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ABSTRACT: Reef sharks play important roles in tropical reef environments, but population
declines have occurred in various locations including the Great Barrier Reef (GBR). While many
reef shark studies focus on coral reefs, some reef sharks have been found across a range of inshore
and coastal habitats. This study analyses fisheries observer data across large spatial scales
(19314 km?) to investigate the occurrence of reef sharks amongst a mosaic of inshore habitats in
the GBR lagoon. Six reef shark species were recorded, but comprised a relatively small proportion
(1.8 % by number) of the elasmobranch catch. The blacktip reef shark dominated the catch of reef
sharks (60.2% by number), with lemon sharks, zebra sharks, grey carpet sharks, whitetip reef
sharks and grey reef sharks less frequently encountered. Reef sharks occur in several habitat
types, and logistic regression models suggest that they are most likely to occur in reef habitats and
shallow shore habitats. The presence of a reef within 2 km increased the encounter probability in
all habitat types. While the use of these different habitats by reef sharks is not well understood,
these habitat use patterns affect the exposure of these species to risks, including some risk factors
not considered previously, and could also lead to cumulative impacts. These habitats may also per-
form important ecological functions in sustaining reef shark populations. Habitat use patterns
should be considered in risk assessments and management and have important implications for
method selection and survey design in field studies of reef sharks and other mobile reef species.
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INTRODUCTION

The world's coral reefs support a diverse group of
chondrichthyan fishes (henceforth referred to as reef
sharks), ranging from large, mobile species up to 3 m
in length (e.g. the lemon shark Negaprion acuti-
dens), to small, cryptic reef species (e.g. the epaulette
shark Hemiscyllium ocellatum). Reef sharks are gen-
erally considered to be high order predators in reef
ecosystems where they may exert ‘top-down’ control
of food webs (Stevens et al. 2000, Heithaus et al.
2008). In economic terms, reef sharks are an impor-
tant source of income as a living attraction for dive
tourism (Anderson 2002, Clua et al. 2011, Fitzpatrick
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et al. 2011), and they contribute to subsistence and
commercial fisheries throughout the tropics (Barnett
1996, Teh et al. 2007, White & Kyne 2010). However,
many sharks are long-lived, slow growing species
with relatively low reproductive rates (Cortés 2000),
traits which increase their vulnerability, particularly
to fishing. There are numerous examples of shark
populations that have experienced over-exploitation
and collapse due to fishing (Simpfendorfer 2000,
Graham et al. 2001, Fowler et al. 2005, Dulvy et al.
2008, White & Kyne 2010), and there is growing con-
cern over the status of sharks on coral reefs (Jackson
et al. 2001, Pandolfi et al. 2003). Recent studies sug-
gest reef shark declines in the main Hawaiian Islands
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and the Line Islands in the Pacific (Friedlander &
DeMartini 2002, Stevenson et al. 2007), the Indian
Ocean (Graham et al. 2010), and the Great Barrier
Reef (GBR) (Robbins 2006, Heupel et al. 2009). There
are also anecdotal reports of declines in reef shark
populations on coral reefs around numerous Pacific
islands (Chin et al. 2011). These concerns have given
rise to numerous shark risk assessments, ranging from
global (Fowler et al. 2005) to topical assessments for
specific fisheries (Salini et al. 2007, Tobin et al. 2010)
and climate change (Chin et al. 2010).

The distribution and habitat use patterns of reef
sharks need to be considered in risk assessments, in
planning conservation and management responses,
and in sampling design for reef shark studies. Many
tropical elasmobranchs, including reef sharks, have
complex movement patterns across a range of spatial
and temporal scales, which may include use of a
range of habitat types and seasonal aggregations
(White & Sommerville 2010). These spatial use pat-
terns affect the vulnerability of reef sharks to pres-
sures such as fisheries and climate change (Chin et
al. 2010). Complex habitat use patterns may also pro-
duce skewed data in studies that do not consider
these issues. For example, population structuring of
blacktip reef sharks Carcharhinus melanopterus, as
evident in some locations (Papastamatiou et al.
2009a), could lead to sample bias in studies that only
sampled those areas. Habitat use patterns are also
important in risk assessments when defining groups
or species assemblages. For example, previous stud-
ies have defined reef sharks as those species thought
to depend on coral reef environments (Chin et al.
2010) or those listed as occurring in coral reef habi-
tats according to species lists and catalogues (Ward-
Paige et al. 2010Db).

