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ABSTRACT: Acute disturbance events like tropical storms can have significant effects on coastal
habitats and animals that utilise them. We examined environmental parameters as cues for flight
behaviour based on movement data from 5 species of elasmobranch (Carcharhinus limbatus,
C. tilstoni, C. melanopterus, C. sorrah and C. amboinensis) during 3 tropical storm events in 2
coastal bays on 2 continents (Cleveland Bay, Australia, and Terra Ceia Bay, USA). Individuals
were monitored using passive acoustic telemetry before, during and after the storms. Short-term
effects on movement and distribution were investigated in relation to environmental parameters
(barometric pressure, wind speed and wave height) along with longer-term changes in size and
location of activity spaces of individuals due to extreme weather events. Short-term flight behav-
iour was observed in 4 species, with C. melanopterus the only species showing no reaction to
storm events. Change of activity space size and location varied within the 2 study sites, with sig-
nificant changes in activity spaces only occurring in Terra Ceia Bay. Examination of environmen-
tal parameters as cues for flight behaviour showed that species had varying tolerances to environ-
mental conditions during storm events. Flight behaviour was observed in juvenile individuals that
had not experienced such conditions before, which may suggest that this behavioural response is
innate.
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INTRODUCTION

Periods of acute disturbance caused by weather
events are important drivers of ecosystem structure
and function in both shallow-water environments
(Thistle 1981, Davis et al. 2004) and deeper-water
communities (Posey et al. 1996). Animal movement
in response to such natural disturbance events has
been observed previously in invertebrates (Jury et al.
1995), teleosts (Patterson et al. 2001), marine reptiles
(Dodd & Byles 2003, Liu et al. 2010) and elasmo-
branchs (Heupel et al. 2003, Simpfendorfer & Wiley
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2006). Extreme weather events within coastal habi-
tats have implications for the services these habitats
provide to animals that use them (Davis et al. 2004)
and directly for the populations of animals that use
them (Matich & Heithaus 2012). Understanding the
movement patterns of individuals during the course
of an extreme weather event can provide important
information on behavioural responses to extreme
conditions, and potentially help in predicting the
effects of climate change in locations where severe
tropical storms may become more prevalent (Chin et
al. 2010, Simpfendorfer et al. 2011).
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Behavioural responses of elasmobranchs in coastal
waters to large storm events have been observed
previously by Heupel et al. (2003). That study found
that blacktip sharks Carcharhinus limbatus left Terra
Ceia Bay (Florida, USA) prior to the arrival of Tropi-
cal Storm Gabrielle, likely due to a drop in baromet-
ric pressure and deteriorating conditions within the
bay (e.g. increased wave height). In the present
study, we used the same data set to evaluate the
thresholds at which C. limbatus in Terra Ceia Bay
seek out deep-water refuges to avoid adverse condi-
tions and to quantify how habitat use differed before
and after the storm, and we compared these results to
the responses of other coastal sharks in another trop-
ical ecosystem that is affected by storms.

Sharks and other fish species have highly sensi-
tive mechanoreceptors within the inner ear that can
detect subtle changes in hydrostatic pressure very
accurately (Fraser & Shelmerdine 2002). Flight be-
haviour based on changes in environmental condi-
tions may be a mechanism of avoiding shallow areas
during extreme weather events, and there is also
some indication that flight behaviour may be an
innate response (Heupel et al. 2003). In addition,
sharks display a flight response to extreme changes
in other environmental parameters, including drops
in water temperature (Matich & Heithaus 2012) and
salinity (Ubeda et al. 2009, Knip et al. 2011a,b). Acute
changes in environmental conditions can therefore
result in significant changes in behaviour that may
ultimately have effects on populations and ecosys-
tems, depending on the magnitude and duration of
the response.

