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Abstract

The detection and identification of behaviorally relevant signals in the presence of competing signals in the environment is a major chal-
lenge of animal sensory systems. In weakly electric fish such asEigenmannia virescens, the interactions between the autogenous electric
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eld and the electric fields of nearby conspecifics can have profound effects on the perception of other behaviorally relevant
ory information. To better understand the natural signals that the nervous system ofEigenmanniaexperiences during the processing
lectrosensory information, we examined the electrosensory milieu ofEigenmanniain the wild and in the laboratory. Recordings of
lectric fields ofEigenmanniawere made in ‘black’ and ‘white’ waters near the Napo River in eastern Ecuador. Fourier analysis r

hatEigenmanniatypically experience the electric fields of three to five conspecifics during the day and night in each habitat. The
ifference in electric organ discharge frequencies between nearbyEigenmanniaduring the day was 23 Hz in black water habitats, 41

n white water, and 37 Hz at night in both habitats: these signals are known to activate tuberous electroreceptors and downs
ircuits. There was no correlation between the number of individualEigenmanniadetected at recording sites and electric organ disch
requencies. Further,Eigenmanniaapparently do not maximize the frequency differences between conspecifics. In laboratory stu
ere preferentially observed in aggregates of two fish or more. Aggregate sizes observed in the laboratory were similar to th
ild.
2005 Published by Elsevier B.V.
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. Introduction

Animal sensory systems are subject to a wide range of
nterfering and competing signals that can have profound
ffects on the function of sensory systems[3,7,9,20]. Ani-
al behavior is often adapted to reflect the challenges of

ignal detection in noisy environments[1,23,26,31,32]. The
ave-type weakly electric fishEigenmannia virescensis a
articularly good model system to study problems related to
ensory interference as these fish experience different elec-
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trosensory conditions when they are alone versus when
are in close proximity to one another[4,18,39]. These elec
trosensory conditions can dramatically modulate the ac
of CNS neurons, altering information available for biolo
cally relevant computations[11,30,33].
Eigenmanniaproduce a continuous, nearly sinuso

electric field at frequencies between 200 and 700 Hz.
electric field is generated by a specialized electric or
the field is known as the electric organ discharge, or E
When individualEigenmanniaare in close proximity t
conspecifics, the electric fields interact and produce
emergent pattern of ‘beats’ that occur at rates equal t
frequency difference between the fish. The frequenc
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beats is known as the ‘beat rate’. Electrosensory function
is maximally impaired inEigenmanniawhen the fields of
nearby conspecifics are within 3–8 Hz[4,17,30]. In contrast,
beat rates of more than 15 Hz do not significantly impair
electrosensory function[4].
Eigenmanniaexhibit a specialized behavior, the ‘jamming

avoidance response’ (JAR), to avoid detrimental beat rates. In
the JAR, the fish with the higher EOD frequency increases its
frequency while the other fish decreases its EOD frequency
[39]. The difference in EOD frequencies between the fish is
thereby increased, resulting in beat rates that do not impair
either fish’s ability to electrolocate[4]. The net result of the
JAR behavior is that both fish will continue to experience
ongoing beat rates above 15 Hz for as long as the fish remain
in proximity of each other.

Interestingly, these ongoing post-JAR beat rates appear
to have an ongoing impact on electrosensory processing.
For example, beat rates of 15 Hz or more have been shown
to modulate short-term synaptic plasticity in midbrain neu-
rons in the torus semicircularis (electrosensory midbrain)
[11,36]. Short-term synaptic plasticity is used in the gen-
erating of low-pass filtering properties[10,11], and may be
critically involved in the generation of direction selectivity
[6]. Therefore, it is likely that the processing of salient elec-
trosensory information in these midbrain neurons is different
whenEigenmanniaare alone versus in groups[34]. Addition-
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2. Materials and methods

