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 The central importance of vision to an organism is evident in the anatomical and 

physiological adaptations within the eye that can be correlated to the organism’s behavior 

and ecology.  The goal of this study was to perform a functional analysis of adaptations 

within the elasmobranch visual system.  An integrative approach was used to examine 

morphological and physiological adaptations in several species and link these adaptations 

to phylogeny, locomotion, habitat, behavior and ecology.  Functional aspects investigated 

were eye position, pupil shape, spectral sensitivity, temporal resolution, the extent of the 

visual field and ultimately the integration of the visual and electrosensory systems. 

 The elasmobranch eye adapts to the light environment of its habitat.  Sharks from 

similar habitats had similar spectral sensitivities such as the bonnethead and blacknose 

sharks, both maximally sensitive to blue light of 480 nm.  The spectral sensitivity of the 

scalloped hammerhead, which lives in a different environment, was maximally sensitive 
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to green light (530 nm).  The temporal characteristics of the eye also matched habitat and 

lifestyle.  Species experiencing variable light conditions exhibited increased critical 

flicker-fusion frequencies, such as the bonnethead (31 Hz) and scalloped hammerhead 

(27 Hz), in contrast to deeper or more nocturnal species such as the blacknose shark (18 

Hz).    

Elasmobranch visual fields correlated to each species’ lifestyle, habitat and 

foraging strategy.  Expansive monocular views, including a 360º panoramic view in the 

yellow stingray, were measured in species that rely on vision for vigilance against 

predators.  The Atlantic stingray possessed large binocular overlaps (72º), which 

provided depth perception useful for tracking prey.  By comparison, the frontal binocular 

overlaps of hammerhead species were larger than sharks with a more conventional head 

shape.  This study quantified the range of the electrosensory system and the extent of the 

visual field of several shark species, confirming both systems overlap around the head 

facilitating near seamless visual and electrosensory sensory function relevant to prey 

detection.  

The findings of this study indicate that ambient environmental light strongly 

influenced the function of the elasmobranch eye and that the extent of species’ visual 

fields correlated with aspects of their morphology, locomotion and ecology.  
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 CHAPTER 1 

 INTRODUCTION 

VISUAL SYSTEM EVOLUTION 

 The eye is an example of a homologous structure present in a wide range of taxa 

and its evolution has been the subject of extensive research.  Over 600 million years ago 

(mya), the earliest predecessors of the eye, eyespots, were present in unicellular 

organisms (Land and Fernald 1992).  These eyespots were capable of signaling light, 

mediating phototaxis, and initiating predator avoidance by shadow evasion (Lamb et al. 

2007).  Although primitive, eyespots could distinguish between day and night and 

established the first circadian rhythms (Land and Fernald 1992).  Over time the primitive 

light-sensing eyespot evolved into an image-forming eye which housed receptor cells 

within a retinal layer (Fernald 2000).  Finally, the camera-like eye emerged with all 

elements of the modern vertebrate eye, including a cornea, lens, iris and mobile pupils 

(Lamb et al. 2007).  

 Image-forming eyes evolved approximately 540 mya and sparked an arms race of 

novel offensive and defensive adaptations in organisms, which included rapid movement, 

protective body armor and camouflage (Parker, 2003).  Image-forming eyes are present in 

cnidarians, mollusks, chordates, annelids and arthropods and function to capture light and 

resolve it into images (Frentiu and Briscoe 2008).  Eyes are generally adapted to the 
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environment and lifestyle of the organism and the tremendous diversity in ocular 

structure and function likely developed as adaptations to differing environments.  

Adaptations include variation in anatomy, visual field, acuity, light sensitivity, sensitivity 

to differing wavelengths of light, motion detection, object tracking, and color 

discrimination (Lamb et al. 2007). 

 In vertebrates the eyes originated as an extension of the brain and facilitate the 

perception of light, vision, color discrimination and depth perception. The vertebrate eye 

is camera-like in that many species have mobile pupils that function much like a camera 

aperture by regulating the amount of light impinging on the retina.  Despite its success, 

the vertebrate eye has structural deficiencies that include inefficient placement of the 

retinal layer behind nerve fibers, and creation of a blind spot by passage of the optic 

nerve through the retina (Land and Fernald 1992).  Camera eyes in other organisms, such 

as the octopus, have marginally clearer vision as their retinal layer is in front of the nerve 

layer (Bjӧrn 2008).   

VISUAL SYSTEM OF ELASMOBRANCH FISHES 

 The elasmobranchs (sharks, skates and rays) are a morphologically diverse group 

of cartilaginous fishes that share many features of the typical vertebrate eye, but also 

possess several distinctions.  Unlike terrestrial vertebrates, the elasmobranch cornea is 

optically absent underwater because its refractive index is similar to that of seawater; 

therefore only the lens provides refractive power to the eye (Hueter 1991).  Elasmobranch 

lenses are elliptical in shape with some spherical variations.  Humans focus images 

(accommodate) upon the retina by changing the shape of the lens.  Elasmobranchs 
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accommodate using the protractor lentis muscle which moves the lens towards the retina 

(for distant targets) or away from the retina (for near targets) (Hueter et al. 2001).   

 Elasmobranchs have a dynamic iris and mobile pupil which allow for control of 

retinal illumination.  Elasmobranch pupil shape varies considerably among species and 

can range from round to slit (horizontal, vertical or oblique orientation) to crescent 

shaped (Hueter et al. 2004).  Pupil shape is correlated to habitat and round pupils are 

associated with species that typically experience relatively lower light conditions, 

whereas slit pupils are associated with species that experience both bright and dim light.  

The slit pupil can constrict down to a pinhole and is superior in limiting retinal 

illumination over the round pupil (Walls 1942).  Many elasmobranchs possess multiple 

pupillary apertures in the form of elaborate operculae and when combined with crescent- 

shaped pupils can function to enhance resolution, contrast and focusing ability (Hueter et 

al. 2004).       

 Most elasmobranch species possess a specialized reflective layer of guanine 

crystals in the choroid layer know as the tapetum lucidum.  It functions to reflect photons 

missed by the retina on the first pass allowing further opportunity for photoreceptor 

detection, thereby enhancing sensitivity in low light conditions (Hueter et al. 2004; 

Denton and Nicol 1964).  Some species that inhabit bright environments possess an 

occlusible tapetum whereby the reflective layer can be masked by pigmentation.  Many 

deep-water species possess a non-occlusible tapetum in which the reflective layer is 

always exposed ensuring optimal sensitivity (Nicol 1964).   

 In general, vertebrates have a distribution of photoreceptors that match the area in 

which the highest acuity is required.  Organisms that continually scan the horizon possess 
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dorso-ventral streaks of enhanced ganglion cell density, which have been reported in 

terrestrial species such as the cheetah and deer (Anhelt et al. 2006) as well as many 

elasmobranch species (Litherland 2008; Osmon 2004; Bozzano and Collin 2000; Hueter 

1991).  A ramped retina, similar to that found in horses, is present in the Atlantic 

stingray, Dasyatis sabina, and is an adaptation that allows simultaneous focus of images 

at various distances (Sivak 1976).  

 The visual sense plays an important role in the detection of predators and mates, 

foraging, social signaling, and in navigation (Hart et al. 2006).  The positioning of the 

eyes and the morphology of the head dictate the size and extent of the visual field (Collin 

and Shand 2003).  For instance, periscopic eyes found in batoids (skates and rays) 

provide a nearly 360º panoramic view, affording excellent visual vigilance against 

predators.  Predatory species have more frontally positioned eyes that confer depth 

perception, vital for tracking prey.  In species that possess extreme departures in head 

morphology and eye position, like the hammerhead sharks, the impact upon the size and 

extent of the visual field is unknown.  

 Adaptations in the eye occur to maximize organisms’ sensitivity to the 

environment (McFarland 1991; McFarland and Loew 1983; Lythgoe 1979).  

Elasmobranchs have a 400-million year evolutionary history with over 1,000 extant 

species (Compagno 2005) that inhabit nearly every aquatic environment.  Habitats 

include freshwater, rivers, estuaries, coastal areas, coral reefs, pelagic, arctic, and abyssal 

zones.  The successful radiation of elasmobranchs into different environmental niches has 

led to species-specific visual specializations, sensitivities, and unique morphological 
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features (Hart et al. 2006; Hueter et al. 2004; Bleckmann and Hofmann 1999; Gruber and 

Cohen 1978; Hodgson and Mathewson 1978).   

 The goals of this study were to perform a comparative assessment of visual 

adaptation and variation in sensory performance among elasmobranchs.  The species 

examined in this study exhibit a breadth of taxonomic and morphological diversity from 

basal benthic skates to derived pelagic hammerhead sharks and thus variations in visual 

adaptations were expected.  The visual system was assessed by determining the extent of 

the functional horizontal and vertical visual fields in species chosen because of variation 

in head morphology, eye position, and ecology.  The sensitivity of the eye to differing 

wavelengths of light (spectral sensitivity) was determined in species selected from 

differing habitats and correlated to aspects of their ecology.  Temporal resolution, or the 

speed at which the eye can process temporally varying stimuli, was quantified in species 

from differing habitats.  Lastly, the relative amounts of overlap between two close-range 

sensory systems, the visual and the electrosensory systems, was quantified in an effort to 

determine the relative importance of each system during the last moment of prey 

localization.  The study of these characteristics allowed for an assessment of visual 

adaptation and variation in sensory performance among several elasmobranch species.  

VISUAL SYSTEM ADAPTATIONS 

 Variable light conditions present significant challenges to visual system 

performance.  Daylight dominates the upper 1000 m of the water column while 

bioluminescence becomes the sole source of light in water deeper than 1000 m (reviewed 

in Frank and Widder 1996; Clarke and Denton 1962).  The upper 200 m of the water 

column (epipelagic zone) is the brightest and has the widest range of visual cues.  Many 
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elasmobranchs inhabit this zone and experience variation in ambient illumination as a 

result of depth distribution, turbidity and time of day.  The visual demands placed upon 

the eye result in adaptations that optimize function.   

 Spectral Sensitivity:  Spectral sensitivity is the relative efficiency of an 

organism’s detection of differing wavelengths of light.  Spectral sensitivity is used to 

describe the different characteristics of the visual pigments in the rod and cone cells in 

the retina of the eye.  It is known that the rod cells are more suited to scotopic (dim light) 

vision and cone cells to photopic (bright light) vision, and that they differ in their 

sensitivity to different wavelengths of light (Schwartz 2004, Levine 2000).  Historically, 

the primary goal of research on spectral sensitivity has been to correlate the spectral 

sensitivity of an organism to the spectral distribution of light in their aquatic habitat 

(Marshall and Vorobyev 2003).  The retinas of most fishes have some combination of 

rods and cones.   

 The correlation between the spectral sensitivity of an organism and its 

environmental spectra is often expressed as the wavelength of peak sensitivity versus the 

wavelength(s) of peak transmission in the light environment.  Deep-sea fishes live in a 

narrow spectral range peaking at approximately 475 nm and their rod visual pigment 

nearly matches the environmental light (Douglas 1997).  The sensitivity hypothesis was 

first suggested over 60 years ago and states that an organism’s spectral sensitivity will 

match the environmental spectra (Bayliss 1936, Clarke 1936).  Upon closer examination, 

however, it has been found that in some species, the maximum sensitivity can range over 

100 nm from the environmental spectra and suggests that sensitivity may be a 
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compromise of maximum photon capture with other visual demands (Marshall and 

Vorobyev 2003).  

 In a modification of the sensitivity hypothesis, the twilight or contrast hypothesis 

states that visual pigments in aquatic species that are most active at dawn and dusk will 

be tuned to shorter-wavelengths found at dusk and dawn (McFarland 1991; Hobson et al. 

1981; Lythgoe 1968).  The hypothesis predicts that spectral sensitivity is tuned to a 

behaviorally active time of day for movement and predation (McFarland and Wahl 1996; 

McFarland 1991).  Since there are ample photons for vision over a broad spectral range 

during the daytime, an organism’s sensitivity may shift to a narrower range to enhance 

contrast sensitivity during crepuscular periods.  It has been suggested that when light is 

limiting it may be adaptive to match spectral sensitivity of the narrower range of 

available light (Marshall and Vorobyev 2003).  

  Gruber et al. (1963) demonstrated that the lemon shark (Negaprion brevirostris) 

possesses cones and the capacity for color vision.  The discovery that elasmobranchs 

possess both rod and cone photoreceptors in the retina forever altered the common 

misperception that the group had limited visual capabilities (Hueter et al. 2004).  The 

spectral sensitivities of several species have been determined, and in lemon sharks, 

sensitivities can shift over a lifetime (Cohen et al. 1990).  This visual adaptation matched 

a change in habitat from juvenile to adult lemon sharks.  The spectral sensitivities of 

several elasmobranch species have been correlated to environmental conditions (Gačić et 

al. 2006; Theiss et al. 2006; Hart et al.2004; Gruber et al. 1991; Niwa and Tamura 1975; 

Dowling and Ripps 1971; Tamura and Niwa 1967).  These findings indicate the spectral 
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sensitivities of elasmobranchs are tuned to specific microhabitats, and these adaptations 

enhance the visual capability of detecting prey, predators and other objects of interest.  

 Temporal Resolution: Aquatic organisms are challenged to detect movement and 

track objects under a wide range of environmental light intensities.  This requires a trade-

off between sensitivity and resolution in order to achieve optimal imaging under varying 

light conditions (Frank and Widder 1999).  A mechanism to increase the capture of 

photons is to increase photoreceptor integration time, known as temporal summation 

(Pirenne 1967, Lythgoe 1979, Snyder 1979; Pirenne and Denton 1952).  An increase in 

temporal summation is analogous to leaving a camera shutter opened longer in dim light 

conditions. Increasing temporal summation can reduce overall resolution, yet the benefits 

of summation to increase photon capture outweigh the losses in temporal resolution 

(Warrant 1999).  Therefore, organisms that require high resolution for tracking and 

acquiring fast-moving prey must find a balance between resolution and absolute 

sensitivity, and are generally associated with bright light environments. 

 Studies of the eyes of terrestrial arthropods led to the hypothesis that temporal 

response characteristics of photoreceptors matched the habitat and lifestyle of the 

organism (Autrum 1958).  Further studies demonstrated that the response characteristics 

of the photoreceptors were slower in slow-moving nocturnal species and higher in fast 

moving diurnal species (Howard 1984, de Souza and Ventura 1993).  A similar 

ecological correlation exists among teleost fishes from differing depths, where higher 

temporal resolution is measured in surface-dwelling fishes associated with brighter 

ambient light, and lower temporal resolution in mid and deep-water fishes (Gramoni and 

Ali 1970).  
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 The temporal resolution of an organism’s eye can be determined by measuring the 

maximum critical flicker fusion frequency (CFFmax), which is the highest frequency at 

any light intensity at which the eye can produce an electrical response that remains in 

phase with a flickering light stimulus.  Flickering light that exceeds the CFFmax is viewed 

as a steady glow.  

 Since many elasmobranchs are predators that rely on vision for tracking fast- 

moving prey one might expect their CFF values to be relatively high compared to species 

that specialize on slower prey.  The CFF has been determined in relatively few 

elasmobranch species and, due to the lack of comparative data few attempts have been 

made to correlate elasmobranch temporal resolution with habitat and lifestyle (Green and 

Siegel 1975; Gruber 1969).  

 Visual Field: An organism’s visual field is the entire expanse of space visible 

around the head without moving the eyes.  There are three primary measures of the visual 

field: (1) the field of view of one eye (monocular), (2) the combined field of both eyes 

(cyclopean), and (3) the overlap of the monocular fields (binocular).  The distance from 

the center of the eyes to the point where monocular fields overlap is termed the 

convergence distance.  Long convergence distances translate into binocular vision, 

occurring farther from the head, whereas a relatively shorter convergence distance 

provides depth perception closer to the head.  

 The visual field is a direct measure of how an organism perceives its environment 

and is determined by head morphology and eye position.  The importance of the visual 

field is not well documented and information on the extent of the visual fields of 

terrestrial vertebrates is limited to a small group which includes rabbits (Hughes 1972), 
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rats (Hughes 1979), humans (Emsley 1948), frogs and toads (Collet 1977; Fite 1973) and 

birds (Martin et al. 1999).  Data on the extent of the visual fields in aquatic organisms are 

even less complete and have been determined for relatively few species including the 

harbor seal (Hanke et al. 2006), cuttlefish (Watanuki et al. 2000), garfish (Collin and 

Northcutt 1995), parrotfish (Rice and Westneat 2005), and lemon shark (Hueter and 

Gruber 1982).    

 There are over 500 species of batoid fishes (skates and rays) that exhibit 

tremendous diversity in head morphology, eye positioning, swimming behavior and 

ecology.  It was hypothesized that the visual fields of the batoids would correlate to all of 

these factors.  In order to test these hypotheses, the horizontal and vertical visual fields of 

four batoid species were quantified.   

 Since head morphology and eye position largely determine the extent of the visual 

field, species that possess unique head morphology are of particular interest.  A departure 

from the typical head morphology found in sharks is the dorso-ventrally compressed and 

laterally expanded cephalofoil (head) found within the hammerhead sharks 

(Elasmobranchii: Carcharhiniformes: Sphyrnidae).  The cephalofoil expansion ranges 

from modest in the bonnethead, Sphyrna tiburo, to extreme in the winghead shark, 

Eusphyra blochii, which is characterized by a wing-like head approaching 50% of its 

total body length.  The head morphology of all other hammerhead species fall between 

these two extremes.   

  The unique head shape of the hammerhead shark has resulted in speculation 

about its function with respect to vision.  Two hypotheses argue that placement of the 

eyes on the distal tips of the cephalofoil have altered the visual field compared to other 
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shark taxa which possess a more conventional head shape.  Walls (1942) suggested that 

the eyes of the hammerhead shark could not confer a binocular overlap in front of the 

head and that each eye had a single independent field of view.  In contrast, Compagno 

(1984) argued that the placement of the eyes at the distal tips of the cephalofoil facilitated 

greater anterior binocular overlap than other shark species.  In the present study, the 

‘enhanced visual field’ hypothesis was tested by quantifying the functional horizontal and 

vertical visual field and degree of eye rotation of two species of hammerhead shark, the 

bonnethead S. tiburo and the scalloped hammerhead Sphyrna lewini, in contrast to two 

closely related carcharhinid sharks, the lemon shark Negaprion brevirostris, and the 

blacknose shark Carcharhinus acronotus.   

 Sensory Integration: Most organisms receive simultaneous input from several 

different sensory modalities such as vision, olfaction, and electroreception.  Two or more 

sensory stimuli of different modalities can influence the processing of the other, and this 

can be synergistic, redundant or even contradictory (Moller 2002).  Bimodal integration 

has been examined with respect to the visual and electrosensory system in fishes and 

several studies concluded the systems work synergistically (Moller 2002, Lorteije et al. 

2000, Ciali et al. 1997, Bastian 1982).  

 Elasmobranch fishes have the ability to detect electric fields with their 

electroreceptors, the ampullae of Lorenzini.  Marine organisms, including potential prey, 

emit bioelectric fields that potentially signal type, position and physiological condition to 

the receiver (Bullock 1973). Behavioral evidence exists that indicate the electrosense 

evolved to facilitate the localization of cryptic prey (Kalmijn 1982).  Several studies have 

unequivocally demonstrated that elasmobranchs orient to electric fields (Kajiura and 
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Holland 2002; Haine et al. 2001; Johnson et al. 1984; Tricas and McCosker 1984; Tricas 

1982; Kalmijn 1978; Kalmijn 1971); however, studies of the overlap of the 

electrosensory and visual system are lacking.   

 From research in this study, the horizontal visual fields of several shark species 

were calculated and it was determined that large blind areas exist anterior to the head.  It 

was hypothesized that these blind areas around the head and mouth pose challenges to the 

last-moment visual tracking of prey into the mouth.  It was further hypothesized that the 

electrosensory system would compensate for this area of limited vision.  Therefore, the 

calculation of the electrosensory range and the visual blind area allow the quantification 

of the extent of integration between these two close-range systems.   

RESEARCH SUMMARY  

 The goals of this study were to perform a comparative assessment of aspects of 

the visual system for several phylogenetically and morphologically distinct species of 

shark, skate and ray.  The specific goals of the study were to: 

1) quantify the horizontal and vertical visual fields in four morphologically distinct 

batoid species.  

2) test the hypothesis that hammerhead sharks have ‘enhanced binocular overlaps’ as 

compared to sharks with a more conventional head shape.  The horizontal and 

vertical visual fields, degree of lateral eye rotation and head yaw of two 

hammerhead species (Sphyrna tiburo, S. lewini) and two closely related 

carcharhinid species (Negaprion brevirostris, Carcharhinus acronotus) will be 

compared. 
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3) test the ‘sensitivity’ and ‘twilight’ hypotheses by determining the scotopic 

spectral sensitivity of three coastal shark species (S. tiburo, S. lewini and C. 

acronotus). 

