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SUMMARY

This paper presents the results of a twelve-month field study of
the behavior and ecology of gymnotid fish from the Rupununi District
of Guyana, South America, and from Trinidad, W.I. There are 13 species
of gymnotids in the Rupununi District, of which six to eight species
occur frequently in the main study area in Moco-moco Creek. All species
produce electrical discharges which are presumably used for object

location and for electrical communication.

Gymnotids are active at night and inactive during the day. Some
species tend to specialize on the types of daytime hiding places selected,

while others generalize. Eigenmannia virescens and Sternopygus macrurus

select a wide range of hiding places, but Sternopygus individuals are
randomly dispersed whereas Eigenmannia tend to clump together. The
breeding season of most gymnotids starts with a migration into a quiet,
flooded swamp, immediately after the first flood at the beginning of
the rainy season. Inspection of gonadal condition and plots of the
growth rates of gymnotid larvae show that most species delay breeding
until the onset of the rains. Sternopygus is an exception in that it

begins breeding in the main creek before the beginning of the rains.

Both Eigenmannia and Sternopygus produce electric discharges that
differ from all other species of gymnotids from Moco-moco Creek. Among
the fish with tone discharges, Sternopygus produces the one with lowest
frequency (50 to 150 Hz) and Eigenmannia produces the one with next
lowest (250 to 600 Hz). Each species produces an appropriate species-
specific response when presented with an electric sine wave stimulus

of the appropriate frequency.

Sternopygus exhibits a sexual difference in the resting frequency
of its normal discharge. Reproductive males discharge at 55 to 70 Hz
whereas females discharge at 100 to 140 Hz. This frequency difference
has communicative significance. Males, showing site-attachment during
the breeding season, respond to playback of sine waves of frequencies

within the female range with transient frequency increases and discharge



cessations., Males do not respond to playback of sine waves of frequencies
corresponding to the other males nor to other species of tone fish from
the Rupununi. Further evidence indicates that variations in the discharge

of males may function in the courtship of this species.

Although there is a statistical difference in the discharge frequency
between male and female Eigenmannia, the overlap is extensive. Males

discharge at 250 to 600 Hz whereas females discharge at 340 to 560 Hz.

The agonistic behavior of Eigenmannia was observed in aquaria in

the field, and was described in terms of the component actions, both
electrical and motor. Aside from the normal discharge, electrical actions
included Rises and Interruptions. Rises that lasted longer than 2 seconds
(Long Rises) were given by subordinate fish, while they were retreating
from attacks from their opponent. Some Rises were given spontaneously,
and they tended to elicit attacks from the dominant fish. Long Rises act
as a submissive display in Eigenmannia. Interruptions were given by
dominant fish. They were given in bouts of varying numbers depending on
differences in the likelihood of attack. Interruptions cause the opponent

to retreat, and are thus classed as a threat display.

During playback experiments with Eigenmannia, Attacks and Interruptions
were given in response to playback of Eigenmannia-like sine waves, and of
tape-recorded signals from Eigenmannia. Playback of non-Eigenmannia-like

frequencies, or of other species from Moco-moco Creek, were ineffective.
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I. INTRODUCTION

Communication between organisms implies some adaptive exchange of
information between a participating sender and receiver which alters the
behavior of the receiver. Communication systems play a central role in

the organization of animal social systems.

Communication signals help to orient behavior. Many signals aid in
increasing, decreasing, or maintaining the distances between the signaler
and the receiver (Marler, 1968). Communication signals also serve the
function of identification (Morris, 1946; Marler, 1961). The song of the
male chaffinch, for example, conveys information about the species, the
sex, the individual, the motivation, and the environment of the singer
(Marler, 1956; 1961). The responses of male and female chaffinches to

this song will, of course, be quite different.

Many modalities of communication are available to animals. The uses
of visual, auditory, and chemical modalities are well known (Sebeok, 1968).
Remarkably little is known about communication using the electrical modality,
even though the capabilities for producing and sensing electrical signals
by fish has been known for over 20 years (Lissmann, 1951). This paper is

concerned with communication using the electrical modality.

The abilities to both produce, and receive electrical signals has
been well studied for two large groups of fresh water fish: the Mormyriforges
and the Gymnotoidei (review in Bennett, 197la,b). The African Mormyriformes
(Osteoglossomorpha) are a large order of fishes that includes two families,
the Mormyridae, and the Gymnarchidae. The South American Gymnotoidei
(Ostariophysi) are a primitive sub-order of characoid-related fishes
including four families, Gymnotidae, Electrophoridae, Apteronotidae, and
Rhamphichthyidae. This classification scheme follows that proposed by
Greenwood et. al. (1966).

Electrical communication has been suggested for these two groups of
fishes. MBhres (1957) proposed that the electric discharges of mormyrids
function in maintaining territorial boundaries much as the song of birds.

It has long been recognized that many species of electric fish have species-




specific discharges (Lissmann, 1958; Coates, Altamirano, & Grundfest,
1954; Hagiwara and Morita, 1963; Steinbach, 1970). Several studies have
shown that well defined variations in the discharge frequency of some
electric fish occur during social interactions. MbBhres (1957) showed
that when an individual Gnathonemus was introduced into a tank containing
an established resident of the same species, that there was tumultuous
fighting accompanied by increases in the discharge frequency of both

individuals. Lissmann (1958) noted that two fish (Gnathonemus senegalensis)

separated by a visual but not by electrical barriers in an aquarium, seemed
to sense one another's electrical discharges. Mechanical disturbance of one
individual caused it to increase its frequency and the fish in the other
compartment usually followed suit. Disturbances in the first compartment
made while the first fish was not present, did not affect the discharge

rate of the other fish.

Szabo (quoted in Lissmann, 196la) suggested the increases in frequency
in one species of mormyrid are effective in eliciting a discharge cessation
of another species. Numerous studies have been performed testing the
responses of electric fish to artificial stimulation (Lissmann, 1958;

Watanabe and Takeda, 1963; see review of work in Bullock, 1969).