Relatively little is known about the habitat use of
reef sharks, and the current understanding of reef
shark habitat use may be limited by constraints such
as the limits of SCUBA-based surveys (Ward-Paige et
al. 2010a) and difficulties in tracking large, highly
mobile species over extended periods. Research
using long-term automated acoustic telemetry has
revealed complex patterns of habitat use for some
other shark species (Simpfendorfer & Heupel 2004).
However, such studies on reef sharks are few and
have only recently begun (e.g. Heupel et al. 2010,
Papastamatiou et al. 2010, Field et al. 2011, Fitz-
patrick et al. 2011). These studies reveal that some
reef sharks exhibit highly complex patterns of habitat
use and that some species also utilise non-reef envi-
ronments, such as sandy and muddy foreshores,
mangroves, and estuaries (DeAngelis et al. 2008),

and may traverse deep-water habitats between reefs
(Chapman et al. 2005, Heupel et al. 2010).

In the Great Barrier Reef World Heritage Area
(GBRWHA), 19 elasmobranchs have been categorised
as reef sharks (Supplement at www.int-res.com/
articles/suppl/m460p115_supp.xlsx). While the GBR
is arguably best recognised for its coral reef habi-
tats, these comprise only 5 to 6% of the GBRWHA
(GBRMPA 2009, Pitcher et al. 2009). Much of the
remaining area is referred to as the GBR ‘'lagoon’, an
area comprised of the shallow waters of the continen-
tal shelf between the Queensland coast and the off-
shore barrier reefs (Pitcher et al. 2009). This lagoon
contains a wide range of ‘inshore habitats’, so called
because they lie inshore of the midshelf and outer
reefs that form the barrier reef. This mosaic of inter-
connected habitats includes mangroves, seagrasses,
inshore reefs and shoals, and open water with a
range of sediment types (Pitcher et al. 2009). Some
reef sharks have been recorded in a range of inshore
habitat types across the GBRWHA (Salini et al. 2007),
suggesting movements beyond coral reef environ-
ments. Reef sharks in the GBRWHA face a number of
pressures, including habitat degradation and fishing
(GBRMPA 2009). The degradation of coral reef habi-
tats through pressures such as climate change may
have significant effects on GBR reef sharks (Chin et
al. 2010), and the GBR Coral Reef Line Fishery has
recorded a significant take of reef sharks, leading to
declines of some species (Robbins et al. 2006, Heupel
et al. 2009). Additionally, some reef sharks are also
taken in the GBR net fishery (Salini et al. 2007, Harry
etal. 2011). The GBR net fishery takes the majority of
sharks in the GBR, accounting for >90% of the
annual harvest of sharks in the GBRWHA (Queens-
land Department of Primary Industries & Fisheries
2010). The net fishery operates across the GBR
lagoon in a wide range of habitats ranging from
coastal rivers and estuaries to relatively deep and
open waters (to 50 m depth). While net fishers gener-
ally avoid coral reef habitats, reef sharks are caught
by net fishers but there are few data about species
taken and catch rates. Managers in the GBR have
expressed increasing concerns about GBR sharks,
citing evidence of reef shark declines, increasing
threats from fishing and habitat loss and degrada-
tion, and concern over the potential ecological
impacts of declines in top predators on GBR reefs
(GBRMPA 2009). Here we analysed fishery observer
data from the GBR net fishery to quantify the catch of
reef sharks in the largest shark fishery in the GBR-
WHA. These data were used to (1) examine the dis-
tribution of reef sharks across a range of habitats in
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the GBR lagoon, (2) investigate the exposure of reef
sharks to different risks throughout the GBR, and (3)
explore the implications of these patterns of distribu-
tion, habitat use and risk exposure for research and
management of reef sharks.

