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ABSTRACT: Behaviour can offset the limitations of the morphology and physiology of a species to pro-
foundly influence patterns of resource use. In fishes, flow refuging is a behavioural mechanism that
may facilitate the occupation of turbulent, high-flow habitats by reducing extreme environmental
demands on their swimming capabilities. Using a novel combination of experimental and field tech-
niques, we examined the refuging patterns of coral reef fishes to demonstrate the potential energetic
advantages of flow refuging on coral reefs. Field evaluations of 3 common reef flat species (Hali-
choeres margaritaceus, Pomacentrus chrysurus and Chrysiptera brownriggi) revealed clear species-
specific refuge selectively towards substratum holes and coral heads, with all species using these 2
refuge types in a manner that provided significant shelter from ambient flow. Indeed, at experimental
flow speeds similar to those in the field (10 to 90 cm s7!), measurements taken in and around replicas
of these refuges identified flow reductions of 60 to 100 % depending on ambient flow speed, type and
size of the refuge. In addition, the degree of refuging displayed by these reef fishes appeared to be
strongly linked with swimming ability, with smaller individuals and slower-swimming species refug-
ing more frequently than individuals with stronger swimming abilities (i.e. refuging frequency in P.
chrysurus > C. brownriggi > H. margaritaceus). Ultimately, it appears that refuging is not just a pre-
dator-avoidance mechanism, but also enhances the ability of coral reef fishes to sustain themselves in
high-flow environments, which may underpin their occupation of otherwise inhospitable wave-swept
habitats.
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INTRODUCTION

An important aim for reef fish ecologists is to explain
differences in habitat utilisation patterns among the
multitude of reef-associated species. Although it is
clear that coral reef fishes use a variety of microhabi-
tats, the underlying mechanisms shaping differences in
habitat use are still the subject of intensive research (re-
viewed by Williams 1991, Sale 2002). Generally, disper-
sal, settlement, competition and predation are thought
to be the primary pre- and post-recruitment determi-
nants of habitat use in reef fishes (Sale 2002). However,
the ability of each species to cope with the biophysical
characteristics of the local environment must also set
overall limits to the range of potential habitats that can
be occupied. For example, fishes in high-flow habitats
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can either swim continuously against ambient currents
or periodically flow refuge, requiring either a strong
swimming ability or well- developed refuging behav-
iour and appropriate flow refuges. While several stud-
ies have demonstrated that high-flow reef habitats
support an abundance of fast-swimming fishes (Bell-
wood & Wainwright 2001, Fulton et al. 2001, Fulton &
Bellwood 2005), there are indications that some slower-
swimming taxa may be exploiting flow refuges to oc-
cupy high energy habitats (Bellwood & Wainwright
2001, Fulton et al. 2001, Johansen et al. 2007). While
many fishes use refuges on coral reefs, flow refuging in
reef fishes remains a point of contention, with little
empirical analysis of this behaviour and a prior focus on
refuging as a predator-avoidance mechanism (e.g.
Hixon & Beets 1993, Beukers & Jones 1998, Sale 2002,
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Lehtiniemi 2005). Using a functional approach, we
examined the potential for flow refuging and swim-
ming performance to directly influence patterns of
microhabitat use in coral reef fishes.

Flow refuging behaviour can provide significant
reductions in the flow experienced by fishes. Recent
experimental studies have found that fishes often place
themselves behind structures when exposed to high
flows (Gerstner & Webb 1998, Webb 1998, Asaeda et
al. 2005), which can significantly reduce physiological
swimming demands and directly assist fishes in using
high-flow habitats (Liao et al. 2003, Johansen et al.
2007). Energetic benefits to be gained from flow refug-
ing appear to be dependent on the particular behav-
iour at the individual level, rather than the swimming
ability of the species, as individuals can rapidly adjust
activity patterns according to ambient flow conditions
(Liao et al. 2003, Asaeda et al. 2005). Thus, slow-swim-
ming fishes with well-developed refuging behaviour
may be able to use high-flow habitats more efficiently
than stronger swimming species with limited refuging
behaviour (Johansen et al. 2007). Ultimately, this can
lead to a potential expansion of the range of habitats
and locations that can be colonised by a species,
exceeding predictions based solely on morphology or
swimming speed performance.

