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ABSTRACT 

The focus of my project was to quantify the long-term movements, 

environmental associations, and trophic role of reef sharks at Ningaloo Reef, 

and relate findings to management. I reviewed 50 years of research on coastal 

shark movement and found common horizontal and vertical patterns, and relate 

these to habitat specificity, site fidelity, habitat partitioning and management. I 

monitored long-term (> 2 yrs) behaviour of four species of reef sharks 

(Carcharhinus melanopterus, Carcharhinus amblyrhynchos, Triaenodon 

obesus and Negaprion acutidens) at Ningaloo Reef using a combination of 

visual censuses, acoustic monitoring, and stable isotope techniques. All species 

showed site fidelity to inshore areas, one of which was an aggregation site 

(Skeleton Bay). Temporal and spatial overlap within Skeleton Bay was high for 

all species. Examination of environmental influences showed that sharks were 

more affected by water temperature than other variables, which suggests 

behavioural thermoregulation. Trophic level estimates were comparable to 

previous estimates based on dietary studies, and high δ
13

C suggests a 

dependency on coastal food webs. There was support for an increase of δ
15

N 

with body size, which suggests larger animals feed higher in the foodweb. 

Movement patterns around a sanctuary zone indicate that individuals were 

detected < 40 % of monitoring time. Adults had larger home ranges than 

juveniles, and activity hot spots for adults were outside of the sanctuary zone. 

Some adults made long-distance movements (> 10 km); the longest being 137 

km. Management of reef sharks at Ningaloo should incorporate the use of 

MPA zoning with other measures such as migration corridors, and size and bag 

limits. Future research should adopt biotelemetry and molecular techniques, 
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which would provide further detail on dispersal and interconnectivity of reef 

shark populations at Ningaloo and increase the resolution of habitat use and 

behaviour. 
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CHAPTER 1. General introduction 

As members of the class Chondrichthyes, sharks evolved approximately 350 

million years ago and have likely influenced the structure, composition and 

resilience of marine communities greatly throughout geological time (Heithaus 

et al. 2010). While some aspects of their biology and life history characteristics 

are well known (i.e., relatively slow growth rates, late sexual maturity, low 

fecundity, and long gestation periods (Compagno 1990, Cortes 1999)), the 

extent of influence they have on ecological communities and ecosystems is 

unclear.  

Sharks are high trophic-level predators in aquatic food webs (Cortés 

1999), and therefore contribute to structuring biological communities (Stevens 

et al. 2000a, Myers & Worm 2003, Bascompte et al. 2005, Shepard & Myers 

2005, Myers et al. 2007), although species-specific functional roles are often 

unknown. Sharks affect community composition directly by prey removal and 

also alter the behaviour and distribution of prey species through predator-risk 

effects (e.g. Heithaus et al. 2009b). The latter change the distribution and 

feeding habits of prey in response to shifting predation risk, which has been 

well-documented for tiger sharks Galeocerdo cuvier and their prey (e.g. 

Heithaus 2005, Heithaus & Dill 2006, Wirsing et al. 2007b, Heithaus et al. 

2009b). Dietary studies of economically important species have enabled the 

complex role of sharks to be modelled in some systems (Kitchell et al. 2002), 

as well as predictions about the effects of their removal (Stevens et al. 2000a). 

However, the stability of community structure is largely determined by the 

strength of interactions between predators and prey (Bascompte et al. 

2005), which are often unknown or only superficially quantified. 
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 Much of the information available about the role of sharks is derived 

from studies that have described or modelled the effects of their removal from 

ecosystems (Myers et al. 2007, Ferretti et al. 2010, Ward-Paige et al. 2010) and 

often compared abundance or distribution between fished and unfished areas 

(e.g. Friedlander & DeMartini 2002, Sandin et al. 2008, Field et al. 2009b), 

making extrapolation of results difficult. Such assessments can be problematic 

because they often compare species abundance and structure from different 

geographic areas, which might be as a result of a number of localised 

environmental factors that are confounded with fishing pressure. Increasing 

pressure from coastal development and fishing has lead to rapid declines in 

shark communities worldwide (Jackson et al. 2001, Friedlander & DeMartini 

2002, Robbins et al. 2006, Myers et al. 2007, Field et al. 2009a, Ferretti et al. 

2010, Ward-Paige et al. 2010), which has caused concern for potential loss of 

ecosystem function and highlighted the need for a better understanding of their 

ecological role. In some instances, the removal of sharks has lead to trophic 

cascades (Bascompte et al. 2005, Heithaus et al. 2008, Baum & Worm 2009) 

where there has been a shift in community structure, which is likely the result 

of synergistic effects of both direct removal of prey and risk effects (Heithaus 

et al. 2010). Examples of increases in mesopredator populations in some 

regions have also been linked to the removal of large sharks, which feed on 

these small-bodied species and has been termed „predation release‟ (Shepard & 

Myers 2005, Myers et al. 2007). However, there is some controversy over this 

hypothesis due to a lack of support for trophic links based on analysis of the 

diets of large predators, along with non-overlapping distributions of large 

predators and mesopredators (Heithaus et al. 2010). 



                                                                                                 Chapter one  

3 

 

Recent declines in abundances of reef-associated sharks have been 

documented throughout the tropics (Friedlander & DeMartini 2002, Robbins et 

al. 2006, Ferretti et al. 2010, Ward-Paige et al. 2010). These have occurred not 

only as a result of commercial fishing, but also due to illegal, unreported and 

unregulated fishing (Field et al. 2009b), largely driven by the demand for shark 

fin (Field et al. 2009a). Unlike large, wide-roaming species (e.g., whale - 

Rhincodon typus (Eckert et al. 2002), white - Carcharodon carcharias (Bruce 

et al. 2006), and tiger - G. cuvier (Meyer et al. 2009) sharks), the strong 

association of reef sharks with benthic habitats also makes them potentially 

more vulnerable to local changes in habitat quality and exploitation (Heupel et 

al. 2009). However, this strong habitat association can also allow 

environmental managers to focus efforts on restricted areas that can be 

monitored more effectively (Holland et al. 1996).  

Marine protected areas (MPAs) (Chapman et al. 2005, Heupel & 

Simpfendorfer 2005b, Ketchum et al. 2009, Hearn et al. 2010) or temporary 

fishery closures (Carrier & Pratt 1998) have often been proposed as part of 

management strategies to mitigate and reverse declines in shark populations. 

There is some debate about the effectiveness of MPAs for protection of reef 

sharks, with one of the principal criticisms being that reserves are often 

established on the basis of socio-political agendas, especially where some 

resource use zoning is still allowed (Robbins et al. 2006), rather than on sound 

biological and ecological knowledge (Roberts 2000, Halpern 2003). For 

example, if species-centric MPAs are created with little consideration for other 

co-occurring species, or placed without regard for species distribution and 

abundance, they are likely to be ineffectual and may merely displace fishing 
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pressure without providing any real outcomes for population persistence 

(Baum et al. 2003).  

Factors that must be considered in order to ensure the effectiveness of a 

MPA include placement, design, level of protection, enforcement, connectivity 

of MPAs in networks and biogeographic representation (Roberts 2000). Even 

though reef associated sharks tend to be less transient than larger, wide-ranging 

species, large scale movements (10s-100s km, (e.g. Heupel et al. 2010)) can 

occur at certain times of the year, possibly for reproductive reasons. Such 

migration bottlenecks (Roberts 2000) need to be considered during MPA 

design. Furthermore, reef sharks often have larger average home ranges than 

many other predatory fishes found on reefs (e.g. Holland et al. 1996, Zeller 

1997, Parsons et al. 2003), so that sharks might provide the example of a taxon 

that sets targets for the upper boundary size of MPAs in reef systems. By 

designing protected areas based on the relatively large movement and habitat 

use patterns of sharks, MPAs can provide protection for other less spatially 

mobile species living on reefs (Lambeck 1997). This concept of „umbrella 

species‟ has been unexplored for conservation of reef sharks, although it has 

been suggested previously for hammerhead sharks Sphyrna lewini within the 

Galapagos Marine Reserve (Hearn et al. 2010). However, the protection of 

large areas of reef to accommodate reef shark movement patterns might in turn 

„lock up‟ species that have not been exploited, which is of particular 

importance to developing regions that rely heavily upon fishing as a source of 

protein. 
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Reef sharks  

Reef sharks are usually small-bodied predators (< 2 m total length – LT ) that 

are assigned a trophic position between 3 (secondary consumers) and 4 

(tertiary consumers) based on dietary studies (Cortés 1999) (Fig. 1.1). This 

suggests they play both the role of predator and prey on reefs, whereby some 

secondary consumers become prey to large, third-order consumers such as G. 

cuvier (e.g. Papastamatiou et al. 2006). In addition to the removal of prey 

directly and the potential influence on the behaviour of prey species through 

risk effects, some species might also offer protection for associated fishes (e.g. 

cobias Rachycentron canadum, remora, pilot fishes) or feeding opportunities 

for cleaner fish (e.g. O'Shea et al. 2010) (Heithaus et al. 2010). The complex 

nature of the role of reef sharks and their interactions with other taxa ultimately 

makes inferring consequences of their removal very complicated. Therefore, 

long-term, species-specific information on the trophic ecology, movement, and 

behaviour are required to fully understand the role of this diverse group of 

predators within reef systems.  
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Figure 1.1. Trophic positions of marine predators in relation to primary 

consumers and producers. 

  For the purpose of this study, I define „reef sharks‟ as species that are closely 

associated with tropical or temperate reef systems, which might also have one 

or more stages of their life history in non-reef environments. At times, 

reference is made to studies of such species when in non-reef environments. 

There is limited information on the behavioural ecology of reef sharks, 

although broad patterns have been identified for a few species. Some species 

have a propensity to return frequently to the same areas across years (Gruber et 

al. 1988, Chapman et al. 2005, Wetherbee et al. 2007, DeAngelis 2008, Yeiser 

et al. 2008, Chapman et al. 2009, Papastamatiou et al. 2009a, Field et al. 2011). 

This phenomenon, known as „site fidelity‟ is often attributed to mating, 

4 

3 
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Trophic 

position 
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feeding, pupping, or a return to the place of birth.  Having a strong association 

with habitat, restricted home ranges are also common in many species of reef 

sharks – a „home range‟ being defined as the spatially and temporally distinct 

area within which sharks do their normal activities (Morrissey & Gruber 

1993a). The home range of many species is often < 100 km
2
 (e.g. McKibben & 

Nelson 1986, Gruber et al. 1988, Yeiser et al. 2008, Papastamatiou et al. 

2010a). Diel patterns have also been observed for some species of both coral 

reef and temperate reef associated sharks, whereby individuals use daytime 

refugia prior to dispersing more widely at night, presumably to forage (Klimley 

& Nelson 1981, Economakis & Lobel 1998, Hight & Lowe 2007) or mixed 

behavioural patterns (Field et al. 2011). Daytime refugia often involve 

grouping or aggregation behaviour (McKibben & Nelson 1986, Economakis & 

Lobel 1998, Hight & Lowe 2007), although the reasons for such behaviour are 

generally unknown. Refugia might act as a nursery area for juveniles of some 

species, where inshore shallow water provides a barrier from predation of 

larger-bodied species, or adult conspecifics (e.g. Holland et al. 1993, Morrissey 

& Gruber 1993a, White & Potter 2004, Chapman et al. 2009, Papastamatiou et 

al. 2009b). The segregation of adults and juveniles, or males and females is 

common in many species of reef sharks (Springer 1967) and has possibly 

evolved in response to competition or predator avoidance (Sims 2003). 

However, we have a poor understanding of how differing size-classes of 

conspecifics and different species partition habitats. 

 Habitat specificity in many species is well-documented, and can arise in 

response to abiotic or biotic conditions, or a combination of both (Sims 2003, 

Simpfendorfer & Heupel 2004). The influence of environment on distribution 
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and movement patterns has been described for only a few reef-associated 

sharks. Factors such as water temperature (Morrissey & Gruber 1993a, 

Economakis & Lobel 1998, Hight & Lowe 2007), tide (Carlisle & Starr 2010), 

and dissolved oxygen concentration (Carlisle & Starr 2009) have been 

suggested to have strong influences on shark behaviour. Developing an 

understanding of these associations is necessary for predicting the 

consequences of habitat degradation, particularly in areas of high human 

impact such as coastal marine systems (Heithaus et al. 2002, Field et al. 

2009a). Furthermore, understanding these relationships can also assist 

environmental managers in identifying when, where, and why reef sharks 

occur, and provide further information on how best to protect them.  

Three of the most common sharks on reefs within the Indo-Pacific are 

the grey (Carcharhinus amblyrhynchos), blacktip (C. melanopterus) and 

whitetip (Triaenodon obesus) reef sharks (Heupel et al. 2009, Last & Stevens 

2009) (Fig. 1.2). A fourth species, the sicklefin lemon shark (Negaprion 

acutidens), is also common in some regions, with juveniles often being 

observed close to shore (White & Potter 2004). The presence of both juvenile 

C. melanopterus and N. acutidens in nearshore environments suggests these 

two species use shallow reef areas as nurseries for developing pups (White & 

Potter 2004, Papastamatiou et al. 2009b). C. amblyrhynchos has been observed 

aggregating in some reef habitats during the daytime (McKibben & Nelson 

1986, Economakis & Lobel 1998), as have C. melanopterus (Randall & 

Helfman 1973), and T. obesus (Randall 1977, Whitney et al. 2004). 
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Figure 1.2. Common reef sharks at Ningaloo Reef, Western Australia. A) C. 

amblyrhynchos, B) T. obesus, C) C. melanopterus, and D) N. acutidens. Photo 

credits – C.W. Speed. 

 

In Australia, all four species give birth to live young between 50 to 70 cm LT  

after a long gestation period of 8 – 14 months (Last & Stevens 2009). 

Carcharhinus amblyrhynchos, C. melanopterus, and T. obesus have litters of 1-

6 pups every year, or every other year, although N. acutidens can have up to 14 

pups per litter (Last & Stevens 2009). Maximum LT is reached for C. 

amblyrhynchos at 255 cm, C. melanopterus at 180 cm, T. obesus at 170 cm and 

N. acutidens at 300 cm. Diet studies for each of these species indicate that they 

are all predominantly piscivorous, although cephalopods can also make up part 

of their diet (Randall 1977, Stevens 1984, Stevens & McLoughlin 1991, Salini 

A B 

C D 
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et al. 1992, Brewer et al. 1995, Wetherbee et al. 1997, White & Potter 2004, 

Papastamatiou et al. 2006). Based on these dietary studies, the trophic position 

of each of these species is estimated to range between 3.9 and 4.2 (Cortés 

1999), suggesting that they are tertiary consumers. However, regional 

variations in diet exist (e.g. Salini et al. 1992, Wetherbee et al. 1997), 

suggesting the influence of these species on reef communities may vary by 

area. 

Despite the abundance of these four sharks on Indo-Pacific reefs, 

surprisingly little information is available on their ecology. Given their 

apparent importance in structuring ecosystems it is prudent that this lack of 

data needs to be addressed in order to provide environmental managers with 

the background information necessary to ensure the viability and persistence of 

these taxa and their populations in the face of rapid environmental and 

anthropogenic change that is impacting negatively on these populations. The 

abundance, wide distribution, and ease of access for researchers during inshore 

aggregations makes these four reef sharks ideal models for testing ecological 

hypotheses about animal movement, behaviour and habitat use. Furthermore, 

these species also have large bodies that enable them to be equipped with data 

loggers and transmitters that can remotely monitor movements for long periods 

(> 1 yr) (e.g. Papastamatiou et al. 2010a). Collecting long-term behavioural, 

biological, physiological (Lowe & Goldman 2001), and environmental data is 

essential for capturing any seasonal or inter-annual changes in movement 

habitat use and site fidelity, which might occur due to the onset of reproductive 

activities, shifts in prey, changing environmental variables, or ontogeny.  
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Given the alarming status of global reef shark populations due to 

declines in abundance and a general dearth of information on life-history 

characteristics for this group the overarching aims of my thesis are to: 

1) Provide an up-to-date review of movement patterns of sharks within 

the coastal environment and their associated implications for 

management and conservation (Chapter 2), 

2) quantify the long-term (> 2 yrs) spatial and temporal movements of 

a multi-species reef shark aggregation in order to test specific 

hypotheses relating to habitat partitioning, diel refuging behaviour, 

and site fidelity (Chapter 3), 

3) describe environmental associations of reef sharks through 

monitoring shark movement patterns in conjunction with a number 

of environmental variables, with a specific focus on testing the 

behavioural regulation hypothesis to explain why C. melanopterus 

females aggregate in warm inshore waters (Chapter 4), 

4) determine the trophic role of reef sharks at Ningaloo through the 

use of acoustic monitoring and stable isotope analysis, and compare 

my results to current trophic position estimates of each species 

based on previous dietary studies (Chapter 5), 

5) examine the current efficiency of Ningaloo Marine Park for reef 

shark conservation through the quantification of long-term (> 1 yr) 

spatial and temporal movements; specifically in relation to home 

range size, activity centres, and long-distance (> 10 km) movements 

(Chapter 6), 
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6) provide a summary of my key findings throughout this project and 

identify areas of research that need to be addressed in order to 

further our understanding of this group of threatened predators 

(Chapter 7). 

 

Thesis structure 

Chapter 2 provides a review of the current literature available on movement 

patterns of coastal sharks and the implications of these for management. This 

includes a meta-analysis of home range size with total length of animals that 

takes into account monitoring time. Common behavioural traits are reviewed 

including: horizontal and vertical movement patterns, site fidelity, habitat 

specificity, habitat partitioning and segregation. I identify the behavioural traits 

of coastal sharks that should be included in management and conservation 

planning, as well as highlighting directions for future research.  

Chapter 3 describes the long-term movement patterns of a multi-species reef 

shark aggregation through the use of visual censuses and acoustic telemetry. 

The focus of this chapter was to quantify the spatial and temporal movement 

patterns of four species of reef sharks that aggregate in an inshore bay on 

Ningaloo Reef, Western Australia. I use both quantitative and qualitative 

information to determine the reasons for aggregation behaviour. Based on the 

review of studies of other species of reef sharks in Chapter 2, I test specific 

hypotheses in regards to diel patterns of attendance, site fidelity, and habitat 

partitioning. 
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Chapter 4 focuses on the environmental associations of reef sharks and 

behavioural thermoregulation. Previous studies on the influence of 

environmental factors on sharks, (reviewed in Chapter 1), identified a number 

of common patterns, although few studies focussed on reef sharks. I consider a 

number of potential environmental influences on movements of reef sharks in 

this Chapter. There is a specific focus on the effects of water temperature and 

correlates with behavioural thermoregulation. Specifically, I test the hypothesis 

that female blacktip reef sharks (C. melanopterus) actively select warmer water 

temperatures for metabolic advantages related to reproduction.   

Chapter 5 describes trophic ecology of the four species of reef sharks through 

the use of telemetry and stable isotopes. Current estimations of trophic 

positions of reef sharks have generally been determined with dietary studies. 

However, these studies do not take into account assimilated prey, rather only 

the animal‟s most recent meal. I use stable isotope analysis to provide a time-

integrated measure of trophic position and compare this to results of previous 

studies. Because a number of species co-occur at restricted scales (< 1.6 km 

wide bay) on Ningaloo Reef (see Chapter 3), I hypothesise that the adults of 

these species would occupy the same trophic position, although juveniles 

would have lower trophic positions. This is because a number of studies of 

sharks have identified ontogenetic dietary shifts (see review by Wetherbee & 

Cortés 2004). I use acoustic monitoring to identify resident and non-resident 

sharks, and examined differences in their isotopic compositions.  

Chapter 6 assesses the current management strategies of marine parks in 

relation to shark home ranges. I quantify the spatial use of an inshore bay by 

each species, which is partly protected by a marine protected area (MPA). I 
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calculate combined home ranges for each species and make hypotheses in 

relation to the current level of protection afforded by the MPA for each species. 

I also discuss long-distance movements in relation to the effectiveness of 

marine parks to encompass reef shark habitat usage. I conclude by making an 

assessment of current protection measures for reef sharks in Ningaloo, and 

include recommendations for optimising protection. 

Chapter 7 is a general discussion of the main findings of the study and 

identifies future directions for research.
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CHAPTER 2. Complexities of coastal shark movements and 

their implications for management 

ABSTRACT: There is increasing concern over global declines in shark 

populations because of this taxon‟s largely assumed role as a moderator of 

marine ecosystem function. Long-term information on movement patterns is 

lacking for many species, which is essential for inferring relative threat because 

extinction risk varies as a function of range size, dispersal capacity, habitat 

specificity and habitat use. The past 50 years of research on coastal sharks has 

revealed that spatial patterns of movement are common to many species. In the 

horizontal plane, many species‟ home ranges have been quantified, with range 

size generally increasing with body size. We demonstrate for the first time 

using a meta-analysis the effects of increasing body size and monitoring time 

on home range size among species. Changes in the extent of movement might 

be due to ontogenetic changes in physiological capacity, predator avoidance 

strategies, or environmental tolerances. In the vertical plane, movement 

patterns include oscillatory vertical displacement, surface swimming, diel 

vertical migration and swimming at depth. These vertical movements are often 

attributed to foraging (prey location and tracking) or navigation, but have been 

characterised less than horizontal patterns. Habitat specificity and selection are 

often correlated with environmental conditions such as depth, salinity, 

substratum, and in some cases where measured, prey availability. Site fidelity 

is common in species that use discrete nursery areas. However, fidelity to 

mating, pupping, feeding, and natal sites has only been observed in a few 

species, possibly due to the short duration of data collection and the difficulty 

in determining the birth place of resident individuals. To date, few studies have 
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examined habitat partitioning among size-classes and species, although some 

general patterns have emerged; habitats appear to be subdivided by benthos 

type, prey availability and depth. Detailed information on habitat partitioning 

and habitat use is still unavailable for most coastal species. The conservation of 

coastal sharks can be facilitated in some cases by the use of marine protected 

areas, especially for coastal resident species using specific nursery, 

reproduction or feeding areas. Partial protected-area closures might be effective 

during aggregation or migration periods to protect older size classes, but these 

must be applied with other management strategies such as reduced fishing and 

size or bag limits to protect individuals throughout different life history phases. 

More long-term research on specific habitat use, migration patterns and habitat 

partitioning is essential for developing successful management and 

conservation initiatives. The adoption of new technology that provides in situ 

environmental data and behavioural information is also imperative if we are to 

maintain healthy coastal shark populations. 
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Introduction 

Sharks are typically high trophic level predators in marine food webs (Cortés 

1999), so they assist in structuring biological communities (e.g. Stevens et al. 

2000a, Myers & Worm 2003, Bascompte et al. 2005, Shepard & Myers 2005, 

Myers et al. 2007). Their capacity to influence community composition and 

relative abundance of prey species likely provides trophic stability over some 

time scales, and this capacity is in itself affected by habitat use, movement, and 

distribution patterns. Sharks directly affect community composition by prey 

ingestion, and indirectly through predation risk (e.g. Heithaus et al. 2008). The 

reduction in shark density can lead to the release of meso-predator populations 

(Myers et al. 2007), an increase in a competing taxa (e.g. Fogarty & Murawski 

1998), and ultimately, a reduction or imbalance in species under the influence 

of predation (Pace et al. 1999). In some cases, the removal or large density 

reduction of sharks can reduce ecosystem stability and resilience, which could 

result in cascading effects that lead to population declines in other parts of the 

food web (Jackson et al. 2001, Myers et al. 2007), but see (Bascompte et al. 

2005). However, the correlative and theoretical nature of many studies leaves 

some uncertainty over the likely effects of reduced shark density on marine 

ecosystem function.  

Despite the purported functional and behavioural importance of sharks to 

marine ecosystems, aspects of their biology and ecology remain poorly 

understood due to difficulties in obtaining in situ data (Nelson 1977, 

Sundstrom et al. 2001). The biological traits that make them particularly 

vulnerable to exploitation (i.e., relatively slow growth rates, late sexual 

maturity and reproduction, low fecundity and long gestation periods) 
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(Compagno 1990, Cortes 2000) can lead to slow population growth and limit 

compensatory responses to exploitation for some species (Musick et al. 2000, 

Field et al. 2009a). The risk of extinction might also be exacerbated by habitat 

specificity and limited distribution or dispersal (Walker 1998, Stevens et al. 

2000a), with the strength of effect often depending on the environmental 

context (Brook et al. 2008, Garcia et al. 2008, Field et al. 2009a).  

Coastal shark populations are particularly vulnerable to harvest due to 

their proximity to human populations, where fishing pressure and habitat 

degradation are typically high (e.g. Holland et al. 1999). For example, over-

exploitation has lead to declines in abundances of sharks on some tropical reefs 

(e.g. Friedlander & DeMartini 2002, Robbins et al. 2006, Sandin et al. 2008, 

Heupel et al. 2009). Moreover, habitat degradation and the myriad effects of 

climate change will be most severe in coastal areas where sharks with specific 

nursery or breeding requirements are particularly vulnerable; however, the 

resilience of sharks to climate change remains largely unquantified (Field et al. 

2009a).  

A common ecological trait of many shark species likely to influence their 

susceptibility to exploitation is their tendency to segregate by size and sex 

(Springer 1967, Kinney & Simpfendorfer 2009). Many use inshore areas as 

nurseries (Castro 1993, Yokota & Lessa 2006, Heupel et al. 2007), while others 

are segregated within similar habitats by sex (Sims 2005) for reasons related to 

parturition (Hight & Lowe 2007), or segregated by size due to habitat selection 

(e.g., Simpfendorfer et al. 2005). The belief that shark nursery areas are 

essential for population persistence (Bonfil 1997) has placed a focus on the 

study of juvenile life stages (Heupel et al. 2007, Kinney & Simpfendorfer 
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2009), which has also been facilitated by the relative ease of handling juveniles 

and access. However, following departure from nursery areas, the movement 

and habitat use of larger juveniles, sub adults and adults are often unknown 

(but see Chapman et al. 2009). This has particular relevance for management 

strategies such as the design of marine protected areas because for these large, 

free-ranging predators, protected area effectiveness can be compromised if 

individuals spend considerable time outside their boundaries (Chapman et al. 

2005, Meekan et al. 2006, Kinney & Simpfendorfer 2009). 

In the last decade, the development and accessibility of tracking and 

passive monitoring technology (e.g., Heupel et al. 2006a) has increased the 

tractability of monitoring large numbers of sharks over spatial scales of 1-10s 

of km (e.g., Australian Acoustic Tagging And Monitoring System) (IMOS 

2009) (Appendix 1). As a result, there has been a marked increase in the 

number of publications that have presented data from acoustic monitoring and 

satellite telemetry studies. Such studies have focused on quantifying the spatial 

and temporal variation in habitat use of coastal sharks (e.g. Yeiser et al. 2008). 

But despite the increasing numbers of dedicated studies, the relative newness 

of this field means that little information is available on movement patterns 

compared to other aspects of shark ecology such as diet composition and 

growth patterns. Furthermore, dedicated studies have been concentrated on a 

limited range of species in only a few areas globally (Fig. 2.1). 

Inter-specific habitat use is also an under-developed area of study for 

coastal shark management despite its importance for identifying areas that 

serve different functions for different species. Communal nursery areas have 

been described (e.g. Castro 1993, Simpfendorfer & Milward 1993, Yokota & 
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Lessa 2006), but we still have a poor understanding of how species partition 

nurseries from other phases. It is only recently that some studies have started to 

address habitat use of multiple species of coastal sharks and considered multi-

species management in these areas (White & Potter 2004, Chapman et al. 2005, 

Pikitch et al. 2005, Wiley & Simpfendorfer 2007, DeAngelis 2008, Yeiser et 

al. 2008). 

The lack of synthesis of shark movement, habitat use and partitioning 

data that exist impedes the development and progression of conservation and 

management. I present here an up-to-date summary of outcomes from studies 

of coastal shark movement, as well as the associated implications for their 

management and conservation. To avoid ambiguity, I define „coastal resident 

sharks‟ as species that solely inhabit coastal waters (i.e., distributed to the 

continental shelf), or spend the majority of their life in coastal habitats. Sharks 

that visit coastal areas but are typically referred to as „oceanic‟ or „pelagic‟, I 

define as „coastal transient sharks‟ and are included where studies have been 

done while animals were in the coastal zone. I separate my review into four 

sections that focus on determinants of extinction risk in sharks: (1) range and 

dispersal, (2) habitat specificity, (3) segregation and habitat partitioning, and 

(4) conservation and management. My review includes studies that have used 

direct observation, conventional fish tags for capture-mark-recapture, acoustic 

tags, and satellite tags. 
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Figure 2.1. Locations of shark movement studies within coastal environments (n = 106). 
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Range and Dispersal 

For most taxa, small range size and restricted dispersal capacity increase 

extinction risk and reduce the recovery capacity of populations after 

exploitation (Brook et al. 2008). It is therefore intuitive that given equal rates 

of harvest, sharks with small range sizes will be more vulnerable to population 

decline than those that range widely (Field et al. 2009a). As with any mobile 

marine organism, the range and dispersal capacity of sharks must be considered 

from both vertical and horizontal perspectives. More effort has been applied to 

studying horizontal than vertical patterns (Fig. 2.2), which is a reflection of 

technology and possibly the relatively shallow habitats used by many coastal 

sharks. Approximately 33 % (n = 34) of studies done thus far have included a 

vertical movement component, compared to approximately 91 % (n = 96) that 

have a horizontal component (Appendix 2). In general, coastal transient sharks 

over 4 m total length (TL) have received more dedicated study on vertical 

movement than sharks that are coastal residents (e.g., white sharks 

Carcharodon carcharias, basking sharks Cetorhinus maximus, whale sharks 

Rhincodon typus, and tiger sharks Galeocerdo cuvier ) (Fig. 2.2B).  
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Figure 2.2. Horizontal and vertical movement studies of sharks that are A) 

coastal residents and B) coastal transients. 
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Horizontal movements 

Geographical range and dispersal affects extinction risk in many taxa 

(Bradshaw et al. 2008, Sodhi et al. 2008a, Sodhi et al. 2008b), including sharks 

(Field et al. 2009a). A number of common patterns such as home range fidelity, 

diel cycles, shifting and expanding ranges and migration have been observed. 

Home range has been defined as the spatially and temporally distinct area 

within which sharks do their normal activities (Morrissey & Gruber 1993b). 

Intuitively, there is a correlation between body size and home range (Morrissey 

& Gruber 1993b), suggesting that larger animals need more space to provide 

enough resources to accommodate their greater energetic requirements and 

behavioural repertoire (McNab 1963). Most studies of home range in sharks 

are consistent with this idea, although there is considerable variability among 

species of equivalent body size. Furthermore, comparing home range sizes 

among studies is difficult due to differences in data collection methods, 

temporal scales, metrics used for home range calculation, and the number and 

size class of individuals monitored.   

I nonetheless collated home range data from 8 separate studies 

(McKibben & Nelson 1986, Gruber et al. 1988, Holland et al. 1993, Morrissey 

& Gruber 1993b, Goldman & Anderson 1999, Rechisky & Wetherbee 2003, 

Carlisle & Starr 2009, Papastamatiou et al. 2009b) for a total of 95 individuals 

from 7 species (Carcharhinus amblyrhynchos, Carcharhinus melanopterus, 

Carcharhinus plumbeus, Carcharodon carcharias, Negaprion brevirostris, 

Triakis semifasciata, and Sphyrna lewini) to examine whether size influences 

estimates of home range. To account for the hypothesised effect of monitoring 

time and to control for non-independence of individuals within species, I 
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constructed general linear mixed-effects models with log10 home range size 

(km
2
) as the response. Fixed effects included the log10 of monitoring time 

(days) and the log10 of total length (cm), and the random effect was set as 

„species‟. Only 3 models with a Gaussian error distribution and identity link 

were contrasted using Akaike‟s information criterion corrected for small 

samples (AICc) (Burnham & Anderson 2002): ~ time + total length, ~ time and 

the intercept-only model (Table 2.1). Some studies only reported fork length or 

pre-caudal length, so for these I converted them to total length using length-

length equations from FishBase (http://fishbase.org) (Froese & Pauly 2011).  

 

Table 2.1. Home range size (response) versus monitoring time (time) and total 

length general linear mixed-effects model comparisons based on Akaike‟s 

information criterion corrected for small samples (AICc). All models include 

the random effect „species‟. For each of the 3 models contrasted, the maximum 

log-likelihood (LL), number of parameters (k), AICc, AICc weight (wAICc) and 

the % deviation explained are shown.       

Model LL k AICc wAICc %DE 

~ time + total length -65.173 5 141.027 0.9801 22.6 

~ time -70.187 4 148.823 0.0199 16.5 

~ 1 (null) -83.062 3 172.391 0.0000 0.0 

 

http://fishbase.org/
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The top-ranked model (wAICc = 0.98) included both time and total length fixed 

effects and explained 22.6 % of the total deviance (%DE) (Table 2.1). The 

second-ranked time-only model explained 16.5 % of the deviance in log10 

home range size (Table 2.1), demonstrating that total length accounts for 

approximately 6 % of the deviance in the response. The total length coefficient 

in the top-ranked model was 1.38  0.43, indicating that for every order of 

magnitude increase in total length, home range size increases by 1.38 orders of 

magnitude (demonstrated visually in Fig. 2.3). Given that my dataset only 

covered approximately 1 order of magnitude in shark size (minimum total 

length = 51 cm; maximum = 490 cm) mainly among species, it is conceivable 

that a greater variation in sizes both within- and among species would reveal a 

larger effect of total length on home range size (controlling for monitoring 

time).  
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Figure 2.3. The relationship between log10 home range size (HR) (corrected 

for log10 monitoring time) and log10 shark total body length (TL). Letters = 

species (A Carcharhinus amblyrhynchos, B Carcharodon carcharias, C 

Carcharhinus melanopterus, D Carcharhinus plumbeus, E Negaprion 

brevirostris, F Triakis semifasciata, and G Sphyrna lewini). 
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Generally, coastal resident sharks up to 2.5 m TL appear to be limited to areas 

less than 100 km
2
. For example, Morissey and Gruber (Morrissey & Gruber 

1993b) found that small (mean TL = 0.73 m) juvenile lemon sharks (Negaprion 

brevirostris) had home ranges between 0.23 and 1.26 km
2
 (mean = 0.68 km

2
), 

while larger juveniles (1.68 to 2.30 m TL) ranged between 18 to 93 km
2
 

(tracked for 6-hour periods). Juvenile lemon (mean Stretched Total Length = 

207.8 ± 7.1) and bull sharks (Carcharhinus leucas) (mean Stretched Total 

Length = 151 ± 4.6 SE) had home ranges of up to 40 km
2
 (monitored over 

weeks) (Yeiser et al. 2008). Apart from lemon sharks, other reef sharks have 

restricted home ranges, such as grey reef sharks (Carcharhinus 

amblyrhynchos) (mean TL = 150.9 ± 2.0 SE) with minimum home ranges of 

0.19 to 53 km
2
 (mean size = 4.2 km

2
) (intermittent multi-day tracks) 

(McKibben & Nelson 1986) and blacktip reef sharks (Carcharhinus 

melanopterus) with home ranges of only a few square kilometres (tracked up to 

7 hours) (Stevens 1984) or less (0.55 ± 0.24 km
2
) (intermittent diurnal day to 

week tracks) (Papastamatiou et al. 2009b). Bonnethead sharks (Sphyrna tiburo) 

(mean TL = 77.8 ± 1.4) also have small home ranges (8.3 km
2
); however, some 

individuals use larger areas (up to 74 km
2
) (monitored 1 – 173 days) (Heupel et 

al. 2006b). Pacific angel sharks (Squatina californica) have limited home 

ranges (~ 1.5 km
2
) (tracked 13 – 25 hours) (Standora et al. 1972), as do male 

dogfish (4.3 to 5.4 km
2
) (intermittent tracks between 5.6 – 6 days) (Sims et al. 

