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Video-tape recordings of prey-capture behaviour were
made to demonstrate that stargazers can detect and
capture prey in the dark and to determine the range of prey
movement velocities that resulted in prey capture.
Electrophysiological recording techniques were then used
to determine how an artificial source (a sphere), moving at
speeds within the range of recorded prey movement
velocities, was encoded by anterior lateral line nerve fibres
innervating the preopercular-mandibular canals on the
head. A vibrating sphere was also used to measure
frequency–response characteristics to determine the
bandwidth of response and fibre origin (type of neuromast
and location). In order to measure the relevant stimulus
parameters likely to govern neural responses, the pressure-
gradient pattern produced by the moving sphere was
characterised with a pair of miniature hydrophones
separated by approximately the same distance as head
lateral line canal pores on stargazers. At least four different
features of neural response patterns, including direction-

dependent changes in the overall envelope of the firing rate
pattern, could be predicted on the basis of measured
pressure-gradient patterns. The dominant features of both
the pressure-gradient and neural response patterns were
produced by the wake behind the moving sphere, but
behavioural observations indicated that stargazers were
responding to the bow of an approaching prey, rather than
its wake. Although the form of the wake behind the moving
sphere is unlikely to be a good match for the stimulus
mediating prey detection, these results clearly establish
that pressure-gradient patterns are good predictors of
neural response patterns. Thus, similar measurements of
pressure-gradient patterns produced by more biologically
relevant sources can be used to predict peripheral lateral
line responses and stimulus features likely to be of key
importance.

Key words: teleost, lateral line, peripheral encoding, stargaz
Leptoscopus macropygus, Genyagnus monopterygius.
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Fish have a mechanosensory lateral line which they use
monitor their hydrodynamic environment. One of the ma
functions of the lateral line is to detect the weak flow fiel
produced by the movements of other animals (Montgomeryet
al. 1995), including conspecifics (Partridge and Pitcher, 198
Satou et al. 1987, 1994a,b) and prey (Enger et al. 1989;
Hoekstra and Janssen, 1985; Montgomery, 1989; Montgom
and Milton, 1993).

Much of our understanding of how the lateral line syste
encodes subsurface flow fields comes from studies in wh
sinusoidally vibrating spheres (dipole sources) were used
characterise the response properties of peripheral lateral 
nerve fibres (e.g. Montgomery, 1989; Coombs and Janss
1990). Since spheres can be vibrated sinuosoidally at diffe
frequencies and since their flow fields can be easily measu
and mathematically modelled, these dipole sources 
particularly useful for a systems analysis of peripher
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mechanics, for determining the frequency–respon
characteristics of the system, to distinguish between superfi
and canal neuromast inputs, and for gaining a gene
understanding of peripheral physiology (e.g. Kroese a
Schellart; 1992; Montgomery and Coombs, 1992; Coombset
al. 1996).

Although simple dipole sources can elicit naturall
occurring feeding and orienting behaviours in some fi
(Hoekstra and Janssen, 1985; Coombs and Janssen, 1990)
artificial stimulus by no means represents the full range 
water motions likely to be biologically relevant to other, o
even most, fish. As Bleckmann et al.(1995) point out, moving
prey cause more complex hydrodynamic stimuli than d
stationary vibrating spheres and, thus, other more quasi-nat
stimuli, such as moving objects that can be manipulated a
controlled in the laboratory, may provide new and importa
insights into how biologically relevant information is encode
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by the lateral line system. In the present study, we use bo
standard dipole source and a sphere moving at cons
velocity to investigate how the lateral line system of stargaz
might encode moving sources, such as prey. In order
document the detection of moving prey by stargazers and
estimate some of the key features of prey movement t
initiate successful feeding behaviour, we first made so
preliminary observations of the feeding behaviour of stargaz
under infrared light. We then recorded the response of ante
lateral line nerve fibres innervating the head lateral line sys
to a moving sphere that approximated the size and rang
prey movement velocities observed during feeding behavio