Rapid change in environmental conditions during
the onset of large tropical storms has significant
effects on the behaviour and movement of coastal
fishes including elasmobranchs (Patterson et al.
2001, Heupel et al. 2003). The aims of this study were
to (a) determine the short-term responses of coastal
sharks to severe tropical storms, (b) determine
whether such storms cause medium to long-term
changes in the distribution of sharks within coastal
habitats and (c) use presence data of sharks within
coastal habitats to estimate threshold values of envi-
ronmental parameters that trigger flight responses.

MATERIALS AND METHODS
Study areas

The movement and behaviour of shark populations
were examined in 2 locations, Cleveland Bay in

Queensland, Australia, and Terra Ceia Bay in Florida,
USA, to investigate the responses of sharks to tropical
storms. Both bays are located in tropical or subtropical
areas. Movements of animals were examined using
passive acoustic telemetry, with arrays of acoustic re-
ceivers present within the study areas before, during
and after storm events. Acoustic receivers, each with
a single frequency omnidirectional hydrophone that
operated at 69 kHz, were deployed to log detection
data from sharks fitted with acoustic transmitters. Re-
ceivers were deployed in Cleveland and Terra Ceia
Bays employing methodology previously described
(Heupel & Hueter 2001, Knip et al. 2011a,b).

Cleveland Bay is located on the northeast coast of
Queensland (19.20°S, 146.92°E; Fig. la), is mostly
less than 10 m deep and has a maximum tidal range
of approximately 4 m. The bay covers an area of ap-
proximately 225 km? and consists mainly of soft sedi-
ment substrates. There are extensive seagrass beds
and small patches of coral reef within the bay, and the
southern shore is lined with mangrove habitat. Sev-
eral sources of freshwater enter the bay from the
southern end and provide the majority of freshwater
input. An array of 63 VR2 and VR2W acoustic re-
ceivers (Vemco) was used. Receivers were positioned
in fixed locations to cover the eastern and western
sections of the bay that corresponded to Conservation
Park zones within the Great Barrier Reef Marine
Park. Movement and habitat use of 4 shark species
(Australian blacktip Carcharhinus tilstoni, n = 5;
blacktip reef C. melanopterus, n = 16; spottail C. sor-
rah, n = 9; and pigeye shark C. amboinensis, n = 7)
were examined within Cleveland Bay between 6 Jan-
uary and 4 March 2011 during which 2 tropical cy-
clones occurred within the region. Individuals of C.
tilstoni were tagged between November 2010 and
February 2011, whereas individuals of C. melano-
pterus, C. sorrah and C. amboinensis were all tagged
in 2009 and early 2010 as part of larger monitoring
studies (Knip et al. 2011a,b, 2012).

Terra Ceia Bay, located on the Gulf of Mexico coast
of Florida (27.55° N, 82.58° W), is a small, shallow bay
adjacent to Tampa Bay (Fig. 1b) covering an area of
approximately 10 km?, with a maximum depth of
about 4 m. Comparatively, this bay is more restricted
than Cleveland Bay, with 1 passage that connects the
bay to the larger Tampa Bay region. The bay is lined
with mangroves and has 1 source that provides lim-
ited freshwater input into the north end of the bay.
An array of 25 VR2 receivers (Vemco) was used, with
18 receivers placed within the bay, 3 within the pas-
sage connecting Terra Ceia Bay to Tampa Bay and 4
outside the bay (Fig. 1b). Movements of 14 Car-
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Fig. 1. Study sites at (a) Cleveland Bay, Australia, with solid

points representing locations of acoustic receivers within the

bay, and (b) Terra Ceia Bay, USA, with solid points repre-

senting locations of acoustic receivers within the bay, and

open points representing locations of receivers within the
passage and outside Terra Ceia Bay

charhinus limbatus were examined within the bay
between 25 August and 26 October 2001 during
which 1 tropical storm passed through the region. All
individuals were tagged in early June 2001 as part of
a larger monitoring study (e.g. Heupel et al. 2004,
Heupel 2007).