MATERIALS AND METHODS
Study area and observer data

This study used fishery observer data from the GBR
net fishery to investigate the catch and occurrence of
reef sharks within the GBR lagoon. This region
included all tidal waters along the Queensland east
coast stretching eastward of 142°09'E near Crab
Island (~11.0°S) southwards to Baffle Creek (~24°

29'S) (Fig. 1). Fishing activity and resulting catch
were recorded in situ by independent observers, with
each deployment of a net comprising an independent
sample. Nets used in foreshore and offshore waters
were mostly monofilament mesh, ranging from 115 to
165 mm mesh size, to target both teleosts and sharks,
and 300 to 600 m in length. For each net sample,
observers recorded the catch of each species, fate of
captured individuals, length, and sex. Observers also
recorded the location of each net sample, using GPS.
Participation by commercial fishers was voluntary
with 28 boats participating, ranging from small
dinghies (<5 m) with hand-hauled nets to larger ves-
sels (up to 16 m long) with hydraulic net-hauling
apparatus. This represented a cross section of the
type of fishing operations in the fishery, extending
across all seasons and a variety of habitats, between
2006 and 2009. A detailed account of
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the observer program and operational
characteristics of the fishery is given in
Harry et al. (2011).

Occurrence of reef sharks amongst
GBR lagoon habitats

Observer data were examined to
quantify the occurrence of reef sharks
in net samples (n = 1188). In this study,
the 'reef sharks' were considered as
any of the 19 sharks and rays identi-
fied as reef sharks in Chin et al. (2010),
which classified reef sharks as species
that primarily occurred in reef habitats
and had an implied dependency on
coral reefs. The GBR lagoon included
all areas and inshore habitats lying
between the Queensland coast and
the midshelf reefs of the barrier
reef. The distribution of reef sharks
amongst the different inshore habitats
of the GBR lagoon was analysed by
examining presence/absence of reef
sharks in a restricted set of net sam-
g ples (n = 328). The restricted set
included every sample that recorded
the presence of a reef shark and all
adjacent samples within a 40 km
radius of these sample points. The

145°0°E 150°0°

40 km radius reflected the distance

Fig. 1. Delineation of the Great Barrier Reef World Heritage Area (GBRWHA)

fishery along the Queensland east coast showing areas of peak shark catch.

The black lines indicate the 2 areas used for spatial analysis of reef shark
occurrence amongst the different habitats of the GBR lagoon

between the coast and the barrier reef
in the central GBR region, and includ-
ing all samples within this radius
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ensured that presence/absence data for reef sharks
were collected from all available samples across all
habitat types. This restricted dataset included many
samples where reef sharks were not caught (zero
data) and thus facilitated comparison of presence and
absence between different habitat types. Samples in
the restricted dataset fell into 2 cross-shelf transects
that corresponded to the areas of highest shark catch
in the GBRWHA (Fig. 1). The first transect covered
10443 km? of inshore habitat, with the northern
boundary stretching from Stephens Island (17°43.63'S,
146°9.92"E) to Ellison Reef (17°44.43'S, 146°22.59'E)
and a southern boundary stretching from the Haugh-
ton River mouth (19°23.97'S, 147°7.97'E) to Keeper
Reef (18°45.16'S, 147°15.77'E) (Fig. 1). The second
transect covered 8871 km? of inshore habitat, with
a northern boundary stretching from Cape Edge-
comb (19°58.35'S, 148°15.65'E) to Gould Reef No. 3
(19°31.86'S, 148°44.17'E) and a southern boundary
stretching from South Repulse Reef (20°37.07'S,
148°52.33' E) to Round Reef (19° 58.07' S, 149°37.18"E).
No reef sharks were recorded outside these regions.

To investigate the effect of in situ habitat type on
the occurrence of reef sharks, the habitat type of
each of the 328 samples was assigned using a range
of spatial data and mapping tools. The position of
each sample was plotted on Google Earth (WGS84
datum), and mapping accuracy was determined as
being within 10 m through validation using 11
ground control points, including a fixed geo-refer-
ence site established by Geosciences Australia. Once
plotted, the habitat type of each sample was qualita-
tively determined by assessing information from
satellite imagery (QuickBird and Google Earth), spa-
tial datasets and maps from the Great Barrier Reef
Marine Park Authority and the Queensland Govern-
ment's Coastal Habitat Resources Information Sys-
tem, bathymetry, local expert knowledge from com-
mercial fishers, and substrate composition data

compiled from 135 sampling locations from the
Seabed Biodiversity Project (Pitcher et al. 2009). This
process identified 6 habitat types which were used to
assign a habitat type for each net sample (Table 1).

