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SUMMARY
Elasmobranch fishes utilise their vision as an important source of sensory information, and a range of visual adaptations have
been shown to reflect the ecological diversity of this vertebrate group. This study investigates the hypotheses that visual optics
can predict differences in habitat and behaviour and that visual optics change with ontogenetic growth of the eye to maintain
optical performance. The study examines eye structure, pupillary movement, transmission properties of the ocular media, focal
properties of the lens, tapetum structure and variations in optical performance with ontogenetic growth in two elasmobranch
species: the carcharhinid sandbar shark, Carcharhinus plumbeus, inhabiting nearshore coastal waters, and the squalid
shortspine spurdog, Squalus mitsukurii, inhabiting deeper waters of the continental shelf and slope. The optical properties appear
to be well tuned for the visual needs of each species. Eyes continue to grow throughout life, resulting in an ontogenetic shift in
the focal ratio of the eye. The eyes of C. plumbeus are optimised for vision under variable light conditions, which change during
development as the animal probes new light environments in its search for food and mates. By contrast, the eyes of S. mitsukurii
are specifically adapted to enhance retinal illumination within a dim light environment, and the detection of bioluminescent prey
may be optimised with the use of lenticular short-wavelength-absorbing filters. Our findings suggest that the light environment
strongly influences optical features in this class of vertebrates and that optical properties of the eye may be useful predictors of

habitat and behaviour for lesser-known species of this vertebrate group.
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INTRODUCTION

The visual sense of sharks provides an important source of sensory
information, as indicated by the large range of visual adaptations
observed in this ecologically diverse vertebrate group (Hart et al.,
2006). Optical characteristics of the eye determine the magnification
and luminance of the visual image reaching the photosensitive cells
of the retina and thereby influence the overall spatial resolution and
sensitivity of the visual system. Elasmobranchs and teleosts
experience an increase in eye size throughout life (Fernald, 1991;
Sivak and Luer, 1991). In teleosts, ocular features have been found
to vary with eye growth to avoid compromising visual performance
and to adjust to changes in ambient lighting conditions and/or
feeding strategies (Fernald, 1991; Shand et al., 1999). Previous
authors have investigated optical features of elasmobranch eyes
(Sivak, 1974; Sivak, 1976; Sivak and Gilbert, 1976; Sivak, 1978a;
Cohen, 1982; Murphy and Howland, 1990; Heath, 1991; Hueter,
1991; Sivak, 1991; Sivak and Luer, 1991; Zigman, 1991; Braekevelt,
1994a; Hueter et al., 2001; Losey et al., 2003; Lisney, 2004; Theiss
etal., 2007). However few of these studies have considered the effect
of ocular growth on the optical properties of shark visual systems
or that some species move between different light environments
and thereby have new visual demands placed on the optical
apparatus throughout their lifetime (Sivak and Luer, 1991; Fern,
2004; Harahush, 2009).

The present study investigates visual optics in two shark species:
the sandbar shark, Carcharhinus plumbeus Nardo (Carcharhinidae),
and the shortspine spurdog, Squalus mitsukurii Jordan and Snyder
(Squalidae). Both species have cosmopolitan distributions but
occupy dissimilar ecological niches. Environmental light changes

with water depth and proximity to land, due to the scattering and
absorptive properties of water and the presence of any suspended
particulate matter, so each species experiences different visual
demands. Carcharhinus plumbeus is a highly mobile demersal shark
occupying the coastal waters of the neritic province (0-300m). This
species has an extensive distribution ranging from shallow coastal
estuaries to offshore continental and insular shelves, such that
allopatric populations of C. plumbeus experience light conditions
that differ in both spectral composition and intensity, depending on
habitat depth and water clarity (Springer, 1960; CIliff et al., 1988;
Joung and Chen, 1995; Costantini and Affronte, 2003; Joung et al.,
2004; McAuley et al., 2005; Romine et al., 2006; Daly-Engel et al.,
2007; Grubbs et al., 2007; McAuley et al., 2007). The second species
in this study, S. mitsukurii is a benthic-associated shark occupying
the upper insular and continental slopes of the epipelagic and
mesopelagic (200-1000m) zones of the oceanic province (Wilson
and Seki, 1994; Compagno et al., 2005; Graham, 2005). At these
depths, sunlight is greatly attenuated and species encounter limited
fluctuations in ambient light intensity (Sadler, 1973; Fernald and
Wright, 1983). In addition to dim downwelling sunlight,
bioluminescent light becomes an important visual cue in the
mesopelagic habitat of S. mitsukurii (Herring, 1996, Warrant,
2000).

The objective of this study is to characterise the visual optics of
C. plumbeus and S. mitsukurii along an ontogenetic series, from
neonates to adults, to ascertain any differences in visual ecology
between these two species. We describe ocular dimensions, focal
properties of the lens, spectral transmissions of the ocular media,
pupil mobility and tapetum structure, to assess whether these key
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ocular parameters adapt to different light environments and influence
the optical image reaching the retina. We reveal that the visual
system of C. plumbeus has adapted to facilitate vision in the
fluctuating light environment of coastal neritic waters, while S.
mitsukurii has adapted to maximise light capture in the dim, semi-
extended light environment of the mesopelagic zone.

MATERIALS AND METHODS
Source and maintenance of animals

A population of S. mitsukurii was sampled (N=26) from the insular
shelf of the Hawaiian Island chain in the Central Pacific. Three
populations of C. plumbeus were sampled to represent the extremes
in visual environment encountered by this species; a tropical
population inhabiting the insular shelf of the Hawaiian Island chain
(C. plumbeusy; transparent oceanic waters, depth >70m, N=88,
TL=50-196 cm), a temperate population inhabiting the continental
shelf in the north-western Atlantic Ocean (C. plumbeusy,; turbid
estuarine waters, depth <10m, N=40, TL=55-110cm) and a
subtropical population inhabiting the continental shelf of eastern
Australia in the Western Pacific (C. plumbeusys; green coastal
waters, depth >50m, N=57, TL=50-187cm) (Tablel). Tissue
samples obtained for this study were opportunistically collected from
either commercially harvested sharks or from specimens captured
for collaborative research projects. Specimens were caught either
on rod and reel or on a demersal longline using 14/0 and 18/0 baited
circle hooks, set at depths of approximately 300 m (S. mitsukurii),
70-100m (C. plumbeusy;) and 10m (C. plumbeusy,) or donated
from commercial longline fishing operations (C. plumbeusys). Live
animals were sacrificed with either a large dose of benzocaine
(Sigma-Aldrich, Inc., St Louis, MO, USA; >250mgkg™") or sodium
pentobarbital (Beuthanasia-D; Schering-Plough Animal Health
Corp., Middletown, PA, USA; >300mgkg™"). Procedures used in
the project have ethical approval from the University of Hawaii:
Hawaii Institute of Marine Biology (IACUC 029-07), the College
of William and Mary: Virginia Institute of Marine Science (IACUC
#0423) and the University of Queensland Animal Welfare
Committee (AEC# VTHRC/216/05).