Although peripheral and central lateral line responses
moving objects have been recorded in a number of differ
fish (the weakly electric fish Eigenmannia sp. Bleckmann and
Zelick, 1993; catfish Ancistrus sp. and goldfish Carassius
auratusBleckmann et al. 1995; Müller et al. 1996; Mogdans
et al. 1997), the present study differs from those in seve
respects. First, we have documented a biologically relev
context for the moving source in prey detection by stargaz
and have confined our measurements to the range of so
velocities likely to elicit feeding behaviour and to the part 
the lateral line system (head canal system) likely to be involv
in the behaviour. Second, we chose a sphere for our mov
source, rather than the rectangular-shaped objects use
previous studies, since the flow patterns around t
symmetrical source are relatively well known and, thus, mo
easily characterised and because spheres have also been
previously as vibrating sources to measure frequency–respo
characteristics. Third, we used a pair of miniatu
hydrophones, separated by approximately the same distanc
the head lateral line canal pores on stargazers, to measur
pressure gradient pattern produced by the moving sphere. 
approach has been used successfully in the past as a wa
measuring the relevant stimulus parameters for a dipole so
(Coombs et al.1996), and we use it here to determine wheth
the same simulus parameters are relevant for moving sour

In general, there will be a trade-off between choosing
stimulus that is complex but biologically relevant and one th
is simple enough to characterise adequately. Our choice
animal, stimulus and measurement approach provides a qu
natural context within which a well-characterised, b
somewhat artificial, stimulus can be used to examine periph
encoding in the lateral line system.

Materials and methods
Experimental animals

Animals were collected from the Whangateau estuary n
the Leigh Marine Laboratory, University of New Zealan
using SCUBA. Owing to limitations in animal supply
behavioural observations were made on the estuarine starg
(Leptoscopus macropygusRichardson), whereas physiologica
studies were conducted on the spotted stargazer (Genyagnus
monopterygiusBloch and Schneider).
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Behavioural methods

Estuarine stargazers were housed individually in indo
circular (1 m radius) tanks filled with sea water. The bottom 
each tank was covered with a 10 cm layer of sand to allow 
fish to bury themselves so that only their dorsal surface w
evident. Water depth was approximately 20 cm. Observatio
of feeding behaviour were made at night under infrar
illumination with an infrared-sensitive video camer
positioned above the fish. Several yellow-eye mull
(Aldrichetta forsteri 80–120 mm standard length, SL
15–20 mm maximum head width) were introduced into th
tanks as prey fish at random locations. The approach tracks
velocities of the prey and the position of the prey at the tim
of strike were determined from the video record. Prey positi
and orientation were first taken at the time of the strike, a
the video record was then reversed 10 frames at a ti
(=400 ms) to obtain the approach track of the prey. Approa
velocities were determined from the distance travelled in th
400 ms period. The relatively shallow water depth, vertic
camera position and limited field of view meant that swimmin
motions were essentially confined to and measured in 
horizontal plane.

Stimulus generation and measurement

For the moving source used in physiological studies,
plastic sphere (7.5 mm radius) was mounted on the end o
rigid shaft, 10 cm long and 3 mm in diameter. The shaft w
attached to the arm of an x–y plotter which moved the sphere
in a linear motion parallel to and along the length of the fis
A voltage ramp to the plotter drove the sphere over a to
range of 100–130 mm at a preselected speed.

The sound pressure associated with the moving source 
measured with a pair of miniature hydrophones (B&K 810
mounted together and centred on the range of movem
These hydrophones had a flat frequency response from 2
5000 Hz. The acoustic centres of the hydrophones (1 cm
diameter each) were separated by 11 mm, within the range
measured interpore distances on the preopercular-mandib
canals of the stargazers used in physiological experime
This separation distance was used so that we could mea
the pressure differences expected across pore pairs on
preopercular-mandibular canal of the stargazer. Press
gradient measurements are predicated on the assumptions
(1) there is a single neuromast between every two pores on
canal and (2) the response of each neuromast (and affe
fibre) to fluid motions inside the canal is proportional to th
outside pressure gradient across the two pores. Measurem
were made with three different orientations of the hydropho
pair: parallel, orthogonal and 45 ° relative to the axis of sour
motion. Measurements were made in the physiological t
tank at the same location as the fish, but in the absence of
fish. All other stimulus conditions were maintained identical 
those used in physiological experiments. The time wavefor
of the hydrophone outputs were averaged across eight stim
cycles (fore and aft movement of the sphere), digitis
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Fig. 1. Approach trajectory of prey during successful strikes by
estuarine stargazers. The predator is buried in the sand with only the
anterior dorsal part of the body exposed (head only shown). The
arrows represent the position and the orientation of the prey. The tip
of the arrow is at the snout of the prey and the base of the arrow is at
the back of the prey’s head (mid-dorsal line above the operculum).
Arrows are shown at 400 ms intervals. The strike occurred when the
prey was located at the position of the last arrow.
(1000 Hz sampling rate) and used to compute the fin
averaged time waveform of the pressure differences betw
hydrophones.