Field methods

Sharks at both study sites were captured using
baited, short multi-hook research lines or rod and

reel fishing. Once captured, sharks were sexed,
measured, and tagged with a rototag in the first dor-
sal fin or a single-barb dart tag in the dorsal muscu-
lature. Individuals in good condition and within the
appropriate size range (>50 cm stretch total length,
STL) were surgically implanted with Vemco V16
RCODE 16 x 656 mm acoustic transmitters. Surgeries
were conducted as per methods described by Heupel
& Hueter (2001). All individuals were released in
good condition at their location of capture. Transmit-
ters were uniquely coded for each individual and
transmitted at 69 kHz. The signal was repeated in a
random interval between 45 to 75 s to reduce the
likelihood of signals from 2 or more tags overlapping
and thus not being detected. Transmitters used at
both study sites had a battery life of approximately
18 mo.

Storm events

Three storm events with varying intensities were
encountered in close proximity to the study sites.
Environmental data for each event were compared to
detection data from monitored species for periods
before and after individual storm events.

In Cleveland Bay, 2 storm events occurred within
close proximity to the study site in January and Feb-
ruary 2011. Tropical Cyclone (TC) Anthony, classi-
fied as a category 2 cyclone (Australian Tropical
Cyclone Intensity Scale) at its peak with sustained
wind speeds of ca. 100 km h~!, made landfall approx-
imately 170 km south of the study site on 30 January
2011. Maximum sustained wind speeds within
Cleveland Bay during TC Anthony were measured at
42.4 km h™! with the barometric pressure dropping as
low as 1008.4 hPa. This storm event was closely fol-
lowed by a much larger storm, TC Yasi, that was clas-
sified as a category 5 cyclone at its peak with esti-
mated sustained wind speeds of ca. 205 km h~! and
made landfall approximately 160 km north of the
study site on 3 February 2011. Maximum sustained
wind speeds within Cleveland Bay were measured at
106.3 km h~! with the barometric pressure dropping
as low as 990.8 hPa.

In Terra Ceia Bay, Tropical Strom (TS) Gabrielle,
which developed in the Gulf of Mexico, was classi-
fied as a category 1 hurricane (Saffir-Simpson Hurri-
cane Scale), with sustained wind speeds recorded at
>100 km h~! in some locations. It made landfall on the
central coast of Florida 50 km south of the study site
on 14 September 2001 and was previously described
by Heupel et al. (2003). Maximum sustained wind
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speeds within Terra Ceia Bay during the storm were
measured at 81.6 km h™! with the barometric pres-
sure dropping as low as 996.1 hPa.

Data analysis

Hourly presence of individuals within acoustic
arrays was investigated by examining detections of
individuals prior to, during and after storm events.
All raw data were refined to only include 2 or more
detections h™! to remove false positives prior to fur-
ther analysis. Hourly presence of 4 species (Car-
charhinus tilstoni, C. melanopterus, C. sorrah and C.
amboinensis) in Cleveland Bay was investigated in
conjunction with environmental data (barometric
pressure and wind speed) for the period 2 d prior to
TC Anthony and 3 d after the landfall of TC Yasi.
Hourly presence of C. limbatus was investigated for a
period of 4 d before and 26 d after the landfall of TS
Gabrielle. Time intervals for each study site were
chosen to include the periods where the majority of
monitored individuals (>70 %) were detected within
the study sites prior to and after the storm events.
Detection data were also used to determine the spa-
tial pattern of exit and entry before and after storm
events in Cleveland Bay. Exit and entry detections
were used because in extreme conditions, acoustic
receivers may stop detecting signals from tags
because of the increased wave action and associated
sedimentation, which could be mistaken for animals
departing the array. The acoustic array had 3 exit
and entry points: a large passage on the eastern side
of the array, and 2 passages on either side of Mag-
netic Island (Fig. 1a). The departure and return paths
of each shark were compared across individuals and
species within Cleveland Bay to determine where the
animals may have moved to during the storm event.
A similar analysis was not conducted for Terra Ceia
Bay, as that site has only 1 point of exit/entry.