Bullock (1969) presents evidence that the discharge of one electric

eel (Electrophorus electricus) causes other electric eels to approach the

site where one was discharging. In one series of experiments an eel was

captured in a net and suspended in a tank containing several electric eels.

When the fish in the net maintained a steady high frequency of discharge
it caused a significant attraction of other electric eels. 1In another
experiment, one electric eel was isolated from a group of 11 others in
separate pools. The isolated eel was connected to the others electrically
with the use of dipole electrodes. The isolated fish was disturbed or fed
thus causing it to increase its frequency. This caused attraction to the
electrodes and elevation of discharge frequency of the 11 eels in the
other tank. When the connection between the two tanks was broken, then
disturbance to the single fish had no effect on the activity of the other

fish.



The most complete study to date of the use of electrical signals
in communication, has been a study of the agonistic social behavior of

Gymnotus carapo by Black-Cleworth (1970). In her study, Black-Cleworth

emphasized the analysis of the contest of electrical displays, and their
effects upon the recipients of the displays. She was able to distinguish
four types of electrical discharge patterns used in agonistic behavior.

The Normal Discharge of Gymnotus, is a steady train of pulses. It serves
to identify the species, aid in location, and convey the size of individ-
uals. To other Gymnotus kept in the aquarium, the Normal Discharge acts
as a stimulus for attack. SID's or sudden increases in the discharge
frequency followed by decreases to the original frequency, were associated
with the tendency to attack. SID's served the function of threat displays,
causing the recipient to retreat. Discharge Breaks were periods of
silence in the discharge lasting less than 1.5 seconds. They were given
prior to attacks, and served as a moderate intensity threat display.
Discharge Breaks caused the other fish to retreat or do nothing. Discharge
Arrests were periods of silence in the electric discharge that lasted for
more than 1.5 seconds. They resulted in approach by the other fish with-
out subsequent action. Discharge Arrests function as appeasement displays
in Gymnotus. Black-Cleworth's study, although confined to the non-
reproductive behavior of Gymnotus is clearly a major advance in the
understanding of electrical communication. Other studies have also

added to our knowledge of electrical communication such as Valone (1970)

and Moller (1970).

The use of electrical communication in the reproductive behavior of
electric fish is completely unexplored to date. Lissmann (1958) clearly
pointed out that it would be of great interest to look at the electric

signals of Gymnarchus niloticus during the breeding season. Gymnarchus

is a species that will attack and even attempt to eat a source of electric

signals similar to its own.

Aside from the observations of Budgett (1901) who described the
nesting behavior of Gymnarchus, very little is known of the breeding

habits of electric fish. The modes of reproduction of gymnotid fish



is unknown (Breder and Rosen, 1966).

Electrical communication is confined to certain fishes. Other
modalities are available to fishes and certain patterns are beginning
to emerge that help to explain the choice of one modality over another.
One factor is the function of the signal in the animal's social behavior.
Another is the ecological context of the signal. Olfactory signals, for
example, seem well adapted for long distance orientation due to the
remarkable ease of generating signals many times threshold. The visual
modality, being accurately localizable, is useful in conveying complex
temporal and spatial signals. The visual modality has limited value at
night or where obstructions interfere with straight line transmission in

muddy water, for example.

Concurrent with the evolution of the electrical object locating
system (Lissmann, 1958), electrical communication has evolved in fishes
in response to the biological problems of species and sex recognition,
of behavioral orientation and timing. Some of the properties of the
electrical modality are as follows: 1) Conduction time of signals is
rapid, in fact, instantaneous. 2) There is no persistence to signals;
they have rapid fade-out, unlike some chemical signals that linger.

3) Like sound, the signals are nearly omnidirectional. &) The signal

is capable of crooked line transmission, not being limited by objects

in the environment. Electrical communication is not affected by vege-
tation, or by muddy water. 5) The sender directs his own energy into
the production of signals rather than depending upon some ambient energy.
Most visual signals depend upon ambient light. The intensity of the
electrical signals will evolve to a level that is sufficient to overcome
background noise. 6) The distance of electrical communication is short,
on the order of 1 to 10 meters. Electrical signals are attenuated in
the same way as the potential field around a dipole. 7) The electrical
system is non-specialized in that it is not used exclusively for communi-
cation. It is well known that electric fish are capable of sensing
conducting and nonconducting objects in their environment by detecting

distortions in their own electric field (Lissmann, 1958; Lissmann and



Machin, 1958). The mechanisms for localizing objects differing in
conductivity from water have been the subject of studies on several
species (Hagiwara and Morita, 1963; Hagiwara, Kusano and Negishi,
1962; Hagiwara, Szabo, and Enger, 1965a and b; Bullock and Chichibu,
1965; Suga 1967a,b).

In order to fully appreciate the uses of electrical signals in
communication, both in the reproductive and non-reproductive social
behavior, and to begin to study the influence of the ecology on the
forms and modalities of social signals, I felt that it was necessary to
do field work. This paper presents some of the results of my studies
of gymnotid fishes from the New World tropics. The first part of the
paper will be an introduction to the ecology of gymnotids, with an
emphasis on the daily cycles of activity, the annual cycle of activity,
on the movements, and on the spacing of the fish. There is an emphasis

on the ecology of two species of gymnotids: Sternopygus macrurus and

Eigenmannia virescens, two species that differ in their ecology and

their patterns of electrical communication. The remainder of the paper
presents evidence for the use of electrical communication in these two

species.



II. METHODS

A. Period of Study

This research represents 12 months of field work in Trinidad, West
Indies and in Guyana, South America. I spent two months, July and August
of 1969, at the New York Zoological Society's Tropical Research Station,

Simla, Arima Valley, Trinidad investigating the behavior of Gymnotus carapo,

the only gymnotid species present in Trinidad.

