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Abstract.—Adult fishes sense vibrations and disturbances in the water through the auditory and
mechanosensory lateral line systems. The developmentally complete systems impart certain levels
of sensitivity and acuity to a fish, but fish larvae hatch with rudimentary auditory and lateral line
systems that confer poor sensory performance. The structures become more elaborate during
ontogeny, with attendant improvement in performance. This review summarizes the ontogenetic
changes in the peripheral anatomy of these sensory systems as well as the experimental work that
has been undertaken to measure the changing functionality of each. In both systems, the number of
end organs increases ontogenetically, roughly in proportion to somatic growth. Improvements in
sensory function coincide with, and may be attributable to, these increases in end organs. Acces-
sory structures that enhance functionality develop late in the larval period. Problems and recent
advances in methodology as applied to larval fishes are discussed.

Introduction

Adult fishes sense vibrations and disturbances
(“sounds”) in the water through the ear and
mechanosensory lateral line system (collectively
known as the octavolateralis system). These sys-
tems in adults impart certain levels of sensitivity
and acuity to a fish that enable it to gather infor-
mation from the environment that is relevant to a
wide range of activities. The auditory and lateralis
systems of adult fishes have been the subject of
detailed investigations for more than a century,
from which much has been learned of their struc-
ture, functional mechanisms and capabilities, and
ecological roles. Larval stages, by definition, are
incompletely developed, yet they actively face
challenges to survival that require sensory input.
The incomplete state of larval organ systems at
hatching and the gradual change toward the adult
condition imply that larvae have different capa-
bilities from adults but that their performance con-
verges with that of the adult. This creates a
dynamic relationship between a young fish and
its environment.

Reviews and compendia are indispensable
sources of information about various aspects of
the auditory and lateralis systems of adult fishes
(Fay 1988; Coombs et al. 1989; Montgomery et
al. 1995; Fay and Popper 1999; Bretschneider et
al. 2001; Mogdans and Bleckmann 2001;
Myrberg and Fuiman 2002; Janssen 2003). In-
formation on the systems in larvae is largely con-
fined to a growing number of individual research
papers and only a few reviews (Blaxter 1987;
Higgs 2002; Myberg and Fuiman 2002; Whit-
field et al. 2002). In this paper, we summarize
relevant points about the adult systems in order
to provide a context in which to understand how
larval systems differ from, and ultimately con-
verge with, adult systems. We then review the
existing literature on the larval auditory and
lateralis systems, emphasizing ontogenetic
changes in form and function. Throughout, we
attempt to maintain an ecological perspective
because of the critical role of larval mortality in
recruitment and population dynamics (Fuiman
and Werner 2002).
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Underwater Acoustics

The basic physics of sound propagation in water
are well understood (see Kalmijn 1988, 1989;
Rogers and Cox 1988). A sound wave has two
components, particle displacement and pressure.
For a pulsating (monopole) sound source, such as
a resonating swim bladder, the magnitude of the
displacement component is proportional to the
inverse square of the distance from the source. If
the sound source is moving back and forth (di-
pole), such as an oscillating fish body, particle
displacement is proportional to the inverse cube
of the distance. For both types of sound source,
the pressure component is inversely proportional
to the source diameter. Therefore, close to the
sound source (acoustic near-field), the displace-
ment component comprises most of the signal,
but further away (far-field), most of the signal con-
sists of the pressure component. In addition, an
object moving at a constant velocity generates a
hydrodynamically generated damming pressure
front immediately in front of itself (Dijkgraaf
1989). Components of the octavolateralis system
are sensitive to each of these characteristics of
underwater sound.

Beyond the simple physics of sound waves,
sound propagation in water is complex and var-
ies greatly with the characteristics of the environ-
ment. Sound propagation through water is
dependent on reflection of the sound wave from
both the surface and the bottom, scattering of the
sound wave by objects in the water, and refrac-
tion or bending of the sound wave in response to
gradients in conduction velocity. There is little
absorption (attenuation) of sound by water itself
for frequencies within most of the hearing range
of fishes, although this might be a factor for fishes
that can detect ultrasonic frequencies (>20,000
Hz), such as American shad Alosa sapidissima
(Mann et al. 1997, 1998, 2001).

Because of reflection, sound propagation is
more complex in shallow waters. For a sound wave
to travel a distance greater than its wavelength, it
must repeatedly bounce off the bottom and sur-
face, which distorts the waves. There are also ab-
solute “cutoff frequencies” for each water depth,
below which there is no undistorted propagation.
For a 2000-Hz tone, the minimum water depth for
propagation is 20—-100 cm (depending on sub-
strate composition), and for 500 Hz, the minimum
water depth for undistorted propagation is more
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than 4 m (Rogers and Cox 1988). This means that
in water shallower than about 1 m, most nonspe-
cialist fishes (species that cannot hear above about
800 Hz) are effectively deaf to sounds propagat-
ing from any far source. Ostariophysan fishes can
hear above 2,000 Hz, and it is thought that they
evolved in shallow waters (Schellart and Popper
1992).

Adult Condition

The auditory and lateralis systems share a com-
mon functional mechanism within their end or-
gan, the sensory hair cell. This innervated cell
has one kinocilium and a graded series of stereo-
cilia at the apical end of the cell. The direction of
gradation defines the polarity of best response of
the hair cell. The firing rate of the innervating
neurons changes when the cilia are displaced, in-
creasing or decreasing depending on the direc-
tion of displacement. Hair cells of the auditory
and lateralis systems are located in different ana-
tomical contexts, which impart different sensitiv-
ity characteristics. Although the systems operate
in similar ways, they have separate neural path-
ways to the brain.

Auditory System
Anatomy and functional mechanism

For the purposes of this review, the auditory sys-
tem encompasses the ear and any structural ad-
aptations for transmitting sound sources to the
ear. The basic patterns of the ear are well con-
served among fishes, although there are many
fine-scale differences between groups. Teleosts
have three semicircular canals that are thought
to be largely responsible for vestibular (balance)
information. Although the sensory cells in the
canals may also impart some auditory informa-
tion, they will not be discussed further in this
review, as their primary role is probably for bal-
ance. At the junction of the three semicircular
canals sits the utricle, a sensory end organ that
probably detects both vestibular and auditory
signals, and it has a primary auditory role in
many species (Popper and Fay 1999). The sac-
cule and lagena lie ventral to the utricle and are
predominantly auditory in nature but probably
encode some vestibular information as well (Pop-
per and Fay 1999). In this review, we will con-
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sider the utricle, saccule, and lagena, the three
auditory end organs of the ear.

All three end organs work the same way at
the gross level (Popper and Fay 1999). Each end
organ contains an otolith and a sensory epithe-
lium consisting of hair cells, supporting cells, and
basal cells (basal cells give rise to hair cells and
supporting cells). Both the otoliths and the hair
cells are integral to hearing. The hair cells are the
sensory receptors that translate an acoustic stimu-
lus to an action potential, allowing sounds to be
detected by the fish. Each end organ consists of
an enclosed sac with the sensory epithelium on
one wall of the sac and the dense calcareous
otolith floating nearby. There is a membrane be-
tween the otolith and the epithelium, perhaps at-
tached to both, but this is unclear. When sound
waves impinge upon a fish, they are transmitted
through the body, displacing the center of the
fish and the water at the same rate. Thus, there is
little relative movement between the fish and the
water. This would result in no, or very little, de-
tection of sound waves. Because of the greater
density of the otolith, however, its movement lags
behind movement of the rest of the fish, causing
relative motion between the otolith and the un-
derlying sensory hair cells. The relative motion
produces shear across the stereo- and kinocilia of
the hair cells, causing ions to rush into the cell,
polarizing the cell and resulting in an action po-
tential in the innervating neuron. If relative mo-
tion of the otolith occurs in the direction of
gradation, maximum stimulation occurs. If rela-
tive motion of the otolith occurs against the di-
rection of gradation, minimum stimulation occurs
(Popper and Fay 1999).

As noted above, the auditory system com-
prises more than just the ear itself. Just as mam-
mals have evolved middle ear bones to increase
sound transmission to the inner ear, many groups
of fishes (termed “hearing specialists”) have
evolved mechanisms to increase the amount of
auditory information transmitted to the ear. These
mechanisms must also be considered when dis-
cussing hearing abilities. Because of the mechan-
ics of sound travel in water and through the body
of a fish, all of these specializations involve some
coupling between the ear and a gas-filled struc-
ture that translates pressure of the sound wave to
displacement information that the ear can detect.
The different categories of specialization are (1)
Weberian ossicles, a bony connection between

119

the swim bladder and the ear (e.g., Cypriniformes,
Characiformes, Gymnotiformes, and Siluriformes;
von Frisch 1938; Chardon and Vandewalle 1997);
(2) gas-filled extensions of the swim bladder that
either approach or directly connect to the ear (e.g.,
Clupeiformes [O’Connell 1955; Denton et al.
1979]; some members of the Sciaenidae [Chao
1978; Ramcharitar et al. 2001]; some subfamilies
of the Holocentridae [Nelson 1955]); and (3) a
gas-filled chamber not connected to the swim blad-
der that is surrounded by, or in close proximity to,
the ear (Anabantoidei, reviewed by Liem 1963;
Mormyridae, von Frisch 1938; Fletcher and
Crawford 2001). Fishes without any of these types
of specializations are considered hearing gener-
alists and generally do not hear frequencies much
above about 800 Hz (Fay 1988). Fishes that have
evolved one of these specializations can hear
higher frequencies than hearing generalists. For
example, species possessing Weberian ossicles
can hear frequencies up to 4-5 kHz (Fay 1988),
and at least two species with auditory bullae (gas-
filled extensions of the swim bladder inside the
ear of clupeoids) can hear up to 180 kHz (Mann et
al. 1997, 1998, 2001).

