott et
al. 1995; Lecchini et al. 2005; Ben-Tzvi et al. 2010). It is unknown how olfactory impairment
might alter habitat selections of settling larvae, as larvae may be able to compensate for olfactory
disruption through the use of alternative sensory cues. Elevated CO2 appears to affect a range of
behaviours and sensory systems, but at different concentrations. While elevated CO2 elicits
olfactory disruption in clownfish at levels of 750-850ppm (Munday et al. 2009b), auditory
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disruption is present at a lower concentration of 600ppm (Simpson et al. 2011), and there is no
indication of visual impairment at even higher treatment levels (950-1000ppm) (Munday et al.
2009b, 2010; Devine et al. 2011). This indicates sensory systems differ in their sensitivity to
changes in ocean chemistry, although how such variations in sensory impairment affects critical
fish behaviours is unknown.

Fishes in early life history stages are presumably more vulnerable to changing oceanic
conditions. Higher metabolic demand throughout metamorphosis coupled with increases in
diffusion surface area with development of gill lamellae at juvenile stages could account for
observed sensitivity to alterations in ocean chemistry (Kikkawa et al. 2003; Ishimatsu et al. 2004;
Melzner et al. 2009); however, whether sensory disruptions observed in larval fishes are present
in adult stages has yet to be determined. Accurate interpretation of environmental sensory cues
is essential for critical adult behaviours including location of foraging (Chave 1978; Heyman et
al. 2001) and breeding sites (Tesch 1967; Dittman and Quinn 1996). Therefore, it is important to
test the tolerance of adults to elevated CO2 in order to predict the dynamics of future marine fish
populations.

The aim of this thesis was to investigate potential alterations in habitat associations of reef fishes
following exposure to CO2 levels predicted to occur in the ocean in the next 50-100 years. A
series of experiments was conducted to assess possible effects of elevated CO2 at various
ontogenetic stages and utilising species with a range of microhabitat preferences and varying
degrees of habitat specialisation. Through both laboratory and field-based experiments this
study focused on the following objectives: 1) To determine if exposure to elevated CO2 affects
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habitat selection and settlement behaviour of larval reef fishes, 2) To test the effects of elevated
CO2 on site fidelity and homing behaviours of adult reef fishes, and 3) explore potential
alterations in habitat preferences of habitat specialist reef fishes due to increased CO2. These
aims are addressed in separate chapters, each comprised of multiple studies. Chapter 2 tests if
impairment of olfactory discrimination ability in larval damselfish alters the selection of
microhabitats at settlement when all sensory cues are available. Lunar-based settlement patterns
were additionally examined to determine if CO2 treated larvae could successfully interpret lunar
cues necessary for coordination of settlement timing. Chapter 3 investigates potential alterations
of adult habitat associations, testing the effects of elevated CO2 on olfactory-mediated
behaviours such as homing in adult cardinalfish using displacement experiments.

Finally,

Chapter 4 assesses the effects of a high CO2 environment on habitat specialist fishes, using coraldwelling gobies to determine if alterations in habitat preferences will occur due to rising CO2.
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CHAPTER 2: RISING CO2 CONCENTRATIONS AFFECT
SETTLEMENT BEHAVIOUR OF LARVAL DAMSELFISHES
Submitted to Coral Reefs July 2011

2.1 ABSTRACT
Reef fish larvae actively select preferred benthic habitat, relying on olfactory, visual and acoustic
cues to discriminate between microhabitats at settlement. Recent studies show exposure to
elevated carbon dioxide (CO2) impairs olfactory cue recognition in larval reef fishes. However,
whether this alters the behaviour of settling fish or disrupts habitat selection is unknown. Here,
the effect of elevated CO2 on larval behaviour and habitat selection at settlement was tested in
three species of damselfishes (family Pomacentridae) that differ in their pattern of habitat use:
Pomacentrus amboinensis (a habitat generalist), Pomacentrus chrysurus (a rubble specialist),
and Pomacentrus moluccensis (a live coral specialist). Settlement-stage larvae were exposed to
current-day CO2 levels or CO2 concentrations that could occur by 2100 (700ppm and 850ppm)
based on IPCC emission scenarios. First, pair-wise choice tests were performed using a twochannel flume chamber to test olfactory discrimination between hard coral, soft coral, and coral
rubble habitats. The habitat selected by settling fish was then compared among treatments using
a multi-choice settlement experiment conducted overnight. Finally, settlement timing between
treatments was compared across two lunar cycles for one of the species, P. chrysurus. Exposure
to elevated CO2 disrupted the ability of larvae to discriminate between habitat odours in olfactory
trials. However, this had no effect on the habitats selected at settlement when all sensory cues
were available. The timing of settlement was dramatically altered by CO2 exposure, with control
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fish exhibiting peak settlement around the new moon, whereas fish exposed to 850ppm CO2
displaying highest settlement rates around full moons. These results suggest larvae can rely on
other sensory information, such as visual cues, to compensate for impaired olfactory ability when
selecting settlement habitat at small spatial scales. However, rising CO2 could cause larvae to
settle at unfavourable times, with potential consequences for larval survival and population
replenishment.

2.2 INTRODUCTION
Nearly all coral reef fish have a bipartite life cycle, consisting of a pelagic larval phase lasting
weeks or months followed by juvenile and adult stages spent relatively site-attached in close
association with reef habitats (Leis 1991). Settlement-stage larvae possess highly developed
sensory systems, and are capable of actively swimming to orientate toward specific cues while
migrating to reef habitat (Stobutzki and Bellwood 1997; Fisher et al. 2000; Montgomery et al.
2001; Kingsford et al. 2002; Simpson et al. 2005; Wright et al. 2005). Many reef fish have
distinct preferences amongst the benthic habitats present on coral reefs (Sale 1977) and habitat
use has been shown to directly affect growth and mortality rates in new recruits of several reef
fish species (Jones 1988; Wellington 1992; Munday 2001; Lecchini et al. 2007a). Consequently,
larval fishes are expected to possess sensory mechanisms that enable them to select preferred
habitats while transitioning from a pelagic to benthic lifestyle (a process called settlement).
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Larvae are capable of utilizing a suite of sensory cues to discriminate between various reef
attributes, with spatial and temporal factors likely influencing the sensory modalities used during
the settlement process (Kingsford et al. 2002; Lecchini et al. 2005; 2007b, Leis et al. 2011).
Settlement to reef habitats in many species occurs overnight, when low light levels likely
enhance predator avoidance by settling larvae (Dufour and Galzin 1993; Leis and McCormick
2002; Doherty et al. 2004). To further reduce mortality, peak settlement overnight on many reefs
has been shown to occur during the new moon (Victor 1986; Robertson et al. 1988), when lunar
illumination is minimal. Settlement during low light conditions renders visual cues less reliable,
therefore chemical and auditory cues (Atema et al. 2002; Simpson et al. 2004) undoubtedly play
an important role in successful orientation to preferred habitat substrata.

Many coral reef fish are associated with particular habitats as adults, with individuals selecting a
narrow range of habitat types or even a single coral species (Chave and Eckert 1974; Sale 1977;
Gardiner and Jones 2005).

Habitat use has been shown to directly affect the growth and

mortality of recent settlers in many reef fish species (Jones 1988; Wellington 1992; Munday
2001; Lecchini et al. 2007a; Bonin et al. 2009). Despite having no prior experience of the reef
environment, reef fish larvae are known to display affinities for specific habitats at settlement
(Williams and Sale 1981; Booth 1992; Öhman et al. 1998; Feary et al. 2007) and possess the
ability to distinguish between various microhabitat structures using olfactory (Elliott et al. 1995;
Danilowicz 1996; Lecchini et al. 2005; Ben-Tzvi et al. 2010), visual cues (Lecchini et al. 2005,
McCormick et al. 2010) and auditory cues (Radford et al. 2011). Likewise, settling larvae are
able to determine the presence or absence of conspecifics near settlement habitats, with larvae of
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some aggregating species preferring odours of conspecific adults when selecting settlement sites
(Sweatman 1988; Öhman et al. 1998; Lecchini et al. 2005).

The rapid rise of atmospheric CO2 since the industrial age has resulted in a corresponding
increase in the partial pressure of CO2 (pCO2) at the ocean surface (Doney 2010). Shallow water
ecosystems such as coral reefs are potentially at great risk from rising CO2, as increased ocean
uptake of CO2 changes water chemistry, leading to a decrease in oceanic pH (ocean
acidification) and a reduction in the concentration of carbonate ions necessary for calcification
(Orr et al. 2005; Fabry et al. 2008). Furthermore, recent studies have shown larval fish exposed
to elevated CO2 are unable to discriminate between various olfactory cues that may be necessary
for site selection at settlement (Munday et al. 2009; Dixson et al. 2010). Larvae held in elevated
CO2 conditions were no longer able to distinguish between chemical cues of preferred and nonpreferred habitat, as well as between chemical cues associated with kin versus non-kin adult
conspecifics (Munday et al. 2009) and predator versus non-predator species (Dixson et al. 2010).
Behavioural changes have also been detected in larvae exposed to elevated CO2, such as
increased activity and bolder behaviour after settling onto reef habitat (Munday et al. 2010).
Levels of CO2 eliciting behavioural abnormalities and olfactory impairment in larval reef fishes
(700-850ppm) could occur in the oceans by the end of this century according to predictions
based on current CO2 emission trajectories (Meehl et al. 2007; Raupach et al. 2007).

In this study we experimentally tested: 1) if exposure to elevated CO2 affects the ability of
settlement-stage reef fish larvae to select preferred settlement habitat using chemical cues, 2) if
impairment of olfactory ability affects habitat selection at settlement when all sensory cues are
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available, and 3) if lunar settlement patterns are affected by exposure to near-future CO2
concentrations. Settlement-stage larvae of three species of damselfish with different habitat
preferences (a habitat-generalist, a rubble-associate and a live branching-coral specialist) were
tested for discrimination among three common reef microhabitats: hard coral, soft coral and coral
rubble. Wild-caught damselfish larvae with no experience of the reef were exposed for 4 days to
CO2 concentrations of 440ppm (current-day control), 700ppm or 850ppm CO2 ; representing
levels that will likely occur this century based on current CO2 emission scenarios (Raupach et al.
2007). Olfactory trials were performed to assess the ability of treated fish to discriminate
between habitat types using chemical cues alone and if this ability was affected by exposure to
elevated CO2. Habitat selection at settlement for each species was then determined using a
multi-choice settlement experiment to test if olfactory impairment altered species-specific
preferences for settlement substrata. Finally, nightly settlement experiments were conducted in
outdoor aquaria for two complete moon cycles to determine if elevated CO2 alters settlement
timing in relation to lunar phases. We predicted that if elevated CO2 affects larval behaviour and
sensory perception, CO2 exposed larvae would display alterations in habitat selection and
settlement patterns following arrival to the reef environment.

2.3 MATERIAL AND METHODS
2.3.1 Study species and location
This study was conducted at Lizard Island in the Great Barrier Reef, Australia (145º27’E,
14º41’S) during November and December 2009-2010. Settlement-stage damselfish larvae with
no prior contact with reef substrata were collected overnight in light-traps deployed on the
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leeward side of the island in the evening and retrieved between 0600-0630 hrs the following
morning. Larvae were sorted according to species and placed in treatment aquaria (see below).
Pomacentrus amboinensis (Bleeker), P. chrysurus (Cuvier), and P. moluccensis (Bleeker) were
selected for this study based on the variety of habitat preferences exhibited among these species
(Figure 2.1). Pomacentrus moluccensis is a live-branching coral specialist, while P. amboinensis
is often found associated with both live and dead hard coral and soft coral habitats (Allen 1991;
Syms and Jones 2001). Pomacentrus chrysurus inhabits areas high in coral rubble, especially on
shallow reef flats (Allen 1991). Using damselfish with different habitat preferences provided a
test of how elevated CO2 affects habitat selection. Microhabitats used in experiments included
the hard coral Pocillopora damicornis (Linnaeus), soft coral Sarcophyton spp, and coral rubble
collected from the reef flat. These microhabitats were selected based on their use by the focal
fish species and their generally high abundance on reefs at Lizard Island.

Figure 2.1 Study species: a) Pomacentrus moluccensis (Photograph by JE Randall), b) Pomacentrus
amboinensis (Photograph by Dr. Line Bay), and c) Pomacentrus chrysurus (Photograph by Kashiwajima)

2.3.2 Seawater manipulation
Seawater was pumped directly from the ocean into 3 x 60 L sumps and diffused with either
ambient air (control ~440ppm) or CO2-enriched air to achieve concentrations of ~700ppm or
850ppm. Equilibrated seawater from each sump was supplied to four replicate aquaria at a rate
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of ~200-250ml sec-1. Aquaria were individually aerated with the same CO2 concentrations as
sump water. The concentration of CO2-enriched air was controlled by scientific-grade pressure
regulators and needle valves, and measured continuously with an infrared CO2 probe (Vaisala
GMP222). Water temperatures within aquaria averaged 29.9 ± 1.18 (±SE) in 2009 and 27.6 ±
0.03 in 2010. Dissolved CO2 in the aquaria was measured at regular intervals using a submerged
CO2-permeable membrane connected to an infrared CO2 probe (Vaisala GMP222) in a closed
loop (Hari et al. 2008). Average pCO2 measurements for treatments in 2009 (olfactory trials and
habitat choice experiments) were: 449.76 ± 6.84 (±SE) ppm (control), 678.00 ± 15.68 ppm, and
875.00 ± 32.79 ppm, and in 2010 (lunar experiment): 421.47 ± 4.87 ppm (control) and 873.76 ±
5.51 ppm. In-water measurements of pCO2 were verified in 2010 by calculations of pCO2 from
measured pH, temperature, salinity and total alkalinity. Temperature and pHNBS were measured
twice daily using a Hach 40d pH meter calibrated with fresh buffers. Total alkalinity was
measured by Gran titration from water samples taken twice weekly from each CO2 treatment.
The program CO2SYS (Lewis and Wallace 1995) was used to estimate pCO2 using the constants
of Mehrbach et al. (1973) refit by Dickson and Millero (1987). Average calculated pCO2 was:
440.53 ± 1.49 µatm (±SE) and 879.90 ± 4.71 µatm, consistent with direct in-water estimates.

Each morning light-trap caught larvae of each test species were divided into equal-sized groups
and transferred to one of the four replicate 35 L aquaria in each CO2 treatment. Previous studies
indicate the behavioural effects of elevated CO2 are fully manifest within 4 consecutive days in
treatment (Munday et al. 2010; Ferrari et al. 2011), consequently all larvae were held in CO2
treated seawater for 4-5 days prior to testing. Aquaria were devoid of natural habitat structure
and were opaque to limit external visual stimuli. Fish had not completed pigmentation

17

metamorphosis (McCormick et al. 2002) by the end of treatment and thus their behaviour was
considered to be a reasonable representation of settlement-stage larvae. Larvae were fed newly
hatched Artemia nauplii three times daily.

As previous studies show no difference in

behavioural responses of CO2 treated individuals when tested in either control or elevated CO2
test water (Munday et al. 2009), all tests were performed in ordinary seawater.

2.3.3 Olfactory trials
A two-channel flow chamber (Atema et al. 2002) was used to test olfactory preferences of the
settlement-stage damselfishes when presented with habitat odour from hard coral, soft coral, and
coral rubble (Figure 2.2). Subjects were presented with pair-wise choice tests of: 1) hard coral
vs. soft coral, 2) hard coral vs. coral rubble, 3) soft coral vs. coral rubble, and a blank seawater
vs. seawater as a control. To attain cues, habitat structures approximately 10cm in diameter were
placed in 8L containers of untreated seawater for 2h. Habitat structures were removed and the
conditioned water was gravity fed into the chamber at 100ml-min-1. For each trial, a single fish
was introduced in the downstream end of the chamber and allowed to acclimate for 2 minutes.
The position of the fish within the chamber was then recorded at 5 second intervals for 2
minutes. The water sources were switched and the acclimation and test period repeated. At least
15 individuals per species were tested per habitat comparison for each CO2 treatment. All
olfactory trials were performed blind, without knowledge of odour cues administered during
each trial. Chi-square goodness-of-fit tests were used to compare responses to odour in the CO2
treatment groups with the responses in the control group.
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2.3.4 Habitat choice experiment
To test if habitat selection was affected by elevated CO2 when all sensory cues are available,
settlement-stage larvae were released overnight in outdoor aquaria designed to establish the
preferred settlement habitat for each species. Six replicate open-air 300L cylindrical outdoor
aquaria (Figure 2.2) contained the same three habitats used in olfactory trials; hard coral, soft
coral, and coral rubble. Habitat patches were 15-20cm in diameter and placed 30 cm apart over
2-3cm of sand covering the aquarium base. At the start of each trial, a single fish was allowed to
acclimate for 1 hour in an opaque PVC holding tube (diameter 20cm) placed in the centre of the
testing aquaria. Fish were introduced to the holding tube in the evening between 1730 and 1830
hrs and released into the test arena after dark. The position of each fish relative to habitats was
recorded at first light (0530-0545 hrs) and every 30 minutes afterwards until 1130 hrs. Twenty
settlement-stage larvae were tested per treatment level for each species. Log-linear models were
used to examine relationships between observation time, CO2 treatment level and settlement
rates for each species. Model terms were removed from the saturated model until removal of a
term resulted in a significant deviance from the previous model.