During the month of September, 1969 I worked in Guyana, South America
making preliminary observations on the ecology and behavior of several
species of gymnotids. I traveled to Bartica, Mahaica and the coastal
region surrounding Georgetown, and to the Rupununi District in the interior
of Guyana. On March 3, 1970 I returned to the Rupununi District of Guyana
to continue my observations on gymnotids. I remained in Guyana through
the rainy season until August 15, 1970. During 1971 I returned to the
study site in The Rupununi District from April 12, 1971 until June 28, 1971.
The observations that I made, thus span a period of three years, encompassing
three rainy seasons and part of two dry seasons. They represent a total

time in the field of 12 months.
B. Study Sites

All observations were confined to small streams, ponds, and swamps.
No attempt was made to study the gymnotids in the main rivers or large
ponds, although some fish were collected from the Takutu River (Rupununi,
Guyana) during the dry season in 1970 when the water was very low, and
from several ponds on the Rupununi Savanna during the dry season. Although
the ecology of large rivers in the neotropics is quite different from the
ecology of small streams and swamps, my attention was focused on the
small bodies of water only. An important feature of the study was the
necessity of being able to wade in the water. Many of the observations
made in the field depended upon accurate spatial localization of individuals
(although it was impossible to individually identify fish). This would
have been impossible in a larger body of water where observations would
have had to have been conducted from a boat or from the shore. Steinbach

(1970) has made general ecological observations on gymnotids in the



Rio Negro, Brazil in a large body of water; however, Lissmann (1961a)
and Lissmann and Schwassmann (1965) observed gymnotids in smaller bodies

of water.

Trinidad. All of my observations in Trinidad were confined to the
northern part (10° 30' N; 61° 15' W) in clear streams running off the

Northern Range (3000 feet) and in several swamps in the North-east.

I observed Gymnotus carapo in the Arima River, the Mausica River,

and the Guanapo River, all of which flow west into the Caroni Swamp in
the western part of Trinidad, and in the Barro River, the Aripo Savanna,
and the Nariva Swamp, all of which drain in the eastward direction into
the Atlantic Ocean. Although I searched for Gymnotus on the northern
side of the Northern Range in the Marianito River, I found no evidence

for its presence, as reported by Price (1955).

Guyana. Some preliminary observations were made in Gdyana on the
coastal area around Georgetown and in the Botanical Gardens in Georgetown.
The main research area, however, was in the Rupununi District, 420 km
from the coast. Since there were no field stations in Guyana, a primitive
camp was constructed to serve as a laboratory. The camp was located
16 km east of the village of Lethem at the base of the Kanuku Mountains
on the edge of Moco-moco Creek (3° 19' No, 59° 39' W, Fig. 1).

Two sites in Moco-moco Creek were observed extensively during this
study. The first site was in the area immediately around the camp. This
area lies just at the base of the Kanuku Mountains. Here the shallow
creek flows rapidly over rocks and rapids, between banks with steep sides.
The second site lies 4 km downstream from the camp, in a flat low-lying
area where the deeper creek meanders slowly over sand and mud bottom among

the giant Moco-moco plants (Montrichardia sp., Araceae) that give the creek

its name. The low-lying area becomes flooded during the wet season,
forming a large area called Kumaka Swamp. These two areas are shown on
the map in Fig. 1. Both of these study sites were located in forest
except for the open swamp savanna in Kumaka Swamp shown on the map. The

The water in this creek was usually clear.
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Fig. 1. Map of the main study area in the Rupununi District of Guyana.

The locations of study sites A and B, as well as Kumaka Swamp are indicated.
Savanna is represented by a dotted pattern, the remainder of the map repre-
sents forest. The approximate location of a bluff, forming the base of the
Kanuku Mountains that lie to the south of the camp, is shown as a scalloped

line. Taken from photograph made by Huntington Aerosurveys, Ltd., October,
1953, film no. 22, frame 084.



Other locations on the Rupununi Savanna were also observed but not
systematically. Travel over the savanna was relatively easy by jeep thus
permitting visits to various sites to compare the ecology of different

regions.

C. Aquarium Studies

Extended visual observations of gymnotids were possible only with
the use of aquaria. To minimize the disturbance to the fish caused by
transport and by extended periods in captivity under extremely crowded
conditions, aquarium studies were conducted while I was in the field.
In 1971 I made systematic observations of agonistic and sexual behavior

of Eigenmannia virescens in these field aquaria. Freshly caught specimens

were observed at night in a 76 liter or a 108 liter aquarium illuminated
from behind by the light from a single candle surrounded by red celophane.
The tanks were supplied with fresh creek water at least once every three
weeks. The water was aerated with battery powered air pumps, and some-
times planted with plants from Kumaka Swamp. Fish being used for aquarium
observations were kept individually in 10 to 20 liter tanks made from
heavy duty plastic bags or in 15 liter tins used by tropical fish exporters
as holding tanks for aquarium fish. A wooden tube was placed in each tank
as a hiding place for the fish. The fish were identified individually

by taking note of small scars, and naturally occurring deformities, as
well as naturally occurring patterns of coloration of the skin. For
example, in 1971 one Eigenmannia (#46) had approximately 2 cm of its

tail regenerating; another (#16) had a small notch in its anal fin 3 mm
from the end. These small differences could be used to confirm the
identification of an individual during the aquarium observations. Since
the fish were usually kept isolated and were never observed in groups
larger than three individuals, the identification of an individual was
rarely confused. On three occasions, however, when confusion did occur,
the correct identity of the individual was determined by comparing the
discharge frequency to previously made tape recordings. The fish were
never kept in the holding tanks for more than 12 days (average = 4.8 days),

and they were not fed during the period of captivity. After observations
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were completed on a group of fish, the individuals were sexed and then

preserved in formalin.

