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Abstract

Many coral reef fishes exhibit distinct ontogenetic shifts in habitat use while
some species settle directly in adult habitats, but there is not any general explanation to
account for these differences in settlement strategies among coral reef fishes. This study
compared distribution patterns and habitat associations of juvenile (young of the year)
butterflyfishes to those of adult conspecifics. Three species, Chaetodon auriga,
Chaetodon melannotus, and Chaetodon vagabundus, all of which have limited reliance
on coral for food, exhibited marked differences in habitat association of juvenile versus
adult individuals. Juveniles of these species were consistently found in shallow-water
habitats, whereas adult conspecifics were widely distributed throughout a range of
habitats. Juveniles of seven other species (Chaetodon aureofasciatus, Chaetodon
baronessa, Chaetodon citrinellus, Chaetodon lunulatus, Chaetodon plebeius,
Chaetodon rainfordi, and Chaetodon trifascialis), all of which feed predominantly on
live corals, settled directly into habitat occupied by adult conspecifics. Butterflyfishes
with strong reliance on corals appear to be constrained to settle in habitats that provide
access to essential prey resources, precluding their use of distinct juvenile habitats.
More generalist butterflyfishes, however, appear to utilise distinct juvenile habitats and

exhibit marked differences in the distribution of juveniles versus adults.



Introduction

Coral reef fishes exhibit striking patterns in their distribution and abundance.
Most obvious are marked differences in the abundance of fishes among different reef
habitats, e.g., among physiognomic reef zones (Russ 1984), between exposed versus
sheltered locations (Choat and Bellwood 1985), or between inshore versus offshore
reefs (Williams 1991). Such patterns are often thought to be established at settlement
due to spatial variation in larval supply (Hixon and Carr 1997; Doherty 2002) or distinct
settlement preferences of larval fishes (Holbrook et al. 2000). However, spatial patterns
in the abundance of fishes may also be structured by events and processes occurring
after settlement, such as spatial variation in post-settlement survivorship and/ or
ontogenetic shifts in patterns of habitat use. For example, Booth (2002) documented
significant spatial variation in post-settlement mortality of the ambon damselfish,
Pomacentrus amboinensis, which almost completely obscured patterns of abundance
established at settlement. Many different coral reef fishes (including haemulids,
pomacentrids, labrids, scarids, and serranids) have also been shown to settle in specific
juvenile habitats and then later (after weeks to months) recruit to habitats occupied by
adult conspecifics (Shulman and Ogden 1987; McCormick and Makey 1997;
Nagelkerken et al. 2001; Adams and Ebersole 2002; Lecchini and Galzin 2005). The
use of distinct juvenile habitats (i.e., putative nursery habitats, Beck et al. 2001) varies
greatly among species within and among families (Lecchini and Galzin 2005), but there
is not any general explanation why some fishes utilise distinct juvenile habitats and

others do not.

Ontogenetic shifts in habitat use by marine fishes have been variously attributed

to: 1) changes in habitat-specific mortality risk associated with increasing body size



(Gillanders et al. 2003); 2) reducing competition between early juvenile fishes and adult
conspecifics (Lirman 1994); or 3) ontogenetic changes in resource requirements and
spatial disparities in the availability of these resources (Cocheret de la Morinicre et al.
2003a, b). Most coral reef fishes appear to utilise distinct juvenile habitats with high
structural complexity or shallow water, presumably because they provide refuge from
predators and minimise early post-settlement mortality (Gillanders et al. 2003).
However, habitats which provide the best refuge from predators may not necessarily
provide best access to optimal prey resources (Harmelin-Vivien 1989), potentially
causing significant trade-offs between early post-settlement growth and mortality.
Although it has never been tested, coral reef fishes that utilise distinct juvenile habitats
may represent species with highly generalised diets that are less constrained by reliance
on specific resources (e.g., Nagelkerken et al. 2001). Species with highly specialised
diets, meanwhile, may be constrained to settle in habitats that provide access to
essential resources. Unless there are distinct differences in resource requirements with
ontogeny, this would require settling directly in habitats occupied by adult conspecifics
(e.g., Jones 1987). Early establishment of feeding territories may also be fundamental to

ensure future resource availability for highly specialised species.

