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Summary  

To understand how animals perceive their world it is important to understand their sensory 

ecology. Visual information guides the behaviours of many animals, however, in sharks there is 

a current lack of understanding of their visual perception. Traditionally, sharks were assumed to 

have ‘poor’ vision and recent studies have indicated that many sharks have relatively low visual 

acuity and are probably completely colour blind. Nevertheless, behavioural observations suggest 

that many sharks rely heavily on visual information in order to detect and identify predators, prey 

and conspecifics (reviewed in Chapter 1). Visual perception encompasses the processing of many 

different aspects of a visual scene, including colour, motion, depth and form. This thesis 

investigates the mechanisms of vision and behaviour relevant to motion vision in sharks. To 

understand how sharks perceive motion it was first necessary to estimate the magnitude of visual 

motion (optic flow) that a shark encounters under natural conditions. To do this, stereo-Baited 

Remote Underwater Video Systems (BRUVS) were used to quantify cruising speeds in a large 

range of sharks, which revealed that cruising speeds are both size- and species-specific (Chapter 

2). A multidisciplinary approach was then used to quantify spatial, temporal and contrast 

sensitivity of the shark visual system, which is relevant to motion detection. Spatial resolution 

and contrast sensitivity were measured behaviourally using an optokinetic paradigm, which also 

provided insight into the role of eye movements and gaze stabilisation in sharks (Chapter 3). 

Spatial, temporal and contrast sensitivity were also estimated using electrophysiology (Chapter 

4). The shark species studied were found to have high contrast sensitivity but poor spatial 

resolving power, suggesting that they sacrifice visual acuity in order to increase contrast 

sensitivity, which may be of greater value for object detection in their aquatic environment. These 

new insights into visual perception in sharks led to the design and testing of two potential shark 

attack mitigation strategies: bright flashing (strobe) lights and counter-illuminated seal decoys. 

Strobe lights did elicit a deterrent response in benthic sharks, but not in white sharks 

(Carcharodon carcharias) and so this approach is not recommended as a general deterrent for 

protection from shark bites, although there is potential for strobe lights to be used as a bycatch 

reduction device for some species (Chapter 5). Counter-illumination of seal decoys significantly 

reduced the frequency with which they were attacked by C. carcharias compared to seal decoys 

with no counter-illumination, suggesting that this approach could be a useful form of silhouette 

camouflage that could help to reduce the risk of shark bites on surfers and paddlers (Chapter 6). 

The major findings of the thesis are discussed with respect to the evolution of the eye and the 

future design of visual deterrents both as bycatch reduction and shark attack mitigation devices 

(Chapter 7). 
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General Introduction 
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1.1 Sharks and the evolution of vision  

Sharks are cartilaginous fishes that belong to the order Elasmobranchii, which also includes the 

batoids (rays and skates). Elasmobranchs are the oldest living descendants of the first jawed 

vertebrates (Gnathostomata) (Davis et al., 2012), which diverged around 400 million years ago 

(Miller et al., 2003). Therefore, sharks represent an important step in the evolutionary ladder; their 

ancestors provided the blueprint from which modern vertebrates developed. Over this time, sharks 

have evolved to occupy a diverse range of aquatic environments, from marine to fresh water, 

shallow to deep sea, and from tropical to polar regions (Compagno, 1990; Yano et al., 2007; 

Froese, 2013). As a result, there is a great diversity of anatomical, physiological and behavioural 

adaptations within the elasmobranchs which allows them to exploit a range of ecological niches 

(Compagno, 1990), including numerous specialisations in their sensory apparatus (Kajiura and 

Holland, 2002; Hueter et al., 2004; Hart et al., 2006; Lisney et al., 2007; Lisney and Collin, 2007; 

Yano et al., 2007; Litherland and Collin, 2008; Lisney et al., 2012; Froese, 2013). Thus, 

understanding vision in sharks can provide insights into the selection pressures that have shaped 

modern vertebrate vision, such as visual adaptations to environmental conditions and prey 

capture. 

Current understanding of the shark visual system suggests they have relatively ‘poor’ vision with 

low spatial resolving power and lack colour vision (Walls, 1942; Bigelow and Schroeder, 1948; 

Litherland and Collin, 2008; Hart et al., 2011; Schluessel et al., 2014), both of which are highly 

valued by humans. However, as many aspects of their vision, such as temporal resolution and 

contrast sensitivity, have received little attention, it is presumptuous to assume they have poor 

vision and it is more likely that their visual system is highly specialised. They have evolved from 

ancestors with cone vision (Collin et al., 2003; Collin and Trezise, 2004) and in many cases have 

lost all cones or all but one cone type and become highly specialised cone monochromats 

(Litherland and Collin, 2008; Hart et al., 2011; Schieber et al., 2012), like some marine mammals 

(Crognale et al., 1998; Peichl et al., 2001). The relatively large size of their eyes (Lisney and 

Collin, 2007) and visual areas of the brain (Lisney et al., 2007), and numerous visually guided 

behaviours (Parker, 1910; Gruber and Myrberg, 1977; Anderson et al., 1996; Klimley et al., 1996; 

Strong, 1996; Hammerschlag et al., 2012; Seamone et al., 2014) all suggest that vision is very 

important but that specific visual cues are more important than others, which may reflect their 

environment and ecology.  

As sharks occupy a range of ecological niches (Compagno, 1990), insight about the ‘evolutionary 

arms race’, that sharks are engaged in with their prey and predators, may be reflected in their 

sensory biology. Prey need to find ways to avoid detection by predators and, in turn, predators 

must adapt to identify prey. For example, underwater transparency is a common form of 

camouflage, which enables organisms to avoid visual detection by predators. However, several 
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predators have evolved polarised vision, such as squid and cuttlefish, in order to break this 

camouflage and increase contrast detection of transparent prey (Shashar et al., 1998; Shashar et 

al., 2002). Quantifying aspects of vision in a range of different species of sharks may identify 

potential ecological pressures that have shaped the visual system in modern vertebrates.  

 

1.2 Importance of vision in sharks 

Animals interpret their world through highly developed and specialised sensory systems. Sharks 

have a particularly diverse range of sensory modalities, including electroreception, olfaction, 

audition, vision, the mechanosensory lateral line and possibly even magnetoreception (Hueter et 

al., 2004; Meyer et al., 2005; Gardiner et al., 2012). There is mounting evidence that shark visual 

systems are comparatively well developed and, in some species, vision may be a key sensory 

modality (Hueter et al., 2004; Hart et al., 2006; Lisney et al., 2007; Lisney and Collin, 2007; 

Lisney et al., 2012). For example, the area of the brain responsible for processing visual 

information (optic tectum) in the grey reef shark, Carcharhinus amblyrhynchos, accounts for 

almost half of the brain volume (Lisney et al., 2007). Many sharks are thought to rely on their 

visual system for prey detection, predator avoidance, navigation and communication.  

1.2.1 Prey detection 

Sharks use vision particularly in the final approach to prey (Gardiner et al., 2014) and a number 

of behavioural experiments have demonstrated the importance of vision in prey detection and 

capture (Gilbert, 1963; Fouts and Nelson, 1999). In lemon sharks, Negaprion brevirostris, the 

role of vision in prey detection was assessed by covering the eyes of the animals to temporarily 

eliminate vision (Gilbert, 1963). The removal of vision impeded prey detection suggesting vision 

is one of the principal senses used in the detection of prey at close range (3 m or less) (Gilbert, 

1963). Similarly, vision plays an important role during prey capture in pacific angel sharks, 

Squatina californica (Fouts and Nelson, 1999). S. californica will attack model prey items, which 

lack chemical and electrical cues, and rely on visual stimuli for mediating an ambush attack (Fouts 

and Nelson, 1999).  

Many sharks exhibit both behavioural and morphological adaptations that aid in the detection of 

prey. For example, white sharks, Carcharodon carcharias, are thought to be a predominantly 

visual predator and possess many behavioural and visual characteristics that enhance detection 

and capture of prey above them (Gruber and Cohen, 1985; Strong, 1996; Litherland, 2001; 

Hammerschlag et al., 2012). They have the highest concentration of photoreceptors and ganglion 

cells in the part of the retina that samples the dorso-lateral visual field above the shark (Gruber 

and Cohen, 1985; Litherland, 2001) and will attack non-prey items on the surface of the water 

based primarily on the visual cues of the silhouette (Anderson et al., 1996; Strong, 1996; 
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Hammerschlag et al., 2012). Underwater observations suggest that C. carcharias rely on vision 

to orientate towards the target, and in clear water this occurs from as far as 17 m away from prey 

(Strong, 1996).  

1.2.2 Predator avoidance 

Sharks often occupy the niche of apex predator (Compagno, 1990) but many smaller species rely 

on vision to detect potential predators, for instance, spiny dogfish, S. acanthias, are preyed upon 

by large sharks and marine mammals (Ebert, 1991; Vaughn et al., 2007). Behavioural experiments 

performed on S. acanthias using model predators found visual cues such as the size, speed and 

approach angle of the model predator influenced the intensity of the escape response (Seamone 

et al., 2014). When predators approach from in front, detection is thought to be mediated by visual 

cues, whereas, detection of a predator approaching from behind is not as effective as they rely 

more on the detection of water vibrations through the lateral line sense (Seamone et al., 2014). 

1.2.3 Navigation 

In sharks, the role of the different sensory systems during navigation remains ambiguous as there 

is a large amount of variability between species (Parker, 1910; Gilbert, 1963; Sundström et al., 

2001). It has been shown that some species rely on visual cues in order to maintain orientation 

and direction. Dusky smooth hounds, Mustelus canis, were unable to navigate their aquarium after 

being blinded by lesioning the optic nerve, and collided with the aquarium walls and other objects 

within the aquarium (Parker, 1910). The role of vision in navigation is also apparent from 

conditioning experiments performed on bamboo sharks, Chiloscyllium griseum, and coral cat 

sharks, Atelomycterus marmoratus (Fuss et al., 2014). Both species were able to successfully 

navigate a maze using visual cues (Fuss et al., 2014). However, not all sharks depend on vision 

in order to navigate. In lemon sharks, N. brevirostris, navigation is not affected by the loss of 

vision (Gilbert, 1963; Sundström et al., 2001). Displaced N. brevirostris which were temporarily 

blinded with eye patches were still able to navigate to their original capture site (Sundström et al., 

2001). Therefore, the importance of vision in navigation is likely to be species and task specific.  

1.2.4 Communication 

There is evidence that some sharks have complex social behaviours such as dominance hierarchies 

and courtship displays (Springer, 1967; Myrberg Jr and Gruber, 1974; Klimley, 1985; Klimley et 

al., 1996; Pratt Jr and Carrier, 2001) and, in some cases, this is driven by visual cues in the form 

of motor patterns or body markings (Johnson and Nelson, 1973; Klimley et al., 1996; Pratt Jr and 

Carrier, 2001). Grey reef sharks, C. amblyrhynchos, elicit an aggressive display when approached 

by an intruder as a warning to express the shark’s intent to attack if the intruder does not withdraw 

(Johnson and Nelson, 1973). The display consists of exaggerated swimming and rolling and/or 

spiral looping, and changes in posture such as lifting of the snout, dropping of the pectoral fins, 

arching of the back and lateral bending of the body (Johnson and Nelson, 1973). Similar displays 
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have been observed in other sharks and are likely to play a role in social encounters such as 

aggregations (Johnson and Nelson, 1973; Myrberg Jr and Gruber, 1974; Gruber and Myrberg, 

1977; Klimley et al., 1996). Captive bonnethead sharks, Sphyrna tiburo, and blacknose sharks 

C. acronotus, perform similar agnostic displays when they encounter newly introduced 

conspecifics in order to establish dominance hierarchies (Myrberg Jr and Gruber, 1974). White 

sharks, C. carcharias, perform tail slaps, in which they raise their caudal fin and bring it down 

slapping the surface of the water, producing both acoustic and visual cues in order to ward off 

potential competitors around surface kills (Klimley et al., 1996). 

Visual displays are also used to initiate courtship through body posture and colouration. Female 

nurse sharks, Ginglymostoma cirratum signal their receptiveness of a male through postures such 

as ‘back arching’, ‘submissive’ body tilting, ‘pectoral fin undulations’ and pelvic ‘flaring’(Pratt 

Jr and Carrier, 2001). They also select males based on their size and colour, preferring larger and 

darker coloured males (Pratt Jr and Carrier, 2001).  

Colouration and patterning varies between conspecifics in a number of species of shark. For 

example, the pigmentation of white sharks, C. carcharias, (Robbins and Fox, 2013) and the spot 

pattern of whale sharks, Rhincodon typus, (Norman, 1999) varies between individuals and has 

been used for identification purposes in a number of ecological studies (Norman, 1999; Holmberg 

et al., 2008; Gubili et al., 2009; Anderson et al., 2011) (Figure 1.1). The reason(s) for these 

individual differences remains unclear, but may potentially be useful for sharks to recognise 

individuals that they have encountered previously (Myrberg Jr, 1987; Hart et al., 2006). Thus, not 

only can colouration be used to select mates but body patterning may potentially be used in other 

social settings to recognise conspecifics visually.  

 

Figure 1.1 Examples of individual markings and colouration in sharks, which may be used in 

visual communication. A) The spot pattern of R. typus and B) white pigmentation on the dorsal 

fin of C. carcharias.  
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1.3 Visual perception in sharks 

Despite the role of vision in such an array of important behaviours, we still know very little about 

shark visual perception. An individual’s perception is defined by many aspects such as their 

ability to detect colour, shape and motion (Eckert and Zeil, 2001; Land and Nilsson, 2012). The 

abilities of sharks to discriminate light of different wavelengths and their anatomical and 

physiological adaptations for increased absolute sensitivity have been relatively well studied 

(Gruber et al., 1975; Litherland et al., 2009; McComb et al., 2010; Hart et al., 2011; Schieber et 

al., 2012; Kalinoski et al., 2014). However, by comparison, the detection of visual motion has 

been poorly studied in sharks. In the following sections, a brief overview is given on the shark 

visual system. 

Sharks have camera-like eyes with a similar basic structure to that of other vertebrates (Gilbert, 

1963; Gruber, 1977; Litherland et al., 2009). Light enters the eye through the cornea and pupil, 

and an inverted image is focused by the lens onto the sensory retina. Once light reaches the retina, 

it is absorbed by visual pigments within the photoreceptors, which convert the light into a 

biochemical signal. This biochemical signal is passed onto secondary neurons in the retina 

(namely the bipolar, amacrine, horizontal and ganglion cells), which process the signal further 

before relaying it to the visual centres of the brain via the optic nerve (Figure 1.2). Visual 

information is processed in multiple parallel channels that are responsible for the different 

modalities of vision: form, colour and motion (Kolb et al., 1995; Campbell et al., 2005). 

 
Figure 1.2 A) Schematic diagram of the eye of the juvenile lemon shark, N. brevirostris, in 

transverse section showing ocular structure and location of the optical axis edited from Hueter 

(1980). B) The structure of the retina of sharks, edited from Kolb et al. (1995). 

 

1.3.1 Light sensitivity  

Photoreceptors play an important role in determining the sensitivity of the visual system to light. 

Photoreceptors are responsible for turning light into a signal that can be interpreted by the rest of 

the nervous system (phototransduction) (Kolb et al., 1995; Campbell et al., 2005). There are two 



 
 

7 

 

major types of photoreceptor in the vertebrate retina: rods and cones. Rods are more sensitive 

than cones but their response saturates at high light levels and so they are used for low light 

(scotopic) vision. Cones are somewhat less sensitive than rods and do not readily saturate even at 

very high light levels, and so are used for bright light (photopic) vision. 

The ratio of rod to cone photoreceptors varies between vertebrates, with species from dimmer 

environments usually possessing a higher rod to cone ratio to maximise the capture of light 

(Osterberg, 1935; Stell and Hárosi, 1976; Wikler and Rakic, 1990; de Azuaje et al., 1993). Within 

the order Elasmobranchii, there is great variability in the ratio of rods and cones (Gruber et al., 

1975; Litherland and Collin, 2008). Cones are generally more abundant in diurnal and shallow 

dwelling predators such as the white shark, C. carcharias, (peak rod:cone ratio of 4:1) (Gruber 

and Cohen, 1985) and least abundant in nocturnal or deep dwelling species such as the piked 

dogfish, S. acanthias, (peak rod:cone ratio of 150:1) (Stell, 1972). Some species, such as the Port 

Jackson shark, Heterodontus portusjacksoni, may even lack cone photoreceptors altogether (Hart 

et al., 2011; Schieber et al., 2012). Thus, like other vertebrates, the ratio of rods to cones in sharks 

is believed to aid light sensitivity and suited to the light environment which a species occupies. 

Sharks have a number of additional visual adaptations that improve photon capture and, therefore, 

their absolute sensitivity to light. For example, some species have a reflective layer behind the 

retina called a tapetum lucidium, which enhances light sensitivity by providing photoreceptors 

with a second opportunity to absorb light that has passed through the retina (Figure 1.3 A) 

(Gilbert, 1970). A reflective tapetum is common among vertebrates, particularly in species that 

inhabit low light (scotopic) environments (Rodieck, 1973). Nocturnal and deep sea sharks 

generally have a non-occlusible tapetum (Nicol, 1961; Bozzano and Collin, 2000), as opposed to 

species which inhabit more variable light environments and have an occlusible tapetum where 

screening pigments migrate, allowing the reflectivity to be modified depending on the light 

environment (Kuchnow and Martin, 1970).  

Over-stimulation of the retina by light is a problem for vision in all animals. However, unlike 

teleosts, which rely on retinomotor movements (Walls, 1942; Ali, 1975; Douglas et al., 1998), 

many elasmobranchs have highly mobile pupils (Bunt, 1991; Hart et al., 2006). In bright light 

environments, in order to reduce light reaching the retina, most sharks constrict their pupil. This 

allows them to regulate the amount of light entering the eye to suit the ambient light conditions. 

Many species possess a slit-shaped pupil, with the orientation varying between species 

(Figure 1.3 B) (Walls, 1942; Gruber and Cohen, 1985). A slit-shaped pupil can potentially block 

out a greater amount of light than a circular pupil, which may be more beneficial due to the highly 

fluctuating light levels in the aquatic environment (Walls, 1942; Martin, 1999). However, the 

combination of the slit pupil and a spherical lens may cause spatial information, perpendicular to 

the slit, to be blurred. The spherical lens causes peripheral rays of light to be refracted more 
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strongly, which is counteracted somewhat by the refractive index gradient of the lens. However, 

the slit-shaped pupil allows a greater amount of light to pass through the lens periphery, where a 

portion of light is focused in front of the retina causing image blur (Charman, 1991). 

 

Figure 1.3 A) Reflections of light from the tapetum lucidium in the dogfish Mustelus mustelues. 

B) Slit-pupil of the epaulette shark, Hemiscyllium ocellatum (Image edited from Hart et al. (2006)) 

 

1.3.2 Spectral sensitivity 

The spectral tuning of the visual system is determined by the light-sensitive visual pigments 

housed within the retinal photoreceptors. Where multiple spectral cone types exist (having visual 

pigments with maximum absorbance, λmax, at different wavelengths), their outputs can be 

compared to provide colour vision. Humans have a single type of rod and three spectrally distinct 

types of cones, providing trichromatic colour vision (Kolb et al., 1995; Campbell et al., 2005). 

Sharks have monochromatic vision meaning they only have one spectral type of cone as well as 

one spectral type of rod. As rods and cones have different λmax values, there is the potential for 

colour discrimination (Hart et al., 2011), although this is yet to be shown and there is mounting 

evidence that sharks are colour blind (Hart et al., 2011; Schluessel et al., 2014).  

The spectral tuning of the visual pigments are species-specific. In the species studied to date, rods 

have a λmax between 484 and 518 nm and cones have a λmax between 532 and 561 nm (Hart et al., 

2011). There are two main hypotheses to explain the diversity of spectral sensitivities of visual 

pigments among aquatic vertebrates. The sensitivity hypothesis predicts that visual pigments are 

matched to the wavelengths of light that are most abundant in a given body of water that a shark 

inhabits. There is a correlation between pigment λmax and the depth that a species inhabits. Due to 

the filtering effect of water, in which longer wavelengths of light are absorbed more quickly, 

sharks living close to the surface have a rod λmax that is more sensitive to longer wavelengths 

(497–510 nm) than deep dwelling species (472 nm–484 nm) (Hart et al., 2006; Hart et al., 2011). 

However, for cone pigments this correlation is not as strong and the λmax of the cones does not 

exactly match the spectral radiance of water. This provides evidence for the second hypothesis, 

the contrast hypothesis, which predicts that, for certain visual tasks, objects will be detected more 

easily using pigments with λmax values offset to shorter or longer wavelengths than the peak 

transmission of the water (Lythgoe, 1966).  
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1.3.3 Motion detection 

Motion in the visual field is detected as variations in the intensity of an image falling on the 

photoreceptors that are correlated in space and time (Eckert and Zeil, 2001). Visual motion 

sensitivity can be influenced by temporal resolution (the ability to discriminate stimuli separated 

in time), spatial resolution (the ability to discriminate stimuli separated in space) and contrast 

sensitivity (the ability to discriminate differences in luminance) (Land, 1999; Eckert and Zeil, 

2001). Visual motion stimuli can be generated in two main ways: (1) the actions of an individual 

(e.g. locomotion, head movements, and eye movements) moves the image of the outside world 

across the retina; and (2) motion of objects across the visual field (Eckert and Zeil, 2001). 

Quantifying both the extent of motion and the sensitivity of the visual system to motion are 

necessary to understand motion perception 

1.3.3.1 Optic flow 

Most animals actively move through the world; as a consequence images of their environment 

that are projected onto the retina are constantly in motion. This distribution of motion vectors on 

the retina is called optic flow. The amount of optic flow is determined by two components; the 

rotational (generally caused by rotation of the head and/or eye) and translational (caused by the 

speed and direction of movement) component. Rotational and translational motion vary in the 

structure of motion. Rotational components have the same magnitude and direction of motion, 

whereas in translational motion, motion direction radiates from the direction in which the 

individual is heading and the magnitude depends on both the speed of movement and the spatial 

composition of the scene, for instance, distant objects and objects in the direction of heading 

produce motion of low magnitude compared to objects that are nearer (Figure 1.4) (Eckert and 

Zeil, 2001). 

 

Figure 1.4 Motion vector direct and strength of A) rotational motion and B) translational motion. 

Arrow size represents motion strength and arrows represent motion direction. (Image edited from 

Horseman et al. (2011)) 
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Optokinetic (eye movement) and optomotor (head and/or whole body movement) responses in 

vertebrates are important in removing rotational optic flow from the retinal image, which may 

otherwise affect depth perception and directional accuracy (Eckert and Zeil, 2001). In sharks, the 

main source of optic flow stems from forward motion, and is thus related to swimming speed. 

Given that most sharks are actively swimming when searching for and detecting prey, it is critical 

to understand the nature and extent of this optic flow component. Therefore, quantifying cruising 

swimming speeds in sharks is vital for assessing the amount of image blur experienced by a shark 

when detecting objects visually. Current models of cruising swimming speed in sharks rely on 

energetic estimates based on studies in teleosts (Weihs, 1977). Stereo-Baited Remote Underwater 

Video Systems (BRUVS) are a popular method for studying marine ecology, such as fish 

population and assemblages. In Chapter 2, we used a large stereo-BRUVS dataset to calculate 

cruising swimming speeds in a range of species of sharks in order to create an improved model 

for estimating cruising speeds of sharks. 

The sinusoidal swimming patterns of sharks cause a large degree of head movement (Osmon, 

2008) and, in a small number of studies, the eyes have been shown to rotate in the opposite 

direction to the head (Harris, 1965; Smith, 2006). This suggests that the eye movements counteract 

head motion, effectively cancelling out optic flow caused by the sinusoidal swimming pattern. 

However, eye movements have only been measured in a small number of pelagic sharks and are 

thought to be controlled through efference copy, a neural mechanism in which the movement of 

the tail and body during swimming causes eye rotation that counteracts body rotation (Harris, 

1965; Land, 1999; Smith, 2006). However, as benthic sharks spend long periods of time 

stationary, they may need to control eye movements independently of swimming, suggesting that 

the underlying mechanism in eye movements in benthic sharks may be different to pelagic sharks. 

In Chapter 3, we measured eye movements in restrained benthic sharks in response to wide field 

motion stimuli presented in an optokinetic apparatus to gain further insight into the underlying 

mechanisms controlling eye movements. In Chapter 3, we also measured eye and head 

movements in free swimming sharks. The degree to which sharks compensate for head 

movements along with our estimates of swimming speeds from Chapter 2, allowed us to quantify 

the amount of optic flow experienced by sharks. We developed a new measure for the impact of 

motion blur, by calculating the distance at which objects are stabilised on the retina during a 

swimming cycle.  

1.3.3.2 Properties of retinal neurons 

The sensitivity of the visual system to detect contrast, spatial and temporal information affects 

the ability of an individual to detect motion. In particular, the ganglion cells in the retina play a 

large role in defining spatial resolution and contrast sensitivity, which both play an important role 

in motion detection. Ganglion cells are ‘spiking’ neurons that transmit signals from the retina to 
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the brain. Each ganglion cell has a ‘field of view’ or receptive field that defines its response 

properties (Figure 1.5). The receptive field is composed of a centre and surround, in which the 

physiological response of the surround is usually opposite to that of the centre, for instance, ON-

centre ganglion cells increase their firing rate with the onset of light on the centre of their receptive 

field but decrease their firing rate when light falls in the surround (Kuffler, 1953; Wiesel, 1960; 

Kolb et al., 2007; Stone, 2013). Three different types of ganglion cells have been identified in 

sharks: ON-centre, OFF-centre and ON-OFF centre, with the latter type firing at both the onset 

and offset of light (Stell et al., 1975). The portion of the different types of ganglion cells in the 

retina can influence the ability to detect specific types of visual cues (Ewert, 1974). Lemon sharks, 

N. brevirostris, have a greater number of OFF-centre ganglion cells and thus may be more 

sensitive to a dark object moving on a lighter background (Cohen and Gruber, 1985). 

In addition to differing in their receptive fields, ganglions cells also differ in their response to 

selective visual features which drive specific central circuits, such as motion. For example, in the 

vertebrate retina eight types of direction-selective retinal ganglion cells have been identified, 

which are responsible for detecting the direction of motion in a visual scene (Barlow and Levick, 

1965; Liu, 2015). ON/OFF directional selective ganglion cells act as local motion detectors which 

are important in object detection, they respond to both the onset and offset of a stimulus such as 

the leading and the trailing edge of a moving object. Whereas, ON directional selective ganglion 

cells only respond to the leading edge and OFF directional selective cells only respond to the 

trailing edge, making the ganglion cells important for detecting large field motion, such as optic 

flow (Oyster and Barlow, 1967; Liu, 2015), and in some vertebrates these ganglion cells project 

into the circuits involved in eye movements (Simpson, 1984; Buhl and Peichl, 1986). However, 

no research has focused on the motion sensitivity of ganglion cells in sharks.  

The morphology and distribution of ganglion cells in the retina also influences both spatial 

resolution and contrast sensitivity. The morphology of ganglion cells is extremely varied between 

species of sharks (Cohen and Gruber, 1985; Bozzano and Collin, 2000). Pelagic species have 

smaller ganglion cell somata than benthic or deep sea species (Stell et al., 1975; Bozzano and 

Collin, 2000). Based on studies in other vertebrates, the size of the soma and the dendritic spread 

(and thus receptive field) of a ganglion cell is indicative of the degree of spatial summation 

(Barlow, 1953; Peichl and Wässle, 1979; Hitchcock and Easter, 1986). Spatial summation, where 

each ganglion cell receives input from tens or hundreds of individual photoreceptors, is a strategy 

to increase signal to noise ratio and thus the absolute sensitivity of the ganglion cell to small 

changes in luminance, albeit at the expense of spatial resolution (Barlow, 1953; Warrant, 1999). 

Thus, the large soma size and receptive field of ganglion cells found in benthic and deep sea 

species (Stell et al., 1975; Bozzano and Collin, 2000) is consistent with the hypothesis that they 

are adaptations for increasing absolute light sensitivity.  
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1.3.3.3 Retinal topography 

It is well established that the spatial distribution of neurons across the vertebrate retina is non-

uniform and that these topographic variations reflect both phylogenetic relatedness and ecological 

adaptations (Hughes, 1977; Stone, 1983; Collin and Pettigrew, 1988; Lisney et al., 2012). Visual 

streaks (or areae horizontales), in which neuron density is greatest within a horizontal band across 

the retina, are common in animals that inhabit open environments and view the horizon (Hughes, 

1977; Collin and Pettigrew, 1987). In comparison areae centrales, in which neuron density is 

greatest in a more localised retinal region, are common in animals from more visually complex 

habitats (Collin and Pettigrew, 1987; Collin and Pettigrew, 1988). Even between sharks, there is 

great variation in retinal topography (Bozzano and Collin, 2000; Schieber et al., 2012; Harahush 

et al., 2014). Many benthic species have a higher number of ganglion cells in a visual streak 

located in the dorsal retina, which is beneficial for detecting benthic prey moving on or just above 

the substrate (Bozzano and Collin, 2000). Benthopelagic species have more centrally located 

visual streaks, which aids the detection of objects approaching horizontally in the water column 

(Bozzano and Collin, 2000). In pelagic species, the topography is more variable. For example, 

the tiger shark has a horizontal visual streak (Galeocerdo cuvier) that extends across the retina 

(Bozzano and Collin, 2000), whereas the white shark (C. carcharias) has an area centralis, where 

cell density increases to a localised peak (Gruber and Cohen, 1985; Litherland et al., 2009). 

However, both species have increased cell densities in the ventral region of the retina, which aids 

the detection of objects above and may help to detect prey silhouetted against the surface of the 

water (Goldman and Anderson, 1999). Although much is known about the topography and 

morphology of the ganglion cells in sharks, little is known about the physiological properties of 

the shark retina, which define the limits of the visual system, such as spatial resolution, contrast 

sensitivity and temporal sensitivity, which are relevant to motion detection (Chapters 2 & 3).  
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Figure 1.5 A) Ganglion cell receptive field  (Kolb et al., 2007; Stone, 2013), B) Ganglion cell 

density map of the epaulette shark, H. ocellatum, with a horizontal visual streak; values indicate 

density ×102 cells/mm2, N, nasal; T, temporal (Litherland and Collin, 2008). C) Shaded cones 

represent the area of the visual field sampled by the region of highest cell density in H ocellatum 

(Litherland and Collin, 2008). 

 

1.3.3.4 Spatial resolving power in sharks 

Estimates of spatial resolving power in sharks have been limited to inferences made from 

anatomical studies of retinal topography. Ganglion cell density, in conjunction with eye focal 

length, has been used to calculate a theoretical upper limit of spatial resolving power in a number 

of elasmobranchs (Lisney and Collin, 2008). Anatomical estimates of peak spatial resolving 

power range from 2 to 11 cycles per degrees (cpd) (Bozzano and Collin, 2000; Lisney and Collin, 

2008; Litherland and Collin, 2008; Litherland et al., 2009). Benthic and benthopelagic species, 

which are relatively inactive and feed on benthic prey and inhabit either coastal or deep-sea 

environments, tend to have a lower peak spatial resolving power than benthopelagic and pelagic 

species that actively hunt more mobile prey (Bozzano and Collin, 2000; Lisney and Collin, 2008; 

Litherland and Collin, 2008; Litherland et al., 2009).  

These anatomical estimates likely overestimate spatial resolving power and actual or functional 

spatial resolution may be much lower, because many ganglion cells are not involved in processing 

fine spatial information. For example, giant ganglion cells have been identified in a number of 

species of sharks (Stell and Witkovsky, 1973; Anctil and Ali, 1974; Stell et al., 1975; Bozzano 
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and Collin, 2000). Morphological and electrophysiological studies reveal these ganglion cells 

possess large receptive fields and process fast transient impulses, suggesting they play a vital role 

in wide-field motion detection and contrast sensitivity, rather than processing fine spatial 

information (Stell et al., 1975).  

Behavioural and electrophysiological estimates of spatial resolution in other vertebrates are often 

much lower than morphological estimates and may better represent actual or functional spatial 

resolution (Campbell and Green, 1965; Hemmi and Mark, 1998; Hodos et al., 2002). In the 

tammar wallaby, Macropus eugenii, both pattern electrophysiology (2.7 cpd) and behavioural 

(4.8 cpd) estimates of spatial resolving power were less than the morphological limit (6 cpd) 

(Hemmi and Mark, 1998). We used a multidisciplinary approach, using both behavioural 

(Chapter 3) and electrophysiological (Chapter 4) techniques, to assess the functional spatial 

resolution in a number of species of sharks.  

1.3.3.5 Contrast sensitivity in sharks 

Contrast is often the limiting factor in identifying objects. Contrast thresholds define the point at 

which an object and its background can be discriminated, based on a difference in brightness 

(luminance). The minimum contrast an individual is able to detect is reliant on the spatial 

frequency of the pattern and flicker frequency (temporal variation in fluctuating light). The 

contrast sensitivity function is an important descriptor of a visual system as it defines contrast 

thresholds at different spatial and temporal frequencies (Land, 1999; Eckert and Zeil, 2001; Land 

and Nilsson, 2012). In those vertebrates in which temporal or spatial contrast sensitivity has been 

investigated, greatest sensitivity occurs at intermediate spatial and/or temporal frequencies and 

detection at high and low spatial and/or temporal frequencies generally requires greater contrast 

within the pattern (McFarland and Loew, 1983). 

Contrast sensitivity has not been measured in elasmobranchs and only a small number of studies 

have been performed on other fishes (Northmore and Dvorak, 1979; Prusky et al., 2004; Rinner 

et al., 2005; Northmore et al., 2007; Tappeiner et al., 2012). In order for an individual to detect 

contrast, the number of photons captured by the receptors when viewing an object must be greater 

than the noise levels (fluctuation in number of photons arriving at the receptors). Therefore, larger 

receptors, which limit spatial resolution, increase photon capture, which in turn, increases contrast 

sensitivity (Land and Nilsson, 2012). A higher degree of summation of photoreceptor signals by 

bipolar cells and the convergence of many bipolar cells onto a single ganglion cell, also results in 

greater light and contrast sensitivity but at the cost of spatial resolution (Lythgoe, 1979; Warrant, 

1999). Thus, the large receptor size and high summation ratio seen in many species of sharks, 

particularly nocturnal and deep sea species, may be beneficial in detecting contrast (Bozzano and 

Collin, 2000; Litherland and Collin, 2008; Schieber et al., 2012). In Chapters 3 and 4, we quantify 
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contrast sensitivity using both behavioural and electrophysiological methodologies. In Chapter 4, 

we also compare contrast sensitivity between species from a range of ecological niches. 

1.3.3.6  Temporal resolution in sharks 

Temporal resolution can be thought of as the response speed of the visual system. The critical 

flicker fusion frequency (CFFF) is a common proxy used to understand the mechanisms 

underlying temporal sensitivity in the visual system (Hamasaki, 1968; Rasengane et al., 1997; 

Pusch et al., 2013). CFFF is considered relevant to temporal sensitivity because it indicates a 

physiological limit beyond which the retina perceives a flickering light as a continuous stimulus 

(Dodt and Wirth, 1954). A small number of studies using electroretinograms (ERG) have been 

performed on sharks to measure CFFF (Kobayashi, 1962; McComb et al., 2010; Kalinoski et al., 

2014). An ERG is a recording of the massed electrical response of the retina to a stimulus. 

Responses are recorded using an electrode positioned either on the cornea, in the vitreous or at 

different levels within the retina (Creel, 1995; Perlman, 1995). The CFFFs of sharks range from 

10 – 31 Hz and are thought to reflect the light availability in their habitat and prey type 

(Kobayashi, 1962; McComb et al., 2010; Kalinoski et al., 2014). Bonnethead, S. tiburo, and 

scalloped hammerhead, S. lewini, sharks have a higher photopic CFFF (31 and 27 Hz) than 

blacknose sharks, C. acronotus, (16 Hz). Both S. tiburo and S. lewini occupy clear shallow reefs 

and visually track faster-moving and more elusive prey than C. acronotus, which is thought to be 

nocturnal (McComb et al., 2010). In low-light conditions photoreceptors must maximise the 

capture of light, often by having a longer integration time, which can compromise temporal 

resolution (Howard et al., 1984). However, studies have only been conducted on a limited number 

of species. Temporal sensitivity is yet to be estimated in benthic sharks. In Chapter 4, we quantify 

temporal resolution in a range of sharks including a number of benthic species.  

1.4 Why is it important to understand motion vision in sharks? 

To understand how an animal perceives their visual world one must take into account their ability 

to detect visual motion. The ability of sharks to perceive motion cues is still largely unknown. 

Understanding the mechanisms involved in motion vision in sharks will provide further insight 

into the evolution of vision in modern vertebrates as well as aid the conservation and management 

of sharks and potentially public safety through mitigation of shark threats.  

1.4.1 Conservation and management 

Understanding visual perception of sharks, specifically how they perceive motion cues, may 

provide further insight into the role of vision during a shark attack and guide the design of shark 

mitigation devices to reduce both shark bycatch and shark attacks. As vision plays an important 

role in predation, vision-based deterrents may be a successful form of non-invasive shark 

mitigation. A scientifically tested non-invasive shark deterrent has the potential not only to aid 
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public safety but also to aid the conservation of sharks by reducing the use of many potentially 

lethal shark mitigation strategies.  

Sharks play an important role in aquatic ecosystems. The niche of the apex predator in the marine 

environment is dominated by sharks, especially larger species that grow over 3 m (Compagno, 

1990). As apex predators, they have the potential to shape the population dynamics within the 

marine environment (Myers et al., 2007; Ferretti et al., 2010). For example, a trophic cascade 

effect has been observed following the removal of large predatory sharks from Florida to Maine 

in the United States. Their removal led to an increase in the abundance of small sharks and rays, 

in particular the cownose ray, Rhinoptera bonasus, which, in turn, reduced the abundance of 

R. bonasus prey, the bay scallop, Agropecten irradians. In addition to affecting other marine 

species, the removal of sharks also causes economic impacts; A. irradians had important fisheries 

value to North Carolina, and the fishery was terminated in 2004 due to the lack of mature scallops 

(Myers et al., 2007).  

In many ways, sharks are an evolutionary success story. Their success has been proven through 

resilience to mass extinction events, their radiation throughout the marine environment as well as 

their diverse range of morphological traits and ecological distribution (Compagno, 1990). 

However, sharks are increasingly under pressure from human activities such as fishing (Stevens 

et al., 2000; Ferretti et al., 2010; Graham et al., 2010), as well as from invasive shark attack 

mitigation techniques (Dudley, 1997; Dudley and Cliff, 2010; Reid et al., 2011). Sharks taken as 

bycatch account for as much as 50% of all shark landings (Stevens et al., 2000) and gillnets 

deployed as a way of protecting swimmers from shark bites often kill non-targeted shark species. 