Only terms relating to

settlement rates were removed in order to test the effects of time and CO2 treatment levels on
settlement rates for each species. Chi-square tests of independence were then used to compare
habitat selection among species and to test for any differences in habitat preferences between
control and elevated CO2 treatments for each species. In this analysis, the habitat occupied at the
final observation period was considered to be the preferred settlement habitat. Any fish that had
not settled by the final observation period were not included in the analysis of habitat preference.
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Fig 2.2 Two-channel flow chamber used for olfactory trials (left); Outdoor test aquaria for
overnight habitat choice experiments each containing portions of hard coral (Pocillopora
damicornis), soft coral (Sarcophyton spp), and coral rubble.

2.3.5 Lunar settlement experiment
Settlement-stage P. chrysurus larvae were tested in outdoor aquaria to assess settlement rates
overnight across two lunar phases for control and 850ppm CO2 treated fish to determine if
alterations in settlement patterns occur following exposure to elevated CO2. Fish were placed
individually in open-air 300L cylindrical outdoor aquaria containing settlement habitat in the
centre of each arena. Habitat structures were ~15cm diameter clusters of coral rubble pieces, the
preferred microhabitat for P. chrysurus. Fish were allowed to acclimate in an opaque PVC
(polyvinyl chloride) holding tube (diameter ~20cm) for 1 hour prior to testing. Each fish was
introduced to the acclimation tube in the evening at 1830 hrs, with release into the test arena
occurring after dark. The following morning each aquarium was surveyed at first light (05300540 hrs) to record if overnight settlement had occurred. Ten aquaria were used throughout the
study, providing approximately 5 replicates per treatment daily across two lunar cycles (n=26520

268 for each treatment). Log-linear analysis was used to examine relationships between moon
phase (first quarter, full moon, last quarter, new moon) and CO2 exposure on settlement rates for
P. chrysurus. Model terms were removed from the saturated model until a significant deviance
from the previous model was observed, with only terms relating to settlement rates removed to
determine the effects of moon phase and CO2 treatment levels on nightly settlement rates.

2.4 RESULTS
2.4.1 Olfactory preferences
Larvae exposed to elevated CO2 exhibited altered responses to olfactory stimuli compared with
controls. Pomacentrus moluccensis larvae from the current-day control group spent >60% of the
test period associated with hard coral odours in all trials containing hard coral cues (Figure 2.3).
Larvae from 700ppm and 850ppm treatments displayed a general decrease in attraction to hard
coral odour, with significant differences observed in hard coral versus soft coral trials (700ppm:
χ2=6.83 df = 2, p<0.04; 850ppm: χ2=9.33, df = 2, p<0.01). In soft coral versus coral rubble trials,
control larvae displayed no preference for either cue, whereas larvae in 700ppm and 850ppm
treatments swam in the soft coral cue for the majority of the test period, with a significant
attraction to soft coral exhibited by 850ppm larvae (χ2=6.97, df = 2, p<0.03).
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Figure 2.3 Mean percent time larvae spent in a given cue (*) for each odour comparison test for
Pomacentrus moluccensis, P. amboinensis, and P. chrysurus. Black bar: control; gray bar: 700ppm; white
bar: 850ppm.
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Pomacentrus amboinensis control larvae exhibited an attraction (>60% of the test period) to
chemical cues of hard coral versus soft coral and coral rubble, and preference for soft coral
habitat over the coral rubble cue (Figure 2.3). Although not significant, P. amboinensis larvae in
700ppm and 850ppm CO2 treatments displayed a trend of general decrease in attraction to odours
preferred by control larvae in all comparison trials, with a significant decline in attraction to soft
coral observed in 700ppm CO2 treated individuals in soft coral versus coral rubble trials
(χ2=9.64, df = 2, p<0.01).

Pomacentrus chrysurus control larvae spent a majority of the test period in coral rubble habitat
cues, and favoured odour of soft coral when coral rubble cues were unavailable (Figure 2.3).
Larvae exposed to elevated CO2 treatments exhibited a general trend of increased attraction to
hard and soft coral habitats in all trials, with 850ppm CO2 treated fish significantly avoiding their
preferred habitat odour (χ2=10.14, df = 2, p<0.01), spending less than 40% of the test period
within the coral rubble cue in hard coral versus coral rubble trials.

2.4.2 Habitat choices at settlement
Log-linear analysis revealed that the proportion of larvae settling overnight varied significantly
for all species, and that exposure to elevated CO2 affected settlement rates of P. moluccensis and
P. amboinensis, but not P. chrysurus. For P. moluccensis and P. amboinensis the best-fit log
linear model contained all the two-way interactions, including the terms time * settlement rate
and CO2 treatment * settlement, indicating that time had a significant effect on settlement rate,
and CO2 treatment had a significant effect on settlement rate, but there was no interacting effect
between time and CO2 treatment on settlement rate (Tables 2.1, 2.2). For P. chrysurus the best-
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fit log linear model included the term time * settlement rate, indicating that time had a significant
effect on settlement rate, but not the level of CO2 larvae were exposed to, or an interaction
between time and CO2 treatment (Table 2.3). The greatest variation in settlement occurred at the
first observation time (0530 hrs), with a greater proportion of fish having failed to settle by this
time (Figure 2.4). For P. moluccensis fewer fish had settled at the first observation period in the
850 ppm CO2 treatment compared with controls and the 700 ppm CO2 treatment. For P.
amboinensis fewer fish generally had settled at the first observation period in the 700 ppm CO2
treatment compared with controls and the 850 ppm CO2 treatment.

There was no observable difference in settlement habitat preferences between control individuals
and those exposed to elevated CO2; however, there were significant differences in habitat
preferences at settlement between species (Figure 2.4; Table 2.4). P. moluccensis were found
most often on hard coral habitat, with 70-85% of individuals associating with this habitat
throughout the day in all CO2 treatment levels. P. amboinensis associated mostly with live coral
habitats, with 75-90% of individuals selecting either hard or soft coral. P. chrysurus were found
to be associated with all habitats throughout the day, although 35-60% of individuals were
associated with coral rubble habitat throughout the day.
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Figure 2.4 Number of larvae associated with each microhabitat in overnight habitat choice experiments
for control and CO2 treatments at each observation time. Colours within each bar represent hard coral
(black), soft coral (dark gray), coral rubble (light gray), and a no choice (white) category for larvae not
associated with habitat structure at each time.
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Table 2.1 Log-linear analysis of relationships between observation time (T), CO2 treatment
level (C), and settlement rates (S) by larval Pomacentrus moluccensis. NS=not significant
(p>0.05), *p<0.05, **p<0.01, ***p<0.001
Model

Likelihood ratio χ2

df

Difference between models

df

1) T*C*S
2) T*C+T*S+C*S
3) T*C+T*S
4) T*C+C*S
5) T*C+S

0.00
2.57 NS
14.04 NS
40.35**
50.59***

0
12
14
18
20

1 and 2, 2.57 NS
2 and 3, 11.47 **
2 and 4, 37.78***
3 and 5, 36.55***

12
2
6
6

Table 2.2 Log-linear analysis of relationships between observation time (T), CO2 treatment
level (C), and settlement rates (S) by larval Pomacentrus amboinensis. NS=not significant
(p>0.05), *p<0.05, **p<0.01, ***p<0.001
Model

Likelihood ratio χ2

df

Difference between models

df

1) T*C*S
2) T*C+T*S+C*S
3) T*C+T*S
4) T*C+C*S
5) T*C+S

0.00
1.58 NS
7.96 NS
45.57***
57.11***

0
12
14
18
20

1 and 2, 1.58 NS
2 and 3, 6.38*
2 and 4, 43.99***
3 and 5, 49.15***

12
2
6
6

Table 2.3 Log-linear analysis of relationships between observation time (T), CO2 treatment
level (C), and settlement rates (S) by larval Pomacentrus chrysurus. NS=not significant
(p>0.05), *p<0.05, **p<0.01, ***p<0.001
Model

Likelihood ratio χ2

df

Difference between models

df

1) T*C*S
2) T*C+T*S+C*S
3) T*C+T*S
4) T*C+C*S
5) T*C+S

0.00
3.66 NS
4.33 NS
36.03**
36.64*

0
12
14
18
20

1 and 2, 3.66 NS
2 and 3, 0.67 NS
2 and 4, 32.37***
3 and 5, 32.31***

12
2
6
6

26

Table 2.4
A summary of Chi-square statistics for habitat choice comparisons between
treatments for each species. Between species comparisons based on control preferences for each
species.

P. moluccensis
P. amboinensis
P. chrysurus
Between species

Chi-square (χ 2)

df

p-value

0.488
1.134
3.581
20.762

4
4
4
4

p>0.90
p>0.80
p>0.40
p<0.0001

2.4.3 Lunar settlement patterns
Exposure to elevated CO2 caused a dramatic shift in settlement timing in relation to moon phases
in P. chrysurus (Figure 2.5). The saturated model containing the terms moon phase, CO2
treatment, and settlement rate best described the relationship between lunar phase and CO2
exposure on settlement rates. Removal of any higher-level term caused a significant increase in
deviance from the saturated model (χ2 21.78, p<0.001), indicating that settlement rates in
overnight experiments were dependent on moon phase and CO2 treatment level, with a
significant interaction between the two. Peak settlement of control fish coincided with new
moon phases and lowest settlement rates occurred during full moon phases (Figure 2.5). Fish
exposed to elevated CO2 exhibited a complete reversal in lunar settlement patterns.

Peak

settlement for CO2 treated individuals occurred during the full moon period and lowest
settlement occurring throughout new moon phases (Figure 2.5).
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Figure 2.5 Proportion of larvae settling overnight in each CO2 treatment for each lunar phase.
Proportions are based on combined data from two complete lunar cycles at two day intervals.
Each data point represents approximately 15-20 individuals. Black line represents control
treatment; grey line, 850ppm CO2.

2.5 DISCUSSION
The transition from pelagic to benthic environment is a critical period for reef fish larvae, as
settling larvae must successfully locate appropriate habitat amid a reef full of potential predators.
The ability to correctly select an appropriate benthic habitat is essential as an unfavourable
choice can have an immediate impact on growth and survival (Jones 1987, 1988). While reef
fish larvae have been shown to use chemical cues when locating settlement habitats, recent
studies show exposure to elevated CO2 impairs their olfactory ability (Munday et al. 2009, 2010;
Dixson et al. 2010).

Our results also show that exposure to elevated CO2 affects olfactory

discrimination between habitat chemical cues.

Olfactory responses to preferred substrata

declined, and in some cases, larvae developed an attraction to stimuli normally ignored. Notably,
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however, the ability of larval fishes to select specific preferred habitats at settlement was
unaffected when all sensory cues were available. Although auditory cues were not excluded in
the test aquaria, olfactory and visual cues are presumably the primary cues utilised by larvae for
discriminating habitats in our experimental arena. Despite the ability of alternative senses to
compensate for impaired olfactory ability during habitat selection, exposure to elevated CO2
caused a dramatic shift in the timing of settlement, with CO2 exposed fish settling predominantly
near the full moon, whereas more control fish settled during the new moon.

Olfactory cues are thought to be important during settlement site selection by reef fish larvae
because migration to reef habitat for most species occurs primarily at night (Victor 1991). The
ability of larvae to distinguish between chemical cues of specific microhabitats at settlement
would enable larvae to select preferred habitats immediately upon arrival to the reef and avoid
the unnecessary risk of movement post-settlement (Frederick 1997). Consistent with previous
studies (Munday et al. 2009; Dixson et al. 2010), we found larvae displayed olfactory
impairment following exposure to elevated CO2. Although not all behavioural responses were
statistically significant, trends indicated larvae from CO2 treatments were often attracted to
odours emitted from non-preferred habitats that were avoided by control individuals, or
displayed a general decrease in attraction to preferred habitat odours. The strength of responses
here were typical for duel odour comparisons (Gerlach et al. 2007) and further replication would
potentially elicit significant values for observed trends.

Despite altered olfactory performance of CO2 treated larvae, overnight settlement tests
demonstrated that fish from all treatments successfully settled to preferred habitats when other
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sensory cues were available. The ability of CO2 treatment fish to select the same habitats as
control individuals likely occurs through the use of visual cues, which appear to be unaffected by
elevated CO2 levels tested here. However, if larvae exposed to elevated CO2 are forced to rely
primarily on visual cues, in addition to spatially limiting their sensory field, settling larvae might
be forced to delay overnight settlement until light levels are high enough to allow visual cues to
be interpreted. Consistent with this hypothesis, lunar settlement experiments indicted preference
for settlement during the full moon by larvae exposed to 850ppm CO2, possibly relying on
elevated moonlight in order to utilize visual cues. This disparity in lunar settlement patterns
between CO2 treatments likely explains variations observed at the first observation time in
habitat choice experiments where species and CO2 treatment groups were randomly tested across
several months without consideration of lunar phases.

Lunar periodicity in activity levels and behaviour of predators and prey has been observed in
both terrestrial and aquatic ecosystems.

Nocturnal predators hunting by moonlight are

significantly more efficient at prey capture during full moon phases when lunar illumination is
highest (Clarke 1983; Gliwicz 1994), and successful prey capture by predators decreases as light
levels are lowered (Chesney 1989; Fraser and Metcalfe 1997). Consequently, prey have adapted
their nocturnal behaviours to minimize predation risk, reducing foraging ventures and remaining
closer to shelters during the full moon (Trillmich and Mohren 1981; Daly et al. 1992; Mitchell
and Hazlett 1996; Metcalfe et al. 1997). Prey species have modified nocturnal behaviours in
response to the reduced capacity of predators in poor light conditions, maximizing foraging
ventures under darkness of new moon phases and restricting movement during the full moon
(Lueke and Wurtsbaugh 1993; Horning and Trillmich 1999). Although the effects of lunar
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periodicity on predation rates have not been specifically tested for larval settlers on coral reefs,
predation efficiency on zooplankton by planktivorous fishes in freshwater systems has been
shown to increase during the full moon period (Gliwicz 1986). Therefore, it is likely pelagic
larvae choosing to settle at the full moon would be equally vulnerable during this time. Mortality
rates of settling larvae could be significantly increased if elevated CO2 disrupts these behavioural
adaptations and causes an increased proportion of larvae to settle around the full moon compared
with new moon phases.

Settlement occurring under darkness of new moon phases is already a high risk event, with >50%
mortality of larvae believed to occur by the morning following settlement (Almany and Webster
2006; Doherty et al. 2004). Alteration of settlement timing to coincide with full moon phases
would undoubtedly exacerbate risks incurred by settlers. Even if suitable habitat is located and
larvae successfully settle to the reef, multiple factors that are potentially dependent on the
sensory aptitude and competence of larvae in their new benthic environment can influence
survivorship post-settlement (Doherty and Sale 1985; Jones 1991; Bonin et al. 2009). Munday et
al. (2010) found that newly-settled larvae exposed to elevated CO2 were more active and
ventured further from shelter resulting in increased mortality.

Any additional pressure on

survival rates during settlement to reef habitats could ultimately affect population abundance
(Caley et al. 1996).