Here we quantified refuging patterns in 3 species of
coral reef fishes to determine if interactions between
fish swimming ability and flow refuging may directly
contribute to patterns of habitat use in wave-swept
habitats. We used a combination of field and labora-
tory-based measures to address 3 questions: (1) Do reef
fishes differ in their degree of refuging and selection of
specific refuge types? (2) What degree of flow reduc-
tion is provided by the most commonly used refuge
types? (3) Are patterns of refuging related to fish size
and the dimensions of refuges? We discuss the extent
to which these patterns of refuging are reflected in the
relative swimming abilities of species based on previ-
ous analyses (Fulton 2007).

MATERIALS AND METHODS

Study sites and species. All field observations were
conducted on the wave-exposed coral reef flat
between South and Palfrey Islands in the Lizard Island
Group, northern Great Barrier Reef, Australia
(14°40'S, 145°28'E). The reef flat was selected for 2
reasons: firstly, it is the shallowest and most wave-
swept habitat on the reef, with average flows often
exceeding 40 cm s~ (Fulton & Bellwood 2005); sec-
ondly, recent studies have suggested that flow refug-
ing is a common phenomenon in these high-flow habi-
tats (Bellwood & Wainwright 2001, Fulton et al. 2001,

Fulton & Bellwood 2002a, Johansen et al. 2007). Refug-
ing behaviours in 3 fish species were examined at each
of 2 sites (adjacent to each island named above): Poma-
centrus chrysurus Cuvier 1839, Halichoeres margarita-
ceus (Valenciennes 1839) and Chrysiptera brownriggi
(Bennet 1828). These species were chosen because
they are abundant on the reef flat and display widely
different mean pectoral-swimming speeds (Up):
P. chrysurus, 26.7 cm s™; H. margaritaceus, 48.0 cm s™;
and C. brownriggi, 35.2 cm s™! (Fulton 2007).

Fish refuging behaviour. Fish refuging behaviour
was observed by SCUBA divers using an instanta-
neous focal monitoring technique following Fulton et
al. (2001). Specifically, divers swam in a non-overlap-
ping path across the reef flat while recording data from
each individual fish immediately as they were encoun-
tered. Species, total length (TL, to the nearest cm), dis-
tance from the substratum (to the nearest 5 cm), and
the type of refuge used at the time of first observation
were noted for each individual. Great care was taken
to minimise observer and predator-related effects by
maintaining a minimum distance of 5 m (usually 10 to
12 m) between observer and subject, and observations
were made only when no likely predators where visi-
bly present. Whenever fishes were observed to behave
adversely to the divers, or if predators were visible, the
observation was aborted and excluded from the analy-
ses. This method provided a rapid means of recording
refuging behaviour based on independent observa-
tions of numerous individual fish. All fish included in
this study displayed adult coloration, with an average
TL of 5.6 £ 0.1 cm (mean + SE, n = 154) for Pomacentrus
chrysurus, 7.7 £ 0.1 cm (n = 114) for Halichoeres mar-
garitaceus, and 6.3 = 0.2 cm (n = 71) for Chrysiptera
brownriggi. Refuging was defined as the prolonged
(>2 s) residence of a fish with more than half its body
depth within the enclosure of a refuge (e.g. a substra-
tum hole) or positioned closely (within 5 cm) down-
stream of a substratum structure (e.g. a coral head). In
total, 339 individuals of the 3 study species were
observed over 9 d of observation.

Refuge physical characteristics. The study sites
examined had similar low-relief topographies with no
marked changes in level in the carbonate rock plat-
form, which consisted mainly of pock-marked coral
rock, rubble and very few live coral colonies (hard or
soft). In total, 171 hard-bottom refuges used by
observed individuals were measured for width, length
and depth/height using tape measures to the nearest
0.5 cm. Based on the observed refuging patterns, the
substratum holes and coral heads were identified as
the most commonly used refuges (substratum hole, n =
60; coral head, n = 58; other refuge types, n = 53).
Therefore, substratum refuges were divided into 3 dis-
tinct refuge types: holes in the substratum, single coral
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heads, and others (i.e. any other hard-substratum
structure that was observed to be used by fishes as a
refuge, e.g. a sharp drop in substratum level, indenta-
tions in the vertical wall of a drop in substratum level,
or shelters between proximate substratum protru-
sions). In each of the 2 study sites, the substratum was
surveyed for refuge availability using haphazardly
placed 10 x 3 m benthic transects. All potential refuges
within transects were categorised into the 3 refuge
types and measured as described above. Six transects
were conducted in each site, with a total of 674 sub-
stratum refuges measured. Finally, to assist in experi-
mental measures of flow within refuges (see below),
3 casts of average sized substratum holes (length
10.5 [+ 1.2] x width 10.5 [+ 1.2] X depth 9.7 [+ 0.6] cm,
mean + SE, n = 60) and 4 casts of average sized dead
coral heads (14.4 [+ 1.0] x 14.4 [+ 0.9] X 14.6 [+ 0.6] cm,
n = 58) used as refuges were taken in the field using
oil-based modelling clay and plaster.