Threshold values of environmental parameters
were determined by examining the probability of
detecting animals within the array under changing
conditions associated with tropical storms. Hourly
presence of individuals was converted into binary
response variables. The analysis was applied to indi-
viduals that were heard consistently (at least 2 detec-
tions d™1) for 3 d prior to storm events. Binomial gen-
eral linear models with a logit link function were
used to estimate probability of detection within the
acoustic arrays as a function of barometric pressure,
wind speed and wave height. The threshold value
was estimated by interpolating the environmental

variable at which 50 % of individuals were no longer
detected within the array. The threshold value at the
50% probability was chosen as it represents the
median conditions at which individuals were ob-
served to leave the site prior to the storm event and
allowed for comparison of responses between species
within each site. Hourly presence data for each spe-
cies were examined for the 3 d prior to tropical
storms.

A kernel utilisation distribution (KUD) analysis
(Calenge 2011) was used to estimate whether there
were differences in the size and location of individu-
als' activity spaces (50 % KUD: core; and 95 % KUD:
extent) before and after storm events at both sites.
Raw detection data were processed through a mean
position algorithm that computed an individual's cen-
tre of activity (COA) at 30 min intervals (Simpfendor-
fer et al. 2002). KUD analyses based on COA esti-
mates were conducted using the adehabitat software
package in the R environment (Calenge 2006). In
Cleveland Bay, data for individuals 30 d before and
after TC Yasi were included in the KUD analysis, and
in Terra Ceia Bay, data from 20 d before TS Gabrielle
and 20 d after individuals had returned to the bay
continuously (i.e. 21 d after the storm passed) were
included in the KUD analysis. These time scales were
chosen for these sites to maximise the use of avail-
able environmental data and had the majority of
monitored animals detected within the sites. The size
of individual activity spaces before and after the
storm events was compared using an analysis of
covariance (ANCOVA) with sex and total length as
covariates. Change in location of activity spaces was
examined by calculating the proportion of overlap
between activity spaces before and after storms. A
smaller proportion of overlap meant that the location
of the activity space had changed by a larger degree
after a storm and vice versa.

RESULTS
Presence
Cleveland Bay

Analysis included all 4 monitored species: Car-
charhinus tilstoni (size range: 52-75 cm; 4 males, 1
female), C. sorrah (102-126 cm; 4 males, 5 females),
C. amboinensis (74-129 cm; 4 males, 3 females) and
C. melanopterus (65-148 cm; 7 males, 9 females).
There was no apparent change in presence prior to
the arrival of TC Anthony; however, a clear flight
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Fig. 2. Carcharhinus spp. Hourly presence of individuals within Cleveland Bay. Top panel plots environmental data (black

line: barometric pressure, grey line: wind speed) with detections in the bottom panel. The first broken vertical line represents

landfall of Tropical Cyclone (TC) Anthony; the second broken line represents landfall of TC Yasi. The grey shaded area
represents the period where no sharks were detected

response was observed prior to the onset of TC Yasi
(Fig. 2). Flight response to the storm was observed in
C. tilstoni, C. amboinensis, and C. sorrah which were
last detected 10 to 24 h prior to TC Yasi making land-
fall, and detected returning 18 to 65 h after landfall.
Eleven of 16 C. melanopterus were detected within
the array on the day TC Yasi made landfall, suggest-
ing they displayed restricted movements and may
not have left the study area. No individuals of any
species were detected approximately 8 h before and
after landfall of TC Yasi.