Visual cue reception appears to be unaffected at near-future CO2 concentrations; however, if
elevated CO2 disrupts brain function related to sensory behaviours (Munday et al. 2010;
Domenici et al. 2011; Simpson et al. 2011), fishes may have difficulty with interpretation of
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perceived sensory cues. Such cognitive disruption could account for the reduced ability of larvae
to differentiate between chemical cues and respond appropriately to lunar cues following
exposure to elevated CO2. Limitation of accurate sensory information due to impairment of
brain functions across critical sensory pathways could have dramatic effects on larval survival
during transition to reef habitats.

In conclusion, this study shows larvae exposed to elevated CO2 maintain species-specific habitat
preferences at settlement despite impairment of olfactory discrimination, likely through reliance
on visual cues to locate and differentiate reef habitats. Although habitat selection by settling
larvae was unaffected, elevated CO2 caused a dramatic shift in the timing of settlement, possibly
because visual cues become the dominant sensory mechanism for habitat selection. Based on
current IPCC emission scenarios, CO2 levels causing altered olfactory preferences in larval reef
fishes will occur in oceans by 2100 (Meehl et al. 2007). Further research is needed in order to
discover the physiological impacts elevated CO2 imposes on brain processes, and assess how
interference with these processes might impact vital fish behaviours.
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CHAPTER 3: HOMING ABILITY OF ADULT CARDINALFISH
IS AFFECTED BY ELEVATED CARBON DIOXIDE
Accepted to Oecologia July 2011

3.1 ABSTRACT
The levels of carbon dioxide (CO2) predicted for the oceans by the end of this century have
recently been shown to impair olfactory discrimination in larval fishes. However, whether this
disruption extends to olfactory-mediated behaviour in adult fishes is unknown. In many fishes,
adult survival and reproduction can be critically dependent upon navigation to home sites. Here
we tested the effects that near-future levels of pCO2 (550ppm, 700ppm or 950ppm) have on the
ability of adult five-lined cardinalfish, Cheilodipterus quinquelineatus, to home to their diurnal
resting sites after nocturnal feeding. Cardinalfish exposed to elevated CO2 exhibited impaired
ability to distinguish between odours of home- versus foreign-site conspecifics in pair-wise
choice experiments. A displacement experiment demonstrated that fish from all CO2 treatments
displayed a 22-31% reduction in homing success compared with control fish when released at
200m from home sites. While CO2 exposed cardinalfish released directly back onto home sites
exhibited similar site fidelity to control subjects, behaviour at home sites was affected, with CO2
exposed fish exhibiting increased activity levels and venturing further from shelter. This study
demonstrates that the potential disruption of chemosensory mechanisms in fishes due to rising
CO2 levels in the ocean extend to critical adult behaviours.
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3.2 INTRODUCTION
Many aquatic organisms display remarkable homing behaviour, capable of transversing vast
distances while navigating to return to specific sites (Tesch 1967; Dittman and Quinn 1996;
Luschi et al. 1996). Possessing home sites can contribute to the overall fitness of an individual,
with benefits derived from familiarity with local food resources, shelter, and the location of
mates, competitors and predators (Shapiro 1986; Noda et al. 1994; Brown and Dreier 2002).
While homing is often contingent upon imprinting of sensory cues associated with natal sites
during early development (Scholz et al. 1976; Lohmann et al. 2008), adults may also regularly
home to non-natal sites used for feeding (Dalpadado et al. 2000; Heyman et al. 2001), breeding
migrations (Dawbin 1966; Broderick et al. 2007), and shelter (O’Gower 1995; Karnofsky et al.
1989). Homing in fishes is likely achieved with the aid of a range of sensory cues depending on
the required navigational distance. While migratory species transversing great distances are
thought to rely on celestial orientation and detection of geomagnetic fields (Quinn 1980; Klimley
1993), navigation through local environments likely occurs primarily through use of visual
mapping and chemoreception (Braithwaite 1998; Atema et al. 2002; Myrberg and Fuiman 2002).

Ocean acidification, caused by the uptake of additional CO2 at the ocean surface, is recognised as
a significant threat to marine species (Orr et al. 2005; Royal Society 2005; Hoegh-Guldberg et al.
2007; Fabry et al. 2008). The extent to which it disrupts the chemical environment and therefore
critical behavioural and physiological processes is still being evaluated.

Recent studies

simulating ocean acidification have revealed profound effects of elevated CO2 on the
chemosensory behaviour of larval reef fishes. Larvae exposed to elevated CO2 are incapable of
distinguishing between chemical cues likely used for navigation and settlement site selection at
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the end of their larval phase (Munday et al. 2009b; Dixson et al. 2010). Furthermore, CO2
treated larvae are more active and exhibit riskier behaviour after settlement than fish exposed to
present-day conditions, leading to higher mortality rates from predation (Munday et al. 2010).
Based on current emission trajectories, CO2 concentrations causing alterations in larval
behaviour and survival rates (~700 ppm CO2) will be observed in the oceans before 2100 (Meehl
et al. 2007; Raupach et al. 2007). However, whether elevated CO2 could have similar effects on
olfactory-mediated behaviours and homing in adult fish is unknown.

Testing the potential ecological effects of ocean acidification on adult homing is challenging as
homing often takes place in the open ocean and can involve migrations of thousands of
kilometres. However, the localized homing behaviour of coral reef fishes (Sale 1971; Meyer et
al. 2000; Willis et al. 2001) provides a manageable arena for testing the effects of elevated CO2
on olfactory-mediated behaviours in a natural setting. Some of the best examples of homing are
from the family Apogonidae (cardinalfishes) (Marnane 2000; Døving et al. 2006; Gardiner and
Jones 2010), a diverse and abundant group of fishes found in both temperate and tropical regions
(Randall et al. 1996).

Cardinalfish maintain daytime resting sites, often forming large,

multispecific aggregations primarily within branching corals (Greenfield and Johnson 1990;
Gardiner and Jones 2010). By night, cardinalfishes depart home resting sites to forage over sand
and reef habitat (Chave 1978; Marnane and Bellwood 2002). Apogonids display strong site
fidelity, returning to the same resting sites each day, with some species maintaining site
persistence for over 12 months (Marnane 2000). Previous studies have demonstrated successful
homing of individuals following displacement 2km away from home sites (Marnane 2000) and
spatial memory in migratory cardinalfish allowing return to within 30cm of previously occupied
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areas after 6 months away from breeding territories (Fukumori et al. 2010). Homing likely
occurs through navigation based on visual landmarks and chemical cues, with preference for
odours of home site conspecifics and substrate marked by home conspecifics at resting sites
having been experimentally demonstrated (Døving et al. 2006). Cardinalfishes therefore provide
an ideal group in which to test the potential impacts of ocean acidification on olfactory-mediated
behaviour and homing ability in marine fishes.

We used a combination of laboratory and field-based experiments to investigate how near-future
levels of CO2 (550ppm, 700ppm, and 950ppm) could affect olfactory discrimination and homing
ability in adult cardinalfish. First, we used pair-wise choice experiments in the laboratory to test
if elevated CO2 affected the ability of cardinalfish to distinguish between olfactory cues of home
site conspecifics versus conspecifics from foreign reef sites. Tagged cardinalfish exposed to
control or CO2 acidification levels were then released back on the reef, either 0m or 200m from
their home resting site, with presence of released individuals at home sites monitored over a 3
day survey period. Finally, observations were performed to determine if normal daytime
behaviour at home sites was affected by CO2 exposure.

3.3 MATERIALS AND METHODS
3.3.1 Study site and fish collection
This study was conducted at Lizard Island in the Great Barrier Reef, Australia (145º27’E,
14º41’S) during March and October 2010.

Adult five-lined cardinalfish, Cheilodipterus

quinquelineatus, were collected from various sites throughout the lagoon and returned to the
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research station where they were placed in one of four CO2 treatments (control, 550ppm,
700ppm or 950ppm). Previous experiments have demonstrated that the behavioural effects of
elevated CO2 manifest within 4 days of CO2 exposure (Munday et al. 2010), therefore
cardinalfish were maintained in CO2 treatments for 4 consecutive days prior to testing.
Approximately 30 individuals (mean standard length 8.5cm) were removed from each of 18 sites
with aggregations of >50 individuals per aggregation. Cardinalfish were fed commercial fish
pellets (Spectrum Aquaculture) twice daily.

3.3.2 Seawater manipulation
Cardinalfish from each site were divided across CO2 treatment levels and placed in replicate 35
L aquaria with approximately 6-8 individuals per group. All elevated CO2 treatments were
maintained with a pH-stat system. Seawater was pumped directly from the ocean into 4 x 60 L
sumps and diffused with ambient air (control) or CO2 to achieve a pHNBS of approximately 8.14
(control), 8.06, 8.00 or 7.86. A pH-controller (Tunze Aquarientechnik, Germany) was attached
to each CO2 treated sump to maintain pH at the desired level, with a solenoid injecting a slow
stream of CO2 into a powerhead in each sump whenever seawater pH rose above the set point.
Equilibrated seawater from each sump was supplied at a rate of ~500ml min-1 to four replicate 35
L aquariums, each housing a group of fish. To maintain oxygen levels and the required pCO2
levels, aquariums were individually aerated with air (control ~390 ppm) or CO2-enriched air
(~550ppm, 700ppm, or 950ppm). The concentration of CO2-enriched air was measured
continuously with an infrared CO2 probe (Vaisala GMP222). Temperature and pHNBS of each
aquarium was measured each morning and afternoon using a HQ40d pH meter (Hach, Colorado,
USA). Dissolved CO2 in the aquariums was measured at regular intervals using a submerged
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CO2-permeable membrane connected to an infrared CO2 probe (Vaisala GMP222) in a closed
loop (Hari et al. 2008). Average pCO2 for the treatments were: 450 ± 6.84 (SE) ppm (control),
563 ± 15.69 ppm, 678 ± 46.65 ppm, and 961 ± 7.14 ppm.

3.3.3 Olfactory trials
The effect of CO2 on the ability of adult cardinalfish to distinguish non-visual cues of their home
resting sites were tested using a pair-wise choice experiment. Individuals were tested in outdoor,
cylindrical 300L aquaria containing different stimuli on opposite sides of the arena.

Each

stimulus consisted of a porous opaque 3.5L container housing either a native conspecific,
collected at the same home site as the test individual, or a foreign conspecific collected at a reef
site approximately 400m away. We assumed that the stimulus was primarily olfactory, as
previous studies have demonstrated that cardinalfish respond to odours of home site conspecifics
and substrate marked by home conspecifics (Døving et al. 2006), although we cannot exclude the
possibility that auditory cues might have been present. Test subjects were released in the centre
of the aquarium and allowed to acclimate to the arena for 30 minutes.

Following this

acclimation period the position of the test individual in relation to the two containers was
recorded at 5 minute intervals for 1 hour, with preference for a stimulus source indicated by the
presence of the test subject in an aquarium half for >50% of the test period. Test water was
changed between trials, with no water flow during the test period. Prior to each trial, test water
was maintained still for 5 minutes to allow concentration gradients to form before introduction of
the test subject. Previous studies show no difference in behavioural responses of CO2 treated
individuals when tested in either control or elevated CO2 test water (Munday et al. 2009),
therefore all tests were performed in ordinary seawater. Binomial distribution tests were used to
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analyse preferences based on the probability (0.5) of test subjects spending >50% of the test
period within the home site conspecific cue for each trial.

3.3.4 Homing ability
A displacement experiment was used to determine if exposure to elevated CO2 impairs the ability
of adult cardinalfish to navigate to their home resting sites. To resight individuals after release
all fish were uniquely tagged with coloured elastomer (Northwest Technologies) injected into the
dorsal musculature. Following 4 days in CO2 treatments fish were measured, transported to the
reef and released at 0m or 200m from their respective home site. Fish were released in the late
afternoon between 1500 and 1700. For individuals released away from home resting sites, the
release point in relation to the home site was determined through random rotation of cardinal
compass direction. Each home resting site was surveyed between 0800-1000 the following three
mornings for the presence or absence of tagged individuals.

Additional releases (n=15-16

individuals per treatment group) followed by night dives were conducted at three sites to
determine if normal nocturnal feeding migration occurred following release of fish at home sites.
Previous research with damselfishes has found that the behavioural effects of elevated CO2 are
retained for at least 24 hrs after fish are returned to current-day conditions, but dissipate over a
period of 48 hrs, and full sensory ability is restored within 72 hrs (Munday et al. 2010).
Therefore the 3 day survey period is sufficient to capture any effects caused by exposure to
elevated CO2. Chi-square tests for independence were used to compare return success (for fish
displaced 200m) and site persistence (for fish released back on home sites) among treatments
based on the number of individuals observed at home sites throughout the 3 day test period.
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3.3.5 Behavioural observations
Behavioural observations of tagged individuals from each CO2 treatment at their home sites were
conducted the morning after release.

The maximum distance (cm) ventured from habitat

structure, maximum cumulative distance (cm) moved throughout the habitat, and activity level
was recorded during 3 minute observation periods. Activity level was scored on a scale from 1
to 3 where 1 is remaining predominately stationary with movement no more than 5cm, 2
consisting of periodic movements not remaining still for longer than 30 seconds with frequent
advances out of habitat structure and possible conspecific interactions, and 3 is nearly constant
movement throughout home site with frequent interactions with conspecifics initiated by the test
individual.

ANOVAs were used to compare maximum distance ventured and cumulative

distance moved among treatments, with means from each CO2 treatment compared with control
fish in post-hoc tests. Categorical data from activity level assessments were analyzed using chisquare tests. In this analysis the number of fish scored in each activity level in CO2 treatment
groups was compared with the observed distribution of the controls.

3.4 RESULTS
3.4.1 Olfactory preference
Pair-wise choice tests demonstrated impairment of non-visual discrimination at CO2
concentrations as low as 550ppm. Control subjects displayed a strong preference for home site
conspecifics vs. foreign conspecifics (p<0.03), spending 67% of the test period associated with
the home site conspecific source. In contrast, cardinalfish in all CO2 treatments exhibited no
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preference for either home or foreign conspecifics (p>0.11), associating with both stimuli
throughout the test period (Figure 3.1).

Figure 3.1
Percent time (mean ± SE) cardinalfish, Cheilodipterus quinquelineatus, spent
associated with cues emitted from home reef site conspecifics versus foreign reef site
conspecifics. Sample sizes shown above bars.

3.4.2 Homing ability
Adult cardinalfish exposed to elevated CO2 exhibited impaired homing ability with a significant
decline in successful return rate following displacement 200m from home resting sites (p<0.02).
Sixty-two percent of control fish returned to their home resting sites within 3 days (Figure 3.2).
In contrast, only 40% of fish exposed to 550ppm and 700ppm CO2, and 32% of individuals
exposed to 950ppm CO2 returned to their home site within 3 days (Figure 3.3). The majority of
successful returns observed in all CO2 treatments occurred within 24h, with 79-89% of returned
tagged fish sighted the morning following release. No tagged fish were ever found at release
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sites the morning following displacement. Neither site location nor size of tagged individuals
had an effect on return success (p>0.10 using chi-square tests).

Figure 3.2 Tagged individuals of study species, Cheilodipterus quinquelineatus, associating
with conspecifics at home resting site.

There was no significant difference among CO2 treatments with respect to the ability of tagged
individuals to persist at home sites when released 0m from their home resting habitat (p>0.21).
Site persistence was 64% for control fish and 51%, 73%, and 66% for 550ppm, 700ppm, and
950ppm CO2 treatments, respectively (Fig. 2). Of cardinalfish present at home sites after release,
64-84% persisted for 2 or more days throughout the survey period in both control and CO2
treatments. Night dives indicated that fewer CO2 exposed fish might be departing each night to
feed compared with control fish, with 2 of 15 tagged individuals from each elevated CO2
treatment sighted at home sites whereas all control fish departed at night to feed, although this
trend was not statistically significant.
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Figure 3.3 Proportion of tagged fish from each CO2 treatment resighted at home sites over 3
days following release at distances of 0m or 200m from home sites. Sample size for each group
shown above bars. CO2 treatments were control (black bars), 550ppm (gray bars), 700ppm
(hatched bars), and 950ppm (white bars).