2001). Mean minimum home ranges for female leopard sharks (Triakis 

semifasciata) are less than 1 km
2
 (tracked 20 – 71.5 hours) (Carlisle & Starr 

2009), while the average home range size for juvenile sharpnose sharks 
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(Rhizoprionodon terraenovae) is only 1.29 km
2 

(monitored 1 – 37 days) 

(Carlson et al. 2008).  

As with the previous examples, many coastal sharks have limited home 

ranges; however, it is not uncommon for individuals to make much longer 

excursions that extend far beyond their usual home ranges (e.g., Stevens et al. 

2000b). Lemon (Morrissey & Gruber 1993b), juvenile blacktip (Carcharhinus 

limbatus) (Heupel et al. 2004), and grey reef sharks (McKibben & Nelson 

1986, Heupel et al. 2010) provide good examples. Heupel et al. (2004) 

suggested that longer movements in juvenile blacktip sharks might be related 

to foraging, and/or atmospheric pressure declines associated with approaching 

storms (Heupel et al. 2003). 

Coastal transient sharks often do not have specific home ranges, although 

tiger sharks in Western Australia appear to restrict their movements within 

large areas (> 1000s of km
2
) over periods of days to weeks (Heithaus et al. 

2007). Similarly, tiger sharks in Hawaii maintain large home ranges, which can 

include more than one island and offshore waters (tracked 7 – 50 hours). A 

study of white sharks at a northern elephant seal (Mirounga angustirostris) 

colony found minimum home range sizes between 1.84 and 9.15 km
2
 (diurnal 

tracks over days – weeks) (Goldman & Anderson 1999), although ranges 

outside of the coastal zone are many orders of magnitude larger due to seasonal 

migrations (e.g., Boustany et al. 2002, Bonfil et al. 2005, Bruce et al. 2006, 

Weng et al. 2007a, Domeier & Nasby-Lucas 2008).  

Diel movement patterns recorded from tracking studies have generally 

found that sharks increase their activity and home range at night, which has 
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been attributed to increased foraging activity. For example, McKibben & 

Nelson (McKibben & Nelson 1986) found a ~ three-fold increase in the home 

range of grey reef sharks from day (10.3 km
2
) to night (28.5 km

2
). Similarly, 

both juvenile and adult scalloped hammerhead sharks have smaller daytime 

core areas, and range more widely at night (Klimley & Nelson 1984, Holland 

et al. 1992, Holland et al. 1993). Juvenile Caribbean reef sharks increase 

movement at night (Garla et al. 2006), as do male dogfish (Sims et al. 2001), 

sixgill sharks (Hexanchus griseus) (Andrews et al. 2009), leopard sharks 

(Ackerman et al. 2000, Hight & Lowe 2007), white tip reef sharks (Triaenodon 

obesus) (Whitney et al. 2007), grey reef sharks (McKibben & Nelson 1986), 

lemon sharks (Gruber et al. 1988) and Pacific angel sharks (Standora et al. 

1972). In contrast, bonnethead sharks show no consistent diel patterns in home 

range size (Heupel et al. 2006b), nor do juvenile and neonate sandbar sharks 

(Carcharhinus plumbeus) show any diel pattern in movement rate (Rechisky & 

Wetherbee 2003).  

Shifting and expanding ranges and other broad-scale patterns associated 

with tides and migrations can only be observed through long-term studies 

(Nelson 1990), which are now possible with acoustic monitoring and satellite 

tracking. It is likely that an ontogenetic shift in home range size accompanies 

bioenergetic functions (e.g. Heupel et al. 2004, Field et al. 2005) that take into 

account the reduced threat of predation with increasing body size, shifting diets 

through time, and the onset of reproduction. The pattern of expanding ranges 

with increasing body size was described for school sharks in an early study by 

Olsen (1954) where sharks (< 0.70 m TL) moved more as they grew. Similar 

patterns have been observed for grey nurse (ragged tooth) sharks (Carcharias 
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tauras) (Dicken et al. 2007) and large juvenile white sharks, which range more 

widely than young-of-the-year in coastal adult habitats likely as a consequence 

of changing physiology (Weng et al. 2007b), or resource exclusion. Lemon 

sharks also undergo an ontogenetic expansion of home ranges, with juveniles 

showing strong site fidelity and movement between tidal refuges, while adults 

range farther (Gruber et al. 1988, Morrissey & Gruber 1993b, Wetherbee et al. 

2007, Chapman et al. 2009). Juvenile blacktip sharks expand their home range 

over months due to changes in environmental conditions or ontogenetic 

changes in behaviour (Heupel & Hueter 2001, Heupel et al. 2004, Heupel & 

Simpfendorfer 2005a). This also occurs in juvenile sandbar sharks (Merson & 

Pratt 2001), but home range size does not differ between juveniles and 

neonates (Rechisky & Wetherbee 2003). Juvenile Caribbean reef sharks also 

expand their range as they grow and explore deeper sites (Chapman et al. 2005, 

Garla et al. 2006). In contrast, Duncan & Holland (2006) reported no shift in 

habitat use by juvenile scalloped hammerhead sharks in their nursery area, nor 

did Heupel et al. (2006) find any change of home range size among bonnethead 

sharks over time, although the location changed possibly because of shifting 

prey distribution and abundance. Although range expansion with increasing 

size might merely reflect greater opportunity for sharks to disperse with 

increasing time at liberty between capture events (e.g. school sharks, (Hurst et 

al. 1999), there is little evidence for this in other species (e.g., Stevens et al. 

2000b, Heupel et al. 2006b).  

Interestingly, coastal transient sharks over 4 m TL have shown opposing 

movement patterns among size classes. For example, an inverse relationship 

between TL and range size exists for white sharks feeding at a seal colony, 
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possibly due to the differing diets or hunting inexperience of smaller 

individuals (Goldman & Anderson 1999). Similarly, larger sixgill sharks made 

shorter daily movements than smaller individuals in a study conducted in Puget 

Sound (Andrews et al. 2007). Juvenile tiger sharks are also wider-ranging and 

spend less time in localized areas than adults, which might be due to predation 

risk on juveniles from adults or possibly resource exclusion (Meyer et al. 

2009). 

 Migrations are common in most species of sharks (Bres 1993), and 

range from short, seasonal movements along coasts (e.g. Bruce et al. 2006) to 

transoceanic (e.g. Eckert & Stewart 2001, Gore et al. 2008) and trans-

equatorial (e.g. Skomal et al. 2009) crossings. Migrations are often related to 

reproductive behaviour, seasonal shifts in prey distribution and abundance, or 

to thermal tolerances associated with changing water temperatures (Springer, 

1967).  Both coastal and transoceanic migrations occur in coastal transient 

species such as white sharks (Bonfil et al. 2005). Transoceanic migrations are 

possibly a result of changing reproductive status, whereas coastal migration, 

particularly in juveniles, might arise in response to shifting prey distribution 

(Bonfil et al. 2005). Indeed, shorter seasonal migrations of white sharks in 

Australia along the east coast during autumn-winter are possibly related to prey 

movements (Bruce et al. 2006), and in some cases distinct „migratory 

corridors‟ have been identified from tracked individuals (Bruce et al. 2006, 

Weng et al. 2007a). Similarly, coastal migrations of basking sharks have been 

along the continental shelf to areas of high prey availability (Sims et al. 2003) 

and steep gradients in sea surface temperature (Skomal et al. 2004, Sims 2008). 
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Sharks less than 4 m TL also migrate within the coastal zone over broad 

spatial scales. For example, female grey nurse sharks make biennial 

reproductive migrations along the eastern coastline of southern Africa (Dicken 

et al. 2006, Dicken et al. 2007). Dusky sharks (Carcharhinus obscurus) also 

migrate along the coast of South Africa following changes in water 

temperature and the migration of their prey sardine (Sardinops sagax) (Hussey 

et al. 2009). Sandbar sharks are also highly migratory (Kohler & Turner 1998), 

with adults migrating annually along the eastern coast of North America from 

over-wintering areas in the Gulf of Mexico to summer nurseries such as 

Delaware Bay (Merson & Pratt 2001, Rechisky & Wetherbee 2003). Similarly, 

both adult and juvenile blacktip sharks migrate seasonally along the coast of 

the USA, departing Florida when water temperature falls below 21 °C (Hueter 

& Manire 1994a, Heupel & Hueter 2001). A long-term tagging study in the 

Northern Territory of Australia also found recaptures of spot tail 

(Carcharhinus sorrah) and Australian blacktip (Carcharhinus tilstoni) to have 

moved more than 1000 km from their tagging locations, movements generally 

being along the coast (Stevens et al. 2000b and Field et al. unpublished data). 

Even demersal sharks such as Port Jackson sharks (Heterodontus 

portusjacksoni) move up to 760 km offshore and southwards from their 

oviposition sites to their foraging refuges, coinciding with changing water 

temperature (McLaughlin & O'Gower 1971, O'Gower 1995). 
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Vertical movements 

The depths at which sharks are distributed and move among differ with life 

stage, sex, time of day, or season, and can affect susceptibility to harvest (e.g., 

West & Stevens 2001). Similar to horizontal movement patterns, several 

common patterns in vertical movement exist such as oscillatory vertical 

displacement, surface swimming, swimming at depth, diel vertical migration 

and ontogenetic shifts. Most studies quantifying vertical movements have 

tended to focus on coastal transient species. 

Oscillatory vertical displacement („yo-yo diving‟) is a pattern of regular 

movement between the surface or near-surface and deeper waters. This 

behaviour has mainly been recorded in coastal transient sharks such as whale 

sharks which regularly „dive‟ to and from the near-surface and deeper waters 

(Gunn et al. 1999), basking sharks which move to and from the bottom of shelf 

and shelf-edge habitats (Sims et al. 2003, Sims et al. 2005a, Shepard et al. 

2006), white sharks (Strong et al. 1996, Klimley et al. 2002, Bruce et al. 2006, 

Weng et al. 2007a, Domeier & Nasby-Lucas 2008), and tiger sharks 

(Nakamura et al. 2011). Deep-water species that visit coastal areas such as 

Pacific sleeper sharks (Somniosus pacificus) and Greenland sharks (Somniosus 

microcephalus) have also displayed similar patterns (Stokesbury et al. 2005, 

Hulbert et al. 2006). This behaviour has also been observed in coastal resident 

sharks such as the scalloped hammerhead shark (Klimley 1993). For most 

species, this behaviour has been attributed to foraging, with the exception of 

scalloped hammerheads, which could be using such vertical movements to 

navigate via differences in intensity of localised magnetic gradients during 

migration (Klimley 1993). Other possible explanations for the existence of this 
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behaviour are for thermoregulation and energy conservation (Klimley et al. 

2002, Wilson et al. 2006). 

Surface swimming for prolonged periods (hours to days or weeks) is 

seen in certain coastal transient species, even where „diving‟ behaviour is 

theoretically possible. This behaviour has been observed in whale (Wilson et al 

2006), white (Klimley et al. 2002, Bonfil et al. 2005, Bruce et al. 2006), tiger 

(Tricas 1981, Holland et al. 1999), and school sharks (Galeorhinus galeus) 

(West & Stevens 2001). Explanations for surface swimming include using the 

Earth‟s dipole field and/or celestial signs for navigation, thermoregulation 

(Klimley et al. 2002), and feeding on schools of prey at the surface by whale 

sharks (Colman 1997, Jarman & Wilson 2004, Graham & Roberts 2007). 

Swimming at depth is the pattern of making a vertical displacement away 

from surface waters and then remaining at depth for prolonged periods. White 

sharks spent little time in mid-water when at shallow depths around one 

feeding site (e.g. Strong et al. 1996); however, they spent the majority of their 

time (60 % day, 90 % night) in the mixed layer (average of 60 m) when at 

another feeding site (e.g. Domeier & Nasby-Lucas 2008). The mixed layer 

appears to be an important foraging habitat, particularly for juvenile white and 

whale sharks (Gunn et al. 1999, Weng et al. 2007b). Other patterns of 

swimming at depth have been recorded for a number of species such as bottom-

oriented swimming in shallow water (< 30 m) in white (Goldman & Anderson 

1999) and tiger sharks (Tricas 1981, Holland et al. 1999), as a foraging strategy 

to remain cryptic to prey (Goldman & Anderson 1999), and temporal 

differences in vertical displacement in large juvenile sandbar sharks that dive 
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deeper in winter (0 – 72 m) than in summer (0 – 24 m) during their coastal 

migration along the eastern coast of North America (Conrath & Musick 2008).   

Diel vertical migration is the vertical movement of organisms from 

deeper waters during the day to near-surface at night following the movement 

of plankton that are attempting to avoid visual predation (Bollens & Frost 

1989). Vertical movements of planktivorous sharks such as whale and basking 

sharks have shown such patterns (Graham et al. 2006, Wilson et al. 2006); 

however, reverse diel vertical migration (nocturnal movement to deeper 

waters) has also been observed in the same species (Sims et al. 2005a, Shepard 

et al. 2006, Rowat et al. 2007). Migration in school sharks in coastal waters 

suggests there is a lunar effect on vertical migration patterns (West & Stevens 

2001), similar to juvenile white sharks which make deeper dives during full 

moons, possibly to follow prey that have light-mediated vertical migration 

(Weng et al. 2007b). Deep-water species such as sixgill, Greenland, and Pacific 

sleeper sharks are more active at night and occupy shallower depths than 

during the day when in coastal areas, which is also likely linked to foraging 

(Stokesbury et al. 2005, Hulbert et al. 2006, Andrews et al. 2009). This 

behaviour has also been observed in one coastal resident species, the dogfish 

Scyliorhinus canicula. The males of this species make such migrations when 

they are more active at night in warm, prey-rich surface waters (Sims et al. 

2006), whereas females move deeper during crepuscular and nocturnal periods 

for reproduction and foraging (Sims et al. 2001). Although not complete diel 

vertical migration, Caribbean reef sharks increase the amount of time they 

spend near the surface (< 40 m) at night (Chapman et al. 2007).  
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Ontogenetic shifts in vertical movement patterns have been described for 

a few coastal transient species, although they are less common than other 

vertical movements described above. Differences in depth distribution within 

species (Wetherbee et al. 1996, Pikitch et al. 2005, McAuley et al. 2007, 

Andrews et al. 2009) can arise from intra-specific predator avoidance, resource 

exclusion, or are a reflection of ontogenetic shifts in diet and physiological 

development. A study of adult and juvenile basking sharks tracked along the 

continental shelf west of the United Kingdom, showed potential ontogenetic 

differences in vertical movement patterns, with one tagged juvenile spending 

longer periods at constant depths, weaker magnitudes of diving patterns, slower 

ascent and descent rates and an absence of strong diel movements than were 

generally observed in adults (Shepard et al. 2006). Such patterns possibly 

reflect a lack of foraging experience in juveniles compared to adults (Sims et 

al. 2008). Variation in vertical displacement has also been observed among size 

classes of juvenile white sharks in a nursery area in the eastern Pacific, with 

larger juveniles (3-year olds) making deeper vertical excursions than young-of-

the-year (Weng et al. 2007b). This could arise because of a greater thermal 

tolerance of larger individuals relative to young-of-the-year, allowing the 

former to withstand cooler temperatures to expand their foraging niche.  
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Habitat Specificity 

Habitat specificity is defined as the degree to which a species occurs in a 

number of different habitats or is restricted to one or a few sites (Rabinowitz et 

al. 1986). This behaviour often occurs due to physical and biotic requirements 

of animals, which in turn determine habitat selection. Therefore, to understand 

how fishes distribute themselves, quantifying which habitats they choose, when 

they choose them and why needs addressing (Sims 2003). The potential 

importance of physical and biotic factors in habitat selection by sharks has 

been reviewed by Simpfendorfer and Heupel (2004) and has been addressed by 

approximately 75 % (n = 79) of the studies included in my meta-analysis 

(Appendix 2). Influences such as tide, water temperature, salinity, dissolved 

oxygen, substratum type and depth affect the distribution of coastal 

elasmobranchs, with greater responses for some species and size classes 

(Economakis & Lobel 1998, Ackerman et al. 2000, Hopkins & Cech 2003, 

Simpfendorfer et al. 2005, DeAngelis 2008, Vogler et al. 2008, Campos et al. 

2009, Heithaus et al. 2009b, Ubeda et al. 2009). To date, depth and temperature 

have been measured with shark movement for many species, followed by tide, 

current, benthos type, salinity, prey and dissolved oxygen associations (Table 

2.2). 
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Table 2.2. Environmental variables monitored in relation to movement and habitat 

specificity of coastal sharks. 

 = category monitored in at least one study for the species. 

 = not monitored. 

Class = (R) coastal resident and (T) coastal transient. 

Total = number of species where corresponding environmental variable was 

monitored with movement. 

 

Class

Carcharhinus amblyrhynchos R       

Carcharhinus leucas R       

Carcharhinus limbatus R       

Carcharhinus melanopterus R       

Carcharhinus perezi R       

Carcharhinus plumbeus R       

Carcharodon carcharias T       

Cetorhinus maximus T       

Galeocerdo cuvier T       

Galeorhinus galeus T       

Ginglymostoma cirratum R       

Hexanchus griseus T       

Mustelus henlei R       

Negaprion brevirostris R       

Orectolobus ornatus R       

Rhincodon typus T       

Rhizoprionodon terraenovae R       

Scyliorhinus canicula R       

Somniosus microcephalus T       

Somniosus pacificus T       

Sphyrna lewini R       

Sphyrna tiburo R       

Squatina californica R       

Squatina guggenheim R       

Triakis semifasciata R       

Multi-species R       

Total 10 13 18 19 9 3 8

Dissolved 

O2

PreySpecies Benthos 

type

Tide or 

Current

Temperature Depth Salinity
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Morrissey & Gruber (1993a) found that juvenile lemon sharks selected 

shallow waters where temperatures were above 30 °C, which served to 

maintain optimal metabolic performance while avoiding predators. A study of 

bat rays (Myliobatus californica), leopard sharks and smooth hound sharks 

(Mustelis henlei) in California found that the movements and distributions were 

also affected by temperature, as well as salinity (Hopkins & Cech 2003). 

Salinity might also affect the movement and distribution of bonnethead (Ubeda 

et al. 2009) and bull sharks in a Florida estuary, although temperature 

(Simpfendorfer et al. 2005, Heupel & Simpfendorfer 2008), water flow 

(Heupel & Simpfendorfer 2008, McCord & Lamberth 2009), and dissolved 

oxygen also appear to be important (Heithaus et al. 2009a). Dissolved oxygen 

might also affect movements of female leopard sharks (Carlisle & Starr 2009). 

Because water measurements such as salinity, water temperature and dissolved 

oxygen are inter-correlated (Heupel & Simpfendorfer 2008), determining the 

main drivers of movement and distribution has proven difficult in some 

instances. 

Short-term movements of juvenile sandbar sharks are positively 

correlated with current speed and direction (Medved & Marshall 1983), as are 

the movements of leopard sharks in Tomales Bay, California, which likely 

arise as the predators follow prey moving with rising tides (Ackerman et al. 

2000). Tide had the greatest effect on movement studies of smoothhound 

(Campos et al. 2009) and female leopard sharks (Carlisle & Starr 2009). The 

movement of whale sharks is also influenced by geostrophic currents (Rowat & 

Gore 2007), in contrast to scalloped hammerhead sharks whose swimming is 

unaffected by current direction (Klimley & Nelson 1984). 
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Sims (2003) noted that one of the main factors determining animal 

distribution patterns and therefore, habitat selection, is the relative abundance 

and availability of suitable prey. This idea is supported by evidence from 

sharks at opposing trophic levels such as tiger (Heithaus et al. 2002, Wirsing et 

al. 2007a) and basking sharks (Sims & Quayle 1998). The first satellite 

tracking of a basking shark (Priede 1984), and indeed any fish, has been 

subsequently re-analysed (Priede & Miller 2009) and revealed that the shark 

oriented itself with a thermal front in warm coastal waters, which potentially 

facilitated the tracking of prey. Dicken et al. (2006) hypothesised that prey 

density is related to habitat choice for grey nurse sharks, whereby adults appear 

to follow the movement of the sardine run along the east coast of South Africa. 

In contrast, Heupel and Hueter (2002) found no correlation between prey 

density and juvenile blacktip shark presence within a nursery, so they 

suggested instead that movement was affected by temperature and predator 

avoidance, as appears to be the case in juvenile lemon sharks (Morrissey & 

Gruber (1993a). Similarly, movement patterns of lesser spotted dogfish, ornate 

wobbegong (Orectolobus ornatus) and juvenile bull sharks are not correlated 

with prey abundance (Carraro & Gladstone 2006, Sims et al. 2006, Heithaus et 

al. 2009a). 
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Site fidelity 

Correlations between the presence of sharks within a habitat and environmental 

conditions or in some cases, prey availability, might partially explain the 

repeated use of particular areas throughout a shark‟s life („site fidelity‟). The 

definition of site fidelity varies among studies, and the term is sometimes used 

synonymously with philopatry. Generally, all definitions of site fidelity refer to 

the repeated use of an area over time, for example „area site fidelity‟ (Goldman 

& Anderson 1999); „daily site fidelity‟ (Chapman et al. 2005); „long-term site 

fidelity‟ (Huveneers et al. 2006, Lowe et al. 2006, DeAngelis 2008); „seasonal 

site fidelity‟ (Dicken et al. 2007); „site attachment‟ (Gruber et al. 1988, 

Wetherbee et al. 2007, Yeiser et al. 2008); and „natal site-fidelity‟ (Chapman et 

al. 2009).  

The term „philopatry‟ has been used less frequently, often within the 

context of long-term (over many years) use of an area by animals (e.g. Sims et 

al. 2001, Hueter et al. 2004, Sims et al. 2005b, Sims et al. 2006, Carlson et al. 

2008, Domeier & Nasby-Lucas 2008, Carlisle & Starr 2009), or the long-term 

use of an area for reproduction (Sundstrom et al. 2001, Duncan & Holland 

2006) or feeding (Domeier & Nasby-Lucas 2008). The term „natal 

philopatry‟(Hueter et al. 2004)  has also been used synonymously with „natal 

site-fidelity‟ (e.g. Chapman et al. 2009) to describe the repeated and long-term 

use of an area where an individual was born. To avoid ambiguity, I have 

actively chosen not to use the term philopatry in this thesis. Rather, I use 

varying forms of site fidelity with qualifiers to define repeated use of an area. 

Given that tagging and tracking technology has developed to a point 

where „long-term‟ (i.e., multi-season or multi-year) studies are now beginning 
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to emerge, I suggest that the definition of this concept should now include 

qualifiers where information is available. As such, „site fidelity‟ should be used 

to define the „repeated use of an area, or multiple areas, over time‟, while the 

propensity to return to an area repeatedly to mate, which is common for some 

sharks, I define as „mating site fidelity‟. Following this logic, the repeated use 

of a natal area should be „natal site fidelity‟, and the use of an area for pupping 

or feeding should thus be termed „pupping site fidelity‟ and „feeding site 

fidelity‟, respectively (Fig. 2.4).  

Figure 2.4. Types of site fidelity observed in coastal sharks. (Grey line denotes 

visits to the same location over periods greater than one year).  
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Site fidelity is common in many sharks, especially in the use of nursery 

areas, reproduction or feeding areas. Juvenile hammerheads show site fidelity 

to a nursery in Kane-ohe Bay, Hawaii, repeatedly returning for periods of up to 

12 days during tracking (Holland et al. 1993). Surprisingly, adults continue to 

use this nursery despite it being highly degraded (Duncan & Holland 2006). 

Site fidelity is also common in juvenile blacktip and lemon sharks in the Virgin 

Islands (DeAngelis 2008), juvenile and adult lemon sharks at Bimini Islands 

(Gruber et al. 1988, Edren & Gruber 2005, Chapman et al. 2009), juvenile and 

adult blacktip reef sharks at Palmyra Atoll (Papastamatiou et al. 2009b), 

juvenile and to a lesser extent adult grey reef sharks on the Great Barrier Reef 

and in the Coral Sea, Australia (Heupel et al. 2010), juvenile Caribbean reef 

sharks in Fernando de Noronha Archipelago, Brazil (Garla et al. 2006), and 

large juvenile and adult Caribbean reef and nurse sharks at Glover‟s Reef Atoll 

(Chapman et al. 2005). Interestingly, juvenile lemon sharks (mean TL 1.35 m) 

around Bimini demonstrate natal site fidelity by remaining near their natal area 

for periods of years after they have left their nursery (Chapman et al. 2009). 

There is also evidence of natal site fidelity in juvenile blacktip sharks (Hueter 

et al. 2004), and suggestions of its existence in sandbar sharks both of which 

return to their pupping areas during years after parturition (Merson & Pratt 

2001). This behaviour has also been proposed for juvenile grey nurse sharks 

that were recaptured 1, 2, and 3 years later near original capture sites (Dicken 

et al. 2007). Returning to a broad natal area after annual migrations has also 

been reported for Port Jackson sharks (McLaughlin & O'Gower 1971).  

Adult male and female nurse sharks display mating site fidelity by 

returning to the same site annually and every second year, respectively (Pratt & 
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Carrier 2001). Gestating female grey nurse sharks also aggregate at a specific 

site on the east coast of Australia and spent 78 – 90 % of their time near the site 

over a 15-day period (Bansemer & Bennett 2009). Coastal transient sharks over 

4m TL such as white and tiger sharks have also shown site fidelity to some 

coastal areas. White sharks (> 4 m TL) have shown feeding site fidelity to 

northern elephant seal (Mirounga angustirostris) colonies at the South Farallon 

Islands, California over more than 7 seasons, but smaller individuals have not 

(Goldman & Anderson 1999). Similar behaviour has been observed for white 

sharks aggregating around Guadalupe Island to feed on Guadalupe fur seals 

(Arctocephalus townsendi) (Domeier & Nasby-Lucas 2008). The absence of 

small juveniles could arise from ontogenetic differences in feeding or resource 

exclusion. Site fidelity and temporary residency have also been shown by white 

sharks in other coastal areas (Bruce et al. 2006, Johnson et al. 2009). Tiger 

sharks show some potential feeding site fidelity to the French Frigate Shoals, 

Hawaii where 9 of 13 tagged sharks repeatedly visited particular islands over 

three years in response to concentrations of prey items (Lowe et al. 2006).  

Other types of general site fidelity have been observed in several 

coastal resident species. Adult scalloped hammerhead sharks schooling around 

a seamount in the Gulf of California during the day return repeatedly after 

nocturnal excursions (Klimley & Nelson 1984, Klimley et al. 1988). Adult 

female leopard sharks have also demonstrated diurnal site fidelity to coastal 

embayments, as well as some degree of longer site fidelity over the period of 

one year (Hight & Lowe 2007). Male dogfish have been recaptured and 

identified using numbered and acoustic tags over days and years (Sims et al. 

2001, Sims et al. 2006). Similarly, nurse hounds (Scyliorhinus stellaris) 
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repeatedly use the same area for months (Sims et al. 2005b). Studies of other 

demersal sharks such as wobbegong sharks (Orectolobus halei) were faithful to 

small areas (< 200 m
2
) monitored over several years (Huveneers et al. 2006). A 

sympatric species, the ornate wobbegong, used sites within a 75-ha area 

repeatedly for up to 211 days (Carraro & Gladstone 2006), although no 

permanent residents were recorded. 

  

Segregation and Habitat Partitioning 

The ontogenetic or species segregation of individuals is common in sharks 

(Springer 1967), particularly in coastal carcharhinids (Castro 1993), and could 

have evolved as a consequence of competition for resources or predation (Sims 

2003). Such behaviour can also be a reflection of differing physiological 

tolerances to environmental conditions (see Habitat specificity). Other factors 

that influence segregation include: sex, depth, benthic cover and water 

parameters (i.e., salinity, dissolved oxygen and temperature) (Fig. 2.5). 

Juveniles are at greater risk of predation than adults due to their smaller size 

(Herrel & Gibb 2005), as are species less than 2.5 m TL. However, the 

prevalence and function of segregation and partitioning as a means of predator 

avoidance in sharks is still poorly understood, with only around 27 % (n = 29) 

of publications included in my review addressing this topic (Appendix 2). The 

lack of good data describing such segregation impedes management and 

conservation because failure to protect the most important life stages 

contributing to population recovery and growth cannot be easily identified  

(Cailliet 1992, Bonfil 1997, Cortes 1999, Field et al. 2009a, Kinney & 
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Simpfendorfer 2009). Furthermore, knowledge of habitat partitioning by 

multiple species can be used to influence reserve design algorithms to take into 

account species complexes rather than single taxa (e.g., Watts et al. 2009).  
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Figure 2.5. Types of segregation observed in coastal sharks.
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Most of our current knowledge of habitat partitioning is based on studies of 

juvenile and immature life stages within nursery areas. In fact, approximately 

67 % (n = 71) of studies included in my review examined juveniles, as opposed 

to approximately 56 % (n = 59) that included adults (Appendix 2). According 

to Heupel et al. (2007), an area can only be classified as a nursery if it meets 

three criteria: (1) sharks (< 1 year old) are more common in the area than other 

areas, (2) they remain in or return to the area for long periods, and (3) they use 

the area across years. Many coastal resident sharks use nursery habitats (e.g., 

lemon, sandbar, blacktip and scalloped hammerhead sharks), although few 

other species have been studied in detail. Reduction of predation risk by adults 

and a more reliable food supply have been postulated as the main reasons for 

the existence of nurseries (Springer 1967, Branstetter 1990, Castro 1993, 

Simpfendorfer & Milward 1993). However, lack of correlation with prey 

abundance (Heupel & Heueter 2002) and high juvenile mortality due to 

starvation (Duncan & Holland 2006) do not support the latter hypothesis. 

Nursery areas might also provide added protection from predation due to poor 

visibility or limited accessibility by larger sharks. For example, juvenile 

hammerheads use deeper water with high mud and silt content during the day 

(Holland et al. 1993, Duncan & Holland 2006). Other abiotic conditions might 

provide gradients to separate juvenile and adult habitats such as salinity 

(Simpfendorfer et al. 2005), temperature (McAuley et al. 2007), physical 

structures (Morrissey & Gruber 1993a, McAuley et al. 2007), benthic cover 

(Carraro & Gladstone 2006, Heithaus et al. 2006) and depth (Pikitch et al. 

2005, Conrath & Musick 2008).  
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The smallest size classes of bull sharks live within the fresher water of 

rivers and likely disperse to estuarine habitats once achieving more than 0.95 m 

TL (Simpfendorfer et al. 2005). Immature sharks favour lower salinities, which 

suggest that a change in physiological tolerances with age contributes to niche 

separation (Simpfendorfer et al. 2005, Wiley & Simpfendorfer 2007, Heupel & 

Simpfendorfer 2008). Yeiser et al. (2008) also observed that both juvenile bull 

and lemon sharks make use of estuarine areas and move in different patterns to 

adults. While tolerating higher salinities has large energetic costs for juveniles, 

it could provide an effective refuge against predation by larger individuals.  

Juvenile sandbar sharks segregate into nursery areas for part of the year 

(Springer 1960, Medved & Marshall 1983, Castro 1993, Merson & Pratt 2001), 

but not in all parts of their range. Indeed, a study on the Western Australian 

coast found that juveniles were relatively more abundant in temperate 

compared to tropical waters (McAuley et al. 2007). The authors suggested that 

the Leeuwin Current, a poleward-flowing warm water current that dominates 

much of the Western Australia coast, provides a warm and stable temperature 

for juveniles and thus an increased opportunity for separation from the adult 

population. Furthermore, the correlation between the peak in distribution of 

juveniles and an extensive limestone reef system could also provide a habitat in 

which juveniles can take refuge from predators.  

Depth gradients can provide opportunities for habitat partitioning 

particularly in coastal resident species such as Port Jackson sharks, where 

juveniles of both sexes use nursery areas in bays and estuaries and adults 

segregate by sex and use deeper water (McLaughlin & O'Gower 1971). 

Similarly, young-of-the-year grey nurse sharks use shallow-water reef habitat 
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as a refuge from larger species (Dicken et al. 2006). Pikitch et al. (2005) found 

that small juvenile Caribbean reef sharks were relatively more common inside 

lagoons, and larger individuals used shallow fore-reef habitats near deeper 

water to increase foraging opportunities (Chapman et al. 2005). Small 

Caribbean reef sharks also move from shallow fore-reef habitats during the day 

into the lagoon at night presumably to reduce predation risk (Chapman et al. 

2007). Similar behaviour has been observed for juvenile Galápagos sharks 

(Carcharhinus galapagensis) at Midway Atoll, Hawaii, which use channels 

and fore-reef habitats during the day and move onto atoll flats at night (Lowe et 

al. 2006). Neonate nurse (Ginglymostoma cirratum) and lemon sharks also tend 

to use near-shore seagrass beds or other restricted areas more than their larger 

conspecifics (Gruber et al. 1988, Morrissey & Gruber 1993a, Pikitch et al. 

2005). This segregation might also be attributed to an ontogenetic dietary shift, 

whereby smaller prey items are available to juveniles in shallow areas.  

Habitats are sometimes shared by both adults and juveniles; Heithaus et 

al. (2006) found no difference in microhabitat use between tiger sharks that 

were less than 3.25 m TL and greater than 3.25 m TL, even though sexual 

segregation of juveniles exists (Heithaus 2001). Similarly, Carraro & 

Gladstone (2006) did not find differences in microhabitat selection among age 

classes of ornate wobbegongs. Other species that share the same habitat among 

size classes do so by targeting differing food sources. For example, adult 

leopard sharks feed in nursery areas, although they shift from fish eggs to 

crustacean prey as they age (Ebert & Ebert 2005).  

Beyond simple descriptions of distribution patterns, few studies have 

examined habitat partitioning simultaneously among multiple species of coastal 
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shark, (e.g., Nelson & Johnson 1980, McKibben & Nelson 1986). A study of 

habitat partitioning among inshore species in Western Australia found that 

sicklefin lemon (Negaprion acutidens), spinner (Carcharhinus brevipinna), 

blacktip and milk sharks (Rhizoprionodon acutus) share their habitat as a 

communal nursery, while nervous sharks (Carcharhinus cautus) used the area 

for the duration of their life cycle (White & Potter 2004). The concept of 

communal nursery areas is not new (Simpfendorfer & Milward 1993) and they 

appear to be a common feature of many coastal areas (Castro 1993, 

Simpfendorfer & Milward 1993, Yokota & Lessa 2006). Temporal partitioning 

according to species size can also occur within the same nursery area (Yokota 

& Lessa 2006) or other regions (White & Potter 2004).  

 

Implications for Conservation and Management 

Sharks that are distributed in shallow near-shore waters are potentially at risk 

from a number of fishing sources (Field et al. 2009a) such as, bottom long line 

fisheries (e.g. Morgan et al. 2009), coastal trawl fisheries (as bycatch) 

(Carbonell et al. 2003), gillnet fisheries (e.g. Stevens & McLoughlin 1991, 

Trent et al. 1997), recreational fishing (Stevens et al. 2000a) and shark-control 

programs (Dudley et al. 2005). The depth at which sharks distribute themselves 

therefore has profound implications to their susceptibility to these sources. For 

example, long periods spent at the surface, as seen in whale sharks while in 

coastal aggregations, might leave them vulnerable to subsistence fisheries in 

developing countries or to being struck by vessels (Speed et al. 2008). 