Individuals present on the eastern side of Cleve-
land Bay prior to TC Yasi (Carcharhinus tilstoni, C.
sorrah and C. amboinensis) were last detected by
receivers on the eastern side (Fig. 3), indicating that
they exited into the central portion of the bay and did
not make alongshore movements through the west-
ern side of Cleveland Bay. However, on return, 2 C.
tilstoni and 2 C. amboinensis were first detected by
the far western receivers, suggesting that these
individuals had moved outside the bay into deeper
water north of Magnetic Island (Fig. 3), and returned

south via the western passage. The remaining C.
amboinensis and all C. sorrah that exited via the
eastern side were detected re-entering the bay by
receivers located on the eastern side. Individual C.
melanopterus were last detected before the storm
and first recorded after the storm by receivers in the
middle of the western side of the array (Fig. 3), fur-
ther supporting the conclusion that these individuals
displayed very restricted movement within the array
during the storm event.

Terra Ceia Bay

Of 14 C. limbatus (size range: 54-61 cm; 5 males,
9 females), 13 were consistently detected before and
after the storm event. No individuals were detected
inside the bay 3 to 6 h prior to TS Gabrielle making
landfall (Fig. 4). Detections were consistently re-
corded outside the bay for a period of approximately
6 to 7 d after TS Gabrielle made landfall. Approxi-
mately 21 d after landfall, animals were consistently
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Fig. 4. Carcharhinus limbatus. Hourly presence of individuals within Terra Ceia Bay. Top panel plots environmental data

(black line: barometric pressure; grey line: wind speed) during period of storm event with detections in the bottom panel.

Broken vertical line represents landfall of Tropical Storm Gabrielle. Solid points represent detections within the bay and open
points represent detections outside the bay

detected within the bay, and detection patterns re-
turned to pre-storm patterns. All individuals showed
similar short-term responses to the onset of TS
Gabrielle, and 10 of 14 individuals returned to the
bay after conditions stabilised.

Environmental thresholds

The logistic regression for individual presence
within the 2 study sites in relation to barometric pres-
sure, wind speed and wave height revealed a strong
correlation in the logit function for all environmental
variables (Fig. 5a,b), with similar results for baromet-
ric pressure and wind speed from both study sites.
The analysis yielded reliable threshold results for
Carcharhinus melanopterus, C. amboinensis, C. sor-
rah and C. limbatus (Table 1); however, the residency
of C. tilstoni was not high enough for this analysis to
determine environmental thresholds with enough
certainty.

Carcharhinus melanopterus showed the highest
tolerance to degrading conditions and had the lowest
barometric threshold (999.3 hPa), as well as the high-
est thresholds for sustained wind speed (67.2 km h™1)
and wave height (3.3 m). Given that the exit—entry

detection data indicated that this species remained
within the bay, these threshold values probably rep-
resent receiver performance during the storm. C. sor-
rah showed the next highest level of tolerance to
deteriorating conditions, and C. amboinensis had the
lowest tolerance threshold to barometric pressure
(1006.4 hPa), wind speed (29.5 km h~!) and wave
height (1.0 m). A strong correlation in the logit func-
tion was found between the presence of C. limbatus
individuals and barometric pressure and wind speed
(Fig. 5b). The barometric threshold value estimated
for this storm event (1007.4 hPa) was higher, and the
wind speed threshold value (24.6 km h™!) was lower,
than those calculated in Cleveland Bay (Table 1).

Activity space

We found no significant difference in the size of
activity space (core or extent) before and after TC
Yasi for any species in Cleveland Bay, and neither
sex nor length had significant effects on activity
space (Table 2). Overlap analysis revealed a high
degree of overlap between activity spaces of individ-
uals before and after TC Yasi (Fig. 6a). A higher
degree of overlap was observed for the extent of
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Storm Gabrielle, with a fitted logit link function
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Table 1. Carcharhinus spp. Environmental thresholds for
flight behaviour estimated using p = 0.5 of logistic regres-
sions of presence/absence data within Cleveland Bay,
Queensland, Australia, prior to Tropical Cyclone (TC) Yasi
and within Terra Ceia Bay, Florida, USA, prior to Tropical
Storm Gabrielle. Values represent the level of the environ-
mental factor at which 50% of individuals were no longer
detected within the array. Values for Carcharhinus melano-
pterus are a function of receiver performance, since these
individuals did not leave during TC Yasi. Insufficient resi-
dency of C. tilstoni resulted in unreliable threshold values

