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concomitant reduction in luminous sensitivity. Our results 
suggest adaptive plasticity in the temporal resolution of 
elasmobranch visual systems which reflects the impor-
tance of the ability to track moving objects such as mates, 
predators, or prey.
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Abbreviations
AIC  Akaike’s information criterion
ERG  Electroretinography
FFF  Flicker fusion frequency
LLI  Log light intensity
MSP  Microspectrophotometry

Introduction

A true cosmopolitan class, elasmobranchs inhabit every 
aquatic realm, ranging from the darkness of the abyss, 
to brightly lit pelagic euphotic zones, to shallow murky 
coastal estuaries (Compango 1990; McFarland 1991; 
Klimley 2013). The visual demands under these con-
ditions are drastically different (Litherland and Collin 
2008). Although elasmobranchs employ an array of sen-
sory modalities (Bleckmann and Hofmann 1999; Hodgson 
and Mathewson 1978), they generally show structural and 
physiological adaptations in their visual sense specific to 
their habitat or ecological requirements, demonstrating the 
importance of this sensory system (e.g., Hart et al. 2004; 
Schieber et al. 2012; Newman et al. 2013). Sensory biol-
ogy, moreover, can be central to understanding predator–
prey interactions, processes occurring between an organ-
ism and its environment, as well as predicting the effects 

Abstract We used electroretinography (ERG) to deter-
mine spectral and luminous sensitivities, and the temporal 
resolution (flicker fusion frequency, FFF) in three sympa-
tric (but phylogenetically distant) coastal shark species: 
Carcharhinus plumbeus (sandbar shark), Mustelus canis 
(smooth dogfish), and Squalus acanthias (spiny dogfish). 
Spectral sensitivities were similar (range ~400–600 nm, 
peak sensitivity ~470 nm), with a high likelihood of rod/
cone dichromacy enhancing contrast discrimination. 
Spiny dogfish were significantly less light sensitive than 
the other species, whereas their FFF was ~19 Hz at maxi-
mum intensities; a value equal to that of sandbar shark and 
significantly above that of smooth dogfish (~9–12 Hz). 
This occurred even though experiments on spiny dogfish 
were conducted at 12 versus 25 °C and 20 °C for experi-
ments on sandbar shark and smooth dogfish, respectively. 
Although spiny dogfish have a rod-dominated retina 
(rod:cone ratio 50:1), their visual system appears to have 
evolved for a relatively high temporal resolution (i.e., high 
FFF) through a short integration time, with the requisite 
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of changing environmental conditions (e.g., Sloman and 
Wilson 2006; Litherland et al. 2009; Healy et al. 2013). 
Insights into the adaptive responses of fishes’ visual sys-
tems to their ecological niche can also help explain behav-
ioral and life history characteristics, and vice versa (e.g., 
Levine and MacNichol 1979; Hueter 1991; Hueter et al. 
2004; Wiessburg and Bowman 2005; McComb et al. 2013; 
Horodysky et al. 2008, 2010, 2013). Studies of visual 
adaptation have generally concentrated on comparing 
fishes from different photic environments (e.g., Douglas 
2001; McComb et al. 2010; Litherland et al. 2009). Recent 
efforts have, however, also compared visual function in 
teleost species from similar visual environments or over-
lapping geographic areas, but with different ecologies 
or feeding strategies (e.g., Horodysky et al. 2008, 2010, 
2013; McComb et al. 2013).

Electroretinography (ERG) has been used for over five 
decades to characterize visual function in elasmobranchs 
(e.g., Kobayashi 1962; Hamasaki et al. 1967; McComb 
et al. 2010; Bedore et al. 2013). Retinal responses to dif-
ferent wavelengths of monochromatic light produce spec-
tral sensitivity curves and can indicate the capacity for 
color discrimination. Stimuli with incremental increases 
in light intensity produce an intensity–response curve 
(herein, referred to as V log I curve, where “V” refers to 
the voltage difference between the “a” and “b” waves of 
the ERG response to brief light flashes, and “I” refers to 
light intensity) (Evans et al. 1993). Shifts along the inten-
sity axis in the V log I curve indicate either temporal (i.e., 
day vs. night) changes in retinal function due to retinomo-
tor responses, or species-specific differences in lumi-
nous sensitivity (e.g., Horodysky et al. 2008, 2010, 2013; 
McComb et al. 2010). ERG employing a time-modulated 
light source can be used to measure the temporal prop-
erties of the retina. At low frequencies, retinal responses 
follow the modulated light signal in synchrony. But as 
the frequency of light flashes approaches the reciprocal 
of retinal integration time, the synchrony disappears and 
retinal responses resemble those produced by a continu-
ous light source. The highest flash frequency producing 
synchronous retinal responses is generally referred to as 
the “flicker fusion frequency” (FFF) and provides a direct 
comparative measure of the temporal resolving power of 
different species (e.g., Horodysky et al. 2008, 2010, 2013; 
McComb et al. 2010).

ERG provides a comprehensive measure of the 
summed potentials of all of the cell types contained in 
the retina that are involved in optical detection (e.g., post-
synaptic cells, pigment epithelium), not just the photore-
ceptor cells (Brown 1968; Armington 1974). The resultant 
data are, therefore, well-suited for comparative investiga-
tion of the functional properties of the visual systems in 
organisms relative to their specific photic environments, 

feeding strategies, etc. (e.g., Ali et al. 1978; Johnson et 
al. 2000; Frank 2003; Brill et al. 2008; Horodysky et al. 
2008, 2010, 2013). Because ERG is an electrophysiologi-
cal measurement, it requires access to live animals or at 
least recently isolated living retinal tissue (e.g., Fritsches 
et al. 2005); and this constrains the variety of elasmo-
branch species available for study. Data on FFF and lumi-
nous sensitivity (i.e., V log I curves) are available for a 
number of elasmobranchs (e.g., Kobayashi 1962; Hama-
saki and Bridges 1965; O’Gower and Mathewson 1967; 
Cohen et al. 1977; Bullock et al. 1991; Gačić et al. 2007a, 
b; Bedore et al. 2013). But these two parameters have 
received less attention than spectral sensitivity (i.e., the 
presence or absence of various visual pigments and their 
match or mismatch to the photic environment) (e.g., Hart 
et al. 2004, 2011; Gačić et al. 2007b; Bedore et al. 2013) 
and anatomical adaptations relevant to spatial resolving 
power or other parameters (e.g., retinal topography, rod-
to-cone ratios, receptor cell convergence on bipolar cells, 
etc.). This situation occurs because, in contrast to FFF and 
luminous sensitivity which must be measured via ERG, 
the other parameters can be investigated with preserved 
specimens using microspectrophotometry (MSP) or 
standard anatomical procedures (e.g., Litherland and Col-
lin 2008; Lisney et al. 2012; Schieber et al. 2012; New-
man et al. 2013).

To allow visual function at low light levels, animals 
employ both spatial and temporal summation within the 
retina (Warrant 1999, 2004). Although they enhance reti-
nal sensitivity, both require inevitable tradeoffs. Spatial 
summation reduces visual acuity, and temporal summation 
comes with the cost of reduced temporal resolution (i.e., 
lower FFF) and, therefore, a blurring of the details of fast 
moving objects, or the inability to detect them at all (War-
rant 1999, 2004; Frank 1999, 2000). The latter situation 
is roughly analogous to effects of slow shutter speeds in a 
camera (Lythgoe 1979). The converse is also true, however. 
In the absence of elevated retinal temperatures, high tempo-
ral resolution (i.e., a high FFF) necessarily must be accom-
panied by a reduced luminous sensitivity (i.e., a rightward 
shift in the retinal V log I curve).