The presence of biological features in the vicinity
of the sample location may also influence the occur-
rence of reef sharks in a sample. To account for these
effects, the proximity of each net sample to 3 key bio-
logical features was recorded: (1) inshore reefs, (2)
mangroves, and (3) seagrass meadows. Proximity
was defined as a sample located within 2 km of one
or more of these biological features. The 2 km crite-
rion was based on information about reef shark
movement distances recorded on coral reef atolls
(Stevens 1984, Papastamatiou et al. 2009a, Papasta-
matiou et al. 2009b). The spatial data sources previ-
ously mentioned were used to identify the presence
of these biological features and distance to net sam-
ples. Additional data used for this analysis included
seagrass distribution models (Coles et al. 2009, Grech
& Coles 2010), seagrass monitoring data from Sea-
grass Watch (Mellors et al. 2008), and reef extent
data from the Great Barrier Reef Marine Park
Authority. Seagrasses, reefs, and mangroves were
selected a priori as key biological features because
they are significant features for a number of species,
including reef sharks (Stevens 1984, White & Potter
2004, Knip et al. 2010, White & Sommerville 2010),
and could be mapped using the data available.

Habitat type and reef shark distribution

Once in situ habitat type and proximity data were
collated, the effect of habitat type and proximity to
key biological features on the probability of captur-
ing a reef shark in a net sample (encounter prob-
ability) was explored using logistic regression gener-
alised linear models (GLM). This approach is well

Table 1. Information from the Seabed Biodiversity Project, maps, online datasets, satellite imagery, and expert knowledge
revealed 6 broad habitat categories ranging from estuaries to deeper water habitats of varying substrate types

Habitat types  Description No. of net samples
per habitat type
(total 328)
River/estuary Habitats within coastal rivers and estuaries that remain submerged at low the tide 6
Shore Inter-tidal and sub-tidal habitats including sandy, muddy and rocky substrates along
beaches and coastal foreshores 173
Reef Inshore coral reefs and shoals with living hard and soft corals 12
Muddy open  Deeper water habitats >2 m depth (low water) with mud or silt substrate 123
Sandy open Deeper water habitats >2 m depth (low water) with sandy to gravel and rock substrate 3
Rocky open Deeper water habitats >2 m depth (low water) with gravel to rocky substrate 11
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suited to modeling uneven, zero-inflated datasets
(data with a high proportion of zero data), which vio-
late many of the assumptions of normal statistical
tests and modeling approaches (Mayer et al. 2005). In
this study, logistic GLMs were used to examine the
relationship between the presence/absence of reef
sharks (the outcome variable) and in situ habitat type
and proximity to biological features (predictor vari-
ables). Specifically, logistic GLMs tested the effects
of 4 factors: (1) in situ habitat type, (2) proximity to
inshore reefs, (3) proximity to mangroves, and (4)
proximity to seagrasses. Models were run to explore
trends for (1) all reef sharks (data pooled for all reef
shark species) and for (2) individual species in order
to investigate species-specific patterns of occurrence.
However, only the blacktip reef shark had sufficient
data to explore species-specific patterns. In both
cases, models were run for each of the 16 possible
combinations of these 4 factors and for a ‘'null model’
which modeled reef shark presence/absence without
any of these factors. Akaike information criteria (AIC
weights) (Burnham & Anderson 2002) were used to
select the best models and indicated the combina-
tions of predictor variables (habitat types and prox-
imity to key biological features) that best explained
the presence of reef sharks. The coefficients of the
best models were used to derive odds ratios which
described the relative probabilities of encountering a
reef shark between habitat types and key biological
features. Models were run in Program R (R Develop-
ment Core Team 2010).

No. of sharks sampled

6 species (n = 123) equalling 1.8 % of the total num-
ber of sharks and rays recorded in the catch (n =
6828). Size data for the blacktip reef shark showed
that the majority of sharks captured were juvenile
sharks of both sexes (Fig. 3).

Reef sharks were captured in 38 of the 328 samples
in the restricted dataset, with 7 of these samples cap-
turing 2 reef shark species. Sampling data show that
reef sharks were encountered in a variety of habitats,
and suggest some interspecific differences in habitat

80 -
70|
60
50
40 |
30

20 -

N Il
.l B H 0N

(‘(*
\%&Q = (00(\
) N \/QOQ

4 . @

Fig. 2. Species composition of the reef sharks sampled in
inshore habitats in the Great Barrier Reef (GBR) lagoon
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RESULTS 12

