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ABSTRACT: Mortality due to capture in longline fisheries has been implicated as a significant factor
contributing to population declines for several species of threatened or endangered sea turtles. Identification of methods to reduce or prevent sea turtle bycatch is a high priority for fisheries managers
and a necessary component of conservation efforts. One approach to reducing sea turtle interactions
with longline fisheries is to take into account the behavior of sea turtles and the factors that lead them
to interact with fishing gear. An understanding of the sensory cues that attract sea turtles to longline
gear could help guide efforts to develop gear and bait that is less attractive, non-detectable, or even
repellent to sea turtles. This paper presents a review of morphological, physiological, and behavioral
studies conducted to assess the auditory, chemosensory, and visual capabilities of sea turtles, as well
as the large pelagic fishes that are targeted by longline fisheries. We discuss the potential for exploiting differences in the sensory biology of these evolutionarily distinct groups to refine longline fishing
techniques and reduce incidental bycatch of sea turtles without impacting the catch rates of targeted
fish species. Based on the current evidence, differences in visual capabilities of sea turtles and
pelagic fishes provide a promising avenue for development of a sensory-based deterrent.
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Pelagic longline fishing involves spacing hundreds
to thousands of vertical branch lines with baited hooks
along a monofilament main line that is suspended in
the water column by a series of floats. Shallow-set
longlines (<100 m depth) target swordfish Xiphias gladius, mahi mahi Coryphaena hippurus, and surfacefeeding tuna species (e.g. yellowfin tuna Thunnus
albacares), while deep-set longlines (>100 m depth)
target bigeye tuna T. obesus and bluefin tuna T. thyn-

nus. Unintended capture of non-target species, or
bycatch, in longline gear includes elasmobranchs,
teleosts, marine mammals, birds, and sea turtles
(Harrington et al. 2005).
Bycatch of sea turtles in longline gear has been
implicated as a significant source of mortality for
endangered leatherback turtles Dermochelys coriacea
and loggerhead turtles Caretta caretta in both the
Pacific and Atlantic Oceans, and threatened olive ridley turtles Lepidochelys olivacea in the Pacific Ocean
(Balazs & Pooley 1994, Spotila et al. 2000, Lewison et
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al. 2004). As a result, United States (US) regulatory
agencies have enacted numerous temporal and gearbased mitigation measures to reduce or prevent capture of sea turtles by the US longline fleets. Swordfish
fleets operating in the Pacific and Atlantic Oceans
have been subject to large scale time-area closures so
that interactions might be avoided (NMFS 1999, 2000,
2001). However, the US fleet comprises < 5% of the
total longline effort in the Pacific Ocean (Lewison et al.
2004), and <10% of the total longline effort in the
Atlantic Ocean (Witzell et al. 2001). Fishing fleets from
other nations continue to operate in areas deemed by
the US government to be high-risk for sea turtle interactions. Given that fishery closures are not a mitigation
method that other fishing nations are likely to adopt,
the usefulness of this approach for reducing sea turtle
bycatch is limited.
Recent experiments have shown that simple alterations in gear configurations and bait can result in
large-scale reductions in sea turtle bycatch, and there
is a growing interest in identifying economical and
practical fishing techniques that minimize bycatch
without impacting target species catch rates. For
example, Watson et al. (2005) found that the use of
18/0 circle hooks in a North Atlantic swordfish fishery
significantly reduced both the number of sea turtle
interactions and the incidence of hook ingestion.
Similar results were obtained when 18/0 circle hooks
were incorporated into the Hawaiian swordfish fleet
(Gilman et al. 2007). There are, however, some limitations to using this purely mechanical approach. The
size of sea turtles interacting with longline gear may
vary between fisheries, and circle hook design may not
be equally effective at preventing capture for all size
classes of sea turtles (Read 2007). There is also evidence that circle hooks reduce catch rates of target
species in some fisheries (Largarcha et al. 2005 as cited
in Read 2007), although in the majority of cases target
species catch rates are unaffected. Most managers and
conservationists agree that circle hooks show great
promise for reducing bycatch and minimizing hooking
severity under many conditions, and efforts to further
refine this mitigation measure are ongoing. Nevertheless, continued research into alternative gear and bait
modifications is necessary to mitigate bycatch for fisheries in which circle hooks are not effective or in which
fishers are unwilling to adopt circle hooks as a mitigation tool. Fisheries managers recognize the need to
have a broad array of bycatch reduction strategies
based on mechanical, behavioral, and physiological
approaches so that management measures can be
customized for various regional fisheries.
Consideration of sea turtle behavior and the nature
of interactions between sea turtles and fishing gear
may lead to innovative solutions to the bycatch prob-

lem. The factors that attract sea turtles and target fish
species to longline gear and bait are not well understood, but multiple sensory cues are probably involved.
Sea turtles and pelagic fishes are evolutionarily distinct groups of animals with differences in sensory
biology that may influence the ways in which they
interact with fishing gear. Identification of differences
in sensory capabilities of sea turtles and pelagic fishes,
as well as potential sensory attractants or repellents for
these animals, could guide efforts to refine fishing
techniques to more specifically target desired species
and to reduce capture of sea turtles. We present a
review of morphological, physiological and behavioral
studies conducted to assess the auditory, chemosensory, and visual capabilities of sea turtles and large
pelagic fishes. Our review of fish sensory capabilities
focuses on teleost species, as they are the primary
targets of the majority of longline fisheries. We also
include notes on hearing, olfaction, and vision in
pelagic sharks, as they are specifically targeted by
some fisheries and a bycatch species of concern in
other fisheries. We discuss the potential for exploiting
differences in the sensory biology of sea turtles and
pelagic fishes to develop economically viable gear
modifications to reduce sea turtle bycatch, and comment on the advantages and disadvantages of this
approach.