The ability of sharks (and organisms in general) to 
detect, track, and capture mobile prey, to avoid preda-
tors and objects, and to recognize conspecifics depends 
on the luminous sensitivity and temporal resolution, as 
well as the spectral sensitivity of their visual systems 
and its match–mismatch to background space-light (e.g., 
Lythgoe 1978; Lythgoe and Partridge 1991; Healy et al. 
2013). All three are, therefore, relevant to understand-
ing species-specific visual ecology and the evolutionary 
plasticity of visual function (e.g., Warrant 1999; Mar-
shall et al. 2003). The aim of our study was, therefore, 
to determine the extent of similarities and differences in 
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spectral sensitivity, luminous sensitivity (V log I curves), 
and temporal resolution (FFF) among three coastal shark 
species: Carcharhinus plumbeus (sandbar shark), Muste-
lus canis (smooth dogfish, also commonly called dusky 
smooth hound), and Squalus acanthias (spiny dogfish). 
Because their geographic ranges and prey species over-
lap (described more fully below), these three species 
present the opportunity to compare three ecologically 
similar, but phylogenetically distant, elasmobranchs 
(Compagno 1984a, b, 1990, 2003; Klimley 2013). We are 
thus attempting to tease apart the relative importance of 
environment and phylogeny on shaping visual function in 
elasmobranchs. We used ERG as it provides data directly 
comparable to other published work, including data on 
teleost fishes from the same coastal environment (Horo-
dysky et al. 2008, 2010, 2013).

Sandbar shark, smooth dogfish, and spiny dogfish have 
sympatric distributions over the continental shelf and 
within the tidal estuaries of the mid-Atlantic and northeast 
US east coast. They do not, however, generally occupy the 
same areas at the same time of year because of differences 
in their thermal ecology (Collette and Klein-MacPhee 
2002; Grubbs and Musick 2007; Grubbs et al. 2007; Con-
rath and Musick 2008). Sandbar shark (Superorder Galeo-
morphi, Order Carcharhiniformes, Family Carcharhinidae) 
is a ubiquitous demersal species with near-circumglobal 
distribution in warm temperate and tropical coastal and 
adjacent offshore waters exclusive of the eastern Pacific 
Ocean (Compagno 1984b; McCandless et al. 2007; Con-
rath and Musick 2008; Able and Fahay 2010). On the U.S. 
east coast, this species migrates north during the summer 
months with females giving birth to pups in mid-Atlantic 
estuaries (e.g., Delaware Bay and Chesapeake Bay). The 
pups overwinter in areas offshore of North Carolina and 
return to the same estuaries during the summer months for 
up to 5 years (Collette and Klein-MacPhee 2002; Grubbs 
et al. 2007; Able and Fahay 2010). In estuarine nursery 
grounds, pups feed primarily on blue crab (Callinectes 
sapidus), mantis shrimp (Squilla empusa), other crusta-
ceans, as well as small fishes; on continental shelf areas, 
their diet consists primarily of small fishes (Stillwell and 
Kohler 1993; Collette and Klein-MacPhee 2002; Able and 
Fahay 2010). Smooth dogfish (Superorder Galeomorphi, 
Order Carcharhiniformes, Family Triakidae) is one of the 
most abundant inshore sharks along the east coast of the 
United States, seasonally ranging from Massachusetts 
(south of Cape Cod) to Florida (Rountree and Able 1996; 
Collette and Klein-MacPhee 2002; Conrath and Musick 
2002). Like sandbar shark, smooth dogfish pup in U.S. 
east coast estuaries (e.g., Delaware Bay and Chesapeake 
Bay) during the summer months with the pups overwin-
tering in offshore areas from North Carolina to the Gulf 
of Mexico (Able and Fahay 2010). Smooth dogfish feed 

primarily on decapod crustaceans, but a significant portion 
of the diet also consists of squids, bivalves, and gastropods 
(Gelsleichter et al. 1999; Rountree and Able 1996). Spiny 
dogfish (Superorder Squalomorphi, Order Squaliformes, 
Family Squalidae) are usually found in aggregations that 
typically number in the hundreds (Collette and Klein-
MacPhee 2002). They forage in “packs” attacking schools 
of fishes which form the majority of their diet, the second 
largest component being mollusks (McMillan and Morse 
1999; Collette and Klein-MacPhee 2002). Spiny dogfish 
occur in the temperate and boreal waters of the Atlantic 
Ocean. During the summer months in the northwest Atlan-
tic, they occur primarily in the Gulf of Maine (i.e., north of 
Cape Cod, Massachusetts where they are the most abun-
dant shark species); and during the winter months, they 
occur as far south as North Carolina. Their distribution 
reflects preferred and upper limiting temperature (6–8 °C 
and 15 °C, respectively) (Collette and Klein-MacPhee 
2002).

Materials and methods

Juvenile sandbar sharks and smooth dogfish were captured 
between May and June from tidal estuaries in the north-
west Atlantic Ocean along the eastern shore of Virginia. 
They were transported to the holding facilities at the Vir-
ginia Institute of Marine Science, Eastern Shore Laboratory 
(Wachapreague, VA, USA). Sandbar sharks were kept in 
an outdoor circular fiberglass tank (~8 m in diameter and 
2 m deep) that was shaded with a black mesh cloth awn-
ing to protect the animals from direct sunlight. It was sup-
plied with filtered seawater from the adjacent tidal lagoon; 
water temperature was not controlled and reached a maxi-
mum of 26 °C. Smooth dogfish were maintained in indoor 
tanks supplied with recirculated seawater maintained at 
20 ± 1 °C. The indoor tanks likewise experienced a natu-
ral light: dark cycle. Sandbar sharks and smooth dogfish 
were housed for a maximum of 8 weeks before use in an 
experiment. Spiny dogfish were captured offshore of south-
eastern Massachusetts (northwest Atlantic Ocean) in Sep-
tember and October using conventional sport fishing gear. 
They were transported to the holding facilities at the Uni-
versity of Massachusetts Dartmouth––School for Marine 
Science and Technology (New Bedford, MA, USA) and 
held in an indoor circular fiberglass tank (~4,000 L) sup-
plied with filtered and aerated seawater (10–14 °C). The 
tank was illuminated with overhead fluorescent lights, but 
fish were exposed to an approximately normal photoperiod 
(11 h light, 13 h dark). Individuals were in captivity less 
than 4 weeks before use in an experiment.

Immediately prior to use in an experiment, fish were 
injected (IV) with ketamine hydrochloride (30 mg kg−1, 
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Butler Animal Health, Middletown, PA, USA), an effec-
tive anesthetic in fishes (Ross and Ross 1999), followed 
by an IV injection of the neuromuscular blocking drug 
pancuronium bromide (1 mg kg−1, Sigma-Aldrich Inc., 
St. Louis, MO, USA). The latter was used to minimize 
electrical interference from muscular noise. Additional 
doses of the drugs were administered during the course 
of the experiment on an as-needed basis. After initial drug 
injections, each shark was transported to a light restricted 
room and placed on a submerged cloth sling suspended 
within a rectangular experimental plexiglass tank. Indi-
viduals were positioned such that only the left eye and a 
small portion of the head were above the waterline, and 
were artificially ventilated with aerated seawater via a 
hose attached to a small pump. Fish were also covered 
with a wet towel, exclusive of the head and gill slits. The 
temperature of the seawater in the experimental tank was 
maintained at 25 °C (sandbar shark), 20 °C (smooth dog-
fish), or 12–13 °C (spiny dogfish). Additional experiments 
with smooth dogfish were also conducted at 12 °C spe-
cifically to test the effects of temperature on FFF. In all 
cases, subjects were dark adapted for at least 1 h prior to 
the start of data recording which was sufficient to allow 
maximal pupil dilation (Kajiura and Tallack 2009; Kajiura 
2010). Sharks were euthanized at the completion of an 
experiment by a massive overdose (300 mg kg−1, ~10× 
the anesthetic dose) of sodium pentobarbital (Schering-
Plough Animal Health, Union, NJ, USA) injected via the 
caudal vein.