Sharks killed by shark nets in New South Wales, Australia, are dominated by three taxa, 

hammerhead sharks, Sphyrna sp., whaler sharks, Carcharhinus sp., and Australian angel sharks, 

S. australis, which are not targeted species and are not considered dangerous to swimmers (Reid 

et al., 2011). The reduction of bycatch is a compelling reason to develop alternative shark 

mitigation devices and programs. This issue remains a major challenge to both conservationists 

and fishermen (Lewison et al., 2004; Gilman et al., 2007; Dulvy et al., 2008; Camhi et al., 2009; 

Collin, 2012).  

The high absolute sensitivity of shark visual systems to light may cause them to avoid bright 

visual stimuli such as bright flashing (strobe) lights. Strobe lights have been found to deter a range 

of teleost fishes (Johnson et al., 2005; Marchesan et al., 2005). They potentially cause 

overstimulation of their retinal photoreceptors (predominantly rods, which are sensitive and 

typically operate at low light levels) and limit retinal adaptation (Chalupa and Werner, 2004; Land 

and Nilsson, 2012), or may represent a novel stimulus that is typically avoided (i.e. neophobia) 

(Mettke‐Hofmann et al., 2002; Sneddon et al., 2003). In Chapter 5, we test the behavioural 

response of strobe lights in captive sharks and on a wild population of white sharks, C. carcharias. 
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By assessing the response to strobe lights in a range of sharks that vary in their retinal morphology, 

we are able to assess the potential of strobe lights as either a bycatch reduction strategy or shark 

attack mitigation device.  

Although shark attacks on humans are rare, they have a devastating effect on the victims and their 

communities. The cause of shark attacks on humans remains unclear but potentially include 

hunger, mistaken identity, curiosity or aggression (Tricas and McCosker, 1984). There is some 

evidence, at least in white sharks, C. carcharias, that in some instances these negative interactions 

may be a result of visual cues. Surfers and body boarders are often the group most affected (Hazin 

et al., 2008) and this may be because predatory sharks are often more successful when hunting a 

prey item at the surface (Martin et al., 2005). C. carcharias are believed to silhouette their prey 

against the surface light (Strong, 1996; Goldman and Anderson, 1999); and the silhouette alone 

may be enough to initiate predation (Anderson et al., 1996; Strong, 1996; Hammerschlag et al., 

2012).  

Shark attacks are detrimental not only to the victim and the community but also for sharks. Shark 

bites often lead to calls to increase shark culling programs such as beach meshing and drum lines 

(Reid et al., 2011). Thus, it is important to design non-invasive technologies to reduce shark bites 

(Hart and Collin, 2015). Although a number of devices are currently on the market, few have been 

scientifically tested and those that have been tested have some limitations to their effectiveness 

(Marcotte and Lowe, 2008; Stoner and Kaimmer, 2008; Brill et al., 2009; Huveneers et al., 2013; 

Kempster et al., in review). The majority of non-invasive deterrent devices are aimed at the 

electrosensory (electrical and magnetic deterrents) or chemosensory (via chemical deterrents) 

systems (Marcotte and Lowe, 2008; Stoner and Kaimmer, 2008; Brill et al., 2009; Huveneers et 

al., 2013). The Shark Shield™ is one such electronic device that has been studied relatively 

extensively and known to deter sharks under certain conditions (Smit and Peddemors, 2003; 

Huveneers et al., 2013; Kempster et al., in review). However, they have been limited in their 

popularity among swimmers and surfers as they can be uncomfortable to wear because of the high 

voltage they emit, they are only effective over a short range (<1.5 m) and some sharks show a 

level of habituation to the electrical pulse (Kempster et al., in review). There are also lingering 

concerns over whether the electronic field attracts sharks from a distance (Bedore and Kajiura, 

2013), although this has not been found to be the case for a recent study on C. carcharias 

(Kempster et al., in review) 

A number of vision-based shark mitigation devices have been designed. The ‘Johnsen Shark 

Screen’ was one of the earliest visual-based devices, which was a large impermeable bag that a 

person filled with water before getting into, thus reducing odours, effusions, bio-electrical 

emissions and water displacement, which may all attract sharks, as well as visually concealing 

the occupant (Johnson, 1969). During testing, it was discovered that the reflectance of the bags 
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influenced the likelihood that a shark would approach and interact with the device. Highly 

reflective bags (either white or silver) tended to attract sharks, whereas bags of lower reflectivity 

(blue or black) were least attractive (Gilbert, 1968; Tester et al., 1968; Gilbert, 1970). However, 

although highly effective, the shark screen lacks practicality for people actively swimming in the 

water. 

Wetsuits based on cryptic or camouflaged patterns have been a more practical idea for shark 

mitigation for swimmers and divers. Two commercially available designs include a camouflage 

wetsuit and a black-and-white banded wetsuit. Camouflage wetsuits have been designed by 

determining the reflectance spectra that provides minimal visual contrast against the water 

background when viewed by a shark which, at least from first principles, may reduce the risk of 

shark bites (SAMS, 2013); however, they are yet to be tested extensively on sharks. The black-

and-white banded wetsuits are intended to mimic the banded poisonous sea snakes, which many 

sharks appear to avoid (Doak, 1974; Nelson, 1983; SAMS, 2013). This design has been tested on 

a range of sharks but with variable success. White tip reef sharks, Triaenodon obesus, were 

unaffected by the banded wetsuit, whereas it was reported to have a repellent effect on grey reef 

sharks, C. amblyrhynchos, Galapagos sharks, C. galapagensis, and silver-tip reef sharks, 

C. albimarginatus (Doak, 1974; Nelson, 1983). These visual-based mitigation devices are likely 

to be reliant on the angle from which the shark approaches (Johnsen, 2002) and, when viewed 

from directly below the camouflage designs, are likely to be less effective. Therefore, mitigation 

devices that reduce the visibility of a silhouette may be more effective at protecting people at the 

surface (particularly those on surfboards and body boards). In Chapter 6, we assess counter-

illumination as a potential strategy to reduce predation by C. carcharias, which provides insight 

into the visual cues that guide predation as well as the neurobiology underlying their behavior. 
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2.1 Abstract 

Speed of locomotion plays an important role in an animal’s biology and ecology, and is of 

particular interest in aquatic animals. Determining cruising speeds of shark—for which such data 

are scarce—may help to better understand their interactions with prey, the size of the home ranges 

they maintain, their energetic costs, and how they interact with their environment through sensory 

perception. In this study, the cruising speeds of a range of different shark species were measured 

using stereo-Baited Remote Underwater Video Systems (stereo-BRUVS). The relationship 

between cruising speeds and fork length, species, order, habitat, trophic level, temperature and 

tail shape was then modelled. Fork length and species best explained the cruising speeds of the 

eight species of shark studied: Carcharhinus amblyrhynchos, Carcharhinus albimarginatus, 

Carcharhinus obscurus, Furgaleus macki, Carcharhinus obesus, Mustelus antarcticus, 

Heterodontus portusjacksoni and Parascyllium variolatum. This linear model had a slope that did 

not differ statistically from that of the theoretical model proposed by Weihs (1977), which 

suggests that the relationship between cruising speed and length appears to be dominated by 

energetics. The results suggest that existing allometric estimates of cruising speeds can be 

improved by defining cruising speeds for each species as a function of length. Currently literature 

presents cruising speed data for only a few species of shark; therefore, we provide a second, 

generalised model, which predicts cruising speed as a function of length and tail shape. The length 

+ tail shape model was selected based on its generality and accuracy in estimating shark cruising 

speeds obtained from acoustic tags. This length + tail shape model was significantly better than a 

length only model; it explained a further 76% of the variation in cruising speed derived from 

stereo-BRUVS and acoustic tagging data than a length only model. The more accurate prediction 

of the length + tail shape model is most likely because tail shape is correlated with a number of 

ecological factors.  
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2.2 Introduction 

In many animals, locomotion is the primary cause of energy expenditure. The average rate of 

locomotion is often correlated with metabolic rate (Blaxter, 1989). Thus, the speed at which an 

animal moves through its environment represents a balance between energy expenditure and the 

need to perform a range of behaviours critical for survival, such as foraging (Ware, 1978; Schnell 

and Hellack, 1979) and predator avoidance (Boyd et al., 1995). The quantification of locomotive 

speed in an animal can, therefore, provide important ecological insights, such as the nature of 

predator-prey interactions (Hatle and Faragher, 1998; Ings and Chittka, 2008) and the 

maintenance of home ranges (Sainte-Marie and Hargrave, 1987).  

Beyond energetic considerations, speed of locomotion is an important factor for understanding 

the evolution and adaptation of sensory systems, as speed determines the rate at which sensory 

information is encountered and must be processed by the animal as it moves through its 

environment. For example, in the visual system, speed of locomotion influences the rate at which 

the image moves across the retina (Eckert and Zeil, 2001). Animals that exhibit faster speeds of 

locomotion generally have higher temporal resolution in the visual system and are, therefore, able 

to process images much faster, reducing image blur (Autrum, 1958; McFarland and Loew, 1983; 

Lisney et al., 2011). Many animals go to the effort of adopting energetically costly adaptations in 

order to enhance temporal resolution. For example, swordfish, Xiphias gladius, achieve higher 

temporal resolution than other teleost fishes by warming their eyes and are, therefore, able to 

resolve images at faster swimming speeds, which may enhance their ability to identify and capture 

prey (Fritsches et al., 2005).  

Speed of locomotion in the aquatic environment is of particular interest from a sensory 

perspective; animals must control their movement in both the horizontal and vertical planes and 

deal with a complex three-dimensional sensory world. Vision is particularly challenging in the 

aquatic environment. The detection of objects is more difficult due to lower light intensity and 

lower contrast (Lythgoe, 1988). A better understanding of the sensory adaptations exhibited by 

aquatic animals is clearly dependent on a more complete characterisation and quantification of 

locomotion speed in relation to behaviour, which was the motivation for this study.  

The speed at which an animal moves is dependent on the nature of the activity in which they are 

engaged. For instance, the maximum speed an animal is capable of—burst speed—is usually 

undertaken during escape from predators. In fishes, burst speeds reach velocities in excess of 6—

18 body lengths s-1, but because burst swimming is powered anaerobically, it is usually brief 

(<20 s) (Dieringer et al., 1983; Gioanni, 1988; Puzdrowski and Leonard, 1994; Watanabe et al., 

2012). In contrast, cruising swimming is aerobically powered, slow swimming (~2—4 lengths s- 1 

in fish) that can be sustained for prolonged periods of time (>200 min) (Ware, 1978; Gioanni, 
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1988; Watanabe et al., 2012). Cruising swimming speed is the most common speed at which an 

animal travels (Beamish, 1978) and, therefore, is the speed at which animals are most likely to be 

travelling when they first encounter predators, prey and other important sensory cues. This study, 

therefore, has focused on cruising speeds. 

In fishes, the main factors affecting cruising speeds are body size (Bainbridge, 1958; Weihs, 1977; 

Harahush et al., 2009), body shape (Harris, 1965; Walker and Westneat, 2002) and habitat (Peake 

et al., 1997). Cruising speed increases with body size but at a disproportionate rate with speed 

increasing at a slower rate than body size (Bainbridge, 1958; Weihs, 1977; Harahush et al., 2009). 

Body shapes that reduce drag increase swimming efficiency, allowing faster speeds to be achieved 

with lower energy consumption (Harris, 1965; Walker and Westneat, 2002). For example, 

labriform fishes with more efficient swimming performance have high aspectratio fins, with the 

centre of the fins located closer to the fin base and with a longer leading edge fin ray (Walker and 

Westneat, 2002). The relationships between cruising speed and both body length and shape 

generally reflect the optimisation of energy expenditure and may also be habitat-driven. For 

instance, in salmonid fishes, optimal cruising speeds are an adaption to their specific habitats 

(Peake et al., 1997). Brook trout live in slow moving pools and are adapted to slower swimming 

speeds than salmon parr, which are anadromous and live in areas with much faster currents. 

Evolving optimal swimming speeds for different habitats may also lead to a reduction in 

interspecific competition (Peake et al., 1997; Souza et al., 2011). Habitat has also been known to 

influence swimming speed, particularly with respect to temperature: the Greenland shark, 

Somniosus microcephalus, is much slower than other fish of its size, and this has been attributed 

to its ectothermy and habituation to cold waters (Watanabe et al., 2012). 

Despite our knowledge about fish swimming speeds in general, there remains a gap with respect 

to understanding swimming speeds in sharks. Such knowledge is of particular significance 

because sharks are apex predators (Compagno, 1990) and play an important role in shaping 

population dynamics and ecosystem structure (Schor and Levi, 1980; Myers et al., 2007; Ferretti 

et al., 2010; Tappeiner et al., 2012). Where shark swimming speeds have been studied, estimates 

have predominately used data obtained from acoustic telemetry tagging (Klimley et al., 2002; 

Sundström and Gruber, 2002; Bruce et al., 2006), observations of captive animals swimming in 

aquaria or water flumes/tunnels (Weihs et al., 1981; Graham et al., 1990) and, more recently, 

accelerometers (Nakamura et al., 2011). However, such studies encompass only a limited number 

of species and can be expensive and intrusive. Acoustic tags may also have low temporal and 

spatial resolution; they measure mean speed from point-to-point and generally do not take into 

account specific swimming behaviour, which means it is difficult to distinguish cruising 

swimming from resting behaviour (Musyl et al., 2001). Observations of captive animals and the 

use of water tunnels have been beneficial in linking speed with behaviour (Weihs et al., 1981) 
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and energetics (Harahush et al., 2009), but are limited in terms of the size of animals. Moreover, 

the ability of these methods to infer speed under natural conditions is also debated (Dickson and 

Graham, 2004; Grusha and Patterson, 2005; Hammerschlag et al., 2011). A small sample size is 

also common to all these types of studies. Previously, estimates of cruising speeds presume all 

individuals of the same length regardless of species to have the same cruising speed, for both 

sharks and teleosts (Weihs, 1977).  

In this study, we measured cruising speeds in multiple species of shark using an innovative 

application of stereo-Baited Remote Underwater Video Systems (stereo-BRUVS). We used 

stereo-BRUVS to generate speed measurements of sharks because they are a relatively non-

intrusive method that is capable of generating large in situ data sets for a wide range of shark 

species and sizes. Measurements of cruising speed were used to generate a predictive model of 

cruising speed as a function of body size, body shape, habitat, trophic level, temperature and 

taxonomic order. The predictive capabilities of the model were then assessed by comparing it 

with a theoretical model based on energetics (Weihs, 1977) and to estimates of shark cruising 

speed derived from acoustic tagging data.  

  

2.3 Materials and methods 

2.3.1 Acquisition of video footage 

Stereo-Baited Remote Underwater Video Systems (stereo-BRUVS) were used to capture footage 

of sharks swimming in their natural environment. Video footage was selected from a database 

containing over 250 h of digital video footage obtained during 200 stereo-BRUVS deployments 

at six different locations along the western coast of Australia as well as 16 samples from the 

Chagos Archipelago (central Indian Ocean). A range of habitats were sampled, from sandflats to 

high-profile reefs at depths between 5 and 85 m.  

The stereo-BRUVS comprised two Sony® HC15E video cameras mounted 0.7 m apart on a 

horizontal base-bar. The cameras were positioned such that their optical axes converged eight 

degrees towards the centre of the apparatus to create an optimized field of view (Harvey and 

Shortis, 1996; Harvey and Shortis, 1998). A bait basket was mounted in a central position in front 

of the cameras and contained 1 kg of crushed pilchards. The stereo-BRUVS were deployed from 

a vessel onto the seabed for between one and two hours. Each unit, therefore, constituted a remote 

station, filming the fish and shark assemblage within its field of view.  

2.3.2 Video Analysis 

EventMeasure software (www.seagis.com.au) was used to estimate the length and position of 

individual animals from the stereo-video imagery. Sharks were first identified by size, sex and 
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individual-specific markings if present. Only individuals that could be clearly identified were 

included in the analysis. Fork length (m) was then estimated for each individual. Position 

coordinates were taken from the same location on the animal, generally the eye or, when eyes 

were not clearly visible, from the tip of the snout. Repeated positional measurements were taken 

of each shark over time as it swam parallel to and within 5 m of both cameras for a minimum 

horizontal distance of 4 m. Care was taken to avoid measuring swimming speed when the shark 

interacted directly with the bait. Measurements were also not made when sharks swam directly 

towards or away from the bait. Swimming speeds (m s-1) were then calculated as the distance 

moved as a function of elapsed time as the shark moved across the field of view. Swimming 

speeds were classified preliminarily as ‘cruising’ when the shark displayed consistent slow 

rhythmic tail beats or as ‘burst’ when the sharks exhibited obvious faster tail beat frequency and 

greater tail beat amplitude over short distances. If no tail beats were observed, measurements were 

not taken.  

2.3.3 Cruising speeds from tagging data 

We reviewed the literature to compile published estimates of shark cruising speeds. Specifically, 

estimates from acoustic telemetry were used as these are the most prevalent in the literature. If 

speed was expressed separately for day and night, the day speed was used, given that all stereo-

BRUVS footage was captured during the day. All lengths of tagged sharks were quantified as 

fork length based either on reported fork lengths or by calculating fork length from total length 

using conversions reported on Fishbase (Froese, 2013). The sampling intervals used for the 

estimation of cruising speeds were also recorded as the time interval (in min) between recordings 

of tagged shark coordinates. If multiple sampling intervals were used in a study, the average 

sampling interval was calculated. 

2.3.4 Data analysis 

As the focus of this study was to measure and predict cruising speeds, it was first necessary to 

remove burst speeds from the data set. For each species, a general linear model was used to regress 

all recorded speed measurements against body length. Outliers that were more than three standard 

deviations above the regression line (i.e. indicating burst swimming) were removed. The average 

cruising speed (hereafter referred to as speed) was then calculated for each individual as the mean 

of the remaining non-burst speeds. Potential factors that may affect cruising speed were compiled 

for each species to test generalisation of the model. These factors included phylogenetic order, 

maximum fork length (maximum recorded growth length), habitat temperature (temperate or 

tropical), trophic level and major habitat type (Froese, 2013) as well as classifying species by 

their tail shape (Thomson and Simanek, 1977).  

The initial analysis included shark species with speed and length measurements for a minimum 

of eight individuals (hereafter referred to as ‘coreBRUVS’). Speed and length were log10 
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transformed for all analyses in order to fulfil the assumption of homogeneity of variance (Zar, 

1999). Multiple regression and analysis of covariance (ANCOVA) (Speakman, 1986) were used 

to model the effects of length and species on speed for all individuals in R (RCoreTeam, 2015). 

2.3.4.1 Generalised cruising speed model 

We also produced a model that would be capable of predicting cruising speed in other species of 

shark not measured in this study. Multiple regression analysis was performed on the residuals 

from a linear regression of speed against fork length to assess the ability of each of the following 

factors to replace the factor species in the original model: phylogenetic order, maximum species 

fork length (Max.FL), trophic level, temperature, habitat, and tail shape. Given that the number 

of factors varied between models, model fit was evaluated using the Akaike Information Criterion 

(AIC). 

We selected three models that balance high AIC whilst still allowing predictions on a broad range 

of sharks. We tested the predictive capability of each of these general cruising speed models by 

applying them to (1) literature-derived estimates of speed from acoustic tagging studies (hereafter 

referred to as ‘tag data’) and (2) species with stereo-BRUVS derived estimates of speed with 

fewer than eight observations (hereafter referred to as ‘extraBRUVS’). We first assessed whether 

the sampling interval of the tag data, i.e. the time in minutes between positions reported by the 

tags, influenced estimates of speed. Specifically, we predicted speed as a function of length using 

the general model and then regressed the residuals against sampling interval. Only studies where 

the sampling interval did not affect speed estimates were used for further analysis. The selected 

tag data and extraBRUVS data were compared to speeds predicted from our general model. 

Applicability of the model to these new species was assessed by regressing predicted versus 

observed values. 

To increase the model’s power to include a greater range of sharks, the model was also applied to 

the tag data to extend predictions to sharks with high aspect tail shape. A least squares fitting 

algorithm was used to calculate the intercept term for sharks in this group, which extended the 

model to include sharks for which only tag-based cruising speed estimates are currently available. 

Finally, the predictive capability of each of the models was assessed by comparing the variation 

explained by each of the generalised models and the best performing model selected as the 

generalised model. The selected model was then compared to predictions from a length only 

model.  
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2.4 Results 

Shark swimming speed and fork length estimates were derived from over 250 h of stereo-BRUVS 

footage. We recorded 611 speed measurements, 98.4% of which were classified as cruising 

speeds, providing data for 248 individual sharks representing fifteen species. For eight species of 

sharks (n = 216 individuals), cruising speeds were available for at least eight individuals, and 

these species formed the basis of the predictive model. These eight species represented three 

phylogenetic orders (Carcharhiniformes, Heterodontiformes and Orectolobiformes), ranged in 

fork length from 0.65 m to 2.21 m, varied in trophic level from 3.5 to 4.5 and had three different 

tail morphologies (Table 2.1). 

Fork length had a significant effect on speed (F (1,214) = 144.9; p = < 0.0001). However, the 

addition of species increased the explanatory power of the model (F (7,207) = 19.8; p = < 0.0001) 

(Figure 2.1). There was no significant interaction between length and species (F (7,200) = 0.8; 

p = 0.62), indicating that all species shared a common slope of 0.44 (± 0.0196) (Table 2.2). The 

intercepts for individual species ranged from -0.454 for the slowest species, the necklace carpet 

shark (P. variolatum), to -0.158 for the fastest species, the grey reef shark (C. amblyrhyncos) 

(Table 2.2). Maximum species fork length (Max.FL), trophic level, habitat and tail shape all 

explained a significant amount of variation in cruising speeds; however, length and species were 

the most significant factors.  
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Figure 2.1 Cruising swimming speeds (m s-1) in free-swimming sharks  measured by stereo-

BRUVS for eight species; A) C. amblyrhynchos (CAM), B) C. albimarginatus (CAL), C) 

C. obscurus (COB), D) F. macki (FM), E) M. antarcticus (MA), F) T. obesus (TO), G) 

H. portusjacksoni (HP) and H) P. variolatus (PV). Lines represent the linear relationships 

between fork length (m) and cruise swimming speed (equation presented in Table 2.3). I) 

Regression lines for all eight species.  
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Table 2.1 Classification of shark species for which swimming speed measurements were made: phylogenetic order (Order), maximum fork length reported 

in literature (MaxFL), trophic level (Trophic) (defined as 1+ the mean trophic level of diet), habitat (Habitat) (Froese, 2013) and tails shape (Tail) (2 = 

low heterocercal angle, 3 = straight tail, 4 = epicaudal lobe; (Thomson and Simanek, 1977). Summarized data for fork lengths (FL), cruising speeds (CS, 

m s-1) and burst speeds (BS, m s-1) for each species are based on (n) number of observations. 

Order / species MaxFL (m) Trophic Habitat Tail n  FL (m)   CS (m s-1)  Burst (m s-1) 

       mean min max mean min max  

Carcharhiniformes             

  Carcharhinus albimarginatus1 3.00 4.2 reef-associated 2 8 1.13 0.74 1.6 0.73 0.5 1.11 - 

  Carcharhinus amblyrhynchos1 2.55 4.1 reef-associated 2 51 0.81 0.5 1.45 0.64 0.35 1.23 3.25 

  Carcharhinus brevipinna 3.00 4.2 reef-associated 2 5 1.11 0.73 1.62 0.65 0.45 0.91 - 

  Carcharhinus plumbeus 2.50 4.5 benthopelagic 2 5 1.12 0.84 1.42 0.73 0.43 1.24 - 

  Carcharhinus obscurus1 4.20 4.5 reef-associated 2 11 0.67 0.51 0.99 0.5 0.36 0.75 - 

  Furgaleus macki1 1.60 3.8 demersal 3 9 1.09 0.74 1.58 1.09 0.74 1.58 4.9 

  Galecerdo cuvier 7.50 4.5 benthopelagic 2 4 1.51 1.29 1.82 0.63 0.44 0.83 - 

  Hemitriakis falcata - 4.3 reef-associated 3 3 0.71 0.66 0.74 0.61 0.53 0.71 2.12 

  Mustelus antarcticus1 1.75 4.3 demersal 3 27 0.94 0.81 1.14 0.52 0.29 0.77 1.72 

  Negaprion acutidens 3.80 4.1 reef-associated 2 6 1.81 1.7 1.93 0.53 0.39 0.63 3.49 

  Sphyrna lewini 4.30 4.1 pelagic-oceanic 2 5 1.53 0.98 2.14 0.69 0.3 0.84 - 

  Triaendon obesus1 2.13 4.2 reef-associated 2 49 0.86 0.52 1.23 0.5 0.29 0.8 - 

Heterodontiformes             

  Heterodontus portusjacksoni1 1.65 3.5 demersal 4 52 0.58 0.31 0.97 0.34 0.21 0.57 - 

Orectolobiformes             

  Nebrius ferrugineus 3.20 4.1 reef-associated 2 4 1.58 1.1 2.21 0.32 0.21 0.41 - 

  Parascyllium variolatum1 0.91 3.8 demersal 3 9 0.51 0.35 0.65 0.26 0.23 0.29 0.74 
1 species with more than eight (n >8) individuals recorded and used in analysis 
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Table 2.2 Species-specific intercepts (INT) estimated by the ANCOVA: log10(CS) = 0.44 × 

log10(FL) + INT, where CS = cruising speed and FL = fork length. Results include 95% prediction 

intervals for the intercept (PI), mean FL (m). Mean FL was used with the INT to predicted CS 

(CSpr) as well as to predict lower (CSL) and upper limits (CSU) of CS (m s-1). The difference in 

the CSpred and limits are shown in m s-1 (Dif) and as a percentage difference (%dif). 

 

 

 

 

 

 

2.4.1 Generalised cruising speed model 

The slope of the linear relationship between cruising speed and length from the empirical model 

(0.44, ±0.02, SE) was not significantly different (p = 0.61) to the slope derived from a theoretical 

energetics model (0.43), derived by Weihs (1977). In order to develop a more generalised cruising 

speed model applicable to species not included in the original empirical model, we set the slope 

of the general model to 0.44, given the empirical and theoretical support for this value. The mean 

intercept for the eight coreBRUVS species with a fitted slope of 0.44 was -0.266. ANCOVAs 

performed on the residuals of the length model with a fixed slope found phylogenetic order to 

account for most additional variation in speed (Table 2.3), although it explained less variation 

than the length–species model. The other factors of tail shape, habitat, temperature, trophic level 

and maximum fork length were all significant, but did not explain as much variation as order 

(Table 2.3). Combining all factors (Order + Tail + Max.FL + Temperature + Trophic + Habitat) 

had the greatest explanatory power but limited the generality of the model. The best predictive 

models were selected based on the balance between explanatory power and keeping the model 

sufficiently generalised to allow predications on a range of sharks. Therefore, we looked at the 

predictive capabilities of a model with the three most influential terms length, order and tail shape.  

 

  

Species INT PI mFL CSp CSL CSU Dif %dif 

C. amblyrhynchos -0.158 ± 0.032 0.81 0.63 0.59 0.68 0.05 7.12 

C.s albimarginatus  -0.164 ± 0.035 1.13 0.72 0.67 0.78 0.06 7.72 

C. obscurus -0.223 ± 0.027 0.67 0.50 0.47 0.53 0.03 6.07 

F. macki -0.24 ± 0.042 1.09 0.60 0.54 0.66 0.06 9.24 

C. obesus -0.266 ± 0.077 0.86 0.51 0.43 0.60 0.08 16.15 

M.antarcticus -0.28 ± 0.090 0.94 0.51 0.42 0.63 0.10 18.68 

H. portusjacksoni -0.362 ± 0.173 0.58 0.34 0.23 0.51 0.11 32.83 

P. variolatum -0.454 ± 0.256 0.51 0.26 0.14 0.47 0.12 44.55 
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Table 2.3 ANCOVA table based on the eight coreBRUVs species (n = 216) after fixing the length 

slope at 0.44. The table shows the significance of model terms in comparison to the length model 

with a set slope (log10 (Cruising Speed) ~ 0.44 × log10 (Length)). Model terms include; species, 

phylogenetic order (Order), temperature (Temp), maximum fork length (Max.FL), trophic level 

(Trophic), Habitat (Hab), and tail form (Tail). Akaike information criterion (AIC) values show 

the variation explained by length and model terms. Degrees of Freedom (DF), sum of squares 

(SS), mean square (MS) F-value (F) and p-value are presented. 

Model DF SS MS F P- value AIC 

Length  1 3.37 3.37    

+ Species 7 1.25 0.17 24.1 <0.0001* -395 

+ Order 2 1.08 0.54 50.4 <0.0001* -360 

+ Temp 1 0.74 0.74 60.8 <0.0001* -333 

+ Tail 1 0.94 0.94 81.8 <0.0001* -348 

+ Habitat 1 0.87 0.87 74.7 <0.0001* -343 

+ Max.FL 1 0.77 0.77 63.2 <0.0001* -335 

+ Trophic 1 0.60 0.60 47.0 <0.0001* -322 

+ Tail + Max FL 3 1.04 0.34 31.8 <0.0001* -355 

+ Tail + Max.FL + Temp + Trophic + Hab  4 1.08 0.27 25.1 <0.0001* -391 

Length + Order 3 2.29 0.76    

+ Tail1 1 0.10 0.10 10.1 <0.002* -369 

+ Habitat1 1 0.10 0.10 10.1 <0.002* -369 

+ Max.FL1 1 0.10 0.10 10.0 <0.002* -369 

+ Trophic1 1 0.06 0.06 5.5 <0.02* -364 

+ Tail + Max.FL + Temp + Trophic + Hab1 3 0.29 0.10 16.7 <0.0001* -394 

1model terms tested against log10 (Cruising Speed) ~ 0.44 * log10 (Length) + Order 

* indicates models that were statistically significant. 

2.4.2 Predictive capabilities of the model 

Literature-derived cruising speeds were obtained for 101 tagged individuals representing 13 

species (Table 2.4). Sampling intervals ranged from ‘continuous’ (Parsons and Carlson, 1998) 

(coded as 0.5 min) to 45 min (Ackerman et al., 2000). The analysis of residuals as a function of 

sampling interval demonstrated that sampling interval had a significant effect on the size of the 

residuals (p = 0.04). Sampling intervals greater than 10 min produced residuals that were usually 

negative and large (Figure 2.2), suggesting that the general model would overestimate speed for 

individuals where sampling intervals exceeded this duration. We thus restricted our analysis to 

data derived from individuals for which sampling intervals were less than or equal to 10 min (n = 

61 individuals from 9 species). We compared the observed speeds with predicted speed from three 

generalised models: (1) length + order, (2) length + tail shape and (3) length + order + tail shape. 

All models had a significant relationship between predicted and observed speeds obtained from 

tagged animals (tag data, n = 50 individuals from 6 species) and also the additional animals for 

which stereo-BRUVS (extraBRUVS, n = 32 individuals from 4 additional species) derived speeds 

were obtained but not used to develop the model (Table 2.5). However, the three models were 

similar in their predictive power (maximum difference in mean residuals = 0.016 m s-1). 
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Therefore, we performed further analysis on tail shape as it is more directly related to the physical 

process of swimming.  

The length + tail model was significantly better at predicting cruising speeds than a length only 

model (t-test, t155 = -24.87; p = <0.0001). The residual from the length + tail model (± 0.072 m s- 1) 

was 76% lower than a length only model (± 0.30 m s-1). Residuals from the length + tail model 

were compared between the tag data and the extraBRUVS (t-test, t48 = -0.45; p = 0.65); the model 

predicted cruising speed equally well for the two data sets, even though they were measured using 

different methodologies. The mean residual for tag data sharks was calculated to be 0.084 m s-1 

(± 0.016 m s-1) and the mean residual for sharks from extraBRUVS data were calculated to be 

0.068 m s-1 (± 0.031 m s-1). The residuals from both the extraBRUVS and tag data were positive 

relative to the coreBRUVS from which the generalised model was constructed (t-test, t118 = -4.6; 

p = < 0.001).  

In order to extend the length + tail model, the intercept for sharks with a tail shape 1, which is 

characterised by a high aspect ratio, was calculated from tag data. We fitted a length only model 

to tag data from 17 individuals from three species with a high aspect tail shape (tail shape 1) 

(Table 2.5). From the residuals of this regression the intercept for sharks with this tail shape was 

calculated to be -0.267.  
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Table 2.4 Acoustic tagged data derived from the literature, where CS = cruising speed and FL = fork length. Number of observations for each species (n), 

sampling interval (SI) and the referenced literature (Ref) are also presented. 

Order / Species n FL (m) CS (m s-1) SI (min) Ref 

Carcharhiniformes      

Carcharhinus amblyrhynchos 23 1.16-1.71 0.07-0.97 351 (McKibben and Nelson, 1986) 

Carcharhinus plumbeus 25 0.50-1.11 0.31-0.69 5 (Rechisky and Wetherbee, 2003) 

Carcharhinus obscurus 10 0.53-0.78 0.03- 0.36 15 (Huish and Benedict, 1977) 

Mustelus antarcticus 1 0.925 0.33 2 (Barnett et al., 2010) 

Negaprion brevirostris 11 0.64-1.95 0.22-0.74 1 (Sundström and Gruber, 1998; Sundström et al., 2001; Sundström 

and Gruber, 2002) 

Prionace glauca 2 1.233 0.3-0.6 1 (Klimley et al., 2002) 

Rhizoprionodon terraenovae 9 0.54 -0.82 0.28-0.59 9 (Gurshin and Szedlmayer, 2004) 

Sphyrna lewini 2 0.31 0.16-0.17 15 (Holland et al., 1993) 

Sphyrna tiburo 2 0.76-0.79 0.34-0.36 0.52 (Parsons and Carlson, 1998) 

Triakis semifasciata 2 0.91-1.19 0.23- 0.42 45 (Ackerman et al., 2000) 

Lamniformes      

Carcharodon carcharias 6 1.41-4.26 0.61- 0.89 4, 1 (Carey et al., 1982; Klimley et al., 2002; Bruce et al., 2006) 

Isurus oxyrinchus 6 1.10-1.67 0.49-1.2 1, 15 (Holts and Bedford, 1993; Klimley et al., 2002) 

Orectolobiformes      

Rhincodon typus 2 4.44-5.38 0.6-0.75 10 (Gunn et al., 1999) 

1Sampling interval is an average of the intervals used in the study 
2 Reported as continuous; estimated as every 30 s 
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Figure 2.2 The sampling interval time of tagged data had a significant effect on cruising speed 

(p = 0.04). Speeds have been adjusted to account for length by using the residuals of the length 

model with a set slope of 0.44 found in our model (Table 2.3). 

 

Table 2.5 ANCOVA results comparing the observed and predicted cruising speeds from the three 

models (1) length—tail (2) length—order (3) length, order—tail. Intercepts (INT) estimated by 

the ANCOVA: log10(CS) = 0.44 × log10(FL) + INT, where CS = cruising speed and FL = fork 

length. The intercept from animals with tail shape 1 is based on tag data. We have also included 

the mean residuals of each model and the results of t-test comparing the residuals of the three 

models.  

Model (df) INT F P-value Mean residuals 
#1, #2Length + Tail (1, 81)  13.57 0.0004* 0.077 (± 0.141) 

Tail 1 (high aspect ratio) -0.267    

Tail 2 (low heterocercal angle) -0.211    

Tail 3 (straight tail) -0.309    

Tail 4 (epicaudal lobe) -0.365    
#1, #3Length + Order (1, 83)  30.63 0.0001* 0.061 (± 0.127) 

Carcharhiniformes -0.224    

Heterodontiformes -0.365    

Orectolobiformes -0.453    
#2, #3Length + Tail + Order (1, 81)  24.65 0.0001* 0.072 (± -0.131) 

Tail 2 (low heterocercal angle) -0.211    

Tail 3 (straight tail) -0.271    

Tail 4 (epicaudal lobe) -0.365    

 Orectolobiformes -0.183    
 #1 (n = 161, t = -0.80, p = 0.42), #2(n = 161, t = -0.27, p = 0.79), #3(n = 163, t = 0.55, p = 0.58) 

intercept based on tag data 

* indicates models that were statistically significant. 

 

2.5 Discussion 

2.5.1 Factors affecting cruising speed of sharks 

Our study found the slope of the relationship between speed and body size was constant across 

all species, whereas the offset (or intercept) was species-specific. The consistency of this slope 

with that of Weihs’ (1977) theoretical model suggests a strong energetic influence on swimming 
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speed. Indeed, Weihs (1977) identified energetics as a major influence on the logarithmic 

relationship between speed and length in aquatic animals. His model stated that an animal will 

swim at the speed that requires the least amount of energy and defined optimal cruising speed as 

the speed at which total metabolic rate is approximately double the metabolic rate of the individual 

at rest. Weihs (1977) used drag coefficients based on trout species to derive optimal cruising 

speed (CS, in m s−1) as a function of length (L, in m) where: 

CS = 𝐿 0.43  +  0.503       (1) 

Based on our analysis of eight species ranging in size from 0.31 m to 2.21 m (Max.FL 0.9 m to 

7.5 m) under natural conditions, we derived the general equation: 

CS = 𝐿0.44 + 10 𝑠𝑝𝑒𝑐𝑖𝑒𝑠       (2) 

where the species-specific intercept (species) for each of the eight species is presented in Table 2.2.  

Weihs’ (1977) theoretical model is consistent with empirical observations of cruising speed in a 

number of aquatic species, including sockeye salmon, Oncorhylnchus nerka (Ware, 1978), white 

crappie, Pomoxis annularis, (Parsons and Sylvester Jr, 1992), bonnethead sharks, S. tiburo, 

(Parsons, 1990) and blacknose sharks, C. acronotus (Carlson et al., 1999). The cruising speed 

measurements of S. tiburo and C. acronotus were made from sharks swimming in flumes, which 

allowed simultaneous measurements of metabolic rate and cruising speed. Both speed and 

metabolic rate increased with body length (Carlson et al., 1999) and differed between species 

(Scharold et al., 1988; Scharold and Gruber, 1991). The species effect and relationship between 

length and cruising speed may reflect difference in metabolic rate. Metabolic rates of larger 

individuals and faster cruising species may be higher than those with slower cruising speeds.  

The species model best explains the cruising speed of sharks because a number of factors affect 

movement and thus energetic expenditure (Shirai, 1996). In addition to body size (Ware, 1978; 

Parsons, 1990), morphological traits such as body shape (Walker and Westneat, 2002) and fin 

placement (Standen and Lauder, 2005) can influence cruising speed by improving propulsion, 

reducing drag (Walker and Westneat, 2002) and maintaining balance (Standen and Lauder, 2005). 