Refuge flow characteristics. Flow profiles were
quantified for the 2 most commonly used substratum
refuge types (holes and coral heads) using artificial
refuges placed in an experimental flow tank. In par-
ticular, replicas of a substratum hole and a coral head
refuge were created from the casts made in the field
to closely match the actual refuges used by the study
species. These replica refuges were placed in a 194 1
recirculating flow tank of a design following Vogel &
LaBarbera (1978), and exposed to a range of flow
speeds comparable to those found in the field (i.e. 10
to 90 cm s7!, Fulton & Bellwood 2005). However, to
minimise solid-blocking effects (i.e. increased flow
speeds around obstacles in an enclosed flow cham-
ber), the coral head refuge size was kept at <10% of
the cross-sectional area of the flow chamber (Bell &
Terhune 1970). With a flow chamber of 55.0 x 23.0 x
24.0 cm (length: width: height) the refuge model was
scaled down from 14.4 x 14.4 x 14.6 cm to 7.4 X 7.4 X
7.5 cm, which constitutes 51 % of the average cross-
sectional diameter of coral heads used as refuges in
the field. The dimensions of the replica substratum
refuge hole were 10.5 x 10.5 x 9.7 cm, and it had a
clear acrylic window incorporated into one side and a
1.0 x 1.0 cm grid drawn on the back wall of the flow
tank or refuge hole to allow for visual analysis of par-
ticles moving around the refuge. Flow reduction was
then measured around the 2 refuge types across a
range of ambient flow speeds (between 10 and 90 cm
s™! at intervals of approximately 7 cm s™!) using digital
video tracking of neutrally buoyant particles. The
movement of at least 5 particles relative to the back-
ground grid were analysed at each flow speed inside
and outside of the refuges. A minimum of 110 indi-
vidual measures of flow were conducted for each
refuge type.

Flow within the substratum hole and the coral head
contained several vortices and circular flow patterns
(i.e. turbulence). Therefore, to provide a simple mea-
sure of flow speed within the refuges, the speed of
each recorded particle was analysed regardless of its
specific direction of movement. This provided a con-
servative estimate of flow within the refuge, as stable
points may exist within vortices. Because fishes in the
field were defined as refuging only when they were
within 5 cm downstream of the coral heads, particle
speed was only analysed in the area directly behind
the coral head to a distance of 5 cm + the average TL
(~7 cm) of the fish. Video recordings were set up with a
narrow depth of field so that only those particles
directly behind the coral head refuge would be in focus
and subsequently included in analyses. Given the
smaller coral head refuge used in the flow tank, this
analysis represents a conservative estimate of reduc-
tions in ambient flow. To provide ground-truthing of
relative reductions in flow, field measures of flow
speed were collected on the reef flat between South
and Palfrey Islands. Ambient flow speed in the water
column was measured by timing passive particles as
they moved in an approximately linear trajectory be-
tween 2 recognisable landmarks on the substratum.
This process was repeated for passive particles passing
through a substratum hole or around a coral head
refuge, using landmarks approximately 10 cm before
and after the refuge. Only those observations where
particles completed a full run through the refuge in a
roughly linear fashion were included in analyses. In
total, 6 flow speed recordings were made for each of
the 9 holes, and 9 coral head refuges were examined,
and a total of 9 ambient flow measures were taken in
the water column approximately 35 cm above the sub-
stratum. All observations were completed under simi-
lar tidal and wave conditions.

Statistical analysis. To identify possible site effects,
the observed number of refuging versus non-refuging
individuals, refuge types selected by each species and
the relative availability of each refuge type in the sub-
stratum were compared between sites using a series
of chi-squared k-sample tests. Where no significant
differences were detected, field observations were
pooled across sites and presented as an overall mean
and standard error for each variable.

