
One universal task carried out by the nervous system is the
extraction and enhancement of sensory signals that are relevant
to behavior. This sensory acquisition process has both motor
and sensory aspects. The motor aspect is related to the
positioning of peripheral receptor surfaces, providing the
animal with some degree of control over the content and
quality of incoming sensory data. The sensory aspect is related
to the adaptive filtering of incoming data for further
enhancement of relevant signal components and suppression of
extraneous signals. For the electrosensory system, prey
detection and localization provide a neuroethological context
for studying both sensory and motor aspects of sensory
acquisition (MacIver et al., 1997; Nelson and MacIver, 1999).

This study presents a quantitative analysis of the positioning
of peripheral receptor surfaces during the detection and capture
of small aquatic prey in two species of South American
gymnotid weakly electric knifefish, Apteronotus albifrons

(black ghost) and A. leptorhynchus(brown ghost). Weakly
electric fish possess an organ that produces an electric
discharge (electric organ discharge; EOD). In Apteronotus, the
EOD creates a quasi-sinusoidal electric field with a
fundamental frequency of approximately 1 kHz and a field
strength of approximately 1 mV cm−1 near the fish.

These fish have the ability to sense both the self-generated
electric field and extrinsic electric fields using two
submodalities of electrosense, each with a distinct receptor
population. The high-frequency electrosense, sensitive to fields
similar to the fish’s own EOD, is mediated by tuberous
receptors, whereas the low-frequency electrosense, sensitive to
fields of approximately 0–40 Hz, is mediated by ampullary
receptors (for a review, see Zakon, 1986). In active
electrolocation behavior, the fish uses its high-frequency
electrosense to detect perturbations in the self-generated field
(for reviews, see Bastian, 1986; von der Emde, 1999). In
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Animals can actively influence the content and quality of
sensory information they acquire from the environment
through the positioning of peripheral sensory surfaces.
This study investigated receptor surface positioning during
prey-capture behavior in weakly electric gymnotiform fish
of the genus Apteronotus.Infrared video techniques and
three-dimensional model-based tracking methods were
used to provide quantitative information on body position
and conformation as black ghost (A. albifrons) and brown
ghost (A. leptorhynchus) knifefish hunted for prey (Daphnia
magna) in the dark. We found that detection distance
depends on the electrical conductivity of the surrounding
water. Best performance was observed at low water
conductivity (2.8 cm mean detection distance and 2 % miss
rate at 35µS cm−1, A. albifrons) and poorest performance
at high conductivity (1.5 cm mean detection distance and
11 % miss rate at 600µS cm−1, A. albifrons). The observed
conductivity-dependence implies that nonvisual prey
detection in Apteronotusis likely to be dominated by the
electrosense over the range of water conductivities
experienced by the animal in its natural environment. This

result provides the first evidence for the involvement of
electrosensory cues in the prey-capture behavior of
gymnotids, but it leaves open the possibility that both the
high-frequency (tuberous) and low-frequency (ampullary)
electroreceptors may contribute. We describe an
electrosensory orienting response to prey, whereby the fish
rolls its body following detection to bring the prey above
the dorsum. This orienting response and the spatial
distribution of prey at the time of detection highlight the
importance of the dorsal surface of the trunk for
electrosensory signal acquisition. Finally, quantitative
analysis of fish motion demonstrates that Apteronotuscan
adapt its trajectory to account for post-detection motion of
the prey, suggesting that it uses a closed-loop adaptive
tracking strategy, rather than an open-loop ballistic strike
strategy, to intercept the prey.
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passive electrolocation behavior, the fish uses its low- and
high-frequency electrosense to detect extrinsic electric fields
such as the weak bioelectric field of aquatic prey or the EODs
of other electric fish (Naruse and Kawasaki, 1998; Wilkens et
al., 1997; Kalmijn, 1974; Hopkins et al., 1997).

Black and brown ghost knifefish are primarily nocturnal
hunters that feed on insect larvae and small crustaceans
(Marrero, 1987; Winemiller and Adite, 1997; Mérigoux and
Ponton, 1998). Such prey may stimulate the high-frequency
electrosense because of the difference in impedance between
their bodies and the surrounding water and the low-frequency
electrosense because of their bioelectric fields. The prey may
also stimulate other nonvisual modalities, such as the
mechanosensory lateral line system and the olfactory system.

In weakly electric fish, active electrolocation is often
assumed to play a key role in the detection and capture of
prey. This assumption is based on the observation that these
animals are able to capture prey in the absence of visual cues,
as well as the predominance of peripheral receptors and
volume of brain tissue devoted to the high-frequency
electrosense. In an adult A. albifrons, for example, there are
approximately 15 000 tuberous receptor organs distributed
over the body surface compared with approximately 700
ampullary receptor organs and approximately 300
neuromasts for the mechanosensory lateral line (Carr et
al., 1982). Although such indirect arguments for active
electrolocation may be compelling, there is currently no
direct supporting evidence for electrosensory involvement in
prey detection in South American gymnotids, and few studies
address this question in African mormyrids (von der Emde,
1994; von der Emde and Bleckmann, 1998).

In this study, we used infrared video recording and a model-
based animal tracking system (MacIver and Nelson, 2000)
to provide quantitative information on the position and
conformation of the fish body and, hence, of the peripheral
sensor array during prey-capture behavior. We manipulated
the electrosensory contributions to prey-capture behavior by
varying water conductivity. Our results provide the first direct
evidence for the involvement of electrosensory signals in
the prey-capture behavior of gymnotids. We also obtain
quantitative data addressing how weakly electric fish orient
their sensory surfaces during prey-capture behavior and show
that they are able to adapt their strike trajectory to compensate
for prey movement. The quantitative behavioral data obtained
in these studies provide a link between the motor aspects of
sensory acquisition, the adaptive neural processing of
electrosensory signals and the sensory ecology of the animal
(Nelson and MacIver, 1999; Ratnam and Nelson, 2000).

Materials and methods
Behavioral apparatus

Two adult Apteronotus albifronsand two Apteronotus
leptorhynchus, 12–15 cm in length, were housed in a
rectangular Plexiglas aquarium with a central area partitioned
from the rest of the tank to form a 40 cm×30 cm×20 cm

behavioral observation arena. The arena was imaged by two
video cameras that provided top and side views, allowing
three-dimensional reconstruction of behavioral trajectories.
Video signals from the two cameras were electronically
merged and recorded onto video tape for subsequent analysis.
To eliminate visual cues, prey-capture behavior was observed
using infrared (880 nm) illumination provided by high-
intensity infrared diodes. The illuminators, cameras and
aquarium were housed within a light-tight enclosure that
was maintained on a 12 h:12 h light:dark photoperiod. Water
temperature was maintained at 28±1.0 °C and pH 7.0±0.1.
Animal care procedures were reviewed and approved by the
Laboratory Animal Care and Advisory Committee of the
University of Illinois at Urbana-Champaign. For details of the
behavioral apparatus, see MacIver and Nelson (MacIver and
Nelson, 2000).