Spectrophotometry of the ocular media

To assess the transmission properties of the ocular media, 
the cornea, lens, and vitreous humor were dissected from 
freshly euthanized sharks and tested individually using a 
Shimadzu BioSpec-1601 spectrophotometer (Shimadzu 
Scientific Instruments, Columbia, MD), accompany-
ing software, and UV transmitting cuvettes. Corneas and 
lens were submerged in cuvettes filled with elasmobranch 
Ringer’s solution (280 mM NaCl, 12 mM KCl, 10 mM 
CaCl2·2H20, 4.5 mM NaHCO3, 5 mM MgCl·6H20, 0.5 mM 
NaH2PO4, 360 mM Urea, 90 mM TMAO, pH 7.8) and 
positioned to ensure the light beam passed through the tis-
sue. Samples of vitreous humor were placed directly in 
the cuvettes. Transmission of the isolated ocular media 
was measured in 5 nm steps over wavelengths from 250 
to 750 nm. The data were subsequently smoothed using a 
five-point moving average.

Electroretinography

Whole-animal corneal ERG responses to light stimuli were 
recorded from live animals (during both day and night to 

account for natural circadian rhythms) using Teflon-coated 
silver–silver chloride electrodes. The active (i.e., recording) 
electrode was placed on the corneal surface and the refer-
ence electrode positioned subdermally on the top of the 
head approximately 2 cm from the eyecup. Electrode place-
ments, as well as any further modifications to the experi-
mental setup, were conducted under a dim red LED light 
source (peak wavelength of 660 nm) that was well beyond 
the visual capabilities of elasmobranch species (Hart et al. 
2004).

Signal amplification and filtering, data recording, pro-
cessing, and data analysis techniques were as described 
previously (Brill et al. 2008; Horodysky et al. 2008). In 
brief, retinal response recordings and stimulus presentation 
were controlled with a multifunction data acquisition card 
(DAQ, model 6024E, National Instruments, Austin, TX 
USA) using custom-designed software (originally devel-
oped by Eric Warrant, University of Lund, Lund, Swe-
den) written in LabVIEW graphical programming system 
(National Instruments, Austin, TX, USA). Retinal function 
in the dark-adapted state was assessed using four separate 
modus operandi: (1) spectral sensitivity, (2) luminous sen-
sitivity (V log I response), (3) FFF vs. intensity, and (4) 
FFF vs. contrast.

Spectral sensitivity experiments used procedures 
described in Brill et al. (2008) and Horodysky et al. (2008) 
to assess the ability of the visual systems of the three shark 
species to respond to monochromatic light stimuli (50 % 
bandwidth = 5 nm) ranging from UV (300 nm) to the far 
red (650 nm) in 10 nm steps. Monochromatic light flashes 
of near equal quantal energy were produced using a xenon 
fiber-optic light source (Y1603, ILC Technology, Sunny-
dale, CA, USA), a monochromator (model CM110, CVI 
Laser Spectral Products, Albuquerque, NM, USA), and two 
filter wheel assemblies (model AB301, CVI Laser Spectral 
Products, Albuquerque, NM, USA) equipped with quartz 
neutral density filters which together allowed the attenu-
ation of light from 0 to 5 log units in 0.2 log unit steps. 
The LabVIEW program controlled the monochroma-
tor and filter wheel assemblies via serial interfaces, and a 
Uniblitz electronic shutter (model LS6, Vincent Associ-
ates, Rochester, NY, USA) using the digital output of the 
DAQ card. Five single 40-ms flashes at each experimental 
wavelength were presented through a 1 cm diameter light 
guide (with quartz ends) placed within approximately 5 cm 
of a subject’s eye. Each flash was followed by 5 s of dark-
ness. The amplitudes of the responses to individual flashes 
were averaged to form raw spectral response curves for 
each individual. A spectral V log I response curve was also 
obtained for each subject at the wavelength (λmax) that gen-
erated the maximum response (Vmax) to facilitate the subse-
quent calculation of the subject’s spectral sensitivity curve 
at equal quantal light intensities as described by Coates  
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et al. (2006). Spectral V log I response experiments exposed 
the subject to five individual monochromatic flashes of 
200 ms duration at each intensity, separated by 5 s of dark-
ness, increasing in 0.2 log unit increments over five orders 
of magnitude. Spectral response voltages were transformed 
to spectral sensitivities for each subject by converting the 
former to equivalent intensities and expressing them on a 
percentage scale (100 % indicating maximum sensitivity) 
using Eq. (1):

where S = spectral sensitivity, Imax = intensity at maximum 
response voltage, In = intensity at response voltage n.

Finally, the spectral sensitivity curves were normalized 
with the maximal response set as 100 %. The final spectral 
sensitivity curves for each species were constructed by tak-
ing the mean for all individuals, with the mean data subse-
quently re-scaled from 0 to 100 %.

Protocols to measure luminous sensitivity (V log I 
curves) employed a custom-built single LED light source 
(working range ~1 to 1 × 104 cd m−2) with an attached dif-
fuser and collimating lens to produce an even illumination 
field. Lamp output was calibrated with a research radiome-
ter (model IL 1700, International Light, Inc., Newburyport, 
MA, USA). The angle and distance of light source rela-
tive to the retina remained steady throughout each experi-
ment and bathed the entire eye in light. The analog output 
of the DAQ card controlled the absolute brightness of the 
lamp and combinations of 1.0 and 2.0 log unit neutral den-
sity filters (Kodak Optical Products, Rochester, NY, USA) 
were used as needed to adjust further the range of light 
intensities. V log I data were obtained using 0.2 log unit 
steps from sub-threshold to light levels above that needed 
to define the V log I curve (Evans et al. 1993, Severns and 
Johnson 1993). Retinal responses were recorded from 
a train of five 200-ms flashes at each intensity step, each 
separated by 200-ms rest periods, but only the last flash 
of each stimulus train was used for analysis. This process 
was repeated five times and the data averaged. The ampli-
tude of the response (in μV) was taken as the difference 
between the minimum value of the negative-going a-wave 
(when present) and the maximum value of the positive-
going b-wave, as is standard procedure for describing the 
relationship of retinal responses and stimulus intensity (i.e., 
V log I curves) (Evans et al. 1993).

FFF experiments used the white light LED source 
described above and followed procedures described pre-
viously (Fritsches et al. 2005; Brill et al. 2008; Horo-
dysky et al. 2008). For each individual, FFF experiments 
were performed at intervals from very dim light to lev-
els at or slightly above those needed to produce maxi-
mum responses recorded during the V log I experiments. 
At each light level, 5-s trains of sinusoidal light stimuli 

(1)S = 100 × 10−|Imax−In|

(frequency range: 1 Hz [0 log units] to 25.1 Hz [1.4 log 
units]) were presented in 0.2 log unit frequency steps, 
repeated five times at each frequency with a 5-s interval 
between repetitions, and responses averaged. Power spec-
trums were calculated through Fourier transformation 
using a custom-designed LabVIEW program (originally 
developed by Eric Warrant, University of Lund, Lund, 

Fig. 1  Representative ERG responses from sandbar shark 25 °C (a), 
smooth dogfish at 20 °C (b), smooth dogfish at 12 °C (c), and spiny 
dogfish 12 °C (d) to white light flashes of fixed duration (130 ms) and 
various intensities (expressed as log units of cd m−2). b- and c-waves 
were present in all three species, and their amplitudes increased with 
increasing light intensities. In contrast, a-waves were clearly present 
only at the two highest light intensities in spiny dogfish. The onset and 
duration of the white light stimulus are shown by the solid line in d
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Sweden). Critical FFF was taken as the point where the 
power at the stimulus frequency dropped below the power 
of the noise at the same frequency. In addition, FFF was 
determined at five different contrasts (100, 50, 10, 5 and 
1 %; i.e., where depth of the stimulus was modulated), 
with contrast calculated as:

where Imax = maximum intensity, Imin = minimum 
intensity.