Six of the 19 species of reef shark 104
reported by Chris et al. (2010) -
were encountered in inshore habitats 2 &
(Fig. 2). The blacktip reef shark 3
Carcharhinus melanopterus repre- g 6
sented the majority (60.2%) of the -
reef shark catch, with less frequently 41
encountered reef sharks including ]
(in descending order) the lemon shark 2
Negaprion acutidens, zebra shark Ste-
gostoma fasciatum, grey reef shark 0+
Carcharhinus amblyrhynchos, grey b‘c’g 6@6&

carpet shark Chiloscyllium puncta-
tum, and whitetip reef shark Triaeno-
don obesus (Fig. 2). Reef sharks com-
prised only a small component of the
total shark catch in the GBR net fish-
ery, with the combined catch of these
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Fig. 3. Size frequency distribution of male (white), female (light grey) and un-
sexed (dark grey) blacktip reef sharks (n = 67) observed from the GBR coastal
net fishery. Size at maturity for males (Chin unpubl. data; dashed line) and

females (Lyle (1987); solid line) shown
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use. Grey reef and whitetip reef sharks were only ob-
served in samples where the in situ habitat type was
reef, while observations of other species occurred
predominantly in non-reef habitats (Table 2). How-
ever, most reefs sharks were caught within 2 km of a
reef, suggesting that reef proximity was an important
factor in encountering reef sharks. The only exception
was the zebra shark which mostly occurred in loca-
tions >2 km away from the nearest reef (Table 2).
Logistic GLMs revealed that in situ habitat type and
proximity to reefs significantly affected the probability
of encountering a reef shark. Of all the models tested,
the 2 factor GLM that modelled the
factors 'in situ habitat type' + ‘proxim-
ity to reefs' had the highest AIC
weight (0.36), meaning that this was
the best supported model (Table 3)
and that these 2 factors were the most

substrate habitats. The significance of open water
muddy substrate habitats may be driven by the zebra
shark as this species was most often encountered in
these habitats (Table 2). Proximity to mangroves and
seagrasses also appeared to increase the probability
of encountering a reef shark, as models that included
these factors in addition to habitat type and proximity
to reefs were the next 2 best models according to AIC
weights (Table 3).

Only the blacktip reef shark had a sufficient num-
ber of capture events to examine species-specific
spatial patterns. Similar to the analysis for all reef

Table 3. Akaike Information Criterion (AIC) model selection showing the 3
best models that explain the occurrence of all reef sharks, and the best 3 mod-
els that explain the occurrence of blacktip reef sharks. These models had the
greatest support as indicated by having the highest AIC weights. The model
for in situ habitat type + reef proximity best explained the occurrence of all

reef sharks (catches of all species combined) and for the blacktip reef shark

significant in explaining the observed

distribution of reef sharks. The 2 next
best models which received moderate

Model structure

AIC
value

AAIC AIC

weight

Degrees of
freedom

support from the data included the

factors ‘proximity to mangroves' or
‘proximity to seagrass' (i.e. 3 factor
models) (Table 3). The odds ratios for
the best supported model indicated
that reef sharks were most likely to be
encountered in reef and shore habitats
(Table 4) compared to other habitat
types, and especially when reefs were
located close by. Compared to the
modelled reference point, 'river/
estuary’ (automatically selected by R
during the analysis), reef sharks were
361 % more likely to be encountered
in a location within 2 km of a reef,
14 % more likely to be encountered in
shore habitats, and 7 % more likely to
be encountered in open water muddy

All reef sharks combined
Two factor model:
Habitat type + reef proximity

Three factor model:

Habitat type + reef proximity +
mangrove proximity

Three factor model:

Habitat type + reef proximity +
seagrass proximity

Blacktip reef shark
Two factor model:
Habitat type + reef proximity

Three factor model:

Habitat type + reef proximity +
seagrass proximity

Three factor model:

Habitat type + reef proximity +
mangrove proximity

226.17

227.38

228.17

123.36

125.29

125.36

0.00

1.21

2.00

0.00

1.92

2.00

0.36

0.19

0.13

0.44

0.17

0.16

Table 2. The percentage of the catch (calculated from the numbers of reef sharks caught) of reef sharks amongst different

habitat types in the GBR lagoon, and in proximity to inshore reefs

Blacktip reef shark Lemon shark Zebra shark Grey reef shark Grey carpet shark Whitetip reef shark

