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Abstract

Habitat specificity plays a pivotal role in forming community patterns in coral reef fishes, yet considerable uncertainty
remains as to the extent of this selectivity, particularly among newly settled recruits. Here we quantified habitat specificity of
juvenile coral reef fish at three ecological levels; algal meadows vs. coral reefs, live vs. dead coral and among different coral
morphologies. In total, 6979 individuals from 11 families and 56 species were censused along Ningaloo Reef, Western
Australia. Juvenile fishes exhibited divergence in habitat use and specialization among species and at all study scales.
Despite the close proximity of coral reef and algal meadows (10’s of metres) 25 species were unique to coral reef habitats,
and seven to algal meadows. Of the seven unique to algal meadows, several species are known to occupy coral reef habitat
as adults, suggesting possible ontogenetic shifts in habitat use. Selectivity between live and dead coral was found to be
species-specific. In particular, juvenile scarids were found predominantly on the skeletons of dead coral whereas many
damsel and butterfly fishes were closely associated with live coral habitat. Among the coral dependent species, coral
morphology played a key role in juvenile distribution. Corymbose corals supported a disproportionate number of coral
species and individuals relative to their availability, whereas less complex shapes (i.e. massive & encrusting) were rarely used
by juvenile fish. Habitat specialisation by juvenile species of ecological and fisheries importance, for a variety of habitat
types, argues strongly for the careful conservation and management of multiple habitat types within marine parks, and
indicates that the current emphasis on planning conservation using representative habitat areas is warranted. Furthermore,
the close association of many juvenile fish with corals susceptible to climate change related disturbances suggests that
identifying and protecting reefs resilient to this should be a conservation priority.
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Introduction

Settlement of fish from the pelagic environment and the

subsequent recruitment into benthic populations are key processes

in determining the structure of fish communities. Whilst

considerable debate has centered on the relative importance of

density dependant and independent factors in structuring adult

communities [1,2,3], it seems the availability of suitable habitat

plays a key role for most species at some spatial scale [4,5,6]. At

larger scales, many species of fish recruit to particular ecosystems,

such as seagrass meadows, mangrove habitats or coral reefs [7,8].

On a smaller scale, juveniles of some species are known to reside

within very specific microhabitats, such as particular coral species

[9]. Understanding the reliance of fish on specific habitats and the

spatial scale at which different habitats are important is crucial for

developing appropriate conservation strategies and successful

management of fish communities.

Coral reef ecosystems provide habitat for thousands of species

[10,11], however their level of dependence on reef habitat varies

greatly among species, can change with spatial scale and may

differ among life stages. Many species recruit and settle directly on

the reef itself, or specific micro-habitats within the coral reef

[12,13]. However, some species recruit to seagrass or mangroves

adjacent to coral reefs, migrating to coral reefs only as sub-adults

[7,8,14,15]. Moreover, some species may live on coral reefs but

have no obvious reliance on the living corals that provide much of

the habitat. Indeed, adult fish that feed exclusively on coral or

shelter among the branches of live coral colonies represent only

10% of species on reefs [16,17]. While the adults of many species

may not be directly associated with live coral, some species may

settle as larvae in live coral and spend much of their early life

history associated with them. This dependence on live coral

habitat as juveniles could explain why a decline in coral cover is

often reflected by a reduction in fish species with no apparent coral

affinity as adults [16,18]. Furthermore, the structural complexity

provided by coral skeletons provides a predator refuge for both

adult and juvenile fish, even after corals die. Studies have shown

loss of small bodied fishes associated with the collapse of coral

skeletons [19,20], whereas species richness remains stable when

structural complexity is retained [21,22].

A decline in coral cover at regional and local scales [23,24,25]

raises concerns about the effects this may have on fish that recruit
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to live coral habitat and the consequences for reef fish

communities as a whole [18]. To date most studies on the

importance of coral as habitat for juvenile reef fish have been

based on experiments and field observations in the Pacific Ocean

[26,27,28]. These studies have tended to focus on coral-associated

species from prominent families such as, pomacentrids [27,28,29],

chaetodontids [30] or gobies [9], on reefs within the Great Barrier

Reef, Australia. However, to better understand the importance of

coral to juvenile reef fish and the implications of coral decline,

research needs to assess habitat specialization across a broader

suite of species, considering different reef environments and

locations [31]. Moreover, consideration must be given to the

importance of habitats in close proximity to coral reefs which may

also be under threat. Previous studies have examined the

significance of seagrass and mangroves as nursery grounds for

fish [7,8,32,33], but other habitats may also be important. For

example, rubble areas adjacent to reefs are the preferred habitat of

some Caribbean juvenile fish [12].