Two light intensities were tested at each contrast step, 
one equal to 25 % of saturating brightness levels (which 
varied between individual sharks) and one at 0.8, 0.5, or 
1.4 LLI which were approximately the intensities required 
to produce the maximum responses in the V log I experi-
ments in sandbar sharks, smooth dogfish and spiny dogfish, 
respectively.

For purely illustrative purposes to show their specific 
shape and the presence or absence of a-, b- and c-waves 
(Fig. 1), we also recorded ERG responses from sandbar 
shark, smooth dogfish (at two temperatures), and spiny 
dogfish to single white light flashes (130 ms duration) pro-
duced by the white light LED source and combinations of 
neutral density filters. Five single flashes, 10 s apart, were 
presented at each of five light intensities and the responses 
at each intensity averaged.

Statistical procedures

The Naka–Rushton equation was fitted to the response data 
(VI) and stimulus intensity (I, in cd m−2) for each individ-
ual (during the day and night):

where Vmax = asymptotic response amplitude, n = slope of 
the linear portion of the V log I curve, K = stimulus irra-
diance eliciting a response equal to one half Vmax, using 
OriginPro 9.1.0 (OriginLab Corp., Northampton, MA, 
USA). Because Vmax values were not accurately predicted 
in every instance, the K values were also not predicted. We, 
therefore, took the 50 % response point from the predicted 
values of VI equal to one half of the Vmax, with the latter 
taken as the initial plateau of the response prior to its dip 
in amplitude that sometimes preceded its increase to a sec-
ond limb (Severns and Johnson 1993). The 50 % response 
values were subsequently averaged across species and con-
dition (i.e., day vs. night). The normalized V log I curves 
of individuals of each species were also used to construct 
mean (±standard error of the mean, SEM) V log I curves. 
For subsequent plotting, the resultant normalized voltage 
data were subsequently re-scaled to 0–100 %.

Statistical analyses were performed using Sigma Plot 
for Windows version 11.2 (Systat Software Inc., San 

(2)contrast =
[(

Imax− Imin
)

/ Imax
]

× 100

(3)VI =
(

VmaxIn
)

/
(

In + Kn
)

Jose, CA, USA). Data from experiments to determine 
luminous sensitivity (50 % V log I) were analyzed using 
a two-way ANOVA (factors: species, photoperiod, and 
irradiance level) with pairwise multiple comparisons. 
Temporal responses (i.e., FFFs) were analyzed using 
two-way repeated measures ANOVA within species (fac-
tors: photoperiod and irradiance level), and with a one-
way repeated measures ANOVA to compare flicker fusion 
frequencies between species at light intensities required 
to produce the 25 and 100 % response points in the V log 
I curves.

To form hypotheses regarding the number and spectral 
absorption of pigments potentially contributing to spectral 
ERG responses, we fitted the SSH (Stavenga et al. 1993) 
and GFRKD (Govardovskii et al. 2000) vitamin A1 rho-
dopsin absorbance templates separately to the spectral sen-
sitivity data following procedures described by Horodysky 
et al. (2008, 2010). We considered scenarios with one or 
two alpha (α) band rhodopsins, the latter with and with-
out the presence of β bands on the shorter wavelength pig-
ment. For a given species, condition and template, models 
of summed curves were created by adding the products of 
pigment-specific templates and their respective weighting 
factors. Estimates of the unknown model parameters (λmax 
values and their respective weighting proportions) were 
derived by fitting the summed curves to the ERG data using 
maximum likelihood.

For each species, we objectively selected the appropri-
ate template (SSH or GFRKD) and number of contributing 
pigments using an Information Theoretic approach (Burn-
ham and Anderson 2002) following Akaike’s Information 
Criterion (AIC):

where AIC Akaike’s Information Criterion, L̂ the estimated 
value of the likelihood function at its maximum, p number 
of estimated parameters.

This technique balances model complexity and par-
simony in selecting the conditions that best explain the 
underlying data. Parameter optimization, template fitting, 
and model selection were conducted using the software 
package R, version 2.12.1 (R Development Core Team 
2008).

Results

The size ranges of the fishes used in our experiments are 
given in Table 1. While all three species displayed clear 
b- and c-wave responses (Fig. 1), as do other shark species 
(e.g., McComb et al. 2010), only spiny dogfish showed a 
clearly discernable a-wave, and generally only at the two 
highest light intensities employed.

(4)AIC = −2 ln(L̂) + 2p



1003J Comp Physiol A (2014) 200:997–1013 

1 3

Spectral sensitivity

Sandbar sharks showed ERG responses to monochro-
matic light flashes over the spectral range of ~320–
600 nm, albeit with a clear increase in sensitivity above 
420 nm, and two peaks in maximal sensitivity spanning 
the blue to green-yellow region of the spectrum (480 
and 520 nm, Fig. 2). Smooth dogfish spectral responses 
were similar, spanning the range of ~340–590 nm, with a 
clear increase in sensitivity above 410 nm; but with only 
an apparent single peak in maximal sensitivity at 470 nm 
(Fig. 2). As with the other two species, the responses of 
spiny dogfish increased sharply at wavelengths above 
390 nm, although they were clearly less responsive to 
wavelengths below this than were sandbar shark. Spiny 
dogfish exhibited only an apparent single peak in spec-
tral sensitivity (at 470 nm) during the day, which shifted 
to a slightly higher wavelength (480 nm) at night. They 
also showed a clear shift in the lower half of the spec-
tral curve (i.e., below ~500 nm) to shorter wavelengths 
at night. There were no substantial changes in spectral 
sensitivity between day and night recordings in sandbar 
shark or smooth dogfish (Fig. 2).

To formulate hypotheses on the number of pig-
ments present, the day ERG data were fitted to the SSH 
(Stavenga et al. 1993) and GFRKD (Govardovskii et al. 
2000) vitamin A1 rhodopsin absorbance templates. Three 
possible conditions were considered: (1) one to three 
α band rhodopsins, (2) one to three α band rhodopsins 
with a single beta (β) band, and (3) one to three α band 
rhodopsins with multiple β bands. The condition, tem-
plate, and models of the summed curves were created by 
adding the products of pigment-specific templates and 
their respective weighting factors, derived by fitting the 
summed curves to the ERG data using maximum likeli-
hood (Horodysky et al. 2008). The correct template and 
number of contributing pigments were chosen based on 
an Information Theoretic approach following Akaike’s 
Information Criterion (AIC) (Table 2). AIC is an estimate 
of the maximum likelihood of one of these conditions, 
given the fixed estimated parameters. The AIC value pro-
vides a quantitative measure to determine the estimates 
of the rhodopsin parameters based on the data (Horo-
dysky et al. 2008).

The data from sandbar shark were equally well fit by the 
SSH rhodopsin template with two α band rhodopsins with 
a single β band, and the SSH and GFRKD rhodopsin tem-
plates with three α band rhodopsins (Table 2). Given that 
the preponderance of evidence is for cone monochromacy 

Table 1  Fork lengths and body masses of the three shark species 
investigated

Species Fork length (cm) Body mass (kg)

Sandbar shark 63–77 2.3–4.7

Smooth dogfish 53–91 0.45–1.57

Spiny dogfish 62–72 1.2–2.0

Fig. 2  Mean (±SEM) spectral sensitivity curves calculated from the 
retinal responses for wavelengths of 300–700 nm. Open circles show 
results from day experiments and filled circles results from night 
experiments. The top panels (gray circles, right axes) are the mean 
diel differences in spectral sensitivity calculated by subtracting the 
retinal responses during the day from those recorded at night for each 
individual. The vertical bars are ±95 % confidence intervals, calcu-
lated as 1.96 × SEM. Significant diel differences are indicated when 
confidence intervals do not encompass zero. The color bar at the top 
of the figure shows the human visual spectrum relative to wavelength
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in sharks (Hart et al. 2011), we conclude that the former 
is more likely. We also presume the long and short A1 rho-
dopsin α band photo pigments (λmax 541 nm and 481 nm, 
respectively) represent rod and cone cells, and that the β 
band (maximally absorption at 351 nm) resides on longer 
wavelength pigment (Fig. 3).

