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ABSTRACT
Macroalgae are an important and diverse component of tropical inshore reefs, providing a range
of ecological and functional services. Most of the research emphasis has focused on the negative effects
of increased macroalgae on coral reefs to the growth and persistence of corals and fishes. However, on
undisturbed reefs, macroalgal beds provide important habitats for newly settled fishes, many of which
have ontogenetic changes to coral reefs and replenish adult populations that help control macroalgal
growth. The few studies that have investigated macroalgal associations of juvenile fishes have treated
macroalgae as a single entity. In doing so, any associations of fishes with taxonomic or functional
groups cannot be discerned. The objective of this thesis was to undertake observational and
experimental studies to investigate the patterns and mechanisms of habitat selection and preferences in
algal-associated juvenile fishes on coastal reefs.
In Chapter 2, I investigated the availability, use and selectivity of microhabitats on the reef flat
of an inshore reef by recently settled coral reef fishes. Fish and benthic communities were quantified
along three 50m transects at each of six reef flat sites along the leeward side of Orpheus Island, an
inshore island on the central Great Barrier Reef (GBR). Benthic communities were quantified using the
point-intercept method, recording the benthos directly underneath the transect every 0.5m. Recently
settled fish were surveyed within a 2m belt along each transect. All recently settled fishes were
identified to species, and the microhabitat they were associated with was recorded. A total of 22 species
of recently settled fish were recorded across all transects, with the majority of the species being
herbivorous as adults. Examination of the microhabitat preferences of the six most abundant species
revealed that the two herbivorous rabbitfish species, Siganus lineatus and S. canaliculatus, appeared to
associate with large fleshy macroalgae (namely Padina and Sargassum). In contrast, three herbivorous
damselfishes, Pomacentrus wardi, P. adelus and P. chrysurus, and the invertebrate feeding cardinalfish
Apogon cookii showed no apparent selection for any of the microhabitats examined. These findings
suggest that macroalgae are important habitats for some newly settled coral reef fishes, and the
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availability and composition of macroalgae may shape juvenile populations. Both habitat selection at
settlement and/or post-settlement processes may contribute to the establishment of these patterns.
The objective of Chapter 3 was to investigate the specific habitat and olfactory preferences of
two rabbitfishes (S. lineatus and S. canaliculatus) and two herbivorous damselfishes (P. wardi and P.
adelus) at settlement. Naïve settlement-stage fishes were collected in light traps and used in a series of
aquarium-based settlement choice experiments in which an individual larva was introduced into the
centre of a 500L aquarium and allowed to choose among four habitat options. The fishes were released
overnight and their associations with the four habitats recorded the following morning.
Four separate habitat-choice experiments were conducted, each with four different substratum
options: (1) benthic habitats (live coral, dead coral, macroalgae, coral rubble), (2) macroalgal species
(Sargassum, Padina, Galaxaura, coral rubble), (3) macroalgal density (8, 4, 1, 0 Sargassum thalli) and
(4) macroalgal height (30, 20, 10, 0cm Sargassum). In addition, the role of olfaction was investigated
using a 2 channel-choice flume chamber, pairing a benthic substrate water cue to the off-reef control
cue (1 km from the nearest reef). The aquarium trials showed that both rabbitfish species preferred
macroalgae in experiment 1 and the highest density Sargassum patch in experiment 3. The two
rabbitfishes also differed in their habitat preferences as only S. canaliculatus preferred Sargassum in
experiment 2 and S. lineatus preferred the tallest Sargassum patch in experiment 4. In contrast, neither
damselfish species displayed any preferences among the habitats present. The olfactory trials revealed
significant but weak attractions to various chemical cues from benthic microhabitats, however, these
varied among species and are unlikely to be biologically significant. It is apparent that juvenile
rabbitfishes have strong innate preferences for macroalgae at settlement, however, species-specific
preferences for macroalgal species and habitat features may affect the distribution of juveniles on the
reef.
In summary, macroalgae appear to provide important settlement and juvenile habitats for at
least the two rabbitfishes species examined herein, and given the prevalence of juvenile fishes in this
habitat, it is likely that such preferences may be more widespread. It is unclear why these early life
vi

stages are using macroalgae, but they may be associated with the provision of refugia from predation,
or enhanced food supply as these fishes transition from a carnivorous to herbivorous diet. Interestingly,
many studies have focused on the role of herbivorous rabbitfishes in removing macroalgae from coral
reefs, yet the results of this thesis highlight that these same fishes are dependent on macroalgae at a
critical life stage. Clearly, further investigations are required to elucidate the importance of macroalgae
to reef fishes at settlement, and potentially other life stages.
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Chapter 1 : General Introduction
Physical and biological disturbances are important processes in ecological systems,
determining the structure and dynamics of habitats (Hoekstra et al. 2005; Diaz and Rosenberg 2008).
Increasingly, habitats are also being subject to a range of human disturbances, and in extreme cases,
leading to phase shifts from one habitat type to another (Hughes 1994; Graham et al. 2015). On coral
reefs, the combined effects of natural agents of disturbances (e.g., crown-of-thorn starfish invasions,
storms, disease) and anthropogenic disturbances (e.g., pollution, overfishing, sedimentation) often lead
to loss of coral cover (Nyström et al. 2000; Hoegh-Guldberg et al. 2007). Typically, loss of live coral
cover is accompanied by increases in other benthic organisms, most notably turf algae (Norström et al.
2009; De’ath et al. 2012). Degradation to coral habitats and the increase in turf- and macro-algae not
only affect the structure and functioning of benthic organisms, but also organisms that rely on these
habitats for food, shelter and/or recruitment, such as coral reef fishes (Wilson et al. 2006). While we
know a lot about how coral-associated fishes are affected by declining coral cover (e.g., Jones et al.
2004; Pratchett et al. 2006), we know little about how algal-associated fishes are affected by increases
in algae.
The response of fishes to habitat degradation and increased algal growth on coral reefs is
influenced by the degree of habitat specialization (Bell and Galzin 1984). Fishes that are highly
dependent on corals for food and shelter show a strong negative response to declines in coral structure
and health (Graham et al. 2006; Pratchett et al. 2008). In contrast, herbivorous and invertebrate feeding
fishes often exhibit a positive response to increased algal resources on coral reefs, which generally has
been linked to increased food and/or shelter availability (Wilson et al. 2006), although a range of other
factors might also be influencing these trends. The maintenance and replenishment of local fish
populations is dependent on the settlement and survival of fish larvae, and the subsequent recruitment
to the juvenile and adult population (Doherty 2002; Almany et al. 2007). The increase in population
abundance by some species of herbivores and invertebrate-feeders might be the result of increased
1