Adult performance levels

Hearing generalists have a more restricted audi-
tory bandwidth than specialists and do not detect
frequencies above about 800 Hz, with peak sensi-
tivities around 300-500 Hz (Fay 1988). While it
is difficult to compare thresholds of different spe-
cies obtained by different laboratories (Fay 1988;
Higgs 2002), hearing generalists tend to have less
sensitive hearing (higher thresholds) than special-
ists. Within the hearing specialists, auditory per-
formance seems to depend upon the type of
specialization present. Most species with Weber-
ian ossicles (Ostariophysi) can detect pure tones
up to 4,000-5,000 Hz (Fay 1988). Hearing abili-
ties of those with swim bladder extensions, but
no bony connection, vary depending upon the
extent of swim bladder extension. Squirrelfishes
(Holocentridae) that have a connection between
the swim bladder and saccule (pearly soldierfish
Myripristis kuntee) hear up to 3,000 Hz, while
those with no connection (red and white striped
squirrel fish Adioryx xantherythrus) do not de-
tect sounds above 800 Hz (Coombs and Popper
1979). Clupeoid fishes all have gas-filled audi-
tory bullae (Figure 1) that are directly connected
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otic capsule

Figure 1. Head of larval Atlantic herring Clupea harengus, showing otic capsule with otoliths and inflated auditory

bulla (photo by L. A. Fuiman).

to the utricular epithelium of the ear (O’Connell
1955; Allen et al. 1976; Best and Gray 1980).
While audiograms are not available for many spe-
cies of clupeoids, probably due at least partially
to their extreme fragility, all species tested to date
can detect pure tones up to at least 4,000 Hz (Mann
et al. 1997, 1998, 2001). At least two species
(American shad and gulf menhaden Brevoortia
patronus) can detect pure tones of much higher
frequencies, up to 180,000 Hz (Mann et al. 2001).
This ability to detect ultrasound is not ubiqui-
tous among clupeoid fishes, however, as at least
three species (bay anchovy Anchoa mitchilli,
scaled sardine Harengula jaguana, and Spanish
sardine Sardinella aurita) do not detect ultrasound
even though they also have auditory bullae (Mann
et al. 2001). Finally, mormyrid and anabantoid
fishes with a gas-filled chamber not directly con-
nected to the swim bladder have also been shown
to hear frequencies as high as 3,000-4,000 Hz,
although deflation of these chambers results in a
decrease of sensitivity but no change in auditory
bandwidth in adults (Yan 1998; Yan and Curt-
singer 2000; Yan et al. 2000; Fletcher and
Crawford 2001).

Ecological functions of the adult
auditory system

When thinking about the auditory system it is
also necessary to consider to what fishes may be
listening. That is, what are the major sources of

sound underwater, and what relevance might these
sources have to a fish. There are two schools of
thought concerning which sounds are relevant to
fish. One approach is to consider sounds produced
by sources thought to be important to a fish, such
as conspecific vocalizations or noises made by
prey or predators, and test whether hearing is
sensitive within that range. Some authors have
found a match between dominant frequencies of
auditory detection and vocalization in fishes
(Cohen and Winn 1967; Myrberg and Spires
1980; Schellart and Popper 1992; Ladich and
Yan 1998; Suzuki et al. 2002), which has led to
the suggestion that the fish auditory system is
tuned to conspecific vocalizations (Ladich and
Yan 1998; Suzuki et al. 2002). Other authors
have found no consistent match between sound
source and detection (Fine 1981; Ladich 1999).
Goldfish Carassius auratus have very sensitive
hearing but are not known to communicate with
sound, which suggests that communication did
not drive the evolution of hearing in all fishes. A
second school of thought argues that the fish ear
did not evolve in conjunction with vocalization,
but rather that hearing in fishes evolved to per-
form a sort of auditory scene analysis (Fay and
Popper 2000). Under this hypothesis, fish “lis-
ten” to the complete suite of frequencies avail-
able in the environment, at least in the bandwidth
in which their ear is sensitive, and extract infor-
mation about the entire auditory scene. Specific
features of the scene can then be extracted, ana-
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lyzed, and interpreted by the auditory system,
but the system did not evolve to be responsive
to only a narrow portion of this scene. This type
of analysis might be used by reef fish larvae to
orient to coral reefs (Tolimieri et al. 2000, 2002;
Leis et al. 2002), as discussed below.

Lateralis System
Anatomy and functional mechanism

The teleost lateralis system is composed of an
array of neuromasts that are distributed over the
body on the surface of the skin (superficial
neuromasts) and inside canals (canal neuromasts).
The structure and functional mechanism of
neuromasts is similar to the sensory epithelium of
ear end organs, consisting of a compact cluster of
hair cells, supporting cells, and basal cells. Many
stereocilia and a single kinocilium are arranged
in a graded series at the apical end of each hair
cell. Unlike the auditory epithelium, the stereo-
cilia and kinocilium project into a gelatinous
cupula (<300 pm long), which is in direct contact
with fluid outside the body, either the water sur-
rounding the fish or the fluid in the lateral line
canals. Canal neuromasts generally are much
larger and have more hair cells than superficial
neuromasts (Miinz 1989; Song et al. 1995;
Wonsettler and Webb 1997; Engelmann et al.
2000; Northcutt et al. 2000), although superficial
neuromasts have a higher density of hair cells
and longer kinocilium (Song et al. 1995). As in
the ear, shear across the stereocilia and kinocilia
produces an action potential, and the direction of
the shear is encoded in the signal produced. The
difference between the ear and the lateralis mecha-
nisms is that the shear results from water flow
against the cupula (either directly or due to pres-
sure differences along the canal), rather than dif-
ferential movement of an otolith.

Neuromasts on the skin—also known as su-
perficial, free, or naked neuromasts—are incon-
spicuous and often overlooked during cursory
examination. They are grouped into short series
(sometimes described as stitches) that are com-
monly found in five regions of the head in fishes.
The anterior, middle, and posterior lines are lo-
cated dorsal to the eye, otic, and postotic regions,
respectively. Additional superficial lines occur on
the cheek and lower jaw. The number and distri-
bution of superficial neuromasts on the trunk vary

greatly among species (Coombs et al. 1988; Miinz
1989).

The usually prominent lateral line canal (or
multiple canals) on the trunk is accompanied by
a network of canals on the head. Canals of the
head and trunk open to the surrounding water
through numerous pores, and canal neuromasts
lie inside the canals between pores. The typical
configuration of lateral line canals in teleosts in-
cludes a trunk canal, which has a temporal seg-
ment in the otic and postotic regions of the head,
and a main trunk segment that extends along the
body to the base of the tail or even to the tip of the
caudal fin. Trunk canals of the left and right sides
of the body may be joined mid-dorsally by a su-
pratemporal canal that emerges from the tempo-
ral segments of the trunk canals. Anteriorly, canals
surround the eye: a supraorbital canal above, an
infraorbital canal below. Canals also extend onto
the cheek (preopercular canal) and lower jaw (man-
dibular) (Coombs et al. 1988; Miinz 1989). Ar-
chitecture of the canal system varies greatly among
species, from a single, continuous trunk canal to
a trunk canal broken into segments, shortened, or
absent, or multiple trunk canals. Cephalic canals
sometimes are very wide in species that live in
lentic environments or highly branched, forming
a complex network (Dijkgraaf 1963; Coombs et
al. 1988; Janssen 2003). All of these variations in
canal structure alter the physics involved in the
movement of the neuromasts enclosed in the ca-
nals and, therefore, the response characteristics of
the lateralis system. Additional details of phylo-
genetic variation in the distribution of canals and
superficial neuromasts were provided by Coombs
et al. (1988, 1992), Northcutt (1989), Bleckmann
(1993), and Wonsettler and Webb (1997).

As with the ear, the lateral line canal system
is functionally connected to the swim bladder in
at least two groups of fishes. The best known of
these connections is found in clupeoid fishes. The
auditory bulla, the gas-filled extension of the swim
bladder located in the ear (Figure 1), generates
fluid displacements in the ear, which greatly im-
proves sensitivity and bandwidth of the ear. The
otic capsule is medially adjacent to the temporal
segment of the trunk lateral line canal, from which
it is separated by a compliant lateral recess mem-
brane. This membrane conveys fluid movements
in the ear to the fluid within the lateral line ca-
nals, providing an additional source of stimula-
tion for the neuromasts contained within (Denton
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and Blaxter 1976; Blaxter et al. 1981). Less well
known is the laterophysic connection recently
described in some chaetodontids (Webb 1998;
Webb and Smith 2000). These butterflyfishes have
paired projections of the swim bladder that ex-
tend anteriorly toward the otic region and con-
tact a medial fossa in the lateral line canal
contained within the supracleithrum. There is
speculation that this close association between
the swim bladder and lateral line canal system
allows canal neuromasts to contribute to the fish’s
ability to sense variations in sound pressure (Webb
and Smith 2000), as in the clupeoid system, al-
though definitive experiments to test this func-
tion have not been reported.

Adult performance levels

The end organs of the lateralis system (superficial
and canal neuromasts) are distributed across a
fish’s body to act as a sensor array. This arrange-
ment of neuromasts is important to the spatial
acuity of the system. Superficial neuromasts re-
spond best to the velocity component of water
flow across the cupulae, whereas canal neuromasts
are more sensitive to accelerations (Kroese and
Schellart 1987; Engelmann et al. 2000), although
both types of neuromasts probably respond to
velocity and acceleration to some degree. The
response of superficial neuromasts is greatest at
low frequencies, about 10-70 Hz, and they re-
spond to flows as low as 0.03 mm/s (Miinz 1985;
Coombs and Janssen 1990). Since swimming ac-
tivity results in low frequency flow across a fish’s
skin, functioning of superficial neuromasts may
be compromised during swimming. Various be-
havioral strategies and structural and neural de-
signs help reduce the problem of self-generated
noise (Bleckmann 1993; Denton and Gray 1993;
Montgomery and Bodznik 1994; Engelmann et
al. 2000). Indeed, behavioral experiments sug-
gest that fishes use superficial neuromasts for rheo-
taxis (Montgomery et al. 1997), although these
results have been questioned (Janssen 2000).
Neuromasts within canals have different re-
sponse properties from those of superficial
neuromasts. The canals alter the nature of flow
past the neuromasts so that they act as a high-pass
or band-pass filter that attenuates lower frequen-
cies (Denton and Gray 1989, 1993; Montgomery
et al. 1995). Thus, canal neuromasts operate best
at a higher range of frequencies (100-200 Hz)
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than do superficial neuromasts (Miinz 1985,
1989). The altered flow within the canals allows
acceleration detection, with sensitivity in the
range of 0.3-20 mm/s?> (Miinz 1985; Bleckmann
and Miinz 1990; Coombs and Janssen 1990). Lat-
eral line system structure, including the extent of
canals, their diameter and branching, flexibility
of their walls, and size of neuromast cupulae rela-
tive to canal diameter, varies among species, lo-
comotor habits, and habitats. For example, more
active fishes and those that live in turbulent or
lotic habitats tend to have more complex networks
of canals and fewer superficial neuromasts; sed-
entary species from lentic habitats have fewer or
wider canals but more superficial neuromasts
(Dijkgraaf 1963; Vischer 1990; Janssen 2003).