Increased time spent at shallow depths at night by species such as Caribbean 
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reef sharks (Chapman et al. 2007) and school sharks (West & Stevens 2001) 

could also make them particularly susceptible to fishing during this period. 

Furthermore, the tendency for some species to segregate vertically by sex (e.g., 

lesser spotted dogfish) (Sims et al. 2001) or age class (e.g., sandbar sharks) 

(McAuley et al. 2007) make particular size classes more vulnerable to specific 

types of fishing gear. Vertical movement is undoubtedly an important aspect of 

habitat use that should be considered in management decisions; however, it is 

surprising that few studies have focused on one of the most common families 

of sharks in coastal areas, the Carcharhinidae (Fig. 2.2). 

The effective conservation of coastal resident sharks can be achieved via 

the implementation of marine protected areas because many species (or size 

classes) have relatively small home range sizes (i.e., < 100 km
2
). However, 

these protected areas are unlikely to encompass the entire range of a population 

(Kinney & Simpfendorfer 2009). The potential use of protected areas to protect 

shark nursery areas has been examined (Heupel & Simpfendorfer 2005b), and 

while considered useful, other measures must also be taken to protect older 

juvenile and adult life stages such as: a reduction in fishing capacity and size 

limits (Kinney & Simpfendorfer 2009). Other areas might act as suitable sites 

for protected areas where multiple conspecifics or individuals of differing 

species cohabit with overlapping ranges or distribution (e.g. White & Potter 

2004, Chapman et al. 2005, Wiley & Simpfendorfer 2007, DeAngelis 2008).  

An understanding of coastal migration patterns and population 

connectivity are essential for management (Bonfil 1997), although in many 

instances we lack this information. This is a greater management problem for 

coastal transient sharks that range widely (e.g., white, tiger, whale, and basking 
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sharks), and coastal resident sharks that migrate seasonally (e.g., grey nurse, 

blacktip sharks, and sandbar sharks) because these require both local and 

regional management co-ordination. The transoceanic movement of threatened 

species in particular requires international government cooperation and 

agreements to manage and conserve these wide-ranging species (Musick et al. 

2000). Little is known about such long-distance movements, but in some 

instances, smaller coastal migration corridors could be established to assist the 

conservation of particular species.  

The degree to which a species depends on a particular habitat (i.e., 

habitat specificity) also has profound implications for their management and 

conservation because threats to coastal environments are rising given human 

population expansion and the development of coastal resources (Field et al. 

2009a). Sharks can select coastal habitats based on suitable environmental 

conditions such that localised degradation of important habitats will affect this 

process. The reduction in prey availability due to habitat degradation, over-

harvesting or bycatch can also affect species that use this signal to select 

habitats (Wirsing et al. 2007a). The extent and degree of site fidelity is also of 

particular relevance to the conservation of sharks (Heupel & Simpfendorfer 

2005b); marine protected areas might only be effective if the vulnerable age 

classes of a species are resident for long enough during their life cycle (Roberts 

2000).  

Even where closures assist in reducing extinction risk, they might not 

always be effective at reducing the probability of population decline. The 

ubiquity and variety of life stage segregations in coastal sharks has fostered a 

research focus on juvenile life stages in nursery areas, but clearly more 
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information is required to determine the extent to which older, more mobile 

individuals are vulnerable to threats outside nurseries (e.g. Chapman et al. 

2009). Where size-segregation occurs, other measures should therefore be used 

to protect these individuals. Myers and Worm (2005) suggested that closures 

need to be combined with reduced fishing effort to avoid issues with relocation 

and displacement of effort. As such, they proposed four strategies to mitigate 

and remedy problems of overfishing: (1) reduction of fishing to avoid 

extinction of the most sensitive species, (2) reduction of bycatch mortality, (3) 

implementation of spatial closures, and (4) establishment of permanent 

closures in important areas such as nurseries and mating areas. When 

aggregations are ephemeral, temporary enclosures could also be effective 

(Heupel & Simpfendorfer 2005b). One such example is the implementation of 

a temporary closure for nurse sharks in Florida during their mating season 

(Carrier & Pratt 1998).  

 

Conclusions 

Coastal sharks have become a subject of increasing research effort due to 

alarming decreases in population size (Shepard & Myers 2005, Myers et al. 

2007), and the greater availability and affordability of monitoring technology. 

Most studies have been run over the short term; however, there has been a shift 

in focus toward longer-term research with the realisation that quantifying 

changes in habitat use over an individual‟s lifetime is essential for effective 

management and conservation. Some studies have also been attempting to 

monitor in situ environmental variables in conjunction with movement to 
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provide more meaningful information on how sharks interact with their 

environment, which moves beyond the simple measurement of species 

presence or absence. The incorporation of new technologies is essential for 

enhancing our understanding of movement patterns, which is currently patchy 

for many species due to phenomena such as segregation of the sexes and life 

stages, and the limited scope and high cost of tracking techniques available in 

the past. The development and adoption of telemetry equipment that monitors 

environmental data as well as specific behavioural information over long-

periods will allow us to shift focus from habitat-specific monitoring to a full 

life-stage approach. 

My review highlights that despite a growing body of general 

information describing the temporal and spatial patterns of shark movements, 

there have still been far too few (temporally and spatially) data collected to be 

able to make sweeping statements regarding the best ways to manage sharks. In 

particular, there is a lack of vertical movement information for sharks that are 

coastal residents, which is a potential hindrance to their successful 

management and conservation. General vertical patterns that have been 

obtained from coastal transient sharks while in coastal areas (i.e., oscillatory 

vertical displacements, surface swimming, diel vertical migration and 

swimming at depth) are usually attributed to foraging or navigation. Horizontal 

movement patterns have been well documented for many coastal sharks, 

although differences in data collection and analysis methods complicate 

making broad generalisations about these patterns. Nevertheless, my meta-

analysis lends support to the concept that home range size increases as a 

function of body size as well as monitoring time. As monitoring technology 



                                                                                                 Chapter two  

57 

 

becomes more widely accessible, standardised analysis techniques will 

hopefully be employed, which will further facilitate size comparisons across 

size classes and species for conservation and management.  

The environmental factors that drive fine- and large-scale movement 

patterns have been identified for some species, although other ontogenetic and 

biotic factors have been relatively poorly documented. The consequences of 

these movement patterns often result in site fidelity to localised coastal areas, 

although definitions of the nature of these relationships are often inconsistent 

within the literature, making conclusions about these phenomena tenuous. 

Therefore, a standardisation of terminology and additional use of qualifiers to 

denote the exact extent of site fidelity is suggested. Data on segregation and 

habitat partitioning are also scarce, which are important considerations in the 

design of successful protected areas.  

To provide a more complete and meaningful representation of coastal 

shark movement patterns for conservation and management planning, I suggest 

that the following areas of research should be made priorities: (1) the 

quantification of long-term vertical and horizontal habitat use, (2) further 

research on ontogenetic and biotic relationships with movement patterns, (3) 

migration and dispersal capacity (4) natal site fidelity, and (5) habitat 

partitioning within and among species. Armed with precise information 

describing these aspects of coastal shark ecology and behaviour for sympatric 

species, we will have the chance to minimise the effects of marine degradation 

on these vulnerable populations.
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CHAPTER 3. Spatial and temporal movement patterns of a 

multi-species coastal reef shark aggregation 

ABSTRACT: The quantification of spatial and temporal movement patterns of 

coral reef sharks is important for understanding their role in reef communities 

and assisting in the design of conservation strategies for this predatory guild. 

We observed four species of reef sharks (Carcharhinus melanopterus, 

Carcharhinus amblyrhynchos, Triaenodon obesus and Negaprion acutidens) 

aggregating in an inshore bay in the north of Western Australia over two years. 

This behaviour provided an opportunity to examine how reef sharks partitioned 

this site in space and time. We observed shark behaviour using a combination 

of acoustic telemetry and visual censuses. We fitted 58 sharks with acoustic 

transmitters, of which the majority (36) were C. melanopterus, 11 were C. 

amblyrhynchos, seven were N. acutidens, and four were T. obesus. 

Aggregations consisted primarily of C. melanopterus, although C. 

amblyrhynchos and N. acutidens were often present. We generally observed 

aggregations by visual census in summer, with a maximum of 44 sharks 

participating. Detections were highest during warmer months (September – 

March) for all species, although some individuals showed year-round 

residency. Carcharhinus melanopterus, C. amblyrhynchos and N. acutidens had 

strong diel patterns of attendance at the aggregation site. Peak daily detections 

occurred between 13:00 and 14:00 local time for both C. melanopterus and C. 

amblyrhynchos, while juvenile C. melanopterus and N. acutidens peaked at 

5:00 and 10:00, respectively. There was considerable spatial overlap of core 

areas of use (50% kernel density estimates) in the northern end of the bay by 

all species; the southern end was used primarily by C. melanopterus and N. 
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acutidens. Aggregations of C. melanopterus and C. amblyrhynchos were 

comprised predominantly of adult females, some of which appeared to be 

pregnant. We observed courtship behaviour in C. melanopterus and T. obesus, 

which suggests these aggregations are related to reproduction. All species 

monitored displayed inter-annual site fidelity. The long-term presence of 

juvenile C. melanopterus and N. acutidens also suggests that this bay might 

also provide suitable conditions for younger age classes. 
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Introduction 

Quantifying long-term movement patterns of coral reef sharks is important for 

understanding their role in community structure and providing baseline 

information for effective conservation, which is of mounting concern 

(Friedlander & DeMartini 2002, Robbins et al. 2006, Heupel et al. 2010, Ward-

Paige et al. 2010). The spatial and temporal shifts in movement of these 

predators can affect their prey both directly through ingestion and indirectly 

through predation risk (Chapter 2). The presence of multiple species and size 

classes of reef sharks on healthy reefs (Nelson & Johnson 1980, Stevens 1984, 

McKibben & Nelson 1986, Chapman et al. 2005, DeAngelis 2008) suggests 

that coexistence arises in part because habitat partitioning occurs at some 

spatial and temporal scales. 

There is increasing evidence that some species and size classes of 

sharks cohabit the same areas through habitat partitioning. Intra-specific habitat 

partitioning is common in some species, with many studies concluding that 

juveniles and adults partition habitats by depth, temperature, salinity or benthos 

type (Chapman et al. 2005, Pikitch et al. 2005, Simpfendorfer et al. 2005, 

McAuley et al. 2007, Yeiser et al. 2008). However, few studies have quantified 

temporal and spatial habitat partitioning among different species, although 

there is some evidence to support inter-specific partitioning in relation to the 

distribution of prey (White & Potter 2004), habitat type, and season (White & 

Potter 2004, DeAngelis 2008). The underlying processes determining this 

partitioning and segregation are often related to predator avoidance and the 

reduction of intra- and inter-specific resource competition (Sims 2003). 

However, the mechanisms that allow different species and several size classes 
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of the same species to coexist are often unclear; therefore, more species and 

systems need to be investigated to provide insight and assist in management of 

multi-species complexes (Chapter 2).  

Many sharks aggregate at some point during their lives, resulting in 

elevated densities of a particular species, sex or size class at some sites. 

Aggregations have been documented in many shark taxa including planktivores 

(Sims & Merrett 1997, Meekan et al. 2006), large predators (> 4 m) (Weng et 

al. 2007a), coastal species (Klimley & Nelson 1981, Dudley et al. 2005, 

Heupel & Simpfendorfer 2005a), and both coral reef and temperate reef 

associated sharks (Stevens 1984, McKibben & Nelson 1986, Gruber et al. 

1988, Economakis & Lobel 1998, Smith & Pollard 1999, Pratt & Carrier 2001, 

Whitney et al. 2004, Hight & Lowe 2007). Aggregations have been observed in 

both adult and juveniles size classes for some species (e.g. Klimley & Nelson 

1984, Duncan & Holland 2006) and often result in or are attributable to site 

fidelity and „refuging‟ behaviour, where aggregations occur around a core 

daytime area and disperse at night (e.g. Klimley & Nelson 1984, Economakis 

& Lobel 1998, Hight & Lowe 2007). Aggregations can also involve several 

species at the same time, although such inter-specific interactions have rarely 

been documented within the shallow waters of coral reefs (e.g., McKibben & 

Nelson 1986, Gruber et al. 1988). Where multi-species reef shark aggregations 

are present, they provide an ideal opportunity to examine habitat partitioning, 

and other inter-specific interactions. Furthermore, because aggregations can 

occur close to shore and individuals often show site fidelity, such behaviour 

allows easy access to study animals that are at other times more broadly 

distributed across reef environments.  
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Grey (Carcharhinus amblyrhynchos), blacktip (Carcharhinus 

melanopterus) and whitetip (Triaenodon obesus) reef sharks are the most 

common sharks found on Indo-Pacific coral reefs (Last & Stevens 2009). All 

are known to form aggregations and are co-occurring, mid-sized (< 2 m adult 

total length) and primarily piscivorous (Cortés 1999). These species, along 

with juvenile sicklefin lemon sharks (Negaprion acutidens), are common in 

inshore areas of Ningaloo Reef on the north-west coast of Western Australia. 

In an embayment located at the southern end of Ningaloo, aggregations that 

include these four species occur during the summer months (December – 

February). The reasons for these aggregations are currently speculative and no 

quantitative information exists on the spatial and temporal movement patterns. 

I hypothesise that: (1) C. melanopterus, C. amblyrhynchos, and T. obesus 

aggregate for reproductive reasons during summer, (2) C. melanopterus and N. 

acutidens also use this site as a nursery, (3) all species and size classes partition 

this site through space and time, (4) all species display refuging behaviour 

through diel patterns of attendance, and (5) all species exhibit long-term site 

fidelity. 
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Materials and Methods 

Study site  

Skeleton Bay (~ 1.5 km long) is on the southern part of Ningaloo Reef in 

northern Western Australia (-23° 7' 36", 113° 46' 8") (Fig. 3.1A). The bay is 

managed as a no-take marine protected area by the Western Australian 

Government‟s Department of Environment and Conservation where 

commercial and recreational fishing and boat mooring are prohibited. Skeleton 

Bay is dominated by shallow (1 – 3 m) coral reef habitats and sand flats. Two 

ridges of reef run parallel to the shore in a north–south direction, of which the 

outer is partially exposed at low tide. Sand flats at the southern end of the bay 

become exposed during spring low tides. 

 

Tagging 

During November and December of 2007–2009 and August 2009, I caught 58 

sharks from the beach at Skeleton Bay using hand reels and baited barbless 

hooks. I then transported caught sharks to the beach and restrained them in a 

holding tank where they were turned upside down to induce a state of tonic 

immobility. I then implanted acoustic tags (V13-1H (153dB), V16-5H (165dB) 

and V16-5x (165dB) Vemco
©

, Halifax, Canada) coated in beeswax in the 

peritoneal cavity (Heupel et al. 2006b). Approximate battery life of V13 and 

V16 tags was 1.5 and 3.5 years, respectively. I used V13 tags for all animals 

tagged in 2007, ~ 36 % of individuals in 2008 and ~ 33 % of individuals in 

2009. I used both models of V16 tags in 2008 and 2009. I attached Jumbo 

Rototags (Dalton Supplies, Henley-on-Thames, United Kingdom) to the dorsal 
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fin to permit rapid identification of any recaptured individuals. I recorded 

species, sex, and total length (LT) in metres, and made observations of scarring 

and condition of each tagged shark. I assessed life history stage (i.e., juvenile 

or adult) based on LT and previously established size-at-maturity (Last & 

Stevens 2009). 
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 Figure 3.1. A) Map of Coral Bay showing Skeleton Bay in black rectangle, and B) Detailed view of Skeleton Bay showing receiver and sentinel 

tag locations as well as visual census observation point and zones.  
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Visual census 

To complement acoustic detections for examining aggregations, I counted the 

number of sharks at the aggregation site in Skeleton Bay hourly where possible 

between 8:00 and 17:00 for 25 days in November/December 2008, 19 days in 

November/December 2009, four days in August 2009, and four days in 

February 2010 from the top of a sand dune at the back of the beach (Fig. 3.1B). 

I often censused sporadically around shark tagging, and therefore did not 

census at exact hourly intervals. I chose the times between 10:00 and 17:00 as 

the most appropriate for censuses because the sun was in the optimal position 

for minimal glare on the water. I divided the bay into three zones (south, mid 

and north) using prominent land marks. I define an „aggregation‟ as five or 

more individuals being present in the same zone at the same time (Heupel & 

Simpfendorfer 2005a). I minimised double counting of individuals by counting 

left to right within each zone rapidly, which avoided the likelihood of 

individuals moving across zones during each census period. A summary of the 

date, timing and number of counts is given in Appendix 3. I tested the 

sensitivity of my results to the choice of five individuals as an „aggregation‟ by 

modifying this threshold from 3-15 individuals. The visual census also enabled 

a comparison of numbers of sharks with the number of tagged individuals 

detected by the acoustic array during November-December 2008 and 2009. 

Assuming a tagged animal was counted during a census and was also detected 

by at least one of the receivers, I could calculate the total percentage of tagged 

animals in the aggregation site (number of individuals detected in the array 

within each census period divided by the total number of animals counted in all 

zones in each census). I also compared the combined counts of all zones with 
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the total number of individuals detected by the array during the same time 

using linear models. I contrasted the slope model (detections ~ census) and 

intercept-only model (detections ~ 1) using Akaike‟s information criterion 

(corrected for sample size) weights (wAICc) (Burnham & Anderson 2002). 

  

Receiver range & sentinel tag testing 

An array of 5 acoustic receivers (VR2w Vemco
©

, Halifax, Canada) was 

established to monitor movement patterns of tagged sharks (Fig. 3.1B). We 

anchored receivers to the substratum using cement-filled car tyres with a single 

metal bar (50 cm tall) through the centre, to which the receiver was attached. 

Monitoring occurred from November 2007 – February 2010. We tested the 

detection range of each receiver in 2007 prior to tag deployment by swimming 

a test pinger (V16 model 147 Vemco
©

, Halifax, Canada) with a ping rate of 1 

Hz along a predetermined path within the array for validation, during which 

time We recorded the tag location at 50 m intervals using a hand-held GPS 

(accurate to  5 m). Pingers were range tested during a flowing tide when 

winds were < 15 knots. I calculated minimum convex polygons for each 

receiver to determine detection range and degree of overlap (Simpfendorfer et 

al. 2002). Detection range of receivers depends partly on the output strength of 

the tags used within an array (VEMCO 2007). Therefore, the receiver detection 

range for V13 tags would have been less than the detection ranges calculated in 

this study, which were based on V16 tags.  

I estimated shark positions using a custom algorithm (Simpfendorfer et 

al. 2002, Heupel & Simpfendorfer 2005), but because it was developed with a 
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different species in a different environment, I estimated the associated error in 

the array by deploying a „sentinel‟ tag (V16-5H coded pinger Vemco
©

, Halifax 

,Canada, 120-240 s ping rate) at nine locations within the array. I attached the 

sentinel tag to a monofilament nylon line and positioned it 50 cm above the 

bottom using a float and weight. I recorded each deployment position with a 

GPS and left the tag in place for periods of 1–10 days during November 2009 

(Fig. 3.1B). I estimated the associated error by calculating the mean great-

circle distance between sentinel tag deployments and the tag position estimates 

for each of the nine locations. 

 

Receiver performance  

It was essential to examine receiver performance due to the large number of 

tagged individuals aggregating at the site and the shallow, complex reef 

habitat. I used three metrics developed by Simpfendorfer et al. (2008): (1) code 

detection efficiency, (2) rejection coefficient and (3) noise quotient. The code 

detection efficiency provided information on the percentage of tagged animals 

present that had valid detections (consisting of a 7-pulse code sequence), while 

the rejection coefficient provided an estimate of rejected detections due to 

incomplete codes, and the noise quotient provided an estimate of detection 

errors due to tag code collisions and/or environmental noise (negative values = 

tag collision; positive values = environmental noise) (Simpfendorfer et al. 

2008). 
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Spatial analysis 

I calculated short-term centres of activity (30-min periods) for each tagged 

shark in the aggregation site using the algorithm of Simpfendorfer et al. (2002). 

The algorithm relies on multiple detections of an individual by different 

receivers and provides a centre of activity estimate based on weighted means 

from the detections for the desired period (Simpfendorfer et al. 2002). I 

calculated kernel density estimates (50 and 95 %) for each individual to 

provide „core area‟ and „total area‟ of use, respectively while in the study site 

(see Beyer 2004). I then overlayed individual kernel densities to provide core 

and total area of use per species. I calculated kernel density overlap among all 

individuals using the centres of activity, and then took the average for each 

species. The mean species kernel overlap values are indices of the amount of 

overlap each species has with another, 0 being no overlap and 1 being 100% 

overlap. I calculated a same-space-use probability to assess the amount of each 

kernel shared by two individuals. This was done by using the following 

equation: 

(
χ
/100)

2 
У    (3.1) 

where is the kernel size and is the pair-wise kernel overlap. Thus, the 

combined probability is the average probability that species a individual is 

within its kernel range, multiplied by the probability that species b individual is 

within its kernel range, multiplied by the spatial overlap. I then calculated the 

mean same-space-use probability among each species for 25, 50, 75, and 95% 

kernel density overlap. 
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Temporal analysis 

I used the receiver array detections to describe temporal patterns of use of the 

aggregation site through time. If an individual had more than one detection per 

day in the aggregation site, I recorded it as present. I calculated residency by 

dividing the number of days an animal was present at the study site by the total 

number of days since it was tagged. I also calculated mean hourly detections 

per month to demonstrate fluctuations of the number of individuals present 

throughout the 28-month monitoring period. I applied a fast-Fourier 

transformation (Chatfield 1996) to analyse diel patterns in visitation by sharks 

to the array. I also calculated total detections per hour throughout the 24-hr 

cycle by dividing the total number of detections per hour by the number of 

individuals present within the same hour for each species and size class. I did 

all analyses using a combination of programs R (adehabitat package), Matlab, 

Microsoft Access, and ArcGIS (Hawth‟s Tools).  

 

Results 

Shark tagging 

The average time from capture to release after tagging was 12.3 mins (  0.4 

SE). All sharks swam well after release and were subsequently detected by the 

array implying that the tagging process did not harm animals, at least over the 

duration of the study (28 months). Only one shark was detected for < 24 hrs, 

which was tagged with a transmitter that had been returned by a recreational 

fisher from a recaptured shark (tag # 8329 – tagged 22/11/2008) (Appendix 4). 

Fifty eight sharks were tagged from four species at Skeleton Bay over the three 
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tagging periods (Table 2.1; Appendix 4). Overall, more females than males 

were caught (34:24 = 1.42:1), and C. melanopterus was the most commonly 

tagged shark (36). The sex ratio of C. melanopterus changed to a 3:1 ratio of 

males to females in the third year of sampling because I targeted males for 

acoustic tag implantation to increase the sample size of this sex. The average 

LT of C. melanopterus tagged during Nov–Dec 2007, 2008 and 2009 was 1.13 

(± 0.32 SD), 1.29 (± 0.13) and 1.03 (± 0.16) m, respectively, indicating that the 

majority of tagged sharks of this species were mature adults (Table 3.1). I 

caught 11 C. amblyrhynchos, of which nine were mature (mean LT = 1.46 ± 0, 

1.46 ± 0.23, and 1.55 ± 0.85 m for each of the Nov–Dec tagging trips, 

respectively) and 10 were females. I caught 7 juvenile N. acutidens (mean LT = 

1.21 ± 0, 1.20 ± 0.31, and 1.03 ± 0 m for each of the Nov–Dec tagging trips, 

respectively), of which six were males. I caught 4 adult male T. obesus that 

averaged 1.39 (± 0.42) m LT in 2008 and 1.28 (± 0.42) m LT in 2009. Recent 

mating scars were common on female C. melanopterus, as were gravid 

individuals. I did not observe any scars on C. amblyrhynchos.  
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Table 3.1. Summary of reef sharks tagged with acoustic transmitters at 

Skeleton Bay.  

Year tagged Species Mean TL 

(m) ± SD 

Males (n) Females (n) 

2007 
Carcharhinus 

amblyrhynchos 
1.46 ± 0.00 0 1 

  
Carcharhinus 

melanopterus 
1.13 ± 0.32 1 7 

  
Negaprion 

acutidens 
1.21 ± 0.00 1 0 

2008 
Carcharhinus 

amblyrhynchos 
1.46 ± 0.23 1 7 

  
Carcharhinus 

melanopterus 
1.29 ± 0.13 9 15 

  
Negaprion 

acutidens 
1.20 ± 0.31 4 1 

  Triaenodon obesus 1.39 ± 0.42 2 0 

2009 
Carcharhinus 

amblyrhynchos 
1.55 ± 0.85 0 2 

  
Carcharhinus 

melanopterus 
1.03 ± 0.16 3 1 

  
Negaprion 

acutidens 
1.03 ± 0.00 1 0 

  Triaenodon obesus 1.28 ± 0.42 2 0 

Total   1.27 24 34 
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Visual census  

Our team did 158 censuses of which I did 90%; the other 10% were done under 

my guidance. I counted a maximum of 44 sharks in an aggregation, and the 

maximum number in any one census period (all three zones combined) was 74, 

both of which were both recorded in November of 2008 (Appendix 3). I 

observed an aggregation in at least one zone within the bay during 

approximately 62 % of censuses. Sensitivity tests indicated that aggregation 

percentages ranged between approximately 68 % (3 individuals) and 30 % (15 

individuals). Aggregations were more common in the south (54.7% of 

censuses) than the mid (14.4%) and north zones (18.9%). This pattern 

remained unchanged during sensitivity tests. Multiple aggregations (i.e., an 

aggregation in more than one zone) occurred in 22.6% of all censuses, and 

ranged between 34.8% (3 individuals) and 3.8% (15 individuals).  

I used only census periods between 10:00 and 17:00 (n = 144) to 

calculate mean estimates of shark abundance per zone because counts outside 

of these times were sporadic. There was a bimodal peak in the mean number of 

individuals in the south zone between 13:00 and 13:59 and 16:00 and 16:59 

(Fig. 3.2). There was also a peak in the mean numbers of individuals in the 

north zone from 16:00-16:59. The south zone consistently had a greater mean 

number of individuals per census period than the mid and north zones (Gq = 

96.22, p << 0.001, G-test of independence; Sokal and Rohlf 1995). 
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Figure 3.2. Mean number of individuals in census zones at Skeleton Bay. 
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Overall, tagged animals made up approximately 30 % of the sharks I 

counted in the bay. I confirmed support for a positive relationship between 

individuals counted per census and individuals detected by the array by 

comparing linear models: the slope model was ranked much higher (wAICc = 

0.998) and explained 7.3 % of the deviation than the null model (wAICc = 

0.001), which explained 8.0 % of the deviation. 

 

Receiver range & sentinel tag testing 

There was considerable overlap of detection range for most receivers, with the 

exception of the southern- and northern-most receivers with each other 

(Appendix 5). The mean maximum detection range for all receivers was 

approximately 280 m and the maximum detection range of 331 m by the 

receiver Mid 2. The range overlap suggested that estimates could be calculated 

by the centre of activity algorithm in most parts of the array, but were least 

reliable at the northern and southern ends due to lower overlap of receiver 

ranges.  

 The average error associated with sentinel tag positions and estimated 

positions using the centre of activity algorithm was 110 m (  20 m SE). The 

two positions with the highest error (test numbers 3 and 5) both had mean 

distances over 200 m (Appendix 6), and were the two most northerly test 

positions (Fig. 3.1B). 
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Receiver performance 

The code detection efficiency range for receivers varied between 0 and 0.966. 

The average detection efficiency for all five receivers was 0.56 (  0.002), 

which suggests that over half of the codes transmitted were successfully 

detected (Fig. 3.3A). Receiver Mid 2 had the lowest mean detection efficiency 

and showed a sharp drop in May 2008. The overall detection efficiency trend 

for all receivers was approximately stable over time; however, there was a 

noticeable drop between October 2008 and June 2009. The rejection coefficient 

for receivers ranged between 0 and 0.5 and averaged 0.012 (  0.0002) (Fig. 

3.3B). There was a collective peak in the rejection coefficient between 

November 2008 and March 2009, although the overall trend suggests a steady 

increase over time.  

 The noise quotient varied from -20860 to 865. Almost half of the noise 

quotients (2001 of 4158) were negative, suggesting that tag signal collision was 

a potential problem (Fig. 3.3C). There was a sharp drop in the mean noise 

quotient of receiver Mid 2 during May of 2008, which corresponds to the drop 

in mean detection efficiency. After November in 2009 there was a considerable 

drop in the mean noise quotient for both receivers South and Mid 1, which 

corresponds to a sharp increase in the number of detections at both of these 

receivers (Appendix 7). This also suggests problems due to collision of tag 

signals.  

 

 



                                                                                              Chapter three   

77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Individual receiver performance metrics for the study site through 

time showing: A) mean code detection efficiency, B) mean rejection 

coefficient, and C) mean noise quotient. 
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Spatial analysis 

Kernel densities based on short-term centres of activity within the aggregation 

site indicated high spatial overlap for each species in their 95 % kernel 

estimates (Fig. 3.4 and Table 3.2); this demonstrates that all four species were 

found throughout the array. I found the highest 95 % kernel overlap (0.93 ± 

0.03 SE) between C. amblyrhynchos and T. obesus, and the lowest overlap was 

between C. melanopterus and C. amblyrhynchos (0.36 ± 0.02). The 50 % 

kernel estimates had considerably less overlap in core areas of use among 

species. Carcharhinus melanopterus had two main areas of core use, which 

were at the southern and northern ends of the array, while C. amblyrhynchos 

and T. obesus mostly used the northern end of the array. In contrast, N. 

acutidens appeared to use the southern end of the array frequently. 

Carcharhinus amblyrhynchos and T. obesus had the highest 50 % kernel 

overlap (0.88 ± 0.04), and C. melanopterus and C. amblyrhynchos had the 

lowest (0.23 ± 0.01). The mean same-space-use probability identified that 

within kernel density estimates C. amblyrhynchos and T. obesus had the 

highest values (50% KD overlap 0.22 ± 0.01 SE and 95% KD overlap 0.84 ± 

0.03) (Appendix 8). I found little difference between total 50 and 95% kernel 

estimates for the study period when compared to seasonal estimates (spring and 

summer), although both C. amblyrhynchos and T. obesus used the southern end 

of the array less in spring than in summer (Appendix 9 & 10). There were too 

few data for C. amblyrhynchos and T. obesus to analyse kernel differences 

among species in autumn and winter. 
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Figure 3.4. Kernel density (KD) estimates per species for A) C. melanopterus, 

B) C. amblyrhynchos, C) N. acutidens, and D) T. obesus based on position 

estimates calculated by a centre of activity algorithm. The 95 % KD estimate 

contour is the outer boundary of combined individuals. Species 50 % KD 

estimates show combined individual densities. 

 

A B 

C D 
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Table 3.2. Mean kernel density overlap between species at Skeleton Bay. 

Species comparison 25% KD SE 50% KD SE 75% KD SE 95% KD SE 

C. melanopterus & C. amblyrhynchos 0.17 0.01 0.23 0.01 0.29 0.02 0.36 0.02 

C. melanopterus & T. obesus 0.52 0.03 0.62 0.03 0.73 0.02 0.85 0.02 

C. melanopterus & N. acutidens 0.20 0.02 0.35 0.02 0.52 0.02 0.65 0.01 

C. amblyrhynchos & T. obesus 0.82 0.06 0.88 0.05 0.91 0.04 0.93 0.03 

C. amblyrhynchos & N. acutidens 0.27 0.04 0.38 0.05 0.56 0.05 0.82 0.03 

T. obesus & N. acutidens 0.16 0.05 0.31 0.07 0.43 0.06 0.59 0.05 
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Temporal analysis 

Of the 10 sharks tagged in 2007, three adult female and one juvenile C. 

melanopterus were detected regularly until April/May of 2009, at which time 

the batteries in the tags (1.5 yrs) expired and detections ceased (Fig. 3.5). 

Another adult female C. melanopterus was absent between March and 

September of 2008. The C. amblyrhynchos tagged in 2007 was only detected 

regularly until March of the following year. The C. amblyrhynchos tagged in 

2008 also showed a similar pattern, although their detections stopped in 

February of 2009. The C. amblyrhynchos tagged in 2008 were almost never 

detected after this period until October of 2009. A similar pattern was observed 

for 46 % (11) of the C. melanopterus tagged in 2008, but they generally started 

being detected again by the array from September of 2009. However, some of 

the adult female C. melanopterus (5) were detected throughout the year 

(residency time range = 37. 9 to 72.5 %) suggesting a high level of residency 

for at least some individuals of this species (Appendix 4). Two of the five N. 

acutidens tagged in 2008 were also detected almost constantly throughout the 

year suggesting high residency (67.4 & 99.4 %). Two of the remaining N. 

acutidens were no longer detected regularly in June and then resumed 

detections from October 2009; at the same time, C. amblyrhynchos also 

resumed use of the bay. One of the two T. obesus tagged in 2008 was detected 

often throughout 2009. The same individual started being detected almost daily 

from October in 2009, as did the other T. obesus tagged in 2008. With the 

exception of one of the two T. obesus tagged in 2009, all other sharks tagged in 

November/December 2009 (7) were detected regularly up until the last 

download of the receiver array at the end of February 2010. Of the 39 sharks 
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tagged in 2008, 22 sharks (C. melanopterus [12], C. amblyrhynchos [4], N. 

acutidens [4], and T. obesus [2]) were detected in both 2009 and 2010, 

demonstrating high site fidelity across years. In general, all species showed 

higher residency in summer and spring than in autumn and winter (Appendix 

11). 
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Figure 3.5. Presence of tagged sharks (58) through time at Skeleton Bay based on multiple daily detections. 
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There was a peak in total standardised detections (combined detections 

per hour/number of individuals per hour) of both adult male C. melanopterus 

and adult female C. amblyrhynchos around 14.00, while detections of adult 

female C. melanopterus peaked at 13.00 (Fig. 3.6A & 3.6B). Juvenile C. 

melanopterus and N. acutidens peaked at 05:00 and 10.00, respectively. I 

observed no diel pattern or hourly detection peak for T. obesus or the juvenile 

C. amblyrhynchos (Fig. 3.6C). Standardised detections for adult female C. 

amblyrhynchos were relatively low in the early (0:00 – 10:00) morning, 

compared to afternoon and night. Total standardised detections of juvenile N. 

acutidens and juvenile C. melanopterus were usually above 2000 hour
-1

. Mean 

hourly detections of individuals detected by the array at the study site per 

month were highest between November and February across years (Appendix 

12). 