For frequency–response analyses, a 4 mm radius bead 
attached to a minishaker (Ling Dynamic Systems, model 2
driven by a power amplifier with input connections from th
D/A output of a Labmaster interface card in a PC comput
The bead was vibrated sinusoidally at different frequenc
with the edge of the bead approximately 4–6 mm from the s
surface. The axis of vibration was in a dorso-ventral directio
but parallel to the surface of the fish. The stimulus seque
was computer-generated to maintain a constant maxim
acceleration over a range of frequencies between 7.4 
208 Hz. The order of stimulus presentation was from hi
frequencies to low frequencies in three series (208–13
167–10.4 Hz, 119–7.4 Hz). In each stimulus series, the dura
of the stimulus was held constant such that the number
stimulus cycles ranged from 400 at the higher frequencies
25 at the lower frequencies. The computer-genera
waveform took the response dynamics of the minishaker i
account. Correct calibration of the system was confirmed 
recording the motion of the bead with an optoelectron
movement detector (PIN-Sc/10D photodetector, Unit
Detector Technology).

Physiological methods

Before and during surgery, individual spotted stargaze
were anaesthetised in 0.001 % MS-222 dissolved in sea wa
To immobilise fish, a hole was drilled into the upper spin
cord canal and the cord was pithed with a flexible plastic r
The drill was also used to open the dorsal cranium to exp
the brain. For ethical reasons, the fish was then decerebr
by transection of the forebrain between the diencephalon 
the telencephalon. The head was held firmly in a holder, a
the fish was placed in an aquarium with the water level adjus
to just below the cranial opening. Fresh sea water in 
aquarium was filtered and circulated through a cooler, wh
maintained the water temperature at 18–19 °C. Afferent u
activity was recorded at least 1 h after the transient use of M
222. Evoked responses were recorded with sha
(approximately 20 MΩ) glass electrodes filled with 4 mol l−1

NaCl placed in the intracranial portion of the ventral branch
the anterior lateral line nerve. Experiments were perform
under the authority of the Animal Ethical Committee at th
University of Auckland.

Evoked responses were analyzed in the following wa
Spike activity triggered standard 2 ms pulses from a wind
discriminator. The output of the window discriminator wa
then fed to the D/A input of the computer and used to gene
a distribution of spike counts according to the time 
occurrence during the entire period of stimulus presentati
Evoked responses to the moving sphere were based
peristimulus-time histograms (2 ms binwidth) for eac
movement direction, averaged over 20 repetitions 
movement in each direction. Frequency responses to 
vibrating sphere were based on period histograms (2
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binwidth) for each cycle of vibration, averaged over 
minimum of 25 cycles. Responsiveness to a given frequen
was described in terms of the probability of a spike occurri
at the same time (within a 2 ms bin) during the sinusoid
stimulus cycle. A perfectly phase-locked response, firing o
spike per cycle at the same time during the cycle generate
probability of 1. No response generates a probability that
typically less than 0.1, depending on spontaneous activ
Response probability at each stimulus frequency (presente
10–15 dB above threshold) was plotted as a function 
frequency to generate a frequency–response curve for e
fibre.

Results
Behaviour

Laboratory observations of estuarine stargazers un
infrared light revealed that these fish bury themselves in 
sand with only the anterior dorsal part of the body expose
Prey movements over, or near, the head initiate a rapid str
at the prey. These observations in combination with fie
observations of both estuarine and spotted stargazers indi
that both stargazer species are lie-in-wait predators with sim
prey-catching behaviour.

Eight successful strikes by two estuarine stargaze
(SL=345 and 360 mm) were analysed from video records, fo
of which are presented in Fig. 1. All successful strike
occurred when the prey approached from the front of t
predator and after the prey’s head had passed over the exp
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Fig. 2. Response waveform to the moving sphere from hydrophones 1 (H1) (A,D) and 2 (H2) (B,E) and the computed pressure difference
(H1−H2) (C,F) to the moving sphere. All three waveforms are plotted as a function of source position (distance from the starting point, 0 cm)
during the movement for forward (A–C) and backward (D–F) directions of motion. Elapsed time increases with distance along the x-axis of
A–C, but decreases with distance along the x-axis of D–F. Arrows along the x-axis indicate the positions of the hydrophones. Source velocity
12 cm s−1. Lateral distance of source from hydrophone pair 6 mm.
anterior edge of the stargazer as seen from above. 
pathlength covered by the prey over the top of the starga
(measured between the point at which the prey first inters
the anterior edge of the stargazer and the position of the 
snout at the time of strike initiation) was between 6 and 40 m
with a mean of 15 mm. Therefore, less than 40 % of the fis
total body length had passed over the stargazer’s head a
time of strike initiation. Approach velocities ranged from 7 
32.5 cm s−1 with a mean of 12.3±11.4 cm s−1 (mean ±S.E.M.,
N=7). Lack of resolution due to the dim infrared illuminatio
precluded more detailed analysis of the approach trajecto
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Stimulus measurement
Fig. 2 shows the response waveforms of the simultaneou