The observed number of refuging versus non-refug-
ing individuals was compared among species using a
chi-squared k-sample test. Substratum refuge avail-
ability, species specific refuge use and refuge selectiv-
ity were graphically displayed following the selectivity
index of Chesson (1983). This method has the advan-
tage of providing a selectivity index that will yield
a value between -1 and 1 irrespective of resource
densities in the environment, is unaffected by the rela-
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tive abundance of the different resource types, and
thus permits comparisons of unequal sample sizes.
This selectivity index was calculated as: Selectivity
(E)=(mo—-1)/[(m-2) o+ 1] where m = the number of
refuge types and o = (r;/n;) / (X 1;/n;) with r; = the pro-
portional use of refuge type i, and n; = the proportional
availability of refuge type i (Chesson 1983). Further-
more, significant differences between substratum
refuge availability and the selective refuge use of each
species were analysed using a series of chi-squared 2-
sample tests, and corrected for type I errors using Bon-
ferroni adjustments. Differences in flow speed inside
and outside of the substratum refuges, both experi-
mentally and in the field, were compared using paired
t-tests for dependent samples. Sized-related changes
in refuging patterns within species were examined
using a series of non-linear logit regressions performed
on the binary data of refuging/non-refuging by differ-
ent sized fishes. For non-refuging individuals, differ-
ences in water column use among species were exam-
ined using a 1l-way analysis of variance (ANOVA).
Finally, the sizes of refuges used by each species were
compared to refuge-size availability using t-tests for
independent samples. All results were analysed using
STATISTICA v. 6.1 or SigmaPlot v. 8.0, and probability
values less than 0.05 were accepted as significant.

RESULTS

Pomacentrus chrysurus, Halichoeres margaritaceus
and Chrysiptera brownriggi all used substratum re-
fuges on the reef flat and exhibited no significant site
effects in this refuging behaviour (P. chrysurus, ¥* =
0.50, p = 0.48; H. margaritaceus, 3> < 0.01, p = 0.98;
C. brownriggi, y? < 0.01, p = 0.94). Refuging patterns
were markedly different among the 3 species (y? =
70.20, p < 0.01) with P. chrysurus refuging 76.0 + 2.6 %
(mean =+ SE, ny,q = 154) of the time, while H. margari-
taceus and C. brownriggi were refuging only 28.0 +
0.1% (n =114) and 32.4 = 0.4% (n = 71) of the time,
respectively.

Substratum refuge types displayed no significant dif-
ference in availability between sites (holes, xz =0.89,
p = 0.35; coral heads, x2 =0.72, p = 0.40; other refuges,
x2 = 0.00, p = 0.95). Indeed, substratum refuges were
available in approximately equal proportions within
sites with 30.4 = 1.6% holes (mean + SE, n = 205),
36.1 + 1.6 % coral heads (n =243) and 33.5 + 2.6 % other
refuge types (n = 226; Fig. 1), with the other refuge
type consisting mainly of abrupt drops in substratum
level and shelters between proximate coral heads.

While refuge selectivity did not differ among sites
(Pomacentrus chrysurus, y? = 2.67, p = 0.26; Halicho-
eres margaritaceus, y*> = 3.85, p = 0.15; Chrysiptera
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Fig 1. Pomacentrus chrysurus, Halichoeres margaritaceus and
Chrysiptera brownriggi. Refuge selectivity. Lower section
shows substratum refuge availability and the refuge utilisation
patterns of each species across 3 different refuge types. Top
section displays selectivity of each species towards each refuge
type. The selectivity index ranges from -1 to +1 and represents
strong negative to strong positive preference, respectively.
0 represents no preference. CL: confidence limit. *p < 0.05

brownriggi, x* = 4.17, p = 0.12), all 3 study species dis-
played varied positive and negative selection towards
particular substratum refuge types (Fig. 1). Specifi-
cally, P. chrysurus displayed a strong negative selectiv-
ity for coral heads (Ngamples = 2, > = 10.23, p < 0.01) and
a strong positive selection for other refuge types (n = 2,
x? = 7.29, p < 0.01). Conversely, H. margaritaceus
exhibited a positive selection for coral heads (n =2, x% =
5.79, p < 0.05), while C. brownriggi exhibited a positive
selection for substratum holes (n =2, y?=8.39, p < 0.01)
and a strong negative selection for other refuge types
(n=2,%%*=6.69, p <0.01; Fig. 1).

