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a b s t r a c t

Climate and weather-based drivers of shark movement are poorly known, yet vital for
determining measures for effective conservation of shark populations and the manage-
ment of shark-human interactions at different time scales. The bull shark, Carcharhinus
leucas, an IUCN ‘Near-threatened’ species, is globally distributed in subtropical to tropical
regions and is implicated in many attacks on humans because of its euryhaline habitat-use.
However, drivers determining rapid transitions of this species among habitats along the
freshwater-estuarine-marine continuum are yet to be fully understood. To identify triggers
for movement by this species into beach areas we used conditional (binomial and gamma)
generalised linear modelling (CGLM) of historical bull shark catches from the Queensland
Shark Control Program (QSCP) collected from 1996 to 2007 across 1783 km of the
Queensland coastline, Australia. We then compared catches before and after key weather
events (such as floods) between 2006 and 2014 and used passive long-term acoustic
telemetry to monitor movements of bull sharks into beach areas to test the model pre-
dictions. The CGLM showed that bull shark catch (occurrence) in beach areas is driven by
rainfall and further influenced by sea surface temperature. Our model suggests that
�100mm total rainfall in the catchment associated with each beach area is significantly
correlated with increased bull shark catch 1e8 days after the rainfall, a relationship also
confirmed by the movements of acoustic tagged sharks between estuarine and beach
areas. These trends provide the first predictive relationship for identifying increased risk of
bull shark-human interactions in beach areas. They also suggest that the activity patterns
of bull sharks are correlated with rainfall and this makes them particularly susceptible to
localised, short-term changes in weather and long-term climate change.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Understanding how large shark movements change in response to meteorological variables is increasingly important as
human populations grow and shark populations become increasingly threatened worldwide (e.g. Baum et al., 2003; Myers
et al., 2007; Myers and Worm, 2003; Ferretti et al., 2008). Top level predator populations and their prey have been shown
to be impacted by human disturbance, such as expanding coastal urban centres, overfishing and reduced biological pro-
ductivity of food chains, and are likely to be effected by long term shifts in climate change and related shorter term factors,
such as increased frequency of extreme weather events (e.g. Chin et al., 2010; Clarke et al., 2007; Curtis et al., 2013; Heupel
et al., 2003; Hobday et al., 2011a; Matich and Heithaus, 2012; Udyaweri et al., 2013; Werry et al., 2012a). The risk of shark-
human interaction is of increasing concern around the world, and in response mitigation programs have been put in place,
though with little known impacts on shark populations (e.g. Haig et al., 2018; Meeuwig and Ferreira, 2014; Sumpton et al.,
2011). To mitigate against negative shark-human interactions, whilst preserving vulnerable shark populations, it is vital to
better understand the temporal changes in coastal habitat use (including those influenced by short-term seasonal weather
patterns). Such data will enable predictive functions on bull shark behaviour to inform better conservation and management
strategies. Sharks that rely on climate driven food chains, or short-term weather related fluctuations in food availability are
likely to be highly susceptible to climatic variation (Chin et al., 2010; Meynecke et al., 2006). For example, important prey
items for coastal sharks, such as mullet (Mugil cephalus) and barramundi (Lates calcarifer), have lifecycles correlated with
short term weather patterns relating to rainfall and temperature and thus, have also been shown to be susceptible to long-
term shifts in climate (Meynecke et al., 2006; Werry et al., 2011). In turn, these prey responses influence shark populations
(e.g. Heupel and Simpfendorfer, 2014); however, few studies have related catch data to long- or short-term meteorological
drivers for predicting the occurrence and movement patterns of sharks in specific habitats (Schlaff et al., 2014; Lee et al.,
2018).

Recent studies indicate shark populations have undergone significant worldwide declines due to illegal and uncontrolled
fishing practices; the magnitude of climate shifts can potentially obscure the effects of fishing and other anthropogenic ac-
tivities (Walker, 2007). Shark species with reduced population sizes, slow population growth and existing anthropogenic
pressures, are at increased risk to changes in climate and its associated drivers. Therefore identifying how climatic drivers
influence sharks is critical for their conservation (Chin et al., 2010). Moreover, long-term climate-driven shifts in behaviour
are mediated through responses to short-term weather events.

For ecosystem-based management to functionally operate, the environmental e behavioural interactions of coastal shark
species must be approached, at least initially, on a species-by-species level. For example, sub-adult and adult tiger sharks
(Galeocerdo cuvier) exhibit individual-based asynchronous occurrence in coastal habitats, but long-term residency on oceanic
reefs (Meyer et al., 2009; Papastamatiou et al., 2013; Werry et al., 2014). Juvenile great whites (Carcharodon carcharias) make
occasional across ocean excursions (Hillary et al., 2018) but primairlymigrate along the 60e120m contour on the east coast of
Australia, and their occurrence in coastal habitats, such as beach areas, is related to the distance of a beach to this migration
corridor (Bruce and Bradford, 2012; Bradford et al., 2012; Werry et al., 2012b). Sea surface temperature (SST) and lunar phase
can also be used to predict white shark movement (Weltz et al., 2013; Werry et al., 2012b). Whereas, bull sharks (Carcarhinus
leucas) appear to be driven by their link to the river-estuarine-marine continuum (Heupel et al., 2010; Werry et al., 2012a,
2011; Werry and Clua, 2013) and the amount of available estuarine habitat (Haig et al., 2018). The temporal use of critical
habitats (such as beach areas) will vary between species, and also between ontogenetic stages of the same species. The
predictability of spatial and temporal habitat use for sharks is further complicated by short-term weather events and long-
term climate change.