4) determine if the scotopic and photopic temporal resolution of S. tiburo, S. lewini 

and C. acronotus correlate to aspects of their current habitat and lifestyle.  

5) quantify the relative extent of overlap between the electrosensory and visual 

systems in S. tiburo, C. acronotus and S. lewini.                                                                               
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CHAPTER 2 

 TEMPORAL RESOLUTION AND SPECTRAL SENSITIVITY OF THE VISUAL 

SYSTEM OF THREE COASTAL SHARK SPECIES FROM DIFFERENT LIGHT 

ENVIRONMENTS 

 

ABSTRACT 

Visual temporal resolution and scotopic spectral sensitivity of three coastal shark 

species (bonnethead, Sphyrna tiburo; scalloped hammerhead, Sphyrna lewini; and 

blacknose shark, Carcharhinus acronotus) were investigated by electroretinogram 

(ERG).  Temporal resolution was quantified under photopic and scotopic conditions 

using response waveform dynamics and maximum critical flicker fusion frequency 

(CFFmax).  Photopic CFFmax was higher than scotopic CFFmax in all species.  The 

bonnethead with its horizontal slit pupils had the shortest photoreceptor response latency 

time (23.5 ms) and the highest CFFmax (31 Hz), suggesting that the eyes of S. tiburo are 

adapted for a bright photic environment.  In contrast, C. acronotus had the lowest CFFmax 

(16 Hz), the longest response latency time (34.8 ms), and round pupils, all suggestive of a 

nocturnal lifestyle.  Scotopic spectral sensitivity revealed peaks in all species (480 -530 

nm) which were correlated with environmental spectra of downwelling light measured at 

midday, moonlight, and starlight (450-600 nm).  
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INTRODUCTION 
 

Elasmobranch fishes (sharks, skates, and rays) are a basal group of cartilaginous 

fishes whose diverse species occupy nearly all oceanic habitats and photic environments 

(McFarland, 1991).  The radiation of species into varied niches has led to retinal 

specialization driven by light intensity, spectral composition and turbidity, all of which 

create a need for balancing visual temporal resolution with sensitivity (reviewed in Frank 

2003).  As a result, elasmobranchs possess eyes that rival those of higher vertebrates in 

structural and functional complexity, which has generated interest in their visual 

capabilities for over 200 years (reviewed in Gruber 1977).   

Temporal resolution, a measure of an organism’s ability to track moving images, 

is dependent upon the speed at which the organism can process temporally varying visual 

stimuli.  The temporal resolution of an animal can be determined by measuring the 

maximum critical flicker-fusion frequency (CFFmax), which is the highest frequency at 

any light intensity at which the eye can produce electrical responses that remain in phase 

with a flickering light stimulus.  Flickering light that exceeds the CFF is viewed by the 

animal as a steady glow.  Autrum (1958), studying insects, was the first to demonstrate 

that the response dynamics of the retina matched species’ habitats and lifestyles, 

demonstrating that fast-moving diurnal insects possess better temporal resolution, 

measured as faster flicker-fusion frequencies, than eyes of slower moving nocturnal 

species.  Subsequent studies on a variety of animals support this hypothesis (reviewed in 

Warrant, 1999).  A similar ecological correlation exists among teleosts fishes from 

different depths, where higher CFF values are seen in surface-dwelling fishes associated 

with brighter light levels,  and lower CFF values are found in mid- and deep-water fishes 
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(Gramoni and Ali, 1970).  Since many elasmobranchs are predators that rely upon vision 

for tracking fast-moving prey, one might expect that their CFF values would be relatively 

high compared to species that specialize on slower moving prey.  CFF has been 

determined for only a few elasmobranch species (Table 1) and due to the lack of data, 

few attempts have been made to correlate elasmobranch temporal resolution with habitat 

and lifestyle. 

There have also been relatively few studies on the spectral sensitivity of 

elasmobranchs or attempts to correlate their visual spectral sensitivity with aspects of 

their ecology (McFarland 1991).  Early histological assessments confirmed the presence 

of rods and cones in elasmobranchs (Schultze 1866; Ali and Anctil 1976; Gruber et al. 

1975) which suggested the capacity for color vision.  Physiological (Cohen et al. 1977; 

Gruber et al. 1969; Hamasaki 1967; Denton and Shaw 1963) and 

microspectrophotometry (MSP) experiments (Hart et al. 2004) have investigated the 

spectral sensitivities of several species.  Cohen et al. (1990) discovered a mismatch 

between the spectral sensitivity of juvenile and adult lemon sharks (Negaprion 

brevirostris) due to an ontogenetic change in visual pigments, demonstrating that a 

species’ spectral sensitivity can shift over an individual’s lifetime. 

Two hypotheses link an organism’s visual spectral sensitivity to its habitat.  The 

sensitivity hypothesis (Clarke 1936) predicts that the visual sensitivity of fishes found in 

oceanic water will match the narrow blue range of wavelengths found in that habitat, 

while the sensitivities of fishes found in spectrally diverse shallow waters are adapted to 

match the wavelengths of their particular microhabitat. In a modification of the 

sensitivity hypothesis, the twilight or contrast hypothesis states that visual pigments in 
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aquatic species that are most active at dawn and dusk will be tuned to shorter-

wavelengths found at dusk and dawn (McFarland 1991; Hobson et al. 1981; Lythgoe 

1968).  The hypothesis predicts that spectral sensitivity is tuned to a behaviorally active 

time of day for movement and predation (McFarland and Wahl 1996; McFarland 1991).  

Since there are ample photons for vision over a broad spectral range during the daytime, 

an organism’s sensitivity may shift to a narrower range to enhance contrast sensitivity 

during crepuscular periods.  It has been suggested when light is limiting it may be 

adaptive to match spectral sensitivity of the narrower range of available light (Marshall 

and Vorobyev 2003).  Recent studies on fishes support both hypotheses (Siebeck et al. 

2007; Mosk et al. 2007; Marshall and Vorobyev 2003; Fritsches et al. 2000).   

The objectives of this study were to determine if the response dynamics and 

spectral sensitivities of three species of coastal sharks are correlated with their 

environments and lifestyles.  The temporal resolution of two species of hammerhead, the 

scalloped hammerhead (Sphyrna lewini) and the bonnethead (Sphyrna tiburo), and one 

carcharhinid, the blacknose shark (Carcharhinus acronotus), were quantified under 

scotopic and photopic conditions using response latency and flicker fusion frequency.  

We assessed the function of low light rod vision in each species by determining the 

spectral sensitivity under scotopic conditions.  The shape of the pupils and time required 

to achieve maximum pupil dilation for each species were also examined. 

METHODS 

Specimen collection  

Juvenile scalloped hammerheads (S. lewini) were caught by hand-line fishing in 

Kaneohe Bay, Oahu, HI, USA.  Captured sharks were immediately transported to holding 
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tanks at the Hawaii Institute of Marine Biology (HIMB) at Coconut Island, HI, USA.  A 

total of eight individuals (7 female, 1 male) with an average total length of 56.1 ± 1.1 cm 

were used in this study.  Bonnetheads (S. tiburo) were caught with gill nets on a shallow 

grass flat at Pinellas Point within Tampa Bay, St. Petersburg, FL, USA and had an 

average total length of 81.6 ± 1.9 cm (n=3 female, 3 male).  Blacknose sharks (C. 

acronotus) were captured with gill nets off New Pass, Sarasota, FL, USA and had an 

average total length of 104.5 ± 1.0 cm (n=6 male).  Immediately after capture, the 

bonnetheads and blacknose sharks were transported to holding tanks at Mote Marine 

Laboratory (MML), Sarasota, FL, USA.  These experiments were conducted at the 

University of Hawaii at Manoa and Mote Marine Laboratory in accordance with the 

IACUC of each institution (UHM #01-042-05; MML #07-03-SK1).  

Pupil shape and dilation     

 A single individual of each species was observed to determine the time to 

maximum pupil dilation.  In order to accomplish this, an initial photograph of the eye in 

the light-adapted condition was taken, after which the room was fully darkened and light 

leakage eliminated with black theater cloth.  Subsequent photographs of the eye were 

taken at 0, 1, 2, 3, 5, 10, 15, 20, 25, and 30 minutes after lights out, utilizing a dim red 

LED light to illuminate the eye (less than one s) during the photograph.  The area of the 

pupil at each time interval was calculated using ImageJ software (Rasband, 1997) and the 

ratio of pupil to total eye area was constructed for each species.  These data were used to 

establish the minimum time required for each species to be fully dark-adapted prior to the 

beginning of spectral sensitivity and temporal resolution experiments. The shape of each 

pupil was determined from the photographs. 
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Experimental setup 

The temporal resolution and spectral sensitivity of the photoreceptors were 

electrophysiologically determined in dark-adapted animals using an electroretinogram 

(ERG) technique.  An ERG measures the electrical responses of various cell types in the 

retina.  Experimental animals were anesthetized with tricaine methanesulphonate (MS-

222) (1:15,000 wt: vol).  After respiration ceased (2-4 minutes) animals were quickly 

transferred to an acrylic experimental tank (89x43x21 cm) and secured with Velcro ® 

straps to a submerged plastic stage.  Animals were immediately fitted with an oral 

ventilation tube which delivered a recirculating maintenance dose (1:20,000 wt: vol) of 

MS-222 over the gills and flow was confirmed with a dye test.  The water was aerated 

throughout the trial, and water temperature was maintained between 24-25° C. 

ERGs were recorded with 100-µm tip glass electrodes (Warner Instruments, 

Hamden, CT, USA) filled with 2 M NaCl in 5% agar.  The recording electrode was 

placed within the vitreal posterior chamber of the eye and the reference electrode was 

placed on the skin.  The signals from the electrodes were differentially amplified (1,000-

10,000x) and filtered (low pass 1 kHz, high pass 0.1 Hz) with a differential amplifier 

(DP-304, Warner Instruments, Hamden, CT, USA).  The data were acquired and digitized 

with a Power Lab® 16/30 data acquisition system model ML 880 (AD Instruments, 

Colorado Springs, CO, USA) and stored using Chart™ Software (AD Instruments, 

Colorado Springs, CO, USA).  Extraneous light was eliminated during the experiment by 

use of black theater cloth.  The animals’ eyes were allowed to dark-adapt for a minimum 

of 30 to 45 minutes.  All necessary adjustments in the dark were made under dim red 

light.  
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Temporal resolution  

Temporal resolution of the eye was quantified using two methods: 1) flicker 

fusion frequency and 2) response waveform dynamics.  ERG measurements of flicker 

fusion frequency are influenced by several factors including background and stimulus 

intensity, adaptational state, angle of light presentation, and temperature.  Therefore, all 

subjects were tested in fully dark-adapted states and presented with standardized 

irradiances which emanated from the same angle and bathed the entire eye in light.   

Flicker fusion experiments involved presenting the dark-adapted eye with a 2-s train of 

square pulses of white light (50:50 light: dark ratio) from a computer-controlled LED 

mounted within a submersible acrylic light guide.  The irradiance of the light was 

controlled by a neutral density filter (6 settings).  The highest frequency at which the eye 

could produce an ERG that remained in phase with the stimulus light of a set irradiance 

over a 0.5-s interval was defined as the critical flicker fusion frequency (CFF).  However, 

CFF is dependent on the irradiance of the stimulus light (Bröcker 1935; Crozier and Wolf 

1939; Crozier et al. 1939) such that as irradiance increases, there is an increase in CFF.  A 

less variable characteristic to use for comparative studies is the maximum CFF (CFFmax), 

defined as maximum flicker rate that the eye is capable of following at any irradiance.  

We ensured that we had achieved the CFFmax by demonstrating that at least two irradiance 

increases produced no further increases in CFF.   In order to determine whether light 

adaptation affected CFFmax in the sharks, the entire procedure was repeated under 

ambient room light.  The CFFmax values of all species in both photopic and scotopic 

conditions were compared using one-way ANOVAs (Systat Software, Inc, San Jose, CA, 

USA) with pairwise multiple comparisons by Tukey post-hoc tests.  



 

Response latency, defined as the time from the onset of the light stimulus to the 

initial response of the photoreceptors (a-wave), was determined from the waveform 

dynamics of the ERG at 50% of the maximum response (Vmax).  The V/Log I curves were 

fitted with the Zettler modification of the Naka Rushton equation to ensure the proper 

calculation of Vmax and subsequent use of 50% Vmax (Naka and Rushton 1966a, b; Zettler 

1969):  
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where V = response amplitude at irradiance I; I = stimulus irradiance; m = slope of the 

linear portion of the V/Log I curve; Vmax = maximum response amplitude; K = stimulus 

irradiance eliciting half the maximum response (Vmax).   Although an experimental Vmax 

was not attained in some preparations, Vmax was calculated with the Naka Rushton 

equation, and if the highest response recorded in the eye reached 90% of the calculated 

Vmax, data from these experiments were included in the analyses.  

Spectral sensitivity  
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Electroretinograms (ERG) from dark-adapted eyes of each species (n=6) were 

recorded in response to 100-ms light stimuli of various irradiances and wavelengths.  The 

stimulus light was provided by a FLI-150 fiber optic illuminator (Specialty Optical 

Systems, Inc.) fitted with one of 9 bandpass filters (center wavelengths of 400, 430, 450, 

480, 500, 530, 560, 589, and 620 nm with FWHM =10 nm, Esco Products).  Irradiance 

was controlled with a neutral density filter (6 settings) and duration was controlled with a 

shutter under computer control.  Light was delivered to the submerged eye via a 

bifurcated light guide composed of randomized fibers (Welch-Allyn).  Irradiance at each 
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test wavelength was measured with a UDT Model S370 optometer (UDT Instruments) 

using a calibrated radiometric probe.  Six neutral density filter settings were tested for 

each of the nine wavelengths. The response to a test flash was monitored throughout the 

trial to confirm continual dark adaptation of the eye.  

The ERG waveform is comprised of three primary components which include a-, 

b-, and c-waves (Figure 1).  The ERG b-wave amplitude (µV), defined as the difference 

between the trough of the a-wave and the peak of the b-wave, was measured and utilized 

for all spectral sensitivity calculations.  Voltage vs. log irradiance (V/log I) curves were 

generated from the data for each animal.  The irradiance required to generate a criterion 

response from the linear part of the curve (the lowest point at which all wavelengths 

plotted were linear) was determined for each wavelength.  This was typically 40 μV in S. 

lewini and S. acronotus, and 80 µV in S. tiburo.  The reciprocal of this irradiance was 

plotted vs. wavelength to generate a spectral sensitivity curve.  Data for each animal were 

normalized and then combined within a species to generate mean spectral sensitivity 

curves for each species.   

RESULTS 

 Pupil shape and dilation 

The pupils of each species were maximally dilated after 3-20 minutes of dark 

exposure.  Therefore, to ensure maximal pupil dilation during the experiments decrived 

below, we chose to dark-adapt each animal for a minimum of 30-45 minutes prior to the 

start of an experiment.  The light-adapted pupils of S. tiburo were horizontal slits that 

dilated into ovals near maximum size within 3 minutes (Figure 2).  The pupils of S. lewini 

were nearly rounded but with a slight horizontal elongation and took 10 minutes to dilate 
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fully, while the pupil shape of C. acronotus was round and took 20 minutes to dilate to 

maximum size (Figure 2). 

Temporal resolution 

The scotopic maximum CFF for the three species ranged from 16 to 26 Hz (Table 

2) and was significantly different among species (one-way ANOVA, P=0.007).  Pairwise 

multiple comparisons revealed that the CFFmax of C. acronotus (16 Hz) was significantly 

lower than that of both S. lewini (25 Hz; Tukey, P=0.017) and S. tiburo (26 Hz; Tukey, 

P=0.012). The CFFs of the two sphyrnid species were not significantly different (Tukey, 

P=0.984).  The photopic maximum CFF was slightly higher, ranging from 18 to 31 Hz 

and again differed significantly among species (one-way ANOVA, P=0.007).  

Carcharhinus acronotus again had a significantly lower CFF (18 Hz) than both S. lewini 

(27 Hz; Tukey, P=0.049) and S. tiburo (31 Hz; Tukey, P=0.007).  As with the scotopic 

treatment, the highest CFF was observed in S. tiburo and it did not differ significantly 

from S. lewini (Tukey, P=0.572).  

Response latencies of the 50% Vmax differed among the three species (one-way 

ANOVA, P<0.001) and are given in Table 2.  The mean response latency of C. acronotus 

(34.8 ms) was significantly longer than that of S. tiburo (23.5 ms; Tukey, P<0.001) and S. 

lewini (26.0 ms; Tukey, P=0.001).  The mean response latency of S. lewini was not 

significantly different from that of S. tiburo (Tukey, P=0.310).   

Spectral sensitivity 

V/ Log I curves were constructed for each individual tested (Figure 3).  From 

these data, the irradiance required to generate a criterion response was determined at each 

wavelength.  The criterion response amplitude varied from preparation to preparation, 
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depending on the amount of background noise, but never exceeded 80 µV.  These 

irradiance data were normalized for each individual, and combined within a species to 

generate spectral sensitivity curves (Figure 4).  The dark-adapted spectral sensitivity 

curves of S. tiburo and C. acronotus showed two peaks, with maximum sensitivity (λmax) 

at 480 nm and a secondary peak at 530 nm.  The spectral sensitivity curve of S. lewini 

also had two peaks with maximum sensitivity at 530 nm and a secondary peak at 480 nm 

(Figure 4).  

DISCUSSION 

Pupil shape and dilation 

The most common vertebrate pupil shape is circular and one of the departures 

from this primitive form is the slit pupil, which first appeared in the elasmobranchs 

(Walls 1942).  In bright light the round pupil can contract to a small, nearly perfect circle, 

protecting the retina from too much light.  However, if the retina is exposed to 

excessively bright light, the ring-shaped action of the sphincter muscle may not be 

sufficient for protection.  Therefore, round pupils are typically found in nocturnal animals 

and in species that do not spend a majority of their time in bright conditions (Walls 

1942).  The value of the slit pupil is that it can contract to a nearly closed position, 

thereby fully protecting the eye from intensity changes.  Most slit pupils, at least in 

terrestrial forms, are vertical (Walls 1942) and, when coupled with ocular adnexa 

(eyelids), provide excellent light control.  The pupil of S. tiburo is a horizontal slit,  

which allows for an expansive horizontal visual field.  Its contraction can eliminate the 

brilliance that S. tiburo likely encounters in its shallow, brightly lit environment.  Upon 

dark adaptation, the eyes of S. tiburo dilated most rapidly among the three species tested, 



 

 25

which indicates its ability to quickly adjust to lower light conditions as well.  While not 

as pronounced as that of S. tiburo, the pupil of S. lewini does possess a slight horizontal 

elongation.  This pupillary shape likely expands the visual field in the horizontal plane 

and may allow for the tighter constriction of the pupil than a full circle pupil, but not as 

much as a slit pupil (Walls 1942).  Therefore, based on pupil shape, it appears that S. 

lewini may not require the same degree of protection from excess sunlight as S. tiburo.  

The pupil shape of C. acronotus is fully round and this shape indicates possible nocturnal 

behavior or activity in lower light conditions than the sphyrnids.   

Temporal resolution 

Maximum critical flicker fusion was measured under both scotopic and photopic 

conditions and was higher in all species in the photopic treatment, but the increase was 

not statistically significant.  The CFF max under both scotopic and photopic conditions 

was highest in S. tiburo (25, 31 Hz respectively) and slightly lower in S. lewini (25, 27 

Hz).  Most surprising, however, was the low CFFmax of C. acronotus (16, 18 Hz), which 

is similar to that measured in nocturnal slow-moving insects (Autrum 1958).  The 

relatively low CFFmax of C. acronotus as compared to S. tiburo and S. lewini may reflect 

a more nocturnal lifestyle where sensitivity (contrast detection) may be more vital than 

temporal resolution (tracking ability) for detecting prey.  

All three species in this study are coastal sharks, yet subtle differences in their 

current microhabitats influence their visual performance.  Sphyrna tiburo is associated 

with clear shallow reefs and seagrass beds (Heupel et al. 2004).  Having a higher 

temporal resolution in bright reef and sea grass environments would impart a visual 

advantage.  Sphyrna tiburo feeds upon small teleosts, crustaceans, and cephalopods 
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(Bethea et al. 2007) and accurate visual tracking of these fast-moving prey is critical to 

foraging success (Wilga and Motta 2000).  In seagrass beds, S. tiburo feeds primarily 

upon blue crabs (Callinectes sapidus) and prey detection in this environment would be 

enhanced by high temporal resolution as the shark is swimming and continually scanning 

vegetation (Bethea et. al. 2007).  Additionally, 18 body postures and movement patterns 

have been observed in S. tiburo with nearly half having social relevance (Myrberg and 

Gruber 1974), which suggests that vision may be important in conspecific 

communication.  In addition to the relatively high CFF, the shortest response latency of S. 

tiburo (23.5 ms) and possession of horizontal slit pupils are all indicative of visual 

function under bright conditions.  