Experimental flow velocities measured behind the
coral head refuge and within the substratum hole were
significantly slower than ambient flows (coral head
refuge, n = 80, t = 9.49, p < 0.01; substratum hole
refuge, Nyeasures = 80, £ = 10.38, p < 0.01; Fig. 2). For
example, at an ambient flow of 60 cm s7!, the flow
behind the coral head was 23.0 + 1.5 cm s! and 12.0 +
1.6 cm s™! inside the hole (mean + 95% confidence
limit, CL; Fig. 2), constituting a 62 % and a 80 % reduc-
tion in flow, respectively. For flow velocities between
10 and 90 cm s, the flows behind the coral head were
always reduced by 60 to 66 %, while the larger substra-
tum hole refuge reduced ambient flows by 75 to 100 %
(Fig. 2). Under field conditions, an ambient flow speed
of 8.85 + 0.60 cm s~! produced average flow speeds of
2.70 + 0.21 cm s! behind coral heads and 1.84 +
0.33 cm s7! in substratum holes, representing average
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Fig 2. Flow measurements outside and inside of the substra-
tum hole and coral head refuge taken in a recirculating flow
chamber. Outside flow is calibrated with neutral density par-
ticles (n = 5 per speed), and the inner flow is based on the
mean of =25 measures of entrained particles passing in the
vicinity (see ‘Materials and methods’) of the refuges. Regres-
sion lines and 95 % confidence limits (dashed lines) are shown

flow reductions of 69.5% and 79.2%, respectively
(coral head refuge, n =18, t=6.87, p < 0.01; substratum
hole refuge, n = 18, t=6.48, p < 0.01).

Some species displayed a shift in refuging behaviour
with increased body size (Fig. 3, Table 1). With
increasing size, Pomacentrus chrysurus and Halicho-
eres margaritaceus displayed less frequent refuging
behaviour (Table 1). In P. chrysurus, the proportion of
individuals refuging fell from 100% to 46.2 + 34.5%
with a change in size from 2-3 cm to 8-9 cm TL
(means + SE, n;q = 154). In contrast, H. margaritaceus
displayed 60.0 + 8.3 % refuging at 4 to 5 cm TL and 9.1
+ 6.3% refuging at 10 to 11 cm TL (n = 114). Con-
versely, refuging behaviour in Chrysiptera brownriggi
remained almost stable with size, having a mean of
32.4 + 0.4 % across the observed range of sizes (n = 71).

When refuging, the sizes of the refuges occupied by
each of the study species appeared to be selectively
chosen (Table 2). In particular, the average size of coral
head refuges used by Halichoeres margaritaceus in
the field were significantly smaller than the average
coral heads available in the substratum (¢ = 2.06, n =
253, p < 0.05). Similarly, the substratum holes occupied
by Chrysiptera brownriggi were significantly larger
than those generally available in the substratum
(t=-2.51, n = 217, p < 0.05). When not refuging, the
mean height in the water column differed among spe-
cies (F = 15.65, n = 168, p < 0.01), with Pomacentrus
chrysurus averaging a distance of 9.0 = 1.0 cm from
the substratum (mean + SE, n = 38), compared to
8.3 + 0.6 cm in H. margaritaceus (n = 82) and 17.2 +
2.2 cmin C. brownriggi (n = 48).
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Fig 3. Pomacentrus chrysurus, Halichoeres margaritaceus
and Chrysiptera brownriggi. Proportional refuging of individ-
uals in 5 size categories. The n values for each species from
smallest to largest are P. chrysurus (20, 38, 83, 13), H. marga-
ritaceus (5, 48, 50, 11) and C. brownriggi (4, 15, 44, 8)

Table 1. Pomacentrus chrysurus, Halichoeres margaritaceus
and Chrysiptera brownriggi. Regression analysis of refuging
behaviour with size in 3 reef fish species. *p < 0.05