HEARING
Pelagic fishes
The use of sound for intra- and inter-specific communication, predator detection, prey location, and orientation are well documented for fish (Myrberg et al.
1976, Mann et al. 2001, Tolimieri et al. 2002, Bass
& McKibben 2003, Popper 2003a). To date, all fish species that have been tested have shown the capacity to
detect and respond to sounds in their environment.
Hearing capabilities of the pelagic fishes targeted by
longline fisheries have been studied less than in other
species, primarily due to the logistic difficulties of
maintaining these large animals in captivity and conducting controlled experiments with them. Nevertheless, morphological studies and a limited amount of
physiological and behavioral data provide important
insight as to their hearing capacity.
The general morphology of the ear has been
described for bluefin tuna (Song et al. 2006) and skipjack tuna Katsuwonus pelamis (Popper 1981). As with
other fishes, there is no external opening to the ear and
the canals and arrangements of bones in the ear
are typical of teleosts (Popper 2003b). Ultrastructural
examinations of the sensory epithelia in these tunas
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Fig. 1. Thunnus albacares and Euthynnus affinus. Hearing curve for yellowfin
oceanic white-tip sharks Carcharinus
tuna recorded using the auditory brainstem response (ABR) technique (solid
line; R. W. Brill unpubl. data). Numbers above the data points are the number of
longimanis are attracted to low freyellowfin tuna from which data were obtained. The hearing curves from Iversen
quency sound within the range of 25 to
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(dotted lines). The dashed lines at the bottom of the graph show noise levels
as sound frequency decreases (Myraboard the ship (f) and in the laboratory (m) where the hearing experiments
berg et al. 1972, 1976). Irregularly
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Table 1. Hearing capabilities of pelagic fishes and sea turtles as measured using behavioral and electrophysiological techniques.
ABR: auditory brainstem response
Species
Fishes
Thunnus albacares

Range (Hz)

Highest sensitivity (Hz)

Technique

Source

50–1100
200–700

300–500
200–400

Behavioral responses
ABR

Iversen (1967)
Moein Bartol & Ketten (2006)
K. A. Brill (unpubl. data)

100–1100

500

Behavioral responses

Iversen (1969)

100–1000

300–400

Ridgway et al. (1969)

100–800

600–700 (juvenile)
200–400 (sub-adult)

Cochlear potentials
(air)
ABR
(underwater)

250–1000

250

ABR
(air)

Moein Bartol
et al. (1999)

Euthynnus affinus
Turtles
Chelonia mydas

Moein Bartol &
Ketten (2006)

Caretta caretta
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Sea turtles
Although the ecological role of hearing has not been
well studied for sea turtles, hearing capacity has been
inferred from morphological and electrophysiological
studies. The morphology of the ear in sea turtles is similar to that found in terrestrial and semi-aquatic turtles
(Wever 1978), with the exception of a layer of fat that
lies directly beneath the tympanum (Moein Bartol &
Musick 2003). Lenhardt et al. (1985) speculated that
sound conduction would be optimized in water, based
on the ratio of the area of tympanic membrane to the
area of the oval window in the middle ear; however,
sea turtles show behavioral and physiological responses to sounds delivered in both air and water.
Results from electrophysiological studies of hearing
capabilities of sea turtles show that they hear low frequency sounds within the range of 100 to 1000 Hz with
greatest sensitivity at 200 to 400 Hz (Table 1). Ridgway
et al. (1969) recorded cochlear potentials of green turtles Chelonia mydas exposed to sounds delivered from
a loudspeaker in air and mechanical vibrations delivered directly onto the tympanum in air. Green turtles
responded to aerial sounds with the range of 100 to
1000 Hz and vibrations within the range of 100 to
700 Hz, with greatest sensitivity at 300 to 400 Hz for
both experimental protocols. ABRs of juvenile loggerhead turtles exposed to vibrations delivered to the
tympanum in air show responses to low frequency
stimuli within the range of 250 to 1000 Hz, with highest
sensitivity at 250 Hz (Moein Bartol et al. 1999). More
recently, ABRs have been recorded in green sea turtles
exposed to underwater sound stimuli (Moein Bartol &
Ketten 2006). Under these experimental conditions,
green turtles displayed a measurable ABR to sound
stimuli within the range of 100 to 800 Hz, with greatest
sensitivity between 600 and 700 Hz for juvenile turtles
and 200 to 400 Hz for sub-adult turtles.
Deterrent potential
The idea of using an auditory deterrent to prevent sea
turtles from entering a particular coastal area or interacting with machinery or anthropogenic operations is not
new. O’Hara & Wilcox (1990) assessed the feasibility of
using seismic air guns discharged underwater to prevent
loggerhead turtles from entering a water intake canal for
a nuclear power plant in Florida. Turtles would not
breach a 30 m perimeter around the source of the noise,
but to achieve this result the sound output had to exceed
200 dB re 1 uPa @ 1m in the 250 to 1000 Hz range. This
very high level of sound intensity is likely to affect the
behavior of other animals that detect sounds within the
low frequency range and potentially cause hearing damage to organisms at close range (Popper 2003a). Moein et