3.4.3 Behavioural observations
Observations conducted the morning after release indicate changes in daytime behaviour at
resting sites following CO2 treatment. Individuals exposed to elevated CO2 ventured further
from habitat structure (Table 3.1; p<0.03) and displayed increased activity in the 950ppm CO2
group (p<0.001) compared with individuals in the control group. Although not statistically
significant (p=0.054), fish held in 700ppm and 950ppm CO2 levels appeared to have increased
cumulative movement throughout the habitat (Table 3.1).
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Table 3.1 Behavioural traits of fish from control, 550ppm, 700ppm and 950ppm CO2
treatments released at home resting sites. Data are means ± SE for each behaviour category
Treatment

N

Max distance ventured
(cm)

Cumulative distance
moved (cm)

Activity level
(1 to 3)

Control

19

3.16 ± 0.87

14.72 ± 3.54

1.42 ± 0.14

550ppm
700ppm

20
20

4.10 ± 0.83
7.15 ± 1.87

13.89 ± 3.35
26.00 ± 4.55

1.55 ± 0.17
1.55 ± 0.15

950ppm

19

7.95 ± 1.44

26.84 ± 5.62

1.89 ± 0.17

3.5 DISCUSSION
Since navigation and homing in fishes likely involves a suite of sensory cues, including detection
of chemical cues, ocean acidification has the potential to interfere with critical migratory
behaviours. Recent studies have shown that larval behaviour is severely disrupted by increasing
CO2 (Munday et al. 2009b, 2010; Dixson et al. 2010). Given that olfaction is also a critical sense
used by adult fishes, there is a strong potential for acidification to impact fishes at multiple life
history stages. Our results demonstrate that continued uptake of CO2 by the ocean could affect
navigational capabilities and homing behaviour of adult cardinalfishes. Exposure to elevated
CO2 appeared to impair olfactory discrimination in adult cardinalfishes and significantly affected
their ability to home to resting sites after displacement. However, CO2 treated fish returned to
their home sites were still able to navigate from nocturnal excursions, likely following unaffected
individuals or using other sensory cues, demonstrating the importance of testing the impacts of
sensory impairment in an appropriate ecological setting.
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Cardinalfish exposed to elevated CO2 exhibited impaired sensory and homing ability at
concentrations as low as 550ppm. Current IPCC emission scenarios predict that atmospheric
CO2 will exceed this level during the second half of the century, with present-day CO2 emissions
already surpassing the stabilization trajectory for 650ppm, and could exceed 800ppm by the end
of the century (Meehl et al. 2007; Raupach et al. 2007). While Munday et al. (2010) found no
significant difference in larval damselfish behaviour following exposure to low CO2
concentrations (550ppm), it appears members of the family Apogonidae may be more sensitive
to alterations in ocean chemistry and could therefore be one of the first groups of reef fishes to be
affected by ocean acidification. Apogonids form an important dietary component for many reef
dwelling piscivores (Chystal et al. 1985; Beukers-Stewart and Jones 2004) and likely play an
important role in energy transfer and provisioning for reef ecosystems (Marnane and Bellwood
2002), hence factors affecting their fitness and survival could have important implications for
other reef species.

Chemical cues are important for navigation and site selection at a variety of life history stages in
aquatic animals (Hara 1993; Døving and Stabell 2003). Although the potential for auditory
disruption was present in this study (Simpson et al 2011), olfaction is believed to be the
dominant sensory mechanism involved in cardinalfish homing. Cardinalfishes are known to be
attracted to the chemical cues from shelters previously marked by home site conspecifics
(Døving et al. 2006), suggesting they use olfactory cues to help locate home territories after
nocturnal foraging.

Adult cardinalfish exposed to elevated CO2 were no longer able to

distinguish between conspecifics at their home site versus conspecifics from a foreign social
group, and consequently would have impaired ability to locate their home resting site.
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Consistent with this hypothesis, CO2 treated individuals were less able to locate their home site
when displaced 200m for their resting site. Furthermore, tagged individuals from 700ppm and
1000ppm treatments released both at 0m and 200m were sighted on multiple occasions
associating with foreign conspecific groups at least 400m from the nearest collection site, likely
due to their inability to recognize home site odours. The decrease in homing success following
displacement, which coincided with impaired olfactory discrimination behaviour at all elevated
CO2 levels tested, suggests that adult cardinalfish use chemical cues associated with home sites
to aid in navigation to and identification of their diurnal resting sites. If ocean acidification
interferes with homing and home site recognition, individuals may be forced to seek refuge in
foreign territories with unfamiliar social groups following nocturnal excursions to foraging sites.
It is unknown how easily individuals may be incorporated into foreign social groups as resident
adults often defend established territories from foreign intruders (Turner 1994; Chellappa et al.
1999).

Despite clear disruption of homing ability in fish displaced from their home resting sites, there
was no effect of elevated CO2 on site fidelity for fish returned directly to their resting sites.
Night observations suggest that a smaller proportion of CO2 treated individuals might be
departing home sites each night to feed, whereas all control fish appeared to resume nocturnal
foraging behaviour. While cardinalfish maintain a high degree of spatial separation between
species groups by night (Marnane and Bellwood 2002), many species form small intraspecific
aggregations while foraging, suggesting that CO2 treated fish may also be able to return to their
daytime resting sites by simply following other individuals. Likewise, interpretation of visual
cues appears to be unaffected by exposure to the CO2 levels used in this study, therefore feeding
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nearby within visual reference to home sites may help CO2 treated individuals return.

Thus,

failure to vacate resting sites, or reliance on small feeding aggregations and visual cues for
direction, could account for the high persistence rates we observed in the elevated CO2
treatments.

Variation in behaviour observed in CO2 treated fish at daytime resting sites could potentially
decrease survival rates by increasing susceptibility to predation. Individuals from 700ppm and
950ppm CO2 treatments appeared less cautious, spending more time further from shelter and
displaying an increase in activity throughout the habitat. Behavioural changes such as these have
been found to cause higher mortality rates from predation in newly settled damselfish larvae
(Munday et al. 2010), and would likely increase mortality of adult cardinalfishes at home sites.

The prospects for adaptation of sensory systems to maintain performance in high CO2
environments remain unknown. Although the acute exposure to elevated CO2 used in this study
does not allow observation of long-term effects, the consistency of behavioural responses
observed at CO2 concentrations likely to occur within the next 30 years (550ppm) indicates there
is limited time for adaptation to occur before impacts are present in wild populations. While
Munday et al. (2010) observed substantial variation among damselfish larvae exposed to 700ppm
CO2, variation between treatment levels was not observed in this study. The short generation
time observed in most apogonid species might contribute to development of adaptations over
time, however the lack of variability in behavioural responses observed here suggests there may
be limited opportunity for selection to occur. The plasticity of the physiological mechanisms
responsible for impairment of sensory systems will be important in predicting the potential for
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adaptation; however, these mechanisms are currently unknown and are an important area for
further research. Homing itself may be critical for local adaptation and any impairment of
homing ability may significantly impact the ability of species to evolve in rapidly changing
environments.

Alterations in homing ability, olfactory discrimination, and behaviour caused by elevated CO2
suggest possible impairment of general cognitive function. Cardinalfish held in elevated CO2
were no longer able to distinguish cues associated with home sites, and consequently displayed
an inability to successfully return to home sites following displacement, suggesting failure both
to recognize familiar home site chemical cues and to retain spatial memory of the surrounding
reef environment. Attaining the benefits provided by maintenance of home ranges is dependent
on mental retention of familiar aspects, such as locality of food, shelter and conspecifics
throughout the territory. Without the capacity to identify previously learned resources, many of
the benefits gained from maintaining home territories may be lost. Therefore, interruption of
pathways necessary for sensory cue recognition and subsequent elicitation of appropriate
behavioural responses could have significant implications for individual fitness.

This study is the first to demonstrate effects of ocean acidification on ecologically important
behaviour of adult fishes in the field and at CO2 concentrations that could occur in the oceans
within 40 years (Meehl et al. 2007). While the apogonids tested here appear to be more sensitive
to rising CO2 than the damselfish species tested previously (Munday et al. 2009b, 2010; Dixson
et al. 2010), potential effects on other species are unknown. If other species are affected at
similar CO2 levels, there could be significant implications for homing and site attachment in
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fishes from a range of different ecosystems. Further research is needed to explore the sensitivity
of other fish species to elevated CO2 and predict possible impairment of other sensory systems in
order to understand the mechanisms responsible for impairment of sensory cue recognition and
the ecological impacts likely to be experienced in natural ecosystems.
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CHAPTER 4: HABITAT PREFERENCES OF REEF FISH MAY
CHANGE IN FUTURE SEAS
Submitted to Marine Biology

4.1 ABSTRACT
Rising atmospheric carbon dioxide (CO2) concentrations are causing additional CO2 to be
absorbed by the oceans, leading to alterations in water chemistry such as ocean acidification.
Recent studies show that exposure to elevated CO2 causes impairment of olfactory
discrimination in reef fishes; however the ecological consequences of this impairment are largely
unknown. Here we tested the effects of elevated CO2 on habitat preferences of coral-dwelling
gobies, some of the most habitat-specialist fishes on coral reefs.

Gobies were exposed to

ambient CO2 (440μatm) or an elevated CO2 level (880μatm) that could occur in oceans by the
end of the century. Pair-wise olfactory tests indicated that exposure to elevated CO2 impaired
the ability of Paragobiodon xanthosomus to discriminate between odour cues of their sole host
coral (Seriatopora hystrix) and a non-preferred coral (Pocillopora damicornis).

To test if

olfactory impairment affected habitat utilization, habitat choice experiments were then conducted
in the field, simulating a future scenario in which the preferred host coral dies and gobies must
search for a new coral colony to occupy. Adult Gobiodon histrio placed individually on dead
Acropora nasuta colonies were given the choice of live colonies of Acropora nasuta (preferred
habitat) or Acropora tenuis (non-preferred habitat). All control individuals moved to live A.
nasuta habitat within 24 hrs, however gobies exposed to 880μatm CO2 associated with both
preferred (A. nasuta) and non-preferred (A. tenuis and dead A. nasuta) habitats in approximately
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equal frequency.

These results suggest that rising CO2 could affect the fitness of habitat

specialist fish species by reducing their ability to select favourable habitat.

4.2 INTRODUCTION
Reef fish are not distributed evenly among coral reef habitats, but rather exhibit habitat
partitioning at multiple spatial scales (Waldner and Robertson 1980; Williams 1991; Friedlander
and Parrish 1998). Many reef fish have specific microhabitat associations, with some of the most
habitat specialised fishes forming obligate, and often symbiotic, associations with just one or a
few coral species (Sale 1977; Munday et al. 1997; Elliott and Mariscal 2001; Pratchett et al.
2006; Wong 2011). As a result, the distributions and abundance of coral-associated fishes may
be dictated by the distributions and availability of preferred coral species (Bell and Galzin 1984;
Kuwamura et al. 1994; Chabanet et al. 1997; Munday 2002; MacNeil et al 2009). Occupying
preferred habitats can be essential for individual fitness, with growth, reproductive success, and
survival often dependent on associating with preferred substrates (Jones 1988; Clarke 1992;
Wellington 1992; Caley and Munday 2003).

Global climate change is predicted to increase the frequency and intensity of environmental
disturbances, with coral reefs and other shallow water ecosystems potentially at greatest risk
(Hughes et al. 2003; Donner et al. 2005). Rising sea surface temperature has already caused
mass coral-bleaching events that have seriously impacted coral communities in many parts of the
world (Glynn 1993; Hoegh-Guldberg 1999). Ocean acidification due to absorption of excess
carbon dioxide from the atmosphere is expected to further impact coral health through reduced
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calcification rates (Leclercq et al. 2000; Langdon et al. 2003; Hoegh-Guldberg et al. 2007;
Kleypas and Yates 2009). Consequently, climate-induced perturbations are likely to further
weaken coral reef habitats already impacted by other anthropogenic disturbances including
sedimentation, overfishing, and pollution (Hughes et al. 2003). Coral decline has been shown to
directly affect the diversity and abundance of coral reef fishes, with the effects most apparent for
coral-associated species that depend on live coral for shelter or nutritional purposes (Jones et al.
2004; Munday 2004a; Bellwood et al. 2006; Pratchett et al. 2008; Wilson et al. 2006, 2007).

Rising CO2 levels can also have direct effects on coral reef fishes. Recent studies show that
increased levels of dissolved CO2 disrupt sensory mechanisms and behaviour in coral reef fishes.
Damselfish larvae exposed to elevated CO2 were unable to discriminate between various
olfactory (Munday et al. 2009; Dixson et al. 2010) and auditory (Simpson et al. 2011) cues that
may be necessary for site selection at settlement, and exhibit more active and riskier behaviour
following settlement to natural coral reef habitat leading to an increase in post-settlement
mortality (Munday et al. 2010, Ferrari et al. 2011). Elevated CO2 may also affect brain function,
with alteration in behavioural lateralization observed in CO2 exposed damselfish (Domenici et al.
2011). One study has demonstrated exposure to elevated CO2 can impair the homing behaviour
of adult cardinalfishes (Devine et al. 2011); however, if adults of other species are similarly
affected, and the ecological consequences of behavioural changes in reef fishes, are currently
unknown. Furthermore, how direct effects of elevated CO2 on fish behaviour might interact with
changes to coral reef habitat caused by global warming and ocean acidification has yet to be
investigated.
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Coral-dwelling gobies are among the most habitat specialised fishes on coral reefs, possessing
specific preferences for a limited number of coral habitats, and in some cases a single coral
species (Tyler 1971; Munday et al. 1997; Dirnwöber and Herler 2007). Habitat availability is
believed to be the primary determinant of the distribution and abundance of most coral goby
populations (Kuwamura et al. 1994, Munday et al. 1997, Munday 2002, 2004a) and competition
for preferred coral habitat has been observed in many species (Munday et al. 2001, Munday
2004b, Hobbs and Munday 2004).

Acquisition of preferred microhabitat can influence

individual fitness in coral gobies, as growth and survival are enhanced on the most suitable
habitats (Munday 2001; Caley and Munday 2003). Any impairment in the ability to identify
preferred habitats or alterations to patterns of habitat use caused by rising CO2 levels could have
a significant effect on individual performance. However, a unique consequence of the close
association of coral gobies with their host coral colonies includes periodic exposure to
fluctuations in pH and CO2 concentrations within coral branches at night due to respiration of
their host coral colony (Suzuki et al. 1995; Yates and Halley 2006; Nilsson et al. 2007). Yates
and Halley (2006) found nightly increases in pCO2 as high as ~800-1200µatm on in situ patch
reefs with 10-22% coral cover, therefore this nightly exposure to elevated CO2 might enhance
tolerance to future oceanic conditions.

This study aimed to determine if exposure to elevated CO2 affects habitat preferences of coraldwelling gobies. Habitat preferences were compared between gobies exposed to current-day
ambient CO2 (440 µatm) and an elevated CO2 level (880 µatm) that could occur in the shallow
oceans by 2100 based on the current CO2 emissions trajectory (Meehl et al. 2007; Raupach et al.
2007). Pair-wise olfactory tests were performed using Paragobiodon xanthosomus, a species that
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inhabits just one coral species, to determine if gobies could discriminate between odours cues of
preferred (Seriatopora hystrix) and non-preferred (Pocillopora damicornis) coral species.
Habitat choice experiments were then conducted in the field using Gobiodon histrio to assess
habitat selections between preferred (Acropora nasuta) and non-preferred (Acropora tenuis)
coral species following placement on dead coral habitat. This experiment simulated a potential
future scenario in which the preferred host coral dies from coral bleaching or other stress, and
gobies must search for another suitable colony to occupy.

4.3 MATERIALS AND METHODS
4.3.1 Study species and location
This study was conducted at Lizard Island in the Great Barrier Reef, Australia (145º27’E,
14º41’S) in December 2010. Two goby species were used in the experiments; yellow-green
gobies, Paragobiodon xanthosomus, were used in the laboratory-based olfactory discrimination
tests and broad-barred gobies, Gobiodon histrio, were used in the field-based habitat choice
experiment (Figure 4.1). These two goby species were selected based on their degree of coral
specialisation. Paragobiodon xanthosomus is exclusively associated with a single coral species,
Seriatopora hystrix (Thompson et al. 2007; Wong 2011), making it an ideal species for testing
olfactory discrimination ability. Gobiodon histrio was selected for the field-based habitat choice
experiments as it occupies a broader range of coral species. G. histrio are known to prefer and
are most commonly associate with Acropora nasuta, however they will occasionally occupy
colonies of other Acropora species, including A. tenuis (Munday et al. 1997).
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Gobies collected from various locations in the Lizard Island lagoon were transported to the
research station and placed in replicate 35 L aquaria at either ambient or elevated CO2 (see
below).

