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Summary

Gymnotiform electric fish are capable of locating and
approaching an electrically discharging conspecific over a
range of 1-2m in a behavior called passive electrolocation.
This paper investigates the movements of two species in
experimentswith approachesto stationary dipolesthat are
either silenced or jumped to a new direction during an
approach.

Gymnotus carapo fail to find an electrode sourcein trials
in which the dipole electrode is switched off in mid-track.
They slow their approach, become disoriented and drift
away from the target within seconds of the field being
switched off. Thisresult suggeststhat the fish are unableto
construct a cognitive map of a dipole source from brief
exposure to local electrosensory stimuli.

The second set of trials shows that Brachyhypopomus

diazi and Gymnotus carapo bend their body totrack electric
vectorswhich are suddenly jumped to a new direction. The
latency of thebend responseis0.5safter thejump. Bending
initiates a turn that reduces to zero the error between the
fish’sdirection and the electric field vector and helps keep
thefish aligned with thelocal electricfield vector. Together,
these experiments suggest that passive electrolocation is
stimulus-bound and that these fish find the electrical
sources simply by tracking instantaneous local electric
current vectors.

Key words: passive electrolocation, electric fish, electroreception,
orientation, gymnotiform fish, Brachyhypopomus diazi, Gymnotus
carapo, cognitive map, sensory motor integration.

Introduction

How does one weakly electric fish locate and find another
eectric fish in its environment? One way is to orient to the
electric discharges that the second fish produces using passive
electrolocation. Passive electrolocation differs from active
electrolocation in that the fish relies entirely upon exafferent
rather than reafferent electrosensory information from its own
electric discharge. By comparison with other sensory
modalities, the physica cues avalable for passive
electrolocation are limited. For example, there is no velocity
cue that can be used for localization because electric signals
are electrostatic fiel ds, not propagating waves (Hopkins, 1986).
In addition, most electric current sources in the fish's
environment are dipole-like so that the electric field vector is
curved and does not point directly at the source. Even the
magnitude of an electric field varies spatially in complex ways
that make independent assessment of source distance and
direction ambiguous.

Previous work has shown that mormyrid and gymnotiform

electric fish are very good at locating artificial electric signals
in their environment. When a dipole electrode is introduced to
a single resident fish in an aguarium and conspecific electric
discharges are played through it, the resident typically makes
a rapid, well-directed approach and attack on the electrode
(Schluger and Hopkins, 1987; Davis and Hopkins, 1988;
Hopkins, 1993b; Hopkins et al. 1996).

We have shown that these fish use a ssimple algorithm for
finding these distant electrodes. They align their body with the
local electric field and track the field until they reach the
source. Tracking is accomplished by bending to turn the body
in the direction of the local electric field vector and by
adjusting the forward swimming vel ocity according to the error
in the alignment with the electric field: speeding up when the
error approaches zero, slowing down when it approaches +90°
or —90°. Although the resulting approach pathway is often
longer than a direct approach, the fish's strategy is a reliable
one. Schluger and Hopkins (1987) first discovered electric-
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field following in a mormyrid electric fish, Brienomyrus
brachyistius. Subsequently, it was confirmed in the
gymnotiform Gymnotus carapo by Davis and Hopkins (1988).
Both of these studies used qualitative or semi-quantitative
methods to analyse the tracking behavior. Hopkinset al. (1996)
used quantitative methods for static and dynamic analysis of
electric-field tracking behavior and made a study of responses
to stationary as well as moving (rotating) electric sources.

In the present study, we modify the amplitude and direction
of the electric field as the fish makes its approach. First, we
test the fish’'s ability to make an approach to an electrical
source which is switched off in mid-track. We hoped to
determine whether these fish were able to formulate some sort
of computational image or cognitive map (Gallistel, 1989) of
the source position from a brief exposure to electric fields at a
distance. Scudamore and McGregor (1993) have implied that
Gymnotus carapo is capable of generating some sort of image
or map and of modifying its passive electrolocation strategy
for different kinds of stimuli: plotting a direct tragjectory when
approaching a familiar stimulus waveform and a circular
circumspect trajectory when approaching a novel, unknown
stimulus. Our experiments are designed to explore further the
possibility of a map image in these fish. Second, we record the
track of afish approaching an electric source which is suddenly
jumped from one direction to another in mid-track. Like our
previous studies with rotating el ectrodes (Hopkins et al. 1996),
these experiments provide helpful insights into the dynamics
of electric-field following and develop a new experimenta
paradigm for the study of passive e ectrolocation.