measured outputs from hydrophones 1 (H1) (Fig. 2A,D) and
(H2) (Fig. 2B,E) and the computed pressure differenc
(H1−H2) (Fig. 2C,F) as a function of source position (distanc
away from the starting position of 0 cm) for forward
(Fig. 2A–C) and backward (Fig. 2D–F) directions of motion
In this example, the source was moving parallel to th
hydrophone pair at a distance of 6 mm and at a velocity 
12 cm s−1. In Fig. 3, the amplitude spectra for the pressur
difference records (H1−H2) are shown for the case in which
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there was no source movement (Fig. 3A) and for sou
velocities of 6 cm s−1 (Fig. 3B), 12 cm s−1 (Fig. 3C) and
24 cm s−1 (Fig. 3D). Each spectrum was based on a wavefo
averaged over eight cycles (fore plus aft) of source movem

These figures illustrate several key features of the sou
movement. One is that the resulting water motion is n
smooth. The waveform fine structures (Fig. 2) all show a noi
like, alternating motion, which results in an increase in ene
above ambient in spectral regions below approximately 100
(Fig. 3C). A slight, but relatively broad, peak of energy ne
80 Hz, most notable for source velocities of 12 and 24 cm s−1,
corresponds to the average periodicity of oscillations in 
waveform fine structure after the source has passed 
hydrophone pair (Fig. 2). These probably represent turbule
in the wake of the moving sphere, since they do not occur w
the advancing source is in front of the hydrophone.

Noise levels are greatest below 40 Hz, and at least som
this noise is due to substratum-borne vibrations rather than
moving source, as shown by the amplitude spectrum in 
absence of source movement (Fig. 3A) and as demonstrate
previous studies (e.g. Coombs et al. 1989). As source velocity
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increases from 6 to 24 cm s−1, however, there is a predominan
20 dB increase in peak energy below 40 Hz and an upw
spectral shift in its location from 1.5 to 6 Hz (Fig. 3B–D). Thi
low-frequency shift corresponds to the low-frequency chang
in the waveform envelope, which become higher in frequen
(faster) as source velocity increases.

If we focus on the overall waveform envelope, rather th
its fine structure, a second feature of the moving source is 
there is a significant reduction in pressure after the source 
passed each hydrophone. In the pressure-difference t
(H1−H2), this translates into a negative change in the press
gradient followed by a positive change in the pressure gradi
when the source moves in one direction and a positive cha
followed by a negative change when the source moves in 
opposite direction (Figs 2, 4–6). Essentially, this means t
the direction of the pressure gradient and thus the flow of wa
between the two hydrophones changes once each time
source moves past the pressure-gradient detector and tha
direction of the change (positive-to-negative or negative-
positive) depends on the direction of source movement.

Fig. 4A–C shows the effects of source velocity on th
B
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Fig. 4. (A–C) Pressure-difference waveforms produced by opposite directions of motion (see arrows above each waveform) for a source distance
of 6 mm and source velocities of 24 cm s−1 (A), 12 cm s−1 (B) and 6 cm s−1 (C). Vertical arrows along the x-axis represent the positions of
hydrophones 1 and 2, as in Fig. 2. Waveforms representing directions of motion towards increasing distances on the x-axis (top waveform) are
plotted against the left-hand y-axis, whereas waveforms representing opposite directions (bottom waveform) are plotted against the right-hand
y-axis. (D–F) Top waveforms in A, B and C replotted with vertical arrows along the x-axis indicating the spatial extent of the negative response
peak in each case. Running averages of each waveform are plotted as thick red lines in E (averaging binwidth 50 ms per 0.5 cm) and F (100 ms
per 0.5 cm binwidth) to emphasize low-frequency changes in the waveform envelope.
pressure-gradient waveform for each direction of motion. 
velocity increases, pressure-gradient amplitudes increase.
distance lag of the peak pressure difference with respect to
hydrophone pair also increases. This can be seen most e
by observing the increasing spatial separation between 
response peaks due to opposite directions of motion. Fig. 4D
shows the spatial extent of the response, as measured from
beginning of the first negative-going peak to the beginning
the first positive-going peak (indicated by arrows along thex-
axis for one direction only). To investigate the spatial exte
As
 The
 the
asily
the
–F
 the