Experimental protocol

The prey used in these studies were mature Daphnia magna
(water fleas), 2–3 mm in length, cultured in our laboratory.
Daphnia magnaare aquatic crustaceans that are similar to
the prey typically found in stomach content analyses of
Apteronotusspp. (Marrero, 1987; Winemiller and Adite, 1997;
Mérigoux and Ponton, 1998). Each day, shortly after the
beginning of the dark cycle, one fish at a time was allowed into
the central observation arena for 15–20 min. Prey were
introduced one at a time at random locations near the surface
of the tank using a thin flexible tube from outside the light-
tight enclosure. This method avoided entry of visible light and
generated minimal mechanical disturbance. After introduction
of the Daphnia magna, its position was observed on the video
monitor. If the prey was eaten by the fish or drifted to a corner
or bottom of the tank, another prey item was introduced.

We maintained constant water conductivity during each of
four sets of recording sessions, each lasting 10–21 days.
Behavior was recorded at four different water conductivities:
35±5, 100±5, 300±40 and 600±40µS cm−1 (sequence 300, 100,
300, 600 and 35µS cm−1). For each conductivity tested, the
behavioral tank water conductivity was established by mixing
deionized water with a stock salt solution consisting of
CaSO4.2H2O, MgSO4.7H2O, KCl, NaH2PO4.H2O and NaCl
in a mass ratio of 60:4.7:3.0:1.0:0.8 (L. Maler, personal
communication; similar to Knudsen, 1975). Changes between
different conductivity values were made gradually, over
several days, followed by several days at the new conductivity
to acclimate the fish before behavioral data were recorded.
Conductivity measurements were made using a calibrated
conductivity meter (TDSTestr 40, Cole Parmer Instrument
Company, Vernon Hills, IL, USA), and water conductivity was
corrected on a daily basis.

Behavioral sequence selection

Videotaped recordings of prey-capture behavior were
visually scanned to identify sequences to be digitized for
further processing. The criteria for selection of a prey-capture
event were as follows: (i) a successful capture, or a failed
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capture attempt where there was an abrupt and directed
movement towards the prey; (ii) fish and prey visible in both
camera views, except for brief occlusions; and (iii) prey at least
2 cm from the bottom and sides of the tank.

The start of a video sequence was typically chosen to begin
approximately 0.5 s prior to the onset of the prey strike. The
sequence ended with prey capture or, in the rare cases where
the fish did not catch the prey, near the time when the mouth
of the fish came closest to the prey.

Behavioral data acquisition, visualization and analysis

Selected video sequences were digitized and stored as eight-
bit grayscale image files for analysis. The video sampling rate
was 60 images s−1, with each video image consisting of one
video field with alternate scan lines interpolated. A model-based
animal tracking system was developed to determine accurately
the trajectory and conformation of the fish’s body and the prey
position for each image of selected sequences (MacIver and
Nelson, 2000). In this system, an accurate three-dimensional
‘wireframe’ model of the observed fish and prey was overlaid
onto digitized images. The fish and prey models were then
manipulated by the user to achieve congruence with the side-
and top-view images of the actual fish and prey. Calibrated

image transformations ensured that model-to-image matching
resulted in accurate (±1 mm) recovery of the positions of the
animals in the behavioral arena. The fish models were provided
with eight degrees of freedom (Fig. 1). The six rigid-body
degrees of freedom were the position of the (x, y and z) snout,
yaw, pitch and roll (θ, φ and Ω). The two nonrigid degrees of
freedom were lateral tail bend and dorsoventral bend. The prey
was modeled with three degrees of freedom, corresponding to
the coordinates of its center. The wireframe fish models were
scaled to each individual fish. The output of the model-based
tracking system was the value of each model parameter for the
fish and prey at each image of the sequence (for further details,
see MacIver and Nelson, 2000).

Some analyses presented below required fitting the fish and
prey model to images over the entire behavioral sequence (full
motion analysis), whereas other analyses required only the less
time-intensive process of fitting the single frame in which the
fish changed from forward to reverse swimming (single-frame
analysis).

Full three-dimensional reconstructions of selected sequences
were displayed on computer monitors using a custom-designed
prey-strike browser that simultaneously displayed graphs of
movement parameters. However, the limited depth cues
provided by monitor projections made interpretation of the
movements difficult. In collaboration with Stuart Levy of the
National Center for Super Computing Applications (NCSA,
Beckman Institute, University of Illinois at Urbana-Champaign,
http://virdir.ncsa.uiuc.edu/virdir/), we brought the model-based
tracking data into an immersive multi-person virtual reality
system (CAVE, Fakespace Systems Inc., Kitchener, ON,
Canada) (Leigh et al., 1995; Cruz-Neira et al., 1992; Cruz-Neira
et al., 1993). The prey-strike browser and CAVE were used to
identify patterns of movement that were largely inaccessible in
the original video recordings.

Velocities and accelerations were computed using the
difference in fitted model positions between successive images.
The longitudinal velocity (u) of the fish was computed by
taking the vector dot product of the snout velocity vector with
a heading vector u, taken from the yaw (θ) and pitch (φ) angles:

ux = −cosθcosφ, (1a)

uy = −sinθcosφ, (1b)

uz = −sinφ. (1c)

The minimum distance between the surface of the fish and the
prey was determined by finding the shortest distance between
the prey and each of the 84 quadrilateral faces of the fitted
wireframe fish model using a parametric optimization procedure.