Materials and methods

The experimental methods have been described in detail in
Hopkins et al. (1996) so only a brief account of the relevant
details is given here.

Test fish

Three Gymnotus carapo (L. (see Fig.3) and two
Brachyhypopomus diazi (Fernandez-Y epez, 1972) (see Fig. 6)
were used in this study. Brachyhypopomus (formerly
Hypopomus) diazi were collected near San Fernando,
Venezuela, and were identified by J. P. Sullivan. We kept the
fishin 40-2001 holding tanksonal12h:12h L:D cycle and they
were fed daily with Tubifex or black worms. Both species are
aggressive after brief periods of isolation and attack
experimental electrodes playing mimics of conspecific electric
organ discharges (EODs) as if they were a territorial intruder.

Experimental tank

The experiments were conducted in a single circular arena
with a diameter of 117cm and depth of 20cm. The water
ranged in temperature from 26 to 28°C and had a conductivity
of 180uScm™1. The tank was placed in alight-proof enclosure
with an infrared-sensitive video camera attached to the ceiling
over the tank to record the behavioral trials. The tank was
illuminated with eight high-intensity infrared light-emitting

diodes (LEDs) placed around the lens of the camera. The tank
floor was covered by a 3M Corporation ‘ Scotchlite’ reflecting
sheet that reflected the light from the LEDs back into the
camera, so that the fish was visible as a silhouette against a
light background. The symmetrical circular shape of the tank
facilitated calculation of the electric field direction. A single
shelter in the center of the tank served as the starting position
for all trials.

Electrodes

We constructed chloridized silver-wire electrodes on 1cm
diameter plastic posts mounted vertically on the tank bottom.
Positive and negative electrodes were separated by
approximately 10cm. The electrodes were positioned at least
10cm from the wall of the tank and 9cm from the bottom.
Eight electrode pairs were positioned around the circumference
of the experimental tank and one could be selected at random
from a switch box.

For the second experiment, two quadrapol e electrodes were
set up on opposite sides of the circular tank. Each quadrapole
was composed of two pairs of independently controlled
dipoles, one defining the x-axis and the other, perpendicular to
it, defining the y-axis. For each axis, the electrodes were 10cm

apart.

Behavioral trials

The behavioral trials were carried out during the first 34 h
of the animal’s dark period. A dim red light could be turned
on and off in the test arena to encourage the fish to return to a
darkened shelter for the beginning of atrial. Each trial started
when the fish was resting in the shelter and the red light was
off. A stimulus was applied to a selected electrode located at
the edge of the tank. When the stimulus was turned on, the fish
was given 1min to respond. A variable waiting period of
2-4min elapsed between trials.

Approaches to silenced electrodes

For these experiments, we used simple dipole electrodes
oriented tangentially to the tank boundary. All experiments
were carried out with Gymnotus carapo; we played a 2kHz
single-period sine-wave stimulus triggered a a 63Hz
repetition rate to imitate the Gymnotus carapo EOD (see
Fig. 3). When the fish crossed a line on the video screen
halfway between the shelter and electrode, the stimulus to the
electrode was switched off manually. We followed the fish's
trajectory for at least 5s after switching off the stimulus.

Quadrapole electrodes, simulated angles and jump
experiments
By using a quadrapole electrode arrangement, we could
simulate a dipole electrode at any angle, and we could jump
the angle from one value to another rapidly, noiselessly and
under computer control. We simulated the dipole direction by
controlling the amplitudes of the signals delivered to the x-
and y-axes of the quadrapole. The pair of electrodes for each
axis was connected to the output of a separate channel of a



D/A converter of a 386-PC computer with a Lab Master
analog input/output board. Each channel was isolated from
ground by passing the signal through a 600Q isolation
transformer. The computer was programmed to output a
digitized EOD waveform from a Gymnotus carapo (see
Fig. 3) or Brachyhypopomus diazi (see Figs 5, 6) through the
two D/A converters simultaneously, but the amplitude of the
signal sent through to the x-axis pair was scaled by sin6 while
the signal through the y-axis pair was scaled by cos where
0 is the desired angle for the simulated dipole electrode axis
(Fig. 1C-E). The EOD pulses were digitized at a sampling
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new set of output vectors for the two converters in mid-track
and thus could jump the apparent direction of the dipole
electrode during the fish’'s approach. The field that the fish
received jumped in direction by varying amounts depending
on the fish’'s location in the tank. Each field of the video was
digitized in real time using a video framegrabber, and a
number was written to the video screen indicating the
simulated electrode angle (see below for calculations). The
entire experiment was then recorded on sVHS video tape for
later analysis.