availability of appropriate settlement sites. However, our knowledge of the habitat requirements of
settlement-stage algal-associated fishes is limited as the majority of studies to date have focused on
coral-associated juveniles (e.g., Öhman et al. 1998; Bonin 2012). With the current global trajectories of
rapid coral loss and increasing algal abundance on coral reefs (Hughes et al. 2010), we might expect a
shift from a coral-associated to an algal-associated fish assemblage. To understand what drives these
changes, it is important to investigate early-life stages and habitat preferences of algal-associated fishes
at settlement.
Habitat preferences of new settlers may determine the distribution and abundance of fishes at
later juvenile and adult stages (Wellington 1992). Settling reef fishes have been shown to distribute
non-randomly, with many having specific habitat preferences at settlement (Wilson et al. 2008). These
preferences can be for specific habitat types (Nagelkerken and Van der Velde 2004), different coral
growth forms (Öhman et al. 1998) or for corals in healthy condition (Tolimieri 1995; Bonin et al.
2009b). However, our knowledge of the extent to which fishes differ in their habitat requirements is
narrow, primarily due to the fact that the majority of studies on settlement have investigated preferences
for live coral (e.g., Feary et al. 2007; McCormick et al. 2010). This is not surprising considering that an
estimated 65% of fish recruits rely on live coral for settlement (Jones et al. 2004). Few studies have
investigated settlement preferences for other benthic substrata (i.e. macroalgae, sponges, soft coral,
anthozoans and turf algae) and how changes in these habitats affect recruitment. Fishes recruiting to
these substrata may be just as selective in their habitat choices as coral-associated species. Considering
that increased macroalgal growth on coral reefs is the most common alternative reef state following
habitat disturbance (Norström et al. 2009), it is important to understand how fishes respond to
macroalgae at settlement to be able to predict likely impacts of habitat degradation on reef fish
communities.
While macroalga is a common component of coral reefs, increased macroalgal growth is
considered undesirable to the maintenance of a healthy reef (Mumby et al. 2007). As a consequence,
the majority of studies focus on the negative impacts of algal resources to corals and coral reef fish
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communities (e.g., McManus and Polsenberg 2004; Box and Mumby 2007; Hoey and Bellwood 2011).
However, a large number of organisms are naturally associated with macroalgae and rely on it for
critical resources, such as food and shelter. Macroalgae are often restricted to reef flats on inshore and
coastal reefs (Wismer et al. 2009), where it may play much the same role as mangroves and estuaries
in providing a recruitment habitat for marine organisms. This has been observed for the Caribbean spiny
lobster (Panulirus argus) (Eggleston et al. 1998), Nassau grouper (Epinephelus striatus) (Dahlgren and
Eggleston 2001) and the forktail rabbitfishes (Siganus argenteus) (Paul et al. 1990). However, the
degree of habitat specialization on different taxonomic or functional groups of macroalgae or the
features that make certain macroalgal sites attractive are generally unknown.
Macroalgae can form diverse assemblages on coral reefs and can take on a wide variety of
growth forms. Macroalgae are composed of three taxonomic groups, red algae (Rhodophyta), brown
algae (Phaeophyceae) and green algae (Chlorophyta) (Diaz-Pulido and McCook 2008). Within each
taxonomic group there is a range of functional forms based on characteristics such as size, growth and
toughness (Littler et al. 1983). Different macroalgal species, functional forms and features offer various
structures and complexity that may form the basis for habitat selection at settlement by algal-associated
fishes (Gratwicke and Speight 2005). In temperate regions, macroalgae form the main biotic habitat on
rocky reefs and the distribution of macroalgae can have a major influence on settlement and the spatial
distribution of fishes (Levin 1993; Jones 2013). Positive trends in the density of recently settled
juveniles have been observed in relation to algal canopy height and density (Levin 1991; Levin and Hay
1996). The macroalgal species composition can also influence patterns of settlement (Carr 1994; Levin
and Hay 1996).
On coral reefs, the importance of macroalgae as a settlement habitat has largely been
overlooked. While scleractinian corals are calcified and rigid structures (Veron 1995), macroalgae are
flexible providing distinctly different habitats (Graham and Nash 2013). Assemblages of juvenile fishes
clearly differ between algal-dominated and coral-dominated habitats (Wilson et al. 2010; Evans et al.
2013). However, macroalgal habitats are almost always defined as a uniform group and there is a lack
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information on the degree of macroalgal specialization, whether in relation to algal species, growth
forms, canopy height or density. We know that many coral-associated fishes display specific
preferences for coral species (Bonin et al. 2009a) or coral growth forms (Booth and Beretta 2002) at
settlement. Algal-associated species may be just as selective for macroalgal settlement habitat,
considering the diversity and complexity of macroalgae. To predict likely changes to fish communities
in response to habitat degradation and increased algal growth, we need to gain a more detailed
understanding of habitat preferences and mechanisms of habitat choice for fishes that settle to
macroalgae.
Our understanding of habitat selection by settlement-stage fishes has changed dramatically the
last two decades. While it was once thought that larvae were largely passively dispersed on ocean
currents, we now know they have a well-developed ability to find coral reefs and choose among places
to settle (Montgomery et al. 2001; Pollux et al. 2007). Fishes perceive the environment through a range
of senses, aiding the process of making informed decisions (Lecchini et al. 2005). Pelagic fishes utilise
their sensory systems to orient towards and locate a settlement habitat, with visual, auditory and
olfactory systems regarded as the most important (Huijbers et al. 2012). It has been suggested that each
of these senses have an optimal range in which they are most effective, from auditory cues that can be
perceived over large distances to visual cues that become more important at close range (Leis and
McCormick 2002). However, the importance of these senses in habitat selection and the dependency
on sensory cues by different fish species is unknown.
Olfaction has received a lot of attention in recent years and has been shown to be an important
mechanism during early-life stages for coral reef fishes to locate a settlement habitat (Atema et al.
2002). Studies have observed an attraction by pre-settlement stage fishes to chemical cues from
conspecifics (Coppock et al. 2013), host anemones (Dixson et al. 2008), live coral (McCormick et al.
2010), predators (Lehtiniemi 2005) and algal-covered dead corals (Lecchini and Nakamura 2013). To
date, the majority of these studies investigated responses by coral-associated recruits and the importance
of chemical cues to algal-associated settlers is largely unknown. Pre-settlement stage Thalassoma
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hardwicke was found to settle to benthic macroalgae, but ignored chemical cues and relied upon visual
cues to find an appropriate habitat (Lecchini et al. 2007). In addition, juvenile Siganus spinus showed
an avoidance to algal-dominated non-MPA water cues (Dixson et al. 2014), even though it is regularly
observed in algal-dominated habitats (Rasher et al. 2013). However, the olfactory response by these
algal-associated juveniles is limited to the investigation of only a few macroalgal species. Just as coralassociated recruits show chemical attractions to specific coral species, algal-associated recruits may
show attraction to specific macroalgal species.
The overall objective of my thesis was to investigate how the composition of benthic habitats
influences the settlement and the role of olfaction in habitat selection in algal-associated fishes on a
coastal coral reef. To address this objective, I conducted both observational and experimental studies
on a range of coral reef fish species found to be associated with macroalgae.
In Chapter 2, I investigated habitat associations by recently-settled fishes on macroalgaldominated flats on inshore reefs at Orpheus Island (Great Barrier Reef) to determine if any of these
fishes exhibit selectivity for specific macroalgal microhabitats. Habitat use and availability were
quantified by surveying newly settled recruits and microhabitats along underwater transects. Habitat
selectivity was quantified by comparing habitat use to habitat availability for the six most abundant
species, Apogon cookii, Pomacentrus adelus, P. chrysurus, P. wardi, Siganus canaliculatus and S.
lineatus.
In Chapter 3, I conducted a series of choice experiments to test whether the habitat selectivity
observed for two rabbitfishes (S. lineatus and S. canaliculatus) and two herbivorous damselfishes (P.
wardi and P. adelus) was based on innate preferences. Four separate experiments were conducted using
habitat patches of different benthic habitat types, macroalgal species, macroalgal density and
macroalgal height to examine settlement preferences. I then conducted a series of pairwise choice
experiments using a flume chamber to assess the role of olfaction in microhabitat discrimination.
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Chapter 2 : Macroalgal Associations by Recently-Settled Coral
Reef Fishes
2.1 Introduction
Coral reef fish communities typically vary in structure across a range of spatial scales as species
respond to a variety of changes to their environment (Syms and Jones 2000). The abundance and
taxonomic composition of reef fish assemblages varies regionally (e.g., Heenan et al. 2016; Hoey et al.
2016), latitudinally (e.g., Floeter et al. 2005; Duffy et al. 2016), among reefs from different shelf
positions (e.g., Williams and Hatcher 1983; Wismer et al. 2009), and among habitats within a reef (e.g.,
Russ 1984; Brokovich et al. 2008). Although there has been considerable debate regarding the relative
importance of various biotic and abiotic factors in shaping adult populations (Holbrook et al. 2008), the
availability of suitable habitat at different life stages is critical (Booth and Beretta 1994; Feary et al.
2007). Indeed, changes in reef fish assemblages following the loss of live coral, and/or the physical
structure they provide, highlight the importance of habitat to reef fish populations (Pratchett et al. 2008;
Paddack et al. 2009). Moreover, the decline in many species that do not rely on live corals for food or
shelter as adults points toward the availability of settlement and/or juvenile habitats in shaping adult
populations (Jones et al. 2004; Wilson et al. 2008).
One of the most pronounced and ubiquitous gradients in reef fish communities is the change
that occurs from inshore to offshore reefs. Indeed, such cross-shelf variation in fish communities has
been reported in many reef systems around the globe (e.g., Great Barrier Reef: Williams and Hatcher
1983; Red Sea: Roberts et al. 1992; Caribbean: Pittman and Brown 2011; Western Australia: Johansson
et al. 2013; Indonesia: Plass‐Johnson et al. 2015); and for a diversity of different taxonomic groups of
reef fishes (e.g., surgeonfishes: Russ 1984; wrasses: Bellwood and Wainwright 2001; parrotfishes:
Hoey and Bellwood 2008; butterflyfishes: Emslie et al. 2011; damselfishes: Emslie et al. 2012;
rabbitfishes: Hoey et al. 2013). These cross-shelf gradients in fish communities coincide with gradients
in environmental conditions (e.g., water flow, nutrients and sedimentation) and benthic habitats (e.g.,
6

Bellwood and Wainwright 2001; Fabricius et al. 2005) with large fleshy macroalgae often dominating
benthic communities on inshore reefs, but rare on reefs further offshore (Wismer et al. 2009).
Interestingly, the high cover of macroalgae on inshore reefs has typically been regarded in terms of a
lack of top-down control by herbivorous fishes (McCook 1996; Hoey and Bellwood 2010b). Similarly
across smaller spatial scales, variation in the biomass of macroalgae among habitats on inshore coral
reefs has typically been related to differences in the abundance and/or biomass of herbivorous fishes
(e.g., Fox and Bellwood 2007; Vergés et al. 2011). Surprisingly, few studies have considered the
potential bottom-up effects of macroalgae as settlement and/or juvenile habitats for reef fishes.
Tall fleshy macroalgae, although often viewed as a sign of coral reef degradation, are a natural
component of coral reefs, especially in nearshore regions where they can form extensive beds in shallow
reef flat environments (McCook 1999; Cassata and Collins 2008). Although some fishes have been
shown to avoid patches of dense macroalgae (Hoey and Bellwood 2011), macroalgae provide a physical
structure that may facilitate a range of organisms through the provision of food and/or shelter. For
example, macroalgal beds provide habitat for a range of sessile and mobile invertebrates (Martin-Smith
1993; Bolam et al. 2002), food sources for herbivorous species (Choat et al. 2002; Burkepile and Hay
2008) and support higher biomass of piscivorous fishes (Hoey and Bellwood 2011). Several recent
studies have demonstrated the importance of macroalgal beds for some juvenile reef fishes (Wilson et
al. 2010; Evans et al. 2013), and the subsequent recruitment of these fishes to the adult populations
(Wilson et al. 2017). However, these studies have generally considered macroalgae to be a homogenous
“non-coral” category, and have not considered the relative importance of individual macroalgal taxa.
Tropical macroalgal beds are comprised of a diverse range of species and forms, that vary in
their physical structure (size, toughness and growth form), nutritional composition and chemical
defences (Littler et al. 1983). Given the importance of coral species and the structural complexity they
provide in shaping the abundance, biomass and/or diversity of reef fishes (reviewed by Graham and
Nash 2013), it may be reasonable to assume that the identity and physical structure of macroalgae may
have a similar influence on fish assemblages.
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The objective of this study was to investigate habitat associations of recently-settled reef fishes
on macroalgal-dominated reef flats on inshore reefs of the Great Barrier Reef. Specifically, the aims
were to determine which recently-settled fish species use macroalgal habitats and determine if any of
those species display selectivity toward different taxonomic and/or functional groups of macroalgae.

2.2 Methods
2.2.1

Study location

This study was conducted on Orpheus Island (18°35’S, 146°20’E), an inshore continental island in the
central GBR, Australia during November 2015 (Fig 2.1a). Orpheus Island has well-developed fringing
reefs along its leeward margin, with extensive reef flats (up to 200m) extending from the shore to the
reef crest. Like many inshore reefs on the GBR, macroalgae are the dominant benthic organisms on
the reef flats on Orpheus Island (Fox and Bellwood 2007; Wismer et al. 2009).

Figure 2.1 Location of the six sites surveyed on the flat of Orpheus Island.
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2.2.2

Transect protocol
Underwater visual surveys were used to quantify benthic communities, assemblages of

recently-settled fishes, and habitat associations of these fishes at six randomly selected sites along the
leeward side of Orpheus Island (Fig 2.1b). Within each site, three 50m transects were haphazardly
placed on the mid reef flat (approximately 30-50m from the reef crest). Transects were laid parallel to
the reef crest with adjacent transects being separated by a minimum of 10m. Benthic communities were
quantified along each transect using the point-intercept method, recording the benthos immediately
under the transect tape every 0.5m (n = 100 points per transect). Benthic categories were macroalgal
habitats (identified to genus; Table 2.1), branching coral, massive coral, soft coral, sponge, crustose
coralline algae (CCA), epithilic algal matrix (EAM), seagrass, sand and rubble.
The abundance and habitat associations of recently settled fishes were recorded along the same
transects used to quantify benthic composition. An observer (always O.R. Waldeland) thoroughly
searched the area within 1m of either side of each transect (i.e., 50 x 2m belt) and identified all recently
settled fishes to species, and recorded the benthic microhabitat each fish was associated with. An
individual was considered associated with a microhabitat if it was observed within 5cm of that
microhabitat. If multiple microhabitats were within 5cm of the fish, then the microhabitat closest to the
fish was recorded. Microhabitats were the same as those used for the benthic surveys. Newly settled
fish were identified based on a combination of colouration, behaviour and size (<20mm total length).
All species observed were categorised into trophic groups (herbivore, invertivore, omnivore,
zooplanktivore, carnivore, piscivore and detritivore; Appendix A) according to published literature
(Randall 1967; Bellwood 1988; Purcell and Bellwood 1993; Marnane and Bellwood 2002; Cole et al.
2008; Green and Bellwood 2009; Hoey et al. 2013; Pratchett 2016).