Detections of the sentinel tag, when compared to combined detections 

for adult C. melanopterus and N. acutidens over the same time period, confirm 

peaks seen in both of these size classes and demonstrate that these are actual 

patterns and not an artefact of receiver performance (Fig. 3.7). 
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Figure 3.6. Combined hourly standardised detections of A) C. melanopterus 

and B) C. amblyrhynchos, N. acutidens and T. obesus at Skeleton Bay.
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Figure 3.7. Mean hourly detection of adult C. melanopterus and juvenile N. acutidens with mean hourly detection of a stationary sentinel tag over 

a ten day period in Skelton Bay. 
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Results from the fast-Fourier analysis indicated strong 24-hour cycles 

in detections for C. melanopterus and C. amblyrhynchos, and juvenile N. 

acutidens that were tagged in 2008 (Fig. 3.8). Clear 24-hr peaks were present 

in over 65 % (n = 15) of adult C. melanopterus, 71 % (n = 5) adult C. 

amblyrhynchos, and 80 % (n = 4) juvenile N. acutidens; many of the other 

sharks has too few data for analysis. Smaller 12-hr peaks were also present for 

these three species, which might have been due to the influence of tides or as a 

result of harmonic artefacts of 24-hr peaks. Because of the clear presence of 

24-hr cycles, a hamming window was not necessary in the analysis. I obtained 

too few data from T. obesus for meaningful analysis. 
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Figure 3.8. Diel patterns of A) adult C. melanopterus (23), B) adult C. 

amblyrhynchos (6) and C) juvenile N. acutidens (5). The datasets used were 

from individuals tagged in 2008. 
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Discussion 

Conspecific aggregations of reef sharks in the shallow waters of coral reefs 

might be common, but many records of this phenomenon to date have been 

anecdotal. My study presents long-term quantitative spatial and temporal 

information of a multi-species reef shark aggregation. Several hypotheses have 

been posed to explain reef shark aggregations, such as refuging (Klimley & 

Nelson 1984), predator avoidance (Wetherbee et al. 2007), courtship, mating, 

and pre-pupping (McKibben & Nelson 1986). Previous studies of daytime 

aggregations of coral reef and temperate reef associated sharks suggested that 

aggregations were for behavioural thermoregulation to aid embryonic 

development, or to avoid aggressive males (Economakis & Lobel 1998, Hight 

& Lowe 2007). Aggregations of reef sharks at Ningaloo could indeed be 

facilitating thermoregulation, although potential courtship behaviour was also 

observed in C. melanopterus and T. obesus as has been found elsewhere 

(Johnson & Nelson 1978, Whitney et al. 2004, McCauley et al. 2010), 

indicating that these species might be using this area for mating. The presence 

of both adult male and female C. melanopterus, which included gravid and 

freshly scarred females (described by Porcher 2005), provides additional 

evidence of reproductive activity for this species. Most of the C. 

amblyrhynchos I monitored were adult females, although I observed no 

courtship behaviour or evidence of mating scars. Consistent detections of 

juvenile C. melanopterus and N. acutidens over multiple years in the bay 

provides some evidence that this area might be a nursery for these species, 

although low sample sizes and a lack of neonates makes this classification 

tenuous (Heupel et al. 2007). However, near-shore sand flats at other sites have 
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been previously identified as nurseries for both C. melanopterus (e.g. 

Papastamatiou et al. 2009b) and N. acutidens (e.g. White & Potter 2004). 

Due to the high visibility, proximity of aggregations to shore, and 

regularly exposed dorsal fins at the surface, it was possible to confirm that 

aggregations were predominantly comprised of adult C. melanopterus. This 

was also reflected in the tagging results, with C. melanopterus adults 

constituting the majority of the catch (62 %). A total of 44 sharks counted in 

one aggregation (75 sharks combined across all census zones) was less than the 

maximum number of aggregating female C. amblyrhynchos recorded at 

Johnston Atoll (160) (Economakis & Lobel 1998), although the number was 

comparable to aggregations of female leopard sharks (Triakis semifasciata) at 

Santa Catalina Island (36) (Hight & Lowe 2007). Unlike those studies, not all 

sharks I monitored were adult females, although tagging results suggest that 

there was a predominance of this sex and size class in C. melanopterus and C. 

amblyrhynchos. Inshore aggregations of C. melanopterus reef sharks have been 

observed in other locations such as the Marshall Islands (Randall & Helfman 

1973), Aldabra Atoll (Stevens 1984), and juvenile aggregations have been 

observed at Palmyra Atoll (Papastamatiou et al. 2009b). I tagged only four 

juvenile C. melanopterus, which is surprising given it is thought that females 

give birth in northern Australia in November (Last & Stevens 2009). However, 

I caught juvenile C. melanopterus using nets in Skeleton Bay during November 

2007 in another study, which suggests that my capture technique was 

inadequate to capture this size class in this study. 

All species of sharks monitored by the acoustic array were regularly 

detected during summer (Dec – Feb) indicating a high temporal overlap of all 
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species during this season. Apart from C. amblyrhynchos, all other species 

monitored were present in Skeleton Bay regularly throughout the year. I 

observed two long-term patterns of residency for C. melanopterus: those that 

were regularly detected throughout most of the year (adult females and one 

juvenile male), and those that were generally absent from the area between 

March and September (males and females). I observed similar residency 

patterns in C. amblyrhynchos and T. obesus, except these two species usually 

started being detected from October. Immature N. acutidens also displayed 

variants of both of these residency patterns seen in C. melanopterus. Varying 

patterns in individual site fidelity and movement have been observed within a 

number of species of reef sharks (McKibben & Nelson 1986, Heupel et al. 

2010, Papastamatiou et al. 2010a, Field et al. 2011) and are often attributed to 

ontogeny, reproduction, or seasonal changes in habitat use. The differences in 

residency among female C. melanopterus at Skeleton Bay might be due to 

reproductive status, as pupping occurs biennially at Aldabra (Last & Stevens 

2009), although it is thought to be annually in northern Australia (Lyle 1987, 

Last & Stevens 2009). An increase in the abundance of individuals in summer 

was also observed in aggregations of T. semifasciata at Santa Catalina Island 

(Hight & Lowe 2007). Similarly, aggregations of C. amblyrhynchos at 

Johnston Atoll were seasonal, with aggregations being present between late 

February and May (Economakis & Lobel 1998), which is a similar residency 

period to that I observed. While shark numbers and residency were generally 

highest during summer in Skeleton Bay, I also observed aggregations in winter.  

Skeleton Bay is likely an important habitat for reef shark reproduction 

and might also provide suitable conditions for younger age classes, although 
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the mechanisms of habitat partitioning among species are still unclear. One 

method by which sharks might partition this site is through different times of 

maximum diel abundance. Carcharhinus melanopterus, C. amblyrhynchos and 

N. acutidens had distinct diel patterns of attendance with detection peaks 

around 13:00 - 14:00 (adult C. melanopterus and C. amblyrhynchos) and 10:00 

(N. acutidens). Based on the high hourly overlap between C. melanopterus and 

C. amblyrhynchos, at least the adults of these two species do not appear to 

partition this habitat by time alone, but juvenile C. melanopterus and N. 

acutidens peaked outside these times, suggesting avoidance of larger size 

classes by juveniles. The juvenile C. amblyrhynchos also had more detections 

outside of the peak for adult C. amblyrhynchos and C. melanopterus, although 

limited data precludes extrapolation of results for juveniles of this species. The 

spatial segregation of adult and juvenile size classes has been well-documented 

(Chapter 2), although partitioning of habitats by time has been explored less. 

Smaller sharks might avoid adult aggregation sites during peak attendance 

periods to reduce predation risk. However, potential tag collisions during peak 

adult aggregation periods resulting in fewer detections of juvenile C. 

melanopterus and N. acutidens cannot be discounted. Comparatively fewer 

detections of adult sharks at night than during the day supports the refuging 

hypothesis and suggests that some individuals move into the lagoon at night to 

forage.  

Visual censuses identified that aggregations were most common in the 

south zone of Skeleton Bay. Core areas of use for C. melanopterus occurred in 

both the southern and northern ends of the bay. In contrast to the visual census, 

combined 50 % kernel density estimates for C. melanopterus suggest that more 
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individuals use the northern end of the bay than the south. This discrepancy 

might also have been due to difficulties associated with counting sharks 

accurately in the coral-dominated north zone. The core area used by C. 

amblyrhynchos was comparatively small and overlapped with the other species, 

notably T. obesus, at the northern end of the array. Habitat partitioning with 

considerable overlap among C. melanopterus, T. obesus and C. amblyrhynchos 

has also been previously identified (Nelson & Johnson 1980, McKibben & 

Nelson 1986). It is therefore unlikely that these three species spatially partition 

habitats within the aggregation site; however, C. amblyrhynchos and T. obesus 

were detected comparatively less often than C. melanopterus and N. acutidens 

in the southern end of the array. While I observed little evidence of habitat 

partitioning, it is possible that these species partition habitats at a larger scale 

outside of the study site. I also confirmed previous findings of sand flat 

preferences for C. melanopterus and juvenile N. acutidens (McKibben & 

Nelson 1986, White & Potter 2004). 

All species displayed inter-annual site fidelity, a behaviour observed 

commonly in many species of coastal sharks (Chapter 2). Site fidelity has been 

observed in reef sharks at a number of remote islands or atolls (Stevens 1984, 

Garla et al. 2006, Chapman et al. 2009, Papastamatiou et al. 2009a, Field et al. 

2011), although fewer studies have addressed this topic on fringing or barrier 

reef systems (e.g. Heupel et al. 2010). My results demonstrate that even in a 

vast, contiguous, fringing reef system such as Ningaloo Reef, reef sharks 

frequently return to a specific site (~ 1.5 km long) across years. This result 

contrasts those from a movement study of C. amblyrhynchos on the Great 

Barrier Reef, where little evidence of site fidelity, particularly in adults, was 
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observed over six months (Heupel et al. 2010). Site fidelity differences 

between my study and Heupel et al. (2010) for C. amblyrhynchos might be due 

to environmental or habitat differences between locations, or as a result from 

differences in the length of monitoring periods (28 months vs. 6 months, 

respectively). Site fidelity can arise because of benefits associated with food 

availability, protection from predators, or reproduction (Chapter 2). I found 

little evidence of foraging, although courtship behaviour during aggregations 

suggests that long-term repeated use of this area might be indicative of „mating 

site fidelity‟. Given that C. amblyrhynchos and C. melanopterus numbers are 

highest during the afternoon in Skeleton Bay, use of this area across years by 

these species might also be related to favourable environmental conditions 

(e.g., water temperature, tide height), as has been observed in several species 

(Chapter 2).  

Results from the performance of the acoustic array provided further 

information on the suitability of this method for monitoring reef shark 

aggregations. Detection range was comparable to other acoustic arrays used for 

monitoring reef sharks (Field et al. 2011), and the positioning error and 

receiver performance metrics were also similar to a previous study 

(Simpfendorfer et al. 2002). Potential sources of interference with detections 

such as boat traffic and biological noise were probably minimal due to boat 

restrictions into the study site, and low positive noise quotients (Simpfendorfer 

et al. 2008). However, the increase in the negative noise quotients during peak 

aggregation periods suggests that detections were likely affected by tag 

collisions during these times of high use (Simpfendorfer et al. 2008). Given 

that shark aggregations were present in the study area throughout the day, it is 
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unlikely that animals were not detected due to tag collisions. A steady increase 

of the rejection coefficient throughout the course of the study also suggests tag 

collision; however, the mean rejection coefficient overall (0.012) was similar to 

that of Simpfendorfer et al. (2008) (0.041), which indicates that the array was 

performing reliably on average. 

 

Conclusions 

I have quantified the spatial and temporal patterns of an inshore reef shark 

aggregation in north Western Australia, and identified limited evidence of 

habitat partitioning among four coexisting species within the aggregation site. 

The combination of acoustic monitoring and visual censuses permitted both 

long-term and behavioural observations. Aggregations of reef sharks 

displaying potential courtship behaviour and the presence of juveniles over 

several years indicate this area is potentially important to reef shark 

reproductive activities and juvenile development. Future studies should 

determine if a common resource (environmental conditions) contribute to reef 

shark aggregations and long-term use of specific sites. Increasing pressure 

from coastal development and fishing pose potential threats to coastal shark 

aggregations; four tagged sharks including the individual recaptured during this 

study have been caught by recreational fishers over the course of this and 

concurrent studies (Chapter 6). I therefore recommend that known shark 

aggregation sites such as Skeleton Bay are managed closely through the use of 

sanctuary zone restrictions, particularly during peak aggregation periods.
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CHAPTER 4. Heat-seeking sharks: support for behavioural 

thermoregulation in reef sharks 

ABSTRACT: Nearly all fish are ectotherms and for this reason, water 

temperature is thought to be one of the main physical determinants of their 

behaviour. We tested the hypothesis that behavioural thermoregulation occurs 

in four species of reef sharks (n = 58), where water temperature influences 

patterns of long-term (> 1 year) movement, by analysing acoustic monitoring 

and environmental datasets. We also used biotelemetry to measure the body 

temperature of five adult female blacktip reef sharks Carcharhinus 

melanopterus in response to changes in water temperature, to test whether this 

sex and size class participates in inshore aggregations potentially to increase 

metabolic rates. We found that water temperature had the greatest influence on 

shark presence at each of our study sites (deviance explained = 3.7 – 54.6 %), 

when compared to other variables (tide height and moon illumination). On 

average, body temperatures of female blacktip reef sharks were consistently 

warmer than average water temperature (all sites combined) by 1.3 °C (SE ± 

0.57), providing evidence for behavioural thermoregulation. The maximum 

body temperature of blacktip reef sharks while present at Skeleton Bay (an 

aggregation site) corresponded to peak daily water temperatures, while average 

body temperature was > 1 °C warmer than average water temperature. The 

average hourly body temperature varied little among individuals, although one 

shark consistently had a lower average body temperature than the other four. 

Our models showed that the relationship between water temperature and the 

presence of female blacktip reef sharks was strongest at Skeleton Bay relative 

to other sites. We provide convincing evidence that reef shark movements are 
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strongly influenced by water temperature and provide additional support for the 

hypothesis that sharks at our study sites employ behavioural thermoregulation. 

Such data are necessary for predicting how sharks might be affected by climate 

change and other human modifications to water temperature patterns. 
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Introduction 

Habitat use by mobile predators in both terrestrial and aquatic ecosystems is 

often described as a function of environmental gradients, where individuals 

select habitats based on biotic (prey) distributions and physiologically optimal 

abiotic conditions (Jaquet & Whitehead 1996, Corsi et al. 1999, Heithaus et al. 

2002, Sims 2003, Bradshaw et al. 2004, Simpfendorfer & Heupel 2004, 

Wildhaber & Lamberson 2004, Hopcraft et al. 2005, Fukuda et al. 2008, 

Heithaus et al. 2009a, Froeschke et al. 2010). Understanding the relationship 

between the movement of marine predators and changes in the environment is 

vital for predicting the consequences of habitat degradation, particularly in 

areas of high human impact such as coastal marine systems (Heithaus et al. 

2002, Field et al. 2009a). Sharks are an important predator within the coastal 

marine environment and assist in maintaining ecosystem stability and prey 

community structure (Shepard & Myers 2005, Myers et al. 2007). Movement 

patterns of sharks have been linked to various abiotic and biotic gradients such 

as dispersal from daytime refuges as light attenuates toward night (Klimley & 

Nelson 1984, McKibben & Nelson 1986, Garla et al. 2006), migrations 

correlated with seasonal changes in water temperature or prey movements 

(Heupel & Hueter 2001, Sims et al. 2003, Bruce et al. 2006, Hussey et al. 

2009), tidal associations for foraging or cleaning benefits (Ackerman et al. 

2000, Campos et al. 2009, Carlisle & Starr 2010, O'Shea et al. 2010) and 

temperature associations to maintain optimal metabolic rates (Morrissey & 

Gruber 1993a, Economakis & Lobel 1998). Such studies provide valuable 

insight into habitat specificity, although they often lack information relating the 

physiological response of animals to changing environmental conditions. Using 
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a combination of behavioural (i.e., movement) and physiological responses can 

provide a more complete understanding of why sharks use particular 

environments (e.g. Carey & Scharold 1990, Hight & Lowe 2007).  

Because most sharks are ectothermic, there has been a tendency to 

focus on water temperature (Chapter 2) as one of the determining factors of 

shark distribution and movement (Hopkins & Cech 2003, Parsons & 

Hoffmayer 2005, Sims et al. 2006, Vogler et al. 2008, Froeschke et al. 2010), 

although many of these studies also measured other environmental variables 

potentially influencing movements such as salinity, dissolved oxygen and 

current flow. An advantage of using temperature to predict shark movements 

(as opposed to terrestrial ectotherms), is that behaviours are more likely to be 

sensitive to temperature variation given its influence on activity, metabolic 

rates, and oxygen concentration in water (Beitinger & Fitzpatrick 1979). 

Indeed, many aspects of shark physiology are regulated by temperature (Sims 

2003), which might explain fine-scale movement patterns and the close 

association with specific temperature ranges observed for some species 

(Simpfendorfer & Heupel 2004, Sequeira et al. 2011).  

Movements to maintain body temperature within an optimal range can 

be explained using the hypothesis of behavioural thermoregulation, which 

states that fish occupy a thermal niche that maximises vital rates, such as 

growth, survival and reproduction (Crawshaw & O'Connor 1997, Sims 2003, 

Carlson et al. 2004). Some studies provide evidence to support this hypothesis 

by showing that sharks aggregate in warm inshore waters to raise their core 

temperatures (Casterlin & Reynolds 1979, Economakis & Lobel 1998, Hopkins 

& Cech 2003, Sims et al. 2006). The function of female shark aggregations 
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during the middle of the day, when water temperatures are at their peak, might 

serve to increase embryonic development in gestating individuals (Taylor 

1993, Economakis & Lobel 1998, Hight & Lowe 2007). However, few studies 

have demonstrated that free-ranging sharks actively select higher temperatures 

to optimise physiological processes (e.g. Hight & Lowe 2007). 

Previous studies have found a relationship between shark movement 

with tide height or currents, which are generally attributed to foraging choices 

(Medved & Marshall 1983, Ackerman et al. 2000, Campos et al. 2009, Carlisle 

& Starr 2009, 2010), although a reduction in transport costs has also been 

suggested (Rechisky & Wetherbee 2003). In shallow coastal habitats, 

movements with the incoming tide potentially allow leopard (Triakis 

semifasciata) and brown smooth hound (Mustelus henlei) sharks to exploit 

areas with abundant benthic prey otherwise inaccessible during low tides 

(Ackerman et al. 2000, Campos et al. 2009, Carlisle & Starr 2009, 2010). Reef-

associated sharks and manta rays (Manta birostris) have tide-related movement 

to cleaning stations, where cleaning was more frequent during ebb tides 

(O'Shea et al. 2010). There is some evidence that moonlight can play a minor 

role in shark movement, with depth and sightings of some species varying 

according to moon phase (Pyle et al. 1996, West & Stevens 2001, Robbins 

2007, Weng et al. 2007b). The presence of white sharks (Carcharodon 

carcharias) at the Farallon Islands, California appears to be greatest during 

new moons when they are aggregating at a feeding site, which might assist in 

camouflaging them from their prey (northern elephant seal Mirounga 

angustirostris, Pyle et al. 1996). 
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 A multi-species reef shark aggregation occurs in a small bay (~ 5 km
2
) 

at Ningaloo Reef, in Western Australia (Fig. 1). This aggregation is comprised 

predominantly of adult female blacktip reef sharks (Carcharhinus 

melanopterus), with grey reef (C. amblyrhynchos), sicklefin lemon (Negaprion 

acutidens) and white tip reef (Triaenodon obesus) sharks also present. Spatial 

and temporal patterns in composition and residency of sharks in this 

aggregation have been described using acoustic monitoring (Chapter 3), 

although why sharks congregate in this particular bay, one of many with 

similar characteristics along Ningaloo Reef, remains unknown. In Chapter 3 I 

suggested that it might be used for reproduction due to observations of 

courtship behaviour and the presence of suspected pregnant females; no 

foraging behaviour or active feeding has been observed. 

The long-term residency and site fidelity of reef sharks in this bay 

provide an ideal opportunity for testing hypotheses on how environmental cues 

alter movement patterns. In the first part of our study, we examined the effects 

of several environmental variables (tide height, water temperature, and moon 

illumination) on total numbers of sharks (all species combined) over each 

season. We hypothesised that: 1) as the behavioural thermoregulation 

hypothesis predicts that sharks will select water temperatures to optimise 

metabolic functions, sharks should be most common at the warmest site, 2) 

because sharks are most common during the daytime at the aggregation site 

(Chapter 3), nocturnal occurrence should be greatest at sites farther from shore, 

and 3) the probability of occurrence should not vary with tide height at the 

aggregation site because reef sharks do not forage with incoming tides here 

(Chapter 3), or feed on sedentary benthic invertebrates available during high 
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tide. Second, we tested two more hypotheses that relate to behavioural 

thermoregulation in adult female blacktip reef sharks: 4) shark body 

temperature would be on average consistently warmer than average ambient 

water temperature within Coral Bay and 5) sharks should actively select the 

warmest site.  

 

Methods 

Study area 

The Coral Bay region lies at the southern end of Ningaloo Reef Marine Park in 

the north of Western Australia (23° 08‟ 41” S, 113° 45‟ 53” E) (Fig. 4.1). My 

study area was immediately north of the Coral Bay township and encompassed 

Skeleton Bay, a smaller bay-shore where reef sharks aggregate (Chapter 3). 

The shallow (1- 3 m) lagoon of Skeleton and Coral Bay contains numerous 

small patch reefs and is bordered by fringing reef offshore. It covers an area of 

approximately 2.5 × 5 km (Halford & Perret 2009). Also included within the 

lagoon are grey reef shark and manta ray cleaning stations near Asho‟s Gap 

and Point Maud, respectively (Fig. 4.1). 
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Figure 4.1. Map of Coral Bay region showing study sites. Key: acoustic receivers (    ), reef (    ), sand (    ), and land (    ). Receivers with crosses 

denote the presence of water temperature mini-loggers. 



                                                                                                         Chapter four 

104 

 

Acoustic array and study sites 

I fitted sharks with acoustic tags (details below) and established an array of 

nine VR2w (VEMCO
©

, Halifax, Canada) receivers to monitor individual 

movement patterns at Coral Bay. This array of nine receivers is part of the 

Australian Animal Tagging and Monitoring System (AATAMS) 

(www.imos.org.au/aatams). To monitor daily water temperature fluctuations in 

relation to shark presence, I attached temperature mini-loggers (VEMCO
©

, 

Halifax, Canada) to some (n = 6) receivers that took measurements at 30-

minute intervals for the duration of the study (412 days). Details of locations of 

receivers and mini-loggers, depths and detections of receivers are in Appendix 

15. Within the receiver array were four monitoring sites: Skeleton Bay, Point 

Maud, the Channel and the shark cleaning station at Asho‟s Gap (Fig. 4.1). We 

range tested receivers by trailing a test tag (VEMCO
©

, Halifax, Canada) from a 

boat or person and taking GPS locations at known distances; the overall mean 

maximum detection range was ~ 300 m (Chapter 3). 

 

Shark tagging  

Over the three-year sampling period I tagged 58 sharks with acoustic 

transmitters, of which 36 were blacktip reef sharks, 11 were grey reef sharks, 7 

were sicklefin lemon sharks, and 4 were white tip reef sharks (Chapter 3) . I 

caught sharks on a handline with baited barbless hooks and transported them to 

a holding tank on the beach. I then inserted acoustic tags coated with beeswax 

(V13-1H (153dB), V16-5H (165dB), and V16-5x (165dB) Vemco
©

, Halifax, 

Canada) into the peritoneal cavity (Heupel et al. 2006b). Five adult female 

blacktip reef sharks were fitted with V16T-5H (165 dB) to test the hypothesis 
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that sharks select the study site with the warmest water temperature to increase 

their core temperature. The range of temperature measurements for these tags 

was 10 – 40 ° C, with an accuracy of ± 0.5 °C (VEMCO 2011). The tagging 

procedure from capture to release took on average 12 minutes (Chapter 3). 

Shark species, total length LT (cm) and sex were also recorded. 

 

Temporal datasets 

I calculated the total number of individuals of all species present at each of the 

four study sites per hour from detections at the acoustic receivers. I considered 

an individual as present at one of the sites if > 1 detections were received in an 

hour. I obtained tide height data from the Government of Western Australia 

Department of Transport (www.transport.wa.gov.au). Data were recorded 

hourly at a tide station in Carnarvon (24° 53‟ 26” S, 113° 39‟ 26” E). I 

estimated tide height for Coral Bay by subtracting 48 minutes from each 

datum. Water temperature was recorded by mini-loggers at acoustic receiver 

stations at 30-minute intervals and averaged for hourly periods at each of the 

four sites. I obtained daily moon illumination data from the United States 

Naval Observatory (www.usno.navy.mil/USNO/astronomical-

applications/data-services/frac-moon-ill). I adjusted all datasets to Western 

Australian Standard Time (UTC + 8 hrs). 

 

Environmental association analysis 

I used generalised linear models (GLM) to determine the correlation between 

shark occurence (total number of all individuals of all species combined) and 

environmental variables at each site. However, due to the inherent 
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autocorrelation structure present in my datasets (presence or absence over 

time), the assumption of temporal independence was violated. I accounted for 

this autocorrelation by using matched-block sampling with replacement 

(Carlstein et al. 1998, Politis & White 2004). This method sub-samples and 

replaces optimum block lengths from the dataset that maintain the 

autocorrelation structure. I re-sampled blocks of data randomly with 

replacement from the original time series and then joined them in a random 

order to create the uncorrelated bootstrapped sample (Carlstein et al. 1998, 

Politis & White 2004, Patton et al. 2009). The block bootstrap method is a 

compromise between preserving some of the dependence structure and 

corrupting it by assuming the data are independent (Carlstein et al. 1998). I 

then applied the model-fitting process to 100 bootstrapped samples and used 

the median and 95% bootstrapped confidence intervals (2.5 and 97.5 

percentiles) of the small sample-corrected Akaike‟s information criterion 

(Burnham & Anderson 2002) test statistics: AICc, ΔAICc, wAICc and percent 

deviance explained (%DE) to rank and weight models. I ran models separately 

for each site rather than including „site‟ as part of an interaction term due to the 

large size of datasets. I initially determined autocorrelation among the data 

using correlograms (Burnham & Anderson 2002).  

 I also repeated this analysis on a subset of the dataset using presence 

events from C. melanopterus individuals only. The analysis of this species 

alone will enable a direct comparison with results obtained from the 

behavioural thermoregulation analysis. 
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Behavioural thermoregulation 

To test the hypothesis that adult female blacktip reef sharks actively select the 

warmest site to raise their body temperature, I examined the relationship 

between the number of „presence events‟ (> 1 detections per hour) of each of 

the five individuals with average water temperature at each site. I used the 

same time period for each of the individuals for this analysis, which spanned 

between November 2008 and February 2010. I used a log10 transformation to 

ensure data were approximately Gaussian and then applied linear mixed-effects 

(LME) models to assess the strength of the relationship between average water 

temperature and the total number of presence events at each of the four sites 

(Zuur et al. 2009). A bootstrap sub-sampling technique was not necessary to 

account for temporal autocorrelation because LME can include correlation 

structure directly. Because of the considerable differences in the number of 

presence events among locations, I included multiple intercepts within some 

models. Models were ranked using AICc and wAICc (Burnham & Anderson 

2002). 

To assess to what extent body temperatures of sharks were determined 

by water temperatures in Coral Bay, I averaged daily water temperature from 

all six mini-loggers and compared these to average daily body temperatures of 

the five sharks tagged with temperature sensors using LME. This should 

indicate whether shark body temperatures were consistently warmer than the 

surrounding water temperatures, and whether any bias observed depended on 

the temperature range. My prediction here is that at lower ambient 

temperatures, the difference between shark body and ambient temperatures 

should be highest such that the animals experience a more stable thermal 
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environment internally. I then calculated the average difference between the 

combined body temperatures of all five blacktip reef sharks and water 

temperature for each of the four sites. If sharks moved into Skeleton Bay to 

warm their core temperatures, I expected to observe the greatest difference 

between body and water temperatures at this site. I also determined the 

difference in body temperature among the five adult female blacktip reef 

sharks while in Skeleton Bay by calculating the mean temperature hour
-1

 for 

each individual.  

 

Results 

Shark tagging 

I tagged all five adult female blacktip reef sharks fitted with body temperature 

sensor tags during November 2008; all individuals were between 131 and 144 

cm LT (Table 4.1) which I considered to be sexually mature due to size (i.e., LT 

> 95 – 110 cm) (Last & Stevens 2009) and the presence of healed mating scars 

on the pectoral fins and dorsal surface. One of these sharks also had a 

distended abdomen, which suggests it was gravid. 

 

Table 4.1. Summary of adult female blacktip reef sharks implanted with 

acoustic temperature sensors.  

Date 

tagged Tag # Sensor # LT (cm) 

Temperature 

detections 

Average body 

temperature (°C) 

19/11/2008 14501 T1 131 560 26.17 (± 0.11) 

24/11/2008 14502 T2 144 1491 26.98 (± 0.06) 

20/11/2008 14503 T3 142 1353 26.88 (± 0.06) 

16/11/2008 14504 T4 134 268 25.92 (± 0.15) 

22/11/2008 14505 T5 141 1278 26.76 (± 0.07) 
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* Note: detections and temperatures are from when sharks were detected in 

Skeleton Bay only. 

 

Environmental association analysis 

Prior to running the GLM to test for influences of shark presence with 

environmental variables, I determined that the optimum block-size length to be 

sub-sampled prior to bootstrapping for each site ranged between 225 and 243 

hours. Some of the temporal autocorrelation was maintained within each block 

sampled for the response and explanatory variables (Appendix 17). The model 

that provided the top-ranked (wAICc = > 0.99 at all sites) fit for all sites was 

the model that included water temperature as a covariate and season as a factor 

(Table 4.2). This model explained the most deviance (Skeleton Bay = 17.6 %, 

Asho‟s Gap = 3.8 %, Point Maud = 33.9 %, and Channel = 54.6 %). 

Furthermore, examination of the coefficients showed that the presence of 

individuals increased in summer at Skeleton Bay (0.8 ± 0.02 SE), Asho‟s Gap 

(0.2 ± 0.04 SE), and at Point Maud (0.5 ± 0.03 SE) in summer. I was unable to 

estimate coefficients for the Channel due to a lack of water temperature records 

during summer (Appendix 16). The models that included only tide height and 

moon illumination were not ranked highly for any of the four sites, which 

suggests that tide height and moon illumination have much less of an influence 

on shark presence in Coral Bay than water temperature.  

 Similar results were obtained for C. melanopterus, when models were 

run separately for this species. The model that provided the top-ranked (wAICc 

= > 0.99 at all sites) fit for all sites was the model that included water 

temperature as a covariate and season as a factor (Appendix 13). This model 
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also explained the most deviance (Skeleton Bay = 17.29 %, Asho‟s Gap = 4.05 

%, Point Maud = 19.10 %, and Channel = 45.72 %). 

  

 Table 2. Results of generalised linear models with bootstrap sampling for 

hourly presence events (all species combined) with environmental variables. 

Model comparison was based on Akaike‟s information criterion corrected for 

small samples (AICc). For each of the models contrasted, number of parameters 

(k), maximum log-likelihood (-LL), AICc, AICc weight (wAICc), and the % 

deviation explained (%DE) are shown. 
 

Site Model df AICc wAICc %DE LL 

Skeleton Bay ~1 (Intercept only) 1 40015.29 <0.0001 0.00 -20006.65 

  ~Temp 5 34896.80 <0.0001 12.80 -17446.40 

  ~Tide 5 39657.52 <0.0001 0.90 -19826.76 

  ~Moon 5 39947.86 <0.0001 0.17 -19971.93 

  ~Temp+factor (Season) 6 32991.75 >0.9999 17.57 -16490.87 

  ~Tide+factor (Season) 6 33978.28 <0.0001 15.11 -16984.14 

  ~Moon+factor (Season) 6 34203.08 <0.0001 14.55 -17096.54 

Channel ~1 (Intercept only) 1 30488.79 <0.0001 0.00 -15243.40 

  ~Temp 5 17011.34 <0.0001 44.21 -8503.67 

  ~Tide 5 30284.44 <0.0001 0.68 -15140.22 

  ~Moon 5 30489.20 <0.0001 0.01 -15242.60 

  ~Temp+factor (Season) 6 13841.72 >0.9999 54.62 -6916.86 

  ~Tide+factor (Season) 6 25812.78 <0.0001 15.36 -12901.39 

  ~Moon+factor (Season) 6 25762.33 <0.0001 15.53 -12876.16 

Asho's Gap ~1 (Intercept only) 1 16879.73 <0.0001 0.00 -8438.86 

  ~Temp 5 16350.91 <0.0001 3.15 -8173.45 

  ~Tide 5 16756.97 <0.0001 0.74 -8376.49 

  ~Moon 5 16877.34 <0.0001 0.03 -8436.67 

  ~Temp+factor (Season) 6 16253.53 >0.9999 3.76 -8121.76 

  ~Tide+factor (Season) 6 16311.10 <0.0001 3.42 -8150.55 

  ~Moon+factor (Season) 6 16304.43 <0.0001 3.46 -8147.21 

Point Maud ~1 (Intercept only) 1 25127.09 <0.0001 0.00 -12562.55 

  ~Temp 5 17346.33 <0.0001 30.98 -8671.16 

  ~Tide 5 24861.17 <0.0001 1.07 -12428.59 

  ~Moon 5 24980.93 <0.0001 0.59 -12488.47 

  ~Temp+factor (Season) 6 16604.35 >0.9999 33.95 -8297.18 

  ~Tide+factor (Season) 6 21845.12 <0.0001 13.09 -10917.56 

  ~Moon+factor (Season) 6 21767.67 <0.0001 13.40 -10878.83 
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Overall, total hourly presence events were greatest at Skeleton Bay and peaked 

at 14:00 (Fig. 4.2). This coincided with a drop in total hourly presence events 

at the Channel site. There were also fewer presence events during daytime 

hours at Point Maud than at night. There was a bimodal peak in tag detections 

at Asho‟s Gap at 08:00 and again at 13:00, which consisted predominantly of 

detections of blacktip reef sharks and grey reef sharks. In general, blacktip reef 

sharks and grey reef sharks were present regularly at all four sites; however, 

whitetip reef sharks were only present regularly at Point Maud and the Channel 

sites, while sicklefin lemon sharks were mostly present at Skeleton Bay.
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Figure 4.2. Total hourly presence events (> 1 detections per hour) of all reef sharks tagged with acoustic pingers at each of the study sites. A) 

Skeleton Bay, B) Channel, C) Asho‟s Gap, D) Point Maud. 
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Behavioural thermoregulation 

Most presence events (58 %) for the five blacktip reef sharks were at Skeleton 

Bay, when compared to the other three sites (Fig. 4.3). Furthermore, 

individuals were most frequently present at Skeleton Bay between 11:00 and 

15:00 throughout the study (Fig. 4.3A). Mean water temperature at Skeleton 

Bay followed a similar trend to the presence events and peaked between 14:00 

and 16:00. Although sharks were present much less frequently present at the 

other three sites, weak patterns were still evident. Troughs were present in 

shark presence at 14:00 and 16:00 at both the Channel and Point Maud sites, 

whereas I observed a distinct peak in presence at Asho‟s Gap at 14:00 (Fig. 

4.3B, C & D). The model that provided the top-ranked fit between presence 

events and average water temperature was the multiple-intercept model at 

Skeleton Bay (wAICc = 0.31, %DE = 41.41) (Table 4.3). There was also 

evidence for reasonable fit of the single-intercept model (presence ~ 

temperature + site) (wAICc = 0.22, %DE = 38.42).



                                                                                                         Chapter four 

114 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Total hourly presence events (> 1 detections per hour) of five female blacktip reef sharks tagged with acoustic pingers and 

temperature sensors, compared to average water temperature at each study site. 
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Table 4.3. Results of the relationship between the presence of blacktip reef sharks and water temperature at each study site based on general 

linear mixed-effects model comparison based on Akaike‟s information criterion corrected for small samples (AICc). All models include the 

random effect „Individual‟. For each of the models contrasted, degrees of freedom (df), Log Liklihood (LL), AICc, AICc weight (wAICc) and the 

% deviation explained (%DE) are shown. 