Functions of adult lateral line system

The ability of the lateralis system to detect local
water velocity and acceleration and to provide
information about the location and strength of
the stimulus source is useful in a variety of eco-
logical contexts. Sensitivity to local water veloc-
ity is the basis of rheotaxis. Experiments on three
ecologically and phylogenetically unrelated spe-
cies provide evidence that superficial neuromasts
play a role in rheotaxis (Montgomery et al. 1997).
This ability to adjust swimming speed according
to the local water current speed is not very differ-
ent from being able to monitor swimming speed
while moving. Based on the location of cupulae
within a fish’s hydrodynamic boundary layer (re-
gion of maximum velocity gradient), Blaxter
(1987) suggested that fishes might use the lateralis
system for this purpose. In support, Hassan et al.
(1992) observed elevated swimming speeds in
blind cave fish Astyanax jordani when neural ac-
tivity of the lateral line was chemically reduced,
as would be expected if a preferred swimming
speed were achieved at a fixed level of lateral line
activity.

Water is accelerated by the locomotor, feed-
ing, social, reproductive, and other movements
of aquatic animals. This provides an opportunity
for the lateralis system to participate in a wide
variety of interactions between a fish and other
organisms. Numerous behavioral studies have
confirmed that fishes use the lateral line to sense
the presence and position of prey organisms, in-
cluding other fishes (New et al. 2001), as well as
planktonic (Janssen et al. 1995), benthic (Janssen
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1990) and surface-dwelling (Bleckmann 1988) in-
vertebrates. As we decribe later, use of the lateralis
system to sense approaching predators has been
established in studies of larval fishes being at-
tacked by larger fishes. The ability of schooling
fishes to match the speed and maintain a distance
from neighbors within the school is partly depen-
dent upon input from the lateralis system (Pitcher
et al. 1976; Partridge and Pitcher 1980). It is also
likely that the water movements created during
courtship, and aggressive interactions among in-
dividuals may be sensed by the lateralis system
(Satou et al. 1991). The lateralis system can also
be used for hydrodynamic imaging, in which the
location of objects, including inanimate ones, is
determined by the patterns of water flow around
them (Hassan 1989). Finally, the low frequency
swimming motions of animals create a hydrody-
namic wake that may persist for several seconds
(Bleckmann 1991) and be used by predators to
locate prey (Dehnhardt et al. 2001). Regardless of
the task, it is important to recognize that fishes rely
on input from multiple sensory channels and that
probably no ecological interactions are mediated
entirely by neuromasts.

Development of Form and
Function

Most of what is known about the octavolateralis
system is based on the morphologically static
adult condition whereby form and function rela-
tionships have been understood, in part, from
comparisons of species that differ in morphology.
Little of the adult sensory anatomy is present in
larvae at hatching. Sensory anatomy develops
gradually, implying that sensory capabilities are
poor at hatching and improve steadily, at least
until the sensory systems are complete. By exam-
ining changes in form and function during devel-
opment within a species, larval fishes can be used
as a natural experiment to ascertain the role of
different structures without the confounding ef-
fects inherent in cross-species comparisons. By
comparing species, it is possible to gain a better
understanding of general trends as well as the eco-
logical basis for variation in design of the system.
The dynamic nature of development requires that
comparisons of larvae be made at comparable
stages of development. We use the ontogenetic
index devised by Fuiman (1994) as the metric for
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interspecific comparisons of developing fishes,
where

_ logTL

= x 100
logTL,,, :

L

Mathematically, this is equivalent to the loga-
rithm of total length (TL) in base TLjuv (i.e., logTLjuv
(TL)), therefore it does not matter whether natural
logarithms or base-10 logarithms are used in the
calculation. This formulation expresses the onto-
genetic state (O,) of an individual as a percentage
of its total ontogenetic period. It recognizes that
TL is a better indicator of an individual fish’s
ontogenetic state than age (Fuiman et al. 1998)
and that the rate of ontogenetic change within a
species is roughly logarithmic (faster relative to
TL early in the larval period than later). Scaling
body size to the size at which a species becomes a
juvenile (TLjuv) creates a common scale upon
which multiple species can be compared. Thus,
each species’ developmental period fills one loga-
rithmic cycle. In this paper, we use the size at
complete squamation for TL,,. whenever possible.
For reference, the ontogenetic index takes a value
of 100 at complete metamorphosis (complete
squamation), and the value at hatching varies
widely among species but is often approximately
25 for typical marine fish larvae and 50 for fresh-
water larvae.

Auditory System
Anatomical development

While the timing of ear development varies be-
tween species and is dependent upon tempera-
ture, food, and other environmental variables, even
within a species (Higgs et al. 2002), available stud-
ies indicate that the pattern of ear development is
highly conserved among species (Thornhill 1972;
Waterman and Bell 1984; Sokolowski and Pop-
per 1987; Vandewalle et al. 1990; Becerra and
Anadon 1993a, 1993b; Haddon and Lewis 1996;
Pankhurst and Butler 1996; Salem and Omura
1998a, 1998b; Bang et al. 2001; Bever and Fekete
2002). The molecular controls of this process are
beyond the scope of this review but are ably re-
viewed by Whitfield et al. (2002). The ear forms
from the otic placode, one of several bilaterally
paired localized thickenings of the dorsolateral
embryonic ectoderm. Soon after formation, the
placode grows into a solid ball of cells. Cells in
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the interior of the placode begin to migrate out-
ward, leaving an empty space in the middle to
form the lumen (Thornhill 1972; Haddon and
Lewis 1996). This formation by cavitation is dif-
ferent from the process in birds and mammals,
which form a lumen by invagination of the epi-
thelial sheet first into a cup and then a lumen
(Fritzsch et al. 1998). After a period of vesicle
growth, protrusions grow from the wall of the
lumen, eventually spanning the lumen to form
three pillars of tissue. The space surrounding each
pillar becomes a semicircular canal. Before the
semicircular canals are complete, hair cells, sup-
porting cells, and innervating neurons begin to
develop. Sensory epithelial areas form from
thickenings of the otic epithelium early in de-
velopment. They are connected in one sheet, the
macula communis. Within the macula commu-
nis, hair cells form as discrete, separated patches,
one anterior (the presumptive utricular macula)
and one posterior (the presumptive saccular
macula). The epithelium within the sensory
patches becomes stratified, with hair cell nuclei
more apical and supporting cell nuclei more basal
(Becerra and Anadén 1993b; Haddon and Lewis
1996). Once the first two auditory maculae have
formed, the cristae of the semicircular canals
form, with hair cells being clearly evident
(Waterman and Bell 1984). Much later in devel-
opment (many days posthatching), the lagena
forms as an out-pocketing of the saccule
(Sokolowski and Popper 1987; Haddon and
Lewis 1996; Bever and Fekete 2002).

Addition of hair cells from basal cells in the
sensory maculae continues throughout life. While
few studies have quantified teleost hair cell num-
bers during development, some trends are evident
(Figure 2). Hair cell addition in the saccule fol-
lows a similar function in all fish species exam-
ined to date, as well as in the macula neglecta
(another type of sensory epithelium) of thornback
ray Raja clavata (Corwin 1983). Thus, hair cell
addition seems to track the growth of the fish, so
that, within species, a larger fish will have more
hair cells, although the number of hair cells dif-
fers between species for a given ontogenetic state
(Figure 2). Unlike mammals (Ruben 1967), if the
hair cells in the fish ear are damaged or destroyed,
they can be replaced for the life of the animal
(Corwin 1981, 1983; Popper and Hoxter 1984;
Lombarte and Popper 1994; Higgs et al. 2002).
When hair cells are added during the embryonic
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Figure 2. Hair cell addition to the saccule relative to
the ontogenetic index (O,) for zebra danio Danio rerio
(three studies, TLiuv = 12 mm), brown trout Salmo trutta

(TLJ.“v =51 mm), and oscar Astronotus ocellatus (TLJ.“v =

15 mm). ' Haddon and Lewis 1996; > Bang et al. 2001;
*Higgs et al. 2002, 2003; * Becerra and Anad6n 1993a;
> Popper and Hoxter 1984.

period, the ciliary bundles of new hair cells form
with a polarity different from that seen in adults
(Sokolowski and Popper 1987). Bundle polarity
changes to the adult pattern early in development,
but whether this is due to reorientation or replace-
ment remains unclear (Thornhill 1972; Sokolow-
ski and Popper 1987).

In the early stages of ear development, most
fish species start with two pairs of otoliths
(Haddon and Lewis 1996; Pankhurst and Butler
1996; Bang et al. 2001; Bever and Fekete 2002).
The more anterior of the two pairs becomes the
lapilli (utricular otoliths), while the posterior pair
becomes the sagittae (saccular otoliths). The
lagenar macula forms last (see below) and the
asterici (lagenar) are the last otoliths to form
(Haddon and Lewis 1996; Pankhurst and Butler
1996; Bang et al. 2001; Bever and Fekete 2002).
The relationship between otolith and somatic
growth, and the problems therein, have been re-
viewed elsewhere (e.g., Jearld et al. 1992; Hoff
and Fuiman 1993; Secor et al. 1995; Meekan et
al. 1998; Cieri and McCleave 2000). This rela-
tionship has been used in many studies to esti-
mate age and growth rates of wild fish (reviewed
by Secor et al. 1995). Less well characterized are
changes in otolith shape during development.
When first forming, all otoliths are roughly round
in shape, with little apparent difference between
species (e.g., Jearld et al. 1992; Brown et al. 2001;
Bever and Fekete 2002). During development,
otoliths typically lose their round shape via addi-
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tion of accessory growth centers, and they de-
velop species-specific shapes (e.g., Sogard 1991;
Brown et al. 2001). Some of these shape changes
may be matched to life history events such as
settlement (Jearld et al. 1992; Parmienter et al.
2002) or ontogenetic onset of characters, such as
notochord flexion or full vertebral ossification
(Brown et al. 2001). Unfortunately, there is little
information available on functional consequences
of these size and shape changes. It has recently
been demonstrated mathematically that changes
in otolith size might affect hearing abilities of
fishes (Lychakov and Rebane 2000), but this has
yet to be confirmed experimentally.