Here we look at habitat associations of juvenile fish along

300km of Ningaloo Reef located on the eastern margin of the

Indian Ocean. We examine habitat preferences of both ecological

and fisheries important juvenile fish, determining if each species is

associated with live coral, coral skeletons and different coral

growth forms. We also assess the probability of observing juvenile

fish in algal meadows, which are a prominent feature of coastal

systems along the tropical coast of Western Australia, often

occurring in close proximity to coral reefs [34]. This information

will; improve our ability to predict effects of coral loss on reef fish

assemblages, identify the potential importance of nursery habitats

and advance our capacity to manage reef fish communities.

Methods

Habitat use by juvenile fish was assessed using underwater visual

surveys at 9 locations in 2009 and 21 in 2010. Surveys were

carried out at coral sites located on the back-reef area, (5 in 2009,

13 in 2010) and within algal meadows in the lagoon (4 in 2009, 8

in 2010). Coral sites typically had 10–80% live coral cover

(3862% mean, standard error) and algal meadows were

characterized by high coverage of phaeophytes (4662%), such

as Sargassum spp. and Dictyota spp. and ,5% living coral or coral

skeletons coverage. All surveys were carried out in 1 to 4 m water

depth. At each location 3 to 9 transects, 3061 m, were surveyed

for juvenile fish. Overall there were 135 transects carried out on

coral reefs and 79 on algal meadows. Within each transect,

juvenile fish were identified to species and the microhabitat

immediately beneath them when first observed was recorded.

Categories used to describe microhabitats were: live coral, dead

coral, fleshy macroalgae, rubble and sand. The live coral

microhabitat was further categorized as: branching, corymbose,

encrusting, foliaceous, massive, plate or submassive, based on the

growth forms described in [35]. At the completion of each

transect, observer’s also estimated percent benthic cover of the

aforementioned microhabitats. This technique provides a quick

and reliable estimate of microhabitat availability; similar to

estimates obtained using line intercept transects [36]. We also

recorded if juveniles were in groups and counted the number of

fish within the group, as coral reef fish often recruit to habitats

occupied by conspecifics and this may influence their choice

of microhabitat [37,38,39]. All observers had been trained in

fish and habitat identification prior to data collection and a pilot

study indicated there was no significant difference between

observer’s ability to identify and record juvenile fish abundance

[40]. Fish were identified as juveniles based on colouration and

body size (,4 cm total length, and ,25% of maximum adult total

length).

Juvenile habitat preferences were assessed at several ecological

scales. At the largest scale (10 s metres) we examined the

probability of species being found in coral dominated backreefs

and lagoon algal meadows. At an intermediate scale (metres) we

examined the use of live and dead coral microhabitats as well as

preferential use of different growth forms of live coral. Use of coral

or algal sites and live or dead coral was assessed for all species

where 5 or more juvenile fish were observed during the course of

the study. Use of different coral growth forms were however only

assessed among those species shown to have preference for live

coral and observed on 12 or more transects. These criteria allowed

a reasonable measure of variation among habitats when assessing

species choice between habitat categories.

Bayesian logistic regression was used to determine the

probability of each species being found on the coral dominated

backreef habitat and the lagoon algal meadows [41,42]. The

observed presence/absence data for each species were modeled as

yi , Bernoulli(pi), where yi is the presence (1) or absence (0) of a

species on each transect for i = 1…N obervations. Then logit(pi) =

a0 + a1 6 xi + lli, where x is a indicator or dummy variable

denoting a transect as being either from a coral dominated

backreef habitat or an algal meadow. The coefficients a0 and a1

were modeled as normal distribution, a , Normal (0, s2), where

s2 was set to a large constant, and thus both coefficients were

treated as non-informative priors. The random effect of location

(l = 1, …,16) was incorporated via the variable l, and modeled as

ll , Normal(0,s2). Bayesian logistic regression was performed using

Markov chain Monte Carlo (MCMC) using the library BRugs, an

R (http://cran.r-project.org/) interface to OpenBUGS (http://

www.openbugs.info/w/). Convergence of models was assessed

using all convergence diagnostics in the CODA package [43], in

particular cross-correlations and accuracy of estimating quantiles

[44]. From these diagnostics the burn-in selected was 1,000

iterations and a further 10,000 iterations were used to estimate the

parameters a0 and a1.

To assess if juvenile fish preferentially associate with live coral,

dead coral or coral structure more generally (live and dead coral as

a combined habitat) we examined all transects where a species

occurred and calculated the percentage of groups occurring in live

or dead corals, along with the sum of these percentages. Mean

values with 95% confidence intervals were used to assess if species

used these two habitats disproportionately relative to their

availability. For example, if the lower bound of the 95%

confidence limit around the mean percentage of fish in live coral

microhabitats did not intercept estimates of mean live coral cover,

it was deemed that species preferentially associated with live coral.