n Barometric =~ Wind Wave
pressure speed height
(hPa) (km h™?) (m)
Cleveland Bay
Carcharhinus 14 993.3 77.2 3.3
melanopterus
C. amboinensis 5 1006.4 29.5 1.0
C. sorrah 8 1001.9 56.1 2.9
C. tilstoni 3 - - -
Terra Ceia Bay
C. limbatus 13 1007.4 24.6 NA

activity space (mean proportion of overlap of 77 %)
than core activity space (mean proportion of overlap
of 61 %).

In contrast, there were significant differences in
core activity spaces of Carcharhinus limbatus before
and after TS Gabrielle in Terra Ceia Bay (Table 2).
There was no significant effect of sex or length on
core activity space. The extent of activity spaces was
also significantly different before and after the storm,

with both length and sex being non-significant co-
variates (Table 2). Overlap analysis showed a high
degree of overlap between the extent of activity
space of individuals before and after TS Gabrielle
(mean proportion of overlap of 81 %; Fig. 6b). The
proportion of overlap in core activity space was lower
than the extent of activity space (mean proportion of
overlap of 40 %).

DISCUSSION

The data presented in this study demonstrate that
tropical storms can have significant short-term
effects on the behaviour and movement of coastal
sharks. The short-term responses displayed by most
of the studied species, with the exception of Car-
charhinus melanopterus, from 2 continents were con-
sistent with individuals leaving their respective
coastal bay environments prior to tropical storms
making landfall. The synchronicity in the flight
response of individuals in Cleveland Bay and Terra
Ceia Bay suggests that sharks could detect and inter-
pret the onset of acute changes in environmental
conditions. This ability to detect subtle changes in
conditions may allow individuals to predict ap-
proaching physical disturbances such as increased
sedimentation, storm surges or large waves and
leave before conditions worsen, therefore allowing
them to avoid adverse conditions. Heupel et al.
(2003) came to a similar conclusion when examining
behavioural responses of C. Iimbatus in Terra Ceia

Table 2. Carcharhinus spp. Analysis of covariance for kernel utilisation distribution (KUD) estimates of activity space, where

50 and 95% KUD represent the core and the extent of the activity space, respectively, for all individuals in Cleveland Bay

before and after Tropical Cyclone Yasi and in Terra Ceia Bay before and after Tropical Storm Gabrielle. Covariates: sex and
stretch total length (STL); oo = 0.05

Taxon n Covariate 50% KUD 95 % KUD
X BerorRE X AFTER df F p X gerore X arter  df F P
(km?  (km?) (km?)  (km?)
Cleveland Bay
Carcharhinus melanopterus 12 Sex 4.44 427 1,11 0.217 0.647 24.81 2343 1,11 <0.001 0.988
STL 0.157 0.696 0.002 0.962
C. amboinensis 8 Sex 6.84 8.49 1,7 0.032 0.863 40.44 54.00 1,7 0.165 0.695
STL 0.054 0.822 0.055 0.820
C. sorrah 6 Sex 8.68 6.30 1,5 0.475 0.504 41.09 36.25 1,5 0.132 0.722
STL 0.032 0.860 0.284 0.604
C. tilstoni 3 Sex 13.43 13.71 1,2 4.047 0.182 60.85 69.40 1,2 0.492 0.556
STL 0.008 0.932 1.416 0.356
Terra Ceia Bay
C. limbatus 17 Sex 0.96 1.88 1,16 2.36 0.144 4.91 9.22 1,16 3.18 0.093
STL 242 0.139 2.23  0.155
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Fig. 6. Carcharhinus spp. Distribution of proportions of overlap of activity spaces (kernel utilisation distribution, KUD, where
50 and 95 % KUD represent the core and the extent of the activity space, respectively) before and after (a) Tropical Cyclone
Yasi in Cleveland Bay and (b) Tropical Storm Gabrielle in Terra Ceia Bay