al. (1994, as cited in Moein Bartol & Musick 2003) also
investigated the effects on sea turtle behavior of loud
sounds generated from seismic air guns (175 to 179 dB re
1 uPa @ 1m, 100 to 1000 Hz) fired underwater. The purpose of the study by Moein et al. (1994) was to assess the
feasibility of using auditory deterrents to clear sea turtles
from the paths of hopper dredges. Juvenile loggerhead
turtles held in in-water net enclosures (18 × 61 × 3.6 m)
were repeatedly exposed to air gun blasts and monitored
for behavioral responses. The investigators found that although loggerhead turtles initially avoided the region
where the noise source was located, over a short period
of repeated exposure the avoidance response rapidly
waned (Moein et al. 1994). This decrease in the behavioral avoidance response could be due to habituation or
to hearing impairment caused by repeated exposure to
high intensity sounds.
Habituation to acoustic signals is an important issue
with respect to the feasibility and long-term effectiveness of an acoustic deterrent. High frequency acoustic
pingers have been used with some success to prevent
marine mammals from interacting with gillnets, but the
use of this approach has generated concern that
cetaceans may become habituated to the pingers (Cox
et al. 2001) or come to associate pingers with a potential source of food (Cox et al. 2003). Additionally, there
is evidence that acoustic pingers deter fish species that
are capable of detecting the high frequency sounds
they emit (Nestler et al. 1992, Dawson et al. 1998). Both
sea turtles and longline target species are hearing generalists that detect sounds within a similar range, so
any sound generated to prevent sea turtles from interacting with gear would also be detected by, and potentially have a deterrent effect on, target species.
General criticisms aimed at auditory deterrents for
marine mammals are also applicable to the use of auditory signals to prevent sea turtles from interacting with
longline fisheries. Scientists, managers, and conservationists all agree that we should avoid increasing anthropogenic sound levels in the ocean unless it is absolutely necessary to do so. Considering the problems
and difficulties associated with the use of auditory deterrents and the low likelihood that an acoustic signal
could selectively deter sea turtles from interacting with
longline gear without affecting target species catch
rates, we conclude that efforts to identify an effective
sensory deterrent are best directed elsewhere.

CHEMORECEPTION
Pelagic fishes
The term ‘chemoreception’ refers to an organism’s
ability to sense chemical cues in its environment by
taste (gustation) or smell (olfaction). Numerous studies
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have shown that fish use chemical cues to detect and
locate prey, to navigate during short- and long-distance migrations, and for intraspecific communication
related to reproduction and predator avoidance (Weldon 1990, Hara 1993, Zimmer & Butman 2000, Atema
et al. 2002, Doving & Stabell 2003, Wisenden 2003 and
references therein). The detailed structure of olfactory
and gustatory organs is well described for many
teleosts and elasmobranchs (Kleerekoper 1978, Hara
1993, Hansen & Zielinski 2005), but very few data exist
on the morphology of these sensory structures in tunas
and billfish. The olfactory organ of the skipjack tuna is
similar in structure to that of other teleost fish (Gooding
1963). Further studies are necessary to describe the
gross morphology and sensory structures for other
species of tunas and billfish.
Results from behavioral studies show that chemical
cues play a role in food detection and search behavior
in tuna. Captive yellowfin tuna have strong behavioral
responses to the introduction of prey rinses and amino
acid extracts into their holding tank (Atema et al. 1980).
Presence of prey odors induces an increase in swimming speed, tight circling in the region where odor was
encountered, breakdown of coordinated schooling behavior, and appearance of ‘feeding bars’ (dark stripes
that appear on tuna while feeding). Although prey
odors cause an increase in searching behavior, tunas
seldom locate the odor source. These results suggest
that chemical cues are important for initiating search
behavior in tunas, but other sensory cues, mainly vision, are probably critical for actually locating prey
once a search has been initiated (Atema et al. 1980).
Sharks have well-developed olfactory organs, and
are renowned for their ability to detect and track small
concentrations of prey chemicals in their environment
(Kleerekoper 1978). Studies with coastal shark species
(nurse sharks Ginglymostoma cirratum and lemon
sharks Negaprion brevirostris) have demonstrated that
the presence of prey or prey extracts induces rheotactic and klinotactic search behavior (Kleerekoper 1978,
Hodgson & Mathewson 1978, Hueter et al. 2004),
although successful localization and acquisition of
prey items appears to require additional sensory cues.
The limited data available for pelagic species of sharks
indicate that chemical cues may trigger search behavior and a downstream approach to the general location
of prey (Strong et al. 1992).
Although the data on chemoreception in large
pelagic fishes are limited, it is reasonable to assume
that chemical odors associated with bait contribute to
the strike/no strike decision. Mejuto et al. (2005) conducted field experiments using longline gear with different bait types, and found that swordfish catch rates
using artificial bait filled with pieces of mackerel were
significantly greater than catch rates using artificial

bait that contained no mackerel. The 2 bait types were
visually identical, and these results suggest that the
final decision to strike baited hooks may be strongly
influenced by chemical cues. Therefore, alterations to
the chemical signature of longline bait may have a significant effect on catch rates of target species.