The data from smooth dogfish were best fit by the 
SSH rhodopsin template with two α band rhodopsins. 
It, therefore, appears that smooth dogfish likewise 
have both a shorter wavelength A1 rhodopsin α band 
photo pigment, (λmax 478 nm) and a longer wavelength 
pigment (λmax 544 nm). Stell and Witkovsky (1973) 
reported that the retina of smooth dogfish contains only 
one type of visual pigment. Our spectral response curves 
suggest, however, that at least two photopigments are 
present. Given the very high rod-to-cone ratio (100:1) 

reported in smooth dogfish (Stell and Witkovsky 1973), 
we assume that the predominate shorter wavelength pig-
ment is most likely within the rod photoreceptors, with 
the contribution of the longer wavelength pigment in 
the less numerous cone cells creating the slight shoulder 
seen in the spectral sensitivity curve between 520 and 
560 nm (Fig. 3).

The data from spiny dogfish were best fit by the GFRKD 
rhodopsin template with two α band rhodopsins. Therefore, 
it appears that spiny dogfish likewise have both a shorter 
wavelength A1 rhodopsin α band photo pigment (λmax 
472 nm), and a longer wavelength pigment (λmax 520 nm). 
But unlike sandbar sharks, there is no evidence of a β band. 
Unlike either of the other two species, the longer wave-
length pigment predominates, but in this case only slightly 
so (Fig. 3).

Table 2  Parameter estimates and model rankings of SSH (Stavenga et al. 1993) and GFRKD (Govardovskii et al. 2000) vitamin A1 rhodopsin 
templates fitted to the spectral ERG data via maximum likelihood

Bold type indicates the best supported pigment and template scenarios based on Akaike’s information criterion (AIC) values (lower is better)

ΔAIC (AIClowest−AIC) values <2 are statistically indistinguishable and have equal support; in those instances, we selected the most parsimoni-
ous explanation
a “1” = single rhodopsin, “2” = two rhodopsins, “2B” = two rhodopsins with a β band on the long wavelength pigment, “3” = three rhodopsins
b The subscripts “1”, “2”, and “3” refer to the wave lengths of maximum absorption of pigments 1, 2, and 3
c L is the value of the likelihood function
d “P” is the number of parameters in a model

Species Rhodopsina Template λmax,1
b λmax,2 λmax,3 −log(L)c Pd AIC ΔAIC

Sandbar 1 GFRKD 496 – – −28.1 2 −52.3 30

shark SSH 496 – – −30.9 2 −57.7 24.6

2 GFRKD 474 521 – −36.1 5 −62.2 20.1

SSH 478 526 – −39.2 5 −68.5 13.7

2B GFRKD 478 521 – −45.8 6 −79.7 2.6

SSH 481 528 – −46.6 6 −81.1 1.2

3 GFRKD 366 478 524 −48.2 7 −82.3 0

SSH 357 481 529 −47.2 7 −80.4 1.9

Smooth 1 GFRKD 485 – – −39.6 2 −75.2 12.9

dogfish SSH 486 – – −40.7 2 −77.3 10.8

2 GFRKD 477 538 – −48.4 5 −86.8 1.3

SSH 478 544 – −49.1 5 −88.1 0

2B GFRKD 479 541 – −48.3 6 −84.6 3.5

SSH 479 543 – −48.1 6 −84.2 3.9

3 GFRKD 355 477 538 −50.3 7 −86.5 1.6

SSH 342 478 543 −49.2 7 −84.5 3.6

Spiny 1 GFRKD 498 – – −41.6 2 −79.1 102.3

dogfish SSH 498 – – −41.3 2 −78.7 100.2

2 GFRKD 472 520 – −78.9 5 −147.9 0

SSH 476 523 – −70.4 5 −130.9 17

2B GFRKD 488 543 – −58.5 6 −105.1 42.8

SSH 489 531 – −49.6 6 −87.2 60.7

3 GFRKD 334 472 521 −80.3 7 −146.7 1.2

SSH 312 476 523 −70.5 7 −127 20.9
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Spectrophotometry of the ocular media

Spectrophotometric examination of the transmission ocular 
media revealed that wavelengths in the UV-A range (350–
380 nm) were transmitted through the cornea, lens, and vit-
reous of all three shark species (Fig. 4). It is common prac-
tice to describe the spectral transmission of light passing 
through elements of the ocular media by the wavelength by 
which transmission is reduced to 50 % (λT50, e.g., Thorpe 
et al. 1993; Siebeck and Marshall 2001; Losey et al. 2003; 
Litherland et al. 2009). The λT50 of all three components 

from all three species is equal to or below 326 nm, which is 
well into the UV range.

V log I response curves

V log I response curves of all three shark species (Fig. 5) did 
not have the strict sigmoidal shape as is predicted for pho-
toreceptor cell function based on the Naka–Rushton model 
(Naka and Rushton 1966). Rather, responses increased 
monotonically with stimulus intensity to maximum ampli-
tudes (Vmax). They then either remained stable with increases 
in light intensity over a limited range (sandbar shark) pre-
sumably due to photoreceptor saturation, or immediately 
decreased (smooth and spiny dogfish) presumably due to a 
lack of pigment regeneration. Based on the 50 % points of 
the normalized V log I curves, we found significant differ-
ences in luminous sensitivity between species (two-way 
ANOVA, F = 26.6, P < 0.001), but no significant day ver-
sus night differences (F = 0.16, P = 0.69). Isolating the 
effects of species showed that spiny dogfish had a signifi-
cantly (P < 0.001) lower mean luminous sensitivity [i.e., a 
higher mean (±SEM) log light intensity (LLI) (based on 
cd m−2) at the 50 % response point: 0.26 ± 0.8 s−1] com-
pared to those of sandbar shark and smooth dogfish [mean 
(±SEM) LLI (based on cd m−2) at the 50 % response points: 
−0.49 ± 0.10 and −0.42 ± 0.07, respectively]. No interac-
tion terms (i.e., species × day vs. night) were significant.

Flicker fusion frequency

Based on repeated measures ANOVA, there were no signifi-
cant day versus night differences in FFF and the data were, 

Fig. 3  SSH (Stavenga et al. 1993) and GFRKD (Govardovskii et al. 
2000) vitamin A1 templates fitted to spectral sensitivity data for sand-
bar shark (a), smooth dogfish (b), and spiny dogfish (c) by maximum 
likelihood using the best fitting models from Table 2 and following 
procedures described by Horodysky et al. (2008, 2010). Values to the 
right are estimated λmax, pigment-specific weight values, and absorp-
tion maximum of the β band (sandbar shark only) estimated by the 
model. P1 (blue lines) are the short wavelength pigments, P2 (green 
lines) are the longer wavelength pigments. Black lines show additive 
curves developed by summing the product of each curve multiplied 
by the estimated weighting factor. The open circles are mean values 
from Fig. 2. The color bar at the top of the figure shows the human 
visual spectrum relative to wavelength

Fig. 4  Relative spectral transmission of the corneas, vitreous 
humors, and lenses of sandbar shark, smooth dogfish, and spiny dog-
fish. UV-A wavelengths (350–380 nm) are indicated by the shaded 
area. The dashed lines show the highest wavelength by which trans-
mission is reduced by 50 % (λT50)
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therefore, combined within species for regression analyses of 
the relationship of LLI to FFF. There was a positive linear rela-
tionship between FFF and LLI for all three species (Fig. 6a):

(5)

Sandbar shark : FFF

= 2.78 LLI (±0.47)

+ 21.3(±0.6)

(

r2 = 0.74

)

