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Summary

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.
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Leptoscopus macropyguSenyagnus monopterygius.

Introduction

Fish have a mechanosensory lateral line which they use techanics, for determining the frequency—-response
monitor their hydrodynamic environment. One of the maincharacteristics of the system, to distinguish between superficial
functions of the lateral line is to detect the weak flow fieldsand canal neuromast inputs, and for gaining a general
produced by the movements of other animals (Montgomery understanding of peripheral physiology (e.g. Kroese and
al. 1995), including conspecifics (Partridge and Pitcher, 198GSchellart; 1992; Montgomery and Coombs, 1992; Cooetbs
Satou et al. 1987, 1994,b) and prey (Engeet al. 1989; al. 1996).

Hoekstra and Janssen, 1985; Montgomery, 1989; Montgomery Although simple dipole sources can elicit naturally
and Milton, 1993). occurring feeding and orienting behaviours in some fish

Much of our understanding of how the lateral line systen{Hoekstra and Janssen, 1985; Coombs and Janssen, 1990), this
encodes subsurface flow fields comes from studies in whidrtificial stimulus by no means represents the full range of
sinusoidally vibrating spheres (dipole sources) were used twater motions likely to be biologically relevant to other, or
characterise the response properties of peripheral lateral liewen most, fish. As Bleckmamt al. (1995) point out, moving
nerve fibres (e.g. Montgomery, 1989; Coombs and Janssqmrey cause more complex hydrodynamic stimuli than do
1990). Since spheres can be vibrated sinuosoidally at differestationary vibrating spheres and, thus, other more quasi-natural
frequencies and since their flow fields can be easily measurstimuli, such as moving objects that can be manipulated and
and mathematically modelled, these dipole sources amontrolled in the laboratory, may provide new and important
particularly useful for a systems analysis of peripheralnsights into how biologically relevant information is encoded
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by the lateral line system. In the present study, we use both a Behavioural methods

standard dipole source and a sphere moving at constantEstuarine stargazers were housed individually in indoor
velocity to investigate how the lateral line system of stargazeisrcular (1 m radius) tanks filled with sea water. The bottom of
might encode moving sources, such as prey. In order igach tank was covered with a 10cm layer of sand to allow the
document the detection of moving prey by stargazers and #h to bury themselves so that only their dorsal surface was
estimate some of the key features of prey movement thalident. Water depth was approximately 20 cm. Observations
initiate successful feeding behaviour, we first made somgf feeding behaviour were made at night under infrared
preliminary observations of the feeding behaviour of stargazefgymination with an infrared-sensitive video camera
under infrared light. We then recorded the response of anteripbsitioned above the fish. Several yellow-eye mullet
lateral line nerve fibres innervating the head lateral line systeqa|drichetta forsteri 80-120mm standard length, SL,
to a moving sphere that approximated the size and range 9620 mm maximum head width) were introduced into the
prey movement velocities observed during feeding behavioufanks as prey fish at random locations. The approach tracks and
Although peripheral and central lateral line responses tQelocities of the prey and the position of the prey at the time
moving objects have been recorded in a number of differe strike were determined from the video record. Prey position
fish (the weakly electric fisRigenmanniasp. Bleckmann and and orientation were first taken at the time of the strike, and
Zelick, 1993; catfishAncistrus sp. and goldfishCarassius  the video record was then reversed 10 frames at a time
auratusBleckmannet al. 1995; Mulleret al. 1996; Mogdans (=400 ms) to obtain the approach track of the prey. Approach
et al. 1997), the present study differs from those in severalelocities were determined from the distance travelled in this
respects. First, we have documented a biologically relevaaoo ms period. The relatively shallow water depth, vertical
context for the moving source in prey detection by stargazegamera position and limited field of view meant that swimming

and have confined our measurements to the range of soulig@tions were essentially confined to and measured in the
velocities likely to elicit feeding behaviour and to the part ofhorizontal plane.