D. Detection of the Electric Signals

The electric signals from the fish were detected with two electrodes
immersed in the water. The electrodes were made of 2 mm diameter copper
wire each with an exposed surface area of 2.8 cm?. These copper electrodes
were soldered to copper wires that were insulated except at the tip, and
shielded. The two electrodes were mounted at the ends of two rectangular
plastic rods held in the shape of a "V'. The distance between the elec-
trodes could be varied between 0 and 55 cm by altering the angle of the
"V'". Normally an electrode spacing of 20 cm was used because it provided
adequate sensitivity and yet was not cumbersome and could be used as a

probe among tangled vegetation along the bank of the creek. The shielded

cable leading to the electrodes was rarely more than 3 meters in length.

The potential difference between the two electrodes was amplified
with one of two amplifiers or '"fish detectors'. The first amplifier, made
by Round Hill Associates, model AA-100, was a portable, battery powered
audio amplifier and pre-amplifier; it was used as a general purpose fish
detector. This amplifier was flat to within 3 db from 100 Hz to 12 kHz
with a gain of 70 db (3 x 103). The output of the amplifier was connected
to an 8 ohm loudspeaker and the entire assembly was mounted in a plexiglass
box. Since the electric discharges from gymnotids consist of a series of
brief pulses similar to nerve spikes, the discharges were audible once
they had been transduced by the loudspeaker. This amplifier was selected
for its cheapness and durability under rugged field conditions. Although
the entire fish detector was accidentally immersed in water several times,
both the amplifier and speaker operated normally after several hours
drying in the sun. One disadvantage of the amplifier was that it did
not respond to low-frequency electrical signals. One species, Sternopygus
macrurus produced an electric discharge with a fundamental frequency in
the range from 55 to 140 Hz. The amplifier begins attenuating the signal
over this range, thus making this species slightly more difficult to

detect than species with higher frequencies.
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The amplifier was powered by a 12.6 V mercury battery. It has an
advantage over a normal dry cell because it maintains a relatively constant
voltage output throughout its life. The battery was changed immediately
if the voltage under load fell below 10V. Since the gain of the amplifier
was related to the voltage of the power source, the constant voltage source
provided by the mercury battery insured an approximately equal gain of the

amplifier throughout the study.

The second amplifier, MR1 & MR2, used for measurements of field
strength and discharge waveform and for all tape recordings was an
amplifier with higher gain and better overall frequency response. This
amplifier employed a low noise integrated circuit operational amplifier
as its first stage. The response was flat from 3 Hz to 30kHz and the
maximum gain was 80 db (104). This amplifier proved to be more suitable

for detecting the low discharge frequency of Sternopygus macrurus than

the general purpose fish detector. The second amplifier was designed

by Mr. Mike Rosetto of the Rockefeller University.

The spectrum of noise of thermal origin for the two amplifiers,
measured at 25° C (input shorted) is shown in Fig. 2. 1In this figure
I have plotted the RMS noise measured in Volts and divided by the 3 db
bandwidth of the measuring system (Federal Scientific Ubiquitous Spectrum
Analyzer, UA-7B). The AA-100 amplifier has a peak noise output of
2 x 1077 v / BZ" at 500 Hz. Low-frequency noise of this amplifier is
attenuated with the low frequency cutoff filter. The MR2 amplifier has
better noise characteristics, being nearly uniform across the spectrum
from 10 Hz to 10 kHz and having an RMS noise level of only 2 x 108 v / Hz %
Therefore, with the amplifier set to its widest bandwidth (30 kHz), the
RMS noise level was 3.5 x 10.6 Volts. Since the thermal noise sets the
lower limit of sensitivity of the amplifier, this means that the minimum
sensitivity of the fish detector to electric fields within the 3 Hz to
30 kHz bandwidth when the electrodes were spaced apart by 20 cm (S/N = 1)
was 0.17 pV per cm, a sensitivity that is of the same order of magnitude
as that of most fresh water electric fish (Machin and Lissmann, 1960;

Bullock et. al., 1972b).
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Fig. 2. Spectrum of noise from the two amplifiers used as fish detectors
in this study. The noise spectra were measured with the input of the
amplifiers shorted, at 25°C. A line representing 24 x 103

ohm thermal
noise is indicated.
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Signals from the amplifier were tape recorded with a Uher 4200 or
4400 Report Stereo tape recorder. The amplifier output was recorded on
channel 1 and a voice commentary was recorded on channel 2. For most
recordings, a tape speed of 3 3/4 i.p.s. was used. The 5 db frequency
response of this tape recorder at 3 3/4 i.p.s. was 40 Hz to 16 kHz

(manufacturer's specifications).

E. Spatial Localization of Individual Fish

The "V'" shaped plastic rod supporting the dipole electrodes was
mounted on the end of a four-foot stick used for probing the stream in
search of a fish. A fish was located by making slow sweeping movements
from one side of the stream to the other while slowly progressing up or
down stream. Considerable care was taken while probing in the vicinity
of rocks, logs or other objects under which a fish could be hiding.
While the systematic search with the electrode was going on, I listened
at all times to the output of the loudspeaker for the slightest sound
resembling an electric fish. Once a sound had been heard it was usually
a simple matter to move the electrode in the direction and orientation
which gave the largest signal, and eventually to localize the fish to
within a few centimeters. One measure of the maximum distance at which

I could detect an avefage sized adult (150-250 mm) Gymnotus carapo in

the Mausica River of Trinidad (specific conductivity, L, of water =

1.85 x 1074 mho/cm) yielded a value of 2.5 meters, however the distance

at which the fish could be detected was greater in the direction parallel
to the longitudinal axis of the fish, as would be expected if the electric
field surrounding the fish were a perfect dipole. The average maximum
distance of detection of 11 well isolated Gymnotus in the up and downstream

direction in the Mausica River was 2.1 meters.

The range at which a fish could be detected depended upon the size

of the individual. The fry of Gymnotus carapo 10-20 mm in length, found

in the Aripo Savanna in Trinidad (specific conductivity of water, L, =
6.84 x 1072 mho/cm) could be detected at a distance of approximately 5 cm

from one of the poles of the electrode.
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The distance at which a fish could be detected also depended to
a certain degree upon the species. The sporadic low frequency discharges

of Electrophorus electricus, the electric eel, carried over long distances.