Model df LL AICc  wAICc %DE 

intercept-only (presence ~ 1) 4 -44.93 97.85 0.00  0.00 

slope-only (presence ~ temp) 5 -40.71 91.42 0.00  9.38 

site only (presence ~ site) 7 -30.56 75.12 0.03 31.98 

own intercept (presence ~ temp+site) 8 -27.66 71.32 0.22 38.43 

full model (presence ~ temp+site+temp:site) 11 -26.16 74.32 0.05 41.77 

      

Multiple intercept models (presence ~ temp+intercepts+temp×site)          

Skeleton Bay 9 -26.32 70.63 0.31 41.42 

Point Maud 9 -27.11 72.21 0.14 39.67 

Asho's Gap 9 -27.53 73.06 0.09 38.72 

Channel 9 -27.08 72.17 0.15 39.71 
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The average body temperatures for the five blacktip reef sharks while in 

Skeleton Bay ranged between 25.92 (± 0.15) and 26.98 °C (± 0.06). The 

highest body temperature recorded in Skeleton Bay was 32 °C, while the 

lowest was 20.6 °C. Average hourly body temperatures while in Skeleton Bay 

peaked between 14:00 and 18:00 (Fig. 4.4). Shark T4 consistently had the 

lowest mean body temperature throughout the 24-hour cycle; however, it also 

had the fewest number of detections overall (268). Similarly, shark T1 also had 

relatively low mean body temperatures, particularly outside of peak 

temperatures (14:00 to 18:00) and also had relatively few detections (560) 

compared to sharks T2 (1491), T3 (1353), and T5 (1278) (Table 4.1). The 

mean body temperatures of Sharks T2, T3, and T5 were similar throughout the 

24-hr cycle. 

I was able to compare body temperatures of the five tagged sharks with 

average water temperature in Coral Bay (data from all 6 mini-loggers 

combined) from 16 November 2008 to 25 February 2010 (467 days). The slope 

with own intercept model (wAICc = 0.87, % DE = 12.93) was ranked about the 

zero intercept model (wAICc = 0.13, % DE = 13.73) (Table 4.4). I found that 

the body temperature of these sharks was 1.3 °C warmer on average than water 

temperature (SE ± 0.57, p = 0.02). There was also no change in this pattern 

with increasing water temperature (slope = 0.99, SE ± 0.02, p < 0.001), 

indicating that average body temperature was always consistently and 

invariably warmer than average water temperature. 
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Figure 4.4. Average hourly body temperatures for five female blacktip reef sharks implanted with temperature sensors at Skeleton Bay. 

Individual tag numbers are T1-T5. 
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Table 4.4. Results of comparison of average water temperature and average 

shark body temperature contrasted using general linear mixed-effects models. 

For both of the models contrasted, degrees of freedom (df), AICc, AICc weight 

(wAICc), the % deviation explained (%DE), and maximum log-likelihood (-

LL) are shown. 

Model df AICc wAICc %DE LL 

slope intercept (y~x) 5 3805.77 0.87 12.93 -1897.88 

slope zero intercept (y~0+x) 4 3809.58 0.13 13.73 -1900.79 

 

The greatest difference in water and body temperatures was observed at 

Skeleton Bay, where the average body temperature was > 1 °C (± 0.02 SE) 

warmer than average water temperature (Fig. 4.5). There was also a > 0.5 °C (± 

0.01) difference at the other inshore site at Point Maud, and smaller differences 

at sites farther out in the lagoon at Asho‟s Gap (0.27 °C ± 0.03) and Channel 

(0.03 °C ± 0.01) sites. The greatest positive difference was recorded by Shark 

T4 on 26 September 2009 in Skeleton Bay, where the body temperature was > 

6 °C warmer than the average water temperature. 
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Figure 4.5. Mean difference between average water temperature at each site and average body temperature of five female blacktip reef sharks (all 

data combined). 
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Discussion 

Understanding how abiotic and biotic gradients influence distribution and 

movement of elasmobranchs is a necessary precursor for predicting how they 

might respond to rising water temperature and altered salinity regimes 

associated with climate change (Field et al. 2009a, Chin et al. 2010), thermal 

discharges from coastal electrical plants (Vaudo & Lowe 2006), ocean farming 

(Papastamatiou et al. 2010b) and food provisioning for tourism (Clua et al. 

2010, Maljkovic & Cote 2010). Previous studies of movements and habitat 

selection of coastal sharks in relation to environmental conditions have 

focussed on water temperature, and concluded that it has a major influence on 

distribution (Morrissey & Gruber 1993a, Economakis & Lobel 1998, Hight & 

Lowe 2007). However, few studies have attempted to study fine-scale (< 10 

km
2
) patterns. 

 At all four of our study sites, shark presence was strongly correlated 

with water temperature and season. This result, when combined with a 

predominance of individuals present during the middle of the day at Skeleton 

Bay and an increase in the number of individuals during summer, provides 

further support for shark movement being largely driven by water temperature. 

This corroborates previous findings of shark attendance at Skeleton Bay, where 

blacktip reef sharks and grey reef shark adults displayed diel cycles of 

attendance, being most frequent during summer between 13:00 – 14:00 

(Chapter 3), and a similar peak in reef attendance patterns for some grey reef 

sharks at the Rowley Shoals, atoll reefs in the far north-west of Australia (Field 

et al. 2011). I found that these two species were more frequently present at the 

Channel site during periods of darkness than at Skeleton Bay. This supports the 
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daytime refuge hypothesis, where sharks disperse farther out into the lagoon at 

night, possibly to forage (Klimley & Nelson 1984, McKibben & Nelson 1986, 

Garla et al. 2006, Papastamatiou et al. 2009b). The bimodal daytime peaks of 

attendance at the reef shark cleaning station Asho‟s Gap are perhaps more 

closely associated with diurnal patterns in cleaning behaviour (O'Shea et al. 

2010, Oliver et al. 2011) than changes in water temperature.  

Inshore daytime aggregations and habitat selection associated with 

raised water temperature have been observed in other species of elasmobranchs 

such as leopard (Triakis semifasciata) and grey reef sharks (Economakis & 

Lobel 1998, Hight & Lowe 2007), as well as bat rays, Myliobatis californica 

(Matern et al. 2000). My findings are similar to those of Hight & Lowe (2007) 

who found that the core temperatures of aggregating female leopard sharks 

reached their peak during the afternoon and that these animals showed site 

fidelity to thermal refuges during the day before dispersing at night. They 

hypothesised that these sharks might have been aggregating to increase core 

body temperature for reproductive reasons, which was also suggested for 

aggregations of adult female grey reef sharks (Economakis & Lobel 1998). 

Another proposed explanation for this behaviour is that individuals make use 

of warmer waters to increase their metabolic rate while feeding and then retreat 

to cooler water to slow digestion and evacuation rates, which might aid in 

nutrient uptake efficiency (Matern et al. 2000, Carlson et al. 2004, Sims et al. 

2006, Di Santo & Bennett 2011). Evidence to support both of these hypotheses 

was provided by a thermal preference experiment on the Atlantic stingray 

(Dasyatis sabina), where pregnant and unfed individuals selected warmer 

temperatures than non-pregnant and fed individuals (Wallman & Bennett 
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2006). I did not observe any daytime foraging in blacktip reef sharks, although 

I have noted courtship behaviour and the presence of pregnant individuals in 

Skeleton Bay (Chapter 3). Therefore, the most plausible explanation is that 

female blacktip reef sharks use the increased water temperature of this site to 

aid in reproduction, possibly by increasing embryonic development. However, 

male blacktip reef sharks and other species and size classes are also common in 

this site, which suggests that higher temperatures might provide additional 

benefits for digestion or growth. 

The body temperatures of female blacktip reef sharks while in Skeleton 

Bay were highest during the afternoon between 16:00 and 18:00, which 

coincided with the maximum average daily water temperature at this site 

(16:00). Furthermore, these individuals were most often present at this time 

and consistently had body temperatures > 1 °C warmer than the average water 

temperature. Matern et al. (2000) also observed this pattern in bat rays, where 

the body temperature of rays in shallow water (< 1 m depth) were always 

warmer than at other sites, particularly during the afternoon. They suggested 

that this was due to the influence of solar radiation, as was also suggested for 

raised temperatures of leopard sharks when in shallow areas (Hight & Lowe 

2007). Furthermore, leopard sharks can darken their skin colour, which might 

serve to increase heat uptake and in doing so raise metabolic rates (Hight & 

Lowe 2007). Solar warming might have had the greatest influence at Skeleton 

Bay due to shallow water and reduced current flow created by the reef ridges 

that enclose the site. Unfortunately, I was unable to monitor water temperature 

with mini-loggers close to shore at the southern end of Skeleton Bay due to the 

water level often being < 0.5 m, or even completely dry during spring low 
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tides. However, visual censuses identified that aggregations were common in 

this area of the site (Chapter 3), so it is possible that water temperature and 

shark body temperatures are even higher when individuals aggregate in shallow 

water outside of detection range of receivers/mini-loggers in Skeleton Bay.  

Tide height had little influence on the presence of reef sharks at any site 

in our study. In contrast, tide can have an important influence on the movement 

of other species (Medved & Marshall 1983, Ackerman et al. 2000, Dewar et al. 

2008, Campos et al. 2009, Carlisle & Starr 2009, 2010), which seems to be 

related mostly to foraging (but see O'Shea et al. 2010). Because reef sharks are 

primarily piscivores (Cortés 1999) and I had no evidence of foraging within 

Skeleton Bay (Chapter 3), I did not expect to see an effect of tide height on the 

presence of sharks at this site, where foraging opportunities on benthic 

invertebrates would be increased with rising tide height. My results confirm 

this hypothesis, and suggest that shark aggregations in Skeleton Bay are not 

influenced by tide height. Furthermore, the study sites were all within the Coral 

Bay lagoon, and therefore largely protected from prevailing currents by the 

reef, which is exposed on spring low tides. Coral Bay is small (~ 1.5 m), and 

although spring low tides preclude sharks from entering the shallowest areas 

within Skeleton Bay, tide height appears to have minimal influence on shark 

movement patterns. Moon illumination also had minimal influence on the 

presence of reef sharks at Skeleton Bay. 

 

Conclusions 

I found evidence that adult female blacktip reef sharks visit Skeleton Bay 

during the warmest parts of the day and season and in doing so elevate their 
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body temperatures. This provides support for behavioural thermoregulation in 

this species, whereby individuals are able to increase their metabolic rates 

through thermotaxis, possibly for reproductive advantages. However, the 

extent to which metabolic rates changes with water temperature (Q10) is still 

unknown for this species. This absence of thermal body coefficients ultimately 

limits the degree to which results can be interpreted in regards to changes in 

metabolic processes with water temperature for this species. Future research 

should include a variety of species, over both sexes and differing size classes, 

to provide a better overview of how changes in water temperature influence the 

physiology of reef sharks. Furthermore, testing progesterone concentrations in 

females to assess reproductive status would assist in the classification of gravid 

individuals, which might behave differently in response to ambient temperature 

fluctuations.   
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CHAPTER 5. Trophic ecology of reef sharks determined using 

stable isotopes and telemetry 

ABSTRACT: Establishing the ecological role of predators within an ecosystem 

is central to understanding community dynamics and is useful in designing 

effective management and conservation strategies. We analysed differences in 

the trophic ecology of four species of reef sharks (Carcharhinus melanopterus, 

Carcharhinus amblyrhynchos, Triaenodon obesus and Negaprion acutidens) at 

Ningaloo Reef, Western Australia using stable isotopes (δ15N and δ13C). We 

also monitored animals using acoustic telemetry to determine long-term 

residency patterns in at the southern end of the reef, Coral Bay. Overall, mean 

δ13C was similar among species, ranging between -10.9 and -11.8 ‰, 

suggesting a food-web dependency on coastal producers. Classification and 

regression tree analysis identified an effect of species on δ15N that separated 

C. amblyrhynchos and C. melanopterus from N. acutidens and T. obesus. For 

C. amblyrhynchos and C. melanopterus, animals were also divided by size 

classes, with smaller sharks having average lower δ15N than larger animals; 

this suggests that δ15N increases with size for these two species. Juvenile C. 

melanopterus, juvenile N. acutidens and adult T. obesus had trophic levels of 

3.7, for juvenile C. amblyrhynchos and adult C. melanopterus it was 4, and 

adult C. amblyrhynchos had a value of 4.3. Trophic-level estimates for C. 

melanopterus and C. amblyrhynchos corroborate previous conclusions based 

on diet studies. We found no evidence for a difference in isotopic composition 

between resident and non-resident sharks. The lack of variation in isotopic 

composition was consistent with high mean residency of these species recorded 

using acoustic telemetry, which were 79 % (± 0.09 SE) of days monitored for 
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T. obesus, followed by N. acutidens (57 % ± 19.55), C. amblyrhynchos (54 % ± 

13), and C. melanopterus (33 % ± 8.28). High δ13C composition in reef sharks 

and long-term residency behaviour suggest that marine reserves might provide 

effective conservation refuges for some species. 
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Introduction 

Identifying the trophic role an animal plays within an ecosystem is a 

prerequisite for any understanding of larger processes of community dynamics. 

Sharks are often classified as apex predators within marine ecosystems, 

although there is much dietary variation among species (e.g. Cortés 1999). This 

plasticity in feeding habits, combined with ontogenetic and spatiotemporal 

changes in diet, has complicated our understanding of the ecology of this 

diverse group (Wetherbee & Cortés 2004). As predators exerting top-down 

influences on communities (Stevens et al. 2000a, Myers & Worm 2003, 

Bascompte et al. 2005, Shepard & Myers 2005, Myers et al. 2007), coupled 

with declines in populations (Ferretti et al. 2010), sharks have become the 

focus of recent management and conservation research (Field et al. 2009a). 

However, the role individual species play within communities is still often 

unclear, which makes predictions of the consequences of their removal from 

ecosystems tenuous at best. To redress this problem, long-term (months to 

years), species-specific dietary and behavioural information is essential. 

The trophic position and role of sharks have mainly been determined 

using two methods: (1) description of stomach contents (e.g. Cortés 1999), and 

(2) comparison of stable isotope composition (mainly δ
15

N) of sharks and their 

prey (Estrada et al. 2003). The former technique typically requires capture and 

death of the animal and can only provide a snapshot of recently consumed 

items. In contrast, stable isotope analysis provides information on assimilated 

rather than just consumed prey items, thus reflecting long-term feeding 

behaviour (Estrada et al. 2003). Furthermore, samples for isotope analysis can 

be collected using non-lethal methods via the removal of a small sample tissue. 
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For these reasons, the use of stable isotopes in elasmobranch research has 

increased over the past decade (e.g. Fisk et al. 2002, Estrada et al. 2003, Domi 

et al. 2005, MacNeil et al. 2005, Revill et al. 2009, Papastamatiou et al. 2010a, 

Borrell et al. 2011, Matich et al. 2011). However, the use and application of 

this technique has been questioned recently due to a poor understanding of 

diet-tissue discrimination factors in sharks (Hussey et al. 2010b) and a general 

lack of baseline stable isotope data (Post 2002), both of which are necessary for 

accurate determination of trophic positions.  

Some of the variability in isotopic values among individuals of the 

same species has been explained by combining isotopic analyses with other 

types of sampling. For example, telemetry has been used in conjunction with 

analysis of stable isotopes to provide information on long-term movement 

patterns of birds (Suryan & Fischer 2010), fish (Cunjak et al. 2005), and also 

reef sharks (Papastamatiou et al. 2010a). Generally, these studies show that 

individual variability in stable isotopic composition can be attributed to 

differences in migration and residency patterns. Similarly, spatial variation in 

fish stable isotopic composition has been investigated by sampling species 

across environmental gradients (Stephenson et al. 2001, Revill et al. 2009), 

although this approach appears to be useful only at regional scales (100s of 

km) rather than at the smaller scale of a single coral reef (1-10s km) 

(Papastamatiou et al. 2010a, Wyatt et al. 2010). Small-scale temporal changes 

(monthly, seasonal) in isotopic composition are difficult to resolve for sharks 

because complete turn-over of blood and muscle tissue can take up to 7 and 24 

months, respectively (Logan & Lutcavage 2010b). This means that the stable 

isotope composition of large sharks that undergo broad-scale migrations over 
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protracted periods (100-1000 km, e.g. white sharks, Carcharodon carcharias 

(Bonfil et al. 2005), whale sharks Rhincodon typus (Eckert et al. 2002)) reflects 

the incorporation of sources with different stable isotope composition.  

Sharks associated with coral reefs generally have small home ranges (< 

100 km
2
 (McKibben & Nelson 1986, Papastamatiou et al. 2009b), although 

large movements (> 100 km) have been observed occasionally (Heupel et al. 

2010). Many of these species are classified as apex predators, and are thought 

to occupy similar niches (e.g. Papastamatiou et al. 2006). Gut content analyses 

have generally placed reef sharks around the trophic level of 4 (ranging from 

3.9 to 4.2) (Cortés 1999) and the diets of the most common sharks on Indo-

Pacific reefs, the black tip reef Carcharhinus melanopterus, grey reef 

Carcharhinus amblyrhynchos, and whitetip reef Triaenodon obesus sharks, 

have been documented in a number of studies (Randall 1977, Stevens 1984, 

Stevens & McLoughlin 1991, Salini et al. 1992, Wetherbee et al. 1997, 

Papastamatiou et al. 2006).  Ontogenetic changes in the diet of some species of 

sharks have been documented (Wetherbee & Cortés 2004), although it is 

unknown whether such shifts are common in reef sharks. However, there is 

little information available on the geographic or ontogenetic changes in diet of 

many species of reef sharks (but see Stevens 1984, Wetherbee et al. 1997). 

At Ningaloo Reef, Western Australia, four species of reef sharks (C. 

melanopterus, C. amblyrhynchos, T. obesus, and juvenile Negaprion acutidens) 

aggregate in an inshore bay at the southern end of the reef (Chapter 3). The 

abundance and diversity of sharks within this site provides ideal conditions for 

the study of intra- and inter-specific differences in trophic ecology through the 

combined use of stable isotopes (δ
15

N and δ
13

C) and telemetry. I hypothesised 
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that: 1) C. melanopterus, C. amblyrhynchos, and T. obesus adults occupy a 

trophic position of around 4, as estimated in previous dietary studies, 2) 

juvenile sharks occupy a lower trophic position than adults due to ontogenetic 

differences in diet, 3) within a species, there is no gender difference in trophic 

position, 4) no differences occur across years in δ
15

N and δ
13

C values in any 

species, and 5) no differences occurs in isotopic values between „resident‟ and 

„non-resident‟ individuals due to restricted movements of these species. 

 

Materials and Methods 

Study site 

My study site was at the southern end of Ningaloo Reef in Western Australia (-

23° 08‟ 41”, 113° 45‟ 53”) (Fig. 5.1). This area encompasses Skeleton and 

Bill‟s Bays, where reef sharks are known to aggregate (Chapter 3). The lagoon 

in Coral Bay is relatively shallow (1–3 m), approximately 2.5 × 5 km in 

dimension to the north of the township of Coral Bay. 
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Figure 5.1. Map of study site showing acoustic receivers (   ), approximate mean maximum detection range of receivers (----), reef (    ), sand (    

), and land (    ). 
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Data collection and processing 

I sampled at Skeleton Bay in November and December of 2008 and 2009, and 

August 2010. I caught sharks from the beach using hand lines with baited 

barbless hooks. I used a variety of baits, which included frozen squid (Loligo 

opalescens), frozen octopus (unknown species) and frozen pilchards 

(Sardinops neopilchardus), as well as fresh reef fish frames that were discarded 

from local commercial fishers. Fishing times were generally from late morning 

until early evening, when shark aggregations were most common (Chapter 3). 

Upon capture, I kept sharks in a holding tank on the beach and placed them 

upside down to induce tonic immobility. I attached Jumbo Rototags (Dalton 

Supplies, Henley-on-Thames, United Kingdom) in the first dorsal fin of all 

animals, and recorded sex, and total length (LT) in cm. Life-stage (i.e. juvenile 

or adult) was determined by (LT) and previous size-at-age measurements (Last 

& Stevens 2009). I considered individuals to be adults if the LT was greater 

than 130 cm in C. amblyrhynchos, 95 cm in C. melanopterus, 220 cm in N. 

acutidens, and 112 cm in T. obesus (Chapter 3). I also tagged some sharks with 

acoustic transmitters by making a two-cm incision above the cloaca for 

acoustic tag insertion (V13-1H (153dB), V16-5H (165dB) and V16-5x (165dB) 

Vemco
©

, Halifax, Canada) into the peritoneal cavity. I took a tissue sample (< 

1 g) from the white muscle of the body wall for stable isotope analysis prior to 

closing the incision with absorbable sutures (Ethicon
©

). I repeated this 

procedure for animals that were not implanted with acoustic tags, although I 

made a smaller incision (one cm). I used no anaesthetics during the procedure. 

This process took on average 12.3 (± 0.4 SE) minutes from capture to release 

of animals (Chapter 3). The release of sharks in good condition was paramount 
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because I sampled in a marine sanctuary and was also interested in the long-

term behavioural patterns of these animals. Sharks tagged with acoustic 

transmitters were monitored with an acoustic array of nine receivers (VR2w 

Vemco
©

, Halifax, Canada) that had mean maximum detection ranges of 

approximately 300 m (Fig. 5.1) (Chapter 3). 

I stored muscle samples for stable isotope analysis below -20° C. 

Samples were stored at 60°C to constant weight prior to being weighed into tin 

capsules and analysed with a isotope ratio mass spectrometer (20-20 IRMS, 

Europa, Crewe, United Kingdom) coupled with an elemental analyser (ANCA-

GSL, Europa, Crewe, United Kingdom). Known elemental composition and 

isotopic ratios were interspaced reference materials with the tissue samples for 

calibration (USGS41 [δ
15

N = 47.6‰, δ
13

C = 37.6‰] and USGS40 [δ
15

N = -

4.5‰, δ
13

C = -26.4‰]). Nitrogen isotope ratios (δ
15

N) are reported in parts per 

thousand (‰) deviation from N
2
 in air, while carbon isotope ratios (δ

13
C) are 

‰ deviation from Pee Dee Belemnite (V-PDB) using the following equation:  

 

(Eq 5.1) 

     

 

where X is 
13

C or 
15

N, and R is the corresponding ratio 
13

C:
12

C or 
15

N:
14

N 

(Peterson & Fry 1987). All samples had low C:N ratios (mean 2.77 ± 0.21 SD); 

therefore, I did not correct values for the potential effects of lipids (cf. Hussey 

et al. 2010; Vaudo and Heithaus 2011). 
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Inter- and intra-specific differences 

For each species, I examined the relationship between animal size and δ
13

C and 

δ
15

N using linear regression. I applied classification and regression tree 

analyses (CART) (De'ath & Fabricius 2000) to explain the extent to which 

sharks‟ δ
13

C and δ
15

N depends on species, animal size (LT), sex, maturity and 

sampling year. I did this using the TREES package on S-PLUS 2000
®
 

(MathSoft, Cambridge, MA, USA). I only included individuals tagged in 

November 2008 and 2009 in the CART analysis due to only two specimens 

being collected in August of 2010.  

 

Trophic positions 

I estimated the trophic position of each species and size class using the 

following equation: 

   

Trophic position = 2 + (δ
15

Nconsumer – δ
15

Nbase)/Δδ
15

N  (Eq 5.2) 

 

where 2 is the trophic position of the primary consumers used as a baseline, 

Δδ
15

N is δ
15

N trophic fractionation,δ
15

Nbase is the baseline δ
15

N for the local 

food web, and δ
15

Nconsumer is the δ
15

N of the target species (Cabana & 

Rasmussen 1996, Vander Zanden & Rasmussen 1999, Post 2002). I used δ
15

N 

values of the herbivorous fishes Acanthurus triostegus (n = 22), Naso unicornis 

(n = 14) and Zebrasoma scopas (n = 12) collected from three sites around 
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Ningaloo Reef (one of which was Bill‟s Bay) as a δ
15

N baseline (G. Hyndes, 

Edith Cowan University, unpubl. data). Data was averaged between the three 

species. I chose these primary consumers as indicators of the δ
15

N of the base 

of the local food web because they are long-lived and inhabit the same area as 

the four target species of sharks, enabling the temporal and spatial integration 

of the isotopic composition of local producers (Cabana & Rasmussen 1996, 

Vander Zanden & Rasmussen 1999, Post 2002). The average δ
15

N of these 

species was 7.9 ± 0.2 ‰ (± SE) (n = 48), and this value was considered as 

indicative of trophic position 2. I used trophic fractionation values of 2.4 ‰ 

(average Δδ
15

N value for sharks held in captivity (Hussey et al. 2010a)). 

 

Residents versus non-residents  

I compared shark isotopic composition for C. melanopterus and C. 

amblyrhynchos, between „resident‟ and „non-resident‟ animals with a CART 

analysis to test the hypothesis that the two groups feed in different areas (inside 

vs. outside Coral Bay). I combined detections from all nine receivers, and 

considered an individual present in Coral Bay if detected more than once by 

the array in a day. Residency to Skeleton Bay (an aggregation site within the 

Coral Bay area) has previously been reported (Chapter 3), however residency 

to the whole Coral Bay area has not. Given that receivers were not completely 

overlapping in detection ranges, it was possible that an individual could have 

been present within the array but not within the range of any of the receivers. 

Due to the small size of the study area (~ 4.5 km
2
), and known daily movement 

patterns and home range sizes of reef sharks (e.g. McKibben & Nelson 1986, 

Papastamatiou et al. 2009b, Heupel et al. 2010, Field et al. 2011), it is unlikely 
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the above scenario occurred often, and therefore, this would have had minimal 

impact on the overall results. For the purpose of this analysis, I considered a 

shark to be a resident if it was detected by receivers in more than 50% of the 

number of days of possible detections (i.e., number of days from tagging to end 

of study). Only individuals tagged in 2008 were included in this analysis 

because they were monitored for > 1 year, which would have captured any 

seasonal differences in residency patterns.  

 Using both stable isotopes and acoustic telemetry provides information 

on differing time periods (i.e., pre-sampling for isotopes and post-tagging for 

movement); therefore, we made an assumption that pre- and post- tagging 

behaviour was consistent. Given that all species of reef sharks have displayed 

residency and site fidelity across several years (Chapter 3), it is reasonable to 

assume that pre-tagging behaviour is consistent with post-tagging behaviour, 

provided that no ontogenetic or environmental changes have influenced 

movement. This is a logical assumption due to the slow growth and 

development of sharks, coupled with the maximum tissue turn-over rate for 

stable isotopes of up to 2 years (Logan and Lutcavage 2010). Furthermore, we 

observed no anomalies in environmental conditions in Coral Bay during the 

period of investigation, which might have affected movement patterns. 

 

Results 

Inter- and intra-specific differences 

I analysed muscle samples from 71 sharks across four species (C. melanopterus 

[n = 53], C. amblyrhynchos [n = 10], T. obesus [n = 4], and N. acutidens [n = 
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4]) for stable isotope composition (Appendix 14). Carcharhinus 

amblyrhynchos had the highest mean δ
15

N (13.1 ± 0.2 ‰ ± SE), followed 

closely by C. melanopterus (12.6 ± 0.1 ‰), and N. acutidens (11.9 ± 0.6 ‰) 

and T. obesus (11.9 ± 0.3 ‰) (Table 5.1).  
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Table 5.1. Summary of reef sharks sampled for stable isotope analysis and acoustic monitoring. 
 

Species Mean TL (cm ± SE) Sex ratio 

(m:f) 

Isotope 

sample (n) 

Mean δ
13

C (± SE) Mean δ
15

N (± SE) Acoustic tag 

(n) 

Carcharhinus 

amblyrhynchos 

147.5 (± 6.7) 1:9 10 -11.8 (± 0.5) 13.1 (± 0.2) 10 

Carcharhinus 

melanopterus 

126 (± 1.9) 16:37 53 -10.9 (± 0.2) 12.6 (± 0.1) 24 

Negaprion 

acutidens 

111 (± 13.9) 3:1 4 -11 (± 0.7) 11.9 (± 0.6) 4 

Triaenodon obesus 134 (± 3.6) 4:0 4 -11 (± 0.2) 11.9 (± 0.3) 4 
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Accordingly, CART analysis identified an effect of species on δ
15

N, which 

separated C. amblyrhynchos and C. melanopterus from N. acutidens and T. 

obesus (Fig. 5.2). For C. amblyrhynchos and C. melanopterus, a secondary 

divide occurred due to size, with sharks smaller than 103 cm LT having on 

average lower δ
15

N than larger animals, and for the larger group, a third split 

indicated that animals larger than 158 cm LT had the highest δ
15

N of all 

individuals (Fig. 5.2). This suggests that for these two species, δ
15

N increases 

with size, although regression analysis did not identify a significant 

relationship (C. melanopterus [R
2
 = 0.06, F1, 51 = 3.27, p = 0.076]; Fig. 5.3A, 

C. amblyrhynchos [R
2
 = 0.38, F1, 8 = 4.97, p = 0.056]; Fig. 5.3B). The CART 

model only explained 33 % of the variability, meaning that there might be 

other variables influencing animal δ
15

N. There was no evidence for an effect of 

year of tagging, sex or maturity on shark δ
15

N, as none of these variables was 

responsible for any branch separation in the tree (Fig. 5.2).  
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Figure 5.2. Classification and regression tree of shark δ
15

N values. Isotope 

values were compared with species, size, sex, maturity and year of tagging. 

Histograms of δ
15

N distribution for each group (ranging from 10 to 14‰) are 

presented below the terminal nodes, and mean δ
15

N and sample size (in 

brackets) is also indicated. * indicates that this group was comprised solely of 

C. amblyrhynchos.
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Figure 5.3. Relationship between δ
15

N and δ
13

C of C. melanopterus and C. amblyrhynchos and total length (LT). C. melanopterus (A and C) and 

C. amblyrhynchos (B and D). 
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I found the highest δ
13

C in C. melanopterus (-10.9 ± 0.2 ‰), followed 

by T. obesus (-11.0 ± 0.2 ‰), N. acutidens (-11.0 ± 0.7 ‰), and C. 

amblyrhynchos (-11.8 ± 0.5 ‰) (Table 5.1). I observed a higher variability for 

each species in δ
13

C than in δ
15

N, with the greatest range in δ
13

C occurring in 

adult C. amblyrhynchos (-15.05 to -10.15 ‰) (Fig. 5.4). As a result, I detected 

no separations by CART analysis for δ
13

C in any species or size classes. I 

found a weak, positive relationship between δ
13

C and size in C. melanopterus 

(p = 0.032; Fig. 5.3C). I found no evidence for a relationship between δ
13

C and 

size in C. amblyrhynchos (p = 0.548; Fig. 5.3D). I did not examine 

relationships between δ
13

C and δ
15

N with total length in other species due to an 

insufficient number of samples.
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Figure 5.4. Mean isotopic compositions of species and size classes of reef sharks. 
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Trophic positions 

When using a trophic fractionation of 2.3 ‰, juvenile C. melanopterus, 

juvenile N. acutidens, and adult T. obesus had trophic levels of 3.7, juvenile C. 

amblyrhynchos and adult C. melanopterus had a trophic level of 4, and adult C. 

amblyrhynchos had trophic levels of 4.3 (Table 5.2). My trophic estimates were 

most similar to previous estimates presented by Cortéz (1999) when using a 

trophic fractionation value of 2.3 ‰, as opposed to 3.4 ‰.  

 

Table 5.2. Trophic position estimates for species and size classes of reef sharks 

tagged at Ningaloo Reef. 

Species / size class Trophic position (2.4 ‰) 

Adult Carcharhinus amblyrhynchos 4.3 

Juvenile Carcharhinus amblyrhynchos 4 

Adult Carcharhinus melanopterus 4 

Juvenile Carcharhinus melanopterus 3.7 

Juvenile Negaprion acutidens 3.7 

Adult Triaenodon obesus 3.7 
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Residents versus non-residents 

Of the 53 sharks I sampled for stable isotope analysis in 2008, I also 

successfully monitored 34 with acoustic transmitters. Average residency times 

were highest for T. obesus (79 ± 0.07 % of days monitored), followed by N. 

acutidens (57 ± 19.55 %), C. amblyrhynchos (54 ± 13 %), and C. melanopterus 

(33 ± 8.28 %) (Appendix 14). Overall, 47 % (n = 16) of the tagged animals 

were considered resident (> 50% days detected), compared to 53 % that were 

non-resident (< 50% days detected). Of the 20 C. melanopterus I tagged, 6 

were resident and 14 non-resident, while 5 of the 8 tagged C. amblyrhynchos 

were resident. For N. acutidens, 3 of 4 tagged individuals were resident, and 

both T. obesus I tagged were residents. The resident C. melanopterus were 

detected regularly throughout the year, while the non-residents were often 

absent from the study area between April 2008 and September 2009 (Fig. 5.5). 

Similarly, resident C. amblyrhynchos were detected throughout most of the 

monitoring period. The two T. obesus were not detected regularly between 

August and October 2009. Of the three N. acutidens that were resident, two 

were detected regularly throughout the study, and one was often absent 

between June and November 2009.The CART analysis did not reveal any 

effect of residency status on shark δ
13

C or δ
15

N.
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Figure 5.5. Daily presence and absence of reef sharks at Coral Bay. A shark was considered present if it had > 2 detections within the acoustic 

array per day. 
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Discussion 

Long-term residency and dependency on coastal food chains (i.e., high δ
13

C) have 

potentially important implications for the effectiveness of current protection measures 

for reef sharks in north Western Australia. Other studies have also identified a link 

between elasmobranchs and coastal producers using stable isotope analysis 

(Papastamatiou et al. 2010a, Vaudo & Heithaus 2011), which highlights the 

importance of conserving inshore communities and habitats for higher-order predators 

in these regions. The use of telemetry with stable isotopes not only provides a means 

with which to identify links to coastal producers, it also makes inferences about the 

species‟ reliance on this inshore habitat through long-term patterns of residency. 

Bill‟s Bay is encompassed by Maud Sanctuary Zone (21.51 km
2
), which is one 

of many sanctuary zones at Ningaloo Reef (combined area of 883.65 km
2
) that 

prohibits any kind of fishing (DEC 2005). However, this network of coastal sanctuary 

zones is interspersed with recreational and general use zones, in which many reef 

sharks tagged in concurrent studies have been caught by recreational fishers (Chapter 

6). The effectiveness of marine parks for reef sharks has been assessed in several 

recent studies, and there is considerable debate as to their efficacy in protecting sharks 

(Chapman et al. 2005, Heupel & Simpfendorfer 2005b, Robbins et al. 2006, Heupel et 

al. 2009). My study highlights that some species of reef sharks are highly resident to 

small areas of the coast and depend largely on coastal food chains. Therefore, any 

localised impacts in unprotected areas of coastline such as fishing, aquaculture, or 

mining, could impact reef sharks indirectly through habitat degradation, or directly 

through the removal of sharks or their prey (e.g., Jackson et al. 2001; Papastamatiou et 

al. 2010b; Ward-Paige et al. 2010).  

Overall, I found little variation in isotope values among species and size classes. 

Trophic positions of species I sampled were similar to previous estimates based on 

stomach-content analysis (Cortés 1999). Strong relationships between trophic 
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positions based on δ
15

N and dietary studies in other shark species have been identified 

previously from fisheries in India, with a few exceptions due to limited samples and 

predominance in juveniles (Borrell et al. 2010). Similarly, I found some differences 

between previous trophic position estimates for two of the species I sampled (N. 

acutidens and T. obesus). Negaprion acutidens (3.7) was markedly different from that 

examined by Cortés (1999) (4.1, n = 271), possibly because I only sampled juveniles 

and had a limited sample size (n = 4). My estimate of trophic position for T. obesus 

(3.7) was also different to that examined by Cortés (1999) (4.2, n = 31), which also 

possibly reflects my limited sample size (4 adult males), but might also have been due 

to differences in prey availability. While there was some evidence to suggest trophic 

differences in feeding among some species/size classes (i.e., C. amblyrhynchos 

compared to T. obesus; juvenile C. melanopterus to juvenile N. acutidens), the 

maximum difference represented only 0.6 trophic steps (4.3 - 3.7), which suggests 

considerable trophic overlap. Overlap in trophic position has also been observed in 

other inshore elasmobranch communities, many of which are able to coexist at the 

same trophic position by targeting different prey (Vaudo & Heithaus 2011). 