the lateral line system (head canal system) likely to be involved
in the behaviour. Second, we chose a sphere for our moving Stimulus generation and measurement
source, rather than the rectangular-shaped objects used inFor the moving source used in physiological studies, a
previous studies, since the flow patterns around thiglastic sphere (7.5mm radius) was mounted on the end of a
symmetrical source are relatively well known and, thus, morgigid shaft, 10cm long and 3mm in diameter. The shaft was
easily characterised and because spheres have also been ugggthed to the arm of any plotter which moved the sphere
previously as vibrating sources to measure frequency-resporigea linear motion parallel to and along the length of the fish.
characteristics. Third, we wused a pair of miniatureA voltage ramp to the plotter drove the sphere over a total
hydrophones, separated by approximately the same distancerafge of 100-130 mm at a preselected speed.
the head lateral line canal pores on stargazers, to measure the&he sound pressure associated with the moving source was
pressure gradient pattern produced by the moving sphere. Thifeasured with a pair of miniature hydrophones (B&K 8103)
approach has been used successfully in the past as a waynfifunted together and centred on the range of movement.
measuring the relevant stimulus parameters for a dipole sourg@ese hydrophones had a flat frequency response from 2 to
(Coombset al. 1996), and we use it here to determine whetheg000 Hz. The acoustic centres of the hydrophones (1cm in
the same simulus parameters are relevant for moving sourcegameter each) were separated by 11 mm, within the range of
In general, there will be a trade-off between choosing @easured interpore distances on the preopercular-mandibular
stimulus that is complex but biologically relevant and one thaganals of the stargazers used in physiological experiments.
is simple enough to characterise adequately. Our choice his separation distance was used so that we could measure
animal, stimulus and measurement approach provides a quagie pressure differences expected across pore pairs on the
natural context within which a well-characterised, butpreopercular-mandibular canal of the stargazer. Pressure
somewhat artificial, stimulus can be used to examine periphergtadient measurements are predicated on the assumptions that
encoding in the lateral line system. (1) there is a single neuromast between every two pores on the
canal and (2) the response of each neuromast (and afferent
fibre) to fluid motions inside the canal is proportional to the
outside pressure gradient across the two pores. Measurements
Experimental animals were made with three different orientations of the hydrophone
Animals were collected from the Whangateau estuary negnair: parallel, orthogonal and 45 ° relative to the axis of source
the Leigh Marine Laboratory, University of New Zealand, motion. Measurements were made in the physiological test
using SCUBA. Owing to limitations in animal supply, tank at the same location as the fish, but in the absence of the
behavioural observations were made on the estuarine stargafieh. All other stimulus conditions were maintained identical to
(Leptoscopus macropyg&schardson), whereas physiological those used in physiological experiments. The time waveforms
studies were conducted on the spotted starg&zemy@agnus of the hydrophone outputs were averaged across eight stimulus
monopterygiuBloch and Schneider). cycles (fore and aft movement of the sphere), digitised

Materials and methods



Lateral line encoding of moving sources93

(1000Hz sampling rate) and used to compute the finabinwidth) for each cycle of vibration, averaged over a
averaged time waveform of the pressure differences betweaninimum of 25 cycles. Responsiveness to a given frequency
hydrophones. was described in terms of the probability of a spike occurring
For frequency—response analyses, a 4mm radius bead watsthe same time (within a 2ms bin) during the sinusoidal
attached to a minishaker (Ling Dynamic Systems, model 20@timulus cycle. A perfectly phase-locked response, firing one
driven by a power amplifier with input connections from thespike per cycle at the same time during the cycle generates a
D/A output of a Labmaster interface card in a PC computeprobability of 1. No response generates a probability that is
The bead was vibrated sinusoidally at different frequencietypically less than 0.1, depending on spontaneous activity.
with the edge of the bead approximately 4-6 mm from the skiResponse probability at each stimulus frequency (presented at
surface. The axis of vibration was in a dorso-ventral directiorl0-15dB above threshold) was plotted as a function of
but parallel to the surface of the fish. The stimulus sequendeequency to generate a frequency-response curve for each
was computer-generated to maintain a constant maximébre.
acceleration over a range of frequencies between 7.4 and
208Hz. The order of stimulus presentation was from high Results
frequencies to low frequencies in three series (208-13Hz, Behaviour
167-10.4Hz, 119-7.4 Hz). In each stimulus series, the duration . .
of the stimulus was held constant such that the number of Laborqtory observations of es}uanne stargazers _under
stimulus cycles ranged from 400 at the higher frequencies {Bfrared_ light revealed thgt these fish bury themselves in the
25 at the lower frequencies. The computer-generate nd with only the anterior dorsal part Of. th? body e>§pose_d.
waveform took the response dynamics of the minishaker int rey movements over, or near, the head initiate a rapid strike