Sphyrna lewini was determined to possess a CFFmax (scotopic: 25.1 Hz, photopic: 

27.3 Hz) and response latency (26.0 ms) essentially the same as that of S. tiburo, 

suggesting that it has the capacity to visually track faster moving and elusive prey as 

well.  Juvenile scalloped hammerheads (S. lewini) were captured in Kaneohe Bay which 

is extremely turbid and shallow (less than 15 m) and is where the sharks spend the first 

year of life (Duncan and Holland 2006).  There the sharks feed primarily upon a single 

species of alpheid shrimp and two species of burrowing goby, all of which constitute the 

most abundant benthic megafauna within the bay (Bush 2003).  The cryptic nature and 

fast movement of prey items within this habitat likely place a significant demand upon 

visual system performance in S. lewini juveniles.   However, the water that they are found 

in is murky, and they do not experience the same level of irradiance as S. tiburo, which is 

reflected in the slight difference in pupil shape between the two species.  Unlike the 

horizontal slit pupils of S. tiburo, the pupils of S. lewini have only a slight horizontal 
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elongation which prevents them from constricting as far as S. tiburo, and may represent 

an adaptation for foraging within this murky habitat.  

 Although little is known about the activity patterns of C. acronotus, the fact that it 

inhabits a similar environment as S. tiburo in terms of water transparency, yet has a round 

pupil, significantly lower CFFmax and a significantly longer response latency, suggest a 

crepuscular or nocturnal activity pattern where trade-offs between absolute sensitivity 

and temporal resolution occur (Frank and Widder 1999).   

Spectral sensitivity  

The first electrophysiology experiments on the elasmobranch visual system were 

conducted by Kobayashi in 1962, with most data obtained from eyecup preparations, not 

from intact animals.  Kobayashi examined species from a number of elasmobranch 

genera including Mustelus, Narke, Dasyatis, Urolophus, Platyrhina and Raja and 

reported that most species possessed spectral sensitivities near 500 nm.  The scotopic 

spectral sensitivity of many elasmobranch species have since been determined (Table 1) 

using several different techniques on both eyecups and intact animals and the spectral 

sensitivity of the rod visual pigment (rhodopsin) has been determined to center around 

494-505 nm (McFarland 1991; Gruber and Cohen 1978; Gruber 1977).  Caution must be 

exercised when comparing spectral sensitivity data obtained by different methodologies 

such as spectrophotometry of retinal extracts, microspectrophotometry (MSP), and 

electroretinograms.  The use of pigment extracts can result in shifts in wavelength 

sensitivity maximum (λmax) and MSP may not include the effects of screening pigments 

and other pre-retinal media that are present only in intact eyes.  Electrophysiological data 
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on intact eyes in live animals provide a more biologically meaningful measure of spectral 

sensitivity (Marshall and Vorobyev 2003).   

The peak scotopic spectral sensitivity of S. tiburo and C. acronotus was at 480 nm 

and at 530 nm for S. lewini.  This finding is intriguing as S. tiburo and C. acronotus were 

captured from environments that are similar to each other yet different from that of S. 

lewini.  In order to consider whether the spectral sensitivity of the rod pigments enhances 

scotopic vision, it is necessary to compare their spectral sensitivities to environmental 

spectra at twilight and night.   

McFarland (1991) presented recorded and modeled environmental spectral data 

for midday, twilight, moonlight and starlight at three meters depth.  These data were 

utilized to determine which rod visual pigments of elasmobranchs would be best served 

within each environmental condition.  Examination of the moonlight and starlight data 

reveal spectra between 450-600 nm which differ from daytime spectra in that they 

contain more photons at longer wavelengths.  Therefore, McFarland (1991) concluded 

that for an elasmobranch looking upward in the coastal ocean waters at 3 m depth, a rod 

pigment located anywhere between 450-600 nm would serve equally well to capture the 

downwelling light under daylight, moonlight, and starlight conditions.  In our study, all 

three species have their spectral sensitivity peaks within this range.  Additionally, 

McFarland (1991) determined that the twilight downwelling spectrum peaked between 

460- 470 nm and the possession of a rod pigment located near 480 nm would be best 

suited for this time of day.  Both C. acronotus and S. tiburo possess spectral sensitivity 

peaks at 480 nm which may enhance scotopic vision at twilight. 
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The scotopic spectral sensitivity curves (Figure 4) of each species contain double 

peaks.  Although this experiment was performed under scotopic conditions, which tests 

predominantly rod function, the double peak may indicate input from both rods and cones 

or the presence of two visual pigments.  However, conclusions cannot be drawn about the 

physiological basis of this sensitivity until the chromatic adaptation experiments needed 

to resolve these issues are conducted.   

Ontogenetic considerations 

Of the three species used in this study, the specimens of S. tiburo and C. 

acronotus were adults and S. lewini were juveniles.  Sphyrna lewini adults can exceed 4 

m in length and are too large for the experimental setup. Therefore, special consideration 

needs to be placed upon the results from this species.  It has been demonstrated that the 

rod visual pigment of juvenile lemon sharks (N. brevirostris) differs from that of the 

adults (Cohen et al. 1990) and shifts in spectral sensitivity are likely an adaptation to the 

differing environments experienced by juveniles vs. adults.  Therefore, it is possible that 

the spectral sensitivity of S. lewini could shift towards shorter wavelengths (blue) as they 

mature and move from the turbid greenish bay waters into clear blue oceanic waters. 

In addition to gradual ontogenetic changes, it has been demonstrated that other 

changes to the optical properties of the eye can occur rapidly.  Juvenile S. lewini held in 

shallow pens in Kaneohe Bay, where they were subjected to elevated levels of sunlight 

compared to their typical bay-floor habitat, showed an increase in UV-blocking pigments 

in their corneal tissue (Nelson et al. 2003).  This demonstrates a rapid adaptation to 

irradiance and it is possible that other age-related factors, yet unexplored, may affect 

visual sensitivity as well.  Although our pupil shape, spectral sensitivity, and temporal 
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resolution data support connections between species and their environments, other factors 

such as phylogeny, body form, feeding dynamics and retinal topography may also play a 

role in adapting visual systems to specific environments. 

Future studies should include ERG experiments under photopic conditions and 

integrate chromatic adaptation, which may reveal the presence of several visual pigments.   

It would be particularly interesting to examine the visual performance of juveniles and 

adults of a single species that occur in different habitats since changes in habitat have 

been shown to shift visual pigment complements in one shark species (Cohen 1991).  As 

the sensitivity hypothesis predicts, animals that share a habitat and lifestyle likely 

experience similar spectral sensitivities.  Therefore, determination of the spectral 

sensitivity of visual predators such as tarpon (Megalops atlanticus) and bonefish (Albula 

vulpes) that share the same habitat as S. tiburo would prove interesting.  Lastly, it would 

be of value to examine pupil shape, retinal topography, and visual field to determine if 

these parameters correlate with environmental spectral irradiance given that eye structure 

and position within the head (a visual field determinant) dictate the level of irradiance 

experienced in a given habitat.   
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 Table 2.1.  Comparative spectral sensitivity and critical flicker fusion frequencies of several elasmobranch species. 
 

Species λ max (nm) Method Reference 
Spectral Sensitivity    
   Scyliorhinus canicula 502 ERG Gačić et al. 2006 
   Dasyatis kuhlii 476, 498, 552 MSP Theiss et al. 2006 
   Rhinobatos typus 477, 502, 561 MSP Hart et al.2004 
   Aptychotrema rostrata 459, 492, 533 MSP Hart et al. 2004 
   Rhinobatos lentiginosus 498-499 MSP Gruber et al. 1991 
   Negaprion brevirostris 519-522 ERG Cohen and Gruber 1985 
   Mustelus manazo 494 ERG Niwa and Tamura 1975 
   Triakis scyllia 494-525 ERG Niwa and Tamura 1975 
   Orectolobus japonicus 494 ERG Niwa and Tamura 1975 
   Raja oscellata 500 ERG Dowling and Ripps 1971 
   Dasyatis akajei 494, 525, 584 ERG Tamura and Niwa 1967 
   Heterodontus japonicus 494 ERG Tamura and Niwa 1967 

Species CFF (Hz) Method Reference 
Critical Flicker Fusion    
   Negaprion brevirostris 37 ERG Gruber 1969 
   Raja erinacea 30 ERG Green and Siegel 1975 
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Table 2.2.  Physiological and morphological summary data for the three species of coastal sharks in this study.  
  Temporal resolution as determined by maximum photopic and scotopic critical flicker fusion frequencies.   
  Response latency measured from ERG responses that were 50% of Vmax. Numbers are mean values ± SE. 
 

Species Carcharhinus acronotus Sphyrna lewini Sphyrna tiburo 
Spectral Sensitivity λmax 480 nm 530 nm 480 nm 
Photopic CFFmax (Hz)   18.0 ± 0.85  27.3 ± 3.15  31.0 ± 2.89 
Scotopic CFFmax (Hz) 16.0 ± 1.0  25.1 ± 2.53 25.6 ±2.30 
Response Latency (ms)   34.8 ± 1.10  26.0 ± 0.28  23.5 ± 1.00 
Pupil Shape Round Rounded slight 

horizontal elongation 
    Horizontal slit 
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Figure 2.1     Selected electroretinogram recordings under scotopic conditions.  Letters indicate 
components of the waveform. The eye was stimulated with 100 ms of light at 500-nm wavelength, 
with successive irradiance increases.  The b-waves for each species were positive and increased in 
magnitude with increases in irradiance.  Horizontal lines indicate the amplitude of the b-wave. 

 

 

 



 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2.2    Pupils of each species under dark adapted conditions during the dilation 
trials. 
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Figure 2.3     Response vs. log irradiance curves for Carcharhinus acronotus, Sphyrna 
lewini and Sphyrna tiburo at six different stimulus wavelengths.  Data from these V/Log I 
curves were used to generate spectral sensitivity curves.   These curves were fit with the 
Naka Rushton equation for calculations of Vmax which were used to determine response 
latencies.  Data are representative from one animal of each species.  
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Figure 2.4     Spectral sensitivity of Carcharhinus acronotus, Sphyrna lewini and Sphyrna 
tiburo as measured by electroretinogram under scotopic conditions.  Data represent mean 
values +/- SE.   
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CHAPTER 3 

 VISUAL FIELDS OF FOUR BATOID FISHES: A COMPARATIVE STUDY 

 

ABSTRACT 

The visual fields of elasmobranch fishes are not well characterized even though 

this is a fundamental element of the visual system.  The batoid fishes (skates, rays) form a 

monophyletic clade within the subclass Elasmobranchii and exhibit a broad range of 

morphologies and corresponding ecologies.  We hypothesized that their visual field 

characteristics would reflect their diverse morphology and ecology.  This was tested by 

quantifying the monocular, binocular and cyclopean horizontal and vertical visual fields 

of four batoid species (Raja eglanteria, Urobatis jamaicensis, Dasyatis sabina, and 

Rhinoptera bonasus) that encompassed a range from a basal skate to a more derived ray.  

The horizontal and vertical visual fields differed significantly among species; however, 

all species possessed horizontal anterior and dorsal binocular overlaps.  Urobatis 

jamaicensis, a small reef-associated stingray, demonstrated a 360° panoramic visual field 

in the horizontal plane and R. bonasus, a schooling benthopelagic ray, a 360° panoramic 

view in the vertical plane.  Large anterior binocular overlaps were measured in D. sabina 

(72°) and R. bonasus (46°), but came at the expense of large posterior blind areas.  The 

anterior binocular overlaps in R. eglanteria (28°) and U. jamaicensis (34°) were smaller 

but were coupled with large monocular fields which provided expansive peripheral 
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views.  The most phylogenetically basal species, the clearnose skate (Raja eglanteria), 

had the most reduced visual field in contrast to the more derived ray species.  To our 

knowledge this study represents the first comparative assessment of visual fields in basal 

vertebrates.   

INTRODUCTION 

Elasmobranch fishes (sharks, skates, and rays) were once mischaracterized as 

possessing a poorly developed visual system.  However, elasmobranchs exhibit a variety 

of advanced visual features including mobile pupils, multiple visual pigments (requisite 

for color vision), prominent visual streaks (enhance visual acuity), and a moveable lens 

that facilitates accommodation (Gruber 1977; Hueter et al. 2004).  These are 

characteristics of a much more complex system than previously reported (Hueter 1991).  

Despite recent advances in our understanding of elasmobranch vision, numerous aspects 

remain unexplored, including such fundamental elements as the extent of the visual field. 

An organism’s visual field is the entire expanse of space visible at a given instant 

without moving the eyes.  There are three measures of the visual field, which include the 

field of view of a single eye (monocular); the combined field of view of both eyes 

(cyclopean); and the overlap of the monocular fields (binocular).  The point at which the 

monocular visual fields overlap is termed the binocular convergence point and the 

distance from this point to the central point between the eyes (in the transverse plane) is 

called the convergence distance.  A relatively short convergence distance provides depth 

perception beginning closer to the eyes, whereas with a longer convergence distance 

binocular vision is achieved farther from the eyes.  
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The visual field is an integral component of the visual sensory system and is 

central to an organism’s perception of its environment.  Herbivorous animals that are 

heavily preyed upon often possess laterally positioned eyes with large monocular fields 

which facilitate motion detection of predators (Guillemain et al. 2002).  In contrast, 

predators typically have frontally positioned eyes with a large binocular overlap to 

facilitate accurate depth perception, which is vital for spatially tracking and acquiring 

prey (Blumstein et al. 2000).   

Surprisingly, the importance of the visual field appears to have been overlooked 

as data on the extent of the monocular and binocular visual fields of vertebrates are 

limited to a small group including rabbits (Hughes 1972), rats (Hughes 1979), humans 

(Emsley 1948), frogs and toads (Collett 1977; Fite 1973), and avians (Martin 1994), with 

most visual field assessments limited to birds.  Among aquatic organisms the visual field 

has again been determined in relatively few species, including the harbor seal (Hanke et 

al. 2006), cuttlefish (Watanuki et al. 2000), parrotfish (Rice and Westneat 2005), spiny 

dogfish (Harris 1965), and lemon shark (Hueter and Gruber 1982). Because visual fields 

have been examined in so few species and very few closely related species, the lack of 

cohesion and comparable methods have hindered the ability to formulate and test 

hypotheses regarding evolutionary adaptations of visual fields within phylogenetic and 

ecological contexts.  Therefore, we chose to examine visual fields within a monophyletic 

clade of morphologically and ecologically diverse aquatic vertebrates, the batoid fishes. 

Batoid fishes are dorsoventrally flattened elasmobranchs that constitute a 

monophyletic group nested within the shark clade (Douady et al. 2003).  There are over 

500 batoid species that exhibit tremendous diversity in head morphology, eye position, 
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swimming behavior, and ecology (Fig. 1).  We hypothesized that visual field topography 

would correlate with all of these factors.  In order to test this hypothesis we selected four 

representative species that differ in those characteristics and for which a well-determined 

phylogeny exists (Fig. 1).  

Raja eglanteria 

The clearnose skate (Rajidae) is the most phylogenetically basal species in this 

study (Akbulut 2006; McEachran and Dunn 1998).  The skate is a sub-tropical demersal, 

benthic forager found in the inshore areas of the western Atlantic and northeastern Gulf 

of Mexico (Smith 1997) (Stehmann and McEachran 1978).  It has low-profile dorsally 

positioned eyes set upon a dorso-ventrally compressed disk mottled with dark irregular 

markings (presumably for camouflage).  Based upon the position of the eyes and the 

presence of cryptic markings we predicted that R. eglanteria would have large lateral 

monocular fields for vigilance against predators and its sedentary benthic lifestyle would 

not necessitate a large anterior binocular overlap.    

Urobatis jamaicensis 

  The yellow stingray (Urolophidae) is a small tropical, reef- and seagrass- 

associated ray that commonly buries under sand or lies sedentary in seagrass (Young 

1993).  It is found along the western Atlantic from North Carolina to northern South 

America in a depth range of 1-25 meters (Smith 1997).  Its body has yellow coloration 

with elaborate white spotting, most probably associated with camouflage.  It is a benthic 

forager and has been documented to raise the anterior portion of its disk to attract refuge- 

seeking prey items (Robins and Ray 1986).  The dorsally positioned eyes are periscopic 

enabling them to protrude above the substrate when the ray is buried.  Based upon the eye 
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position and presence of camouflage, we predicted that U. jamaicensis is heavily preyed 

upon and would be vigilant against predators.  Therefore, it likely possesses large lateral 

monocular fields, including good overhead and binocular vision.  

Dasyatis sabina 

The Atlantic stingray (Dasyatidae) is a medium-sized subtropical ray with 

dorsally positioned eyes, a prominent triangular snout, and a counter shaded disk with the 

dorsal surface a deep brown and the ventral surface white.  It inhabits coastal lagoons and 

seagrass habitats shallower than 25 m (Snelson et al. 1988) from the Gulf of Mexico, 

southern Florida and north to Chesapeake Bay, where it feeds upon benthic invertebrates 

(Michael 1993; Cook 1994).  It is taxonomically intermediate within the assemblage and 

demonstrates an undulatory/oscillatory swimming pattern which allows for fast 

continuous locomotion (Rosenberger 2001).  Because of its fast swimming and frontally 

canted eyes, we predicted that D. sabina would have a large binocular overlap and good 

overhead vision for predator detection.   

Rhinoptera bonasus 

The cownose ray (Myliobatidae) is the most derived ray in the study and 

possesses several attributes that distinguish it from the other species.  It is a large tropical 

ray that inhabits the eastern and western Atlantic, Gulf of Mexico, and northern South 

America in waters shallower than 22 m (Robins and Ray 1986).  It is the only species 

with laterally positioned eyes, the only one to exhibit schooling behavior, the only 

benthopelagic ray, and the only species to exhibit true oscillatory swimming.  The head 

extends rostrally well beyond the margins of the pectoral fins and the laterally placed 

eyes provide the potential for vision ventral to the body.  Because of its propensity to 
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form large schools in the water column, we predicted that R. bonasus would have 

binocular vision dorsally, anteriorly and ventrally. 

The goal of this study was to quantify the horizontal and vertical visual fields of 

four batoid species.  We asked three primary questions: 1) how do visual fields differ 

among species that possess different head morphology and eye position?, 2) how do their 

visual fields correlate with their behavioral ecology?, and 3) are similarities in visual 

fields retained in morphologically similar, yet phylogenetically distant species of skate 

and ray?   

METHODS 

Experimental Animals 

All experimental animals were collected in the near shore of FL, USA, except for 

R. eglanteria which was obtained from a breeding population housed at Mote Marine 

Laboratory, Sarasota, FL, USA.  Animals were maintained in flow-through aquaria and 

fed to satiation daily, until utilized for vision trials.  Experimental animal protocols were 

approved and followed under Florida Atlantic University IACUC # A06-09 and Mote 

Marine Laboratory IACUC # 06-07-SK1.  Data on sample size and morphometrics are 

provided in Table 1.  

Experimental Apparatus 

 An electroretinogram (ERG) technique was utilized to determine the extent of the 

horizontal and vertical visual fields.  The ERG uses a recording electrode placed within 

the vitreal component of the eye to detect a change in electrical potential when light 

impinges upon the photoreceptive layer of the retina.  The experimental light source was 

a white light-emitting diode (LED) (Five-mm diameter/1100 millicandella) which 
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delivered a beam of light through an acrylic cylinder which was beveled to terminate in a 

1-mm wide slit.  The acrylic cylinder light guide was painted black so light could 

emanate only from the slit.  The light guide was mounted within a mobile track that was 

fitted upon a protractor which permitted the light guide to be freely rotated around the 

eye in exact degree increments.  The protractor light guide apparatus was positioned with 

a micromanipulator over the dorsal surface of the batoid with the center of the protractor 

carefully aligned at the lateral margin of the cornea.  This permitted the light guide to be 

rotated around the eye in the horizontal plane and deliver a vertical slit of light that 

illuminated the cornea from the dorsal to the ventral margins.  In order to determine the 

vertical visual field, the protractor device was repositioned orthogonally to allow the light 

guide to rotate around the eye in the vertical plane.  We did not determine the visual field 

in the sagittal plane because the dorsal positioning and dorsal exposure of the eye resulted 

in all positive responses in that plane (pilot data).   

The ERG was recorded with 100-micron tip glass electrodes filled with 2 M NaCl 

in 5 % agar.  A recording electrode was placed within the vitreal component of the eye, 

and a reference electrode upon the skin of the batoid.  The electrodes were differentially 

amplified to detect the electrical potential of the photoreceptors when light impinged 

upon the retina.  The output from the electrodes was amplified (100-1000x), and filtered 

(low pass 1 kHz, high pass 0.1 Hz) with a differential amplifier (DP-304, Warner 

Instruments, Hamden, CT, USA).  The data were acquired and digitized with Power 

Lab® 16/30 model ML 880 (AD Instruments, Colorado Springs, CO, USA) and recorded 

at 1 kHz using Chart™ Software (AD Instruments, Colorado Springs, CO, USA).   