Ocular measurements
The dorsal and nasal limbus of the eyecup was scored for orientation,
and the eyes were excised. A series of ocular measurements, along
with body measurements of pre-caudal length (PCL), fork length
(FL), total length (TL) and information on reproductive maturity,
were determined for all individuals. Reproductive maturity in C.
plumbeus and S. mitsukurii was determined by assessing the gonads
and, throughout this study, a classification of ‘juvenile’ refers to
immature specimens less than 105cm TL (C. plumbeus) or 40cm
TL (S. mitsukurii), ‘sub adult’ refers to all other immature specimens
and ‘adult’ refers to sexually mature individuals. External eyecup

dimensions were measured along the equatorial (i.e.
anterior—posterior or A-P), vertical (i.e. dorsal-ventral or D-V) and
axial planes and compared as a function of body size. The lens was
removed and measured with callipers to the nearest 0.1 mm along
the axial, equatorial and vertical planes.

To investigate intraocular morphology, whole enucleated eyes
were frozen either in liquid nitrogen or in a —20°C freezer. The
robust cartilaginous sclera largely prevented distortion of eye shape
during the freezing process; however, particular care was taken so
that eyes were not resting on a flat surface, and the smaller eyes of
neonatal S. mitsukurii were frozen in situ within the chondrocranium.
The eyecup was never observed to rupture due to increased
intraocular pressure from the freezing process. Each frozen eye was
mounted in OCT compound (Tissue-Tek; Sakura Finetechnical Co.,
Tokyo, Japan) and stained with blue Quill Ink in order to provide
contrast between the eye and the embedding medium. Eyes were
orientated for sectioning along either the equatorial or vertical planes,
and frozen sections were cut every 20um with a cryostat [Leitz
1720 digital kryostat; Leitz (Leica), Nusslock, Germany] and
discarded. Images of the block face with a scale bar were
photographed with a digital camera (Canon Powershot s31s) every
200 um. The photograph with the greatest lens thickness in either
the vertical or equatorial planes was deemed to represent the central
geometric plane of the lens and therefore to represent the optical
axes. Measurements of all intra- and extraocular dimensions were
made using Image J freeware (v. 1.3.1; freeware at
http://rsb.info.nih.gov/ij/). Measurements were calibrated using the
scale bar present in each image. A line joining the centre of the lens
to the centre of the pupil was taken to represent the geometric axial
axis of the eye (Sivak, 1976). Sections along the equatorial plane
revealed anterior (A), posterior (P) and axial visual axes while
sections along the vertical plane revealed dorsal (D), ventral (V)
and axial visual axes.

In the cryosectioned eye, lens diameter was measured along the
equatorial, vertical and axial planes. Lens shape was then established
from the ratios of lens diameter (axial:vertical and axial:equatorial).
The distance from the centre of the lens to the retina—choroid border
was measured along five visual axes (D, V, A, P and axial). The
focal ratio (f) of the cryosectioned eye was calculated by dividing
the measured distance along the axial axis by the lens radius
(hereafter termed fi).

Focal properties of the lens
Focal properties of shark lenses were investigated using a custom-
made ray tracing apparatus to record the refracted path of a laser
beam as it passes through the lens (Kroger et al., 1994). Freshly
excised lenses were placed on a stage in a chamber filled with shark
saline solution (9 g1™! NaCl; Sigma-Aldrich, Inc., USA) to which a
small amount of polymer solution (Polystyrene Microparticle;

Table 1. Overview of sampling populations

Sample

Species Sample location Habitat type Capture depth (m) numlser Size range TL (cm)
Sandbar shark Habitat 1: Central Pacific (Hawaiian Oceanic fringing 70-100 88 50-196

(C. plumbeusy1) Islands) reef
Sandbar shark Habitat 2: North-western Atlantic Shallow turbid 6-12 40 55-110

(C. plumbeusy) (Virginia’s Eastern Shore) estuary
Sandbar shark Habitat 3: Western Pacific (Australia’s Offshore coastal 30-50 57 50-187

(C. plumbeusys) eastern seaboard) waters
Shortspine spurdog Habitat 1: Central Pacific (Hawaiian Oceanic insular 250-300 26 39-86

(S. mitsukurii)

Islands) shelf
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Kisker, Germany) was added to enhance visibility of the
helium—neon laser beam. The lens was orientated on the stage so
the chamber mimicked the eyecup, with the laser beam tracing
through the equatorial plane of the lens. The paths of a green laser
(532 nm; Leadlight Technology, Inc., Tao-Yuan, Taiwan) and a red
laser (650nm; Leadlight Technology, Inc.) were traced separately
through the lens along the equatorial plane, while filmed from above
(dorsal view) with a digital camera (Sony 120X Carl Zeiss, Sony
Corp., Tokyo, Japan). Digital film was cut (using imovie, Mac OS
X), and individual frames of the video clip were overlaid in
Photoshop (Adobe software v. 7.0) to identify the lens focal length
(distance from the centre of the lens to the point of laser beam
convergence). To investigate the presence and to quantify any
chromatic aberration of the lens, the focal lengths of the red and
green laser traces were compared. In addition, comparing the
convergence distance for a pair of central vs peripheral beams
enabled a broad assessment of spherical aberration.

The focal ratio of the lens (fin=mean focal length of the lens:lens
radius) was calculated and compared with values of the focal ratio
measured from cryosectioned eyes (fi) in order to determine
whether this relationship (and therefore the level of retinal
illumination) is constrained during eye growth.

Spectral transmission of ocular media

The spectral transmission of light (250—750nm) through the ocular
media was measured separately from the fresh lens, vitreous and
cornea, using an S2000 fibre optic spectrometer (Ocean Optics,
Dunedin, FL, USA) and a UV-Visible spectrophotometer (Bio-spec
1601; Shimadzu Corp., Kyoto, Japan). An average of three scans
was performed for each transmission measurement and normalised
to 100% transmission at 700nm. The wavelength at which
transmission reached 50% of the normalised transmittance for each
ocular component was considered the transmission cut off (7o)
(Douglas and McGuigan, 1989).