9

Table 2.1 Macroalgal genera identified on three transects along six sites on the flat off Orpheus Island. Macroalgal
genera were categorised into functional groups.

Functional Group
Terete/Corticated
Calcareous
Calcareous
Terete/Corticated
Foliose
Terete/Corticated
Foliose
Foliose
Leathery
Leathery
Terete/Corticated
Terete/Corticated
Calcareous
Foliose
Terete/Corticated
Filamentous
Crustose coralline
2.2.3

Macroalgal Genus
Acanthophora
Amphiroa
Galaxaura
Laurencia
Lobophora
Hydroclathrus
Dictyota
Padina
Sargassum
Turbinaria
Caulerpa
Dictyosphaera
Halimeda
Ventricaria
Hypnea
EAM
CCA

Statistical analyses
To determine if newly settled fishes showed a preference toward any particular microhabitats,

Manly’s selectivity indices (𝑤
̂) were calculated for the six most abundant species (Apogon cookii,
Pomacentrus adelus, P. chrysurus, P. wardi, Siganus canaliculatus and S. lineatus) using the equation:

𝑤
̂ = 𝜎𝑖 /𝜋𝑖

where 𝜎𝑖 is the proportion of habitat i used and 𝜋𝑖 is the proportion of habitat i available (Manly et al.
2007). Values of 𝜎𝑖 and 𝜋𝑖 were calculated as the mean of the proportion of habitat used and available
in each transect. Ninety-five percent confidence intervals (CI) were calculated using the equation:

𝜎𝑖 (1 − 𝜎𝑖 )
𝐶𝐼 = √
𝑢+ ∗ 𝜋𝑖2

where 𝑢+ is the number of habitats available. If the selectivity index and associated confidence interval
was greater than 1 (i.e., 𝑤
̂ – CI >1), the fish were considered to have selected that microhabitat. In
10

contrast, if the selectivity index and confidence interval was less than 1 (i.e., 𝑤
̂ + CI <1) the fish was
considered to have avoided that microhabitat.

2.3 Results
2.3.1

Fish assemblages
In total, 985 recently-settled fishes from 22 species and 9 families were recorded across the six

sites (Appendix A). The most abundant and speciose trophic group was the herbivores, which accounted
for 749 (out of 985) individuals and 8 (out of 22) species. Damselfishes (F. Pomacentridae) were the
most abundant family across the six reef flat sites, accounting for 59% of all individuals observed and
73% of herbivorous fishes observed. The damselfish assemblages were numerically dominated by the
herbivorous species: P. wardi (n=399), P. adelus (n=100) and P. chrysurus (n=42). Rabbitfishes (F.
Siganidae) were the second most abundant family of recently settled fishes on the reef flat (190 out of
985 individuals; 19% of all individuals observed) represented by the herbivorous species S.
canaliculatus (n=172) and S. lineatus (n=18). These two species accounted for 25% of all herbivorous
fishes observed. Invertebrate-feeders was the second most abundant trophic group (166 out of 985
individuals), due primarily to a single cardinalfish (F. Apogonidae) species, Apogon cookii (n=154).
Out of 22 fish species observed on the flat, 14 species were associated with macroalgal habitats
and 6 of these were found only on macroalgae (Fig 2.2). Live coral habitats were used by 13 species,
but in relatively low abundance compared to macroalgae. Out of the 13 species, 4 species exclusively
used live coral habitats. Overall, only 5 of the 22 species were found to use all available habitats
(macroalgae, live coral and “other”).
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Figure 2.2 Mean abundance of the occurrence of recently-settled fishes on macroalgae, live coral and other habitats
per transect across the six sites.
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2.3.2

Availability and use of macroalgal functional groups and other substrata
Macroalga was the most abundant benthic substratum on the flat, covering 61% of the benthos

(range: 44 - 76% per transect). When macroalgae were broken down by functional forms, filamentous
alga was the most abundant algal group covering 16% of the benthos (Fig 2.3a). Foliose algae covered
13% of the benthos, while calcareous algae covered 12%, leathery algae covered 9% and
terete/corticated algae made up 8% of the benthos. Crustose coralline algae were the least abundant
algal functional group on the reef flat, covering only 1% of the substratum. Sand covered a large
proportion of the reef flat (23%) whereas live branching and massive coral combined only constituted
for 4% of the benthos. Soft coral contributed least (0.1%) overall to the benthic cover.
Foliose and leathery algae were the habitats most used by all recently settled fishes (52%), yet
these habitats accounted for only 22% of the available habitat (Fig 2.3b). The majority of fishes found
on foliose and leathery algae were herbivores (80%), while the remaining fishes observed (20%) were
invertivores, omnivores, zooplanktivores, carnivores, piscivores and detritivores. In contrast, sand and
rubble was used by 10% of recently settled fishes, yet these habitats accounted for 33% of all available
habitat. Invertivores were the only fishes observed on sand, while rubble habitats were used by
herbivores (86%), invertivores (11%), and carnivores (3%). Filamentous alga was the most abundant
macroalgal functional group covering 16% of the benthos, yet only 6% of all fishes were observed in
this habitat, primarily herbivores (95%). Branching coral was used by 6% of fishes, including
herbivores (64%), corallivores (12%), omnivores (10%), zooplanktivores (10%), invertivores (2%), and
carnivores (2%), yet this habitat accounted for only 3% of the benthos. Branching calcareous and
terete/corticated algae was used by 25% of all individuals despite these habitats accounting for 21% of
the available habitat. Herbivores (86%), invertivores (13%) and carnivores (1%) were the only fishes
observed in these habitats. Other habitats, such as crustose coralline algae, massive coral, soft coral and
sponge, were only occasionally used by recently settled fishes (2%) and collectively these habitats
covered only 4% of the benthos.
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Figure 2.3 Availability of benthic habitat and use by newly settled fishes per transect across the six sites. a) Mean
percent cover of habitat based on benthic functional groups. b) Abundance of newly settled fishes, categorised by fish
guild, observed associated with a benthic functional group.
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2.3.3

Macroalgal genera and habitat selectivity by fishes
Brown macroalga was the most abundant algal taxonomic group, which accounted for 22% of

the benthic cover, while red and green macroalga accounted for 13% and 11% respectively (Fig 2.4).
The most abundant macroalgal genera on the reef flat were the macroalgae Padina (9%), Galaxaura
(7%) and Sargassum (6%) while the least abundant were Lobophora, Hypnea, Amphiroa and Laurencia,
which each accounted for <1% of the benthic cover.
The three most common recently-settled damselfishes were associated with a broad range of
microhabitats (P. wardi, P. adelus: 18 out of 24 habitats; P. chrysurus: 13 out of 24 habitats; Fig 2.5ac) including macroalgae from all taxonomic groups, live scleractinian corals, soft corals, rubble and
sponges. All three damselfish species were most commonly associated with Padina (P. wardi: 16%; P.
adelus: 17%; P. chrysurus: 14%), Sargassum (P. wardi: 12%; P. adelus: 14%; P. chrysurus: 14%) and
EAM (P. wardi: 11%; P. adelus: 12%; P. chrysurus: 14%), but no selectivity was observed as the use
of the habitats was not disproportionate to the availability (Fig 2.5d-f). P. wardi used rubble habitats
(3% of individuals) disproportional to its availability and was the only damselfish that appeared to avoid
this habitat (Fig 2.5d). P. wardi and P. adelus used CCA, sponge, massive coral and soft coral to a
lesser extent (<1%) while P. chyrsurus used Laurencia and Acantophora <1% each but no selectivity
for these habitats was observed. Despite sand covering a large proportion of the flat (23%), sand was
not used by these damselfishes.
In contrast to the damselfishes, the two species of recently-settled rabbitfishes were only
observed to be associated with macroalgal habitats. Of the 24 microhabitats identified S. lineatus was
observed to be associated with 3 microhabitats, with 61% being associated with Padina, 27% associated
with Sargassum and 11% associated with Hydroclathrus (Fig 2.6a). Similarly, S. canaliculatus was
observed in 5 microhabitats, with the greatest number of individuals associated with Sargassum (43%)
and Padina (38%), and to a lesser extent Hydroclathrus (15%), Halimeda (2%) and Galaxaura (2%;
Fig 2.6b). S. lineatus showed apparent selectivity for Padina, but the habitats Sargassum and
Hydroclathrus were not used disproportionally to their availability, thus no selection was observed for
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these habitats (Fig 2.6d). S. canaliculatus showed apparent selectivity for both Padina and Sargassum,
but Hydroclathrus, Halimeda and Galaxaura were not used in disproportion to their availability (Fig
2.6e). While both rabbitfishes appear to favour particular macroalgal types, the small sample size for S.
lineatus may have contributed to the inability to show selection or avoidance for certain habitats.
In contrast to the herbivorous damselfishes and rabbitfishes, the invertebrate feeding A. cookii
was associated with 9 microhabitats with the majority of individuals being associated with sand (36%),
Padina (29%) and Sargassum (16%; Fig 2.6c). Of the nine habitats used, eight were used in proportion
to their availability. The only exception was EAM, which accounted for 16% of the substratum, but
only 2 out of 154 A. cookii individuals were associated with this habitat, showing an avoidance to EAM
(Fig 2.6f).
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Figure 2.4 Availability of benthic habitats on the reef flat off of Orpheus Island based on 18 replicate 50m transects.
Benthic habitats are ordered in taxonomic groups; 1: Phaeophyceae; 2: Rhodophyta; 3: Chlorophyta; 4: Other habitat;
5: Scleractinian and Alcyonacean corals.
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Figure 2.5 Use and selectivity of benthic habitats the three most abundant damselfishes on the reef flat of Orpheus Island; P. wardi (a,d), P. adelus (b,e) and P. chrysurus (c,f). Use of
benthic habitats are based on 18 replicate 50m transects (note that abundance axes are not equal). ‘+’ indicates habitats that were used in significantly lower proportion than their
availability. ‘-’ indicates habitats that were used in significantly lower proportion than their availability. Benthic habitats are ordered in taxonomic groups; 1: Phaeophyceae; 2:
Rhodophyta; 3: Chlorophyta; 4: Other habitat; 5: Scleractinian and Alcyonacean corals.
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Figure 2.6 Use and selectivity of benthic habitats the two most abundant rabbitfishes S. lineatus (a,d), S. canaliculatus (b,e) and the most abundant cardinalfish A. cookii (c,f) on the
reef flat of Orpheus Island. Use of benthic habitats are based on 18 replicate 50m transects (note abundance axes are not equal). ‘+’ indicates habitats that were used in significantly
lower proportion than their availability. ‘-’ indicates habitats that were used in significantly lower proportion than their availability. Benthic habitats are ordered in taxonomic
groups; 1: Phaeophyceae; 2: Rhodophyta; 3: Chlorophyta; 4: Other habitat; 5: Scleractinian and Alcyonacean corals.