Experimental Protocol 
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In order to assess the visual field, animals were anesthetized with tricaine 

methanesulphonate (MS-222) (1:15,000 wt: vol).  After respiration ceased (2-4 minutes) 

animals were quickly transferred to an acrylic experimental tank (89x43x21 cm) and 

secured with Velcro ® straps to a submerged plastic stage.  Animals were immediately 

fitted with an oral ventilation tube which delivered a recirculating maintenance dose 

(1:20,000 wt: vol) of MS-222 throughout the experiment.  The spiracles were plugged 

with small form fitting pieces of sponge to ensure that water flowed over the gills.  

Micromanipulators were then fixed over the tank to hold the two electrodes and the 

protractor/light guide apparatus.  Light leakage into the room was eliminated and a light 

tight box was created to cover the computer and experimenter recording the ERG data.  

The animals were allowed to adapt to the darkened experimental room for thirty minutes 

to ensure maximal pupillary dilation and therefore greatest retinal exposure (Cohen and 

Gruber 1977).   

After full dark adaptation the trial began with a computer controlled 2-second 

flash of the LED directed at the pupil.  A clear ERG response was obtained immediately 

upon activation of the LED (Fig. 2).  After a three-minute delay (to allow the eye to 

recover) the light guide was repositioned in 10 degree increments and the procedure 

repeated.  A low power hand held red LED torch was used by the experimenter to 

illuminate the protractor and reposition the light guide.  The visual field was determined 

by directing the light around the eye and establishing whether or not there was an ERG 

response.  As the limit of the field was approached the testing was reduced from 10 to 1 

degree increments.  The last angle to produce an ERG response was defined as the limit 

of the visual field.  All measures were taken on anesthetized animals whose eyes were in 
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a static relaxed state.  At the conclusion of each experiment, animals were ventilated with 

fresh seawater and all animals revived and recovered fully. 

Analysis   

The horizontal and vertical visual field limits were defined by four demarcations: 

anterior horizontal (AH), posterior horizontal (PH), dorsal vertical (DV), and ventral 

vertical (VV).  In the horizontal plane 0° was set anterior to the eye, 90° directly lateral to 

the eye, and 180° posterior to the eye.  In the vertical plane 0° was dorsal to the eye, 90° 

directly lateral to the eye, and 180° ventral to the eye (Fig. 3).  Because the pectoral fins 

of R. eglanteria, D. sabina, and U. jamaicensis occlude a continuous ventral visual field, 

the ventral visual limit was determined, in addition to the ERG, by digitally 

photographing each individual head-on and using the software Image J (Rasband, 1997) 

to calculate the angle from the midline of the eye to the disc wingtip.   

The convergence distance and blind area were calculated for each individual 

based upon the inter-ocular distance (distance between the eyes) and visual field 

demarcations.  To facilitate comparison of visual field parameters, we also calculated 

convergence distance and blind area for each individual by utilizing a standardized inter-

ocular distance (5 cm, the mean of all species combined), thereby eliminating animal size 

as a confounding factor.   

In order to determine the extent of eye rotation, we used surgical forceps to fully 

retract the medial and lateral rectus muscles from a minimum of six freshly dead 

individuals of each species.  Eyes were photographed dorsally in the natural, converged, 

and diverged positions and the angle of rotation determined using Image J software 

(Rasband 1997).  
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In order to determine differences in the visual fields among the four batoid 

species, the monocular and binocular visual fields, convergence distance, blind area, 

visual field demarcations (AH, PH, DV, VV), and eyeball rotations of all individuals 

were compared using one-way ANOVA (Systat Software, Inc., San Jose, CA, USA) with 

pairwise multiple comparisons by Tukey post-hoc tests.  The cyclopean visual field data 

were non-normal and analyzed with a Kruskal-Wallis ANOVA on ranks with multiple 

comparisons using Dunn’s method. 

RESULTS 

The ERG technique permitted the direct measurement of the functional visual 

field in the horizontal and vertical planes.  The visual field demarcations in both planes 

differed significantly among the four batoid species (Fig. 3) (Horizontal: anterior 

ANOVA, F=17.0, P=<0.001; posterior ANOVA, F=19.4, P=<0.001) (Vertical: dorsal 

ANOVA, F=28.2, P=<0.001; ventral ANOVA, F=1599.7, P=<0.001).  Pairwise 

comparisons are illustrated in Figure 3.  Based upon the visual field demarcations, the 

monocular, binocular, and cyclopean visual fields were calculated for all species in the 

study (Table 1).  The visual fields in both the horizontal and vertical planes differed 

significantly among the four species (Fig. 4) (horizontal ANOVA, F=8.9, P=<0.001 

vertical ANOVA, F=620.5, P=<0.001).  Pairwise comparisons are outlined in Table 2. 

The visual field demarcations and inter-ocular distance (cm) for each individual 

were utilized to construct the convergence distance (cm) and blind area (cm2).  Both 

convergence distance and blind area were calculated using a standardized inter-ocular 

distance to eliminate the effects of body size (Table 1).  The standardized convergence 

distance and blind area differed significantly among the four batoid species in both the 
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horizontal and vertical planes (Fig. 4) (standardized convergence distance: horizontal 

ANOVA, F=16.0, P=<0.001; vertical ANOVA, F=14.0, P=<0.001) (blind area: 

horizontal ANOVA, F=16.0, P=<0.001; vertical ANOVA, F=14.0, P=<0.001).  Pairwise 

comparisons are provided in Table 2.  

The visual field topography changes with eyeball rotation; therefore, we measured 

the maximum anterior and posterior eyeball rotation in the horizontal plane (Table 1).  

The degree of eyeball rotation differed significantly among species in both anterior 

(ANOVA, P=22.1, F=<0.001) and posterior directions (ANOVA, P=11.5, F=<0.001).  

Pairwise comparisons are provided in Table 2.  Given the data on eyeball rotation we 

constructed the dynamic visual fields with the eyes converged (positioned anterior) and 

with the eyes diverged (positioned posterior) (Fig. 5).  

DISCUSSION 

In an effort to bring broader relevance to our findings, we contrasted batoid visual 

fields to the visual field types described for birds.  In birds Type I visual fields are 

characterized by a binocular overlap of 20-30° and are found in species that commonly 

lunge and peck and rely on vision for information on locomotion and feeding.  Type II 

visual fields are characterized by a binocular overlap of less than 10° and are commonly 

found in tactile feeders that rely on vision less for detection and procurement of food and 

more for vigilance against predators and detecting conspecifics.  Type III visual fields 

consist of broad binocular overlaps (≈50°) that are coupled with large posterior blind 

areas, and are seen in fast moving predators that may simultaneously utilize other sensory 

modalities (Martin and Katzir 1999) just prior to prey capture.  Although anatomical 

features, such as the structure of the retina, differ between birds and elasmobranchs, both 
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groups face the common challenges of predator vigilance, and optimizing frontal vision 

for locomotion, feeding, and mate detection.  Therefore, it would not be surprising to find 

the convergence of visual field types in terrestrial and aquatic organisms.  The visual 

field characteristics of both U. jamaicensis and R. eglanteria were similar to the Type I 

and II visual fields in birds, whereas D. sabina and R. bonasus were more similar to Type 

III visual fields.  Both U. jamaicensis and R. eglanteria possess distinct body markings 

and elaborate pupillary structures (both presumably for camouflage) that suggest predator 

vigilance is paramount, which is a behavioral characteristic found in birds with Type II 

visual fields.  Additionally, D. sabina and R. bonasus move faster than the other species 

and may utilize other sensory modalities to search for prey, which is a shared behavioral 

characteristic of birds that possess Type III visual fields.  

Morphology  

All four batoid species possessed horizontal anterior binocular overlaps which 

confer frontal vision.  The overlaps were largest in R. bonasus and D. sabina and were 

comparable to species with nearly frontally facing eyes such as the frog Rana pipiens 

(90°) (Grobstein et al. 1980).  However, the large binocular overlaps apparently came at 

the expense of reduced posterior visual fields as D. sabina and R. bonasus had the largest 

posterior blind areas.  The horizontal anterior binocular overlaps in U. jamaicensis and R. 

eglanteria were smaller than the other species, but large enough to allow visually guided 

locomotion and feeding.  Urobatis jamaicensis was the only species to have a full 360º 

panoramic view on the horizontal plane.  A dorsal binocular overlap was measured in all 

species and U. jamaicensis had the largest overlap (38°).  Rhinoptera bonasus had the 

greatest morphological departure from all species in the study and its laterally positioned 
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eyes, set anterior to the pectoral wings, allow for a full 360° vertical cyclopean field 

around the head. 

Dasyatis sabina is the only batoid for which there are some existing visual field 

data in the literature (Nicol, 1978).  The visual fields in Nicol’s study were determined 

utilizing photographs of the eyes.  Despite differences in methodology, the monocular 

visual field of D. sabina obtained in this study (199º) is very similar to that reported by 

Nicol (190º).  Sivak (1975) described a ramp retina in D. sabina which permits 

simultaneous focus of images at various distances and Logiudice and Laird (1994) 

reported the presence of rods, cones, and a horizontal visual streak.  The horizontal visual 

streak would likely enhance the visual acuity within the horizontal monocular visual field 

of D. sabina, which was the largest measured in this study.  

The extent of exposure of the globe of the eye and the position of the eye within 

the socket partially determine the expansiveness of the visual field.  The eye of U. 

jamaicensis protrudes from the eye cup more than other species and the posterior and 

dorsal skin is positioned farther from the globe of the eye.  This direct exposure may 

contribute to U. jamaicensis possessing the widest measured vertical binocular overlap.  

The eye of D. sabina is canted slightly forward and skin surrounding the anterior portion 

of the eye is retracted resulting in the largest measured anterior binocular overlap.         

Eyeball rotation changes visual field topography and all four species 

demonstrated anterior binocular convergence with the eyes in the relaxed and converged 

states.  However, even in the diverged state, D. sabina and R. bonasus still retained 

anterior binocular convergence but they did not achieve posterior binocular convergence.  

In contrast, the 16˚ posterior blind area in R. eglanteria is abolished and replaced by an 8˚ 
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binocular overlap when the eyes are moved from a relaxed to a diverged state (Fig. 5).  

Even in the diverged state, R. eglanteria retains anterior binocular overlap providing it 

with full 360˚ vision.  

 Locomotion 

The convergence distance and blind areas are measures of special interest within 

the context of locomotion.  In fast-moving species the possession of short convergence 

distances and small blind areas would confer an advantage in optimizing visual 

information.  The four batoids demonstrate three distinct locomotory patterns 

(Rosenberger 2001).  Both R. eglanteria and U. jamaicensis utilize an undulatory (more 

than one wave present on the fin at a time) swimming pattern that is associated with a 

more sedentary lifestyle.  The skate had the longest horizontal anterior convergence 

distance (10 cm) followed by the U. jamaicensis (8 cm).  For both of these sedentary 

species binocular vision starting near the head may not be as important as for faster 

swimming species.  Dasyatis sabina, which has a large anterior binocular overlap and the 

shortest horizontal anterior convergence distance (3 cm), demonstrates an intermediate 

swimming pattern which is a blend of undulation and oscillation (between half a wave 

and one wave present on the fin) (Rosenberger 2001).  The most derived ray in the 

assemblage, R. bonasus, is the only one to exhibit true oscillatory swimming (fin moves 

up and down with less than half a wave present on the fin) and has a large anterior 

binocular overlap similar to that found in D. sabina.  This binocular overlap is important 

as they tend to form large schools in the water column (Blaylock 1989). 

Ecology 
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 The habitat associations of the batoids are different and correlate to aspects of 

their visual fields.  Raja eglanteria is demersal, inhabits mudflats, estuaries, and rubble 

bottoms which allow the skate to bury and protrude the eyes from the bottom (Bigelow 

and Schroeder 1953).  Urobatis jamaicensis often buries in the substrate (Michael 1993), 

giving its periscopic eyes a panoramic 360° view of the complex reef environment.  The 

large anterior binocular overlap found in D. sabina is beneficial as they negotiate turbid 

shallow coastal lagoons with sea grass and sandy bottoms (Snelson et al., 1988).  

Rhinoptera bonasus is the only bentho-pelagic ray with ventral binocular vision that 

permits viewing of the oyster beds and estuarine seagrass common to its habitat 

(Blaylock 1989).  Additionally, R. bonasus is known to school in large numbers (Clarke 

1963) and the 360° vertical field would allow for viewing of conspecifics while 

swimming.  

All three demersal species bury themselves in the substratum, presumably to 

avoid detection by predators.  Both R. eglanteria and U. jamaicensis possess camouflage 

coloration and an elaborate pupillary operculum (Fig. 6).  The pupillary operculum has 

been suggested to enhance camouflage of the eyes in these substrate dwelling species 

((Douglas et al. 2002) in addition to controlling the amount of light that enters the eye 

and maintaining a shallow depth of field (Murphy and Howland, 1991) (Sivak and Luer 

1991).  We predicted that the demersal species should therefore possess good overhead 

vision to enable them to remain vigilant while buried.  We found that U. jamaicensis and 

D. sabina both possessed a greater (larger) dorsal visual field than the clearnose skate.  

This may be a reflection of the skate’s basal phylogenetic position or the evolution of 

more periscopically positioned eyes in the more recently derived rays. 
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Because the three demersal species feed primarily upon benthic infauna, vision 

does not likely play an important role in prey detection.  Indeed, with their dorsally 

positioned eyes and ventrally positioned mouth, these species can never see what they eat 

and rely instead upon exquisitely sensitive touch receptors (Maruska and Tricas 1998) 

and electroreceptors (Sisneros and Tricas 2002; Blonder and Alevizon 1988) to localize 

their prey.  Unlike the benthically associated species, R. bonasus often swims in the water 

column (Blaylock 1989) where its lateral line and electrosensory systems, which both 

operate at close range, would be unable to provide it with spatial information about the 

location of its benthic prey.  The diet of R. bonasus is composed primarily of benthic 

mollusks with a small percentage of teleosts (Smith and Merriner 1985).  Therefore, the 

expanded ventral visual field may enable R. bonasus to visually locate the oyster and 

clam beds upon which they feed. 

Raja eglanteria was determined to have the most reduced visual field in 

comparison to the more derived rays.  However, the clearnose skate does possess one 

specialization that the rays do not, that is, the translucent panes of rostral tissue from 

which they derive their common name.  To our knowledge, the functional significance of 

the translucent rostral tissue has never been addressed in the literature.  The fact that the 

horizontal visual field overlaps the rostral panes led us to hypothesize that R. eglanteria 

may have the ability to see through its own translucent tissue.  To this end we directed a 

beam of light from beneath the translucent pane and impinged the light onto the retina 

and recorded a positive ERG response.  This response simply demonstrates that light can 

be detected through the rostral tissue; whether this corresponds to a visual or behavioral 

function remains to be tested.  However, it is interesting to note that the mouth of R. 
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eglanteria is located ventrally and immediately posterior to the rostral panes.  These 

windows may allow for last second visual tracking and acquisition of prey.  Although 

clear image formation through the panes is unlikely, they may at least permit the 

detection of motion.  Rostral translucency is not limited to this species and is found 

within several skate species and has independently evolved in the guitarfish 

(Rhinobatidae).  A future goal is to investigate a possible visual function of these panes.  

Whereas vision may not play as important a role as electroreception in locating 

benthic or cryptic prey, vision may be most important in vigilance against predators and 

in detecting potential mates.  Both R. eglanteria and U. jamaicensis were determined to 

have large monocular fields and an approximately 20-30° binocular overlap.  This has 

been described as the optimal functional width in birds as it allows sufficient optic flow 

field information to ensure accurate locomotion and prey capture while still maximizing 

the peripheral view (Martin 2007).  The horizontal anterior binocular overlaps in D. 

sabina and R. bonasus are large (≈50°) and are coincident with large blind areas behind 

the head.  This Type III visual field is characteristic of predators with large eyes that 

show a reduction in vigilance behavior.  This is supported by the fact that neither of these 

species possesses the elaborate body camouflage or pupillary operculum structures that 

are present in R. eglanteria and U. jamaicensis.   

Evolution 

The finding that the most limited visual field was present in the most basal species 

in our assemblage, R. eglanteria, has relevance in an evolutionary context.  All of the 

rays in this study had larger visual fields on the horizontal plane and in the case of R. 

bonasus in the vertical plane.  This discovery suggests that skates may have had a smaller 
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visual field that expanded during the radiation of the rays, which in turn shifted the visual 

field to suit each species’ particular ecological niche.  However, since the visual field of 

only one skate was determined in this study, more assessments are needed to resolve the 

question. 

In order to determine whether a species visual field shifts as a result of its 

ecological niche, it would be interesting to determine visual fields of other species that 

are further morphological departures from the species examined in the present study.  For 

example, the manta (Manta birostris), a huge derived pelagic ray has truly unique head 

morphology with large cephalic lobes that aid in feeding.  The manta has laterally 

positioned eyes, yet they are canted slightly forward, which most likely results in a 

binocular overlap which would be beneficial to the ray as it continually swims and feeds 

on plankton.  However, unfurling the cephalic lobes during feeding may partially occlude 

the frontal visual field.  In order to compensate for this visual field reduction, the manta 

may rotate the eyes anteriorly, as independent eye movement has been observed in this 

species in the wild (Coles 1916).   

A visual field assessment of guitarfish would be relevant as the Atlantic 

guitarfish, Rhinobatos lentiginosus, and the shovelnose guitarfish, Rhinobatos productus, 

both posses rostral translucency similar to that observed in R. eglanteria.  If there is a 

visual function associated with the presence of rostral translucency, a visual field overlap 

of the rostral tissue would be predicted, as was demonstrated in R. eglanteria.  

It is possible that the benthic batoids have a capacity for greater ventral visual 

fields, and that the constraint is merely due to occlusion by the pectoral fins and not a 

limitation of the visual apparatus.  This could be verified by examining a morphologically 
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similar species that is not constrained to a benthic environment and demonstrates a more 

oscillatory swimming pattern.  The pelagic stingray, Pteroplatytrygon violacea, has a 

nearly worldwide distribution and is commonly found in the top 100 m over deep waters 

(Mollet 2002).  It is closely related to D. sabina and has similar body morphology and 

eye position.  However, P. violacea is pelagic and its pectoral fins are wider and more 

flexible than D. sabina (Rosenberger 2001).  The greater ventral excursion of the pectoral 

fins while swimming will likely result in an expanded ventral visual field.  

The goals of this study were to test whether visual fields varied among batoid 

species, if the extent of the visual fields correlated with their behavioral ecology, and if 

visual fields demonstrated greater similarity among closely related species compared to 

phylogenetically distant ones.  The four batoid species in this study differ in head 

morphology, eye position (Compagno 1977), pectoral fin locomotion (Rosenberger 

2001), feeding dynamics (Dean et al. 2005; Smith and Merriner 1985), and habitat 

associations (Snelson et al. 1988).  Whereas our data suggest interesting correlations 

between visual fields and ecology, data from other species, especially those that possess 

morphological distinctions, are needed to definitively correlate the visual fields of 

elasmobranch fishes with aspects of their ecology.  
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             Table 3.1. Morphometric summary data for all batoid species.  Values represent mean ± S.E.M. 