Species (Logit regression)
Body size versus % refuging
Wald-statistic n P
P. chrysurus 15.27 154 <0.01*
H. margaritaceus 4.55 114 0.03*
C. brownriggi 0.02 71 0.88
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Table 2. Pomacentrus chrysurus, Halichores margaritaceus

and Chrysiptera brownriggi. Comparison of the average

refuge sizes available in the substratum and the refuge sizes

used by the 3 species in the field. Means and SE shown. Sig-

nificant differences in refuge use from substratum availability
are marked (*p < 0.05)

Coral heads
Size (cm® n

Substratum holes
Size (cm® n

Available 1111 £ 131 205
substratum refuges

8789 + 960 235

Refuge use by species

P. chrysurus 985 + 120 40
H. margaritaceus 475 + 141 5
C. brownriggi 2585 £ 975* 12

3722 £ 677 23
2150 = 478" 18
2934 =+ 1251 8

DISCUSSION

Most studies of refuging behaviour in fishes have
focused on predator avoidance (e.g. Beukers & Jones
1998, Sale 2002, Lehtiniemi 2005). In contrast, our
study emphasises the potential direct biophysical
advantages of substratum refuge use by decreasing
locomotor demand while exposed to a strong ambient
current. Pomacentrus chrysurus, Halichoeres margari-
tacues and Chrysiptera brownriggi all used specific
substratum refuge types in the field, with more than
50% of observed individuals positioning themselves
within microhabitat structures that provided signifi-
cant shelter from ambient flows. While each species
positively selected different refuge types, coral heads
and substratum holes were the 2 most frequently used
refuges in terms of overall number of refuging individ-
uals. Notably, both experimental and field measures
revealed that these 2 refuge types reduced ambient
flows by 60 to 100%, depending on ambient flow
speed and refuge dimensions. The degree of refuging
displayed by these reef fishes also appears to be
strongly linked to their relative swimming abilities.
Slower-swimming species tended to refuge more fre-
quently and occupy a lower part of the water column
(presumably to exploit boundary layer effects, Fulton
et al. 2001) than individuals of stronger swimming
abilities, with 72% refuging in adult P. chrysurus
(Upe=26.7 cm s~!, Fulton 2007), versus 32 % refuging in
adult C. brownriggi (U, = 35.2 cm s!, Fulton 2007%)
of the same length. Interestingly, even with growth
to adult size, many of these fishes continued to use
refuges extensively, which runs contrary to the theory
that such refuging behaviour is largely linked to pre-
dation risk at a small size (Sale 2002).

Refuging is a common behavioural trait in many
fishes, especially on wave-swept coral reef flats (Bell-
wood & Wainwright 2001, Fulton et al. 2001, Fulton &
Bellwood 2002a), where this behaviour may be driven

by avoidance of extreme flow levels. A recent experi-
mental study found that Pomacentrus chrysurus and
Halichoeres margaritaceus do not possess the swim-
ming abilities necessary to overcome the average
60 cm s7! flow conditions found on the reef flats for
more than a few minutes at a time (Johansen et al.
2007). However, with access to refuge holes, these
same fishes were able to remain in a 60 cm s™' flow
habitat for several days without fatigue (Johansen et
al. 2007) with some indication that each species
increased its refuge use with increasing flow speed
(J. Johansen pers. obs.). Our study confirms that these
species preferentially select and extensively use the
same specific refuge types in the field, and that the
refuges confer significant flow reductions, providing
strong evidence in support of flow refuging as a signif-
icant determinant of patterns of habitat use in these
coral reef fishes. Ultimately, it appears that P. chrysu-
rus and H. margaritaceus have gained access to the
reef flat and its resources through a well-developed
refuging behaviour, rather than an enhanced swim-
ming capacity befitting the ambient high-flow charac-
teristics of this habitat.