(values in parentheses are SEM).
Because of the highly non-linear relationship between 

response amplitude and LLI (Fig. 5), however, we argue 
that relating FFF to LLI gives a somewhat misleading 
impression of the functional characteristics of the vis-
ual system. We, therefore, also graphed FFF versus light 

(6)

Smooth dogfish : FFF

= 1.31 LLI (±0.15)

+ 13.3(±0.3)

(

r2 = 0.84
)

(7)

Spiny dogfish : FFF

= 3.14 LLI (±0.27)

+ 15.1(±0.5)

(

r2 = 0.91
)

Fig. 5  Mean (±SEM) V log I (i.e., intensity–response) curves for 
sandbar shark (a), smooth dogfish (b), and spiny dogfish (c), where 
“V” refers to the voltage difference between the a- and b-waves of the 
ERG response to 200-ms flashes of white light, and “I” refers to light 
intensity (in cd m−2). Open symbols are data from day experiments 
and filled symbols data from night experiments. Response values have 
been normalized from 0 to 100 %

Fig. 6  Mean flicker fusion frequency (±SEM) versus light intensity 
in sandbar shark at 25EC (circles), smooth dogfish at 20 °C (trian-
gles), and spiny dogfish 12 °C (inverted triangles), and smooth dog-
fish at 12 °C (diamonds). In all cases, open symbols are data from 
day experiments and filled symbols data from night experiments. a 
Light intensity is expressed in log units of cd m−2. b Light intensity is 
expressed as the fractional value of that needed to produce the maxi-
mal responses in the V log I experiments shown in Fig. 5
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intensity, but with latter expressed as that required to pro-
duce a given fractional response based on the V log I curves 
(Fig. 5). When plotted in this way (Fig. 6b), it is apparent 
that FFF remains largely unchanged over the majority of 
the operational range of light intensities in sandbar shark 
and smooth dogfish. The FFF of spiny dogfish, in contrast, 
showed a generally increasing FFF with light intensity over 
their operational range of light intensities.

Although there were no significant differences in mean 
FFF values between species at LLI 25 % of that needed to 
produce Vmax, there were significant differences between 
species over all pairwise comparisons at maximum light 
intensities (Table 3). Stimulus contrast had little to no 
effect on FFF in all three species at both light intensities 
until contrast fell well below 50 %, and in most instances 
not until contrast fell below 10 % (Fig. 7). The only clear 
exception was in spiny dogfish at the lower light intensity 
(i.e., LLI 25 % of that needed to produce Vmax), where FFF 
diminished rapidly at contrast levels below 50 %. To pro-
vide data that are directly comparable between species, 
FFF experiments were also conducted on a separate group 
of smooth dogfish at 12 °C at LLI intensities required to 
produce 5, 10, 25, 50, 75, and 100 % of the maximum 
response. The FFF values at this lower temperature were 
unchanged from those at 20 °C on LLI above those required 
to produce V log I responses above 50 % of the maximum 
(Fig. 6b). Below this light level, FFFs appear only slightly 
reduced at the colder temperature (from ~12 Hz at 20 °C to 
~10 Hz at 12 °C).

Discussion

Spectral sensitivity

Light intensity and spectral composition underwater are 
exceedingly variable, differing both spatially (proxim-
ity to shore, depth) and temporally (daily, seasonally, 
or due to meteorological conditions) (McFarland 1986, 

1991). Visible light decreases rapidly below 100 m even 
in the clearest pelagic seas, while the bandwidth becomes 
increasingly narrow and to center primarily on the shorter 
(blue) wavelengths (~480 nm) (Jerlov 1968, 1974; Lyth-
goe 1988; Loew and McFarland 1990). In contrast, tem-
perate coastal seas and estuaries generally have a greenish 
tint (due to high concentrations of dissolved organic mat-
ter) and tend to be very turbid (due to high concentrations 
of phytoplankton and suspended particles). In estuaries at 
midday, downwelling light near the bottom has a maximum 

Table 3  Mean (±SEM) flicker fusion frequency (FFF, in Hz) of 
sandbar shark, smooth dogfish and spiny dogfish at maximum light 
intensities (Vmax = 0.8, 0.5, and 1.4 LLI, respectively), and light 
intensities 25 % of these values (25 % Vmax LLI)

* Significant difference between light intensities within species 
(P < 0.05)
#,+  Significant difference between species within light intensities 
(P < 0.05)

Species Vmax LLI 25 % Vmax LLI

Sandbar shark 21 ± 1*,+ 17 ± 0.9*

Smooth dogfish 13 ± 0.9#,+ 12 ± 0.6

Spiny dogfish 20 ± 0.9*,# 14 ± 2*

Fig. 7  Mean flicker fusion frequency (±SEM) versus contrast in 
sandbar shark at 25 °C (a), smooth dogfish at 20 °C (b), and spiny 
dogfish at 12 °C (c). Two light intensities were tested at each con-
trast step, one equal to 25 % of light intensities (triangles) needed to 
produce the maximum responses in the V log I experiments (shown 
in Fig. 5), and the other at 0.8, 0.5, or 1.4 LLI (squares) which were 
approximately the intensities required to produce the maximum 
responses. Open symbols are data from day experiments and filled 
symbols data from night experiments. The numbers of individuals 
assessed were the same as those shown in Fig. 6
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irradiance range spanning ~570–700 nm, although during 
crepuscular periods this shifts to 490–520 nm (Forward et 
al. 1988). In coastal areas, maximal irradiance is slightly 
narrower and shifted to shorter wavelengths (500–570 nm) 
(Forward et al. 1988). High turbidity in these areas also 
results in rapid light attenuation with depth as well as light 
scattering. The former reduces overall brightness and the 
latter reduces the contrast of the image on the retina, and 
is a major factor in limiting the overall visibility (Lythgoe 
1988; McFarland and Munz 1975a, b).

The spectral properties of the visual systems of sandbar 
shark, smooth dogfish, and spiny dogfish all appear reason-
ably well adapted to the light conditions in their inshore 
coastal habitats (Levine and MacNichol 1979; Lythgoe and 
Partridge 1991). The peak spectral sensitivities of the three 
species (470–520 nm, Fig. 2) are, however, blue-shifted 
compared to the green to orange wavelengths distinctive of 
estuaries (McFarland 1986), but are matched to the maxi-
mum irradiance range in these areas during twilight. Smooth 
dogfish are primarily active during crepuscular periods and 
at night (Casterlin and Reynolds 1979). When searching 
for prey during twilight hours, their peak spectral sensitiv-
ity would be matched to the photic environment and should, 
therefore, increase predatory success (McComb et al. 2010). 
There were no day–night differences in spectral sensitivity 
of sandbar sharks or smooth dogfish, although spiny dogfish 
did exhibit a Purkinje shift similar to that recorded in lemon 
sharks (Negaprion brevirostris) when going from photopic 
to scotopic conditions (Cohen et al. 1977). We also note, 
however, that the peak spectral sensitivity for smooth dog-
fish (478 nm) is significantly blue-shifted compared to other 
members of the family Triakidae: gray smoothhound (Mus-
telus californicus) (499 nm), leopard shark (Triakis semifas-
ciata) (502 nm), and brown smoothhound (Mustelus henlei) 
(496 nm) (Sillman et al. 1996). Yet all are coastal bottom 
dwellers inhabiting waters <100 m (Crescitelli et al. 1985) 
and would most likely experience similar photic environ-
ments. Given that smooth dogfish are crepuscular and noc-
turnal forgers (Casterlin and Reynolds 1979), we hypoth-
esize that absorbance peak of their rod pigment may instead 
be matched to the spectral peak (474 nm) of dinoflagellate 
bioluminescence from organisms such as Pyrocystis fusi-
formis (Morishita et al. 2002). Dinoflagellate-produced light 
has been demonstrated to facilitate cephalopod and teleost 
predation in darkness when prey movements induce silhou-
etting (Mensinger and Case 1992; Fleisher and Case 1995). 
Weakfish (Cynoscion regalis, a crepuscular–nocturnal for-
ager) also have the most blue-shifted visual pigments of the 
sciaenid fishes inhabiting Chesapeake Bay investigated by 
Horodysky et al. (2008), and this observation likewise sug-
gests that they too exploit the silhouetting of prey against 
a background of bioluminescence to enhance foraging 
success.