Bay during TS Gabrielle and Hurricane Gordon. Sim-
ilar flight responses have also been observed in Pris-
tis pectinata (Simpfendorfer et al. 2005, Simpfendor-
fer & Wiley 2006) and Negaprion brevirostris, C.
leucas, C. limbatus and Sphyrna tiburo (M. Heupel
unpubl. data), suggesting similar synchronous flight
responses in a range of coastal shark species. Other
marine animals including teleosts (Patterson et al.
2001), marine reptiles (Dodd & Byles 2003, Liu et al.
2010) and invertebrates (Jury et al. 1995) also display
flight responses to approaching storms, with individ-
uals being encountered less frequently in shallow
environments prior to large storm events. This sug-
gests that animals may actively leave these environ-
ments to seek refuge in deeper water.

Many sharks are heavily dependent on coastal
habitats that provide ecological functions such as
nursery or foraging grounds (e.g. Castro 1993,
Simpfendorfer & Milward 1993, Knip et al. 2010). The
use of these habitats may be affected by environ-
mental conditions that could cause short- to long-
term changes in the utility of these areas for coastal
species. In extreme weather conditions, increased
winds cause increased wave height, resuspend large
amounts of sediment and increase current intensity
(Thistle 1981, Posey et al. 1996, Davis et al. 2004).
Logistic regression results suggested that different
species have different tolerances to degrading condi-
tions, which is also reflected in the short-term pres-
ence of these animals prior to storm events.
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Long-term monitoring of and habitat use by both
Carcharhinus amboinensis and C. sorrah within
Cleveland Bay have shown that C. amboinensis had
a greater preference for shallower water (<3.0 m;
Knip et al. 2011a), whereas C. sorrah had a greater
affinity to deeper habitats (>4.0 m; Knip et al. 2012).
Similarly, long-term studies and surveys within nurs-
ery bays in Florida have shown that C. limbatus are
consistently found in shallow waters (e.g. Terra Ceia
Bay: Heupel et al. 2004, Florida Bay: Wiley & Sim-
pfendorfer 2007), with fishing surveys catching 50 %
of individuals at depths between 1.8 and 3.0 m (Wiley
& Simpfendorfer 2007). These differences in depth
use may explain some of the differences in flight
responses in these species during the onset of storm
events. C. amboinensis displayed the lowest thresh-
old values to the approaching storm and left the bay
before C. sorrah because the storm may have posed a
greater threat in shallower waters. The depth at
which these animals prefer to live may have an influ-
ence on their ability to perceive rapidly changing
conditions or their need to move away prior to large
disturbance events and thus may have an effect on
their short-term responses.

Carcharhinus melanopterus displayed little dis-
cernible movement and remained within Cleveland
Bay as TC Yasi approached. Similar non-flight be-
haviour was observed in this species at Orpheus
Island (18.63°S, 146.49°E; also within the storm's
path) during TC Yasi (A. Schlaff unpubl. data). This
species is known to have a high level of site fidelity
(Papastamatiou et al. 2009, 2010) and their response
to TC Yasi suggests that the benefits gained by
individuals that remain in preferred habitats may
outweigh the benefits of departing during adverse
conditions, or that this species is more tolerant of
the conditions experienced in shallow waters during
storm events. The physical arrangement of the
areas used by C. melanopterus within Cleveland
bay (e.g. reef environments) may have also led to
these sharks refraining from moving in response to
TS Yasi. All individuals in this case occupied areas
in the lee of Magnetic and Orpheus Islands, which
may have provided some degree of shelter. How-
ever, further investigation is required to determine
reasons for this non-flight response during unfavour-
able conditions.