Previous studies demonstrate that behavioural alterations due to elevated CO2 are

present after 4 consecutive days in treatment (Munday et al. 2010; Ferrari et al. 2011; Devine et
al. 2011), consequently all gobies were held in CO2 treated seawater for 4 days prior to testing.
Gobies were fed newly hatched Artemia nauplii three times daily.

Figure 4.1 Study species: Paragobiodon xanthosomus (left) used for olfactory trials and
Gobiodon histrio (right) used for field habitat choice tests.

4.3.2 Seawater manipulation
Seawater was pumped from the ocean into 60 L sumps and diffused with ambient air (control) or
CO2 to achieve a pHNBS of approximately 8.15 (control) or 7.89 (treatment). A pH-controller
(Tunze Aquarientechnik, Germany) was attached to the CO2 treatment sump to maintain pH at
the desired level. A solenoid injected a slow stream of CO2 into a powerhead in the sump
whenever the pH of the seawater rose above the set point. Equilibrated seawater from each sump
was supplied at a rate of ~500ml min-1 to four replicate 35 L aquariums. Temperature and pHNBS
of each aquarium was measured each morning and afternoon using a HQ40d pH meter (Hach,
Colorado, USA) calibrated with fresh buffers. Total alkalinity of seawater was estimated by Gran
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titration from water samples taken twice weekly from control and treatment aquaria. Alkalinity
standardizations achieved accuracy within 1% of certified reference material (Dr. A. Dickson,
Scripps Oceanographic Institute). Average seawater pCO2 was calculated from seawater
parameters in the program CO2SYS (Lewis and Wallace 1995) and using the constants of
Mehrbach et al. (1973) refit by Dickson and Millero (1987) (Table 4.1).

Table 4.1 Mean (±SD) seawater parameters in the experimental system. Temperature, pH
salinity, and total alkalinity (TA) were measured directly and pCO2 estimated from these
parameters using CO2SYS.

pHNBS

Temp (ºC)

Salinity (ppt)

TA (μmol.kg-1SW)

pCO2 (µatm)

8.15 (0.04)

27.66 (0.98)

35

2269.66 (15.01)

440.53 (44.46)

7.89 (0.06)

27.74 (0.99)

35

2261.23 (14.92)

879.95 (140.64)

4.3.3 Olfactory trials
The effect of exposure to elevated CO2 on the ability of Paragobiodon xanthosomus to
discriminate between coral species using olfactory cues was determined using odour preference
tests in the laboratory. Gobies were tested in 300 L cylindrical aquaria containing two odour
sources, the preferred coral Seriatopora hystrix (Pocilloporidae), and a non-preferred confamilial
coral species, Pocillopora damicornis, positioned on opposite sides of the test arena. Each odour
source consisted of a coral 8-10 cm in diameter housed within a porous, opaque mesh cylinder,
allowing emission of chemical cues into the test arena while visually concealing the coral from
test individuals.

Each goby was introduced to the centre of the aquarium and allowed to

acclimate to the two odours for 30 minutes. Following the acclimation period the position of the
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test subject in relation to each odour source was recorded, with preference for a particular cue
indicated by association within 30 cm of the odour source. All gobies not within 30 cm of an
odour source were denoted as making ‘no choice’ in preference for either habitat odour. Twenty
individuals were tested from both the control and elevated CO2 treatment. Test water was
changed between each trial and there was no water flow during the test period. Prior to each trial
test water was maintained still for 5 minutes to allow concentration gradients to form before
introduction of the test subject. A chi-square test of homogeneity was used to test if the
frequency of individuals associated with each habitat odour source differed between control and
elevated CO2 treated fish.

4.3.4 Habitat preference experiment
A field experiment was used to determine if Gobiodon histrio exposed to elevated CO2 could
successfully locate alternative habitat following death of their host coral. Gobies were placed on
a dead colony of Acropora nasuta (preferred habitat) and given the choice of a similar sized
healthy colony of A. nasuta and A. tenuis (non-preferred habitat). As the frequency of coral
bleaching events is predicted to increase with rising global temperatures (Hoegh-Guldberg
1999), this experimental design simulated a potential future scenario for obligate coral dwellers
where it may be necessary to select a new coral colony following death of a host coral. Each
experimental replicate consisted of equal-sized colonies (20-30 cm diameter) of live Acropora
nasuta, live Acropora tenuis, and dead A. nasuta collected throughout the lagoon and placed 0.5
m apart. Experimental replicates were placed 10 m apart on sand substrate at 6 m depth and 15
m away from the nearest reef on the leeward side of Lizard Island. Each morning (0900-1100 h),
gobies from the control and elevated CO2 treatment were placed individually on dead A. nasuta
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habitats.

In the afternoon (1500-1700 h) and the following morning (0800-1000 h) each

experimental replicate was surveyed and habitat association for each goby recorded. All G.
histrio were initially collected from A. nasuta colonies to ensure A. nasuta was indeed the
preferred coral species for all individuals tested. Twenty fish from the control treatment and
twenty fish from the elevated CO2 treatment were tested. Chi-square tests of homogeneity were
used to compare frequency of individuals associated with each available habitat option, and to
compare the timing of transition to new habitats between control and CO2 treated fish.

4.4 RESULTS
4.4.1 Olfactory preferences
There was a significant difference in olfactory discrimination ability between Paragobiodon
xanthosomus exposed to control versus elevated CO2 conditions (χ22=11.65, p=0.03). Control
individuals strongly preferred the odour of Seriatopora hystrix, with 70% of gobies exhibiting a
strong association with the odour source of their host coral species. In contrast, gobies exposed
to 880µatm CO2 appeared unable to distinguish between habitat odour cues. Only 16% of the
elevated CO2 treatment fish preferred the odour of their host coral S. hystrix.

The remaining

84% were equally associated with the non-preferred coral species Pocillopora damicornis or
exhibiting no preference for the odour of either coral species (Figure 4.2).
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Figure 4.2 The number of control and elevated CO2 treated Paragobiodon xanthosomus
associating with each odour source or displaying no preference for either odour. Black bars
represent control gobies; white bars, 880 µatm CO2 exposed gobies.

4.4.2 Habitat choice experiments
Habitat choices by Gobiodon histrio on patch reefs significantly differed between control and
880µatm CO2 treated individuals (χ22=15.17, p=0.01). Within 24 hours of placement on dead
Acropora nasuta all control G. histrio successfully migrated to live A. nasuta habitat. In contrast
gobies held at 880µatm CO2 were associated with all available habitats types (Figure 4.3). While
45% of CO2 treated G. histrio moved to A. nasuta, an equal proportion did not vacate the dead
coral habitat and the remaining 10% moved to the non-preferred A. tenuis habitat. In addition,
there was a significant difference in the timing of transition to new habitats (χ21=6.14, p=0.02).
Ninety-percent of 880µatm CO2 treated G. histrio made final habitat selections by the afternoon
observation, whereas 45% of control individuals delayed movement until night with final
selections established by the following morning observation.
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Figure 4.3 The number of control and elevated CO2 exposed Gobiodon histrio associating with
each habitat type the morning following placement on dead Acropora nasuta. Black bars
represent control gobies; white bars, 880 µatm CO2 exposed gobies.

4.5 DISCUSSION
Despite periodic exposure to high CO2 levels through residence within respiring coral branches
(Nilsson et al. 2004), coral gobies experienced sensory and behavioural impairment following
prolonged exposure to elevated CO2. Consistent with previous studies on larval fishes (Munday
et al. 2009), CO2 treated Paragobiodon xanthosomus were unable to discriminate between
olfactory cues relevant to habitat selection. While P. xanthosomus exposed to current day CO2
levels were strongly attracted to odours from their host coral Seriatopora hystrix, gobies exposed
to elevated CO2 displayed an inability to distinguish between preferred and non-preferred habitat
odours, with the majority of individuals exhibiting no preference for either cue or electing to
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associate with odours of non-preferred habitat (Pocillopora. damicornis). Similarly, Gobiodon
histrio exposed to elevated CO2 displayed impaired ability to select preferred habitat in a natural
setting. Control fish placed on dead coral habitat were able to successfully locate live Acropora
nasuta habitat, whereas gobies exposed to elevated CO2 selected both preferred and nonpreferred habitats. These results suggest that CO2 levels predicted to occur in the ocean by the
end of this century could significantly affect the ability of highly specialised species to locate
appropriate habitat following disturbances such as coral bleaching.

If the frequency of coral bleaching events increases with rising temperatures, and additional
stressors such as ocean acidification impede recovery of coral habitats from disturbances, gobies
will likely encounter a future in which movement from degraded host corals to more suitable
habitats would be necessary with increased frequency. Coral gobies, especially breeding pairs,
exhibit strong host coral fidelity, but will leave highly degraded host corals and are capable of
migration to new habitats upwards of 2 m away (Feary 2007; Wall and Herler 2008). All control
G. histrio left the dead coral colony and moved to a live colony of A. nasuta within 24 hours in
the field experiment. This is consistent with the observation that G. histrio always leave dead
coral colonies following coral bleaching in the field (Bonin et al. 2009). However, many of the
G. histrio exposed to elevated CO2 preferred to remain on the dead coral habitat, and others
moved to a non-preferred coral host. This willingness to persist on degraded coral habitat could
impact individual fitness of coral-associated fishes in future seas.

Coral-dwelling gobies exhibit clear habitat preferences (Munday et al. 1997, 2001; Herler 2007),
and inhabiting preferred coral species has been shown to strongly influence growth rates and
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survival (Munday 2001; Caley and Munday 2003). For example, growth of juvenile G. histrio
was 3 times higher and survival 5 times higher on A. nasuta than on A. loripes (Munday 2001).
Coral-dwelling gobies never persist on dead coral, which suggests live coral is important for
their long-term survival. Dead coral structure can quickly become covered in algae, and gobies
inhabiting degraded or dead corals might be more vulnerable to predation (Coker et al. 2009).
Furthermore, Gobiodon are also known to feed on the tissue of their host corals (Brooker et al.
2010) and dead or degraded corals may not provide essential nutritional resources, although to
what extent feeding on coral tissue influences goby success is unknown. Although only a few G.
histrio selected the non-preferred coral species A. tenuis, even a slight alteration in habitat
preferences of this species could impact populations and distributions of other coral goby
species. G. histrio are a relatively large, aggressive species that are competitively dominant to
most other species of coral gobies (Munday et al. 2001), therefore species occurring naturally on
A. tenuis could easily be displaced if G. histrio exhibit changes in habitat choices in an elevated
CO2 environment.

Following exposure to increased CO2, P. xanthosomus were unable to distinguish between
olfactory cues of preferred versus non-preferred coral hosts. An inability to differentiate habitat
types through odour cues could impact habitat selections of both larvae and adults.

As

settlement of most larval reef fishes, including gobies, occurs at night (Dufour and Galzin 1993;
Leis and McCormick 2002; Doherty et al. 2004), settling larvae potentially rely heavily on
accurate olfactory information in the absence of visual cues. Larval coral gobies possess highly
developed olfactory organs (Arvedlund et al. 2007) suggesting larvae utilise odour cues in order
to locate preferred coral hosts at settlement. If elevated CO2 impairs the ability of larvae to
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discriminate between habitat types using olfactory cues, settlement to non-host coral species
might occur, which could influence post-settlement growth and mortality (Munday 2001).
Habitat choice experiments in this study suggest adult gobies similarly rely on olfactory cues to
locate suitable habitat, as it is likely gobies placed on the dead coral would have been able to
visually detect the different coral habitats situated only 0.5 m away. Adult coral gobies may also
depend on well developed olfactory senses to aid in feeding and reproductive behaviours and to
defend occupied corals from intruders.

Highly specialised coral associates dependent on the survival of only a few preferred coral
species are believed to be at increased risk of extinction if coral cover continues to decline
(Munday 2004; Wilson et al 2007). Approximately 10% of reef fish species have an obligate
association with live corals throughout their life (Jones et al. 2004). The abundance of these
species typically declines as coral cover diminishes, resulting in local extinction for some coralspecialist species (Jones et al. 2004; Munday 2004a).

Elevated atmospheric CO2 at

concentrations causing sensory impairment in fishes (>500ppm) will undoubtedly exacerbate
coral declines worldwide, with net calcification of branching coral species used by coraldwelling gobies (families Acroporidae and Pocilloporidae) expected to cease if oceanic CO2
reaches 800ppm (Hoegh-Guldberg et al. 2007; Veron et al. 2009). Therefore, while end of the
century CO2 concentrations potentially alter habitat associations in reef fishes, there may also be
relatively few corals remaining that are suitable habitat for coral-dwelling fishes.

This study demonstrates possible alterations in habitat associations of coral-dwelling gobies at
CO2 concentrations that could occur in oceans by the end of this century. Although coral gobies
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are diurnally exposed to elevated CO2 within the branches of host corals, G. histrio and P.
xanthosomus exhibited no tolerance following continuous exposure to high-CO2 and display
similar sensory and behavioural disruptions as other previously tested reef fishes (Munday et al.
2009, 2010; Dixson et al. 2010; Devine et al. 2011). Our results suggest that alterations in
habitat preferences and possible shifts in species distributions could occur due to rapidly rising
CO2 levels. Whether selection of CO2 tolerant genotypes will occur with sufficient speed to
mitigate the behavioural and sensory impairment detected here, and in earlier studies, is
unknown. Use of dead or non-preferred habitats versus preferred habitat will generate a strong
selective gradient and it is possible that more tolerant genotypes could rapidly spread throughout
the population, especially given that most gobies are relatively short lived (Hernaman and
Munday 2005; Depczynski and Bellwood 2006). Regardless, it is clear that coral-associated
fishes face a period of extreme selective pressure as their ability to locate increasingly less
abundant coral habitats is impaired by the same factor (rising CO2) that is causing massive
changes to coral reef habitat.
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CHAPTER 5: GENERAL DISCUSSION
As CO2 concentrations continue to rise in the atmosphere and oceans over the coming century
(Meehl et al. 2007; Raupach et al. 2007; Doney 2010), marine organisms will be subjected to
alterations in water chemistry unprecedented previously for millions of years (Royal Society
2005; Hoegh-Guldberg et al. 2007). This thesis investigated the effects that such changes in
ocean chemistry have on the behaviour of coral reef fishes. Habitat associations and sensory
behaviour of multiple fish taxa and life history stages were disrupted by CO2 levels predicted to
occur in the ocean over coming decades (550-950ppm), highlighting the potential for ocean
acidification to have significant ecological impacts on reef fish communities.

Consistent with earlier experiments (Munday et al. 2009b), larval damselfishes exposed to
elevated CO2 exhibited impaired ability to distinguish between odours of common reef
microhabitats.

However, when all sensory cues were available CO2 treated larvae still

successfully located preferred settlement habitat (Chapter 2). This suggests that visual cues can
compensate for the loss of olfactory function during habitat selection by larval fishes.
Nevertheless, exposure to elevated CO2 could disrupt the settlement process, with fundamental
changes observed in the timing of settlement. The increased preference to settle during the full
moon instead of the new moon in larvae exposed to elevated CO2 is consistent with the
hypothesis that they rely on visual cues when olfactory function is impaired. Consequently,
despite the potential for compensation of olfactory impairment through visual habitat assessment,
larvae could still suffer increased mortality in a high CO2 environment as a result of settling
during unfavourable lunar periods.
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Research conducted to date has focussed on exploring the developmental and behavioural
consequences of elevated CO2 on the early life history stages of damselfishes (Munday et al.
2009b, 2010, 2011; Dixson et al. 2010; Ferrari et al. 2011), with potential effects on adult
individuals and throughout various species groups largely unknown. My research showed that
sensory impairment and behavioural alterations from elevated CO2 also occur in adult reef fishes,
leading to significant changes in habitat associations. Olfactory discrimination of resting sites
and navigational capabilities of adult cardinalfish were compromised following exposure to
elevated CO2 at concentrations as low as 550ppm (Chapter 3), which could occur in oceans
within 40 years (Meehl et al. 2007). Adult coral gobies were similarly affected, contrary to the
assumption that exposure to natural diurnal fluctuations in dissolved CO2 in water surrounding
coral colonies might make this group more tolerant to rising CO2 levels. In addition to olfactory
disruption, adult G. histrio exposed to high CO2 exhibited alterations in habitat preferences and
were more willing to persist on unfavourable habitats (Chapter 4). These disruptions to critical
adult behaviours in response to elevated CO2 could significantly affect the distribution and
viability of reef fish populations.