Cruising speed can also be effected by physiological traits such as metabolism (Parsons, 1990), 

in particular the efficiency of red muscle fibres (Rome et al., 1984). Red muscle fibres are used 

at low speeds (i.e. aerobic activities) and their maximum power output limits cruising speed 

(Johnson et al., 1994; Bernal et al., 2001; Syme and Shadwick, 2002; Bernal et al., 2003). For 

example, the increased temperatures associated with endothermy require less activation of muscle 

fibres making for more energy efficient swimming (Dickson and Graham, 2004).  
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2.5.2 Predicting swimming speeds 

Our study presents one of the largest data sets on cruising speeds for a range of shark species and 

sizes, in their natural environment. We have built on this data set to develop a second, more 

general model to predict cruising speeds of sharks for which empirical observations are currently 

unavailable. The general model aims to replace the species term with tail shape. The length + tail 

shape model developed from coreBRUVS data were tested on new species and was found to 

generate predictions of cruising speed with considerable accuracy. The length + tail model is 

significantly better at predicting the tag and extraBRUVS data and explained a further 76% of the 

variation in cruising speed compared to a length only model (residuals: ± 0.072 m s-1 Vs ± 

0.300 m s-1). Although, it must be stressed that a model incorporating species would, of course, 

be more accurate. This is currently the most accurate model for predicting the cruising speeds of 

shark species where direct measurements are unavailable.  

The length + tail shape model produced similar residuals for species represented by either the 

extraBRUVS or tag data. This result suggests that the stereo-BRUVS method and tagging method 

produced similar speed measurements. The mean residuals from both the extraBRUVS and tag 

data were positive, suggesting the model may have a tendency to overestimate cruising speeds. 

However, this difference equates to an overestimation of 0.085 m s-1, which is small in relation to 

how fast the animals are moving (0.21 to 1.58 m s-1) and may reflect the large amount of variation 

in individual cruising speed resulting from uncontrolled environmental factors, such as habitat 

(Vásquez et al., 2002), water temperature and currents (Salinger and Anderson, 2006). It is to be 

expected that the coreBRUVS data have a mean residual close to zero as these measurements 

were used to build the model. However, the difference between the coreBRUVS and extraBRUVS 

data highlights the need for large sample sizes to accurately identify trends in speed data.  

The success of the length + tail shape model in accurately predicting cruising speeds may be 

attributed to its ability to cover a range of ecological and morphological characteristics. The 

ability of all factors (trophic level, habitat, tail shape and temperature) to explain cruising speed 

highlights the fact that cruising speed is probably dependent on a number of ecological and 

morphological factors. Tail shape is correlated to a number of ecological and morphological 

factors such as habitat, order and overall body shape. For example, most lamnid sharks have high 

aspect ratio tail shape, conical head (Thomson and Simanek, 1977) and are highly active pelagic 

predators (Northmore and Dvorak, 1979); their relatively quick cruising speed potentially reflect 

their feeding ecology in that they track fast, elusive prey (Speakman, 1986; Kramer and 

McLaughlin, 2001; Zeil et al., 2008). In contrast, Heterodontiformes are characterised by a tail 

with a marked epicaudal lobe and the absence of an anal fin (Thomson and Simanek, 1977). All 

Heterodontiformes are benthic and feed on smaller, less mobile prey, which do not require great 

speed to track or capture (Speakman, 1986; Kramer and McLaughlin, 2001; Zeil et al., 2008).  
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The length + tail shape model, the length + order model and the length + order + tail shape model 

predicted cruising speed with similar accuracy. However, we suggest that length + tail shape 

would make the best general model because the order model is also more likely to produce 

inaccurate estimates for the more atypical sharks within an order. For example, the Lamniformes 

are a diverse group that includes unusual deep sea species such as the megamouth (Megachasma 

pelagios) and goblin (Mitsukurina owstoni) sharks (Froese, 2013). A model built on white 

(Carcharodon carcharias) and short fin mako (Isurus oxyrinchus) sharks is less likely to reflect 

these sharks.  

In the absence of species-specific information, tail shape is a suitable alternative to predict 

cruising speed. Care should also be taken with sharks with the tail shape 1 (high aspect ratio tail) 

as the model for these groups were based only on data from acoustically tagged sharks. However, 

there was a large (n = 18) dataset and—considering the similarities between speeds derived from 

the two methodologies for other shark species—it is unlikely that the estimates derived from tag 

data and stereo-BRUVS will differ substantively.  

2.5.3 The use of stereo-BRUVS and acoustic tags for measuring cruising speed 

Stereo-BRUVS are a useful method for measuring the cruising speed of sharks. The relatively 

low cost and widespread use of stereo-BRUVS means that large multispecies data sets can be 

obtained. With the development of mid-water camera systems (Letessier et al., 2013), footage of 

pelagic species is also becoming increasingly available such that swimming speeds for relatively 

elusive open-ocean species can be determined. Stereo-BRUVS also allow behaviours such as 

burst and cruising speed to be isolated. For many species of sharks, this paper provides the first 

measurements of potential burst speeds. Finally, stereo-BRUVS allow swimming speeds to be 

measured in the sharks’ natural environment in a largely non-invasive manner. 

The stereo-BRUVS methodology does introduce the possibility that the bait used to lure sharks 

into the frame may alter the behaviour, and therefore cruising speed (Maioli, 1988; Dieringer et 

al., 1992). Although bait was present during sampling, speeds were not measured while the sharks 

were feeding or interacting with the bait. Moreover, the similarities seen between cruising speed 

estimates from the stereo-BRUVS data, the tag data and Weih’s (1977) model suggests that bait 

has little effect on the overall cruising speed of the sharks. Although it appears that the bait had 

no great effect on the cruising speed of sharks, comparing the cruising speed of sharks measured 

using stereo-BRUVS with and without bait present would determine the influence of the bait on 

cruising speed, but such a study would be hampered by the reduced likelihood of observing 

sufficient numbers of sharks in the baitless trials. 

Speeds derived from acoustic telemetry were comparable to those predicted from the model based 

on stereo-BRUVS, although the sampling interval of the tag data did affect estimates of cruising 
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speed. Predicted cruising speeds based on sampling intervals greater than 10 min were generally 

slower than those estimated at sampling intervals of less than 10 min. This bias may reflect 

deviations from straight-line (point-to-point) navigation by the sharks over longer sampling 

intervals and result in an apparent decrease in swimming speed because, in fact, animals are 

covering more ground. Measuring speed with acoustic (or satellite) tags may also be subject to 

other inaccuracies due to the device affecting locomotion (e.g. by increasing drag) (Dickson and 

Graham, 2004; Grusha and Patterson, 2005; Hammerschlag et al., 2011) and behavioural 

responses to externally attached tags (Davidson et al., 1999).  

Tagging data have the benefit of recording speed over much larger distances and under low 

visibility or dim lighting conditions (Hammerschlag et al., 2011), and improvements to tag 

technology, such as the incorporation of accelerometers, are providing the potential for 

increasingly accurate measurements of swimming speed. Accelerometers are also advancing the 

ability of scientists to relate swimming speed and body movement with specific behaviours 

(Whitney et al., 2010; Gleiss et al., 2011; Nakamura et al., 2011; Whitney et al., 2012). Studies 

using accelerometers rarely isolate cruising speed but present mean swimming speed, which can 

include gliding and burst swimming (Nakamura et al., 2011). Isolating cruising speed from these 

data would make a useful contribution to assess the model developed in this study. As data on 

swimming speed increase, it will be possible to investigate the patterns observed in this study 

across a greater range of shark species. In order to extend the range of sharks in which cruising 

speed has been investigated, stereo-BRUVS may be designed to target specific habitats, i.e. 

pelagic environments using midwater stereo-BRUVS (Letessier et al., 2013).  

 

2.6 Conclusion 

Cruising speeds in sharks are species-specific. However, in order to estimate cruising speeds of 

sharks for which no measurements currently exist, predictions can be made based on a general 

model taking into account fork length and tail shape. It is anticipated that our empirical model 

will be of use in a range of ecological research. The model may be used in conjunction with other 

methodologies to better understand predator-prey interactions, sensory perception and habitat use 

in marine ecosystems. For example, combining the model estimates of cruising speed with arrival 

times from baited remote underwater video data may provide insights into home range size, which 

may help to inform decisions about the size and location of marine protected areas designed for 

shark conservation. Accurate predictions of cruising speed may also allow fine-scale movements 

to be assessed from tag data by predicting the probability of straight line swimming. Of particular 

interest to our research is the degree to which interspecific differences in swimming speed are 

reflected in functional adaptations of sharks’ sensory systems to process new sensory information, 
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which in turn impacts upon critical behaviours such as prey detection and predator avoidance. 

Swimming speed is a fundamental attribute of aquatic animals, influenced by their sensory 

capabilities, their behaviour and their interaction with their environment. General models 

quantifying swimming speed in sharks have the potential to provide insight into their 

neurobiology and ecology and may contribute to the conservation of this diverse and ecologically 

important taxa. 
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3.1 Abstract  

Many animals rely on vision to detect both predators and prey. However, different types of visual 

cues can provide different amounts of information. For instance, an animal’s ability to see colour, 

or its spatial resolution, temporal resolution and contrast sensitivity all influence what it can see. 

Sharks have long been described as having ‘poor’ vision as they lack colour discrimination and 

anatomical estimates suggest that they have low spatial resolution. However, there are no direct 

behavioural measurements of their spatial resolving power or their sensitivity to contrast. 

Compared to animals living in terrestrial habitats, sharks live in a low contrast environment and 

we might expect their eyes to favour contrast sensitivity over resolution. In this study, eye 

movements were tracked in response to optokinetic stimuli in two species of benthic sharks, the 

Port Jackson shark, Heterodontus portusjacksoni, and the brown-banded bamboo shark, 

Chiloscyllium punctatum, to estimate contrast sensitivity and spatial resolving power. Both 

species showed consistent optokinetic responses to moving gratings of spatial frequencies of up 

to 0.38 cycles per degree (cpd) suggesting very low spatial resolving power. However, both 

species showed a greater contrast sensitivity than other vertebrates with similar spatial resolving 

power. H. portusjacksoni was able to detect contrasts as low as 1.3%. Optokinetic gain was very 

low and neither species was able to stabilise the gratings on the retina. Since both contrast and 

spatial information are reduced as a result of optic flow, we also analysed eye movements in free 

swimming C. punctatum. We found no compensatory eye movement, suggesting that during 

swimming this species’ vision goes through periods of stabilisation and blur.  
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3.2 Introduction 

For many animals, vision is vital to detect and identify both prey and predators, as well as aiding 

in navigation and communication. An individual’s visual perception of their world is determined 

by the types of visual cues, such as motion, colour, depth and form (Eckert and Zeil, 2001), and 

the amount of information detected. The information content of all streams of information are 

affected by an animal's spatial resolving power, temporal resolution and contrast sensitivity 

(Eckert and Zeil, 2001; Land and Nilsson, 2012). These aspects of the visual system are often 

optimised to suit an animal’s environment and lifestyle, however, the optimisation of one aspect 

is often at the cost of another. For example, animals from dim light environments generally have 

a high number of rod photoreceptors, which are sensitive to light, but have low temporal 

sensitivity because rods are slower to process information than cones, which are used in bright 

light vision (Cao et al., 2007; Milošević et al., 2009; Land and Nilsson, 2012). 

Sharks interpret their world using a number of sensory modalities such as electroreception, 

olfaction, audition, vision, the mechanosensory lateral line and possibly even magnetoreception 

(Hueter et al., 2004; Meyer et al., 2005; Gardiner et al., 2012). The importance of visual 

information is still relatively unknown and sharks are often described as having ‘poor’ vision 

because they lack colour vision (Hart et al., 2011; Schluessel et al., 2014) and are thought to have 

low spatial resolving power (Hueter, 1990; Lisney and Collin, 2008; Litherland and Collin, 2008). 

Being cone monochromats, sharks cannot discriminate colour, which is unusual as many 

terrestrial and shallow water aquatic vertebrates have colour vision. Even batoids, (Hart et al., 

2004; Theiss et al., 2007; Van-Eyk et al., 2011), which are closely related to sharks, and early 

vertebrates (e.g. lampreys) (Collin et al., 2003) have colour vision. Cone monochromacy has also 

been found in other marine predators such as dolphins and seals (Crognale et al., 1998; Fasick et 

al., 1998; Peichl et al., 2001). However, unlike these other marine predators, sharks also have low 

spatial resolving power (Hueter, 1990; Weiffen et al., 2006; Lisney and Collin, 2008; Hanke et 

al., 2011). Nonetheless, sharks have been shown to rely on visual information to detect and 

identify prey (Hobson, 1963; Gilbert, 1970; Strong, 1996) and predators (Seamone et al., 2014), 

for communication (Ritter et al., 2000; Martin, 2007) and to navigate their complex aquatic 

environment (Parker, 1910; Fuss et al., 2014). White sharks, Carcharodon carcharias, for 

example, will frequently attack stationary objects at the water surface. While this behaviour is 

thought to be almost entirely driven by visual cues (Strong, 1996; Hammerschlag et al., 2012), it 

is unknown what specific visual information drives this behaviour.  

Visual contrast sensitivity and spatial resolving power determine the ability of an animal to 

discriminate objects against the background and define the distance at which detection can occur 

(Land, 1999; Eckert and Zeil, 2001). No estimates of contrast sensitivity currently exist for sharks, 

suggesting that categorising sharks as having ‘poor’ vision may be presumptuous. Anatomical 
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estimates of spatial resolving power have been obtained in a number of sharks and range from 2 

–11 cycles per degree (cpd) (Hueter, 1990; Lisney and Collin, 2008). Anatomical estimates of 

spatial resolving power represent the theoretical maximum resolution of the eye based on the 

minimum spacing of retinal ganglion cells. Actual or functional spatial resolving power is likely 

to be lower as not all ganglion cells play a role in spatial resolution (Stell et al., 1975). Spatial 

resolving power has not been estimated using behavioural methodologies in sharks. However, in 

other vertebrates, behavioural estimates are often lower than anatomical estimates (Campbell and 

Green, 1965; Hemmi and Mark, 1998; Hodos et al., 2002). 

Understanding contrast sensitivity and spatial resolving power in sharks is also important from 

an evolutionary point of view. Sharks evolved over 400 million years ago (Miller et al., 2003) and 

represent an important stage in evolutionary history as they are the oldest living descendants of 

the first jawed vertebrates (Davis et al., 2012). They provide a blueprint for modern day 

vertebrates and understanding the apparent trade-offs in the design of shark visual systems can 

provide insight into the selection pressures that have shaped the visual systems of contemporary 

vertebrates. Underwater, absorption and light scattering strongly affect the visual contrast of an 

object as the distance from the observer increases (Lythgoe, 1980; Lythgoe, 1988; McFarland, 

1990; Land and Nilsson, 2012). In aquatic environments, contrast, rather than spatial resolving 

power, is thus often the limiting factor in the early detection and identification of objects. Sharks 

may trade-off spatial resolving power in order to enhance contrast sensitivity. Larger receptors or 

longer sampling integration times increase photon capture, which increases contrast sensitivity at 

the expense of spatial and/or temporal resolution (Land and Nilsson, 2012). 

The contrast sensitivity function is an important descriptor of the visual system as it defines 

contrast thresholds at different spatial scales (Land, 1999; Eckert and Zeil, 2001; Land and 

Nilsson, 2012). Optokinetic experiments have been used to measure the contrast sensitivity 

function in a number of animals (Donaghy, 1980; Miller et al., 1980; Silveira et al., 1982; 

Fritsches et al., 2005; Rinner et al., 2005; Jarvis et al., 2009). A wide-field motion stimulus, 

typically a striped pattern (grating) on the inside of a rotating drum, has been used to stimulate 

reflex eye movements aimed at stabilising the retinal image of the environment on the eye.  

Most animals actively move through their environment and have to cope with optic blur produced 

by image motion on the retina, known as optic flow (Land, 1999, 2015). In order to reduce image 

blur, most animals use head, eye and/or body movements to stabilise the image on the retina 

(Collewijn, 1977; Frost, 1978; Land, 1999, 2015). Optokinetic eye movements consist of a slow 

phase, in which the eyes rotate smoothly in the opposite direction to the head in order to remove 

the rotational component of optic flow; and a fast phase, in which a saccadic eye movement resets 

the eye to a more central position (Fernald, 1985; Mandecki and Domenici, 2015). Many 

vertebrates perform nystagmus eye movements in which the slow phase and saccade are repeated 
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in a rhythmic pattern. Under perfect conditions, this results in periods of stationary gaze, 

interrupted by fast saccades, a mechanism that is common amongst most vertebrates (Donaghy, 

1980; Miller et al., 1980; Fritsches and Marshall, 2002; Jarvis et al., 2009; Mueller and Neuhauss, 

2010). However, eye movements do not often completely stabilise gaze (Gioanni et al., 1993; 

Fritsches and Marshall, 2002), and the image of the outside world experiences slippage on the 

retina, although eye movements are generally sufficient to prevent any image blur (Land, 1999).  

The optokinetic apparatus also provides a unique opportunity to investigate gaze stabilisation in 

sharks. By reducing image blur, gaze stabilisation can aid the detection of contrast and spatial 

information, even if sharks do not completely stabilise their gaze. Quantifying contrast sensitivity, 

spatial resolving power and gaze stabilisation is thus vital to understand how sharks perceive their 

visual world. It also provides insight into the role vision plays in their predatory behaviour with 

potential conservation benefits through the design of shark mitigation devices. 

To date, no optokinetic responses have been observed in sharks (Masseck and Hoffmann, 2009; 

Land, 2015). Eye movements in sharks are thought to be controlled through efference copy, a 

neural mechanism in which the movement of the tail and body during swimming causes a signal 

to be sent to the muscles responsible for eye rotation, thus causing eye movements that counteract 

body rotation. (Harris, 1965; Combes et al., 2008; Land, 2015). Sharks have a unique organisation 

of oculomotor neurones (Graf and Brunken, 1984), suggesting that optokinetic responses in 

sharks would differ from other vertebrates and may represent a phylogenetically conserved design 

of optokinetic eye movements.  

In this study, a computer-generated optokinetic stimulus was used to assess the eye movements 

of two benthic shark species, Port Jackson sharks, Heterodontus portusjacksoni, and brown-

banded bamboo sharks, Chiloscyllium punctatum, to estimate contrast sensitivity and spatial 

resolving power. Eye movements were measured for stimuli that simulate three types of 

egocentric motion: horizontal motion, vertical motion and rotation around the longitudinal body 

axis (roll). We compared the gain of eye movements for the different motion stimuli and an object 

motion stimulus. Eye movements were also measured in unconstrained C. punctatum to determine 

the degree of gaze stabilisation under free swimming conditions. We also present a new measure 

for the impact of motion blur, by calculating the distance at which objects are stabilised on the 

retina during a swimming cycle. 

 



 
 

56 

 

3.3 Materials and Methods 

3.3.1 Animal acquisition 

Three captive bred brown-banded bamboo sharks, C. punctatum; (fork length (FL) 35–40 cm, eye 

diameter 7.5–9.5 mm), and three wild caught Port Jackson sharks, H. portusjacksoni; (FL 20–30 

cm, eye diameter 9.5–11 mm), were used for the optokinetic experiments. H. portusjacksoni were 

held in a large 2800 L aquarium and C. punctatum were held in a 1000 L aquarium before and 

after any experimental procedures. Eye movements in free swimming individuals were only 

recorded from C. punctatum, as the aquarium they were held in was made from clear glass which 

was suitable for the recordings. The experiments complied with the Western Australia Animal 

Welfare Act (2002) and were covered by an ethics protocol (RA/3/100/1220), approved by the 

animal ethics committee of The University of Western Australia.  

3.3.2 Optokinetic apparatus 

During the optokinetic experiments, sharks were held in a small square tank (30 cm × 25 cm) and 

gently restrained with small wooden pegs placed along the side of the body. Both the head and 

tail were secured with flexible plastic straps. A 1 cm clear Perspex plate was positioned in front 

of the shark and maintained the animal’s head 5 cm from the front edge of the tank. The tank was 

positioned in the centre of four radiance-calibrated LCD computer monitors (1920 × 1080 Dell 

E2310Hc, Dell Inc.) with the midpoint between the animals’ eyes positioned 25 cm away from 

all monitors (Figure 3.1 A & B). Each monitor had a mean light intensity of 3.2 × 10-5 W sr-1 cm- 2, 

measured using a calibrated light meter (International Light Technologies, ILT1700). The 

monitors covered approximately 65 degrees of the vertical visual field and 360 degrees of the 

horizontal field. The visual fields of the species used in this study have not been measured, but 

the extent of the visual field has been assessed in the lemon shark, Negaprion brevirostris 

(McComb et al., 2009). Based on the visual field of N. brevirostris, the monitors covered 

approximately 68% of the visual field of the study species. All visual stimuli were constructed in 

Matlab (The MathWorks, 2004) utilising the Psychtoolbox 3 extension (Brainard, 1997; Pelli, 

1997). Eye movements were recorded using a Sony® Handycam (HDR CX700 or HDR CX550) 

video camera (in night mode) positioned below the side monitor and infrared LED (850 nm) 

lights, which aided the detection of the pupil, without affecting the light intensity perceived by 

the sharks. Videos were converted to avi format using ffmpeg (git-1654ca7) (Bellard and 

Niedermayer, 2012) and imported into a custom Matlab program (JMH, modified from How et 

al. (2007)) to automatically track the centre of the pupil. Tracking resolution was half a pixel, 

equivalent of 0.05 degrees in gaze rotation. The inverse sine of the distance (x) the pupil moved 

on screen and the radius of the eye (reye) was used to calculate eye movements in degrees (Figure 

3.1 C & D). However, these calculations did not take into account the 3D path of the eye’s 

rotation. As the pupil moves away from the centre of the eye, estimates of the distance the pupil 
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moves are underestimated. However, the error is very small and was found to have little effect on 

the data. For a 10 degree eye movement, the error is approximately 0.2%  

 

Figure 3.1 Virtual optokinetic drum set up and calculation of eye movements. A) Top view 

photograph of C. punctatum positioned at the centre of the virtual drum. The animal is surrounded 

by four computer monitors with vertical gratings which move horizontally. B) Position of the 

recording camera. The schematic shows a frontal view with the camera positioned underneath a 

side monitor and focused on the eye. C) Eye movements were calculated in degrees by comparing 

the position of the pupil in one frame (T1) with the next frame (T2). D) The inverse sine (asin) of 

the distance the pupil moved (x) and the radius of the eye was used to calculate eye movements 

per degree.  

 

3.3.3 Experimental procedure 

Sharks were acclimated to the experimental setup for 10 min. Each trial, which tested a particular 

spatial frequency and contrast combination, consisted of eight 10 s motion segments, in which 

stimulus direction was reversed after each segment. The start direction for each trial (clockwise 

or anticlockwise) was chosen at random.  

In a pilot study, we tested the ability of sharks to track gratings at different speeds. A vertical 

sine-wave grating with a spatial frequency of 0.14 cycles per degree (cpd) and speeds of 0.5, 1, 

2, 5, 10, 20 deg/s were used to estimate the gain (i.e. the speed of the eye relative to the speed of 

the stimulus). Speeds were presented in a randomised order. The gain decreased with stimulus 
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speeds above 5 deg/s, a speed of 2 deg/s produced the most consistent eye movements with the 

highest and most reliable (low variation) tracking gain in both species and was, therefore, used 

for all further experiments (Figure 3.2). 

 

Figure 3.2 The mean and SE gain of eye movements at different stimulus speeds. The effect of 

the speed of the horizontal moving 0.14 cpd vertical sine-wave grating on the gain in 

H. portusjacksoni (Hp) and C. punctatum (Cp). 

 

3.3.4 Contrast sensitivity and spatial resolution 

For each animal, contrast sensitivity was assessed by determining the contrast threshold for each 

tested spatial frequency. At each spatial frequency, contrasts between 100% and 0.5% were tested 

in a randomised order. Spatial frequencies were tested in 0.1 log10 unit steps between 0.017 and 

0.640 cpd. Presentation order was randomised. For each individual, three different controls were 

used to define the noise threshold, which assessed tracking thresholds. These controls accounted 

for small spontaneous eye movements not corresponding to tracking and ensured tracking was 

not a result of any artefact or aliasing caused by the monitors. The three controls included: (1) a 

high spatial frequency grating of 5 cpd, which is significantly greater than the anatomical 

estimates of spatial resolving power for both species of shark (Harahush et al., 2014; Peel et al., 

in prep.), (2) a stationary grating with a spatial frequency of 0.24 cpd, and (3) a moving zero 

contrast grating.  

To determine if contrast sensitivity was affected by light intensity, the experiment was performed 

at two mean light intensities; 3.2 × 10-5 W sr-1 cm-2 and 3.7 × 10-6 W sr-1 cm-2, adjusted by dimming 

the brightness of the monitors. Light intensity was measured using a calibrated light meter 

(International Light Technologies, ILT1700). At the dimmer light intensity, only two individuals 

of each species were tested and contrast sensitivity was estimated in 0.2 log10 unit steps for spatial 
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frequencies between 0.017 and 0.640 cpd. Pupil size (horizontal extent of the vertical slit pupils) 

was measured at both light intensities.  

For all stimuli, the centre position of the pupil was tracked over 80 s of stimulus movement at 

40 ms intervals. Stimulus movement direction changed every 10 s. This produced four 10 s 

segments for each direction. The horizontal pupil position trace was smoothed with a Gaussian 

filter with a standard deviation of three frames and a filter length of eight frames. Large and fast 

eye movements, which generally represented saccades or other voluntary eye movements, were 

removed to avoid contamination of slow phase eye movements, which represent the visual 

tracking phase. This was achieved by removing all frames where eye movements exceeded two 

deg/s (as well as a further 10 frames before and after such frames). The remaining track was 

spliced back together, removing any offsets at the splice position. If more than half the tracking 

was removed from a segment it was excluded from the analysis. Each remaining segment was 

then fitted by a straight line (Figure 3.3). The slopes of all segments that corresponded to the same 

direction were averaged to produce a mean slope for the clockwise and anticlockwise stimulus 

direction, respectively. The slopes represented the average speed of tracking and slopes were used 

to calculate average gain. However, the difference between average eye movement speed for each 

stimulus direction was used as a proxy for the ability of the animals to track the stimulus. The 

difference in relative eye movement speed was used rather than the gain alone because it allowed 

for greater accuracy around the contrast and spatial threshold as it takes into account the direction 

in which eye movements occur relative to stimulus direction. 

The contrast sensitivity threshold for a particular frequency was estimated by comparing the 

difference in relative eye movement speed between experimental and control regimes. The 

maximum difference in relative eye movement speed for each individual during the controls was 

used as the noise threshold to define the presence of tracking (Figure 3.4, dashed line). The 

interpolated contrast at which the difference in relative eye movement speed crossed the noise 

threshold was used as the estimate of threshold contrast (Figure 3.4). The contrast threshold was 

determined for all spatial frequencies. For each individual, a full contrast sensitivity function was 

calculated as the inverse of threshold contrast. The contrast sensitivity function was then averaged 

across animals to produce a mean contrast sensitivity function for each species. Spatial resolution 

and contrast sensitivity were log10 transformed for all analyses in order to fulfil the assumption of 

homogeneity of variance (Zar, 1999). An analysis of variance (ANOVA) was performed in R 

(RCoreTeam, 2015), to test for differences in peak contrast sensitivity between the two species 

and between the two light intensities at a common spatial frequency. The highest spatial frequency 

at 100% contrast represents our estimate of spatial resolving power. 
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3.3.5 The effect of motion direction on optokinetic sensitivity 

To understand the ability of sharks to use eye movements to compensate for motion in different 

directions, eye movements were recorded in response to three different types of large field motion: 

(1) horizontal motion: simulating a rotation of the head around the vertical axis with vertical sine-

wave gratings rotating horizontally around the shark. This stimulus was used as part of the 

contrast sensitivity estimation, (2) vertical motion: horizontal sine-wave grating that moves 

simultaneously on all monitors in a vertical direction. This simulated visual motion consistent 

with a shark moving up and down in the water column, and (3) rotation around the longitudinal 

body axis of the shark (roll). During the presentation of the stimulus, which simulated a roll, 

horizontal sine-wave gratings were presented on the two monitors positioned along the side of the 

shark (monitors in front and behind the sharks were blacked out). The gratings moved in an 

upward direction on one monitor, whilst the gratings on the other monitor moved downwards. For 

all stimuli, gratings were presented at 100% contrast at two spatial frequencies (0.08 and 0.14 cpd) 

with a rotation speed of 2 deg/s. 

As a comparison, one stimulus was presented to test the sharks’ ability to track object motion. 

Four vertical black bars, one presented on a white background on each monitor, were rotated 

horizontally around the shark at 2 deg/s. Bar width was set at either 4 or 6 degrees (approximately 

equivalent to the bar width of a 0.08 and 0.14 cpd grating, respectively). Tracking was assessed 

as described for the contrast sensitivity experiment. 

3.3.6 Eye movements in free swimming sharks 

To determine whether eye movements were affected by restraint, eye movements were measured 

in three free swimming C. punctatum that were housed in a 0.8 × 1.5 m clear, rectangular 

aquarium. Sharks exhibited a large degree of lateral head movement during swimming due to 

their sinusoidal swimming pattern. Eye movements were recorded on a Sony® Handycam (HDR 

CX700), which was positioned perpendicular to the swimming direction. Head movements were 

recorded simultaneously with a second Sony® Handycam (HDR CX550), which was positioned 

directly above the tank. To measure the correlation between eye and body movements during 

swimming, the two cameras were synchronised to within one frame (error less than 20 ms). For 

each individual shark, three passes of the camera were analysed. Each pass encompassed 

approximately one swimming cycle. A swim cycle consists of a head movement away from the 

midline to one side of the body. When the head reaches the extremity it then moves to the 

opposing side of the body before returning back to the midline. 

Eye and head movements of free swimming sharks were analysed as described above. To 

determine the relative movement of the eye within the head, the head position was removed from 

the eye position. Eye size was used to calculate eye movements in degrees (see above). Head 

movements were measured with the camera above the tank by automatically tracking the position 
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of the two eyes. This allowed movements in head orientation to be calculated as an angle in the 

horizontal plane. Since the sharks were at a different point in the swimming cycle with each pass 

of the camera the cross-correlations between the head and eye were performed separately for each 

recording. The cross-correlation estimated the degree to which head and eye movements 

correlated and provided the time delay between the two movements. The peak of the cross-

correlation trace was normalised. A value of one represents a perfect correlation between head 

and eye movements, while a value of zero meant no correlation. Cross-correlations were aligned 

along the time lag of the largest value and averaged. This allowed the average cross-correlation 

of head and eye movements to be calculated for all recordings regardless of the starting point of 

individual swim cycles. 

3.4 Results 

3.4.1 Contrast sensitivity and spatial resolution 

Both species of shark moved their eyes to follow stimulus gratings, however, neither species 

performed a typical optokinetic response characterised by rhythmic nystagmus. In contrast, 

saccades were sporadic and occurred at different points in the slow phase rotation (Figure 3.3). 

Eye movements had a low gain, even during the preliminary speed experiment, with a gain of 

one, which would indicate tracking at the same angular speed as the stimulus never occur. For 

both species, tracking never completely stabilised gaze.  
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Figure 3.3 Eye movements from H. portusjacksoni in response to vertical sine-wave gratings of 

the same spatial frequency (0.18 cpd) at three different contrasts: A) Eye movement trace at 100% 

contrast, with the fitted slopes of each 10 s segment. The saccade is traced in grey and was 

removed from the analysis. A decrease in the eye position represented tracking to the right and 

increases represent tracking to the left. B) The speed for all eye movements (grey) and mean eye 

movement speed (black) when the gratings moved to the left or right and the difference between 

the mean relative eye movement speed (diffS). C) Eye movement trace at 3% contrast and D) the 

fitted eye movement speed. E) Eye movement trace at 1% contrast and F) the eye movement 

speed. 

The difference in relative eye movement speed increased consistently with grating contrast 

(Figure 3.4). Based on the threshold contrasts for all spatial frequencies, a contrast sensitivity 

function was calculated for each species (Figure 3.5 A). For both shark species, contrast 

sensitivity increased with spatial frequency until approximately 0.14 cpd before declining towards 

higher frequencies. The threshold for spatial resolving power was 0.38 cpd. No visual tracking 

occurred at higher spatial frequencies (Figure 3.5 A). The contrast sensitivity threshold was 

significantly higher (ANOVA, contrast sensitivity ~ species, f1 = 8.37, p = 0.007) for 

H. portusjacksoni than for C. punctatum (75.4 versus 34.6, respectively).  
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Figure 3.4 Difference in relative eye movement speed (diffS) from one individual H. 

portusjacksoni in response to vertical sine-wave gratings moving horizontally at a spatial 

frequency of 0.18 cpd at 2 deg/s. The dashed line represents the noise threshold, which was 

estimated from the control stimuli. Arrows indicate the contrast threshold, calculated as the 

contrast at which the interpolated difference in relative eye movement speed crossed the noise 

threshold. 

 

There was no significant difference (ANOVA, contrast sensitivity ~ species + light intensity, f1 = 

2.71, p = 0.11) between the contrast sensitivities measured at light intensities of 3.2 × 10- 5 W 

sr- 1 cm-2 and 3.7 × 10-6 W sr-1 cm-2. (Figure 3.5 A vs B). The difference in light intensity was 

enough to cause a significant increase in the size of the pupil for both species. The pupils of 

C. punctatum increased from 3.7 mm (± 0.18 mm, SE) to 7.1 mm (± 0.92 mm, SE) (t-test, t3 = 

- 3.76, p = 0.03) and the pupils of H. portusjacksoni increased from 9.7 mm (± 0.75 mm, SE) to 

17.2 mm (± 0.81 mm, SE) ( t-test, t3 = -4.94, p = 0.02) when the light intensity was decreased.  
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Figure 3.5 Contrast sensitivity function (mean and SE) for H. portusjacksoni (Hp) and 

C. punctatum (Cp) at two light intensities. A) 3.2 × 10-5 W sr-1 cm-2 and B) 3.7 × 10-6 W sr-1 cm- 2. 

The ‘×’ markers represent an individual that did not exhibit tracking at a specific spatial 

frequency. 

3.4.2 Directional sensitivity of optokinetic responses 

We used a range of wide-field motion stimuli to determine if sharks used eye movements to 

compensate for large field image motion in different directions. Both H. portusjacksoni and 

C. punctatum produced slow, but consistent and reliable eye movements in the direction of the 

moving gratings (Figure 3.6). Both eyes were monitored for reactions to the vertical motion 

stimulus, which simulated visual motion consistent with the rising or lowering of the shark in the 
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water column. The eyes moved together and followed the gratings for the vertical motion stimuli 

(Figure 3.6 C & D). In contrast, during the grating that simulated a rotation around the longitudinal 

axis of the shark, all individuals tracked the grating by moving one eye up whilst moving the other 

eye down (Figure 3. 6 E & F). The gain of the eye movements did not vary between the wide-

field gratings (ANOVA, gain ~ grating + species, f2 = 3.01, p = 0.07) but H. portusjacksoni 

produced eye movements with significantly greater gain (0.21, ± 0.03, SE) than C. punctatum 

(0.06, ± 0.01, SE) (ANOVA, gain ~ species, f1= 29.01, p= <0.0001) (Figure 3.7). During the object 

motion stimulus, only one individual of H. portusjacksoni and one individual of C. punctatum 

tracked the object with their gaze. 

 

Figure 3.6 Eye movements as a function of stimulus direction. A) Eye movements of a 

H. portusjacksoni in response to horizontally moving vertical sine wave gratings. Arrows 

demonstrate the horizontal direction (left or right) of the moving grating. For vertical gratings, a 

decrease in eye position represents movement to the right and an increase in eye position 

represents movement to the left. B) Left and C) right eye movements from H. portusjacksoni in 

response to a vertical motion stimulus (horizontal sine wave grating moving up or down on all 

monitors simultaneously). For horizontal gratings, a decrease in eye position represents a 

downward eye movement and an increase represents an upward movement. D) Left and right E) 

eye position from H. portusjacksoni in response to rotation around the longitudinal body axis of 

the shark (the horizontal gratings on the two lateral monitors were moved in opposite directions). 

 



 
 

66 

 

 

Figure 3.7 The mean and standard error (SE) gain of eye movements at different motion 

directions. Mean and SE gain of eye movements for H. portusjacksoni (Hp) and C. punctatum 

(Cp) for the three different wide field stimuli. Gain was compared by combining spatial 

frequencies of 0.08 and 0.14 cpd at 100% contrast. 

  

3.4.3 Eye movements during free swimming 

C. punctatum did not display any compensatory eye movements to correct for the lateral 

displacement of the head during sinusoidal swimming. While their head moved on average 5 

degree away from the midline with each tail beat (Figure 3.8 A), no consistent, opposing eye 

movements were observed. A cross-correlation analysis was performed, but again showed no 

evidence of a peak that would indicate a correlation between head and eye movements (Figure 

3.8 B, solid line). The dashed line in Figure 3.8 B represents a theoretical cross-correlation for the 

case where eye movements perfectly compensated head movement with no time lag, which was 

calculated using the inverse of the cross-correlation results from this study.  
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Figure 3.8 Analysis of head and eye movements of C. punctatum during free swimming. A) The 

average swim cycle, in which the head moves in a sinusoidal pattern. B) Average cross-correlation 

for head movements against eye movements. The solid line represents the results of the cross 

correlation performed on head movements against the eye movements. To give a sense of scale, 

the dashed line represents a theoretical example of a shark, which fully compensates head rotation 

with corresponding eye movements. C) The rotational speed of head movements corresponding 

to Figure 3.8 A. D) The distance at which an object would not appear blurred for C. punctatum 

during free swimming. The shaded area of the left eye (dark) and right eye (light) illustrates the 

range of distances that would not be blurred based on a swimming speed of 0.32 m s-1. Objects 

falling within the clear area close to the shark would be blurred on the retina. 
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3.5 Discussion 

3.5.1 Contrast sensitivity and spatial resolution 

The benthic sharks H. portusjacksoni and C. punctatum both responded to moving gratings with 

small but reliable eye movements (Figure 3.6). The consistency of their responses combined with 

our automated eye tracking approach, provided a reliable method for measuring the contrast 

sensitivity function in both species (Figure 3.5). Both species had high contrast sensitivity but 

low spatial resolving power. The sharks were sensitive to contrasts as low as 1.3% and their spatial 

threshold was estimated at 0.38 cpd. 