Walker (2007) highlighted the components of weather and climate likely to impact sharks in coastal marine systems
identified by Harley et al. (2006). These include increases in sea level, sea surface temperature, storm strength and frequency,
coastal erosion, ultraviolet light (via reduced ozone); along with changes in ocean currents and upwelling events, rainfall,
salinity and turbidity patterns, and reduced pH (e.g. Rosa et al., 2014). Sharks that rely on riverine, estuarine and inshore
coastal habitats at the land and sea interface are probably the most at risk because these areas are likely to experience dy-
namic changes in food web viability and biological productivity through rainfall and temperature drivers. In turn, these will
increase the vulnerability of certain shark species by altering their distribution and abundance patterns, compromising long-
term survivorship (e.g. Bellwood et al., 2004; Chin et al., 2010; Martin, 2005). In contrast, Heupel and Simpfendorfer (2014)
were unable to detect an influence of climate on the movement of grey reef whalers, Carcharhinus amblyrhynchos, in outer
reef habitats and concluded that biological factors were the key drivers of the sharks' distribution and occurrence. Short and
long termmeteorological variables may therefore be better at providing predictions of the temporal and spatial occurrence of
sharks in habitats at the land - sea interface (e.g. Knip et al., 2011), and clearly demonstrated by responses to weather events
such as heavy rainfall.

Bull sharks have a lifecycle closely linked to the freshwater-estuarine-marine continuum; distributed between equatorial
and subtropical coastal habitats (Werry et al., 2011; Werry and Clua, 2013). Bull sharks use upper river reaches for pupping
(Werry et al., 2012a, 2011) and neonates and juveniles are physiologically adapted to occupy estuarine areas as nursery
habitats (Heupel and Simpfendorfer, 2008; Pillans et al., 2005). Adult bull sharks readily occur in the nearshore and open
marine environments (Brunnschweiler and Barnett, 2013; Cliff and Dudley, 1991; Werry et al., 2011; Werry and Clua, 2013)
with large scale coastal migration (Espinoza et al., 2016; Heupel et al., 2015). These unique euryhaline abilities result in
variable movement patterns for males and females and also for different age cohorts in coastal habitats. Adults readily move
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between fresh and oceanic waters (Heupel and Simpfendorfer, 2008; Pillans and Franklin, 2004; Thorson, 1971) where they
occupy deeper marine areas to about 40m (Brunnschweiler et al., 2010). The occupation of beach areas by bull sharks (Cliff
and Dudley, 1991; Haig et al., 2018) has resulted in adverse sharkehuman interactions (West, 2011).

Although rare, fatal and non-fatal shark-human interactions, partly attributed to bull sharks, have increased in Australian
waters (West, 2011) and are thought to be attributed to an increase in human population, along with more people visiting
beaches, a rise in the popularity of water-based fitness and recreational activities and people accessing previously isolated
coastal areas (West, 2011). Between 1900 and 2015, 123 bull shark-human interactions were recorded in the Australian Shark
Attack File (ASAF) along the east coast of Australia, with 43 fatalities (West, 2011). Bull shark attacks in Queensland prior to
1962 contributed to the implementation of the Queensland Shark Control Program (Sumpton et al., 2011; Werry et al., 2012b)
at specific beaches in Queensland to reduce shark attack. Bull shark attacks have occurred in beach and connected coastal and
canal habitats around Australia (ASAF; Werry et al., 2012a). While the risk of human fatality from shark-human interaction in
Australianwaters is low (less than 1.1 per year), these rare events can have serious personal consequences for humans, attract
a high level of public and media interest (Hillary et al., 2018) with potential economic side effects and may lead to human
responses (e.g. culls) that can impact on fragile marine ecosystems (Ruppert et al., 2013;West, 2011). Recently, the importance
of environmental factors and climate variables in driving shark movement has been recognised, providing the opportunity to
predict shark presence (Schlaff et al., 2014; Lea et al., 2018; Lee et al., 2018). Predicting the presence of dangerous species and
enacting proactive mitigation in advance will become increasingly important in the future with increased human use of
coastal waters and the need to conserve sharks for their important role in maintaining ecosystems (Myers et al., 2007;
Meeuwig et al., 2015; Ruppert et al., 2013).

Understanding the influence of weather/climatic variables on bull sharks in coastal habitats, including beach areas, is
essential for managing fisheries and shark-human interactions and achieving conservation outcomes in the face of global
climate-change. In this study, we aimed to determine the influence of weather/climatic variables on occurrence of the
euryhaline bull shark in the nearshore environment of Queensland, Australia, and specifically tested the hypothesis that
rainfall is a key predictive driver for occurrence and movement of bull sharks into beach areas.

2. Materials and methods

2.1. Ethics statement

This research was done in accordance with QLD Fisheries permit 90306 and 143005 and a Griffith University animal care
and ethics approval EAS 0505 AEC and ENV 1709 AEC.