One electric eel found in the Ikuwali creek in the Rupununi could be
detected at a range of 6 to 10 meters. The relatively high frequency

tone discharges produced by Apteronotus albifrons and Eigenmannia

virescens were also easy to detect at long distances. These discharges
contrasted with the noise produced by the fish detector amplifier and

the electrical noise generated by atmospheric disturbances and thus could
be detected at lower levels than the discharges from other species which

produce pulse-like discharges.

Spatial localization of an individual depended upon the situation.

In the simplest case, that for Gymnorhamphichthys hypostomus, in which

solitary individuals bury themselves under 1 to 2 cm of sand during the
day in the middle of shallow creeks, the exact position of the individual
could be determined by moving the electrode close to the fish. In addition,
the orientation of the fish could be determined by rotating the dipole
electrode around until the null direction was determined. The fish was
perpendicular to the null direction of the dipole electrode. Once the
location had been established, it could be confirmed by a very gentle
touch of the electrode on the sand over the fish. If the fish was

buried within a few centimeters of the place where the electrode touched,
it would usually give a slight increase in the frequency of its discharge.
The frequency elevation is a response to mechanical stimulation and is

characteristic of all of the pulse fish (Bullock, 1969).

The position of a solitary individual hiding under an undercut
bank, deep inside logs, or among large piles of collected debris in
the stream, could be approximated even though it was impossible to
probe with the electrodes close to the fish. This was done by slowly
scanning past the general location from which the signal was coming and
determining the point at which the signal becomes the strongest with
the same electrode orientation. The distance under the bank could not

be determined by this method.
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Spatial localization of an individual which is close to other
individuals was more difficult. However, the task was simplified by
reducing the separation of the electrodes and thereby the overall gain
of the amplifier and very carefully probing the region of interest.
Since neightboring fish in a cluster usually differed slightly in the
frequency of their discharge, it was possible to orient with respect
to one discharge at a time and thereby position the individuals in a
cluster. It was impossible, however, to determine the locations of
individuals in a cluster if their numbers were more than 4 or 5. If
two fish in close proximity were discharging with exactly the same
frequency, it is conceivable that they would not have been detected
by this method. This situation would not occur in those species that

show a Jamming Avoidance Response (Bullock, 1969) such as Eigenmannia
and Apteronotus.

It was often difficult to determine how many individuals were
present in large clusters of fish. This was particularly true for the
pulse fish where the discharge frequency of each individual is approxi-
mately the same. Nevertheless, an attempt was made to estimate the
number of individuals occurring in clusters by very careful probing with
the electrodes with the gain of the fish detector reduced and by probing
first one individual and then another while listening for slight increases
in the frequency. To provide a check on this method, I caught all of the
members of a cluster several times for an accurate count of their number.
The result of this check indicated that the fish detector gave moderately
accurate results if the numbers of individuals were less than 4 in 0.1 m2

but that if the numbers were greater than 4, my estimates tended to be

too low.

Estimates of the number in a cluster of a species producing a tone
discharge, such as Eigenmannia, where individual fish have distinctive
discharge frequencies was far more satisfactory. By very careful probing
over an area with the electrodes, I was able to count each new frequency
as I heard it and in this way estimate the number of individuals. This

method however also broke down with very large clusters. Since clusters
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of Eigenmannia of 20 to 40 individuals are not uncommon, this became a

ma jor problem.

In areas where the density of fish was relatively low, I feel that
my estimates are an accurate measure of the population level. Under
crowded conditions, however, I did not feel confident that I could
estimate the population accurately. Some other method should be used

under these conditions.

There was no indication that the process of localizing an individual
was in any way disturbing to the fish. If the electrodes were kept from
touching the substrate near the fish, the discharge frequency of a pulse
fish continued in a regular manner. A fish was never seen to change its
location as a result of the localization procedure. Very rarely, an
individual seemed to respond to the presence of the metal electrodes by
turning its electric discharge off. This occurred with one individual

of Gymnotus carapo in the Arima River of Trinidad, and one individual of

Gymnorhamphichthys hypostomus from Ikuwali Creek in the Rupununi. On

both occasions, the fish stopped discharging as the electrode was moved

to within 20 cm of their hiding place. I thought that perhaps the fish
had sensed the copper wires of the electrode and had responded to this
novel stimulus by turning its discharge off. I therefore tested the
response of the fish to the presence of the blade of my cutlass. In

both cases the discharge ceased for 20 to 30 seconds when the blade

was brought to within 50 cm of the fish. This situation was the exception,

however. Most individuals did not respond to the presence of the electrodes.

Similarly there was no evidence that my presence in the water affected
the fish. When I carefully approached a pulse fish during the night or
the day by wading in the creek I detected no change in the discharge
frequency. When making a census of the creek or when following fish in
the stream at night, I always wore rubber boots in the water. This
minimized the electrical spread potentials from my feet and legs which

might have been disturbing to the fish.

F. Identification of the Species

The preserved specimens of gymnotids collected during this study



17

were identified tentatively by consulting various taxonomic works on the
fishes of South America. Ellis's (1913) and Eigenmann and Ward's (1905)
reviews of the gymnotids provided an introduction to the group, summarizing
the previous work on these fish. Schultz (1949) has described the
gymnotids from Venezuela, and Fowler (1951) has described the fish from
Brazil. Several works on the icthyology of Surinam have helped in the
identification of some of the species found on the Rupununi (Hoedman,
1962a, 1962b; Nijssen and Isbrlcker, 1968; Boeseman, 1952). 1In Trinidad
the taxonomic works of Price (1955) and Boeseman (1960) were helpful in

identifying the species present on the island.