Habitat type % Catch per habitat type
River/estuary 0 25 0 0 0 0
Shore 93 75 14 0 67 0
Inshore reef 7 0 0 100 0 100
Muddy open 0 0 86 0 33 0
Sandy open 0 0 0 0 0 0
Rocky open 0 0 0 0 0 0
Inshore reef % Catch with proximity to an inshore coral reef

within 2 km 98 75 25 100 66 100
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Table 4. Results of the logistic regression generalised linear models for the best fitting model for ‘all reef sharks combined’, and
for the 'blacktip reef shark'. *p < 0.01, **p < 0.001

Predictor variables Estimate SE Z-value P Odds ratios
(Wald statistic)

All reef sharks combined
Intercept (Habitat type = -0.6931 0.8660 -0.800 0.42349 ¢0.500000

river/estuary)
Habitat type = reef -1.2857 1.1386 -1.129 0.25884 0.276468
Habitat type =

open water muddy substrate -2.5730 0.9777 -2.632 0.00850** 0.076309
Habitat type =

open water rocky substrate -17.9885 1175.6370 -0.015 0.98779 1.540629 x 1078
Habitat type =

open water sandy substrate -17.8345 2229.8561 -0.008 0.99362 1.797074 x 1078
Habitat type = shore -1.9188 0.9398 -2.042 0.04118* 0.146788
Proximity to reef 1.2857 0.4141 3.105 0.00190** 3.617049
Blacktip reef shark
Intercept (Habitat type = -20.566 7238.393 -0.003 0.99773 41.170227 x 107°

river/estuary)
Habitat type = reef 16.155 7238.393 0.002 0.99822 1.037966 x 107
Habitat type =

open water — muddy substrate -2.324 7382.433 -0.000315 0.99975 0.097919
Habitat type =

open water — rocky substrate 3.054 8896.528 —-0.000343 0.99973 0.047193
Habitat type =

open water — sandy substrate -2.806 12058.703 —-0.000233 0.99981 0.060475
Habitat type shore 16.033 7238.393 0.002 0.99823 9.188553 x 10°
Proximity to reef 3.312 1.041 3.183 0.00146** 27.4426
“Although R routinely provides an estimate for the intercept, this is a reference value and is not interpretable (UCLA:

Academic Technology Services, Statistical Consulting Group 2010)

shark data combined, GLM models showed the
importance of habitat type and proximity to reefs in
capturing blacktip reef sharks. The 2 factor GLM that
modelled the factors ‘in situ habitat type' and ‘prox-
imity to reefs' had the largest support from the data
(AIC weight = 0.44), while the models that also
included mangrove proximity or seagrass proximity
also had moderate support (Table 3). The odds ratios
for the best-supported model indicated that, com-
pared to the reference point (river/estuary), blacktip
reef sharks were 27 times more likely to be found in
locations within 2 km of a reef (Table 4). The odds
ratios also suggested that compared to the reference
point, samples set in locations where the in situ habi-
tat type was ‘shore’ or ‘'reef’ were over a million times
more likely to result in capture of blacktip reef
sharks. However, these predictor variables had high
standard errors (Table 4) and thus need to be treated
with caution. Similar to the data for all reef sharks
combined, the presence of mangroves and seagrasses
within 2 km of a sample may also increase the prob-
ability of capturing a blacktip reef shark.

DISCUSSION

This study reveals that several reef shark species
occur in a variety of inshore habitats in the GBR
lagoon, particularly shallow intertidal and subtidal
habitats and, for species such as the zebra shark, open
water muddy substrate habitats. The proximity of
mangroves and seagrasses also increase reef shark
encounter probabilities. These findings add to previ-
ous accounts of habitat associations or classification
systems where species such as the zebra shark and
blacktip reef sharks were classified as ‘reef sharks'
because they primarily inhabit coral reefs (e.g. Chin
et al. 2010, White & Sommerville 2010). While these
sharks could still be regarded as 'reef sharks’, espe-
cially since encounter probability rises within 2 km of
reefs, this study illustrates that some of these species
may have broader patterns of habitat use and, on oc-
casion, occur in habitats several kilometres away from
the nearest reef. Some reef sharks may occur in these
habitats when moving between different reefs, as has
been demonstrated for grey reef sharks (Heupel et al.
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2010). Other reef sharks such as the lemon shark Ne-
gaprion brevirostris may use non-reef environments
for extended periods (Pikitch et al. 2005, DeAngelis
et al. 2008). Further exploration of the residency and
movement patterns of these species and how they use
different habitats could help to redefine the habitat
associations of these species, their vulnerability to
pressures, and their ecological roles.

