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1. ABSTRACT 

In this study, we investigated the visual system of the Port Jackson shark Heterodontus 

portusjacksoni, a shallow-dwelling benthic species and generalist predator endemic to the 

temperate coastal waters around southern Australia.  Measurements of retinal spectral 

sensitivity in juvenile sharks, made using single flash and heterochromatic flicker photometry 

under conditions of dark- or light-adaptation, indicated a peak sensitivity at around 500 nm, 

with no evidence of a spectral shift with increasing levels of light adaptation.  Histological 

sections of the retina revealed a heavily rod dominated retina containing only a few small cell 

profiles in the photoreceptor layer that might represent a sparse cone population or may be 

immature rods.  Assessment of retinal topography in juvenile sharks indicated the presence of 

a distinct specialisation for increased visual spatial acuity in the form of a horizontal streak of 

higher rod photoreceptor (∼80,000 rods mm-2) and ganglion cell (∼1,800 cells mm-2) densities 

across the horizontal meridian of the eye.  This specialisation would be adaptive for 

panoramic sampling of the part of the visual field corresponding to the substrate-water 

interface and remove the need for H. portusjacksoni to move its eyes extensively when 

resting on the sea floor.  The estimated upper limit of spatial resolving power in juvenile 

H. portusjacksoni was 3.14 cycles deg-1, which is at the lower end of values measured in 

elasmobranchs.  Taken together, these results suggest that the retina of H. portusjacksoni is 

well adapted for nocturnal vision. 

 

Keywords: Elasmobranch, flicker photometry, photoreceptors, retina, RRID:SCR_002526, 

visual acuity, visual ecology 
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2. INTRODUCTION 

This article is dedicated to the late Jack Pettigrew, who inspired the authors to take a 

comparative approach to the study of the evolution and ecology of vision. Like much of his 

work on the visual systems of birds and mammals, Jack had a deep fascination for how 

aquatic vertebrates perceive their world and have adapted to their unique visual demands. 

Jack's passion for curiosity driven research and his use of Australian fauna to showcase the 

wonders of the visual system have shaped the careers of many of the neuroscientists lucky 

enough to have crossed paths with him during his distinguished career. 

An animal’s ability to perceive its visual environment greatly influences its behavioural 

repertoire, and therefore its opportunities for survival and proliferation.  Consequently, a 

huge diversity of visual adaptations have evolved in both invertebrate and vertebrate taxa, 

and these usually align with an animal’s habitat and lifestyle (Cronin, Johnsen, Marshall, & 

Warrant, 2014).  Studying the eyes of early vertebrate lineages, such as the cartilaginous 

fishes, especially sharks and rays (elasmobranchs), has proven to be useful in providing 

insights into the evolutionary selection pressures and functional significance of some of these 

adaptations across a range of ecological niches (Collin, 2018; Hart et al., 2020). It has also 

highlighted the variation in visual abilities in this ecologically diverse group (Hart, Lisney, & 

Collin, 2006; Lisney, Theiss, Collin, & Hart, 2012). 

The anatomical and physiological properties of the eye determine the nature of the 

spectral, spatial and temporal information provided to the brain.  In particular, the ability to 

extract information from an image projected onto the retina is reliant on the complement and 

spectral sensitivity of the photoreceptors, of which there are two main functional types: rods 

and cones (Walls, 1963).  Most jawed vertebrates (gnathostomes) possess a ‘duplex’ retina 

that comprises both rods and cones.  Typically, rods function best in dim light (scotopic) 

conditions, whereas cones are capable of functioning under bright light (photopic) conditions, 

and this arrangement allows for appropriate visual sensitivity under a range of light 

intensities from starlight to full daylight (Rodieck, 1998).  To see colour, two or more 

photoreceptor types that differ in their spectral sensitivity (and the associated neural circuitry 
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to compare their outputs) are required, and in most vertebrates colour vision is subserved by 

cones that express different visual pigments (Bowmaker, 1998). 

A visual pigment is comprised of an opsin protein and a chromophore, which in 

vertebrates is either 11-cis retinal (A1) or 11-cis 3,4-didehydroretinal (A2).  Both the type of 

chromophore and the amino acid sequence of the opsin protein can affect the spectral 

absorption characteristics of the visual pigment and thus the spectral sensitivity of the 

photoreceptors (Nathans, 1990; Hárosi, 1994).  Based on nucleotide and amino acid 

homology, cone opsins are assigned to one of four classes: SWS1, SWS2, RH2 and LWS.  

When conjugated with 11-cis retinal, the wavelength of maximum absorbance (λmax) of A1-

based cone opsins typically fall in the ranges: SWS1: ∼360–440 nm; SWS2: ∼400–480 nm; 

RH2: ∼440–530 nm; and LWS: ∼495–575 nm (Yokoyama, 2008; Cortesi et al., 2015).  Rod 

opsins fall into a separate RH1 class and A1 rod pigments have λmax values ranging from 

∼475–525 nm (Hunt, Dulai, Partridge, Cottrill, & Bowmaker, 2001). 

With very few exceptions, all sharks studied to date have been shown to possess 

anatomically duplex retinae (Hart et al., 2006; Hart et al., 2020).  However, in contrast to 

virtually all terrestrial and most marine vertebrates, and with the exception of cetaceans and 

pinnipeds (Newman & Robinson, 2005; Fasick, Bischoff, Brennan, Velasquez, & Andrade, 

2011), sharks appear to possess only a single spectral class of cone (Hart et al., 2020). This 

makes them cone monochromats and thus potentially incapable of conventional colour vision 

(Hart, Theiss, Harahush, & Collin, 2011).  Interestingly, the single cone opsin class present in 

the retina differs between species, with carcharhinid and heterodontid species expressing the 

RH2 opsin and orectolobid species expressing the LWS opsin (Theiss, Davies, Collin, Hunt, 

& Hart, 2012; Hara et al., 2018; Fasick, Algrain, Serba, & Robinson, 2019; Hart et al., 2020).  

The λmax of the different visual pigments generated by these opsins range from 528–561 nm.  

Based on the accepted species phylogeny (Naylor et al., 2012), this suggests that a reversion 

to cone monochromacy from a dichromatic ancestor has occurred independently in at least 

three shark lineages.  It is important to note, however, that the opsin complement and spectral 

sensitivity of very few of the more than ∼500 species of shark have been studied to-date. 
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The topographic distribution of photoreceptors and other neurons (e.g. ganglion cells) 

across the retina is also crucial for providing visual information about the surrounding 

environment.  Regions of the retina in which these cells collectively occur at increased 

densities generate a higher spatial resolving power and facilitate increased spatial sampling of 

the retinal image arising from particular regions of visual space (Hughes, 1977).  As these 

retinal specialisations are often species-specific, they can be used to indicate how an animal 

perceives its environment and how it may behave as a result (Collin & Pettigrew, 1988). 

Additionally, such specialisations can provide significant insight into the visual ecology of a 

species, especially in animals that can be difficult to observe in the wild, such as sharks 

(Cohn, Collin, Wainwright, & Schmitz, 2015).  To-date, the retinal topography and spatial 

resolving power of several species of sharks have been determined; however, benthic shark 

species are poorly represented in these studies (Lisney & Collin, 2008; Litherland & Collin, 

2008; Newman, Marshall, & Collin, 2013). 

The Port Jackson shark Heterodontus portusjacksoni (Heterodontiformes) is a benthic 

shark found in the shallow coastal waters around Australia (Last & Stevens, 2009).  It is a 

predominantly nocturnal species and undergoes seasonal migrations of up to ∼2,000 km 

(Bass et al., 2017; Kadar, Ladds, Mourier, Day, & Brown, 2019).  It also has one of the most 

diverse diets, in terms of the number of different taxa consumed, of all sharks studied to date 

(Powter, Gladstone, & Platell, 2010).  These behavioural traits make H. portusjacksoni a 

fascinating species to study with respect to the gathering and use of sensory information.  In 

contrast to the duplex retina that is typical of most sharks, a previous study on the fine-

structure of the retina of adult H. portusjacksoni failed to observe cone photoreceptors in the 

retinal mosaic, and concluded that this species might possess a rod-only, simplex type retina 

(Schieber, Collin, & Hart, 2012).  Given that rod RH1 opsins evolved from one of the pre-

existing cone opsins (RH2) after the diversification of an ancestral cone-like opsin into the 

four opsin classes still present in extant vertebrates (Okano, Kojima, Fukada, Shichida, & 

Yoshizawa, 1992; Lamb, 2013),  a rod-only visual system can only arise from the loss of all 

ancestral cone opsin types and is therefore considered to be extremely specialised (Gruber, 

Gulley, & Brandon, 1975).  Indeed, very few vertebrates possess rod-only retinas, and those 
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that do are typically either exclusively nocturnal or deep-diving species (Ripps & Dowling, 

1990; Hunt et al., 2001; Meredith, Gatesy, Emerling, York, & Springer, 2013; Delroisse, 

Duchatelet, Flammang, & Mallefet, 2018); neither of which fully describes the behavioural 

ecology of H. portusjacksoni. 