2.4 Discussion
The majority of studies on habitat selection in reef fish have been carried out at offshore coraldominated locations, and emphasize the critical importance of live coral and the consequence of coral
decline. Macroalgal dominated areas on inshore coral reefs have generally received limited attention
for their potential to provide habitats to coral reef fishes during early-life stages. The results of this
study indicate that various macroalgal functional forms and/or taxonomic groups are important habitats
for juvenile fishes at or immediately after settlement. In fact, algal habitats appear to be much more
important than live coral substrata on these inshore reef flats. I observed 22 newly settled fish species
on the flat and of these, 14 species associated with macroalgae in the first few days post-settlement,
with herbivorous fishes being the most abundant. Macroalga was the most used habitat by all fishes,
with the majority of fishes associating with foliose and leathery macroalgae. Furthermore, at least two
fish species (S. lineatus and S. canaliculatus) exhibited strong selectivity for macroalgal microhabitats.
Macroalgal dominated reef flats were important settlement sites for a range of fishes, with 22
species associated with benthic habitats that were available on the reef flat of Orpheus Island. These
numbers are in the same order as observed in other studies surveying macroalgal-dominated habitats.
Evans et al. (2013) observed 48 species of juvenile fishes associated with macroalgal meadows in the
Montebello and Barrow Islands, whereas Wilson et al. (2010) found 31 species of juvenile fish on
macroalgal-dominated lagoon habitats in Ningaloo reef, Western Australia. Further, the predominance
of recently settled damselfishes and rabbitfishes in macroalgal habitats appears to be relatively
widespread (e.g., Ceccarelli et al. 2007, Evans et al. 2013, Hoey et al. 2013).
The composition of macroalgal communities appears to be an important characteristic that
influences the presence of fishes on the reef flat, with most species exhibiting apparent selectivity for
particular macroalgal substrata. Over half of all fishes observed used foliose and leathery algae, with
herbivores being the most abundant on these habitats. These macroalgae may be selected because they
exhibit greater structural complexity than other functional forms (e.g., filamentous algae and crustose
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coralline algae) (Levin and Hay 1996; Graham and Nash 2013). Structural complexity has been shown
to be an important habitat characteristic of benthic substrata (i.e. corals) for newly settled fishes that
rely on shelter for predator avoidance (Beukers and Jones 1998). In general, a greater abundance and
diversity of juvenile fishes has been observed on habitats with more complex structures (Schmitt and
Holbrook 1985; Gratwicke and Speight 2005; Komyakova et al. 2013).
The most used macroalgal habitats by the six fish species investigated were macroalgae in the
genera Sargassum and Padina. Indeed, Sargassum has been recognised as an important juvenile habitat
for fishes in temperate macroalgal beds, with density of juvenile fishes being greater on patches with
higher Sargassum biomass (Ornellas and Coutinho 1998). Sargassum plants have a rapid growth rate
and, during the peak summer months, can form tall canopies (Fulton et al. 2014). Positive relationships
between macroalgal height and abundance of juvenile fish have been observed on temperate and tropical
macroalgal beds (Levin and Hay 1996; Evans et al. 2013). However, the greater abundance of the six
recently settled fish species on Sargassum observed in this study may be due to increased availability
of this macroalgae during the peak recruitment season. Interestingly, my findings suggest that not only
were recently settled fishes associated with Sargassum, but also Padina, which normally only grows to
<10cm in height (Geraldino et al. 2005). Padina has not been recognised as an important microhabitat
for juvenile fishes but its high abundance on the reef flat makes it a readily available habitat to provide
shelter to settlers once they reach the benthos. This gives us a new insight into the importance of
different macroalgal species for fish recruits, and the use of certain macroalgal genera during early life
stages. Future studies should investigate what features (i.e. density) of Padina, and other microhabitats
of similar characteristics, promote the persistence of newly settled juveniles in a habitat.
The rabbitfishes observed in this study appear to rely heavily on macroalgal habitats and were
the only fishes that showed selectivity towards macroalgal genera. Rabbitfishes are ecologically
important herbivores that have been implicated in the maintenance of reef health, however, there is
considerable inter-specific variation in the algal material on which they feed (Cvitanovic and Bellwood
2009; Cheal et al. 2010). For example, adult S. lineatus feed primarily on filamentous algae and detritus,
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while S. canaliculatus predominantly feed on leathery brown macroalgae (Fox et al. 2009; Hoey et al.
2013). Despite these differences in adult diet, recently settled individuals of both species associated
with similar macroalgal habitats. The close association of both rabbitfishes with Padina, and S.
canaliculatus to Sargassum suggest that the adult populations could be sensitive to changes in the
availability of these macroalgal genera. The presence and growth of Padina and Sargassum may
promote the settlement and survival of these rabbitfishes on the flat, which allowed for replenishment
of adult populations and the ecological services (i.e., herbivory) they provide.
The three most abundant damselfishes in this study associated with a range of microhabitats,
but did not discriminate between habitats or show apparent habitat selectivity. Adult P. adelus, P.
chrysurus and P. wardi are territorial herbivores that feed on filamentous algae within their territory
(Sale 1976; Gibson et al. 2001; Emslie et al. 2012). Any physical structure (including macroalgae)
within the territory may allow for greater surface area for turf and/or epiphytes to grow. In addition, the
small size of these damselfishes makes them vulnerable to predation and the adults are therefore often
observed sheltering under overhanging structure or in holes (Ceccarelli et al. 2006; Ceccarelli 2007;
Nash et al. 2013). Similarly, the recently settled damselfishes observed in this study appeared to
associate with rock structures, crevices or holes underneath the microhabitat (O.R. Waldeland pers.
obs.), which might explain the lack of selectivity to microhabitats by these damselfishes. Habitats that
provide a refuge appear to be essential to juvenile damselfishes and they appear to compete for the same
shelter spaces (Doherty 1982; Öhman et al. 1998). Ceccarelli et al. (2007) found that adult P. chrysurus
occupied more space on inshore flats at Orpheus Island than P. wardi and P. adelus. In contrast, my
study indicates that newly settled P. wardi was most abundant and P. chrysurus least abundant.
However, whether competitive dominance changes between these species over time and whether they
stay within the same territory until adulthood is unknown.
Only two out of the six most abundant fishes showed apparent avoidance of particular
microhabitats. P. wardi avoided rubble, while A. cookii avoided EAM habitats. Interestingly, another
study has observed both juvenile and adult P. wardi occupying distinct territories on rubble patches
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(Sale 1975) however, the location between reef zones could influence microhabitat preferences. These
observations were made on the reef slope off Heron Island, where they likely have different habitat
preferences. Fishes that utilise different zones of the reef (i.e. lagoon, crest, slope) do not necessarily
have access to the same microhabitats and consequently associate with different habitats. The
availability of macroalgae on the reef slope is much lower than on the reef flat on the GBR reefs
(Wismer et al. 2009), thus rubble might offer the most appropriate habitat on the slope for food and
shelter availability to P. wardi. However, whether individual fishes observed in this study are only
found on the flat or utilise microhabitats not available on the flat is unknown. Investigations of use and
availability of habitats adjacent to the reef flats in this study would have provided a holistic view of
habitat associations by individual fish species and whether a fish is saturated within the microhabitats
examined.
Besides habitat structure, availability of food resources may be related to the abundance of
various fish species observed on the reef flat. For example, adult herbivorous fishes, such as rabbitfishes
and damselfishes, feed on algal resources (Hoey and Bellwood 2010a; Hoey et al. 2013), however,
during the larval stage they feed on zooplankton (Bryan and Madraisau 1977; Meekan et al. 2003).
While macroalgal dominated habitats provide a direct food source for juvenile and adult herbivores
(Hay 1997), macroalgae also support large communities of invertebrates (Martin-Smith 1993). These
invertebrates associated with macroalgae may provide important food resources for a range of recentlysettled fishes as they metamorphose and transition from a carnivorous to herbivorous diet (Cowen and
Sponaugle 1997). The benefit of the association juvenile herbivorous fishes has with macroalgae is
unknown, but may relate to either predator avoidance or diet. Investigating the mechanistic basis of the
use of macroalgae as a settlement habitat is an important area of future research. For example,
examination of the content of the gut of algal-associated juvenile fishes would help us determine if these
fishes use macroalgae as a food source, in the form of the host algae, algal epiphytes or epifaunal
crustaceans. Additionally, further work is needed to investigate the use of macroalgae as a potential
refugia from predators. For example, examining the survival rate of juvenile rabbitfishes on Padina or
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Sargassum vs macroalgae that were used infrequently (i.e., Galaxaura and Halimeda) would determine
if habitats chosen are influenced by its potential to provide protection from predators.
The occurrence of a range of newly settled coral reef fishes on macroalgal flats suggest that
macroalgae provides important juvenile habitat that should be considered when evaluating prospective
sites for marine reserves on inshore reefs. Macroalgal flats support ecologically important fishes during
early life stages, such as rabbitfishes, which may be functionally important in maintaining a healthy
coral reef habitat. A few studies have investigated the presence of newly settled fishes on macroalgal
flats (Wilson et al. 2010; Evans et al. 2013), however, these studies did not consider the association
between fishes and specific macroalgal habitats. The macroalgal species Padina and Sargassum were
the most frequently used habitats on the reef flat in the present study, with both species of rabbitfish
showing an apparent selectivity towards Padina. Further investigation should focus on other macroalgal
habitats that can offer similar characteristics and are of ecological importance to fish recruits.
Conservation efforts should be aimed towards protecting macroalgal-dominated habitats that support
microhabitats that a large proportion of, particularly ecologically important, fishes associate with during
early-life stages. The patterns of habitat use and apparent selectivity in this chapter may reflect either
changes in macroalgal availability or intrinsic preferences for particular macroalgal species or growth
forms. The role of the latter is investigated in the next chapter.
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Chapter 3 : Habitat Preferences and the Role of Olfaction in the
Settlement of Macroalgal-Associated Coral Reef Fishes
3.1 Introduction
Coral reefs are one of the world’s most biodiverse ecosystems (Bellwood and Hughes 2001),
yet they are also one of the most threatened (Hoegh-Guldberg et al. 2007). The combined and increasing
stresses of overfishing, pollution, coral bleaching, storms, diseases and crown-of-thorns outbreaks are
leading to regional degradation in the structure and functioning of coral reef ecosystems and the services
they provide (e.g., Gardner et al. 2003; Diaz and Rosenberg 2008; Hughes et al. 2010; De'ath et al.
2013). Reductions in live coral cover are typically accompanied by increases in other benthic organisms,
such as algae, that rapidly colonise the dead coral skeletons (McCook 1999; Côté et al. 2005; Diaz and
Rosenberg 2008). These changes in the composition of benthic communities not only alter the
biological and physical structure of benthic habitats, but also the abundance and composition of reefassociated organisms, including fishes that rely on these habitats for food and/or shelter (Graham et al.
2008; Pratchett et al. 2008; Stella et al. 2011). While the effects of declining coral cover on reef fishes
have been well documented (Wilson et al. 2006; Pratchett et al. 2011) the likely responses of fishes to
increased algal biomass have received less attention. Two key factors that will determine these
responses are the intrinsic habitat preferences of a species and the sensory mechanisms fishes use to
find a suitable habitat.
The maintenance and replenishment of fish populations is dependent on the supply and
settlement of pelagic larvae, and their subsequent survival and recruitment to the juvenile and adult
populations (Booth and Wellington 1998; Almany et al. 2007). A large body of work investigating the
importance of coral as a settlement habitat for reef fishes has shown that up to 65% of coral reef fish
rely on live coral at settlement (Jones et al 2004, Coker et al 2013), with many fish species displaying
preferences for live branching coral (Coker et al. 2012), coral species (Öhman et al. 1998), or coral
health (Feary et al. 2007; McCormick et al. 2010). Despite the importance of settlement in shaping adult
population and the number of studies that have examined settlement in reef fishes, few have examined
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how other benthic organisms (e.g., macroalgae, sponges, turf algae, soft corals, anthozoans) affect the
settlement of coral reef fishes. Understanding how fishes respond to these different habitats, how they
choose among these different components (e.g. different algal species) and the senses used are critical
in predicting the likely impacts of habitat degradation on reef fish communities.
Macroalgae are a common component of benthic reef communities, especially on coastal reefs
(McCook et al. 2001; Diaz-Pulido and Díaz-Ruíz 2003; Wismer et al. 2009), and often increase in
abundance following coral loss (e.g., Hughes 1994; Cheal et al. 2010), yet research into the importance
of macroalgae as a settlement habitat for tropical reef fish has been limited. Differences in fish
assemblages between inshore and offshore reefs are well established (e.g., Russ 1984; Hoey and
Bellwood 2008; Cheal et al. 2012) and have, at least in part, been attributed to higher macroalgal cover
inshore and higher coral cover offshore (Wismer et al. 2009; Hoey et al. 2013). Further, recent studies
have shown that juvenile and adult reef fish assemblages differ between coral- and macroalgaldominated habitats on coastal reefs (Wilson et al. 2010; Evans et al. 2013; Rasher et al. 2013). Most
studies do not differentiate among different macroalgal species or growth forms, rather treating them as
a homogenous group. However, in Chapter 2, I showed a variety of species-specific associations
between coastal reef fishes and different macroalgal habitats, and that macroalga was more commonly
used as a settlement site than live coral on the reef flat at Orpheus Island, central GBR. Many of these
fishes exhibited apparent habitat selection, occupying some macroalgae in disproportionate numbers
compared to their availability. However, the degree to which species choose among different
macroalgae and the sensory mechanisms involved has not been examined.
Patterns of apparent habitat specialization, established by comparing habitat use with
availability, are often inferred using electivity indices from field data (e.g., Wilson et al. 2008). Such
patterns may be explained by either intrinsic habitat preferences or compromises made when preferred
habitats are in short supply (Jones and Norman 1986). The role of intrinsic habitat preferences is best
tested in controlled experimental environments where alternative habitats can be provided in equal
availability, and the choice among them carefully observed (Lecchini et al. 2005; Feary et al. 2007).
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For coral reef fish, such habitat choice experiments have been commonly conducted using aquaria, in
most cases testing preferences for different coral substrata (e.g. Öhman et al. 1998; Feary et al. 2007).
No studies have conducted habitat choice trials to examine preferences for different macroalgal species
or growth forms. However, given the considerable inter-specific variation in the size and shape of
macroalgae (Steneck and Dethier 1994), and hence the biological and physical structure they provide,
such experiments are warranted if we wish to understand how reef fishes will respond to future changes
in the algal composition of degrading reef habitats.
Fishes may choose among different habitats when settling into the reef habitat using a range of
sensory cues, including visual, auditory and olfactory. They may detect and discriminate between
appropriate settlement habitats, with different cues operating over different spatial scales (Kingsford et
al. 2002; Lecchini et al. 2005). While visual cues may be involved with selecting habitats when in close
proximity, they are limited by water clarity and lighting (Igulu et al. 2011). Olfaction has received
considerable attention in recent years and has been shown to be an important mechanism for early-life
stage coral reef fishes involved in identifying and locating a preferred habitat (Gerlach et al. 2007;
Dixson et al. 2014). The majority of studies investigating olfactory cues by pre-settlement larvae have
focused on habitat preferences by coral-associated fishes (Lecchini et al. 2005; McCormick et al. 2010).
Only two studies have looked at the use of olfaction by algal-associated fishes, with one study finding
no use of olfaction to locate macroalgal habitats (Lecchini et al. 2007) and the other study only
investigating juvenile fishes (Dixson et al. 2014). Thus, our knowledge of how chemical cues from
benthic macroalgae affects the habitat choice of pre-settlement stage fish larvae is limited.
The aims of this study were two-fold. Firstly, to experimentally examine the role of intrinsic
habitat preferences in the settlement of coral reef fishes that are commonly associated with macroalgae,
testing among a range of potential factors including macroalgae versus other habitat types, different
kinds of macroalgae, and different densities and heights of macroalgae. Secondly, I used choice flume
experiments to test the potential role of olfaction in discriminating between preferred habitats. In both
cases, I used a series of aquaria experiments, focussing on herbivorous rabbitfishes (Siganidae) and
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damselfishes (Pomacentridae). These fishes were selected as several species are often associated with
algal habitats as juveniles and/or adults (Ceccarelli et al. 2005; Hoey et al. 2013). In Chapter 2, I showed
that species in these taxa were among the most common algal-associated species on inshore reefs of the
GBR.