Sea turtles
In tetrapods, chemoreception is accomplished by
olfaction, vomerolfaction (i.e. chemical detection using
the vomeronasal organ), or gustation. Morphological
data lends support to the idea that turtles use vomerolfaction, rather than olfaction, to detect chemical cues in
the aquatic medium. A comparison of sensory epithelia
from turtles that utilize a variety of habitats reveals
that the vomeronasal epithelium is more widely distributed in the nasal cavity of highly aquatic turtles
than in terrestrial species (Parsons 1971), and dye
experiments with the freshwater Reeve’s turtle Geoclemys reevesii showed that the vomeronasal epithelium is routinely exposed to water, whereas sections of
the nasal cavity lined with olfactory epithelia are kept
dry (Shoji et al. 1994). In loggerhead sea turtles, the
vomeronasal epithelium is widely distributed and
olfactory epithelium is restricted to the dorsal portion
of the nasal cavity (Saito et al. 2000).
The chemosensory abilities of sea turtles have been
an object of study for many years, as there is a great
interest in the role that chemical cues play in navigation, migration, and natal homing for these species
(Carr 1967). It is clear that sea turtles are capable of
detecting and responding to chemical cues in their
aquatic environment. Manton et al. (1972) used an
operant conditioning technique involving a food
reward to test the chemosensory abilities of juvenile
green turtles and found that they could detect a variety
of chemicals underwater. Anosmia induced in green
turtles by injecting ZnSO4 intranasally resulted in a
loss of ability to detect chemicals, suggesting that the
primary receptors used for aquatic chemoreception in
sea turtles are in the olfactory and vomeronasal epithelia, rather than in the gustatory receptors in the mouth.
One of the earliest studies to focus on the ecological
relevance of chemoreception in sea turtles was
directed at assessing the role that chemical cues might
play in allowing hatchling sea turtles to imprint on
their natal beach and subsequently migrate back to
this beach as breeding adults. Owens et al. (1982)
demonstrated that loggerhead turtles exposed to morpholine (5 × 10– 5 M) in an artificial nest cavity and in
seawater holding tanks after hatching preferentially
oriented toward morpholine in a circular choice tank.
Similar experiments with green turtle hatchlings
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showed that they preferentially orient towards chemical cues encountered early in life (Grassman & Owens
1987). Sea turtles use magnetic orientation to navigate
the oceans during long-distance migrations (Lohmann
et al. 1999, 2004), but artificial imprinting experiments
show that waterborne chemical cues may also play an
important role in natal homing (Owens et al. 1982,
Grassman & Owens 1987).
The aspect of chemoreception most relevant to interactions with longline fisheries is the role of chemical
cues in food detection, recognition, and location in sea
turtles. This is a particularly important issue for species
of sea turtles that ingest longline bait, such as pelagicstage loggerhead turtles and olive ridley turtles.
Leatherback turtles are dietary specialists that feed
primarily on gelatinous prey, and the majority of
leatherback interactions with longline gear are the result of foul-hooking in the flippers or carapace rather
than attempts to ingest squid or mackerel bait. Laboratory trials show that loggerhead turtles are able to detect chemicals emanating from bait and associate those
chemicals with a food source (Grassman & Owens 1982,
Southwood et al. 2007). Hatchling loggerhead turtles
displayed strong feeding responses to fish odors, an
ability to distinguish between several different food
types based on chemical cues, and a readiness to adapt
to new diets (Grassman & Owens 1982). Leatherback
hatchlings also displayed strong behavioral responses
when presented with food homogenate (Constantino &
Salmon 2003), although the relevance of chemical cues
in attracting this species to longline gear is debatable.
Although chemical cues elicit feeding behavior in loggerhead, green, and leatherback turtles (Manton et al.
1972, Grassman & Owens 1982, Constantino & Salmon
2003, Southwood et al. 2007), the majority of experimental evidence suggests that visual cues are of primary importance in locating prey. Constantino & Salmon (2003)
found that when visual and chemical cues associated
with jellyfish prey were simultaneously presented to
leatherback post-hatchlings, they ignored the current
created by chemical delivery and oriented towards the
visual stimuli instead. When tested separately, visual
stimuli evoked a more robust feeding response than did
chemical stimuli (Constantino & Salmon 2003). Likewise,
captive-reared juvenile loggerhead turtles demonstrated
limited ability to track and locate a food source in the absence of visual cues, even when strong behavioral responses were elicited by the presence of food chemicals
(Southwood et al. 2007).
As with pelagic fishes, chemical cues play a role in
sea turtles’ bite/no bite decision once a food item has
been visually located. Piovano et al. (2004) demonstrated that loggerhead turtles showed an ability to
distinguish between fishing lures based on odor. Loggerhead turtles presented with either odorless squid-

shaped plastic lures or identical lures concealing a
small piece of fish bit the lures containing the fish with
significantly greater frequency. These studies highlight the importance of an integrated approach
towards sensory deterrents, as both visual and chemical cues are likely to attract sea turtles to longline gear
and contribute to potentially harmful interactions.