The aim of this study was to further investigate the visual abilities of H. portusjacksoni.  

Using electroretinography, we measured the spectral sensitivity of the retina of juvenile 

sharks and assessed the potential for cone contributions to the visual response. This technique 

was validated using a second benthic shark species known to possess cones (brown-banded 

bamboo shark, Chiloscyllium punctatum), which then served as a comparative visual system 

to that of H. portusjacksoni.  We also mapped the topographic distribution of photoreceptors 

and ganglion cells across the juvenile retina to identify retinal specialisations subserving high 

acuity vision, before estimating the peak spatial resolving power of the retina based on the 

optics of the eye and neuronal spacing.  Our findings revealed that the retina of 

H. portusjacksoni is highly specialised for dim light vision, either lacks cones or has a very 

low abundance of cones, and has a topographic distribution of neurons that is well suited to 

its benthic lifestyle. 

3. MATERIALS & METHODS 

Study Animals 

Nine (three male and six female) wild-caught juvenile (total length, TL 26–39 cm) Port 

Jackson sharks (Heterodontus portusjacksoni; Meyer, 1793) were obtained from a 

commercial supplier and housed in recirculating seawater aquaria under fluorescent strip 

lighting on a 12/12 hour light/dark cycle.  Three (one male and two female) juvenile (TL 17–

22 cm) brown-banded bamboo sharks (Chiloscyllium punctatum; Müller and Henle, 1838) 

were hatched from eggs obtained through a commercial supplier and housed under the same 

conditions as H. portusjacksoni.  All experimental procedures were approved by the 

University of Western Australia Animal Ethics Committee (RA/3/100/917).  Sharks 

underwent electroretinographic experiments prior to being euthanized to harvest tissue for 

histology and retinal topography. 
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Electroretinographic measurements of spectral sensitivity 

Anaesthesia and neuromuscular blockade 

Three juvenile H. portusjacksoni and three juvenile C. punctatum were used to record 

single-flash and heterochromatic flicker electroretinograms (ERGs) under conditions of dark- 

and light-adaptation.  We used C. punctatum as a comparison because this species is known 

to possess cones in the retina and so could be used to validate the measurement and 

modelling techniques used to assess the presence of cones in the retina of H. portusjacksoni.  

Sharks were transported from their aquaria to the lab in a light-proof container containing 

aerated seawater.  Anaesthesia was induced by immersing the shark in a solution of methane-

tricaine-sulphonate salt (MS222; 80–120 mg L-1) in oxygenated seawater and maintained by 

directing a continuous stream of seawater containing this anaesthetic over the gills via an oral 

canula.  Sharks also received a single injection via the caudal vein of the muscle blocker 

pancuronium bromide (0.7 mg kg-1 for H. portusjacksoni and 1.8 mg kg-1 for C. punctatum), 

to prevent spontaneous muscle activity interfering with recordings.  At the end of the 

experiment, anaesthesia was reversed in H. portusjacksoni by active ventilation with fresh 

oxygenated sea water and the neuromuscular blockade reversed by a single intravenous 

injection of neostigmine (0.5 mg kg-1) and atropine sulphate (0.35 mg kg-1).  Chiloscyllium 

punctatum were euthanized at the completion of ERG recordings with an overdose of MS222 

(500 mg L-1 in seawater). 

Apparatus 

Anaesthetised sharks were placed into an electrically grounded 25 L container of sea water 

and secured using Velcro™ straps to an inclined ramp that was used to raise the head of the 

animal out of the water while keeping the rest of the body submerged.  Wet paper towels 

were placed over the head and right eye of the animal to keep exposed surfaces moist during 

the procedure.  Phenylephrine hydrochloride (2.5%; Bausch & Lomb; Surrey, UK) and 

atropine sulphate (1.0%; Bausch & Lomb; Surrey, UK) were periodically applied to the 

cornea of the left eye to keep the pupil dilated under bright light adaptation.  A local 

anaesthetic, Alcaine (0.5%; Alcon; NSW, Australia), was also administered to the left cornea 

This article is protected by copyright. All rights reserved.



throughout recordings to temporarily numb the surface of the cornea under the recording 

electrode. 

A silver-silver chloride wire reference electrode was inserted subcutaneously above the 

left eye.  The end of the fibre-optic delivering the light stimulus was positioned 2 mm from 

the cornea, opposite the centre of the pupil and parallel to the optical axis of the eye.  A 

circular platinum wire recording electrode was placed on the surface of the cornea towards 

the centre of the left eye, ensuring it did not block the beam emerging from the fibre-optic.  

The voltage differential between the reference and recording electrodes was amplified 

(×1000; AC-coupled) using a DAM-50 extracellular amplifier (World Precision Instruments; 

Florida, USA), with hardware low-pass and high-pass filter cut-offs at 1 kHz and 1 Hz, 

respectively, and digitised at 5 kHz using a USB-6229 M-series data acquisition device 

(National Instruments; NSW, Australia).  Data acquisition and stimulus generation hardware 

were controlled using custom software written (NSH) in Visual Basic (Microsoft) using 

DAQmx libraries provided by National Instruments.  Amplified responses were also able to 

be viewed in real time using a digital oscilloscope (TDS1002B; Tektronix; OR, USA). 

The shark and the amplifier were located within a grounded Faraday cage to reduce 

electrical noise, and the front opening of the cage was covered with an opaque black cloth 

during the experiments to exclude extraneous light.  Once the animal was in position, a dim 

red-light emitting head torch was used when making further adjustments to the equipment, or 

to monitor the health of the animal, to minimise light-adaptation of the exposed eye.  Sharks 

were dark-adapted for 0.5–1.0 hr prior to recording the ERGs, all of which were recorded 

during daylight hours (08:00–18:00). 

Single flash electroretinograms 

To quantify the retinal spectral sensitivity functions of our study species, dark-adapted (i.e. 

scotopic) single-flash ERGs were recorded in response to chromatic stimuli (340 to 700 nm 

in 20 nm intervals) at 12 different increasing light intensity levels over a 5.5 log unit range.  

Electroretinogram test light stimuli were delivered to the eye using one branch of an SMA-

terminated 600 μm bifurcated fibre-optic cable (Ocean Optics).  The primary light source was 
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a 175 W compact xenon arc lamp (Spectral Products).  Narrow waveband (10 nm full-width 

at half-maximum, FWHM) light stimuli (nominal centre wavelengths: 340 to 700 nm in 

20 nm intervals) were generated using interference filters (CVI Laser Optics).  For the single 

flash experiments, stimuli of different wavelengths were equated for equal quantal intensity 

using a continuously variable quartz circular neutral density filter (Thorlabs).  Fixed quartz 

neutral density filters (Thorlabs) were used to adjust the overall intensity level of the 

presented stimuli.  Spectral irradiance at the level of the cornea was measured using a 

calibrated USB4000 spectroradiometer (Ocean Optics).  The total irradiance of the 

unattenuated test light stimulus was 3.27×1017 photons cm-2 s-1. 

Flash stimulus duration (10 ms) was controlled using an electromagnetic shutter (Uniblitz 

LS6-T-2) and shutter driver (Uniblitz VMM-T1) under computer control.  The inter-stimulus 

interval was increased as stimulus intensity increased (from a 2 s interval at the lowest light 

intensity to a 60 s interval at the brightest) to prevent suppression of retinal responses through 

excessive photobleaching or light adaptation. 

Replicate recordings at each wavelength and intensity setting were averaged offline and 

smoothed using an unweighted running average using scripts written in Visual Basic (NSH).  