 
 

 
 
 

Family Rajidae Urolophidae Dasyatidae Rhinopteridae
Species Raja eglanteria Urobatis jamaicensis Dasyatis sabina Rhinoptera bonasus 
N 6 6 7 6 
Disc Width (cm) 22.9±0.8 17.7±0.4 24.6±0.6 40.0±1.9 
Habitat Demersal Reef/Seagrass Demersal Bentho-pelagic 

Lateral Eye Position Dorsal Dorsal Dorsal 
Intraocular- Distance (cm) 2.8±0.6 3.0±0.1 5.2±0.2 7.0±0.4 
Horizontal Plane     
Monocular   186.0º±2.6        198.0º±2.0    199.0º±3.1      184.0º±2.6 
Binocular     28.0º±2.4          34.0º±3.2      72.0º±6.7        46.0º±4.7 
Cyclopean   344.0º±3.9        360.0º±0.3 327º±6.1         321º±2.3 
Standardized     
Anterior Convergence Distance (cm)        10.6±0.8             8.6±0.8   3.7±0.5           6.3±0.7 
Anterior Blind Area (cm2)        13.2±1.0  10.8±1.0   4.7±0.7           7.9±0.9 
Anterior Eye Rotation (°)        8.1°±1.2            8.1°±0.6     18.3°±0.9         7.5°±1.4 
Posterior Eye Rotation (°)      12.0°±0.6          15.0°±1.0     12.1°±1.4         5.8°±1.1 
Vertical Plane     
Monocular    104.0º±0.7        132.0º±1.1    115.0º±1.4      196.0º±2.6 
Binocular        8.0º±1.5          38.0º±2.6      20.0º±2.7        12.0º±2.5 
Cyclopean    200.0º±0.5        224.0º±2.5    211.0º±0.7      360.0º±0.0 
Standardized     

        35.7±11.3 Dorsal Convergence Distance (cm)  43.9±9.0             7.4±0.5       15.7±2.6 
Dorsal Blind Area (cm2)  54.9±11.3             9.2±0.6       19.6±3.2        44.6 ±14.1 



 

 
 
Table 3.2. Statistical significance of pairwise comparisons (p-values) of the visual       
field parameters for all batoid species. 
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Vertical 

Monocular  Monocular 
 Raja Urobatis Dasyatis Raja Urobatis  Dasyatis 
Urobatis 0.029 - - <0.001 - -  
Dasyatis 0.012 NS - <0.001 <0.001 -  
Rhinoptera NS 0.006 0.002 <0.001 <0.001  <0.001 
Binocular  

 
Binocular 

 Raja Urobatis Dasyatis Raja Urobatis
 

Dasyatis 
Urobatis NS - - <0.001 - - 

 Dasyatis <0.001 <0.001 - 0.007 <0.001 - 
 Rhinoptera NS NS 0.005 NS <0.001 NS 
 Cyclopean 
 

Cyclopean 
 Raja Urobatis Dasyatis Raja Urobatis

 
Dasyatis 

Urobatis NS - - <0.05 - - 
 Dasyatis NS <0.05 - NS NS - 
 Rhinoptera NS <0.05 NS <0.05 NS <0.05 
 

Convergence Distance (cm) Convergence Distance (cm)  
 Raja Urobatis Dasyatis Raja Urobatis  Dasyatis 
Urobatis NS - - <0.001 - -  
Dasyatis NS NS - NS 0.001 -  
Rhinoptera NS 0.021 0.002 NS <0.001 0.017  
Blind Area (cm2) Blind Area (cm2)  
 Raja Urobatis Dasyatis Raja Urobatis  

 
Dasyatis 

Urobatis NS - - <0.001 - - 
 Dasyatis NS NS - NS <0.001 - 
 Rhinoptera <0.001 <0.001 <0.001 0.001 <0.001 0.004 
 Anterior Eye Rotation (°) Posterior Eye Rotation (°) 
  Raja Urobatis Dasyatis Raja Urobatis
 

Dasyatis 
Urobatis NS - - NS - - 

 Dasyatis <0.001 <0.001 - NS NS - 
 Rhinoptera NS NS <0.001 0.005 <0.001 0.004 
        
 NS= not significant      
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Figure 3.1   Phylogeny of batoid fishes (based on Shirai 1996; Sasko et al., 2006) 
depicting the most basal skate (Raja eglanteria), intermediate rays (Urobatis jamaicensis, 
and Dasyatis sabina) and most derived ray (Rhinoptera bonasus). Line drawings of 
batoids are modified from Bigelow and Schroeder, 1953. 
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            Figure 3.2.  The electroretinogram waveform response of Raja eglanteria to light 
stimulus.  The presence of a positive waveform to the flash was the criterion used to 
determine the functional visual fields of the batoid fishes.  Step bar indicates onset and 
duration of light flash.  
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            Figure 3.3.  The mean value (± S.E.M.) of each visual field demarcation as measured on 

both the horizontal and vertical planes.  Bars that share the same upper or lower case 
letter do not differ significantly.  
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            Figure 3.4.  The static functional horizontal and vertical visual fields of four batoid 
species.  Values within the shaded area represent monocular visual fields (left side) and 
the standardized convergence distance (right side).  Values shown outside of the shaded 
areas represent binocular overlaps and values in parentheses indicate blind areas.  
Urobatis jamaicensis possesses a 360º horizontal visual field and Rhinoptera bonasus 
possesses a 360º vertical visual field.  Line drawings of batoids are modified from 
previous publications (Bigelow and Schroeder, 1953; Nicol, 1978).  
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            Figure 3.5.  Visual fields and eye movements.  The dynamic horizontal visual fields of 
four batoid species when the eyes are fully converged and fully diverged.  The values at 
the anterior and posterior margins of the disk indicate the degrees of binocular overlap or 
blind area if in parenthese 
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            Figure 3.6. The elaborate pupillary operculum structures that allow for the control of light 

entering the eyes of U. jamaicensis (left) and R. eglanteria (right).  
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CHAPTER 4 

 ENHANCED VISUAL FIELDS IN HAMMERHEAD SHARKS 

ABSTRACT 

Several factors that may have shaped the evolution of the unusual head 

morphology of hammerhead sharks (family Sphyrnidae) are proposed, but few are 

empirically tested.  In this study the ‘enhanced binocular field’ hypothesis that proposes 

enhanced frontal binocularity was tested by comparison of the horizontal and vertical 

visual fields of two hammerhead species: the scalloped hammerhead, Sphyrna lewini, and 

the bonnethead, Sphyrna tiburo, with that of two carcharhinid species: the lemon shark, 

Negaprion brevirostris, and the blacknose shark Carcharhinus acronotus.  Additionally, 

eye rotation and head yaw were quantified to determine if sphyrnids compensate for 

potentially larger blind areas anterior to the head.  The horizontal monocular visual fields 

of the scalloped (182 º) and bonnethead (176 º) are greater than those of the lemon (159 º) 

and blacknose (172 º) sharks.  However, the sphyrnids also possess a larger anterior blind 

area than the two carcharhinids.  The horizontal anterior binocular overlap was 

significantly greater in the scalloped hammerhead (32º) than in the bonnethead (13 º) 

lemon (10 º) and blacknose (11 º) sharks.  Neither hammerhead species demonstrated 

greater eye rotation in the anterior or posterior direction. However, both the scalloped 

hammerhead and bonnethead exhibited significantly greater head yaw during swimming 

(16.9 º, 15.6 º respectively) than the lemon (15.1 º) and blacknose (15.0 º) sharks 
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indicating a behavioral compensation for the enlarged anterior blind area.  This 

study illustrates the larger binocular overlap in hammerhead species relative to their 

carcharhinid sister taxa and is consistent with the ‘enhanced’ binocular field hypothesis. 

INTRODUCTION 

In their 400 million year evolutionary history elasmobranch fishes (sharks, skates, 

and rays) have evolved a rich morphological diversity (Karatajute-Talimaa 1992, Capetta 

et al 1993). One of the most unique morphological innovations is the dorso-ventrally 

compressed and laterally expanded cephalofoil that defines the hammerhead sharks 

(Elasmobranchii, Carcharhiniformes, Sphyrnidae). This head expansion ranges from 

modest in the bonnethead, Sphyrna tiburo, to extreme in the winghead shark, Eusphyra 

blochii, which is characterized by a wing like head with a width approaching 50 percent 

of the total body length (Compagno 1984).  The head morphology of all other 

hammerhead species lies between these two extremes (Fig. 1).  

The uniqueness and peculiarity of the expanded cephalofoil has resulted in 

speculation about its function and formulation of several hypotheses that require 

empirical testing.  The cephalofoil may confer advantages which include: greater lift and 

maneuverability (Thompson and Simanek 1977; Compagno 1984; Nakaya 1995; Kajiura 

2001; Kajiura et al. 2003), enhanced prey acquisition and manipulation (Strong et al. 

1990; Chapman and Gruber 2002), greater electrosensory capability (Compagno 1984; 

Kajiura 2001) and superior olfactory gradient resolution (Compagno 1984, Johnsen and 

Teeter 1985).   

Of particular relevance is how the lateral displacement of the eyes on the distal 

tips of the cephalofoil constrain or enhance the visual capabilities of the hammerheads in 



 

 66

contrast to their sister shark taxa which possess a more conventional head shape.  Two 

competing predictions for extreme eye lateralization in the hammerhead sharks were 

proposed. Walls (1942) stated that in hammerheads, each eye field is independent with no 

possible overlap, thus precluding anterior binocular vision.  In contrast, Compagno 

(1984) argued that the widely spaced eyes on the tips of the head result in increased 

anterior binocular overlap.  Thus, a comparative test of binocular overlap among related 

species is needed (Schwab and McComb 2007). 

The visual field is the expanse of space visible to an organism without inclusion 

of eye movement.  There are three primary measures of the visual field: single eye 

(monocular), both eyes combined (cyclopean), and overlap of two monocular fields 

(binocular) (Collin and Shand 2003).  The point closest to the eyes at which the 

monocular fields overlap is termed the binocular convergence point, and the distance 

from this point to the central point between the eyes is the convergence distance.  The 

shorter the convergence distance, the closer to the head the eyes support binocular vision.  

Binocular depth perception occurs as a result of stereoscopic vision where separate 

images from two eyes are combined in the brain to form a three dimensional image.  

Although depth perception can be achieved with only monocular vision, it is enhanced by 

binocular vision (Pettigrew 1991).  In general, prey species are characterized by large 

monocular fields which scan the environment for predators, whereas predators 

demonstrate increased binocularity which facilitates detection and localization of prey 

(Lythgoe 1979).  

The extent of the visual field is species-specific and dictated by factors which 

include head morphology, eye position, eye mobility, pupil shape, lens movement, head 
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movement, eye socket depth, and extent of eye protrusion from the body contour (Collin 

and Shand 2003).  Whereas the size of the visual field for each eye is fixed; eye mobility 

changes the amount of binocular overlap.  

 The goal of this study was to test the main prediction of the ‘enhanced binocular 

field’ hypothesis that there is greater overlap in the anterior visual fields of the 

hammerhead shark than in shark species with a more conventional head morphology.  We 

experimentally compared the horizontal and vertical visual fields of two hammerhead 

shark species, the scalloped hammerhead (Sphyrna lewini) and the bonnethead (S. tiburo) 

to two carcharhinid species, the lemon shark (Negaprion brevirostris) and the blacknose 

shark (Carcharhinus acronotus).  We also assessed other features that affect the visual 

fields including pupil shape, convergence distance, and blind area within the four species.  

In addition we quantified the degree of posterior and anterior eyeball rotation and head 

yaw, both of which may affect anterior blind area.  

METHODS 

Animal Collection 

All experimental animals were collected with long line, hand line, and gillnets 

from June 2006 through September 2007.  Scalloped hammerhead sharks were collected 

in Kaneohe Bay, Oahu, HI, USA and maintained at the Hawaii Institute of Marine 

Biology (HIMB) on Coconut Island, HI, USA.  The bonnethead and blacknose sharks 

were collected near shore of Pinellas Point within Tampa Bay, FL, USA, and New Pass, 

Sarasota, FL, USA, respectively, and maintained at Mote Marine Laboratory in Sarasota, 

FL.  Lemon sharks were captured near Long Key, FL, USA, and maintained at the 

Florida Atlantic University Marine Laboratory, Boca Raton, FL, USA.  Animals were fed 
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daily to satiation and experiments were generally conducted within one week of capture. 

Data on sample size and morphometrics are provided in Table 1.  Experimental protocols, 

including care and use, were approved by the IACUC of each institution: University of 

Hawaii at Manoa (UHM #01-042-05), Mote Marine Laboratory (MML #07-03-SK1) and 

Florida Atlantic University (# A09-04). 

Pupil Dilation and Shape 

 A single individual of each species was tested to establish the time to maximum 

pupil dilation.  Experiments were initiated by administration of the anesthetic, tricane 

methanesulphonate (MS-222) (1:15 000 w/v) into a tank until the shark ceased 

respiration.  The animal was then quickly transferred to the clear acrylic experimental 

tank, strapped to a stationary platform, immediately ventilated with a maintenance dose 

(1:20 000 w/v) of MS-222 in aerated seawater and monitored throughout the trial.  The 

platform was positioned to minimize the distance of the shark’s eye from the wall of the 

tank.  A camera was mounted upon a tripod to ensure a constant distance between the 

imaging plane and the eye.  The eye was photographed in the light adapted condition, and 

subsequently all light was extinguished.  Photographs of the dark-adapting eye were 

taken at 0, 1, 3, 5, 10, 15, 20, 25, and 30 minutes briefly utilizing a dim red light for 

illumination.  The pupil area and total eye area were quantified from the photographs 

using the image analysis software ImageJ.  Relative pupil area was plotted against time 

and the asymptote was used to determine the minimum time required for each species to 

become dark-adapted (ensuring maximum retinal exposure).  Pupil shapes were 

determined from the photographs.  

Visual Fields 
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The horizontal and vertical visual fields were determined in dark-adapted animals 

using the electroretinogram (ERG) technique.  The experimental apparatus and protocol 

have been detailed previously (McComb and Kajiura 2008) and are here outlined only 

briefly.   

 Experimental Apparatus- The light source stimulus was a white light emitting 

diode that delivered a beam of light through a clear acrylic cylinder which was beveled to 

terminate in a 1-mm-wide slit.  The light source was mounted to a mobile track fitted on a 

protractor which allowed 360º rotation around the eye in precise degree increments.  The 

center of the protractor was first positioned with a micromanipulator above the shark 

horizontally at the lateral margin of the cornea.  The light guide was rotated around the 

eye and delivered a vertical beam plane that illuminated the retina from the dorsal to 

ventral margins.  The protractor device was then adjusted to an orthogonal position for 

determination of the visual field in the vertical plane.  A 100 µm tip glass recording 

electrode pierced the sclera so the tip was within the vitreal component of the eye to 

detect a change in electrical potential when light impinged upon the photoreceptive layer 

of the retina.  A reference electrode was positioned upon the skin and the output from the 

electrodes was differentially amplified (1000x) and filtered (low-pass 1 kHz, high-pass 

0.1Hz) with a differential amplifier (DP-304; Warner Instruments, Hamden, CT, USA).  

The data were acquired and digitized with a Power Lab® 16/30 data acquisition system 

model ML 880 (AD Instruments, Colorado Springs, CO, USA).    

Experimental Protocol  

 Experiments were initiated by administration of the anesthetic, tricane 

methanesulphonate (MS-222) (1:15 000 w/v) into a tank until the shark ceased 
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ventilation.  The animal was then quickly transferred to the experimental tank and 

immediately ventilated with a maintenance dose (1:20 000 w/v) of MS-222 in aerated 

seawater and monitored throughout the trial.  The electrodes and light guide were 

positioned using micromanipulators and the room darkened for 30-45 minutes to allow 

dark-adaption and maximum pupil dilation.  The trial began with a computer controlled 

2-s flash of light directed at the retina which resulted in a clear ERG response.  After a 3 

minute recovery period, the light guide was repositioned in 10º increments under dim red 

light and the stimulus repeated.  The increments were reduced from 10º to 1º for precision 

as the limit of the visual field was approached. The limit of the visual field was defined as 

the last angle to produce a detectable ERG response.    

The extent of the horizontal and vertical visual field was defined by four 

demarcations: anterior horizontal (AH), posterior horizontal (PH), dorsal vertical (DV), 

and ventral vertical (VV).  Using these measures we calculated the horizontal and vertical 

monocular, binocular, and cyclopean fields of view.  Additionally, we calculated the 

convergence distance and blind area using the demarcations and the inter-ocular distance 

(IOD) of each animal.  In order to facilitate comparison of these two visual field 

parameters a standardized inter-ocular distance index was calculated by dividing IOD by 

shark total length and then multiplying that index by 77 cm (average of all shark total 

lengths).  Using the standardized IOD we calculated a standardized convergence distance 

and standardized blind area.  This procedure eliminated animal size as a confounding 

factor yet still accounted for the cephalofoil expansion and greater IOD of the 

hammerhead species. 
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 The horizontal and vertical visual field demarcations, as well as monocular, 

binocular, cyclopean, standardized convergence distance, and standardized blind area 

were compared using a one-way ANOVA (Systat Software, INC. San Jose, CA, USA) 

with pairwise multiple comparisons by Tukey post-hoc tests.  Any non-normal or 

heteroscedastic data were analyzed with a Kruskal-Wallis one-way ANOVA on ranks 

with multiple comparisons using Dunn’s method.  At the conclusion of experimentation 

sharks were revived with minimal mortality.  

Eye Rotation 

Visual fields were measured on anesthetized animals whose eyes were in a 

relaxed and static position.  Therefore, to account for eye movements under muscular 

control, we estimated the maximum potential horizontal anterior and posterior eye 

rotation of six freshly dead individuals for each species (except lemon shark n=4).  After 

careful dissection of surrounding tissue, surgical forceps were used to fully retract the 

medial (providing convergence) and lateral (providing divergence) rectus muscles.  A 

camera was mounted on a tripod dorsal to the sharks and photographs were taken in the 

relaxed, converged, and diverged positions, and the degree of rotation determined from 

the photographs using Image J software (Rasband, 1997).  The extent of anterior and 

posterior eyeball angular rotation was compared among species using a one-way 

ANOVA with pairwise multiple comparisons by Tukey post-hoc tests.  

Head Movement 

The extent of lateral head yaw was quantified by examining video of the 

swimming kinematics of six individuals of each species. A digital video camera was 

mounted on a mobile track that extended over the experimental tank and positioned to 
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capture a dorsal view of sharks swimming in normal non-excited conditions.  In order to 

reduce the effects of parallax distortion only footage in which sharks swam in a straight 

line directly below the camera was used.  The frames in which the shark demonstrated 

maximum right and left deflection were overlain in Photoshop.  The head yaw was 

quantified by measuring the angle described from the tip of the snout at left deflection to 

the anterior base of the first dorsal fin and to the tip of the snout at right deflection (Fig. 

2). The degree of head yaw was compared between species using a nested ANOVA (SAS 

statistical software) and multiple comparisons with Tukey’s (HSD) test. 

RESULTS 

Pupil Dilation and Shape 

Maximum pupil dilation was determined from the asymptote of pupil dilation vs. 

time and occurred at three minutes for the bonnethead, ten minutes for the scalloped 

hammerhead, 20 minutes for the blacknose and 25 minutes for the lemon shark.  As a 

precaution, all species were dark-adapted for a minimum of 30-45 minutes prior to 

experimentation, to ensure maximum pupil dilation of all individuals.  Pupil shape varied 

among species with the blacknose possessing a round shape, the lemon a vertical slit, the 

bonnethead a horizontal slit and the scalloped hammerhead a rounded pupil with slight 

horizontal elongation.  

Visual Fields  

Comparison of the horizontal and vertical visual fields shows that the field 

demarcations in both planes differed among species (Horizontal: anterior ANOVA, 

P<0.001; posterior ANOVA, P<0.001) (Vertical: dorsal ANOVA, P=0.022; ventral 

ANOVA, P=0.008).  The results of pairwise comparisons are provided in Fig. 3.  The 
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monocular, binocular, and cyclopean visual fields were calculated from the visual field 

demarcation data and are summarized in Table 1. The visual fields in the horizontal and 

vertical planes differed among species (Fig. 4) (Horizontal ANOVA, P<0.001; Vertical 

ANOVA, P=0.002).  All species possessed horizontal anterior binocular overlaps; 

however, the overlap in the scalloped hammerhead (32º) was significantly larger than all 

other species.  All species had a 360º panoramic vertical visual field around the head.  All 

pairwise multiple comparisons are outlined in Table 2.   

The visual field demarcations and inter-ocular distance of each individual were 

utilized to construct the convergence distance and blind area.  To facilitate direct 

comparison of convergence distance and blind area between species, the measurements 

were standardized using total length.  The standardized convergence distance (cm) did 

not differ among species on the horizontal plane (ANOVA, P=0.161) but differed on the 

vertical plane (ANOVA, P<0.001).  The standardized vertical convergence distance of 

the scalloped hammerhead (258 cm) was significantly greater than the blacknose and 

bonnethead and the lemon larger than the blacknose.  The standardized blind area (cm2) 

differed among species on the horizontal plane (ANOVA, P=0.002) and the vertical plane 

(ANOVA, P<0.001). The standardized horizontal blind area of the scalloped 

hammerhead was significantly larger than the lemon and blacknose and the standardized 

vertical blind area of the scalloped hammerhead was significantly larger than all other 

species.  The standardized vertical blind area of the lemon and bonnethead were 

significantly larger than the blacknose.  The results from all pairwise multiple 

comparisons are provided in Table 2.   

Eye Rotation 
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 The maximum anterior and posterior eyeball rotation in the horizontal plane was 

measured for six individuals of each species.  Rotations differed significantly among 

species in the posterior direction (ANOVA, P=0.008) but not in the anterior direction 

(ANOVA, P=0.l631, Fig. 5). The posterior eye rotation of the blacknose was significantly 

greater than the lemon and scalloped hammerhead. All pairwise multiple comparisons are 

provided in Table 2.  Utilizing eyeball rotation data from each species the dynamic visual 

fields were constructed with the eyes in the converged (anterior) and diverged (posterior) 

positions.  

Head Movement 

 The maximum right and left head yaw was determined for six individuals of each 

species by analyzing video footage of free swimming sharks.  Maximum total (right + 

left) head yaw differed among species (nested ANOVA, P<0.001).  A Tukey’s (HSD) 

pairwise comparison revealed that the total head yaw of the two sphyrnids (scalloped 

hammerhead 16.9º±0.2; bonnethead 15.6º±0.3) differed significantly from each other and 

from that of the two carcharhinid species (lemon 15.1º±0.2; blacknose 15.0º±0.3) (Fig. 

5).  The head yaw of the two carcharhinid species did not differ.  