For Chaetodon butterflyfishes (family Chaetodontidae), variation in the
abundance and species composition of adult assemblages are typically ascribed to
variation in the physical and biological structure of benthic reef habitats (Harmelin-
Vivien and Bouchon-Navaro 1983; Ohman and Rajasuriya 1998; Cadoret et al. 1999;
Bozec et al. 2005). For example, many butterflyfishes feed primarily (if not exclusively)
on living tissue from scleractinian and alcyonacean corals (Pratchett 2005), and these
species are generally more abundant in locations or habitats with greatest availability of

prey resources (Findley and Findley 1985; Roberts et al. 1992). Further, declines in



coral cover, caused by acute disturbance events (e.g., cyclones, coral bleaching, or
outbreaks of coral predators) often lead to significant declines in the abundance of
coral-feeding butterflyfishes (Bouchon-Navaro et al. 1985; Williams 1986; Pratchett et
al. 2006b). Butterflyfishes use coral not only for food, but many species also settle in
live coral colonies (e.g., Fowler et al. 1992). Therefore, strong associations between
butterflyfishes and corals may be established at settlement, whereby larvae
preferentially settle into particular habitats and rarely move after settlement (Berumen

et al. 2005).

Butterflyfishes may exhibit one of three different settlement strategies: 1) larval
fishes may preferentially settle in habitats or micro-habitats used by adult conspecifics;
2) larval butterflyfishes may settle indiscriminately, but have higher survivorship
leading to higher abundance within certain habitats (e.g., habitats with high coral
cover); or 3) larvae may preferentially settle in habitats that are markedly different from
those habitats or micro-habitats typically used by adult conspecifics (i.e., distinct
juvenile habitats) and then move to adult habitats after significant post-settlement
growth. Harmelin-Vivien (1989) reported marked inter-specific variation in the
settlement strategies of butterflyfishes. For some species, juveniles were generally more
abundant in near-shore, shallow water habitats, whereas adults predominated in deeper
and more exposed habitats (Harmelin-Vivien 1989). However, juveniles of some
species settle directly in habitats occupied by adult conspecifics (Ralston 1981;
Harmelin-Vivien 1989; Fowler et al. 1992). Settlement strategies may vary among
species depending upon their larval swimming ability (Fisher 2005), ontogenetic shifts
in resource requirements (Harmelin-Vivien 1989), competitive ability (Ohman et al.

1998), and/ or predation risk (Almany 2004).



The purpose of this study was to compare distribution patterns and habitat
associations of juvenile (young of the year) butterflyfishes to those of adult
conspecifics, testing for ontogenetic shifts in the use of different reef-habitats (e.g.,
exposed reef crest habitats versus lagoonal habitats). Distributions of juvenile versus
adult butterflyfishes were considered for ten species with different diets (Pratchett
2005) and a gradation in dietary specificity (Pratchett 2007). The most specialised
species, Chaetodon trifascialis feeds almost exclusively on Acropora hyacinthus
(Pratchett 2005) and is found almost exclusively on exposed reef crest habitats
dominated by this coral species (Reese 1981). In contrast, Chaetodon vagabundus feeds
on a wide variety of different prey, including scleractinian corals, alcyanacean soft
corals, polychaetes, copepods and algae (Harmelin-Vivien 1989), and is broadly
distributed across a range of different habitats (Berumen and Pratchett 2006). Though
Harmelin-Vivien (1989) dismissed links between ontogenetic habitat-shifts and
resource specialisation, differences in the distribution of juvenile versus adult
butterflyfishes are expected to be most pronounced for species with high dietary
versatility, providing increased opportunity to exploit a diversity of prey items and

different habitats.

Materials and methods

This study was conducted during February and March 2004, towards the end of
the period of peak recruitment for butterflyfishes in the south-west Pacific (Williams
and Sale 1981; Fowler et al. 1992).Variation in the abundance of juvenile
butterflyfishes among distinct reef habitats was studied and compared to densities of
adult conspecifics within the same reef habitats, where habitats refer to six readily

distinguishable areas of reef with distinct geomorphologic and environmental



conditions, which are also characterised by distinct benthic assemblages, following
Mumby and Harborne (1999). Butterflyfishes were categorized as juvenile or adult
based on size (juveniles <50 mm total length [TL]; adults >100mm TL). These size
classes are based on previous observations for Chaetodon lunulatus and Chaetodon
melannotus, where the size-specific onset of sexual maturity occurred between 50-
100mm TL (Pratchett et al. 2006a). Moreover, no individuals were observed in the
intervening size class (50-100mm TL), suggesting that all juveniles were from the latest

year class, following Berumen (2004).

To examine generalities in habitat-associations of juvenile butterflyfishes over
large geographic scales, visual surveys were undertaken (within a 6-week period) across
three geographically separated reefs (Lion Island, Lizard Island, and One Tree Island).
Lion Island (09°32’S, 147016’E) is a small, continental island surrounded by fringing
reef, located approximately 2 km off the southern coast of Papua New Guinea, near the
country’s capital, Port Moresby. Lizard Island (14°40’S, 145°27°E) is located
approximately 30 km off the eastern coast of Australia, in the northern section of the
Great Barrier Reef (GBR). Lizard Island is a continental island with extensive fringing
reefs that almost completely enclose a large lagoon on the southern side of the island.
One Tree Reef (23°30°S, 152°06’E) is located approximately 70 km off the eastern
coast of Australia, in the southern section of the GBR. One Tree Reef is a small coral
cay situated on the south-eastern corner of a large platform reef (ca. Skm diameter),

which completely encircles a large, shallow lagoon.

