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1 Introduction

Hearing is a primary sense in many marine animals, and we now have a reasonable understanding
of what stimuli generate clear responses, the frequency range of sensitivity, expected threshold
values, and mechanisms of sound detection for several species of marine mammals and fishes ( Au
et al. 2000; Fay 1988). For marine invertebrates, our knowledge of hearing capabilities is relatively
poor and a definition or even certainty of sound detection is not agreed on (Webster et al. 1992)
despite their magnitude of biomass and often central role in ocean ecosystems.

Cephalopods (squid, cuttlefish, octopods, and nautilus) are particularly interesting subjects
for invertebrate sound detection investigations for several reasons. Ecologically, they occupy many
of the same niches as sound-sensitive fish (Budelmann 1994) and may benefit from sound percep-
tion and use for the same reasons, such as to detect predators, navigate, or locate conspecifics.
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Squid, e.g., are often the prey of loud, echolocating marine mammals (Clarke 1996) and may therefore
be expected to have evolved hearing to avoid predators. Anatomically, squid have complex stato-
cysts that are considered to serve primarily as vestibular and acceleration detectors (Nixon and
Young 2003). However, statocysts may also be analogs for fish otolithic organs, detecting acoustic
stimuli (Budelmann 1992). Previous studies have debated the subject of squid hearing, and recently,
there has been a revival of research on the subject. Here, we briefly review what is known about
squid sound detection, revisit hearing definitions, discuss potential squid susceptibility to anthropo-
genic noise, and suggest potential future research directions to examine squid acoustic sensitivity.

2 Sensitivity of Squid to Acoustic Stimuli

Early anecdotal reports suggested that cephalopods might detect sounds because squid were
attracted to 600-Hz tones and cuttlefish (Sepia officinalis) elicited startle responses to 180-Hz
stimuli (Dijkgraaf 1963; Maniwa 1976). Norris and Mghl (1983) later postulated that squid might
be debilitated by the acoustic intensity of foraging odontocete (toothed whale and dolphin) echolo-
cation clicks. This hypothesis led Moynihan (1985) to suggest that squid might, in turn, be deaf to
acoustic stimuli to avoid this “stunning.” However, anatomical evidence of squid statocysts indicates
that the organ acts as an accelerometer (Budelmann 1976) potentially used for acoustic detection
(Budelmann 1992). Behavioral conditioning experiments later confirmed that squid (Loligo vul-
garis), octopus (Octopus vulgaris), and S. officinalis can detect acceleration stimuli from 1 to
100 Hz, presumably by using the statocyst organ as an accelerometer detecting the body movements
of the squid in the sound field (Packard et al. 1990). This and a follow-up study (Kaifu et al. 2008)
showed that cephalopods can detect the low-frequency particle-motion component of a sound field,
but the question whether cephalopods are also sensitive to higher frequencies and sound pressures
still remained. Recent laboratory experiments have demonstrated that squid do not exhibit anti-
predator responses in the presence of odontocete echolocation clicks (Wilson et al. 2007), indicating
that they cannot detect the ultrasonic pressure component of a sound field. However, recently, Hu
et al. (2009) suggested that squid (Sepiotheutis lessoniana) can detect sound pressure stimuli using
their statocyst organ. Unfortunately, these data had several methodological issues including no cali-
brations of particle motion and placing squid at the water’s surface where discrepancies between
sound pressure and particle motion are greatest. Thus cephalopods seem to be sensitive to the low-
frequency particle-motion component of the sound field and not pressure. Yet it appears necessary
to discuss whether such a sensitivity can be understood as hearing.

3 Defining “Hearing” For Squid and Other Marine Organisms

There is no inherent reason why the definition of “hearing” should be taxon specific. It arguably
should be based on the ability to detect acoustic stimuli per se and on the ability to analyze acoustic
properties of a stimulus. Thus this should not be a discussion about whether hearing fits squid per-
ceptual mechanisms but whether squid perceptual abilities fit the broader scope of “hearing.”

Yost (1994) defines hearing broadly as sensitivity to sounds in the environment and encompass-
ing coding, processing, integration, and response of sound. An alternative definition suggests that
hearing is the auditory detection of sound (Webster et al. 1992). Both definitions are similarly open-
ended, probably intentionally so. Both also presume a definition of sound that is a well-defined
hydrodynamic wave that propagates in an elastic medium by pressure and particle-motion oscilla-
tions (Kalmijn 1988). In the marine environment, an air cavity or at least some compressible tissue
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in the vicinity of the fenestrae is considered crucial to detect sound pressure (Fay and Popper 1974;
Ketten 1992) because the air/tissue acts as a pressure-to-particle motion transducer. Particle motion
alone can be detected by inertial delays in acceleration of higher density objects versus macular
receptors. Taking either case to be valid, hearing may be considered the detection of acoustically
generated sound pressure differentials or particle motion or both. Detection of the particle-motion
component of a sound field has been demonstrated in many marine organisms including cartilagi-
nous and teleost fish that are without specialized adaptations to detect or relay sound pressure recep-
tion to the inner ear (de Vries 1950).

Thus we argue that hearing can be validly considered as the detection of broad or isolated ele-
ments of sound-generated stimuli and that it may be achieved by a single or multifunctional organ
adapted for that purpose. The ability to detect sound pressure and/or acoustic particle motion there-
fore is a sufficient qualifier. Given this premise, many marine organisms capable of detecting acous-
tically generated particle motion are not, as has often been presumed, unreceptive to sound or its
impacts, thereby opening a new area of exploration for the physiology of hearing. We discourage
the notion that hearing would be limited to only sound pressure detection; thus many marine organ-
isms, although capable of detecting acoustically generated particle motion, would be considered
deaf. It is important to note that according to our definition, a hearing organ may also respond to
mechanical disturbances other than sound (such as vibrations, local hydrodynamic waves). We think
that this is an important feature, especially in marine particle-motion sensors, and that it will be
difficult to understand the evolution of hearing without acknowledging this dual function of the
sound-receiving organs.

4 Squid Susceptibility to Aquatic Noise

Any impacts of aquatic noise on cephalopods have yet to be established and are poorly understood.
Ambient and anthropogenic ocean noise are substantial at lower frequencies where squid are sensi-
tive (Packard et al. 1990; Urick 1983), suggesting that they will be susceptible to masking or other
physiological or behavioral impacts of anthropogenic noise (McCauley et al. 2000). Statocyst or
lateral line hair cells could be impacted by sound energy (either long duration or brief, high-intensity
noise). Such hair cell damage and related temporary hearing loss has been demonstrated in fishes
(McCauley et al. 2003), and this has been suggested for squid (which do have a lateral line ana-
logue; Budelmann 1994).

5 Future Research Directions

Ideally, detection capabilities would be measured both behaviorally and physiologically. Directed
research should identify whether the statocyst acts as the organ of acoustic reception or whether the
lateral line analogue may be involved. Finally, the biological relevance of the acoustic stimuli
should be addressed. This includes whether squid may hear fish and odontocete predators, the neu-
roanatomy of auditory structures, and whether squid are susceptible to the impacts of anthropogenic
noise.

Although the field of cephalopod audition has been debated in the past, almost all questions of
acoustic detection remain to be addressed. This leaves room for significant and groundbreaking
work on the sensory ecology of animals that are often considered keystone species in many ecologi-
cal webs. Here we have attempted to introduce a preliminary road map for such progress and we
expect the issue of squid sound detection to be resolved in due time.
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