Occasionally, individual recordings contained measurement artefacts (e.g. voltage spikes, 

excessive baseline drift) and were excluded from the averaging process and subsequent 

analyses.  The voltage difference between the trough of the ERG a-wave and the peak of the 

b-wave was then calculated and is referred to hereafter as the b-wave amplitude. 

At each stimulus wavelength, intensity-response (V-log I) curves were generated by 

plotting mean b-wave amplitude against the log10 of stimulus intensity.  Each V-log I curve 

was best-fitted with a Michaelis-Menten (‘Naka-Rushton’) function (Naka & Rushton, 1966; 

Fulton & Rushton, 1978) using the ‘Solver’ function in Excel (Microsoft).  The fitted 

function was used to estimate the light intensity required to achieve a criterion b-wave 

amplitude of 20 μV.  The reciprocals of these intensity values are equivalent to the sensitivity 

of the retina at each stimulus wavelength and, when combined, give the spectral sensitivity 

function of the retina (Cohen, Gruber, & Hamasaki, 1977). 
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Flicker photometry 

Heterochromatic flicker photometry (Jacobs, Neitz, & Krogh, 1996) was then used to try 

and isolate cone responses in the retina of both shark species.  The apparatus used was largely 

as described above, apart from changes to the light stimuli used and the extent of background 

illumination (i.e. photopic adaptation). 

Test and reference stimuli were delivered to the eye using a 600 μm diameter bifurcated 

quartz fibre optic cable (Ocean Optics; USA).  The reference stimulus was a digitally 

switched, constant-current driven broadband white-light emitting diode (Cree) that was 

coupled to one branch of the fibre. The intensity of the reference stimulus (unattenuated 

irradiance at the level of the cornea 2.03 × 1016 photons cm-2 s-1) was kept constant during a 

given spectral ‘run’ but was adjusted using neutral density filters to maintain the digitally-

filtered reference-only flicker response amplitude of 2 μV peak-to-peak, regardless of the 

intensity of the background adaptation.  The test stimulus consisted of light from any one of 

the narrow band interference filters used for the single-flash (i.e. dark-adapted) ERG 

experiments delivered along the other branch of the fibre.  The intensity of the test stimulus 

was adjusted using both fixed and continuously variable neutral density filters and was 

modulated using the electromagnetic shutter.  Both the test and reference stimuli had a duty 

cycle of 25% and were presented 180 degrees out of phase to one another at a rate of 20 Hz, 

i.e. a 40 Hz combined flicker rate (Jacobs et al., 1996). 

Flicker ERG responses were differentially amplified (×10,000) with hardware low-pass 

and high-pass filter cut-offs at 100 Hz and 1 Hz, respectively.  The responses to 40 

consecutive test-reference stimuli presentations were averaged and smoothed using a digital 

implementation of a narrow-bandwidth Butterworth bandpass filter, with a centre frequency 

of 20 Hz.  The intensity of the test stimulus was adjusted until it elicited a response amplitude 

equal to that of the reference stimulus, such that the filtered and averaged signal was reduced 

to its minimum amplitude – the ‘null point’ – and was of intermediate phase compared to that 

of either the test or reference stimulus alone (Jacobs et al., 1996).  The sensitivity of the retina 

at each test wavelength was then calculated as the log10 of the reciprocal of the corneal 
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irradiance delivered by the test stimulus that was required to achieve the null-cancellation of 

the reference stimulus. 

Flicker ERGs were first recorded without any background light adaptation.  Although not 

strictly dark-adapted, as the retina will adapt to the mean irradiance of the alternating test and 

reference stimuli, the ERG response contribution may contain a significant rod contribution if 

the shark retina is able to respond at high frequencies—as in the skate retina (Ripps & 

Dowling, 1990)—and photo-pigment bleaching is minimal. 

Background and chromatic light adaptation were then applied to selectively reduce the rod 

contribution to the flicker response and reveal any cone-mediated mechanisms.  Any 

observed changes in the shape of the spectral sensitivity function would suggest the presence 

of cones within the retina (Cohen et al., 1977), provided that the rods and cones contain 

visual pigments with different λmax values.  Background adaptation was provided by a 150 W 

broadband ‘white light’ tungsten-halogen light source (Schott KL 1500 LCD) that was 

delivered to the interior of the Faraday cage using two fibre-optic light guides.  By reflecting 

the uncollimated light from the light guides off the reflective interior surface of the Faraday 

cage, a pseudo-Ganzfeld (i.e. full-field) background adapting light could be generated.  The 

intensity of the background ‘white’ adapting light at the level of the cornea was 5.93×1014 

photons cm-2 s-1.  After obtaining a spectral sensitivity function with just the white 

background light adaptation, selective chromatic adaptation was provided with a high 

intensity ‘blue’ (470 nm) light-emitting diode (Cree) positioned 35 mm from the cornea, 

which delivered an additional irradiance at the cornea of 2.63×1016 photons cm-2 s-1, and a 

further spectral sensitivity function measured. 

Modelling photoreceptor inputs to spectral sensitivity 

We assumed that the spectral sensitivity functions obtained through ERG measurements 

resulted from the linear superposition of individual photoreceptor spectral sensitivities 

(Nuboer, van Nuys, & Wortel, 1983).  Thus, the spectral sensitivity functions obtained for 

each species, stimulus methodology and adaptation state combination were fitted with models 

comprising either one (rod) or two (one rod and one cone in an additive combination) visual 
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pigment absorbance spectra of appropriate wavelengths of maximum absorbance (λmax).  

Spectra were based on the vitamin A1-based visual pigment templates given by Govardovskii 

et al. (2000).  A specific (decadic) absorbance of 0.012 μm-1 was assumed for both rod and 

cone visual pigments (Hart et al., 2020).  Cone and rod outer segment lengths were assumed 

to be 8 μm and 30 μm, respectively (Harahush, Hart, Green, & Collin, 2009; Schieber et al., 

2012).  Calculated photoreceptor absorbance spectra were corrected for the spectral 

transmittance of the combined ocular media of H. portusjacksoni as measured below. 

A least-squares fitting procedure was used to obtain the best fit (minimum residual sum of 

squares) of the models to the spectral sensitivity data, using the ‘Evolutionary’ Solver 

function in Excel (Microsoft).  When fitting a rod-only (simplex) model to the spectral 

sensitivity data, the λmax of the rod pigment was fixed, and the only variable was an offset to 

shift the pigment absorbance data along the y-axis (i.e. log10 sensitivity).  The rod λmax values 

used were those measured previously using microspectrophotometry, and were 496 nm for 

H. portusjacksoni and 500 nm for C. punctatum (Hart et al., 2011).  When fitting a combined 

rod plus cone (duplex) model to the spectral sensitivity data, the λmax of the rod pigment was 

fixed as for the simplex model, and the variables were a y-axis offset, the ratio of the rod to 

cone contribution to the spectral sensitivity function, and the λmax of the cone pigment.  No 

cones have been measured in H. portusjacksoni, whereas C. punctatum has a single cone 

pigment with a λmax value at 532 nm (Hart et al., 2011).  However, for modelling the spectral 

sensitivity functions, the cone λmax value for both species was free to vary between 450–

580 nm, based on the range of cone pigment λmax values measured in other elasmobranchs 

(Hart et al., 2011; Fasick et al., 2019; Hart et al., 2020). 

F-tests were used to compare the fits of the two models to the sensitivity functions of both 

species and to assess whether each spectral sensitivity function was explained adequately by 

a simple rod-only (simplex) model (null hypothesis) or whether a more complex rod plus 

cone (duplex) model (alternative hypothesis) was required.  For each F-test, the duplex model 

was determined to be a better model than the simplex model when p < 0.05. 

Measurement of ocular media transmittance 
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One H. portusjacksoni (female; TL 39 cm) was euthanized at the completion of the ERG 

recordings with an overdose of MS222 (500 mg L-1 in sea water) and the eyes removed.  Eyes 

were dissected in 0.1 M sodium phosphate buffer (pH 7.3) and lens diameter measured using 

a digital Vernier calliper.  The spectral transmittances (300–800 nm) of the lens and cornea 

were measured along the optical axis using an S2000 spectroradiometer (Ocean Optics) as 

described elsewhere (Hart, Coimbra, Collin, & Westhoff, 2012).  Briefly, broadband white 

light from a 175 W xenon lamp (Spectral Products) was delivered to the tissue using a 50 μm 

diameter quartz fibre-optic terminated with a quartz collimating lens (74-UV; Ocean Optics).  