Field sampling

At each of the three geographically separated reefs (Lion Island, Lizard Island,

and One Tree Reef), sampling was conducted within 5-6 distinct shallow-water reef



habitats: 1) the exposed reef crest (ERC); 2) obliquely exposed reef crest (ORC); 3)
exposed reef flat (ERF); 4) sheltered back reef habitat (SBR); and 5) shallow water
patch reefs (SPR) located close (within 100m) to the shoreline (Fig. 1). At Lizard Island
and One Tree Reef, where large, semi-enclosed lagoons were present, butterflyfishes
were also surveyed along the reef tops of haphazardly selected lagoonal reefs (LAG).
These six distinct reef habitats were selected to encompass gradients of exposure and
coral cover, and also include habitats (especially back-reefs, shallow water patch reefs,
and lagoons) commonly used as distinct juvenile habitats by many coral reef fishes
(Adams and Ebersole 2002; Adams et al. 2006). Notably, this study did not consider
either mangrove or seagrass habitats (cf., Nagelkerken et al. 2000, 2001) because of the
limited availability of these habitats at each of the three reefs. There were small patches
of seagrass in the sheltered back reef habitat (SBR) at Lion Island, but the dominant

feature of this habitat was the branching coral Montipora digitata.

The abundance of juvenile and adult butterflyfishes within various reef habitats
were quantified using transect-based underwater visual census. Surveys were conducted
using replicate 50 x 4 m belt transects, with 4-5 replicate transects within each habitat-
type (exposed reef crest, obliquely exposed reef crest, exposed reef flat, back reef crest,
shallow water patch reefs, and lagoonal reefs) at each location. Butterflyfishes were
surveyed during two passes over each transect. During the first pass, adult butterflyfish
within 2m of the transect line were counted while simultaneously deploying the transect
tape, following Fowler (1990). On the second pass, all coral colonies (within the 4 m
wide belt transect) were carefully searched for the presence of juvenile butterflyfishes.
To relate variation in the abundance of butterflyfishes (juveniles and adults) to coral
cover and composition, point-intercept sampling was used to sample corals underlying

each transect. 100 uniformly spaced points (50cm apart) were sampled along each



transect. Correlations between the abundance of adult and juvenile butterflyfishes

versus percentage coral cover were tested using Pearson’s correlation coefficient.

Spatial patterns in the abundance of juvenile versus adult butterflyfishes (among
reefs and among habitat types) were analysed using log-linear modelling (Agresti 2002)
of a 3-way contingency table (reef x habitat x life stage), performed separately for each
species. Data were pooled at the transect level to meet minimum numbers of
observations. Data from lagoonal habitat (LAG) was examined, but omitted from log-
linear analyses to allow for a comparison of Lizard Island and One Tree Reef reefs with
Lion Island (where lagoonal habitat did not occur). Log-linear statistics quoted refer to
changes in partial statistics (likelihood ratios: G*) caused by removing terms from
higher order models in a hierarchical set. Analyses were conducted for each of the 10
most abundant species of butterflyfishes (Chaetodon aureofasciatus, Chaetodon auriga,
Chaetodon baronessa, Chaetodon citrinellus, C. lunulatus, C. melannotus, Chaetodon
plebeius, Chaetodon rainfordi, C. trifascialis, and C. vagabundus). Bonferroni
corrected alpha-levels were used to account for increased error rates arising from
multiple analyses of non-independent data, following Sokal and Rholf (1987). Excluded
from analyses were 9 species (Chaetodon flavirostris, Chaetodon kleinii, Chaetodon
lunula, Chaetodon lineolatus, Chaetodon pelewensis, Chaetodon rafflessi, Chaetodon
speculum, Chaetodon unimaculatus, and Heniochus varius) for which juveniles were
only rarely found during the study. Log-linear modelling was performed using the

Statistica™ v.6.0 statistical package.
Micro-habitat choice experiments

To assess micro-habitat preferences of juvenile butterflyfishes, multiple-habitat

choice experiments were conducted in large flow-through aquaria (>300L capacity



aquaria) at the Lizard Island and One Tree Island Research Stations. During these
experiments, individual butterflyfishes were offered a choice of five different habitats;
Acropora divaricata, A. hyacinthus, Pocillopora damicornis, Porites cylindrica, and
one dead colony of caespitose Acropora spp. Alternate micro-habitats were
approximately equal in size (ca. 20cm diameter) and were placed equidistant around the
outer edge of the aquaria. The position of each of the five micro-habitats within the
aquaria (relative to the water inlet, water out-flow and other micro-habitats) was
changed after every trial, and the health of all live corals was confirmed prior to starting

each new trial.