Pupillary movements

The dynamic mobility of the pupillary aperture was investigated in
live sharks. Live sandbar sharks (N=5 C. plumbeusy;; N=5 C.
plumbeusy;) were transported from fishing locations in aerated
seawater tanks (1000 liter) to land-based aquaria (3000 liter) fitted
with flow-through seawater systems and maintained for 4-7 days
under a natural light/dark cycle prior to conducting experiments
measuring pupil mobility. By contrast, measurements of pupil
mobility were conducted on live S. mitsukurii (N=2) immediately
post capture at sea. Live animals were anaesthetised [25-50mg 1!
benzocaine (Sigma-Aldrich, Inc., USA) or 0.1mlkg™' ketamine
hydrochloride intramuscular injection (Butler Animal Health USA)],
artificially ventilated (0.5-11min'kg™) and dark adapted for
30-60min. Dark-adapted eyes were exposed in situ to a broad-
spectrum white light (1.64X10°cdm™), and subsequent pupillary
movement was monitored and filmed (including a reference scale)
using a digital camera (Sony 120X Carl Zeiss, Sony Corp., Japan
or a Sony Cybershot P200, Sony Corp., Japan). Digital film footage
was analysed in imovie (Mac OS 10.4) to capture still frames at 0,
0.5,1,2,3,4,5,6, 7,8, and 30min time intervals post exposure
to light. The pupil area, together with the width of the pupillary
aperture, was measured along the equatorial and vertical planes.

Characteristics of the choroidal tapetum
To determine the distribution and colour of the tapetal reflection
from the fundus, tapetal reflectance was photographed (Sony
Cybershot P200) in light (LA)- and dark-adapted (DA) eyes in C.
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plumbeus (C. plumbeusy;, N=15 LA and DA; C. plumbeusy,, N=15
LA and DA) and S. mitsukurii (N=2 DA, N=15 LA). Camera settings
and lighting conditions were standardised between individuals. The
ultrastructure of central regions of the eyecup was examined using
electron microscopy to ascertain the mechanism(s) underlying the
tapetal reflection. Pieces of retinal tissue (1mm?), including the
tapetal tissue adjacent to Bruch’s membrane, were sampled from
central regions of dark- and light-adapted eyes (C. plumbeusy;, N=5
LA and DA; C. plumbeusy,, N=5 LA and DA; S. mitsukurii, N=2
LA and DA) and processed for light and transmission electron
microscopy (TEM). Samples were embedded in Araldite® (Selleys,
Padstow, NSW, Australia) and sections were cut on an LKB rotary
ultramicrotome (LKB, Uppsala, Sweden) using glass knives. Semi-
thin sections were stained with Toluidine Blue, examined under light
microscopy and photographed using a Tucsen 5.0MP camera
(Optem, DC500U, Tucsen, Fujian, China) mounted on a light
microscope (Olympus BX50). Ultrathin sections were placed on a
grid and stained with lead citrate and uranyl acetate (Brackevelt,
1994a). Sections were examined and photographed on either a
Phillips 410 or a Phillips CM10 transmission electron microscope
set at 80kV (Phillips Inc., Eindhoven, The Netherlands).

RESULTS
Ocular morphology and eye growth

The eyes of C. plumbeus are laterally positioned within the
chondrocranium, slightly anterior to the mouth (Fig.1A). The
eyecup of C. plumbeus is relatively symmetrical around the axial
axis in both the vertical (Fig. IC) and equatorial planes (Fig. 1E).
The eyes of S. mitsukurii are positioned laterally, proximal to the
rostrum (Fig. 1B). In contrast to C. plumbeus, the eyecup of S.
mitsukurii is asymmetrical around the axial axis in the vertical plane
(Fig. 1D) and is positioned within the chondrocranium such that the
eye is angled dorso-laterally.

The eyes of C. plumbeus and S. mitsukurii continue growing
throughout life (Fig.2). The relationship between eye growth and
body length did not significantly differ between the three populations
of C. plumbeus (P>0.05) and so eye size as a function of body size
was pooled for interspecific comparisons. S. mitsukurii shows an
absolute larger eye than C. plumbeus for an equivalent body size
(P<0.0001, unpaired z-test). In both species, the equatorial (A-P),
vertical (D-V) and axial lengths of the eyecup increase in a linear
relationship with total body length (Fig.2A,B). Eye growth is
proportional along each plane in S. mitsukurii, showing no significant
difference between slopes (P=0.1046, one-way ANOVA) (Fig.2A),
but the length of the eyecup in the equatorial plane is consistently
longer than the length of the eyecup in the axial plane (P=0.0308,
N=25, unpaired t-test). By contrast, eye growth in C. plumbeus is
allometric (Fig.2B), with the length of the eyecup in the vertical
and equatorial planes increasing at a faster rate than in the axial
plane (P<0.0001, N=185, one-way ANOVA). This allometric
growth results in a broader, flatter eyecup in an adult C. plumbeus
compared with a juvenile.

The axial length of the lens in both C. plumbeus and S. mitsukurii
also increases in a linear relationship with body length (Fig.2C).
The slopes are significantly different between the species, indicating
that, for an equivalent body size (TL), S. mitsukurii has a larger
lens than C. plumbeus (P<0.0001, N=96, unpaired #-test).

Lens shape in S. mitsukurii is relatively spherical as the axial
lens length is, on average, only 3+1% shorter than the vertical (D-
V) or equatorial (A-P) length. There is no significant change in lens
shape during growth (Fig.2D, P=0.66). By contrast, lens shape in
C. plumbeus changes as a function of ontogenetic growth, following
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Carcharhinus plumbeus

Squalus mitsukurii
A

a linear relationship that differs significantly from zero (Fig.2D,
R?=0.65, P<0.0001, N=60). In juvenile C. plumbeus, the axial lens
length is, on average, 15+0.5% shorter than the vertical or equatorial
length (TL=55-65cm, N=10), giving it an elliptical shape. In adult
C. plumbeus, the lens approaches a spherical shape with the axial
lens length 6.5+0.9% shorter than both the vertical and equatorial
length (TL=185-196 cm, N=10).

Focal length and focal ratio
Focal length of the lens (calculated from laser beam convergence)
differs from the distance between the centre of the lens and the
retina—choroid border (measured in cryosectioned eyes). The focal
length of the lens is 8% longer than the measured distance between
the lens centre and the retina along the longest axis in C. plumbeus
(P=0.01, N=58, unpaired #-test) and 10.5% longer in S. mitsukurii
(P=0.01, N=16, unpaired #-test). Consequently, values of focal ratio
calculated from cryosectioned eyes (fir) differ marginally from
values obtained from the focal properties of the lens (fi-). Regardless,
both calculations (fi2) identify a decreasing focal ratio with
growth, revealing that eyecup growth does not constrain the optical
performance of the lens in S. mitsukurii or C. plumbeus. In C.
plumbeus, the focal ratio of the lens (fi) decreases with increasing
lens size, from approximately 3.3:1 (lens diameter=6.1 mm;
TL=65cm), 2.8:1 (lens diameter=8.1 mm; TL=100cm) and 2.7:1
(lens diameter=13.8mm; TL=196cm). In S. mitsukurii, fi», also
decreases with growth of the eye, but to a smaller extent, from
approximately 2.9:1 (lens diameter=6.0mm; TL=39cm) to 2.5:1
(lens diameter=7.5mm, TL=48cm) and 2.4:1 (lens diameter=

Fig. 1. Ocular structure of C. plumbeus (A,C,E) and S. mitsukurii
(B,D,F). (A,B) Position of the eyes within the chondrocranium.
(C,D) Frozen sections through the geometric centre of the eye,
sectioned along the vertical plane. Note that the acute curve of
the ventral eyecup margin, compared with the dorsal eyecup
margin, creates a vertical asymmetry around the axial axis in S.
mitsukurii (D). (E,F) Frozen sections through the geometric centre
of the eye along the equatorial plane. Scale,10 mm.
Abbreviations: d, dorsal axis; v, ventral axis; axial, axial axis; a,
anterior axis; p, posterior axis; ON, optic nerve; r, retina; c,
cornea; |, lens; ct, choroidal tapetum; s, sclera.