2.2. Study sites

Our study focussed on three spatial scales in Queensland (QLD), Australia. Firstly, the largest spatial scale covered ten
locations between Cairns (17� S) and the Gold Coast (28� S) spread over 1783 km along the east coast of QLD (Fig. 1a). This
coastal area is dominated by surf and still water beach areas subject to oceanic conditions and terrestrial influence, with
tropical conditions in the north and sub-tropical in the south. High and variable rainfall occurs across the catchments with
numerous rivers (n¼ 73) draining into extensive mangrove stands in the nearshore environment (Meynecke et al., 2006).
Nearshore waters vary in SST from an average of 15 �C in July to 28 �C in January (Suthers et al., 2011). The Great Barrier Reef
lagoon occurs from Cairns and south to Bundaberg (24.85� S) and urban centres occur at each of the ten locations.

Secondly, we focussed on Moreton Bay Marine Park that is adjacent to Brisbane in southern QLD (Fig. 1b) and spans
3400 km2 of the open and sheltered coastal waterways. This area is subject to riverine influx from the Brisbane River (and
other smaller rivers) with extensive mangrove, shallow sand banks and seagrass beds in the west. Deeper open water areas
and channels occur near the outer Moreton and North Stradbroke Islands (Fig. 1b), which possess surf beaches regularly used
by bathers and surfers. We included this area because of a serendipitous opportunity to sample (i.e. before, during and after)
the front of a flood plume that entered Moreton Bay in 2011 a major flood event following 209mm of rainfall over the entire
Brisbane River catchment in December 2010.

Lastly, we focussed on Southern Moreton Bay and the beach areas of the Gold Coast (GC); which span 54 km of the
southern QLD coast (Fig. 1c). The GC is a highly urbanised area with extensive canal developments (i.e. artificial habitat sensu
Werry et al., 2012a) attached to the natural causeway of the Nerang River/Broadwater that is connected to the natural
mangrove-dominated southern Moreton Bay Marine Park. The GC Seaway provides a direct connection between estuarine
areas and the GC beaches. The GC beaches are a major drawcard for tourism attracting over 40 million beach visits in some
years and substantial tourism-related revenue (Raybould and Lazarow, 2009). The GC canals, Nerang River and associated
waterways and adjacent beaches provide a range of habitats used consistently by bull sharks (see Werry et al., 2012a, 2011).

2.3. Historical catch records

Historical catch data (January 1996 to July 2007) from the Queensland Shark Control Program (QSCP) were used to
examine the influence of climatic variables that may act as drivers of bull shark occurrence at the ten locations from Cairns to
the Gold Coast along the eastern QLD coast (Fig. 1). At these locations the QSCP deployed a series of gillnets and baited



Fig. 1. The study area in Queensland, Australia, (a) showing the ten locations of the Queensland Shark Control Program and tropical north (Bundaberg to Cairns) and subtropical southeast
Queensland. Greater Moreton bay (b) with the estimated position of the plume from the 2011 flood when sampling (red dots) at the front of the plume was done. Southern Moreton Bay and the
Gold Coast (c) showing approximate locations of acoustic receivers (yellow dots) in estuarine and beach with red lines illustrating the movement of tagged bull sharks into beach areas and blue
lines in estuarine areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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drumlines (fishing methods) specifically designed to target bull sharks and other large shark species (see Noriega et al., 2011
for a description). While drumlines were present at all ten locations, gillnets were only deployed at five locations: Cairns,
Mackay, Rainbow Beach, Sunshine Coast and the Gold Coast. The QSCP maintained these standardised fishing methods and
locations for the period of the study.

2.4. Weather/climatic variables

Daily records for sea surface temperature (SST; Bureau of Meteorology and Environmental Protection Agency), rainfall
(Bureau of Meteorology), Southern Oscillation Index (SOI; http://www.bom.gov.au/climate/current/soihtm1.shtml) and lunar
phase (as fractions of the mood; http://aa.usno.navy.mil/data/docs/MoonFraction.php) were obtained for QSCP locations for
the period January 1996 to July 2007. Rainfall was analysed in two ways: (1) as daily records; and (2) cumulative total rainfall
for periods of one to eight days prior to when a bull shark was captured in the QSCP (hereafter referred to as prior 1e8 d rain
or week rain). Wind direction and wind speed were recorded at 0900 and 1500 h. SST was recorded by QSCP fishing con-
tractors when animals were captured. Daily rainfall for the Coomera and Nerang River catchment for 2009 to 2011 was also
used to correlate the movement of bull sharks fitted with internal acoustic tags in the Gold Coast.

2.5. Size composition of catches

The QSCP fishing contractors recorded species, total length (TL), gear type (gillnet or drumline), prevailing weather, water
temperature, and sea condition. Shark TL was measured as the straight-line length in centimetres from the tip of the snout to
tip of the tail (top lobe). The presence of claspers (in males only) was used to determine gender for all sharks and the number
(gender) of pups for all pregnant females was noted (Last and Stevens, 2009). Catch per unit effort (CPUE, number of sharks
per unit of gear per day) and the catch statistics for each fishing method were divided into ontogenetic groups based on size;
sharks< 2mTL were classed as juvenile and �2m TL were classed as adults.

The java or pig-eye shark, Carcharhinus amboinensis, is similar to the bull shark in its morphology and both species occur in
Queensland waters (Last and Stevens, 2009). In 1992, a training programwas implemented for QSCP fishing contractors with
an emphasis on the identification of whaler sharks (Family Carcharhinidae). We then allowed several years to pass after initial
identification training, during which time biologists were able to confirm consistent and correct whaler identification by the
contractors. Consequently, analyses in this paper extend from 1996 onwards; using quality assured data for 1044 bull sharks.