Deterrent potential
The use of chemical additives to make longline bait
less attractive or to make it more difficult for sea turtles
to locate is appealing from both an economic and enforcement perspective. Chemical modifications would
be relatively easy to implement in longline fisheries, as
bait could be chemically treated prior to packaging
and distribution. Dockside surveillance to ensure that
only treated baits were permitted on longline vessels
would be sufficient to support enforcement of this mitigation measure, as opposed to costly at-sea observer
programs.
Unfortunately, an effective chemical deterrent has yet
to be identified for sea turtles in spite of significant efforts
in this area. Sea turtles will willingly consume squid bait
that has been treated with naturally occurring defensive
compounds (squid and sea hare ink), alkaloids (capsaicans derived from habenero chili peppers), and pungent substances (Table 2) (Swimmer et al. 2007). Interestingly, parallel trials with yellowfin tuna and skipjack
tuna showed that these target fish species were also willing to consume squid bait that had been treated with the
same variety of chemicals (Swimmer et al. 2007).
Terrestrial reptiles and amphibians display avoidance and defensive behavior when presented with
skin extracts and rinses from predators (Dial 1990,
Weldon 1990). Shark predation on sea turtles has been
documented in nearshore environments (Balazs 1980,
Fergusson et al. 2000, Heithaus 2001, Heithaus et al.
2002a,b), but the degree of juvenile and adult sea turtle mortality due to natural predation in the pelagic
environment where longline fisheries are operating is
unknown. Predator avoidance in sea turtles is thought
to be based primarily on visual cues, but chemical cues
may alert sea turtles to the presence of a predator as
well. Captive-reared loggerhead turtles were not
deterred from eating squid bait treated with skin
secretions from live wild-caught tiger sharks (Southwood et al. 2007); however, association of a predator’s
scent with a threat may be learned rather than innate.
If this is the case, behavioral responses to sharkderived chemicals may be more pronounced in wildcaught sea turtles than in captive-reared sea turtles,
and further studies in this area are warranted. The
effects of shark-derived compounds on behavior of
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Table 2. Feeding responses of green sea turtles presented
with squid bait treated with various compounds in attempts to
identify a chemical deterrent to feeding (modified from
Swimmer et al. 2007). Yellowfin tuna and skipjack tuna readily ate bait that was treated with each compound listed, as
did green sea turtles
Chemical additive

Turtles that ate treated bait (%)

Natural defense compounds
Aplysia ink
Loligo spp. ink
Pungent and bitter compounds
Quinine hydrochloride
Citric acid
Lactic acid
Urea
Habenero chili extract
Wasabi oil
Garlic
Cilantro

85.7 (n = 7)
100 (n = 8)
100 (n = 3)
100 (n = 4)
100 (n = 6)
100 (n = 5)
100 (n = 5)
100 (n = 6)
100 (n = 5)
100 (n = 5)

tunas and other target fish species, including elasmobranchs, also need to be investigated. Identification of
compounds that would selectively deter sea turtles
without altering the behavior and catch rates of targeted fishes is a major hurdle in pursuing chemical
deterrents as a means of reducing sea turtle bycatch.
A difficulty with using a purely chemical approach to
sea turtle bycatch reduction is that the majority of evidence suggests that visual cues are of primary importance for foraging success in sea turtles and that chemical cues play a secondary role. Therefore, a visual
deterrent, rather than a chemical deterrent, could be
more effective at preventing sea turtle interactions
with longline gear. We must bear in mind, however,
that even if an effective visual deterrent is identified
and implemented in longline fisheries, bait scents in
the vicinity of fishing operations may alert turtles to the
presence of food and induce a heightened state of
awareness and searching behavior. The effectiveness
of a visual deterrent will depend largely on whether or
not the turtle’s aversion response overrides the feeding
response, which is fueled in part by chemical cues.
Studies investigating the efficacy of various methods
for repelling birds show that a combination of both
visual and chemical deterrents is more effective than
either on its own (Mason & Clark 1996), and this may
also be the most appropriate approach for deterring
sea turtles from interacting with longline gear.