12.3mm; TL=86 cm). The decrease in fr|g, with growth indicates
that, in both species, the lens is growing proportionately faster than
the focal length. Consequently, the species-specific measures of focal
ratio differ significantly (P<0.0001, N=58, one-way ANOVA)
(Fig.3) from Matthiessen’s hypothetical focal ratio, a constant of
2.6:1 (Matthiessen, 1882).

Optical aberrations of the lens

Chromatic aberration in the lenses of C. plumbeus and S. mitsukurii
appears to be largely neutralised, with no significant difference
between focal lengths of the red (650nm) and green (532 nm) lasers
measured for any lens size. The lenses of S. mitsukurii and C.
plumbeus also appear well corrected (neutralised) for longitudinal
spherical aberration (LSA). There was no statistically significant
difference between the measured focal lengths of peripheral and
central beams (P>0.05), and all beams focus to a narrow focal area
(Fig.4). However, a more detailed analysis of LSA in shark lenses
is warranted.

Spectral transmission properties of the ocular media
The analysis of spectral transmittance of the components of the
ocular media (cornea, lens and vitreous) for light between 250 and
750nm reveals that light transmittance is limited primarily by the
lens in both C. plumbeusy gz and S. mitsukurii (Fig.5). The lens
of S. mitsukurii blocks light at a longer wavelength (750=403 nm)
than that of C. plumbeusyignr (T50=311-384nm). While no
difference in lens transmission is shown between juvenile and adult
S. mitsukurii, the lens transmission properties of C. plumbeus, within
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a single population, vary as a function of body size (Fig.5C).
Juvenile lenses from clear (C. plumbeusy;) and turbid (C.
plumbeusy,) water habitats have a Tsy of 311+£0.8nm (TL=65cm,
N=5) and 312+1.2nm (TL=65 cm, N=2), respectively. This increases
to a Tso of 384+£3.8nm in the largest individuals sampled
(TL=142cm, N=2, C. plumbeusy).
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Fig.2. Growth of the eye and lens. (A) Graph showing the linear increase in
eye size with ontogenetic growth in S. mitsukurii (A-P, RP=0.91,
y=7.3+0.32x, N=26; D-V, R?=0.89, y=4.9+0.3x, N=26; axial, R°=0.94,
y=4.2+0.26x, N=25). Growth rate is proportional between the measured
axes, with the A-P axis significantly longer than the axial axis (P=0.0308,
unpaired t-test). (B) Graph showing linear increase in eye size with
ontogenetic growth in C. plumbeus (A-P, R?=0.97, y=9.89+0.16x, N=185;
D-V, R?=0.96, y=8.06+0.15x, N=185; axial, R°=0.94, y=8.14+0.11x, N=152).
Growth is allometric, with a significant difference between the measured
axes (P<0.0001, one-way ANOVA). (C) The axial lens diameter increases
with body length (TL) in a linear relationship for S. mitsukurii (R?=0.89,
y=2.04+0.12x, N=24) and C. plumbeus (R?=0.96, y=1.65+0.06x, N=154).
Note the significantly larger lens (and eye) size of S. mitsukurii to C.
plumbeus (P<0.0001, unpaired ttest) for equivalent body size (TL).

(D) Change in lens shape as a function of body size (TL). The lens of S.
mitsukurii maintains its shape with growth (R?=0.01 is not significantly
different from zero; P=0.66). Lens shape is almost spherical with a 3%
difference between axial and A/P lens lengths. Lens shape in C. plumbeus
varies with growth (R?=0.65, y=1.2+-0.01x; N=72), declining from a 15%
(juvenile) to 6% (adult) difference between the axial and A/P lens length.

Characteristics of the iris and pupil aperture
Pupillary movement differs between the two species. C. plumbeus
has a mobile pupil that constricts on exposure to bright light (Fig. 6).
While we acknowledge that the rate of pupil movement may have
been influenced by the use of anaesthetics, the rates recorded do
fall within the range previously reported for elasmobranchs
(Kuchnow 1971; Gilbert et al., 1981). The fully dilated pupil forms
an almost circular aperture [equatorial:vertical=1:1.14+0.02 (mean
+ s.e.m.); N=15], which constricts to a vertical ‘keyhole’ slit
(equatorial:vertical=1:3.31+0.13; N=15) in the light-adapted eye
(Fig.6B,C). This allows the pupil aperture to reduce to half of its
maximum dilated area within 1min of exposure to bright light.
Maximum pupil constriction occurs within 5min of exposure to
bright light and is followed by a slight re-dilation (Fig.6D). At
maximum constriction, the pupil aperture is at least 70% smaller
than the maximum dilated pupil aperture. The mobile pupil allows
for a variable depth of focus and light-gathering power (f~number
= lens focal length/pupillary aperture diameter) between light- (-
number=6.0) and dark-adapted (/~number=2.0) eyes. In contrast to
C. plumbeus, exposure to bright light for 30 min after dark adaptation
does not elicit any appreciable pupillary movement in S. mitsukurii
(Fig.6A,D). In both the light- and dark-adapted eye of S. mitsukurii,
the pupil forms a circular aperture (Fig. 6A) with a ratio between
the equatorial:vertical aperture widths of 1:1.01+0.02 (mean + s.e.m.;
N=28). Furthermore, no pupillary movement is observed post
enucleation, as is the case in C. plumbeus. The pupil area of an
adult S. mitsukurii (TL=86 cm) is 78% larger than the pupil area of
ajuvenile (TL<40cm). The static pupillary aperture results in a short
depth of focus and thus a high light-gathering power for both juvenile
(fsnumber=1.5) and adult (f-number=1.2) S. mitsukurii.

The iris pigmentation of S mitsukurii is golden and brightly
reflective (Fig.7). By contrast, ocular pigmentation is observed to
vary between populations of C. plumbeus. The greatest contrast in
iris pigmentation is shown between C. plumbeusy; (insular shelf
population), where the iris is pale blue to white, and C. plumbeusy,
(coastal estuary population), where the iris is dark tan or bronze

(Fig. 7).