The time of detection of the prey was taken as the zero-
crossing of the longitudinal acceleration profile prior to a rapid
reversal in swimming direction (see below). For depictions of
prey position at the time of detection (see Figs 5, 6), the
coordinates of the fish and prey were transformed into a
coordinate frame in which the fish body was straightened and
scaled to unit length. Population peri-detection statistics were
computed by aligning trials at the time of detection (see Results)

Fig. 1. The fish body model with eight degrees of freedom. (A) Top
view showing four degrees of freedom: in-plane position of the snout
(x,y); yaw angle (θ) and lateral tail bend. (B) Side view showing
three additional degrees of freedom: vertical position of the snout (z),
pitch angle (φ) and dorsoventral bend. (C) Front view showing roll
angle (Ω). The dotted line indicates the central body axis of the
unbent fish; yaw (θ) and pitch (φ) measure the angle of the body axis
relative to the tank coordinate system. Lateral bend angle is defined
as the angle in the dorsal plane between the unbent body axis and a
line extending from one-third of the body length from the head to the
tail; dorsoventral bend is defined as the angle in the median sagittal
plane between the unbent body axis and a line extending from one-
third of the body length from the head to the tail.
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and averaging across trials from 500ms before the time of
detection to 1000ms after the time of detection. The tails of these
peri-detection distributions have reduced values of Nbecause of
differences in start and end times between trials. All post-
detection averages were computed by first aligning trials at the
specified post-detection time. All computations were carried out
using MATLAB and the image processing, optimization and
signal processing tool boxes (The Mathworks Inc., Natick, MA,
USA), running on a Unix workstation.

All statistical values are reported as mean ±S.D. unless
indicated otherwise. For comparison of receptor surface area
and size between A. albifronsand A. leptorhynchus, the scaled
polygonal fish models used for model-based tracking were
measured using three-dimensional modeling software
(Rhinoceros, Robert McNeel and Associates, Seattle, WA,
USA).

Results
In total, 130 A. albifronsprey-capture sequences were

processed for full motion analysis, with a mean duration of
1.2±0.3 s. In a typical sequence, the fish initially swam
forwards and then made a rapid reversal in swimming direction
to capture the prey. Such rapid reversals were associated with

prey-capture behavior and were rarely observed during normal
swimming when no prey were present in the tank.

Fig. 2A shows the longitudinal velocity profile for a
representative prey-capture sequence, illustrating a rapid
reversal. The time at which the longitudinal velocity changes
sign from positive to negative (Fig. 2A, dotted vertical line) is
referred to as the ‘time of reversal’. The mean duration of a
rapid reversal (from time of reversal to time of next forward
movement) for all trials was just under half a second
(418±141 ms). To obtain a better estimate of the time of prey
detection, we used the longitudinal acceleration profile
(Fig. 2B) to determine when the fish began to slow down. The
zero-crossing of the longitudinal acceleration profile prior to
the rapid reversal (Fig. 2B, solid vertical line) was taken as the
‘time of detection’. The actual time of detection, however,
would be prior to this behavioral response because of
neuromotor output delays. In subsequent analyses, these two
time points (‘time of reversal’ and ‘time of detection’) are used
as reference points for comparing distances to prey. Typically,
the prey were captured in just over half a second following the
time of detection (665±165 ms). Fig. 2C shows the minimum
distance between the prey and the surface of the fish, computed
from the model-based tracking data. At the time of detection,
the Daphniawas 3.5 cm away from the sensory surface, and at
the time of reversal it was 3.1 cm away.

Longitudinal velocity and acceleration

In 14 of the 130 behavioral sequences, we could not
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Fig. 2. Longitudinal velocity, longitudinal acceleration and the
shortest distance between the prey and the fish body surface for a
representative trial that ends with a successful capture. (A)
Longitudinal velocity, showing the time of reversal of swimming
direction (trev). (B) Longitudinal acceleration, showing the time of
detection of the prey (tdet). (C) The shortest distance from the fish
body to the prey, with time of reversal (trev; dotted vertical line), time
of detection (tdet; solid vertical line), reversal distance (dotted
horizontal line) and detection distance (solid horizontal line)
indicated.
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determine the time of detection, either because there was no
rapid reversal or because the deceleration profile was
ambiguous. The other 116 behavioral sequences had velocity
and acceleration profiles similar to those shown in Fig. 2.

Fig. 3 shows a peri-detection plot of the average longitudinal
velocity and acceleration for all 116 trials, aligned at the time
of detection. At the time of detection, the average forward
longitudinal velocity of the fish was 9.6±4.3 cm s−1. The peak
negative velocity of the rapid reversal occurred on average
307±135 ms following detection and had a magnitude of
−19.1±5.2 cm s−1. The average peak reverse acceleration
during the rapid reversal was −172±75 cm s−2.

We found that the mean longitudinal velocity from the start

of the behavioral segment to the time of detection (pre-
detection or search velocity) was 8.1±3.7 cm s−1 (N=116). At
35µS cm s−1, the mean search velocity was significantly higher
(10.4±3.3 cm s−1, N=38) than at all other conductivities, with
no significant difference between velocities at 100µS cm s−1

and above (P<0.01, t-test).

Detection distance

In this section, we present results for data collected at
35µS cm−1, which was associated with the largest mean
detection distance. Fig. 4A shows the peri-detection time
course of the distance between the fish and prey, averaged over
all 35µS cm−1 trials (N=38). The mean distance to the prey at
the time of detection was 2.8±0.8 cm. Fig. 4B shows the
distribution of distances at the time of detection (range
1.2–5.2 cm). Note that the distribution is well separated from

Fig. 4. Detection distance profile and distributions for 35µS cm−1

water conductivity trials (N=38). (A) Mean distance to prey for all
trials, aligned at the time of detection (t=0 ms). The vertical solid line
indicates the time of detection; the vertical dotted line indicates the
average time of fish reversal. Values are means (thick solid lines)
and standard deviation (thin solid lines). (B) Histogram showing the
detection distance distribution. The mean distance to the prey at
the time of detection was 2.8±0.8 cm (mean ±S.D., N=38).
(C) Histogram showing the reversal distance distribution. The mean
distance to the prey at the time of reversal of swimming direction
was 1.9±0.6 cm (mean ±S.D., N=38).
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the origin, indicating that all detections were non-contact in
nature. Fig. 4C shows the distribution of distances at the time
of reversal. The distribution is similar to that shown in Fig. 4B,
except that the mean is shifted to lower values (1.9±0.6 cm)
because the time of reversal occurs approximately 200 ms after
the time of detection (see Fig. 2C).

Prey position at time of detection

Most detection events occurred when the prey was close to
the dorsal surface of the fish. Figs 5 and 6 illustrate the
angular and rostrocaudal distributions of prey at the time of
detection for 35µS cm−1 water conductivity. As shown in Fig.
5A, the prey tended to be detected above the dorsal surface
of the fish. All prey but two were within ±60 ° of the vertical
midline of the fish at the time of detection (Fig. 5B). Mean
detection distance did not vary significantly with azimuthal
position (Fig. 5C). As shown in Fig. 6A, prey positions were
distributed along the entire rostrocaudal extent of the fish.