3.2 Methods
3.2.1

Study location and species
This study was conducted on Orpheus Island (18ᴼ39’01.0”S, 146ᴼ29’30.5”E) on the central

Great Barrier Reef (GBR), Australia during November 2015. Orpheus Island is an inshore continental
island located approximately 20 km from the Queensland coast, and has well-developed fringing reefs
on the leeward side of the island. These fringing reefs are characterised by a coral-dominated reef slope
and crest, and extensive beds of macroalgae on the inner- and mid-reef flat (Fox and Bellwood 2007).
Settlement stage reef fish larvae were collected using light traps that were anchored
approximately 50m from the nearest reef and in 15-20m of water in Pioneer Bay. The light traps were
deployed at 1800 hours each evening and retrieved at 0600 hours the following morning. All fish were
immediately transferred to the Orpheus Island Research Station and placed in 40L aquaria with flowthrough seawater. Settlement stage Siganus lineatus and Siganus canaliculatus (Siganidae), and
Pomacentrus wardi and Pomacentrus adelus (Pomacentridae) were sorted from the light trap samples
and held in separate aquaria until being used in the habitat-choice or olfactory trials. These four species
were selected as they were the most common rabbitfish and damselfish species recorded on the reef flat
of Orpheus Island (Chapter 2) and the most common species captured in the light traps. Featureless
aquaria were used to avoid fishes associating with habitats prior to experimental trials.
3.2.2

Habitat-choice experiments
To investigate habitat preferences of the four fish species, individual larva were introduced into

the centre of a 500L circular aquarium containing four habitats from which to choose. The fish were
allowed to settle overnight and the association with the four habitats monitored the following morning.
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The bottom of each aquarium was covered in a thin (2cm) layer of sand, and each of the four habitats
positioned equi-distant from each other. Each aquarium was supplied with a continuous flow of fresh
seawater, with the inlet and outlet positioned at opposite sides of the aquaria.
To examine habitat preferences, one larva was placed in an opaque holding tube (ca 10cm in
diameter) in the middle of the aquarium at approx. 2000 hours and allowed to acclimate for 1 minute.
The holding tube was then slowly raised exposing the larva to the four habitats for the first time. As
most coral reef fish larvae settle at night, the larva was allowed to settle overnight without disturbance.
The habitat the larva was associated with was recorded the following morning at 0600, 0700, 0800 and
1200 hours. A larva was considered associated with a habitat if it was within 10cm of a habitat and
remained there for 3 mins. The position of habitats within each aquarium was randomised between trials
to avoid any potential bias towards one area of the aquarium. Each larva was only used for a single trial.
Fishes were initially given a choice between (1) four benthic habitats, including macroalgae,
live coral, dead coral and coral rubble. For the species that preferred algal habitats, further preferences
were examined for (2) four macroalgal species, (3) four macroalgal densities and (4) four macroalgal
heights. For each experiment, ten replicate individuals per fish species were used in each experiment.
3.2.2.1

Experiment 1: Benthic habitat
To determine the settlement preferences with respect to benthic organisms approximately equal

size of patches of macroalgae, live coral, dead coral and coral rubble were used. Live and dead Acropora
nasuta colonies (approx. 20 cm diameter) were used for the live and dead coral habitats, respectively,
as it was abundant on the reef crest and outer reef flat within Pioneer Bay (O.R. Waldeland pers. obs.).
Dead A. nasuta had a light cover of turf algae. The macroalgal habitat patches consisted of 2-4 thalli of
each of Sargassum, Padina and Halimeda (approx. 20cm in diameter), as these were the most common
macroalgae on the outer- and mid-reef flat in Pioneer Bay. The rubble habitat was composed of a mound
of coral rubble of similar size (approx. 20cm diameter) to the coral and macroalgal habitat patches. For
fish species that preferred the macroalgal habitat, the importance of macroalgal species, height and
density was examined.
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3.2.2.2