Any influence of filtering by ocular media in our ERG 
data would most likely be minimal due to the relatively 
flat transmission–wavelength curves of the cornea, lens, 
and vitreous of all three species (Fig. 4). Our observations 
agree with similar data on ocular media filtering of tissues 
from juvenile sandbar sharks recorded by Litherland et al. 
(2009). We did not, however, observe the removal of UV 
wavelengths by the lens tissue of spiny dogfish that these 
authors demonstrated in shortspine spurdog (Squalus mit-
sukurii) and which they proposed enhances the detection of 
bioluminescent prey. Overall, the ranges of spectral sensi-
tivities we found are in general congruence with those of 
other shark species recorded using ERG (O’Gower and 
Mathewson 1967; Govardovskii and Lychakov 1977; Gačić 
et al. 2007b; McComb et al. 2010). The chromatic proper-
ties of the visual systems of sandbar shark, smooth dogfish, 
and spiny dogfish (Fig. 2) we measured are also generally 
consistent with the absorbance spectra of 17 shark spe-
cies investigated using single receptor MSP by Hart et al. 
(2011). Based on histological and MSP analyses, Hart et 
al. (2006) concluded that sharks are cone monochromats 
and our spectral template fits (Fig. 3) for sandbar shark, 
smooth dogfish and spiny dogfish are congruent with this 
conclusion. The rhodopsin template fitting procedures 
(Fig. 3) we applied to our data show the expected consist-
ency of single (presumably) rod-based shorter wavelength 
pigment (maximum absorptions 472–481 nm) and a sin-
gle longer wavelength (presumably) cone-based pigment 
(maximum absorptions 520–544 nm). Because the pro-
posed rod and cone visual pigments differ by ~47–66 nm, 
it is possible that sharks have some rudimentary ability to 
discriminate chromaticity by comparing the signals from 
rods and cones, in addition to luminosity sensitivity (Lyth-
goe and Partridge 1991). There was no evidence of any 
UV-absorbing pigment, with the exception of a β band on 
the long wavelength cone-based pigment in sandbar shark. 
The incomplete agreement of our results with the single 
receptor MSP data (rod and cone wavelengths of maximum 
absorbance 484–518 nm and 532–561 nm, respectively; 
Hart et al. 2011) may have resulted from differences in the 
ontogenetic state or different visual habitats of our respec-
tive subjects (Cohen 1991; Litherland 2009; Litherland et 
al. 2009), the generally poor performance of rhodopsin 
templates at short wavelengths (Govardovskii et al. 2000), 
or a combination of these factors.

We assert, however, that the most important feature of 
the spectral sensitivity curves of the three elasmobranch 
species we studied was their relative narrowness, especially 
at the longer wavelength end of the spectrum (Fig. 2), com-
pared to the spectral sensitivity curves of sympatric inshore 
and estuarine teleost species from Chesapeake Bay and 
western north Atlantic recorded by Horodysky et al. (2008, 
2010, 2013) using the same methodology. While purely 
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conjectural, we hypothesize that the potential spectral sen-
sitivity of sharks is limited because, unlike teleosts and for 
yet undescribed reasons, sharks are developmentally lim-
ited to cone monochromacy, although the peak absorben-
cies of the cone-based pigment have been shifted by selec-
tive pressure to match visual function to species’ ecology 
and feeding strategies. We, therefore, posit an alternative 
conclusion from that of Hart et al. (2011) that cone mono-
chromacy is “… a common strategy in the marine environ-
ment… that both sharks and marine mammals may have 
arrived at…by convergent evolution”. Rather we suggest 
that it may be a limitation imposed by elasmobranch ontog-
eny or phylogeny, or both.

The three sympatric shark species we studied all have 
rod-dominated retinas, although rod-to-cone ratios differ 
significantly between species: smooth dogfish 100:1 (Stell 
and Witkovsky 1973), spiny dogfish 50:1 (Stell 1972), and 
sandbar shark 13:1 (Gruber et al. 1975). Hart et al. (2006) 
attributed rod-to-cone ratio differences in elasmobranchs 
primarily to habitat differences–with lower rod-to-cone 
ratios occurring in shallow dwelling diurnally active spe-
cies, and higher rod-to-cone ratios occurring in nocturnal 
or deep-dwelling species. The 100:1 rod-to-cone ratio in 
the retina of nocturnally active smooth dogfish certainly fits 
this model. We suggest, however, that rod-to-cone ratios 
may also reflect phylogeny as well as habitat. All members 

of the family Carcharhinidae (which includes sandbar 
shark) investigated to date have rod-to-cone ratios of 13:1 
or less (Table 13.2, Hart et al. 2006), even though sandbar 
sharks occupy the same estuarine and inshore habitats as 
smooth dogfish and spiny dogfish.

Luminous sensitivity and FFF

The general consensus is that shark eyes have high lumi-
nous sensitivity but with moderate to low spatial resolu-
tion, and that these characteristics result from the high 
convergence of photoreceptors onto ganglion cells (Gruber 
1977; Bozzano and Collin 2000; Bozzano et al. 2001; Boz-
zano 2004; Lisney and Collin 2008; Litherland and Collin 
2008) and the presence of a tapetum lucidum (Heath 1991; 
Braekevelt 1994; Newman et al. 2013). The structure of the 
tapetum lucidum of sandbar shark has been described in 
detail and differences noted in the reflective characteristics 
between populations occupying different optical environ-
ments (Litherland et al. 2009); the latter implying the criti-
cal importance of this structure to visual function. We have 
noted the presence of a tapetum lucidum in both spiny dog-
fish and smooth dogfish (unpublished observations), and 
this structure has been formally described in other mem-
bers of the families Squalidae and Triakidae (Fishelson 
and Baranes 1999; Litherland et al. 2009). It is possible, 
therefore, that some of the differences in light sensitivity 
we observed between sandbar shark, smooth dogfish, and 
spiny dogfish were due to differences in spatial summation 
(i.e., differences in the convergence of photoreceptors onto 
ganglion cells) and to differences in the reflective proper-
ties of the tapetum lucidum, including the ability of the 
migration of melanosomes to occlude this structure (Lith-
erland et al. 2009).

We suggest, however, that the differences in luminous 
sensitivities both between and within teleosts and elasmo-
branchs are also due to differences in temporal summation 
(i.e., integration time) which are evinced as differences in 
FFF (Warrant 1999, 2004). Our data on the FFF and the 
luminous sensitivity (i.e., the 50 % points from normalized 
V log I curves) of sandbar shark and smooth dogfish versus 
those of teleosts are consistent with this conclusion. The 
teleost species listed in Table 4 are all less light sensitive 
(i.e., have higher values for the 50 % points from normal-
ized V log I curves) than these two elasmobranch species 
and all have higher maximum FFF [~40–74 Hz for the tel-
eost species (Horodysky et al. 2008, 2010, 2013) versus 
~12–29 Hz for sandbar shark and smooth dogfish] because 
of the reciprocal relationship of temporal summation and 
FFF (i.e., high temporal summation inevitably results in 
low FFF) (Warrant 1999, 2004). The piscivorous teleost 
species, striped bass (Morone saxatilis), bluefish (Pomato-
mus saltatrix), and cobia (Rachycentron canadum), that 

Table 4  Summary of the 50 % values from the normalized V log I 
curves in sympatric teleost and elasmobranch species from inshore 
areas of the mid-Atlantic region of the US east coast, and two US 
Pacific coast species. Teleost data are from Horodysky et al. (2008, 
2010, 2013) and Brill et al. (2008)