There was a slight bias in the number of detections favoring
the anterior trunk region of the fish (Fig. 6B). The mean
detection distance did not vary significantly with rostrocaudal
position (Fig. 6C).

Detection distance and water conductivity

The mean detection distance increased with decreasing
water conductivity. At a conductivity of 35µS cm−1, the mean
detection distance was approximately twice that at
600µS cm−1. Fig. 7A shows the mean and standard deviation
of the detection distance distribution for each of the four
conductivities tested. The mean detection distances were not
significantly different between 300 and 600µS cm−1, but were
significantly different between 300 and 100 and between 100
and 35µS cm−1 (P<0.01, t-test). Two sets of 300µS cm−1

trials, collected approximately 10 weeks apart, showed no
statistically significant difference in mean detection distance
and were pooled for this analysis. The results are summarized
in Table 1.

The miss rate (misses as a percentage of all capture
attempts) decreased monotonically with decreasing water
conductivity, from a maximum of 11±3 % at 600µS cm−1 to
a minimum of 2±1 % at 35µS cm−1 (mean ±S.E.M.) (Fig. 8).
The miss rate at 35µS cm−1 was significantly lower than
that at 300 or 600µS cm−1 (P<0.001, binomial significance
test).

Roll and pitch

Prior to detecting prey, fish were typically oriented with a
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Fig. 6. Rostrocaudal distribution of prey for 35µS cm−1 water
conductivity trials (N=38). Body lengths are normalized from 0
(head) to 100 (tail). Circles indicate the position of the Daphnia
magnaat the time of detection. (A) Side view showing the position
of the prey at the time of detection projected onto a straightened fish.
(B) Histogram showing the number of detections at different body
positions. (C) Histogram showing the detection distance at different
body positions.
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body roll angle close to zero (−3±16 °, N=116, Fig. 9A). At the
end of the rapid reversal (onset of the final forward lunge to
engulf the prey), approximately 0.6 s later, the mean roll angle
was still close to zero, but the root mean square (RMS) value
had increased significantly, from 17 to 33 ° (Fig. 9A). This
post-detection increase in the RMS value is due to rolling
movements following detection. A typical rolling movement is
illustrated in Fig. 10A.

Fig. 9B compares the change in roll angle (from the time of
detection to the time of maximum reverse velocity) with the
angle of the prey at the time of detection. The angle to the prey
is defined as shown in the inset of Fig. 9B. The slope of the
regression line is close to unity, indicating that, between the
time of detection and the time of maximum reverse velocity,
the fish rolled through approximately the same angle as it
initially made to the prey (slope 0.93, P<0.001). This resulted
in the prey being located above the dorsum following the roll
movement.

When the fish were searching for prey, they typically swam
forward with their bodies pitched slightly downwards. At the
time of detection, the average pitch angle was 29±9.8 °
(Fig. 11). In this posture, the dorsal surface of the trunk forms

the leading edge as the fish moves through the water. During
the rapid reversal, the pitch angle tended to decrease. At the
end of the rapid reversal, approximately 0.6 s after detection,
the mean pitch angle had decreased to 15±13 °.

Table 1.Distance to prey at time of detection and time of reversal for Apteronotus albifrons and A. leptorhynchus

Water
Distance to prey (cm)

conductivity A. albifrons A. leptorhynchus

(µS) Detection Reversal Detection Reversal

35 2.8±0.8 (38) 1.9±0.6 (54) 1.6±0.8 (12) 1.2±0.7 (34)
100 1.9±0.6 (18) 1.4±0.5 (18) NA 0.8±0.3 (9)
300 1.3±0.6 (37) 1.0±0.5 (51) NA 0.6±0.3 (17)
600 1.5±0.8 (23) 1.0±0.7 (23) NA 1.0±0.7 (20)

Values are means ±S.D. (N).
NA, not applicable.

Fig. 8. Comparison of miss rate, defined as failed prey-capture
attempts, as a percentage of all prey-capture attempts, at four water
conductivities for Apteronotus albifrons. Values are means ±S.D.,
Sample numbers for each data point are indicated on the graph.
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Fig. 9. Peri-detection population distribution of roll angle and
evidence for an electrosensory orienting response to prey. (A) Mean
(thick solid line) and root mean square (RMS; thin solid lines) values
of the roll angle; trials are aligned at the time of prey detection
(t=0 ms) indicated by a vertical line. (B) The change in roll angle
from the time of detection to the time of maximum reverse
longitudinal velocity versusthe initial angle to the prey at the time of
detection (α). The angle to the prey is defined as shown in the inset.
The dashed line shows the relationship when the roll angle change is
equal to the initial prey angle and corresponds to a linear regression
of the data (r2=0.41, P<0.0001). N=116 capture attempts.
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Lateral tail bend and bending velocity

Following detection, as the fish executed the rapid reversal,
the degree of lateral tail bend tended to decrease. The lateral
tail bend angle is defined as shown in Fig. 1A. The mean of
the lateral bend angle is always near zero (Fig. 12), indicating
that the fish showed no preference for left- versusright-side
body bends. The RMS bend angle, however, dropped
significantly following detection. At the time of detection, the
RMS value was 31 °, whereas at the end of the rapid reversal
approximately 0.6 s later, it had declined to 16 °.

The bend angle analysis provides information about the
degree to which the body is bent, but not about how rapidly

the bend angle is changing. We examined the lateral bend
velocity across all 116 trials and found a mean RMS lateral
bend velocity of 107 ° s−1 around the time of detection. There
was no significant difference between pre- and post-detection
values. For a 14 cm A. albifrons, this bend velocity corresponds
to a tail tip velocity of approximately 19 cm s−1. At the end of
a rapid reversal, there was often a rapid dorsoventral or lateral
body bend just prior to capture to close the final gap to the prey
(Fig. 10B).