Light transmitted by the tissue was collected via a second quartz lens coupled to a 600 μm 

diameter optical fibre connected to the spectroradiometer.  Replicate measurements of the 

lenses and corneas from both eyes were averaged to obtain mean spectra.  The spectral 

transmittances of the aqueous and vitreous humours were not measured although in most 

species these usually contribute little to the overall absorption of light by the ocular media 

over the wavelength range considered (e.g. Hart, Partridge, & Cuthill, 1998).  Thus, the 

overall spectral transmittance of the ocular media was modelled as the product of the 

lenticular and corneal transmittances and was used to model the effect of pre-retinal light 

absorption on the retinal spectral sensitivity of H. portusjacksoni (and in the absence of 

identical measurements also C. punctatum) when fitting visual pigment models to the spectral 

sensitivity data. 

Assessment of the topographic distribution of retinal photoreceptors and neurons 

Retinal dissection 

Retinae from three juvenile H. portusjacksoni (two female, TL 34 and 35 cm; one male, 

TL 32 cm) were used to generate topographic maps of photoreceptor and ganglion cell 

densities across the retina.  Animals were euthanized by immersion in a solution of MS222 

(500 mg L-1 in sea water) and perfused transcardially with 4% paraformaldehyde in 0.1 M 

sodium phosphate buffer (PFA; pH 7.3).  Following perfusion, the dorsal limbus of each eye 

was marked for orientation.  Eyes were then removed from the head and the cornea and lens 

cut away.  Eyecups were post-fixed by immersion in PFA for a minimum of 12 days. 
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The entire left retina from each individual was dissected free of the choroid and whole-

mounted photoreceptor-side-up in glycerol on a non-gelatinised glass microscope slide 

according to standard methodology (Stone, 1981; Coimbra, Marceliano, Andrade-da-Costa, 

& Yamada, 2006).  Mounting the retina in this way minimised the tissue volume changes 

inherent with any dehydrating procedure and allowed for the topographic analysis of both the 

photoreceptor and ganglion cell populations to be carried out on the same retina (Curcio, 

Packer, & Kalina, 1987). 

Stereological analysis of photoreceptor topography 

The topographic distribution of photoreceptors across the retina was assessed using the 

optical fractionator method (Gundersen, 1986), as applied to the retina by Coimbra et al. 

(2009).  Using a ×4/numerical aperture (NA) 0.13 objective on an Olympus BX50 

microscope equipped with a motorised stage (MAC200, Ludl Electronic Products) and 

coupled to a computer running Stereo Investigator software (RRID:SCR_002526), the outline 

of the retina was traced close to the limits of the retinal borders at the ora terminalis, and 

along the radial cuts used to flatten the retina onto the slide.  The extent of the optic disk was 

also traced, and its area subtracted from the total area of the whole retina. 

A systematic counting grid (1400 × 1400 μm) was placed randomly over the retinal outline 

by the software and the number of photoreceptors falling within a 25 × 25 μm counting frame 

in each grid square counted using a ×60/NA 1.35 oil immersion objective.  The use of this 

grid size resulted in a mean of 195 counting frames per retina, which gave an acceptable 

(<0.10) coefficient of error (CE).  The calculation of CE for the total photoreceptor counts of 

each retina in this investigation adopted the one-stage systematic sampling procedure 

(Schaeffer CE) that has been used previously (Glaser & Wilson, 1998) and validated 

elsewhere for the retina (Coimbra et al., 2009). A CE value of <0.10 was determined to be 

appropriate for this study as the variance introduced by the estimation procedures contributes 

little to the observed group variance. 

Only the photoreceptors that fell entirely within the counting frame or intersected either of 

the two acceptance lines without touching the rejection lines were counted.  Due to the length 
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and non-uniformity in orientation of the outer segments of the rod photoreceptors, the inner 

segment layer was brought into focus to determine the position of each photoreceptor with 

respect to the counting frame.  In addition to the numerous rod photoreceptors present in the 

retina of H. portusjacksoni, the profiles of notably smaller cells were occasionally observed 

within the photoreceptor mosaic.  These small cells could be smaller immature rods as seen in 

the juvenile skate retina (Ripps & Dowling, 1990); however, because they could also have 

been cones, they were counted separately. 

At the completion of the initial counting process for each retina, preliminary results were 

assessed using an R-script (Garza-Gisholt, Hemmi, Hart, & Collin, 2014) to generate a 

topographic map of photoreceptor densities across the retina.  From this map, regions of 

apparent specialisation (i.e. notably higher cell density) were selected for sub-sampling using 

a smaller sampling grid size.  A new outline was drawn arbitrarily around the area to be sub-

sampled using a ×4/NA 1.0 objective, and subsequent counts performed using the previously 

described criteria with a ×60/NA 1.35 oil immersion objective, a counting frame measuring 

25 × 25 μm, and a grid size of 700 × 700 μm.  A mean of 299 counting frames were assessed 

during the sub-sampling of the three retinae. 

Stereological analysis of neuron density in the ganglion cell layer and inner plexiform layer 

The same retinas used for assessing photoreceptor density were subsequently used to 

count the density of neurons in the ganglion cell layer (GCL) and inner plexiform layer (IPL) 

of juvenile H. portusjacksoni.  Mounted retinae were immersed in a solution of 0.1 M sodium 

phosphate buffer (pH 7.3) to facilitate the removal of the cover slip, remove the glycerol 

mountant, and release the retina from the slide.  Retinae were then mounted GCL-up on 

freshly gelatinised slides and left to air dry for 0.5–1.0 hr at room temperature.  The dried 

retinas were then exposed to formaldehyde vapours at room temperature overnight to fix the 

retina to the slide and enhance Nissl-staining (Stone, 1981).  Once completely dry, retinae 

were rehydrated through an ethanol series before being stained for Nissl substance using a 

0.1% cresyl violet solution (pH ∼4).  A compound microscope was used to monitor the extent 

of staining, and when the desired level was reached, the retinae were rinsed in distilled water.  
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Stained retinas were dehydrated through an alcohol series, cleared in xylene (Stone, 1981), 

and cover-slipped with Entellan New (ProSciTech). 

In regions of high cell density within the central retina, the relatively large, irregularly 

shaped and lightly stained cell bodies of ganglion cells could be discriminated easily from the 

darkly stained and round cell bodies that are typical of displaced amacrine cells.  However, in 

other regions of the retina, it was not possible to reliably discriminate between the two cell 

types as they tended to be of a similar size and shape.  To overcome the uncertainty 

introduced by these similarities, a total neuron count of both ganglion and displaced amacrine 

cells combined was performed across all retinae.  Since a substantial proportion of the retinal 

ganglion cell population in elasmobranchs lies within the IPL and not solely in the GCL 

(Lisney & Collin, 2008; Litherland & Collin, 2008), all recognisable neuronal elements lying 

within both layers were counted.  A small population of neurons displaced to the inner 

nuclear (INL) layer were ignored during the counting process.  The darkly stained and 

elongate spindle-shaped profiles of glial cells (Lisney & Collin, 2008) could be reliably 

distinguished from neuronal cells at all eccentricities and were not included in any counts. 

Stereological analyses of neuron density were performed using the same method described 

above for the assessment of photoreceptor density.  After tracing the retinal outline, counts of 

neurons in the IPL and GCL falling within 150 × 150 μm counting frames, placed on a 

1400 × 1400 µm grid, were made using a ×40/NA 1.0 oil immersion objective.  This protocol 

generated an average of 192 counting frames across the three retinas.  Regions of high 

neuronal density, as identified through preliminary topographic maps, were sub-sampled 

using a counting frame size of 150 × 150 μm on a grid of 700 × 700 μm, providing an 

average of 245 counting frames for the sub-sampling procedure. 

Construction of the topographic maps 

StereoInvestigatorTM data were exported in the form of an XML file and imported into R 

(version 3.4.1,  R core team, 2017).  An R-script written by Garza-Gisholt et al. (2014) was 

then used to construct topographic maps consisting of iso-density lines that indicate the 

number of photoreceptor cells or neurons per square millimetre across the retina.  
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Interpolated cell density values and the associated iso-density contours were smoothed using 

a Gaussian kernel function (Babaud, Witkin, Baudin, & Duda, 1986), with the scale 

parameter adjusted to match the periodicity of either the preliminary counting grid (1400 μm) 

or the sub-sampling counting grid (700 μm). 