account. Correct calibration of the system was confirmed b Lthe p;.rey. Tfhssti obferyatlons dm cam dblntatlon W'th. ggldt
recording the motion of the bead with an optoelectroni servations of both estuarine and spotied stargazers indicate

movement detector (PIN-Sc/10D photodetector, Unite&hatbothstargazerspeuesareIle-ln—waltpredatorSW|thS|m|Iar

Detector Technology). prey-catching behaviour.
Eight successful strikes by two estuarine stargazers

Physiological methods (SL=345 and 360 mm) were analysed from video records, four
gf which are presented in Fig. 1. All successful strikes

Before and during surgery, individual spotted stargazer 4 wh h hed f he f tth
were anaesthetised in 0.001% MS-222 dissolved in sea wat@cCU"ed when the prey approached from the front of the

To immobilise fish, a hole was drilled into the upper Spinapredator and after the prey’s head had passed over the exposed
cord canal and the cord was pithed with a flexible plastic rod.
The drill was also used to open the dorsal cranium to expo: A
the brain. For ethical reasons, the fish was then decerebral
by transection of the forebrain between the diencephalon ar
the telencephalon. The head was held firmly in a holder, ar
the fish was placed in an aquarium with the water level adjuste ———p
to just below the cranial opening. Fresh sea water in th
aquarium was filtered and circulated through a cooler, whic
maintained the water temperature at 18-19°C. Afferent un
activity was recorded at least 1 h after the transient use of M
222. Evoked responses were recorded with shar
(approximately 20 D) glass electrodes filled with 4 mot
NacCl placed in the intracranial portion of the ventral branch o
the anterior lateral line nerve. Experiments were performe
under the authority of the Animal Ethical Committee at the
University of Auckland.

Evoked responses were analyzed in the following way \ N

Spike activity triggered standard 2ms pulses from a windov
discriminator. The output of the window discriminator was
then fed to the D/A input of the computer and used to generalr:e 1. Approach traiectory of prev durin ful strikes b
a distribution of spike counts according to the time of '3 - APProach trajectory of prey during SUCCEsSIU Stikes by

. . . . ._ estuarine stargazers. The predator is buried in the sand with only the
occurrence during the entire period of stimulus presentatiol

} anterior dorsal part of the body exposed (head only shown). The
Evoked responses to the moving sphere were based arrows represent the position and the orientation of the prey. The tip

peristimulus-time  histograms  (2ms  binwidth) for eachof the arrow is at the snout of the prey and the base of the arrow is at
movement direction, averaged over 20 repetitions Othe back of the prey’s head (mid-dorsal line above the operculum).
movement in each direction. Frequency responses to tlArrows are shown at 400 ms intervals. The strike occurred when the
vibrating sphere were based on period histograms (2nprey was located at the position of the last arrow.
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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 presscee differen
(H1-H2) (C,F) to the moving sphere. All three waveforms are plotted as a function of source position (distance from the star€@icgpo
during the movement for forward (A—C) and backward (D—F) directions of motion. Elapsed time increases with distanceatoag tfie