The stimulus intensity was adjusted so that it was

0.22mV cm™® recorded at the center of the tank for the
tangential electrode orientation (6=0°).

interval of 20 s per point. The EOD stimulus was repeated
at 55 pulsess. The computer was fast enough to generate a
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Fig. 1. (A) Top view of the fish showing the four points on the body digitized from the video image. The four points define three body segments.
The fish bends its body to turn and the bend angles 31 and B2 are a measure of this response. The F vector defines the direction of the fish’'s body
segment, the E vector describes the local electric field direction at that same body segment. The error angle, &, is the angular difference between
the axis of the F vector and the axis of the E vector, such that —T72<€<1v2. Cartesian coordinates are used throughout. (B) Top view of the cylindrical
tank in which the trials are conducted. The tank is 117 cm in diameter. To compute the direction of the electric field in the tank and to compensate
for the effect of the circular non-conducting boundary, we used the method images. Two-dimensional geometry is assumed. The point charge, g,
has two image charges: q" in the center of the tank, and ' at a distance, d, from the center. The tank has aradius a. The point charge, g, isat a
distance, b, from the center of the tank, while the image charge, ¢ is located at a distance d (=a2/b) from this center. P(r,0) is an arbitrary point in
space where an electric field is measured using polar coordinates. P is at a distance, r, from the center of the tank, a distance rp from charge g, and
adistancerq from image charge d'. In two-dimensional geometry, the electric field E generated by a point charge is proportional to 1/r (see Hopkins
et al. 1996, for further details of calculations). (C—E) Electric-field lines computed for a quadrapole electrode composed of four mutualy
perpendicular electrodes positioned as shown at one side of a tank with a circular boundary. The stimulus to the x-pair of electrodes is scaled by
sinB, while that to the y-pair is scaled by cosb, where 6 is the desired dipole angle. (C) 6=0°, (D) 6=+45°, (E) 6=90°.



2386 K.-T. SHIEH AND OTHERS

Video analysis

For all successful trials, we digitized the trajectory of the
fish using the PEAK2D motion anaysis software (Peak
Performance Technology) running on an IBM 386 PC. Since
the tank was over 1 m in diameter and only 20 cm deep and the
fish’s movements were essentially restricted to 10cm from the
floor, analysis of the trgjectory using atwo-dimensional system
was adequate.

We digitized one field every 1/6s, skipping nine fields for
every one stored by the frame grabber. Using a mouse to move
a cursor across the digitized image, we recorded the x- and y-
coordinates of the tip of the head, the mid part of the pectoral
region, the mid part of the ‘pelvic’ region, and the tip of the
tail (Fig. 1A) for each video field analysed.

Calculation of electric field directions

To determine the magnitude and the direction of the electric
field within the circular arena, we used an analytical solution
to the Laplace equation for electrostatics using the method of
images (see Paul and Nasar, 1987, pp. 599-609). This method
is described in Hopkins et al. (1996) and is summarized in
Fig. 1B. Hopkins et al. (1996) show simulations of fields from
tangential, 45° and radia dipoles. Fig. 1C,D,E presents
simulations of the current paths from the quadrapole electrode
generating simulated angles of 0°, 45° and 90°, respectively.
These field lines are similar to those measured empirically
from dipole sources (Schluger and Hopkins, 1987).

Error analysis

We calculated the direction of the electric field, E, at a point
on the fish using the method described in Fig. 1B. The E
vector direction in Fig. 1A varies between -1t and +1t The
body-axis vector, F, at the same point has an angular direction
between —ttand +1t The error angle, &, is defined as the acute
angular difference between E and F for agiven body segment;
that is, the angular difference between the axis of the body
and the axis of the electric field. Because of bimodal
symmetry (Hopkins et al. 1996), we double all error angles,
recenter on zero and divide by two, so that —Tv2<€<rv2.
Accordingly, if the electric-field axis points to the fish’'s left
asin Fig. 1A, the error is positive. In Hopkins et al. (1996),
we first used the bimodal error angle which varies between -1t
and +11, but later converted to this monomodal error measure
with —172<€<1v2 when we found that the fish was not as
sensitive to the polarity of the electric field as to the direction
of the axis.