Characteristics of the choroidal tapetum
The coloured reflection elicited from the reflective tapetum in dark-
adapted eyes of C. plumbeus differs between sampling populations.
The greatest contrast is observed between juvenile C. plumbeusy,
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Fig. 3. Focal length as a function of lens radius reveals a linear relationship
in C. plumbeus (R?=0.98, y=2.93+2.2x, N=58) and S. mitsukurii (R?=0.89,
y=1.2+2.17x, N=16), which differs from Matthiessen’s ratio. Broken line
represents Matthiessen’s ratio (=2.55r). Note that Matthiessen’s ratio gives
a close approximation of focal length for large (adult) lenses but not for
small (juvenile) lenses.

which have a blue eyeshine, and juvenile C. plumbeusy,, which
have a yellow—green eyeshine (Fig. 7). In S. mitsukurii, the tapetum
is distributed across the entire fundus and exhibits a blue eyeshine
in dark-adapted eyes (Fig. 7).

Ultrastructural analysis of the retina—choroid layers reveals that
the source of the observed coloured reflections is a choroidal tapetum
(thickness=35.1+0.1pum in C. plumbeus, and 30.3+0.2um in S.
mitsukurii), situated posterior to the choriocapillaris (Fig.8). The
tapetal cells are separated by flattened melanocytes, which contain
rounded melanosomes (0.2—0.7 um in diameter).

The tapetal cell nucleus is found adjacent to the choriocapillaris,
and tapetal cells are packed with layers of hexagonal crystals. The
tapetal cells in C. plumbeus vary in shape depending on the position
within the retina. In the central retina, tapetal cells are broad, i.e.
~32.540.5umX27.84+0.2 um (means + s.e.m.), and the crystals are

Fig. 4. Focal effects of the lens. Composite image showing the ray traces of
a laser beam (532 nm) through a freshly excised lens of (A) C. plumbeusy1
and (B) S. mitsukurii. Note that light is concentrated in a narrow focussed
area, indicating that the lens is of a high optical quality and well corrected
for spherical aberration. Scale bar, 10 mm.

aligned almost horizontally to the mono-layered array of retinal
pigment epithelial cells. Away from the central retina, the cells are
narrow and elongate, about 9.7+0.8umXx40.4+0.2 um, with the
crystals aligned at an angle approaching 45° to the incident light
path (as measured from a perpendicular line through the retinal
pigment epithelium and the pupil centre). Where visible, the
reflective crystals measured 0.1 pm in thickness and 6-9 um in length
(Fig.8). Inter-crystal spacing (0.2-0.7um) and the number of
crystals within each tapetal cell (§—25) show no significant difference
between groups due to high inter-individual variation (one-way
ANOVA, P>0.05).
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Fig. 5. Spectral transmission properties of the ocular media. Representative
transmission curves of light (250-700 nm) through the cornea, lens and
vitreous for (A) C. plumbeusn, and (B) S. mitsukurii. The lens is the limiting
factor for light transmission in both species. (C) Graph depicting the mean
(+ s.d.) light transmission values (Tso) as a function of ontogenetic growth.
C. plumbeus juvenilepigHz (TL=65cm, N=6), sub adultys (TL=110cm, N=3),
adultyy (TL=142cm, N=2) and S. mitsukurii juvenile (TL=39 cm, N=2) and
adult (TL=86, N=2). Transmission properties vary as a function of lens size
for C. plumbeusy1, with larger lenses exhibiting a longer wavelength cut off.
S. mitsukurii displayed no marked variation in Tso with lens growth.
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The spatial distribution of the tapetum varies with light adaptation
in C. plumbeus. In the dark-adapted eye, the reflective tapetum is
visible across the entire fundus. Following light adaptation, the
tapetum becomes partially occluded at the dorsal and ventral
margins. Tapetal cells are occluded in the light-adapted state via
the migration of melanosomes towards the retina to occlude the
anterior surface of the tapetal cells (Fig. 8A—C). Spatial coverage
of the tapetum over the fundus in the eye of S. mitsukurii is not
shown to change with light adaptation and, in the light-adapted eye
of S. mitsukurii, melanosomes only partially occlude the anterior
surface of the tapetal cell (Fig.8D).

DISCUSSION

The eyes of S. mitsukurii are orientated dorso-laterally within the
chondrocranium (Fig.1) and show a dorsal binocular overlap
(Litherland et al., 2009), indicating that this species places particular
importance on sampling the water column above. This eye
orientation suggests that S. mitsukurii employs a visual strategy to
maximise photon capture of the downwelling sunlight, possibly to
detect the silhouettes of objects passing overhead. Analogous eye
designs to those observed in S. mitsukurii are found in bony fishes
inhabiting the dim light environment of the continental slopes
(Locket, 1977; Lythgoe, 1979; Pankhurst, 1987). By contrast, the
lateral eye position in C. plumbeus implies that visual sampling of
the lateral and frontal water column is of particular importance for
this species (Fig.1) (Litherland et al., 2009). This eye position
suggests that a visual strategy that maximises the contrast of objects
(prey or predators) against the blue or blue—green backdrop of the
water column is an important visual task. These visual strategies
are being tested further in concurrent investigations of retinal
specialisations and photon capture (Litherland et al., 2009).

The eyes of S. mitsukurii and C. plumbeus show continual growth
throughout their life (Fig.2), and the size of the eye and lens in S.
mitsukurii is comparatively larger than in C. plumbeus (Fig.2).
Relative eye size has been found to vary between elasmobranch
species from different habitats (Lisney and Collin, 2007). The current
findings support the notion that benthic-associated sharks occupying
the mesopelagic realm (i.e. S. mitsukurii) have relatively larger eyes
than sharks occupying coastal or epipelagic realms (i.e. C. plumbeuss)
(Lisney and Collin, 2007). A large eye increases retinal illumination,
an important visual strategy for species like S. mitsukurii, which
encounter a dim light environment in mesopelagic waters.

Focal properties of the eye
Lens shape in C. plumbeus varies with ontogenetic growth of the
eye (Fig.2). The latero-medially flattened lens of juvenile C.
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Fig. 6. Pupillary movements with exposure to bright light. (A) The
circular pupillary aperture of S. mitsukurii did not constrict with
exposure to bright light. (B) The circular pupillary aperture of

C. plumbeusy, after one hour of dark adaptation. (C) The pupil of

C. plumbeus, constricts with light adaptation to a ‘keyhole’ slit.

(D) Time course of the pupillary response in C. plumbeusyisne and
S. mitsukurii plotted as the relative pupillary aperture as a function of
maximum pupillary aperture (% of Amax). Mean values are provided
for S. mitsukurii (N=2) and C. plumbeus (N=10). Note the slight re-
dilation of the pupillary aperture in C. plumbeus after maximum pupil
constriction is reached. No measurable pupil constriction occurs in
S. mitsukurii over the same timeframe. Onset of light exposure
occurs at time=0.