With respect to a developmental effect on
hearing ability, the best studied peripheral spe-
cializations are the auditory bullae of clupeoid
fishes (Figure 1). While the absolute timing of
bulla formation and inflation differs between
clupeiform species, the relative timing seems con-
served. The first structure to form is the pro-otic
bulla (Figure 1), first filled with gas at O, = 60-75
for Atlantic menhaden Brevoortia tyrannus and
bay anchovy (Hoss and Blaxter 1982; Higgs and
Fuiman 1996), but not until an O, = 80-85 in
Atlantic herring (Allen et al. 1976; Fuiman 1989;
Blaxter and Fuiman 1990). The pterotic bullae
develop much later. The swim bladder begins to
fill with gas after the pro-otic bulla fills (Allen et
al. 1976). Swim bladder inflation is probably not
important to functional aspects of hearing in this
group, as the hearing effect is directly caused by
sound waves vibrating the bullae, not being trans-
mitted from the swim bladder (Denton et al. 1979).

The development of the Weberian apparatus
of ostariophysan fishes has received some atten-
tion (Radermaker et al. 1989; Vandewalle et al.
1990; Bogutskaya 1991; Coburn and Futey 1996)
but more as an examination of skeletal develop-
ment than from an auditory perspective. The exact
embryological origins of different elements of the
Weberian ossicles remain unclear, although it is
not known if the confusion arises because of inter-
specific variation or because of differences in meth-
ods employed (Chardon and Vandewalle 1997).
Chondrification of individual Weberian elements
begins early in the larval period (mean size of first
appearance in cypriniforms about 6-8 mm stan-
dard length [SL]; Bogutskaya 1991; Coburn and
Futey 1996), but Weberian apparatus formation is
not complete until well into the juvenile period.
Ontogeny of the apparatus begins with the appear-
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ance of the anterior basidorsal and basiventral ele-
ments as extensions of the anterior vertebrae. In
the African catfish (also known as sharptooth cat-
fish) Clarias gariepinus and the barbel Barbus
barbus, the four main Weberian elements (scaph-
ium, intercalarium, tripus, and os suspensorium)
appear to form as one unit (Rader-maker et al. 1989;
Vandewalle et al. 1990), but in other species, the
four units form separately and fuse once formed
(Bogutskaya 1991; Coburn and Futey 1996). Re-
gardless of the pattern observed, the four main ele-
ments do not connect to the ear and swim bladder
until the juvenile period (Radermaker et al. 1989;
Vandewalle et al. 1990; Bogutskaya 1991; Coburn
and Futey 1996), thus probably limiting their role
in hearing transduction until the elements have at
least some contact with the ear (Higgs et al. 2003).

Larval performance levels

THrRESHOLDS.—There are few published studies of
the physiological response of the ear to stimuli
during development in fishes. Existing studies
can be divided into three types (Figure 3): those
that show a clear increase in sensitivity with de-
velopment (Corwin 1983; Kenyon 1996), those
that show no change in sensitivity with develop-
ment (Popper 1971; Higgs et al. 2002, 2003), and
those that show inconsistent and small changes
in auditory sensitivity with development (Iwa-
shita et al. 1999; Wysocki and Ladich 2001). Be-
cause of differences in techniques and species
used, it is best to discuss each type of study sepa-
rately before looking for common patterns.

The two studies showing clear changes in
sensitivity with development used very different
techniques and species but obtained similar re-
sults. Using an isolated ear of the thornback ray,
Corwin (1983) recorded physiological responses
from the ramus neglectus (nerve innervating the
macula neglecta) to vibratory stimuli of different
frequencies. Corwin (1983) showed a clear de-
crease in threshold (increased sensitivity) with
size (13.5-97 cm TL; O, = 130-200) across all
frequencies tested, with an almost 60-dB drop in
threshold at the best frequency of 70 Hz (Figure
3). This increase in sensitivity was correlated with
an increase in hair cell number and convergence
of hair cells onto afferents in the macula neglecta
sensory epithelium. A similar decrease in thresh-
old across all detected frequencies was found in
bicolor damselfish Pomacentrus partitus using a
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Figure 3. Developmental changes in threshold to fre-
quencies of best sensitivity in Danio rerio (TLjuv =20
mm), Carassius auratus (TLjuv = 15 mm), red seabream
(also known as madai) Pagrus major (TLjuv = 10 mm),
Pomacentrus partitus (TLjuv = 10 mm), croaking gourami
Trichopsis vitatta (TLjuv = 20 mm), and thornback ray
(TL,,, = 100 mm). "'Higgs et al. 2002, 2003; 2 Popper
1971; 3 Iwashita et al. 1999; * Kenyon 1996; > Wysocki
and Ladich 2001; ® Corwin 1983.

conditioned behavior paradigm (Kenyon 1996).
Examining four size-classes of juveniles (from 12
to 38 mm SL; O, = 94-130) and one size-class of
adults (>45 mm SL), Kenyon (1996) showed a
consistent increase in sensitivity with develop-
ment across all frequencies tested, with a 50-dB
sensitivity decrease at the best frequency of 500
Hz (Figure 3). While morphological development
was not examined, the changes in sensitivity fit a
von Bertalanffy growth curve, which led Kenyon
(1996) to suggest that a simple growth function,
such as increasing hair cell numbers, could ex-
plain the changes seen in sensitivity.

The three studies showing no change in sen-
sitivity with development were all done on one
family of fish, Cyprinidae. Popper (1971) used
avoidance conditioning to examine thresholds in
goldfish of two size-classes: 4548 mm SL (mean
O, = 140) and 110-120 mm SL (mean O, = 175).
There was no difference in threshold of these two
size-classes across the range of frequencies tested
(100-2,500 Hz; Figure 3), and the two averaged
audiograms were virtually identical (Popper
1971). As pointed out by Kenyon (1996), larger
goldfish in Popper’s (1971) study tended to have
slightly lower mean thresholds at frequencies be-
tween 100 and 1,000 Hz than the smaller fish, but
the threshold ranges of these groups were over-
lapping, so the slight differences in means were
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probably not real. Higgs et al. (2002) obtained
similar results for juvenile and adult zebrafish
(also known as zebra danio), using the auditory
brainstem response (ABR). There was no differ-
ence in auditory threshold or bandwidth in this
species between 25 and 50 mm total length (TL;
O, = 130-155; Figure 3), despite significant in-
creases in hair cell number. Examination of audi-
tory performance over a broader developmental
range (10-50 mm TL; O, = 98-155; Figure 3) did
show changes in auditory bandwidth but not in
sensitivity (Higgs et al. 2003). Larvae as small as
10-13 mm TL (O, = 98-103) could detect pure
tones of 100 and 200 Hz with no differences in
sensitivity from adults. As larvae developed, there
was a significant improvement in auditory band-
width (with maximum frequency expanding from
200 Hz in 10-13-mm-TL larvae up to 4,000 Hz in
animals larger than 25 mm TL) but no change in
threshold at which animals responded to the tone
(Higgs et al. 2003). This increased bandwidth
coincided with development of the Weberian os-
sicles, suggesting that once sound is transmitted to
the ear by the developing ossicles, ears of larvae
and adults are equally adept at sound detection.
Two other studies have shown less consistent
differences in physiological measures of auditory
performance with development. Iwashita et al.
(1999) used conditioned avoidance behavior to
examine audiograms of red seabream 0-2 years
old and compared the data to a previous report for
3-year-old bream (O, = 130). Red seabream showed
a decrease in threshold with age from 0O to 2 years
old (mean O, = 95-115) for stimulation frequen-
cies between 100 and 500 Hz, but an increase in
threshold with age below 100 Hz and no differ-
ences above 500 Hz. Two-year-old bream (O, =
115) were more sensitive than 3-year-old fish from
100 to 500 Hz, and there appeared to be no sig-
nificant change in threshold at the best frequency
of 400 Hz (Figure 3). A similar mixed result has
been found in the croaking gourami (Wysocki and
Ladich 2001). Using ABR in fish of three size-
classes (20-25.5 mm TL, O, = 100-108; 26-31.5
mm TL, O, = 109-115; and 32-51.5 mm SL, O, =
115-132), Wysocki and Ladich (2001) reported
an ontogenetic increase in sensitivity to tones
between 800 and 2,500 Hz, with no differences
between size-groups at frequencies of 100-600
Hz, nor 3,000-5,000 Hz. There was a slight
change in sensitivity at the best frequency of
2,000 Hz (Figure 3). When comparing their re-
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sults to those of a previous study on adult
gouramis, however, there was an ontogenetic in-
crease in sensitivity only from 800 to 1,500 Hz,
and adult fish were the least sensitive group at
frequencies above and below this range (Wysocki
and Ladich 2001). Finally, a similar mixed result
has been found for clownfish (also known as
saddle anenomefish) Amphiprion ephippium (S.
Simpson, University of York, personal communi-
cation). Clownfish larvae show changes in audi-
tory sensitivity, using ABR with development, but
the sensitivity increase varies dependent upon
frequency.

With so few studies available, it is difficult to
identify and discuss broad trends in physiological
sensitivity. Moreover, most of the existing data are
for early juvenile or very late larval stages. Clearly,
more examination of this question in other species
and at earlier ontogenetic stages is required. The
studies that show a clear change in sensitivity with
ontogeny (Corwin 1983; Kenyon 1996) were con-
ducted on hearing generalists, while those studies
showing no change in sensitivity (Popper 1971;
Higgs et al. 2002, 2003) were conducted on
Ostariophysans, a group with a specialization for
conducting sound to the ear. Higgs et al. (2003)
speculated that development of the sound-conduct-
ing pathway (Weberian apparatus) in zebrafish
works much like the development of the middle
ear in mammals and birds. As the Weberian appara-
tus develops and becomes more connected, higher
frequencies can be transmitted to the ear. Unlike
mammals and birds, however, once these frequen-
cies reach the ear, the sensory epithelium is just as
sensitive in larvae as in adults. More work must
still be done to settle this question.