A-C, but decreases with distance alongxaxis of D—F. Arrows along the-axis indicate the positions of the hydrophones. Source velocity
12cms?. Lateral distance of source from hydrophone pair 6 mm.

anterior edge of the stargazer as seen from above. The Stimulus measurement

pathlength covered by the prey over the top of the stargazerFig. 2 shows the response waveforms of the simultaneously
(measured between the point at which the prey first interseatseasured outputs from hydrophones 1 (H1) (Fig. 2A,D) and 2
the anterior edge of the stargazer and the position of the pré§2) (Fig. 2B,E) and the computed pressure difference
snout at the time of strike initiation) was between 6 and 40 mritH1-H2) (Fig. 2C,F) as a function of source position (distance
with a mean of 15mm. Therefore, less than 40 % of the fish'away from the starting position of Ocm) for forward
total body length had passed over the stargazer’'s head at ffiég. 2A—C) and backward (Fig. 2D-F) directions of motion.
time of strike initiation. Approach velocities ranged from 7 toln this example, the source was moving parallel to the
32.5cms? with a mean of 12.3+11.4 cmis(mean +S.E.M., hydrophone pair at a distance of 6mm and at a velocity of
N=7). Lack of resolution due to the dim infrared illumination12cms?. In Fig. 3, the amplitude spectra for the pressure-
precluded more detailed analysis of the approach trajectorydifference records (HH?2) are shown for the case in which
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there was no source movement (Fig. 3A) and for sourcicreases from 6 to 24 crmis however, there is a predominant
velocities of 6cm3 (Fig. 3B), 12cms! (Fig. 3C) and 20dB increase in peak energy below 40Hz and an upward
24cms? (Fig. 3D). Each spectrum was based on a waveforrspectral shift in its location from 1.5 to 6 Hz (Fig. 3B-D). This
averaged over eight cycles (fore plus aft) of source movemenbw-frequency shift corresponds to the low-frequency changes
These figures illustrate several key features of the sourde the waveform envelope, which become higher in frequency
movement. One is that the resulting water motion is noffaster) as source velocity increases.
smooth. The waveform fine structures (Fig. 2) all show a noise- If we focus on the overall waveform envelope, rather than
like, alternating motion, which results in an increase in energis fine structure, a second feature of the moving source is that
above ambient in spectral regions below approximately 100 Hthere is a significant reduction in pressure after the source has
(Fig. 3C). A slight, but relatively broad, peak of energy neapassed each hydrophone. In the pressure-difference trace
80 Hz, most notable for source velocities of 12 and 24éms (H1-H2), this translates into a negative change in the pressure
corresponds to the average periodicity of oscillations in thgradient followed by a positive change in the pressure gradient
waveform fine structure after the source has passed thehen the source moves in one direction and a positive change
hydrophone pair (Fig. 2). These probably represent turbulendellowed by a negative change when the source moves in the
in the wake of the moving sphere, since they do not occur wheypposite direction (Figs 2, 4-6). Essentially, this means that
the advancing source is in front of the hydrophone. the direction of the pressure gradient and thus the flow of water
Noise levels are greatest below 40Hz, and at least some loétween the two hydrophones changes once each time the
this noise is due to substratum-borne vibrations rather than tiseurce moves past the pressure-gradient detector and that the
moving source, as shown by the amplitude spectrum in thdirection of the change (positive-to-negative or negative-to-
absence of source movement (Fig. 3A) and as demonstratedgasitive) depends on the direction of source movement.
previous studies (e.g. Coom#isal. 1989). As source velocity Fig. 4AA—C shows the effects of source velocity on the

1 1
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Fig. 4. (A—C) Pressure-difference waveforms produced by opposite directions of motion (see arrows above each waveforrog fdistasca

of 6mm and source velocities of 24cth$A), 12cms? (B) and 6cmst (C). Vertical arrows along the-axis represent the positions of
hydrophones 1 and 2, as in Fig. 2. Waveforms representing directions of motion towards increasing distangexsn(the waveform) are

plotted against the left-handaxis, 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 alongakes 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 pelr © @E.6jrsn

per 0.5cm binwidth) to emphasize low-frequency changes in the waveform envelope.