Species Day/night 50 % points 
from normalized  
V log I curves

Black rockfish (Sebastes melanops) 2.1/2.0

Striped bass (Morone saxatilis) 1.91/0.27

Bluefish (Pomatomus saltatrix) 1.01/0.17

Cobia (Rachycentron canadum) 0.97/0.58

Black sea bass (Centropristis striata) 0.74/0.08

Weakfish (Cynoscion regalis) 0.70/0.45

Spotted sea trout (Cynoscion nebulosus) 0.52/0.38

Red drum (Sciaenops ocellatus) 0.30/0.25

Spiny dogfish (Squalus acanthias) 0.26

Tautog (Tautoga onitis) 0.24/0.15

Summer flounder (Paralichthys dentatus) 0.14/0.17

Spot (Leiostomus xanthurus) 0.05/0.5

Pacific halibut (Hippoglossus stenolepis) −0.09/−0.07

Atlantic croaker (Micropogonias undulatus) −0.24/−0.18

Spadefish (Chaetodipterus faber) −0.26/−0.10

Smooth dogfish (Mustelus canis) −0.42

Sandbar shark (Carcharhinus plumbeus) −0.49
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often hunt highly mobile prey in brightly lit surface water 
(Bowman et al. 2000; Arendt et al. 2001; Harding and 
Mann 2001; Water et al. 2003), all have visual systems with 
a high FFF (74, 56, 65 Hz, respectively) but a low lumi-
nous sensitivity (Horodysky et al. 2010), which we argue 
is due (at least in part) to low temporal summation. Moreo-
ver, the littoral eurytrophic elasmobranch species, blac-
knose (Carcharhinus acronotus), scalloped hammerhead, 
(Sphyrna lewini), bonnethead (Sphyrna tiburo), and tiger 
shark (Galeocerdo cuvie) feed on a variety of organisms 
(Compagno 1990), and all have lower FFFs: 18, 27, 31, and 
38 Hz, respectively (McComb et al. 2010; Litherland 2009) 
than striped bass, bluefish and cobia although both groups 
occupy a roughly equivalent trophic position. We pro-
pose that the lower FFF of these elasmobranchs likewise 
results from greater luminous sensitivities achieved through 
greater temporal summation.

We therefore posit that, in general, temporal summa-
tion in both elasmobranchs and teleosts is plastic, and that 
selective pressures favor greater luminous sensitivity at 
the expense of higher FFF in some elasmobranch species, 
rather than the differences in retinal function between tel-
eosts and elasmobranchs being a result of genetically fixed 
anatomical or functional differences. Further support for 
our position comes from our observations of relatively high 
FFF in spiny dogfish. Their luminous sensitivity (expressed 
as the 50 % point of the V log I curve) is at the upper end 
of the teleost range (Table 4) and we hypothesize that this 
is a consequence of a high speed of vision (i.e., high FFF) 
being a requirement of their hunting and feeding strate-
gies, and their usual occupancy of colder water tempera-
tures than sandbar shark or smooth dogfish (Collette and 
Klein-MacPhee 2002; Grubbs and Musick 2007; Grubbs et 
al. 2007, Conrath and Musick 2008). Colder temperatures 
reduce FFF in teleosts generally with a Q10 of approxi-
mately 2 (Hanyu and Ali 1964; Ali and Muntz 1973; 
Fritsches et al. 2005). Therefore, if spiny dogfish are to 
avoid a much reduced FFF at water temperatures of 12 °C 
or less, this requires a lessened temporal summation with 
the concomitant reduction in luminous sensitivity (Table 4). 
Counter to this argument, however, is the very minimal 
effect of reduced temperature (12 vs. 20 °C) we recorded 
on the FFF of smooth dogfish (Fig. 6); but it is unknown if 
the low temperature sensitivity of FFF displayed by smooth 
dogfish extends to other elasmobranchs.

We also note that at least six pelagic shark and two ray 
species, as well as opah (Lampris guttatus) and multiple 
tuna and billfish species, have independently evolved the 
ability to maintain brain and retinal temperatures signifi-
cantly above ambient temperature (e.g., Carey 1982; Block 
and Carey 1985; Block 1986; Alexander 1996; Runcie et 
al. 2009). Elevated retinal temperatures have, in turn, been 
shown to allow high FFFs at cold water temperatures without 

a concomitant reduction in luminous sensitivity, at least in 
swordfish (Xiphias gladius) (Fritsches et al. 2005), and pre-
sumably also do so in the other species with this adaptation. 
We therefore conclude, as have others (e.g., Healy et al. 
2013) that this demonstrates the existence of strong selective 
pressure for the maintenance of adequate temporal resolution 
and that visual function is strongly influenced by the need to 
match feeding ecology to specific visual conditions even in 
sympatric species (e.g., Horodysky et al. 2008, 2010, 2013; 
McComb et al. 2013). But because spiny dogfish do not 
have the ability to maintain elevated retinal temperatures, the 
selective pressure to maintain an adequate temporal resolu-
tion (i.e., high FFF) at the colder temperatures they normally 
occupy requires a reduced temporal summation (and there-
fore a concomitant reduction in luminous sensitivity) com-
pared to the other shark species we examined.

Sandbar shark, smooth dogfish, and spiny dogfish all 
show the expected linear increase in FFF with LLI (Fig. 6), 
as do the teleost species studied to date (e.g., Horodysky 
et al. 2008, 2010, 2013). We reason, however, that a more 
appropriate way to analyze these data is to express light 
levels as a fraction of the light level needed to induce maxi-
mal responses in the V log I curves (Fig. 6). Expressed in 
this way, it is obvious that in sandbar shark and smooth 
dogfish, FFF is nearly unaffected by light level over most 
of the dynamic operating range of these species’ visual sys-
tems. In contrast, FFF in spiny dogfish increases with light 
intensity over the dynamic operating range of their visual 
system. But we argue that this observation also supports 
our contention that FFF is an important characteristic in 
spiny dogfish for matching visual system function to visual 
conditions and feeding/hunting strategies.

There is some information on the contrast thresholds at 
different frequencies in goldfish (Bilotta et al. 1998), but 
to the best of our knowledge we are the first to measure 
the effects of contrast on the FFF of any elasmobranch spe-
cies. In general, FFF is unaffected by contrast, except at 
the lower light intensities in spiny dogfish (Fig. 7). These 
observations indicate that the retinas of all three shark spe-
cies would be adept at tracking moving objects even when 
the differences in relative brightness between the objects 
and the background are small.

Collectively, the performances of the visual systems of 
the three sympatric coastal shark species (sandbar shark, 
smooth dogfish, and spiny dogfish) are consistent with their 
lifestyle and habitat use. However, their visual performance 
can also be placed in context of the visual performance of 
sympatric teleost fishes from mid-Atlantic coastal waters. 
Relative to performance of the visual systems of the pis-
civorous teleost fishes studied using the same methodology 
(Horodysky et al. 2010, 2013), sandbar shark and smooth 
dogfish have visual systems with greater luminous sensi-
tivity but lower FFF, implying that the two shark species 
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achieve the former at the expense of the latter. In other 
words, in sandbar shark and smooth dogfish, selective 
pressures favor luminous sensitivity over speed of vision. 
Conversely, in spiny dogfish, selective pressures appear 
to favor the maintenance of FFFs at colder temperatures 
equivalent to the other two shark species through decreased 
temporal summation. This, in turn, necessarily results in 
the observed reduction in luminous sensitivity. Relative to 
benthic foraging teleost species from the same or similar 
environment studied using the same methodology (Brill et 
al. 2008; Horodysky et al. 2008), spiny dogfish have some-
what reduced luminous sensitivity, whereas sandbar shark 
and smooth dogfish have much greater luminous sensitiv-
ity. We assert that these observations support our premise 
that selective pressures favor luminous sensitivity over 
speed of vision in sandbar shark and smooth dogfish, but 
speed of vision over luminous sensitivity in spiny dogfish.
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