Multiple-habitat choice experiments were conducted using juvenile
butterflyfishes (<50mm TL) collected from reefs around Lizard Island and One Tree
Reef using clove oil and hand nets, following Munday and Wilson (1997). Initial
experiments were conducted using naive pre-settlement butterflyfishes caught in light-
traps, following Ohman et al. (1998). However, light traps yielded very low catches of
butterflyfishes (<0.20 butterflyfishes per light trap, per night). Further, butterflyfishes
caught in light-traps did not exhibit strong affinities with settlement habitats; 5 out of 5
butterflyfishes tested from light-traps spent >12 hours swimming around the edge of the
aquaria, at the surface. Consequently, this study will only consider results from trials
using juvenile butterflyfishes caught on the reef and assumes that prior settlement
experience will not bias results from this experiment. To minimise post-settlement
experience the smallest (ca. 25mm TL) and thus, most recently settled juveniles were
selected for use in these experiments. Following capture, butterflyfishes were kept in
small glass aquaria for a maximum of 48 hours prior to settlement trials. Micro-habitat
choice experiments were conducted using only one butterflyfish in each independent

trial (cf. Ohman et al. 1998) to exclude priority effects on micro-habitat choices.



Priority effects may be important in determining settlement preferences of damselfishes,
which may settle en masse (Ohman et al. 1998). However, settlement rates of
butterflyfishes are comparatively low (Fowler et al. 1992) and recently settled
butterflyfishes are almost always observed on their own. To start each trial, a single
butterflyfish was introduced to a vertical holding tube (ca. 10cm diameter), open at each
end, and positioned in the centre of the experimental tank. After 5-10 minutes in the
holding tube, the fish was released by lifting the tube vertically out of the water.
Following release, butterflyfishes were observed for at least 10 minutes, recording the
sequence in which they visited and sheltered within alternate micro-habitats.
Occupation of the particular micro-habitats was then recorded at intervals of 1 hour, 4-6
hours, and 12-14 hours after release. All trials were initiated at least 4 hours before

sunset and were concluded the following morning.

Multiple-habitat choice experiments were conducted for a total 129 individuals,
from 17 different species. However, only the 10 most abundant species (C.
aureofasciatus, C. auriga, C. baronessa, C. citrinellus, C. lunulatus, C. melannotus, C.
plebeius, C. rainfordi, C. trifascialis, and C. vagabundus) were collected in sufficient
abundance (n > 8 individuals) to enable meaningful analyses of micro-habitat
preference. Even with eight or more individuals of each species, it was not possible to
analyse micro-habitat selection by treating each of the five micro-habitats separately (as
expected frequencies would have been less than five). Therefore, observations were
pooled from each of the four least preferred micro-habitats, and a Chi-square goodness-
of-fit test was used to examine whether butterflyfishes were observed in the most
frequently used micro-habitat type significantly more than all other micro-habitats

combined (Table 1).



Extensive field sampling was used to assess whether results from microhabitat-
choice experiments related to field-based patterns of micro-habitat use. During transect
based surveys at each of the three geographically separated reefs (Lion Island, Lizard
Island, and One Tree Reef), the coral colony with which each juvenile butterflyfish was
associated was recorded to species. These observations were further supplemented
during systematic surveys at Lizard Island and One Tree Reef, whereby two divers
spent a total of 60 minutes searching in each of the six habitat types. Divers recorded
the size (TL to the nearest cm) and the coral species with which each juvenile was
associated. This data provided information on the range of coral species used by each
species of butterflyfish, though the number of observations varied greatly among

species depending on juvenile densities.

Results

Distribution and abundance of juvenile butterflyfishes

A total of 237 juvenile butterflyfishes from 19 species were recorded across 83
transects sampled during this study, corresponding to 2.85 + 0. 27 juveniles per 200m?
(mean + SE). Among reefs, densities of juvenile butterflyfishes were much higher at
Lion Island (4.45 + 0.52 juveniles per 200m*; mean + SE), compared to Lizard Island
(2.35 £ 0.40 juveniles per 200m?) and One Tree Reef (2.34 + 0.45 juveniles per 200m?).
These differences occurred despite the increases in the species richness of
butterflyfishes on the latter reefs, where C. rainfordi, C. plebeius, and C. aureofasciatus
account for a large proportion of juveniles counted (Fig. 2). The ten most abundant
species (C. aureofasciatus, C. auriga, C. baronessa, C. citrinellus, C. lunulatus, C.

melannotus, C. plebeius, C. rainfordi, C. trifascialis, and C. vagabundus) accounted for



89% (211/ 237 individuals) of juveniles counted. Consequently, subsequent analyses

only consider these ten species.