 of
 
nt

of the waveform envelope, we plotted a running average (
thick line) of the response waveform (thin black line) to filte
out the high-frequency oscillations. As Fig. 4D–F shows, t
spatial extent of the response does not change with sou
velocity. These results are in direct contrast to those show
the effects of source distance on the pressure-grad
waveform (Fig. 5). In this case, as source distance decrea
the pressure difference amplitude increases (Fig. 5A–C) wh
the spatial extent of the response (Fig. 5D–F) decreas
Finally, Fig. 6 shows how various orientations of th
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Fig. 5. Pressure-difference waveforms (A–C) corresponding to different source distances (source velocity constant at 12 cm s−1) with the upper
waveform replotted in each case on an expanded y-axis (D–F) as in Fig. 4.
hydrophone pair introduce asymmetrical changes in the ove
waveform envelope for a source velocity of 12 cm s−1.

Physiology

Data were obtained from 26 primary afferent fibres in t
anterior lateral line nerve of two spotted stargazers (350 
360 mm in SL). Responses from all of these fibres we
localized to the region of the preopercular mandibular ca
line by noting the source locations that created a 180 ° ph
shift in the period histogram response to the vibrating sph
(Montgomery and Coombs, 1992). All were spontaneou
active with a mean spontaneous rate of 35±6.1 impulses−1

(mean ±S.E.M.).
Responses to the moving sphere in all fibres had sev
rall

he
and
re

nal
ase
ere
sly
s

eral

features in common that could be predicted from pressu
gradient measurements. One was the effect of motion direct
on the overall pattern in the firing rate envelope. This effe
was observed in all fibres, but is illustrated for two fibre
responding to a range of source velocities at a fixed dista
of 6 mm. For the fibre shown in Fig. 7B,C, posterior–anteri
motion of the source with respect to the fish (as shown 
Fig. 7A) caused an overall increase in the firing rate followe
by an overall decrease in firing rate, whereas anterior–poste
movement had the reverse effect. The fibre shown in Fig. 8 h
the same receptive field as the fibre illustrated in Fig. 7 (usi
the 180 ° phase shift criterion mentioned above), but a rever
polarity of response. Posterior–anterior movement cause
decrease followed by an increase in the overall firing rate.
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A

A second feature that could be predicted in a general se
from pressure-gradient measurements is the fine structure o
firing rate response. Although we made no efforts to correl
the short-term firing rate fluctuations with the pressure-gradi
fluctuations measured using the hydrophone pair, all fib
showed several cycles of firing rate increments and decrem
embedded within the overall firing rate envelope that we
consistent with the noise-like fluctuations in the fine structu
of the pressure-gradient waveform (Figs 2, 4–6).

A third feature that could be predicted from pressur
gradient measurements was the effect of source velocity on
amplitude and location of excitatory response regions. T
region of strongest response occurs after the source has pa
the receptor (neuromast or hydrophone pair) locatio
Increasing the source velocity increases the peak firing rate 
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Fig. 6. Pressure difference waveforms as shown in Fig. 4B but 
different orientations of the hydrophone pair (0 °, 45 ° or 90 °).
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the distance lag between the source and the receptor at the
of the peak response. The latter can be most easily visual
and quantified by examining the spatial separation betwe
excitatory response regions (i.e. overall increments in the fir
rate) elicited by opposite directions of motion. For examp
Figs 7B and 8B show that the peak-to-peak spatial separa
between excitatory response regions elicited b
anterior–posterior and posterior–anterior motion in these t
fibres was approximately 3.5 cm for a 10.8 cm s−1 source
velocity. In contrast, the spatial separation between excitat
response regions evoked by different directions of sou
for
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130 mm