Unfortunately, I was unable to compare my sharks‟ stomach contents with stable 

isotope values due to tagging priorities and concerns for animal welfare had gastric 

lavaging been included in my sampling procedure.  

The CART analysis results suggest that δ
15

N increases with size for C. 

melanopterus and C. amblyrhynchos, as has been found for other carcharhinid sharks 

(Cortés 1999). Similarly, a recent isotopic study of elasmobranchs found a positive 

correlation between LT and δ
15

N (or trophic position) for both whale sharks 

(Rhincodon typus) and scalloped hammerheads (Sphyrna lewini) (Borrell et al. 2011). 

Interestingly, Papastamatiou et al. (2010a) found a positive relationship for C. 

melanopterus in only one of the two lagoon systems included in their study around 

Palmyra Atoll, Northern Line Islands, which they suggest might have been due to 

differences in the average body condition of animals between lagoons. Given that I 
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used δ
15

N to estimate trophic position, I expected that larger animals would have 

higher δ
15

N than smaller animals due to ontogenetic or feeding niche differences 

among species and size classes (Scharf et al. 2000; Estrada et al. 2006). Previous 

studies using stomach contents have found that adults feed more on larger prey items 

than juveniles in some species, which often include carnivores in higher trophic levels 

(e.g., Wetherbee & Cortés 2004, Bethea et al. 2006, McElroy et al. 2006). Indeed, 

adult C. amblyrhynchos, which were the largest animals I sampled, showed the 

greatest enrichment in δ
15

N (13.1 ‰) when compared to T. obesus, which had the 

most depleted (11.9 ‰). Although T. obesus did not have the smallest LT of animals 

sampled, low δ
15

N might suggest a more benthic-specific diet of herbivores or 

invertivores, which is consistent with their relatively sedentary lifestyle (Randall 

1977). Randall (1977) noted that the diet of T. obesus included many families of fish 

such as Holocentridae, Scarinae, Acanthuridae and Balistidae. In contrast, the diet of 

C. amblyrhynchos contains piscivores from families such as the Scombridae, 

Carangidae, and Muraenidae (Stevens & McLoughlin 1991, Salini et al. 1992, 

Wetherbee et al. 1997), but see (Papastamatiou et al. 2006). Low sample sizes in my 

study for N. acutidens and T. obesus mean that results should be interpreted with 

caution. 

I found evidence of size-based differences in diet for C. melanopterus and C. 

amblyrhynchos based on increasing δ
15

N with total length, although I did not find 

evidence for a relationship between life stages (i.e., „juveniles‟ and „adults‟) based on 

the CART analysis. However, ontogenetic shifts in diet have been observed in other 

elasmobranchs (Wetherbee and Cortés 2004), some of which were reef-associated 

sharks (Cortés and Gruber 1990; Lowe et al. 1996; Papastamatiou et al. 2006). It is 

possible that had I been able to sample young-of-the-year sharks, there might have 

been a greater difference in trophic positions occupied by different life stages. 

However, muscle samples of young-of-the-year often retain isotopic influences from 

the mother (Matich et al. 2010, Olin et al. 2011), which can complicate conclusions. 
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Even though I only sampled late-stage juveniles and adults of C. melanopterus and C. 

amblyrhynchos, I observed differences in δ
15

N between these groups, which suggests 

that larger individuals of these species are feeding higher in the food web. 

In general, δ
13

C was high in all four species (overall mean = -11.01 ± 0.16 ‰), 

suggesting a dependency on coastal producers in the area such as seagrass and 

macroalgae (e.g., Halophila sp., Lobophora variegata and Sargassum oligocystym) 

(G. Hyndes, Edith Cowan University, unpubl. data). High δ
13

C values are generally 

associated with coastal habitats given that δ
13

C is typically higher in inshore benthic 

food webs than in offshore plankton-based food webs (Fry et al. 1983, France 1995, 

Sherwood & Rose 2005, Hill et al. 2006), and that producers associated with coastal 

habitats such as kelp and seagrass also have higher δ
13

C than planktonic producers 

(Clements et al. 2005). A review of seagrass stable carbon isotopes found that the 

average value was -11.5 ± 3.2 ‰ (SD) (Hemminga & Mateo 1996) when compared to 

estuarine/marine benthic producers and planktonic producers, which were -17.4 ‰ 

and -22.3 ‰ (France 1995). More recently, a dependency on coastal producers such as 

seagrass (δ
13

C -9.41 ± 1.32) was found in a number of species of elasmobranchs in 

Shark Bay, which is a large semi-enclosed bay situated approximately 270 km south 

of Coral Bay (Vaudo and Heithaus 2011). Papastamatiou et al. (2010a) also concluded 

that C. melanopterus in the Palmyra Atoll ultimately relied on coastal producers and, 

similar to my study, noted that this species had a wide range in δ
13

C. I found no 

evidence for an effect of year, age class, or sex on carbon isotope composition, so the 

reason for such individual variation in δ
 13

C values for C. melanopterus (-13.5 to -8.8 

‰) is unknown. I did not collect body condition information, which can potentially 

affect isotopic composition (Menard et al. 2007; Papastamatiou et al. 2010a), although 

body mass would have been correlated with LT. The widest range of δ
 13

C values I 

observed was in C. amblyrhynchos, which was a magnitude larger than values found 

by Maljkovic & Cote (2010) for C. perezi, another reef-associated carcharhinid. It is 

possible that the narrow δ
 13

C range they found was partly due to food-provisioning by 
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tourism operators in the area. Wide variation in δ
 13

C for species at Coral Bay might be 

attributable to individual specialisation in diet, which has been previously identified in 

elasmobranch communities in north Western Australia (Vaudo and Heithaus 2011).  

I found no difference between carbon or nitrogen stable isotope composition 

and residency status or size for any of the species studied. Although I did not measure 

home range sizes, previous research on coastal sharks up to 2.5 m total length has 

generally found that their movement is restricted to areas of < 100 km
2
 (Chapter 2). 

Such a limited range of movement would imply that these species would be unlikely 

to travel to other coastal regions with differing baseline isotopic compositions; 

however, movement into deeper pelagic environments would be possible. 

Identification of inshore and offshore feeding through carbon stable isotope analysis 

has been identified previously in invertebrates, fish and seabirds (Hobson et al. 1994, 

Sherwood & Rose 2005, Hill et al. 2006). The lowest average δ
13

C I found was in the 

widest-ranging species, C. amblyrhynchos (e.g., Heupel et al. 2010), which might 

indicate that some of its dietary source comes from offshore. In addition, if long-

distance coastal movements did occur from time to time (e.g., Heupel et al. 2010), 

using δ
13

C in muscle tissue to identify seasonal changes in habitat use would probably 

be unsuccessful. This is due to the slow (up to two years) turnover rate of stable 

isotopes or carbon in elasmobranch tissues (Logan & Lutcavage 2010a), which would 

lack the resolution necessary to identify short-term geographic changes in movement.  

 

Conclusions 

Overall, I found little evidence for differences in the trophic ecology of four co-

existing species of reef sharks at Ningaloo Reef using stable isotope analysis and 

acoustic monitoring. There was some evidence of increasing δ
15

N with size for C. 

melanopterus and C. amblyrhynchos, although I found no differences in isotope 

composition between sexes, age classes, year of sampling or residency status. High 
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δ
13

C of all species suggests a dependency on coastal food chains. More information is 

still required to sample across all age classes, particularly young-of-the-year, to 

determine the extent of ontogenetic differences in diet. My study confirms the benefits 

of using a multi-disciplinary approach to studying the trophic ecology of species that 

are otherwise difficult to observe. The use of acoustic telemetry to complement 

isotope analysis was beneficial in determining differences in ecology between reef 

shark species at Ningaloo Reef, although it will also be necessary to quantify home-

range size and long-distance patterns of dispersal.  
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CHAPTER 6. Marine parks for reef sharks: an assessment of 

shark movements in relation to protected areas at Ningaloo 

Reef 

ABSTRACT: Recent declines in reef shark populations have raised concerns 

about the implications for marine ecosystems .Marine protected areas are one 

management tool that could be used to halt these declines.  Ideally such 

protected areas would be designed based on detailed movement data for such 

threatened taxa however these data are lacking for most species and regions. 

To address this information gap for Ningaloo Reef in Western Australia, we 

tagged 83 sharks from four species with acoustic transmitters and used a 

network of 103 receivers to determine to what extent movements were 

restricted to marine parks. We analysed the spatial and temporal movement of 

12 individuals (Carcharhinus melanopterus [n=7]), C. amblyrhynchos [n=2], 

and Negaprion acutidens [n=3]) over one year around an acoustic array that 

straddled a protected area at Mangrove Bay. All individuals were detected < 

40% of the time throughout the year. C. amblyrhynchos had < 1 % of position 

estimates within the protected area, compared to C. melanopterus adults that 

ranged between 0 – 99 %. Juvenile sharks had relatively high percentages of 

position estimates in the protected area (84 – 99 %). Kernel density hotspots 

for C. melanopterus and C. amblyrhynchos were outside the protected area and 

mean home range estimates for adults were 12.8 (± 3.12 SE) and 19.6 km2 (± 

2.26), respectively. Juveniles had smaller home ranges: C. melanopterus, 7.2 

km2 ± 1.33; N. acutidens, 0.6 km2 (± 0.04). All species showed site fidelity, 

and both C. melanopterus and C. amblyrhynchos had peaks in detections 
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during daylight hours (12:00pm and 9:00am, respectively), whereas N. 

acutidens had a peak in detections at 2:00 am. We observed long-distance 

movements (> 10 km) by adult C. melanopterus and C. amblyrhynchos, the 

longest being 137 km. The current protected area at Mangrove Bay provides 

limited protection for adult reef sharks, therefore we recommend an extension 

of the protected area southward to include areas of high use. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                            Chapter six  

155 

 

Introduction 

Establishing a marine protected area is one of the many approaches currently 

employed for managing and conserving fish populations. Some consider 

protected areas to be superior to other management techniques such as bag 

limits because a well-defined protection area is easier to monitor and enforce 

(Holland et al. 1996). The effectiveness of designated protected areas depends 

on inter alia placement, size, enforcement of policy and relevant biological 

knowledge of the organisms they intend to protect (Roberts 2000). Regardless 

of these selection criteria, protected areas have positive effects on biomass 

wherever they are placed (Roberts 2000). However, the magnitude and extent 

of these benefits depend on the rate and scale of animal movement in relation 

to reserve size (Kramer & Chapman 1999). If the rate of movement from 

protected into non-protected areas is high, then effectiveness is compromised 

(Holland et al. 1996). Therefore, one of the most important reserve design 

criteria is how much time targeted organisms spend within protected-area 

boundaries (Heupel & Simpfendorfer 2005b); consequently, information on 

fish behaviour and habitat use, for example, is of great importance.  

One method to collect such data is through the use of acoustic 

telemetry, which can quantify movement patterns and provide estimates of 

species-specific home range sizes. For example, this approach has been used to 

estimate spatial habitat use by several species of teleosts (Holland et al. 1996, 

Wetherbee et al. 2004, Afonso et al. 2009), although active tracking and 

capture-mark-recapture approaches can only provide a temporal snapshot of 

behaviour. To ensure that protected areas will provide adequate sanctuary, it is 

essential that long-term (> 1 year) patterns of movement and habitat use of 
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target species are incorporated into the planning process. Acoustic monitoring, 

where a network of underwater receivers are placed to capture seasonal shifts 

in movement (e.g. Egli & Babcock 2004), can provide such information.  

 Recent research has focussed on indentifying and quantifying the global 

decline in many reef shark populations (Friedlander & DeMartini 2002, 

Robbins et al. 2006, Field et al. 2009b, Ferretti et al. 2010, Ward-Paige et al. 

2010). These declines are often attributed to direct removal of animals through 

fishing. Marine parks have been suggested as one potential solution to slow the 

decrease in shark numbers, although there are few quantitative assessments of 

this assumption. To date, the effectiveness of protected areas specifically for 

shark protection has been quantified for only a few species and size classes 

(e.g. Chapman et al. 2005, Heupel & Simpfendorfer 2005b, Garla et al. 2006). 

Research suggests that reef sharks generally restrict their movements to within 

a radius of < 100 km
2
 and show fidelity to specific sites (Gruber et al. 1988, 

Chapman et al. 2005, Garla et al. 2006, DeAngelis 2008, Chapman et al. 2009, 

Papastamatiou et al. 2009b, Field et al. 2011). However in some instances, 

larger movements have been observed by smaller species (< 2 m length) such 

as grey reef sharks (Carcharhinus amblyrhynchos) (e.g. Heupel et al. 2010), 

and they are common in large species (> 4 m) such as tiger sharks (Galeocerdo 

cuvier ) (Heithaus et al. 2007, Meyer et al. 2009).  

 The use of nursery areas by juveniles of some reef shark species (e.g. 

Gruber et al. 1988) could potentially increase the effectiveness of protected 

areas, provided the resident sharks are present for several years and have 

restricted movements. In general, juvenile sharks tend to have smaller home 

ranges and show higher site fidelity than adults (Gruber et al. 1988, Garla et al. 
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2006, Chapman et al. 2009, Heupel et al. 2010) and there is an increase in 

home range size with body size (Chapter 2). Therefore, the benefits of 

protection are likely to be highest for the youngest age classes. Some species 

demonstrate refuging behaviour where both juveniles and adults spend more 

time in a particular area during the day before moving more widely at night 

(Klimley & Nelson 1984, McKibben & Nelson 1986, Garla et al. 2006, 

Papastamatiou et al. 2009b). However, the movements of some species (e.g., C. 

amblyrhynchos) vary from this general pattern, with some individuals being 

present both day and night (Field et al. 2011). The reasons behind refuging and 

dispersal behaviour are speculative, although foraging seems to be the most 

plausible explanation. Because reef sharks generally range farther at night, the 

implications of static protected areas need to be considered carefully and 

incorporate movement information from a range of species and size classes 

from both day and night. Given that reef sharks can make unusually large 

movements at certain times, the complete protection for most species 

throughout all life stages is unrealistic (Dale et al. 2011). Therefore, monitoring 

both long-term localised and long-distance movements is essential for 

conservation planning. If we are to maximise benefits of protected areas for 

shark conservation, clearly more information on the spatial and temporal 

patterns of use in and around reserves is essential.  

 Ningaloo Reef is the largest fringing reef in Australia (260 km in 

length) and fishing is prohibited in certain areas via sanctuary zones (combined 

sanctuary zones = 883.65 km
2
) established in 1987 as part of the Ningaloo 

Reef Marine Park (DEC 2005). Several reef shark species are common to the 

region including blacktip reef Carcharhinus melanopterus, grey reef C. 
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amblyrhynchos, whitetip reef Triaenodon obesus, and sicklefin lemon 

Negaprion acutidens sharks (Stevens et al. 2009). The long-term movement 

patterns for a number of these species has been described within an aggregation 

area on the southern end of the reef near Coral Bay (Chapter 3). However, little 

information is available on shark home range and large-scale movements for 

these species (but see Papastamatiou et al. 2009b, Heupel et al. 2010, Field et 

al. 2011). 

 Given what is currently known of the spatial and temporal movement 

patterns of reef sharks, my overarching aim was to determine the overlap of 

shark home ranges and high activity areas with the spatial coverage of a 

protected area (Mangrove Bay Sanctuary) within Ningaloo Marine Park. 

Specifically I hypothesise that: 1) juveniles have smaller home ranges than 

adults and will therefore be afforded more protection by established protected 

areas, 2) due to increased nocturnal movement rates, sharks should be detected 

within the Mangrove Bay array more frequently during the day than at night, 

and 3) the home range of grey reef sharks is larger than C. melanopterus and 

juvenile N. acutidens given their relatively larger size. 

 

Methods 

Study area 

All data was collected at Ningaloo Reef between November 2007 and August 

2010 (Fig. 6.1). The study area consisted of two sites: one at the northern end 

of the reef called Mangrove Bay (21° 58'14" S, 113° 56' 34" E), and one at the 

southern end of the reef called Skeleton Bay (23° 7' 36" S, 113° 46' 8" E). Both 
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Mangrove and Skeleton Bays are located within sanctuary zones managed 

under the Ningaloo Reef Marine Park by the Western Australia Department of 

Environment and Conservation. Sanctuary zones exclude all forms of fishing 

(DEC 2005). The two study sites differ in habitat type; Mangrove Bay 

encompasses a mangrove habitat, while Skeleton Bay is part of a shallow (1 - 3 

m) contiguous reef-dominated lagoon (Halford & Perret 2009). 

 

Acoustic monitoring and shark tagging 

Acoustic receivers (VR2w and VR3, Vemco
©

, Halifax, Canada) were deployed 

by the ATTAMS community of researchers along the reef to record long-term 

movements of tagged individuals. Receivers were positioned in three curtains 

that ran at right angles away from the reef to the drop off, and two main arrays, 

one of which was in Coral Bay and the other in Mangrove Bay (Fig. 6.1). The 

southern curtain consisted of 18 receivers, the central curtain had 13, and the 

northern curtain had seven. The Coral Bay array consisted of nine receivers, 

while the Mangrove Bay array had 56. Receivers were fixed in position either 

with star pickets, or tyres filled with cement (Chapter 3). Approximate mean 

maximum detection range of receivers was 300 m (Chapter 3). 

 Sharks were tagged with V13- and V16-coded transmitters (VEMCO
©

, 

Halifax, Canada), which were inserted into the peritoneal cavity (Chapter 3). 

Sharks were also tagged at Skeleton Bay with Jumbo Rototags in the dorsal fin 

(Dalton Supplies, Henley-on-Thames, United Kingdom) for rapid re-

identification. We did most tagging in Skeleton Bay during Nov/Dec 2007-

2009, and in Mangrove Bay in Feb 2008. We did not use any external tags at 

Mangrove Bay because only one tagging trip was initially planned for this 
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study, and therefore, We considered the likelihood of recapture to be low. We 

caught sharks on handline from the beach in Skeleton Bay, and the beach at 

Mangrove Bay, but also caught some using long-lines outside of the lagoon at 

Mangrove Bay (Fig. 6.1A). We set long-lines outside the reef at Mangrove Bay 

10 to 15 m depth, with baited hooks set at 10 m intervals for 100 m. Soak time 

for each line was approximately one hour.  

We positioned other receivers at several locations along the reef to 

monitor north-south movement patterns to the north of the Coral Bay array 

(Fig. 6.1B). All receivers form the Ningaloo Ecosystem Tracking Array 

(NRETA) (IMOS 2009), and are also used to monitor a number of other taxa 

including demersal stingrays (F. Cerutti, Charles Darwin University, unpubl. 

data), manta rays (Manta birostris) (F. McGregor, Murdoch University, 

unpubl. data), and spangled emperors (Lethrinus nebulosus) (R. Babcock, 

CSIRO, unpubl. data).
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Figure 6.1. Map of the study area showing: A) Mangrove Bay array, and B) Coral Bay array. Sanctuary zones are shown in map A as     , and 

receivers are shown in all maps as    . Sanctuary zones are shown in maps B & C as     , and shark tagging locations are represented as     . 
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 Marine park sanctuary use 

I chose Mangrove Bay as the optimal location to test the overlap between use 

patterns and protected areas at Ningaloo due to the high number of receivers in 

the array covering > 14 km
2 

and including a sanctuary zone. To test how much 

sanctuary zone covered the spatial range of the monitored sharks, I selected 

animals tagged at Mangrove Bay that had consistent detections from 6 months 

to 1 year. This time frame accounted for any seasonal changes in habitat use 

within the array. I calculated „monitoring efficiency‟ for tagged animals by 

dividing the number of hours each animal was detected within the array by the 

total number of monitoring hours over 1 year (8252 hours). This estimated the 

total time an animal spent within the array. This metric however likely 

provides an underestimation of total time spent within the array due to non-

overlapping range of receivers in certain areas. The majority of receivers had 

range that aligned with other receivers or overlapped with other receivers, 

therefore estimates of monitoring efficiency would have only been impacted 

slightly.  

 Some of the receivers within the array had overlapping detection 

ranges, I therefore used a centre-of-activity algorithm to account for any 

multiple detections of the same individual that provided average positions 

every 30 minutes (Simpfendorfer et al. 2002). Using 30-minute centre-of-

activity positions gives successful resolution of reef shark movements (Chapter 

3). I used total individual centre-of-activity positions within the array to 

calculate the percentage that occurred within the sanctuary zone. This 

estimated the total time each individual spent within the sanctuary zone. I 

estimated the total monitoring area within and outside of the sanctuary zone 
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using a 300-m buffer around each receiver, which equated to approximate 

mean maximum detection ranges (Chapter 3). The density of centre-of-activity 

positions within and outside of the sanctuary was a function of total centre-of-

activity positions divided by total area, which gives centre-of-activity positions 

in km
-2

. I estimated kernel densities using centre-of-activity positions using 

Hawth‟s Tools (Beyer 2004) in ArcGIS version 9.3 (ESRI 1999). I then 

combined individual kernel densities per species to provide an overall 

approximation of space use at Mangrove Bay and high-use areas. I calculated 

home range size per individual using minimum convex polygons in Hawth‟s 

Tools (Beyer 2004). 

 

Long-distance movements 

I estimated long-distance movements for individuals at Ningaloo Reef by 

calculating the minimum linear dispersal, which is the straight-line distance 

between the two most distant receivers at which a shark was detected 

(Chapman et al. 2005). I considered „long-distance‟ as those ≥ 10 km, based on 

current knowledge of the movement of these species (e.g. McKibben & Nelson 

1986, Heupel et al. 2010, Papastamatiou et al. 2010a, Field et al. 2011). I only 

used detections that were recorded on the same receiver multiple times within 

periods of < 1 hour to minimise the likelihood of false detections (Pincock 

2008). I used detections from all receivers within arrays and curtains along the 

reef. 

 To complement detections of animals that had moved large distances, I 

also recorded information based on opportunistic recaptures of animals by 

recreational fishers. The Jumbo Rototags had my contact information on the 
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reverse side, which enabled fishers to call me with the locations, date, and 

other information regarding the capture of tagged sharks. To increase public 

awareness of my tagging project, I also put up information posters at key 

locations around the townships of Coral Bay and Exmouth (Appendix 18). 

 

Temporal patterns 

I used the receiver array detections to describe temporal patterns of use by 

sharks of Mangrove Bay throughout the monitoring period. I used data from all 

tagged individuals for this analysis. I recorded an animal as present if it had 

more than one detection per day. I also calculated total detections per hour 

throughout the 24-hour cycle by dividing the total number of detections per 

hour by the number of individuals present within the same hour for each 

species (Chapter 3). Temporal patterns of use have been previously 

documented for these species in the Coral Bay area (Chapters 3 & 4). 

 

Results 

Shark tagging 

In collaboration with CSIRO and Fisheries WA, we tagged a total of 83 sharks 

from four species with acoustic transmitters. We tagged 25 sharks of three 

species C. melanopterus (n = 10), C. amblyrhynchos (n = 10), and N. acutidens 

(n = 5) at Mangrove Bay, while at Coral Bay I tagged 58 sharks including C. 

melanopterus (n = 36), C. amblyrhynchos (n = 11), N. acutidens (n = 7), and T. 

obesus (n = 4). All sharks tagged in Coral Bay were subsequently detected by 

acoustic receivers (Chapter 3), however three of the sharks tagged at Mangrove 
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Bay (C. melanopterus [n = 1] and C. amblyrhynchos [n = 2]), were never 

detected. 

The most common size class of C. melanopterus caught at both 

locations was 121-140 cm total length (LT), indicating that We predominantly 

sampled adults (Fig. 6.2A). Similarly, We caught mainly adults of C. 

amblyrhynchos at both locations, with average LT size being 138.2 cm ± 11.1 

SE at Mangrove Bay, and 147.4 cm ± 6.1 SE at Coral Bay (Fig. 6.2B). All N. 

acutidens tagged were juveniles, with larger individuals (121 – 160 cm LT) 

only caught in Coral Bay (Fig. 6.2C). 
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Figure 6.2. Size frequency histograms of sharks tagged with acoustic 

transmitters at Coral Bay and Mangrove Bay for: A) C. melanopterus, B) C. 

amblyrhynchos, and C) N. acutidens. 
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Marine park sanctuary use 

Approximately half (48% n = 12) of individuals tagged at Mangrove Bay were 

suitable for long-term assessment of spatial movements with acoustic detection 

data due to regular detections throughout the monitoring period (Table 6.1). Of 

these individuals, two were adult C. amblyrhynchos, seven were C. 

melanopterus (2 juveniles and 5 adults), and three were juvenile N. acutidens. 

Monitoring efficiency for all individuals was less than 40%, which suggests 

that the array captured less than half of the long-term (1 year) movements of all 

individuals. The greatest monitoring efficiency was observed in the two C. 

amblyrhynchos (35.7 and 37.5 %). Surprisingly, the lowest monitoring 

efficiency was recorded in the two juvenile C. melanopterus, which was 4.6 

and 7 %, respectively.  

 Even though monitoring efficiency was greatest for C. amblyrhynchos, 

the percentage of centre-of-activity positions that were within the sanctuary 

zone was < 1 % of the total centre-of-activity positions calculated within the 

Mangrove Bay array. Two C. melanopterus also had < 1 % of centre-of-

activity positions within the array, although the other five individuals of this 

species had centre-of-activity positions within the sanctuary that ranged from 

28 to > 99 %. All of the N. acutidens had centre-of-activity positions within the 

sanctuary that accounted for > 98 % of total centre-of-activity positions 

calculated. 
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Table 6.1. List of reef sharks tagged with acoustic transmitters and monitored for six months to one year. Monitoring efficiency = the % total hrs 

detected within the array for the monitoring period of 1 yr (8252 hrs), % COA MPA = the % of centres of activity that fell within the MPA, MPA 

COA Density = the number of COA estimates that fell within the MPA per km
2
, Home range = MCP based only on time spent within the array. 

Date Tag # Species 
TL 

(cm) 
Sex Class 

Tagging 

location 

Monitoring 

efficiency 

% COA 

MPA 

Density COA 

sanctuary (per km
2
) 

Home 

Range (km
2
) 

24/02/2008 8229 C. amblyrhynchos 146 F A Off shore 35.7 < 1 0.3 21.8 

23/02/2008 8230 C. amblyrhynchos 150 F A Off shore 37.5 < 1 15.5 17.3 

27/02/2008 8217 C. melanopterus 121 F A Off shore 25.5 99 1040.2 10.1 

25/02/2008 8218 C. melanopterus 134 F A Off shore 22.6 < 1 1.9 21.0 

26/02/2008 8234 C. melanopterus 130 F A Off shore 29.3 0 0.0 10.8 

23/02/2008 8252 C. melanopterus 90.1 F J Shore 4.6 98 277.0 8.5 

27/02/2008 8255 C. melanopterus 100 F A Shore 11.5 28 130.8 18.4 

28/02/2008 8256 C. melanopterus 78 M J Shore 7.0 84 216.0 5.8 

23/11/2009 60969 C. melanopterus 97 F A Shore *27.1 > 99 470.5 3.6 

23/02/2008 8246 N. acutidens 73 M J Shore 23.9 > 99 1038.8 0.7 

22/02/2008 8342 N. acutidens 82 F J Shore 21.8 98 913.0 0.5 

23/11/2009 60979 N. acutidens 101 F J Shore *14.8 > 99 229.7 0.6 

 

* Sharks only monitored for approximately 6 months (24/11/09 - 17/05/10).
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There were two main concentrations of centre-of-activity density for C. 

melanopterus: one outside the reef edge to the south of Mangrove Bay, and the 

other within the sanctuary zone (Fig. 6.3A). The main hotspot for C. 

amblyrhynchos was to the south of the sanctuary zone in the channel between 

the lagoon and the reef edge (Fig. 6.3B). The centre-of-activity density 

concentration for N. acutidens was within the sanctuary zone (Fig. 6.3C), close 

to where all of these individuals were tagged.  

 The average home range (minimum convex polygon) size for adult C. 

melanopterus was 12.8 km
2
 (± 3.12 SE), which was larger than the average 

juvenile home range of only 7.2 km
2
 (± 1.33) (Table 1 & Fig. 6.4A). C. 

amblyrhynchos had the largest mean home range of the three species sampled: 

19.56 km
2
 (± 2.26) (Fig. 6.4B), while juvenile N. acutidens had the smallest: 

0.61 km
2
 (± 0.04) (Fig. 6.4C). 
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Figure 6.3. Kernel density hotspots for sharks tagged with acoustic transmitters at Mangrove Bay for: A) C. melanopterus, B) C. amblyrhynchos, 

and C) N. acutidens. 
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Figure 6.4. Minimum convex polygons for sharks tagged with acoustic transmitters at Mangrove Bay for: A) C. melanopterus, B) C. 

amblyrhynchos, and C) N. acutidens. 



                                                                                                            Chapter six  

172 

 

Long-distance movements 

Five adult female C. melanopterus tagged in Skeleton Bay were detected by 

the Mangrove Bay array (Table 6.2). All individuals were detected in summer 

(Dec – Feb) for periods ranging from 1 day to 27 days. Detections were only 

recorded on receivers inside the lagoon, most of which were inside the 

sanctuary zone (Fig. 6.5). All sharks made return trips to Coral Bay, and one 

went farther south before being caught by a recreational fisher. With the 

exception of one shark (# 53349), all individuals made at least one of their 

excursions (i.e., Coral Bay to Mangrove Bay) in less than one week. One (# 

53347) went even farther north than Mangrove Bay, and was detected by the 

northern line of acoustic receivers (Table 6.3). This was the longest minimum 

linear distance at 137 km. Other long-distance movements were also recorded 

along the south, mid and north lines of receivers, and were all movements 

made by either C. melanopterus or C. amblyrhynchos. Most of these 

movements were minimum linear distances < 80 km. 
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Table 6.2. Individuals that were tagged in Coral Bay and were subsequently detected within the Mangrove Bay array. 

Date 

Tagged 

Tag 

number Species Sex 

Size 

class 

# of 

detections Date of detections 

Returned to 

Coral Bay 

25/11/2007 8329 C. melanopterus F A 4 10/01/2008        *Yes 

24/11/2008 14502 C. melanopterus F A 9 6/01/10 & 02/02/10 Yes 

20/11/2008 53347 C. melanopterus F A 12 18/01/2010 Yes 

19/11/2008 53349 C. melanopterus F A 1186 

11/12/2008 - 

07/01/2009 Yes 

15/11/2008 53361 C. melanopterus F A 17 26/12/2009 Yes 

*This animal was not detected by the Coral Bay array after being detected in Mangrove Bay, although it was recaptured south of Coral Bay. 

 

Table 6.3. List of long-distance movements (> 10 km) based on minimum linear dispersal (MLD). 

Tag # Species Station name Latitude Longitude Station name Latitude Longitude 

MLD 

(km) 

8229 C. amblyrhynchos Central line 6 -22.6027 113.6278 MBJH2A -21.9263 113.9114 80.5 

8218 C. melanopterus North Line 1 -21.8990 113.9367 MB1A -22.0128 113.8986 13.2 

53344 C. melanopterus Skel. South -23.1301 113.7700 Stan p north -22.9874 113.7999 16.1 

53347 C. melanopterus Skel. South -23.1301 113.7700 North line 2 -21.8948 113.9302 137.8 

53351 C. amblyrhynchos Skel. South -23.1301 113.7700 South line 17 -23.1178 113.6454 12.8 

53355 C. amblyrhynchos Skel. South -23.1301 113.7700 South line 15 -23.1196 113.6602 11.3 

53361 C. melanopterus Skel. South -23.1301 113.7700 Central line 9 -22.5930 113.6070 61.8 

53414 C. amblyrhynchos Skel. South -23.1301 113.7700 Central line 9 -22.5930 113.6070 61.8 
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Figure 6.5. Map showing detections of sharks that were tagged in Coral Bay within the Mangrove Bay array. Receivers that are black denote 

detections of individuals. Each map (A - E) represents the receivers that each individual was detected on. Tag numbers are as follows: A) 8329, 

B) 14502, C)  53347, D) 53349, and E) 53361.
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A total of 4 animals (4.2% animals tagged with Rototags, n = 94) were 

recaptured by recreational fishers from the shore, outside of sanctuary zones at 

Ningaloo Reef. Three of the recaptures were adult C. melanopterus tagged in 

Skeleton Bay. One of these was caught approximately 1 km north of its tagging 

location, and was subsequently released. The other two were captured and not 

released. One of these was captured approximately 40 km south of Skeleton 

Bay, and the other was captured approximately 100 km south of Skeleton Bay. 

This animal (# 8329) was also one of the five C. melanopterus detected in 

Mangrove Bay, which suggests that the overall straight-line distance travelled 

by this animal on the southward return trip was approximately 260 km. The 

fourth recapture was a juvenile N. acutidens that was tagged in Mangrove Bay 

and recaptured approximately 10 km to the south. This animal was also not 

released. 

 

Temporal patterns 

Only two adult C. amblyrhynchos were detected regularly throughout the entire 

course of the Mangrove Bay monitoring period (> 2 years), while the other six 

were only detected for the first 1-2 months (Fig. 6.6). No C. melanopterus were 

detected as frequently as the two regularly detected C. amblyrhynchos, 

although three of the individuals were detected almost until the end of the end 

of the second year of monitoring (Feb – Apr 2010). The juvenile C. 

melanopterus and juvenile N. acutidens tagged in Nov 2009 were both detected 

frequently until the end of the study. Two of the juvenile N. acutidens tagged in 

2008 were detected frequently up until mid-2009. 
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 Standardised detections for C. amblyrhynchos while within the 

Mangrove Bay array were most frequent during the daytime and peaked at 9:00 

hr (Fig. 6.7A). Similarly, C. melanopterus detections were highest during the 

daytime and peaked around 12:00 and 13:00 (Fig. 6.7B). Detection of the 

juvenile N. acutidens showed an inverse relationship with both other species, 

with a peak at 2:00 (Fig. 6.7B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                            Chapter six  

177 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Daily detections for every individual tagged at Mangrove Bay with acoustic tags. An animal was considered present if it had > 1 

detection per day within the array.