Olfactory impairment occurred in both larval and adult stages across multiple reef taxa,
suggesting sensory disruptions due to elevated CO2 could be widespread among marine fishes,
and potentially other organisms. Olfaction is an important sensory system for the establishment
and maintenance of habitat associations in reef fishes, utilised during the initial selection of
settlement sites (Danilowicz 1996; Elliott et al. 1995; Lecchini et al. 2005, 2007b; Ben-Tzvi et
al. 2010) and subsequent recognition of selected habitat (Colin 1996; Dittman and Quinn 1996;
Døving et al. 2006). Olfactory disruption has the potential to alter habitat selections early in life
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and impact habitat associations essential for critical adult behaviours such as foraging and
spawning. Here it is suggested that settling larvae may be able to compensate for olfactory
disruption through reliance on alternative sensory systems, such as vision. However, limiting the
use of olfactory cues during overnight settlement caused larvae exposed to increased CO2 to alter
lunar settlement patterns to periods when visual acuity was highest, a behavioural impairment
that could lead to higher mortality. Recent research has shown auditory behaviours are also
affected, as reef fish larvae no longer avoid reef sounds during daylight hours following
exposure to elevated CO2 (Simpson et al. 2011). Impairment of this important auditory response
could exacerbate the risks encountered during settlement if larvae shift attraction to reef noise
from night to day after exposure to high CO2 , which could further impact mortality and
subsequently recruitment rates of reef fish larvae.

The mechanisms responsible for impaired sensory function in fishes exposed to elevated CO2 are
not fully understood. However, new research has documented interference of elevated CO2 on
behavioural lateralization (Domenici et al. 2011), a trait that is directly related to cognitive
function (Dadda and Bisazza 2006) and spatial orientation (Sovrano et al. 2005). This supports
the hypothesis that while the actual reception of sensory cues is unaffected by elevated CO2
(Munday et al. 2009b, 2010; Simpson et al. 2011), the interpretation and cognitive analysis of
sensory cues within the brain used to make competent responses and decisions based on
environmental stimuli may be affected by high CO2. Such brain dysfunction could explain the
inability of some fishes throughout this study to successfully utilise senses, like vision, that
appear unaffected at low concentrations tested here in order to locate preferred habitats.
Although olfaction is potentially the key sensory mechanism utilised during homing, it is likely
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that fish also use visual landmarks for mapping the area surrounding home sites, as spatial
memory is well-documented in many fish species (Noda et al. 1994; Braithwaite 1998; Hughes
and Blight 1999). Habitat choice tests involving coral gobies suggest similar interference with
cognitive ability, as it is improbable gobies could not visually detect live coral colonies only
50cm away. Therefore, an inability to accurately interpret perceived environmental cues is
potentially the source of sensory disruption due to elevated CO2; suggesting changes in water
chemistry might disrupt general cognitive functions making fish less perceptive to sensory
information necessary for behaviours such as habitat selection and predator avoidance.

Disruption of brain pathways leading to sensory impairment and alterations in habitat
associations could have far-reaching impacts on sustainability of reef fish populations. Larval
recruitment could be significantly hindered if higher mortality due to predation occurs following
a shift of settlement timing to full moon phases, or fitness consequences for larvae experiencing
difficulty in locating preferred habitat at night with the absence of accurate olfactory cues. If
critical adult behaviours such as homing are altered due to elevated CO2 fish may be unable to
navigate between sites necessary for the replenishment of marine populations. Fishes with
compromised cognitive abilities may also be unable to cope with a rapidly changing
environment, and may be forced to persist in unsuitable or degraded habitats.

Variability in responses to elevated CO2 indicates that some fish species may be more sensitive
to changes in ocean chemistry than others (Ferrari et al. 2011). The apogonids tested here
experienced full sensory impairment at a lower CO2 concentration (550ppm) than observed in
previous studies (>700ppm). This suggests that behavioural alterations due to rising CO2 could
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occur much sooner than previously believed, possibly by mid-century when atmospheric CO2
concentrations are projected to pass 500ppm.

As cardinalfishes are an important dietary

component for many reef predators (Chystal et al. 1985; Beukers-Stewart and Jones 2004), their
susceptibility to elevated CO2 could impact more tolerant taxa through alterations in the
distribution and abundance of prey. The short generation time observed in most apogonid and
gobiid species might contribute to development of adaptations over time, particularly if shifts in
habitat use generate adequate selection gradients for adaptation to occur. However, the low
variability in behavioural responses of cardinalfishes observed within CO2 treatments in my
experiments suggests there may be relatively limited opportunity for selection of tolerant
individuals.

The results of this project indicate important directions for future research.

Impaired

interpretation of cues from multiple sensory systems in fish exposed to elevated CO2 suggests
interference with critical neural pathways, although the physiological processes responsible for
this impairment have yet to be determined. Understanding the mechanism inducing disruption of
brain function in response to elevated CO2 would provide valuable insight to the range of senses
and fish behaviours that could potentially be affected by ocean acidification. Elevated CO2
appears to affect a range of sensory systems and behaviours, but at different concentrations. If
each sensory system displays sensitivity to elevated CO2 at different levels, with olfactory and
auditory interpretation affected at relatively low concentrations, future experiments should
explore the thresholds at which more resilient senses such as vision are affected in high CO2
environments. Determining the CO2 concentration at which visually-mediated behaviours are
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impaired could be an essential next step in understanding how fish behaviours may be altered in
future seas.

Behavioural alterations observed in this study were derived from acute exposure to near future
CO2 concentrations, however it is essential for further research to explore acclimation and
adaptation potential of reef fishes to high CO2 environments, using longer term and multigenerational studies. While short-term studies such as this are a vital first-step is assessing
potential ecological processes that may be impacted by ocean acidification, long-term studies are
crucial for understanding how species will cope with rising CO2 over a number of decades.
Testing offspring of individuals held in future CO2 conditions should explore the potential for
physiological and behavioural adaptation to determine if fishes may become more tolerant to
elevated CO2 over an extended period of time. The extension of long-term studies to integrate
multiple climate change elements, such as elevated sea temperatures and habitat disturbance
leading to changes in habitat and food availability, will provide a better understanding of the
effects that rising CO2 levels will have on fish populations and communities. The interactive
effects of climate change stressors could exacerbate impacts of elevated CO2 on fishes,
especially if ocean warming causes thermal optima to be exceeded in the future (Pörtner and
Farrell 2008; Munday et al. 2009a). This integrative testing approach would provide the most
accurate depiction of ecological scenarios to come.

Although life history traits of reef fishes (e.g. growth, development and survival) do not appear
to be affected by CO2 concentrations predicted to occur in the ocean this century (Ishimatsu et al.
2008; Munday et al. 2011), the research conducted here adds significantly to the growing
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evidence that rising atmospheric CO2 is a significant threat to marine fish through effects on
individual behaviour. This project addresses critical gaps in our knowledge of how elevated CO2
might interfere with habitat preferences of reef fishes, exploring sensory mechanism utilised to
discriminate habitat sites in a variety of reef taxa and at both larval and adult life history stages,
and in natural coral reef habitats. These findings not only pertain to habitat associations of coral
reef fishes, but present an array of high-CO2 effects that have the potential to affect other marine
organisms. Testing if other taxa are similarly affected and what capacity they have to adapt to
rising CO2 levels over multiple generations will be key areas for future research.

71

LITERATURE CITED
Allen GR (1991) Damselfishes of the South Seas. TFH Publications, Neptune City, New Jersey

Almany GR (2003) Priority effects in coral reef fish communities. Ecology 84: 1920-1935

Almany GR (2004) Does increased habitat complexity reduce predation and competition in coral reef
fish assemblages? Oikos 106: 275-284

Almany GR, Webster MS (2006) The predation gauntlet: early post-settlement mortality in reef fishes.
Coral Reefs 25: 19-22

Arvedlund M, Munday PL, Takemura A (2007) The morphology and ultrastructure of the peripheral
olfactory organ in newly metamorphosed coral-dwelling gobies, Paragobiodon xanthosomus
Bleeker (Gobiidae, Teleostei). Tissue and Cell 39: 335-342

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

Bell JD, Galzin R (1984) Influence of live coral cover on coral-reef fish communities. Marine EcologyProgress Series 15: 265-274

Bellwood DR, Hoey AS, Ackerman JL, Depczynski M (2006) Coral bleaching, reef fish community
phase shifts and the resilience of coral reefs. Global Change Biology 12: 1587-1594

72

Ben-Tzvi O, Tchernov D, Kiflawi M (2010) Role of coral-derived chemical cues in microhabitat
selection by settling Chromis viridis. Marine Ecology-Progress Series 409: 181-187

Beukers-Stewart BD, Jones GP (2004) The influence of prey abundance on the feeding ecology of two
piscivorous species of coral reef fish. Journal of Experimental Marine Biology and Ecology 299:
155-184

Bonin MC, Munday PL, McCormick MI, Srinivasan M, Jones GP (2009) Coral-dwelling fishes resistant
to bleaching but not to mortality of host corals. Marine Ecology-Progress Series 394: 215-222

Bonin MC, Srinivasan M, Almany GR, Jones GP (2009) Interactive effects of interspecific competition
and microhabitat on early post-settlement survival in a coral reef fish. Coral Reefs 28: 265-274

Booth DJ (1992) Larval settlement patterns and preferences by domino damselfish Dascyllus albisella
Gill. Journal of Experimental Marine Biology and Ecology 155: 85-104

Braithwaite VA (1998) Spatial memory, landmark use and orientation in fish. In: Healy S (ed.) Spatial
Representation in Animals. Oxford University Press, New York: pp 86-102

Brauner CJ, Baker DW (2009) Patterns of acid-base regulation during exposure to hypercarbia in fishes.
In: Glass ML, Wood SC (eds.) Cardio-Respiratory Control in Vertebrates: Comparative and
Evolutionary Aspects. Springer, Berlin: pp 43-59

73

Broderick AC, Coyne MS, Fuller WJ, Glen F, Godley BJ (2007) Fidelity and over-wintering of sea
turtles. Proceedings of the Royal Society of London Series B-Biological Sciences 274: 15331539

Brooker RM, Munday PL, Ainsworth TD (2010) Diets of coral-dwelling fishes of the genus Gobiodon
with evidence of corallivory. Journal of Fish Biology 76: 2578-2583

Brown GE, Dreier VM (2002) Predator inspection behaviour and attack cone avoidance in a characin
fish: the effects of predator diet and prey experience. Animal Behavior 63: 1175-1181

Caley MJ (1993) Predation, recruitment and the dynamics of communities of coral-reef fishes. Marine
Biology 117: 33-43

Caley MJ, Carr MH, Hixon MA, Hughes TP, Jones GP, Menge BA (1996) Recruitment and local
dynamics of open marine populations. Annual Review of Ecology and Systematics 27: 477-500

Caley MJ, Munday PL (2003) Growth trades off with habitat specialization. Proceedings of the Royal
Society of London Series B-Biological Sciences 270: 175-177

Caselle JE, Warner RR (1996) Variability in recruitment of coral reef fishes: the importance of habitat at
two spatial scales. Ecology 77: 2488-2504

74

Chave EH (1978) General ecology of six species of Hawaiian cardinalfishes. Pacific Science 32: 245270

Chave EH, Eckert DB (1974) Ecological aspects of the distributions of fishes at Fanning Island. Pacific
Science 28: 297-317

Chabanet P, Ralambondrainy H, Amanieu M, Faure G, Galzin R (1997) Relationships between coral
reef substrata and fish. Coral Reefs 16: 93-102

Chellappa S, Yamamoto ME, Cacho MSRF, Huntingford FA (1999) Prior residence, body size and the
dynamics of territorial disputes between male freshwater angelfish. Journal of Fish Biology 55:
1163-1170

Chesney Jr. EJ (1989) Estimating the food requirements of striped bass larvae Morone saxatilis: effects
of light, turbidity and turbulence. Marine Ecology-Progress Series 53: 191-200

Chrystal PJ, Potter IC, Loneragan NR, Holt CP (1985) Age structure, growth rates, movement patterns
and feeding in an estuarine population of the cardinalfish Apogon rueppellii. Marine Biology 85:
185-197

Claiborne JB, Edwards SL, Morrison-Shetlar AI (2002) Acid-base regulation in fishes: cellular and
molecular mechanisms. Journal of Experimental Zoology 293: 302-319

75

Clarke JA (1983) Moonlight’s influence on predator/prey interactions between short-eared owls (Asio
flammeus) and deermice (Peromyscus maniculatus). Behavioral Ecology and Sociobiology 13:
205-209

Clarke RD (1992) Effects of microhabitat and metabolic rate on food intake, growth and fecundity of
two competing coral fishes. Coral Reefs 11: 119-205

Colin PF (1996) Longevity of some coral reef fish spawning aggregations. Copeia 1996: 189-192

Coker DJ, Pratchett MS, Munday PL (2009) Coral bleaching and habitat degradation increase
susceptibility to predation for coral-dwelling fishes. Behavioral Ecology 20: 1204-1210

Dadda M, Bisazza A (2006) Lateralized female topminnows can forage and attend to a harassing male
simultaneously. Behavioral Ecology 17:358-363

Dalpadado P, Ellertsen B, Melle W, Dommasnes A (2000) Food and feeding conditions of Norwegian
spring-spawning herring (Clupea harengus) through its feeding migrations. ICES Journal of
Marine Science 57: 843-857

Daly M, Behrends PR, Wilson MI, Jacobs LF (1992) Behavioural modulation of predation risk:
moonlight avoidance and crepuscular compensation in a nocturnal desert rodent, Dipodomys
merriami. Animal Behavior 44: 1-9

76

Danilowicz BS (1996) Choice of coral species by naïve and field-caught damselfish. Copeia 3: 735-739

Dawbin WH (1966) The seasonal migratory cycle of humpback whales. In: Norris, KS (ed.) Whales,
dolphins, and porpoises. University of California Press, London: pp 145-170

Depczynski M, Bellwood DR (2006) Extremes, plasticity, and invariance in vertebrate life history traits:
insights from coral reef fishes. Ecology 87: 3119-3127

Devine BM, Munday PL, Jones GP (2011) Oecologia [doi: 10.1007/s00442-011-2081-2]

Dickson AG, Millero FJ (1987) A comparison of the equilibrium constants for the dissociation of
carbonic acid in seawater media. Deep-Sea Research Part A 34: 1733-1743

Dirnwöber M, Herler J (2007) Microhabitat specialisation and ecological consequences for coral gobies
of the genus Gobiodon in the Gulf of Aqaba, northern Red Sea. Marine Ecology-Progress Series
342: 265-275

Dittman AH, Quinn TP (1996) Homing in Pacific salmon: mechanisms and ecological basis. Journal of
Experimental Biology 199: 83-91

Dixson DL, Munday PL, Jones GP (2010) Ocean acidification disrupts the innate ability of fish to detect
predator olfactory cues. Ecology Letters 13: 68-75

77

Doherty PJ (1982) Some effects of density on the juveniles of two species of tropical, territorial
damselfish. Journal of Experimental Marine Biology and Ecology 65: 249-261

Doherty PJ, Sale PF (1985) Predation on juvenile coral reef fishes: an exclusion experiment. Coral Reefs
4: 225-234

Doherty PJ, Kingsford M, Booth D, Carleton J (1996) Habitat selection before settlement by
Pomacentrus coelestis. Marine and Freshwater Research 47: 391-399

Doherty PJ, Dufour V, Galzin R, Hixon MA, Meekan MG, Planes S (2004) High mortality during
settlement is a population bottleneck for a tropical surgeonfish. Ecology 85: 2422-2428

Domeier ML, Colin PL (1997) Tropical reef fish spawning aggregations: defined and review. Bulletin of
Marine Science 60: 698-726