BEHAVIOR.—Behavioral study of the ontogeny of
hearing begins and ends largely with the work of
Blaxter and collaborators. Thus, the Atlantic her-
ring has received most research attention. As in
other clupeoids, adult Atlantic herring have gas-
filled auditory bullae directly connected to the
utricular sensory epithelium (Allen et al. 1976;
Denton and Gray 1979). Atlantic herring larvae
hatch without a bulla. The bulla first forms around
18 mm TL (O, = 74; Blaxter and Batty 1985) but
does not fill with gas until 22-30 mm TL (O, =
80-85; Allen et al. 1976; Blaxter et al. 1981;
Blaxter and Batty 1985; Fuiman 1989; Blaxter
and Fuiman 1990). Various tests show that this
bulla inflation has dramatic effects on the audi-
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tory performance of Atlantic herring larvae. Us-
ing fine-scale visualization of the bullae and au-
ditory end organs, Blaxter et al. (1981) showed
that, before the bulla inflates, there is no displace-
ment of the perilymph by pressure waves. After
the bulla fills with gas, however, pressure waves
at frequencies of 30—4,000 Hz cause obvious de-
flections in the bullar membrane and the utricular
epithelium, demonstrating the importance of the
bullae to hearing. Blaxter et al. (1981) also
showed that a gas-filled bulla is necessary to elicit
startle responses by sound stimulation. Similarly,
Blaxter and Batty (1985) never saw startle re-
sponses in Atlantic herring larvae without a bulla
and only saw one startle response to auditory
stimulation in a larva with a liquid-filled, but not
a gas-filled, bulla. Using a more natural stimulus
(an attacking fish), Fuiman (1989) and Blaxter
and Fuiman (1990) found a dramatic increase in
responsiveness coincident with the onset of bulla
inflation in Atlantic herring, although this result
may have been due to the connection between
the bulla and the cephalic lateral line system. Fi-
nally, Blaxter and Hoss (1981) tested hearing in
larvae before and after experimentally bursting
the auditory bullae. While they saw no clear on-
togenetic trends in auditory sensitivity in Atlan-
tic herring larvae, they found a dramatic increase
in threshold (decrease in sensitivity) after the au-
ditory bullae were ruptured. Taken together, these
studies show the importance of an ontogenetic
change, bulla inflation, to hearing performance.
Fuiman et al. (1999) also showed an ontogenetic
increase in responsiveness of red drum Sciaenops
ocellatus larvae to a 500-Hz tone burst, but did
not associate it with any specific developmental
changes in auditory morphology.

While it is generally assumed that develop-
ment of auditory performance has important im-
plications for larval ecology, ecological aspects
of auditory development have only been care-
fully examined in the context of recruitment of
larvae to coral reefs. In the last few years, there
has been increased interest in the question of
whether pelagic fish larvae use sound to locate
and settle on reef habitats. Playback of recorded
reef sounds results in significantly higher catches
of some reef species (primarily Fosterygion sp.)
in nearby light traps, but does not affect the catch
of pelagic nonreef species, such as pilchard
Sardinops neopilchardus (Tolimieri et al. 2000).
Reef fish larvae (Fosterygion sp.) also show di-
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rectional responses to reef sounds in controlled
field experiments, moving toward the sound at
night and away during the day (Tolimieri et al.
2002), perhaps to ensure settling on the reef only
at night when vulnerability to predators would
be expected to be reduced. Free-swimming dam-
selfish (also known as blackfin chromis) Chromis
atripectoralis larvae show directional responses
to reef sounds but not white noise (artificial, broad
band sounds; Leis et al. 2002). Thus, it is clear
that larvae can detect reef sounds and that sounds
emanating from the reef are a potent potential cue
for settlement, although the actual use of sound
as a settlement cue remains to be conclusively
proven.

Lateralis System
Anatomical development

The general pattern of morphogenesis that gives
rise to the lateralis system of most fishes has been
described by Lekander (1949), Blaxter (1987),
Northcutt et al. (2000), and others. The general
consensus is that the lateralis system, both
neuromasts and nerves, originates from dorsolat-
eral ectodermal placodes located behind the eye
(Northcutt 1997), although at least one report sug-
gests that they originate from neural crest cells
(Collazo et al. 1994). The anterior-most placode
branches and elongates to form sensory ridges that
surround the eye, ultimately forming the supraor-
bital and infraorbital lines (ultimately canals) and
anterior superficial lines. A second placode ante-
rior to the otic placode elongates into sensory
ridges that produce the preopercular and man-
dibular lines. Placodes on either side of the otic
placode give rise to the otic and postotic seg-
ments of the trunk canal and nearby lines of su-
perficial neuromasts. A slightly posterior placode
and sensory ridge produces the supratemporal se-
ries. The most posterior placode migrates caudally,
ultimately traversing the length of the trunk.
Under these placodes and sensory ridges,
neuroblasts appear that ultimately differentiate
into ganglionic neurons. Peripheral processes
contact the placode where rosette-shaped clus-
ters of cells form neuromast primordia along the
midline of the sensory ridge. Neuromasts erupt
through the ectoderm, and their cupulae (Figure
4) are secreted by supporting cells within the
neuromast (Northcutt 1997). Blaxter (1987) stated
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that neuromasts of the superficial lines (i.e., those
that do not ultimately become part of a canal se-
ries) differentiate secondarily from neuromasts of
direct placodal origin. But, all superficial
neuromasts may not have a common origin. A re-
cent study of zebra danio provides details of how
superficial lines in the trunk originate from the
budding of founder neuromasts that have migrated
from the main trunk line (Ledent 2002).

These developmental changes begin in the
embryonic period, and even altricial fish larvae
typically have a small number of neuromasts
when they emerge from the egg. For example, the
Japanese flounder (also known as olive flounder)
Paralichthys olivaceus hatches at 2.5 mm TL (O,
= 31) with a single pair of otic neuromasts
(Kawamura and Ishida 1985), and red sea bream
hatches at 2.2 mm TL (O, = 34) with four to seven
pairs of neuromasts on the head and trunk
(Okamoto et al. 1982). There may even be one or
more neuromasts in the dorsal finfold at hatch-
ing, as in some sciaenids (Figure 4). In most cases,
the more ontogenetically advanced a larva is at
hatching, the more neuromasts it has. Ayu
Plecoglossus altivelis hatches at 6.4 mm TL (O, =
49) with 7 pairs of neuromasts on the head and 19
pairs on the trunk (Mukai et al. 1992). Chum
salmon Oncorhynchus keta has 29 cephalic and
48 trunk neuromasts when it hatches at 20 mm TL
(O, = 84) (Disler 1960).

Proliferation of superficial neuromasts is a
gradual process that occupies much of the larval
period (Disler 1950; Peters 1973; Figure 5). Gener-
ally, as sensory ridges elongate and placodes mi-
grate, neuromasts differentiate individually, but not
in sequence along the ridge. For example, the main
trunk series develops from head to tail, but it does
so in successive waves. In the first wave, four or
five neuromasts are deposited along the trunk, each
separated by several myotomal segments. Succes-
sive waves deposit intervening neuromasts (Ledent
2002) until there is one neuromast per myomere in
the main trunk line (Figure 4; Webb 1989a;
Northcutt et al. 2000). Finally, more neuromasts
appear, forming vertically aligned doublets or trip-
lets along the main trunk line (Poling and Fuiman
1997). Assuming that these neuromasts are func-
tional when they appear, this pattern of prolifera-
tion would establish a spatial array of receptors
and hence greater functionality earlier than if the
neuromasts developed sequentially down along
the body in a single wave.
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cupulae

19.7 mmTL, O = 93

Figure 4. Photo: Dorsal view (anterior to the left) of the caudal peduncle of a larval red drum (6.4 mm TL),
showing projecting neuromast cupulae. Drawings: Proliferation of superficial neuromasts (represented by dots)
during development of spotted seatrout Cynoscion nebulosus. Sizes and ontogenetic state values refer to the distribu-
tion of neuromasts; drawings of fish only approximate these values. (Photo by B. Sarkisian. Drawings modified from

Hildebrand and Cable 1934).

Neuromasts of the supraorbital and infraor-
bital series are among the first to appear in most
species. Soon thereafter, the initial trunk
neuromasts erupt, followed by the remaining pre-
sumptive canal neuromasts (Figure 4). The rate
of addition of neuromasts is generally constant
within a species, relative to ontogenetic state
(O,) or the logarithm of TL (correlation coeffi-

cient, r = 0.81-0.99 with a median of 0.96 for 24
species), but there are differences between spe-
cies. Our analysis of published data for 24 spe-
cies of freshwater and marine larvae reveals a
compact group of 13 species with a relatively
slow rate of neuromast proliferation. Their first
neuromasts appear when the species is 20-50%
developed (Figure 5). Another group of species
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Figure 5. Proliferation of neuromasts during ontogeny in 24 species of marine and freshwater fish larvae. Four
panels on left show increase in total number of neuromasts (one side of body) for representative species. Larger plot
(right) shows regression statistics, expressed in terms of development, for all 24 species. Rate of neuromast prolifera-
tion is the slope of the regression of total neuromasts against ontogenetic index (O,). O, at appearance of first
neuromast was calculated for each species from the same regression (i.e., O, when y = 1). Species and data sources are:
Anc — Anchoa mitchilli, Higgs and Fuiman 1998b; Ang — Japanese eel Anguilla japonica, Okamura et al. 2002; Atr —
white seabass Atractoscion nobilis, Margulies 1989; Bre — Brevoortia tyrannus, Higgs and Fuiman 1998b; Clu - Clupea
harengus, Blaxter et al. 1983; Cyn — Cynoscion nebulosus, Poling and Fuiman 1998; Dan — Danio rerio, Ledent 2002;
Eig — glass knifefish Eigenmannia virescens, Vischer 1989; Gna — willow shiner Gnathopogon elongatus caerulescens,
Mukai and Kobayashi 1995; Har — Harengula jaguana, Higgs and Fuiman 1998b; Leu — Eurasian dace Leuciscus
leuciscus, Lekander 1949; Mic — Atlantic croaker Micropogonias undulatus, Poling and Fuiman 1998; Onc —
Oncorhynchus keta, Disler 1960; Oxy — marble goby Oxyeleotris marmoratus, Senoo et al. 1994; Pag — Pagrus major,
Okamoto et al. 1982; Par — Paralichthys olivaceus, Kawamura and Ishida 1985; Ple — plaice Pleuronectes platessa,
Harvey et al. 1992; Rho — greenback flounder Rhombosolea tapirina, Pankhurst and Butler 1996; Sar — Sardinops
melanostictus, Matsuoka 2001; Sci — Sciaenops ocellatus, Poling and Fuiman 1998; Sco — turbot Scopthalmus
maximus, Neave 1986; Sol — sole Solea solea, Harvey et al. 1992; Tri — Japanese dace Tribolodon hakonensis, Mukai

and Kobayashi 1994; Zac — freshwater minnow Zacco platypus, Mukai and Kobayashi 1994.

develops neuromasts very rapidly, but species
within that group vary in the ontogenetic state
at which the first neuromast appears (10-80%
developed). We are unable to see a phylogenetic
or ecological pattern in the distribution of spe-
cies among these groups. It would be interesting
to explore the functional or ecological conse-
quences of differing rates of neuromasts prolif-
eration.