Contrast sensitivity for both shark species peaked at a spatial frequency of 0.14 cpd, although, 

H. portusjacksoni was more sensitive to contrast than C. punctatum (1.3% Vs 2.9%, Figure 3.5). 

The difference may be attributed to the fact that H. portusjacksoni is thought to have a pure rod 

retina (Hart et al., 2011; Schieber et al., 2012) and that the rods in this species are also wider than 

those of pelagic sharks (Schieber et al., 2012). In contrast, C. punctatum has a relatively large 

percentage of cones (peak rod to cone ratio of 12:1) (Harahush et al., 2009). The higher light 

sensitivity of rods increases overall photon catch, which may be beneficial in detecting contrast 

(Land and Nilsson, 2012). Lifestyle or environmental variables could also contribute to the 

differences in contrast sensitivity. Both H. portusjacksoni and C. punctatum are benthic and 

nocturnal (Last and Stevens, 2009; Froese and Pauly, 2013), although H. portusjacksoni occupies 

temperate environments, whereas C. punctatum occupies tropical environments (Last and 

Stevens, 2009; Froese and Pauly, 2013). Light availability would be greater in the clearer, tropical 

marine environment (McFarland, 1990), where H. portusjacksoni may require greater light 

sensitivity and contrast detection than C. punctatum. However, the sensitivity of 

H. portusjacksoni to light may come at a cost, as spatial resolving power is similar in both 

C. punctatum and H. portusjacksoni, aspects of motion detection, such as temporal resolution, 

may be decreased. Studies on temporal sensitivity in these benthic sharks are required to more 

accurately assess the trade-offs in each visual system.  

The spatial frequency threshold at which visual tracking of the gratings in each species no longer 

occurred (0.38 cpd, Figure 3.5) was much lower than existing anatomical estimates of spatial 

resolving power based on retinal morphology. The estimate of spatial resolving power in juvenile 

C. punctatum, based on peak ganglion cell density, is 2.9 cpd (Harahush et al., 2014). Estimates 

of spatial resolving power in juvenile H. portusjacksoni based on the peak density of both 

ganglion and amacrine cells is 3.1 cpd (Peel et al., in prep.). The anatomical estimate for 

H. portusjacksoni did not discriminate between ganglion cells and amacrine cells in the retina and 

therefore, potentially overestimates spatial resolving power. In addition, anatomical estimates 

often assume that all ganglion cells are involved in spatial resolving power. Giant ganglion cells, 

for instance, have been identified in a number of species of shark (Stell and Witkovsky, 1973; 
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Anctil and Ali, 1974; Stell et al., 1975; Bozzano and Collin, 2000). Morphological and 

electrophysiological studies revealed these ganglion cells possess large receptive fields and 

process fast transient impulses, suggesting they play a vital role in motion detection, rather than 

processing fine spatial information (Stell et al., 1975). 

Alternatively, the lower behavioural estimates of spatial resolving power may under represent 

functional spatial resolving power, as the optomotor response of sharks may not function at high 

spatial frequencies. Although estimates of contrast sensitivity demonstrated that sharks could 

track low contrast gratings, eye tracking may not be as sensitive at the threshold of spatial 

resolution. The behavioural estimates of spatial resolving power revealed in this study were eight 

to 10 times lower than anatomical estimates, a differential which was greater than expected, even 

if only a subset of ganglion cells are used in spatial resolution tasks (Stell et al., 1975). In addition, 

there was a sharp decline in the contrast sensitivity function at spatial frequencies above 0.18 cpd 

(Figure 3.5), which may suggest that the optomotor responses may not function at high 

frequencies. In the low contrast aquatic environment (McFarland, 1990), these high frequencies 

may provide little information. Higher spatial frequencies represent more distant objects, which 

experience less motion and are less affected by translational movement. The optomotor response 

would typically be most important in removing image blur of close objects during locomotion, 

which would have higher spatial frequencies (Land, 1999; Eckert and Zeil, 2001).  

In other vertebrates, the peak of the contrast sensitivity curve is related to their threshold of spatial 

resolution (Souza et al., 2011). The neural circuitry of the visual system is thought to be tuned to 

the peak of the contrast sensitivity curve, which represents the most biologically relevant visual 

information. Once this has been established it may also automatically select the threshold of 

spatial resolution (Souza et. al. 2011). The following equation represents the fitted relationship 

between peak contrast sensitivity (CSpeak) and spatial resolving power (SRP):  

SRP = 11.47 ×  𝑒2.18 × 𝑙𝑜𝑔10(𝐶𝑆𝑝𝑒𝑎𝑘)  (Souza et al., 2011)  (1) 

Using the peak of the contrast sensitivity curves (0.14 cpd), both species of shark would be 

expected to have a spatial resolving power of approximately 1.8 cpd, which is greater than our 

estimate of 0.38 cpd. Further estimates of spatial resolution in a greater range of species may 

provide further insight into the functional limit of spatial resolution in sharks.  

Computer technology has improved optokinetic experiments as it increases flexibility in the 

presentation of stimuli. A variety of orientations, contrasts, speeds, spatial frequencies and light 

intensities can easily be presented. However, the monitors used in the study may underestimate 

spatial frequency because of the way in which the gratings were displayed. From the perspective 

of the shark, the spatial frequency of a grating was lowest in the middle of each screen and 
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increased towards the edges. At the largest grating tested (0.64 cpd) the difference between the 

centre and edge was a maximum of 0.28 cpd or 44%, which may have limited our estimates of 

spatial resolving power and contrast sensitivity. In the future, experimental gratings can be 

constructed to create the perception of a circular drum, in order to make sure that spatial frequency 

remains consistent across the monitor. Aspects of the stimulus display, such as the amount of the 

visual field the stimulus covered and the detection of the edges of the monitor, have been shown 

to affect optomotor responses (Wyatt and Pola, 1987). In addition, eye movements may have been 

restricted as a result of the animals being restrained (Dieringer et al., 1983; Gioanni, 1988) or the 

perception of the stimulus through the square tank. However, the absence of compensatory eye 

movements seen in free swimming C. punctatum in this experiment, and previous research on 

free swimming spiny dogfish, Squalus acanthias, in which eye movements did not completely 

stabilise gaze (Harris, 1965), suggests that small eye movements are not a result of the 

experimental set up. 

A 12% change in stimulus brightness, did not influence contrast sensitivity. The monitors used in 

this study may not have been dim enough to impact contrast sensitivity, as both light intensities 

reflect light experienced in the first 10 - 20 m of the water column during the middle of the day 

(Lythgoe, 1988; Cronin et al., 2014). Similarly, in humans, contrast sensitivity has been found to 

be unaffected by light intensity (Pelli and Bex, 2013), except at the thresholds of light sensitivity 

(Paulsson and Sjostrand, 1980; Mustonen et al., 1993). However, the similarity between the 

contrast sensitivity function at the two intensities, provides confidence about the shape and peak 

of the contrast sensitivity for the two shark species investigated. 

Both H. portusjacksoni and C. punctatum have relatively low spatial resolving power in 

comparison to teleosts, such as the goldfish, Carassius auratus, (Northmore and Dvorak, 1979) 

and the sunfish, Lepomis macrochirus, (Northmore et al., 2007) (Figure 3.9 A) and most other 

vertebrates (Prusky et al., 2004; Rinner et al., 2005; Tappeiner et al., 2012) (Figure 3.9 B) but are 

more sensitive to contrast. Only primates have greater contrast sensitivity (Miller et al., 1980; 

Schor and Levi, 1980). This suggests that sharks may trade off spatial resolution in order to 

enhance contrast sensitivity. The rod dominated retina of the sharks (Harahush et al., 2009; Hart 

et al., 2011; Schieber et al., 2012) may play an important role in increasing contrast sensitivity. 

Harbour seals, Phoca vitulina, (Hanke et al., 2011) and goldfish, C. auratus, (Northmore and 

Dvorak, 1979), both of which are also aquatic animals with rod dominated retinas, have contrast 

sensitivity functions most similar to the sharks studied here. P. vitulina have a peak rod to cone 

ratio of 23:1 (Jamieson and Fisher, 1971) and C. auratus have a peak rod to cone ratio of 15:1 

(Stell and Hárosi, 1976). This suggests that contrast is of particular importance in aquatic animals. 

In comparison to the terrestrial environment, light in the aquatic environment is reduced due to 

the absorption and scattering of light (Lythgoe, 1966; McFarland and Loew, 1983; McFarland, 
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1990), where contrast is often the limiting factor. The rod dominated retina and low spatial 

resolving power of sharks may provide these early vertebrates with an advantage in detecting 

contrast (Harahush et al., 2009; Hart et al., 2011). 

 

Figure 3.9 Contrast sensitivity function of H. portusjacksoni (Hp) and C. punctatum (Cp) 

compared to a range of vertebrates. A) Comparison of sharks with marine vertebrates (Northmore 

and Dvorak, 1979; Rinner et al., 2005; Northmore et al., 2007; Hanke et al., 2011; Tappeiner et 

al., 2012). Zebrafish measurements were made from optokinetic drum experiments in both adults 

(a) and juveniles (j). Harbour seal, goldfish and sunfish contrast sensitivity function are estimated 

using other methodologies. B) Comparison of sharks with other vertebrates (Donaghy, 1980; 

Miller et al., 1980; Schor and Levi, 1980; Silveira et al., 1982; Prusky et al., 2004; Jarvis et al., 

2009). Contrast sensitivity function measurements for these vertebrates were made in optokinetic 

drum experiments.  
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3.5.2 Optokinetic response  

Although H. portusjacksoni and C. punctatum consistently tracked the sine-wave gratings, neither 

species exhibited a typical optokinetic response consisting of a slow tracking phase with fast 

saccades occurring in the opposing direction at regular intervals (Donaghy, 1980; Miller et al., 

1980; Silveira et al., 1982; Rinner et al., 2005; Jarvis et al., 2009). In this study, the responses 

elicited from both species of shark were dominated by the slow tracking phase, and only a few 

saccades were performed in either direction and at irregular intervals. This pattern of eye 

movement has been noted in some species of teleosts and it has been suggested that animals 

lacking a functional velocity storage network may respond in this way (Dieringer et al., 1992). 

The absence of a velocity storage network appears to be more common in teleosts in which 

locomotion is slow and sporadic (Dieringer et al., 1992). Since both H. portusjacksoni and 

C. punctatum are relatively slow moving sharks (Chapter 2), their optokinetic responses may 

therefore indicate a lack of a functional velocity storage network, although this trait may not be 

shared with more mobile shark species. 

3.5.3 Directional sensitivity of optokinetic responses 

Due to the visual structure of the marine environment, important motion occurs in a number of 

orientations, therefore, it is not surprising that the sharks track sine-wave gratings in a variety of 

orientations. Our results were consistent with the eye movements recorded from dogfish, Mustelus 

californicus, when the orientation of the sharks was physically adjusted (Maxwell, 1920). 

However, when the semicircular canals and otoliths were removed from M. californicus, no 

compensatory eye movements occurred (Maxwell, 1920). Our results on stationary benthic sharks 

suggest that eye movements are not entirely dependent on whole body movement as seen 

previously in the M. californicus, but can occur independently as a result of motion in the visual 

field.  

The eye movements observed during the roll stimuli demonstrated that the sharks were capable 

of rotating their eyes in opposite directions. Our findings support the existence of a monocularly 

organised oculomotor system in sharks (Maxwell, 1920; Masseck and Hoffmann, 2008). This is 

more common in animals with laterally positioned eyes as described for some teleost fishes; 

sandlance, Lymnichthyes fasciatus, and pipefish, Corythoichthyes intestinalis, (Fritsches and 

Marshall, 2002) and the chameleon, Chamaleo chamaleo (Gioanni et al., 1993). The contralateral 

placement of the medial rectus motor neurons in the midbrain of sharks differs from most 

vertebrates, which may allow eye movements to be controlled independently (Graf and Brunken, 

1984). Independent eye movements may be beneficial in keeping a target in the binocular visual 

field during swimming. When the eyes are in an eccentric position, each eye needs to rotate 

through a different angle in order to view the target with their binocular vision and interpret 

distance and motion cues (Graf and Brunken, 1984). Studying the role of eye movements in a 
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range of free swimming sharks may provide some insight into the functional role of a monocularly 

organised oculomotor system. This requires tracking both eyes simultaneously, which was 

beyond the scope of the current study.  

3.5.4 Optic Blur 

One surprising result of the study was that the speed of even the fastest eye movements were 

much slower than the speed in which the stimuli moved (Figure 3.7). In contrast, juvenile 

zebrafish, Danio rerio, are capable of tracking a grating of 2.4 deg/s with a gain of 0.9 (Easter 

and Nicola, 1997), which is much higher than the gain recorded for H. portusjacksoni (0.21) and 

C. punctatum (0.06). The gain of the sharks was more similar to other vertebrates that produce 

independent eye movements. The sandlance, L. fasciatus, tracked gratings moving at a speed of 

5 deg/s with a gain of 0.52 (Fritsches and Marshall, 2002) and chameleons, C. chamaleo, tracked 

gratings that moved at a speed of 5 deg/s with a gain of 0.35 (Gioanni et al., 1993). Thus, the 

small eye movements may be due to oculomotor design related to their independent control of 

eye movements. The low gain of eye movement may be related to a lack of attention in the animals 

(Wyatt and Pola, 1987) or the animals being restrained, as it has been found that some animals 

show more extensive eye movements when the head is free rather than restrained (Dieringer et 

al., 1983; Gioanni, 1988). However, eye movements in free swimming sharks also had low gain, 

which suggests that sharks do not completely stabilise gaze. 

The small eye movements of free swimming C. punctatum suggest sharks do not remove optic 

blur, but only reduce it. The angular velocity of the head in the lateral plane during swimming 

ranged from 0.1 deg/s to 256 deg/s, with a mean speed of 34.5 deg/s with no evidence of 

compensatory eye movements (Figure 3.8 C). This is surprising as previous research on a small 

number of other shark species has shown eye movements to counteract head rotation in order to 

stabilise gaze and minimise retinal slip (Smith, 2006; Osmon, 2008; McComb et al., 2009).  

The angular velocity of an image (S) that would incur significant blur in the shark’s eye can be 

calculated based on the receptor acceptance angle (𝛿𝜌) and the response time of the retina (𝛿𝜏): 

𝑆 = (𝛿𝜌/𝛿𝜏)     (Land, 1999)  (2)  

Dividing the acceptance angle (𝛿𝜌) by the difference in stimulus speed and the speed of the eye 

movements (S), we can determine the response time that would be necessary to avoid image blur.  

𝛿𝜏 = (𝛿𝜌/𝑆)        (3) 

We used Eqn 3, to determine the photoreceptor response time required to avoid image blur in 

C. punctatum. C. punctatum have an acceptance angle of approximately 2.6 degree, based on our 

estimate of spatial resolving power (0.38 cpd). During the optokinetic drum experiment, the mean 
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difference between the angular speed of the stimulus and the angular speed of eye movement was 

1.94 deg/s. Therefore, C. punctatum would need to have very slow photoreceptors with a response 

time of >1000 ms to experience significant motion blur. This response time is much slower than 

response times measured in other species of sharks (23-35 ms) (McComb et al., 2010). Therefore, 

it is unlikely that C. punctatum would have experienced significant image blur during the 

optokinetic drum experiments. However, during free swimming, the maximum speed at which 

C. punctatum moved their heads was 256 deg/s. In order to avoid image blur, during the maximum 

speed of head rotation, C. punctatum would need a response time of approximately 10 ms, 

suggesting that C. punctatum would experience motion blur during swimming and therefore lose 

valuable spatial and contrast information. 

As a shark moves forward through its environment, head movements away from the midline will 

reduce image motion across the retina of the eye that leads the rotation by counteracting forward 

motion. However, as the shark moves the head back towards the midline, the translational and 

rotational components of image motion across the retina will combine and increase blur (Harris, 

1965; Land, 1999, 2015). The interactions between translational and rotational optic flow produce 

a window of distances at which optic flow, and therefore image blur is negligible. The distance at 

which objects would not blur is dependent on the speed of the head movement and the swimming 

speed. The average head movement of C. punctatum during a complete swim cycle, determined 

by overlaying the head speed during all recordings, ranged from 0.5 deg/s to 83 deg/s with an 

average speed of 22 deg/s. 

Assuming a photoreceptor response time of 32 ms (McComb et al., 2010), for a C. punctatum 

swimming at 0.32 m s-1 (Chapter 2) with a counteracting head angular velocity of 34.5 deg/s, 

objects between 31 cm to infinity will not be blurred (Figure 3.8 D). The speed of head 

movements of C. punctatum vary considerably during swimming but the majority of the time 

objects over 35 cm away are stabilised on the retina. Only during 10.3% of the swim cycle, objects 

between 35 and 200 cm were not stabilised and the sharks would have experienced significant 

blur. The low spatial resolution and thus large acceptance angles of C. punctatum aids in image 

stabilisation during swimming. Smaller acceptance angles would significantly increase blur 

during a greater portion of the swimming cycle. Being relatively sedentary, C. punctatum may 

not require greater eye movements during swimming as they are able to inspect objects of interest 

more closely by slowing down or ceasing to swim, thus eliminating blur completely. However, 

eye movements may be greater in more active sharks which travel at faster speed. One benefit 

attributed to head movements is that they extend the area of the visual field and reduce the blind 

spot behind the shark (McComb et al., 2009). However, this may be at the expense of periodic 

blurring. The interactions between swimming, head movements and eye movements are essential 

in understanding how sharks perceive their visual world and an assessment of eye movements in 
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a range of free swimming species of sharks is required, both in the natural environment and with 

artificial visual stimuli. 

 

3.6 Conclusion 

Optokinetic drums are a useful method for estimating contrast sensitivity and spatial resolving 

power in benthic sharks. Both species of benthic shark, H. portusjacksoni and C. punctatum, 

assessed in this study were sensitive to contrast but had low spatial resolving power. Sensitivity 

to contrast may be at the cost of spatial resolution. Greater contrast sensitivity is similar among 

other rod dominated aquatic animals. In the aquatic environment, contrast sensitivity may be 

particularly important as low light causes contrast to be reduced. In addition, C. punctatum 

produced small eye movements in both the optokinetic drum and during free swimming 

experiments. This suggests some shark species may not completely stabilise gaze, and when 

swimming may go through periods of stabilised and blurred vision. 
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4.1 Abstract 

In most animals, visual perception plays an important role in detecting and recognising important 

objects such as prey, predators and conspecifics. The effectiveness of vision in assessing a range 

of visual cues—such as colour, motion, and shape or form—is strongly influenced by the ability 

and accuracy of the visual system to sense changes in contrast in both space and time. Sharks are 

one of the few groups of vertebrates that appear to have lost the ability to see colour and very 

little is known about the other important visual parameters that determine their ability to perceive 

object form and motion. To better understand the visually guided behaviour of sharks, information 

about their temporal resolution, contrast sensitivity and spatial resolving power is required. In this 

study, an electrophysiological approach was used to compare these measures across five species 

of sharks from different lifestyles and habitats: Chiloscyllium punctatum, Heterodontus 

portusjacksoni, Hemiscyllium ocellatum, Mustelus mustelus and Haploblepharus edwardsii. All 

sharks studied were highly sensitive to contrast and were able to detect contrast differences as 

low as 1.6%. Temporal resolution to flicker ranged from 28–44 Hz. C. punctatum and 

H. ocellatum, which both inhabit bright environments, had the highest temporal resolution, which 

likely reflects adaptations for vision in bright light, such as a higher proportion of cones relative 

to rods in these species compared to the other species that inhabit dim light environments. Spatial 

resolving power was estimated in C. punctatum, H. portusjacksoni, and H. ocellatum and ranged 

from 0.10–0.35 cycles per degree, which is relatively low compared to other vertebrates. 

Together, these results suggest that sharks have retinal adaptations that enhance contrast 

sensitivity at the expense of temporal and spatial resolution. Such adaptations would be beneficial 

for vision in dim light environments and low contrast habitats typical of many species of sharks.  
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4.2 Introduction 

The amount of sensory information an animal can receive is limited by space constraints and 

energetic costs (Laughlin, 2001; Niven and Laughlin, 2008). In the visual system, animals 

mitigate these constraints by optimising aspects of visual performance, such as motion, colour, 

depth and form, to suit their environment and lifestyle (Eckert and Zeil, 2001). For example, 

nocturnal animals or animals that occupy dimly-lit habitats generally show adaptations that 

maximise photon capture, such as larger eyes, which allow for longer receptor integration times, 

more extensive summation of receptor signals, larger photoreceptors, and in the case of 

vertebrates, a retina dominated by rod photoreceptors (Land and Nilsson, 2012). However, many 

of these adaptations come at the cost of reduced temporal and/or spatial resolution (spatial 

resolving power). Larger photoreceptors and/or greater spatial summation have the consequence 

that the visual field is sampled by fewer discrete elements and thus spatial information is lost 

(Land and Nilsson, 2012).  

Sharks have been assumed to have relatively ‘poor’ vision because they generally have rod 

dominated retinas and have low spatial resolving power (Walls, 1942; Bigelow and Schroeder, 

1948). This assumption has also been fuelled by recent studies on the lack of colour vision (Hart 

et al., 2011; Schluessel et al., 2014). Whilst some sharks have rod-only retinas and other 

specialisations for low light (scotopic) vision such as a reflective tapetum (Gilbert, 1970), many 

species possess relatively high proportions of cone photoreceptors that are potentially capable of 

providing fast, high acuity vision under bright light (photopic) conditions (Stell and Witkovsky, 

1973; Gruber, 1975; Gruber and Cohen, 1985; Litherland and Collin, 2008).  

Whilst various sensory inputs, especially olfactory cues, are likely to be crucial in detecting and 

discriminating potential prey items, there is mounting evidence that some shark species rely 

heavily on vision to coordinate prey capture behaviour, especially during the final approach 

(Gardiner et al., 2012). For example, white sharks will attack stationary objects on the surface 

primarily as a result of their visual cues (Strong, 1996; Martin et al., 2005; Hammerschlag et al., 

2012).  

Considering the important role of vision in prey detection and capture, it is surprising so little is 

known about the fundamental abilities which underlie motion detection and object recognition in 

sharks. These abilities include temporal resolution (the ability to discriminate stimuli separated 

in time), spatial resolving power (the ability to discriminate stimuli separated in space) and 

contrast sensitivity (the ability to discriminate differences in luminance). Assessing these visual 

abilities across a range of sharks will help us better understand the visual information available 

to sharks and the impact of visual constraints on shark behaviour (Land, 1999; Eckert and Zeil, 

2001). 
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Only a small number of studies have estimated temporal resolution (Kobayashi, 1962; McComb 

et al., 2010; Kalinoski et al., 2014), contrast sensitivity (Chapter 3) and spatial resolving power 

in sharks (Hueter, 1990; Lisney and Collin, 2008; Lisney et al., 2012) and only in a limited range 

of species. Electrophysiological studies on the temporal resolution of benthopelagic sharks 

revealed a critical flicker fusion frequency (CFFF) (the lowest modulation frequency at which a 

flickering light source appears as a continuous light) of between 10 and 31 Hz (Kobayashi, 1962; 

McComb et al., 2010; Kalinoski et al., 2014). However, measurements of temporal resolution in 

benthic sharks are lacking, although this group has been used to investigate contrast sensitivity 

and spatial resolving power (Chapter 3). Behavioural measures of contrast sensitivity and spatial 

resolving power in benthic sharks reveal that they are sensitive to contrast as low as 1.3% and 

spatial frequencies up to 0.38 cycles per degree (cpd) (Chapter 3). These behavioural estimates 

of spatial resolving power differ from anatomical estimates, which range from 2.6 to 3.1 cpd in 

the same species (Harahush et al., 2009; Peel et al., in prep.). 

Sharks are particularly interesting from a visual ecology perspective because of the great diversity 

in the habitats they occupy and their behavioural ecology, which makes them a useful model for 

identifying the selection pressures that may have driven the evolution of the visual system in the 

earliest vertebrates. Sharks inhabit most aquatic environments from marine to fresh water, shallow 

to deep-sea, and from tropical to polar regions (Yano et al., 2007; Froese, 2013). Their feeding 

style also varies markedly, from filter-feeding in whale sharks (Rhincodon typus), to suction 

crunching in carpet sharks (Orectolobiformes), and different raptorial mechanisms, as in white 

(Carcharodon carcharias) and tiger (Galeocerdo cuvier) sharks (Compagno, 1990).  

Due to the importance of vision in sharks during predation (Anderson et al., 1996; Strong, 1996; 

Hammerschlag et al., 2012), predator avoidance (Seamone et al., 2014), communication (Gruber 

and Myrberg, 1977; Klimley et al., 1996) and navigation (Parker, 1910), understanding the trade-

offs of shark visual systems, with respect to temporal resolution, contrast sensitivity and spatial 

resolving power, can provide important insight into how sharks perceive their world. 

Understanding shark visual perception can also have conservation and management implications 

through increased understanding of habitat use and the design of potential shark bycatch 

mitigation devices.  

In this study, electrophysiological techniques were used to estimate temporal resolution, contrast 

sensitivity and spatial resolving power in sharks. Conventional electroretinograms (ERG) were 

used to measure temporal resolution and contrast sensitivity over a range of light intensities in 

five species of sharks. ERG estimates of temporal resolution and contrast sensitivity were 

compared between intact anaesthetised animals and isolated eyecup preparations. The pattern 

electroretinogram (PERG) technique was used to measure spatial resolving power in three of these 

species. Based on these results, we assessed if the estimates of temporal resolution, contrast 
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sensitivity and spatial resolving power correlated with ecological factors such as size, habitat, 

depth, trophic level and swimming speed, and the structure of their visual system, such as the 

ratio of rod to cone photoreceptors in the retina. As electrophysiology is a particularly useful 

technique to estimate visual function in animals where behavioural experiments are difficult, we 

compared our estimates of contrast sensitivity and spatial resolution to behavioural estimates in 

the same species to determine how applicable ERG results are to behavioural tests (Chapter 3). 

 

4.3 Method 

4.3.1 Ethics statement and animal acquisition 

Electrophysiological experiments were performed on five species of shark: three captive-bred 

brown-banded bamboo sharks, C. punctatum (one male and two females), five wild-caught Port 

Jackson sharks, H. portusjacksoni (two males and three females), three wild-caught epaulette 

sharks, H. ocellatum (two males and one female), three wild-caught smoothhounds, M. mustelus 

(one male and two females) and three wild-caught puffadder shysharks, H. edwardsii (one male 

and two females). C. punctatum, H. portusjacksoni and H. ocellatum were held in aquarium 

facilities at the University of Western Australia. H. edwardsii and M. mustelus were held in 

aquaria at the Ocean Research facilities in Mossel Bay, South Africa. All experiments complied 

with the Animal Welfare Act (2002) and were approved by the Animal Ethics Committee of the 

University of Western Australia (Approval RA/3/100/1220) and the South African Department 

of Environmental Affairs: Biodiversity and Coastal Research, Oceans and Coasts Branch (Permit 

RES2015/96). 

4.3.2 Assessment of temporal resolution and contrast sensitivity 

Anaesthesia was induced with tricaine methanesulfonate salt (MS222, 100–140 mg/L). Once gill 

movements had ceased, the sharks were transferred into an experimental tank located within a 

Faraday cage. Velcro straps were used to secure the sharks to an inclined platform, where they 

were positioned such that the eyes were held out of the water but a large portion of the body 

remained submerged. Aerated seawater containing a maintenance dose of MS222 (80–120 mg/L) 

was continuously pumped over the gills via an oral ventilation tube.  

Experiments were performed in a dark room, and an opaque black cloth was used to prevent stray 

light from entering the Faraday cage. Animals were dark-adapted for at least 20 min prior to the 

first recordings. Electroretinograms were recorded at room temperature (between 21 ˚C and 

24 ˚C) using a platinum loop electrode dipped in a conductive gel (Spectra360) placed on the 

cornea and a silver-silver chloride reference electrode placed under the skin of the head. The 

sharks were grounded through an earth wire immersed in the experimental tank. Evoked voltages 

were amplified (10,000 times) and bandpass filtered between 1 Hz and 1 kHz with a differential 
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amplifier (WPI DAM50). Voltages were digitised at 5 kHz using a National Instruments (USB-

6353 X-Series) data acquisition device controlled via custom software written in Microsoft Visual 

Studio, which was also used to control stimulus presentation. 

The temporal resolution of the eye was quantified by measuring the critical flicker fusion 

frequency (CFFF), which is defined as the highest frequency of a flickering light stimulus that the 

eye is capable of resolving. The flickering stimulus was generated by sinusoidally modulating the 

current supplied to a high intensity cool white light-emitting diode (LED; Vero 13, Bridgelux). 

The dependence of LED light output upon supplied current was measured and shown to be linear 

across the range of currents employed. The mean intensity of the light stimulus was controlled 

with a series of neutral density filters. The CFFF was measured at light intensities ranging from 

4.26 × 10-6 to 1.33 × 10-2 W cm-2; light intensity was measured as irradiance using a calibrated 

light meter (International Light Technologies, ILT1700). Light intensity was tested in increasing 

order from dimmest to brightest. Animals were adapted to each intensity for approximately 5 mins 

prior to performing CFFF and the same adaptation light was always used between temporal 

frequencies.  

Temporal frequencies were tested in increments of 2 Hz for frequencies between 4 Hz and 10 Hz, 

and increments of 5 Hz for frequencies between 10 Hz and 50 Hz. To assess any changes in the 

response of the eye over the duration of the recording period, which may correspond to 

degradation in the recordings, every second temporal frequency was presented in order of 

increasing frequency until no response was detected, and then the interleaved temporal 

frequencies were presented in descending order. At each temporal frequency, contrast sensitivity 

(inverse of contrast threshold) was estimated by sequentially reducing contrast from 95% in 0.3 

log10 unit steps, until a stimulus response could no longer be resolved. Control measurements 

were performed by blocking the LED light and recording the responses at stimulus temporal 

frequencies between 4 and 25 Hz at 95% contrast.  

For each temporal frequency and contrast combination, the stimulus was presented 15 times for 

two seconds in sequence. Each set of 15 sweeps was averaged in the time domain and a fast fourier 

transform (FFT) was used to analyse the mean response in the frequency domain. When the 

contrast was reduced or the frequency increased to a level that no peak in the FFT spectrum of 

the response at the stimulus frequency was discernible by eye, a further two contrast or temporal 

frequencies were tested. 

After the experiment, data were further analysed offline to find the CFFF and contrast threshold. 

Using a custom Matlab (LAR,The MathWorks (2004)) script, an F-test was used to assess whether 

the response phase lag and signal strength at the stimulus frequency differed significantly from 

10 frequencies, five on either side of the stimulus frequency. The FFT amplitudes of the controls 
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were also used to determine if animals responded to a stimulus. The maximum signal produced 

by the controls was used to define the noise threshold; only when responses were above the noise 

threshold sharks were considered to resolve the stimulus. For each temporal frequency, the 

contrast threshold was obtained by interpolating from the last point above the noise threshold, in 

which the amplitude of the stimulus frequency was also significantly greater than the 10 

frequencies surrounding, and the first point below the noise threshold. An average temporal-

contrast sensitivity curve was produced for each species. We compared the temporal contrast 

sensitivity curves between species using mixed models in R (RCoreTeam, 2015) using the ‘lme4’ 

function (Bates et al., 2013). 

4.3.3 Comparison of whole animal and eyecup preparations 

Estimates of temporal resolution (CFFF) and contrast sensitivity obtained using anaesthetised 

sharks were compared to estimates obtained using isolated eyecup preparations in five individuals 

of H. portusjacksoni. After the previous ERG protocol had been completed, anaesthetised animals 

were euthanised using an overdose of tricaine methanesulfonate (MS222, 400 mg/L). 

Immediately following euthanasia, one eye was enucleated and the cornea, lens and vitreous were 

removed. The eyecup was placed in a shallow bath of elasmobranch Ringer solution that had been 

oxygenated with carbogen, at room temperature (Kline et al., 1978). A silver-silver chloride 

reference electrode was positioned underneath the eyecup and a platinum recording electrode was 

positioned inside the eyecup, in contact with the retina. The LED stimulator was placed 3 cm 

from the eyecup and the light covered the entire eyecup. The same recording and data analysis 

methods used for the whole animal preparation were used for the eyecup preparation. However, 

to limit the sampling time and any associated degradation of the eyecup signal, fewer light levels 

were tested (between 1.80 × 10-5 and 1.18 × 10-2 W cm-2).  

4.3.4 Assessment of spatial resolving power 

Spatial resolving power was assessed using a pattern electroretinogram (PERG) technique 

(Armington and Adolph, 1990; Bach et al., 2000) in three C. punctatum, three H. portusjacksoni 

and two H. ocellatum. Preliminary experiments demonstrated that it was not possible to record 

the PERG from an intact anaesthetised shark since we encountered a number of difficulties in 

ensuring that the stimulus was correctly focussed on the shark’s retina. When a shark’s eye is out 

of water it becomes myopic, although anaesthesia can reverse this effect to some extent, as it has 

previously been found to cause hyperopia in a number of sharks (Sivak and Gilbert, 1976). Any 

residual refractive error can be corrected by placing lenses of appropriate optical power in front 

of the eye. We attempted to measure and compensate for defocus using different methods, 

including through the use of a direct ophthalmoscope, a retinoscope and an automated 

refractometer. We also measured ERG responses to a slowly modulated, coarse, high contrast 

grating with the expectation that a maximal response would be achieved when the eye was 
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compensated optimally with auxiliary lenses. However, all of these methods suggested the 

persistance of extreme hyperopia in the anaesthetised sharks, particularly in H. portusjacksoni 

(+20 diopters and greater). The lenses required to correct refractive errors of this magnitude would 

cause severe distortion of the visual stimulus. Therefore, instead we used an isolated eyecup 

preparation as it allowed the visual stimulus to be focused accurately on the retina. This was not 

an issue for the CFFF and contrast sensitivity experiments, as these methods used a full-field 

stimulus and thus did not require a focused image. 

The PERG stimulus consisted of vertical, contrast reversing, sine wave gratings, which were 

presented on a calibrated CRT monitor (17" 107S Phillips®). The gratings were reflected and 

focused onto the eyecup using a mirror and a 55 mm single-lens reflex camera lens (Canon®) 

(Figure 4.1). The monitor was positioned 38 cm from the mirror and the eyecup was located 15 cm 

from the mirror, which produced a de-magnification factor of approximately 0.2. The eyecup was 

shielded from oblique illumination and stray light, with an opaque aluminium barrier. The 

stimulus sent to the monitor was generated using custom Matlab scripts (NSH) employing 

libraries provided by the Psychtoolbox 3 software package (Brainard, 1997; Pelli, 1997). The light 

intensity of the monitor was calibrated over a range of pixel brightness values to provide a 

gamma-correction function that resulted in a linear relationship between pixel value and intensity. 

The projected image had a light intensity of 8.95 × 10-6 W cm-2 at the level of the eyecup. There 

are a number of issues concerning luminance artefacts with CRT monitors (García-Pérez and Peli, 

2001). Therefore, in order to identify the potential influences of artefacts, we used four different 

control measures: (1) a high spatial frequency grating of approximately 1 cpd; (2) a zero contrast 

stimulus at a spatial frequency of approximately 0.06 cpd, at which sharks had responded at 95% 

contrast; (3) a diffusion filter was placed in front of the camera lens and responses were recorded 

at approximately 0.06 cpd and 95% contrast; and (4) horizontal gratings at approximately 

0.06 cpd and 95% contrast, to ensure responses were not affected by potential aliasing from the 

slower refresh rates of vertical gratings (García-Pérez and Peli, 2001). 

 
Figure 4.1 PERG setup. The sinewave grating was displayed on a CRT monitor and imaged via a 

plane mirror and a lens onto the retina. An aluminium barrier blocked stray light from entering 

the eyecup. 
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Each spatial frequency was presented 15 times for five seconds at a contrast reversal frequency 

of 2 Hz. Each set of fifteen sweeps was averaged in the time domain and a fast fourier transform 

(FFT) was used to analyse the mean response in the frequency domain. The spatial frequency of 

the gratings was increased in approximately 0.2 log10 unit steps. Every second spatial frequency 

was presented in order of increasing frequencies. When no peak in the second harmonic (4 Hz) 

of the FFT spectrum was discernible by eye, two additional spatial increments were made, and 

then the interleaved spatial frequencies were presented in descending order, to assess any 

degradation of the eyecup preparation over time. The spatial frequency of the gratings on the 

eyecup were calibrated by taking images from above the eyecup, including a scale bar (mm). 

Similar to the temporal resolution and contrast sensitivity experiments, data were further analysed 

offline to find the spatial threshold. Using the same custom Matlab script, an F-test was used to 

test whether the response vector (phase lag and signal strength) of the second harmonic (4 Hz) 

differed significantly from 10 neighbouring frequencies, five on either side of 4 Hz (2.8–3.6 Hz 

and 4.4–5.2 Hz, in 0.2 Hz steps). The noise threshold was defined as the average signal strength 

of the 10 frequencies surrounding 4 Hz at all spatial frequencies. The average amplitude of the 10 

frequencies surrounding 4 Hz was used to define a noise threshold, rather than the controls, 

because it produced a higher threshold and best represented the decrease in the response amplitude 

with spatial frequency. The spatial threshold was obtained by interpolating between the last 

significant point above the noise threshold, in which the second harmonic differed significantly 

from the neighbouring frequencies, and the first point below the noise threshold.  

4.3.5 Statistical analysis  

Estimates of CFFF thresholds were analysed by constructing linear models in R (RCoreTeam, 

2015) to test whether species, size, habitat, maximum depth, trophic level, cruising swimming 

speed and the ratio of rods to cones correlated with CFFF. Models were compared using the 

analysis of variance (ANOVA) function in R. Habitat, trophic level and maximum depth 

information for each species was collected from FishBase (Froese, 2013). Habitat was defined as 

either occupying a tropical or temperate habitat and trophic level was estimated based on prey 

items found in the stomach (Froese, 2013). Estimates of swimming speed were based on a model 

for cruising swimming speed (Chapter 2). Peak rod to cone ratios were obtained from published 

literature (Litherland and Collin, 2008; Harahush et al., 2009; Schieber et al., 2012), except for 

M. mustelus, in which estimates were based on the closely-related species M. canis (Stell and 

Witkovsky, 1973). No appropriate estimates of rod to cone ratio were available for H. edwardsii. 

The effect of light intensity on temporal threshold and contrast sensitivity was assessed using a 

mixed model analysis with the package ‘lme4’ in R (Bates et al., 2013), where each individual 

was treated as a random factor and models were compared using ANOVA. Results from 
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anaesthetised animals were compared to eyecup preparations with mixed models. PERG estimates 

of spatial thresholds were compared between species by fitting a linear model and performing 

multiple comparisons on the fitted model in R. Spatial resolution and contrast sensitivity were 

log10 transformed for all analyses in order to fulfil the assumption of homogeneity of variance 

(Zar, 1999) 

 

4.4 Results 

4.4.1 Temporal resolution and contrast sensitivity 

ERG responses to the sinusoidally modulated light stimulus decreased with increasing stimulus 

temporal frequency and decreased as stimulus contrast was reduced (Figure 4.2). For each 

temporal frequency, the contrast at which the amplitude of the FFT was lower than the defined 

noise threshold, was used to determine the contrast sensitivity and create a temporal contrast 

sensitivity curve (Figure 4.2 B).  