DISCUSSION 

 This study is the first to test the predications of the ‘enhanced binocular field’ 

hypothesis.  This hypothesis predicts that the position of the eyes on the distal tips of the 

cephalofoil of the hammerhead sharks will confer greater anterior binocular overlaps and 

enhanced stereovision compared to carcharhinid sharks.  These predictions were tested by 

comparing the horizontal and vertical visual fields, limits of eye rotation, and head yaw 
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of two sphyrnid species (S. tiburo, S. lewini) to two carcharhinid species (C. acronotus, 

N. brevirostris). 

Pupil Dilation and Shape 

The blacknose shark possess a round pupil which is the most common pupil shape 

found in vertebrates (Walls 1942).  In bright conditions the round pupil can constrict to a 

near perfect pinhole protecting the eye from excess light (Malström and Kröger 2005, 

Walls 1942).  The lemon shark has a vertical slit pupil that can constrict down to a nearly 

closed position, serving to better protect the eye from intensity changes than the round 

pupil (Malström and Kröger 2005, Walls 1942).  Although the activity patterns of the 

blacknose shark are not well documented, it has been reported that the visual system of 

the lemon shark is adapted for both daylight and dim light (Gruber and Cohen 1978).  

However, a heightened crepuscular and nocturnal activity pattern has been reported for 

the juvenile lemon shark (Sundström et al. 2001).  Hueter (1991) mapped the retinal cone 

and ganglion cell topography of the lemon shark and discovered a prominent visual 

streak in the horizontal meridian and correlated this area of visual specialization to 

behavior and habitat.   

A horizontal visual band has also been reported in the bonnethead (Osmon 2004) 

which possesses horizontal slit pupils.  Both the lemon shark and bonnethead possess a 

higher density of ganglion cells on the horizontal meridian of the retina, but differ in the 

orientation of the slit pupil.  The consequence of pupil shape upon the function of the 

visual streak is not well understood.  In cattle with horizontal oval pupils, visual acuity is 

reduced on the horizontal but not the vertical plane. In the same experiment, simulated 

round pupils maintained acuity on both the horizontal and vertical planes (Rehkämper et 
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al. 2000).  The ecological significance of pupil orientation among sharks with horizontal 

visual streaks is speculative since the lemon shark and bonnethead overlap in habitat and 

diet.  It may be that the horizontal pupils would create a brighter, and perhaps a better 

focused image in the vertical meridian, because of the inverted optics of the cornea/lens 

system.  However, to experience that increased vertical focus a vertical concentration of 

photoreceptors and ganglion cells must exist.  At present the significance of varied pupil 

shape upon visual streaks and visual acuity in elasmobranchs is unresolved.  

The pupil of the scalloped hammerhead was nearly round with a slight horizontal 

elongation.  Although it is not as pronounced as that found in the bonnethead the shape of 

the pupil of the scalloped hammerhead allows tighter constriction than a round pupil and 

the field of view is slightly expanded on the horizontal plane.  

Fast moving species must adapt to changes in light intensity by quickly dilating or 

contracting their pupils.  The relatively fast dilation in the bonnethead (3 minutes) 

indicates that it likely experiences rapidly varying light conditions in its habitat.  In 

contrast, the slower dilation response of the blacknose (20 minutes) and lemon shark (25 

minutes) indicate a less dynamic habitat or nocturnal activity.  A previous study reported 

a similar 25 minute dilation time for the lemon shark (Kuchnow and Gilbert 1967) 

whereas another found full dilation took up to 60 minutes (Gruber 1967).   It is peculiar 

that the pupils of the lemon shark required more time than all other species to dilate and 

there appears to be no other explanation than the heightened crepuscular and nocturnal 

activity pattern reported for juvenile lemon sharks (Sundström et al. 2001).  Similar to the 

results of this study, Kuchnow (1971) examined the pupillary responses of several 

elasmobranch species and found time to maximum dilation ranged from 1-30 minutes.  
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However, Gilbert et al. (1981) reported rapid dilation times in the nurse shark 

Ginglymostoma cirratum (30 seconds), the sandbar shark Carcharhinus plumbeus (40 

seconds), and the tiger shark Galeocerdo cuvieri (45 seconds).  The lack of consistent 

methodology in both control of light and measurement of pupil change has likely 

confounded the results of several studies and the ability for direct comparison among 

species.   

Visual Fields  

 All species possessed anterior horizontal binocular overlaps of 10º or greater (Fig. 

4), and the binocular overlap of the sphyrnid species was greater than the carcharhinids. 

For both sphyrnid species the lateral head expansion results in a concomitant forward 

canting of the eyes which increases the anterior binocular overlap.  The slight head 

expansion of the bonnethead results in a 13º overlap, whereas the greater lateral head 

expansion of the scalloped hammerhead confers a 32º overlap which is the largest 

measured in the study.  The relatively large binocular overlap determined for the 

scalloped hammerhead facilitates excellent depth perception and the degree of overlap is 

similar to the yellow stingray Urobatis jamaicensis (34º), the clearnose skate Raja 

eglanteria (28º) (McComb and Kajiura 2008) and predatory fishes such as the serranids 

(Plectropoma leopardus 36º, Serranus scriba 40º, and Epinephalus fasciatus 54º) (Collin 

and Shand 2003).  Eye position upon the head also impacts the visual field in the 

carcharhinid species.  The small monocular field of the lemon shark (159º) is ascribable 

to lateral body expansion immediately posterior to the eyes which significantly reduces 

the posterior visual field compared to the other species.   
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  The visual field in the vertical plane overlapped dorsally and ventrally in all 

species providing a full 360 º cyclopean coverage.  The dorsal and ventral overlaps in all 

species were generally similar in size, except in the blacknose shark where the ventral 

overlap was much greater. The blacknose shark forages upon fast moving teleost prey 

(Cortés 1999) and the expansive ventral visual field may facilitate prey tracking.  The 

reduced dorsal overlap of the lemon shark is a result of a protrusion of skin above the 

eye.  There were no differences in the standardized convergence distance on the 

horizontal plane.  The standardized horizontal anterior blind area of the scalloped 

hammerhead (384 cm2) was significantly larger than the lemon (251 cm2) and blacknose 

shark (195 cm2).  This is a function of the widely spaced eyes forming a large base for the 

triangular blind area. 

Head Movement and Eye Rotation 

 In this study we tested whether sphyrnid species exhibit a behavioral 

compensation for an enlarged anterior blind area by demonstrating exaggerated head 

yaw.  During swimming the head yaws left and right thus expanding the viewable space 

in both the anterior and posterior directions.  Both hammerhead species exhibit greater 

head yaw in the horizontal plane than the carcharhinids and the amount of yaw increased 

proportionately with head width and blind area.  Our data thus support the hypothesis that 

exaggerated head yaw compensates for the greater anterior blind area. There exists then 

the potential for spatial information provided by the left and right eyes to be temporally 

integrated to generate a composite visual field that exceeds the dimensions of the static 

visual field.  The cumulative effect of maximum eye rotation and maximum head 

movement reduces blind areas and thereby enlarges the extent of the visual field.  An 
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exaggerated head yaw requires a proportionately greater reflex eye movement, in the 

direction opposite to head movement, to preserve the image on the center of the visual 

field (vestibulo-ocular reflex).   

 During smooth head rotation most animals demonstrate a pattern of fixed gaze 

followed by fast saccades (rapid eye movements) and counter rotations that shift the gaze 

(Fritsches and Marshall 2002, Land 1999).  The purpose of stabilizing the gaze is to 

avoid retinal slip that occurs with head motion and the lag in response time of the 

photoreceptors (Land 1999).  While in motion, sharks stabilize their gaze through 

compensatory eye movements which avoids the contamination of the translational flow-

field in which they judge the distance of objects and their own heading (Land 1999; 

Montgomery 1983, Harris 1965).  It was predicted that sphyrnids would demonstrate a 

greater eye rotation in the horizontal plane to compensate for the exaggerated head yaw.  

However, no differences among species were observed.  When the eyes were in the 

maximum converged position the degree of binocular overlap increased in each species 

(Fig. 5).  Although unlikely to occur naturally, if the scalloped hammerhead could 

maximally diverge both eyes, anterior binocular overlap would be preserved.  In a 

previous study, scanning eye movements of S. acanthias reduced the extent of a posterior 

blind area by nearly 10º (Harris 1965).  The posterior eye movements of the bonnethead, 

lemon and blacknose sharks would shift the field of view, but only to the limit of the head 

and trunk of the body (Fig 4); thereby still retaining posterior blind areas.  However, the 

posterior eye rotation of two species of batoids Raja eglanteria and Urobatis jamaicensis 

were reported to eliminate posterior blind areas altogether (McComb & Kajiura 2008) as 

the eyes are periscopic and the body posed no physical barrier to posterior vision. 
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 In summary, we have tested several predictions derived from the ‘enhanced 

binocular field’ hypothesis by quantifying the horizontal and vertical visual fields of two 

sphyrnid species in contrast to two carcharhinid species.  The horizontal monocular fields 

were largest in the sphyrnid species and the horizontal binocular overlaps were also 

significantly larger than the carcharhinid species.  Both hammerhead species showed an 

exaggerated lateral head yaw that likely compensates for the enlarged blind area anterior 

to the head.  The findings of this study are consistent with the ‘enhanced binocular field’ 

hypothesis, and the role of enhanced vision may have influenced the evolution of the 

hammerhead cephalofoil.
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Table 4.1. Morphometric summary data for all shark species 
 

 
 
 
 

Carcharhinidae Carcharhinidae Sphyrnidae Sphyrnidae Family 
Species Negaprion brevirostris Carcharhinus acronotus Sphyrna tiburo Sphyrna lewini 
N 6 6 7 6 
Habitat Coastal, Inshore,Tropical Coastal,Tropical Coastal, Inshore Coastal, Pelagic 
Eye Position Lateral Lateral Lateral Anterior Lateral 
Pupil Shape Round Round Horizontal Slight Horizontal 
Total Length (cm)              73.7± 1.9           104.5 ± 1.1          81.6 ± 1.9          56.1 ± 1.1 
Inter-ocular distance (cm)               8.6 ± 0.2             11.1 ± 0.2          12.6 ± 0.2          14.8 ± 0.3 
Horizontal Plane     
     Monocular (º)           159.0 ± 0.5           171.7 ± 1.4        175.9 ± 1.1        181.7 ± 1.8 
     Binocular (º)            10.0  ± 1.5            10.7  ± 1.3         13.4  ± 0.7         31.7  ± 3.7 
     Cyclopean (º)              308 ± 0.7           332.7 ± 1.8        338.3 ± 2.1        331.7 ± 1.7 
     Standardized     
          Anterior convergence distance (cm)             56.3 ± 7.5             47.9 ± 6.9          51.6 ± 3.0         38.1 ± 4.2 
          Anterior blind area (cm2)           251.5 ± 32.6           195.1 ± 27.1        308.3 ± 21.1       384.9 ± 39.0 
          Anterior eye rotation (º)               9.5 ± 0.3             10.5 ± 1.8          11.7 ± 0.8          9.5 ± 1.5 
          Posterior eye rotation (º)               9.3 ± 0.9             15.2 ± 1.9          14.7 ± 0.9          9.8 ± 1.0 
Vertical Plane     
     Monocular (º)           184.8 ± 0.4           192.0 ± 0.7        189.1 ± 0.7       187.0 ± 1.7 
     Binocular (º)               4.3 ± 0.6               9.3 ± 0.7            9.1 ± 1.6           7.0 ± 1.9 
     Cyclopean (º)              360 ± 0.0              360 ± 0.0           360 ± 0.0          360 ± 0.0 
     Standardized     
          Dorsal convergence distance (cm)           134.8 ± 24.7            51. 2 ± 3.3          85.9 ± 11.5        258.3 ± 75.6 

     2618.6 ± 765.2           Dorsal blind area (cm2)           601.7 ± 106.8           208.7 ± 13.3        511.7 ± 68.5 
Values represent mean ± s.e.m. 



 

   
   
Table 4.2. Comparison of visual field parameters in four species of shark.  Two   
hammerhead species Sphyrna tiburo (ST) and Sphyrna lewini (SL) were compared 
with two carcharhinid species Carcharhinus acronotus (CA) and Negaprion 
brevirostris (NB).  
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.

Vertical 
Monocular Monocular 

 NB CA ST NB CA ST 
CA <0.001 - - <0.050 - - 
ST <0.001 NS - NS NS - 
SL <0.001 <0.001 0.021 NS NS NS 

Binocular Binocular 
 NB CA ST NB CA ST 
CA NS - - 0.033 - - 
ST NS NS - NS NS - 
SL <0.001 <0.001 <0.001 NS NS NS 

Cyclopean Cyclopean 
 NB CA ST NB CA ST 
CA <0.001 - - NS - - 
ST <0.001 NS - NS NS - 
SL <0.001 NS NS NS NS NS 
Standardized Convergence Distance 

(cm) 
Std. Convergence Distance  

(cm) 
 NB CA ST NB CA ST 
CA NS - - 0.017 - - 
ST NS NS - NS NS - 
SL NS NS NS NS <0.001 0.010 

Standardized Blind Area (cm2) Std. Blind Area (cm2) 
 NB CA ST NB CA ST 
CA NS - - 0.008 - - 
ST NS NS - NS 0.021 - 
SL 0.027 0.002 NS <0.001 <0.001 <0.001 

Anterior Eye Rotation (°) Posterior Eye Rotation (°) 
 NB CA ST NB CA ST 
CA NS - - 0.039 - - 
ST NS NS - NS NS - 
SL NS NS NS NS 0.037 NS 

NS= not significant 



 

 
 
 
 

 
 
 

Figure 4.1.  Head morphology of the eight species within the family Sphyrnidae depicting 
the gradation in cephalofoil lateral expansion.  Line drawings from Compagno (1984). 
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Figure 4.2.  Methodology used to measure head yaw.  Video frames in which the shark 
demonstrated maximum left and right deflection were overlain and aligned at the anterior 
base of the first dorsal fin.  
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Figure 4.3.   The visual field demarcation limits measured for both the horizontal and 
vertical planes for two carcharhinid and sphyrnid sharks.  Bars that share the same upper 
or lower case letter do not differ (p<0.05).  Visual field values are presented as means ± 
s.e.m.  Line drawings modified from Compagno (1984). 
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Figure 4.4.  Static horizontal and vertical visual fields of four shark species.  Values 
within the shaded areas represent the monocular visual field.  Values shown outside of 
the shaded areas represent binocular overlaps, and values in parentheses indicate blind 
areas.   All species had horizontal anterior binocular overlap of 10º or greater and blind 
areas posterior to the head. Both the scalloped hammerhead and the bonnethead had 
larger horizontal monocular and binocular fields than the carcharhinid species.  The 
vertical visual field was a full 360º in all species and included both dorsal and ventral 
binocular overlaps.  Line drawings from Compagno (1984). 
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Figure 4.5.  Maximum dynamic visual field of four shark species.  (A) The maximum 
horizontal visual fields when the eyes are in the fully converged and diverged states. (B) 
The maximum horizontal visual field including the eyes in the fully converged and 
diverged states and the maximum lateral head yaw.  Values within the shaded areas 
represent the monocular field.  Values outside of the shaded areas represent binocular 
overlaps, and values in parentheses indicate blind areas.  Line drawings from Compagno 
(1984). 
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CHAPTER 5 

VISUAL AND ELECTROSENSORY INTEGRATION IN  

HAMMERHEAD SHARKS 

 

ABSTRACT 

     Shark species utilize more than one sensory modality in the detection of prey through 

continuous sensory interaction with the environment.  How senses work together to 

facilitate the localization and capture of prey is relatively unknown.  In this study, the 

extent of overlap between two close range senses used in prey localization and 

acquisition, the visual and electrosensory systems, were quantified in two species of 

coastal shark.  The behavioral response of the bonnethead Sphyrna tiburo and the 

blacknose shark Carcharhinus acronotus to prey-simulating electric fields were analyzed.  

It was determined that the blacknose shark oriented to electric fields from significantly 

greater distances (mean 32.4 cm, maximum 38.1cm) than the bonnethead (mean 27.8 cm, 

maximum 30.0 cm).  A standardized orientation distance was calculated for both species, 

and when combined with existing data on the scalloped hammerhead Sphyrna lewini, was 

integrated with horizontal visual fields to determine the extent of sensory overlaps.  Large 

blind areas anterior to the head exist in all species and the percentage of overlap of the 

electrosensory range upon the blind area was calculated.  There was a 100% overlap of 
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the electrosensory system upon the blind area in the scalloped hammerhead, 94% in the 

blacknose, and 93% in the bonnethead.  Any sensory deficiency due to the possession 

of blind areas anterior to the head is mediated by the use of the electrosensory system.  

The large extent of overlap in all species indicates the importance of minimizing areas 

void of sensory function near the head.  This study confirms electroreception occurs in 

the blind areas of these shark species. 

INTRODUCTION 

Most organisms receive sensory input from several different modalities including vision, 

hearing, taste, and electroreception.  Two or more different sensory modalities can 

influence the processing of the other, and this can be synergistic, redundant or 

contradictory.  Multisensory function raises intriguing questions about the underlying 

mechanisms and their adaptive functions (Moller 2002).  How do organisms evaluate 

multiple sensory inputs simultaneously?  To what extent do the sensory systems overlap?  

Bimodal integration has been examined with respect to the visual and electrosensory 

systems in teleost fishes (Bastain 1982, Ciali et al. 1997, Wilkens et al. 1997, Lorteije et 

al. 2000, Moller 2002, Pluta and Kawasaki 2008) with several studies concluding that 

both systems work synergistically to enhance sensory perception.  

 Elasmobranch fishes (sharks, skates and rays) have the ability to detect electric 

fields using electroreceptors, the ampullae of Lorenzini.  Marine organisms, including 

potential prey items, emit bioelectric fields signaling their type, position, and 

physiological condition (Bullock 1973).  Behavioral evidence suggests that electrosense 

evolved in elasmobranchs for localizing prey as well as social signaling (Tricas 2008, 

Camperi et al. 2007, Tricas et al. 1995, New 1994, Kalmijn 1988, Kalmijn 1966).  
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Responses to inanimate electric fields suggest an orientation and navigational function as 

well (Kalmijn 1982).  Studies on the elasmobranch electrosensory system have mainly 

focused on determining electrosensitivity and function (Kalmijn 1978, Johnson et al. 

1984, Tricas and McCosker 1984, Kalmijn 1971, Tricas 1982, Haine et al. 2001, Kajiura 

and Holland 2002).  Research upon the integration of electroreception with other sensory 

systems is lacking.  

 The visual field is the entire expanse of space visible around the head.  The size 

and shape of the visual field is crucial for the detection of mates, predators and prey 

(Collin and Shand 2003) and varies according to head morphology, position of the eyes, 

and eye mobility.  Correlations between the visual field and aspects of an organism’s 

ecology have been found in terrestrial forms, yet widespread examination in aquatic 

species has yet to be completed.  As a generality, predators possess large binocular 

overlaps providing depth perception, which is vital to prey capture, whereas prey have 

large peripheral fields necessary for detecting predators.  Assessments of the visual fields 

of several elasmobranch species have revealed species specific patterns that correlate to 

aspects of ecology (McComb and Kajiura 2008).  Both the visual and electrosensory 

systems function simultaneously in prey detection, yet the extent of integration between 

these two systems has not been explored. 

  The evolution of the laterally expanded cephalofoil (head) within sphyrnid sharks 

has led to speculation about its adaptive or maladaptive significance.  It is hypothesized 

that sensory system functions have been altered due to repositioning of sensory structures 

within the expanded chondrocranium.  It was hypothesized that hammerhead sharks 

possess greater electrosensitivity because their wide head provided greater surface area 
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for more electroreceptors; however, the behavioral response thresholds of the scalloped 

hammerhead Sphyrna lewini and the sandbar shark Carcharhinus plumbeus to dipole 

electric fields did not differ (Kajiura and Holland 2002).  Irrespective of the lack of 

sensitivity differences between species it remains of interest to determine the distance at 

which the sharks can begin to detect prey-simulating electric fields.  This is relevant 

because visual field data collected on S. lewini, the bonnethead Sphyrna tiburo and the 

blacknose shark Carcharhinus acronotus have revealed large visual blind areas just 

anterior to the head.  The visual blind area presents a challenge at the final moment prior 

to prey capture.  This challenge is likely overcome by synergistic use of vision with 

electroreception: electroreception dominates as prey enters the visual blind area.  

Therefore, measurement of the electrosensory detection distance and visual system blind 

areas will allow assessment of the extent of overlaps by these two close range systems.  

 The goals of this study were to examine the behavioral responses of the 

bonnethead S. tiburo and the blacknose shark C. acronotus to prey-simulating dipole 

electric fields.   The sensitivity to stimulus and the distance at which the sharks 

demonstrated an orientation toward the dipole electric fields were assessed.  The 

orientation distance data were combined with existing visual field data to quantify the 

overlap of the electrosensory and visual system in both species.  