pressure-gradient waveform for each direction of motion. Asf the waveform envelope, we plotted a running average (red
velocity increases, pressure-gradient amplitudes increase. Ttieck line) of the response waveform (thin black line) to filter
distance lag of the peak pressure difference with respect to tbat the high-frequency oscillations. As Fig. 4D—F shows, the
hydrophone pair also increases. This can be seen most easjatial extent of the response does not change with source
by observing the increasing spatial separation between thelocity. These results are in direct contrast to those showing
response peaks due to opposite directions of motion. Fig. 4D-the effects of source distance on the pressure-gradient
shows the spatial extent of the response, as measured from ti@veform (Fig. 5). In this case, as source distance decreases,
beginning of the first negative-going peak to the beginning ahe pressure difference amplitude increases (Fig. 5A-C) while
the first positive-going peak (indicated by arrows along«the the spatial extent of the response (Fig. 5D—F) decreases.
axis for one direction only). To investigate the spatial extenFinally, Fig. 6 shows how various orientations of the
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Fig. 5. Pressure-difference waveforms (A-C) corresponding to different source distances (source velocity constartiwithciimes upper
waveform replotted in each case on an expareeds (D-F) as in Fig. 4.

hydrophone pair introduce asymmetrical changes in the overd#atures in common that could be predicted from pressure-

waveform envelope for a source velocity of 12ctns gradient measurements. One was the effect of motion direction
. on the overall pattern in the firing rate envelope. This effect
Physiology was observed in all fibres, but is illustrated for two fibres

Data were obtained from 26 primary afferent fibres in theesponding to a range of source velocities at a fixed distance
anterior lateral line nerve of two spotted stargazers (350 araf 6 mm. For the fibre shown in Fig. 7B,C, posterior—anterior
360mm in SL). Responses from all of these fibres werenotion of the source with respect to the fish (as shown in
localized to the region of the preopercular mandibular candtig. 7A) caused an overall increase in the firing rate followed
line by noting the source locations that created a 180 ° phabg an overall decrease in firing rate, whereas anterior—posterior
shift in the period histogram response to the vibrating sphemovement had the reverse effect. The fibre shown in Fig. 8 had
(Montgomery and Coombs, 1992). All were spontaneouslyhe same receptive field as the fibre illustrated in Fig. 7 (using
active with a mean spontaneous rate of 35+6.1imputées sthe 180 ° phase shift criterion mentioned above), but a reversed
(mean xsEM.). polarity of response. Posterior—anterior movement caused a

Responses to the moving sphere in all fibres had severmddcrease followed by an increase in the overall firing rate.
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A second feature that could be predicted in a general senee distance lag between the source and the receptor at the time
from pressure-gradient measurements is the fine structure of tbkthe peak response. The latter can be most easily visualised
firing rate response. Although we made no efforts to correlatend quantified by examining the spatial separation between
the short-term firing rate fluctuations with the pressure-gradiemxcitatory response regions (i.e. overall increments in the firing
fluctuations measured using the hydrophone pair, all fibreste) elicited by opposite directions of motion. For example,
showed several cycles of firing rate increments and decremerigys 7B and 8B show that the peak-to-peak spatial separation
embedded within the overall firing rate envelope that werbetween excitatory response regions elicited by
consistent with the noise-like fluctuations in the fine structuranterior—posterior and posterior—anterior motion in these two
of the pressure-gradient waveform (Figs 2, 4-6). fiores was approximately 3.5cm for a 10.8cfnsource

A third feature that could be predicted from pressurevelocity. In contrast, the spatial separation between excitatory
gradient measurements was the effect of source velocity on thesponse regions evoked by different directions of source
amplitude and location of excitatory response regions. The
region of strongest response occurs after the source has passed A
the receptor (neuromast or hydrophone pair) location.