Although all 3 study species demonstrated well-
developed refuging behaviour in the field, their
refuge selectivity patterns differed considerably from
refuge availability and each other. Such differences in
refuge preference may be linked to differences in
feeding mode, swimming ability and competitive
interactions between species. For example, Pomacen-
trus chrysurus is an opportunistic plankton and ben-
thic algal feeder (Allen 1991), which can acquire its
food by short duration excursions into the ambient
flow. In contrast, Halichoeres margaritaceus feeds on
benthic invertebrates and may have to search widely
for its dispersed and elusive prey (Fulton & Bellwood
2002b). As such, H. margaritaceus and other benthic
invertebrate feeders may be disadvantaged by resid-
ing in one small area adjacent to a substratum hole.
This is consistent with the observed patterns of refuge
use, with P. chrysurus refuging and using substratum
holes twice as often as H. margaritaceus (which
mainly used coral head refuges), as well as the rank-
ing of swimming abilities for the 3 species (H. marga-
ritaceus > Chrysiptera brownriggi > P. chrysurus; Ful-
ton 2007). Although no inter-specific antagonistic
interactions were observed, it is likely that the poma-
centrids, at least, may have been aggressively defend-
ing refuges. Both C. brownriggi and P. chrysurus are
highly territorial toward a range of species (Allen
1991), providing a possible explanation for interspe-
cific differences in the types of refuges and sizes of
refuge holes used and why some potential refuges
remained unused (if they were within the territory of
a dominant individual).
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Differences in refuge preferences may also be linked
to the flow attributes around each refuge type and the
relative exposure to predation. While substratum holes
are generally thought to be most effective at providing
flow reduction as well as shelter from large predators
(Hixon & Beets 1993, Sale 2002), their occupation may
be limited by the size of the refuging individual. In
contrast, the more exposed coral head refuge appears
to provide a similar level of flow reduction (both exper-
imentally and in the field), but may leave individuals
visible to predators. However, once detected by preda-
tors, the greater freedom of movement around such a
refuge, which is open to all sides, may also provide
fishes with a greater chance of escape. This would sug-
gest that fishes using a more open refuge type may
need to exhibit a greater swimming ability to combat
flow and escape predators, and indeed, the species
that positively selected coral heads, Halichoeres mar-
garitaceus, is the fastest-swimming species in the
group. In addition, with smaller and slower fishes often
being more vulnerable to predators (Sale 2002), and
refuging more frequently than larger and faster indi-
viduals, predator avoidance cannot be discounted.
Thus, while flow avoidance appears likely as a signifi-
cant driver of refuging behaviour, predator avoidance
may also be a significant contributing factor, with the
differences between species in refuging behaviour and
water column use reflecting their different swimming
abilities and risk of predation.

Regardless of the extent and type of refuge use, flow
reduction provided by substratum holes and coral
heads appears to provide a significant biophysical
advantage to fishes. Following Alexander (2005), the
relative energy requirements for fish swimming can be
estimated in both laminar (energy [E] = [body mass
(9)]°° x [speed (cm s7')]*%) and turbulent flow ([E] =
[body mass (g)]®® x [speed (cm s71)]%%). Based on these
formulae, fishes in a 60 cm s~' ambient flow would re-
duce energy consumption from swimming by approxi-
mately 71 to 95 % when using either a substratum hole
or coral head refuge (cf. Fig. 2). Although we used uni-
directional flows to examine flow patterns within each
refuge type, it is apparent from field measurements
that refuges do indeed reduce flow velocities signifi-
cantly and, if well exploited, may yield considerable
energetic savings (Liao et al. 2003). Consequently,
such energy savings from flow refuging provide a clear
rationale for the refuging and swimming patterns
observed in the field. In addition, the swimming activ-
ity and water column use of each species was consis-
tent with their feeding mode and swimming ability
(i.e. energy uptake and expenditure). Specifically,
Halichoeres margaritaceus (foraging on the substra-
tum) stayed closer to the substratum than both Poma-
centrus chrysurus and Chrysiptera brownriggi (feed-

ing on plankton), with the bigger and stronger-swim-
ming C. brownriggi foraging farthest away from the
substratum.

Overall, this study demonstrates that fishes inhabit-
ing wave-swept coral reef flats exhibit strong individ-
ual selection for specific substratum refuges and that
the use of these refuges seems to depend on swimming
ability and foraging behaviour. Such flow refuging
appears to facilitate the successful exploitation of high-
flow habitats by coral reef fishes with a limited swim-
ming capacity. While our examinations suggest that
significant energetic savings may be obtained by such
refuging behaviour, more direct assessments of the
energetic implications would offer a greater insight
into microhabitat use by demersal fishes. Similarly, the
relative causal effects of predator or flow-avoidance in
shaping these patterns of refuging behaviour could be
further examined using a predator presence-absence
manipulation across a spectrum of ambient flow
speeds. While the possible advantages for predator
avoidance are an important aspect of such refuging
behaviour, it appears that flow refuging can also have
a profound influence on patterns of habitat use in coral
reef fishes occupying wave-swept locations.
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