Characteristics of individual neuromasts also
change during posthatching development. Newly
differentiated neuromasts may have a single or
very few hair cells, but the number of hair cells
per neuromast increases rapidly (Harvey et al.
1992; Mukai and Kobayashi 1994; Northcutt
1997; Okamura et al. 2002). Similarly, the size of
each neuromast, measured at the apical surface,
increases during the larval period (Mukai and

Kobayashi 1994; Okamura et al. 2002). Even the
cupulae increase in length during development,
for example, from 60 to 70 mm to 175-190 mm in
the knifefish Eigenmannia (Vischer 1989).

The last major developmental change to the
lateralis system is the formation of canals. Canal
formation begins when ectodermal ridges appear
on both sides of a series of presumptive canal
neuromasts, so that the neuromasts become con-
tained within a groove. The ridges gradually close
over the neuromasts but leave gaps that become
lateral line pores (although there may be multiple
neuromasts between pores, and not every
neuromast occurs directly between pores) (Vischer
1989; Webb 1989b; Northcutt 1997). In all spe-
cies where it is known, canal formation begins
late in the larval period, at O, of about 80 (range:
70-106 for 15 species reported in the literature).
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The first canals to form are the supraorbital and
infraorbital. Trunk canals begin to form some-
what later. It has been suggested that canals form
when larvae are large and fast enough that the
hydrodynamic boundary layer during routine
swimming is no longer sufficient to protect the
cupulae from overstimulation (Blaxter and
Fuiman 1989). An alternative explanation is that
canals do not develop earlier because their inside
dimensions would be too small to allow flow suf-
ficient to stimulate the enclosed neuromasts (Lara
1999).

Little is known about the development of the
few accessory structures that link the lateralis sys-
tem with the swim bladder. The lateral recess mem-
brane, which functionally links the canal system
to the ear and swim bladder, is capable of generat-
ing water movements in the canal of Atlantic her-
ring larvae when they are 26 mm TL (O, = 84)
(Blaxter et al. 1983). Developmental timing of
this feature is not known for any other clupeoids,
but it cannot effectively move water within lat-
eral line canals until the temporal lateral line ca-
nal closes. Nothing has been reported on the
development of the laterophysic connection
found in some chactodontid fishes (Webb 1998;
Webb and Smith 2000).

Larval performance

MEeTHODS.—Several approaches have been em-
ployed to examine the changing function of the
lateralis system through the larval period, each
with a different degree of convenience, sophisti-
cation, animal manipulation, and potential bias.
These approaches include associative studies that
relate ontogenetic changes in one or more
lateralis-mediated behaviors to the changing
morphology of the lateralis system, and manipu-
lative experiments that either alter the sensory
environment of larvae or ablate neuromast func-
tion mechanically or chemically. Associative stud-
ies use the gradual recruitment of new neuromasts
throughout the larval period and the late appear-
ance of canals and accessory structures as a natu-
ral experiment in which some degree of sensory
function is presumed absent in younger individu-
als because the necessary structures have not yet
differentiated. Often, these associations of perfor-
mance with morphology are made indirectly, by
interpreting new performance data in the context
of published studies of developmental morphol-

ogy. However, studies that combine direct obser-
vations of form and function are becoming more
common (Margulies 1989; Higgs and Fuiman
1996; Poling and Fuiman 1997).

Manipulative experiments have used vari-
ous stimuli and responses mediated by the
lateralis system, including artificial devices that
emit simplified sensory signals (an advancing
hand-held probe, suction or water jets from a pi-
pette, or an electronically controlled vibrating
sphere) and biological stimuli with realistic, but
very complex and variable, sensory characteris-
tics (prey or predators). Mechanical ablation of
neuromast function has been achieved by dis-
lodging cupulae (and possibly kinocilia and ste-
reocilia) with the turbulence created by vigorous
aeration (Blaxter and Fuiman 1989), scraping
the skin (Disler 1960; Coombs et al. 2001), or
inserting a thread into the lateral line canals of
larger fishes (Abdel-Latif et al. 1990; Janssen
1996). The obvious difficulty of applying physi-
cal damage to delicate fish larvae without unin-
tended impairments or death leaves chemical
methods as the more realistic approach for block-
ing neuromast function. Larvae can be placed
into solutions containing cobalt ions or an
aminoglycoside antibiotic, such as streptomy-
cin, gentamycin, neomycin, and kanamycin, to
inhibit hair cell transduction (Wersill and Flock
1964; Karlsen and Sand 1987). The effect of co-
balt and aminoglycosides can be reversed, mak-
ing these methods especially good for confirm-
ing the role of the lateralis system in a given
response. The action of both classes of chemi-
cals is antagonized by calcium, so their efficacy
in seawater, where calcium is very abundant, can
be problematic. Thus, higher concentrations of
cobalt or antibiotic are required in seawater.

When using chemical treatments, caution
must be exercised to guard against unwanted side
effects. Karlsen and Sand (1987) showed that long-
term exposure (1-2 weeks) to cobalt ions at 1
mmol/L. was lethal to fish, perhaps due to osmo-
regulatory dysfunction, and thus, recommended
Co? levels no higher than 0.1 mmol/L. Similar
toxicity results have been found for shorter term
Co?* exposure. Janssen (2000) reported that Co?*
concentrations of 2 mmol/L (the same as used in
earlier studies of lateral line function; Montgom-
ery et al. 1997; Baker and Montgomery 1999),
were toxic to fish by 17 h exposure. This led
Janssen to question the results of studies that used
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high concentrations of Co* to disrupt lateral lines,
due to general health effects. In the case of Mont-
gomery et al. (1997) and Baker and Montgomery
(1999), fish were exposed to cobalt for only 3 h,
and the behavior of treated fish was identical to
those with physically damaged superficial
neuromasts, suggesting that health effects of co-
balt treatment were not the main cause of patterns
seen. Such careful comparisons must also be made
by experimenters treating fish with aminoglyco-
sides. While there is no current evidence that
aminoglycosides affect transduction of hair cells
of the ear, that potential problem does exist
(Lombarte et al. 1993). In that regard, Janssen’s
(2000) warning is worth bearing in mind. When-
ever chemical treatment is used, careful observa-
tion is required to ensure that only healthy fish
are used for behavioral experiments. This is espe-
cially important when adapting doses previously
used in adult fishes for use on larval fishes, since
chemical concentrations recommended for large
fishes may not be safe for larvae (J. Janssen, Uni-
versity of Wisconsin, personal communication).

Several studies have drawn conclusions about
the function of the lateralis system in fish larvae
(and later life stages) based on the presumption
that all neuromasts are ablated as a result of brief
exposure to an aminoglycoside antibiotic. The
finding that gentamycin damages hair cells in
canal neuromasts, but not superficial neuromasts,
of an adult fish (Song et al. 1995) raises important
questions and may have serious ramifications for
these studies. Do other aminoglycoside antibiot-
ics (streptomycin, neomycin, kanamycin, etc.)
have the same differential effect on canal and su-
perficial neuromasts? Wersill and Flock (1964)
showed that streptomycin suppresses canal
neuromast responses, while Montgomery et al.
(1997) and Baker and Montgomery (1999) showed
that streptomycin treatment has the same effect as
superficial neuromast ablation, suggesting strep-
tomycin disrupts all lateral line function. Also,
since it is not the canals themselves that make
their neuromasts more susceptible to gentamycin
(Song et al. 1995), do presumptive canal
neuromasts have the same response to gentamycin
before canal formation? Differences in embryo-
logical origin and morphology (size, shape, num-
ber of hair cells) suggest that the two classes of
neuromasts are distinct even before canal forma-
tion. Depending on the answers to these two ques-
tions, it is possible that the antibiotic treatments
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that were intended to ablate all neuromasts in lar-
vae actually ablated only the presumptive canal
neuromasts and left the other neuromasts func-
tional. If so, the responses that were reduced or
eliminated in larvae by treatment with the antibi-
otic may have been mediated solely by presump-
tive canal neuromasts lying outside of canals.
Reinterpretation of prior experiments would be
premature at this time, but the implications of the
significant discovery of Song et al. (1995) must
be kept in mind.

The body of literature that contributes to our
understanding of the developmental changes in
form and function of the lateralis system is larger
than that for the auditory system. It is best sum-
marized from an ecological and behavioral per-
spective. The nature of the stimulus applied or
the response observed places each study in one of
four ecological contexts: rheotaxis, schooling,
feeding, and predator evasion.

RHEOTAXIS AND SCHOOLING.—Rheotaxis and school-
ing are behaviors that require a fish to maintain
position as water flows across its body and there-
fore have the potential to involve the lateralis
system. In rheotaxis, water flows past the fish at a
more or less constant velocity, whereas in school-
ing, water is accelerated by the swimming mo-
tions of nearby school members or by a fish’s own
changes in velocity. Therefore, the velocity sen-
sitivity of superficial neuromasts is appropriate
for rheotaxis, as suggested for adult fishes by the
experimental results of Montgomery et al. (1997),
and the sensitivity of canal neuromasts to water
accelerations is more appropriate for schooling
(Pitcher et al. 1976; Partridge and Pitcher 1980).

Rheotaxis in larvae has not received much
research attention. In both largemouth bass Mi-
cropterus salmoides and Nile tilapia Oreochromis
nilotica, rheotaxis appears to begin relatively
early in the larval period, at 2.5 and 5 d after hatch-
ing (Kawamura and Washiyama 1989). Striped
jack Pseudocaranx dentex larvae as small as 4.5
mm TL (O, = 44) exhibited positive rheotaxis in a
flow of 1.7 cm/s, but the response was not consis-
tent among individuals until they reached 6 mm
TL (O, = 53) (Masuda and Tsukamoto 1996).
Kawamura and Washiyama (1989) inferred that
rheotaxis requires functional superficial neuro-
masts because the response appeared after at least
some neuromasts were present on the skin, al-
though the authors did not describe the methods
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they used to determine the presence of rheotaxis.
Lateral line canals clearly are not necessary be-
cause rheotaxis occurs in all three species long
before canals form.