Effects of prey displacement on prey-capture behavior

To assess whether fish tended to perform ballistic strikes at
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Fig. 10. Two characteristic movement strategies used by the fish during prey-capture behavior are shown in two different prey-capture
sequences. In both panels, the top snapshot (t=0 ms) is at the time of detection, and time increases up to the last snapshot at the end of the
sequence. The heavy line on the fish indicates the dorsum, the open circle marks the position of the Daphnia magna, and the dotted line
indicates the shortest distance from the Daphniato the body surface. (A) Roll, a possible electrosensory orienting behavior. The inset plot on
the left shows the roll angle history and current value (filled circle). (B) Lateral body bending to swing the mouth rapidly to a laterally
positioned Daphnia. The inset plot on the left shows the lateral bend angle history and current value (filled circle). Other details as in A.
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the place where the Daphniawas originally detected or
whether they were able to modify their strike trajectory to
compensate for prey displacement, we examined trials in
which the Daphniamoved 2.0 cm or more between the time of
detection and capture. The mean Daphniadisplacement from
the time of detection to capture was 1.5±1.0 cm, and the prey
was displaced 2.0 cm or more in 25 of the 116 trials. For these
trials, we compared two distances at each time step following
detection: the distance from the mouth of the fish to the
(changing) position of the prey, and the distance from the
mouth of the fish to the (unchanging) position of the prey at
the time of detection. A representative graph of these two
quantities and of the corresponding capture sequence is shown
in Fig. 13. Fig. 13A shows that the distance from the mouth of
the fish to the prey decreased more rapidly than the distance
from the mouth of the fish to the original position of the prey
at the time of detection. If, as shown in Fig. 13, the distance
between the mouth and the actual prey position dropped below
1.0 cm before the distance between the mouth and the original
prey position dropped below 1.0 cm, we categorized the trial
as an adaptive strike. The converse condition was counted as
a ballistic strike. If neither condition was met (e.g. the prey
never came closer than 1.0 cm to the mouth because of a failed

strike), the trial was scored as inconclusive. By these criteria,
18 of the 25 attempts were categorized as adaptive strikes, two
attempts were categorized as ballistic strikes and five attempts
were categorized as inconclusive.

Comparison between species

In general, A. leptorhynchusexhibited reduced detection
performance (shorter detection distances, higher miss rates)
than A. albifrons. However, the key features of their behavior,

Fig. 11. Mean (thick solid line) and standard deviation (thin solid
lines) of the pitch angle for 116 capture attempts; trials are aligned at
the time of prey detection (t=0 ms) indicated by a vertical line.
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Fig. 12. Mean (thick solid line) and root mean square (RMS; thin
solid lines) value of the lateral bend angle for 116 capture attempts;
trials are aligned at the time of prey detection (t=0 ms) indicated by a
vertical line.

-500 0 500 1000

-40

-20

0

20

40

Time (ms)

L
at

er
al

 b
en

d 
an

gl
e 

(d
eg

re
es

)

20
30 141618

1

3

5

Distance (cm)

Detection

Capture

Capture

Prey

Detection

0 1 2 3 4 5 6 7
0

1

2

3

4

5

6

7

D
is

ta
nc

e 
fr

om
 f

is
h 

m
ou

th
 to

 D
ap

hn
ia

 (
cm

) 

B

A

Mouth

Distance from fish mouth to Daphnia at detection point (cm) 

Distance (cm)

D
is

ta
nc

e 
(c

m
)

Fig. 13. A sample analysis of one capture in which the Daphnia
magna was displaced by approximately 4cm between the time of
detection and the time of capture. (A) A parametric plot of the distance
from the mouth of the fish to the (changing) prey position versusthe
distance from the mouth of the fish to the (unchanging) original
position of the prey at the time of detection. Each point on the curve
represents the value for the corresponding video image (60 imagess−1;
inter-image interval 16.67ms). The dotted lines at 1.0cm indicate our
threshold for categorizing the sequence as adaptive or ballistic. (B)
Illustration of the original positions of the fish and prey and subsequent
trajectories for A. If the fish had made a ballistic strike, the head might
be expected to have followed a trajectory to the location of the prey at
the time of detection, similar to the hypothetical trajectory shown by
the solid line. The actual fish trajectory (lower dotted solid line)
follows the drift of the prey, intercepting the prey trajectory (upper
dotted solid line) at the time of capture.
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including forward swimming velocity, reversal velocity and
acceleration, pitch, tail bend, tail bend velocity and post-
detection increase in RMS roll angle were similar to those
reported above for A. albifrons(N=12, 35µS cm−1).

To make comparisons between the distance at which prey are
sensed in A. albifronsand A. leptorhynchus, we performed
single-frame analyses of the video recordings using the time of
velocity reversal as a reference point (see Fig. 2A). Fig. 7B
compares the prey distance at the time of reversal for A.
albifrons(solid lines) and A. leptorhynchus(dashed lines). The
results are summarized in Table 1. The distance to the prey at
the time of reversal was generally larger for A. albifronsthan
for A. leptorhynchus. These differences were significant at 35,
100 and 300µS cm−1, but not at 600µS cm−1 (P<0.05, t-test).
The dependence of detection distance on water conductivity
was similar for both species. The mean miss rate for A.
leptorhynchuswas more than twice as high as for A. albifrons.
A. leptorhynchuscaptured approximately half as many Daphnia
per session as A. albifrons(mean values, four per session for A.
leptorhynchusand seven per session forA. albifrons).

There were several qualitative differences that are not
reflected in these data. First, A. leptorhynchusappeared less
motivated to feed on Daphnia. Approximately 800 prey captures
were recorded for A. albifrons, but only half as many prey
captures were recorded for A. leptorhynchus. We often observed
A. leptorhynchuscapturing a Daphniaand then ejecting it from
its mouth; this was never observed with A. albifrons. Although
we observed that A. albifronsincreased their general search
activity after prey had been detected, this was less apparent
with A. leptorhynchus. In addition, A. leptorhynchusswam
backwards more often than A. albifronswhile searching for prey.
Only 4% of the A. albifronstrials were excluded because the
animal was moving backwards at the time of detection
(preventing identification of the time of detection), whereas 15%
of the A. leptorhynchustrials were excluded for this reason.

The surface area and volume of length-matched A. albifrons
were larger than for A. leptorhynchus. A 16 cm A.
leptorhynchushad a surface area of 34 cm2 and a volume of
6 cm3, whereas a 15 cm A. albifronshad a surface area of
49 cm2 and a volume of 10 cm3. The percentage differences
were similar for a 12 cm A. albifronscompared with a 12 cm
A. leptorhynchus.

Discussion
The body of the weakly electric fish serves as a dynamic

sensory antenna that can be repositioned to improve the
reception of signals of interest from the environment. It is often
assumed that the high-frequency active electrosense provides
the key signals for prey-capture behavior. However, there is no
direct evidence to support this assumption in South American
gymnotids, and few studies address this question in African
mormyrids (von der Emde, 1994; von der Emde and
Bleckmann, 1998). It is possible that other nonvisual
modalities, such as the low-frequency electrosense and the
lateral line mechanosense, may contribute to prey-capture

behavior. First, we outline candidate sensory modalities that
may contribute to prey capture and provide evidence that
electrosensory contributions are likely to dominate over the
range of water conductivities encountered by the animal in
its natural environment. Second, we discuss our findings
concerning the positioning of peripheral electroreceptor
surfaces, the functional importance of the dorsal surface and the
evidence for a previously undescribed electrosensory orienting
response. Finally, we discuss evidence that Apteronotusis able
to modify its trajectory dynamically to capture moving prey.
This finding implies that the nervous system implements a
closed-loop control strategy during prey strikes.