Similar calculations were used to assess preferential use of coral

skeletons (dead coral) and the physical structure provided by both

live and dead corals.

Preferential use of coral growth forms was assessed among 10

species of coral associated species using selectivity indices. For each

fish species indices were calculated as the proportion of fish groups

that used a coral growth form, divided by the proportion of

benthos occupied by that growth form [45]. Relevance of indices

was interpreted using 95% confidence intervals [46]. When the

lower bounds of the 95% confidence interval were .1, this

suggested preferential use of a coral growth form.

Results

A total of 6979 juvenile fish representing 11 families and 56

species were observed during the study (Table 1). Some of these

Habitat Use by Juvenile Fish
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Table 1. Juvenile fish observed on coral and algal reefs, Ningaloo.

Family Species Individuals Groups Transects

Acanthuridae Acanthurus grammoptilus 40 26 18

Acanthuridae Acanthurus dussumieri 12 7 4

Apogonidae Apogon rueppelliia 128 18 8

Apogonidae Apogon wassinki 332 22 20

Apogonidae Cheilodipterus quinquelineatus 20 18 11

Blenniidae Atrosalarias fuscus 13 10 8

Chaetodontidae Chaetodon assarius 24 21 17

Chaetodontidae Chaetodon auriga 6 6 5

Chaetodontidae Chaetodon plebeius* 116 95 55

Chaetodontidae Chaetodon trifascialis* 14 14 12

Chaetodontidae Chaetodon trifasciatus* 7 6 5

Labridae Anampses geographicus 234 42 27

Labridae Anampses caeruleopunctatus 11 9 9

Labridae Coris aygula 6 4 4

Labridae Coris caudimacula 158 66 37

Labridae Cheilinus chlorourus 17 14 8

Labridae Cheilinus trilobatus 59 56 33

Labridae Cheilio inermis 20 10 8

Labridae Gomphosus varius 12 12 11

Labridae Hologymnosus annulatus 9 8 7

Labridae Halichoeres marginatus 11 11 8

Labridae Halichoeres nebulosusa 203 132 38

Labridae Hemigymnus fasciatus 8 7 7

Labridae Hemigymnus melapterus 33 32 23

Labridae Labrichthys unilineatus* 155 97 51

Labridae Labroides dimidiatus 18 16 13

Labridae Macropharyngodon ornatus 35 33 23

Labridae Stethojulis bandanensis 442 314 106

Labridae Stethojulis interrupta 431 230 79

Labridae Stethojulis strigiventer 219 92 42

Labridae Thalassoma hardwicke 33 31 20

Labridae Thalassoma lunare 354 243 95

Labridae Thalassoma lutescens 26 25 16

Lethrinidae Lethrinus atkinsoni 105 66 22

Monocanthidae Oxymonacanthus longirostris* 7 4 4

Mullidae Parupeneus barberinoides 47 28 18

Mullidae Parupeneus spilurus 149 49 32

Nemipteridae Scolopsis bilineatus 7 7 6

Pomacentridae Chromis viridis* 447 29 22

Pomacentridae Dascyllus aruanus* 213 101 52

Pomacentridae Dascyllus reticulatus* 109 47 30

Pomacentridae Dascyllus trimaculatus* 21 8 8

Pomacentridae Dischistodus perspicillatus 5 4 4

Pomacentridae Dischistodus prosopotaenia 8 8 4

Pomacentridae Neoglyphidodon melas 26 20 14

Pomacentridae Pomacentrus coelestis 748 182 69

Pomacentridae Pomacentrus moluccensis* 632 324 94

Pomacentridae Pomacentrus vaiuli 60 59 29

Pomacentridae Plectroglyphidodon lacrymatus 55 51 37

Pomacentridae Stegastes nigricans 10 8 6

Habitat Use by Juvenile Fish
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species aggregated on the same microhabitat, often forming large

groups of individuals. For example, there were 447 individuals of

Chromis viridis observed during surveys, but only 22 groups and

there was usually only one or two groups within a single transect.

Other species were less gregarious, the number of individuals

observed being similar to the number of groups (e.g. Chaetodon

trifascialis).

Most juvenile species (49, 88%) were seen at least once on coral

reefs and 25 (45%) species were only ever observed within this

habitat (Figure 1). Fewer species were observed on algal sites (31,

55%), although there were 7 (13%) species unique to this habitat.