2.6. Acoustic tagging

Bull sharks were captured using setlines at the sites distributed across the estuarine and nearshore areas of Southern
Moreton Bay in early 2009 (seeWerry et al., 2011). Setlines comprised one or two 8/0 sized, offset tuna hooks (Mustad, Gjovik,
Norway) baited with freshwater eel and mullet and attached to 1m long stainless wire trace suspended from a surface float.
All sharks caught were restrained in a harness (as per Werry et al., 2012a). Bull sharks (1.15e1.6m TL, n¼ 6) and (1.6e2m TL,
n¼ 6) were tagged with Vemco V16, R-coded 69-kHz acoustic tags (Amirix Systems Inc., Nova Scotia, Canada) via surgical
implantation in the abdominal cavity. Each tag transmits a unique identification number, has a battery life of 60 months and
acoustic ranges of 400e800m given average coastal, sea conditions and wind strengths do not exceed 11e16 knots or
20e29 km/h (www.vemco.com/education/range.php). Following acoustic tagging, the TL of each shark was measured to the
nearest cm after which the hook was removed and the shark released. Capture-stress was monitored as per Werry et al.
(2012a).

2.7. Movements into beach areas

The movements of the acoustically-tagged sharks and their duration of occupation of estuarine and beach habitats were
quantified over 32 months from January 2009 to December 2011 using an array of 10 Vemco VR2/VR2W omni-directional
acoustic receivers (Amirix Systems Inc., Nova Scotia, Canada) strategically deployed at various sites (Fig. 1c; Table 1). Five
Table 1
Locations of estuarine and beach acoustic receivers during the period of study.

Habitat Receiver Description Latitude Longitude

Beach Area 1 Main beach 27�5902400 153�2601200

2 Mermaid Beach 28�0200500 153�2603900

3 Palm Beach 28�0604500 153�2804000

4 Tugun 27�0800600 153�2904900

5 Greenmount 27�0903100 153�3203200

Estuary 6 GC Seaway 27�5601200 153�2502900

7 Nerang River 27�5802700 153�2502200

8 Broadwater 27�5105500 153�2403000

9 Coomera River 27�0903100 153�2403000

10 Jumpinpin Seaway 27�4405000 153�2505100

http://www.bom.gov.au/climate/current/soihtm1.shtml
http://aa.usno.navy.mil/data/docs/MoonFraction.php
http://www.vemco.com/education/range.php
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receivers were deployed in the southern Moreton Bay at deep holes and/or junctions between river/estuarine and nearshore
areas. One receiver was deployed at the Jumpinpin seaway between North and South Stradbroke Island, a second at the
entrance to Coomera River in the Broadwater, a third at the entrance to the GC Seaway and a fourth at the entrance to the
Nerang River and the GC canal system (Fig. 1c). Each receiver in the estuarine habitat was attached to a navigation marker or
jetty piling approximately 1e3m belowmean low water mark. Five receivers were also deployed in the beach area of the GC
approximately 800e1500m from the shore. These were attached to a 12mm rope and deployed mid-water, approximately
5m from the sea floor, between a large plough anchor andmarked float. These receivers were deployed at Narrow Neck (Main
Beach), Mermaid Beach, Palm Beach, Tugun and Greenmount beach (see Fig.1c). Retrieval, data download and replacement of
the acoustic receivers was done at ~ 3-monthly intervals. Following data download, the detections were sorted by shark ID,
ontogenetic stage, site, date and time. As this study focused on the usage of this system at larger spatial scales, the acoustic
detection datawere then pooled across replicate acoustic telemetry sites within the estuarine and nearshore beach habitats of
the GC, as more in-depth analysis of movement will be reported elsewhere. Sharks were acoustically-tagged in 2009;
however, their movements were only monitored in 2010 and 2011 as acoustic receivers were first deployed in beach areas in
2010. Daily rainfall data (Bureau of Meteorology) was collected for the Coomera/Nerang River and Tallebudgera Creek
catchments and compared to the movements of the tagged bull sharks among the estuarine and beach habitats and to GC
QSCP catches of bull sharks.

In situ range tests are important for determining environmental interference on receiver detection range (Mathies et al.,
2014; Simpfendorfer et al., 2011; Welsh et al., 2012). In situ range tests were done in beach and estuarine habitat to account
for acoustic tag detection variations with rainfall. Control tags were used to determine the detection range for receivers in
estuarine and beach areas under non-rainfall conditions and during periods of prior 1-8d rain (i.e. the same as the historical
catch model predictions). Detection range varied little between receivers and was slightly reduced in beach areas during
significant rainfall periods.

2.8. Major rainfall events

Total catches of bull sharks from July 2008 to 2014 were examined at specific locations in the QSCP and compared with
prior 1e8 d rain events to provide independent tests of the predictive rainfall model. Catches were examined at three
representative locations across the largest spatial scale of the study and included Cairns, Mackay and the Sunshine Coast in
the northern, central and southern regions of the QSCP, respectively. In addition, opportunistic sampling for bull sharks using
baited lines at the front of the 2011 Brisbane flood plume inMoreton Baywas done to quantify whether bull sharks were using
the plume front as a temporary feeding hotspot.