Fig. 7. Response of a mandibular lateral line nerve fibre to the moving
stimulus. (A) Lateral view of the head of the stargazer showing the
two pores between which a vibrating stimulus showed a 180 ° phase
reversal. The position and extent of travel of the stimulus is shown
by the arrow. (B) Stimulus histogram of the response of the fibre to
the stimulus moving at 10.8 cm s−1 (2 ms bins, 20 repeat sweeps).
(C) Stimulus histogram of the response of the fibre to the stimulus
moving at 21.6 cm s−1 (2 ms bins, 20 repeat sweeps). The direction of
movement of the stimulus is shown by the arrows.
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Fig. 8. Response of a fibre with a similar receptive field to t
illustrated in Fig. 7. Details are as in Fig. 7. Note that this fibre 
the opposite response polarity to that shown in Fig. 7.
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Fig. 9. Spatial separations between response peaks evoked by
different directions of source motion for pressure-gradient (PG)
predictions (filled circles) and neural responses (crosses) as a function
of source velocity. Source distance was constant at 6 mm. The two
PG predictions for a 12 cm s−1 source velocity indicate the range of
separations to be expected between a 0 ° (upper circle) and 90 ° (lower
circle) orientation of the hydrophone pair relative to the axis of source
travel (see Fig. 6). The solid line describes a logarithmic function in
which SS=log(V/4.9)×10, where SSis spatial separation (cm) and V is
source velocity (cm s−1). See text for further details.
movement at 21.6 cm s−1 was approximately 7.5 cm (Fig. 7C
and 6.4 cm (Fig. 8C) for these two fibres. These valu
correspond fairly well to spatial separations of measu
pressure-gradient peaks of approximately 6.5 cm for a sou
velocity of 24 cm s−1 (Fig. 4A) and approximately 4 cm for a
source velocity of 12 cm s−1 (Fig. 4B). Fig. 9 summarizes how
spatial separation varies across fibres for different sou
velocities relative to our measured values for the hydroph
pair. As this figure shows, the spatial separation (distance
between receptor and source) appears to be a logarith
function of source velocity.

The fourth and final feature that could be predicted fro
pressure-gradient measurements is the general effect of so
distance on the neural response. As Fig. 10 illustra
increasing source distance results in a decrease in 
amplitude of the neural response peak. Pressure-grad
patterns also predict that the spatial extent of the response
)
es

red
rce

rce
one
 lag
mic

m
urce

tes,
the
ient
 will

broaden with increasing source distance (Fig. 5D–F), but w
not broaden as a function of source velocity (Fig. 4D–F). The
effects are more difficult to quantify and compare at 
population level without knowing the threshold of the fibre an
where the stimulus level falls in the input/output function o
the fibre. For example, a fibre that requires a pressure grad
of 10 Pa per 11 mm to reach threshold is likely to show a ve
narrow response peak to the 12 cm s−1 stimulus shown in
Fig. 4E, but a much broader response peak to the 24 cm−1

stimulus shown in Fig. 4D – the opposite of what might b
predicted from the pressure-gradient measuremen
Nevertheless, for the fibres illustrated in Figs 8 and 1
response peaks seem to cover a fairly constant spatial ex
of approximately 2.0 cm, for source velocities ranging fro
10.8 to 21.6 cm s−1 (Fig. 8), whereas response peaks appear
broaden from approximately 2.6 cm to more than 4.0 cm 
source distances ranging from 3 to 18 mm (Fig. 10).

In order to estimate the earliest possible neural respons
sources moving at 10.8 cm s−1, we measured the point at which
the response rate exceeded the range of spontaneous ra
seven units. A response was detectable, on average, 6
before the stimulus passed over the response centre (i.e
closest approach to the lateral line pore pair of interest), wh
at this speed represents a mean distance of 7.1±13.6 mm (N=7).

Finally, in order to confirm that fibres innervated can
neuromasts rather than superficial neuromasts, both of wh
are supplied by anterior lateral line nerve fibres, we a
collected frequency–response data from eleven fibr
including those used to illustrate responses to moving sour
(Figs 7, 8, 10). We used only data from canal neuromast fib

hat
has
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Fig. 10. Response of a fibre with its receptive field on the lower part
of the mandible to a source movement of 10.8 cm s−1 with the moving
stimulus situated at increasing distances from the surface of the fish.
The arrows above the histograms indicate the direction of source
movement.
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Fig. 11. Frequency–response analysis. (A) Three-dimensional
histogram of the response of a single unit to 15 stimulus frequencies
ranging from 7.4 to 208 Hz. Histogram height is the probability of a
spike occurring in that particular time period. (B) Frequency–response
characteristics of the same unit illustrated in A. Normalised peak
spike-probability (relative gain) is plotted as a function of frequency.
(C) Mean (±S.E.M.) frequency response of 11 lateral line units.
so that we could compare their responses with our press
gradient measures, using inter-hydrophone distances simila
interpore distances on the preopercular-mandibular canal of
stargazer (see Materials and methods).