There seems to be general agreement among taxonomists that the
taxonomy of gymnotid fish is in serious need of revision. There are
many difficulties in working with this group. Many characters that
have been used to classify the species are unreliable. It is possible

that the species which I have tentatively called Gymnorhamphichthys

hypostomus is actually Urumara rondoni (Miranda Ribeiro, 1920) but the

descriptions of the two species are not sufficient to make the decision
(see Curra and Miranda Ribeiro, 1961). As another example, the species

which I have identified as Hypopygus lepturus, seems to bear close

resemblance to the genus Steatogenes. Hoedeman (1962) decided to place
this species in a separate genus because it did not have sub-mental
electric organs, the character that defines this genus (Ellis, 1913).

A more recent examination of Hypopygus however, has revealed the presence
of accessory electric organs in the pre-opercular region (Nijssen,

personal communication).

I have compared my specimens to the collection in the American
Museum of Natural History, the Museum of Comparative Zoology at Harvard
University, the British Museum (Natural History) and the ZBologisch
Museum of the University of Amsterdam. One specimen, tentatively put
in the genus, Hypopomus, has not been identified and must await further

work.

Table I lists the species of fish from the sub-order Gymnotoidei
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TABLE I

Members of the sub-order Gymnotoidei (Greenwood, et. al., 1966) observed
during the study.

Location Family Species

Trinidad, W. I. Gymnotidae Gymnotus carapo (Linnaeus, 1758)

Rupununi District,
Guyana Gymnotidae Gymnotus carapo (Linnaeus, 1758)

*Gymnotus anguillaris (Hoedeman, 1962)

Electrophoridae Electrophorus electricus (Linnaeus, 1766)

**Apteronotidae **Apteronotus albifrons (Linnaeus, 1766)

*Sternarchorhamphus macrostomus
(GUnther, 1870)

Rhamphichthyidae +Hypopogus lepturus (Hoedeman, 1962)

Hypopomus brevirostris (Steindachner,
1868)

Hypopomus artedi (Kaup, 1856)

*Hypopomus sp. no. 3

Eigenmannia virescens (Valenciennes,

1847)

Sternopygus macrurus (Bloch and Schneider,
1801)

*Rhamphichthys rostratus (Linnaeus, 1766)

#Gymnorhamphichthys hypostomus (Ellis,
1912)

* indicates species not previously reported from the Rupununi District

+ collected in the Rupununi (Lowe-McConnell, 1964) but identified as
Steatogenes elegans.

* # possibly another species: Urumara rondoni (Miranda Ribeiro, 1920)

*% synonyms of Sternarchidae and Sternarchus
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(Greenwood et. al., 1966) that I observed during my study. In Trinidad,

there was one species of gymnotid, Gymnotus carapo. In the Rupununi

District of Guyana, I encountered 13 species, four of which had not been

previously reported from that District.

G. Identification of the Species Using Electrical Characteristics

During the early phases of the study, I became familiar with the
electric discharge of all of the species in the Rupununi as they sound
on my fish detectors. Each novel discharge type was investigated: tape
recorded and if possible, caught in a net and saved as a specimen. With
some experience, the discharge characteristics of most species was
learned. The following key is an approximation of the technique which
I used in the field for the identification of the species from their
discharge characteristics. One species that Lissmann and Lowe-McConnell
(personal communication) found in the region around Karanambo in 1958

which is tentatively identified as Porotergus gymnotus (Ellis) is left

out of this key because I did not see this species during my study.

Key to the identification of the species of gymnotid fish from the
Rupununi District of Guyana based on the audible characteristics of the

electric discharge:

a. Discharge frequency cénstant; discharge with tonal quality.
b. Discharge frequency low (fundamental frequency 50 to 200 Hz,
or fourth below middle C or lower on musical scale)

5080819 5 & 388 5 &5 9 g 4w Sternopygus macrurus

bb. Discharge frequency in mid range (fundamental frequency 250 to
650 Hz or middle C to E above middle C on musical scale)

SI0G 0000005000600 Eigenmannia virescens

bbb. Discharge frequency in high range (fundamental frequency 650 to
1300 Hz or G above high C or higher on musical scale)

c. Discharge at higher end of range (800 to 1300 Hz)

Sl 5 B 6 Wes w86 ....1) Apteronotus albifrons

ok S O I OO0 0 B G o 2) Sternarchorhamphus

macrostomus
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cc. Discharge at lower end of range (650 to 900 Hz)

Weeeecseeeseessl) Sternarchorhamphus
macrostomus
OF tevevenennns 2) Apteronotus albrifrons

aa. Discharge frequency variable; discharge with pulse-like quality.
d. Discharge frequency very low (1 pulse per second or less to

15 pulses per second).

€. Discharge of undisturbed fish in daytime highly irregular;
occasional short bursts of pulses of high intensity when
disturbed. Average frequency of undisturbed fish 2 to 3
per second

o §ieihi e v 8 mE e e § Electrophorus electricus

ee. Discharge of undisturbed fish in daytime, stable;
frequency: 3 to 6 per second

G5 0000000 0Co0r Hypopomus artedi

eee., Discharge of undisturbed fish in daytime, stable;
frequency: 7 to 13 per second

............... Gymnorhamphichthys hypostomus

dd. Frequency in a mid range from 20 pulses per second to 60 pulses

per second.

f. Lower part of range (20 to 40 Hz) while at rest during the
day; when disturbed by gentle probing with stick fish gives

a slight elevation in frequency

............... Gymnotus anguillaris
OF sossisvasnis Hypopomus brevirostris
(o) 3 G i O sIE GG GO Hypopygus lepturus

ff. Discharge frequency in higher part of range (40 to 60 Hz);
when disturbed by gentle probing, fish gives large increases
in frequency

............... Gymnotus carapo
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ddd. Frequency of discharge in a high range from 70 to 90 pulses

per second.

g. Day time observation, fish at rest

aitel o6 0 eieie, B % B e 8 Rhamphichthys rostratus

gg. Night time observation, fish active

.......... ee....Gymnorhamphichthys hvpostomus

OF eeeeoceooneas Rhamphichthys rostratus

aaa. Discharge frequency variable; discharge with a tone like quality,
frequency 80 to 100 Hz. Usually from very small individuals
e o d G 6 OO0 oot Hypopomus sp. no. 3

This key illustrates several ambiguities in the discharge charac-
teristics of several of the species found in the Rupununi District. The
fish with pulse-quality discharges proved the most difficult to distinguish,
particularly in the mid range of frequencies between 20 and 60 pulses per
second. The problem of ambiguity within one habitat on the Rupununi was
lessened, since not all species occur within a single habitat. Sternopygus,

Eigenmannia and Electrophorus were easily identified under all circumstances.