2.9. Statistical analyses

Daily CPUE data for bull sharks caught in the QSCP were analysed by stepwise forward conditional generalised linear
modelling (CGLM, McCullagh and Nelder, 1989), using the program GenStat™ 9.2 (GenStat, 2008). To overcome analytical
problems arising from numerous zero values, we used a binomial model for presence/absence, and a conditional gamma
model for the numbers actually caught. Combining the means and standard errors of these binomial and conditional gamma
models (Taylor et al., 2011) enabled more accurate and meaningful estimation of the main effects and interactions of sta-
tistical significance. The distributions of residuals were approximately normal. Variables that explained the greatest amounts
of variance were plotted. Binomial and gamma (truncated zero) models were screened to select the dominant variables to
retain in the final models. If a main effect or interaction termwas significant in one model, then it was retained in the other
model. This was done because the gamma model is conditional to the binomial model and the two models need to contain
identical main effects and interactions when combined to estimate the overall adjusted means. The term “fishing gear” was
always included in the initial CGLM analyses and further models were run separately for gillnets and drumlines as the
combined models indicated that these fishing methods were not directly comparable. Significance of results was considered
at a� 0.05.

Rainfall on the day of capture and prior 1-8d rain were screened for significance and direction, and pooled as appropriate.
Daily wind speed data were analysed separately using circular statistics to detect any potential relationships.

3. Results

3.1. Historical catch models

CGLM relationships between climatic variables and bull shark catch were evident for drumlines and gillnets, but these
relationships varied for<2mTL and�2m TL bull sharks (Table 2). Rainfall had interesting effects andwas negative for the day
of capture, but positive for all days prior to capture. For this reason, and to lessen the degree of auto-correlation, rainfall for
days one to eight prior to capture was pooled into ‘weekly rain’, which was fitted in the models as a single term (prior week
rainfall). Week or prior rainfall was the only significant variable for bull shark catch with gillnets and drumlines for which
correlations were evident across different ontogenetic stages. Patterns indicated a large, relative increase in catch after pe-
riods of �100mm of rain, with the increased catch evident for 1e8 days after the rainfall event.



Table 2
Probability binomial values for combined deviance (ANDEV) from conditional General Linear Models analysing the effects of climate variables on bull shark
catch in drumlines and gillnets. Significant relationships are highlighted in bold.

Gear Shark size Rain Prior rain Southern Oscillation Index Lunar phase Sea Surface Temperature Wind Speed 9:00 Wind Speed 15:00

Drumline All 0.64 <0.001 0.02 0.92 <0.001 0.338
<2m TL 0.323 <0.001 0.001 0.793 <0.001 0.609 0.98
�2m TL 0.198 0.015 0.696 0.801 0.028 0.324
Pregnant F 0.953 0.173 0.463 0.245 0.274 0.133 0.03

Gillnet All 0.012 0.022 0.103 0.05 0.094 0.549 0.648
<2m TL 0.026 0.012 0.667 0.023 0.488 0.566 0.909
�2m TL 0.095 0.124 0.035 0.485 0.114 0.208 0.531
Pregnant F 0.542 0.193 0.033 0.382 0.167 0.581 0.696
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For drumlines, CGLM analyses showed a positive relationship to prior 1-8d rain and SST for <2mTL and�2m TL bull shark
and catch increased exponentially for both ontogenetic stages of the bull shark after �100mm of prior rainfall (Fig. 2a).
Correlations with SST were significant for <2m TL and �2m TL bull sharks captured on drumlines and these patterns
occurred with an interaction between years and locations for both ontogenetic groups (p¼ 0.04 and p¼ 0.028, respectively).
CPUE increased with increasing SST for <2m TL and �2m TL shark (Fig. 2b).

CPUE of �2mTL bull sharks caught in gillnets varied significantly between locations and years (p¼ 0.024), whereas there
was an interaction between years and locations for< 2m TL bull sharks (p¼ 0.019). Results of the CGLM indicated a significant
relationship with the SOI and the passive capture of �2m TL bull sharks in nearshore habitat with increase in catch during
periods of positive SOI (Fig. 2c). Alternatively, the CGLM indicated <2m TL bull shark CPUE was significantly correlated with
rainfall on day of capture, prior 1-8d rain andmoon phase (Table 1). In this case,< 2m TL bull shark CPUE also increased after a
Fig. 2. Plots for results from CGLM mean CPUE (±SE) for rainfall 1e8 days prior to capture for (a) combined < 2m TL and �2m TL bull sharks captured on
drumlines, (b) CGLM mean CPUE (±SE) for sea surface temperature (SST) and combined catch of <2m TL and �2m TL bull sharks caught on drumlines, (c) CGLM
mean CPUE (±SE) of SOI for bull sharks caught in gillnets, and (d) CGLM for lunar phase and juvenile (<2m TL) bull sharks caught in gillnets.
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threshold of 100mm of rainfall was exceeded. As shown in Fig. 2d, < 2m TL bull shark CPUE decreased almost linearly in
nearshore habitat from no exposed moon (0%) to full moon (100%).

No relationships between wind direction with any bull shark CPUE or gear type were determined with circular statistics
(Rayleigh's tests, P > 0.05). However, CGLM indicated a positive relationship with decreasing wind speed at 15:00 for preg-
nant female CPUE (Table 1). Pregnant female CPUE also increased during periods of positive SOI.