Increasing the source velocity increases the peak firing rate and
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Fig. 7. Response of a mandibular lateral line nerve fibre to the moving

—30-WWJ'MLWW-O stimulus. (A) Lateral view of the head of the stargazer showing the
404 H1 H 1-10 two pores between which a vibrating stimulus showed a 180 ° phase

* reversal. The position and extent of travel of the stimulus is shown
_500 ST 6§ 1620 by the arrow. (B) Stimulus histogram of the response of the fibre to
the stimulus moving at 10.8cmis(2ms bins, 20 repeat sweeps).
(C) Stimulus histogram of the response of the fibre to the stimulus
Fig. 6. Pressure difference waveforms as shown in Fig. 4B but fcmoving at 21.6 cm3 (2ms bins, 20 repeat sweeps). The direction of
different orientations of the hydrophone pair (0°, 45° or 90°). movement of the stimulus is shown by the arrows.
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PG predictions for a 12 cmssource velocity indicate the range of
0 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)x10, whereSSis spatial separation (cm) akds

Number of spikes per bin

307 c N 21.6cmst source velocity (cnd). See text for further details.
0 broaden with increasing source distance (Fig. 5D-F), but will
not broaden as a function of source velocity (Fig. 4D—F). These
30+ > effects are more difficult to quantify and compare at a
population level without knowing the threshold of the fibre and
where the stimulus level falls in the input/output function of
o the fibre. For example, a fibre that requires a pressure gradient

of 10 Pa per 11 mm to reach threshold is likely to show a very
< 130mm > narrow response peak to the 12cistimulus shown in

Fig. 8. Response of a fibre with a similar receptive field to tha!:lg' 4E, but a much broader response peak to the 24cms

illustrated in Fig. 7. Details are as in Fig. 7. Note that this fibre hagtlm"_Jlus shown in Fig. 4D — the oppos.lte of what might be
the opposite response polarity to that shown in Fig. 7. predicted from the pressure-gradient measurements.

Nevertheless, for the fibres illustrated in Figs 8 and 10,

response peaks seem to cover a fairly constant spatial extent,
movement at 21.6 cmswas approximately 7.5cm (Fig. 7C) of approximately 2.0cm, for source velocities ranging from
and 6.4cm (Fig. 8C) for these two fibres. These value$0.8 to 21.6cm3 (Fig. 8), whereas response peaks appear to
correspond fairly well to spatial separations of measuretiroaden from approximately 2.6cm to more than 4.0cm for
pressure-gradient peaks of approximately 6.5cm for a sour@®urce distances ranging from 3 to 18 mm (Fig. 10).
velocity of 24 cms! (Fig. 4A) and approximately 4cm for a  In order to estimate the earliest possible neural response to
source velocity of 12 cnt& (Fig. 4B). Fig. 9 summarizes how sources moving at 10.8 crmtswe measured the point at which
spatial separation varies across fibres for different sourdbe response rate exceeded the range of spontaneous rates in
velocities relative to our measured values for the hydrophorgeven units. A response was detectable, on average, 66 ms
pair. As this figure shows, the spatial separation (distance ldgefore the stimulus passed over the response centre (i.e. the
between receptor and source) appears to be a logarithnitosest approach to the lateral line pore pair of interest), which
function of source velocity. at this speed represents a mean distance of 7.1+13.8lwifh (

The fourth and final feature that could be predicted from Finally, in order to confirm that fibres innervated canal
pressure-gradient measurements is the general effect of souremuromasts rather than superficial neuromasts, both of which
distance on the neural response. As Fig. 10 illustratesre supplied by anterior lateral line nerve fibres, we also
increasing source distance results in a decrease in tlellected frequency-response data from eleven fibres,
amplitude of the neural response peak. Pressure-gradie@ntiuding those used to illustrate responses to moving sources
patterns also predict that the spatial extent of the response wiligs 7, 8, 10). We used only data from canal neuromast fibres
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Fig. 11. Frequency-response analysis. (A) Three-dimensional
< 130 mm > 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
Fig. 10. Response of a fibre with its receptive field on the lower paspike occurring in that particular time period. (B) Frequency-response
of the mandible to a source movement of 10.8¢mith the moving  characteristics of the same unit illustrated in A. Normalised peak
stimulus situated at increasing distances from the surface of the fisspike-probability (relative gain) is plotted as a function of frequency.
The arrows above the histograms indicate the direction of sour¢C) Mean (xs.e.m.) frequency response of 11 lateral line units.
movement.