METHODS 

Experimental Animals 

 Six adult blacknose sharks were captured with gill nets off New Pass, Sarasota, 

FL, USA and had an average total length of 104.5 ± 1.0cm (n=6 male).  Six adult 

bonnetheads were caught with gill nets on a shallow grass flat at Pinellas Point within 
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Tampa Bay, St. Petersburg, FL, USA and had an average total length of 88.4 ± 1.8cm 

(n=5 female, 1 male).  Immediately after capture, the bonnethead and blacknose sharks 

were transported in coolers of oxygenated water to tanks at Mote Marine Laboratory 

(MML), Sarasota, FL, USA.  Sharks were measured, weighed, sexed and given pectoral 

fin markings for identification purposes and species were then segregated into separate 

tanks.  The bonnethead tank measured 9x17x2 m with a capacity of 227 kL and the 

blacknose tank measured 6x12x2 m with a 121 kL capacity.  The sharks were on a 12 

hour light: dark cycle and fed daily to satiation a diet of fish and squid and acclimated to 

tanks for a minimum of two weeks prior to experimentation. 

During experimentation individual sharks were separated into the testing arena 

(approximately 60% of the total tank area) and isolated by net fencing.  Bonnethead 

sharks were tested individually in each trial; however, it was necessary to have two 

blacknose sharks in the experimental area during trials because of alterations in behavior 

which prevented them from responding when isolated.  Only responses in which a single 

shark bit at the electrode array were used for analyses to eliminate potential interaction 

effects.  The experiments were conducted with IACUC approval from Mote Marine 

Laboratory and Florida Atlantic University (MML #07-03-SK1; FAU # A06-09).   

Experimental Apparatus 

 A stimulus generator based on Kajiura and Holland’s (2002) design was used to 

generate prey-simulating dipole electric fields.  The battery powered stimulus generator 

passed electric current through the seawater and the strength of current could be varied 

and switched between two dipole pairs.  The amount of current applied throughout 

experimentation was 6.0 µA and was monitored by an ammeter placed in series.  The 
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6uA current was used to facilitate comparison with responses from juvenile scalloped 

hammerhead sharks during previous experimentation (Kajiura and Holland 2002). 

 Current from the stimulus generator was delivered to the dipoles using cables and 

seawater-filled polyethylene tube salt bridges (see Kajiura and Holland 2002).  The 

stimulus generator passed current through a pair of shielded 18 AWG SO underwater 

cables (Impulse Enterprise, San Diego, USA) that terminated in gold-plated stainless 

steel pins.  The partially rubber-encased pins were securely connected to the seawater-

filled polyethylene tube creating a salt bridge connected to the electrode array.  The 

electrode array consisted of a 1-m2 acrylic plate that had a pair of two holes drilled 1 cm 

apart.  Two electric dipoles were created by the separation (1 cm) of the positive and 

negative charge.  A 20-cm diameter circle was drawn around each of the two dipoles to 

provide a frame of reference.  The salt bridges were positioned through the holes and 

mounted flush to the underside of the acrylic plate, while in the center of the plate 

another hole was drilled to fit an odor delivery tube.  A syringe with a 3-way valve was 

fitted at the end of the odor delivery tube so that odor could be introduced into the testing 

area to initiate shark prey searching behavior (Fig. 1).  

  A micro camera (ELMO Mfg. Corp. Plainview, N.Y.) fitted into an underwater 

housing was submerged directly over the electrode array for filming of the trials.  The 

field of view of the camera was sufficiently large enough to capture orientation behaviors 

in their entirety.  The micro camera was mounted upon a mobile track for positioning 

over the array and the output was recorded to a Sony GV-D800 Digital Video Walkman.   

Experimental Protocol    
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 Feeding was withheld for two days prior to experimentation for bonnetheads and 

for six days in the blacknose sharks in order to increase their motivational state to feed.  

At the beginning of an experimental trial the shark was corralled into the testing area with 

use of a net.  After an acclimation period lasting 10-40 minutes an olfactory cue (squid 

rinse) was introduced into the testing area through the olfactory delivery tube.  Filming 

commenced immediately, as the sharks dramatically altered their swimming behavior by 

swimming near the bottom of the tank searching for the odor source.  During the trials 

only one of the dipoles was active while the other served as a control.  The time, 

orientation and biting behavior of the shark upon the active dipole was recorded for each 

event.   

 Trials concluded when the tested shark bit each active dipole more than twice.  

Each trial typically lasted 5-25 minutes and each shark was tested during three separate 

trials spaced minimally 1-2 days apart.  At the conclusion of a trial tested sharks were fed 

to satiation and retuned to the group.  All uneaten food was removed from the tank, the 

next shark was released into the test arena and the procedure repeated.  

Analysis 

 Footage of orientation events were cataloged for each shark and included the 

shark entering the frame, orienting to the active dipole, biting the dipole and exiting the 

frame.  Footage was used to quantify the orientation distance, as well as the angle of the 

shark relative to the dipole axis.  Behavioral orientation was defined as a deviation of 

>20º from the sharks original trajectory (Kajiura and Holland 2002).  Biting behavior was 

confirmed by gill flaring as the shark snapped its mouth open and closed pushing water 

out over the gills.   
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 The video frame in which a shark initiated an orientation was imported into the 

image analysis software ImageJ (Rasband 1997).  The 20-cm diameter circle drawn on 

the acrylic plate served as a frame of reference to calibrate the software.  The distance 

from the center of the dipole to the lateral margin of the shark head was considered the 

behavioral orientation distance.  In order to facilitate comparisons of orientation distance 

irrespective of shark size, we calculated a standardized orientation index for each 

individual by dividing each orientation distance by individual total length and then 

multiplying that by 82.62 cm (average total length for all sharks).  Additionally, the angle 

of the shark with respect to the axis of the active dipole was measured.  These data 

(distance and orientation angle) were used to calculate the electric field intensity at the 

position where the shark initiated its orientation using Maxwell’s equations.  The 

calculated electric field intensity value was considered the behavioral response threshold 

of the sharks.   

 The behavioral response thresholds, orientation distances, standardized 

orientation distance and orientation angles of the shark species were compared using a t-

test (Systat Software Inc., San Jose, CA, USA).  Behavioral response threshold data and 

orientation angle data were non-normal and therefore log-transformed prior to analysis. 

Visual Field and Electrosensory Data Integration 

 The horizontal functional visual fields of all species were quantified in a previous 

study (McComb and Kajiura 2009) and include the field of view of a single eye 

(monocular); both eyes (cyclopean); and the overlap of the monocular fields (binocular).  

The point at which the monocular visual fields overlap is termed the binocular 

convergence point, and the distance from this point to the central point between the eyes 
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(in the transverse plane) is the convergence distance.  The convergence distance and blind 

area were calculated for each individual shark and standardized to eliminate size effects 

(McComb and Kajiura 2008).  An electroreceptive area around the head was created by 

adding the standardized orientation distance from the head and snout.  For the purposes 

of this study the electrosensory range was depicted in a uniform pattern surrounding the 

head.  However, there are no existing data to support or refute this contention as the 

spatial orientation of the electrosensory system has yet to be fully mapped (Tricas 2001).   

This electroreceptive area was overlain with the horizontal visual field and the area of 

overlap of the electrosensory range over the standardized blind area calculated. The total 

area (cm2) and percentage of overlap of the electrosensory system on the blind area were 

compared by Kruskal-Wallis one-way ANOVA on ranks and multiple comparisons by 

tukey post-hoc tests.   

RESULTS 

 Six bonnethead and six blacknose sharks were tested for responses to prey-

simulating dipole electric fields.  The introduction of odor into the testing area resulted in 

the sharks initiating an erratic search in both species, followed by orientation towards and 

then biting at the active dipole.  The bonnethead sharks were sufficiently motivated to 

respond to an electric field after two days of starvation, whereas the blacknose required 

six days to achieve a similar motivational state.  Both species aggressively and repeatedly 

bit at the active dipoles, but not at the controls.  There were multiple responses by sharks 

that approached the dipole in a straight line and bit the dipole.  However, these responses 

were not used because the criterion for behavioral orientation was defined as a >20º 

deviation from the original trajectory.  
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Orientation Distance and Angle 

 Both shark species initiated orientations from a similar range of distances (Fig. 2).  

The blacknose sharks demonstrated a greater number of orientations at distances >25 cm.  

The response from the greatest distance was compared from an individual of each species 

and the blacknose sharks oriented from a farther distance (32.4 ± 1.4 cm) (one-way 

ANOVA, F=6.2, P=0.032) with a maximum distance of 38.1 cm.  The mean orientation 

distance for the bonnethead was 27.8 ± 1.1 cm and the maximum distance was 30.0 cm.  

However, when orientation distance was standardized to remove potential size bias there 

was no difference in mean orientation distance between the bonnetheads (25.75 ± 1.1 cm) 

and blacknose sharks (25.61± 1.0 cm).  

 The electric field was calculated by using orientation distance and the angle of the 

shark with respect to the dipole.  The electric field decreases as a cube with increasing 

distance from the dipole and varies as a cosine function with respect to the dipole axis 

(Kajiura 2001).  The electric field is greatest in the plane that is parallel to the dipole axis 

and reaches a theoretical null at 90º from the axis (Fig. 3).  Therefore, to detect the same 

field intensity, the sharks would need to orient from closer distances at angles near 90º.  It 

was predicted that the sharks would orient toward the dipole from farther distances at 

smaller axis angles.  However, linear regression of orientation distance plotted against 

angle with respect to the dipole axis did not reveal a relationship for either species 

(bonnethead y = 0.0225x + 42.125, r2=0.0004: blacknose y = 0.4582x + 22.528, r2= 

0.0278).  However, when orientation angle was compared between species, the blacknose 

shark did orient at significantly smaller angles (32.7º ± 3.2º) than bonnetheads (42.5º ± 

3.2º) (one-way ANOVA, F=7.2, P=0.008) (Fig. 3).   
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Behavioral-Response Threshold 

The electric field intensity was defined as the behavioral response threshold and 

was calculated from the point of orientation.  Both species displayed over 80% of the 

orientations at electric field intensities of <10.0 nV cm-1 (Fig. 4).  The distributions of the 

behavioral response thresholds for both species were extremely skewed and therefore the 

median values rather than the means were compared (Sokal and Rolf 1981).  The median 

behavioral response threshold for the bonnethead was 2.57 nV cm-1 and 1.80 nV cm-1 for 

the blacknose shark.  The log transformed median values did not differ between species 

(one-way ANOVA, F=0.56, P=0.47), which indicated that the bonnethead did not 

demonstrate greater sensitivity to dipole electric fields compared to blacknose sharks. 

Sensory Overlaps  

 The total area of overlap of the electrosensory system upon the blind area differed 

among species (one-way ANOVA, P=0.003) and was greater in S. lewini (359.0±50.5 

cm2) than C. acronotus (180.5±19.2 cm2) (Tukey, P=0.003). The percentage of overlap of 

the electrosensory system and visual systems differed among species (Kruskal-Wallis 

one-way ANOVA, P=0.003).  There was a 100% overlap of the electrosensory system 

upon the visual blind area in the scalloped hammerhead (Fig. 5).  The overlaps 

determined in the bonnethead (93%) and blacknose (94%) were significantly smaller than 

the scalloped hammerhead (Tukey, P<0.05) yet did not differ from each other. 

DISCUSSION 

 This is the first study to integrate visual field and electrosensory data in shark 

species in order to quantify the extent of overlap between these two sensory systems.  

The extent of overlap was calculated by determination of the extent of the horizontal 



 

 99

visual field and behavioral responses of the bonnethead and the blacknose shark to prey-

simulating dipole electric fields: including the orientation angle, orientation distance, and 

behavioral response threshold to the electric fields.   

Behavioral-Response Threshold 

 The median behavioral response threshold of the blacknose (1.8 nV cm-1) did not 

differ significantly from the bonnethead (2.5 nV cm-1) (Fig. 4).  Therefore, these data, as 

well as results from previous experimentation (Kajiura and Holland 2002) do not support 

the ‘enhanced electroreception’ hypothesis (Compagno 1988).  The values of this study 

were lower than those determined for the juvenile scalloped hammerhead (25.2 nV cm-1) 

and that of the juvenile sandbar shark Carcharhinus plumbeus (30.3 nV cm-1) (Kajiura 

and Holland 2002).  The behavioral response threshold of the neonatal bonnethead (47 

nV cm-1) is high when compared to the other species.  The sensitivities reported for adult 

Mustelus canis (5 nV cm-1) and Urolophus halleri (5 nV cm-1) (Kalmijn 1982) are similar 

to the sensitivities measured in this study.   

 There are several reasons why differences between the behavioral response 

thresholds of species and age classes may have been observed.  The thresholds of 

neonatal bonnetheads are higher than those measured in the adults.  The lower threshold 

observed in adults may represent a gain based upon their sensory experience.  The 

experience of adults having had repeated prey encounters resulting in captures may have 

positively enhanced their electrosensory capabilities.   

 Moreover, the motivational state of all of the sharks may not have been similar.  

During trials it was necessary to starve bonnetheads for 2 days and blacknose for 6 days 

to obtain responses to the electrodes.  The difference in fasting requirements is likely due 
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to high metabolic rates in sphyrnid sharks and their ability to process energy quickly 

(Lowe 2002).  In previous experimentation, 2-day fasting was reported for scalloped 

hammerheads and 4-6 days for sandbar sharks (Kajiura and Holland 2002).  Although 

species responded vigorously to electrodes during testing, it is possible that motivational 

state may not have been uniform in all sharks due to variability in metabolic physiology.    

 Lastly, differences in behavioral response thresholds among species may not 

necessarily reflect differences in detection thresholds.  For instance, when a shark 

initially detected a stimulus, the stimulus may not have elicited an immediate behavioral 

response.  In other words, species may have detected the same stimulus but exhibited 

differences in their temporal response.  

Orientation Distance and Angle 

 It was determined that blacknose sharks oriented at a significantly lower angle 

(32.7º) than bonnetheads (42.5º).  Of all of the orientations by blacknose, 25% were at 

angles >10º and 55% at angles >30º whereas, only 35% of orientations of the bonnethead 

occurred at angles >30º (Fig. 3).  In both species, linear regression revealed no significant 

relationship between angle and distance.  Orientation at lower angles was also reported in 

neo-natal bonnetheads (Kajiura 2003), juvenile scalloped hammerheads and sandbar 

sharks (Kajiura and Holland 2002).   

 In behavioral studies of electroreception the principal measure is the distance 

from the dipole at which the shark initiates an orientation.  The maximum orientation 

distance of the blacknose shark (38.1 cm) was greater than the bonnethead (30.0 cm) and 

that of the scalloped hammerhead (30.6 cm) and sandbar shark (31.6 cm) determined by 

Kajiura and Holland (2002).  Neonatal bonnetheads oriented from just 22 cm (Kajiura 
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2003).  A comparison of the maximum detection distance between species reveals that 

adult blacknose sharks oriented the farthest distance and that adult bonnetheads oriented 

from further away than neonatal bonnetheads.  This provides further support for the 

hypothesis that experience increases the orientation distance.  However, shark size may 

be a principal cause of variance among size classes, and a standardized orientation 

distance is more biologically relevant.  Furthering this contention, the standardized 

orientation distance did not differ between the bonnethead (25.8 cm) and blacknose (25.6 

cm), but was significantly greater in juvenile scalloped hammerheads (38.3 cm).  If 

standardization were applied to the neo-natal bonnetheads (Kajiura 2003) (31 cm total 

length; 22 cm orientation) the standardized orientation distance would be 58.6 cm.  

Therefore, it is unclear whether variance in orientation distance can be attributed to size 

classes, individual sensory experience, or factors yet unknown.   

Sensory Overlaps 

 Multi-sensory input has been evaluated through examination of the effect of 

various stimuli upon neural circuitry (Moller 2002, Bastian 1982).  Bi-modal integration 

of the visual and electrosensory systems in bony fishes indicate a positive synergistic 

effect in the weakly electric fish Apteronotus albifrons (Bastain 1982) and catfish 

Ictalurus nebulosus (Lorteije et al. 2000).  Sharks use more than one sensory modality to 

locate mates, detect prey, and avoid predation; yet sensory integration in this group has 

remained relatively unexplored.  

 This is the first study to quantify the extent of integration between the visual and 

electrosensory system in shark species. The percentage of overlap was quantified among 

the bonnethead, blacknose and scalloped hammerhead sharks (Fig. 5).   The range of the 
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electrosensory system completely covered the visual blind area of the scalloped 

hammerhead.  The biological significance of the sensory overlap is in prey localization 

and acquisition.  The diet of juvenile scalloped hammerheads consists primarily of a 

single species of alpheid shrimp and two species of burrowing goby (Bush 2003).  The 

habitat of juvenile S. lewini is murky and the cryptic nature of their prey present 

significant challenge for detection and the continuity of vision and electroreception 

enhance foraging success on these elusive prey.  Therefore, any deficiency due to blind 

area is mediated by the complete overlap of the electrosensory system in this species.  

 The scalloped hammerhead had the largest blind area, yet the anterior canting of 

the eyes reduced the visual convergence distance and contributed to the complete overlap 

of the electrosensory system (Fig 5).  Eye position is a visual field determinant (Collin 

and Shand 2003, Martin and Katzir 1999) and in fast moving predatory aquatic species 

presents a trade-off between frontal positioning (facilitating greater binocular vision for 

tracking prey) and hydrodynamic constraint (eyes recessed and laterally positioned 

against the body).   

  The bonnethead possesses a 93% sensory overlap, indicating a near complete 

coverage of the blind area.  The synergistic use of both systems is beneficial in detecting 

prey as S. tiburo forages upon teleosts, blue crab, shrimp, lobsters and other benthic prey 

in seagrass and sandy areas (Bethea et. al. 2007, Wilga and Motta 2000).  Although it has 

not been demonstrated, it is likely that the reliance on electroreception increases during 

foraging for crab in seagrass and shifts more towards vision for initial detection of 

swimming teleost prey.   
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 The electrosensory system of the blacknose shark overlapped 94% of the blind 

area.  The blacknose shark feeds upon fast moving pinfish and other free swimming 

teleosts (Cortés 1999) that require the simultaneous use of vision and electroreception for 

tracking.  It is likely that fish targets are first acquired visually and then as they enter the 

shark’s blind area, electroreception becomes the primary sensory mode ensuring capture.  

    This study is the first to quantify the overlap of electrosensory system on the blind 

area in shark species. The extent of overlap in all species was ≥ 93% and indicates the 

importance of minimizing areas void of sensory function anterior to the head.  The use of 

electroreception in the visual blind areas of sharks has been confirmed.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 5.1.  Time series of a blacknose shark C. acronotus orientation to the dipole 
electric field.  The experimental apparatus was used to study the response of C. acronotus 
and S. tiburo to prey-simulating dipole electric fields.  An acrylic plate (AP) positioned 
on the experimental floor receives a 6µv current through wire leads (WL) creating a 
dipole electric field around the electrodes (E).  Only the left electrode is active in series 
A-E as indicated by a white circle.  In the center of the plate is an odor delivery tube (OT) 
used to arouse the sharks. (A) The shark enters the field of view of the camera. (B)  The 
shark deviates from its original course and begins its orientation towards the active 
dipole.  The distance of the shark from the center of the active dipole is measured (r) as 
well as the angle (ϴ) with respect to the dipole axis. (C) The shark approaches the 
electric field. (D) The shark bites repeatedly at the electrode. (E) The shark maneuvers 
past the dipole and begins a rotation. The counter in the lower right of each frame denotes 
the time in seconds followed by the frame number. 
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Figure 5.2.  Histogram of the percentage of orientations to dipole electric fields by (A) 
bonnethead S. tiburo and (B) blacknose sharks C. acronotus through a range of distances.  
There was a step-wise increase in orientations at further distances for S. tiburo but no 
pattern in C. acronotus.  The mean of the maximum orientation distance for C. acronotus 
(32.4 ± 1.4cm) was significantly greater than S. tiburo (27.8 ± 1.1cm).  The maximum 
orientation distance of C. acronotus was (38.1cm) and S. tiburo (30.0cm).  
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Figure 5.3.   Histogram of the percentage of orientation angles to a dipole electric field by 
(A) bonnethead S. tiburo (B) and the blacknose shark C. acronotus.  The electric field 
intensity was greatest at smaller axis angles and became a theoretical null at 90º (see 
inset).  It was predicated that sharks would demonstrate a greater number of orientations 
at smaller angles where field intensity was greatest and reached the furthest distances.  It 
was determined that C. acronotus oriented at a significantly lower angle (32.7º ± 3.2º) 
than S. tiburo (42.5º ± 3.2º).   
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Figure 5.4.  Histograms of the percentage of behavioral orientations to a dipole electric 
field of the (A) bonnethead shark S. tiburo and the (B) blacknose shark C. acronotus 
within a range of electric field intensities of < 10nVcm-1 and <100nVcm-1 (insets).  Both 
species exhibited similar sensitivities with nearly all orientations occurring at stimuli of < 
20nVcm-1.   
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Figure 5.5. Representation of the overlap of the horizontal functional visual fields with 
the electrosensitivity range of three shark species: (A) Carcharhinus acronotus, (B) 
Sphyrna tiburo, and (C) Sphyrna lewini.  The dotted line and blue values represent the 
mean standardized distance sharks oriented to an electric field (electrosensory range).  
The grey shaded areas around the head represent the monocular visual fields (one eyes 
field of view) and darker grey are areas the binocular overlap (both eyes field of view).  
White triangles anterior to the head represent blind areas and arrows and black values 
indicate the distance from the center of the eyes to the point where the monocular fields 
converge (visual convergence distance).  The percentage of overlap of the electrosensory 
system upon the visual blind area was 93% in S. tiburo, 94% in C. acronotus and 100% 
in S. lewini.  This represents the first quantitative representation of the overlap of the 
visual and electrosensory systems in shark species.   
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CHAPTER 6 

SYNTHESIS AND FUTURE RESEARCH 

The goal of this dissertation was to perform a comparative assessment of several visual 

characteristics and sensory adaptations among elasmobranch species.  Visual fields, 

spectral sensitivity, temporal resolution and the extent of integration between the visual 

and electrosensory system were determined among a group of diverse shark, skate and 

ray species.  This final chapter incorporates key findings of the study with a comparative 

overview of species visual adaptations.  Directions for future research stemming from the 

findings of this study are discussed.    