Results
Approaching silenced electrodes

To what degree is passive electrolocation in fish stimulus-
bound? To what degree can afish localize an electrical source,
compute a trajectory and make an approach without the need
for continuous passive electrosensory feedback? We have
previously established that electric fish are capable of precise

electric-field tracking in a situation in which they are allowed
continuous sensory feedback from the stimulus during the
course of their approach (Hopkins et al. 1996). The present
results investigate how well electric fish can do when the
stimulus is switched off during the approach trajectory.

In a series of preliminary trias, we turned the stimulus off
as soon as the fish started to move from the shelter, but these
fish quickly stopped moving and returned to cover. In order to
encourage the fish to approach the electrode, we found it was
necessary first to draw the fish out of the shelter by allowing
it to approach the electrode at least halfway. We believed that
this was a better test of their abilities to locate electrodes that
had become silent.

We recorded 20 trials with one Gymnotus carapo and 80
trials using a second individual. All trials presented stimuli in
the tangential orientation. The target electrodes were selected
from one of the eight electrode pairs around the tank
circumference using a random number table. Most trials lasted
less than 155, and our analysis continued for at least 5s after
the electric field was turned off.

Fig. 2 shows the path taken by the fish in six typical trials
in which the electrodes were turned off in mid approach. The
‘off’ line marks the point in each trajectory where the current
to the electrodes was switched off. In all of these experiments,
the fish appears to be making anormal circular approach to the
electrodes, following the lines of the electric field as we have
reported in previous published experiments (Davis and
Hopkins, 1988). After the electrode is switched off, these fish
appear to move more slowly, to reverse their direction or to
turn in random directions. In only one of these examples
(Fig. 2C) did the fish reach the electrodes.

Table 1 summarizes datafor 80 trialsin which we were able
to collect at least 5s of data after switching off the electrodes
and compares these with 240 control trials for which the
electric field was connected for the entire approach. These data
show that the fish failed to find the electrode in 66% of the
experimental trials compared with 0% in the control trials. In
34% of the trials, the fish successfully found the silent
electrode, although it appeared to be swimming around at
random and not making precise directed approaches to it. In
some cases, the fish’s successes were aided by the walls of the
tank.

Fig. 3 shows error measures, distance data and velocity
information from 80 trials expressed relative to the time, to, at
which the electric field was turned off. These data show that,
as the fish approaches the active electrode, its speed increases
and it also becomes more precisely aligned with the electric
field axis (the average error approaches zero while r
approaches 1.0). When the current is switched off, the velocity
immediately slows, the error angles (relative to the former
electric-field lines) become more variable (r decreases), and
the distance from the fish to the target startsto increase. In the
trials in which the fish is swimming backwards, the error
angles, &, were more variable (r is lower), owing to the small
sample size, and we could not detect a significant change after
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Fig. 2. Results from six experimental trials where the stimulus is switched off in mid approach. In each of these experiments, the fish starts the
trial in a shelter located in the center of the tank. When the stimulus is turned on, with the electrodes oriented tangential to the boundary, the
fish begins its approach. At the point indicated by the off line, the electric stimulus is switched off, and movement of the fish was monitored
for another 5s. The position of the fish’s head is indicated every 0.5s by a red circle when the current is on and by a black circle when it is
off; the body axis is given by a black line. The fish appear to be disoriented when the stimulus is turned off. In only one case (C) does the fish

finally reach the electrode.

the stimulus was switched off. In control trials, fish approached
electrodes successfully in either direction.

From these results, we conclude that this individual fails to
find an electric-field source when it is silent even when given
an opportunity to sample the electric field during a partia
approach trajectory. When the stimulus ceases, the fish
becomes disoriented within afew seconds. It stops swimming

Table 1. Success rates of Gymnotus carapo in finding
electrodes in trials in which the stimulus is switched off in
mid approach or left on for the entire approach

Stimulus switched Stimulus on for

off in mid track entire track
Number of fish 1 3
Number of trials 80 240
No response 0 11 (5%)
Finds electrode 27 (34%) 229 (95 %)
Fails to find electrode 53 (66 %) 0

The €electrodes were oriented tangential to the tank boundary in all
trias.

in adirected way and either begins a random search pattern or
loses interest entirely and returns to the shelter.