H. Water Properties

The conductivity of the water was measured with a 1 kHz wheatstone
bridge connected across a platinum-coated electrode conductivity cell.
The cell constant, K, was 0.1 cm-l. The potential across the bridge
was amplified and the null point was determined by listening to the 1
kHz tone on a small earphone. Conductivity measurements were accurate

to within 1% of full scale.

The oxygen content of the water was determined by collecting water
in an immersible water collecting bottle and measuring the dissolved
oxygen with the Hach Chemical Co. OX-2-P dissolved oxygen test kit.
This kit uses the Alsterberg modification of the standard Winkler

method for dissolved oxygen determination (Alsterberg, 1925).

Other measures of the chemical properties of the water were made

with the Hach Model A1-36-10R Water test kit. These tests included:



22

free acidity, total acidity, alkalinity, total hardness, carbon dioxide,

—

and pH. However, since this test kit was only available for several days

in 1971 only a limited sample have all these properties measured.

I. Analysis of Electric Signals 1

When observing the behavior of electric fish in groups, one is faced
with the problem of identifying the individual that produces the electric
signal detected with the amplifier. Black-Cleworth (1970) has solved this

problem for Gymnotus carapo for situations involving two fish, by measuring

the amplitude of the discharge of both fish. The amplitude of the
discharge must be measured regardless of the orientation of the fish
and she has done this by summing the squared potential from three

perpendicular electrode pairs in a large tank.

This method requires considerable electronic equipment, a serious
handicap to field studies. Another drawback to Black-Cleworth's method
is that only fish that differ in size may be effectively separated by
their amplitudes, and in addition, many errors can result due to overlap

of pulses.

Another method, employed by Larimer and MacDonald (1968), uses a
sound spectrograph to analyze recorded signals. This method has proved
to be far more useful for the analysis of electrical signals from more
than one fish. Some species of fish produce tone-like discharges that
appear as narrow bands on the sound spectrograph. Individuals may be
distinguished by slight differences in the fundamental frequency of
their discharge. I relied heavily on sound spectrographic analysis of

the discharges of Eigenmannia virescens and Sternopygus macrurus. I

also used it for the analysis of other species that produce pulse
discharges, although there was occasional difficulty in identifying

the individual that was producing the discharge.

Tape recorded electrical signals were analyzed with the Kay Electric
Sound Spectrograph model 7029-A or with the Federal Scientific UA-7B
Ubiquitous Spectrum Analyzer. Since the Federal Scientific spectrum

analyzer has only rarely been used for biological research, and because
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it has the advantage over the Kay Electric spectrum analyzer in that

it operates in '"real time'", I will describe its operation in some detail.¥*

The UA-7B analyzer produces a Fourier analysis in the audio range
of frequencies once every 50 msec. This Fourier analysis is made up of
500 synthesized filters or filter points spaced linearly across the
spectrum. If the selected frequency range is 10,000 Hz, each of the
500 filter points differ by 20 Hz. The filter points act as narrow
band filters causing an attenuation of the signal at frequencies
differing from the center frequency of the filter point. The frequency
difference between adjacent filter points is called Q). In the model
UA-7B spectrum analyzer, the signal is attenuated by 20 db at a
frequency which is 2.3:<€> above or below the center frequency of a

filter point. Similarly, a 40 db decrement is achieved at 5.2 x @3 .

Various settings on the analyzer permit one to change the effective
bandwidth of the analysis in order to increase the temporal resolution.
Thus, a 250 filter point analysis can be performed every 25 msec or a
125 filter point analysis every 12.5 msec etc. The use of this equip-
ment as a pitch extractor is discussed by Weiss, Vogel, and Harris

(1966).

The amplitude of the Fourier coefficient of each component frequency
in the spectrum is converted linearly into the length of a horizontal
line segment which is displayed on the screen of a Tektronix 502
oscilloscope. The line segments corresponding to all of the filter
points are arranged end to end in a row along the horizontal axis of
the oscilloscope screen to produce a single line ordered from the low
frequency to the high frequency. If the Fourier coefficient of a
component frequency is small, the line segment is reduced to a tiny
dot on the screen, if it is large the line segment is long and will
connect two adjacent filter points. Thus, the resulting intensity
of any one point along this line is proportional to the Fourier

coefficient at that frequency. The line is then photographed with

*further information can be obtained from Federal Scientific Corporation

615 West 131st Street, New York, New York 10027.



continuously moving 35 mm film with a Grass Kymnograph camera to produce
a display of frequency vs. time. The amplitude of each frequency
component is represented as the darkness of the film. The display
produced by this method does not differ significantly from the display
produced by the Kay Electric spectrograph (Fig. 3) and it was therefore
used extensively in the analysis of tape recorded signals because of

the considerable advantage gained from the ''real time' operation.

In certain situations, electric fish produce discharges that show
only very slight variations in frequency. One social signal consisted
of a frequency change of as little as 27 of the steady state frequency.
To measure these small variations, the signal was heterodyned to a
lower frequency prior to analysis on the spectrum analyzer. The signal
was heterodyned by "multiplying'" the signal by a constant frequency
with a Philbrick SPMI multiplier-divider.