 
Figure 4.2 Flicker-ERG recordings in an epaulette shark, H. ocellatum. A) Response amplitude 

(mV) at different contrast and temporal frequency (solid lines). The horizontal dashed line 

represents the noise threshold. Marker ‘×’ represents the interpolated contrast threshold at 25Hz, 

‘*’ indicate signals that were not significantly different from the noise at adjacent temporal 

frequencies and ‘’ indicates signals that were significantly different from the surrounding noise. 

B) An example of a temporal contrast sensitivity curve, which is the inverse of the contrast 

threshold, of the same individual. Markers ‘×’ indicate stimulus temporal frequencies at which 

there was no measurable response.  
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In all sharks, contrast sensitivity was greatest at lower temporal frequencies and decreased 

towards higher frequencies (Figure 4.3). The rate in which contrast sensitivity decreased with 

increasing temporal frequency differed between species (mixed model, chi-square4 = 17, p = 

0.002), with M. mustelus decreasing at a faster rate than the other species. There was large 

variation between individuals and as we were interested in the function of the visual system close 

to the threshold, individuals in which contrast sensitivity and CFFF threshold were less than half 

that of other individuals within the same species, were removed from the analysis (Figure 4.3). 

One individual H. ocellatum and two individual M. mustelus were not used in the final analysis 

(Figure 4.3 C & E). Experiments on the two individual M. mustelus, which were removed from 

the analysis, were terminated early because their vital signs declined, which explains the reduced 

responses compared to the other individual and justifies their exclusion from the analysis (Figure 

4.3 E). For all sharks, except M. mustelus, the highest contrast sensitivity curve was measured at 

a light intensity of 4.58 × 10-3 W cm-2, whereas the highest contrast sensitivity for M. mustelus 

occurred at 3.65 × 10-5 W cm-2. 

 

Figure 4.3 Temporal contrast sensitivity in A) C. punctatum (Cp), B) H. ocellatum (Ho), C) 

H. edwardsii (He) and D) H. portusjacksoni (Hp) at a light intensity of 4.58 × 10-3 W cm-2 and E) 

M. mustelus (Mm) at 3.65 × 10-5 W cm-2. Markers indicate individuals. The individual 

H. ocellatum with lower responses (‘’ markers, in C) and the two individual M. mustelus with 

lower responses (‘×’ and ‘’ markers in E) were not used in the analysis. F) Average temporal 

contrast sensitivity curves for each species.  
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The maximum CFFF ranged from 28 to 44 Hz (Figure 4.4) (Table 4.1), and was significantly 

different between species (Table 4.2). C. punctatum and H. ocellatum had greater temporal 

resolution than the other species, with maximum CFFFs of 44 Hz and 40 Hz, respectively. CFFF 

was not significantly different between the other species and ranged from 28 Hz to 29 Hz (Table 

4.1). Habitat, rod to cone ratio and maximum depth explained a significant amount of variation 

in maximum CFFF (Table 4.2). Trophic level had a p-value of 0.06 and appears to correlate with 

maximum CFFF. However, the habitat factor best explained the maximum CFFF thresholds, as 

it had the lowest Akaike information criterion (AIC) and the addition of species factor, or any 

other factors, did not significantly improve the model (Table 4.2). Rod to cone ratio had a lower 

AIC because H. edwardsii was not included in the analysis of rod to cone ratio as no estimates 

exist for this species. Sharks from tropical habitats had greater CFFF than sharks from temperate 

habitats. Contrast sensitivity on the other hand, did not differ significantly between species (Table 

4.2) and sharks were able to detect contrast as low as 1.6–2.5% (Table 4.1). 

 

Figure 4.4 Maximum CFFF and standard deviation for H. portusjacksoni (Hp), M. mustelus 

(Mm), H. edwardsii (He), H. ocellatum (Ho), C. punctatum (Cp).  
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Table 4.1 Summary of results of the five shark species used in the contrast sensitivity experiments. 

The number of sharks used in the experiment (n), their fork length (FL, cm), maximum critical 

flicker fusion frequency (CFFF, ± standard deviation, SD, Hz), minimal detectable contrast (CS, 

± SD), average cruising swimming speed (Sp, cm/s-1), the maximum depth each species occupies 

(Dep, m), trophic level (Trop), habitat (Hab, Temp = temperate, Trop = tropical) and rod to cone 

ratio (R:C).  

Species n FL CFFF CS Sp Dep  Trop Hab R:C 

H. portusjacksoni 5 30-39 28 

 (±3.6) 

2.5 

(±1.5) 

27 275 3.45 Temp 0 

C. punctatum 3 36-38 44  

(±4.1) 

2.4 

(±3.3) 

32 85 4.06 Trop 12:1 

H. ocellatum 3 38-44 40  

(±0.1) 

2.0 

(±0) 

33 50 3.4 Trop 18:1 

H. edwardsii 3 57-61 29 

 (±0.5) 

1.6 

(±0) 

39 130 3.8 Temp - 

M. mustelus 3 72-85 29  2.0 44 624 3.5 Temp 100:1 

 

Table 4.2 Linear model results used to determine the factors which influenced the thresholds for 

CFFF and contrast sensitivity (CS) measures in the five species of shark. Akaike information 

criterion (AIC) shows the relative fit of the model. Degrees of Freedom (DF), sum of squares 

(SS), mean square (MS), F-value and p-value are presented. Final model shown in bold. 

Test Model  DF SS MS F-value P-value AIC 

CFF Habitat 1 630.85 630.85 72.69 <0.001* 73.8 

 Species 4 649.83 162.46 17.17 <0.001* 77.0 

 Depth 1 234.68 234.68 5.63 0.04* 95.8 

 Trophic 1 189.80 189.80 4.45 0.06. 96.8 

 Rod:conea 1 564.43 564.43 57.74 <0.001* 60.1 

 Habitat + speciesb 3 18.98 6.33 0.67 0.6  

CS Species 4 0.15 0.04 0.44 0.78  
a model is only built on 4 species, as no data is available on rod to cone ratio for H. edwardsii. 
b model tested against Habitat model 

*indicates statistically significant results 

 

The CFFF threshold changed with light intensity (Figure 4.5) although at different rates between 

species (mixed model, chi-squared4 = 33.98, p = <0.001) (Table 4.3). In H. portusjacksoni, 

H. ocellatum, C. punctatum and H. edwardsii, CFFF threshold increased with light intensity, 

while in M. mustelus, CFFF threshold decreased with light intensity (Figure 4.5).  

Contrast sensitivity was also significantly affected by light intensity (mixed model, chi-squared4 

= 11.01, p = 0.03) (Figure 4.5) (Table 4.3). In H. edwardsii and H. portusjacksoni, contrast 

sensitivity increased with light intensity, whereas in M. mustelus, contrast sensitivity decreased 

with light intensity (Figure 4.5). In C. punctatum and H. ocellatum, light intensity had little effect 

as there was a large amount of variation in the slope (slopes = 0.04, standard error, SE, ±0.09, and 

0.01, ±0.10, SE, Table 4.3). 
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Figure 4.5 A) Mean (± SD) critical flicker frequency (temporal resolution threshold) at different 

light intensities. B) Mean (± SD) contrast sensitivity at different light intensities in five species 

of shark; H. portusjacksoni (Hp), H. edwardsii (He), C. punctatum (Cp), H. ocellatum (Ho) and 

M. mustelus (Mm).  
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Table 4.3 Mixed model results showing the effect of light intensity (Intensity) on CFFF and 

contrast sensitivity (CS) between species. Degrees of Freedom (DF), chi-squared (Chi sq) and p-

value. The slope (±SE) and intercept (±SE) are presented for the Species * Intensity models 

where; CFFF = slope log10 (intensity) + intercept, log10 (CS) = slope log10 (intensity) + intercept. 

Test Model s DF Chi sq P-value 

CFFF Species * Intensitya 4 33.98 <0.001* 

 Species Slope (SE) Intercept (SE)  

 C. punctatum 3.3 (0.87) 50.0 (3.6)  

 H. ocellatum 2.3 (0.99) 33.0 (4.2)  

 H. edwardsii 1.1 (0.84) 30.6 (3.4)  

 H. portusjacksoni 2.8 (0.53) 34.5 (2.6)  

 M. mustelus -4.3 (1.25) 11.7 (4.9)  

CS Species * Intensitya 4 11.01 0.03* 

 C. punctatum 0.04 (0.09) 1.58 (0.38)  

 H. ocellatum 0.01 (0.10) 0.95 (0.44)  

 H. edwardsii 0.21 (0.09) 2.29 (0.36)  

 H. portusjacksoni 0.16 (0.06) 1.87 (0.27)  

 M. mustelus -0.18 (0.13) 1.12 (0.52)  
a ANOVA performed against Species + Intensity model 

*indicates statistically significant results 

 

 

4.4.2 Comparison of results from anaesthetised animals and eyecup preparations 

Estimates of CFFF obtained from measurements on anaesthetised animals did not differ 

significantly from estimates based on measurements made from the isolated eyecup preparations 

in H. portusjacksoni (Figure 4.6 A). After adjusting for light intensity and setting each individual 

as a fixed factor, the results of the mixed model were not significantly different between the ERG 

methods (Table 4.4). However, contrast sensitivity differed between ERG methods (Table 4.4). 

At high light intensities, estimates of contrast sensitivity from the eyecup preparation were lower 

than estimates from the anaesthetised animals (Figure 4.6 B) and, unlike in the anaesthetised 

animals, there was no increase in contrast sensitivity with light intensity.  
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Figure 4.6 Comparison of whole animal ERG (‘○’) and eyecup preparation ERG (‘×’) 

measurements (mean, ±SD) of A) critical flicker frequency (CFFF threshold) and B) contrast 

sensitivity, at a range of light intensities.  

 

Table 4.4 Mixed model results comparing CFFF and contrast sensitivity (CS) in H. portusjacksoni 

between the whole animal and eyecup ERG methods. Degrees of Freedom (DF), chi-squared (Chi 

sq), p-value and Akaike information criterion (AIC) are presented. The slope (±SE) and intercept 

are presented for the intensity model for CFFF where; CFFF = slope log10 (intensity) + intercept. 

The slope (±SE) and intercept are presented for the Intensity model for contrast sensitivity where; 

log10 (CS) = slope log10 (intensity) + intercept. Final model presented in bold 

Test Model  DF Chi sq P-value 

CFFF Intensity 1 9.18 0.002* 

 Intensity + Methoda 1 1.20 0.3 

 Factor Slope (SE) intercept (SE)  

 Intensity 2.6 (0.8) 34.7 (3.7)  

CS Intensity * Methodb 2 15.04 <0.001* 

 Method Slope (SE) intercept (SE)  

 Whole animal 0.16 (0.06) 1.87 (0.27)  

 Eyecup 0.02 (0.09) 0.88 (0.32)  
a ANOVA performed against an Intensity model 
b ANOVA performed against an Intensity + Method model 

*indicates statistically significant results 

 

4.4.3 Assessment of spatial resolving power 

The amplitude of the ERG response at the second harmonic during the pattern PERG decreased 

with increasing spatial frequency and the point at which the amplitude fell below the noise 
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threshold was used to define the spatial frequency threshold (Figure 4.7 A). H. ocellatum had a 

mean spatial threshold of 0.35 cpd (±0.14, SD), H. portusjacksoni had a mean spatial threshold 

of 0.21 cpd (±0.12, SD) and C. punctatum had a mean spatial threshold of 0.10 cpd (±0.07, SD) 

(Figure 4.7 A). When data were fitted with a linear model, using the factor species, and assessed 

using multiple comparisons, H. ocellatum and C. punctatum were found to be significantly 

different (multiple comparison, t1 = - 2.627, p = 0.047).  

 
Figure 4.7 A) PERG recordings in H. ocellatum showing FFT amplitude (mV) dependence on 

spatial frequency. Dashed line represents the noise threshold. Marker ‘×’ represents the 

interpolated spatial threshold. ‘○’ markers indicate responses that were significantly different 

from the surrounding noise, whereas ‘’ markers indicate responses that were not significantly 

different. B) A comparison of spatial resolution thresholds for H. ocellatum (Ho), 

H. portusjacksoni (Hp) and C. punctatum (Cp). 

 

 

 

4.5 Discussion 

In this study, temporal resolution, contrast sensitivity and spatial resolution were measured using 

electrophysiological techniques in five species of shark, C. punctatum, H. portusjacksoni, 

H. ocellatum, M. mustelus and H. edwardsii. Estimates of temporal resolution inferred from the 

CFFF, ranged from 28 Hz to 44 Hz in the five species. The two species that inhabit tropical 

environments (C. punctatum and H. ocellatum) had greater temporal resolution than the species 

from temperate environments (H. portusjacksoni, H. edwardsii and M. mustelus). Contrast 

sensitivity estimates were similar across all species, with threshold contrast as low as 1.6%. 

Spatial resolution, estimated in just three species (H. portusjacksoni, C. punctatum, and 

H. ocellatum) using PERG, ranged from 0.10 to 0.35 cpd. 

4.5.1 Temporal resolution 

The results of this study support earlier findings in numerous vertebrate models; that temporal 

resolution increases with increasing stimulus light intensity (Crozier and Wolf, 1939, 1941b, a; 

Dodt and Wirth, 1954). In all species, except for M. mustelus, CFFF increased with light intensity. 
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At low light intensities, temporal resolution is determined by the rod photoreceptors, which are 

more sensitive to light but function at a much slower rate and take a greater time to recover than 

cone photoreceptors (Conner and MacLeod, 1977; McFarland and Loew, 1983; Cao et al., 2007). 

As light intensity increases, responses become increasingly dominated by cone photoreceptors, 

which elicit faster temporal resolution (Conner and MacLeod, 1977; McFarland and Loew, 1983; 

Nowak and Green, 1983).  

Interestingly, for species with very different retinas, CFFF increased with light intensity at a 

similar rate. Both C. punctatum and H. ocellatum have duplex retinas (Harahush et al., 2009; Hart 

et al., 2011; Schieber et al., 2012), whereas H. portusjacksoni is thought to have a rod only retina 

(Schieber et al., 2012). The slope demonstrating the rate of increase in CFFF with light intensity 

was similar between all species (mean 3.3 ±0.87 SE, mean 2.3 ± 0.99 SE and mean 2.2 ±0.53 SE, 

respectively). In H. portusjacksoni, rods appeared to continue to function at brighter light 

intensities. Like some other species of elasmobranchs with rod only retinas, H. portusjacksoni 

may be able to transform their sluggish rods to brisk cone-like receptors capable of higher 

temporal resolution when light intensity increases (Ripps and Dowling, 1990).  

On the other hand, CFFF in M. mustelus decreased with light intensities, specifically at light 

intensities above 3.65 × 10-5 W cm-2, which may be related to differences in their pupil size (and 

therefore retinal illumination) or an adverse reaction to anaesthesia (Figure 4.2). However, a 

decrease in CFFF at bright light intensities has been observed in some other vertebrates (Chalupa 

and Werner, 2004; Lisney et al., 2011). At light intensities greater than the optimal light intensity, 

in which the maximum CFFF is reached, the response of the visual system may be limited due to 

photobleaching, which decreases the amount of active cone visual pigments and causes 

suboptimal responses of the retinal ganglion cells due to increased inhibition (Ikeda and Wright, 

1972; Chalupa and Werner, 2004). M. mustelus may have experienced photobleaching at dimmer 

light intensities as they have round pupils when dilated; their pupils appeared to stay relatively 

dilated throughout the recordings (pers. obs.). In comparison, the other species, pupils were more 

constricted and slit-shaped (pers. obs.). Their large round pupils may have allowed more light to 

reach the retina, whereas slit pupils can constrict further, making them more effective at blocking 

out light (Walls, 1942). Kalinoski et al. (2014) measured CFFF in other mustelus species 

(M. canis), which occupy a similar habitat, but did not see any change in CFFF threshold with 

light intensity. There is also a possibility that the decreased temporal resolution in M. mustelus at 

light above 3.65 × 10-5 W cm-2 may be the result of adverse reactions to the anaesthesia (Bedore 

et al., 2013). M. mustelus was the largest and most active species assessed in this study. The 

greater oxygen requirement, may have limited or impeded the responses. 

The CFFF thresholds in this study are comparable or higher to estimates from the small number 

of previous studies in sharks (Figure 4.8) (Kobayashi, 1962; McComb et al., 2010; Kalinoski et 
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al., 2014). It is likely that differences in CFFF between these studies are due to the species 

assessed; this study was dominated by benthic species, whereas previous studies did not include 

any benthic species. The benthic species we studied may have a higher CFFF as a result of their 

generally smaller size. In general, smaller vertebrates have better temporal resolution, potentially 

to accommodate their greater manoeuvrability and/or as a result of their lower metabolic costs, 

which may allow them to process greater amounts of temporal information (Weihs, 1977; Gillooly 

et al., 2001; Laughlin, 2001; Healy et al., 2013). The sharks used in the present experiments were 

smaller than the other shark species in which CFFF has been assessed (McComb et al., 2010; 

Kalinoski et al., 2014). Although, the power to find a size correlation was weak because of the 

limited size range, differences between studies may relate to interspecific variation and/or 

differences in individual size.  

 

Figure 4.8 Comparison of shark CFFF thresholds from this study (‘○’ markers) and other 

electrophysiology studies (‘□’ markers). Estimates of CFFF for H. portusjacksoni (Hp), 

C. punctatum (Cp), H. ocellatum (Ho), H. edwardsii (He) and M. mustelus (Mm) are from this 

study. Estimates of CFFF for starspotted smoothhound sharks, M. manazo (Mma), are from 

Kobayashi (1962). Estimates of CFFF for spiny dogfish sharks, S. acanthias (Sa), smooth dogfish 

sharks, M. canis (Mc), sandbar sharks, C.s plumbeus (Cpl), are from Kalinoski et al. (2014) and 

estimates of CFFF for blacknose sharks, C. acronotus (Ca), scalloped hammerhead sharks, 

S. lewini (Sl), and bonnethead sharks, S. tiburo (St), are from McComb et al. (2010). Grey-filled 

markers indicate species that occupy more temperate habitats and open markers indicate species 

that occupy more tropical habitats.  

 

In addition, methodological and physiological differences between studies may also contribute to 

differences between CFFF thresholds, for instance, the light intensities used, the methods of 

calculating CFFF threshold, the adaptation state of the eye, the level of anaesthesia and the 

temperature at which experiments were performed (Kuchnow, 1971; Litherland et al., 2009; 

Bedore et al., 2013). 
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As CFFF was highly correlated with species and habitat, the differences between studies are also 

likely to reflect differences in the photic environment to which each species is adapted. Species 

from tropical environments had higher CFFFs than those from temperate environments. Factors 

such as depth and rod to cone ratio were also significantly correlated with CFFF but explained no 

additional variation to a habitat model, which suggests that both depth and rod to cone ratio were 

significant due to their correlation with habitat. Elasmobranchs and teleost fishes from brighter 

light environments (i.e. shallow or tropical) typically have a higher proportion of cones relative 

to rods than species from dimly lit (i.e. deep or temperate) environments (Lythgoe, 1988; 

Litherland and Collin, 2008).  

Greater numbers of cone photoreceptors may aid temporal resolution, due to their faster response 

(Conner and MacLeod, 1977; McFarland and Loew, 1983; Nowak and Green, 1983). 

C. punctatum and H. ocellatum, which live in a relatively shallow and tropical environment, have 

faster CFFFs (44 Hz and 40 Hz, respectively) and the highest rod to cone ratio (12:1 and 18:1, 

respectively) (Harahush et al., 2009; Schieber et al., 2012) of the species investigated in this study. 

Although both species are thought to be predominantly nocturnal, they may still require visual 

function under bright light in order to avoid predation and to take advantage of potential mating 

opportunities (Michael, 2005; Froese, 2013). It has been suggested that faster temporal resolution 

may provide some benefit in shallow environments in order to resolve the flickering light at the 

surface caused by variation in the focal length of light caused by waves (McFarland and Loew, 

1983). The temporal resolution of C. punctatum and H. ocellatum is sufficient to resolve the 

majority of the surface flicker, 90% of the surface flicker in the first 2.5 m of water is less than 

43 Hz (McFarland and Loew, 1983).  

The habitat effect may also be correlated with trophic level. C. punctatum which had the greatest 

CFFF, also had the highest trophic level. There is some evidence that temporal resolution may 

correlate with visual requirements for the identification and capture of prey (McComb et al., 2010; 

Kalinoski et al., 2014). Species from higher trophic levels generally exhibit faster swimming 

speeds (Chapter 2), where greater temporal resolution may aid in the identification and capture of 

faster and more elusive prey. C. punctatum feed on relatively mobile prey including small bony 

fishes and benthic invertebrates (Froese, 2013) which may require faster temporal resolution in 

order to track and capture prey. In contrast, H. portusjacksoni feeds mainly on benthic 

invertebrates, which are not particularly fast moving, therefore, a temporal resolution of 28 Hz 

may be sufficient for their environment and lifestyle.  

The correlation between habitat and CFFF is dominated by the results of C. punctatum and 

H. ocellatum, as little variation occurs between the other species. These two species are closely 

related as they are both from the Hemiscyllidae family (Compagno, 1990; Froese, 2013). 

Therefore, their higher temporal resolution may be the result of phylogenetic relatedness, rather 
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than their ecology, as has been suggested for some species of lizards (Fleishman et al., 1995). In 

order to better understand factors driving temporal resolution, measurements on a greater range 

of sharks are still required. However, other electrophysiological studies on sharks, with finer 

phylogenetic resolution, also identified both the light environment and prey type to correlate with 

CFFF, for instance, sharks from brighter light environments that feed on faster moving prey have 

higher CFFF (McComb et al., 2010; Kalinoski et al., 2014). 

4.5.2 Contrast sensitivity 

Maximum contrast thresholds did not vary significantly between shark species and ranged from 

1.6% to 2.5%. The electrophysiological estimates of contrast sensitivity in this study are similar 

to behavioural estimates in sharks (Chapter 3). Spatial-contrast sensitivity curves have been 

estimated behaviourally in H. portusjacksoni and C. punctatum (Chapter 3) using optokinetic 

stimuli. H. portusjacksoni were more sensitive to contrast in the optokinetic drum experiments 

(2.5% vs 1.6%), whereas C. punctatum were more sensitive to contrast in the electrophysiological 

experiments (2.4% vs 2.9%), which may be due to individual variation or experimental variation. 

Contrast sensitivity was high in all shark species studied, independent of their lifestyle and habitat, 

potentially because they all require high contrast sensitivity in order to acquire visual information 

in a low contrast aquatic environment. As contrast is the limiting factor in aquatic environments, 

it has been suggested that aquatic animals maximise contrast sensitivity in order to identify both 

prey and predators (Lythgoe, 1980; Lythgoe, 1988; McFarland, 1990; Land and Nilsson, 2012).  

In most species, contrast sensitivity was unaffected by light intensity. This is not surprising as 

contrast sensitivity generally remains unaffected by light intensity except in the extremities of 

visual function, for instance, in very dim or very bright light (Enroth-Cugell and Robson, 1966; 

Paulsson and Sjostrand, 1980; Mustonen et al., 1993). In dim light, contrast sensitivity is reduced 

as fewer photoreceptors are active, while in bright light contrast sensitivity is reduced as 

photoreceptors bleach (Enroth-Cugell and Robson, 1966; Paulsson and Sjostrand, 1980; 

Mustonen et al., 1993).  

 The contrast sensitivity of M. mustelus decreased markedly at light intensities above 

3.65 × 10- 5 W cm- 2 (Figure 4.2). This is the same light intensity at which temporal resolution also 

decreased, and may reflect the sensitivity of the visual system to light. Although we present the 

results from a single individual, as its performance was much greater than the other two 

individuals and was considered to best represent the threshold of visual function, in all 

individuals, temporal resolution and contrast sensitivity decreased at light intensities above 

3.65 × 10-5 W cm-2. The decrease may reflect the adaptation of their eyes to dimmer light 

environments. Of the sharks assessed in this study, M. mustelus occupies the greatest depth range, 

from near the surface to over 600 m (Froese, 2013), although it is unknown whether they occupy 



 
 

101 

 

the brighter surface water during the day. Their rod dominated retina (Stell and Witkovsky, 1973) 

allows them to maximise photon capture in order to visualise their environment in the dim light 

conditions of the deeper mesopelagic zone, however, potentially at the cost of contrast and 

temporal resolution when it ventures into bright light. This species is likely to avoid these brighter 

light environments as they occupy temperate environments and are largely nocturnal (Froese, 

2013). The reduced sensitivity in M. mustelus at bright light intensities may be a result of 

methodological issues such as adverse reactions to the anaesthesia (Bedore et al., 2013). However, 

due to the consistency in the light intensity at which both CFFF and contrast sensitivity dropped 

off, we suggest that this is not the case. Further estimates of temporal resolution and contrast 

sensitivity in M. mustelus using alternate methodologies, as well as electrophysiological studies 

on other species that occupy very dim light environments, may provide further insight into the 

effects of light on contrast sensitivity and temporal resolution.  

4.5.3 Comparison of results between anesthetised animal and eyecup ERG 

Estimates of temporal resolution did not vary significantly between the eyecup and the whole 

animal ERGs. The eyecup methodology is particularly useful in that it opens up an avenue for 

studying temporal resolution in larger sharks, in which behavioural and whole animal 

electrophysiology studies are particularly difficult.  

Estimates of contrast sensitivity, however, were significantly lower in the eyecup than in the 

whole animal ERGs at brighter light intensities. Contrast sensitivity may be affected in the eyecup 

preparation because higher order neurons, such as retinal ganglion cells, which play an important 

role in contrast detection (Maffei and Fiorentini, 1982), may be one of the first cell populations 

to stop processing signals when the eye is removed. In cats, contrast detectors are the first neurons 

to be affected when the optic nerve is sectioned (Maffei and Fiorentini, 1982). There was no 

evidence that the ERG signal decreased over the duration of the experiment, so the initial 

enucleation of the eye and severing of the ganglion cell axons may have caused the damage. 

Temporal resolution may be unaffected as the response is more reliant on the photoreceptors and 

bipolar cells in the outer retina (Heck, 1957; Verma and Pianta, 2009).  

4.5.4 Comparison of temporal and contrast sensitivity with other animals 

The shape of the measured temporal-contrast sensitivity curves in sharks resemble those of other 

vertebrates (Hamasaki, 1968; Rasengane et al., 1997; Pusch et al., 2013). The species examined 

in this study have similar CFFF to most marine and terrestrial mammals, although they are more 

sensitive to contrast (Figure 4.9). Of the animals in which contrast sensitivity has been measured 

using electrophysiology, only humans and lampreys show greater contrast sensitivity than sharks.  

The contrast sensitivity thresholds of sharks are similar to behavioural estimates of other aquatic 

animals with rod dominated retinas, such as the goldfish, Carassius auratus (which have a 
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contrast sensitivity of 40, and a peak rod to cone ratio of 15:1 (Stell and Hárosi, 1976; Bilotta et 

al., 1998), and the harbour seal, Phoca vitulina (which also have a contrast sensitivity of 40 and 

a peak rod to cone ratio of 23:1 (Jamieson and Fisher, 1971; Hanke et al., 2011). This suggests 

that visual contrast is of particular importance in aquatic animals, and may often be a limiting 

factor in object detection (McFarland and Loew, 1983; McFarland, 1990; Lythgoe, 1966). 

 

Figure 4.9 CFFF (open symbols) and contrast sensitivity thresholds (filled symbols) obtained 

using electroretinography on representative vertebrates in the orders Agnatha (AGN),) 

(Warrington et al., 2015), Chondrichthyes (CHO) (Green and Siegel, 1975), Actinopterygii 

(ACT) (Gramoni and Ali, 1970; Pusch et al., 2013), Amphibia (AMP) (Crozier and Wolf, 1941b), 

Reptilia (REP) (Crozier and Wolf, 1939, 1941b; Hamasaki and Peregrin, 1970; Jenssen and 

Swenson, 1974), Aves (AVE) (Crozier and Wolf, 1941a; Dodt and Wirth, 1954) and Mammalia 

(MAM) (Kelly, 1972; Smith et al., 1976; McFarland and Loew, 1983; Rasengane et al., 1997). 

 

4.5.5 Spatial resolving power 

Spatial resolving power varied little between the three shark species investigated in this study. 

H. ocellatum had the highest spatial resolving power of 0.35 cpd followed by H. portusjacksoni 

with 0.21 cpd and finally C. punctatum with 0.1 cpd. The electrophysiological estimates of spatial 

resolving power are much lower than anatomical estimates for H. ocellatum (2.6 cpd) (Litherland 

and Collin, 2008), C. punctatum (2.9 cpd) (Harahush et al., 2009) and H. portusjacksoni (3.1 cpd) 
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(Peel et al., in prep.), but are more similar to behavioural estimates (Chapter 3). Anatomical 

estimates of spatial resolving power are based on retinal anatomy (ganglion cell density) and eye 

focal length (Collin and Pettigrew, 1989). However, as many ganglion cells are not involved in 

fine discrimination tasks, it is not surprising that electrophysiological estimates are lower than 

anatomical estimates (van Wyk et al., 2006). Generally, ganglion cells with relatively small 

receptive fields determine spatial resolving power. For example, in the primate retina, midget 

ganglion cells are thought to subserve fine detail vision (Wässle, 2004), whereas in the rabbit 

retina local edge detectors signal fine spatial detail (van Wyk et al., 2006). Little research has 

been performed on functional differentiation of ganglion cell types in sharks, and the particular 

cells responsible for processing fine spatial information are unknown.  

The PERG estimates of spatial resolving power in sharks are similar to behavioural estimates 

(Chapter 3). The behavioural estimates of spatial resolving power in sharks are also much lower 

than the anatomical estimates. Optokinetic drum experiments on H. portusjacksoni and 

C. punctatum estimated both species to have a spatial resolving power of 0.38 cpd (Chapter 3). In 

a number of vertebrates, PERG estimates of spatial resolving power are lower than behavioural 

estimates (Campbell and Green, 1965; Hemmi and Mark, 1998; Hodos et al., 2002). For example, 

a study of spatial resolving power in the tammar wallaby (Macropus eugenii), estimated using a 

behavioural conditioning experiment, revealed a measure of 4.8 cpd, which was greater than the 

PERG estimates of 2.7 cpd (Hemmi and Mark, 1998). In addition, anatomical estimates in 

M. eugenii were also greater than both electrophysiological and behavioural estimates (6 cpd) 

(Hemmi and Mark, 1998). In sharks, PERG estimates of spatial resolving power may better reflect 

behavioural estimates and provide a more reliable estimate of spatial resolving power in species 

in which behavioural estimates cannot be obtained. To establish whether this trend in acuity 

measures is reflected in other sharks, further comparison of spatial resolving power in  a range of 

sharks using behavioural, electrophysiological and anatomical methods are required. 

The estimates of spatial resolving power from the optokinetic study may be higher than this PERG 

study because the behavioural estimates are made on unanaesthetised sharks and allow for 

binocular vision. Binocular summation of spatial information is thought to reduce noise and 

increase spatial resolving power by approximately 41% (Campbell and Green, 1965). The 

binocular spatial resolving power of H. portusjacksoni estimated from the behavioural study is 

45% higher than the monocular PERG estimate, suggesting that binocular viewing may account 

for the difference between behavioural and PERG estimates of spatial resolving power in this 

species. However, in C. punctatum the behavioural estimate is 74% higher than the monocular 

PERG estimate. Therefore, other aspects of the electrophysiology techniques may also limit 

estimates of spatial resolving power. For example, as both species have a horizontal visual streak 
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of higher resolution, behavioural measures may better reflect peak resolving power, since PERG 

responses are a summed response of all cells across the retina (Perlman, 1995).  

Differences in spatial resolving power (0.35 to 0.1 cpd) may reflect each species’ preferred prey 

type, as H. ocellatum (0.35 cpd) feeds on small benthic crustaceans and molluscs (Froese, 2013), 

which may require finer spatial resolving power, whereas C. punctatum (0.1 cpd) feeds on larger 

and more mobile prey including bony fishes and benthic invertebrates (Froese, 2013). However, 

anatomical estimates of spatial resolution suggest the opposite, in that active, benthopelagic and 

pelagic species from more oceanic habitats which feed on larger, more active prey, possess 

a higher resolving power (Lisney and Collin, 2008). As spatial resolution varies with habitat 

and size (Kirschfeld, 1976; Lisney and Collin, 2008), prey type may have a greater effect within 

sharks from the same habitat and of similar size. In order to better understand the factors 

underlying spatial resolution in sharks PERG estimates are required in a range of sharks of 

different sizes, habitats and trophic levels. 

The extreme hyperopia discovered whilst establishing the PERG methodologies in anaesthetised 

H. portusjacksoni (+20 diopters and greater) is also worth acknowledging. Although hyperopia is 

common among anaesthetised sharks, a refractive error of this magnitude is unusual (Sivak and 

Gilbert, 1976). Under anaesthesia the protractor lentis muscle relaxes and the lens moves 

posteriorly towards the retina, causing hyperopia. However, the large refractive error in 

H. portusjacksoni suggests that they may be able to accommodate over a larger range. Only a 

small number of sharks have been shown to be capable of accommodation but to a small extent 

(3 diopters) (Hueter et al., 2001). We suggest that the accommodative ability of H. portusjacksoni 

may be far greater and would be an interesting area for further studies.  

4.5.6 Comparison of spatial resolving power with other vertebrates  

The sharks in this study were found to have relatively poor spatial resolving power in comparison 

to other non-chrondrichthyan vertebrates, in which PERG estimates range from 0.48–35 cpd 

(Figure 4.10), although electrophysiological estimates of spatial resolving power have not been 

measured in many aquatic vertebrates. In teleosts, only a small number of behavioural studies 

have estimated spatial resolving power (Northmore and Dvorak, 1979; Rinner et al., 2005; 

Northmore et al., 2007; Tappeiner et al., 2012). The spatial resolving power of the sharks 

measured using PERG was lower than the behavioural estimates of the goldfish, C. auratus, 

(1.6  cpd) (Northmore and Dvorak, 1979) and the sunfish, L. macrochirus, (5.0 cpd) (Northmore 

et al., 2007) but similar to that of the zebrafish, Danio rerio, 0.16–0.58 cpd (Rinner et al., 2005; 

Tappeiner et al., 2012).  
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Figure 4.10 Estimates of spatial resolving power (SRP) based on electrophysiological estimates 

for vertebrates in the order Chondrichthyes (CHO), Reptilia (REP) (Northmore and Granda, 1991; 

Bartol et al., 2002; Baker et al., 2007), Aves (AVE) (Porciatti et al., 1989; Hodos et al., 2002; 

Ghim and Hodos, 2006) and Mammalia (MAM) (Campbell and Maffei, 1970; Harris, 1978; 

Odom et al., 1983; Bonds et al., 1987; Silveira et al., 1987; de Tejada and Tedó, 1998; Hemmi 

and Mark, 1998). 

 

4.5.7 Functional implications for the shark visual system  

Temporal resolution in the species examined ranged from 28 Hz to 44 Hz, while contrast 

sensitivity and spatial resolving power ranged from 1.6 to 2.5% and 0.1 to 0.35 cpd, respectively. 

These findings potentially highlight retinal adaptations that prioritise contrast detection over 

temporal resolution and spatial resolving power. Visual contrast may be of greater importance 

than other forms of visual information in the aquatic environment (Lythgoe, 1980; Lythgoe, 1988; 

McFarland, 1990; Land and Nilsson, 2012). It may be for this reason that many sharks appear to 

have lost all but one cone photoreceptor type and with it the ability for colour vision (Van Hateren, 

1993; Land and Osorio, 2003). For many sharks it may simply be more important to visually 

detect objects against a background than to identify what the object is. This may relate to their 
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trophic position, since most sharks are higher order predators and/or opportunistic where it may 

be important to detect an approaching object and use simple size, motion and shape information 

to determine if it is potential prey. Or in smaller sharks it may be an antipredatory adaption, to 

identify predators at a further distance and swim away. Simple visual cues such as size, speed and 

approach angle (Seamone et al., 2014) may then be used to determine if it is a predator.  

Poor spatial resolving power may actually have some advantages when it comes to gaze 

stabilisation during swimming. Some sharks are thought not to completely compensate for the 

head movements caused by their sinusoidal swimming pattern (Chapter 3). The amount of motion 

that an animal can tolerate without causing significant blur depends on their spatial resolving 

power (Land, 1999). A larger receptor unit acceptance angle means that a moving object is in the 

receptive field for a longer period of time, thus allowing for longer integration times (Land, 1999). 

Therefore, the poor spatial resolving power of sharks, which indicates they have a wide receptor 

unit acceptance angle, allows them to tolerate a greater amount of visual motion caused by 

swimming. 

Looking more closely at the adaptations of shark visual systems, ecological and/or phylogenetic 

factors are also reflected in their visual abilities. Species from higher trophic levels may rely on 

temporal and contrast information to capture larger, faster moving prey, while animals from lower 

trophic levels may rely on finer spatial resolving power to identify small, less mobile prey. For 

example, both C. punctatum and H. ocellatum are of similar size and have relatively fast temporal 

resolution and occupy similar light environments. C. punctatum feeds on bony fishes and benthic 

invertebrates (Froese, 2013), which may require fast temporal resolution to identify and capture 

prey, whereas H. ocellatum, which feeds on benthic crustacean and molluscs (Froese, 2013), may 

require finer spatial resolving power in order to correctly identify prey. It is also likely that spatial 

resolution varies with habitat and size (Kirschfeld, 1976; Lisney and Collin, 2008). Both this 

study and previous studies suggest that sharks also trade-off temporal resolution and light 

sensitivity (McComb et al., 2010; Kalinoski et al., 2014). Sharks from brighter light environments 

have greater temporal resolution than those from dimmer light environments, which may be 

related to the greater number of cone photoreceptors they possess and be beneficial in resolving 

the wave-induced flicker at the water’s surface (McFarland and Loew, 1983). However, 

establishing the adaptive significance of these intraspecific differences in visual requirements 

needs further information on vision in a greater number of shark species with different life 

histories. 
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4.6 Conclusion 

Whole animal ERG is a useful technique to assess temporal resolution and contrast sensitivity. 

Temporal resolution ranged from 28 Hz to 44 Hz. Of the animals studied, C. punctatum and 

H. ocellatum had the greatest temporal resolution, which provides additional support for the 

general finding, that animals from brighter light environments have greater temporal sensitivity. 