Fig. 11A shows the responsiveness of a typical unit 
sinusoidal vibrations of a sphere at different frequencies. Sp
probability (y-axis) as a function of time during a single cyc
of sinusoidal vibration (x-axis) is plotted as a function of
frequency (z-axis). At low frequencies, the unit fired severa
spikes every stimulus cycle. The number of spikes per cy
declined until there were very few spikes at intermedia
frequencies and 1 spike per cycle at the highest frequenc
The frequency response curve for this unit is shown 
Fig. 11B. The response is consistent with the expec
frequency response of a canal neuromast to fixed accelera
amplitudes, showing a relatively flat frequency response at 
frequencies, which declines at frequencies higher th
approximately 40–50 Hz. The frequency respon
ure-
r to
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l
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characteristics of different units were relatively consistent, a
the mean response (±S.E.M.) is shown in Fig. 11C,
demonstrating that these fibres probably innervated ca
rather than superficial neuromasts. The mean characteri
frequency (the frequency at which the response rate decrea
to 71 % of maximum) of these units was 36±18.3 Hz.

Discussion
The responses of peripheral lateral line fibres in the starga

to a moving object are very similar to those reported f
peripheral fibres in Eigenmanniasp. (Bleckmann and Zelick,
1993). Similarities include (1) direction-dependent patterns 
the overall envelope of the firing rate pattern such that sou
movement in one direction causes a general increase in 
firing rate followed by a general decrease, whereas movem
in the opposite direction causes an overall decrease follow
by an overall increase, (2) fine-structure changes in the firi
rate such that there are several cycles of firing rate increme
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and decrements embedded within the overall envelope of
response pattern described above, and (3) peak firing rates
increase with increasing source velocity and decreasing so
distance.

The use of a moving sphere and the more extensive stim
characterisation undertaken in the present study cle
demonstrate three things. First, is that the pressure-grad
pattern is a very good predictor of peripheral lateral line ne
responses. Pressure-gradient changes measured for the m
source can predict several features of the neural respo
patterns, including (1) direction-dependent changes in 
overall envelope of the firing rate pattern, (2) fine-structu
fluctuations in the firing rate, (3) increasing distance la
between the source and the receptor at the time of the p
response as a function of increasing source velocity, and
neural response peaks that increase in their maximum fi
rate as a function of increasing source velocity as well
decreasing source distance. These findings, in combina
with findings from previous studies on the responses 
peripheral lateral line fibres to sinusoidally vibrating spher
(Coombs et al. 1996; Coombs and Conley, 1997), indicate th
pressure-gradient patterns are good predictors of ne
responses under a variety of stimulus conditions.

A second major feature of these results is that the ove
increase in energy above ambient noise levels and the upw
shift of peak (low-frequency) energy that occurs when sou
velocity increases from 6 to 24cms−1 (Fig. 3) are well within the
detection bandwidth of the lateral line system of the starga
(Fig. 11B,C). It is most likely that energy peaks below 10Hz a
due to the large pressure-gradient changes in the ov
waveform envelope, since the period associated with a sin
cycle of these large changes (Fig. 4D–F) predicts quite accura
the upward shift of peak energy observed in the amplitude spe
(Fig. 3B–D). By the same token, the average period associ
with fluctuations in the fine structure of the wavefor
approximates the secondary energy peaks located between 4
100Hz. To the extent that the amplitude spectrum of a mov
sphere will reflect that of a moving prey, detection of wavefo
fine structure would almost certainly be mediated by canal, ra
than superficial, neuromasts. This conclusion is based on the
that canal neuromast fibres have been shown in the present 
(Fig. 11B,C) and by others (e.g. Montgomery and Coom
1992) to respond equally well to constant-acceleration stim
over a relatively wide range of frequencies from below 10Hz
an upper cut-off frequency ranging from 30 to 100Hz, depend
on the species. In contrast, superficial neuromast fibres res
best to lower frequencies, with responsiveness declining
proportion to increasing frequency.