plumbeus compares favourably with an earlier investigation of lens
shape in the same species (Sivak, 1976) (15% vs 16% difference
between lens axes). However, in adults, the lens is closer to spherical
(6.5% difference between lens axes). Similarly, lens shape becomes
less elliptical with ontogenetic growth in the skate, Raja eglanteria
(Sivak and Luer, 1991), and the bamboo shark, Chiloscyllium
punctatum (Harahush, 2009). No significant variation in lens shape
occurs with ontogenetic growth of the eye in S. mitsukurii (Fig.?2).
This implies that any variation in lens shape in elasmobranch fishes
is not simply the result of pre-programmed ontogenetic growth but
is species-specific and most likely reflects differing visual
requirements associated with image resolution and lenticular
aberrations. Elasmobranch lens shape is reported to vary between
spherical, near-spherical and elliptical (Sivak, 1978a; Sivak, 1991;
Sivak and Luer, 1991; Lisney, 2004). These descriptions are
frequently based on an individual size class and therefore should
be interpreted with some caution given the current finding that lens
shape may vary as a function of growth in some species.

The lens focal length is longer than the distance measured in
cryosectioned eyes between the lens centre and the retina—choroid
border. We suggest the muscle responsible for lens movement in
sharks (the protractor lentis muscle) may have relaxed post-mortem
prior to our analysis of the focal distance in the cryosectioned eye
and contributed to the apparent hyperopic condition of the eyes

Carcharhinus plumbeus

Squalus mitsukurii

Habitat 1 Habitat 2

Fig. 7. Ocular pigmentation and tapetal reflectance for (A) C. plumbeusy
(an insular shelf population, depth >70m, transparent blue water), (B) C.
plumbeusy, (a coastal estuary population, depth <10m, turbid water) and
(C) S. mitsukurii (insular shelf population, depth >300 m, transparent blue
water). P=posterior, V=ventral.
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(Sivak, 1978b). Accommodative studies on a range of
elasmobranchs, including C. plumbeus, have revealed that
anaesthesia or physical restraint induces a hyperopic state of visual
focus (Sivak, 1976; Sivak and Gilbert, 1976; Hueter et al., 2001).
Under natural conditions, the lens should maintain a protracted
(forward) position, which would allow the lens to form a focused
image on the retinal plane, i.e. an emmetropic state of visual focus.

The ratio between focal length and lens size directly influences
the spatial resolution and optical sensitivity of the eye, so differences
in this optical parameter may reflect the visual strategies used by
each species. The higher range in focal ratio in C. plumbeus (2.7:1
to 3.3:1) selectively enhances image magnification, and thus spatial
resolution, while the lower range in focal ratio in S. mitsukurii (2.4:1
to 2.9:1) reflects the importance of retinal illumination and therefore
light sensitivity (Fernald, 1988).

Focal ratio decreases with eye growth in both C. plumbeus and
S. mitsukurii (Fig.3), contradicting reports that focal ratio typically
scales with lens growth in aquatic animals (Fernald and Wright,
1985). A decreasing focal ratio with eye growth is noted in two
other elasmobranch species (Sivak and Luer, 1991; Harahush, 2009)
and a few teleost fishes (Shand et al., 1999; Krdger et al., 2001;
McPherson, 2004). Interestingly, the range in focal ratio observed
between elasmobranch species (2.3-3.3) (Sivak, 1978a; Hueter,
1980; Hueter and Gruber, 1980; Lisney, 2004; Lisney and Collin,
2004) covers a similar range to that shown between the ontogenetic
size ranges investigated in C. plumbeus (2.7-3.3) and S. mitsukurii
(2.5-2.9). While species differences in focal ratio may exist, these
results caution that some differences in focal ratio, as previously
shown between elasmobranch species, may be an artefact of
indiscriminate sampling of different sized animals.

Fig. 8. Morphological variation in tapetal structure.
(A—C) Light micrographs of the tapetum lucidum
of C. plumbeus showing the occlusion of the
tapetal cells by pigment migration from a light-
adapted (LA) tapetum (A), a partially dark-
adapted tapetum (B) and a fully dark-adapted
(DA) tapetum (C). Note the dispersal of the
melanosomes along the melanocyte cell
processes towards the choriocapillaris in the LA
state to occlude the tapetal cells and the
aggregation of the melanosomes along the
choroidal edge of the tapetal cells in the DA state.
Scale bar, 20 um. (D) Transverse section of the
retina and tapetum in S. mitsukurii. Inset
highlights the tapetal cells. Scale, 50 um; inset
scale, 20 um. (E) High-power electron micrograph
to illustrate the arrangement of the reflective
crystals within a C. plumbeus tapetal cell. Inset
shows a light micrograph of crystal plates. Scale
bars, 10 um. Black arrows indicate melanocyte
processes, and white arrows indicate reflective
crystals. Abbreviations: cc, choriocapillaris; CH,
choroid; G, ganglion cell layer; H, horizontal cells;
INL, inner nuclear laye; m, melanocytes
containing melanosomes; n, nucleus of tapetal
cell; ONL, outer nuclear layer; P, photoreceptor
layer; rc, reflective crystals; RPE, retinal pigment
epithelium; t, tapetal cell.

In the absence of direct ocular measurements, Matthiessen’s
hypothetical focal ratio (2.55) is often used to predict values of focal
length for calculations of visual acuity in elasmobranchs (Collin,
1988; Bozzano and Collin, 2000; Lisney, 2004; Litherland and
Collin, 2008). Matthiessen’s hypothetical focal ratio assumes a
spherical lens and constant focal proportions throughout growth
(Matthiessen, 1882), so this constant may not appropriately predict
the focal length of elasmobranch lenses. In both C. plumbeus and
S. mitsukurii, Matthiessen’s hypothetical focal ratio misrepresents
focal length in juvenile sharks (i.e. 60cm TL) (Fig.3). However,
the use of Matthiessen’s hypothetical ratio to predict focal length
for calculations of visual acuity in larger (i.e. 186 cm TL adult) sharks
appears appropriate in the absence of direct measurements of focal
length.

Optical quality of the lens and its implications for vision
The lens is the only significant refractive element in most aquatic
eyes and, to effectively focus light onto the retina, the lens has
become almost spherical with a refractive index gradient (Sivak,
1978b; Land and Nilsson, 2002). The increased radius of curvature
creates an optical problem, where light rays striking the peripheral
lens will not converge with rays passing through the lens centre. In
aquatic animals, variation in the refractive index gradient can control
for variation in focal length between these central and peripheral
light rays (longitudinal spherical aberration, LSA) (Land and
Nilsson, 2002). The absence of significant amounts of LSA in any
size lens of S. mitsukurii and C. plumbeus (Fig.4) suggests that a
gradient of refractive index is maintained during lens growth in
elasmobranchs (Fernald and Wright, 1983; Sivak, 1991; Sivak and
Luer, 1991). Lens focal properties in the eyes of other elasmobranch
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species range from negative spherical aberration (central beams
focus closer to the lens than the peripheral beams), as observed in
Negaprion brevirostris (Sivak, 1991) and Squalus acanthias (Sivak,
1978a), to the well-corrected lenses of Raja eglanteria (Sivak, 1985).