Approaches to simulated stimulus angles

In a previous study (Hopkins et al. 1996), we demonstrated
a dtatistical correlation between non-zero error angles and
subsequent corrective turning behavior by the fish. By
measuring the cross correlation between the error angle of the
electric field and the ‘bend’, 3, of the body axis, we showed
that thefishislikely to bend in the same direction asthe electric
field axis. This action reduces the error angle to zero and keeps
the fish moving in the correct direction. The peak in the cross
correlation occurs at adelay of 0.3-0.5s. The goal of our next
experiment was to develop a stimulus paradigm using
quadrapole electrode geometry to simulate dipole angles
artificially and to be able to jump from one dipole angle to
another noiselessly and instantaneously as the fish is making
its approach.

To test the reliability of our quadrapole electrodes in
generating simulated dipole angles, we first generated stimuli
at anumber of simulated angles to investigate whether the fish
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approaches in the same way that it approaches a real dipole
with aknown angle. Fig. 4 shows the results for four different
simulated angles: 0°, 45° +90° and —45°. At 0°, thefield lines
spread out paralel to the tank boundary (see Fig. 1C) and the
fish’s tracks appear to follow a similar pathway. At 90°, the
fish takes a direct approach along the radius of the tank, again

Fig. 3. The behavior of an
individual Gymnotus carapo in
experiments in  which the
stimulus was turned off in mid
approach. Vaues are plotted
before and after the time, to,
when the stimulus is turned off.
Eighty trials are superimposed 1.0
for each scatterplot. Each grey
dot represents data from a single
video field. The fish and its EOD
are shown at the top. (A) The
dispersion of the error angles,
plotted as average vector length,
r, caculated using circular
statistics (Batschelet, 1981). The
r value varies between 0 and 1.0, |
approaching 1.0 when all of the
angles converge on a single
direction. The red line shows
valueswhen thefish is swimming
forward (positive vel ocity), green

following the predicted path of the current lines (Fig. 1E). For
the +45° and the —45° angles, the fish’s final approaches are
tilted aong the 45° axis, again resembling the field lines
(Fig. 1D). These tracks are similar to previously published
patterns with stationary dipoles in these four angular
configurations (Hopkins et al. 1996), including the dight

i

1ms

Stimulus off

—— Forward
Reverse

values are for the fish swimming
inreverse (negative velocity). (B)
&, the error angle between the
fish's head segment and the
direction of the electric field at
the head, varies between -T2
and +12. Dots have been
dithered horizontally for visual
clarity. The right half of the
graph, where t>to, shows the
error of the fish relative to the
previously active electric field.
(C) The distance between the
head and the center of the
electrodes. The dashed red lines
showsthe average valuesfrom all
trials. This variable starts to
decrease as the tria progresses,
and this trend briefly continues >
after the stimulusis switched off,

but then increases as the fish

starts to wander away from the

electrodes. (D) The velocity, v,

Distance (cm)

of the fish paralel to its body T T T
axis. Red lines indicate the 6 4
average values from al trias in
which the fish is swimming
forward (v>0ms™1). The green

Time (9)

lines show averages for fields in which the fish was swimming in reverse (v<Oms™1). The velocity increases as the fish approaches the electrode,
but as soon as the stimulus is turned off the fish slows. Swimming in reverse (v<Oms™1) follows a similar pattern.
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electrode

Fig. 4. Superimposed tracks of an
individual Gymnotus carapo
approaching a quadrapole electrode
generating smulated dipole angles 6 of
0°, +45°, 90° or —45°. The quadrapole
electrode is composed of one dipole pair
defining the x-axis and another
perpendicular pair defining the y-axis.
The signal to the x-axis electrode pair is
x=EODxsin@, while the signa to the y-
axis is y=EODxcos0, where EOD is a
digitized EOD from a Gymnotus carapo.
The smulated angle is indicated by an
arrow on each plot. The fish’'s approach
paths (20 triadls are superimposed for
each electrode geometry) are oriented
with respect to the simulated dipoles; in
each case, the fish appears to be
following the electric field lines
(illustrated in Fig. 1).

polarity preference. We conclude that the quadrapole is able
accurately to generate simulated dipole angles that can reorient
a fish’s approach path.