2.1. Study sites

Fish were studied in both “black water” and “white water” habi-
tats near the Napo River in eastern Ecuador. Black water habitats
are tannin-rich, clear water from local rain runoff. White water is
characterized by low visibility and high silt loads from mountain
runoff. Observations were made over a 3-year period: January of
2003, 2004, 2005, and August of 2004. Black water recordings of
EODs were made in and around Lake Pilchicocha, Orchidea creek,
and other streams in the privately held Sacha Lodge reserve. White
water recordings of EODs were made in the Tiputini River within the
Yasuńı National Park near the Estación Cíentifica Yasuńı (PUCE).
Conductivity of water at each habitat was between 10 and 50�S/cm.
Eigenmanniawere commonly found in reed-grasses and in the root
systems of many floating plants. They were also found in leaf lit-
ter and large debris, such as fallen trees, in moving streams. Water
depths ranged from 0.5 m in the shallow streams to over 5 m depth
in larger rivers and lakes.Eigenmanniawere not commonly found
in igaṕo (flood plains in black water areas) and varesa (flood plains
in white water areas) habitats, although other gymnotiform species
were encountered (particularly pulse-type species ofGymnotusand
Brachyhypopomus).

These studies were conducted with approval of the Ministerio
del Ambiente, the owners of Sacha Lodge, and the Pontificia Uni-
versidad Cat́olica del Ecuador. All procedures were approved by the
Institutional Animal Care and Use Committee of the Johns Hopkins
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lly, neurons in the electrosensory lateral line lobe (ELL
pteronotus, a closely related genus, exhibit high-pass t
oral filtering properties for ‘global’ stimuli, like those th
esult from the JAR. In effect, the response properties of
eurons appear to preferentially pass information resu

rom the JAR behavior to higher stations in the brain[5].
The potential effects of the JAR behavior on electro

ory processing are particularly interesting in light of
vailability of alternative behavioral solutions to the jamm
roblem. For instance, the jamming problem can be avo

n Eigenmanniaby simply moving away from conspeci
sh. Which strategy doesEigenmanniacommonly employ
or jamming avoidance? Despite intensive study of the
nd other electrosensory behaviors inEigenmannia, there are
nly anecdotal reports concerning the strategies for jam
voidance that are used by these fish under natural cond
21,24,40].

The present study examines a specific aspect of the
ehavior of weakly electric fish that has direct implicati

or electrosensory processing in the ELL and in the midb
ow many conspecific electric fields, if any, doEigenmannia
ommonly experience? That is, how many individuals
ocated in close enough proximity to affect and to be affe
y conspecific electric fields? We examined the distribu
f ‘electrosensory’ aggregates or shoals ofEigenmanniain
atural habitats and in naturalistic experiments in the l
atory. The goal is to determine the ongoing electrosen
onditions that fish experience in the natural environm
o better understand how the CNS processes behavio
elevant electrosensory information.
niversity, and follow international standards for animal use by
ociety for Neuroscience. Samples of fish examined in this s
ave been added to the collections of the Museo de Zoologı́a de la
ontificia Universidad Católica del Ecuador.

.2. Amplification and recording of EODs in Ecuador

Recordings of electrical activity were made using two syste
ortable and stationary. For the portable system, differential re

ngs were obtained from two wire leads, 10 cm apart, on w
lastic, or fiberglass rods. Probes were submerged 10–50 cm

he water for each recording. Electric signals were amplified u
ither a BMA-200 (Charles Ward Equipment, Inc., Ardmore,
r a mini audio amplifier #277-1008 (Radio Shack Corp.).
als were captured using consumer MP3 encoders. These in
TASCAM Pocketstudio V, PogoProducts RipFlash+, and

tive MuVo N200. Each of these devices was used in its hig
ecording quality and fastest encoding rate. Extensive testi
he laboratory was conducted to ensure that the MP3 enc
rocess, which is a “lossy” process, did not impact the da
ny substantive way. We found, as is the case for highest-q
PEG images, that the effects of the transform were not e
iscernable.

Recording sites were chosen by the presence of EODs
ange of frequencies produced byEigenmannia(see below). EOD
ould be detected up to about 1.5 m from individualEigemannia.
ites were typically more than 2 m apart, although a few sam
ere taken at approximately 1 m distance. These distances
hosen to avoid resampling of individual fish between adja
ecording sites. Recordings used in this study were from sit
o more than 2 m depth. Although we did not attempt an exh

ive search of deeper habitats, no weakly electric fish signals
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encountered when we made observations from greater depths of up
to 4 m below the surface.

Samples were a minimum of 20 s duration. Samples were taken in
wide variety of locations in all habitats where the fish were encoun-
tered. During the day, sites were identified using the electric field
amplifier system alone, as the fish were not visible. At night, either
the amplifier system or flashlights, particularly in black water areas,
were used to find fish.