Anatomical estimates of spatial resolving power 

The diameter of the lenses from the eyes of the three juvenile H. portusjacksoni that were 

used to generate topographic maps of the photoreceptor and ganglion cell densities were 

measured using a Vernier calliper and these values averaged.  The resultant mean lens 

diameter was used to estimate the theoretical peak spatial resolving power (SRP) of 

H. portusjacksoni, assuming a hexagonal retinal mosaic (Hart, 2002), such that: 

SRP = 
𝜋𝜋𝜋𝜋
360

⋅ �2𝐷𝐷
√3

 

The focal length of the eye (in mm) is denoted by the symbol ‘ƒ’ and for this study was 

estimated to be 2.55 times the radius of the lens; a typical value for elasmobranch eyes based 

on Mathiessen’s ratio (Bozzano & Collin, 2000; Lisney & Collin, 2008; Theiss, Collin, & 

Hart, 2010).  The value for peak neuron density (D; in cells mm-2) was extracted from the 

data collected during the topographic mapping of neuronal cells.  The inclusion in the total 

neuron counts of displaced amacrine cells, which constitute up to 25% of the neuronal 

population of the GCL in some sharks (Lisney & Collin, 2008), was unavoidable, and this 

likely results in a slight overestimation of the spatial resolving power for H. portusjacksoni, 

which should therefore be considered as a maximum estimate. 

Histology 

Retinal sections 

Radial and transverse sections of the retina of juvenile H. portusjacksoni were prepared in 

order to search for cones that might be obscured in retinal wholemounts by the outer 

segments of the numerous rod photoreceptor cells and to further investigate the structure of 

the small cellular profiles seen in the retinal wholemounts.  Following an overdose of MS222 

(500 mg L-1 in seawater), sharks were perfused with a modified Karnovsky’s fixative 
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consisting of 0.1 M phosphate buffer with 23 g L-1 sodium chloride (NaCl), 2% 

paraformaldehyde and 2.5% glutaraldehyde.  After perfusion, eyes were marked for 

orientation, removed and post-fixed for at least 24 hours in the same fixative. 

Samples of fixed retina approximately 2 × 2 mm in size were taken from across the 

fundus, especially from regions of high cell density across the horizontal meridian of the 

retina.  Collected samples were post-fixed in 2% osmium tetroxide in Sorenson’s buffer (pH 

7.2–7.4) before being dehydrated through an ethanol series and embedded in araldite resin 

(ProSciTech).  Thick (1–2 μm) radial and transverse sections were cut from each sample 

using an ultramicrotome (LKB Nova).  Sections were transferred to glass microscope slides, 

stained with 1% toluidine blue, dried, and cover-slipped with Entellan NewTM.  Stained 

sections were examined and photographed using an Olympus BX50 compound microscope 

fitted with an Olympus DP70 CCD camera. 

Retinal wholemounts 

Micrographs of whole-mounted retinae of juvenile H. portusjacksoni were taken during 

stereological assessment of photoreceptor topography to view the photoreceptor mosaic.  

Additionally, a paraformaldehyde-fixed eye from an adult shark (TL >80 cm, Ebert, Fowler, 

Compagno, & Dando, 2013) used for an unrelated study was obtained for comparison against 

the juveniles.  This eye was dissected and the ventral half of the retina whole-mounted 

photoreceptor-side-up in glycerol, as described above.  Micrographs were taken to 

qualitatively compare the photoreceptor mosaic of the adult shark with that of the juveniles 

and to determine whether the small cell profiles observed in the juvenile retinas persisted 

through to adulthood. 

4. RESULTS 

Gross eye anatomy 

The eyes of H. portusjacksoni are situated dorsally on the head and face laterally; a 

physical trait that is characteristic of other benthic elasmobranch species (Theiss et al., 2010).  

The lens of this species is near-spherical, and the constricted, slit-like pupil is slanted 

posteriorly. 
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Spectral transmittance of the ocular media 

Lens and corneal spectral transmittance measurements were averaged for the two eyes of 

the individual from which these data were collected and used to determine the mean ocular 

media spectral transmittance, which are displayed as normalized spectra in Figure 1.  The 

combined ocular media had a relatively high transmittance from 800 nm until about 400 nm, 

after which transmittance decreased rapidly, with almost no light being transmitted through 

the ocular media below approximately 310 nm.  The wavelength of 0.5 transmittance (λT0.5) 

was 373 nm. 

Spectral sensitivity 

The mean spectral sensitivity functions for juvenile H. portusjacksoni and C. punctatum 

are displayed in Figure 2.  For both the single-flash and heterochromatic flicker techniques, 

retinal responses could be recorded in response to narrow-band chromatic stimuli from 

340 nm to at least 600 nm, with the exception of the very highest level of light adaptation in 

H. portusjacksoni, where the combination of the very bright white and blue adapting lights 

supressed the response to undetectable levels below 460 nm and above 540 nm.  While the 

overall sensitivity of the retina of H. portusjacksoni decreased with increasing light 

adaptation intensity (Figure 2a), the spectral location of the peak sensitivity did not shift, 

even under strong chromatic adaptation, and all sensitivity functions were fitted well by the 

rod-only model with a λmax of 496 nm.  This was further supported by the results of the 

modelling, where a rod-only (simplex) model was considered adequate to explain the spectral 

sensitivity data and was not rejected in favour of a more complex rod–cone (duplex) model 

(Table 1). 

By contrast, Figure 2b indicates that the location of peak sensitivity in C. punctatum 

shifted from 495 nm in the dark adapted state (single flash) towards longer wavelengths when 

a rapidly flickering (cone-isolating) stimulus was used, and that increasing light adaptation 

further supressed rod responses relative to those of the cones in the retina.  The peak 

sensitivity obtained under the brightest level of light adaptation, a combination of the white 

background and short-wavelength (blue) chromatic adaptation, was 532 nm, which is 
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identical to the λmax value of the LWS opsin-based cone visual pigment in C. punctatum 

measured using microspectrophotometry (Hart et al., 2011; Hart et al., 2020).  The results of 

the modelling confirmed that the recorded spectral sensitivity functions reflect the 

contribution of the cone system. With the exception of the dark-adapted single flash function, 

which was best fitted by a rod-only simplex model, the model comparisons indicated that a 

duplex model better explained the spectral sensitivity data for C. punctatum in all cases 

(Table 1).  Moreover, the modelling approach was able to quite accurately predict the λmax of 

the contributing cone pigment under all flicker ERG scenarios, with estimates ranging from 

532 nm to 536 nm. 

Retinal photoreceptor characteristics 

Representative light micrographs of the photoreceptor layer of whole-mounted retinae of 

juvenile and adult H. portusjacksoni are shown in Figure 3 and Figure 4, respectively.  The 

focal plane is at the level of the inner nuclear layer.  Retinae were clearly dominated by 

densely packed rod photoreceptors (Figure 3a; Figure 4a), but some smaller cellular profiles 

were visible, interspersed between the rods (Figures 3b, c; Figure 4b).  Qualitatively, these 

small cells appeared to be less numerous in the retina of the adult shark; however, this 

observation was based on examination of only a single retina. 

Analysis of more than 280 radial and transverse sections cut from 40 samples of 

H. portusjacksoni retina (n = 3 individuals) also indicated a rod-dominated retina (Figure 5).  

Rod photoreceptors had an inner segment diameter of approximately 3 μm, and a length of 

approximately 17 μm, measured from the external limiting membrane to the base of the outer 

segment.  Rod outer segments had a diameter of approximately 3 μm and a length of 33 μm, 

as noted previously in this species (Schieber et al., 2012). 

The small cell profiles seen in the wholemounts (Figures 3 and 4) were sometimes visible 

in radial sections of the whole retina (Figures 5a, b) and in transverse sections at the level of 

the INL (Figure 5c).  Superficially at least, these small cells resembled rod photoreceptors in 

shape but were smaller and narrower.  For example, the cell shown in Figure 5a, which was 

the only one seen clearly out of all the radial sections that were inspected, had an outer 
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segment that was 1.5–2 μm in diameter and 11 μm in length. The inner segment diameter of 

this cell was 2 μm, and its length was 10 μm, measured from the external limiting membrane 

to the base of the outer segment.  Cone photoreceptors resembling those seen in other shark 

and ray species, with short (5–11 μm long), tapering (3-6 μm at base, 1 μm at tip) outer 

segments (Hart, Lisney, Marshall, & Collin, 2004; Litherland & Collin, 2008; Schieber et al., 

2012) were not observed. 