Smulated dipoles with jumps

Examination of the patterns of the current lines in
Fig. 1C,D,E reveals that changes in the angle of the dipole
axismay not greatly change the angle of the local electric field
at a distance. Even for large changes in field direction close
to the electrodes, there may be minimal changes in the field
direction at the edge of the tank. To maximize the effect of a
given jump at the position of the fish, we started each trial
with a dipole axis pointing directly at the fish shelter, i.e. in
the 90° configuration (Fig. 1E). Then, when we jumped the
dipole axis by 45° in either direction from 90°, we achieved
significant jumps in E vector directions at the fish’s position.
In these experiments, we moved the shelter and the two
guadrapole electrodes to the vertices of an equilateral triangle
within the tank in order to maximize the distance traveled
while minimizing the effects of the tank walls. The vertices
and shelter were located at least 27 cm from the walls of the
tank. Brachyhypopomus diaz, which are slightly smaller than
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+45 °

Gymnotus carapo and are slower swimmers, gave the best
performance in these trials. We jumped the simulated electric
dipoledirection by +45° or -45° at intervals of approximately
1.2-1.5s. The results of three such trials are shown in Fig. 5.
We caried out 40 jump trids with one individua
Brachyhypopomus diaz and 39 with two Gymnotus carapo
individuals. In half of thetrials, the smulated dipole angles were
+45° jumps, in the remainder they were —45° jumps. Fig. 6
summarizes the results from the 40 trials with Brachyhypopomus
diazi. The results have been divided into three columns
representing caseswherethe error angleis negative (left column),
zero (center) or positive (right) a the moment of the jump (to,
indicated by the dotted line in the center of each scatter plot).
The results are consistent with the observations presented
for individual trials in Fig. 5. When the error changes to
positive values, following ajump in field direction, the fish is
likely to bend in the positive direction with a delay of 0.67s
(see arrow ‘b’ in Fig. 6). When the error angle becomes
negative following a jump, the fish shows no response at the
same delay (arrow ‘@ in Fig. 6). When the error jump is zero
(center column), the bend angle remains near zero. Velocity is
unaffected by sudden error jumps in either direction.
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Fig. 5. The effects of sudden jumpsin the smulated dipole angle are plotted for three representative approaches (A—C) for Brachyhypopomus diazi.
The simulated angles jump by +45° steps. The tank and the trajectory of the fish (at intervals of 0.5s) are shown to the right in each case while
quantitative measures of the error angle &, the fish’s bend angle 8 and its velocity v are shown to the left. The fish starts from a shelter on the right
side of the drawing (not shown), the position of the head isindicated with an open red rectangle, the body orientation with ablue line. The position
of the initial smulated dipole is indicated by the electrodes numbered 1, subsequent jumps are labeled 2, and 3; the positive electrode is red, the
negative electrode green. The times of the jumps during the approach of the fish are shown by large blue circles (J1, J2). The direction of the
electric field at the fish’s head is indicated by an E vector line extending from it. In A, the fish swims forward briefly, nearly perfectly aligned with
the electric field (§ near zero) until the first jump, J1 (—45° clockwise), occurs. At this point, & jumps from 0° to approximately 60°. Within three
video fields, the fish starts to turn to its left to correct &. Later, a second jump, J2 (—45° clockwise), again shifts € to poditive values, and again the
fish turns to the left to correct for this. In B, two jumps, J2 and J3 (—45° and +45° respectively), produce positive shiftsin &, and in C two jumps,
J1 and J2 (both +45° clockwise) produce negative shiftsin &. In A, the external morphology of the fish and a representative EOD are inset.

A similar result is obtained for the 39 trials with Gymnotus
carapo (Fig.7), by computing the cross correlation,
r(t)=&(t)xpB(t), between the error angle and the total bend angle
for al jump trials, where r(1) is defined as:

SEO-8<(BE+D-A
J SIE® - E2x SIB() - B2

The correlation coefficient reaches a maximum at a delay of
0.33s, indicating that the fish is most likely to turn in the same
direction as the error after approximately this delay.

We conclude from these jump experiments that these fish
respond to sudden changes in error angles by initiating a bend
of the body which is designed to correct the error, reducing it

r(t)=

to nearly zero within 1s. If the fish employs this error-
correcting strategy in al of its approaches to current sources,
it should be able to track the electric field accurately right up
to a continuoudly discharging source, even if the source is
moving or rotating.