VISION
Pelagic fishes
Longline fisheries generally target large pelagic
fishes that inhabit the clear waters of the open ocean.
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The excellent horizontal and vertical visibility in the
pelagic habitat has led to the evolution of highly visual
predators with well-developed eyes for prey and
predator detection. Much of what is known about
pelagic fish vision is derived from anatomical studies of
the eye and its nervous tissue, the retina (Tamura et al.
1972, Kawamura et al. 1981, Fritsches et al. 2003b).
Photoreceptors within the retina translate light information into neural signals, which are then processed
and transmitted to the brain via the retinal ganglion
cell layer. Two types of photoreceptor cells, rods and
cones, are present in the retina of fishes. Rod photoreceptors maximize sensitivity in dim light, whereas
cone photoreceptors function optimally in bright light.
The presence of different types of visual pigments in
the photoreceptors suggests the ability for color perception at different spectral wavelengths. Variations in
the general morphology of eye and distribution of pigments and photoreceptors in the retina have important
implications for differences in visual capabilities such
as color discrimination and spatial resolution in fishes
exploiting habitats at different depths.
Telemetry and tracking studies of large pelagic fish
species have shown strong vertical niche partitioning.
Striped marlin Tetrapturus audax, yellowfin tuna, and
mahi mahi typically hunt in the brightly lit surface layers (<100 m) during the daytime hours, whereas
swordfish and bigeye tuna prefer to hunt in the dim
light at deeper depths (Carey & Robison 1981, Palko et
al. 1982, Brill et al. 1993, 1999, Gunn & Block 2001,
Musyl et al. 2003). Daytime hunting depth is a strong
determinant for the visual capabilities of pelagic fish
species, as the surface layers of the ocean provide high
light intensities and a larger spectral range, whereas
light intensity is drastically reduced and the spectral
range is narrowed to near-monochromatic blue with
increasing depth.
Water acts as a spectral filter, such that long wavelengths in the red spectrum of visible light are filtered
more rapidly than shorter wavelengths. As depth
increases, colors perceived as green, blue, and violet
progressively dominate and, ultimately, the spectrum
of down-welling sunlight narrows to a band of blue
light centered at 470 nm (Tyler & Smith 1970). Given
the spectral distribution in the open ocean, it is no surprise that the spectral range of pelagic teleosts and
elasmobranchs is generally centered at 500 nm and
does not extend very far into longer wavelengths in the
red part of the spectrum.
Pelagic fishes that hunt close to the surface have a
greater capacity for color discrimination than those
that hunt in deeper waters (Munz & McFarland 1973,
Loew et al. 2002, Fritsches et al. 2003a). For example,
the peak sensitivities for the bright-light cone photoreceptors of the surface-feeding striped marlin are
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located at spectral wavelengths that appear violet-blue
(436 nm), blue (488 nm), and green (531 nm) to a
human observer (Fig. 2) (Fritsches et al. 2003a). Adult
yellowfin tuna, which also feed in the surface layer,
show optimal sensitivity to light in the violet-blue
(426 nm) and blue (483 nm) range (Loew et al. 2002).
Swordfish and bigeye tuna preferentially hunt in
deeper water during the daylight hours, and their photoreceptor anatomy and visual pigments suggest a
heightened sensitivity solely to the dominant blue
wavelength (Fig. 2) (K. A. Fritsches pers. obs.).
Short wavelength ultraviolet (UV) light (< 400 nm)
penetrates deep into the ocean; however, none of the
tuna or billfish species studied to date appear to extend
their visual range into the UV spectrum as their lenses
effectively block UV light (Fritsches et al. 2000). Several shark species also have lenses that contain pigments to filter UV light (Hueter et al. 2004). Ultraviolet
light is rapidly scattered in the water column, creating
a veiling effect (Lythgoe 1979). Blocking light in the
UV range could, therefore, be a strategy to increase
long-distance sight for improved prey detection.
In addition to the reduction in spectral range with
depth, there is also a dramatic decrease in light intensity. With depth, light intensity drops rapidly and
reaches star-light levels at 600 to 700 m (Clarke & Denton 1962). Many pelagic fishes have very large eyes,
which increases the optical ability to collect photons in
the dim depth, improving the sensitivity of the eye. On
the other hand, the ability to detect fine detail (spatial
resolution), which requires high light intensities, is relatively poor in these species. The blue marlin, for
instance, has a spatial resolving power of 8.5 cycles per
degree for an average lens diameter of 19 mm in adult
fish (Fritsches et al. 2003b). Similar values of spatial
resolution have been found in behavioral training
experiments with tuna (Nakamura 1968). In comparison, the blue tuskfish Choerodon albigena, a coral reef

fish inhabiting a brightly lit habitat, shows a spatial
resolution of 15 cycles per degree for a lens diameter of
< 5 mm (Collin & Pettigrew 1989).
Temporal resolution, or the ability to detect motion,
is also affected by light intensity. Visual systems are
generally capable of adjusting temporal resolution in
response to varying light intensities, akin to changing
a camera’s shutter speed in response to changing
background light. Even so, comparative studies in
crustaceans (Frank 1999) and fish (Bullock et al. 1991)
have shown that the highest temporal resolution
achieved varies considerably between species and is
strongly linked to the prevailing brightness of the
organism’s environment and feeding strategy. Temporal resolution may be assessed by measuring flicker
fusion frequency (FFF), e.g. the frequency of a flickering light source at which a visual system ceases to be
able to discriminate between each flicker. Flicker
fusion frequency varies significantly between fishes
that utilize shallow vs. deep water habitats. Swordfish
generally hunt in dim light and exhibit a maximal FFF
of 40 Hz (Fritsches et al. 2005), whereas yellowfin tuna,
a species adapted to hunting in bright light, exhibit a
maximal FFF of up to 80 Hz (K. A. Fritsches unpubl.
data). The faster FFF of the yellowfin tuna would allow
this species to detect fast moving prey in bright light
with less risk of motion blur than would be experienced by the swordfish.