All sharks were capable of detecting low brightness contrasts of the order of 1.6 to 2.5%. When 

it is not possible to perform ERGs on a whole animal, eyecup preparations are useful for 

estimating temporal resolution and spatial resolving power, but perhaps not contrast sensitivity, 

which was significantly reduced compared to whole animals. Estimates of spatial resolving power 

were low and ranged from 0.10 to 0.35 cpd, and matched behavioural estimates. The ability of 

sharks to detect low contrast may come at the cost of spatial resolution, and reflects the importance 

of contrast detection in the relatively low light aquatic environment. 
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5.1 Abstract 

Sensory systems play a central role in guiding normal animal behaviour, including the detection 

of prey, predators and conspecifics, and can sometimes be manipulated to alter behavioural 

outcomes. Repellent stimuli are widely used to limit negative interactions between humans and 

certain terrestrial animals, for example, chemical insect repellents; however, few repellents exist 

for aquatic organisms. Sharks are often seen as a threat to humans and although serious attacks 

and fatalities are rare, there has been increasing interest in developing shark attack mitigation 

devices. Research into shark deterrents and repellents has concentrated predominantly on the 

electrosensory and olfaction systems, whereas other senses such as vision and audition have 

received relatively less attention. In this study, an assessment was made on the effects of bright 

flashing (strobe) lights and a loud artificial sound composed of mixed frequencies and intensities, 

presented both individually and simultaneously, on shark predatory behaviour, to assess their 

potential as shark repellents. We tested these stimuli on wild-caught captive Port Jackson sharks 

(Heterodontus portusjacksoni) and epaulette sharks (Hemiscyllium ocellatum) in aquaria, and 

wild white sharks (Carcharodon carcharias) in Mossel Bay, South Africa. The behavioural 

responses of the sharks to the stimuli was assessed based on their willingness to take a bait. A 

mixed-model statistical analysis showed that when presented alone and concurrently with the 

sound, the strobe lights reduced the number of times the bait was taken by H. portusjacksoni and 

H. ocellatum compared to control trials. In C. carcharias, the strobe light did not affect behaviour 

when presented alone, but sharks spent marginally less time around the bait when both stimuli 

were presented concurrently. The variable effectiveness of the strobe lights may reflect the 

sensitivity of the different shark species to light or the different experimental conditions. None of 

the shark species tested were deterred by the sound stimulus alone. The lack of any behavioural 

responses to auditory cues may be due to insufficient energy presented by the underwater speaker 

in the low frequencies to which sharks are sensitive, or the auditory signal may not be recognised 

as either an attractive or repulsive cue. As the lights and artificial sound presented in this study 

did not show a drastic effect on C. carcharias, we do not currently advise their use as deterrents 

for mitigating shark-human interactions. However, our results suggest that the strobe lights may 

have potential for use as fisheries bycatch reduction devices for certain shark species.  
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5.2 Introduction 

Animals use a range of sensory modalities to obtain information about their physical environment. 

The detection and accurate interpretation of this information likely contributes greatly to the 

success of an individual within its ecological niche (Collin, 2012). Cartilaginous fishes (sharks, 

batoids, and chimaerids) possess a diverse range of highly developed sensory systems, including 

electroreception, olfaction, audition, vision, the mechanosensory lateral line and possibly even 

magnetoreception (Hueter et al., 2004; Meyer et al., 2005; Gardiner et al., 2012). 

As in other vertebrate classes, sharks exhibit great interspecific variation in the morphology and 

physiology of each of these sensory modalities such as, different sensory thresholds and 

anatomical differences from the receptors to the central nervous system, which reflects their 

phylogeny and sensory ecology (Hueter et al., 2004; Lisney et al., 2007; Lisney and Collin, 2007; 

Litherland and Collin, 2008; Gardiner et al., 2012). For example, there is significant variation in 

the ratio of rod and cone photoreceptors present in the retina across species (Hart et al., 2006; 

Litherland and Collin, 2008). Deep-sea and nocturnal sharks possess a higher proportion of rod 

photoreceptors, which are capable of detecting a single quantum of light and are used for low 

light (scotopic) vision but process visual information at a slower speed compared to cone 

photoreceptors, which can function at much higher light levels and are used for bright light 

(photopic) vision (Stell, 1972; Gruber and Cohen, 1985; Litherland and Collin, 2008; Schieber et 

al., 2012). Similarly, there is a high degree of variation in inner ear morphologies across shark 

species (Corwin, 1978; Corwin, 1989; Evangelista et al., 2010; Mills et al., 2011) and behavioural 

and physiological studies have shown that different species possess different acoustic thresholds 

(Kritzler and Wood, 1961; Banner, 1967; Kelly and Nelson, 1975; Bullock and Corwin, 1979; 

Corwin, 1989; Kenyon et al., 1998; Casper et al., 2003; Casper and Mann, 2006, 2007a, b). 

Existing knowledge of the peripheral nervous system and the way in which organisms receive 

and process sensory information may inform initiatives to manipulate behavioural outcomes in 

order to develop management strategies (Madliger, 2012). Several attempts have been made to 

manipulate shark behaviour through their finely tuned sensory systems, either to reduce 

interaction with fishing gear (Brill et al., 2009; Robbins et al., 2011) or to prevent shark-human 

interactions (Hart and Collin, 2015), by either altering the signals produced by the object so that 

it becomes undetectable (camouflaged), or produces an aversive cue that repels the shark. Most 

currently available devices work by stimulating the electrosensory (electrical and magnetic 

deterrents) or chemosensory (via chemical deterrents) systems (Marcotte and Lowe, 2008; Stoner 

and Kaimmer, 2008; Brill et al., 2009; Huveneers et al., 2013); however, current shark repellent 

devices have a number of limitations and therefore, research and industry are continually looking 

for innovative ways to overcome these problems. For example, strong magnets have been trialled 

to reduce depredation and bycatch on fishing gear (Robbins et al., 2011) and rare earth metals 
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have been shown to have a deterrent effect on Galapagos, Carcharhinus galapagensis, (Robbins 

et al., 2011) and sandbar sharks, C. plumbeus (Brill et al., 2009). However, the metals were found 

not to be effective on all species (Godin et al., 2013) and their effectiveness was reduced when 

animals were highly motivated to feed (Tallack and Mandelman, 2009) or when there were high 

densities of sharks in the immediate area (Robbins et al., 2011). A commercially-available 

electronic deterrent, the Shark Shield™ (Shark Shield Pty Ltd), emits a repetitive high voltage 

pulse that has been shown to deter white sharks, Carcharodon carcharias, from approaching static 

baits and seal-shaped decoys (Huveneers et al., 2013; Kempster et al., in review). However, the 

effective repellent range of the Shark Shield is approximately 130–200 cm, which means that the 

electrical field emitted by the device attached to the rear of a surfboard may not be sufficient to 

protect the entire body of the surfer. The device can also be uncomfortable for the wearer because 

of the high voltage discharge. In addition, there is also evidence that sharks can habituate to the 

electronic pulse (Kempster et al., in review) and there are lingering concerns over whether the 

electronic field attracts sharks from a distance (Bedore and Kajiura, 2013).  

The development of sensory-based deterrent devices are important, not only from a public safety 

perspective but also for shark conservation. Shark attacks have led to invasive methods of beach 

protection, such as culling and beach netting. These invasive methods negatively impact 

vulnerable shark populations, as well as other animals through by-catch of non-target species 

(Wetherbee et al., 1994; Gribble et al., 1998; Reid et al., 2011) and indirectly through effects on 

trophic cascades (Myers et al., 2007; Ferretti et al., 2010). Additionally, studies have shown 

population declines in certain shark species as a result of bycatch from a number of fisheries; thus, 

the reduction of shark bycatch remains a major challenge to both conservationists and fishermen 

(Lewison et al., 2004; Gilman et al., 2007; Dulvy et al., 2008; Gilman et al., 2008; Camhi et al., 

2009; Collin, 2012). However, there has been little focus on shark deterrents that take advantage 

of vision and hearing, and even less studies investigating multisensory approaches. 

For many sharks, vision plays a vital role in their ecology, particularly in detecting and identifying 

prey (Hobson, 1963; Gilbert, 1970; Strong, 1996), communication (Ritter et al., 2000; Martin, 

2007) and in navigating the complex aquatic environment (Parker, 1910; Fuss et al., 2014). The 

visual system of many sharks is relatively sensitive to light and they possess many visual 

adaptations that enhance the detection of light. For example, many sharks possess a rod dominated 

retina (Litherland and Collin, 2008; Schieber et al., 2012). Rods are more sensitive and operate at 

lower light levels than cones (Land and Nilsson, 2012). A reflective tapetum lucidum, is also 

common in many sharks, which provides a second opportunity for photoreceptors to capture light 

(Gilbert, 1970). The high absolute sensitivity of their eyes to light may cause them to avoid bright 

flashing (strobe) lights. As a potential deterrent, strobe lights produce abrupt flashes with 

alternating levels of light intensity over a short duration, which may limit retinal adaptation. A 
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strobing light may cause overstimulation of retinal photoreceptors (Chalupa and Werner, 2004; 

Land and Nilsson, 2012) or may be a novel stimulus that is avoided (i.e. neophobia) (Mettke‐

Hofmann et al., 2002; Sneddon et al., 2003). Strobe lights have been found to deter a range of 

teleost fishes (Johnson, P. N. et al., 2005; Marchesan et al., 2005) and have been deployed in 

many areas to reduce the entrapment of fish around dams and power plants (Anderson et al., 1998; 

Johnson, P. N. et al., 2005; Johnson, R. L. et al., 2005). However, strobe lights may potentially 

have an attractant effect as seen in Antarctic krill (Wiebe et al., 2004) and some teleosts (Johnson, 

R. L. et al., 2005). No studies to date have looked at the effect of strobe lights on shark behaviour.  

Underwater sound is also an important sensory stimulus and represents a directional signal that is 

able to propagate over large distances. Sharks are known to be sensitive to low frequency sounds 

up to 2000 Hz and have a peak sensitivity at around 100 Hz (Corwin, 1989; Popper and Fay, 

1997; Myrberg, 2001; Hueter et al., 2004; Gardiner et al., 2012). Mixed low frequency sounds 

(resembling a struggling fish) have been shown to attract sharks in the field (Nelson and Gruber, 

1963; Myrberg Jr et al., 1969; Myrberg Jr et al., 1972). In contrast, the sudden onset of an intense 

sound or transmission switch from an attractive sound to that of another sound can have a repellent 

effect on sharks (Banner, 1972; Myrberg Jr et al., 1978; Klimley and Myrberg, 1979). As sharks 

do not possess a swim bladder or any other structure that can convert acoustic pressure into 

particle movement, they are thought to respond only to the particle motion component of a sound 

(Nelson, 1967). This suggests that sharks may be particularly sensitive to the near field (the sound 

field within two wavelengths) of the sound source. The distance at which sharks can detect a 

sound ultimately depends on the type of the sound source, the frequency spectrum of the sound 

and of the surrounding soundscape, and habitat acoustics. In most of the studies cited above on 

shark behaviour towards acoustic signals, the received sound pressure levels were likely to belong 

to the far field and were well below detection thresholds obtained from laboratory studies. If 

sharks are actually able to perceive propagated pressure waves in the far field, the mechanism 

remains unresolved. 

Very few studies have used a multisensory approach to manipulate shark behaviour. In an 

experiment investigating the behaviour of three different species of sharks towards prey, Gardiner 

et al. (2012) demonstrated that sharks use their senses simultaneously, but switch the primary 

modality in a hierarchical way as they approach their prey. Therefore, the combination of different 

sensory stimuli may amplify avoidance behaviour in sharks by increasing the likelihood of 

detecting the stimuli through multiple mechanisms. A multisensory stimulus also provides the 

flexibility to be effective in a range of situations, for example, a sound stimulus may be more 

effective over a greater distance, especially in turbid water, than a visual stimulus, even if the 

visual stimulus is a more potent deterrent at close range (Stein et al., 2008). Such a multisensory 

approach has proven to be an effective management strategy for a number of species of freshwater 
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fishes. For example, increased avoidance behaviour is seen in freshwater teleosts in response to 

the combination of strobe lights and bubbles when compared to the response when each treatment 

is presented in isolation (Patrick et al., 1985; McIninch and Hocutt, 1987; Sager et al., 1987; 

Nestler et al., 1995; Ploskey et al., 1995; Popper and Carlson, 1998). 

This study assessed the behavioural responses of three species of shark to strobe lights and an 

artificial sound, presented both separately and simultaneously. Experiments were performed in 

captivity on two benthic species, the Port Jackson shark, Heterodontus portusjacksoni and the 

epaulette shark, Hemiscyllium ocellatum, and in the wild in a population of white sharks, 

C. carcharias, in Mossel Bay, South Africa. We hypothesised that the intense light and sound 

stimuli, either alone or in combination, would discourage sharks from taking or interacting with 

bait, when compared to a control. 

 

5.3 Methods 

5.3.1 Ethics statement and animal acquisition 

The sensory stimuli were tested both in an aquarium facility on six wild caught Port Jackson 

sharks, H. portusjacksoni, (pre-caudal length, PCL, ranging from 20.5 to 44 cm, n = 3 females, n 

= 3 males) and five wild caught epaulette sharks, H. ocellatum, (PCL ranging from 41 to 49 cm, 

n = 2 females, n = 3 males), as well as in a wild population of white sharks, C. carcharias, in 

Mossel Bay, South Africa. Accurate assessments of sex and size were not possible, but the Mossel 

Bay white shark population is dominated by sharks 275–325 cm in length (Kock and Johnson, 

2006) and, the population was recently recorded as 56% male and 44% female (E. Gennari, 

unpublished data). This study was carried out with the approval of The University of Western 

Australia Animal Ethics Committee (Application RA/3/100/1193) and in strict accordance with 

the guidelines of the Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes (8th Edition, 2013). The work was also approved by the South African Department of 

Environmental Affairs: Biodiversity and Coastal Research, Oceans and Coasts Branch (Permit 

RES2014/91).  

5.3.2 Description of sensory stimulation 

The sensory stimuli consisted of an artificial sound and/or a flashing ‘strobe’ light. The artificial 

sound was generated by an underwater speaker (Diluvio from Clark Synthesis, frequency 

response 20 Hz–17 kHz in air, undetermined in water), which was connected to an amplifier 

(PBR300X4; Rockford Fosgate) and an MP3 player (Philips GoGEAR) powered by a 12 V 

battery. The artificial sound profile was constructed digitally with Adobe Audition CS5.5 and the 

digital audio workstation software Reaper v.4.62. Following the work of Myrberg Jr et al. (1978), 

which showed that a sound with a rapidly changing amplitude and frequency content, elicited the 
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withdrawal of free swimming sharks, the sound was built by mixing tones of different frequencies 

and intensities, from 20 Hz to 20 kHz (Figure 5.1). The relative amplitude ranged from -1 to 1, 

with random silence intervals (Figure 5.1). The control sound consisted of a sound inaudible to 

sharks, based on the current literature: 10 kHz tones, repeated every second (Figure 5.1) at a 

maximum relative amplitude. 

The sound stimuli were quantified in the experimental aquarium as well as in open water. A pair 

of hydrophones HTI 90U (High Tech, Inc.), oriented parallel to one another and positioned 11 cm 

apart, were used to measure the sound pressure and particle velocity along the x, y and z axes, at 

specific distances from the speaker. In the experimental tank (320 × 120 × 75 cm) the speaker 

was positioned 50 cm from the nearest wall of the tank, at a depth of 45 cm, and the hydrophones 

were positioned at a 1 m distance from the speaker, at the same depth. The field calibration was 

performed in a calm location in the Swan River (WA, Australia), where the hydrophones were 

deployed from a jetty to avoid boat noise polluting the recordings. The water depth at this location 

averaged 3.5 m. The speaker was located at a depth of 3 m and the hydrophones were deployed 

at a depth of 1.6 m from the surface. The root mean square (rms) average pressure was measured 

as well as the sound pressure level (peak to peak and rms), and the signal-to-noise ratio of the 

different sound stimuli, and the magnitude of the particle acceleration was estimated. The sound 

parameters were calculated with a custom Matlab code (LC, The MathWorks (2004)) (Table 5.1). 

This calibration could not be considered as an exact reference for the field data in South Africa, 

as the different field conditions would affect the sound field significantly, but are likely to be a 

close approximation. Although no audiograms are available for our targeted species, we assumed 

that hearing thresholds in H. portusjacksoni and H. ocellatum were similar to those measured in 

closely related species, the Horn shark, H. francisci, and brown-banded bamboo shark, 

Chiloscyllium punctatum (Casper and Mann, 2007a). Across these different shark species, particle 

acceleration thresholds at 100 Hz are approximately 1x10-3 m/s2, which would be reached at a 

distance of approximately 10 m from the sound source for our artificial sound. The white shark 

audiogram is also unknown and no audiograms are available for any other members of the 

Lamnidae. In an attempt to ensure that the sound stimuli were detectable by the white sharks, we 

only started the sound playback when the sharks had approached within two meters of the source.  

The strobe light was constructed from eight constant-current-controlled white light-emitting 

diodes (LEDs; Vero 13, Bridgelux), with four LEDs (eight in total) on two opposing sides of a 

rectangular aluminium tube (10 × 45 cm). The LEDs and all wiring were insulated and 

waterproofed by encasing the tube with clear epoxy resin. The intensity of the strobe was 

measured using a light meter (International light technologies, ILT1700) to be 1.22 × 

10 3 W sr- 1 cm-2. Current to the LEDs was switched on and off at a rate of either 5 or 10 Hz (duty 
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cycle of 50%) using an N-channel MOSFET controlled by the output of a programmable 

microcontroller (Arduino Nano v3.0).  

Measurements were made to determine whether the strobe lights or speaker emitted any electrical 

fields into the surrounding water that might affect shark behaviour. One at a time, each device 

was placed in a 250 L plastic tank filled with seawater and a voltage probe was used to measure 

the electrical field. The probe consisted of either, a platinum or silver chloride electrode 

positioned 10 cm from the device and a reference electrode was positioned at the opposite end of 

the tank, 70 cm away. Platinum wire electrodes were used to measure the strobe light to minimise 

current generated by the photoelectric effect, whereas silver chloride electrodes were used to 

measure the speaker. Voltages generated during stimulus presentation were amplified (1000 

times) and bandpass filtered (1 Hz–10 kHz) with an AC-coupled differential amplifier (WPI 

DAM50). Voltages were digitised at 100 kHz using a National Instruments (USB 6353 X-Series) 

data acquisition system, and stored using a customised Visual Studio script (NSH, Microsoft 

Visual Studio 2015). A custom Matlab code (LAR) was used to analyse the data and provide an 

estimate of the peak-to-peak voltage. 

The strobe lights did not emit a measurable electrical field when active. However, the speaker did 

emit a measurable electrical field during sound playback (see results). To determine the distance 

at which sharks would likely detect the electrical output of the speaker, the voltage gradient was 

measured during playback of two different sounds generated by sinusoidal voltages with a 

fundamental frequency of 100 Hz and 1000 Hz, respectively. A voltage gradient probe was 

constructed from two silver-chloride electrodes positioned 4 cm apart and oriented perpendicular 

to the front surface of the speaker. Voltage recordings were made with the centre of the probe 

positioned at 10, 20, 40 and 70 cm away from the speaker. A power function was fitted to the data 

(Bedore and Kajiura, 2013) and the distance that sharks would be able to detect the voltage was 

estimated based on the following formula: 

𝐸 =  
2𝑏

𝑟3   (Haine et al., 2001)   

where 𝐸 is the electrosensitivity of the shark, 𝑏 is the voltage gradient and 𝑟 is the distance away 

from the source (Haine et al., 2001). We based our estimates on a shark sensitivity of 5 nV/cm 

(Kalmijn, 1982; Johnson et al., 1984; Kajiura and Holland, 2002). 
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Figure 5.1 Laboratory-based recordings (from left to right: waveforms, spectrograms and amplitude spectra) of a representative 10 s extract of the artificial 

sound (A, B, C), the control sound (D, E, F) and the ambient background noise (G, H, I).
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Table 5.1 Sound parameters for the artificial sound, the control sound (10,000 Hz tone) and the 

ambient background noise in the laboratory environment (aquaria), and in the field. All 

measurements were made at a distance of 1 m from the speaker. Sampling rate: 100 kHz. 

 Lab Field 

Sound parameters Background 

noise 

Digital 

sound 

Audio 

control 

Background 

noise 

Digital 

sound 

Audio 

control 

RMS(Pa) 0.96 3.04 3.94 9.38 9.94 2.95 

SPLpeak + (dB re luPa) 114.08 156.64 140.00 146.11 156.36 138.66 

SPLpeak - (dB re luPa) 127.62 156.51 133.17 131.51 156.52 139.85 

SPLpp (dB re luPa) 127.80 159.58 140.81 146.26 159.45 142.31 

SPLrms (dB re luPa) 119.66 141.69 131.90 139.44 139.95 129.40 

SNR(dB) - 22.05 12.27 - 19.94 9.78 

Particle acceleration:       

X-axis acceleration (m/s2) 0.0037 0.1261 0.0361 0.0094 0.1097 0.0331 

Y-axis acceleration (m/s2) 0.0050 0.1206 0.0483 0.0096 0.1348 0.0565 

Z-axis acceleration (m/s2) 0.0046 0.0992 0.0337 0.0086 0.0947 0.0638 

Magnitude of acceleration 

(m/s2) 

5.9E-05 0.0403 0.0048 2.5E-04 0.0392 0.0084 

RMS: Root mean square in Pa. SPLpeak+: Sound pressure level of the highest peak in dB re luPa. 

SPLpeak-: Sounds pressure level of the highest negative peak in dB re luPa. SPLpp: Sound pressure level 

of the peak to peak in dB re luPa. SPLrms: sound pressure level of the root mean square value in dB re 

luPa. SNR: signal-to-noise ratio in dB.  

 

 

5.3.3 Experiment on captive benthic sharks  

5.3.3.1 Experimental design 

The behavioural responses to six different stimulus treatments were assessed for six 

H. portusjacksoni and five H. ocellatum. The six treatments consisted of: (1) a 5 Hz strobe light, 

(2) a 10 Hz strobe light, (3) the audible artificial sound, (4) a combination of the 10 Hz light and 

the artificial sound, (5) a sound control which consisted of 10 kHz tone repeated every second 

(assumed to be inaudible for those species) and (6) a control without any stimuli. The effects of 

the light and sound treatments were assessed by comparing interactions to the control treatments. 

The experimental aquarium was a rectangular fibreglass tank filled with 2800 L of sea water. The 

tank floor was covered to a depth of 5 cm with sand substrate. It contained a shelter (PVC tube) 

located at one end of the tank and a V-shaped polypropylene barrier positioned at the other end 

(Figure 5.2 A). The speaker was inserted into the vertex of the ‘V’ and the light was positioned 

horizontally, 20 cm in front of the speaker. A length of clear monofilament fishing line was 

suspended 10 cm in front of the strobe light device with a small sinker attached 15 cm above the 

bottom of the line, and bait, used to attract sharks, was attached below the sinker. The barrier was 

used to funnel sharks towards the bait and prevent them from swimming into areas of the tank 

behind the speaker and lights. A rope, embedded in the sand and positioned at the opening of the 

V-shaped-barrier, delimited the entrance to the testing arena. 
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5.3.3.2 Procedure 

Prior to each experiment, the sharks were held in a holding tank (identical to the experimental 

tank) for a minimum of two weeks. Tanks were on a 12:12 hour, light:dark cycle and ambient 

illumination was provided by filtered daylight and overhead fluorescent tubes. Every day, the 

water parameters were measured so that both experimental and holding tanks were stable and 

identical (temperature = 24.80.8°C; salinity= 36.61.7, pH= 8.070.5; mean and SD). 

Each shark was moved to the experimental tank and allowed to acclimatise for 24 h prior to the 

start of the trials. In both the experimental and holding tanks, neither underwater artificial lights 

nor aeration were used, to prevent either overstimulation or habituation of their hearing and visual 

systems. For each trial, an approximately 2 × 1 cm piece of squid was attached to the fishing line 

and lowered into position whilst the shark was not in the testing arena. When the shark entered 

the testing arena by crossing the rope, the trial started and the assigned treatment was initiated. 

Sharks were given 40 s to take the bait. If the shark entered and left the trial area three times 

without touching the bait, the trial ended. A GoPro® camera positioned above the tank recorded 

all interactions. The observer was not visible and monitored the experiment from a computer 

positioned away from the experimental tank and linked to a live stream of the GoPro®. 

A Latin square experimental design restricted the randomisation of the order in which treatments 

were presented and therefore, controlled for an individual’s previous experience (Winer, 1962). 

This testing pattern ensured that the treatments were repeated every day in a different order, such 

that each treatment was presented once at each of the possible time slots per day. Each individual 

was tested for each of the six treatments six times. For the H. portusjacksoni, six trials (treatments) 

were performed per day, for six days. Since H. ocellatum took much longer to approach the bait 

in comparison to H. portusjacksoni, only three treatments were performed per day, for a total of 

12 days, although the order followed the same Latin square design. The treatment days were 

alternated with resting (fasting) days for both species, to ensure that the sharks were motivated to 

feed during the trials.  

5.3.3.3 Data analysis 

The video footage was reviewed to determine whether the bait was taken and the latency in taking 

the bait. The effect of the sensory treatments were determined using a mixed model analysis 

performed in R (RCoreTeam, 2015) using the package ‘lme4’ (Bates et al., 2013). The effect of 

the stimulus treatments were assessed by setting treatment as a fixed factor and setting the random 

factors as the order of presentation, which was nested inside the number of times the treatment 

had been experienced (experience), and also the identification code for each individual shark. Of 

a range of models investigated, this particular model was used as it produced the lowest Akaike 

Information Criterion. To determine differences between treatments, a multiple comparison for 
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parametric models was performed using the R package ‘multcomp’ (Hothorn et al., 2008). The 

other factors, individual, day, experience, and order of presentation, were also tested as fixed 

factors, but were found to be insignificant in explaining variation in the data. 

5.3.4 Field experiment on white sharks  

5.3.4.1 Experimental design 

The behavioural response to four different sensory stimulation treatments were assessed in white 

sharks, C. carcharias, using a stereo camera rig deployed from a boat anchored at various 

locations within 2 km of Seal Island, Mossel Bay. The four treatments were: (1) a 10 Hz strobe 

light, (2) the audible artificial sound, (3) a combination of the 10 Hz light and artificial sound, 

and (4) a control without any stimuli. The effects of the light and sound treatments were assessed 

by comparing interactions to the control treatment. A trial consisted of interactions occurring 

within the field of view of the cameras for a period of three minutes, whilst a single treatment was 

presented. Treatments were presented in a randomised order. 

A custom-built, downward-facing stereo camera rig (Figure 5.2 B) was used to record interactions 

between sharks and a bait canister. The stereo rig comprised of two GoPro Hero 3® video cameras, 

mounted 0.7 m apart on a horizontal aluminium tube. The cameras were positioned such that their 

optical axes were angled eight degrees towards the centre of the apparatus to create an optimised 

field of view (Harvey and Shortis, 1996; Harvey and Shortis, 1998). A PVC canister containing 

0.5 kg of crushed sardines was mounted in a central position, 1 m in front of the cameras. A 2 kg 

weight was placed in the bait canister to keep the rig in a stable vertical orientation. The strobe 

light was mounted directly above the bait canister and the underwater speaker was positioned 

between the cameras, pointing towards the bait canister.  

5.3.4.2 Procedure  

The stereo-camera rig was positioned approximately 2 m off the stern of the boat with the cameras 

positioned just below the surface of the water. The rig remained in the water for approximately 

one hour, which will be referred to hereafter as a ‘drop’. Between 2-4 drops were performed each 

day over a period of five days. Individual sharks were initially identified from the boat and 

identification was later confirmed from video analysis, using their scars and markings, which 

allowed us to identify the same sharks interacting in our experiment during the five days. Sharks 

were lured close to the rig using a tuna head attached to the end of a rope. Once a shark had 

approached within 2 m of the rig, a trial began.  

5.3.4.3 Data analysis  

Videos of white sharks, C. carcharias, were reviewed to record the total amount of time a shark 

was in the field of view and any interactions of the shark with the camera rig. Behaviours were 
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classified and scored according to the level of interaction as: 1 = pass (individual is in the field of 

view but does not make contact with the rig), 2 = touch rig (individual touched any part of the 

rig), 3 = bump sensory stimulus device (individual touched the device with their head or mouth), 

4 = bump bait (individual touched the bait canister with their head or mouth), 5 = taste bait 

(individual touched the bait canister with an open mouth), and 6 = bite bait (individual bit down 

on the bait canister).  

To determine if shark behaviour was altered by any of the sensory treatments, a mixed model 

analysis was performed. The day, time of day and previous experience had no effect as fixed 

factors, however, to account for their variance they were included as random factors. The model 

including these factors had the lowest Akaike Information Criterion. Individual was also treated 

as a random factor. The treatment was set as a fixed factor. To determine which treatments 

differed, a multiple comparison for parametric models was performed. In order to assess 

differences in behaviour exhibited by the C. carcharias individuals, we also performed mixed 

models, with individual as a fixed factor.  

 

Figure 5.2 A) Plan view of the apparatus used for the aquarium-based experiments on benthic 

sharks. B) Side-view of the stereo camera rig used on white sharks in the field.  
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5.4 Results 

5.4.1 Electrical field of the devices 

The average peak-to-peak amplitude of the voltages recorded when the strobe light was active 

(0.07 mV) was not detectable above the background noise (0.08 mV) (t-test, t24 = 0.22, p= 0.82). 

The speaker was found to produce an electrical signal during stimulus playback, although the 

artificial sound had a smaller peak-to-peak voltage amplitude (0.12 mV) than the control (10 kHz) 

sound stimulus (0.17 mV) (t-test, t33 = -29.84, p= <0.0001). Measurements of the voltage gradient 

of the 100 Hz and 1000 Hz sounds show that sharks in this study would only be able to detect the 

emitted voltage within 26 cm of the speaker, based on a sensitivity of 5 nV/cm (Kalmijn, 1982; 

Johnson et al., 1984; Kajiura and Holland, 2002) (Figure 5.3).  

 

Figure 5.3 In-water voltage gradients measured at increasing distance from the underwater 

speaker when playing back a sinusoidal voltage waveform with a fundamental frequency of either 

100Hz () or 1000Hz (×). The voltage gradient–distance relationship for both sounds were fitted 

with a power function (Bedore and Kajiura, 2013); the function for the 100 Hz sound (solid line) 

took the form voltage gradient = 3.66×10-5 × distance-0.19, and the function for the 1000 Hz sound 

(dashed line) took the form voltage gradient = 1.21×10-4 × distance-0.34. Dotted lines indicate the 

threshold distance at which sharks would likely detect the voltage emitted by the speaker.  

 

5.4.2 Experiment on captive benthic sharks 

Both H. portusjacksoni and H. ocellatum readily approached and took the bait in the control 

experiment trials. H. portusjacksoni took the bait in 86 % of the control treatments and 

H. ocellatum took the bait in 100 % of the control treatments. 
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H. portusjacksoni exhibited a clear change in behaviour when presented with the strobe light 

treatments, often freezing at the onset of the strobe light. H. portusjacksoni took the bait in 42% 

of the 10 Hz strobe light trials, in 27% of the 5 Hz strobe light trials and in 28% of the combined 

light and sound trials (Figure 5.4). The results of the mixed model showed the treatment had a 

significant effect on the percentage of sharks to take the bait (mixed model, Chi-squared5= 91.24, 

p= <0.001) (Table 5.2). The 5 Hz light, 10 Hz light and 10 Hz light and sound combination were 

all significantly different to the controls. The sound treatment alone did not differ significantly 

from the controls. The sharks took the bait in 92% of the audio trials, in 86% of the no-light/no-

sound control trials and in 94% of the inaudible sound control trials. 

 

Figure 5.4 Percentage of trials in which H. portusjacksoni took the bait for each of the stimulus 

treatments. Vertical bars represent 95% confidence intervals. 

 

Table 5.2 Results showing the levels of significance found from the mixed models for 

H. portusjacksoni (n = 6) based on 36 interactions for each individual. Degrees of Freedom 

(DF),chi-squared values (Chi-sq) and P-values. The multiple comparison for the mixed models is 

also presented. Estimates of regression coefficients (EST), standard error (SE), Z-value (Z) and 

P-values are presented. 

Response Effect DF Chi-sq P- value   

Bait taken + Treatment 5 91.24 <0.001*   

  Comparison EST SE Z P- value 

  Control vs Hz light 2.87 0.61 4.68 <0.001* 

  Control vs 10 Hz light 2.21 0.59 3.72 <0.001* 

  Control vs audio -0.58 0.77 -0.75 0.46 

  Control vs light & audio -2.83 0.61 -4.61 <0.001* 

  Control vs audio control -0.98 0.87 -1.12 0.26 

*indicates statistically significant results 
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H. ocellatum also took the bait less during the light treatments (80% of the 5 Hz strobe light trials 

and 81% of the 10 Hz strobe light trials) and the light and sound combined treatment (74%) 

compared to the control trials (100%) (Figure 5.5 A) (mixed model, Chi-squared5= 18.53, 

p= 0.002) (Table 5.3). Multiple comparisons revealed that the 5 Hz strobe light, 10 Hz strobe light 

and the 10 Hz light and sound combination were all significantly different to the controls. Since 

the bait was taken in a large number of the light trials, we were able to analyse the latency in 

which the animals took the bait. H. ocellatum took longer to take the bait during the 5 Hz (26 s) 

strobe light, the 10 Hz (26 s) strobe light and the combined light and sound trials (25 s) compared 

to the control trial (14 s) (Figure 5.5 B) (mixed model, Chi-squared5= 28.55, p-value= <0.001). 

The sound treatment and both the inaudible sound control and no-light/no-sound controls were 

not significantly different in terms of the number of times the bait was taken or the latency for the 

bait to be taken (Table 5.3).  

 

Figure 5.5 Responses of H. ocellatum to the stimuli treatments, A) percentage of trials in which 

the bait was taken for each of the stimulus treatments and B) the latency to take the bait (in 

seconds) for each of the stimulus treatments. Vertical bars represent 95% confidence intervals. 
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Table 5.3 Results showing the levels of significance found from the mixed models for 

H. ocellatum (n = 5) based on 36 interactions for each individual. Degrees of Freedom (DF), chi-

squared values (Chi-sq) and P-values. The multiple comparison for the mixed models is also 

presented. Estimates of regression coefficients (EST), standard error (SE), Z-value (Z) and P-

values are presented. 

Response Effect DF Chi-sq P- value   

% Bait taken + Treatment 5 18.53 0.002*   

  Comparison EST SE Z P- value 

  Control vs 5 Hz 

light 

0.20 0.08 2.35 0.02* 

  Control vs 10 

Hz light 

0.19 0.08 2.23 0.03* 

  Control vs audio 0.03 0.01 0.30 077 

  Control vs light 

& audio 

0.23 0.09 2.37 0.02* 

  Control vs audio 

control 

0.03 0.10 0.38 0.71 

Time to take  + Treatment 5 28.55 <0.001*   

bait  Control vs 5 Hz 

light 

-0.26 0.07 -3.64 <0.001* 

  Control vs 10 

Hz light 

-0.23 0.07 -3.22 0.001* 

  Control vs audio -0.06 0.07 -0.84 0.40 

  Control vs light 

& audio 

0.22 0.07 3.14 0.002* 

  Control vs audio 

control 

0.03 0.07 0.414 0.68 

*indicates statistically significant results 

 

5.4.3 Field experiment on white sharks 

A total of 25 individual white sharks, C. carcharias, interacted with the rig, with a total of 242 

interactions. Most interactions between C. carcharias and the experimental rig consisted of passes 

(151 interactions). Sharks interacted with the bait on 72 of the interactions (bite bait = 17, bump 

bait = 31, taste bait = 24) and interacted with the rig on 19 of the interactions (touch rig = 14, 

bump sensory stimulus device = 5). The number of interactions for a single individual ranged 

from one to 39 events. 

There was no significant difference in the amount of time C. carcharias spent in the field of view 

(time on screen), regardless of treatment (Table 5.4, Figure 5.6). As sound had no effect in the lab 

as well as no effect on C. carcharias, we performed an alternative analysis by pooling the sound 

and control data, which we then analysed with a mixed model and multiple comparisons. The 

amount of time C. carcharias spent on screen was then significantly different between the light 

and sound combined treatment and the pooled sound and control data (multiple comparison, 

z = 1.96, p= 0.05). The pooling of the control and sound trials provided sufficient data to expose 

the small variation in the time that sharks spent on screen in the combined light and sound 

treatment. However, this difference only represents 0.8 s (Figure 5.6). C. carcharias spent, on 
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average, 3.0 s on screen during the combined light and sound treatment, compared to 3.8 s during 

the control. No further differences in C. carcharias behaviour was detected between treatments. 

Different individuals of C. carcharias showed significantly different behaviours when interacting 

with the rigs (mixed model, Chi-squared24= 45.01, p= 0.005) (Table 5.4). Four of the 25 

individuals presented behaviours with significantly greater interactions with the rigs (based on 

higher classification scores). However, by removing these sharks from the analysis, there was still 

no significant effect of the sensory treatments on shark behaviour, even when behaviours 1–3 and 

4–6 were pooled. 

 

Figure 5.6 The length of time C. carcharias spent in the field of view on the camera (time on 

screen) for each of the stimulus treatments. Vertical bars represent 95% confidence intervals. 

 

Table 5.4 Results showing the levels of significance found from the mixed models for 

C. carcharias (n = 25), based on 242 interactions Degrees of Freedom (DF), chi-squared values 

(Chi-sq) and P-values. The multiple comparison for the mixed models is also presented. Estimates 

of regression coefficients (EST), standard error (SE), Z-value (Z) and P-values are presented. 

Response Effect DF Chi-sq P- value   

Time on screen + Treatment 3 5.54 0.13   

Time on screen + Treatment1 2 5.54 0.06   

  Comparison EST SE Z P- value 

  Control vs light 0.07 0.04 1.74 0.09 

  Control vs light & audio -0.08 0.04 -2.01 0.05* 

Behaviour + Individual 24 45.01 0.005*   

1 audio and control were pooled 

*indicates statistically significant results 
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5.5 Discussion 

We investigated the effect of strobe lights and an artificial sound on the latency of sharks to take 

or interact with bait. Captive Port Jackson sharks, H. portusjacksoni, and epaulette sharks, 

H. ocellatum, took the bait less often during the 5 Hz strobe light, 10 Hz strobe light and combined 

light and sound trials. In H. portusjacksoni, the strobe lights reduced the bait being taken by 

almost 50%. It was often observed that sharks stopped swimming as soon as the strobe lights 

began and would resume swimming only when the lights were turned off.  However, H. ocellatum 

still took the bait in 74% of the strobe light trials. The strobe light treatment slowed H. ocellatum 

from taking the bait, with sharks taking 11 s longer than the control treatments to take the bait. 