The lenses of S. mitsukurii and C. plumbeus are well corrected
for longitudinal chromatic aberration (LCA) between the
wavelengths of 650nm and 532nm. LCA in other elasmobranchs
is considered minimal, i.e. less than 1% of focal length for NV.
brevirostris (Hueter, 1980) and R. eglanteria (Sivak and Luer, 1991),
although some variation in focal length between red and blue
wavelengths is described for S. acanthias (Sivak, 1978a). LCA may
be controlled for by a multifocal optical system, where subtle
variations in LSA partially correct LCA (Kroger et al., 1999;
Karpestam et al., 2007; Gustafsson et al., 2008), but this optical
strategy has not yet been established for elasmobranchs. Multifocal
optics have been described for lampreys (Gustafsson et al., 2008)
and bony fish (Malkki and Kroger, 2005; Karpestam et al., 2007)
and are thought to have originated early in vertebrate evolution, but
further work is necessary to determine if sharks have retained a
multifocal optical system. LCA is greatest for short wavelengths of
light (blue—ultraviolet), so it is possible that LCA may occur at
wavelengths below the spectral range investigated in this study. Short
wavelength image defocus would, however, be somewhat controlled
by the transmission properties of the ocular media, which are opaque
to wavelengths below 400 nm (juvenile and adult S. mitsukurii) and
below 310nm and 382nm for juvenile (65cm TL) and adult
(142cm TL) C. plumbeus, respectively (Fig.5).

Short wavelength-filtering ocular media, as shown in S. mitsukurii
(Fig.5) (Losey et al., 2003), have been found in other elasmobranch
species including the wobbegong shark Orectolobus ornatus
(T50=403 nm) (Siebeck and Marshall, 2001), the grey reef shark, C.
amblyrhynchos (T5p=400nm) (Losey et al., 2003), and several batoid
species (750=402—437nm) (Siebeck and Marshall, 2001; Theiss et
al., 2007). The light-filtering properties of the ocular media are
attributed to a group of UV-absorbing pigments called mycosporine-
like amino acids (MAAs), one of which, asterina-330, has been
identified in shark lenses (Dunlap et al., 1989; Douglas and
Marshall, 1999). Short-wavelength-filtering ocular media can be
advantageous for species inhabiting bright light environments, as
UV radiation is damaging to ocular tissue (Walls and Judd, 1933;
Dunlap et al., 1989; Douglas and Marshall, 1999; Lesser et al., 2001;
Zagarese and Williamson, 2001). However, unless S. mitsukurii
undergoes vertical migrations from its deep-water habitat into
shallow water, photo-protection from UV light appears an
unnecessary adaptation (Frank and Widder, 1996). Apart from
having a photo-protective function, short-wavelength filters may
serve to enhance optical contrast for deep-water species. S. mitsukurii
preys on mesopelagic fish, crustaceans and cephalopods (Wilson
and Seki, 1994; Graham, 2005) and, in the mesopelagic zone, many
of these prey species use bioluminescent light as a camouflage
strategy to mimic downwelling daylight (Denton et al., 1972; Denton
et al.,, 1985). Short-wavelength opaque lenses can enhance the
contrast difference between downwelling daylight and the broader
blue—green spectrum of the bioluminescent light and so facilitate
the visual detection of prey silhouettes (Muntz, 1976a; Somiya,
1976; Denton et al., 1985; Warrant and Locket, 2004). A similar
function has been attributed to the short-wavelength opaque lenses
found in several species of mesopelagic fish (Muntz, 1976a;
Somiya, 1976; Somiya, 1982; Douglas and Thorpe, 1992; Warrant
and Locket, 2004).

Ocular spectral transmission can vary with the extent of exposure
to UV light in elasmobranchs (Nelson et al., 2003). However, this
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study did not detect any difference in lenticular filtering between
juveniles sampled from populations inhabiting a shallow estuary
(C. plumbeusyy;) and the deeper waters of an oceanic insular shelf
(C. plumbeusy) (Fig.5). Turbid water, such as that inhabited by C.
plumbeusy,, could reduce exposure to high levels of short-
wavelength light, resulting in a similar level of UV exposure for
these separate populations of juveniles.

The transmission properties of the ocular media of C. plumbeusyy;
did vary as a function of lens size, which may explain the
contradictory reports from earlier investigations that have described
the lenses of C. plumbeus to be both unpigmented (Losey et al.,
2003) and pigmented (Zigman, 1991). Ontogenetic change in ocular
spectral transmissions may occur in response to an increased
exposure to UV light between juveniles and adults or, alternatively,
may occur because larger lenses absorb a greater proportion of short-
wavelength radiation than smaller lenses (Thorpe and Douglas,
1993). Although, intra-specific variation in UV-absorbing pigment
concentration is thought to be minimal in other carcharhinid sharks
(Dunlap et al., 1989), another elasmobranch species, the giant
shovelnose ray, Rhinobatos batillum (=Glaucostegus typus),
similarly shows ontogenetic variation in ocular media spectral
transmission (Siebeck and Marshall, 2001), as do some coral reef
fish (Nelson et al., 2003). Lens spectral transmission properties of
adult (142cm TL) C. plumbeus are, however, comparable with the
closely related dusky shark, Carcharhinus obscurus (absorption
max=360nm) (Zigman, 1991), and the scalloped hammerhead,
Sphyrna lewini (T5y=385nm) (Losey et al., 2003), where both species
occupy similar depth ranges to adult C. plumbeus (Compagno et
al., 2005).

C. plumbeus places particular importance on sampling the
horizontal visual field (Litherland et al., 2009). The more UV-
transparent ocular media of C. plumbeus (juveniles and adults),
compared with S. mitsukurii, may therefore enhance the visual
sensitivity of the eye in the restricted spectral range of the horizontal
visual field in the marine light environment (Muntz, 1976b;
McFarland, 1990; Douglas and Thorpe, 1992; Losey et al., 1999).
A negative trade-off is an increased susceptibility to UV damage
of ocular tissues; so, smaller sharks (which have more transparent
lenses) may favour habitats with diminished levels of short-
wavelength light such as deep or turbid water.