The abundance of both juvenile and adult butterflyfishes varied greatly among
the 6 distinct reef habitats considered in this study (exposed reef crest, obliquely
exposed reef crest, exposed reef flat, sheltered back reef, shallow patch reefs, and
lagoonal patch reefs), and habitat-associations did not vary among reefs for either of the
ten species studied (log-linear statistics: AG*= 0.20 to 3.73, p = 0.99 to 0.09). Three
(out of ten) species (C. auriga, C. vagabundus, and C. melannotus) exhibited distinct
differences in the habitat associations of juveniles relative to adult conspecifics (log-
linear statistics: AG*= 14.84 to 39.99, p < 0.01; Fig. 3). For C. vagabundus, juveniles
were only recorded within lagoon and sheltered patch reef habitats, while adults were
commonly recorded from exposed and oblique reef crests, sheltered back reefs, and
lagoonal reefs. Very few C. vagabundus adults were recorded from sheltered patch reefs
(Fig. 3). Juvenile C. auriga were found almost exclusively on lagoonal and sheltered
patch reefs, while adult C. auriga were recorded within all reef habitats (Fig. 3).
Similarly, juvenile C. melannotus were recorded in only a restricted range of shallow
water habitats, while adults were widespread (Fig. 3). However, for most (7/10 species)
butterflyfishes (C. aureofasciatus, C. baronessa, C. citrinellus, C. lunulatus, C.
rainfordi, C. plebeius, and C. trifascialis), juveniles were distributed among reef
habitats in approximate accordance with adult conspecifics (log-linear statistics: AG* =
1.53 t0 8.77, p = 0.82 to 0.06 Fig. 4). For these species the range of habitats occupied by
adults was sometimes greater than the range of habitats where juveniles were recorded,
but juveniles were always most abundant in habitats where adults were also most

abundant.



Micro-habitat preferences

During micro-habitat choice experiments, juveniles of five fish species exhibited
strong and consistent selection for specific micro-habitats. Chaetodon baronessa, C.
citrinellus, and C. trifascialis all exhibited significant preference for A. hyacinthus, with
45-75% of individuals settling in A. hyacinthus after 12 hours (Table 1). Chaetodon
trifascialis exhibited the strongest selection with 9 out of 12 individuals settling on A.
hyacinthus, while the other 3 individuals settled on A. divaricata. For C. aureofasciatus,
8/18 individuals settled on A. divaricata, while 6 out of 18 selected A. hyacinthus,
indicating significant selection for live Acropora, but especially A. divaricata (Table 1).
Chaetodon rainfordi exhibited significant preference for P. damicornis (Table 1).
Juveniles of the remaining five species, C. lunulatus, C. plebeius, C. auriga, C.
melannotus, and C. vagabundus, did not show significant micro-habitat preference,
whereby their distribution among micro-habitats after 12 hours was not significantly
different from random (Table 1). Also, C. auriga and C. vagabundus were the only
butterflyfishes that settled into and remained in the dead coral micro-habitat throughout
the course of the experiment. Other butterflyfishes, such as C. trifascialis, which

initially sought shelter in the dead coral quickly moved to one of the live corals.

In the field, juveniles for 5 out of 10 species (C. aureofasciatus, C. baronessa,
C. lunulatus, C. rainfordi and C. trifascialis) were consistently found in close-
association with individual coral colonies (Table 2). The remaining species, C. auriga,
C. citrinellus, C. melannotus, C. plebeius, and C. vagabundus were also often found
living in close association with individual coral colonies, but at least some fishes (up to
43%) were recorded in areas devoid of corals and exhibited no clear association with

live coral (Table 2). The range of coral species used by juvenile butterflyfishes was



extensive (45 species from 7 families), though butterflyfishes tended to be associated
mainly with A. hyacinthus, A. muricata, P. damicornis, and branching Montipora
(Table 1). Due to low densities of juvenile butterflyfishes, formal tests on micro-habitat
selectivity were not possible. However, it was clear that results from micro-habitat
choice experiments correspond poorly with field-based patterns of micro-habitat use.
For example, juvenile C. baronessa showed strong preference for A. hyacinthus in
micro-habitat choice experiments, but were never found living in A. hyacinthus in the
field. The only butterflyfishes that exhibited strong and consistent micro-habitats
preferences across field studies and aquaria experiments were C. trifascialis (associated
with A. hyacinthus), and to a lesser extent C. aureofasciatus (associated with corymbose
and staghorn Acropora spp.) and C. rainfordi (associated with Pocillopora spp.). For
these species, it is possible that availability of preferred micro-habitats on the reef had a
major influence on their distribution among habitats. Juveniles of C. trifascialis
predominated in habitats (ERC and ORC), where A. hyacinthus was most abundant,
while juvenile C. aureofasciatus were recorded in all but very shallow habitats (SPR
and LAG), which reflects the distribution of corymbose and staghorn Acropora spp.
Juveniles of C. rainfordi were common in a range of habitats (all except spr), which is
consistent with the wide-spread abundance of Pocillopora spp. However, the overall
distribution and abundance of juvenile butterflyfishes was poorly correlated with
abundance of coral micro-habitats. Notably, there was a significant correlation between
total abundance of adult butterflyfishes versus percentage hard coral cover (r = 0.64,

p<0.01), but no such relationship was apparent for juvenile butterflyfishes.