Four of these species (Lethrinus atkinsoni, Cheilio inermis, Parupeneus

spilurus and P. barberinoides) have been frequently observed on coral

reefs (Table 1), suggesting ontogentic shifts in habitat use. The

scarid, Leptoscarus vaigiensis, was also common and unique to algal

meadows, although adults were not observed on coral reefs

(Table 1). Juveniles of 24 species occurred at both coral and algal

sites, although the probability of observing these within each

habitat varied (Figure 1). In particular, the probability of observing

the pomacentrids Chromis viridis and Pomacentrus moluccensis was

significantly greater on coral reefs. Conversely, the probability of

finding juveniles of the labrid Coris caudimacula and the butterfly-

fish, Chaetodon assarius, was greater on algal meadows than coral

reefs.

Approximately 38% of all juvenile fish were closely associated

with live coral microhabitats, although some species had a greater

affinity for live coral than others (Figure 2). The percentage of fish

observed on live coral was significantly greater than the mean

live coral cover on reefs (3862%) for 14 species, suggesting a

preference for live coral microhabitats (Figure 2). The majority of

these were fish species that feed or closely associate with live coral

as adults (Table 1). However three species of labrid (Thalassoma

Family Species Individuals Groups Transects

Pomacentridae Stegastes obreptus 10 10 9

Scaridae Chlorurus microrhinos 26 22 18

Scaridae Chlorurus sordidus 516 226 85

Scaridae Leptoscarus vaigiensisa 410 91 40

Scaridae Scarus frenatus 71 49 35

Scaridae Scarus prasiognathos 91 68 44

Data is only presented for species where 5 or more individuals where observed. ‘‘Individuals’’ represents the total number of fish and ‘‘Groups’’ the number of
aggregations seen for that species. ‘‘Transects’’ represents the number of transects on which that species was observed. Total number of transects, 214.
*Species known to be closely associated with live coral as adults [18].
aSpecies where adults are predominantly found in algal habitats. All other species were commonly observed on coral reefs as adults.
doi:10.1371/journal.pone.0015185.t001

Table 1. Cont.

Figure 1. Occurrence of juvenile fish on coral reefs and algal meadows at Ningaloo. Probabilities of observing fish in each habitat based
on presence of species on 135 coral reef and 79 algal meadow transects. * Species where credible intervals (CI) for probability of occurrence in algal
and coral reef habitats do not overlap.
doi:10.1371/journal.pone.0015185.g001
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hardwicke, T. lunare, Anampses caeruleopunctatus) are not known to feed

or closely associate with live coral as adults (Table 1). Three

species of juvenile fish (Chlorurus sordidus, Plectroglyphidodon lacrymatus,

Scarus frenatus) were also closely associated with coral skeletons,

with a higher percentage occurring among the skeletons of dead

corals than the average cover of dead corals on reefs (Figure 2,

2062%).

For juveniles showing a strong live coral affinity, the actual coral

growth forms used varied amongst species (Figure 3). Nine of ten

species were found in close association with corymbose corals. The

five pomacentrid species particularly preferred corymbose corals,

more than half of the fish seen for each species being sighted in this

microhabitat. The proportion of labrids seen on corymbose corals

was also high, especially when fish were newly settled and very

small. However, the three labrid species used a broader suit of

coral growth forms than the pomacentrids, showing preferences

for plate, submassive and branching corals, in addition to

corymbose growth forms. The butterflyfish, Cheatodon trifascialis,

was the only species with low occurrence on corymbose corals,

juveniles of this species being predominantly found in plate corals.

Other coral growth forms were rarely used, less than 1% of

juveniles affiliating with massive or encrusting corals and no

indication of preferential use of these coral types by any fish

species.

Discussion

The composition of juvenile fish communities on coral reefs and

macroalgal meadows are distinctly different, with the majority of

fish species observed predominantly within one of these habitats.

This implies that both coral and macroalgal areas can be

considered essential juvenile habitat and that high fish diversity

is likely to be dependant on the presence of both habitats.

Moreover adults of juveniles observed exclusively in algal

meadows were frequently observed on coral reefs, suggesting

some connectivity between the two habitats. This process is

analogous to the ontogenetic habitat shift observed between

seagrass meadows and coral reefs [7,8,15] and emphasizes the

importance of the presence of algal beds adjacent to coral reefs for

some fish species.