Discussion
In passive electrolocation, a fish might be able to integrate
information about the overall shape of the electric field that it
is tracking, including information about changes in amplitude
and the rate of changes of curvature of the electric-field lines.
In theory, given certain assumptions about the dipole-nature of
the source, such information could beintegrated into acognitive
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Fig. 6. Error angles, &, bend angles, 3, and velocity, v, for 40 trials with Brachyhypopomus diazi and jumps in the simulated dipole axis of
+45°. The time axes have been centered about the time of the jump in the simulated dipole axis (to; vertical dotted line) and the results have
been separated into three columns according to the error angle at t=to. Each dot shows a measurement for a single video field; the dots have
been dithered horizontally for visual clarity. The means + s.e.m. are indicated by solid red and grey lines, respectively.

spatial map of the eectric field which could alow the fish to
make a prediction about the source position (Gallistel, 1989;
Bennett, 1996). Since thisis potentially important information
to electric fish, it is not inconceivable that they might be able
to make such a complex computation given the enormous brain
areas that are devoted to electrosensory processing. Indeed, in
a recent report, Scudamore and McGregor (1993) suggested
that Gymnotus carapo select a direct approach path to an
electrode when presented with a familiar EOD stimulus (a
digitized EOD from a neighbor) and an indirect ‘cautious
approach path when presented with an unusua stimulus (a
single-period sinewave). If Scudamore and McGregor’s (1993)
interpretation is correct, it implies that the fish has some mental
image of the position of the electric source.

Our results from experiments in which the electrodes were
silenced in mid approach do not support the cognitive-map
hypothesis. Only 34% of the fish arrived at the electrode,
whereas 95 % did so in trial swith continuous stimul ation. Most
of the fish dowed down and became disoriented with respect
to the former electric-field direction; none showed any
tendency to take a direct approach to the electrode.

It is possible that the motivation to approach the electrode
is removed when the signal goes off. We have interpreted the

fish's behaviora response to the electrodes as an aggressive
defense of territory against a nonspecific intruder. The resident
fish often charges the electrode, gives electrical threat signals,
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Fig. 7. Results of 40 jump experiments with Gymnotus carapo
showing the cross correlation, r(t)=¢(t)xp(t), between the error angle,
&, and the bend angle, 3, plotted against the delay T (in s) between the
two measures. A significant positive correlation between bend and
error [positive r(t) values] indicates that positive errors tend to
produce positive bends while negative errors produce negative bends.
The peak cross correlation occurs at a delay of approximately 0.33s.
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and bites the wires (Davis and Hopkins, 1988). We might
logically expect, therefore, that a territoria fish would return
to the shelter once an intruder had gone away. However, the
results of the second experiment also suggest that the fish does
not develop and interpret a cognitive map and that, in these
trials, motivation is not an issue. Although the electrode
remains in precisely the same place, the fish responds to the
change in field angle by heading off in a new direction; such
aresult is not consistent with the hypothesis that the fish has
developed a map of the position of the stimulus in space.

In the jump experiments, the fish begins its approach by
aligning its body axis paralel to the electric-field lines, as
expected from previous results (Davis and Hopkins, 1988;
Hopkins, 1993a; Hopkins et al. 1996). When the dectric field
jumps to a new direction, the fish usualy makes a rapid
correction, bending its body axis and making a turn in the
direction that reduces the error angle back to zero. The response
to the jump takes 0.67s, which is close to the 0.33s delay
observed in the cross correlation between error angle and bend
angle in norma, non-experimentally manipulated approach
trials. If the fish had been able to compute the position of the
source, we might have expected it to depart from the new set of
electric-field lines and make a more direct approach, especialy
in cases where the jumped electric field takes the fish on along
and indirect pathway (e.g. Fig. 5B). All of thisevidence suggests
that the fish isincapable of predicting the distance and direction
of the source and that its approach strategy is simply based upon
following the direction of the local electric field until it reaches
the source. Hopkins et al. (1996) reached the same conclusion
after conducting an experiment in which fish approached the
same electrode over 100 times in sequence but did not show any
learned ability to depart from thelong circular field linesin order
to make a more direct approach.

These conclusions contrast with those reached by Scudamore
and McGregor (1993), who a so worked with Gymnotus carapo.
They suggest that Gymnotus carapo makes a more direct
approach to an electrode when the stimulus is a familiar one,
such as a neighbor’s EOD, and a less direct or ‘circumspect’
approach to an electrode transmitting a novel stimulus. Their
conclusion impliesthat the fish has already generated acognitive
map of the location of the signaler. We are unable to reconcile
the differences in the conclusions of these two studies, but we
note that Scudamore and McGregor (1993) only measured one
angle of departure from the shelter in order to characterize the
entire trgjectory of the fish while we used the entire track. Also,
they used between one and five trials per stimulus per fish, while
wewere ableto repeat astimulus40-80 timeswith no significant
changein response behavior. Finally, Scudamore and M cGregor
(1993) carried out a systematic study comparing the responses
to familiar and unfamiliar stimuli, while we did not. We
investigated responses to stimulus waveforms only in our
preliminary qualitative experiments, but found no differences
and therefore did not proceed further. We do note significant
variability in theinitial departure directions of our fish under all
gtimulus conditions, owing presumably to the random
orientation of the fish in the shelter relative to the electrodes, but