3.2. After major rainfall

Local-scale patterns of increased number of bull sharks captured between 2006 and February 2014 on QSCP fishing gear
before, during and after major rainfall indicated a pattern of increased catch after a combined 100mm of rainfall or greater as
per modelled predictions (Fig. 3). Many catches clearly occurred after periods of major prior rainfall in all locations.

3.3. Brisbane flood (2011)

Sampling at the interface of the Brisbane river flood indicated that bull sharks were present within and at the front of the
turbid plume. Four sub-adult/adult bull sharks (1.6e2.2m TL) were captured and tagged with acoustic tags for long-term
movement studies, which will be reported elsewhere.

3.4. Movements among estuarine and beach habitat

Twelve bull sharks tagged with acoustic tags occurred frequently within southern Moreton Bay (81,818 detections) and
infrequently in beach areas of the Gold Coast (150 detections) with 99.81% and 0.19% occurring across nine of the acoustic
receiver sites in the Southern Moreton Bay and Gold Coast beaches, respectively (Fig. 4). After a prior 1-8d rain event, up to
three individuals were simultaneously detected moving along the Gold Coast beach area for periods of 4 days. After an
absence of between 3 and 7 days they were again detected on the estuarine array (Fig. 4). Further detections occurred within
the beach areawithin themodelled prediction periods. Comparisonwith bull sharks caught in the GC QSCP from 2009 to 2011
also indicated a concordance with prior 1-8d rain.

4. Discussion

Understanding the drivers for temporal variation in large shark occurrence and movements is increasingly important for
their management and conservation, as sharks play an important role in the functioning of ecosystems (Schlaff et al., 2014;
Ruppert et al., 2013). Their wide-ranging and elusive behaviour, and difficulties in capture makes statistically relevant data
difficult to obtain (Heithaus et al., 2002; Werry et al., 2014). This study utilised long-term historical catch records and short-
term acoustic tracking to identify meteorological variables that directly influence the occurrence, catch and movements of
bull sharks in beach areas.

Catches of both juvenile and adult sharks increased in the week following rainfall (�100mm), and was positively
correlated with SST and SOI, though negatively with increased light during lunar phase. Identifying the drivers of movement
between habitats helps to elucidate the role sharks play in linking separate habitats along continental margins and between
the land and sea interface (e.g. Heupel et al., 2015; Werry et al., 2011). The response of different ontogenetic stages to these
weather/climatic drivers reflects the range of habitat-use of this species throughout its life cycle. Bull shark distribution is
closely tied to fresh and low-salinity environments as juveniles and this is followed by a transition into nearshore marine
habitat; which accompanied with a shift in diet to larger vertebrate prey (Cliff and Dudley, 1991; Werry et al., 2011). The
relationship between rainfall and catch did not vary with gear type (drumlines and gillnets) or combined catches (i.e. all TL
combined). However, catches varied between ontogenetic stages (size cohorts). The significant relationship of bull sharks
caught by baited drumlines with prior 1-8d rain suggests frequent occurrence and active feeding in nearshore areas after
rainfall. A relationship with prior rainfall and catch in gillnets was only significant for <2m TL bull sharks, suggesting that
�2m TL bull sharks may be moving into these areas specifically for feeding (i.e. captured primarily on drumlines) or may be
able to avoid the gillnets in these conditions.

The mechanisms that drive increased catch of bull sharks after rainfall may be due to two interacting mechanisms. As an
increased movement of freshwater drains from a catchment into nearshore areas via rivers may physically push juveniles
further towards marine waters; additionally the murky freshwater plumes interact with seawater to create localised in-water
fronts. Such fronts aid plankton blooms, supporting baitfish populations, which feed juvenile and adult bull sharks. The size
composition of bull shark catch in the QSCP comprises juvenile and adult sharks ranging from 0.6 to 3.1m TL, with relative
frequent occurrence of animals between 1.6 and 2.2m TL (Haig et al., 2018). This size range corresponds with the known
estuarine-marine transition period in the life cycle of the bull shark from QLD waters (Werry et al., 2011) and reflects the size
range and movement of the acoustic-tagged sharks in moving into beaches from estuarine areas in this study.

The increased intensity of storm events under climate change predictions (The Climate Council, 2017) will have impli-
cations for bull shark movements along the freshwater-estuarine-marine continuum (Chin et al., 2010; Werry et al., 2011). As
the spatial and temporal scales and intensity of rainfall events increase, the pattern of bull shark occurrence and movements
are likely to respond accordingly. For example, increased and sustained rainfall/flooding will dramatically alter the salinity



Fig. 3. Snapshots in time of number of bull sharks captured at three locations along the Queensland coastline, Australia, (Cairns, Mackay, Sunshine Coast) after accumulated periods of
rainfall� 100mm. Numbers above vertical lines refer to size in TL and sex (M: male, F: female) for captured bull sharks. These data include time periods outside the modelled period (1996e2007) not
presented here to further illustrate the relationship between prior weekly rainfall and shark occurrence.
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Fig. 4. Capture of bull sharks in QSCP gears on the Gold Coast, Australia, and occurrence of bull sharks with acoustic tags in beach areas in relation to prior rainfall
(a), and a (b) highlighted example of movement of bull sharks with acoustic tags from estuarine areas into beach areas after a period (8 days) of accumulated
rainfall. Grey area denote prior 1-8d rain. S1 to S4 refers to acoustic tagged sharks detected on estuarine and beach receivers separately. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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gradients in river and estuarine systems disrupting normal size segregation. Abnormal and increased mixing of juveniles and
adults may have negative impacts for bull shark populations as large bull sharks cannibalize smaller conspecifics (Vorenberg,
1962). Alternatively, bull sharks may exhibit flight behaviour and leave estuarine and/or coastal areas and occupy deeper
(offshore) waters prior to extreme weather events as has been demonstrated for Carcharhinus limbatus, C. tilstoni, C. sorrah
and C. amboinensis (Chin et al., 2010; Udyaweri et al., 2013).