Wild white sharks, C. carcharias, interacted with the bait equally regardless of the treatment, but 

spent less time around the light and sound combined treatment. Both the response of shark to the 

sound control stimuli and the measurements of the electronic field suggest that electronic 

emissions did not impact the behaviour of sharks. 

The strobe lights indicated some potential as a deterrent, although not for all species. The white 

shark, C. carcharias, is one of the main species of sharks responsible for human fatalities (West, 

2011). However, in this study, none of the stimuli reduced the interactions between C. carcharias 

and the bait canister, as sharks still bit the bait in all of the treatments. Although we found that 

C. carcharias spent less time on screen during the combined light and sound treatment, this 

difference was less than one second, which would probably not be long enough to prevent injury 

in the case of a shark encounter with humans. The current design of the strobe lights, the sound 

stimulus or the combination of the strobe light and sound stimuli would not be recommended as 

a form of shark deterrent for reducing the frequency or severity of human-shark interactions. 

However, the strobe lights may have a greater deterrent effect on C. carcharias with the use of 

stronger lights, different strobe frequencies and/or under different conditions, for example at night 

or without the olfactory cues given off by the bait. 

5.5.1 Species-specific effects of the strobe lights 

The difference in the effect of the strobe light between species may be related to differences in 

their visual systems and/or trophic level. Rod photoreceptors are more sensitive to light than cones 

and readily saturate in bright light, whereas cones are not easily saturated (Campbell et al., 2005; 

Land and Nilsson, 2012). It is assumed that species with more rods relative to cones are adapted 

for lower light conditions, such as in nocturnal or deep sea species (Litherland and Collin, 2008; 

Land and Nilsson, 2012). H. portusjacksoni, which displayed the strongest responses to the 

strobing lights, are the only one of the three species that potentially has a rod only retina (Schieber 

et al., 2012). It is possible that the bright strobe lights may have saturated their rod photoreceptors, 

leaving H. portusjacksoni momentarily blinded. 
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H. ocellatum possesses cones and has a peak rod to cone ratio of 18:1 (Litherland and Collin, 

2008) and were comparatively less affected by the strobe lights than H. portusjacksoni. They took 

the bait during most of the strobe light treatments, although they were slower and still less 

successful than in the control treatment. Although both H. portusjacksoni and H. ocellatum are 

predominantly nocturnal (Last and Stevens, 2009; Froese, 2013), H. ocellatum, may be less 

sensitive to strobe lights as they occupy tropical environments which are often brighter 

(McFarland, 1990; Froese, 2013). The strobe lights may limit their vision by saturating a large 

number of rod photoreceptors, but still leave functionally significant numbers of cones to navigate 

and/or find the bait, even in the presence of bright light.  

C. carcharias have a relatively low peak rod to cone ratio of 5:1 (Gruber and Cohen, 1985) and 

no meaningful behavioural difference was observed in C. carcharias in response to the sensory 

treatments. C. carcharias is thought to be predominantly diurnal (Klimley et al., 1992; Dewar et 

al., 2004), thus is likely to be less sensitive to light than H. portusjacksoni and H. ocellatum, and 

may rely on greater temporal and spatial visual information (McComb et al., 2010; Kalinoski et 

al., 2014). Experiments on C. carcharias were performed during the day, when the ambient light 

was almost certainly brighter, relative to the strobe lights and compared to the experiments 

conducted in the indoor aquaria. The effects of the strobe lights on shark behaviour are likely to 

be enhanced in low light environments, such as in turbid water or at night. In previous studies on 

teleost fishes, strobe lights are more effective in turbid environments and dark-adapted individuals 

(McIninch and Hocutt, 1987; Sager et al., 1987). Although the strobe light may have partially 

affected their rod-based vision, it was not bright enough to cause any significant changes in their 

behaviour.  

The different responses exhibited by the shark species to the strobe lights may also reflect their 

size and trophic level in terms of the perceived predatory threat that the strobe light posed. For 

instance, C. carcharias are large (Mossel Bay population dominated by sharks 275–325 cm (Kock 

and Johnson, 2006)), from a high trophic level and have few predators (Compagno, 1990; Last 

and Stevens, 2009; Froese, 2013), which has led them to be commonly referred to as an 

‘inquisitive’ or ‘curious’ species (Peschak and Scholl, 2006; Hammerschlag et al., 2012). Thus, 

they may even be attracted to, rather than deterred from some novel stimuli. In contrast, the two 

benthic species tested were smaller (individuals tested ranged from 20–49cm) and from lower 

trophic levels (Compagno, 1990; Last and Stevens, 2009; Froese, 2013), potentially making them 

more vulnerable to predators and thus perhaps cautious around novel sensory stimuli. Research 

on a greater range of shark species performed in different light environments is required to better 

understand the reasons behind the effect(s) of the strobe lights. 

Our results suggest that the deterrent effect of strobe lights is species-specific, which suggests 

strobe lights may be manipulated to create species-specific bycatch mitigation devices. Lights are 
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used in a number of fishing practices to either increase catch (Clarke and Pascoe, 1985; Pascoe, 

1990; Wiebe et al., 2004) or reduce bycatch (Southwood et al., 2008; Wang et al., 2010), although 

how these sensory strategies affect sharks is unknown. Further research on the response of a range 

of shark species to strobe lights may provide further insights into this intriguing phenomenon. 

5.5.2 Sound as a sensory disturbance  

The artificial sound alone did not have any direct effect on the percentage of bait taken or the time 

spent in the arena, for any of the three species tested. This result may be explained by a number 

of factors. Firstly, the speaker might have lacked the capacity to produce enough energy (particle 

motion) in the low frequencies that sharks are known to respond to (Corwin, 1989; Popper and 

Fay, 1997; Myrberg, 2001; Hueter et al., 2004; Gardiner et al., 2012), and sounds with more low 

frequency components (<400 Hz), at higher intensities, might have induced a greater response. 

Underwater low-frequency transducers still represent a technological challenge: a transducer able 

to produce large particle motion levels at very low frequencies would be both very large and 

expensive. Currently, the sound levels (i.e. particle acceleration) required to elicit a behavioural 

response by sharks are unknown, and the speaker used in this experiment may not have produced 

particle motion of sufficient magnitude. Secondly, different species might have different acoustic 

thresholds and sensitivities causing them to respond differently towards auditory stimuli. 

Differences in the structure of the inner ear have been described (Evangelista et al., 2010), and 

auditory thresholds show some inter-specific variability in sensitivity (Kritzler and Wood, 1961; 

Banner, 1972; Kelly and Nelson, 1975; Bullock and Corwin, 1979; Kenyon et al., 1998; Casper 

et al., 2003; Casper and Mann, 2006, 2007a, b). For example, the Horn shark, H. francisci, has a 

lower sensitivity (threshold at peak sensitivity is about 115 dB re 1 μPa at 90 Hz) (Kelly and 

Nelson, 1975) than the lemon shark, Negaprion bevirostris, (85 dB re 1 μPa at 200Hz) (Nelson, 

1967). It is still unclear as to which ecological factors are driving those differences and how much 

sharks rely on the auditory modality. Thirdly, there is a possibility that the animals were not 

stimulated enough by the sound source to show any change in the amount of bait taken. Unlike 

the strobe lights, which may have potentially blinded the sharks in our captive experiment, the 

sound was not powerful enough to ‘deafen’ the animals and provoke an observable reaction. If 

that is the case, the development of transducer technology in the future may help to build efficient 

auditory attractant and/or repellent devices. Finally, the particular sound played may not have 

been recognised as either an attractive or repulsive cue in the three species tested. More research 

focusing on auditory sensitivity and frequency discrimination of sharks in a range of species 

would allow a better understanding of the behaviour of those animals towards sounds and 

facilitate the design of auditory based deterrents. 
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5.5.3 Multisensory stimulation 

The addition of the sound treatment may have enhanced the effect of the strobe light. In trials that 

combined the two treatments, C. carcharias spent marginally less time in the field of view (0.8 s), 

although ultimately none of the light/sound treatments deterred the sharks from interacting with 

the bait. Previous studies have shown that sharks are able to process multiple sensory cues 

simultaneously and can alternate between different sensory cues to accomplish tasks (Gardiner et 

al., 2012; Gardiner et al., 2014). A combination of sensory stimuli might be the most effective 

strategy to control shark behaviour. In addition, a multisensory approach may be more effective 

in different species, as there are interspecific differences in the hierarchy of sensory cues used 

during predation (Gardiner et al., 2014). Combining multiple sensory cues has also proven to be 

effective in the management of teleost fishes (Patrick et al., 1985; Sager et al., 1987; Nestler et 

al., 1995; Ploskey et al., 1995; Popper and Carlson, 1998). For example, increased avoidance is 

seen in many freshwater and estuarine species in response to the combination of strobe lights and 

bubbles (Patrick et al., 1985). Likewise, the combination of sound and bubbles has been shown 

to deter a number of species of fish in various applications (Lambert et al., 1997; Welton et al., 

2002; Taylor et al., 2003; Maes et al., 2004; Ruebush, 2011). 

5.5.4 Individual differences in white shark behaviour 

Four individual C. carcharias displayed significantly different behaviours than the other 21 

individuals. Although these observations are based on the individual responses to this particular 

experimental design and cannot be empirically extrapolated to all contexts, these results support 

the notion of intraspecific variation in behaviour between sharks. Many diving operators and field 

researchers have noted that some C. carcharias individuals can be recognized by their actions and 

responses to stimuli (e.g. bait rope or shark cage). Ontogenetic changes in the peripheral and 

central nervous system (Lisney et al., 2007) suggests that the relative importance of difference 

sensory systems can change as the animal ages (Jacoby et al., 2012) as well as between sexes 

(Wearmouth and Sims, 2008), which could further drive these behavioural differences. In our 

study on C. carcharias, it is possible that four ‘bolder’ individuals were encountered, which 

resulted in a higher degree of proactive action towards the bait despite the aversive sensory 

stimuli. This highlights the importance of taking into account individual variations when testing 

shark mitigation devices, especially in cases where fatal outcomes may occur.  

 

5.6 Conclusions 

Evidence from this study does not support the use of strobe light or loud underwater sounds as an 

effective deterrent to prevent negative interactions between C. carcharias and humans. However, 

the strobe lights show potential for reducing bycatch of certain shark species if fitted to the 
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appropriate fishing gear. Although the sound in this study had no effect on behaviour of 

H. portusjacksoni, H. ocellatum and C. carcharias, it needs to be emphasised that more 

knowledge is required on the auditory abilities of sharks to fully assess the effectiveness of 

acoustic deterrents in cartilaginous fishes.  
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6.1 Abstract  

Humans have often taken inspiration from nature to develop new technologies and approaches to 

designing visual camouflage. Counter-illumination is a form of anti-predator defence camouflage 

used by marine animals to disguise their silhouette when viewed from below and may be 

particularly effective against predators, such as sharks, that have poor visual acuity and lack 

colour vision. In this study, we explored the possibility of using counter-illumination as a shark 

attack mitigation strategy, with the ultimate aim of providing protection for surfers and swimmers. 

Specifically, we investigated the willingness of white sharks, Carcharodon carcharias, to attack 

artificial counter-illuminated prey. Seal-shaped decoys were towed behind a boat in Mossel Bay, 

South Africa, and interactions with C. carcharias were compared between a counter-illuminated 

seal decoy and a non-counter-illuminated control seal decoy. Four experiments were performed 

in which the seal decoys were presented in different configurations: (1) counter-illuminated and 

control decoys were towed one at a time and a camera sled was positioned in front of the decoy 

to record underwater interactions; (2) the decoys used in Experiment 1 were towed one at a time 

without the camera sled; (3) counter-illuminated decoys brighter than those used in Experiments 

1 and 2 and control decoys were towed one at a time; (4) the decoys used in Experiment 3 were 

towed side-by-side. In all experiments there were significantly fewer interactions between the 

sharks and the counter-illuminated seal decoys compared to the control decoys. During 

Experiments 1 and 2, a total of 15 breaches were observed on the control decoys, where sharks 

broke the surface of the water and hit the decoy, and only two breaches occurred on the counter-

illuminated decoys. During Experiments 3 and 4, a total of 17 breaches occurred on the control 

decoys and no breaches occurred on the counter-illuminated decoys. To assess some of the visual 

information available to the sharks when observing the different seal decoys, a two dimensional 

motion detector (2DMD) model was used to estimate relative motion cues emitted by the brighter 

counter-illuminated decoys and control decoys. The counter-illuminated seal decoys had a higher 

visual contrast against the background and produced significantly greater motion cues than the 

control decoys. Both of these factors would suggest that the counter-illuminated decoys would be 

easier for the sharks to detect as silhouettes at the surface than the controls. Rather than 

camouflaging the silhouette, the light emitted by the counter-illuminated decoys appears to deter 

the sharks from attacking by altering the salience of the object’s silhouette. Based on these 

findings, we believe counter-illumination may be a useful method for shark attack mitigation.  
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6.2 Introduction 

‘When we see leaf-eating insects green, and bark-feeders mottled-grey; the alpine ptarmigan 

white in winter, the red-grouse the colour of heather, and the black-grouse that of peaty earth, we 

must believe that these tints are of service to these birds and insects in preserving them from 

danger’ (Darwin, 1859). 

The concealment of prey and the disguise of predators played an important role in the formation 

of Darwin’s theory of natural selection. It is now evident that animals have evolved a range of 

camouflage strategies that enhance their chances of survival, both through the avoidance of 

predation and the improved capture of prey (Thayer, 1918; Stevens et al., 2006; Stevens and 

Merilaita, 2009). Many of these camouflage techniques have been adopted by humans for military 

(Bhatnagar and Gupta, 2003; Behrens, 2009), hunting and artistic purposes (Thayer, 1918; 

Behrens, 2009). 

Some of the adaptations that have evolved to make animals more cryptic in their environment 

include transparency, disruptive colouration, countershading and counter-illumination. Body 

transparency is common among many aquatic organisms, such as gelatinous zooplankton that 

have an index refraction similar to that of sea water, making them optically transparent (Johnsen 

and Widder, 1999; Johnsen, 2001; Gagnon et al., 2007). Disruptive colouration arises from high 

contrast patterns and markings near the edge of the body that break up the animal’s outline, 

causing the individual to appear as numerous unrelated objects (Thayer and Thayer, 1918; Cott, 

1940; Merilaita and Lind, 2005; Endler, 2006; Schaefer and Stobbe, 2006). Countershading is 

where the dorsal surface of an animal, which is exposed to the sun, is dark in colouration and the 

ventral side is pale (Thayer, 1896; Poulton and Thayer, 1902) to aid background matching when 

viewed from above or below or to aid in self-shadow concealment (Speed et al., 2005; Rowland, 

2009; Stevens and Merilaita, 2009). Counter-illumination arises when animals emit light 

(bioluminescence) from the underside of their body to replace the blocked downwelling light 

(Johnsen, 2002; Johnsen et al., 2004; Claes et al., 2010). 

Counter-illumination is a camouflage technique commonly observed in many marine animals 

such as fishes, cephalopods and crustaceans, and is essentially a more extreme form of 

countershading (Widder et al., 1999; Johnsen et al., 2004; Jones and Nishiguchi, 2004; Claes et 

al., 2010; Claes and Mallefet, 2010). In the ocean, the downwelling light is much brighter than 

the upwelling light. This means that any object, even if its ventral surface is white, will appear as 

a dark silhouette when viewed from below (Johnsen, 2002). In fact, an object is detectable at 

greater distances when viewed from below in comparison to any other angle (Mertens, 1970; 

Johnsen, 2002). It is thought that for this reason, many marine predators hunt from below in order 

to detect and identify prey from their silhouette (Nicol, 1978; Lythgoe, 1980; Strong, 1996; Davis 
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et al., 1999). However, although camouflage techniques, such as countershading, have been found 

to be beneficial when viewed horizontally in mid water environments, this strategy may not be so 

cryptic for an animal at the surface. 

Counter-illumination may be a particularly successful camouflage strategy for prey whose 

predators have visual systems with low spatial resolution and poor colour discrimination in the 

blue-green portion of the visible spectrum (Johnsen et al., 2004). Interestingly, this essentially 

describes the visual system of sharks, which have poor spatial resolution (Chapter 3 & 4) and 

monochromatic vision, meaning they are colour blind (Hart et al., 2011; Schluessel et al., 2014). 

Therefore, counter-illumination may be an effective strategy for prey to reduce capture by sharks. 

Although sharks interpret their world using a range of sensory modalities, there is evidence that 

many species, including white sharks, Carcharodon carcharias, use vision to identify and target 

potential prey (Anderson et al., 1996; Strong, 1996; Gardiner et al., 2012; Gardiner et al., 2014). 

C. carcharias will even attack stationary non-prey items floating on the surface, which emit few 

sensory cues other than the visual cue of the silhouette (Strong, 1996; Hammerschlag et al., 2012). 

C. carcharias consume a range of prey; juveniles have a diet mainly comprised of fishes and, 

after a dietary shift, adults have a diet that includes both fishes and marine mammals (Pratt et al., 

1982; Casey and Pratt Jr, 1985; Long and Jones, 1996). The majority of attacks are initiated from 

below, however, in some instances they also approach laterally (Klimley et al., 1996; Martin et 

al., 2005). Attacks on pinniped prey generally occur over a depth range of 5 to 31 m and predatory 

success increases at dim ambient light. In dim light, predation success is thought to be greatest as 

both the detection of prey and the masking of a shark’s approach are optimized (Martin et al., 

2005; Hammerschlag et al., 2006).  

Many species of shark possess visual adaptations that will aid in the identification of objects 

silhouetted against the sky at the surface. For example, sharks appear to have a high sensitivity to 

brightness contrast (Chapters 3 & 4) that would assist in the discrimination of an object against 

its background. Many sharks, including C. carcharias and tiger sharks, Galeocerdo cuvier, also 

have retinal specialisations that provide the greatest spatial sampling of the area of the visual field, 

in an upwards direction, in front of the shark (Bozzano and Collin, 2000; Litherland et al., 2009). 

Why some sharks occasionally bite humans is unknown; possible reasons include hunger, 

mistaken identity, curiosity or aggression (Tricas and McCosker, 1984). Given the importance of 

the visual sense in shark predation, at least at close range, there have been several attempts to 

develop vision-based shark deterrent devices. One of the earliest and most successful shark 

deterrents was the ‘Johnson Shark Screen’, a large impermeable bag that a person adrift in the 

ocean would fill with water before entering (Johnson, 1969). The Shark Screen would restrict the 

release of odours, effusions, bio-electrical emissions and water displacements that might attract 
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sharks, as well as visually concealing the occupant (Johnson, 1969). One of the most important 

findings was that the colour of the bag had a significant influence on its effectiveness at preventing 

interactions with sharks. In the open ocean, white and silver bags, which have a higher reflectivity, 

were more attractive than blue or black bags with low reflectivity. The lower reflectivity bags had 

lower visual contrast against the background, when viewed in the water column (Gilbert, 1968; 

Tester et al., 1968; Gilbert, 1970) 

A similar approach to the low reflectivity bags has been taken recently with the development of 

camouflage wetsuits (SAMS, 2013). These camouflage wetsuits have been designed by 

estimating the reflectance spectra that provide minimal visual contrast against the water 

background when viewed by a shark (Hart et al., unpubl. data). It is hoped that these low visual 

contrast suits, which also employ disruptive camouflage principles, will reduce the risk of shark 

attacks on divers (SAMS, 2013). Field testing of this wetsuit prototype is currently underway 

(Hart and Collin, 2015). In addition, wetsuits with black-and-white banding, intended to mimic 

the banded poisonous sea snakes that many sharks appear to avoid eating, have received some 

field testing and have had mixed results (Doak, 1974; Nelson, 1983). 

However, both the shark screen and the wetsuits suffer from the problem that, regardless of 

spectral reflectance, they will be seen as a dark silhouette when viewed from below, as internal 

contrast is reduced and the silhouette is more visible against the background light (Johnsen, 2002). 

Counter-illumination, therefore, may be a more effective camouflage strategy and, if successful, 

may represent a useful approach to protect people at the surface. In particular, such devices may 

be effective for surfers, which are the group most at risk of a shark bite (West, 2011). A 

scientifically tested visual camouflage deterrent has the potential not only to aid public safety but 

to aid the conservation of sharks by reducing the use of other, potentially lethal, shark mitigation 

strategies (Reid et al., 2011). 

In this study, we assessed the use of counter-illumination as a shark anti-predation strategy. We 

compared the behavioural responses of wild C. carcharias to seal decoys that had either a non-

illuminated white ventral surface (controls) or a white-light emitting/counter-illuminated ventral 

surface. In an attempt to quantify some of the visual cues emitted by the different seal decoys, 

and explain the behavioural results, we also estimated the visual motion cues emitted by the 

decoys from the perspective of C. carcharias using a two-dimensional motion detector (2DMD) 

model. We hypothesised, that sharks would interact less with the counter-illuminated seal decoy 

than the control decoys and that counter-illumination would reduce the visual motion cues. 
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6.3 Methods 

6.3.1 Behavioural responses of white sharks to counter-illuminated and non-counter-

illuminated artificial seal decoys 

6.3.1.1  Ethical statement and approvals 

This study was carried out with the approval of The University of Western Australia’s Animal 

Ethics Committee (Application RA/3/100/1193) and in accordance with the guidelines of the 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (8th Edition, 

2013). The work was also approved by the South African Department of Environmental Affairs: 

Biodiversity and Coastal Research, Oceans and Coasts Branch (Permit RES2014/91 and Permit 

RES2015/96).  

6.3.1.2  Experimental location 

Experiments were performed in Mossel Bay, South Africa, from June to September 2014 and 

from May to October 2015. All trials were conducted between 07:00–10:00 and 15:00–18:00 

local time. Seal-shaped decoys were towed 20 m behind a boat and interactions with C. carcharias 

were recorded. Accurate assessments of sex and size were not possible, but the Mossel Bay white 

shark population is dominated by sharks 275–325 cm length (Kock and Johnson, 2006) and the 

population is recorded as 56% male and 44% female (E. Gennari, unpublished data). During all 

experiments, decoys were towed at speeds between 6–7 km per hour along the same 1.2 km track 

(between GPS co-ordinates S 34'09.153 E 22'07.454 and S 34'08.572 E 22'07.105) in waters 

approximately 14 m deep (Figure 6.1).  
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Figure 6.1 Location of seal tows in Mossel bay, South Africa. Dashed line represents the track 

that seal decoys were towed along. 

 

6.3.1.3 Construction of decoys 

Seal decoys were made by tracing a photo of a seal swimming at the surface using SolidWorks® 

CAD software, which was then used to laser cut the foam into decoys that were 70 cm wide and 

120 cm long. There were four iterations of the experiment in which the configuration of the decoys 

was changed. We also made minor adjustments to the materials from which the decoys were 

constructed and the light intensity of the counter-illuminated seal decoy between 2014 and 2015. 

The decoys used in the first field season in 2014 (Experiments 1 and 2) were constructed from 

white polystyrene, fiberglass and resin. The counter-illuminated seal decoys were covered 

uniformly in LED strips and provided a light intensity of 1.08 × 10-4 W sr-1 cm-2, measured using 

a calibrated light meter (International light technologies, ILT1700). The decoys used in 2015 

(Experiments 3 and 4) were constructed from white polyethylene foam, fiberglass and resin. The 

polyethylene made the decoys more robust but did not alter their buoyancy. The shape of the 

decoys remained consistent between the two seasons of testing. Due to advances in available LED 

technology, the counter-illuminated decoys used in 2015 were significantly brighter than those 

used in 2014, with a radiance of 1.02 × 10-3 W sr-1 cm-2. The counter-illuminated decoys were 

powered by two 12 V automotive batteries connected in series (i.e. 24 V supply voltage), which 
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were carried in the boat towing the decoys and connected to the decoy via a 25 m length of rubber-

insulated two-core domestic lighting cable.  

6.3.1.4 Experiment 1–2014 - Single tows with a camera sled 

In the first experiment performed in 2014, we towed a single decoy with a small camera sled in 

front (Figure 6.2 A). The camera sled was located 5m in front of the decoy and was positioned to 

capture aborted breaches and interactions that could not be observed from above the water. The 

sled consisted of a 40 × 20 cm float attached to a 4 cm × 70 cm PVC pipe, with a GoPro® camera 

in a waterproof housing and 2 kg weight positioned at the end of the pipe. An identical camera 

was also positioned on the back of the boat to record surface interactions with the seal decoys. 

Tows were performed in randomised pairs one after another, where the first treatment (i.e. 

counter-illuminated or non-counter-illuminated) was randomised and the second was the 

alternative treatment, to ensure an equal number of presentations of both types of decoy (test and 

control).  

6.3.1.5 Experiment 2–2014 - Single tows without sled 

The same testing pattern used in Experiment 1 was used in the second experiment performed in 

2014. However, in this experiment the camera sled was removed (Figure 6.2 B), because the 

sharks had interacted with the sled in the first experiment. Surface interactions were only recorded 

from the GoPro® camera positioned on the back of the boat. 

6.3.1.6 Experiment 3–2015 - Single tows with the brighter decoys 

In 2015, we repeated the single tows (Figure 6.2 B) with the brighter seal decoys. In 2015, we 

also made measurements of water visibility, using a Secchi disk lowered vertically from the 

towing boat (at anchor). The depth at which the high contrast pattern on the Secchi disk 

disappeared was recorded as visibility. 

6.3.1.7 Experiment 4–2015 - Paired tows with the brighter decoys 

We also performed a two-alternative choice experiment, by towing the counter-illuminated and 

control (non-counter-illuminated) seal decoys in pairs. The two decoys were towed side-by-side 

with a 3 m PVC pipe holding them apart (Figure 6.2 C). The side on which the counter-illuminated 

decoy was positioned was alternated only after a breach. Interactions were recorded on the 

GoPro® Hero 3 camera positioned on the back of the boat. The rig was designed such that both 

the counter-illuminated and control decoys were likely to be seen in the same field of view. 

Therefore, interactions were based on a direct comparison of the control and counter-illuminated 

decoy, and removed any potential time variation, which may occur during the single tows.  
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Figure 6.2 Configuration of the seal decoy(s) towed behind the boat for the different experiments; 

A) single tows with the camera sled positioned in front of the seal decoy (Experiment 1), B) single 

tows without the camera sled (Experiments 2 and 3) and C) paired tows, where the control and 

counter-illuminated seal decoy were towed side-by-side (Experiment 4). 

 

6.3.1.8 Analysis of behavioural interactions 

We recorded all interactions with the decoy rigs and classified these as one of the following: a 

‘breach’, where a significant portion of the body of the shark came out of the water and the shark 

bit the seal decoy or hit it with another part of their body; a ‘rig hit’, where a shark came in contact 

with any other part of the rig other than the decoys; or a ‘follow’, where the shark surfaces so that 

its dorsal fin is visible and it swims closely (<10 m estimated by eye) behind the decoy in a highly 

directional manner for several seconds. Statistical analysis was performed using the software 

package R (RCoreTeam, 2015). The number of ‘breaches’, ‘rig hits’, ‘follows’ and total number 

of interactions between the control (non-counter-illuminated) and counter-illuminated treatments 

were analysed using a Fisher’s exact test in R. The effects of the time of day and water visibility 

were assessed using linear models in R. Fitted linear models were compared using an analysis of 

variance (ANOVA). 
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6.3.2 Modelling the visual motion cues of the seal decoys 

The visual contrast and motion cues emitted by the brighter counter-illuminated seal decoy used 

in 2015, a control seal decoy with a white ventral surface, and another control seal decoy with its 

ventral surface painted matt black were compared by analysing video footage recorded under 

realistic conditions. Video footage (resolution 1920  1080, frame rate 30 frames per second, fps) 

of the decoys passing overhead was obtained from a stationary GoPro® camera positioned on the 

seafloor at a depth of 3.5 m from the surface of the water. The three seal decoys were towed over 

the camera simultaneously using the rig designed for the pair tows, but with the addition of the 

black decoy positioned between the counter-illuminated and white decoys. The video recordings 

were made between 16.30 and 17:00, i.e. at a similar time and ambient background illumination 

to when the seal decoy experiments were performed in the afternoon sessions. 

Three video clips of each decoy passing overhead and three clips of similar duration 

(approximately 1.5 s) without the decoys in the field of view were obtained. These clips were 

processed in silico to reflect the visual abilities of sharks. As sharks are thought to be cone 

monochromats with their spectral sensitivity peaking in the medium wavelength (‘green’) part of 

the visible spectrum (Hart et al., 2011; Theiss et al., 2012), the green channel of the colour RGB 

video file was extracted to provide achromatic (brightness only) information. The temporal 

resolution was not altered as the frame rate of the camera (30 fps) is similar to the temporal 

resolution of several species of shark (Chapter 4; McComb et al., 2010; Kalinoski et al., 2014).  

6.3.2.1 Comparison of relative contrast between counter-illuminated decoys and background 

light 

In order to estimate the conditions under which the counter-illuminated seal decoy may have been 

camouflaged, we estimated relative contrast between the counter-illuminated seal decoy and the 

background light. It was not possible to measure radiance in-situ for logistical reasons and 

occupational health and safety concerns, so the greyscale videos were used to compare the pixel 

values between the decoys and the background light. For one video clip of the counter-illuminated 

decoys, we averaged the 8-bit greyscale pixel values of a 70 × 60 pixel rectangle in the centre of 

the seal decoy and a 70 × 60 pixel rectangle of the background light adjacent to the seal decoy, 

across 40 frames. As the seal decoy was not towed in the exact centre of the screen, thus not 

viewed against the brightest light in the centre of Snell’s window, we also determined the 

greyscale colour change through the centre of Snell's window. When viewed from below, 

refraction of light at the air-water interface causes everything above the water to be condensed 

into a cone of light, which is brightest at its centre, this phenomena is known as Snell’s window 

(Johnsen, 2012). To adjust for a situation where the decoy crossed the centre of Snell’s window 

we also averaged the greyscale colour of the central 5 pixels, for each pixel row (1080) in a video 

frame and averaged for 5 frames, to find the brightest value representative of Snell’s window. We 
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then adjusted the background greyscale, measured over 40 frames, so that the brightest value 

represented the peak of Snell's window.  

To estimate how the contrast between the counter-illuminated seal decoys and background light 

may change with the time of day, we adjusted the highest background greyscale value (which 

reflects Snell’s window) to reflect the angle of elevation of the sun. Irradiance values are 

approximately 10 times brighter near noon than at sunset (based on a solar elevation of 10) 

(Johnsen, 2002, 2012). We treated our greyscale values of Snell’s window as a solar elevation of 

10 and adjusted our greyscale values to reflect different angles of solar elevation.  

As visual motion cues were estimated only for the brighter counter-illuminated seal decoys used 

in 2015, which were nine times brighter than the counter-illuminated seal decoys used in 2014, in 

an additional calculation we also reduced the greyscale value of the brighter counter-illuminated 

seal decoy to reflect the dimmer seal decoys. 

6.3.2.2 Comparison of motion cues between decoys and background light 

The visual motion cues of the brighter counter-illuminated seal decoy used in 2015, a white seal 

decoy, black seal decoy and background noise were compared by analysing the videos with a 

2DMD model. The 2DMD model used a basic model of visual motion computation and selected 

parameters concerning the visual system to estimate two-dimensional motion cues as perceived 

by a shark. Each video frame was trimmed to an area field of view which represented a physical 

area of 2.5  1.5 m that contained the seal decoy (or background) as it moved across the field of 

view. Analysis began when half of the length of the decoy had entered the visual field and ended 

when half the length of the decoy had left the visual field. For averaging and comparison purposes, 

all videos were rotated so that decoys moved in the same orientation, from the bottom to the top 

of the screen.  

The videos were then analysed with a 2DMD model adapted from Pallus et al. (2010) and How 

and Zanker (2014) written in Matlab (The MathWorks, 2004). The 2DMD model is based on a 

Reichardt detector; a model of a neural circuit consisting of pairs of spatial input filters and 

temporal low pass filters (known as elementary motion detectors), which are thought to form the 

basis of motion detection in invertebrates (Reichardt, 1987), but are also applicable to modelling 

motion detection in vertebrates (Pallus et al., 2010; How and Zanker, 2014). The model relies on 

a spatial and temporal correlation of pixel intensities to determine the strength and direction of 

motion cues between consecutive video frames. The 2DMD model uses two orthogonal arrays of 

elementary motion detectors to compare each pixel, at a set pixel spacing, and between frames 

based on a set temporal filter. As the frame rate of the videos (30 fps) fell within the known 

temporal resolution of the visual system of most sharks studied to date, the temporal filter was set 

to one. A Difference-of-Gaussians (DOG) spatial filter was applied to each video frame to mimic 
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the effect of the opponent centre-surround receptive field organisation of the retinal ganglion cells 

(Young, 1987). The DOG filter is a spatial bandpass filter that removes low and high spatial 

frequencies, which has the effect of removing high frequency ‘noise’, enhancing edges and 

bringing the mean intensity of the image to zero (Zanker and Zeil, 2005; Pallus et al., 2010). The 

size of the Gaussian and the spacing parameters were set to reflect the spatial resolution of 

C. carcharias observing the decoys from a distance of 3.5 m. The spatial resolving power of a 

juvenile C. carcharias has been estimated using retinal morphology to be approximately five 

cycles per degree (Litherland, 2001). However, behavioural estimates of spatial resolving power 

in other sharks obtained using an optokinetic paradigm, which are likely to better reflect the 

spatial resolution of wide-field motion sensitive ganglion cells, were approximately 15% of 

morphological estimates of spatial resolution (Chapter 3). Thus, a spacing parameter of 7 pixels 

was used, which reflects a spatial resolution of 0.7 cpd. In general, the ganglion cell receptive 

field of vertebrates has an excitatory centre up to approximately 1 degree in diameter and a 

surround of approximately 3 degrees (Dowling and Ripps, 1970; Kaplan et al., 1979; Peichl and 

Wässle, 1979; Bowling, 1980; Cohen, 1980). In order to avoid anti-aliasing, the standard 

deviations of the Gaussian needed to be a multiple of 0.5 and 0.8 of the spacing, which ensures 

the diameter of the receptive field (as measured between zero-crossings from the centre and 

surround regions) is set to about twice the sampling distance (Zanker and Zeil, 2005). 

Consequently, two Gaussians of opposite sign, with standard deviations of 6 and 9.6, were used 

to reflect an excitatory centre receptive field diameter of 0.7 degree (14 pixels) and an inhibitory 

surround receptive field diameter of 3 degree (60 pixels), respectively. 

Each video clip was analysed to determine the mean strength of motion in 72 direction vectors 

i.e. each vector was the mean across five degree-spaced vectors. The motion strength for each 

direction was compared between treatments (decoy type and background noise) using mixed 

models in R (RCoreTeam, 2015) based on the package ‘lme4’ (Bates et al., 2013). Each video 

clip (12 clips in total, three of each treatment) was given an identification number and this number 

was treated as a fixed factor and models were compared using ANOVA. To determine how 

treatments differed, a pairwise comparison was performed for each angle using the R package 

‘lsmeans’ (Lenth, 2012). A mean polar plot was created for each treatment by averaging the 

strength of motion at each direction vector. 

 

6.4 Results 

6.4.1 2014–Experiment 1 - Single tows with camera sled 

In the first experiment, in which a camera sled was positioned in front of the decoys, there were 

significantly more breaches and follows by C. carcharias on the control (non-counter-
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illuminated) seal decoys than on the counter-illuminated decoys (Table 6.1). There were eight 

breaches on the control seal decoy and sharks followed the control decoy on a further seven 

occasions. There were no breaches or follows on the counter-illuminated decoys (Figure 6.3). On 

five occasions, sharks breached on the camera sled that was attached 5 m in front of the counter-

illuminated decoy. This also occurred twice on the camera sled in front of the control decoy. 

These results suggested that the camera sled itself was a potent stimulus for the sharks to perform 

a breach. As the cameras mounted on these sleds did not capture any interactions that could not 

be observed using the camera mounted on the boat, they were removed in subsequent 

experiments.  

6.4.2 2014–Experiment 2 - Single tows without camera sled 

In the second experiment performed in 2014, seal decoys without the camera sled were towed 

singly. On two occasions, sharks breached on the counter-illuminated decoy and the counter-

illuminated decoy was followed twice. The control decoy was breached on in seven occasions 

and eight follows occurred (Figure 6.3). Neither the number of breaches nor follows differed 

significantly between the control and counter-illuminated seal decoys. We therefore combined 

the number of breaches and follows to compare the total interactions. There were significantly 

more total interactions with the control decoy (Table 6.1).  

6.4.3 2015–Experiment 3 - Single tows with the brighter decoys 

In 2015, we also performed single tows in which the control and counter-illuminated decoys were 

towed individually in succession; however, the LEDs on the counter-illuminated decoys used in 

2015 were approximately nine times brighter (based on radiance energy values) than those used 

in 2014. There were eight breaches and five follows on the control decoy compared to no breaches 

on the counter-illuminated decoy and only a single shark was seen to follow the counter-

illuminated decoy (Figure 6.3). There was no significant difference between the follows, but there 

were significantly more breaches on the control decoy than the counter-illuminated decoy (Table 

6.1). There was also one aborted breach (not counted) on the control, when a shark approached 

the decoy at speed within 3 m, but did not complete the approach and did not come in contact 

with the decoy.  

6.4.4 2015–Experiment 4 - Paired tows 

In 2015, we also performed tows in which a control and counter-illuminated decoy were towed 

side by side. There were significantly more breaches and follows on the control decoy than the 

counter-illuminated decoy (Table 6.1). There were nine breaches and eleven follows on the 

control decoy but no breaches and no follows on the counter-illuminated decoy (Figure 6.3). On 

one occasion a shark breached between the two decoys on the cross bar that held the decoys apart; 

it was not possible to ascertain with any certainty whether the shark had been targeting either of 

the decoys and simply missed the target, or whether it targeted the cross bar specifically, so it was 
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not used in the analysis. During the experiments performed in 2015 visibility ranged from 2–6 m 

and neither visibility nor time of day correlated with the number of breaches.  

 

Figure 6.3 The number of interaction on the control (Contr) and counter-illuminated (Illum) seal 

decoys in the four experiments; single tow with camera sled (#1), single tow without camera sled 

(#2), single tow with brighter decoy (#3) and paired tows with brighter decoy (#4). Black bars 

represent the number of breaches and grey bars represent number of follows.  

 

Table 6.1. Results of the Fisher’s exact test on the four different experimental configurations. The 

number of breaches, follows and total interactions (Activity) between the control and counter-

illuminated seal decoy were compared. The number of tows (n), the number of interaction 

occurring on the control (Control) and counter-illuminated (Light) decoys as well as the Fisher’s 

P-value are presented. 