Discussion

The results of this study suggest that some, but not all, butterflyfishes exhibit
ontogenetic differences in habitat-use. Only three species (C. auriga, C. melannotus,
and C. vagabundus) exhibited significant differences in the distribution of juveniles
versus adults. Notably, these three species were those with the least reliance on
scleractinian corals for food (Pratchett 2005), feeding on a wide variety of different prey
items, including scleractinian corals, alcyonacean soft corals, and various motile
invertebrates (Harmelin-Vivien 1989; Pratchett 2005). Juveniles of C. auriga, C.
melannotus, and C. vagabundus were found almost exclusively on shallow patch reefs
either very close to shore or within the lagoon. These habitats had very limited (<30%)
cover of scleractinian corals and were dominated by the branching coral M. digitata.
Moreover, it was in these shallow-water fields of branching M. digitata that the only
juveniles of several other non-coral feeding butterflyfishes (C. lineolatus, C. ulientensis,

and C. flavirostris) were recorded.

Despite the restricted and specific habitats occupied by juveniles, adult C.
auriga, C. melannotus, and C. vagabundus were distributed across a broad range of
different habitats. These marked ontogenetic differences in patterns of habitat use
suggest that these butterflyfishes utilise certain habitats (e.g., lagoonal and near-shore
patch reefs) as distinct juvenile habitats and disperse to other habitats as they attain
adult size (Harmelin-Vivien 1989). The tendency for coral reef fishes to use lagoonal
and near-shore patch reefs as distinct juvenile habitats has been reported for a wide
range of coral reef fishes (e.g., Nagelkerken et al. 2000; Adams and Ebersole 2002), and
is typically ascribed to low levels of predation within these habitats (Hixon 1991;

Adams and Ebersole 2002). An alternative explanation for ontogenetic habitat-shifts in



butterflyfishes relates to ontogenetic shifts in dietary composition, whereby facultative
corallivores initially feed mostly on polychaetes, but then consume increasing quantities
of coral as they grow and mature (Harmelin-Vivien 1989). Such changes in dietary
composition conform with observed shifts away from shallow patch reefs to deeper
more exposed habitats and the stronger associations with scleractinian corals among
adult butterflyfishes, compared to juvenile butterflyfishes, though it is not clear whether

ontogenetic changes in diet are the cause or consequence of habitat-shifts.

Distributions of juveniles versus adults for the remaining seven species (C.
aureofasciatus, C. baronessa, C. citrinellus, C. lunulatus, C. plebeius, C. rainfordi, and
C. trifascialis) were not significantly different. Notably, all these species feed
predominantly on scleractinian corals (Pratchett 2005) and coral-feeding butterflyfishes
begin feeding on scleractinian corals immediately after settlement (Harmelin-Vivien
1989). Therefore, these species are expected to settle preferentially in habitats with the
greatest availability of preferred corals. Moreover, juveniles of highly selective
corallivores (e.g., C. trifascialis and C. baronessa, Pratchett 2005) were restricted to
fewer habitat-types compared to more generalist corallivores (e.g., C. plebeius and C.
rainfordi, Pratchett 2005). This result was most apparent for C. trifascialis, which is
among the most selective of coral-feeding butterflyfishes (Pratchett 2007). Adult C.
trifascialis feed almost exclusively on A. hyacinthus (Reese 1981; Irons 1989; Pratchett
2005) and accordingly, both juveniles and adults were most abundant on exposed reef
crests and obliquely exposed reef crests where A. hyacinthus predominates (Fig. 3).
Chaetodon baronessa also feeds mainly on A. hyacinthus when available (Berumen et
al. 2005; Pratchett 2005), but juveniles of C. baronessa were relatively rare on exposed
reef crest habitats. Depending on their competitive ability, juvenile butterflyfishes may

settle in habitats with high abundance of preferred corals, and/ or low abundance of



potential competitors. Complementary distributions of juvenile C. trifascialis and C.
baronessa are consistent with high levels of dietary overlap (Pratchett 2005) and strong

inter-specific competition (Berumen and Pratchett 2006) between these species.