Experiment 2: Macroalgal species
Approximately equal sized patches of three algal species (Sargassum, Padina, Galaxaura) and

coral rubble were used as the four habitats. Galaxaura was used, as opposed to Halimeda, in this
experiment as it was more similar in form and density to the other two algal species. Sargassum patches
consisted of 4 thalli, whereas Padina and Galaxaura patches consisted of 2 - 3 thalli to create patches
of equal sizes (approx. 15cm in diameter, 20cm tall).
3.2.2.3

Experiment 3: Macroalgal density
Fish habitat preferences for macroalgal density were investigated by using patches of different

Sargassum densities (8 thalli, 4 thalli and 1 thallus) and coral rubble. Each Sargassum thallus was of
similar height (ca. 20cm). Macroalgal thalli were attached to rubble pieces with fishing line and equal
amount of rubble were added to each patch.
3.2.2.4

Experiment 4: Macroalgal height
To determine if the height of macroalgae influenced habitat preferences, fishes were given a

choice between Sargassum patches consisting of 4 thalli of different heights (30cm, 20cm and 10cm)
and coral rubble. The volume of Sargassum on each patch was qualitatively similar, by selecting shorter
thalli that were “bushy”, and thinning Sargassum biomass from the taller thalli.
3.2.3

Olfactory choice experiments
To assess the ability of larval S. lineatus, S. canaliculatus, P. adelus and P. wardi to use

olfaction to differentiate water cues from different benthic substrata, a two-channel choice flume
chamber was used (Gerlach et al. 2007). Water from two different sources was gravity fed into each
channel of the chamber at a constant rate of 100mL min-1. Food dye was used to verify the water flows
were laminar and did not mix within the choice chamber.
A single fish larva was placed in the downstream end of the chamber and allowed to acclimatise
for 1 min, followed by a 2 min trial period where the position of the larva on either side of the chamber
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was recorded every 5 sec. At the end of the initial trial period, the water sources were swapped to control
for potential preferences to one side of the chamber, the fish allowed to acclimate for a further 1 min
and the position of the larva recorded every 5 sec for the following 2 min. Any individual fish that did
not swim against the water flow was replaced by a new individual to obtain ten individuals for each
species. Individual fishes were only used for a single trial. The majority of fish were used in olfactory
trials the day of their collection, and all used within 3 days of collection.
To investigate the olfactory preferences of the four fish species water samples from benthic
substrata were compared with off-reef sea water (collected 1 km from the nearest reef). The benthic
substrata used were live coral, dead coral, coral rubble, Sargassum, Turbinaria, Padina, Galaxaura and
a mixed macroalgal assemblage (i.e., Sargassum, Halimeda and Padina). Each substratum was tested
in a pairwise comparison with the off-reef water. The live and dead coral treatment consisted of live
and dead A. nasuta with the dead coral covered by light turf algae. Each source stimulus was
approximately equal in size (20cm in diameter) and placed in a 20L bucket of off-reef sea water for 1
hour and the water samples were used within 24 hours (following Dixson et al. 2008). Additionally, a
control treatment was conducted where off-reef water was compared with off-reef water to create a
baseline to be statistically compared with the treatment trials (following Munday et al. 2010).
3.2.4

Statistical analysis
Mixed-effects logistic regression (GLMM) was used to investigate the effect of different habitat

types on settlement preferences of individual fishes, with a separate analysis conducted for each
experiment for each species. In each case, the model included habitat type and observation period as
fixed effects, and individual fish as random effect. This approach was chosen to allow for possible
variability among individual fish in patterns of habitat choice.
A one-way ANOVA was used to identify any preference by fish species for water cues. For
each trial, the proportion of time spent on either side of the chamber was calculated followed by a logit
transformation (Warton and Hui 2011). A one-way ANOVA was performed between a treatment and a
randomly chosen control from the off-reef vs off-reef water trials.
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3.3 Results
3.3.1
3.3.1.1

Habitat choice experiments
Experiment 1: Benthic habitat
The majority of naïve rabbitfish larvae released into the experimental aquaria had settled and

were associated with the benthic habitats the following morning. Both S. lineatus and S. canaliculatus
showed clear preferences for the macroalgal habitat over the three other benthic substrata, with
approximately half of the individuals choosing macroalgae, when the expectation of no choice was 25%
(Fig 3.1a,b). In contrast, neither damselfish species displayed a preference for any of the available
benthic habitats (Fig 3.1c,d), with few individuals of either P. wardi (5 - 10% of observations) or P.
adelus (0 - 10% of obs.) being associated with any of the habitat patches. Rather, the larvae of these
two species tended to remain over sand away from the habitat patches.
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Figure 3.1 The mean number of times an individual of a) S. lineatus, b) S. canaliculatus, c) P. wardi and d) P. adelus
was observed within a habitat patch of benthic substrate organisms during four observations.
* 0.01 < P < 0.05, ** 0.01 < P < 0.001, *** P < 0.001

3.3.1.2

Experiment 2: Macroalgal species
Although both rabbitfish species preferred the mixed algal habitat over other benthic habitats,

they differed in their preference for individual macroalgal species. S. canaliculatus showed a preference
for Sargassum (62.5% of obs.) compared to Padina (15.0% of obs.), Galaxaura (7.5% of obs.), and
coral rubble (0.0% of obs.; Fig 3.2b). S. canaliculatus larvae were not associated with any habitat in six
observations. In contrast, S. lineatus displayed no preference for the three algal species (Sargassum:
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27.5% obs.; Padina: 15.0% obs.; Galaxaura: 25.0% of obs.) and was not associated with any habitat
during 37.5% of observations (Fig 3.2a).
3.3.1.3

Experiment 3: Macroalgal density
Both rabbitfish species showed a preference for the highest density Sargassum patch (8 thalli)

over the lower density (4 and 1 thalli) Sargassum or coral rubble patches (Fig 3.2c,d). S. canaliculatus
showed a preference for high density Sargassum (57.5% of obs.) compared to medium (22.5% of obs.)
and low density Sargassum (10.0% of obs.). Larval S. canaliculatus were not associated with any habitat
during four observations. Similarly, S. lineatus chose to settle to high density Sargassum (55.0% of
obs.), but did not show a preference for medium (27.5% of obs.) and low density (10.0% of obs.). In
addition, no association with macroalgal densities by S. lineatus was found during three observations.
3.3.1.4

Experiment 4: Macroalgal height
The two rabbitfish species differed in their preferences for Sargassum of different heights. S.

lineatus was associated with the tallest (30cm) Sargassum patch (40.0% of obs.) more often than the
shortest (10cm) Sargassum patch (12.5% of obs) and coral rubble patch (Fig. 3.2e). S. canaliculatus did
not show a preference with respect to habitat patches of different Sargassum heights, associating equally
with both the tallest and the shortest Sargassum (Fig 3.2f).
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Figure 3.2 The mean number of times an individual of S. lineatus and S. canaliculatus was observed within a habitat
patch during four observations. Habitat patches consisted of different a,b) macroalgal species, c,d) macroalgal
densities and e,f) macroalgal heights. * 0.01 < P < 0.05, ** 0.01 < P < 0.001, *** P < 0.001
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3.3.2

Olfactory choice experiment
Generally, there was no strong attraction or avoidance to any of the water cues for any of the