Some of the earliest research on the develop-
ment of form and function of the lateralis system
was conducted by Cahn and colleagues, who ex-
amined the relationship between schooling be-
havior and lateral line development in Atlantic
silverside Menidia menidia and inland silverside
M. beryllina. They observed that, during the lar-
val period, schooling stabilized once the larvae
were able to maintain position in a current and
when neuromasts became innervated and lateral
line canals began to form (Cahn and Shaw 1965;
Cahn et al. 1965). Specifically, schooling behav-
ior first appeared in larvae greater than or equal to
9 mm in length (O, = 84), the same stage at which
the grooves that precede closure of lateral line
canals on the head began to form. Cahn et al.
(1968) reported that some, but not all, neuromasts
were innervated by the time grooves formed, but
that all neuromasts in closed canals were inner-
vated. Cahn et al. (1965) suggested that a func-
tional lateralis system (which they believed
occurred when canals formed) is an accessory to
the visual system in control of schooling in fishes.

The work of Cahn and her colleagues is often
cited to support the notion that lateral line canal
system functionality is a prerequisite of school-
ing, even though the conclusion was based en-
tirely on associative observations and vaguely
described methods. Although it is true that both
schooling behavior and lateral line canals develop
relatively late in fishes, the association between
behavioral and morphological development is not
so precise. Atlantic herring and northern anchovy
Engraulis mordax form highly organized schools
as adults, and this behavior appears at lengths of
25-35 mm TL (O, = 83-91) for herring (Rosenthal
1968; Gallego and Heath 1994) and 13-15 mm
TL for anchovy (Hunter and Coyne 1982). In con-
trast, lateral line canals begin to form at 18 mm
TL in both species, which is O, = 74 for herring
(Allen et al. 1976; Hunter and Coyne 1982). A
study of the morphological development of sense
organs and corresponding behavioral changes in
two freshwater species, largemouth bass and Nile
tilapia, demonstrated that, in both species, school-
ing appeared before any lateral line canals devel-
oped but after the first superficial neuromasts
formed (Kawamura and Washiyama 1989).
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Many of these associative studies failed to
provide a definition of schooling or the criteria
used for determining when schooling was present.
This makes it difficult to compare studies because
they may have used different definitions. Masuda
and Tsukamoto (1999) greatly reduced the sub-
jectivity of determining whether a group of striped
jack larvae was schooling by measuring separa-
tion angle and interindividual distance. They
found that schooling appeared when larvae were
about 16 mm TL (O, = 82), much later than the
onset of rheotaxis (O, = 44) and about the time
that cephalic lateral line canals were complete (18
mm TL, O, = 85). They felt that the time lag be-
tween the onsets of rheotaxis and schooling was
not satisfactorily explained by development of
external sensory (or locomotor) structures, so they
reared a related jack species, buri Seriola
quinqueradiata, on a diet depleted of docosa-
hexaenoic acid (DHA) to impair normal develop-
ment of the central nervous system. Larvae reared
on the DHA-deficient diet failed to form schools
when they reached the size at which schooling
normally occurred, even though visually mediated
taxis (optokinetic response) developed as normal.
Based on these results, Masuda and Tsukamoto
(1999) suggested that, in striped jack larvae, taxis
operates through the peripheral nervous system,
whereas schooling behavior operates through the
central nervous system.

FEEDING.—The zooplankton and benthic inverte-
brates that comprise much of the prey of larval
fishes generate water disturbances as they move.
The relatively low frequencies of swimming move-
ments and the short distance over which this preda-
tor—prey interaction takes place are ideal for
involvement of the lateralis system.

Superficial neuromasts were implicated in
larval fish feeding based on experiments that used
the acidic properties of the anesthetic tricaine
methansulfonate (MS-222) to disrupt neuromast
cupulae in willow shiner larvae. Mukai et al. (1994)
found that neuromast cupulae were removed and
feeding success in the dark was reduced by treat-
ment with MS-222. The effect appeared to be
caused by the acidity of the anesthetic, as larvae
treated with buffered MS-222 (pH = 7.3) were sig-
nificantly more successful feeding in the dark than
larvae treated with unbuffered anesthetic (pH =
4.2). Regeneration of cupulae was complete after
about 24 h, and feeding success of larvae in the



134

dark improved steadily as the length of the regen-
erating neuromasts increased. The feeding re-
sponse might also be explained, however, by
recovery from the physiological effects of the
anesthetic or its acidity. These results also reveal
that acidic anesthetics, such as MS-222, may be
inappropriate for general use if lateral line func-
tion is necessary after the fish are revived.

There are anecdotal reports of fish larvae feed-
ing in darkness in the laboratory or collected in
the field late in the night with food in their guts.
The implication of these observations is that such
feeding was mediated by the lateralis system, as it
is in adult fishes (Janssen et al. 1995). Experi-
mental studies have confirmed this. Salgado and
Hoyt (1996) isolated sensory systems in fathead
minnow Pimephales promelas larvae and found
that larvae from 3 d posthatching (first feeding,
5.4 mm TL, O, = 51) to 7 d posthatching (about 7
mm TL, O, = 58) were able to feed in the dark and
did so more frequently on live prey (Artemia sp.)
than dead prey. Salgado and Hoyt (1996) indi-
cated that fathead minnows have neuromasts on
the head and body surface at hatching. Although
they did not describe the timing of canal devel-
opment, canals were probably not present in the
young larvae they studied. Jones and Janssen
(1992) found that mottled sculpin Cottus bairdi
larvae were able to locate moving prey (Artemia
sp.) in the dark unless their neuromasts were ab-
lated by streptomycin treatment. As canals
formed, the distance at which sculpins responded
to prey decreased, reflecting a decrease in sensi-
tivity of the lateralis system. This decrease in
sensitivity was assumed to be temporary; how-
ever, studies of adult sculpins have demonstrated
that biting and orienting responses are largely
meditated by canal neuromasts (Coombs and
Janssen 1989; Coombs et al. 2001). Using simi-
lar techniques, Batty and Hoyt (1995) found that,
although both sole and plaice were able to feed
on live copepods (Tigriopus sp.) in the dark, the
feeding rate of plaice was reduced in the dark,
while sole fed equally well under both condi-
tions. Streptomycin treatment resulted in signifi-
cantly reduced feeding activity in sole, but not
plaice. Interestingly, sole, and to a lesser extent
plaice, were able to feed in the dark without the
use of the lateralis system, presumably via
chemoreception. These studies were conducted
on recently metamorphosed flatfishes (19-21
mm TL, O, = 118-123).
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PrREDATOR EvAsiON.—Laboratory experiments have
shown that the responsiveness of fish larvae of
many species to attacks by predatory fishes im-
proves with development (Fuiman 1994). Fewer
studies have combined such experiments with
detailed analysis of the developing sensory sys-
tems. In one of the most comprehensive of these
studies, Margulies (1989) not only examined de-
velopment of the lateralis and visual systems in
white seabass, but also compared responsiveness
of larvae to attacks by different types of preda-
tory fishes. Adult northern anchovy attacked lar-
val seabass at relatively high speed, whereas
juvenile white seabass attacked larvae more
slowly and initiated their attack from a shorter
distance than anchovy. Responsiveness of seabass
larvae increased with development regardless of
the predator species. By comparing these obser-
vations with sensory development, Margulies
(1989) attributed the general ontogenetic increase
in responsiveness of larvae to an increase in the
number of superficial neuromasts and improve-
ments in the visual system. He suggested that re-
sponses by larvae less than 4.5 mm SL (O, = 55)
were mediated by superficial neuromasts because
visual acuity is poor at that stage and lack of gas
in the swim bladder would reduce auditory in-
puts. Margulies (1989) suggested that the increas-
ing responsiveness of seabass larvae greater than
5-7 mm SL (O, = 56-68) was due to improve-
ments of the lateralis and visual systems.

Margulies (1989) also found that responsive-
ness of smaller larvae was the same for both spe-
cies, but larvae greater than 7.5 mm SL (O, = 70)
were more responsive to attacks by juvenile
seabass than to attacks of the faster anchovy. He
attributed the higher responsiveness of larvae at-
tacked by juvenile seabass to the slower speed of
those attacks (giving larvae more time to respond).
Differences in the stimuli emitted by the two preda-
tor species may also have been important, espe-
cially if the juvenile seabass used suction and
adult anchovy did not. The importance of suc-
tion as a stimulus was evident in the data of Yin
and Blaxter (1987), who found that Atlantic her-
ring, Atlantic cod Gadus morhua, and flounder
(also known as European flounder) Platichthys
flesus larvae, prior to lateral line canal formation,
were more responsive to suction applied through
a pipette (in the light) than to the approach, and
even touch, of a hand-held probe.

Other studies have used a hand-held probe to
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elicit evasive responses in fish larvae, but with
the specific goal of determining the role of the
lateralis system in the response. Young Atlantic
herring, cod, and plaice larvae (8.6, 4.7, and 4.3
mm TL; O, = 55, 41, and 59) responded to an
advancing probe in the dark at distances of 1-3
mm from the probe (Blaxter and Fuiman 1989).
Treatment of larvae with streptomycin eliminated
these distance responses in all three species. Com-
parable methods applied to larvae of five other
species, two clupeoids (Higgs and Fuiman 1998a)
and three sciaenids (Poling and Fuiman 1999),
confirmed that the lateralis system contributes to
responses to an advancing probe in the dark.
These same three studies examined the on-
togeny of responses in the dark. Blaxter and
Fuiman (1989) found that responsiveness of At-
lantic herring larvae remained relatively constant
up to about 11.3 mm TL (O, = 62), but decreased
sharply at 13.2 mm TL (O, = 66). The distance at
which herring larvae responded decreased con-
tinually during development (prior to lateral line
canal formation), from about 3 mm at 9.7 mm TL
(O, =58) to 1-2 mm at 13.2 mm TL (Blaxter and
Fuiman 1989). The decreases in responsiveness
and reactive distance suggest an ontogenetic de-
crease in sensitivity for this species. In contrast,
data of Higgs and Fuiman (1998a) for Atlantic
menhaden and bay anchovy, and Poling and
Fuiman (1999) for spotted seatrout, Atlantic
croaker, and red drum showed that responsive-
ness remained constant or increased slightly
throughout the larval period in four of the spe-
cies. The exception was bay anchovy, in which
responsiveness decreased ontogenetically. Reac-
tive distance in the dark increased steadily dur-
ing development for all five species, increasing
from 1 to 2 mm in recently hatched larvae to 4-16
mm closer to metamorphosis, suggesting a strong
increase in sensitivity of the lateralis system. All
five species in which reactive distance increased
ontogenetically were among the group of species
characterized by a rapid rate of neuromast prolif-
eration relative to O,, and the only species with
decreasing reactive distance (herring) was in the
group of species that had a slow rate of neuromast
proliferation (Figure 5). This suggests that, since
O, directly reflects body size, neuromast density
(for example, number per unit body length or area)
has functional consequences for sensitivity (re-
active distance, but not responsiveness). Higgs
and Fuiman (1998b) provided data on ontoge-
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netic changes in neuromast density and suggested
the possibility that neuromast density, rather than
total number, may be functionally (and ecologi-
cally) important.