While juvenile coral-feeding butterflyfishes were most abundant in habitats
occupied by adult conspecifics, this study does not establish whether butterflyfishes
preferentially settle in these habitats (e.g., Fowler 1990), or settle indiscriminately
among habitats and have higher survival in optimal habitats (e.g., Booth 2002). Further,
it is unclear whether butterflyfishes consistently settle in certain habitats leading to high
abundance of adults in these habitats, or if these species settle preferentially in the
presence of adult conspecifics, as shown for other coral reef fishes (Sweatman 1983).
Results from this study neither support nor refute the notion that butterflyfishes use the
presence of adult conspecifics as a settlement cue. Natural selection would impose
strong selection for species that preferentially settle in habitats where they have highest
survivorship, and the presence of adults is a compelling indicator as to the suitability of
the habitat. Irrespective of the actual settlement cues, it appears that juvenile
butterflyfishes do discriminate among reef habitats. Larval butterflyfishes are very
capable swimmers (Stobutzki and Bellwood 1997; Fisher 2005), and have well-
developed sensory abilities to select suitable habitats (Leis and Carson-Ewart 2003). It
is clear, however, that coral-feeding butterflyfishes are not restricted to only the most
optimal habitats. Berumen et al. (2005) showed that densities of C. baronessa and C.
lunulatus, both of which are obligate coral-feeding butterflyfishes, are very similar
between front-reef and back-reef habitats, despite a two-fold difference in the
abundance of scleractinian corals (see also Bell et al. 1985; Roberts and Ormond 1987).
Habitats with moderate levels of coral cover may still provide appropriate cues and

necessary resources for newly-settling fishes, even though these fishes ultimately fare



much better in habitats with highest coral cover (Berumen et al. 2005). Even if optimal
habitats are not saturated, strong inter- and intra-specific competition may force some

individuals to settle in marginal or sub-optimal habitats (Munday 2001).

Habitat associations of juvenile butterflyfishes may be partly attributable to
micro-habitat preferences for specific live corals, whereby half of the species (C.
aureofasciatus, C. baronessa, C. citrinellus, C. rainfordi, and C. trifascialis) exhibited
significant micro-habitat preferences in aquaria experiments. Also, in the field, virtually
all species (all except C. auriga and C. vagabundus) were predominantly found in just 1
or 2 different coral species. However, there was limited concordance between results of
the aquaria experiments and micro-habitat associations in the field. In micro-habitat
choice experiments, butterflyfishes choose among micro-habitats independent of
differences in surrounding habitat and in the absence of potential competitors and
predators. In the field however, there may be a much greater range of factors that
influence and constrain micro-habitat use. For example, in micro-habitat choice
experiments, C. baronessa showed significant preference for A. hyacinthus but is rarely
found in this habitat in the wild, possibly due to strong inter-specific competition with
C. trifascialis (Berumen and Pratchett 2006), whereby adult and juvenile C. trifascialis
are very aggressive towards juvenile C. baronessa.The only butterflyfishes that
exhibited consistent micro-habitat preferences across field studies and aquaria
experiments were C. trifascialis, and to a lesser extent, C. aureofasciatus and C.
rainfordi. Chaetodon trifascialis is well known for being highly specialised (Reese
1981; Irons 1989; Pratchett 2005) and clearly, its strong dependence on A. hyacinthus
for food dictates both micro-habitat preferences and juvenile distributions. Similarly,

micro-habitat preferences of C. aureofasciatus and C. rainfordi (for Acropora



divaricata and Pocillopora damicornis, respectively) correspond with their reported

feeding preferences (Pratchett 2007).

In conclusion, this study shows that butterflyfishes with lowest reliance on
corals and the broadest range of dietary items (C. auriga, C. melannotus, and C.
vagabundus) exhibited distinct patterns of habitat-use between juveniles versus adults.
In contrast, juveniles of species that feed predominantly on scleractinian corals (C.
aureofasciatus, C. baronessa, C. citrinellus, C. lunulatus, C. plebeius, C. rainfordi, and
C. trifascialis) were most abundant in habitats occupied by conspecific adults. Variation
in patterns of habitat-use among conspecific butterflyfishes appear to reflect contrasting
levels of dietary specificity, whereby the distribution and abundance of suitable food
resources may greatly restrict the range of habitats in which species with very specific
feeding requirements can ultimately settle and survive, as was originally proposed by
Harmelin-Vivien (1989). Moreover, habitat associations of juvenile butterflyfishes were
very similar among reefs separated by more than 600km, suggesting that butterflyfishes
consistently settle within specific reef habitats, leading to highly predictable patterns in
the distribution of butterflyfishes among habitats (e.g., Booth et al. 2000). These results
highlight the importance of ecological versatility in limiting the distribution and

abundance of coral reef fishes.
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Figure Legends

Figure 1. Map showing locations sampled (B - sampling site, ERC — exposed reef crest,
ORC — obliquely exposed reef crest, ERF — exposed reef flat, SBR —sheltered backreef,
LAG —lagoon, SPR — shallow patch reefs), within the three sampling sites: Lion Island
Papua New Guinea (PNG), Lizard Island and One Tree Reef.