Candidate sensory modalities supporting prey capture in
Apteronotus

These studies were conducted under infrared illumination at
a wavelength beyond the range of teleost photoreceptors
(Douglas and Hawryshyn, 1990; Fernald, 1988), and our fish
did not exhibit a startle response to the infrared illuminators,
as they did to visible light. Thus, it is unlikely that visual cues
were available to aid the fish in prey detection. Tactile
contributions can be eliminated because detection always
occurred when the prey was well separated from the fish
(Figs 5, 6). In principle, acoustic cues may contribute, but
the small prey used in this study are unlikely to generate
pressure waves of sufficient strength to provide whole-body
accelerations or stimulate the ear viathe swim bladder
and Weberian ossicles. Although chemosensory cues may
stimulate feeding behavior, it is unlikely that the olfactory
system can provide the spatial accuracy required to guide the
precise high-efficiency strikes that were observed (Fig. 8).

The remaining candidate modalities that may contribute to
prey detection are the high-frequency electrosense, the low-
frequency electrosense and the lateral line mechanosense.
These three sensory modalities are all part of the octavolateral
system.

Dependence of detection distance on water conductivity

The key evidence that the electrosensory system is important
for prey-capture behavior in Apteronotuscomes from our
observation of better detection performance (longer detection
distances and lower miss rates) at lower water conductivities
(Figs 7, 8). The mean detection distance nearly doubled (from
1.5 to 2.8 cm) between high-conductivity (600µS cm−1) and
low-conductivity (35µS cm−1) conditions, and the miss rate
decreased from 11 to 2 % in A. albifrons.

Natural conductivity ranges for Apteronotus

The conductivities of South American rivers and streams
where Apteronotusis found (Ellis, 1913) vary from minima
of approximately 10µS cm−1 in electrolyte-poor blackwater
regions to typical values of 60–110µS cm−1 in whitewater
regions of Central Amazon (Crampton, 1998; Furch, 1984b).
Apteronotus is also found in the relatively electrolyte-
rich waters of the Western Amazon, with conductivities of
160–270µS cm−1 (Hagedorn and Keller, 1996). Although
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seasonal variations in conductivity in areas inhabited by
weakly electric fish have been discussed in the literature
(Kirschbaum, 1979; Hopkins, 1972; Knudsen, 1974), there
does not appear to be significant seasonal variation in water
conductivity for the fast-flowing waters inhabited by
Apteronotus(Crampton, 1998; Furch, 1984a; Hagedorn, 1988;
M. Hagedorn, personal communication).

In this study, we observed the best detection performance
at the lowest conductivity (35µS cm−1), which is within the
natural range. Reduced performance was observed at the
higher conductivities (300 and 600µS cm−1) that are probably
outside the natural range.

Effects of water conductivity on high-frequency
electrolocation

Changes in water conductivity can influence high-frequency
(active) electrolocation performance in three ways: effects on
the fish’s EOD strength, effects on tuberous receptor
sensitivity, and effects on the ‘electrical contrast’ between an
object and the surrounding water.

The first effect is due to the constant-current source
characteristic of the electric organ of A. albifrons, which causes
the EOD amplitude to increase with increasing water resistivity
(Knudsen, 1975). On the basis of data presented by Knudsen
(Knudsen, 1975), we estimate that the EOD amplitude was
approximately 10 times higher at our lowest conductivity
(35µScm−1) than at our highest water conductivity
(600µScm−1). The strength of the voltage perturbation induced
by the Daphniais proportional to the strength of the fish’s own
electric field (Rasnow, 1996). Hence, considering only the effect
of bath conductivity on EOD amplitude, we expect the intensity
of the Daphnia image on the skin to increase as water
conductivity is decreased. Other studies of weakly electric fish
have also established that performance in certain high-frequency
electrolocation tasks improves with lowered bath conductivity,
including the ability to discriminate capacitative targets (von der
Emde, 1993) and the distance at which conspecifics are detected
(Moller, 1995; Squire and Moller, 1982).

The second effect of water conductivity on high-frequency
electrolocation is related to changes in tuberous receptor organ
sensitivity. Knudsen (Knudsen, 1974) found that behavioral
thresholds to high-frequency stimuli increased with decreasing
water conductivity in Apteronotus. On the basis of Knudsen’s
data (Fig. 7 in Knudsen, 1974), we would expect the
behavioral threshold for an active electrolocation stimulus
to increase by a factor of approximately three as water
conductivity decreases from the highest conductivity used in
our study to the lowest. This change in sensitivity is measured
in terms of an externally imposed voltage gradient in the water
outside the skin and it is independent of the change in
amplitude of the fish’s EOD discussed above.

The third effect is related to the electrical contrast of the
prey. The magnitude of the active electrolocation stimulus
depends on the degree to which the electrical impedance of an
object differs from that of the surrounding medium (Rasnow,
1996). We have found that the resistive impedance of Daphnia

approximately matches that of the surrounding water at a bath
conductivity of 300µS cm−1 (M. A. MacIver and M. E. Nelson,
unpublished data). Considering only the resistive impedance of
the prey, we would expect its electrical contrast to increase for
conductivities both above and below 300µS cm−1.

In summary, as conductivity decreases from 600 to
35µS cm−1, we would expect an order of magnitude increase
in the strength of the perturbation due to the current source
property of the electric organ, a factor of three decrease in the
overall sensitivity of peripheral electroreceptors and an
increase in the electrical contrast of the prey. The net result is
that lower conductivities should result in better performance
for the high-frequency electrosense, and thus longer detection
distances, to the extent that active electrolocation contributes
to prey-capture behavior.

Effects of water conductivity on low-frequency electrolocation

Aquatic prey such as Daphniagenerate weak low-frequency
bioelectric fields (Wilkens et al., 1997; Peters and
Bretschneider, 1972; Kalmijn, 1974) that can be sensed by the
ampullary electroreceptors of weakly electric fish (Dunning,
1973; Zakon, 1986). Although the density of ampullary
receptors on the surface of the body of A. albifrons is more
than an order of magnitude lower than that of tuberous
receptors, low-frequency electrolocation may well be
important in prey-capture behavior. For example, Kalmijn and
Adelman (reported in Kalmijn, 1974) found that A. albifrons
and Gymnotus carapowill strike at low-frequency signal
sources designed to mimic the bioelectric field of natural prey.