For stationary recordings, wireless systems were used to trans-
mit amplified signals from recording sites to a computer for signal
capture. Four recording sites were monitored simultaneously. The
amplifier system was identical to the portable system: a 15 cm
probe was placed in the water and the signals amplified using
the RadioShack device. The probes were either hung from over-
hanging trees, placed along the shore, or on small floats. The
amplified signals were transmitted and received using Nady sys-
tems WGT-15 or WLT-15 wireless transmitter packages. Data were
captured using custom software via an Iotech DaqBoard 2000
(16 bit resolution, 20 K sample rate per channel). The computer
was powered via a 12 V car battery and power inverter. Twenty-
second duration samples were taken every 10 min for periods up
to 10 h.

No recordings were used from sites that did not contain EOD
signals in the range of frequencies produced byEigenmannia. We
made hundreds of additional recordings of pulse-type species in
locations that did not includeEigenmannia—these samples were
not included here.
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Fig. 1. Schematic of the experimental arena. A large plastic tank was
equipped with four refuges (dark squares): figure is not drawn to scale.
Recordings were obtained from one pair of electrodes (black dots) at each
refuge. The shaded region surrounding each refuge represents the region in
which the EODs ofEigenmanniacould be recorded by the electrodes at that
refuge. During the day fish were observed within the refuges (right). During
the night the fish were active. The two fish at left illustrate the limitations of
the system. These two fish would have been scored as both in the left quad-
rant. The EOD amplitude of the fish at the border of two quadrants would
have been greatest in the left quadrant because the tail, where the electric
organ resides, was closest to that refuge. Nevertheless it is likely that the fish
could indeed perceive each other’s EODs from these positions. Fish were
rarely observed in the center region.

were made for the 2-week period, the fish were removed and returned
to holding tanks in the facility.

2.4. Data analysis

The EODs ofEigenmanniaare nearly sinusoidal, and fish main-
tain regular EOD frequencies. It is therefore possible to identify
individuals based on the frequencies of each fish’s EOD alone. The
JAR behavior ensures that each fish in a location will have a dis-
tinct EOD frequency. Each sample was plotted as a sonogram using
a custom software package that allows very long sample windows
(16384+) and window overlap (95%) (Fig. 2). The minimum differ-
ence between two EOD frequencies that could be unambiguously
resolved was 3 Hz. EOD frequencies differences of less than 3 Hz
could be detected by amplitude modulations of the individual EODs
but not quantified: this situation was rarely observed. Care was taken
to avoid accidental counting of harmonic frequencies as additional
fish: power at harmonic frequencies was sufficiently low that setting
the dB range of sonograms easily excluded harmonics.

EOD frequencies were determined using the peak power at each
EOD frequency. The number of EOD frequencies was counted in
each sample. The numbers of samples of each group size were
summed. This value was then multiplied by the number of EODs:
for example the number of samples with two fish was multiplied by
2 and the number of samples with eight fish was multiplied by 8. In
short, the number of samples (unscaled) indicates the distribution
of group sizes, whereas the scaled value (group size multiplied by
.3. Aggregates of Eigenmannia in the laboratory

AdultEigenmannia virescenswere purchased from various co
ercial vendors and maintained in tanks at 20–23◦C in groups o
–30 fish. The experimental arena was a large round plast
diameter = 1.5 m, depth = 0.5 m) filled halfway with water at ab
50�S/cm conductivity (Fig. 1). This conductivity is within the no
al range, 50–600�S/cm, that is used in the laboratory, and redu

he effective size of each fish’s electric field thereby increasin
lectrical isolation between refuges. Four refuges were placed
erimeter of the tub. The refuges were 20 cm square plastic s

hat rested on the bottom of the tub with an array of 2 cm spa
0 cm tall black plastic rods (∼3 mm diameter). These refuges w
form of artificial reed grass habitat. Each refuge was also equ
ith a bubbler and two pairs of electrodes. Signals were amp
sing custom-built amplifiers and recorded using a custom com
ystem identical to that used in the stationary recording syste
cuador. The quadrant in which each fish was located during a
le was, in the vast majority of cases, easily determined by re
mplitudes of EODs recorded using this system. The combin
f conductivity and the calibration of the recording system allo
s to minimize any overlap of signals of fish in each of the
uadrants of the tub (Fig. 1).