Retinal topography and spatial resolving power 

Photoreceptors were distributed non-uniformly across the retina of juvenile 

H. portusjacksoni (Figure 6).  Topographic maps of rod photoreceptor density across the 

retina revealed that this species has a retinal specialisation in the form of a horizontal visual 

streak (Figure 6a).  This specialisation lies along the horizontal meridian of the eye and is 

characterised by an elongated band of increased cell density exceeding 7.0×104 cells mm-2 

compared to a lower density of approximately 5.0×104 cells mm-2 outside the streak in the 

dorsal and ventral regions of the peripheral retina.  The mean (± standard deviation) peak 

density of rods measured across the three retinae was 85,750 ± 9,429 rods mm-2. 

The small cell profiles observed in retinal wholemounts were far fewer in number 

compared to rods.  Topographic maps of the retinal distribution of these small cells indicated 

densities of approximately 200–500 cells mm-2 across large portions of the retina, with a few 

localised density peaks of >700 cells mm-2 (Figure 6b).  There appeared to be no consistent 

pattern in the distribution of these small cell profiles.  The mean (± standard deviation) peak 

density for the small cells was 1307 ± 558 cells mm-2 (n = 3), however, these maxima 

coincided with edges or cuts/tears in the wholemount where shrinkage or distortion of the 

retina during processing and dehydration would likely cause spurious high cell density 

values.  Instead, the mean (± standard deviation) density of small cells measured at the same 

location as the peak density of the rods in each retina, which typically coincides with peak 

cone density in elasmobranchs (Litherland & Collin, 2008; Garza-Gisholt, Kempster, Hart, & 

Collin, 2015), was calculated to be 398 ± 52 cells mm-2.  Based on the rod and cone densities 
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at the location of peak rod density, the mean (± standard deviation) rod-to-small cell ratio was 

219(± 42):1 (n = 3). 

The horizontal streak in rod density was also reflected in the retinal distribution of neurons 

in the GCL and IPL (Figure 7).  It was not possible to discriminate between ganglion cells 

and displaced amacrine cells in all regions of the retina and so counts for the two cell types 

were combined.  Cell densities varied from approximately 1,000 cells mm-2 in the periphery 

to >1,500 cells mm-2 within the horizontal streak.  Based on a mean (± standard deviation) 

peak density of ganglion cells of 1,863 ± 320 cells mm-2 (n = 3) and a mean focal length of 

7.76 mm, the theoretical maximum spatial resolving power for juvenile H. portusjacksoni 

was estimated to be 3.14 cycles deg-1. 

5. DISCUSSION 

Comparative analyses of retinal physiology and structure can provide useful insights into 

the visual adaptations and visual ecology of animals, such as sharks, that can be challenging 

to observe in the wild.  Here, we examined the spectral sensitivity and photoreceptor 

complement of juvenile H. portusjacksoni and find that its retina appears to lack cone 

photoreceptors and is potentially a highly specialised rod monochromat.  Quantification of 

the topographic distribution of rod photoreceptors and neurons in the ganglion cell layer 

indicate the presence of retinal specialisation for high acuity across the horizontal meridian of 

the eye.  Taken together, these findings suggest that the retina of H. portusjacksoni is well 

adapted to its predominantly nocturnal behaviour and benthic marine habitat and may have 

features that assist in foraging and the detection of approaching predators. 

Photoreceptor complement and spectral sensitivity of H. portusjacksoni 

We were unable to find conclusive evidence for the presence of cone photoreceptors in the 

retina of H. portusjacksoni.  Retinal wholemounts and histological sections revealed a rod 

dominated retina, as has been reported previously for this species (Schieber et al., 2012).  

Small cell profiles were observed infrequently throughout the retinal mosaic, which could 

have been cone cells; however in radial sections their morphology more closely resembled 

rod photoreceptors rather than the canonical cones seen in other elasmobranchs (Gruber et al., 
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1975; Theiss, Lisney, Collin, & Hart, 2007; Schieber et al., 2012).  Furthermore, inspection 

of the topographic maps of retinal cell density revealed that the distribution of the small cell 

profiles (Figure 6b) did not match the distribution of rod photoreceptors (Figure 6a) and 

ganglion cells in the GCL (Figure 7), contrasting with observations of retinal structure 

reported in other elasmobranch (Litherland & Collin, 2008) and teleost fishes (e.g. Fritsches, 

Marshall, & Warrant, 2003). 

Ripps and Dowling (1990) reported the presence of similar small cells within the 

photoreceptor layer of the retina of juvenile skates (Raja ocellata and R. erinacea) and 

concluded, based on a range of morphological and physiological evidence, that these were 

recently differentiated rods inserted into the retinal mosaic.  Based on inspection of a single 

adult H. portusjacksoni retina, it appeared that the density of these small cells gets less with 

age.  In teleost retinas, the density of cones decreases anyway as the retina grows, while rod 

density remains fairly constant as new rods are added through mitotic division of progenitor 

cells located throughout the retina (Johns & Fernald, 1981). The apparent decrease in the 

density of small cells in the retina of adult H. portusjacksoni is therefore not particularly 

strong evidence that these uncommon small cells are not cones.  However, the ratio of rods-

to-small cells calculated for juvenile H. portusjacksoni was 219:1, in stark contrast to the 

rod:cone ratio of 12:1 reported previously for C. punctatum (Harahush et al., 2009).  

Moreover, inspection of the histological sections for H. portusjacksoni displayed in Figure 5 

indicated that at least some of these small cells may be immature rods. This means that even 

if any of the small cell profiles are cones, the actual rod:cone ratio for H. portusjacksoni is 

even higher still, and would be one of the highest observed in any shark retina, including 

other nocturnal and exclusively deep-sea species (Hart et al., 2006). 

Our measurements and modelling of retinal spectral sensitivity also did not support the 

presence of cones in the retina of H. portusjacksoni.  No spectral shift was observed in the 

spectral sensitivity function when the retina was light adapted, even under strong chromatic 

adaptation designed to supress rods and using a flickering stimulus to which cones are more 

responsive compared to rods (Figure 2a).  Moreover, the absolute sensitivity of the retina was 

greatly reduced by strong light adaptation, with much brighter stimuli required to generate 

This article is protected by copyright. All rights reserved.



criterion response voltages of 2 µV.  By way of comparison, we performed the same 

electroretinographic procedures on C. punctatum, which is known to possess a duplex retina 

based on a single spectral type of rod (λmax 500 nm) and a single spectral type of cone (λmax 

532 nm) (Hart et al., 2011; Hart et al., 2020), and clearly demonstrated the cone contribution 

to the flicker electroretinogram.  The location of the spectral sensitivity peak for 

C. punctatum shifted towards longer wavelengths with increasing light adaption (Figure 2b) 

and models fit to the data indicated the contribution of a cone mechanism with a λmax 

(∼532 nm) almost identical to that known to be present in the retina (Table 1).  Additionally, 

while moderate light adaptation caused an overall decrease in the absolute sensitivity of the 

retina of C. punctatum compared to the dark-adapted state, it remained relatively constant as 

the intensity of light adaptation increased.  This also reflected the presence of cones, which 

have faster recovery kinetics than rods, and an ability to adjust their photosensitivity that 

allows them to function much better under sustained bright light (photopic) conditions 

(Kefalov, 2012). While the rarity of the small cells (i.e. potential cones) within the retina of 

H. portusjacksoni would make it difficult to record a spectral shift using electroretinography, 

when considered alongside the other streams of physical evidence provided in the present 

study, these data provide support for the presence of a rod-only retina in this benthic species. 