Domenici P, Allen B, McCormick MI, Munday PL (2011) Elevated CO2 affects behavioural
lateralization in a coral reef fish. Biology Letters [doi: 10.1098/rsbl.2011.0591]

Doney SC, Fabry VJ, Feely RA, Kleypas JA (2009) Ocean acidification: the other CO2 problem. Annual
Review of Marine Science 1: 169-192

Doney SC (2010) The growing human footprint on coastal and open-ocean biogeochemistry. Science
328: 1512-1516

78

Donner SD, Skirving WJ, Little CM, Oppenheimer M, Hoegh-Guldberg O (2005) Global assessment of
coral bleaching and required rates of adaptation under climate change. Global Change Biology
11: 2251-2265

Døving KB, Stabell OB (2003) Trails in open waters: sensory cues in salmon migration In: Collin SP,
Marshal NJ (eds.) Sensory Processing in Aquatic Environments. Springer, New York: pp 39-52

Døving KB, Stabell OB,Ӧstlund -Nilsson S, Fisher R (2006) Site fidelity and homing in tropical coral
reef cardinalfish: are they using olfactory cues? Chemical Senses 31: 265-272

Dufour V, Galzin R (1993) Colonization patterns of reef fish larvae to the lagoon at Moorea Island,
French Polynesia. Marine Ecology-Progress Series 102: 143-152

Elliott JK, Elliott JM, Mariscal RN (1995) Host selection, location, and association behavior of
anemonefishes in field settlement experiments. Marine Biology 122: 377-389

Elliott JK, Mariscal RN (2001) Coexistence of nine anemonefish species: differential host and habitat
utilization, size and recruitment. Marine Biology 138: 23-26

Evans DH, Piermarini PM, Choe KP (2005) The multifunctional fish gill: dominant site of gas
exchange, osmoregulation, acid-base regulation, and excretion of nitrogenous waste.
Physiological Reviews 85: 97-177

79

Fabry VJ, Seibel BA, Freely RA, Orr JC (2008) Impacts of ocean acidification on marine fauna and
ecosystem processes. ICES Journal of Marine Science 65: 414-432

Feary DA (2007) The influence of resource specialization on the response of reef fish to coral
disturbance. Marine Biology 153: 153-161

Feary DA, Almany GR, McCormick MI, Jones GP (2007) Habitat choice, recruitment and the response
of coral reef fishes to coral degradation. Oecologia 153: 727-737

Feely RA, Sabine CL, Lee K, Berelson W, Kleypas J, Fabry VJ, Millero FJ (2004) Impact of
anthropogenic CO2 on the CaCO3 system in the ocean. Science 305: 362-366

Ferrari MCO, Dixson DL, Munday PL, McCormick MI, Meekan MG, Sih A, Chivers DP (2011)
Intrageneric variation in antipredator responses of coral reef fishes affected by ocean
acidification: implications for climate change projections on marine communities. Global
Change Biology 17: 2980-2986

Fisher R, Bellwood DR, Job SD (2000) Development of swimming abilities in reef fish larvae. Marine
Ecology-Progress Series 202: 163-173

80

Fivelstad S, Haavik H, Løvik G, Olsen AB (1998) Sublethal effects and safe levels of carbon dioxide in
seawater for Atlantic salmon postsmolts (Salmo salar L.): ion regulation and growth.
Aquaculture 160: 305-316

Floeter SR, Guimarães RZP, Rocha LA, Ferreira CEL, Rangel CA, Gasparini JL (2001) Geographic
variation in reef-fish assemblages along the Brazilian coast. Global Ecology and Biogeography,
10: 423–431

Forrester GE (1990) Factors influencing the juvenile demography of a coral reef fish. Ecology 71: 16661681

Fowler AJ, Doherty PJ, Williams DMcB (1992) Multi-scale analysis of recruitment of a coral reef fish
on the Great Barrier Reef. Marine Ecology-Progress Series 82: 131-141

Fraser NHC, Metcalfe NB (1997) The costs of becoming nocturnal: feeding efficiency in relation to
light intensity in juvenile Atlantic salmon. Functional Ecology 11: 385-391

Frederick JL (1997) Post-settlement movement of coral reef fishes and bias in survival estimates.
Marine Ecology-Progress Series 150: 65-74

Fridley JD, Vandermast DB, Kuppinger DM, Manthey M, Peet RK (2007) Co-occurrence based
assessment of habitat generalists and specialists: a new approach for the measurement of niche
width. Journal of Ecology 95: 707-722
81

Friedlander AM, Parrish JD (1998) Habitat characteristics affecting fish assemblages on a Hawaiian
coral reef. Journal of Experimental Marine Biology and Ecology 224:1-30

Fukumori K, Okuda N, Yamaoka K, Yanagisawa Y (2010) Remarkable spatial memory in a migratory
cardinalfish. Animal Cognition 13, 385-389

Gardiner NM, Jones GP (2005) Habitat specialisation and overlap in a guild of coral reef cardinalfishes
(Apogonidae). Marine Ecology-Progress Series 305: 163-175

Gardiner NM, Jones GP (2010) Synergistic effects of habitat preference and gregarious behaviour on
habitat use in coral reef cardinalfish. Coral Reefs 29: 845-856

Garshelis DL (2000) Delusions in habitat evaluation: measuring use, selection and importance. In:
Boitani L, Fuller TK (eds.) Research techniques in animal ecology. Columbia University Press,
New York: pp 111-153

Gazeau F, Quiblier C, Jansen JM, Gattuso J-P, Middelburg JJ, Heip CHR (2007) Impact of elevated CO2
on shellfish calcification. Geophysical Research Letters 34: L07603

Geange SW (2010) Effects of larger heterospecifics and structural refuge on the survival of a coral reef
fish, Thalassoma hardwicke. Marine Ecology-Progress Series 407: 197-207

82

Gerlach G, Atema J, Kingsford MJ, Black KP, Miller-Sims V (2007) Smelling home can prevent
dispersal of reef fish larvae. Proceedings of the National Academy of Sciences of the United
States of America 104: 858-863

Gliwicz ZM (1986) A lunar cycle in zooplankton. Ecology 67: 883-897

Gliwicz ZM (1994) Relative significance of direct and indirect effects of predation by planktivorous fish
on zooplankton. Hydrobiologia 272: 201-210

Greenfield DW, Johnson RK (1990) Heterogeneity in habitat choice in cardinalfish community
structure. Copeia 1990: 1107-1114

Glynn PW (1993) Coral reef bleaching: ecological perspectives. Coral Reefs 12: 1-17

Guinotte JM, Fabry VJ (2000) Ocean acidification and its potential effects on marine ecosystems.
Annals of the New York Academy of Sciences 1134: 320–342

Hara TJ (1993) The role of olfaction in fish behaviour In: Pitcher TJ (ed.) Behaviour of teleost fishes,
2nd edition. Chapman & Hall, London: pp 171-195

Hari P, Pumpanen J, Huotari J, Kolari P, Grace J, Vesala T, Ojala A (2008) High-frequency
measurements of productivity of planktonic algae using rugged nondispersive infrared carbon
dioxide probes. Limnology and Oceanography-Methods 6: 347-354

83

Hayashi M, Kita J, Ishimatsu A (2004) Acid-base responses to lethal aquatic hypercapnia in three
marine fish. Marine Biology 144: 153-160

Herler J (2007) Microhabitats and ecomorphology of coral- and coral rock-associated gobiid fish
(Teleostei: Gobiidae) in the northern Red Sea. Marine Ecology 28: 82-94

Hernaman V, Munday PL (2005) Life history characteristics of coral reef gobies I. Growth and lifespan.
Marine Ecology-Progress Series 290: 207-221

Heyman WD, Graham RT, Kjerfve B, Johannes RE (2001) Whale sharks Rhincodon typus aggregate to
feed on fish spawn in Belize. Marine Ecology-Progress Series 215: 275-282

Hobbs J-PA, Munday PL (2004) Intraspecific competition controls spatial distribution and social
organisation of the coral-dwelling goby Gobiodon histrio. Marine Ecology-Progress Series 278:
253-259

Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the world’s coral reefs.
Marine and Freshwater Research 50: 839-866

Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield P, Gomez E, Harvell CD, Sale PF,
Edwards AJ, Caldeira K, Knowlton N, Eakin CM, Iglesia-Prieto R, Muthiga N, Bradbury RH,
Dubi A, Hatziolos ME (2007) Coral reefs under rapid climate change and ocean acidification.
Science 318: 1737-1742

84

Holbrook SJ, Forrester GE, Schmitt RJ (2000) Spatial patterns in abundance of a damselfish reflect
availability of suitable habitat. Oecologia 122: 109-120

Horning M, Trillmich F (1999) Lunar cycles in diel prey migrations exert a stronger effect on the diving
of juveniles than adult Galapagos fur seals. Proceedings of the Royal Society of London B
Biological Sciences 266: 1127-1132

Hosfeld CD, Engevik A, Mollan T, Lunde TM, Waagbø R, Olsen AB, Stefansson S, Fivelstad S (2008)
Long-term separate and combined effects of environmental hypercapnia and hyperoxia in
Atlantic salmon (Salmo salar L.) smolts. Aquaculture 280: 146-153

Huey RB (1991) Physiological consequences of habitat selection. American Naturalist 137: S91-S115

Hughes RN, Blight CM (1999) Algorithmic behaviour and spatial memory are used by two intertidal
fish species to solve the radial maze. Animal Behavior 58: 601-613

Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, Folke C, Grosberg R, Hoegh-Guldberg O,
Jackson JBC, Kleypas J, Lough JM, Marshal P, Nyström M, Palumbi SR, Pandolfi JM, Rosen B,
Roughgarden J (2003) Climate change, human impacts, and the resilience of coral reefs. Science
301: 929-933
Ishimatsu A, Kikkawa T, Hayashi M, Lee K-S, Kita J (2004) Effects of CO2 on marine fish: larvae and
adults. Journal of Oceanography 60: 731-741

85

Ishimatsu A, Hayashi M, Kikkawa T (2008) Fishes in high-CO2, acidified oceans. Marine EcologyProgress Series 373: 295-302

Job SD, Bellwood DR (1996) Visual acuity and feeding in larval Premnas biaculeatus. Journal of Fish
Biology 48: 952-963

Jones GP (1986) Food availability affects growth in a coral reef fish. Oecologia 70: 136-139

Jones GP (1987) Some interactions between residents and recruits in two coral reef fishes. Journal of
Experimental Marine Biology and Ecology 114: 169-182

Jones GP (1988) Experimental evaluation of the effects of habitat structure and competitive interactions
on the juveniles of two coral reef fishes. Journal of Experimental Marine Biology and Ecology
123: 115-126

Jones GP (1991) Postrecruitment processes in the ecology of coral reef fish populations: a multifactorial
perspective. In: Sale, PF (ed.) The ecology of fishes on coral reefs. Academic Press, San Diego:
pp 294-328

Jones GP, McCormick MI, Srinivasan M, Eagle JV (2004) Coral decline threatens fish biodiversity in
marine reserves. Proceedings of the National Academy of Sciences of the United States of
America 101: 8251-8253

86

Kane CN, Brooks AJ, Holbrook SJ, Schmitt RJ (2009) The role of microhabitat preference and social
organization in determining the spatial distribution of a coral reef fish. Environmental Biology of
Fishes 84: 1-10

Karnofsky EB, Atema J, Elgin RH (1989) Field observations of social behavior, shelter use, and
foraging in the lobster, Homarus americanus. Biological Bulletin 176: 239-246

Kikkawa T, Ishimatsu A, Kita J (2003) Acute CO2 tolerance during the early developmental stages of
four marine teleosts. Environmental Toxicology 18: 375-382

Kikkawa T, Kita J, Ishimatsu A (2004) Comparison of the lethal effect of CO2 and acidification on red
sea bream (Pagrus major) during the early developmental stages. Marine Pollution Bulletin 48:
108-110

Kingsford MJ, Leis JM, Shanks A, Lindeman KC, Morgan SG, Pineda J (2002) Sensory environments,
larval abilities and local self-recruitment. Bulletin of Marine Science 70: 309-340

Kleypas JA, Yates KK (2009) Coral reefs and ocean acidification. Oceanography 22:108-117
Kleypas JA, Feely RA, Fabry VJ, Langdon C, Sabine CL, Robbins LL (2006) Impacts of ocean
acidification on coral reefs and other marine calcifiers: a guide for future research. Report of a
workshop sponsored by NSF, NOAA, and the U.S. Geological Survey. St. Petersburg: pp 88.

87

Klimley AP (1993) Highly directional swimming by scalloped hammerhead sharks, Sphyrna lewini, and
subsurface irradiance, temperature, bathymetry, and geomagnetic field. Marine Biology 117: 122

Kurihara H, Shirayama Y (2004) Effects of increased atmospheric CO2 on sea urchin early development.
Marine Ecology-Progress Series 274:161–69

Kuwamura T, Yogo Y, Nakashima Y (1994) Population dynamics of goby Paragobiodon
echinocephalus and host coral Stylophora pistillata. Marine Ecology-Progress Series 103: 17-23

Langdon C, Broecker WS, Hammond DE, Glenn E, FitzsimmonsK, Nelson SG, Peng TH, Hajdas I,
Bonani G (2003) Effect of elevated CO2 on the community metabolism of an experimental coral
reef. Global Biogeochemical Cycles 17:1011

Lecchini D, Shima J, Banaigs B, Galzin R (2005) Larval sensory abilities and mechanisms of habitat
selection of a coral reef fish during settlement. Oecologia 143: 326-334

Lecchini D, Planes S, Galzin R (2007a) The influence of habitat characteristics and conspecifics on
attraction and survival of coral reef fish juveniles. Journal of Experimental Marine Biology and
Ecology 341: 85-90

88

Lecchini D, Osenberg CW, Shima JS, St Mary CM, Galzin R (2007b) Ontogenetic changes in habitat
selection during settlement in a coral reef fish: ecological determinants and sensory mechanisms.
Coral Reefs 26: 423-432

Leclercq N, Gattuso JP, Jaubert J (2000) CO2 partial pressure controls the calcification rate of a coral
community. Global Change Biology 6:329–334

Leis JM (1991) The pelagic stage of reef fishes: the larval biology of coral reef fishes. In: Sale PF (ed.)
The ecology of fishes on coral reefs. Academic Press, San Diego: pp 183-230

Leis JM, McCormick MI (2002) The biology, behaviour, and ecology of the pelagic, larval stage of
coral reef fishes. In: Sale PF (ed.) Coral reef fishes: dynamics and diversity in a complex
ecosystem. Academic Press, London: 171-200

Leis JM, Siebeck U, Dixson DL (2011) How Nemo finds home: the neuroecology of dispersal and of
population connectivity in larvae of marine fishes. Integrative and Comparative Biology [doi:
10.1093/icb/icr004]

Lewis EL, Wallace DWR (1995) Basic programs for the CO2 system in seawater. Brookhaven National
Laboratory Informal Report, BNL# 61827
Lohmann KJ, Putman NF, Lohmann CMF (2008) Geomagnetic imprinting: A unifying hypothesis of
long-distance natal homing in salmon and sea turtles. Proceedings of the National Academy of
Sciences of the United States of America 105: 19096-19101

89

Lueke C, Wurtsbaugh WA (1993) Effects of moonlight and daylight on hydroacoustic estimates of
pelagic fish abundance. Transactions of the American Fisheries Society 122: 112-120

Lüthi D, Le Floch M, Bereiter B, Blunier T, Barnola J-M, Siegenthaler U, Raynaud D, Jouzel J, Fischer
H, Kawamura K, Stocker TF (2008) High-resolution carbon dioxide concentration record
650,000–800,000 years before present. Nature 453: 379-382

Luschi P, Papi F, Liew HC, Chan EH, Bonadonna F (1996) Long-distance migration and homing after
displacement in the green turtle (Chelonia mydas): a satellite tracking study. Journal of
Comparative Physiology A 178: 447-452

MacNeil MA, Graham NA, Polunin NV, Kulbicki M, Galzin R, Harmelin-Vivien M, Rushton SP (2009)
Hierarchical drivers of reef-fish metacommunity structure. Ecology 90: 252-264