                                                                                                            Chapter six  

178 

 

Figure 6.7. Total hourly standardised detections based on acoustic detections of 

sharks tagged at Mangrove Bay.
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Discussion 

The conservation of wide-ranging predators using static protected areas is 

notoriously difficult due to movement of animals across borders (Woodroffe & 

Ginsberg 1998, Sergio et al. 2005). This is a common problem and has been 

identified as an issue for a number of terrestrial species including  African wild 

dogs (Lycaon pictus), (Woodroffe & Ginsberg 1999), African lions (Panthera 

leo) (Loveridge et al. 2007), Eurasian lynx (Lynx lynx) (Linnell et al. 2001), 

and grey wolves (Canis lupis) (Forbes & Theberge 1996). It is also recognised 

as a problem for marine predators such as green jobfish (Aprion virescens) 

(Meyer et al. 2007b), giant trevally (Caranx ignobilis) (Meyer et al. 2007a),  

juvenile blacktip (C. limbatus) (Heupel & Simpfendorfer 2005b), hammerhead 

(Ketchum et al. 2009), Caribbean reef (Carcharhinus perezi) and nurse 

(Ginglymostoma cirratum) sharks (Chapman et al. 2005) and dolphins (Sotalia 

fluviatilis) (Flores & Bazzalo 2004) 

Similar to these earlier studies of marine species, I found that all of the 

tagged animals were detected outside of the protected area (Mangrove Bay 

Sanctuary) at some point during the study. In fact, none of the sharks 

monitored were detected by the receiver array > 40 % of the total monitoring 

time, suggesting that the area of the sanctuary zone was too small to protect a 

large proportion of resident populations. Furthermore, the large home ranges 

and long-distance movements of adult sharks coupled with high recapture rates 

by recreational fishers, suggests that this sanctuary zone is not effective for 

protecting C. melanopterus and C. amblyrhynchos adults from fishing at 

Ningaloo Reef. This result is of concern when compared to abundances of 

common species of elasmobranchs at Ningaloo, which are generally more 
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abundant in protected zones when compared to fished zones (Stevens et al. 

2009). The study by Stevens et al. (2009) suggested that this pattern may either 

be due to direct impacts (i.e., the removal of sharks) or indirect impacts by the 

fishing of their prey species. While not of immediate concern to Ningaloo 

populations, illegal and unregulated harvest of reef sharks is common on reefs 

farther to the north, which ultimately affects abundance and diversity of this 

taxa throughout the northwest region of Australia (Field et al. 2009b). 

C. amblyrhynchos had the highest monitoring efficiency of all study 

species, but only < 1% of their centre-of-activity positions were within the 

Mangrove Bay sanctuary zone; the highest density of detections for this species 

was south and outside of the sanctuary zone within the channel between the 

lagoon and the reef edge. Channels connecting lagoons with outer reef habitat 

and exposed reef slopes have been previously identified as high-use areas for 

this species, (McKibben & Nelson 1986, Economakis & Lobel 1998, Field et 

al. 2011) as well as for other reef sharks such as G. cirratum and C. perezi 

(Chapman et al. 2005). These habitats were not represented within the 

Mangrove Bay sanctuary zone.  

Similar to C. amblyrhynchos, adult C. melanopterus were concentrated 

south of the sanctuary zone, outside the reef edge. However, mean home range 

sizes were smaller for C. melanopterus than C. amblyrhynchos adults. Previous 

estimates of home range sizes for C. melanopterus vary from ~ 0.5 km
2
 

(Papastamatiou et al. 2009b) to 12.08 km
2
 (Papastamatiou et al. 2010a), much 

smaller than those of  C. amblyrhynchos, which vary between 0.19 – 53 km
2
 

(McKibben & Nelson 1986). My home range estimates for C. melanopterus 

were relatively large, from 3.5 to 21 km
2
 (average 12.8 km

2
 ± 3.12 SE) and the 
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difference between my results and those of previous studies probably reflects 

variation in monitoring duration or structure of the environment (e.g. atolls 

versus fringing reefs) among study sites. 

I found that adult C. melanopterus had larger mean home ranges (12.8 

km
2
 ± 3.12 SE) than juveniles (7.2 km

2
 ± 1.33). Such ontogenetic differences 

in home range might arise partially from a sampling bias, given that I tagged 

more adults (n = 5) than juveniles (n = 2), although increases in range with 

increasing body size is a common trait of many species of reef shark (Chapter 

2). The extensive use of sand flats within the lagoon was also behaviour 

consistent with previous observations for C. melanopterus and other reef 

species (Nelson & Johnson 1980, McKibben & Nelson 1986, Papastamatiou et 

al. 2009b). Juvenile C. melanopterus and N. acutidens remained largely within 

the Mangrove Bay sanctuary zone (84 – 99 % of detections), most likely 

because of the availability of suitable sand flat and mangrove habitats (White 

& Potter 2004). These results suggest that current sanctuary zoning at 

Mangrove Bay might at least provide reasonable protection for juveniles, 

although this conclusion is based on a small sample size. Traditionally, the 

protection of juveniles through designation of shark nursery areas was 

considered sufficient to ensure increased survival to boost populations (Bonfil 

1997). However, this concept has since been superseded and now suggests 

inclusion of older individuals outside of protected areas (Kinney & 

Simpfendorfer 2009). With this in mind, the sanctuary zone boundaries at 

mangrove Bay would need to be extended considerably should the protection 

of adults become a management priority at Ningaloo Reef. This could be done 

by a southward extension of the sanctuary zone to include the channel from the 
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lagoon to the outer reef, which was a centre of activity for both adult C. 

melanopterus and C. amblyrhynchos. 

Due to the extensive coverage of the array along the length of Ningaloo 

Reef I was able to detect a number of long-distance movements (> 10 km) by 

C. melanopterus (n=9) and C. amblyrhynchos (n=4). Long-distance movements 

have not been observed for C. melanopterus in previous studies. A study of C. 

amblyrhynchos however reported that one individual made a134-km excursion 

(Heupel et al. 2010). Others have observed more restricted movements for C. 

amblyrhynchos: up to 16 km at Enewetak Atoll (McKibben & Nelson 1986) 

and 6.8 km on atoll off the coast of north-western Australia (Field et al. 2011). 

Although long-distance movements or migrations are common in some sharks, 

they are generally attributed to reproductive behaviour, seasonal movements of 

prey, or changing water temperature (Chapter  2). All of the long-distance 

movements I observed between Coral Bay and Mangrove Bay were made by 

adult female C. melanopterus during the summer months. Given that neonate 

and juvenile C. melanopterus are common nearshore in the Mangrove Bay 

sanctuary zone, and pupping occurs in November in northern Australia (Last & 

Stevens 2009), it seems likely that these long-distance movements were related 

to reproduction.   

Our capture-mark-recapture study using external tags enabled us to 

collect information from sharks that were recaptured by recreational fishers 

along Ningaloo Reef. My recapture rate (4.2%) based on captures made by 

recreational fishers was high, although not surprising given the popularity of 

shore-based recreational fishing at Ningaloo Reef (Sumner et al. 2002). Others 

have also reported high recapture rates for reef sharks: 15.3 % (n = 22) for C. 
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perezi off the coast of Brazil (Garla et al. 2006), and 5.4% (n = 73) for C. 

galapagensis in Hawaii (Dale et al. 2011). Such susceptibility to fishing 

pressure underlines the need for management strategies to address protection 

for all size and age classes of reef sharks, particularly for species such as C. 

melanopterus that inhabit very shallow inshore habitats. 

A number of individuals all study species (C. melanopterus n=6, C. 

amblyrhynchos n=2, N. acutidens n=3) were present within the Mangrove Bay 

array throughout the two years of this study, suggesting some site fidelity. This 

behaviour  has previously been identified for a number of reef sharks 

(McKibben & Nelson 1986, Gruber et al. 1988, Economakis & Lobel 1998, 

Garla et al. 2006, Chapman et al. 2009, Papastamatiou et al. 2009b, 

Papastamatiou et al. 2010b, Field et al. 2011) and is useful for management and 

conservation where sanctuaries encompass a substantial proportion of the 

animal's home range (e.g. Parsons et al. 2003). However, this is not likely to be 

the case at Mangrove Bay, where  regular movements of sharks outside of the 

sanctuary suggests sanctuary zones are unlikely to provide adequate protection 

for all size classes. 

Daylight peaks in detections for both C. melanopterus and C. 

amblyrhynchos imply that animals are moving out of the array at night, 

possibly to forage. This pattern of daytime refuging has been observed in many 

other studies (Klimley & Nelson 1984, McKibben & Nelson 1986, Garla et al. 

2006, Papastamatiou et al. 2009b). In contrast, the lack of juvenile N. actidens 

detections during the day may have been a sampling artefact due to lack of 

coverage of the shallow mangrove areas exposed during low tides.  
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This inability to monitor inshore tidal areas surrounding the mangroves 

at Mangrove Bay, where young-of-the-year C. melanopterus and N. acutidens 

were common during high tide (CW Speed and OR O‟shea, personal obs.), was 

one of the unavoidable shortcomings of the acoustic telemetry approach of this 

study. This problem might also have attributed to the low monitoring efficiency 

for juvenile C. melanopterus. Tracking and monitoring of these size-classes in 

these habitats will require separate, intensive studies that were beyond the 

scope of the present study. A further consideration for interpretation of results 

is the fact that receivers within the array were not all overlapping, and therefore 

it is possible tagged sharks were within the array at times and not detected. 

This could potentially create a downward bias in results of monitoring 

efficiency. Establishment of an entirely overlapping array would help to reduce 

monitoring efficiency estimates in future.  

 

Conclusions 

I monitored the movement of three species of reef sharks with acoustic 

telemetry over two years to test the effectiveness of current MPA protection for 

these animals at Ningaloo Reef. All sharks were detected within the array at 

Mangrove Bay less than 40 % of the time over one year. Based on kernel 

density hot spots and home-range size the sanctuary zone at Mangrove Bay 

provides adequate protection for juvenile C. melanopterus and N. acutidens. 

However, adult C. melanopterus and C. amblyrhynchos had larger home ranges 

that extended well beyond the sanctuary zone and included kernel density hot 

spots in habitats to the south that were not represented in the sanctuary. 

Movements of C. melanopterus females from Coral Bay to Mangrove Bay 
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might have been to give birth in the mangrove habitat. I suggest extending the 

current Mangrove Bay sanctuary zone to the south, which would provide 

greater protection for adult size classes. 
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CHAPTER 7. General discussion 

Shark population declines are of major ecological concern worldwide because 

of the role sharks play in structuring and maintaining healthy marine 

communities (Stevens et al. 2000a, Myers & Worm 2003, Bascompte et al. 

2005, Shepard & Myers 2005, Myers et al. 2007). In particular, declining reef 

shark populations (Friedlander & DeMartini 2002, Robbins et al. 2006, Field et 

al. 2009b, Ferretti et al. 2010, Ward-Paige et al. 2010) have come under focus 

due to overharvesting, both legal and illegal given their relative proximity to 

human population centres. Understanding the ecosystem consequences of the 

removal of sharks from reefs is uncertain due to their complex trophic role, and 

an overall lack of information on basic life-history characteristics. Several 

common biological traits are well known (i.e., relatively slow growth rates, late 

sexual maturity, low fecundity, and long gestation periods) (Compagno 1990, 

Cortes 2000); however, our knowledge of behavioural characteristics and the 

trophic ecology of reef sharks is inadequate to design reserve systems that 

protect enough individuals to ensure persistence. Furthermore, we have a 

limited understanding of how environmental variables affect the movement and 

distribution of reef sharks, which is essential given rapid and worldwide habitat 

degradation in the coastal environment and shifts in environmental patterns due 

to anthropogenic climate change (Heithaus et al. 2002, Field et al. 2009a, Chin 

et al. 2010). Without long-term data on movement patterns, environmental 

influences and the trophic ecology for many species, it is impossible to infer 

relative extinction risk, which varies as a function of range, dispersal, and 

habitat specificity and use. In turn, this dearth of quantitative behavioural 

information for reef sharks can ultimately result in poor management decisions 
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for this taxon. The overarching aim of my project was to pose a series of 

hypotheses that centred on collecting data on the behavioural and trophic 

ecology of several species of reef sharks, which would provide environmental 

managers with detailed information on the best way to manage this threatened 

predatory guild.  

 The background that assisted in the formulation of specific hypotheses 

was derived from a comprehensive review of the current knowledge of coastal 

shark movement patterns (Chapter 2). In my review I identified a number of 

common behavioural patterns for some species of reef sharks, although many 

of these behaviours had yet to be documented for my study species at Ningaloo 

Reef. The propensity for some species to occur at inshore locations (Skeleton 

Bay and Mangrove Bay), allowed me to test a series of hypotheses that related 

specifically to aggregation behaviour and the use of inshore areas, which were: 

1) previous studies of reef shark aggregations have suggested that 

aggregation behaviour might be related to reproduction, therefore I 

hypothesised that adult C. melanopterus, C. amblyrhynchos, and T. 

obesus aggregate for reproductive reasons during summer in Skeleton 

Bay, 

2) the use of shark nursery areas is common in many coastal species, 

which lead me to hypothesise that the presence of  C. melanopterus and 

N. acutidens juveniles suggests that these species also use Skeleton Bay 

as a nursery, 

3) some species of juvenile sharks have also been shown to have smaller 

home ranges than adults, therefore I hypothesised that juveniles in my 
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study would have smaller home ranges and be afforded more protection 

by established protected areas (Mangrove Bay Sanctuary), 

4) partitioning and segregation is also a common trait in sharks, therefore I 

hypothesised that in order for several species and size classes to make 

use of Skeleton Bay (~1.6 km) during aggregations, all species and size 

classes partition this site through space and time, 

5) the use of daytime refuges by several species of sharks before 

dispersing more widely at night is a common trait, therefore I 

hypothesised that all species would display refuging behaviour through 

diel patterns of attendance to both Skeleton Bay and Mangrove Bay, 

and 

6) the behaviour of repeated use of specific areas for mating, feeding, 

pupping, and natal homing in sharks lead me to hypothesise that all 

species would exhibit long-term site fidelity to both Skeleton and 

Mangrove Bay. 

In my review I also identified that several studies found correlations with 

shark movement patterns and environmental variables. Given that the four 

species I focussed on were ectothermic and commonly occurred inshore 

during summer, I posed a number of hypotheses relating to the presence of 

sharks across seasons in relation to environmental variables (particularly 

water temperature), which were: 

7) other studies have suggested that sharks might aggregate at inshore 

locations to gain metabolic advantages due to increased temperatures, 

therefore I expected shark presence would be greatest in Coral Bay at 

the site with the highest water temperature, 
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8) shark presence would not be affected by tide height at Skeleton Bay, 

because reef sharks are not known to forage with incoming tides here,  

or feed on sedentary benthic invertebrates, which might be made 

available during high tide, and 

9) shark presence would not be influenced by moon illumination at the 

aggregation site since aggregations do not appear to be related to 

feeding, where benefits from decreased illumination might assist 

foraging success. 

Our current knowledge of shark trophic ecology is based on dietary studies, 

although there have been few attempts to incorporate more recent analytical 

techniques such as stable isotope analysis to explore and validate 

conclusions. Using a combination of acoustic monitoring data and stable 

isotope data, I posed a series of hypotheses relating to the trophic role reef 

sharks play on Ningaloo Reef, which were:  

10)  C. melanopterus, C. amblyrhynchos, and T. obesus adults occupy a 

trophic position of around 4, as estimated in a previous dietary study by 

Cortés (1999) , 

11)  previously established home ranges for most species of reef sharks are 

restricted to areas < 100 km
2
, therefore I hypothesised that there would 

be no difference in isotope composition for resident and non-resident 

animals to Coral Bay, and 

12)  due to ontogenetic shifts in feeding in many species of sharks, I 

hypothesised that juveniles would have lower trophic positions than 

adults. 
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* Note: specific hypotheses outlined above are made reference to within the 

following text by a number in parentheses. E.g., (#1) relates to hypothesis 

number one etc. 

 

Study findings  

General movement patterns 

I reviewed the past 50 years of research on coastal shark movement patterns to 

highlight common behavioural traits among species and identify areas where 

data were deficient (Chapter 2). One of the common behavioural traits I found 

was that measured home range size generally increases with body size. Other 

studies have previously identified this (e.g. Morrissey & Gruber 1993b); 

however, I demonstrate this phenomenon meta-analytically for the first time, 

showing the effects of increasing total length (LT) and monitoring time on 

home range size. I further tested this hypothesis (# 3) for C. melanopterus and 

N. acutidens juveniles compared to C. melanopterus and C. amblyrhynchos 

adults using acoustic monitoring data from an array of receivers at Mangrove 

Bay. As expected, home ranges were smaller for juvenile C. melanopterus 

(7.17 km
2
 ± 1.33) and juvenile N. acutidens 0.61 km

2
 (± 0.04), when compared 

to adult C. melanopterus and C. amblyrhynchos (12.77 km
2
 ± 3.12 SE and 

(19.56 km
2
 ± 2.26, respectively). This result corroborates previous findings 

(Gruber et al. 1988, Garla et al. 2006, Chapman et al. 2009, Heupel et al. 

2010), which follows the basic trend of smaller animals using less space than 

larger animals.  
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Another common behavioural pattern I identified in my review was that 

some species display diel changes in the extent of horizontal movement, 

whereby individuals spend the daytime in refuges before ranging farther at 

night (e.g. Klimley & Nelson 1984, McKibben & Nelson 1986, Holland et al. 

1993, Garla et al. 2006). I was able to test this hypothesis (# 5) by comparing 

the presence of individuals at inshore locations with locations farther out in the 

lagoon at Coral Bay, as well as by examining presence inshore at Mangrove 

Bay during the 24-hour cycle (Chapters 3 & 6). Daytime peaks in detections of 

both Carcharhinus melanopterus and C. amblyrhynchos at Coral Bay and 

Mangrove Bay, combined with 24-hour cycles identified using spectral 

analysis confirmed this hypothesis. Furthermore, sharks were more commonly 

present in a site farther out in the Coral Bay lagoon during night, than during 

the day. Strong diel patterns of attendance at Skeleton Bay were common in all 

species, apart from T. obesus, for which I did not have sufficient data to 

analyse. Similar daytime aggregations have been previously described in other 

areas for adult female C. amblyrhynchos (Economakis & Lobel 1998) and adult 

female T. semifasciata (Hight & Lowe 2007). Daytime refuging has been 

found in a number of other reef shark studies (Klimley & Nelson 1984, 

McKibben & Nelson 1986, Garla et al. 2006, Papastamatiou et al. 2009b), and 

is generally thought to be related to an increase in space use at night due to 

foraging. Interestingly, these studies were all done around isolated islands 

compared to my study that was done in a fringing reef system. Given that a 

large fringing reef provides greater potential to expand ranges, it was surprising 

that these general refuging patterns were consistent between different reef 

types.  
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Daytime refuging often results in aggregation behaviour, and has 

previously been hypothesised to be in response to predator avoidance 

(Wetherbee et al. 2007), courtship, mating, pre-pupping (McKibben & Nelson 

1986), or behavioural thermogregulation (Hight & Lowe 2007). I tested the 

hypothesis that sharks were aggregating in Skeleton Bay for reproductive 

purposes (#1). Aggregations in Skeleton Bay were most numerous in the 

summer and consisted primarily of C. melanopterus, although C. 

amblyrhynchos, T. obesus and juvenile N. acutidens were also present. 

Aggregations of C. melanopterus and C. amblyrhynchos were comprised 

predominantly of adult females, some of which appeared to be pregnant. I 

observed courtship behaviour in C. melanopterus and T. obesus, which 

suggests that these aggregations are related to mating for these species. 

Although I suspected that aggregations were related to mating, further 

information on environmental influences was required to explain the reason for 

aggregations in Coral Bay and determine whether sharks were also gaining 

metabolic advantages through behavioural thermoregulation. 

Habitat specificity is often correlated with environmental conditions 

such as depth, salinity, substratum, and in some cases, prey availability 

(Morrissey & Gruber 1993a, Economakis & Lobel 1998, Ackerman et al. 2000, 

Hopkins & Cech 2003, Simpfendorfer et al. 2005, DeAngelis 2008, Vogler et 

al. 2008, Carlisle & Starr 2009, Ubeda et al. 2009). Habitat specificity leading 

to habitat selection was observed in ~ 75 % of studies included in the meta-

analysis of my review (Chapter 2). Because animals have specific 

environmental requirements, an area may be reused often, which is termed „site 

fidelity‟. I tested the hypothesis that animals were showing site fidelity to 
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specific areas (Coral Bay and Mangrove Bay) through time (#6), by using daily 

detections from the acoustic array (Chapters 3, 4, & 6). All species monitored 

at both sites displayed inter-annual site fidelity, which is common in many 

species of reef sharks, although generally monitored for shorter periods 

(Pikitch et al. 2005, Garla et al. 2006, DeAngelis 2008, Chapman et al. 2009, 

Field et al. 2011). Site fidelity is also common in species that use nursery areas 

(Holland et al. 1993, Heupel & Simpfendorfer 2005a, DeAngelis 2008, 

Chapman et al. 2009). However, specific types of fidelity such as: mating site 

fidelity, pupping site fidelity, feeding site fidelity, and natal site fidelity have 

only been observed in a few species (Goldman & Anderson 1999, Pratt & 

Carrier 2001, Lowe et al. 2006, Bansemer & Bennett 2009, Chapman et al. 

2009).  

 Being ectothermic (lamnids excluded), many aspects of shark 

physiology are regulated by water temperature (Sims 2003), which might 

explain fine-scale movement patterns and the close association with specific 

water temperature ranges observed for some species (Simpfendorfer & Heupel 

2004). To date, few studies have addressed the effects of environmental 

conditions on movement patterns of any of the four species regularly observed 

at Coral Bay (C. melanopterus, C. amblyrhynchos, T. obesus, and N. 

acutidens). I tested the behavioural thermoregulation hypothesis (#7), where 

water temperature was expected to have the greatest effect on the long-term 

movement (> 1 year) of all species of reef sharks at Coral Bay (n = 58) by 

analysing environmental datasets in conjunction with acoustic monitoring data 

(Chapter 4). I also measured the physiological response of five adult female C. 

melanopterus to changes in water temperature with biotelemetry, to test 
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whether this sex and size class participates in inshore aggregations potentially 

to increase embryonic development during gestation. Water temperature had 

the greatest influence on shark presence, when compared to other 

environmental variables (i.e., tide height and moon phase), at all acoustic 

receiver sites (n = 4) at Coral Bay (deviance explained = 3.7 – 54.6 %). I found 

that on average, body temperatures were consistently warmer than average 

water temperature at Coral Bay by 1.3 °C (SE ± 0.57, probability of arriving at 

this conclusion at random = 0.02), and that shark presence peaked during the 

warmest part of the day at Skeleton Bay (Chapter 3). These results provide 

evidence for behavioural thermoregulation in female C. melanopterus. This 

hypothesis has been suggested to explain movements of a few species of sharks 

and rays in other areas (e.g. Casterlin & Reynolds 1979, Economakis & Lobel 

1998, Matern et al. 2000, Hopkins & Cech 2003, Carlson et al. 2004, Sims et 

al. 2006, Wallman & Bennett 2006, Campana et al. 2011, Di Santo & Bennett 

2011) and is thought to either be beneficial to digestion or aid in reproduction. 

I did not observe any daytime foraging in C. melanopterus, although I have 

noted courtship behaviour and the presence of pregnant individuals in Skeleton 

Bay (Chapter 3). Therefore, the most plausible explanation is that female C. 

melanopterus use the increased water temperature of this site to aid in 

reproduction, possibly by increasing embryonic development. However, male 

C. melanopterus and other species and size classes are also found aggregating 

at this site, which suggests that raised water temperatures might provide other 

benefits, such as increased somatic growth (Economakis & Lobel 1998, Hight 

& Lowe 2007). 
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 As expected, I found no support for hypotheses relating to the 

influences of tide height or moon illumination on reef shark presence at Coral 

Bay (# 8 & 9) (Chapter 4). In contrast, tide has been shown to be an important 

influence on the movement of other species (Medved & Marshall 1983, 

Ackerman et al. 2000, Dewar et al. 2008, Campos et al. 2009, Carlisle & Starr 

2009, 2010), which seems to be related to foraging (but see O'Shea et al. 2010). 

Because reef sharks are primarily piscivores (Cortés 1999) and I had no 

evidence of foraging within Skeleton Bay (Chapter 3), I did not expect to see 

an effect of tide height on the presence of sharks at this site, where foraging 

opportunities on benthic invertebrates would be increased with rising tide 

height. My results confirm this hypothesis (#8), and suggest that shark 

aggregations in Skeleton Bay are not influenced by tide height. Furthermore, 

my study sites were all within the Coral Bay lagoon, and therefore largely 

protected from prevailing currents by the reef, which is exposed on spring low 

tides. The daily tidal range of Coral Bay is small (~ 1.5 m), and therefore tide 

height appears to have minimal influence on shark movement patterns, 

although spring low tides preclude sharks from entering the shallowest areas 

within Skeleton Bay. As hypothesised (#9) Moon illumination also had 

minimal influence on the presence of reef sharks at Skeleton Bay, which 

suggests that shark presence and aggregations are also not related to this 

environmental variable. 

I identified in my review that segregation of size classes or species is 

common in many sharks (Springer 1967, Sims 2003); however, few studies 

have examined habitat partitioning (27 % of studies) and the mechanisms that 

allow differing classes and species to co-exist. Some general patterns have 
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emerged in this field: habitats seem to be subdivided by benthos type, prey 

availability and depth (Sims & Quayle 1998, Heithaus et al. 2002, Pikitch et al. 

2005, Heithaus & Dill 2006). To date, there has been almost no attempt to 

quantify habitat partitioning by multiple co-occurring species (but see White & 

Potter 2004) despite this phenomenon being common in many coastal shark 

nursery areas (Castro 1993, Simpfendorfer & Milward 1993, Yokota & Lessa 

2006). Therefore I tested the hypothesis that species aggregating in Skeleton 

Bay were doing so spatially and temporally by quantifying space use through 

time (# 4). I found that there was considerable spatial overlap of core areas of 

use (50% kernel density estimates) at the northern end of the aggregation site 

by all species; the southern end was used primarily by C. melanopterus and N. 

acutidens. Previous studies of reef shark distribution and behaviour have 

suggested that there is habitat segregation, although overlap exist among C. 

melanopterus, C. amblyrhynchos, and T. obesus (Nelson & Johnson 1980, 

McKibben & Nelson 1986). Although my results suggest that there is little, if 

any, spatial habitat partitioning within the aggregation site, it is likely that these 

species partition habitats at greater spatial scales at Ningaloo Reef. 

The long-term presence of juveniles allowed me to test the hypothesis 

that Skeleton Bay is a nursery area for C. melanopterus and N. acutidens (#2). 

Results suggest that this bay might provide suitable conditions for younger age 

classes of these two species, although a lack of young-of-the-year animals 

tagged in my study precludes confirming the presence of a shark nursery 

(Heupel et al. 2007). 

During my review, I also identified that migrations are a common trait 

is some larger bodied (> 3 m LT) sharks and smaller-bodied (< 2 m LT) coastal 
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transient species are often attributed to reproduction or prey movement (e.g. 

Hueter & Manire 1994b, Bruce et al. 2006, Hussey et al. 2009). Conversely, 

reef sharks are considered to be coastal residents and have restricted home 

ranges, and generally don‟t migrate. However, studies have shown that some 

species of reef associated sharks, such as nurse sharks (Ginglymostoma 

cirratum) and Caribbean reef sharks (C. perezi) move up to 29.3 and 50 km, 

respectively (Chapman et al. 2005). The longest movement recorded to date for 

a reef shark was for an adult C. amblyrhynchos on the Great Barrier Reef  (137 

km) (Heupel et al. 2010), although other movements up to 16 km have also 

been observed (McKibben & Nelson 1986). Due to the rarity of long-distance 

movements by reef sharks I did not make any specific hypotheses relating to 

migrations in reef sharks at Ningaloo; however, I observed substantial long-

distance movements (> 10 km) in adult C. melanopterus and C. amblyrhynchos 

that might be due to migration behaviour, the longest being 260 km (round trip) 

for C. melanopterus (Chapter 6). Five female C. melanopterus tagged at the 

south of Ningaloo Reef in Coral Bay were also detected during summer in the 

north of the reef at Mangrove Bay (~ 130 km); these movements possibly 

being related to reproduction.  

 

Trophic ecology 

The role of reef sharks on reefs is usually thought to be that of apex predators, 

although the extent of influence they have on shaping community structure 

through removal of prey and predator risk effects is largely unknown. Reef 

sharks have been previously categorised as tertiary consumers (trophic position 
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4) based on dietary analysis (Cortés 1999). Using gut contents to assess the diet 

of reef sharks can be problematic, however, because a high proportion of 

caught sharks can have empty stomachs (e.g. McKibben & Nelson 1986, 

Wetherbee et al. 1997, Papastamatiou et al. 2006), possibly due to stomach 

eversion (Brunnschweiler et al. 2005), and only provides a snap shot of 

recently consumed items. Using an alternate method of trophic role estimation 

through stable isotopes can provide a more thorough overview of assimilated 

prey items, although this has been relatively less explored for most species of 

reef sharks (but see Maljkovic & Cote 2010, Papastamatiou et al. 2010a). 

Therefore, I used stable isotopes (δ
13

C & δ
15

N) in conjunction with acoustic 

telemetry to determine the trophic levels of reef sharks at Coral Bay and make 

inferences about their behaviour and management (Chapter 5).  

Overall, mean δ
13

C was similar among the four species (C. 

melanopterus, C. amblyrhynchos, T. obesus, and N. acutidens), ranging 

between -10.9 and -11.8 ‰ and suggested a food-web dependency on coastal 

producers. Classification and regression tree analysis identified an effect of 

species on δ
15

N that separated C. amblyrhynchos and C. melanopterus (δ
15

N 

groups = 12 – 13.5 %) from N. acutidens and T. obesus (δ
15

N groups = 11.9 – 

12 %). This difference might be a reflection of dietary differences among these 

two groups, of which T. obesus and possibly juvenile N. acutidens have a more 

benthic-oriented diet of herbivores or invertivores (Randall 1977, White et al. 

2004) than C. melanopterus and C. amblyrhynchos, which likely feed higher in 

the food web. For C. amblyrhynchos and C. melanopterus, animals were also 

divided by size classes, with smaller sharks having on average lower δ
15

N than 

larger animals, suggesting that δ
15

N increases with size for these two species. 
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An increase in δ
15

N with size has also been observed for C. melanopterus 

sampled in one of the two lagoons in Palmyra (Papastamatiou et al. 2010a), as 

well as in other species of sharks sampled off Gujarat, India (Borrell et al. 

2011). My results indicate that larger C. melanopterus and C. amblyrhynchos 

feed higher in the food chain than smaller individuals, which is suggestive of 

ontogenetic feeding niche differences (Scharf et al. 2000, Estrada et al. 2006). 

Juvenile C. melanopterus, juvenile N. acutidens, and adult T. obesus 

had trophic levels of 3.7, juvenile C. amblyrhynchos and adult C. melanopterus 

were 4, and adult C. amblyrhynchos was 4.3. These estimates confirm my 

hypothesis that trophic levels should be similar to those based on previous diet 

studies (#10), although my estimates for T. obesus and N. acutidens were 

slightly different to previous estimates (Cortés 1999), possibly due to a limited 

sample size and only juvenile size class sampling, respectively. Indeed, had I 

been able to sample adults of N. acutidens, I would have expected a higher 

trophic position estimation because this species is known to eat other 

elasmobranchs once it reaches above ~1.4 m LT  (White et al. 2004). While my 

results suggest that larger animals feed higher in the food chain, there is not a 

complete trophic level difference between juveniles and adults as hypothesised 

(#12). 

I confirmed the hypothesis that there would be no difference in the 

isotope compositions of resident and non-resident sharks due to restricted 

ranges of reef sharks (#11). The lack of variation in isotopic composition was 

consistent with high mean residency of these species recorded using acoustic 

telemetry. These were 79 % (± 0.09 SE) of days monitored for T. obesus, 

followed by N. acutidens (57 % ± 19.55), C. amblyrhynchos (54 % ± 13), and 
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C. melanopterus (33 % ± 8.28). Although I did not measure home range sizes 

in this chapter (although see Chapter 6), previous research on coastal sharks up 

to 2.5 m total length has generally found that their movement is restricted to 

areas of < 100 km
2
 (Chapter 2). Such a limited range of movement suggests 

that these species would be unlikely to travel to other coastal regions with 

differing baseline isotopic compositions; however, movement into deeper 

pelagic environments would be possible. A dependency on coastal producers 

determined through high δ
13

C coupled with long-term site fidelity and 

residency has implications for conservation and management of these four 

species at Ningaloo Reef. 

 

Management and conservation 

Marine protected areas have been proposed as part of management strategies to 

mitigate and reverse declines in shark populations (Chapman et al. 2005, 

Heupel & Simpfendorfer 2005b, Ketchum et al. 2009, Hearn et al. 2010). 

However, without detailed information on long-term movement and behaviour 

of reef sharks, any efforts to design effective protected areas will not 

necessarily result in effective coverage of the target species/populations. To 

assess the current protection of reef sharks at Ningaloo through marine park 

zoning, I used long-term acoustic monitoring of sharks that commonly occur 

on the reef (Chapter 6).  

All individuals were detected within the array at Mangrove Bay < 40% 

of the time throughout the year based on hourly detections. Furthermore, C. 

amblyrhynchos had < 1% of position estimates (Simpfendorfer et al. 2002) 
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within the sanctuary zone, compared to C. melanopterus adults that ranged 

between 0 – 99 %. Juveniles of both species of C. melanopterus and N. 

acutidens had relatively high percentages of position estimates in the sanctuary 

zone (84 – 99 %). Restricted movements within the sanctuary zone by 

juveniles of these species might be due to a preference of the mangrove habitat 

during this life stage (Stevens 1984, White & Potter 2004), which might act as 

a nursery area for these two species (Heupel et al. 2007). Kernel density 

hotspots for adults of C. melanopterus and C. amblyrhynchos were outside of 

the sanctuary zone, located outside the reef edge and within the south channel. 

Based on these results, the current sanctuary zoning at Mangrove Bay seems to 

provide limited protection for adult reef sharks. Therefore, I recommend an 

extension of the sanctuary zone southward to include areas commonly 

frequented by adult sharks, which would include the channel to the south. 

Channels have been identified previously as high-priority areas that should be 

considered during reef shark conservation and protected-area design (Chapman 

et al. 2005). 

Several other factors should be considered during conservation and 

management planning for reef shark populations, which could be implemented 

in conjunction with the use of sanctuary zones. While my study and previous 

studies on several species of reef sharks have identified a general trend of site 

fidelity to localised areas, long-distance movements have also been observed. 

These need to be considered during protected-area design. One suggestion, 

which might be able to incorporate protection for animals during migration 

/long-distance movements, would be the use of protected corridors (Chapman 

et al. 2005). Long-term (2 – 3 years) monitoring of reef sharks at Ningaloo 
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could be used further to identify important areas of the reef during transit 

between areas where animals are resident (e.g., Mangrove and Coral Bay), 

which could assist in the design of such migratory corridors. Protection of 

nursery areas through the use of sanctuary zones might provide protection for 

vulnerable life stages of some species, as identified for C. melanopterus and N. 

acutidens in my study and others (e.g. Heupel & Simpfendorfer 2005b); 

however, protection of older life stages could be assisted further by a reduction 

in fishing capacity and size limits (Kinney & Simpfendorfer 2009). The degree 

to which reef sharks show habitat specificity and are influenced by 

environmental factors should also be considered during management because 

of increasing threats to coastal environments by development, human 

population expansion, and climate change (Heithaus et al. 2002, Field et al. 

2009b, Chin et al. 2010).  