Changes in water conductivity can influence low-frequency
electrolocation in two ways: effects on the bioelectric potential
of the prey, and effects on the behavioral threshold of the fish.
The first effect is due to the current source characteristic of
Daphnia, causing in increasing bioelectric field strength with
increasing water resistivity. The bioelectric potential of
Daphniaat 1 mm distance has been measured to be of the order
of a few hundred microvolts in low-resistivity water
(760µS cm−1) and several thousand microvolts in high-
resistivity water (10µS cm−1) (Wilkens et al., 1997; Wojtenek
et al., 2000; W. Wojtenek and L. A. Wilkens, personal
communication). The second effect was studied by Knudsen
(Knudsen, 1974), who examined behavioral thresholds of
A. albifrons to externally imposed low-frequency (10 Hz)
sinusoidal fields at different water conductivities. Threshold
values were lowest (approximately 0.6µV cm−1 peak-to-peak)
at 100µS cm−1, and they increased modestly both above
and below this conductivity to values of the order of
1.0–1.5µV cm−1 peak-to-peak over the range of conductivities
of interest here (35–600µS cm−1).

Of these two conductivity effects on low-frequency
electrolocation, the order of magnitude increase in Daphnia
field strength is expected to dominate the factor 2–3 increase
in behavioral threshold. The net result is that lower water
conductivity should result in better performance for the low-
frequency electrosense, just as it did for the high-frequency
electrosense.
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Effects of water conductivity on the mechanosensory lateral
line

Several species of non-electric fish use the mechanosensory
lateral line for detecting the weak flow fields produced by prey
(Montgomery, 1989; Bleckmann et al., 1991; Enger et al.,
1989; Montgomery and Milton, 1993; Janssen, 1997;
Bleckmann, 1986; Kirk, 1985). Lateral-line-mediated
detection distances for Daphniaare generally found to be
approximately 1 cm (Coombs and Janssen, 1989; Janssen et al.,
1995; Hoekstra and Janssen, 1986), although distances of up
to 4 cm have been reported for a blind cave fish (Typhlichthys
subterraneus), a mechanosensory specialist (Poulson, 1963).

Changes in water conductivity are not expected to influence
mechanosensory sensitivity, except at very low conductivities, at
which a low concentration of Ca2+ in the bath has been shown
to reduce hair cell sensitivity (Crawford et al., 1991; Sand, 1975).
We would expect to see such results only at our lowest
conductivity (35µScm−1), at which the concentration of Ca2+

was 0.11mmol l−1. Studies with non-electric fish also suggest
that lateral line sensitivity should be reduced at this Ca2+

concentration (Hassan et al., 1992; Sand, 1975). If
mechanosensory cues were dominant in prey detection, we would
expect detection performance to be largely insensitive to changes
in water conductivity or, perhaps, to decrease with lower water
conductivity because of the effects of low Ca2+ concentration.

To summarize, the improvement in detection performance
that we observed at lower water conductivity strongly suggests
that electrosensory cues dominate at the low conductivities.
Best performance was observed at conductivities comparable
with those experienced by the animal in its natural
environment, leading us to conclude that the electrosense is the
ecologically relevant sensory modality for prey capture.

Our results leave open the possibility that improved prey-
capture performance for both species at low conductivities
could be due to either high- or low-frequency components of
the electrosense. To assess whether one component is more
likely to dominate, we compared estimated signal strengths
with estimated behavioral thresholds. Both the high- and low-
frequency signal strengths appeared to be of the right order of
magnitude to be detectable at the observed prey detection
distances. Determining the relative contributions of these two
components will therefore require further investigation.

Functional importance of the dorsal receptor surface

The dorsal surface of the fish appears to be of particular
functional importance during prey-capture behavior. When
searching for prey, the fish typically swam forward with an
upright posture (i.e. with a roll angle near zero) and with its
body pitched downwards such that the dorsum formed the
leading edge as the fish moved through the tank. Furthermore,
immediately following detection, the fish initiated a rolling
movement during the reversal that brought the Daphniamore
directly above the dorsum. Figs 5 and 6 show that the active
space for prey detection is a wedge of space above the dorsum
that extends along the entire length of the body. The observed
dorsal bias may in part be due to the prey drifting downwards

from the point of introduction near the water surface. Previous
studies of active electrolocation in gymnotids have often
focused on objects placed lateral to the fish’s flattened body
surface, but our results suggest that the space above the dorsum
may have greater functional importance to the animal, at least
under the conditions of our study.

The functional importance of the dorsum is also reflected by
regional specializations in electroreceptor distribution on the
body surface (Carr et al., 1982). The distribution of tuberous
receptors is 2–3 times more dense on the dorsal surface of
the trunk than on the lateral surface. A similar dorsal bias
is observed for ampullary receptors. In contrast, the
mechanosensory system has a more lateral bias, with the
majority of the neuromasts on the trunk located in the lateral
line; only a few superficial (non-canal) neuromasts are located
on the dorsum. Apteronotids also possess a specialized
electrosensory structure on the dorsal midline, known as the
dorsal filament, that may aid in the detection and discrimination
of prey (Franchina and Hopkins, 1996). In A. albifrons, this
filament extends along the caudal-most third of the dorsum.
Given that the EOD field is stronger near the tail (Rasnow and
Bower, 1996) and given the presence of the dorsal filament, we
might expect a bias in the detection point distribution towards
this region. However, we did not observe this (Fig. 6B,C),
perhaps in part because the tail region has a smaller surface area
and fewer receptors, and perhaps because the fish was not
required to discriminate prey from other objects in this study.