Characteristics of the tapetum lucidum
The design of the choroidal tapetum of S. mitsukurii and C.
plumbeus is similar to that of other elasmobranchs, where
overlapping tapetal cells are interdigitated by melanocytes containing
melanosomes that migrate in response to light (Fig.8). In C.
plumbeus, the size of the tapetal cell varies across the eyecup
(5-30um), with those cells occurring in the central retina being much
broader compared with the tapetal cells of other elasmobranchs
(3—6um) (Bernstein, 1961; Denton and Nicol, 1964; Nicol, 1964;
Denton and Nicol, 1965a; Best and Nicol, 1967; Kuchnow, 1969;
Heath, 1991; Braekevelt, 1994a) (L.L., unpublished). The tapetal
cells of both species contain layers of reflective crystals and, based
on previous studies of the elasmobranch tapetum, these are assumed
to be comprised of guanine (Denton and Nicol, 1964). The size and
structure of the reflective crystals are comparable with those of other
elasmobranchs (0.1 um thick, 5-8um long) (Braekevelt, 1991;
Braekevelt, 1994a; Brackevelt, 1994b) (L.L., unpublished). In
addition, the number of reflective layers contained within each
tapetal cell (8-25) lies approximately within the range reported for
other elasmobranch species (9-20) (Bernstein, 1961; Denton and
Nicol, 1964; Nicol, 1964; Denton and Nicol, 1965a; Best and Nicol,
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1967; Kuchnow, 1969; Heath, 1991; Braekevelt, 1994a) (L.L.,
unpublished). The lowest number of crystal layers per tapetal cell
is observed where multiple tapetal cells overlap, such that, at any
location, the tapetal layer consists of more than 20 layers of reflective
material, producing a reflectance that would theoretically approach
100% (Land, 1972).

Eyeshine, or the coloured reflection elicited by the fundus, may
be tuned to match the predominant spectrum of light available in
an animal’s habitat (Douglas et al., 1998). The blue coloured tapeta
of S. mitsukurii would principally reflect the shorter wavelength
light (blue—green) that penetrates the mesopelagic zone, including
that emitted as bioluminescence (Tyler and Smith, 1970; Warrant
and Locket, 2004). Intra-specific differences in the eyeshine of C.
plumbeus suggest that the light reflected by the tapetum is tuned
according to the ambient light environment. The blue tapetal
reflectance of C. plumbeusy; closely matches the predominant blue
background light of an oceanic insular shelf and fringing reef
(Marshall et al., 2003), and the orange—green reflectance of C.
plumbeusyy; is consistent with the predominant spectrum of light in
a turbid estuary and shallow coastal waters (Lythgoe, 1979; Schubert
et al., 2001). The ability to vary tapetal spectral reflectance in C.
plumbeus may be an adaptation to match ambient illumination (with
respect to both intensity and spectral composition) in a variety of
light environments for the purposes of camouflage in addition to
increasing retinal illumination. Evidence that tapetal reflectance may
be tuned to match the predominant wavelength spectrum of a
species’ habitat in elasmobranchs and teleosts has been suggested
previously (Best and Nicol, 1967). Tapetal reflectance is produced
by constructive interference (Denton and Nicol, 1964; Denton and
Nicol, 1965b) such that differences in the crystal width and inter-
crystal spacing within the tapetal cells provide a mechanism to vary
the spectral composition of the reflected light (Brackevelt, 1994a).
The current study did reveal variations in inter-crystal spacing
(0.2-0.7um) but these were not significant between the different
populations of C. plumbeus, presumably due to the resolution
afforded by the sectioning procedure in conjunction with minor
variations in the sectioning angle.

Visual ecology
S. mitsukurii shows ocular adaptations specialised for vision in the
dim light environment of its deep-water mesopelagic habitat. Ocular
characteristics such as its relatively large eye size (Fig.2), non-
occlusible tapetum (Fig.7), large, immobile pupillary aperture
(Fig.4) and low focal ratio translate into an eye capable of high
light-gathering power (f-number=1.2—1.5). This visual strategy
would enhance the detection and amplification of low light levels
in a uniformly scattered light environment, such as encountered in
the mesopelagic zone. Lenticular filters, which enhance optical
contrast, are a further visual adaptation to this species’ light
environment since bioluminescent light becomes increasingly visible
in the mesopelagic zone (Warrant and Locket, 2004). Similar optical
features are documented for other deep-water sharks (Denton and
Nicol, 1964), i.e. Galeus melastomus (Bozzano et al., 2001),
Etmopterus virens (Gilbert, 1963), Oxynotus centrina and Apristurus
brunneus (Kuchnow, 1971). Optical parameters of S. mitsukurii
show minimal variation with growth, which intuitively suggests that
visual requirements of juvenile and adult S. mitsukurii are quite
similar. Information on diet and spatial distribution for this species
is limited, although juveniles and adults can be caught in the same
location (L.L., personal observation). Given that the optical features
of S. mitsukurii are designed for low light levels, unnatural exposure
to bright light, such as that resulting from fishing activities (i.e.

daylight or deck-lights), may impair visual function (Wu et al., 2006;
Brill et al., 2008) and hence impact on this species’ post-release
survival if caught as by-catch, for example, in trawl fisheries
(Graham et al., 2001) by impeding its ability to avoid predation
and/or capture prey for some period after its release.

C. plumbeus shows an ability to adapt its ocular components to
optimise vision in diverse light environments. Eye structure in C.
plumbeus changes with eye growth, implying that visual
performance changes between life-history stages. This may reflect
the dietary shift from benthic-associated, less-mobile prey (i.e.
crustaceans) as juveniles to larger more-mobile prey items (i.e. large
schooling pelagic fish) as adults (Medved et al., 1985; Ellis, 2003;
McElroy et al., 2006). Furthermore, an iris capable of rapid changes
in pupil size (Fig.6) (Gilbert et al., 1981), an occlusible tapetum
and a variable f~number (2.0-6.0) provide a dynamic mechanism
to regulate retinal illumination (Kuchnow and Martin, 1970;
Kuchnow, 1971; Gilbert et al., 1981; Sivak and Luer, 1991). These
visual characteristics would help maintain optimal visual
performance in fluctuating lighting conditions, such as are
encountered in a shallow estuary (Schubert et al., 2001) or during
vertical movements through the upper water column. Importantly,
these characteristics may afford C. plumbeus with some ability to
adapt to anthropogenic environmental modifications of their coastal
habitat, such as light pollution or increased water turbidity.

In summary, the light environment appears to strongly influence
optical design in this class of vertebrates. Throughout a shark’s life,
the nature of visual scenes may change and, with it, the optical
adaptations of the visual sense. It is pertinent then that future
investigations of visual function in elasmobranchs account for
ontogenetic variability in ocular parameters. C. plumbeus and S.
mitsukurii are well equipped to perform visual tasks in the specific
light environment of their respective microhabitats. These findings
highlight the importance of visual information to the sensory world
of sharks.

LIST OF ABBREVIATIONS
A anterior
Ammax maximum pupillary aperture
D dorsal
DA dark adapted
fr focal ratio
LA light adapted
LCA longitudinal chromatic aberration
LSA longitudinal spherical aberration
P posterior
Tso wavelength at which 50% of incident light is transmitted
TL total length
v ventral
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