An exponential increase was observed in bull shark CPUE in beach areas with increasing temperature, suggesting that this
is also an important environmental driver for this species. Bull sharks move along the QLD and New South Wales coastline
without distinct seasonality (Heupel et al., 2015). Studies have shown that the distribution of several estuarine shark species
are influenced by temperature (Heupel and Hueter, 2002; Simpfendorfer et al., 2005). Species that are able to exploit warming
conditions are likely tomove pole-ward in their range (Chin et al., 2010). However, some cartilaginous fishes have been shown
to feed in higher water temperatures and rest in cooler waters and may seek out optimal temperatures rather than habitats
(Matern et al., 2000). Increases in SST may alter current coastal migration patterns, and results in increased CPUE at latitudes
with optimal SST. A more thorough understanding of howwater temperature affects the localised and migratory movements
of bull sharks is required to better elucidate their movements towards beach areas and provide predictive consequences with
shifting global temperatures. This is particularly pertinent for improved conservation of the species and management of
shark-human interactions as the number and activity of beach goers also increase during warm periods.

Recent literature suggests that sharks and rays occupying freshwater/estuarine habitats and rocky/coral reefs are most
vulnerable to climate change, and that this will be determined by case-specific interactions of multiple factors and species
attributes (Chin et al., 2010). This is because changes in temperature, freshwater input and ocean circulation will have the
most widespread effects on such species (Chin et al., 2010). That the bull shark lifecycle is linked to the freshwater-estuarine-
marine continuum (Werry et al., 2011); and that a positive relationship exists between catch and nearshore beach areas in
relation to rainfall and SST, suggests this species is highly responsive to short-term climate conditions and susceptible to
seasonal and also long term climate change. Altered weather and climate patterns in response to climate change are likely to
lead to shifts in bull shark behaviour, movement, recruitment (pupping), transitions between nursery and adult foraging
habitats, migratory behaviour and interactions with humans. These will have important ramifications for species conser-
vation and management on local, continental and global scales (e.g. Heupel et al., 2015; Myers et al., 2007). These factors
coupled with coastal habitat destruction and/or modification (e.g. Curtis et al., 2013; Werry et al., 2012a) suggests that bull
shark populationsmay continue to decline globally in the future (Baum et al., 2003; Ferretti et al., 2008; O'Connell et al., 2007;
Myers et al., 2007). Reducing mortality, preserving coastal catchments and estuarine habitats, and addressing fisheries
sustainability are means to alleviate the impacts of shifting climate on bull shark populations.
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Mechanisms underpinning relationships of climate variables and shark catch are likely influenced by changes in distri-
bution from altered habitats and changes in population dynamics, i.e. recruitment, growth, survival, abundance, (Chin et al.,
2010). Adult and juvenile bull sharks in nearshore habitats are influenced by rainfall and sea surface temperature as suggested
by the analyses, and these patterns of catch reflect ontogenetic activity and movement responses to these climate variable
drivers. We suggest that adult bull sharks are moving into nearshore areas, possibly from deeper coastal waters (>25m deep)
(Brunnschweiler et al., 2010;, Werry et al., 2011; Heupel et al., 2015), to feed in the freshwater plumes extruding from river
mouths. Lagged responses of shark catch to rainfall reflect changes in availability of food and foraging effectiveness with
changes in salinity after sufficient rainfall (>100mm). Lagged responses to rainfall have been recorded on scales of days to
years for other nearshore species such as mud crabs (Scylla serrata), mullet (Mugil spp.) and barramundi (Lates calcarifer) (Hill
et al., 1982; Williams, 2002; Staunton-Smith et al., 2004).

A significant impact of rainfall on fish catch is reflected in a significant relationship with the Southern Oscillation Index
(SOI). El Ni~no or dry years in eastern Australia lead to reduced fish catch and La Nina or wet years translated to higher catches
(Meynecke et al., 2006) and these patterns were also consistent for bull shark in the current study. Pregnant bull shark catch
also increased significantly with a positive SOI (wetter conditions), suggesting better neonate recruitment during wet years
when nearshore fisheries catch is higher. While it is difficult to prove underlying climate-recruitment correlations, rainfall
and temperature are known to affect fish species throughout their lifecycle (Bergenius et al., 2005; Sissenwine, 1984; Uphoff,
1989). In addition, disruption of ecological processes that drive biological productivity and prey availability modulated by
climate (e.g. rainfall) are likely to influence bull shark catch and long-term trends in populations. Many sharks are 3rd or 4th
trophic level consumers and as such regulate lower trophic levels (Cort�es, 1999). Increased frequency and severity of drought
periods in Queensland is likely to affect a number of trophic cascades, in both an upwards direction (changing fish pop-
ulations effecting bull shark behaviour) and downwards (ontogenetic and physiologically driven shark behaviour in response
to changing environmental conditions resulting in altered fish demographics) (O'Connell et al., 2007).