Juvenile fish of ecological or fisheries importance were also

observed in either coral reefs or algal meadows. For example, the

yellow tailed emperor, Lethrinus atkinsoni, which is increasingly

targeted by recreational fishers at Ningaloo [47], was only

observed in algal meadows. Similarly, parrotfish (Family Scaridae)

of the genus Chlorurus and Scarus are important herbivores and

bioeroders [48], and these species were typically seen on coral

reefs. Although common, these species were not always observed

in their favored habitat, suggesting biological and physical

attributes within coral and algal habitats may influence where

juvenile fish occur. Alternatively this may reflect insufficient supply

of recruits to saturate all available habitats, or differing levels of

post-recruitment mortality in habitats.

Among the species found predominantly on coral reefs 14 were

closely associated with live coral, including several species that do

not feed or associate with live corals as adults. Previous studies

have also found some fish species associate with fewer microhab-

itats as juveniles than as adults [28] and are more closely

associated with live corals during the early stages of their benthic

life history [49,50,51]. This may explain why fish species with no

obvious dependence on coral as adults decline in abundance

following extensive mortality [16].

Among the fish species that closely associate with live coral as

juveniles, all but one were found in high abundance on corymbose

corals. This may reflect optimal branch spacing within corymbose

Figure 2. Occurrence of juvenile fish on live and dead coral habitats. Mean percentages calculated from percent of fish groups observed on
either live or dead coral on each transect for which that species was observed. * preferential use of live coral, based on lower bounds of 95%
confidence interval for live coral use being greater than mean live coral cover (38%, middle dash line). # preferential use of dead coral, based on
lower bounds of 95% confidence interval for dead coral use being greater than mean dead coral cover (20%, lower gray dash line). + preferential use
of coral (live + dead), based on lower bounds of 95% confidence for use being greater than the mean cover of live and dead coral cover combined
(58%, upper solid line).
doi:10.1371/journal.pone.0015185.g002
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Figure 3. Distribution of 10 juvenile fish species among coral growth forms. Proportion of fish in each habitat calculated from number of
‘‘groups’’ of that species observed in that microhabitat. Habitat availability for each fish species calculated only from transects where that species
observed. + preference for microhabitat, based on lower bound of 95% confidence limits about selectivity indices .1.
doi:10.1371/journal.pone.0015185.g003
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colonies, allowing movement of juveniles within the colony and

refuge from predators. Conversely, branch spacing within plate

corals may be too tight to permit easy movement by juvenile fish,

whilst branching and foliaceous colonies may be too open,

allowing access by predators. Similarly, massive and encrusting

corals may not provide structural complexity at a spatial scale

relevant to small bodied juvenile fish. Importantly corymbose

corals are susceptible to mortality caused by thermal bleaching

[52,53,54], disease [54] and outbreaks of coral predators [55,56].

The incidence and intensity of these disturbances is expected to

increase due to climate change or other anthropogenic activities

[57,58,59,60]. As a consequence, prevalence of corymbose corals

may decline on reefs and the loss of this essential habitat could

have a detrimental affect on the juvenile fish that rely on them for

food and shelter.

The skeletons of dead corals may also act as important habitat

for fish, providing refuge for a broad suite of species. Indeed,

manipulative and natural experiments suggest the structural

complexity provided by coral skeletons may be a more important

determinant of fish diversity and abundance than live coral cover

[22,61,62,63]. Our study found that several juvenile species closely

associated with coral skeletons, but did not closely associate with

live coral. This included herbivouous species which, as adults, feed

intensively on the epilithic algal matrix preventing reef overgrowth

by macroalgae [24]. The recruitment and survival of these fish is

therefore intrinsically linked to resilience and recovery of reefs

following extensive coral mortality [64,65]. Similarly, a collapse of

coral skeletons and loss of structural complexity following

widespread coral mortality can result in reduced abundance of

juvenile fish, potentially constraining the size of future fisheries

stocks [19]. Hence both live and dead corals provide essential

habitat for juvenile fish. The loss of live corals and the structural

complexity associated with their skeletons could have detrimental

effects on recruitment, juvenile survival and, ultimately, the

structure of adult fish communities.

The presence of ecologically and fisheries important species in

either coral or macroalgal habitats, combined with inferences of

ontogenetic shift by fish between these habitats, indicates that both

habitats are essential and warrant protection. This lends support

for the current emphasis on planning conservation using

representative habitat areas of multiple habitat types within

marine reserves. Furthermore, approximately a third of the

species investigated here were closely affiliated with corals or their

skeletons as juveniles. This is much higher than the 10% of fish

that rely on live coral as adults, and emphasizes the importance of

coral habitats during the early life history of reef fish. Of particular

concern is the close association of many juvenile fish with corals

susceptible to disturbances that are likely to intensify or become

more frequent due to climate change and anthropogenic activities.

Identifying and protecting reefs resilient to the effects of climate

change should therefore be a conservation priority.
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