this initial randomness quickly converges on a track that is
aligned with the eectric-field vector (Fig. 3). We have aso
casualy noted differencesin the latency of aresponse, the speed
of swimming and the probability of aresponse, dependent upon
the amplitude of a stimulus, but we interpret this to be a
reflection of a change in the motivation to attack rather than a
change in the electrolocation mechanism. We did not observe a
difference in the trajectory under these conditions once the fish
had started its approach. If Scudamore and McGregor (1993)
had compared the entire tracks of fish approaching familiar and
novel stimuli, computed the directions of the electric fields in
their tank and if their sample sizes had been sufficient to
compare samples with high variability at the start, our
conclusions might have been more consistent.

In the more natural sStuation in which one eectric fish
approaches another, there are additional physical cues that might
be used by receivers. Rasnow et al. (1993), by making precise
measurements of electric fields around gymnotiform fish, showed
that the EOD travels rapidly from one end of the fish to the other
during each EOD cycle, so that the axis of the vector recorded
outside the fish wobbles back and forth about a mean direction
within each EOD. This s true for wave-discharging species and
pulse-discharging species such as Gymnotus carapo and
Brachyhypopomus diaz (Caputi et al. 1989; Caputi and Buddlli,
1993; Stoddard et al. 1995). As yet, there is ho experimental
evidence to suggest that a fish is sengitive to this wobble in the
eectric-field vector, whichislikely to be smdl at a distance from
the discharging fish. Most electroreceptors fire a single spike in
response to an externa pulsed EOD and, for these systems, it is
unlikely that the fish would encode information about changesin
vector directions within a single pulse.

When a fish gets close to another electric fish, it may get
additional information about the location of the source by the
position of ‘hot spots’ of electric current on the skin. This may
permit a fish that is within a body length of a source to lunge
at the source and ignore the electric field lines. Hopkins et al.
(1996) report that error alignment deteriorates close to the
electric field source.

Two types of electroreceptors encode information about the
electric-field vector: pulse markers and burst duration coders.
Ampullary electroreceptors are probably not involved in
passive electrol ocation of EODs since their frequency response
isrestricted to frequenciesbelow 100 Hz, at which thereislittle
energy in these EOD stimuli. Both receptor classes are
directional (McKibben et al. 1993; Y ager and Hopkins, 1993),
but the directionality appears to derive from the path of current
flow through the skin not from some directional characteristic
of the receptor itself.

It is dtill unknown how electric-field errors become
tranglated into turning behavior in these fish, but it is known
that electric-field vector directions are represented as a surface
map in the optic tectum of catfish, Ictalurus spp. (Knudsen,
1976), an area that is involved in multi-modal sensory
integration in a large number of vertebrates (Hartline et al.
1978; Bastian, 1982; Knudsen, 1982; Sparks, 1986; Knudsen
et al. 1993). Much further work needs to be done on passive



electrolocation to relate electrosensory experience in passive
electrolocation to the control of motor output.

List of abbreviations

a the radius of the experimental tank

b distance of a point charge, g, from the center of the
experimental tank

d distance of an image charge, q", from the center of

the experimental tank

EOD electric organ discharge

E electric field vector

F fish body axis vector

13 error angle between the axes of the E and F vectors
(-v2<€<+17/2)

B total bend angle of the fish’s body axis: the sum of
two angles between head and mid segments and
between mid and tail segments

P(r,0) point of voltage measurement in atank, in polar
coordinates

o} point charge used in computing electrostatic field
direction

d,q" image charges used in computing electrostatic field
direction

r mean vector length resulting from computation of

average error angle using circular statistics; used as
a measure of angular dispersion
r(t) cross correlation, a function of delay time, 1

rd distance from the image charge, ¢, to the point of
voltage measurement, P

rb distance from the point charge to the position of
voltage measurement, P

t time

to time when the simulated dipole angle changes
direction

0 desired angle for the simulated dipole electrode axis.

v velocity (ms™) of the fish parallel to F
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