The wow and flutter of the Uher tape recorder was reported to be
less than 0.15%, thus, placing a limit to the accuracy of frequency
determinations. However, in some cases a 500 Hz sine wave was recorded

on Channel 2 while the fish were recorded on Channel 1. This permitted
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an accurate time reference that allowed a considerable increase of accuracy

in frequency measurement. Normally, when two fish were being recorded
on the same channel, wow and flutter of the tape recorder could be
eliminated by looking at the beat frequency between the two fish. The
beat frequency between two fish often appeared as a discrete frequency
on the spectrogram when the signal was overloading the input circuit.
Overloading the input caused clipping of the waveform and introduced
spurious frequencies corresponding to the sums and the differences
between the frequencies of the two fish. Since it was useful in this
analysis to consider the beat frequency between two fish, the input

to the spectrum analyzer was routinely overloaded.

J. Other electrical properties of the electric discharge

The waveform of the electric discharge was investigated with the
Sony-Tektronix 323 battery-operated oscilloscope. The input to the

oscilloscope was direct from the electrodes and was A.C. coupled. The
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Fig. 3. Sound spectrogram display of the electric discharge of Sternopygus
macrurus comparing (a) the display produced by the Kay Electric Sound
Spectrograph model 7029-A; to (b) the display produced by the Federal
Scientific Ubiquitous Spectrum Analyzer model UA-7B.
(a). Frequency range, 5-500 Hz; Bandwidth, 19.0 Hz.
(b). Analysis range, 5 kHz; display width, 1/4; Analysis speed, double
recording speed; effective bandwidth (3 db), 7.5 Hz.
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discharge waveform displayed on the oscilloscope screen was photographed

with a 35 mm camera.

Long term records were occasionally made of the discharge frequency
of an individual fish in its hiding place in the stream or of a captive
fish in a tank. The discharge of the fish was detected with the fish
detector and a standard-sized pulse was made using each fish discharge
to trigger a pulse of fixed amplitude and duration. These pulses were
then integrated with an R-C circuit of several seconds time constant,

and recorded on a portable Rustrak microammeter.
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III. ECOLOGY OF GYMNOTIDS FROM THE RUPUNUNI DISTRICT, GUYANA

A. Geography of the Rupununi

The Rio Branco-Rupununi lowlands form a belt of savanna surrounded
on all sides by forested uplands. The savanna region, roughly 55,000
square km in area, extends from the Pakaraima Mountains in the north to
a gradually rising surface 300 km south of Boa Vista in Brazil. The
lowland area has an elevation of 100 to 160 meters above sea level and
the peripheral mountain ranges vary in Height from 400 to 1000 meters.
The savanna extends into the south-western corner of Guyana where it is

termed the Rupununi Savanna, or merely the Rupununi.

The Rupununi is divided into two parts, the North Savanna and the
South Savanna, by the sharply rising Kanuku Mountains which rise from
the lowlands to rounded peaks of over 1000 meters elevation. The northern
slopes of the Kanuku Mountains are forested whereas the southern slopes
are grassy. It was on the northern side of the Kanuku Mountains, near

the border between forest and savanna that most of this work was done.

Water drains from the Rupununi in two main directions. Water from
the western part, both north and south of the Kanuku Mountains as far
north as the Pakaraima Mountains, flows into the Takutu River and its
tributary, the Ireng River. These rivers form the border between Brazil
and Guyana. They join the Rio Branco in Brazil which flows south-west
until it meets up with the Rio Negro and eventually joins the Amazon
River at Manaus. Water from the eastern part of the Rupununi flows
toward the Rupununi River which meets the Essequibo River in the north
to empty into the Atlantic Ocean on the coast of Guyana. The Rupununi
is thus divided into two major drainage systems, the Amazon and the

Essequibo.

These two river systems are occasionally connected during very wet
years in the vast basin called Lake Amuku which makes contact with the
Pirara River, part of the Ireng-Rio Branco drainage, as well as the
Bunoni River, part of the Rupununi-Essequibo drainage (Lowe-McConnell,

1964). The Takutu River has not always drained into the Rio Branco.
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The Takutu and the Ireng once flowed out of the Rupununi basin to the
Proto-Berbice River which emptied into the Atlantic several hundred
miles south-east of the present Essequibo River mouth (Eden, 1964;
McConnell, 1962). The capture of the Takutu River by the Rio Branco
is thought to have occurred since the late Tertiary (McConnell, 1959).

B. Climate of the Rupununi

The seasonal cycle of the Rupununi is dominated by one annual
rainy season of four months duration. The single rainy season contrasts
with the double rainy season of Georgetown, Guyana, of Manaus, Brazil
and of the rest of the forested region surrounding the Rio Branco-
Rupununi Basin. Trinidad has an extended rainy season with two peaks
of rainfall. A double rainy season is more typical of this latitude
according to the scheme of tropical rainfall proposed by Richards (1964).
The mean annual rainfall from St. Ignatius, Rupununi is 1,621 mm (Eden,
1964) and 837% of this rain falls between the months of April and August.
The microclimate of the Rio Branco-Rupununi Savanna may be a contributing
factor to the single rainy season but this phenomenon is not well

understood (Eden, 1964).

The weekly rainfall records collected during the study periods of
1970 and 1971 from Moco-moco Settlement are shown in Fig. 4. The total
rainfall that I observed in 1970 between March 23 and August 21, was
179.8 cm. In 1971 I recorded a total accumulation of 84.4 cm between
April 20 and June 30. Although considerable rain fell during March and
early April, 1970, the main rains did not begin until May as they did
in 1971. The total accumulation during five and one-half months in
1970 exceeded the average annual figure for St. Ignatius given by
Eden (1964). This may be due to the fact that Moco-moco Settlement
is at the base of the Kanuku Mountains whereas St. Ignatius is at
least 15 km from the mountains. The air in the mountains, being cooler,

may cause considerably more condensation than the savanna.

The period between September and March on the Rupununi are a
period of virtual drought only interrupted in November or December with

a brief period of rainfall, known locally as the '"Cashew rains" which
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Weekly rainfall records — Moco- moco settlement
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