Marnane MJ (2000) Site fidelity and homing behaviour in coral reef cardinalfishes. Journal of Fish
Biology 57: 1590-1600

Marnane MJ, Bellwood DR (2002) Diet and nocturnal foraging in cardinalfishes (Apogonidae) at One
Tree Reef, Great Barrier Reef, Australia. Marine Ecology-Progress Series 231: 261-268
Marshall PA, Baird AH (2000) Bleaching of corals on the Great Barrier Reef: differential
susceptibilities among taxa. Coral Reefs 19: 155-163

90

McClanahan TR, Baird AH, Marshall PA, Toscano MA (2004) Comparing bleaching and mortality
responses of hard corals between southern Kenya and the Great Barrier Reef, Australia. Marine
Pollution Bulletin 48: 327-335
McCormick MI, Mackey L, Dufour V (2002) Comparative study of metamorphosis in tropical
reef fishes. Marine Biology 141: 841-853

McCormick MI, Moore JAY, Munday PL (2010) Influence of habitat degradation on fish replenishment.
Coral Reefs 29: 537-546

Meehl GA, Stocker TF, Collins WD, Friedlingstein AT, Gaye AT, Gregory JM, Kitoh A, Knutti R,
Murphy JM, Noda A, Raper SCB, Watterson IG, Weaver AJ, Zhao Z (2007) Global Climate
Projections. In: Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M,
Miller H L (eds.) Climate Change 2007: The Physical Science Basis. Cambridge University
Press, Cambridge: pp 686-688

Mehrbach C, Culberson CH, Hawley JE, Pytkowicz RM (1973) Measurement of the apparent
dissociation constants of carbonic acid in seawater at atmospheric pressure. Limnology and
Oceanography 18: 897-907

Melzner F, Gutowska MA, Langenbuch M, Dupont S, Lucassen M, Thorndyke MC, Bleich M, Pörtner
H-O (2009) Physiological basis for high CO2 tolerance in marine ectothermic animals: preadaptation through lifestyle and ontogeny? Biogeosciences 6: 2313-2331

91

Metcalfe NB, Valimarsson SK, Fraser NHC (1997) Habitat profitability and choice in a sit-and-wait
predator: juvenile salmon prefer slower currents on darker nights. Journal of Animal Ecology 66:
866-875

Meyer CG, Holland KN, Wetherbee BM, Lowe CG (2000) Movement patterns, habitat utilization, home
range size and site fidelity of whitesaddle goatfish, Parupeneus prophyreus, in a marine reserve.
Environmental Biology of Fishes 59: 235-242

Michaelidis B, Ouzounis C, Paleras A, Pörtner HO (2005) Effects of long-term moderate hypercapnia
on acid–base balance and growth rate in marine mussels Mytilus galloprovincialis. Marine
Ecology-Progress Series 293: 109-118

Mitchell B, Hazlett BA (1996) Predator avoidance strategies of the crayfish Orconectes virilis.
Crustaceana (Leiden) 69: 400-412

Montaggioni LF (2005) History of Indo-Pacific coral reef systems since the last glaciation:
Development patterns and controlling factors. Earth-Science Reviews 71: 1-75

Montgomery JC, Tolimieri N, Haine OS (2001) Active habitat selection by pre-settlement reef fishes.
Fish and Fisheries 2: 261-277

Munday PL (2001) Fitness consequences of habitat use and competition among coral-dwelling fishes.
Oecologia 128: 585-593

92

Munday PL (2002) Does habitat availability determine geographical-scale abundances of coral-dwelling
fishes? Coral Reefs 21: 105-116

Munday PL (2004a) Habitat loss, resource specialisation and extinction on coral reefs. Global Change
Biology 10: 1642-1647

Munday PL (2004b) Competitive coexistence of coral-dwelling fishes: the lottery hypothesis revisited.
Ecology 85: 623-628

Munday PL, Jones GP, Caley MJ (1997) Habitat specialisation and the distribution and abundance of
coral-dwelling gobies. Marine Ecology-Progress Series 152: 227-239

Munday PL, Jones GP, Caley MJ (2001) Interspecific competition and coexistence in a guild of coraldwelling fishes. Ecology 82: 2177-2189

Munday PL, Jones GP, Pratchett MS, Williams AJ (2008) Climate change and the future of coral reef
fishes. Fish and Fisheries 9: 261-285

Munday PL, Crawley NE, Nilsson GE (2009) Interacting effects of elevated temperature and ocean
acidification on the aerobic performance of coral reef fishes. Marine Ecology-Progress Series
388: 235-242

93

Munday PL, Dixson DL, Donelson JM, Jones GP, Pratchett MS, Devitsina GV, Døving KB (2009)
Ocean acidification impairs olfactory discrimination and homing ability of a marine fish.
Proceedings of the National Academy of Sciences of the United States of America 106: 18481852

Munday PL, Dixson DL, McCormick MI, Meekan M, Ferrari MCO, Chivers DP (2010) Replenishment
of fish populations is threatened by ocean acidification. Proceedings of the National Academy of
Sciences of the United States of America 107: 12930-12934

Munday PL, Hernaman V, Dixson DL, Thorrold SR (2011) Effect of ocean acidification on otolith
development in larvae of a tropical marine fish. Biogeosciences 8: 1631–1641

Myrberg Jr. AA, Fuiman LA (2002) The sensory world of coral reef fishes. In: Sale PF (ed.) Coral reef
fishes: dynamics and diversity in a complex ecosystem. Academic Press, San Diego: pp 123-148

Nilsson GE, Hobbs J-P, Munday PL,Ӧstlund -Nilsson S (2004) Coward or bravehart: extreme habitat
fidelity through hypoxia tolerance in a coral-dwelling goby. Journal of Experimental Biology
207: 33-39

Nilsson GE, J-PA Hobbs, Ӧstlund-Nilsson S, Munday PL (2007) Hypoxia tolerance and air-breathing
ability correlate with habitat preference in coral-dwelling fishes. Coral Reefs 26: 241-248

94

Noda M, Gushima K, Kakuda S (1994) Local prey search based on spatial memory and expectation in
the planktivorous reef fish, Chromis chrysurus (Pomacentridae). Animal Behavior 47: 14131422

O’Gower AK (1995) Speculations on a spatial memory for the Port Jackson shark (Heterodontus
portusjacksoni) (Meyer) (Heterodontidae). Marine and Freshwater Research 46: 861-871

Öhman MC, Munday PL, Jones GP, Caley MJ (1998) Settlement strategies and distribution patterns of
coral-reef fishes. Journal of Experimental Marine Biology and Ecology 225: 219-238

Orians GH, Wittenberger JF (1991) Spatial and temporal scales in habitat selection. American Naturalist
137: S29-S49

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

Pettorelli N, Gaillard J-M, Van Laere G, Duncan P, Kjellander P, Liberg O, Delorme D, Maillard D
(2002) Variations in adult body mass in roe deer: the effects of population density at birth and of
habitat quality. Proceedings of the Royal Society of London B Biological Sciences 269: 747-753

95

Pratchett MS (2007) Dietary selection by coral-feeding butterflyfishes (Chaetodontidae) on the Great
Barrier Reef, Australia. The Raffles Bulletin of Zoology 14: 171-176

Pratchett MS, Wilson SK, Baird AH (2006) Declines in the abundance of Chaetodon butterflyfishes
following extensive coral depletion. Journal of Fish Biology 69: 1269-1280

Pratchett MS, Munday PL, Wilson SK, Graham NAJ, Cinner JE, Bellwood DR, Jones GP, Polunin
NVC, McClanahan TR (2008) Effects of climate-induced coral bleaching on coral-reef fishesecological and economic consequences. Oceanography and Marine Biology Annual Review 46:
251-296

Pörtner HO, Langenbuch M, Reipschläger A (2004) Biological impact of elevated ocean CO2
concentrations: lessons from animal physiology and earth history. Journal of Oceanography 60:
705-718

Pörtner HO, Farrell AP (2008) Physiology and climate change. Science 322: 690-692

Pulliam HR, Danielson BJ (1991) Source, sinks, and habitat selection: a landscape perspective on
population dynamics. American Naturalist 137: S50-S66

Quinn TP (1980) Evidence for celestial and magnetic compass orientation in lake migrating sockeye
salmon fry. Journal of Comparative Physiology A 137: 243-248

96

Radford CA, Stanley JA, Simpson SD, Jeffs AG (2011) Juvenile coral reef fish use sound to locate
habitats. Coral Reefs 30: 295-305

Randall JE, Allen GR, Steene RC (1997) Fishes of the Great Barrier Reef and Coral Sea, 2nd edition.
Crawford House Publishing, Bathurst: pp 137-153

Raupach MR, Marland G, Ciais P, Le Quéré C, Canadell JG, Klepper G, Field CB (2007) Global and
regional drivers of accelerating CO2 emissions. Proceedings of the National Academy of
Sciences of the United States of America 104: 10288-10293

Revelle R, Suess HE (1957) Carbon dioxide exchange between atmosphere and ocean and the question
of an increase of atmospheric CO2 during the past decades. Tellus 9: 18-27

Robertson DR, Green DG, Victor BC (1988) Temporal coupling of production and recruitment of larvae
of a caribbean reef fish. Ecology 69: 370-381

Rosenzweig ML (1991) Habitat selection and population interactions: the search for mechanism.
American Naturalist 137: S5-S28

Royal Society (2005) Ocean acidification due to increasing atmospheric carbon dioxide. The Royal
Society, London.

97

Sale PF (1971) Extremely limited home range in a coral reef fish, Dascyllus aruanus (Pisces;
Pomacentridae). Copeia 1971: 324-327

Sale PF (1977) Maintenance of high diversity in coral reef fish communities. American Naturalist 111:
337-359

Scholz, AT, Horrall RM, Cooper JC, Hasler AD (1976) Imprinting to chemical cues: the basis for home
stream selection in salmon. Science 192: 1247-1249

Shapiro, DY (1986) Intra-group home ranges in a female-biased group of sex changing fish. Animal
Behavior 34: 865-870

Shulman MJ (1984) Resource limitation and recruitment patterns in a coral reef fish assemblage. Journal
of Experimental Marine Biology and Ecology 74: 85-109

Simpson SD, Meekan MG, McCauley RD, Jeffs A (2004) Attraction of settlement-stage coral reef fishes
to reef noise. Marine Ecology-Progress Series 276: 263-268

Simpson SD, Meekan M, Montgomery J, McCauley R, Jeffs A (2005) Homeward sound. Science 308:
221

98

Simpson SD, Munday PL, Wittenrich ML, Manassa R, Dixson DL, Gagliano M, Yan HY (2011) Ocean
acidification erodes crucial auditory behaviour in a marine fish. Biology Letters [doi:
10.1098/rsbl.2011.0293]

Srinivasan M (2003) Depth distributions of coral reef fishes: the influence of microhabitat structure,
settlement, and post-settlement processes. Oecologia 137: 76-84

Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL (2007) Climate
Change 2007: The Physical Science Basis: Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge

Sovrano VA, Dadda M, Bisazza A (2005) Lateralized fish perform better than nonlateralized fish in
spatial reorientation tasks. Behavioural Brain Research 163:122-127

Stobutzki IC, Bellwood DR (1997) Sustained swimming abilities of the late pelagic stages of coral reef
fishes. Marine Ecology-Progress Series 149: 35-41

Sweatman HPA (1985) The influence of adults of some coral reef fishes on larval recruitment.
Ecological Monographs 55: 469-485

Sweatman HPA (1988) Field evidence that settling coral reef fish larvae detect resident fishes using
dissolved chemical cues. Journal of Experimental Marine Biology and Ecology 124: 163-174

99

Syms C, Jones GP (2001) Disturbance, habitat structure, and the dynamics of a coral-reef fish
community. Ecology 81: 2714-2729

Suzuki A, Nakamori T, Kayanne H (1995) The mechanism of production enhancement in coral reef
carbonate systems: model and empirical results. Sedimentary Geology 99: 259-280

Tesch F–W (1967) Homing of eels (Anguilla anguilla) in the southern North Sea. Marine Bioogyl 1: 4-9

Thompson VJ, Munday PL, Jones GP (2007) Habitat patch size and mating system as determinants of
social group size in coral-dwelling fishes. Coral Reefs 26: 165-174

Trillmich F, Mohren W (1981) Effects of the lunar cycle on the Galapagos fur seal, Arctocephalus
galapagoensis. Oecologia 48: 85-92

Tolimieri N (1995) Effects of microhabitat characteristics on the settlement and recruitment of a coral
reef fish at two spatial scales. Oecologia 102: 52-63

Turner GF (1994) The fighting tactics of male mouth-brooding cichlids: the effects of size and
residency. Animal Behavior 47: 655-662

Tyler JC (1971) Habitat preferences of the fishes that dwell in shrub corals on the Great Barrier Reef.
Proceedings of the Academy of National Sciences of Philadelphia 123: 1-26

100

Van Tienderen PH (1991) Evolution of generalists and specialist in spatially heterogeneous
environments. Evolution 45: 1317-1331

Veron JEN, Hoegh-Guldberg O, Lenton TM, Lough JM, Obura DO, Pearce-Kelly P, Sheppard CRC,
Spalding M, Stafford-Smith MG, Rogers AD (2009) The coral reef crisis: The critical
importance of <350 ppm CO2. Marine Pollution Bulletin 58:1428-1436

Victor BC (1986) Larval settlement and juvenile mortality in a recruitment-limited coral reef fish
population. Ecological Monographs 56: 145-160

Victor BC (1991) Settlement strategies and biogeography of reef fishes. In: Sale PF (ed.) The ecology of
fishes on coral reefs. Academic Press, San Diego: pp 231-260

Waldner RE, Robertson DR (1980) Patterns of habitat partitioning by eight species of territorial
Caribbean damselfishes (Pisces: Pomacentridae). Bulletin of Marine Science 30: 171-186

Wall M, Herler J (2008) Postsettlement movement patterns and homing in a coral-associated fish.
Behavioral Ecology 20: 87-95

Warner RR (1995) Large mating aggregations and daily long-distance spawning migrations in the
bluehead wrasse, Thalassoma bifasciatum. Environmental Biology of Fishes 44: 337-345

101

Webster MS (2002) Role of predators in the early post-settlement demography of coral-reef fishes.
Oecologia 131: 52-60

Wellington GM (1992) Habitat selection and juvenile persistence control the distribution of two closely
related Caribbean damselfishes. Oecologia 90: 500-508

Williams D McB (1982) Patterns in the distribution of fish communities across the Central Great Barrier
Reef. Coral Reefs 1: 35-43

Williams D McB (1991) Patterns and processes in distribution. In: PF Sale (ed.) The ecology of fishes
on coral reefs. Academic Press, San Diego: pp 437-472

Williams D McB, Sale PF (1981) Spatial and temporal patterns of recruitment of juvenile coral reef
fishes to coral habitats within “One Tree Lagoon”, Great Barrier Reef. Marine Biology 65: 245253

Willis TJ, Parsons DM, Babcock RC (2001) Evidence for long-term site fidelity in snapper (Pagrus
auratus) within a marine reserve. New Zealand Journal of Marine and Freshwater Research 35:
581-590

Wilson SK, Graham NAJ, Pratchett MS, Jones GP, Polunin NVC (2006) Multiple disturbances and the
global degradation of coral reefs: are reef fishes at risk or resilient? Global Change Biology 12:
2220-2234

102

Wilson SK, Burgess SC, Cheal AJ, Emslie M, Fisher R, Miller I, Polunin NVC, Sweatman HPA (2007)
Habitat utilization by coral reef fish: implications for specialists vs. generalists in a changing
environment. Journal of Animal Ecology 77: 220-228

Wright KJ, Higgs DM, Belanger AJ, Leis JM (2005) Auditory and olfactory ability of pre-settlement
larvae and post-settlement juveniles of a coral-reef damselfish (Pisces: Pomacentridae). Marine
Biology 147: 1425-1434

Wong MYL (2011) Group size in animal societies: the potential role of social and ecological limitations
in the group-living fish, Paragobiodon xanthosomus.

Ethology 117 [doi: 10.1111/j.1439-

0310.2011.01913.x]

Yates KK, Halley RB (2006) CO3-2 concentration and pCO2 thresholds for calcification and dissolution
on the Molokai reef flat, Hawaii. Biogeosciences 3: 357-369

103