Individual fish were taken from various tanks in the laborat
he selection of fish was random. Two densities of fish were u
ne fish per refuge (four fish total) and two fish per refuge (eigh

otal). Each experiment was conducted for a minimum of 2 we
2L:12D light cycle. Fish were allowed to acclimate to the n
nvironment for the first 3 days of each experiment. Five-se
uration recordings of EOD activity at each refuge were ta
very 30 min throughout each experiment after the initial accl
ion period. Visual observations were routinely made and comp
ith the automatically collected behavioral data. Once observa
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Fig. 2. Sonogram of a sample taken in black water during the day. Each
horizontal line represents the EOD of a singleEigenmannia. The EOD fre-
quencies were readily distinguished and counted. There are eight fish in this
sonogram. Bands that appear then disappear represent fish that swam in and
out of the recording area.

number of samples) indicates the number of fish within each group
size. To present the scaled and unscaled data on the same axes, we
normalized each. These values are the ‘percent’ data shown in the
figures. For example, imagine 10 fish distributed in a group of seven
fish, two fish, and a solitary fish. The unscaled value for the group of
seven fish would be 33.3% (one out of three groups) and the scaled
value would be 70% (seven out of 10 fish observed).

Differences in EOD frequencies were always measured in rela-
tion to the nearest signals. For example, for three EOD frequencies
we counted two differences in frequencies: the difference between
the middle and highest and the middle and lowest EODs. However,
the difference in frequency between the highest and lowest EODs

was not counted. This method counts the frequency differences for
each fish that result in the lowest frequency beat rates, which are
most likely to elicit the strongest JARs and electrophysiological
responses at the level of the electroreceptors and higher stations in
the brain.

Statistical analyses were performed using Statistica 5.5 (StatSoft,
Tulsa).

3. Results

3.1. Black water habitats at Sacha Lodge

Recordings were made at 146 sites during daylight hours
using the portable recording system (Fig. 3). Sites included
the edges of lakes and streams with a wide variety of veg-
etation including reed grasses, leaf litter, fallen trees, and
other floating plants. A total of 827 individual EODs were
identified in the daytime data. The median number of EODs
detected per sample was 5 and the mean was 5.7 (S.D. = 3.5).
A total of 338 recordings were made at six sites using the
stationary recording system at night. A total of 1034 EODs
were identified among the night samples. There was evidence
that fish were far more active at night, as EOD bands could
be seen entering and leaving the recordings during individual
s than
o ingle
s there-
f . The

F cuado r of EOD
f f fish for each group size (‘scaled’, see Section2). (A) Black water habitat, day; (B)
b

ig. 3. Distributions of numbers ofEigenmanniain samples taken in E
requencies (‘unscaled’, see Section2). The line indicates the percent o

lack water habitat, night; (C) white water habitat day and (D) white water ha
amples. It is likely that many fish were recorded in more
ne sample during the night. Nevertheless, during any s
ample the number of EOD frequencies is accurate, and
ore describes the electrosensory conditions of those fish

r. Bars indicate the percent of samples that contained each numbe
bitat, night.
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median and mean numbers of EODs observed at night were
3 and 3.1 (S.D. = 1.6), respectively, per sample.

These data were corroborated by visual observations of
the fish at night.Eigenmanniaand other species were com-
monly observed using flashlights in some of the smaller
streams and especially in Orchidea creek. Pulse-type gymno-
tiforms, includingBrachyhypopomussp. andGymnotussp.,
were commonly observed—these animals were rarely seen
in pairs or larger groups. In contrast,Eigenmanniawere rou-
tinely seen in pairs or groups of three. Although the visual
observations support our conclusions, these are weak evi-
dence as debris and leaf litter obscured the view of fish.

The greatest number of EODs observed in a single sample
in black water was 29. The largest group sizes, between 24
and 29 EODs, were observed in only 10 samples collected
during the day. The sites where larger groups were encoun-
tered were different from the more common groups of 17 or
fewer fish (Fig. 3). These large groups were located around
root systems of trees in igapó habitats whereEigenmannia
were rarely observed. The differences in EOD frequencies in
largest groups were often less than 15 Hz, and would likely
result in significant impairment of electrosensory function in
many of the fish. Unfortunately it was not possible to capture
or otherwise visualize these very large groups.