Sea turtles

Sea turtles evolved from terrestrial species (Pritchard
1997), and some of their visual capabilities may be
attributable to their ancestry as well as their habitat.
Most sea turtles spend the majority of their time in the
brightly lit surface layers (Lutcavage & Musick 1997)
and have well-developed visual systems, especially
with regards to their spectral range. Liebman & Granda (1971) identified 3 visual
pigments in the cones of the green turtle,
with peak sensitivities at 440 nm (blue),
502 nm (green), and 562 nm (yellow) (Fig.
2). Unlike pelagic fishes, sea turtle cone
photoreceptors also contain different
types of colored oil droplets which act as
filters that shift the sensitivity of cones
towards longer wavelength (red) part of
the spectrum (Liebman & Granda 1975).
In green turtles the specific pairing of
visual pigments with various types of oil
Fig. 2. Comparison of the known peak spectral sensitivities of the striped mardroplets suggests at least 4 spectrally diflin (white bars; Fritsches et al. 2003), the swordfish (grey bar; K. A. Fritsches
ferent cone photoreceptors (Mäthger et
unpubl. data) and the green turtle (black bars; Liebman & Granda 1971). The
al. 2007), including one which is sensitive
background indicates the colors at the different wavelengths as perceived
by the human eye
to long wavelengths with a peak around
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580 to 600 nm (Granda & O’Shea 1972, Levenson et al.
2004). The presence of oil droplets broadens the spectral range of color perception for both green and loggerhead turtles (Vorobyev 2003, Levenson et al. 2004),
and provides them with a greater capacity for color discrimination than pelagic fishes. In contrast, the only
existing data for leatherback turtles, which routinely
descend to greater depths, shows a limited spectral
range with peak sensitivity at approximately 500 nm
(Eckert et al. 2006). It should be noted, however, that
the leatherback data were collected at night, whereas
data for cheloniid species of sea turtles were collected
during the day. Differences in spectral sensitivity
observed between these species could possibly reflect
circadian effects rather than differences in diving and
foraging ecology. Further studies are needed to investigate these possibilities.
Interestingly, sea turtles also have the capacity to
detect light in the UV range, as their lenses and other
optical media transmit light to 320 nm, and indirect
evidence suggests that the retina might also contain
UV cones (Fig. 3) (Mäthger et al. 2007). Although UV
radiation is harmful for the retina (Zigman 1971), a
number of marine animals do utilize this part of the
visual spectrum for intra-specific communication,
detection of prey, and navigation (Marshall &
Vorobyev 2003). At the present time it is unclear as
to how sea turtles might use UV vision; studies investigating this aspect of sea turtle vision are, thus,
warranted.
Sea turtles have surprisingly small eyes and possess
very small pupils and lenses in relation to their body
size (Northmore & Granda 1991), making the optics of
their eyes relatively insensitive to dim light (Mäthger
et al. 2007). Even the leatherback turtle, which is

Fig. 3. Spectral transmission data of the lens of the green turtle (black line; Mäthger et al. 2007), the black marlin (grey
line; Fritsches et al. 2000) and the mahi mahi (dashed black
line; Fritsches et al. 2000). The lenses of the pelagic fishes act
as a UV block, while the lens of the green turtle transmits
light to the retina far into the UV waveband
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known to dive regularly to depths that exceed 500 m
(Eckert et al. 1989), has no specific adaptations to significantly increase the sensitivity of its optical design
(Brudenall et al. 2008). There are, however, a number
of physiological strategies to improve sensitivity to dim
light at the retinal level that have not yet been investigated in sea turtles (Warrant 1999). Detection of dim
light seems to be a crucial orientation cue in the early
life stages of sea turtles, as light sources affect the
movements of newly emerged hatchlings and are
thought to guide movements from the nest to the sea
(Lohmann et al. 1997, Moein Bartol & Musick 2003).
Juvenile loggerhead turtles have a spatial resolving
power of 4 to 8 cycles per degree (Bartol et al. 2002),
which is similar to that observed for pelagic fish
(Table 3). There is also some overlap in the temporal
resolving abilities of sea turtles and pelagic fishes
(Table 3). Levenson et al. (2004) reported maximal FFF
at approximately 40 Hz in intact loggerhead and green
turtle adults, and recordings from isolated green turtle
eyes revealed FFF of up to 57Hz (K. A. Fritsches
unpubl. data). Recordings from adult and hatchling
leatherback sea turtles indicate much slower FFF in
this species, reaching maximal FFF below 15 Hz
(Eckert et al. 2006). The very large difference in temporal resolution between the leatherback turtle and
green and loggerhead turtles represents an important
divergence in visual capabilities (Eckert et al. 2006),
although some of the observed variations in the FFF
values between sea turtle species may be attributable
to differences in recording techniques.