four fish species tested, with the time spent in the different water cues ranging from 38% for S.
canaliculatus in water treated with coral rubble to 64% for S. lineatus to water treated with the alga
Turbinaria. With the exception of the water treated with the mixed algal assemblage in which all species
spent greater time (57 - 62%) than the off-reef control water, the responses of the different species
varied (Fig. 3.3). S. lineatus spent a greater proportion of time in the water treated with the mixed algal
assemblage (62%) and Turbinaria (64%) than the off reef ‘control’ seawater (47%; Fig. 3.3a). S.
canaliculatus also spent a greater proportion of time in the water treated with the algal mixture (61%),
but spent less time in water treated with live coral (41%) and coral rubble (38%) than the control (51%;
Fig. 3.3b). For the two damselfishes, P. wardi spent a greater proportion of time in the water treated
with the mixed algal assemblage (61%) and Sargassum (63%) than the control (47%; Fig 3.3c) and P.
adelus spent a greater proportion of time in the water treated with the mixed algal assemblage (57%),
live coral (56%), and Turbinaria (55%) when compared to the control (42%; Fig 3.3d).
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Figure 3.3 The mean percent time spent in a water cue from different sources for a) S. lineatus, b) S. canaliculatus, c)
P. wardi and d) P. adelus. * 0.01 < P < 0.05, ** 0.01 < P < 0.001, *** P < 0.001
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3.4 Discussion
Previous work has shown that a large component of the reef fish fauna on coastal reefs settle
onto macroalgal substrata and apparently select certain algal species over others (Chapter 2). This
chapter examines the potential role of intrinsic preferences for certain algal species, algal densities and
heights in explaining these patterns. Using naïve light trap collected larvae in experimental choice trials,
I have shown that two species of herbivorous rabbitfishes, S. lineatus and S. canaliculatus, preferentially
settled to macroalgae, as opposed to live coral, dead coral, or rubble, while two species of herbivorous
pomacentrids, P. adelus and P. wardi, showed no preference among habitats. Both rabbitfishes
preferred dense macroalgal patches, however, they differed in their responses to the composition of
macroalgal habitats. S. canaliculatus preferentially associated with Sargassum as opposed to Padina or
Galaxaura, immediately following settlement, but did not differentiate between Sargassum thalli of
different heights. In contrast, S. lineatus did not display a preference toward any particular algal species,
but preferred taller Sargassum (30cm) thalli. The olfactory choice experiments suggested that these
patterns are unlikely to be solely explained by chemical cues. While both species tended to choose water
with algal cues, particularly mixed species cues, these preferences were not particularly strong.
However, the data from the habitat choice experiments suggests that these species discriminate among
different forms of algae and the quality of algal patches when making settlement choices.
Many recent studies on herbivorous fishes on coral reefs have focused on the role of these fishes
in the top-down control of algal communities (Fox and Bellwood 2008). However, my results show that
macroalgae are important for the settlement of at least two herbivorous fish species, and highlight the
need to consider potential bottom-up effects in structuring populations and communities of herbivorous
fishes on coral reefs (Heenan et al. 2016). These effects are mostly manifested through impacts on
patterns of settlement.
Macroalga was the preferred settlement habitat for both rabbitfishes, which is consistent with
the distribution of juveniles and/or adults of these species in the field. Comparisons of the distribution
of rabbitfish assemblages across the continental shelf in the northern GBR revealed that adult and
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juvenile S. canaliculatus were restricted to inshore reefs in this region (Hoey et al. 2013), with large
schools of juveniles (>4,000 ind ha-1) being recorded on inshore reef flats. These shallow inshore
habitats are characterised by a high cover and biomass of macroalgae, in particular Sargassum (Wismer
et al. 2009; Hoey and Bellwood 2010b). Similarly, high abundances of juvenile S. canaliculatus, and/or
its sister taxon S. fuscescens, have been observed in macroalgal dominated habitats in the Montebello
Islands, Western Australia (Evans et al. 2013) and in Lagonoy Gulf, Philippines (Soliman et al. 2008).
Similarly, adult S. lineatus are common in areas where macroalgae are abundant (inshore reefs:
Chitravadivelu and Sivapalan 1984; Russ 1984; Fox and Bellwood 2008; Hoey et al. 2013) (estuaries:
Chitravadivelu and Sivapalan 1984; Sheaves 1992), although they are also found on mid-shelf reefs on
the GBR (Russ 1984; Fox et al. 2009; Hoey et al. 2013), where macroalgae are less prevalent. Detailed
knowledge of the distributions of early life stages of this species is limited, however, juveniles (<35mm
TL) have been observed in tidal pools associated with tropical estuaries (A.S. Hoey pers. obs.), and
fleshy macroalgae (primarily Sargassum) on the inshore reef flats of the GBR (Green Island: Pitt 1997;
Orpheus Island: Chapter 2).
Although the present study was restricted to two rabbitfish species, the use of macroalgae as a
settlement habitat may be more widespread in this taxon. Several predominantly schooling rabbitfish
species, such as S. spinus, S. sutor, and S. javus, are typically associated with algal-dominated habitats
as juveniles and adults (Bariche et al. 2004; Lugendo et al. 2005; Cvitanovic and Bellwood 2009; Hoey
et al. 2013). Siganus spinus, for example, settle in large numbers to algal-covered reef flats (Tsuda and
Bryan 1973), and juvenile and adult densities have been reported to be 5- to 12-fold greater on
macroalgal-dominated reef flats than on adjacent coral dominated reef flats in Fiji (Rasher et al. 2013;
Bonaldo et al. 2017). Further, variation in early post-settlement growth of S. spinus has been related to
differences in algal composition among sites on Guam (Priest et al. 2016). Similarly, S. luridus and S.
rivulatus settle to shallow habitats characterised by a significant cover of macroalgae (Bariche et al.
2004).
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Macroalgae, in particular canopy-forming species such as Sargassum, appear to be important
habitats for the early life stages of coral reef rabbitfishes. Such species are likely to be important as
providers of food resources and/or refugia from predators. Settlement stage fishes often favour
structurally complex habitats due to the protection they afford against predators. Indeed, several studies
have demonstrated that the post-settlement survival of coral reef fishes is related to the physical
structure of the habitat (e.g., Almany 2004; McCormick and Hoey 2004). Although the flexible structure
provided by macroalgae differs from the rigid structure afforded by corals, it has been shown to enhance
the survivorship of temperate reef fishes (e.g., Anderson 1994; Carr 1994; Levin and Hay 1996). In the
present study both rabbitfish species preferred the highest density Sargassum patches, and it would
seem reasonable to assume that these would also provide the greatest physical complexity. Further, both
species have a mottled brown coloration making them extremely difficult to visually detect when
adjacent to or among the Sargassum. Such camouflage is likely an adaptation to reduce their
detectability by predators.
Macroalgae may not only provide physical structure to settling fishes, but may also harbour
food resources and thereby enhance growth and/or survival. For example, differences in the growth of
recently settled S. spinus around Guam have been related to spatial differences in algal composition
(Priest et al. 2016). While both species of rabbitfish are predominantly herbivorous as adults (Fox et al.
2009; Hoey et al. 2013), they are carnivorous as larvae feeding on a range of zooplankton (May 1974;
Bryan and Madraisau 1977). At the time of and immediately after settlement, S. canaliculatus and S.
lineatus larvae undergo numerous changes (i.e., metamorphosis), including the lengthening of their gut
and a transition to an algal-based diet, a process that can take several days (Bryan and Madraisau 1977).
Macroalgae are not only a direct dietary resource for juvenile rabbitfishes, but also support abundant
and diverse epifaunal communities (Martin-Smith 1993) that may serve as an important dietary
resources for newly settled individuals as they metamorphose.
The two rabbitfishes differed in their response to the three macroalgal species. While S. lineatus
did not discriminate between macroalgal species, S. canaliculatus preferred to settle to Sargassum, as
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opposed to Padina or Galaxaura. The causes of these differences are difficult to ascertain, but may be
related in part to the diet of the respective species. Analyses of gut contents and video observations of
feeding on algal assays have shown that the diet of adult S. canaliculatus is dominated by Sargassum
and other fleshy brown macroalgae (Fox and Bellwood 2008; Hoey et al. 2013; Loffler et al. 2015),
whereas S. lineatus feeds on a diversity of corticated and filamentous algae (Fox et al. 2009; Hoey et
al. 2013). Irrespective of the mechanism, the close association of settling and juvenile S. canaliculatus
with Sargassum (Soliman et al. 2008; Hoey et al. 2013; this study) may make populations of this species
sensitive to changes in the abundance of Sargassum.
Recent studies have reported that olfactory cues are important for larval reef fish in identifying
suitable settlement habitats (e.g., Lecchini et al. 2007; Dixson et al. 2014). However, I found relatively
small levels of selection for water cues from various algal substrata by the two rabbitfish and two
damselfish species. This suggests that olfaction alone does not fully explain the level of habitat
preferences observed in these species, and other sensory modalities must also be involved. Our results
show S. lineatus and S. canaliculatus preferentially associate with macroalgae at settlement, but neither
species appear to use olfaction to locate these habitats. Rather, both species associated with the dense
patches of Sargassum, suggesting vision may be important in locating habitats once on the reef.
My results are in stark contrast to a recent study that reported strong selection for coral cues
and avoidance of macroalgal cues by fifteen juvenile fish species, including S. spinus and the
herbivorous pomacentrid Chrysiptera biocellata (Dixson et al. 2014). Although there is no overlap in
species between studies, and Dixson et al. (2014) used juveniles collected from the reef as opposed to
naïve larvae, the differences in response to olfactory cues between studies was surprising. Dixson et al.
(2014) reported that S. spinus selected water cues from coral-dominated habitats in ca. 90% of trials,
and avoided water cues from macroalgal habitats. Yet S. spinus is 5- to 12-fold more abundant in
macroalgal-dominated areas than coral-dominated areas at their exact study sites (Rasher et al. 2013;
Bonaldo et al. 2017), and is known to settle to algal covered reef flats in other regions (Tsuda and Bryan
1973; Priest et al. 2016). These differences are difficult to reconcile but may be related to regional
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differences in the olfactory response of this species or other cues in the water to which the fishes were
responding. The ontogenetic stage of individuals tested in olfactory trials may also be important. For
example, Lecchini et al. (2007) found that larval Thalassoma hardwicke selected the macroalgae
Sargassum and Turbinaria using visual cues, whereas juvenile T. hardwicke selected coral habitats
using both visual and olfactory cues. Clearly, the role of vision and olfaction in locating settlement
habitats of algal-associated fishes requires further investigation.
The two territorial damselfishes investigated in this study did not show a preference for a habitat
type and the majority did not settle to a patch. Individuals were constantly swimming between patches
without settling in a habitat or along the sand in the aquarium, and out of the few individuals that did
settle to a habitat patch, none remained on that patch during the four observations. Failure to settle to
habitat patches suggests that the patches were not ideal settlement habitats for larval P. wardi and P.
adelus, most likely in the terms of the experimental design. In the field, adult P. wardi and P. adelus
associate with rubble and dead coral structures, but usually occupy territories larger than those provided
in the aquarium (Ceccarelli 2007; Feary et al. 2007). If settlement-stage damselfishes require similar
resources as the adults, then the spatial scale of the territory may affect the presence of an individual in
a habitat. Therefore, lack of a settlement choice by damselfishes might have been influenced by the
relatively small size of the habitat patches.
Macroalgae are generally considered a sign of degradation on coral reefs, and consequently
considerable research has focused on the top-down control of algal biomass by herbivorous fishes.
There is, however, a need to look beyond the consumptive effects of herbivores on benthic communities
to understand how benthic communities may shape herbivorous fish populations. Numerous studies
have highlighted the ecological role of rabbitfishes on Indo-Pacific reefs (e.g., Cheal et al. 2010; Fox
and Bellwood 2013), however our understanding of the factors that influence their early life history is
limited. My results demonstrate the importance of macroalgae to the settlement of at least the two
species of rabbitfish examined, and this association appears likely to be more widespread among
congeners. Given mortality of reef fishes often exceeds 75% in the few days following settlement (Hoey
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and McCormick 2004; Almany and Webster 2006), the availability of macroalgae at settlement may be
critical to populations of these rabbitfish species. Macroalgae are a natural and necessary component of
‘healthy’ reef systems and any attempts to restore reefs through the physical removal of all macroalgae
should proceed with caution.
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Chapter 4 : General Discussion
This thesis highlights the importance of macroalgal habitats on inshore reefs to coral reef fishes
at and several days after settlement, expanding our knowledge of the complex interactions between
macroalgal habitats and fish during early-life stages. In this thesis, I have shown that macroalgal
dominated reef flats provide habitats for 22 fish species on Orpheus Island, particularly herbivores
which tended to use foliose and leathery algae most frequently. A closer look at the microhabitat use
by fishes showed that Siganus lineatus and S. canaliculatus chose only macroalgal habitats, whereas
Pomacentrus wardi, P. adelus and P. chrysurus associated with the majority of available habitats. S.
canaliculatus had an apparent selectivity for Padina and Sargassum, and a series of aquarium trials
confirmed a preference for Sargassum. S. lineatus showed selectivity for Padina in the field, but no
preference for macroalgal species in experimental trials. Aquarium experiments suggest that both
rabbitfishes preferred to settle to macroalgal habitats and dense macroalgae, whereas height of algae
only influenced the settlement preference of S. lineatus. In contrast, neither P. wardi nor P. adelus
showed a preference among benthic habitats in the aquarium trials. Additionally, the role of olfaction
as a mechanism used by rabbitfishes and damselfishes to locate preferred microhabitats was
investigated, however, responses to water cues from various microhabitats were unexpectedly weak. I
suggest that for these species, where habitat preferences are strong, individuals use a range of sensory
mechanisms to locate settlement sites. Together, the results of this thesis enhance our understanding of
the importance of macroalgal habitats to coral reef fishes during early-life stages, particularly for
rabbitfishes and damselfishes on coastal reefs.
Macroalga was an important habitat for a range of algal-associated fish recruits (Chapter 2),
exceeding the use of live coral substrata in these habitats. Historically, the majority of studies
investigating macroalgae on inshore reefs have focussed on the negative effects of increased algal
growth to corals and fishes (e.g., McCook et al. 2001; Hoey and Bellwood 2011). My results suggest
we may be overlooking the ecological benefit of macroalgae as habitats to tropical fishes. I recorded 22
species recruiting to the macroalgal flat adjacent to Orpheus Island and it is not unlikely that the number
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of fishes utilising macroalgal-dominated flats extend beyond this on different reefs. In fact, Evans et al.
(2013) found 48 species recruiting to macroalgal flats in the Montebello and Barrow Islands, while
Wilson et al. (2010) observed 31 species on macroalgal flats on Ningaloo reef, Western Australia.
My results caution against the common practice of treating macroalgae as a homogenous group,
which mask any potential associations between juvenile fishes and individual macroalgal habitats. My
study clearly showed strong preferences and associations by larval and recently settled fishes to
macroalgal taxonomic groups and functional forms. The results of this thesis indicate that algalassociated fishes have specific settlement preferences for macroalgal species and/or features that can
influence their spatial distribution. I also caution against the common view that macroalgae are always
an unfavourable benthic habitat on coral reefs that results from human disturbances, and the
management objective to limit and reduce macroalgal biomass (Done 1992; McCook 1997). While
certain algae may be unfavourable, this does not necessarily apply to all species, especially coastal reefs.
Without knowing the ecological importance of macroalgae to newly settled fishes, removal of
macroalgae may have bottom-up consequences for adult fish populations. Loss of preferred settlement
habitats can lead to low rates of replenishment of adult populations which can have consequences to
the maintenance of coral reef fish assemblages. Understanding habitat requirements and the reliance on
macroalgal taxonomic groups and/or features by a broad range of fish species during early life stages is
essential to provide appropriate management plans to control macroalgal overgrowth on coral reefs,
while not destroying habitats that provide important juvenile habitats for a large proportion of coral reef
fishes.
The rabbitfishes, S. canaliculatus and S. lineatus, showed preferences for macroalgae at
settlement in aquaria and were always associated with macroalgae in the field (Chapter 2, 3). Similar
results have been documented by observations of S. canaliculatus on inshore reefs in Lagonoy Gulf,
Philippines (Soliman et al. 2008) and S. lineatus in macroalgal-dominated areas on the Great Barrier
Reef (Pitt 1997). Rabbitfishes play important functional roles on coral reefs and are one of the main
agents of macroalgal removal on inshore reefs (Fox and Bellwood 2008; Cheal et al. 2010).
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Additionally, juveniles of other rabbitfish species, such as S. spinus, S. argentus and S. corallinus, have
been observed in macroalgal dominated habitats (Soliman et al. 2008) suggesting that macroalgal flats
may be an important juvenile habitat for a larger proportion of rabbitfishes than the two species
observed in this study. Maintaining a rabbitfish assemblage consisting of species providing distinct
functions (i.e., grazing, browsing) is essential to maintain a healthy herbivorous fish community to help
control macroalgal growth on coral reefs (Cheal et al. 2010). Although rabbitfishes are seen as important
agents for the removal of macroalgae, they require macroalgal habitats for the settlement and hence
replenishment of populations.
The timeframe that rabbitfishes rely on macroalgae is unknown and further work in this area
would help us understand the importance of macroalgae during critical life stages. Future studies should
observe settlement of rabbitfishes in situ and track the habitat association of individuals through time,
preferably using tagging studies. Another important area for further research is gaining a better
understanding of the ecological significance of macroalgae as a habitat to juvenile rabbitfishes.
Macroalgae may increase survival of rabbitfishes as opposed to other habitats, and if so, what resources
does macroalgae provide that other habitats do not (e.g., camouflage, food)? This could be investigated
by examining the predation rate of juvenile rabbitfishes on macroalgae vs artificial habitats.
Sargassum was the preferred settlement habitat by S. canaliculatus over other algal species in
both the field (Chapter 2) and aquaria (Chapter 3), highlighting that algal-associated fish larvae do in
fact have specific microhabitat preferences. There is overwhelming evidence of habitat preferences by
larval coral-associated fishes to coral growth forms (e.g., Bonin 2012) and coral species (e.g., Öhman
et al. 1998), however, only one other study to date that has investigated habitat preferences of algalassociated recruits. Lecchini et al. (2007) showed that larval Thalassoma hardwicke have preferences
for macroalgae during settlement in tropical inshore reefs, however, these larvae were not given choices
between macroalgal species. Sargassum appears to be a commonly used habitat for juvenile rabbitfishes
and damselfishes on tropical reefs (Chapter 2). High density Sargassum was preferred by both
rabbitfishes investigated in this study (Chapter 3), thus greater density of macroalgae may provide
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greater structural complexity, which may reduce predation pressure and increase chances of survival.
Areas containing structurally complex Sargassum should be evaluated for its ecological benefit to
rabbitfishes and other fish recruits, and further be considered as areas to protect on inshore reefs. Further
investigations of preferences by fishes to macroalgal microhabitats of similar characteristics should be
performed to determine other algal species of ecological importance to coral reef fishes.
My results suggest that larval rabbitfishes and damselfishes do not solely rely on chemical cues
to locate their preferred microhabitat during settlement, although it may be one component of a suite of
sensory cues. There was no avoidance or attraction by fish larvae to the olfactory cues from the specific
microhabitats they chose to settle on, although there was a slight preference for olfactory cues from the
mixed algal assemblage (Chapter 3). Other studies have demonstrated similar results showing no
response to the olfactory cues from live coral substrates by coral-associated Chromis viridis (Lecchini
et al. 2005), suggesting that other sensory cues may be influencing the decision-making in finding a
settlement habitat (i.e., visual cues). Visual cues are thought to be the last sensory cue used to locate a
settlement habitat, however, the effectiveness of this cue is limited by water clarity and lighting. On the
other hand, olfactory cues have directional limitations and are useful to fish larvae if the chemical cue
is located upstream, thus a combination of these sensory cues may be useful depending on
environmental conditions. Studies have found that damselfishes locate live coral habitat by using both
visual and olfactory cues, or visual cues alone (McCormick et al. 2010), whereas larval Thalassoma
hardwicke locate macroalgae using only vision (Lecchini et al. 2007). Sargassum was one of the most
commonly used macroalgal habitats on the flat by newly settled rabbitfishes and damselfishes (Chapter
2). Sargassum can reach heights of 3m and hence may be seen from greater distances than other
macroalgal species, such as Padina. When algal-associated fish larvae reach the reef flat, they may be
able to use visual cues to locate macroalgal settlement habitats, such as Sargassum, but may use visual
cues in combination with olfactory cues if water clarity or light levels are low.
Future studies should examine the importance of vision of algal-associated fish larvae to detect
a settlement habitat, by examining attraction to benthic habitats (i.e., coral vs macroalgae) and artificial
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habitats (i.e., live vs artificial macroalgae). By isolating benthic substrata ex situ and observing the
directional movement of the fish larvae towards or away from the habitat (following Lecchini et al.
(2005)) would help enlighten our understanding of the use of visual cues in locating suitable settlement
sites.
Overall, this thesis has expanded our knowledge of the use and association of macroalgal
habitats by pre- and post-settlement stage rabbitfishes, but the association with macroalgae by a range
of other coral reef fishes is yet to be explored. Prior to this study, investigations of settlement
preferences by naïve coral reef fishes other than damselfishes were very limited. In Chapter 2, I found
a variety of juvenile fishes from other species on macroalgal-dominated flats, including the ecologically
important parrotfishes. Despite the key role that parrotfishes play in removing macroalgae on coral reefs
(Mumby 2009), we know little about their early-life stages and settlement preferences. Similar to
rabbitfishes, parrotfishes provide functions that are essential to maintain the health of coral reefs (Hoey
and Bellwood 2008), thus it is important to understand their habitat requirements during settlement to
provide protection to areas used by these fishes. Future studies should focus on habitat requirements by
other coral reef fishes found on macroalgal-dominated areas and the specific microhabitats they prefer
during settlement.
In conclusion, this thesis found a previously unreported and underappreciated use of and
preference for macroalgae by fishes on coastal reefs at and immediately after settlement. In these areas,
macroalgae are clearly an important settlement and juvenile habitat for reef fishes, particularly
herbivorous fishes. Larval rabbitfishes have species-specific preferences for macroalgal species and
characteristics, which are likely to influence their distribution patterns and population abundance in the
field. Understanding the importance of macroalgae as habitats for newly settled fishes allows us to make
informed decisions of management strategies aimed to reduce algal overgrowth on coral reefs, while
still protecting areas where macroalgae are naturally abundant. Further research into the reliance of fish
species on macroalgae during settlement should be conducted to expand our knowledge of the service
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macroalgal microhabitats provide to the replenishment of fish populations. These habitats require
significant protection to ensure the maintenance of fish populations in the future.
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APPENDIX A
Table A1 Total number of recently settled fishes observed on the leeward reef flat of Orpheus Island. Numbers are the
pooled abundance recorded across three replicate 100m2 transects within each of the six sites.