The frequency of each EOD was measured in each sam-
ple. There were no significant differences in the distributions
o -
t ngle
s re-

quencies of fish in aggregations were calculated for each
sample. The mean difference in closest EOD frequencies
(see Section2) during the day was 35.3 Hz (S.D. = 17.3) and
54.6 Hz (S.D. = 29.6) at night (Fig. 5). These differences are
smaller than the maximum frequency differences that the fish
could presumably produce (Fig. 5), and are well within the
range of detection and encoding by tuberous electroreceptors.

3.2. White water habitats in the Tiputini

Eigenmanniawere more difficult to locate along the Tipu-
tini than in black water habitats. Whether this reflects differ-
ences in fish densities or differences in the distributions of
fish in these habitats remains unclear. Recordings in white
water were all achieved using the stationary recording sys-
tem. During the daylight hours, 285 samples from 12 different
locations were recorded: 1022 individual EODs were identi-
fied in these recordings. The numbers of EODs observed in
samples during the day were smaller than those observed in
black water habitats. The largest number of EODs in a sam-
ple taken in white water habitats was 10 (Fig. 3). The median
number of EODs was 3 and the mean was 3.2 (S.D. = 1.9).

Night samples were collected at the same locations as the
daytime samples. A total of 3289 EODs were recorded in 916
samples. The maximum number of EODs observed in a sin-
g ed
a day.
T s 3.6
(

F
b

f EOD frequencies (linear regression,R2 = 0.006) in rela
ion to the numbers of EOD frequencies detected in si
amples (Fig. 4). Subsequently the differences in EOD f
ig. 4. Distributions of EOD frequencies. Points on the graphs indicate eac
lack water habitat, night; (C) white water habitat day and (D) white water ha
le sample was 13 (Fig. 3). The numbers of EODs observ
t night were generally greater than those found in the
he median number of EODs was 3 and the mean wa
S.D. = 2.3).
h individual EOD observed in each group size. (A) Black water habitat, day;(B)
bitat, night.
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Fig. 5. Distributions of differences between EOD frequencies. Points on the graphs indicate the mean difference in frequencies between all fish in each sample
taken. The line represents the calculated maximum average frequency difference possible for each group size: the difference between minimum and maximum
frequency observed from the entire data set divided by the one less than the group size. Open circles indicate median frequency differences. Differences in
EOD frequencies (Y-axis) have been plotted on a log scale. (A) Black water habitat, day; (B) black water habitat, night; (C) white water habitat day and (D)
white water habitat, night.

The distribution of EOD frequencies was similar to those
observed in black water habitats. There was no signifi-
cant relation between group size and EOD frequencies (lin-
ear regression,R2 = 0.06; Fig. 4). The mean difference in
EOD frequencies during the day was 54.1 Hz (S.D. = 35.5)
and 65.8 Hz (S.D. = 42.2) at night. The median differences
between EOD frequencies were relatively constant across
group sizes (Fig. 5). Two trends appear in these data: the
median difference in EOD frequencies drops slightly as group
size increases in three of the four conditions, and larger group
sizes have fewer low EOD-frequency differences.

3.3. Aggregates of Eigenmannia in the laboratory

Two different densities of fish were used in this experi-
ment. Seven different groups of fish were tested at a density
of one fish per refuge (i.e. four fish in the arena with four

refuges). More than 300 samples were analyzed for each
group in both the day and the night. The distributions of
observed numbers of fish in each quadrant were statistically
different from random in each of the seven experiments (Chi
Squared test, observed versus random, eachp< 0.001) (see
Fig. 6): fish were observed more often in groups than expected
in the random distribution. Even though there were sufficient
refuges so that each fish could occupy its own refuge all of
the time, fish were nonetheless found in groups of two fish
or more in 65% of samples during the day and 69% at night.
Fish did not exhibit preferences for particular refuges within
and between experiments. There were no discernable trends
in the frequency relations of fish over the course of each
experiment.