Patterns of habitat use can affect the vulnerability
of reef sharks and other mobile species, to human
pressures and other factors. Temporary transitory
movements or extended use of a range of habitats
may expose the species to a wider suite of risks, with
the frequency of movement and the time spent in dif-
ferent habitats affecting the level of exposure to
risks. Coastal habitats around the world are under
significant pressure from fishing, pollution, and habi-
tat degradation, with severe impacts reported from
several locations (Jackson et al. 2001, Lotze et al.
2006). Use of inshore habitats, such as coastal fore-
shores, mangroves, and seagrass beds, exposes these
reef sharks to direct threats from fisheries and distur-
bance, as well as indirect effects of habitat loss and
degradation. These pressures also affect coral reefs
which are under pressure worldwide by pollution,
habitat degradation, over-harvesting, and climate
change (Hughes et al. 2003, Burke et al. 2011). Thus,
the occurrence of reef sharks in coral reef and coastal
and inshore environments increases their exposure
to multiple fisheries, and to multiple natural and
anthropogenic impacts such as habitat degradation,
pollution, and disturbance.

The use of multiple habitats could also give rise to
cumulative impacts and can magnify impacts when
multiple life stages are exposed to pressures. For ex-
ample, fishing of adult sandbar sharks Carcharhinus
plumbeus in northern Western Australia (WA) be-
tween 2000 and 2005 jeopardised a hitherto sustain-
able fishery that harvested juvenile sandbar sharks
off southwestern Australia (McAuley et al. 2007) and
required prompt management intervention to signifi-
cantly reduce the catch on the northern WA coast
(Stobutski & McLoughlin 2008). In the GBR, the num-
ber of reef sharks taken in the GBR net fishery is low
compared to other shark species. Nevertheless, mor-
tality from net fishing on, or near, inshore reefs could
exacerbate the pressure on species such as the white-
tip reef shark and grey reef shark which are already
experiencing declines in the GBR (Robbins 2006, He-
upel et al. 2009). Cumulative impacts may also be a
concern for species such as the blacktip reef shark.
This species is the third most commonly caught reef
shark in the GBR coral reef line fishery, a fishery that

has reportedly driven declines in other reef sharks
(Robbins et al. 2006, Heupel et al. 2009). Catch com-
position data from Heupel et al. (2009) and commercial
logbook catch data suggest that between 9230 kg and
9243 kg of blacktip reef sharks were captured in this
fishery during peak landings between 2002 and 2003.
The blacktip reef shark's use of shore habitats also ex-
poses it to net fisheries which target these habitats for
coastal species such as the high value barramundi
Lates calcarifer. The catch composition data presented
in this study and commercial fisheries landings data
suggest that the GBR net fishery caught more blacktip
reef sharks than the line fishery over the 2002 to 2003
period, with catches between 10857 and 13222 kg
respectively. However, the 2 fisheries are licensed
separately, and the potential cumulative impact from
exposure to both fisheries has not been explicitly
considered in fisheries management arrangements.
Furthermore, the long-term effect on the GBRWHA
population of this level of catch of juvenile blacktip
reef sharks is not known.

While the use of multiple habitats by reef sharks
could increase their exposure to threats and cumula-
tive pressures, it may also reduce their vulnerability
through functional redundancy. Specialisation to par-
ticular ecological niches or habitat types may increase
the vulnerability of species and ecosystems such as
forests (Davies et al. 2004), reef fishes (Munday 2004),
and birds (Julliard et al. 2004). It follows that ‘general-
ist' reef sharks which use multiple habitat types could
be less vulnerable to pressures affecting coral reefs
than coral reef specialists. However, this is only valid
if these alternative habitat types can provide the same
biological and ecological services that coral reefs pro-
vide for all life stages of these species. If coral reefs,
or any other habitat used, provide unique and critical
functions for any of a reef shark's life history stages,
then loss of that habitat would negate the potential
benefits gained from utilising multiple habitat types.
Consequently, whether habitat generalisation reduces
vulnerability depends on how reliant the species is in
each of the habitats it uses as well as its exposure to
pressures while it is present in each habitat type.