characteristics of different units were relatively consistent, and
so that we could compare their responses with our pressuitte mean response (&EM.) is shown in Fig. 11C,
gradient measures, using inter-hydrophone distances similar d@monstrating that these fibres probably innervated canal
interpore distances on the preopercular-mandibular canal of thather than superficial neuromasts. The mean characteristic
stargazer (see Materials and methods). frequency (the frequency at which the response rate decreased

Fig. 11A shows the responsiveness of a typical unit tdo 71 % of maximum) of these units was 36+18.3 Hz.

sinusoidal vibrations of a sphere at different frequencies. Spike
probability (/-axis) as a function of time during a single cycle _ _
of sinusoidal vibration xaxis) is plotted as a function of Discussion
frequency f-axis). At low frequencies, the unit fired several The responses of peripheral lateral line fibres in the stargazer
spikes every stimulus cycle. The number of spikes per cyc® a moving object are very similar to those reported for
declined until there were very few spikes at intermediat@eripheral fibres ifeigenmanniasp. (Bleckmann and Zelick,
frequencies and 1 spike per cycle at the highest frequenciel993). Similarities include (1) direction-dependent patterns in
The frequency response curve for this unit is shown ithe overall envelope of the firing rate pattern such that source
Fig. 11B. The response is consistent with the expecteshovement in one direction causes a general increase in the
frequency response of a canal neuromast to fixed acceleratifiring rate followed by a general decrease, whereas movement
amplitudes, showing a relatively flat frequency response at lom the opposite direction causes an overall decrease followed
frequencies, which declines at frequencies higher thahy an overall increase, (2) fine-structure changes in the firing
approximately 40-50Hz. The frequency responseate such that there are several cycles of firing rate increments
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and decrements embedded within the overall envelope of tleesphere will be generated as the flow collapses back into the
response pattern described above, and (3) peak firing rates tepaice generated by the passage of the sphere. This occurs 2—-3
increase with increasing source velocity and decreasing sourdemeters behind the sphere, which is where the major pressure
distance. gradient occurs (Figs 2, 4-6). To this extent, the lateral line
The use of a moving sphere and the more extensive stimulussponses observed to the passage of a moving sphere, a non-
characterisation undertaken in the present study cleartreamlined object, will not be representative of those
demonstrate three things. First, is that the pressure-gradieggnerated by a passing fish. For example, the streamlined
pattern is a very good predictor of peripheral lateral line nervehapes of fish should result in dramatically reduced wake
responses. Pressure-gradient changes measured for the mowindths. In addition, fish that swim using subundulatory
source can predict several features of the neural respongatterns have been shown to shed a chain of vortices behind
patterns, including (1) direction-dependent changes in théhe caudal edge of the tail fin with each tail flick (Blickledn
overall envelope of the firing rate pattern, (2) fine-structural. 1992). Nevertheless, measurements of water velocities
fluctuations in the firing rate, (3) increasing distance lagproduced in the wake of swimming fish indicate that even these
between the source and the receptor at the time of the pebiologically significant wakes can be broadband and contain
response as a function of increasing source velocity, and (éhergy in the same frequency range (up to 100 Hz) (Bleckmann
neural response peaks that increase in their maximum firirgt al. 1991) as the wake of our moving sphere.
rate as a function of increasing source velocity as well as Our behavioural observations, however, suggest that
decreasing source distance. These findings, in combinatiatargazers are capable of responding to the water motions
with findings from previous studies on the responses ofreated by an approaching fish and, thus, they do not necessarily
peripheral lateral line fibres to sinusoidally vibrating spheresely on the wakes generated by fish that have already passed.