Six experiments were conducted at a density of two fish per
refuge (thus there were eight fish in the arena in each group).
This higher density of fish allowed for greater degrees of free-
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Fig. 6. Distribution of group sizes in refuges in the laboratory. As inFig. 3, bars indicate the percent of samples that contained each number of EOD frequencies.
The line indicates the percent of fish for each group size. Error bars indicate the standard deviation. (A and B) one fish per refuge, day and night, respectively.
(C and D) two fish per refuge, day and night, respectively.

dom and larger group sizes than the lower density conditions.
More than 300 samples were analyzed for each group in both
the day and the night (Fig. 6). The median group size during
the day was 4, and night was 3. These group sizes are within
the range observed at our field sites. Again, there were no
discernable trends in the frequency relations of fish over the
course of each experiment.

4. Discussion

This study described the electrosensory interference pro-
duced by nearby conspecifics that is routinely experienced
by individualEigenmanniaboth in the wild and in the labo-
ratory. In both black water and white water habitats near the
Napo river in the upper Amazon,Eigenmanniawere most
commonly found in electrosensory groups of three to five
fish throughout the day and night. The differences in EOD
frequencies between fish, the key measure relative to the
activation of electroreceptors and electrosensory perception,
were most commonly between 23 and 41 Hz. This range of
differences in EOD frequencies are detected and encoded
by tuberous electroreceptors. In the laboratory,Eigenmannia
were preferentially found in groups, even when there were
sufficient refuges so that individual fish could each be iso-
lated. Group sizes were similar in the naturalistic laboratory
s

The studies conducted in Ecuador have three important
limitations. First, it was not possible to observe the fish dur-
ing most recording samples. As a result, it is impossible
to unambiguously determine what species of fish produced
the signals at each recording site or assess the actual spa-
tial distribution of fish. However, when we traveled in the
waterways during the night, fish could be observed by flash-
light, and the EODs recorded. These observations strongly
suggest that most if not all of the recordings identified as
Eigenmanniawere from that species. Second, it was not pos-
sible to assess the effects of population density on aspects
of social behavior. One possibility is that the fish are abun-
dant and the numbers of refuges are limited. If so, fish would
be found at high densities at all refuges. Although it was
not possible to directly assess the quality of refuges avail-
able to the fish, it appeared that there were many potential
refuges that were not occupied, and in those that were occu-
pied the fish were in close proximity to each other, perhaps
under 20 cm. Alternatively, it is possible that the years when
these studies were conducted experienced a far lower den-
sity of fish than normal, in which case the numbers of nearby
conspecifics would have been underestimated relative to nor-
mal years. Finally, all of the recordings were made at depths
less than 2 m. We did not encounter weakly electric fish
except near the edges of streams and lakes. It is possible
that fish are abundant in areas that were not examined in this
s
etting to those observed in Ecuador.
 tudy.



8 E.W. Tan et al. / Behavioural Brain Research xxx (2005) xxx–xxx

In contrast to the studies in Ecuador, in the laboratory the
numbers/densities of fish relative to the availability of refuges
could be controlled. We tested two densities of fish. At the
lowest densities tested, each fish could remain electrically
isolated from each other. This is important because there is a
categorical difference between fish that are alone versus fish
that are in any size group. Fish in groups experience emergent
ongoing ‘global’ oscillations that are not experienced by fish
that are alone. At these low densities, fish could potentially
remain alone but most commonly did not. The limitation of
the experiments that used the low density of fish is that the
maximum group size could only be four fish. In the wild,
group sizes were typically between three and five fish, with
a maximum of 29 fish. At the higher density of fish, two fish
per refuge, a maximum of eight fish in a group was possible.
Under these conditions, median group sizes observed in the
laboratory were similar to those observed in Ecuador. Visual
observations confirmed that fish were most often found within
centimeters of each other. Fish appeared to prefer being near
other conspecifics rather than maximizing use of the available
hiding areas.

Higher densities ofEigenmanniaare commonly main-
tained in laboratory tanks. For example, we routinely keep 25
Eigenmanniain 50 gal tanks. In these conditions, it is unlikely
that individuals can escape the EODs of other fish through-
out the tank. At these densities,Eigenmanniaare observed
i on-
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female EODs occur at rates of 110–200 Hz. Sexual dimor-
phism in EOD frequency has also been reported inEigen-
mannia virescens[16,19]. Further, Hagedorn and Heili-
genberg (1985) observed that dominant maleEigenmannia
typically possess the lowest EOD frequencies in groups
while dominant females had the highest EOD frequen-
cies [16]. In contrast, Dunlap et al. (2002) observed that
there might not be a correlation between dominance and
EOD frequency inApteronotus leptorhynchus[8]. Pairs of
Apteronotusproduced more chirps and aggressive behav-
iors than when alone, but no difference in EOD fre-
quencies of paired versus solitary fish were observed
[8].