Despite the advantages of being able to con-
trol an artificial stimulus such as a hand-held
probe, a predator presents a much more complex
and variable suite of stimuli to which a larva may
respond. Nevertheless, it is possible to combine
selective sensory ablation with a natural stimulus
to come to a better understanding of the role of
the various senses in ecological interactions. At-
lantic herring are unusual in that for much of the
larval period (from hatching until O, = 85 or 27
mm TL) responsiveness to an attacking fish is very
low and constant (approximately 6%), after which
it increases abruptly, reaching 65% by O, = 89 or
32 mm TL (Fuiman 1989). Noting that this rapid
increase corresponded to the time when gas ap-
peared in the auditory bullae, Fuiman (1989) com-
pared the responsiveness of 32 mm TL larvae that
had gas in the bullae with that of a few 32 mm TL
larvae that still had not filled the bullae. Larvae
without gas in the bullae never responded to the
predator’s attack, whereas those with gas in the
bullae responded to 68% of attacks. Since the
bullae of clupeoids provide an indirect pathway
to both the ear and the lateralis system, imparting
pressure sensitivity to both systems, it was appar-
ent that the pressure component of the predator’s
approach might play a major role in triggering a
response, but it remained unclear whether the
lateralis system contributed to this sudden in-
crease in responsiveness.

Ablation of neuromasts with streptomycin
had no significant effect on responsiveness of
herring larvae to a predatory fish up to O, =74 (18
mm TL). At O, = 89 (32 mm TL), with gas-filled
auditory bullae and complete cephalic lateral line
canals, ablation of neuromasts resulted in respon-
siveness of 43%, as compared to 69% for control
fish of the same size (Blaxter and Fuiman 1990).
Further experiments on three size-groups of lar-
vae within the span of development in which the
bullae fill with gas and lateral line canals form
verified the role of the canal neuromasts. Respon-
siveness of larvae averaging 21.7 mm TL (with-
out gas in the bullae, O, = 90) was low (9-15%)
and unaffected by streptomycin. Slightly larger
larvae, which had gas in the bullae but no lateral
line canals (23.9 mm TL), also had low respon-
siveness (14%). Larger larvae (29.6 mm TL, O, =
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100), which had gas in the bullae and neuromasts
enclosed in cephalic lateral line canals, were sig-
nificantly more responsive (59%), unless the
neuromasts were ablated with streptomycin (21%).
Reactive distance to an attacking predator in the
light was short (2—4 cm) but considerably greater
than the reactive distance of most species to an
approaching probe in the dark. These results con-
firm that neuromasts within lateral line canals
mediate the response of Atlantic herring larvae to
an attacking fish (Blaxter and Fuiman 1990).

Conclusions and Needs for
Further Research

Our review of the developmental changes in mor-
phology of the peripheral components of the
octavolateralis system in fishes highlights a few
major ontogenetic patterns. In both the auditory
and lateralis systems, the number of end organs
(hair cells and neuromasts) increases gradually
throughout the larval period, roughly in propor-
tion to somatic growth. Accessory structures that
enhance each system’s function (swim bladder,
Weberian ossicles, auditory bullae, lateral line ca-
nals) develop late in the larval period. Published
studies provide evidence that these major ontoge-
netic trends in morphology have demonstrable
functional consequences. In some hearing gener-
alists, for example, auditory sensitivity increases
possibly as a result of the increasing number of
hair cells in the maculae. Sensitivity of the lateralis
system appears to be related to the density of
neuromasts. Species that exhibit a high rate of su-
perficial neuromast proliferation relative to somatic
growth achieve an increasing level of functional-
ity, whereas lateralis-system performance dimin-
ishes in at least one species with a low rate of
neuromast proliferation. In hearing specialists
(Cyprinidae, Clupeoidei), an expansion of audi-
tory bandwidth (but not sensitivity) coincides with
development of otophysic connections (Weberian
ossicles, auditory bullae).

Experimental studies indicate that the audi-
tory system, the lateralis system, or both play a
role in a variety of ecological activities of larval
fishes. Studies also verify the presumption that
the ontogenetic increase in sensory system com-
plexity expands a larva’s behavioral repertoire
and improves its ability to participate in ecologi-
cal activities and thereby withstand ecological
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challenges. For example, larvae respond better
to prey and predators as components of the octa-
volateralis system elaborate. There are prelimi-
nary indications that perception of sounds
emanating from reefs may enable planktonic reef
fish larvae to find their settlement habitat. Al-
though schooling is mediated primarily by vi-
sual cues, formation of lateral line canals appears
to improve coordination of school members.
Ecological interpretations of results from stud-
ies of octavolateralis function must always rec-
ognize that animals normally act on information
received simultaneously from multiple sensory
channels. Responses obtained under restricted
sensory conditions may be very different from
responses in nature, where more and different
types of information are available.

The two components of the adult lateral line
systems—superficial neuromasts and canal
neuromasts—have different response properties
and appear to subserve different ecological func-
tions. It is not clear, however, whether the differ-
ences in neuromast response properties exist in
larvae before canals enclose some of the neuro-
masts. That is, do the response properties result
from fundamental differences in the neuromasts
or differences in their environment (enclosed in
canals or not). By virtue of the fact that all
neuromasts in larvae are exposed on the epider-
mis until canals form, those neuromasts have been
called superficial neuromasts and assumed to func-
tion uniformly and in the same manner as the su-
perficial neuromasts in adult fishes. Differences
in embryological origin, morphology, and re-
sponse to pharmacological agents suggest that
there may be at least two distinct classes of
neuromasts. An important question is whether they
function differently before canals form. If so, a
new terminology, based on response properties,
will need to be applied so that the different classes
of neuromasts can be distinguished in larvae. One
immediate research need is to clarify the effects
of aminoglycoside antibiotics. It must be deter-
mined whether the differential effects of genta-
mycin on superficial and canal neuromasts (Song
et al. 1995) are characteristic of related com-
pounds and whether the same effects can be dem-
onstrated in earlier stages of lateralis system
ontogeny. Differences in methods of administer-
ing antibiotics also must be examined. Song et al.
(1995) bathed oscar cichlids in a 0.002% solu-
tion of gentamycin sulfate in freshwater for a pe-
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riod of 1-4 d and observed physical damage to
the apical cilia of canal neuromasts, but not su-
perficial neuromasts. Typical doses of streptomy-
cin used in studies of behavior in marine fish
larvae are necessarily higher (5-10 mmol/L, 0.73—
1.46%) but much more brief (2-5 min; Blaxter
and Fuiman 1989, 1990; Higgs and Fuiman 1996,
1998a; Poling and Fuiman 1997, 1999). The brief
exposures given larvae may produce only a gen-
eral physiological effect that may include hair
cells of all neuromasts (A. N. Popper, personal
communication).

While still challenging, it is now possible to
examine developmental changes in auditory and
lateral line systems with physiological recordings
(using the ABR technique). This line of research
should be pursued more vigorously in the future.
Examination of changes in sensory physiology
as structures develop can provide a great deal of
information on sensory capabilities in larvae and
the role discrete structures play in larval and adult
responses. Similar approaches have been con-
ducted in birds and mammals and have provided
useful insights into the function of different por-
tions of the auditory system and central circuitry
(e.g., Ehret and Romand 1981; Gray and Rubel
1985; Walsh et al. 1986; Dmitrieva and Gottlieb
1992). A similar approach in developing fishes
would more conclusively delineate the role of
sensory hair cell addition, swim bladder inflation,
and canal enclosure, for example, in the function-
ing of auditory and lateral line systems and their
integration. Coupling of physiological experi-
ments with behavioral trials would further increase
the utility of this approach. Differences seen be-
tween physiological and behavioral results can
ascertain whether there is a direct effect of struc-
tural development or if developmental changes
are more integrative in nature.

The majority of research on teleosts has ex-
amined either the acoustic or lateralis systems in
isolation. A few studies have examined devel-
opment of more than one system, but to our
knowledge, no research has yet been done on
the development of multi-modal sensory inte-
gration in fishes. An object of potential biologi-
cal relevance to a fish can simultaneously emit
visual, olfactory, auditory, mechano-sensory, and
even electrical cues. Each of these cues will im-
pinge on a fish simultaneously, causing the fish
to integrate information from a variety of sen-
sory receptors to decide whether the object is to
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be eaten, escaped from, mated with, or ignored.
Adult fishes clearly can integrate information
from multiple sensory modalities (Bastian 1982;
Schellart 1983; Schellart et al. 1987; New et al.
2001). The ontogeny of multi-modal sensory in-
tegration would have important implications for
larva survival and, therefore, recruitment, ecol-
ogy, and aquaculture. Until more effort is de-
voted to examining integration of information
from multiple sensory modalities, we will remain
ignorant as to how a larval fish perceives and
responds to its world.

Regardless of the approach taken, much more
attention must be paid to responses using natu-
ral stimuli, especially in the auditory system.
Artificial stimuli have been used with success to
tell us much about auditory and lateral line func-
tion, but it is difficult to extrapolate from these
laboratory studies to questions of ecological rel-
evance of auditory and lateral line capabilities.
The aquatic environment is inherently noisy,
both in terms of auditory and mechanosensory
stimuli, and yet fish are clearly able to extract
useful information from high levels of back-
ground noise. The mechanics of how the audi-
tory and lateralis systems extract signals from
noise have been examined using artificial
maskers and tones, but the ecological relevance
of this ability is still unclear. We suggest more
studies should be designed to, first, identify what
signals are of interest to fishes, second, how these
signals may differ in different habitats or between
species, and third, using these signals in labora-
tory and field studies to investigate how fish re-
spond to these signals. This will provide a more
realistic view of how fish interpret natural sig-
nals at physiological and behavioral levels to
interact with their environment.
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