Experiment n Test Control Light  P-value 

1. Camera sleds 38 Breach 8 0 0.006* 

  Follow 7 0 0.01* 

  Activity 15 0 <0.001* 

2. Bright single tows 32 Breach  7 2 0.2 

  Follow 8 2 0.1 

  Activity 15 4 0.02* 

3. Bright single tows 20 Breach  8 0 <0.001* 

  Follow 5 1 0.06 

  Activity 13 1 0.003* 

4. Paired tows 20 Breach  9 0 0.001* 

  Follow 11 0 0.009* 

  Activity 20 0 <0.001* 

*indicates statistically significant result 
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6.4.5 Comparison of visual cues emitted by the seal decoys 

6.4.5.1 Comparison of contrast between counter-illuminated decoys and background light 

The minimum contrast between the background and bright counter-illuminated seal decoy used 

in 2015 occurred in the 17th frame, when the seal was closest to Snell's window. In this frame, the 

background had a greyscale colour value of 184, however, at the centre of Snell’s window the 

background was 194. When we adjusted the greyscale colour value to compare the counter-

illuminated seal decoy against Snell’s window the minimum contrast was 4% (Figure 6.4 A & 

B). The counter- illuminated seal decoy was still brighter than the background and had a greyscale 

value of 203. The dimmer seal decoy used in 2014 had an estimated greyscale of 180. We also 

adjusted the greyscale of the background value (194) to reflect different times of the day, grey 

scale values would reach an estimated maximum of 202 at the centre of Snell’s window, when 

the sun is directly overhead. The brighter seal decoy is estimated to be similar to the maximum 

light level, whereas the dimmer seal decoy used in 2014 would have been less than the background 

levels at all solar elevation angles (Figure 6.4 C).  

 

Figure 6.4 A) The contrast of the counter-illuminated seal decoy was compared to the background 

by comparing the average greyscale colour of a 70 × 60 pixel square (solid line rectangle) between 

the counter-illuminated seal decoy and the background, over 40 frames. B) Comparison of the 

greyscale values for the counter-illuminated seal decoy (black) and background (grey), which was 

adjusted to the brightness of Snell’s window, over 40 frames. C). Approximate greyscale value 

expected at different the solar elevation (90˚ is approximately the middle of the day) (Johnsen, 

2002, 2012), shown by the dotted line and the average greyscale value of the brighter counter-

illuminated seal decoy (black solid line) and dimmer counter-illuminated seal decoy (grey solid 

line). 
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6.4.5.2 Comparison of motion cues between decoys and background light 

Motion cues estimated using the 2DMD model were significantly different for a number of motion 

directions between treatments (mixed model, chi-squared213=676.3, p = <0.001). The motion cues 

emitted by all of the decoys were strongest in the forward and sideward directions when plotted 

as a function of motion direction (Figure 6.5). This distribution of motion vectors is most likely 

the result of the tapered profile of the front half of the seal. The magnitudes and angular 

distributions of motion vectors for all decoys were significantly different to those of the 

background ‘noise’ created by movement of the water surface alone. However, the counter-

illuminated seal decoy created visual motion cues of the greatest magnitude, which would suggest 

these are the most ‘visible’ to the motion system of a shark. The motion cues of the counter-

illuminated seal decoy was also significantly different to both the white and black seal decoys. 

However, the motion cues of the black and white seal decoys were not different from each other. 
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Figure 6.5 Comparisons of visual motion cues obtained from video footage of the seal decoys. A) Comparison of the counter-illuminated seal decoy and 

background noise, red markers represent motion vectors of the counter-illuminated decoy, which were significantly different from the noise (grey dots). 

B) Comparison of the counter-illuminated seal decoy and background noise, red markers represent motion vectors of the counter-illuminated decoy, which 

were significantly different from the white decoy (grey dots). C) Comparison of the white seal decoy and background noise, red markers represent motion 

vectors of the white decoy, which were significantly different from the noise (grey dots). D) Comparison of the black seal decoy and background noise, 

red markers represent motion vectors of the black seal decoy, which were significantly different from the surface noise (grey dots). Black markers indicate 

motion vectors that were not significantly different between the compared treatments. A single grey-scale video frame and the same frame after filtering 

with a Difference-of Gaussian spatial filter are also shown for E) a counter-illuminated, F) a white and G) a black seal decoy.
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6.5 Discussion 

6.5.1 Counter-illumination as a strategy to reduce predation by white sharks 

In a series of field experiments, where seal decoys with and without counter-illumination were 

towed behind a boat, C. carcharias was found to breach on and follow the counter-illuminated 

seal decoys significantly less than the control (non-counter-illuminated) seal decoys. It was not 

possible to identify individual sharks, thus inevitably there was the potential for pseudo-

replication to occur. However, interactions on seal decoys were likely obtained from multiple 

individuals considering the large and diverse population of white sharks in Mossel Bay (E. 

Gennari, unpublished data) and the range in size of sharks that interacted with seal decoys (based 

on video observations). The reduction in interactions (breach and follow) between C. carcharias 

and the counter-illuminated seal decoys may be a result of the inability to detect the decoy—due 

to camouflage, neophobia, or potentially not identifying the object as prey.  

The results of the 2DMD model suggests that the counter-illuminated seal decoy should have 

been easier for C. carcharias to detect than the black or white seal decoy, as the counter-

illuminated decoys produced significantly greater motion cues. The distribution of lights on the 

counter-illuminated decoys was not uniform but instead an array of evenly spaced point sources. 

However, at a distance of 3.5 m, the individual point sources could not be distinguished in the 

video footage largely due to scattering by the intervening water column. This was assessed 

formally by comparing the greyscale colours within the same 60  70 pixel square of the decoy 

over 40 frames and looking at the variation in greyscale colour. The maximum difference in 

greyscale colour, in any frame, was 10 (average 6). Considering that the spatial resolution of the 

camera was greater than anatomical estimates of spatial resolution in sharks (10 cpd vs 5 cpd, 

respectively), the small amount of variation in greyscale colour, confirms that the greater motion 

cues of the counter-illuminated seal decoys were not a result of any internal contrast on the 

counter-illuminated seal decoy. 

C. carcharias may have breached more on the white decoys, which produced a dark silhouette, 

compared to the counter-illuminated seal decoy, which produced a light silhouette, because only 

a dark object on a lighter background is recognised as a potential prey. This preference may reflect 

the functional organisation of their visual system, specifically the physiological properties of their 

retinal ganglion cells or tectal cells, or their previous experience in which only dark objects are a 

potential prey. The neural basis for visually guided prey-capture behaviour has been well studied 

in toads (Bufo bufo) (Ewert, 1974). Toads respond to a small white object moving on a black 

background by exhibiting prey-capture reactions, and a white object on a black background is 

more attractive than a black object on a white background (Ewert, 1974). This is believed to be 

driven by the properties of their retinal ganglion cells: toads have a larger proportion of ganglion 

cells with an ON-centre and an OFF-surround, which respond when light falls on the centre of 
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the receptive field. Thus, a white object on a black background elicits a greater excitation of ON-

centre ganglion cells in toads (Ewert, 1974). Little is known about the physiological properties of 

ganglion cells in sharks, although in lemon sharks, Negaprion brevirostris, the majority of 

ganglion cells measured were of the OFF-centre/ON-surround type (Cohen, 1980). If 

C. carcharias is similar to N. brevirostris in this respect, then black objects on a white background 

may be a more potent trigger of predatory behaviour. The potential significance of silhouette 

contrast for object recognition raises intriguing questions about the neuroethological basis of prey 

capture behaviour in sharks and if their response to prey is in many respects ‘hard wired’ as 

appears to be the case in toads (Ewert, 1974). 

Although the 2DMD modelling showed that, under specific environmental conditions, the 

counter-illuminated seal decoy created greater motion cues, this is not necessarily always the case. 

Background illumination varies with time of day and position relative to zenith (Johnsen, 2002, 

2012). Under certain conditions the mean radiance of the ventral surface of the counter-

illuminated seal decoy may match the background radiance more closely and the reduced 

interaction may have been a result of silhouette camouflage. The time of day and the angle at 

which the counter-illuminated seal decoy is viewed will greatly affect the relative contrast 

between the decoy and the background, and ultimately its visibility. As the counter-illuminated 

seal decoys moved closer to the centre of Snell's window they matched the background more 

closely, and contrast was reduced to as little as 4% (this is an approximation as the intensity 

response of the camera may not have been perfectly linear). As some sharks can see contrasts as 

low as 1.6% (Chapter 2 & 3), a C. carcharias viewing the counter-illuminated seal decoys from 

3.5 m would probably still be able to detect the decoy against Snell's window, however, it would 

be more difficult to detect the decoy than at any other angle. Near noon, the background greyscale 

values in the centre of Snell's window would be greater and the difference between the counter-

illuminated seal decoy and Snell's window would be approximately 1–2%, making it more 

difficult to detect. Considering that very few breaches occurred on the counter-illuminated seal 

decoys, regardless of the background light intensity, suggested that the effect of the counter-

illumination is not simply a result of camouflage. 

Visual motion cues were estimated only for the brighter counter-illuminated seal decoys used in 

2015, which were nine times brighter than the counter-illuminated seal decoys used in 2014. 

Interestingly, the dimmer seal decoys used in 2014 were the only counter-illuminated decoys that 

C. carcharias breached on during the trials, and on those two occasions the breaches occurred in 

the late morning, over an hour after sunrise, when the sky would have been brightest. However, 

adjusting the greyscale values of the brighter seal decoy suggests that the 2014 counter-

illuminated seal decoys would likely have been dimmer than the background, especially as the 

background light intensity increased towards the middle of the day and when seen against Snell's 
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window. This suggests that the presence of a dark silhouette is an important visual cue in order 

for C. carcharias to identify prey.  

Interestingly, both the angle of approach and time of day have been shown to affect the predatory 

behaviour of C. carcharias. C. carcharias has been shown to be more successful in the capture 

of prey at dawn and dusk, potentially as it may be more difficult for their pinniped prey to detect 

an approaching shark (Hammerschlag et al., 2006; Fallows et al., 2012). In addition, some 

individual C. carcharias have been shown to prefer to approach a static bait with the sun behind 

them (Huveneers et al., 2015). Reasons behind this preference in approach angle are thought to 

include avoidance of direct sunlight, that might temporarily blind the shark, greater illumination 

of the prey item, which may improve identification of prey, or to avoid detection by prey using 

the sun’s glare on the water’s surface (Huveneers et al., 2015). Our results suggest otherwise, in 

that brighter light from behind a prey would actually be more beneficial in identifying prey. 

However, there may be important differences in the optimal visual conditions required for the 

detection, decision to attack and the successful capture of prey. This highlights the complexity of 

the visually guided behaviours involved in shark predation and our lack of knowledge of the basic 

parameters that underlie them. 

It is unlikely that the reduction in the number of interactions (breaches and follows) between the 

counter-illuminated and control seal decoys were a result of a repellent effect, in which the bright 

LED lights were actively avoided because they were unpleasant in some way. We have conducted 

other studies, which demonstrated that C. carcharias are not repelled by bright flashing strobe 

lights, which are potentially a more potent visual stimulus because they were 20% brighter (1.22 

× 10-3 W sr-1 cm-2 Vs 1.02 × 10-3 W sr-1 cm-2) and the strobing had the potential to limit retinal 

adaptation (Chapter 5). Performing seal decoy tows with counter-illuminated seal decoys matched 

to the background light and performing 2DMD modelling under a greater range of viewing 

conditions may help to understand if counter-illumination reduces predation by C. carcharias by 

camouflaging potential prey or preventing the object as being recognised as potential prey.  

In summary, the consistent avoidance of the counter-illuminated seal decoy suggests that the 

result is not based on camouflage, but on the unusual or unnatural appearance of the counter-

illuminated decoy. In any case, the result suggests that counter-illumination may form the bases 

of a successful deterrent strategy. 

6.5.2 Hierarchy of visual cues during predation 

The reduced frequency of interactions with counter-illuminated seal decoys, regardless of the 

underlying cause, highlights that C. carcharias rely heavily on visual cues during predation. There 

appears to be a hierarchy of visual cues, which entices C. carcharias to attack. The presence of a 

dark silhouette seems to be the most important cue. A dark silhouette is considered to be the most 
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important visual cue because C. carcharias did not breach on the bright counter-illuminated 

decoys, even though our modelling showed these decoys had greater visual contrast and larger 

motion cues than the control seal decoys. In other words, the counter-illuminated decoys should 

have been more visible against the surface but sharks did not interact with them, even though they 

had the same size and shape as the control decoys.  

The observed breaches on the camera sled in Experiment 1 provide further evidence that the 

presence of a dark silhouette is more important than size and shape in eliciting predatory 

behaviour. In Experiment 1, the camera sled may have presented sharks with a choice between 

the camera sled and the seal decoy. No breaches occurred on the counter-illuminated decoys but 

on five occasions sharks breached on the camera sled. The camera sled, which produced a dark 

silhouette but was much smaller in size and different in shape to their typical pinniped prey, may 

regardless have been recognised as a more likely potential prey item (Anderson et al., 1996; 

Strong, 1996) and distracted sharks from hitting the counter-illuminated decoy. We suggest that 

the unusual size and shape of the camera sled compared to the counter-illuminated seal decoys 

shows that the dark silhouette is the most important visual cue that entices C. carcharias to attack 

prey. 

C. carcharias are known to bite objects at the surface that do not resemble the typical size, shape 

or movement of prey (Anderson et al., 1996; Strong, 1996; Hammerschlag et al., 2012). For 

example, white sharks have been observed to bite seaweed and rubbish floating at the surface. 

They also attack a large range of seabirds without consuming them (Hammerschlag et al., 2012). 

However, when presented with a choice, C. carcharias tend to bite objects that are of a similar 

size and shape to their more common prey items. C. carcharias are more likely to bite a seal-

shaped decoy than a square-shaped decoy (Strong, 1996) and prefer objects between 1 and 3 m 

in size, i.e. of similar size to their pinniped prey (Anderson et al., 1996). Although size and shape 

information influences the likelihood of encounters with C. carcharias, the presence of the dark 

silhouette may be a more important cue during their decision to bite a potential prey.  

Looking at the hierarchy of important visual cues in terms of a surfer, the group most at risk from 

shark attacks (Hazin et al., 2008), this suggests that many shark encounters with surfers occur as 

a result of mistaken identity. Surfboards produce a dark silhouette that is of a similar size to that 

of a mature pinniped (Anderson et al., 1996). Modern surfing shortboards are usually 1.8–2.3 m 

in length (Warren and Gibson, 2014) and typical pinniped prey fall within this range, e.g. harbour 

seals, Phoca vitulina, ~1.6 m (Lydersen and Kovacs, 2005); Californian sea lions, Zalophus 

californianus californianus, ~1.2–2.4 m (Kastelein et al., 2000); Australian fur seals, 

Arctocephalus pusillus doriferus, ~1.6–2.2 m (Arnould and Warneke, 2002). Traditional surfing 

longboards were considerably longer than modern shortboards—typically 2.5 m or longer 

(Warren and Gibson, 2014)— and it has been suggested that a reduction in surfboard length may 
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have contributed to the increase in shark attacks on surfers over recent years (Tricas and 

McCosker, 1984; West, 2011). It certainly appears that surfers present some of the major visual 

cues that C. carcharias use to identify prey. Further understanding of the visual motion and shape 

cues emitted by surfers and swimmers is required to determine how similar their visual cues are 

to the natural prey of C. carcharias.  

2DMD models present a unique method for understanding visual perception of sharks, 

specifically in understanding visually mediated behaviours such as prey detection. Motion models 

are beneficial in that they allow many aspects of the visual scene, such as contrast, spatial 

resolution, shape and movement, to be analysed simultaneously to gain insight into shark 

perception. However, these models rely on estimates of visual function, such as spatial resolution, 

temporal sensitivity and ganglion cell receptive fields, many of which have only been measured 

in a small number of shark species (Hueter, 1990; McComb et al., 2010; Kalinoski et al., 2014) 

(Chapter 3 and 4). A greater understanding of the visual system of sharks will improve model 

predictions. In addition, the use of video footage from static cameras does not completely mimic 

the perception of a swimming shark. For example, during swimming the perceived motion would 

be greater for a shark swimming in the opposite direction to the decoy than if the shark was 

swimming in the same direction as the decoy, and vice versa. The static camera setup was 

beneficial in that it allowed footage to be collected in a controlled manner and provided an 

intermediate motion condition in order to compare the motion cues of the seal decoys against the 

surface light from the perspective of C. carcharias. In the future, it may be possible to obtain 

video footage from the perspective of a swimming shark.  

6.5.3 Vision-based shark attack mitigation devices 

White sharks, C. carcharias, bull sharks, Carcharhinus leucas, and tiger sharks, Galeocerdo 

cuvier, are responsible for the majority of fatal shark attacks and serious shark bite injuries (West, 

2011). This study highlights the potential for counter-illumination to be used as a shark attack 

mitigation strategy by surfers and paddlers against C. carcharias. However, it will be important 

to test this strategy with other shark species to ensure that, at the very least, the counter-

illumination does not increase the likelihood of an interaction with another species of shark, 

especially given that some species of shark are attracted to bright reflective objects, particularly 

those that are silver, yellow and white in colour (Gilbert, 1968; Tester et al., 1968; Gilbert, 1970).  

It is important to note that, as in nature, an object that is camouflaged under one set of optical 

conditions can be highly visible under another set of conditions (Johnsen, 2003). Further research 

is required to determine; if counter-illumination will reduce interactions with C. carcharias in 

mid-water, if the counter-illumination is successful when decoys are stationary and if the 

approach angle affects the success of the counter-illumination. The contrast and 2DMD analysis 

demonstrated that a white seal decoy is very similar to a black seal decoy when viewed from 
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below, which confirms the supposition that when objects are viewed from below their internal 

contrast and colour information is mostly lost (Mertens, 1970; Johnsen, 2002). This is important 

to consider especially in designing and advocating shark mitigation devices for surfers and 

swimmers, who spend the majority of their time at the surface. Devices that remove the dark 

silhouette either by replacing it with a brighter stimulus or camouflaging it may have the greatest 

mitigation effect. 

 

6.6 Conclusion 

Counter-illumination significantly reduced the likelihood of white sharks interacting with seal 

decoys in a manner typical of a predatory attack. An analysis of the visual motion cues emitted 

by counter-illuminated and non-counter-illuminated seal decoys showed that a counter-

illuminated decoy potentially provides greater visual contrast and a stronger visual motion signal 

than a non-counter-illuminated decoy. This suggests that the counter-illumination used in these 

experiments did not completely camouflage the silhouette of a decoy by matching its radiance to 

the background, but instead changed the silhouette such that it was not recognised by the shark as 

potential prey. This study provides empirical evidence that a dark silhouette is a crucial visual cue 

that C. carcharias rely on for prey detection and/or discrimination. We suggest that, with the 

development of appropriate technology, counter-illumination may be a useful method for 

preventing shark bites on humans, especially surfers. 
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7  

General Discussion  
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In this thesis, a range of novel techniques were used to quantify aspects of the visual system that 

influence motion perception in sharks, as well as define some of the behaviours relevant to motion 

vision in sharks. The information gained on motion sensitivity has enabled the development of a 

visual motion model, which provides insight into the visual perception of sharks as well as inform 

the design of vision-based technologies with the potential to reduce shark bycatch and shark 

attacks on humans. This general discussion presents the significance of this thesis in furthering 

the understanding of visual perception in sharks and the implications of this to our understanding 

of the evolution of the vertebrate visual system and shark conservation. 

 

7.1 Evolution of the vertebrate visual system  

Sharks represent the earliest stage in gnathostome (jawed) vertebrate evolution, and thus retain 

some aspects of the earliest stages of modern camera-like eyes (Miller et al., 2003). Knowledge 

of the vertebrate visual system can be used to infer evolutionary adaptations and make predictions 

about shark visual systems and behaviours, especially in large species that are hard to observe in 

the wild. Considering that sharks have evolved independently for the last 400 million years (Miller 

et al., 2003), it is interesting to see similar visual adaptations emerge as for other vertebrates.  

Estimates of contrast sensitivity in the sharks examined here were consistently higher than has 

been measured in most other vertebrates (Chapter 3 & 4). Interestingly, for animals in which 

electrophysiological estimates of contrast sensitivity have been measured, aquatic species have 

higher contrast detection than most terrestrial species (Figure 7.1). Lampreys, which are an 

ancestral lineage of the jawless vertebrates (Agnatha) from which sharks also diverged (Miller et 

al., 2003), have even greater contrast sensitivity than sharks (Warrington et al., 2015). This may 

suggest that contrast was particularly important in early vertebrates and remains important in 

many modern aquatic species. In the aquatic environment, enhanced absolute sensitivity and 

contrast detection may be particularly useful because absorption and scattering of light by the 

water column rapidly reduces both light intensity and the visual contrast of an object as the 

distance from the observer increases (Lythgoe, 1980; Lythgoe, 1988; McFarland, 1990; Land and 

Nilsson, 2012). Thus, greater contrast sensitivity may be the result of an ‘evolutionary arms race’, 

in which it is beneficial for many aquatic animals to detect a predator at a distance where there is 

still the opportunity to escape, and for a predator to detect a prey item before it is itself detected. 
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Figure 7.1 Mean contrast sensitivity measured using electrophysiological methods of species 

within the classes Agnatha (AGN), Chondrichthyes (CHO), Actinopterygii (ACT), Amphibia 

(AMP), aquatic Reptilia (aREP), terrestrial Reptilia (tREP), Aves (AVE), Mammalia (MAM) and 

humans (HUM). Aquatic and terrestrial Reptilia were separated so as to compare animals based 

on their aquatic or terrestrial lifestyles. Humans were also separated as they likely represent an 

exception to most other mammals (Crozier and Wolf, 1939, 1941a, b; Dodt and Wirth, 1954; 

Gramoni and Ali, 1970; Hamasaki and Peregrin, 1970; Kelly, 1972; Jenssen and Swenson, 1974; 

Green and Siegel, 1975; Smith et al., 1976; McFarland and Loew, 1983; Rasengane et al., 1997; 

Pusch et al., 2013; Warrington et al., 2015). 

 

Electrophysiological measures of contrast sensitivity in humans are unusual in that they are much 

higher than other terrestrial and most aquatic vertebrates (Rasengane et al., 1997). In addition, 

humans also have better acuity and colour vision than many of these animals (Campbell and 

Maffei, 1970; Schor and Levi, 1980), thus humans appear to detect a range of visual cues without 

compromise. This may be the result of the higher cognitive ability and greater ‘capacity’ of the 

human brain, whereas many other animals are limited to the amount of sensory information they 

can receive based on their ability to process this information and by the size of the energetically 

costly brain (Laughlin, 2001; Niven and Laughlin, 2008). Therefore, a species must optimise the 

level of sensory processing to suit their lifestyle and ecological needs (Laughlin, 2001; Niven and 

Laughlin, 2008).  

It was found that, like many vertebrates, sharks appear to trade off spatial and temporal resolution 

to suit their lifestyle, specifically factors such as light availability and prey type were found to 

influence the sensitivity of the visual system. For example, sharks that occupy more brightly lit 
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habitats tend to have greater temporal resolution than those from dimmer environments (Chapter 

4). Sharks from dimmer environments require longer integration times to maximise photon 

capture. 

The type of prey a shark feeds on relates to both their temporal and spatial resolution (Chapter 4). 

Species that feed on faster moving prey may rely on shape, contrast and temporal information to 

identify and capture prey, whereas animals that feed on small prey rely on finer spatial resolving 

power. For example, both Chiloscyllium punctatum and Hemiscyllium ocellatum are of similar 

size, have similar, relatively fast, temporal resolution and occupy similar light environments. 

However, C. punctatum feeds on bony fishes and benthic invertebrates (Froese, 2013) in which 

fast temporal resolution may be required to identify and capture prey, whereas H. ocellatum feeds 

on benthic crustacean and molluscs (Froese, 2013), which may explain its finer spatial resolving 

power to identify prey. However, behavioural and electrophysiological estimates of spatial 

resolution have only been measured over a small range of sharks and it is likely that spatial 

resolution varies with habitat and size (Kirschfeld, 1976; Lisney and Collin, 2008). 

 

7.2 Visual motion perception of sharks 

The behaviours exhibited by animals are often a direct reflection of their perception of the world 

and by understanding their perception knowledge is gained on the rationale behind their 

behaviours or predictions can be made about behaviours that cannot be observed directly. As 

many sharks are likely colour blind (Hart et al., 2011; Schluessel et al., 2014), visual perception 

is guided exclusively by form and motion information. This thesis demonstrates how visual 

perception in sharks is dependent on factors such as the amount of motion experienced on the 

retina (i.e. optic flow) resulting from swimming speed (Chapter 2), and both eye and head 

movements (Chapter 3). The quantification of spatial, temporal and contrast information (Chapter 

3 & 4), which govern perception of the visual world, were used to develop models of shark visual 

performance that can be used to explore their visually guided behaviours (Chapter 6).  

To understand the degree of visual motion that a shark experiences, the amount of optic flow 

needs to be considered. Head, eye and/or locomotion cause the image of the world to move on 

the retina (Eckert and Zeil, 2001). Most animals try to minimise the rotational component of optic 

flow by counteracting head movements with eye rotation in the opposing direction. However, 

some sharks are unusual in that they do not completely stabilise gaze during swimming (Chapter 

3). By quantifying cruising swimming speed (Chapter 2), speed of head and eye movements and 

spatial resolving power (Chapter 3) in sharks, a novel analysis strategy was developed to calculate 

the distance at which a shark would be capable of detecting an object. For a brown-banded 

bamboo shark, C. punctatum, swimming at 0.32 m s-1 with a counter-rotational head angular 
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velocity of 34.5 deg/s, objects between 31 cm to infinity would not be significantly blurred. The 

speed of head movements of C. punctatum vary considerably during swimming but, for the 

majority of the time, objects over 35 cm away are stabilised on the retina. During 10.3% of the 

swim cycle, objects between 35 and 200 cm would not be stabilised and, therefore, suffer from 

significant levels of blur. 

Optic flow in more active pelagic and benthopelagic species may be most affected by cruising 

swimming speed, as opposed to benthic sharks in which head rotation may be the primary factor 

affecting optic flow. In slow swimming bamboo sharks, eye movements do not completely 

counteract head movements (Chapter 3). Thus, during swimming, these sharks may go through 

periods of both stabilised and blurred vision. As the animal moves the head away from the midline 

of the body, the head may counteract some of the forward, translational motion and objects may 

be stabilised on the retina. However, as the head returns to the midline, the head motion is additive 

to the translational motion and vision becomes blurred. In benthic sharks this may not be a concern 

as animals can stop to better inspect objects of interest. Eye movements in pelagic and 

benthopelagic sharks are more extensive and controlled through efference copy in order to limit 

rotational optic flow (Harris, 1965; Smith, 2006; Osmon, 2008). The majority of optic flow 

experienced by these species is due to translational motion. Active species may swim towards or 

around objects of importance in order to visually inspect them (Heithaus et al., 2002). The 

relationship between eye and head rotation in a wider range of sharks is required in order to 

determine how widespread these differences are in benthic and pelagic sharks.  

Spatial resolution, temporal resolution and contrast sensitivity govern perception of the visual 

world. Traditionally, the visual systems of sharks have been described as being ‘poor’ because of 

their low spatial resolution and lack of colour vision, but it is increasingly obvious that they are, 

in fact, highly adaptive/specialised for their lifestyles. Sharks were capable of detecting temporal 

information at maximum speeds from 28 to 44 Hz (Chapter 4) and contrast as low as 1.6% 

(Chapter 3 & 4). This study presented the first electrophysiological and behavioural estimates of 

spatial resolution in sharks, specifically in benthic sharks, which ranged from 0.1 to 0.38 cycles 

per degree (cpd) (Chapter 3 & 4). Both the behavioural and electrophysiological estimates of 

spatial resolving power are much lower than anatomical estimates (Litherland and Collin, 2008; 

Harahush et al., 2009; Peel et al., in prep.), which have long been the only available estimates of 

spatial resolution in sharks. Functional spatial resolving power is actually much lower than 

previously estimated. However, additional estimates of spatial resolution—ideally using 

behavioural paradigms—are required in a greater range of sharks to determine the magnitude by 

which anatomical estimates overestimate true spatial resolving power. Methods for performing 

behavioral and electrophysiological estimates of spatial resolution were established (Chapter 3 & 

4), which will allow spatial resolution to be measured in a greater range of species. In addition, 



 
 

175 

 

the development of conditioning experiments would also be useful to quantify functional spatial 

resolution in sharks. 

The quantification of temporal, spatial and contrast information allowed the construction of a two-

dimensional motion detector (2DMD) model, which was used to gain insight into shark perception 

of specific visual scenarios, such as the visual detection of a silhouette (Chapter 6). The 2DMD 

models allow visual motion cues of sharks on an elementary level to be examined and compared 

in order to gain insight into how sharks perceive different visual scenarios. This work is currently 

being extended to examine how sharks view more natural prey items such as seals in comparison 

to surfboards and swimmers. Preliminary results suggest that both a surfer and swimmer create 

similar directional motion cues to a seal (Figure 7.2). Thus it is understandable how a shark can 

visually mistake humans as a potential prey. The cruising swimming speed models (Chapter 1) 

were also initially developed in order to incorporate motion caused by optic flow into the 2DMD 

models. Research on the motion visual cues of humans and natural prey items from the 

perspective of a swimming shark are also currently underway. The 2DMD modelling has a wide 

diversity of applications, which may provide further information on other visually mediated 

behaviours in sharks. 
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Figure 7.2 Preliminary results showing the average direction and strength from our 2DMD model 

on a seal (A & B), a human on a surfboard (C & D), a swimmer moving through the water (E & 

F) and a rectangle artificially moved through the water (G & H). In the polar plots, the objects 

(seal, surfboard, swimmer and rectangle) are plotted in black and grey points represent the 

background water movement when no object is in the field of view. 
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7.3 Application of sensory biology to shark conservation and management 

The study of shark sensory biology has multiple applications that can assist their conservation 

and management. Understanding how a shark perceives their world visually provides insight into 

predator and prey relationships, which can be applied to design technologies that relate to two 

key shark management issues: shark bycatch in fisheries and shark bite mitigation. The increased 

understanding of shark behaviour and the design of potential shark attack mitigation devices also 

plays a role in shark conservation by improving public perception and reducing the inherent fear 

of sharks. 

7.3.1 Shark bycatch 

Sharks are increasingly under pressure from human activities such as fishing (Stevens et al., 2000; 

Ferretti et al., 2010; Graham et al., 2010). Estimates of annual catch rates of shark range from 

760,000 to 1.5 million tonnes with approximately 50% consisting of bycatch (Bonfil, 1994; 

Stevens et al., 2000). Bycatch reduction devices such as electropositive metals and magnets, 

which take advantage of shark electroreception systems, have been used to reduce bycatch of a 

number of shark species (Brill et al., 2009; Robbins et al., 2011). However, the metals are not 

effective on all species (Godin et al., 2013) and their effectiveness is reduced when animals are 

highly motivated to feed (Tallack and Mandelman, 2009) or when there are high densities of 

sharks in the immediate area (Robbins et al., 2011). 

Strobe lights have the potential to be an effective method for reducing shark bycatch. Strobe lights 

have a deterrent effect on some species of shark, mainly benthic and nocturnal species, due to the 

sensitivity of their visual system to light (Chapter 5). Specifically, Port Jackson sharks, 

Heterodontus portusjacksoni, showed a strong avoidance to strobe lights (Chapter 5). In 

Australia, H. portusjacksoni are often caught as bycatch in demersal longline fisheries (Walker et 

al., 2005). Strobing light lures may thus be useful as a method of bycatch reduction for this 

species. However, the behavioural response of a number of species to strobe lights still needs to 

be addressed, including targeted species, other sharks and other marine animals that are caught as 

bycatch or might otherwise be affected by bright light in the water, such as turtle hatchlings. 

The sensitivity of the benthic and nocturnal species to the strobe lights, highlights an emerging 

conservation issue. Artificial lighting is becoming increasingly prevalent in the marine 

environment due to its popularity in some fisheries and also due to the large population of humans 

that reside along the coast (Longcore and Rich, 2004). Artificial lights used in and around the 

marine environment have the potential to alter natural behaviours of sharks, as has been shown 

for many marine species (Moore et al., 2001; Wiebe et al., 2004; Johnson et al., 2005; Marchesan 

et al., 2005; Mazor et al., 2013). However, the effects of artificial light on shark behaviour is 

largely unknown. For example, strobe lights attached to trawl nets have been found to increase 
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the capture rates of Atlantic krill (Wiebe et al., 2004). However, there is potential that they may 

also increase the capture of benthic, nocturnal and/or deep sea sharks, as some sharks respond to 

strobe lights by ‘freezing’, which would make them less likely to avoid capture by trawl nets 

(Chapter 5). The potential behavioural responses of a range of sharks to artificial light, both 

continuous and strobing, is of concern. Further studies on the effect of both strobing and 

continuous lights on sharks are recommended. 

7.3.2 Shark attack mitigation 

The new knowledge regarding visual perception in sharks presented in this thesis also provides a 

more in depth understanding of the neuroethology of vision during predation and the potential 

cause(s) behind human encounters with sharks. In Chapter 6, white sharks, Carcharodon 

carcharias, more readily attack seal decoys that have a dark silhouette over a counter-illuminated 

seal decoy. The counter-illuminated seal decoys were often brighter than the background light, 

which suggests that the shark’s visual system may be more sensitive to dark objects presented on 

a lighter background, as opposed to a lighter object presented on a darker background. In other 

vertebrates, specific neurons have been identified in the circuitry responsible for controlling 

predatory behavior. In toads, the prey capture sequence can be elicited by applying an electric 

current to the optic tectum, the primary visual centre in the brain (Ewert, 1974). This predatory 

behaviour is also triggered when a white object of appropriate size and orientation is presented 

on a darker background; in contrast a dark object on a white background does not exhibit as strong 

a response (Ewert, 1974). Interestingly, the majority of ganglion cells in the toad retina are ON-

centre, which respond to light falling on the centre of the receptive field, rather than OFF-centre 

ganglion cells (Ewert, 1974). It is possible that the release of predatory behaviour in C. carcharias 

by dark objects on a lighter background reflects a greater proportion of OFF-centre ganglion cells 

in the visual pathway, as has been found in other shark species. However, this is just speculation 

and much remains to be learned about the physiological properties and relative abundance of 

different cell types and pathways in the shark visual system. 

The importance of a silhouette during prey capture in C. carcharias, provides some of the first 

evidence of a hierarchy of visual cues and supports the theory that many shark bites on humans 

are a result of mistaken identity. The presence of a dark silhouette appears to be the most important 

visual cue, as changing to a light silhouette dramatically reduces predatory behaviour. After the 

silhouette, shape and size cues appear to be the most important as C. carcharias prefer objects of 

similar size and shape to their pinniped prey (Anderson et al., 1996; Strong, 1996). Considering 

this hierarchy of visual cues, humans, particularly surfers and swimmers at the surface of the 

water, often resemble the natural prey of white sharks, C. carcharias. Most importantly, these 

foreign objects to the natural environment produce a silhouette, that is often enough to entice 

C. carcharias to attack (Chapter 6). The illusion is also compounded since the silhouette is often 
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of a similar size and produces similar motion cues to their pinniped prey (Figure 7.2). Therefore, 

in the case of surfers, which are the group most commonly bitten by sharks, many encounters are 

likely to be a result of mistaken identity.  

By understanding the neuroethological basis of shark encounters with humans, it becomes 

possible to design devices to limit negative interactions between sharks and humans. 

C. carcharias have been shown to rely on the visual cues produced by the silhouette of objects at 

the surface of the water (Chapter 6). Altering visual cues of humans such as removing the dark 

silhouette through bright lights, may reduce the risk of shark attacks. 

Vision-based shark deterrents are perhaps more desirable than other devices, such as those aimed 

at exploiting the electrosensory system, in that they may prevent sharks from approaching or 

coming close to humans in the first place (Huveneers et al., 2013; Kempster et al., in review). 

Moreover, the development of non-invasive methods of shark attack mitigation potentially 

reduces the need for management techniques that involve the destruction of sharks (Reid et al., 

2011), thereby aiding conservation and management of these apex predators. 

The increased understanding on visual perception in sharks and the neuroethology behind shark 

bites on humans, cannot only aid the design of shark mitigation devices but also increase shark 

conservation and management by improving public perception. Negative stigmas towards sharks 

have long been entrained into humans (Neff, 2014), often leading to thoughts of them as ‘mindless 

eating machines’. However, the results of this thesis suggest that this may not be the case and that 

their visual perception of humans is similar to that of ecologically relevant visual cues (Chapter 

6). The design of successful and reliable shark attack mitigation devices can reduce the fear 

associated with sharks and thus improve public perception. Perception of sharks in a more positive 

manner may lead to greater public support for shark conservation (Simpfendorfer et al., 2011; 

Neff, 2014).  

 

7.4 Conclusion 

This study used novel techniques to provide better understanding of the factors affecting motion 

perception in sharks and provide insight into the neuroethology of prey identification and capture. 

This new knowledge will hopefully guide the development of new fishing gear for reducing shark 

bycatch and deterrent/repellent technologies for preventing shark attacks. Specifically, the novel 

application of stereo-Baited Remote Underwater Video Systems (BRUVS) was developed to 

design models to predict cruising swimming speeds in sharks. This model was then applied to eye 

and head movement data in a benthic shark to assess image blur during swimming. This thesis 

also provided the first quantification of contrast sensitivity in sharks using both behavioural and 
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electrophysiological methods. The first electrophysiological estimates of spatial resolution in 

cartilaginous fishes and the first behavioural estimates of spatial resolution in sharks were 

presented, as well as a deeper understanding of temporal resolution in sharks. By quantifying 

contrast sensitivity, spatial resolution and temporal resolution, it was demonstrated that higher 

contrast sensitivity, comes at the cost of spatial resolution, but that the shark visual system is still 

well adapted to its aquatic environment. The quantification of these factors, which influence 

motion perception has allowed the development of 2DMD models, revealing how sharks perceive 

specific visual scenarios. Our studies of shark perception have also led to the design of two non-

invasive deterrent devices: strobe lights, which may be a useful form for shark bycatch reduction, 

and counter-illumination, which may be a useful shark bite mitigation technology. 
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Figure 8.1 Mean (± SD) normalised ERG signal strength over irradiance (V log I curve) at a 

temporal frequency of 25 Hz, for A) H. portusjacksoni (Hp), B) C. punctatum (Cp), C) 

H. ocellatum (Ho), D) H. edwardsii (He), and E) M. mustelus (Mm).  

  

 