Cones are reasonably numerous in the retina of C. punctatum, where they are present at a 

ratio of 1 cone for every 12 rods in areas of peak cone density (Harahush et al., 2009).  It is 

possible that H. portusjacksoni possesses retinal cones, but that these occur at such low 

densities that, unlike C. punctatum, they are not detectable in the flicker electroretinogram, 

and their contribution is masked by the residual responses of the rods.  The ratio of rods to 

cones in the visual systems of elasmobranchs has been shown to strongly reflect ecology, 

with surface-dwelling, diurnally active species such as the white shark, 

Carcharodon carcharias, having a greater proportion of cones (4:1, Gruber et al., 1975) 

compared to strictly nocturnal or deep-dwelling species such as the birdbeak dogfish, Deania 

calcea  (~100:1, Kohbara, Niwa, & Oguri, 1987), and the spiny dogfish, Squalus acanthias 

(50:1, Stell, 1972).  Heterodontus portusjacksoni is a nocturnal feeder that spends much of 

the day sheltering in caves and under ledges (McLaughlin & O'Gower, 1971).  Generally 

This article is protected by copyright. All rights reserved.



found in shallow coastal waters, it ventures as deep as 275 m (Ebert et al., 2013), where light 

intensity would be significantly reduced.  A relatively high rod-to-cone ratio would be 

expected under these circumstances, with numerous rods and high levels of photoreceptor–

ganglion cell summation subserving a highly sensitive scotopic visual system (Hart et al., 

2006).  Indeed, H. portusjacksoni has excellent contrast sensitivity compared to most 

vertebrates and is capable of detecting differences in visual contrast as low as 1.3–2.5% 

(Ryan, Hart, Collin, & Hemmi, 2016; Ryan, Hemmi, Collin, & Hart, 2017). 

Another possibility is that H. portusjacksoni possesses a sparse population of cones that 

express a visual pigment with a λmax very close to that of the rod pigment (λmax 496 nm).  

This is the situation seen in the whale shark Rhincodon typus which has a rod pigment with 

λmax at 496 nm and a cone pigment with a λmax at 492 nm (Fasick et al., 2019).  In this case, 

we would not expect to see a spectral shift in the peak of the spectral sensitivity function in 

response to changes in light adaptation or stimulus frequency.  To date, the visual pigments 

of only one other heterodontiform shark have been investigated, those of the zebra bullhead 

shark Heterodontus zebra, and this species was found to express an RH1 rod opsin and an 

RH2 cone opsin (Hara et al., 2018).  The λmax of the RH2 cone pigment in H. zebra is 

unknown, but in the few species of shark for which data are available, the RH2 cone pigment 

has a λmax value between 528–532 nm, which is similar to the λmax of the LWS-opsin based 

cone pigment (532 nm) measured in C. punctatum (Hart et al., 2020).  Whereas all sharks 

studied to date express only a single cone opsin (either RH2 or LWS) in addition to the rod, 

rays express both RH2 and LWS cone opsins, and their RH2 cone pigment has a λmax 

between 450–481 nm (Hart et al., 2020).  More broadly, variations in amino acid sequence at 

certain ‘spectral tuning’ sites in the opsin can generate RH2 cone pigments (conjugated with 

the 11-cis retinal chromophore) with λmax values from ∼440–530 nm (Yokoyama, 2008). It is 

therefore possible that the λmax of any putative RH2 cone pigment present in the retina of 

H. portusjacksoni could be close to 500 nm, and difficult to detect using the methodologies 

presented here as a result.  Ultimately, analysis of the retinal transcriptome or genome of 

H. portusjacksoni may be required to establish definitively whether this species possesses 

cone opsin genes that are expressed in the retina. 
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Retinal topography of H. portusjacksoni 

Topographic analysis of the retina of H. portusjacksoni revealed a broad visual streak of 

higher rod photoreceptor and ganglion cell density extending across the horizontal meridian 

of the eye.  This form of retinal specialisation affords H. portusjacksoni the ability to sample 

the panoramic region of the horizontal visual field corresponding to the location of the 

substrate–water interface at a higher resolution.  A horizontal streak is a common retinal 

specialisation observed in several species of shark, and may be an important adaptation that 

facilitates visually directed navigation and foraging, orientation within the water column, and 

scanning of the environment for predators and conspecifics (Bozzano & Collin, 2000; 

Litherland & Collin, 2008; Theiss et al., 2010).  In benthic species, such as H. portusjacksoni, 

a horizontal visual streak might also reduce the need for eye movements that might reveal its 

presence to potential predators (i.e. other sharks, McLaughlin & O'Gower, 1971) when the 

shark is stationary on the substrate.  Heterodontus portusjacksoni feeds predominately on 

benthic echinoderms, molluscs, crustaceans and teleosts and is thought to rely heavily on 

olfactory and tactile cues to localise prey (McLaughlin & O'Gower, 1971).  Nevertheless, 

vision may be important in detecting and capturing more mobile prey, such as octopus and 

squid, which are a substantial part of the diet of adult H. portusjacksoni (Powter et al., 2010). 

The estimated upper limit of the anatomical visual spatial resolving power of juvenile 

H. portusjacksoni was calculated to be 3.14 cycles deg-1.  This estimate falls within the lower 

range of spatial resolving powers calculated for elasmobranch species based on retinal 

anatomy, which vary from 1.98 to 10.56 cycles deg-1 (Lisney & Collin, 2008; Theiss et al., 

2010) and reflects the behavioural trends correlated with such values.  Low spatial resolving 

power is typical of benthic species, such as the western wobbegong shark Orectolobus 

hutchinsi (2.06 cycles deg-1) and dwarf spotted wobbegong shark O. parvimaculatus (3.91 

cycles deg-1), which also feed primarily on benthic invertebrates and fishes (Theiss et al., 

2010).  In contrast, benthopelagic and pelagic shark species, such as the blue shark Prionace 

glauca (8.06 cycles deg-1) which generally hunts relatively fast and mobile prey, tend to have 

higher spatial resolving powers (Lisney & Collin, 2008).  It is important to note that spatial 

resolving power generally increases with age in fishes. This is because the continual growth 
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of each eye generates a longer focal length that spreads the viewed image over a wider area 

of the retina and, subsequently, more photoreceptors. Should the ongoing addition of new 

photoreceptors (or neurons) to the mosaic of the retina maintain receptor density despite 

retinal growth, the observed increase in will be even more pronounced (Johns & Fernald, 

1981; Harahush, Hart, & Collin, 2014). Adult H. portusjacksoni are therefore likely to exhibit 

a higher spatial resolving power than that presented here for juveniles. It is expected, 

however, that this measure is still likely to fall within the lower range of spatial resolving 

powers estimated for elasmobranchs given the benthic life history of this species. In order to 

confirm this hypothesis, future studies of the visual ecology of H. portusjacksoni should 

endeavour to calculate the spatial resolving power for adult individuals.  It would also be 

important to compare the sensitivity functions, and distribution of photoreceptors and other 

neuronal cells across the adult retina, to the findings reported here for juvenile 

H. portusjacksoni. 

In terms of visual performance, our comparison species C. punctatum has several 

similarities to H. portusjacksoni that may reflect both phylogeny and ecology.  The 

Heterodontiformes, to which H. portusjacksoni belongs, are closely related to the 

Orectolobiformes, of which C. punctatum is a member, and this phylogenetic relatedness may 

explain some of the similarities in visual anatomy.  However, as mentioned above, sufficient 

divergence has occurred to result in the retention of a different cone opsin from a presumed 

dichromatic ancestor between these orders, which potentially reflects functional adaptations 

in photopic achromatic vision (Hart et al., 2020).  Both species possess a posteriorly slanted 

slit pupil and a horizontal streak extending across the horizontal meridian of the retina 

(Harahush et al., 2014).  The anatomical spatial resolving power of our comparison species 

C. punctatum changes from 2.7 cycles deg-1 in juveniles (TL ∼60 cm) to 4.3 cycles deg-1 in 

adults (TL ∼95 cm) and is therefore broadly similar to that of H. portusjacksoni.  The peak 

ganglion cell density in C. punctatum (∼1,400–3,200 cells mm-2) is similar to that of 

H. portusjacksoni (∼1,900 cells mm-2), as is their contrast sensitivity (∼2.4–2.5% minimum 

detectable contrast) and spatial resolving power measured using a both a pattern 

electroretinogram technique (0.1–0.21 cycles deg-1) and an behavioural optokinetic method 
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(∼0.38 cycles deg-1) (Harahush et al., 2014; Ryan et al., 2016; Ryan et al., 2017).  However, 

the critical flicker fusion frequency of C. punctatum (44 Hz) is substantially faster than that 

of H. portusjacksoni (28 Hz), which likely reflects the presence of numerous cones in the 

retina of C. punctatum and the potential lack of cones in the retina of H. portusjacksoni (Ryan 

et al., 2017). 