Lunar phases have been shown to play a role in food availability, activity, stress, temperature and salinity ‘choices’, for
lemon sharks (Brown and Gruber, 1988) and diving behaviour of whale sharks (Graham et al., 2006). Moonlight avoidance has
been recorded in other marine predators; for example the Gal�apagos fur seal, Arctocephalus galapagoensis experiences var-
iable feeding efficiency from altering its behaviour in high light conditions in order to avoid predators (namely sharks)
(Trillmich andMohren,1981).We hypothesis that juvenile bull sharksmay bemoving into beach areaswith greater frequency
during periods of reduced moonlight to avoid predation from adult conspecifics. In addition, poor light conditions during the
new moon may increase catch by nets for all shark sizes, while the same pattern was not evident for the drumlines.

This study has demonstrated specific links of bull shark catch and movement to components of climate through short-
term responses to weather events. Predictions of future rainfall and SOI trends are possible and can be monitored for
informed adaptive management in fishing and shark control measures. Positive effects of rainfall, such as availability of food,
and negative effects such as higher mortality of juvenile bull sharks through a reduction in nursery habitat, from changes in
salinity and turbidity, infer linked mechanisms between productivity, rainfall and catchability. Therefore, management
policies that ensure sustainability of shark populations under conditions of extreme climate pressure, such as reduced rainfall
patterns frommore frequent El Ni~no, should be implemented. Differences in catch for bull sharks <2m and�2mTL highlight
the importance of individual management and conservation strategies for juvenile and adult bull shark populations. Shark
fisheries are sustainable when enough long-lived adults remain in populations to ensure sufficient recruitment (Prince et al.,
2005). Adequate protection of habitats vital for each ontogenetic stage of a species' life cycle is necessary (Gillanders et al.,
2003; Prince et al., 2005; Punt et al., 2005; Werry et al., 2012a). Management strategies that incorporate protection of
rivers and estuaries in addition to nearshore habitats will ensure conservation of ‘near threatened’ bull shark populations
(IUCN, 2008) in the face of predicted climate change (Hobday and Lough, 2011b; Werry et al., 2011).

Fishing methods deployed by the QSCP target bull shark in nearshore waters, as such catches of adult and pregnant fe-
males in nearshore areas are increased in the days following a rainfall event (>100mm). Further, understanding stock-
recruitment relationships in elasmobranchs is important for fisheries management and these relations have been sug-
gested to be linear (e.g. dogfish; Holden,1977) or densityedependent, with constant recruitment over a range of high parental
stock levels (e.g. gummy shark;Walker,1994). However, limited studies have identified climatic variables as drivers. Sufficient
rainfall may be an important element in the parturition process of bull sharks. The significant relationship between SOI and
pregnant bull shark catch in gillnets suggests pupping may coincide with appropriate climatic conditions for neonates and
this warrants further investigation.

We recommendmanagement agencies inform beach goers of heightened risk of bull shark interaction in beach areas after
periods of heavy rainfall. Beach closures, and/or public education during higher risk periods would help to reduce adverse
incidents and allay fear of shark attack more generally (Curtis et al., 2012). Shark incident response planning would ensure
that during high-risk periods local authorities would be prepared for emergency medical response (Curtis et al., 2012).

Estuarine and coastal systems are likely to exhibit earlier regional changes in species loss from shifts in climate as many
species in these habitats live near their tolerance levels (Carlton, 1996; Curtis et al., 2013). Given the ability of bull sharks to
tolerate a wide range of salinities and climate conditions, this species may be capable of sustaining greater fluctuations in
climate extremes. Measuring the movement of bull sharks <2m TL and >2m TL is critical to better understand the responses
of bull sharks to climate variables in nearshore habitat and to determine the connectivity between nursery habitats and those
utilised by adults. Bull sharks are highly adaptable (Ortega et al., 2009) and acoustic and satellite telemetry will better
determine the movement and depth preferences of adults in shelf environments and the importance of connectivity of
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nearshore habitats to the shark's life cycle (Brunnschweiler and Barnett, 2013; Daly et al., 2014; Heupel et al., 2015; Werry
et al., 2011). Determining which specific habitats or sites contribute more per unit area to the production of individuals
that recruit to adult populations will enable management efforts to focus on connected habitats that make the largest
contribution to adult populations and potentially have these sites set aside as marine protected areas (Gillanders et al., 2003;
Haig et al., 2018; Espinoza et al., 2015). Conserving these habitats may provide buffers for bull shark populations in the face of
climate change.

5. Conclusion

The life history characteristics and habitat requirements of a shark determine its ability to respond and adapt to changes in
climate. Consequently, understanding how sharks use coastal habitats is imperative to conserving sharks in the face of climate
change. Our study has shown rainfall and SSTare key drivers affecting the occurrence andmovement of bull sharks into beach
areas and highlights the significance of identifying how sharks respond to climate cues. We have provided the first predictive
trigger for periods of increased risk of shark-human interaction; which will hopefully lead to reduce attacks via bather ed-
ucation and in turn help safe guard the important ecological role sharks play in marine ecosystems.
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