Interestingly, presence and movement data within
Cleveland Bay showed that individuals did not
respond to TC Anthony in the same way they did to
TC Yasi. Environmental conditions during TC
Anthony did not reach the estimated barometric
threshold values for all species within Cleveland Bay

and may have been the reason for the lack of a flight
response. Heupel et al. (2003) observed that Car-
charhinus limbatus displayed weaker responses to
Hurricane Gordon than to TS Gabrielle and sug-
gested that the differences in the rate of decline in
barometric pressure resulted in the different re-
sponses. This may indicate that the environmental
variable that defines the threshold for a response
may be the sudden change in conditions rather than
an absolute threshold value; however, further study
is required to test this hypothesis.

Similarity of activity space sizes before and after
TC Yasi in Cleveland Bay suggests that the onset of
storm events had little effect on how animals used
space within the bay prior to leaving and on return.
Within Terra Ceia Bay, however, increased activity
space size before and after the storm showed that
individuals used a larger area within the nursery
after the disturbance event. This varying result be-
tween Cleveland Bay and Terra Ceia Bay may have
been a function of the differences in the properties
of the bays themselves and the proximity to the
storms. Terra Ceia Bay is shallower and more re-
stricted than Cleveland Bay, and therefore weather
effects may have been more prominent and longer
lasting than in Cleveland Bay. The closer proximity
of TS Gabrielle to Terra Ceia Bay as compared to
TCs Anthony and Yasi may have also been a con-
founding factor in the observed responses of ani-
mals using the respective areas. In addition, Car-
charhinus limbatus in Terra Ceia Bay are known to
migrate from this region in the autumn (September
to November), so it is possible that sharks used
more space as an ontogenetic shift or in preparation
for migration (Heupel 2007).

Movement and space use data showed little differ-
ences in activity space size and location before and
after TC Yasi, suggesting that individuals that
returned after storm passage most likely used very
different cues to return, and actively sought the habi-
tats they utilised prior to storm events. This also sug-
gests that they were able to navigate back to specific
areas after severe disturbance events. Similar pat-
terns were observed in Terra Ceia Bay, where indi-
viduals returned to their previous activity space loca-
tions after conditions stabilised. Some young sharks
have been observed to have a homing ability, return-
ing to a preferred habitat after being displaced
(Edrén & Gruber 2005). This may suggest that sharks
use homing to navigate back to preferred habitats
even after storm events have displaced them.

Another noteworthy result of this study was the
observed synchronicity of the response of Carcharhi-
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nus tilstoni, C. sorrah and C. amboinensis, despite
varying age classes and residency within Cleveland
Bay prior to storm events. The majority of C. tilstoni
tagged at the start of 2011 were juvenile and would
not have experienced tropical storm conditions in
their lifetime, suggesting that flight behaviour is an
innate response. Heupel et al. (2012) examined
movement metrics for C. limbatus in Terra Ceia Bay,
and concluded that similarities in space use across
naive cohorts were indicative of innate behaviour.
Innate response to tropical storms by naive individu-
als was also observed by Heupel et al. (2003). The
intraspecific differences observed in the responses of
some species to the onset of disturbance events have
greater implications for the conservation and man-
agement of coastal sharks in the face of habitat alter-
ations and large disturbance events. This study
showed that species with more plastic behaviours
might be better adapted for a changing environment.

Large disturbance events have obvious, but short-
term, effects on the habitat use of many coastal
shark species. The prompt return of sharks to spe-
cific locations demonstrates the importance of
coastal habitats to their populations. With increased
intensity of storms predicted by climate change
models (Hobday & Lough 2011), changes in the
quality of habitats within coastal environments may
have important implications for the long-term sur-
vival of elasmobranchs that use these areas. For
example, if multiple severe storms occur in quick
succession, populations may be displaced and un-
able to return for extended periods due to altered
environmental conditions such as decreased salinity.
The combination of extreme weather events and
other factors such as coastal development, increased
fishing pressure and habitat degradation and loss
highlights the need for understanding the response
of coastal elasmobranchs to changes in their envi-
ronment (Chin et al. 2010).
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