Roll: evidence for an electrosensory orienting response to
prey

We observed that following detection the fish executed a
body roll to position the prey more directly above the dorsum
(Figs 9, 10A). This rolling behavior may have both sensory
and biomechanical aspects. The sensory aspect is similar to an
orienting response observed in Mexican blind cave fish in
which the fish rolls the lateral side of its body, and thus the
lateral line canal organs, towards objects (von Campenhausen
et al., 1981). For Apteronotus, in addition to taking advantage
of the dorsal electrosensory specializations discussed above,
centering the prey above the dorsum may facilitate spatial
localization by allowing comparisons between electroreceptor
activation on the left and right sides of the body. A balanced
stimulus would indicate that the prey was located directly
above the dorsum, whereas an imbalance could serve as a
relative measure of the angular deviation from the dorsal plane.
In the weakly electric gymnotid Eigenmannia virescens, Feng
(Feng, 1977) observed that the roll component of the substrate-
orienting response was abolished by sectioning one of the
bilateral trunk electroreceptor nerves, suggesting that the roll
response may depend on bilateral electrosensory comparisons.
Balancing an electrosensory stimulus on two sides of the body
has also been reported in Gymnotus carapofor spatial
localization of an electrical dipole (Hopkins et al., 1997). In
general, localization through bilateral comparison of stimulus
intensity is a common orienting strategy (Kuc, 1994; Hinde,
1970; Coombs and Conley, 1997).
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The biomechanical aspect of dorsal roll is related to
hydrodynamic constraints associated with the knife-like shape of
the animal and the propulsive capabilities of the ribbon fin.
Because of these constraints, the fish cannot perform pure lateral
translations. Thus, when the initial prey position has a lateral
component, the optimal approach strategy may be a dorsal roll
towards the prey accompanied by a dorsum-leading reversal.
Similar hydrodynamic constraints have been noted for
movements of the flattened rostrum of the paddlefish during
prey capture (Wilkens et al., 1997; L. A. Wilkens, personal
communication). The electrosensory specialization of the dorsal
body surface in Apteronotusmay have evolved as a result of these
biomechanical and hydrodynamic constraints on movement.

Backward swimming

Historically, backward swimming in electric fish has been a
topic of keen interest and speculation, triggering research that
led to Lissmann’s discovery of active electrolocation (Lissman,
1958; Moller, 1995). Our results show that rapid reversals in
swimming direction play a key role in the behavioral strategy
used by Apteronotusfor prey capture (Fig. 3), as has been
reported previously for several gymnotids (Heiligenberg,
1973; Lannoo and Lannoo, 1993; Nanjappa et al., 2000).

For fish that detect prey using the electrosense, there are two
general body designs and two corresponding behavioral
strategies that permit efficient prey capture. The first design has
the mouth located subterminally, with receptors in front,
allowing prey to be scanned across the receptor array before
reaching the mouth during forward swimming. This is observed
in many elasmobranchs and in paddlefish (Wilkens et al.,
1997; Montgomery, 1991). The second design has the mouth
positioned terminally, with receptors located behind the mouth.
This design is complemented with a behavioral strategy of
backward swimming to scan the image across the receptor array,
as observed in Apteronotusand other gymnotids (Heiligenberg,
1973; Lannoo and Lannoo, 1993; Nanjappa et al., 2000). In
Apteronotus, tuberous and ampullary electroreceptor densities
are approximately 5–10 times higher on the head than on the
trunk (Carr et al., 1982); the head can therefore be considered to
be the ‘electrosensory fovea’. By executing a rapid reversal, the
fish scans the electric image of the Daphniaacross a receptor
array of increasing density and provides the animal with a
progressively stronger and sharper electrosensory perception.

Tail bending

Swimming modes that utilize propagated waves along an
elongated ventral (gymnotiform mode) or dorsal (amiiform
mode) ribbon fin effectively decouple locomotion from trunk
movements (Breder, 1926). Lissmann (Lissmann, 1958;
Lissmann, 1961), among others, has speculated that ribbon fin
locomotion, when performed with a rigid trunk, may help
electric fish avoid electrosensory reafference caused by tail
bending (Bastian, 1995; von Holst and Mittelstaedt, 1950). Tail
bends cause large modulations of the transdermal potential due
to movement of the electric organ in the tail (Assad, 1997;
Bastian, 1995). It is also possible that, by decoupling

propulsion from trunk movement, trunk movement can be
utilized to aid sensory acquisition. For example, gymnotids are
known to execute nonlocomotory tail bends during exploration
of novel objects (Heiligenberg, 1975; Assad et al., 1999).
Lannoo and Lannoo (Lannoo and Lannoo, 1993) noted that A.
albifronsarched its body towards Daphniaduring prey-capture
behavior. The gymnotid G. carapo also bends its body to
conform to the curvature of electric field lines when
approaching dipole sources (Hopkins et al., 1997).

We examined tail bending in A. albifronsduring prey-
capture behavior to address some of these issues. We observed
that the fish does not keep its body straight prior to detection
(Fig. 12), arguing against the need to minimize electrosensory
reafference by maintaining a straight trunk. It is now known
that fish can compensate for electrosensory reafference in the
central nervous system (Bastian, 1995; Bastian, 1999). We did
note that the RMS value of the bend angle dropped
significantly following detection (Fig. 12), which implies a
straightening of the body during the rapid reversal. This may
have sensory relevance or may be due to hydrodynamic
constraints on rapid backward movements.

In addition to examining the magnitude of tail bending, we
quantified the velocity of tail bending. Our results show
an average RMS bending velocity close to 107°s−1,
corresponding to an arc velocity of approximately 19cms−1 at
the tip of the tail. The tail-bending behavior we observed is
different from the slow, large-amplitude ‘tail probing’ that
occurs during exploration of novel objects (Assad et al., 1999).
In general, the tail bends we observed were fast, small-amplitude
adjustments of body posture. It is possible that these postural
adjustments facilitate active electrolocation by modulating the
spatiotemporal properties of the electric image of the Daphnia.

Closed-loop control of prey capture

Our results show that, following prey detection, Apteronotus
is able to modify its trajectories adaptively to intercept prey that
are drifting or being buffeted away. Closed-loop control of prey
capture is rather remarkable given how rapidly the behavior is
executed, with a mean time from detection to capture of
665±165 ms. Thus, it appears that the fish continues to process
incoming electrosensory data and update estimates of current
prey position on a relatively fast time scale. Another possibility
is that the fish is able to predict the trajectory of the prey and
use this prediction for feedforward control of the prey-capture
strike. We believe this is unlikely in this case, because the
majority of the movement of the prey appears to be due to
turbulence caused by the fish’s rapid reversal, the effects of
which could be quite difficult to predict. The real-time demands
of closed-loop tracking of prey set limits on the integration
times that the nervous system uses for prey localization and
therefore constrain neural models of electrosensory target
acquisition. Such a closed-loop strategy is similar to the
nonvisual prey pursuit strategies observed in echolocating bats
(Kalko, 1995), and it contrasts with open-loop, ballistic strike
strategies such as those observed in the tiger beetle (Gilbert,
1997) and mottled sculpin (Coombs and Conley, 1997).
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