(Coombset al. 1996; Coombs and Conley, 1997), indicate thatndeed, several fish species have been shown to have highly
pressure-gradient patterns are good predictors of neurdirected bites in response to artificial sources, such as water jets
responses under a variety of stimulus conditions. (Jansseret al. 1990; Janssen and Corcoran, 1993) and moving
A second major feature of these results is that the overabheres (Janssen, 1996), both of which may approximate the
increase in energy above ambient noise levels and the upwdrdw pressure wave of an approaching fish. If, instead of
shift of peak (low-frequency) energy that occurs when sourceoncentrating on the dominant response to the sphere’s wake,
velocity increases from 6 to 24 cn ¢Fig. 3) are well within the  we focus attention on the earliest response detectable in the
detection bandwidth of the lateral line system of the stargaz@rimary afferents, this would give an estimate of how far in
(Fig. 11B,C). It is most likely that energy peaks below 10Hz ar@advance of its approach the lateral line could detect the bow of
due to the large pressure-gradient changes in the overéitle advancing sphere. The results show that, on average, a
waveform envelope, since the period associated with a singtesponse to a 10.8crisstimulus occurs by approximately
cycle of these large changes (Fig. 4D—F) predicts quite accurat8g ms, or 7.1 mm in advance of the stimulus arriving at the
the upward shift of peak energy observed in the amplitude spectieceptor pore. Thus, the effective range of the lateral line for
(Fig. 3B-D). By the same token, the average period associatéus type of stimulus is relatively short. Given that, in general,
with fluctuations in the fine structure of the waveformthe prey has crossed the lateral edge of the stargazer by
approximates the secondary energy peaks located between 40 apgroximately 15mm at the time of strike initiation, this gives
100Hz. To the extent that the amplitude spectrum of a moving strike latency of only approximately 200 ms from the time of
sphere will reflect that of a moving prey, detection of wavefornfirst prey detection. These are only rough estimates, but do
fine structure would almost certainly be mediated by canal, rathardicate that a rapid decision/execution network must be in
than superficial, neuromasts. This conclusion is based on the fagieration for lateral-line-mediated predation in the stargazer.
that canal neuromast fibres have been shown in the present studffhese estimates of distance ranges and strike latencies are
(Fig. 11B,C) and by others (e.g. Montgomery and Coombdased on the simplifying assumption that prey move at constant
1992) to respond equally well to constant-acceleration stimulielocities. The distance range of detection or the strike latency
over a relatively wide range of frequencies from below 10 Hz taould easily be altered by features of the prey movement that
an upper cut-off frequency ranging from 30 to 100 Hz, dependingenerate a stronger stimulus than that produced by a constant
on the species. In contrast, superficial neuromast fibres responelocity of movement. It is perhaps significant that the two
best to lower frequencies, with responsiveness declining istrikes occurring in relation to the shortest pathlengths
proportion to increasing frequency. (Fig. 1A,B) are those that are preceded by a rapid turn of the
A final major feature of these results is that the primaryprey in the approach track. These rapid turns are undoubtedly
stimulus generated by a sphere moving at constant velocity &ssociated with a significant acceleration component and, to
the wake generated behind it. Thus, it is the wake that generateg extent that this is important in prey detection, the constant-
the large (envelope) changes in the pressure-gradiemélocity source used in physiological experiments is dissimilar
waveform and probably the turbulence in the wake thato more biologically relevant signals.
generates the more random, high-frequency oscillations in the As the above considerations demonstrate, the choice of the
waveform fine structure. At the Reynolds numbers operatingtimulus for studying lateral line central-processing mechanisms
in these experimentRE=6x102 to 2.4x109), the wake behind is particularly important. It is likely that the functional attributes
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