Figure 2. Chaetodon butterflyfishes. Mean abundance (+ SE) of juvenile butterflyfishes
at each reef. Data was pooled across all reef habitats to show large-scale differences in

occurrence and abundance of the ten most abundant species.

Figure 3. Chaetodon butterflyfishes. Mean abundance (+ SE) of adults (clear bars)
versus juveniles (shaded bars) for the 10 most commonly recorded butterflyfishes,
within each of six distinct reef habitats (ERC, the exposed reef crest; ORC, obliquely
exposed reef crest; ERF, exposed reef flat; SBR, sheltered back reef habitat; SPR,
shallow water patch reefs; LAG, lagoonal reefs), averaged across the three locations,
Lion Island, Lizard Island and One Tree Reef. Statistics quoted refer to changes in
partial statistics (likelihood ratios: G*) caused by removing terms (habitat x life stage)
from higher order models in a hierarchical set. Species are ordered alphabetically with

broad feeding guilds (HC, Hard coral feeders; NC, Non hard-coral feeders).
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Figure 3
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Table 1. Micro-habitat preferences for juveniles of 10 species of butterflyfishes assessed under experimental conditions with equal availability

of five different micro-habitats; Acropora divaricata, Acropora hyacinthus, Pocillopora damicornis, Porites cylindrica and Dead Acropora. Ppax

is the proportion of individuals that occupied the most frequently used micro-habitat 1 hour, 4-6 hours, and 12-14 hours after release. * =

p<0.05, ** = p<0.01; *** = p<0.001.

Species n Model <1 hour 4-6 hours >12 hours Preferred micro-
habitat
Pmax Xz Pmax Xz Pmax X2

Chaetodon aureofasciatus 18 A. divaricata > Others 029 0.13 0.35 248 0.44 6.72%* A. divaricata
Chaetodon baronessa 9 A. hyacinthus > Others 036 1.84 0.45 4.45* 0.45 4.45* A. hyacinthus
Chaetodon citrinellus 11 A. hyacinthus > Others 036 1.84 0.55 8.20%** 0.45 4.45% A. hyacinthus
Chaetodon lunulatus 11 A. hyacinthus > Others 0.36  0.03 0.27 0.03 0.27 0.36 -
Chaetodon plebeius 9 P. damicornis > Others 0.33 0.03 0.33 0.03 0.44 3.36 -
Chaetodon rainfordi 25 P. damicornis > Others 0.40 6.25%%* 0.44 9.00%** 0.40 6.25%%* P. damicornis
Chaetodon trifascialis 12 A. hyacinthus > Others 0.33 1.33 0.50 6.75%* 0.75 11.02%%** A. hyacinthus
Chaetodon auriga 12 A. hyacinthus > Others 0.50 6.75%* 0.33 1.33 042 3.52 -
Chaetodon melannotus 8 P. damicornis > Others 0.38 1.53 0.38 1.53 0.38 1.53 -
Chaetodon vagabundus 8 Dead Acropora > Others  0.38 1.53 0.38 1.53 038 0.12 -




Table 2. Proportional use of different micro-habitats by butterflyfishes in the field. Data is
pooled across habitats and reefs. n is the total number of juveniles for which micro-
habitat use was recorded. Numbers in bold indicate the most frequently used micro-

habitat for each butterflyfish.
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Chaetodon trifascialis 61 | 0.61 0.07 ] 0.21 | 0.11
Chaetodon rainfordi 58 1 0.10 | 0.03 | 0.17 0.26 | 0.36 0.02 | 0.05
Chaetodon plebeius 32 0.03]10.090.38|0.28 | 0.13 0.09
Chaetodon citrinellus 31 | 0.10| 0.10 0.35 0.06 0.26 | 0.13
Chaetodon lunulatus 29 0.07 |1 0.07 | 0.07 | 0.17 | 0.03 | 0.24 | 0.34
Chaetodon melannotus 28 0.07 | 0.07 | 0.07 0.25] 0.11 | 0.11 | 0.32
Chaetodon baronessa 27 0.15]0.33 | 0.15| 0.33 0.04
Chaetodon auriga 23 0.17 1 0.13 0.09 1 0.09 | 0.04 | 0.43
Chaetodon aureofasciatus 13 | 0.15 0.31 ] 0.08 | 0.23 | 0.23
Chaetodon vagabundus 12 0.33 1 0.17 | 0.08 0.42
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