Both shark species are benthic dwelling and predominantly nocturnal in habit.  It is 

therefore interesting to consider why the abundance and/or spectral sensitivity of cones (if 

present at all in H. portusjacksoni) should differ between them.  While both species are 

frequently found in shallow coastal waters, the reported maximum depth for C. punctatum 

(85 m, Compagno, 2001) is substantially less than that for H. portusjacksoni (275 m, Cox & 

Francis, 1997).  Although this should make little difference at night when light levels are low, 

even in very shallow water, it is possible that the level of activity undertaken by the different 

species during daylight hours might affect the need for cone-based vision.  The zebra 

bullhead shark Heterodontus zebra, which is the only heterodontiform for which the presence 

of a cone opsin has been demonstrated, has a known maximum depth (∼200 m) similar to that 

of H. portusjacksoni (Last & Stevens, 2009), and so maximum depth alone may be a weak 

predictor of the abundance of cones in the retina.  Further detailed information on the diurnal 

and seasonal movements of H. portusjacksoni (McLaughlin & O'Gower, 1971; Bass et al., 

2017) and other shark species in relation to the intensity and spectral distribution of habitat 

light they experience will be required to understand the selection pressures operating on the 

shark visual system, and how these pressures might drive changes in the abundance and/or 

spectral tuning of cones. Comprehensive approaches such as this have proved fruitful in 

understanding the cone complement and spectral sensitivity of other freshwater (Bowmaker 

et al., 1994) and marine fishes (Stieb, Carleton, Cortesi, Marshall, & Salzburger, 2016) 

studied to-date. 

In conclusion, our anatomical and physiological experiments suggest that 

H. portusjacksoni either has a very low abundance of cone photoreceptors or lacks cones 

altogether.  The retina of this species is well adapted for low light scotopic vision, which 

befits its predominantly nocturnal activity pattern. Furthermore, the species displays a retinal 

This article is protected by copyright. All rights reserved.



specialisation for relatively high acuity vision in a defined horizontal region of the visual 

field that may assist in prey capture or predator avoidance.  Taken together with findings in 

other shark species, the features of the visual system of H. portusjacksoni highlight the 

diversity and potential for specialization within this fascinating taxon. 
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8. TABLES 

Table 1. Summary of F-test results comparing the fit of a rod-only (simplex) visual pigment 

model against that of a rod–cone (duplex) model to the spectral sensitivity functions recorded 

for Heterodontus portusjacksoni and Chiloscyllium punctatum under varying levels of 

background illumination and stimulus types.  RSS, residual sum of squares; df, degrees of 

freedom (data points–number of model parameters).  The estimated cone visual pigment λmax 

and percentage contribution of rods to the best-fitting model are given.  Non-significant F-tests 

indicate insufficient support to reject the rod-only (simplex) model (null hypothesis) in favour 

of the more complex rod-cone (duplex) model (alternative hypothesis), whereas significant p-

values for the spectral sensitivity functions obtained using flicker photometry indicate support 

to reject the rod-only model in favour of the more complex rod-cone model. 

 

  Rod-Only 
Model 

Duplex 
Model 

Comparison 
 

Species Stimulus Type Adaptation RSSnull dfnull RSSalt dfalt % Rod Predicted 
cone λmax (nm) F p 

H. portusjacksoni Single Flash Dark-adapted 1.054 13 0.710 11 57 ≤450 2.676 0.06 

Flicker  Dark-adapted 0.376 14 0.359 12 89 ≤450 0.283 0.99 

Flicker White 0.500 13 0.478 11 89 ≤450 0.255 0.99 

Flicker White+blue 0.171 4 0.097 2 24 492 0.758 0.64 

C. punctatum Single Flash Dark-adapted 1.445 17 1.310 15 75 459 0.773 0.70 

Flicker  Dark-adapted 2.907 14 0.348 12 27 532 44.10 <0.0001 

Flicker White 4.981 15 1.188 13 25 535 20.74 <0.0001 

Flicker White+blue 7.114 15 1.670 13 4 536 21.20 <0.0001 
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9. FIGURE LEGENDS 

Figure 1. Normalized spectral transmittance of the ocular media of H. portusjacksoni.  The 

combined transmittance (thick solid line) is the arithmetic product of the cornea and lens 

transmittances and was not measured directly.  The wavelength of 0.5 normalized 

transmittance (λT0.5) was 373 nm. 

Figure 2. Mean spectral sensitivity functions for (a) H. portusjacksoni and (b) C. punctatum 

derived from dark-adapted single flash ERGs (solid black squares) and heterochromatic 

flicker photometry under conditions of dark-adaptation (black-filled circles), light-adapted 

with a broadband white light (5.93×1014 photons cm-2 s-1; grey-filled circles), and light-

adapted as above but with additional chromatic adaptation (475 nm; 2.63×1016 photons 

cm-2 s-1; unfilled circles).  Log10 sensitivity is the decadic logarithm of the reciprocal of the 

stimulus light intensity required to elicit a criterion threshold voltage response (20 µV for the 

single flash; 2 µV for the flicker experiments).  In (a) the limited number of data points for 

the light- and chromatically- adapted spectral sensitivity function (unfilled circles) is a result 

of the retinal response being so supressed that it failed to reach the criterion threshold of 2 µV 

at wavelengths <460 and >540 nm.  In (b) the two light adapted flicker curves have been 

shifted arbitrarily by -1 and -2 log units, as indicated, as these curves would otherwise 

overlap.  In (a) each spectral sensitivity function is fitted with a rod-only (simplex) model for 

a rod λmax of 496 nm as a more complicated rod-cone (duplex) model was not supported.  In 

(b) the dark-adapted single flash spectral sensitivity is fitted with a rod-only model (fixed rod 

λmax 500 nm), whereas the remaining flicker spectral sensitivity functions are fitted with rod-

cone (duplex) models.  The wavelengths of peak sensitivity (in nm) of the fitted models in (a) 

and (b) are shown.  Note the shift of the peak towards longer wavelengths with increasing 

intensity of light adaption in C. punctatum, but not in H. portusjacksoni. 

Figure 3. (a) Light micrograph of the rod-dominated photoreceptor mosaic of a juvenile 

H. portusjacksoni retina. (b, c) Enlarged sections of the micrograph highlighting the small 

cells (arrows) seen infrequently during the stereological procedure. Scale bars: (a) 20 µm; 

(b, c) 5 µm. 
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Figure 4. Light micrograph of the rod-dominated mosaic of an adult H. portusjacksoni retina.  

The inset shows an enlarged section of the micrograph highlighting the presence of a small 

cell (arrow) observed within the photoreceptor array. Scale bars: main image, 20 μm; inset, 

5 μm. 

Figure 5. (a, b) Transverse and (c) radial sections of the retina of juvenile H. portusjacksoni 

illustrating the presence of small cells (arrows) seen infrequently within the rod-dominated 

photoreceptor mosaic.  The radial section is cut at the level of the rod inner segments.  Scale 

bars: 20 μm.  OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer 

plexiform layer. 

Figure 6. Topographic maps showing the retinal distribution of (a) rod photoreceptors, and 

(b) small cell profiles (immature rods or possibly cones) in the left retinas of three juvenile 

H. portusjacksoni.  Values on the iso-density contour lines in (a) are ×1000 cells mm-2 and in 

(b) are ×100 cells mm-2.  Scale bars: 3 mm.  T, temporal; V, ventral. 

Figure 7. Topographic maps showing the retinal distribution of ganglion cells (and amacrine 

cells displaced to the GCL and IPL) in the left retinas of three juvenile H. portusjacksoni.  

From top to bottom, each map corresponds to the photoreceptor maps of the same retina 

displayed in Figure 6; note that this means map orientation is reversed as the retinas were 

‘flipped’ for counting the different cell types.  Values on the iso-density contour lines in are 

×100 cells mm-2.  Scale bars: 3 mm.  N, nasal; V, ventral. 
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Histological sections and electroretinography suggest the presence of a heavily rod dominated (and 
possibly rod-only) retina in Port Jackson sharks.  Mapping of the distribution of retinal neurons 
reveals a specialisation for higher visual acuity in a narrow horizontal band that corresponds to the 
part of the visual field covering the water-substrate interface.  Such a specialised retina would be 
well-adapted to low-light (scotopic) vision and a benthic lifestyle, and may assist the shark in finding 
food and avoiding predators. 
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