The data presented here do not support the hypothesis that
there is a relationship between EOD frequency and domi-
nance inEigenmannia. Dominant individuals are most likely
to secure and protect the most desirable refuges. Thus, domi-
nant fish might be expected to be observed in smaller groups.
If EOD frequency was correlated with dominance, the smaller
group sizes should be characterized by having either higher or
lower EOD frequencies. No such relationship was observed.
These data are not, however, a direct test of this hypothesis,
as dominance relations were not studied and fish could not
be seen by eye in most cases. How groups are generated and
maintained also remains unclear.

An important question remains—how do fish achieve the
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n shoals[29]. The relations of these dense laboratory c
itions to those that occur in the wild are unclear. We
bserve a few unusual sites with very high densities of
p to 29 fish, within the range of detection of our probe.
ious reports describe larger shoals ofEigenmanniain the
ild [24].
These data are consistent with previous reports u
igenmanniaand other species. Early reports by Lissm

1961) noted that the different species of gymnotiform fis
xhibited different social interactions:Eigenmanniawere
lways found in groups whereas other species were

19,24]. Indeed, most other genera of gymnotiform fis
ppear to be less social.Apteronotus, which exhibits a
weaker” JAR thanEigenmannia, andSternopygus, which
oes not have a JAR behavior, are found to be more terri

n laboratory settings (unpublished observations).Apterono-
us leptorhynchusbehave differently at high densities in la
ratory tanks thanEigenmannia. Apteronotuspreferentially
ide in refuges rather than shoal[19]. Finally, the inde
endently evolved wave-type mormyrid speciesGymnarchu
iloticushave been observed in natural settings in of gro
f two or more fish with differences in EOD frequencies
t least 4 Hz[25].

.1. What is the meaning of the EOD frequency?

Field studies of the gymnotiform speciesSternopygu
acrurushave demonstrated that EOD frequency is s
lly dimorphic [41]. In this wave-type species, the ma
ave EODs frequencies between 50 and 90 Hz while
ide range of EOD frequencies observed in the wild
pteronotus, sustained jamming for minutes to hours

ead to a long-term frequency elevation[28]. This elevation
s mediated by NMDA receptors at the pacemaker nucle
imilar mechanism has recently been demonstrated inEigen-
anniafor both EOD frequency increases and decreases[29].
reliminary data from our laboratory suggest that susta

amming can lead to changes in EOD frequencies of 10
r more, and can change resting EOD frequency ofEigen-
annia[12].

.2. What is the function of aggregation in
igenmannia?

There are potentially many reasons whyEigenmannia
ggregate or shoal. Aggregation can reduce the risk of p

ion [2,15,35,37,38]. Fish in groups decrease the per ca
ortality rate because a predator is less likely to be ab

apture an entire group than to capture a solitary fish.
arger group may also serve to confuse predators, as th
nable to isolate specific targets[22].

Using modeling techniques, Grunbaum (1998) sugge
hat schooling was a strategy for improving behavioral pe
ance[14]. Isolated individuals were less able to accura
erform gradient-climbing and alignment behaviors in n
nvironments than individuals within groups[14]. Grouping
ay also enhance sensory perception[13,27]. Aggregation

an allow for the interaction of sensory systems, which
esult in an increase in the ability to obtain and perceive in
ation about the environment.
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It is possible that the emergent electrosensory signals in
aggregates or shoals ofEigenmanniaenhance electrosen-
sory perception of salient stimuli.Eigenmanniain aggregates
most commonly experience ongoing 20–40 Hz global inter-
ference patterns. These signals have been shown to elicit
short-term synaptic depression in midbrain neurons[11,36].
The level of depression in synapses, therefore, differs when
the fish are solitary versus when the fish are in close proxim-
ity. Short-term synaptic depression may be a mechanism for
the processing of moving electrosensory images[6]. Recent
evidence suggests that motion processing, in particular the
discrimination of direction of movement, is improved in mid-
brain neurons with the addition of global interference patterns
like those found in aggregates ofEigenmannia[34].
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