Visual fields and correlations to ecology 

 The functional horizontal and vertical visual fields of over fifty individuals of 

eight elasmobranch species were determined by novel use of an electroretinogram (ERG) 

technique.  Typically, visual fields are determined by static perimetry or by calculation of 

optics of the eye.  The ERG was used in a technique similar to that of static perimetry, 

but was physiological rather than morphological, as well as functional in that ERG 

responses defined the limits of the visual field.  

 Batoid visual fields: The study of the visual fields of batoid species revealed head 

morphology, eye position, and protrusion of the eye from its socket dictated the size and 

extent of the visual field.  Species habitat, foraging strategy and ecology were reflected in 

aspects of the visual field.  On the vertical plane all batoid species possessed
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 dorsal overlaps indicating the necessity for continuous overhead vision to detect 

predators, prey and other environmental signals.  On the horizontal plane all species 

possessed anterior binocular overlaps facilitating depth perception; the extent of overlap 

varied among species.  The Atlantic stingray Dasyatis sabina and the cownose ray 

Rhinoptera bonasus were found to possess relatively large binocular overlaps, the extent 

of which are found in predatory birds that rely on enhanced depth perception to localize 

prey (Martin et al. 1999).  In contrast, the clearnose skate Raja eglanteria and the yellow 

stingray Urobatis jamaicensis possessed relatively smaller binocular overlaps coupled 

with large monocular fields.  The yellow stingray was determined to have a full 

panoramic 360º view on the horizontal plane.  Large monocular fields are present in 

species that experience continual predation pressure because expansive lateral views 

afford visual vigilance against predators (Martin et al. 1999).  Furthermore, these species 

possess colorful body markings and elaborate pupillary structures that serve as 

camouflage to minimize detection from predators.  Clearnose skates possess clear rostral 

panes from which they derive their name.  Although translucency is a cryptic strategy, the 

functional significance of rostral translucency in batoids is not known.  A light beam 

projected through the pane of the clearnose skate onto its eye elicited a positive ERG 

response.  This demonstrated that the eye could sense light through the rostral tissue; 

however the ability to resolve images through the tissue remains speculative.   

 The extent of the visual fields correlated with aspects of each species’ 

morphology and ecology.  The cownose ray had the greatest morphological departure 

from all other species in the study, and their laterally positioned eyes set anterior to the 

pectoral wings allowed a full 360º vertical visual field.  This finding has behavioral 
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relevance as the cownose ray schools in groups that number into the thousands (Blaylock 

1989).  This confirms that the cownose ray can maintain visual contact with conspecifics 

while schooling and continuously assess locomotory and social cues.  Cownose rays 

possess anterior and ventral binocular overlaps which enable viewing of the oyster beds 

and estuarine seagrass common to its habitat (Smith and Merriner 1985). 

 The Atlantic stingray possessed the largest binocular overlap (72º), which rivals 

the extent of amphibian species with frontally positioned eyes (Grobstein et al. 1980).  

The large overlap is beneficial as D. sabina negotiates the turbid shallow coastal lagoons 

with seagrass and sandy bottoms common in its habitat (Snelson et al. 1988).  A 

horizontal streak (Logiudice and Laird 1994) and ramped retina (Sivak 1975) in this 

species enhance visual acuity and accommodation at multiple distances within the 

monocular field.   

 The batoid species visual fields were similar to those reported in avians.  A 

classification system that relates elements of the visual field to foraging and predator 

evasion strategies have been proposed for avian species (Martin and Katzir 1999).  This 

study was able to correlate visual field types established for birds to characteristics of the 

visual fields in batoids.  It was determined that R. eglanteria and U. jamaicensis 

possessed features shared by lunging and pecking birds which rely most on vision for 

vigilance against predators.  The visual fields of R. bonasus and D. sabina were similar to 

those found in fast-moving predatory birds that simultaneously use other sensory 

modalities just prior to prey capture (Martin and Katzir 1999).  This study was the first to 

successfully determine, compare and correlate the visual field of batoids to aspects of 

their ecology and to visual field classifications in avian species.  
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 Hammerhead shark visual fields: The peculiar head morphology of the 

hammerhead shark, having a dorso-ventrally compressed and laterally expanded head, led 

to speculation about the head shape’s impact upon the shark’s visual field.  The 

‘enhanced binocular field’ hypothesis (Compagno 1984) states that wide placement of the 

eyes upon the distal tips of the head confer larger binocular overlaps compared to sharks 

with more conventional head shapes.  The results of this study support the ‘enhanced 

binocular field’ hypothesis based on hammerhead’s possession of larger binocular 

overlaps (Sphyrna tiburo (13º) and Sphyrna lewini (32º)) as compared to carcharhinid 

species (Negaprion brevirostris (10º) and Carcharhinus acronotus (11º)).   

 The larger binocular overlaps in hammerheads were a result of two primary 

factors: the expanded head and forward canting of the eyes.  The relatively large 

binocular overlap in the scalloped hammerhead facilitates excellent depth perception, and 

the degree of overlap is similar to the yellow stingray Urobatis jamaicensis (34º), 

clearnose skate Raja eglanteria (28º) and bony fishes such as the serranids (Plectropoma 

leopardus 36º and Serranus scriba 40º) (Collin and Shand 2003).  Eye position upon the 

head also impacts the visual field in the carcharhinid species.  The small monocular field 

measured in the lemon shark (159º) is ascribable to lateral body expansion immediately 

posterior to the eyes, which significantly reduces the posterior visual field compared to 

the other species.  

 All species possessed a 360º panoramic view on the vertical plane, indicating the 

importance of continuous vision both above and below the shark.  The dorsal and ventral 

overlaps in all species were generally similar in size, except in the blacknose shark where 

the ventral overlap was much greater.  The blacknose shark forages upon fast-moving 
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teleost prey (Cortés 1999) and the expansive ventral visual field may facilitate prey 

tracking.  It has been proposed that ventral fin markings in several carcharhinid and 

sphyrnid species signal social information (Myrberg 1991).  The dorsal overlaps in these 

sharks’ visual field may allow species in this study to view these markings while 

swimming below conspecifics.     

 The binocular overlaps in the hammerheads occurred concomitantly with 

relatively larger blind areas anterior to the head.  The extent of lateral head movements of 

all species were quantified to determine if behavioral compensation, in the form of an 

exaggerated head yaw, existed in the hammerheads.  Both the scalloped hammerhead and 

bonnethead showed significantly greater head yaw rotation during swimming (16.9º, 

15.6º respectively) than the lemon (15.1º) or blacknose (15.0º), indicating a behavioral 

compensation for the enlarged anterior blind area.  The larger binocular overlap in the 

hammerhead species relative to two carcharhinid sharks is consistent with the ‘enhanced 

binocular field’ hypothesis. 

  Hammerhead sharks are not the only aquatic species that have eyes positioned 

upon expanded head structures.  There are several species of deep-sea fishes which 

possess extremely long eye stalks including Idiacanthus atlanticus.  In the larval form the 

eye stalks are nearly fifty-percent of the total body length (Kawaguchi and Moser 1986).  

As I. atlanticus matures the stalks degenerate and the eyes are positioned laterally within 

the head.   It is speculated that the eye stalk functions to enhance the visual field and 

because the eye is the only sensory structure that has been laterally displaced, it is likely 

that selection upon the visual system is the driving force (Weihs and Moser 1981).   
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 In contrast to hammerheads, other species possessing dorso-ventrally compressed 

and laterally expanded head morphology display eyes positioned centrally on the head, 

suggesting that vision was not the driving force for expansion.  These include the 

nectridian amphibians which were characterized by a flattened wing-like head that did 

not appear to house sensory structures.  It was proposed that the wide head provided 

hydrodynamic function (Cruickshank & Skews 1980) as these were stream-dwelling 

amphibians.  Cephalaspids were Devonian Age fishes having laterally expanded heads 

covered in a bony shield with centrally located dorsally positioned eyes.  These eyes were 

central in the head but other sensory structures, possibly electroreceptors, were located 

within the expanded head (Benton 1997).  These species illustrate that eye repositioning 

does not necessarily occur concomitantly with lateral head expansion.  

Visual and Electrosensory Integration 

 Sensory integration between the electrosensory system and the visual system has 

been examined in several fish species (Bastain 1982, Ciali et al. 1997, Lorteije et al. 

2000, Moller 2002, Pluta and Kawasaki 2008).  The African weakly electric fish 

Gnathonemus petersii can identify objects in complete darkness through use of their 

active electrosensory system (Landsberger et al. 2008).  These fish are nocturnal and 

therefore, the relative contribution of vision for orientation and object recognition was 

expected to be low.  Recently, it was demonstrated that the visual system of G. petersii is 

surprisingly specialized, indicating that both the electrosensory and visual systems are 

important in the sensory function of this species (Landsberger et al. 2008).  It has been 

speculated that sharks integrate their visual and electrosensory systems, however, 

research in this area is lacking. 
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 The quantification of the visual field in shark species revealed blind areas anterior 

to the head that were most pronounced in hammerhead species as a consequence of the 

lateral displacement of their eyes.  Sharks yaw their heads left and right during 

swimming, thus expanding the viewable space in both the anterior and posterior 

directions.  It was determined that hammerheads yaw their head to a greater degree than 

other species, which may be interpreted as a form of compensation for the enlarged blind 

area.  Blind areas persist in front of the head, despite exaggerated head movements, and 

compensation by other mechanisms has been unexplored.  This study investigated 

whether the shark electrosensory range overlapped the blind area, and if such sensory 

overlap provides full sensory capability surrounding the head.   

 The range of the electrosensory system was calculated from the behavioral 

orientations of S. tiburo, S. lewini and C. acronotus to prey-simulating dipole electric 

fields.  The percentage of the electrosensory range that overlapped the blind area was 

greater than 90% in all three species.  The blind area of the scalloped hammerhead was 

entirely covered by the range of the electrosensory system.  The quantification of the 

blind area and electrosensory range confirmed near seamless overlapping coverage by the 

electrosensory system in these species.  The integration of the two systems around the 

shark head enables visual tracking of fast moving prey followed by electrosensory system 

localization within the blind area prior to capture.  This study was the first to quantify the 

extent of overlap between these two sensory systems.  

Visual Physiology 

Spectral Sensitivity: The spectral sensitivity of an organism’s photoreceptors 

adapt to maximize sensitivity to the light regime within the habitat (Bayliss et al. 1936, 
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Clark 1936, Lythgoe 1979).  This has been demonstrated in deep-sea fishes that have a 

sensitivity that matches the narrow range of ambient illumination (Douglas 1997).  A 

sensitivity offset from the maximum irradiance in the habitat is more useful for detection 

of light objects against a darker background and is a strategy often employed to detect 

prey (Lythgoe 1968).  Furthermore, sensitivity in crepuscular organisms can be tuned to 

match ambient illumination during behaviorally active times like dawn and dusk (Hobson 

et al. 1981; McFarland 1991).   

  It has been demonstrated that the spectral sensitivity of elasmobranch species 

correlate to the ambient illumination in the habitat, ranging from 400-590 nm (Gačić et 

al. 2006; Theiss et al. 2006; Hart et al. 2004; Cohen and Gruber 1985; Niwa and Tamura 

1975; Dowling and Ripps 1971).  However, the variable methodology employed to derive 

elasmobranch spectral sensitivities has confounded widespread comparison.  Therefore, a 

comparative study upon species from a variety of habitats utilizing a biologically 

meaningful methodology, such as ERG, is needed.  This study determined the spectral 

sensitivity of S. tiburo and C. acronotus (collected from similar environments), and 

contrasted them to that of S. lewini (from a different habitat).  The study was conducted 

under scotopic conditions as heightened activity patterns during crepuscular periods have 

been reported for these species (Lowe 2002, Nelson 1990, Holland et al. 1993).  

The spectral range of the bonnethead shark showed a maximal response to blue 

light (480 nm) and a lower response to green light (530 nm).  A similar spectral 

sensitivity was determined in the blacknose shark having a maximum sensitivity peak at 

480 nm and a smaller peak at 530 nm.  The spectral range of the juvenile scalloped 

hammerhead differed from the other species in maximal response to green light (530 nm) 
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and a secondary smaller response to blue light (480 nm).  The finding that S. tiburo and 

C. acronotus share the same sensitivity and were captured from similar habitats is 

intriguing.  It was necessary to compare species’ spectral sensitivities to environmental 

spectra at twilight and night in order to determine if spectral sensitivity of the rod 

pigments enhance scotopic vision.   

McFarland (1991) presented recorded and modeled environmental spectra data for 

midday, twilight, moonlight and starlight at 3 m depth.  These data were used to 

determine which rod visual pigments of elasmobranchs would be best served within each 

environmental condition.  Examination of the moonlight and starlight data revealed 

spectra between 450-600 nm, differing from daytime spectra by containing more photons 

at longer wavelengths.  McFarland (1991) concluded that, for an elasmobranch looking 

upward in coastal ocean water at 3 m depth, a rod pigment located anywhere between 

450-600 nm would serve equally well to capture the downwelling light under daylight, 

moonlight, and starlight conditions.  All three species have their spectral sensitivity peaks 

within this range, indicating the rod pigments are well adapted for optimal function in 

these conditions.  Additionally, McFarland (1991) determined that the twilight 

downwelling spectrum peaked between 460- 470 nm and the possession of a rod pigment 

located near 480 nm would best suit this time of day.  Both C. acronotus and S. tiburo 

possessed spectral sensitivity peaks at 480 nm which enhances scotopic vision at twilight. 

These findings further support the hypothesis that sharks, like other aquatic species, tune 

their spectral sensitivities to match their lifestyle and the spectral illumination of their 

habitat.  
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 Temporal Resolution: Organisms must detect movement of predators, prey and 

other objects within their environment under a wide range of light intensities.  Need for 

balance between an organism’s resolution and sensitivity in obtaining the most 

comprehensive image possible becomes critically important in variable light conditions. 

Some organisms increase the eyes ability to capture light by increasing the integration 

time of the photoreceptors, a process termed temporal summation (Pirenne and Denton 

1952).  This is analogous to leaving the shutter of a camera open for a longer period of 

time in an effort to capture more photons of light, but this may simultaneously reduce 

resolution (Marshall et al. 2003).  Warrant (1999) demonstrated however, that the 

positive effects of temporal summation outweigh the negative loss of resolution.   

The study of insect eyes revealed the temporal resolution of photoreceptors 

matched the habitat and lifestyle of the organism (Autrum 1950, 1958).  Nocturnal and 

slow-moving organisms possess relatively slower photoreceptor responses than faster-

moving diurnal species.  This relationship has been demonstrated in fish species, 

especially those inhabiting mid-waters where the ambient light has a narrow spectral 

range (470-490 nm) (Douglas 1997).  It was expected that the temporal response 

characteristics of the elasmobranch eye would follow this trend.  Few studies have 

documented the temporal characteristics of the elasmobranch eye, thus correlations to 

habitat and lifestyle are fragmentary and a comprehensive approach warranted.   

The temporal resolution of S. lewini, S. tiburo, and C. acronotus were measured 

under scotopic and photopic conditions by determination of the flicker-fusion frequency 

(CFF).  The CFFmax under both scotopic and photopic conditions was highest in S. tiburo 

and slightly lower in S. lewini.  Both species possess horizontal slit pupils (S. lewini is 
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slightly rounded) indicating an adaptation to a habitat with variable light conditions.  The 

CFFmax of C. acronotus was the lowest of all shark species studied and most similar to 

nocturnal slow-moving insects (Autrum 1958).  Round pupils were found in C. acronotus 

and are present in animals that experience dimmer light or display nocturnal behavior 

because the round pupil cannot constrict as far as the slit pupil (Walls 1942).  Therefore, 

the relatively low CFFmax of C. acronotus, as compared to S. tiburo and S. lewini, may 

reflect an adaptation to a predominantly nocturnal lifestyle where sensitivity (contrast 

detection) may be more important than temporal resolution (tracking ability) for detecting 

prey (Frank and Widder 1999).  

All three species in this study are coastal sharks and subtle differences in their 

microhabitats influenced their visual performance.  The bonnethead is associated with 

clear shallow reefs and seagrass beds (Heupel et al. 2004), and therefore possession of 

higher temporal resolution in bright reef and sea grass environments may impart a visual 

advantage.  The juvenile scalloped hammerhead inhabits a murky environment and 

possessed a CFFmax nearly identical to S. tiburo, indicating its capability to visually track 

fast moving and elusive prey.  However, as juvenile S. lewini mature they move out into 

clearer deep oceanic waters where the higher resolution would serve them well.  The 

activity patterns of C. acronotus are not well understood but this species is known to 

inhabit an environment similar to S. tiburo in terms of water transparency, and combined 

with a significantly lower CFFmax indicate a crepuscular or nocturnal activity pattern.  

Thus, the findings of this study support a correlation between the temporal resolution of 

shark species and aspects of their habitat and lifestyle.  

Future Research 
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 This study provided much needed information about variation in visual 

adaptations among several elasmobranch species, and further experimentation upon a 

wider range of morphologically diverse taxa is needed to expand the interpretation of 

these results.  For instance, to further elucidate factors that influence characteristics of the 

visual field, it would be useful to examine species that present further morphological 

departures from the species of the present study.  One such species is the winghead shark 

Eusphyra blochii, which possesses the most extreme hammerhead shark morphology 

with a head length approaching nearly fifty percent of its total body length.  Since this 

study confirmed that binocular overlaps in the hammerhead species become progressively 

larger with head expansion, it is probable that the binocular overlap in E. blochii might 

exceed 50º.   

 The determination of the visual fields of completely pelagic species, such as 

mantas (Manta birostris), would likely reveal large ventral visual fields which were not 

present in the benthic species of this study.  Additionally, a visual field assessment of a 

guitarfish species would be relevant, as the Atlantic guitarfish (Rhinobatos lentiginosus) 

and the shovelnose guitarfish (Rhinobatos productus) both possess rostral translucency 

similar to that observed in the clearnose skate.  If a visual function is associated with the 

presence of rostral translucency, then a visual field overlap of the rostral tissue would be 

predicted, as was demonstrated in the clearnose skate.  Further experimental testing 

should be developed to confirm the function of rostral translucency, because at present a 

visual function cannot be discounted. 

 Future studies should include spectral sensitivity experiments under photopic 

conditions that integrate chromatic adaptation, which may reveal the presence of several 
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visual pigments.  A comparison of the visual performance in both juvenile and adult 

species may reveal differences due to ontogeny as they enter and adapt to new habitats.  

Changes in habitat have been reported to accompany a shift in visual pigment 

complements in the lemon shark (Cohen et al. 1990).  Determination of the temporal 

resolution of species exhibiting a wide range of ecologies, such as nocturnal species and 

inhabitants of deep abyssal zones, would provide contrast to diurnal species that inhabit 

shallow, brightly lit environments.  

 The tremendous diversity in ocular features such as the ornate and mobile pupils 

of elasmobranchs is yet to be fully appreciated.  A cataloging of elasmobranch pupils and 

the unique ocular features that control the amount of light entering the eye should be 

initiated.  Additionally, the strategies employed to camouflage and shield the eye, 

including the elaborate pupillary operculum, should be documented.  

 The elasmobranch sensory system has evolved over 400 million years and 

adapted to the particular demands of multiple environments.  Sensory system function 

has been overtly deconstructed and examined in isolation.  It will be critical in future 

investigations to begin to reconstruct and examine entire systems in effort to understand 

the relative importance of each system and how environmental challenges shift the 

relative reliance of one system to another.  At that point a more holistic understanding of 

sensory system function in elasmobranch species will be achieved. 
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