Deterrent potential
Sea turtles and pelagic fishes are highly visual
predators, and visual cues most likely play an important role in attracting both groups of animals to longline fishing gear. The use of blue and green chemiluminescent lightsticks is a common practice in many
longline fisheries, as lightsticks attract target fish species and increase catch per unit effort (CPUE). Given
that sea turtles can detect light in the blue–green spectral range, lightsticks may have the unfortunate side
effect of attracting sea turtles to longline gear as well.
Laboratory experiments have shown that juvenile loggerhead turtles significantly orient towards chemiluminescent blue (peak 440 nm), green (peak 510 nm),
and yellow (peak 550 nm) lightsticks, as well as flashing orange (peak 600 nm) light-emitting diode (LED)
lightsticks (Wang et al. 2007).
Modifications to lightsticks that exploit differences
in visual capabilities or behavior of sea turtles and
pelagic fish could be effective at reducing catch rates
of sea turtles. Alterations of the spectral output of light-
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Table 3. Spatial and temporal resolution for sea turtles and pelagic fishes. Spatial resolving power is given as the number of cycles (1 black and 1 white bar of
a grating) that can be resolved within 1° of visual angle. Temporal resolution is
presented as maximal Flicker Fusion Frequency (FFF), the frequency of a flickering light source at which a visual system ceases to be able to discriminate
between each flicker. na: not available

tuna. The efficacy of this approach for
preventing detection of lightsticks by
leatherback turtles is debatable, given
this species’ propensity for deep dives.
One of the major differences in
visual capabilities of sea turtles and
pelagic fish is in their ability (or lack
Species
Spatial resolving power
Temporal resolving
of) to detect UV light. Electrophysio(cycles degree–1)
power (FFF in Hz)
logical data suggest that both loggerFishes
head and leatherback turtles detect
Thunnus albacares
16–18
80
UV light (Crognale & Eckert 2007,
(Fritsches & Warrant 2006)
(K. A. Fritsches et al.
Salmon & Wyneken 2007), and beunpubl. data)
havioral experiments have shown
Xiphias gladius
7–10
40
(Fritsches & Warrant 2006)
(Fritsches et al. 2005)
that hatchling loggerhead turtles are
Turtles
attracted to light in the UV range
Chelonia mydas
na
40–57
(Witherington & Bjorndal 1991, Frit(Levenson et al. 2004,
sches & Warrant 2006). Ultraviolet
K. A. Fritsches et al.
light ‘decoys’ could potentially be
unpubl. data)
used to attract sea turtles to a site disCaretta caretta
4–8
40
(Bartol et al. 2002)
(Levenson et al. 2004)
tant from longline gear, thus removing
Dermochelys coriacea
na
4–12
turtles from harm’s way. The major
(Eckert et al. 2006)
pitfall of this strategy is that repeated
exposure to UV light may damage the
human eye (Zigman 1971). Any UV
sticks provides a promising means of deterring turtles
light sources to be used for fisheries applications
from interacting with longline gear. Hatchling loggerwould have to be very carefully designed in order to
head turtles from Florida nesting beaches display an
prevent damage to the operator.
aversion to light within the spectral range of 560 to
The innate avoidance behavior induced in sea turtles
600 nm (Witherington & Bjorndal 1991), and these
by visual detection of a predator is another avenue
wavelengths are not visible to the majority of pelagic
worth exploring for potential deterrents. Captivefishes targeted by longlines. Although experiments
reared loggerhead turtles showed a strong avoidance
with captive-reared juvenile loggerheads showed an
response when they encountered a shark replica in
attraction to yellow and orange lightsticks, the spectral
their large (30 × 7 m) seawater holding pen (Higgins
emissions of these lightsticks were not in the range
2006). In preliminary field trials, Wang & Swimmer
repellent to hatchlings (Wang et al. 2007). Whether
(2007) found a tendency for sea turtle bycatch in gillthe loggerhead’s aversion to light of 560 to 600 nm
nets to decrease when shark-shaped objects were
wavelength carries over into adulthood is not known,
attached to nets, and suggested exploiting the predabut if it does, lightstick emissions within this narrow
tor avoidance response in sea turtles to develop floats
spectral band could be effective at repelling loggeror banners that would deter them from interacting with
head turtles from longline gear. Unfortunately, this
longline gear. A particularly interesting approach
approach is not likely to deter leatherback turtles from
would be to construct shark-shaped banners using
interacting with gear, as all current evidence indicates
clear UV-absorbent plastic. When viewed from below,
that this species does not detect light at these wavethe banner would be invisible to fish but would appear
lengths (Eckert et al. 2006).
as a black silhouette to sea turtles that can detect UV
Another option for lightstick modification is to make
light. If effective, this approach could be simple and
simple changes in physical design such that light is
cost-effective, and therefore stand a good chance of
emitted predominately downwards rather than in all
being adopted by fishers.
directions (Lohmann & Wang 2007). This could be
Alterations in the visual appearance of bait have
accomplished by shading the upper portion of the
also been explored as a means of reducing sea turtle
lightstick. Downward-directed lights would presumbycatch. Dying squid bait blue is an effective means
ably be more difficult to detect from above. Given that
of reducing rates of seabird bycatch in longline fishloggerhead turtles typically utilize the top 50 m of the
eries (Brothers et al. 1999), and bait dying can easily
water column, this modification may render lights
be implemented in fishing operations. Laboratory
undetectable to loggerheads but still visible to deepstudies showed that loggerhead turtles and Kemp’s
water target species such as swordfish and bigeye
ridley turtles Lepidochelys kempii displayed a clear
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