A final major feature of these results is that the prima
stimulus generated by a sphere moving at constant velocit
the wake generated behind it. Thus, it is the wake that gener
the large (envelope) changes in the pressure-grad
waveform and probably the turbulence in the wake th
generates the more random, high-frequency oscillations in
waveform fine structure. At the Reynolds numbers operat
in these experiments (Re=6×102 to 2.4×103), the wake behind
 the
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a sphere will be generated as the flow collapses back into 
space generated by the passage of the sphere. This occurs
diameters behind the sphere, which is where the major press
gradient occurs (Figs 2, 4–6). To this extent, the lateral li
responses observed to the passage of a moving sphere, a
streamlined object, will not be representative of thos
generated by a passing fish. For example, the streamli
shapes of fish should result in dramatically reduced wa
widths. In addition, fish that swim using subundulator
patterns have been shown to shed a chain of vortices beh
the caudal edge of the tail fin with each tail flick (Blickhan et
al. 1992). Nevertheless, measurements of water velocit
produced in the wake of swimming fish indicate that even the
biologically significant wakes can be broadband and conta
energy in the same frequency range (up to 100 Hz) (Bleckma
et al. 1991) as the wake of our moving sphere.

Our behavioural observations, however, suggest th
stargazers are capable of responding to the water moti
created by an approaching fish and, thus, they do not necess
rely on the wakes generated by fish that have already pas
Indeed, several fish species have been shown to have hig
directed bites in response to artificial sources, such as water
(Janssen et al. 1990; Janssen and Corcoran, 1993) and movi
spheres (Janssen, 1996), both of which may approximate 
bow pressure wave of an approaching fish. If, instead 
concentrating on the dominant response to the sphere’s wa
we focus attention on the earliest response detectable in 
primary afferents, this would give an estimate of how far 
advance of its approach the lateral line could detect the bow
the advancing sphere. The results show that, on averag
response to a 10.8 cm s−1 stimulus occurs by approximately
66 ms, or 7.1 mm in advance of the stimulus arriving at t
receptor pore. Thus, the effective range of the lateral line 
this type of stimulus is relatively short. Given that, in genera
the prey has crossed the lateral edge of the stargazer
approximately 15 mm at the time of strike initiation, this give
a strike latency of only approximately 200 ms from the time 
first prey detection. These are only rough estimates, but 
indicate that a rapid decision/execution network must be 
operation for lateral-line-mediated predation in the stargaze

These estimates of distance ranges and strike latencies
based on the simplifying assumption that prey move at const
velocities. The distance range of detection or the strike laten
could easily be altered by features of the prey movement t
generate a stronger stimulus than that produced by a cons
velocity of movement. It is perhaps significant that the tw
strikes occurring in relation to the shortest pathlengt
(Fig. 1A,B) are those that are preceded by a rapid turn of 
prey in the approach track. These rapid turns are undoubte
associated with a significant acceleration component and,
the extent that this is important in prey detection, the consta
velocity source used in physiological experiments is dissimil
to more biologically relevant signals.

As the above considerations demonstrate, the choice of 
stimulus for studying lateral line central-processing mechanis
is particularly important. It is likely that the functional attribute
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of the central networks will only be revealed when they a
operating at something close to their normal operating rang
The wake produced behind a moving sphere appears to dom
the peripheral lateral line response, but it may not be particula
important for prey detection by the stargazer or for other late
line-mediated behaviours. By the same token, it will be difficu
to determine how central networks enhance or transfo
information encoded at the periphery without a firm
understanding of how the periphery transforms or encodes
hydrodynamic stimulus field. The latter is more difficult t
achieve with biologically relevant signals, which are comple
and difficult to control under experimental conditions. Thu
there will always be a trade-off between choosing a stimulus t
is biologically relevant yet simple enough to control an
characterise adequately. Although the moving sphere used in
present study does not accurately represent all features of
live prey detected and captured by the stargazer, it does pro
a means by which we could demonstrate for the first time h
the lateral line periphery transforms the hydrodynamic stimu
field of a moving source with turbulent wakes. As we contin
to obtain evidence for the pressure-gradient model of periph
transduction of hydrodynamic stimuli, predictions of how th
lateral line system responds to more biologically relevant a
complex stimuli will become easier since pressure-gradi
patterns around live sources can be measured more easily 
the neural responses evoked by them.

The study was supported by the Office of Naval Resea
and by the University of Auckland Research Committee. W
would like to thank Dr Joachim Mogdans for his commen
and suggestions on an earlier draft of this paper.
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