Understanding patterns of occurrence can help to
inform management and conservation priorities. In this
study, the whitetip reef shark and grey reef shark only
occurred in coral reef habitats and thus are likely to
be most vulnerable to reef-associated pressures that
can affect the quality and availability of coral reef
habitats, such as anthropogenic impacts (Hughes 2009,
Burke et al. 2011), climate change (Hoegh-Guldberg
et al. 2007, Veron 2008), and reef-based fisheries,
which are suspected of driving reef shark declines in
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the GBR (Robbins et al. 2006, Heupel et al. 2009). In
contrast, their absence from other coastal and inshore
environments reduces their exposure to the GBR net
fishery as net fishing rarely occurs in coral reef habi-
tats. Therefore, management and conservation for
more widely occurring species (e.g. the blacktip reef
shark) should consider preservation of coastal habitats
as well as interactions with coastal net fisheries and
cumulative impacts from coral reef-based fisheries.

The use of a range of inshore and coastal habitats
by reef sharks also prompts questions about the eco-
logical roles these habitats play in sustaining reef
shark populations. Habitats such as mangroves and
lagoons have been proposed as important nursery
grounds for a range of coral reef species (Mumby et
al. 2004, Adams et al. 2006, Nagelkerken et al. 2008).
Similarly, many coastal sharks use coastal habitats,
such as seagrasses, mangroves, and intertidal shore
habitats, for variety of purposes, such as nursery
areas, foraging grounds, or mating or pupping (Hei-
thaus et al. 2002, Simpfendorfer & Heupel 2004, Knip
et al. 2010). Shallow sand flats have been suggested
as nursery areas for reef sharks such as lemon sharks
and blacktip reef sharks (Feldheim et al. 2002, White
& Potter 2004, Wetherbee et al. 2007, Papastamatiou
et al. 2009b). It is possible that reef sharks in the GBR
are using these habitats for similar purposes which
would further raise the importance of these habitats
in sustaining intact coral reef ecosystems.

Certain factors need to be considered in interpreting
the results of this study. Firstly, the presence of fishery
observers may affect fisher behaviour which could af-
fect data about the species caught, habitats fished and
the fate of catch (Karp 2005). The use of gill nets to
sample sharks in the GBR lagoon may also affect spe-
cies composition due to the gear selecting for species
of specific shape and size (Harry et al. 2011). This may
account for low catches of species such as zebra
sharks and rays which are less easily entangled in
mesh nets, ultimately underestimating the occurrence
of these species in non-reef habitats. Additionally,
fishing patterns affected the spatial analysis. The ob-
server programs were designed to collect data about
normal fishing operations, so sampling effort was not
evenly distributed amongst different combinations of
habitat types in a fixed experimental design. This re-
sulted in large standard errors in GLM outputs for
some factor combinations due to low sample sizes.
Furthermore, some factors are confounded where 2 or
more factors naturally co-exist or were mutually ex-
clusive. However, these issues do not alter the overall
conclusion that reef shark encounter probabilities are
relatively high in a range of inshore habitat types.

Distribution and habitat use patterns need to be
carefully considered when studying mobile reef
organisms and conducting risk assessments for these
species. While previous work has classified reef
sharks as those species listed as inhabiting coral reefs
(Chin et al. 2010, Ward-Paige et al. 2010b), such clas-
sifications may be too simplistic. Chin et al. (2010) did
not include the blacktip reef sharks or lemon sharks
as species that occur in coastal and inshore habi-
tats, and thus, the vulnerability assessment for this
species in incomplete. Ward-Paige et al. (2010b) used
SCUBA-based counts to infer trends in reef shark
abundance, but many of the species considered com-
monly occur in non-reef environments that were not
sampled by divers. In both instances, considering the
occurrence of reef sharks in a wider range of habi-
tat types would provide more complete accounts of
vulnerability and trends.

With increasing concern about the status of reef
sharks and the potential effects reef shark declines
could have on reef ecosystems, there is a need to bet-
ter understand how these species move between and
use habitats. This study has shown that habitat use
should be carefully considered in reef shark manage-
ment and research, especially for reefs sharks that
spend extended periods in, and have ecological
dependencies on, non-reef habitats. Future studies
using tagging and acoustic telemetry data, and those
that integrate multiple data sources from different
habitat types, would help to clarify the habitat use
patterns and dependencies of reef sharks and help to
ensure appropriate sample design, accurate interpre-
tation of survey data, and more complete risk assess-
ments to support the conservation and management
of these species.
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