I also recommend the use of molecular techniques (e.g. stable isotopes) 

in conjunction with movement data, which can provide information on the 

extent to which sharks are dependent on coastal producers (Chapter 5). The 

known dependency on a resource coupled with knowledge of residency and 

site fidelity to an area can assist in the optimisation of marine protected area 

placement. Ultimately, designing effective marine protected areas requires not 

only detailed movement information of animals across seasons and habitat type 

(Papastamatiou et al. 2010a), but also information on resource use. 
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Future directions 

Despite the identification of several general movement patterns of sharks 

within the coastal environment, more long-term research on habitat use, 

migration patterns and habitat partitioning is essential for developing 

successful management initiatives for reef shark populations. A multi-

disciplinary approach should be adopted to provide a more thorough overview 

of reef shark ecology, such as the inclusion of in situ environmental monitoring 

with associated behavioural and physiological responses of sharks, as well as 

molecular techniques. For example, the use of microsatellite markers could be 

used in conjunction with telemetry data to determine the connectivity and 

relatedness of animals found along Ningaloo reef, and might confirm the 

supposition that adult female C. melanopterus migrate from Coral Bay to 

Mangrove Bay to give birth to their young. Testing progesterone levels of 

females would also help classify individuals as being gravid, and allow 

monitoring of movement through telemetry to confirm whether migrations are 

related to sexual reproduction. The use of stable isotopes and telemetry to 

establish the trophic ecology of reef sharks has provided vital information on 

the dependency and connectivity of some species to the reef and confirmed 

previous estimations of trophic positions occupied (chapter 5 & Papastamatiou 

et al. 2010a); however, ideally stomach contents could also be used to provide 

further information on dietary sources and foraging behaviour in future.  

Conclusions 

Throughout this project I have identified several movement and behavioural 

patterns common to sharks that use coastal habitats such as: increasing home 

range with body size, site fidelity, and habitat specificity and partitioning. I 
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focussed on the long-term (across multiple years) movement and trophic 

ecology of four species of reef sharks at Ningaloo Reef using acoustic 

monitoring in combination with environmental variables, visual censuses, and 

stable isotope analysis. The trophic position estimates based on stable isotope 

analysis confirmed previous estimates based on dietary analysis and identified 

that reef sharks in Coral Bay have a dependency on coastal foodwebs. I found 

that all species and age classes of reef sharks showed site fidelity to specific 

areas, although large movements were also made by adults, some of which 

spanned the length of the reef. Diel cycles and daily peaks in attendance at two 

inshore sites, one of which I identified as an aggregation site, were also 

common for most species monitored. I determined that water temperature was 

the most important driver of shark movement in Coral Bay, which supports the 

theory of behavioural thermoregulation. Examination of shark movements in 

relation to a sanctuary zone at the northern end of Ningaloo Reef identified that 

juveniles of two species were adequately protected, while adult movements and 

home ranges were larger, with concentrations located outside of the sanctuary 

zones. I have provided an overview of reef shark ecology for a number of 

species common to Indo-Pacific reefs, which can be used by environmental 

managers to develop effective protection measures for this threatened group of 

marine predators.
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APPENDICES 

APPENDIX 1. Frequency distribution of three common study methods adopted over 10 years of coastal shark research. Publication numbers (n) 

do not include methods, review or theoretical papers. (         = The summed total number of publications per year from four international science 

journals in which shark movement studies are frequently published). 
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APPENDIX 2. Publications and topic of research for coastal shark species. 

Species Paper Size Class Sex 

Horizontal 

Movement 

Vertical 

Movement 

Segregation 

& Habitat 

Partitioning 

Habitat 

Specificity 

    Juvenile Adult M F         

C. amblyrhynchos 

Economakis, AE & Lobel, PS 

(1998)        

C. amblyrhynchos 

+
McKibben, JN & Nelson, DR 

(1986)        

C. carcharias Bonfil, R. et al. (2005)        

C. carcharias Bruce, BD et al. (2006)        

C. carcharias Weng, KC et al. (2007a)        

C. carcharias Weng, KC et al. (2007b)        

C. carcharias 

+
Goldman, KJ & Anderson, DR 

(1999)        

C. carcharias Klimley, AP et al. (2002)        

C. carcharias Boustany, AM et al. (2002)   U U    

C. carcharias 

Domeier, ML & Nasby-Lucas, N 

(2008)        

C. carcharias Johnson, R. et al. (2009)        

C. galapagensis Lowe, C.G. et al. (2006)        

C. leucas Simpfendorfer, CA et al. (2005)   U U    

C. leucas Thorson, TB (1971) U U U U    

C. leucas 

Heupel, MR & Simpfendorfer, 

CA (2008)        
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C. leucas Heithaus, MR et al. (2009)        

C. leucas 

McCord, ME & Lamberth, SJ 

(2009)        

C. leucas Yeiser, BG et al. (2008)        

C. limbatus 

Heupel, MR & Heuter, RE 

(2002)        

C. limbatus 

Heupel, MR & Simpfendorfer, 

CA (2005a)        

C. limbatus 

Heupel, MR & Heuter, RE 

(2001)        

C. limbatus Heupel, MR et al. (2003)        

C. limbatus Heupel, MR et al. (2004)        

C. limbatus DeAngelis, MB et al. (2008)        

C. maximus 

Priede, IG (1984) & Priede, IG 

& Miller, PI (2009) U U U U    

C. maximus Sims, DW & Quayle, VA (1998) U U U U    

C. maximus Skomal, GB et al. (2004)        

C. maximus Sims, DW et al. (2005a) U U U U    

C. maximus Sims, DW et al. (2003)   U     

C. maximus Gore, MA et al. (2008)   U     

C. maximus Skomal, GB et al. (2009) U U U U    

C. maximus Shepard, ELC. et al. (2006)   U     

C. melanopterus 
+
Papastamatiou, YP et al. (2009)        

C. obscurus Hussey, NE et al. (2009)        
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C. obscurus Dudley, SFJ et al. (2005)        

C. perezi Chapman, DD et al. (2005)        

C. perezi Chapman, DD et al. (2007)        

C. perezi Garla, RC et al. (2006)        

C. plumbeus 

+
Rechisky, EL & Wetherbee, 

BM (2003)        

C. plumbeus 

Conrath, CL & Musick, JA 

(2008)        

C. plumbeus Merson, RR & Pratt, JHL (2001)        

C. plumbeus 

Medved, RJ & Marshall, JA 

(1983)        

C. taurus Dicken, ML et al. (2007)        

C. taurus Dicken, ML et al. (2006)        

C. taurus 

Bansemer, CS & Bennett, MB 

(2009)        

G. cirratum *Chapman, DD et al. (2005)        

G. cuvier *Lowe, CG et al. (2006)        

G. cuvier Heithaus, MR et al. (2002)        

G. cuvier Heithaus, MR et al. (2007)        

G. cuvier Heithaus, MR et al. (2006)        

G. cuvier Tricas, TC (1981)        

G. cuvier Holland, KN (1999)        

G. cuvier Wirsing, AJ et al. (2007)        

G. cuvier Heithaus, MR (2001)        

G. cuvier Meyer, CG et al. (2009)        
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G. galeus West, GJ & Stevens, JD (2001)        

G. galeus Hurst, RJ et al. (1999)        

G. galeus Olsen, AM (1954)         

H. griseus Andrews, KS et al. (2007)        

H. griseus Andrews, KS et al. (2009)        

H. portusjacksoni 

McLaughlin, RH & O'Gower, 

AK (1971)        

H. portusjacksoni O'Gower, AK (1995)        

M. henlei Campos, BR et al. (2009)        

N. brevirostris *DeAngelis, MB et al. (2008)        

N. brevirostris 
+
Gruber, SH et al. (1988)        

N. brevirostris 

Morrissey, JF & Gruber, SH 

(1993a)        

N. brevirostris 

+
Morrissey, JF & Gruber, SH 

(1993b)        

N. brevirostris 

Edren, SMC & Gruber, SH 

(2005)        

N. brevirostris *Yeiser, BG et al. (2008)        

N. brevirostris Wetherbee, BM et al. (2007)        

O. halei Huveneers, C et al. (2006)        

O. ornatus 

Carraro, R & Gladstone, W 

(2006)        

R. typus Wilson, SG et al. (2006)        

R. typus Rowat, D & Gore, M (2007)    U    
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R. typus 

Eckert, SA & Stewart, BS 

(2001)   U     

R. typus Rowat, D et al. (2007)        

R. typus Eckert, SA et al. (2002)   U U    

R. typus Gunn, JS et al. (1999) U U U U    

R. typus Graham, RT et al. (2005)        

R. typus Hsu, HH et al. (2006)        

R. typus Brunnschweiler, JM et al. (2009) U U      

R. terraenovae Carlson, JK et al. (2008)        

S. californica 

Standora, EA & Nelson, DR 

(1977) U U      

S. guggenheim Vogler, R et al. (2008)        

S. canicula Sims, DW et al. (2001) U       

S. canicula Sims, DW et al. (2006)        

S. lewini Klimley, AP et al. (1988)   U U    

S. lewini 
+
Holland, KN et al. (1993)    U U    

S. lewini 

Klimley, AP & Nelson, DR 

(1984)        

S. lewini Klimley, AP (1993)        

S. lewini 

Duncan, KM & Holland, KN 

(2006)         

S. lewini Jorgensen, SJ et al. (2009)        

S. stellaris Sims, DW et al. (2005b)        

S. microcephalus Stokesbury, JW et al. (2005)        

S. pacificus Hulbert, LB et al. (2006)   U U    
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S. tiburo Heupel, MR et al. (2006)        

S. tiburo Ubeda, AJ et al. (2009)        

T. semifasciata Ackerman JT et al. (2000)        

T. semifasciata Hopkins, TE et al. (2003)        

T. semifasciata Hight BV & Lowe, CG (2007)        

T. semifasciata Ebert, DA & TB Ebert (2005)        

T. semifasciata 

+
Carlisle, AB & Starr, RM 

(2009)        

Multi-species Stevens, JD (1984) - - - -    

Multi-species Pikitch, EK et al. (2005) - - - -    

Multi-species 

Nelson, DR &  Johnson, RH 

(1980) - - - -    

Multi-species White, WT & Potter, IC (2004) - - - -    

Multi-species 

Wiley, TR & Simpfendorfer, CA 

(2007) - - - -    

Multi-species 

Simpfendorfer, CA & Milward,  

NE (1993) - - - -    

Multi-species Yokota, L. & Lessa,  RP (2006) - - - -    

Multi-species Stevens, JD et al. (2006b) - - - -    

Total (Percentage) 66.98 55.66 69.81 76.42 90.57 33.02 27.36 74.53 
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 = topic examined 

 = topic not examined 

U = topic not listed in publication 

- = multiple species in study 

Total (%) = % of total publications considered in meta-analysis (108) 

* These studies have included 2 species, and therefore have only been counted once in the final percentages. 
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APPENDIX 3. Observations from the visual census at Skeleton Bay. 

Date 

Time (WA 

standard) 

Shark count 

South Mid. North 

10/11/2008 9:13:00 11 3 0 

10/11/2008 10:22:00 22 0 2 

10/11/2008 11:12:00 26 2 7 

10/11/2008 12:12:00 27 1 30 

10/11/2008 13:05:00 17 2 19 

10/11/2008 14:22:00 2 1 0 

11/11/2008 7:06:00 0 0 0 

11/11/2008 8:17:00 0 1 1 

11/11/2008 9:12:00 2 0 1 

11/11/2008 10:12:00 9 1 2 

11/11/2008 14:24:00 0 1 40 

11/11/2008 15:19:00 0 14 0 

11/11/2008 16:07:00 0 0 0 

12/11/2008 9:22:00 3 1 0 

12/11/2008 10:27:00 6 0 1 

12/11/2008 11:30:00 9 2 2 

12/11/2008 12:44:00 1 3 3 

12/11/2008 13:30:00 0 0 2 

12/11/2008 14:39:00 0 0 0 

12/11/2008 15:41:00 0 0 0 

13/11/2008 9:45:00 2 0 1 

13/11/2008 11:56:00 13 1 6 

14/11/2008 12:35:00 13 2 0 

14/11/2008 15:00:00 0 0 1 

15/11/2008 10:04:00 9 3 0 

15/11/2008 11:16:00 28 0 0 

15/11/2008 12:42:00 10 1 3 

15/11/2008 13:47:00 0 0 2 

16/11/2008 9:03:00 0 0 1 

16/11/2008 10:14:00 17 1 0 

16/11/2008 11:37:00 16 3 1 

16/11/2008 13:02:00 9 1 2 

17/11/2008 12:12:00 40 10 0 

17/11/2008 13:13:00 7 0 27 

18/11/2008 11:52:00 44 2 4 

18/11/2008 13:06:00 42 6 20 

18/11/2008 13:56:00 23 9 28 

18/11/2008 15:07:00 11 4 12 

19/11/2008 11:35:00 39 17 18 

19/11/2008 12:53:00 32 3 23 

20/11/2008 11:50:00 34 2 11 
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Date 

Time (WA 

standard) 

Shark count 

South Mid. North 

20/11/2008 12:43:00 26 3 0 

20/11/2008 13:54:00 0 2 0 

22/11/2008 11:33:00 5 1 0 

22/11/2008 12:33:00 5 2 0 

22/11/2008 13:27:00 1 3 0 

22/11/2008 15:04:00 0 1 0 

23/11/2008 11:20:00 17 0 0 

23/11/2008 12:32:00 24 0 1 

23/11/2008 13:34:00 32 0 0 

23/11/2008 14:23:00 27 0 0 

23/11/2008 15:28:00 20 1 1 

24/11/2008 10:47:00 20 0 1 

24/11/2008 11:42:00 27 4 0 

24/11/2008 12:25:00 30 1 0 

25/11/2008 11:55:00 25 3 1 

25/11/2008 12:46:00 15 7 0 

25/11/2008 13:49:00 17 0 2 

26/11/2008 10:53:00 15 1 0 

26/11/2008 11:45:00 24 0 0 

26/11/2008 12:46:00 14 2 0 

27/11/2008 12:26:00 8 1 7 

29/11/2008 14:30:00 26 3 2 

29/11/2008 15:34:00 9 3 0 

30/11/2008 10:00:00 25 0 3 

30/11/2008 11:10:00 22 0 0 

30/11/2008 12:16:00 13 5 1 

30/11/2008 13:11:00 17 7 2 

30/11/2008 14:39:00 7 5 7 

30/11/2008 15:17:00 5 6 11 

2/12/2008 10:52:00 35 1 5 

2/12/2008 12:55:00 33 10 0 

2/12/2008 13:55:00 23 7 4 

2/12/2008 14:44:00 29 10 0 

2/12/2008 15:05:00 36 5 1 

4/12/2008 10:38:00 7 14 2 

4/12/2008 11:36:00 7 1 9 

4/12/2008 12:42:00 1 2 7 

4/12/2008 13:16:00 1 0 6 

5/12/2008 10:44:00 11 2 2 

5/12/2008 11:42:00 7 0 6 

6/12/2008 10:30:00 8 9 0 

6/12/2008 11:32:00 17 1 0 

6/12/2008 12:32:00 20 1 5 
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Date 

Time (WA 

standard) 

Shark count 

South Mid. North 

7/12/2008 11:35:00 16 1 6 

7/12/2008 12:44:00 10 0 0 

7/12/2008 13:40:00 3 0 0 

8/12/2008 11:11:00 12 0 8 

8/12/2008 12:40:00 10 0 0 

8/12/2008 13:32:00 3 0 3 

9/12/2008 11:20:00 7 2 0 

9/12/2008 12:32:00 7 2 0 

10/12/2008 11:55:00 4 4 0 

11/12/2008 11:45:00 1 1 0 

12/12/2008 11:42:00 14 0 0 

10/08/2009 14:46:00 0 0 3 

12/08/2009 14:59:00 6 0 0 

12/08/2009 15:49:00 0 5 28 

13/08/2009 9:07:00 0 0 0 

13/08/2009 10:05:00 0 0 0 

13/08/2009 11:03:00 0 0 0 

13/08/2009 15:01:00 9 7 0 

14/08/2009 13:38:00 10 3 1 

14/08/2009 14:16:00 4 10 0 

14/08/2009 15:12:00 0 0 0 

9/11/2009 11:27:00 11 2 6 

10/11/2009 10:01:00 0 1 8 

11/11/2009 10:31:00 0 6 5 

11/11/2009 11:30:00 10 3 0 

11/11/2009 12:35:00 21 6 2 

11/11/2009 13:30:00 31 2 2 

11/11/2009 14:35:00 12 8 0 

12/11/2009 7:00:00 0 0 0 

12/11/2009 9:15:00 0 0 0 

12/11/2009 10:15:00 8 0 0 

12/11/2009 11:15:00 7 1 0 

13/11/2009 10:55:00 10 2 0 

13/11/2009 12:11:00 0 0 0 

13/11/2009 14:05:00 0 0 2 

13/11/2009 16:09:00 0 0 0 

14/11/2009 10:26:00 0 0 4 

14/11/2009 11:23:00 0 0 0 

14/11/2009 12:51:00 1 0 1 

14/11/2009 13:40:00 0 0 0 

15/11/2009 15:14:00 0 0 0 

16/11/2009 10:30:00 5 1 0 

16/11/2009 11:22:00 0 5 1 
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Date 

Time (WA 

standard) 

Shark count 

South Mid. North 

16/11/2009 12:40:00 0 0 0 

16/11/2009 13:32:00 0 2 0 

16/11/2009 14:52:00 0 0 0 

17/11/2009 13:32:00 1 0 6 

17/11/2009 14:10:00 0 0 1 

28/11/2009 9:25:00 1 0 0 

28/11/2009 10:55:00 3 1 0 

28/11/2009 11:53:00 6 2 0 

30/11/2009 8:42:00 1 0 0 

30/11/2009 9:50:00 0 0 1 

30/11/2009 10:54:00 0 0 1 

30/11/2009 11:58:00 0 0 0 

30/11/2009 12:50:00 0 0 0 

2/12/2009 9:05:00 0 0 0 

2/12/2009 10:57:00 1 0 0 

2/12/2009 12:10:00 0 0 0 

4/12/2009 14:00:00 38 0 0 

7/12/2009 10:50:00 0 0 0 

7/12/2009 11:30:00 3 0 0 

7/12/2009 12:32:00 2 1 1 

8/12/2009 10:00:00 0 0 0 

8/12/2009 11:02:00 0 1 2 

8/12/2009 12:42:00 0 0 0 

1/02/2010 10:30 6 3 0 

1/02/2010 15:30 0 0 0 

2/02/2010 10:50 0 0 0 

2/02/2010 14:00 0 1 0 

4/02/2010 8:30 0 0 0 

4/02/2010 13:30 6 1 0 

5/02/2010 11:30 0 0 0 

5/02/2010 15:00 13 0 3 
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APPENDIX 4. Complete list of reef sharks tagged with acoustic transmitters at 

Skeleton Bay. 

Date 

tagged

Transmitter 

ID Shark species Sex

Total 

length (m)

Total 

detections

Days detected  

(%)

18/11/2007 8326 Negaprion acutidens M 1.21 3,394 6.2

18/11/2007 8330 Carcharhinus melanopterus F 0.64 6,840 7.3

18/11/2007 8331 Carcharhinus melanopterus M 0.60 65,376 82.7

19/11/2007 8328 Carcharhinus melanopterus F 1.27 3,416 30.1

20/11/2007 8335 Carcharhinus melanopterus F 1.21 3,437 13.0

23/11/2007 8327 Carcharhinus amblyrhynchos F 1.46 4,857 10.2

25/11/2007 8329 Carcharhinus melanopterus F 1.40 3,571 7.5

25/11/2007 8332 Carcharhinus melanopterus F 1.38 1,662 6.9

25/11/2007 8333 Carcharhinus melanopterus F 1.26 7,798 40.5

25/11/2007 8334 Carcharhinus melanopterus F 1.28 1,415 2.7

10/11/2008 53360 Carcharhinus melanopterus F 1.51 526 1.5

11/11/2008 53342 Negaprion acutidens M 1.55 27,738 29.2

11/11/2008 53359 Carcharhinus melanopterus M 1.27 3,091 11.7

12/11/2008 53346 Carcharhinus melanopterus M 1.34 3,407 10.4

13/11/2008 53344 Carcharhinus melanopterus F 1.37 2,194 5.7

15/11/2008 53361 Carcharhinus melanopterus F 1.38 30,765 66.9

16/11/2008 14504 Carcharhinus melanopterus F 1.34 1,332 8.6

16/11/2008 53345 Carcharhinus melanopterus M 1.29 5,820 17.6

17/11/2008 53348 Carcharhinus melanopterus F 1.24 842 5.6

18/11/2008 53402 Negaprion acutidens M 0.75 42,318 99.4

19/11/2008 14501 Carcharhinus melanopterus F 1.31 3,819 14.6

19/11/2008 53349 Carcharhinus melanopterus F 1.38 3,241 5.4

20/11/2008 14503 Carcharhinus melanopterus F 1.42 7,831 36.6

20/11/2008 53347 Carcharhinus melanopterus F 1.28 18,584 53.6

22/11/2008 8329 Carcharhinus melanopterus F 1.36 18 100.0

22/11/2008 14505 Carcharhinus melanopterus F 1.41 8,512 37.9

22/11/2008 53350 Carcharhinus amblyrhynchos F 1.65 4,782 11.0

24/11/2008 14502 Carcharhinus melanopterus F 1.44 9,301 49.7

27/11/2008 53352 Carcharhinus amblyrhynchos F 1.56 3,123 8.1

27/11/2008 53418 Carcharhinus melanopterus F 1.00 334 3.5

28/11/2008 53351 Carcharhinus amblyrhynchos F 1.72 1,740 3.7

29/11/2008 8324 Carcharhinus melanopterus M 1.05 475 2.8

29/11/2008 53343 Carcharhinus melanopterus F 1.27 140 2.0

30/11/2008 8353 Carcharhinus amblyrhynchos F 1.13 15 0.7

30/11/2008 53354 Carcharhinus amblyrhynchos F 1.30 19 0.7

02/12/2008 53417 Negaprion acutidens M 1.27 21,326 59.0

04/12/2008 53356 Negaprion acutidens F 1.38 51,167 67.4

04/12/2008 53415 Carcharhinus melanopterus M 1.26 6 0.2

06/12/2008 53355 Carcharhinus amblyrhynchos F 1.67 378 2.0

06/12/2008 53413 Carcharhinus melanopterus F 1.17 8,708 72.5

06/12/2008 53422 Carcharhinus melanopterus M 1.27 1,618 10.7

07/12/2008 53421 Carcharhinus melanopterus M 1.05 43 0.2

08/12/2008 53357 Triaenodon obesus M 1.42 491 12.6

08/12/2008 53416 Negaprion acutidens M 1.05 25 0.9

08/12/2008 53420 Carcharhinus melanopterus M 1.18 731 10.1

10/12/2008 53358 Triaenodon obesus M 1.36 531 5.6

10/12/2008 53419 Carcharhinus melanopterus M 1.28 252 2.5

11/12/2008 53353 Carcharhinus amblyrhynchos F 1.47 2,049 7.5

11/12/2008 53414 Carcharhinus amblyrhynchos M 1.15 1,550 7.3

18/08/2009 8344 Negaprion acutidens M 1.03 7,773 19.4

14/11/2009 60939 Carcharhinus amblyrhynchos F 1.61 15,269 85.6

14/11/2009 60970 Carcharhinus melanopterus F 0.89 1,250 32.7

30/11/2009 60943 Carcharhinus melanopterus M 1.18 2,085 42.0

30/11/2009 60944 Carcharhinus amblyrhynchos F 1.49 11,294 81.8

02/12/2009 60941 Triaenodon obesus M 1.25 127 18.6

02/12/2009 60945 Triaenodon obesus M 1.31 6 2.3

02/12/2009 60947 Carcharhinus melanopterus M 1.16 736 26.7

07/12/2009 60973 Carcharhinus melanopterus M 0.88 855 38.3
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APPENDIX 5. Receiver detection ranges at Skeleton Bay shown in minimum 

convex polygons (MCP). 
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APPENDIX 6. Error associated with sentinel tag position estimates calculated with a centre of activity (COA) algorithm. 
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APPENDIX 7. Mean detections through time at Skeleton Bay. *Note - Detections include tagged sharks and all other tagged animals detected 

that were not part of this study. 
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APPENDIX 8. Mean same-space-use probability calculated for kernel density overlap between each species at Skeleton Bay.  

*C. mel = Carcharhinus melanopterus, C. amb = Carcharhinus amblyrhynchos, T. obe = Triaenodon obesus, N. acu = Negaprion acutidens. 
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APPENDIX 9. Spring kernel density (KD) estimates for spring per species for 

A) C. melanopterus, B) C. amblyrhynchos, C) N. acutidens, and D) T. obesus 

based on position estimates calculated by a centre of activity algorithm. The 95 

% KD estimate contour is the outer boundary of combined individuals. Species 

50 % KD estimates show combined individual densities. 
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APPENDIX 10. Autumn kernel density (KD) estimates for summer per species 

for A) C. melanopterus, B) C. amblyrhynchos, C) N. acutidens, and D) T. 

obesus based on position estimates calculated by a centre of activity algorithm. 

The 95 % KD estimate contour is the outer boundary of combined individuals. 

Species 50 % KD estimates show combined individual densities. 
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APPENDIX 11. Mean percent of days detected for each species among seasons in Skeleton Bay. 
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APPENDIX 12. Mean number of individuals for all species detected by the Skeleton Bay acoustic array per hour for each month of the study. 
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APPENDIX 13. Results of generalized linear models with bootstrap sampling 

for hourly presence events (C. melanopterus only) with environmental 

variables. Model comparison was based on Akaike‟s information criterion 

corrected for small samples (AICc). For each of the models contrasted, number 

of parameters (k), maximum log-likelihood (-LL), AICc, AICc weight (wAICc), 

and the % deviation explained (%DE) are shown. 

Site Model df AICc wAICc %DE -LL 

Aggregation ~1 (Intercept only) 1 32671.98 <0.0001 0.00 -16334.99 

 ~Temp 5 29670.55 <0.0001 9.19 -14833.27 

 ~Tide 5 32305.82 <0.0001 1.13 -16150.91 

 ~Moon 5 32670.21 <0.0001 0.01 -16333.10 

 ~Temp+factor (Season) 6 27031.75 >0.9999 17.29 -13510.88 

 ~Tide+factor (Season) 6 27869.04 <0.0001 14.73 -13929.52 

  ~Moon+factor (Season) 6 28373.91 <0.0001 13.18 -14181.95 

Channel ~1 (Intercept only) 1 15107.99 <0.0001 0.00 -7552.99 

 ~Temp 5 9043.42 <0.0001 40.16 -4519.71 

 ~Tide 5 15016.61 <0.0001 0.62 -7506.30 

 ~Moon 5 15106.34 <0.0001 0.02 -7551.17 

 ~Temp+factor (Season) 6 8207.91 >0.9999 45.72 -4099.95 

 ~Tide+factor (Season) 6 13893.53 <0.0001 8.09 -6941.76 

  ~Moon+factor (Season) 6 13899.13 <0.0001 8.06 -6944.57 

Asho's Gap ~1 (Intercept only) 1 7421.36 <0.0001 0.00 -3709.68 

 ~Temp 5 7260.15 <0.0001 2.71 -3628.08 

 ~Tide 5 7402.67 <0.0001 0.40 -3699.34 

 ~Moon 5 7418.23 <0.0001 0.10 -3707.12 

 ~Temp+factor (Season) 6 7196.62 >0.9999 4.05 -3593.31 

 ~Tide+factor (Season) 6 7245.10 <0.0001 3.54 -3617.55 

  ~Moon+factor (Season) 6 7239.00 <0.0001 3.66 -3614.50 

Point Maud ~1 (Intercept only) 1 18053.00 <0.0001 0.00 -9025.50 

 ~Temp 5 14985.11 <0.0001 17.01 -7490.55 

 ~Tide 5 17922.69 <0.0001 0.73 -8959.35 

 ~Moon 5 18041.90 <0.0001 0.07 -9018.95 

 ~Temp+factor (Season) 6 14612.95 >0.9999 19.10 -7301.48 

 ~Tide+factor (Season) 6 16847.56 <0.0001 6.72 -8418.78 

  ~Moon+factor (Season) 6 16751.16 <0.0001 7.26 -8370.58 
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APPENDIX 14. Table of all sharks sampled for isotopic analysis and tagged at 

Skeleton Bay. 

Year 

tagged

Roto tag Acoustic 

ID

TL (cm) Size 

Class

Shark Species Sex δ
13

C δ
15

N Days 

Present

% days 

present

2008 5719 8353 113 J C.amblyrhynchos F -11.3 12.63 334 73.73

2008 5702 53350 165 A C.amblyrhynchos F -10.4 13.64 406 88.07

2008 5711 53351 172 A C.amblyrhynchos F -11.1 13.97 29 6.82

2008 5709 53352 156 A C.amblyrhynchos F -10.15 12.84 303 66.45

2008 5740 53353 147 A C.amblyrhynchos F -12.18 12.65 87 19.68

2008 5720 53354 130 A C.amblyrhynchos F -11.83 13.51 344 75.94

2008 5730 53355 167 A C.amblyrhynchos F -13.77 12.88 431 96.42

2008 5741 53414 115 J C.amblyrhynchos M -11.08 12.36 37 8.37

2009 5750 60939 161 A C.amblyrhynchos F -15.05 13.44 103 99.04

2009 5989 60944 149 A C.amblyrhynchos F -10.63 12.94 79 89.77

2008 5713 8324 105 A C.melanopterus M -12.1 13.49 14 3.08

2008 5701 8329 136 A C.melanopterus F -10.17 13 - -

2008 5958 14501 131 A C.melanopterus F -9.24 12.04 69 15.27

2008 5704 14502 144 A C.melanopterus F -9.33 12.45 372 81.05

2008 5957 14503 142 A C.melanopterus F -9.7 12.62 371 85.68

2008 5978 14504 134 A C.melanopterus F -13.59 12.56 47 10.06

2008 5982 14505 141 A C.melanopterus F -9.12 12.24 420 91.11

2008 5714 53343 127 A C.melanopterus F -12.76 13.14 441 97.14

2008 5976 53344 137 A C.melanopterus F -9.06 11.93 32 6.79

2008 5979 53345 129 A C.melanopterus M -10.84 13.01 115 24.63

2008 5969 53347 128 A C.melanopterus F -9.56 11.44 418 90.28

2008 5980 53348 124 A C.melanopterus F -10.3 12.59 42 9.01

2008 5959 53349 138 A C.melanopterus F -9.61 12.02 26 5.60

2008 5974 53359 127 A C.melanopterus M -10.93 11.94 147 31.21

2008 5728 53413 117 A C.melanopterus F -11.25 12.28 342 76.51

2008 5725 53415 126 A C.melanopterus M -13.46 13.8 2 0.45

2008 5710 53418 100 A C.melanopterus F -11.18 12.47 41 8.99

2008 5737 53419 128 A C.melanopterus M -12.09 13.3 11 2.48

2008 5733 53420 118 A C.melanopterus M -13.23 13.02 58 13.03

2008 5732 53421 105 A C.melanopterus M -11.2 13.04 2 0.45

2008 5729 53422 127 A C.melanopterus M -12.6 13.83 53 11.86

2009 5987 60943 118 A C.melanopterus M -12.18 12.5 43 48.86

2009 5988 60947 116 A C.melanopterus M -10.35 12.99 74 86.05

2009 5555 60973 88 J C.melanopterus M -10.65 11.39 37 45.68

2009 5551 - 95 A C.melanopterus M -12.15 12.45 NA NA

2009 5552 - 90 J C.melanopterus F -11.39 12.19 NA NA

2009 5553 - 119 A C.melanopterus F -8.75 11.69 NA NA

2009 5554 - 111 A C.melanopterus M -11.15 11.72 NA NA

2009 5556 - 116 A C.melanopterus M -11.04 12.81 NA NA

2009 5557 - 102 A C.melanopterus F -11.58 11.51 NA NA

2010 5558 - 119 A C.melanopterus M -13.05 12.21 NA NA

2010 5559 - 128 A C.melanopterus M -10.05 11.68 NA NA

2008 5703 - 143 A C.melanopterus F -11.89 12.9 NA NA

2008 5705 - 135 A C.melanopterus F -9.58 13.16 NA NA

2008 5706 - 134 A C.melanopterus F -11.46 13.01 NA NA

2008 5707 - 134 A C.melanopterus F -9.58 12.68 NA NA

2008 5708 - 139 A C.melanopterus F -9.65 12.69 NA NA

2008 5712 - 136 A C.melanopterus F -10.12 13.32 NA NA

2008 5715 - 127 A C.melanopterus F -10.95 12.5 NA NA

2008 5716 - 126 A C.melanopterus F -11.65 12.81 NA NA

2008 5717 - 124 A C.melanopterus F -9.68 13.12 NA NA

2008 5718 - 139 A C.melanopterus F -11.18 13.26 NA NA

2008 5721 - 130 A C.melanopterus F -9.37 12.77 NA NA

2008 5722 - 130 A C.melanopterus F -9.07 12.78 NA NA

2008 5723 - 131 A C.melanopterus F -13.39 13.55 NA NA

2008 5727 - 128 A C.melanopterus F -9.87 12.74 NA NA

2008 5731 - 134 A C.melanopterus F -11.52 13.3 NA NA

2008 5736 - 137 A C.melanopterus F -8.8 12.4 NA NA

2008 5739 - 145 A C.melanopterus F -12.44 13.3 NA NA

2009 5744 - 131 A C.melanopterus F -9.81 12.79 NA NA

2009 5747 - 116 A C.melanopterus M -12.21 13.4 NA NA

2009 5983 - 134 A C.melanopterus F -11.04 12.54 NA NA

2009 5984 - 138 A C.melanopterus F -9.33 12.25 NA NA

2008 5726 53356 138 J N.acutidens F -10.69 12.08 302 67.26

2008 5960 53402 75 J N.acutidens M -13.1 13.5 459 98.71

2008 5734 53416 105 J N.acutidens M -9.75 11.4 21 4.66

2008 5724 53417 127 J N.acutidens M -11.09 10.69 262 58.09

2008 5735 53357 142 A T.obesus M -11 12.02 353 79.33

2008 5738 53358 136 A T.obesus M -11.01 12.59 352 79.46

2009 5986 60941 125 A T.obesus M -10.29 10.99 26 30.23

2009 5985 60945 131 A T.obesus M -11.11 11.9 82 95.35
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APPENDIX 15. Acoustic receiver and water temperature mini-logger information for Coral Bay study sites. 

Station Name 
 

Site Latitude Longitude Depth(m) 
Receiver 

deployment 

Total 

detections 

Mini-

logger 

Mini-logger 

deployment 

Asho's Gap Asho’s Gap -23.13587 113.7537 9.5 21/01/2008 36,682 Yes 07/04/2008 

Maud VR2a Channel -23.12282 113.75152 3 21/01/2008 56,220 No NA 

Maud VR2b Channel -23.1246 113.7491 3 21/01/2008 16,214 Yes 07/04/2008 

Point Maud Point Maud -23.12137 113.75722 7 18/11/2007 77,653 Yes 07/04/2008 

Skeleton South Skeleton Bay -23.13008 113.76998 3 18/11/2007 129,937 Yes 26/08/2008 

Skeleton Inner Skeleton Bay -23.12693 113.76896 3 18/11/2007 69,597 Yes 26/08/2008 

Skeleton Mid 1 Skeleton Bay -23.12863 113.76971 3 18/11/2007 92,210 Yes 26/08/2008 

Skeleton Mid 2 Skeleton Bay -23.12733 113.7688 3 18/11/2007 51,027 No NA 

Skeleton North Skeleton Bay -23.12588 113.76782 3 18/11/2007 97,434 No NA 
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APPENDIX 16. Presence of water temperature mini-loggers at acoustic receivers in Coral Bay throughout the study. 
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APPENDIX 17. Temporal autocorrelation present within subsampled blocks from the Skeleton Bay dataset. A) Number of individuals (response 

variable), B) Water temperature, C) Tide height, and D) Moon illumination. 
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APPENDIX 18. Poster used for increasing community awareness of tagging 

project at Ningaloo. 