Species
Abedefduf sexfasciatus
Apogon cookii
Chaetodon aureofasciatus
Chaetodon auriga
Chaetodon ephippium
Chaetodon melannotus
Chaetodon plebius
Chelmon rostratus
Chrysiptera leucopoma
Ctenochaetus striatus.
Discistodus prosopotaenia
Halichoeres miniatus
Pomacentrus adelus
Pomacentrus chrysurus
Pomacentrus lepidogenys
Pomacentrus moluccensis
Pomacentrus wardi
Scarus spp.
Siganus canaliculatus
Siganus lineatus
Synodus sp.
Valenciennia muralis

Family
Pomacentridae
Apogonidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Pomacentridae
Acanthuridae
Pomacentridae
Labridae
Pomacentridae
Pomacentridae
Pomacentridae
Pomacentridae
Pomacentridae
Labridae: Scarinae
Siganidae
Siganidae
Synodontidae
Gobiidae

Guild
Total abundance
Omnivore
15
Invertivore
154
Corallivore
5
Omnivore
7
Omnivore
1
Corallivore
1
Corallivore
2
Omnivore
1
Herbivore
2
Detritivore
5
Herbivore
5
Carnivore
14
Herbivore
100
Herbivore
48
Zooplanktivore
5
Zooplanktivore
6
Herbivore
399
Herbivore
11
Herbivore
172
Herbivore
18
Piscivore
2
Invertivore
12
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APPENDIX B

Figure B1 Aquarium set-up of the habitat choice experiment. Fish larvae had the choice between four different
habitat patches and the same design was used in each experiment. Patches displayed above consist of macroalgae of
different heights (0, 10, 20 and 30cm). Larvae were placed in an opaque holding tube for 1min before being exposed
to the habitat patches by slowly lifting the holding tube.

60

