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The size of the voltage differences between receptors within the image of
an object and those outside of that image increases as object size is increased
and as the object is brought closer to the fish. However, both effects vary in
ways that greatly constrain the use of electrolocation. The rise in signal ampli-
tude as object diameter is increased is very slow: a doubling of object diame-
ter only increases signal magnitude by about 25% and it requires a 10-fold in-
crease in object diameter to double signal magnitude (Bastian 1986).
Electroreception is thus a crude discriminator of object size. By the same
token, signal magnitude falls off very quickly with distance from the fish: a
doubling of distance reduces signal amplitudes to 30% of the initial value,
and a 10-fold increasc in distance leads to a signal 2% of the initial one. This
limits the elfective range of electrolocation to only 2-5 ¢m from the fish (in
constrast to over a meter for electrical communication).

Whereas passive reception of prey electric fields favors receptor cells with
high impedances, electrolocation tavors impedances more similar to the
medium (I Heiligenberg 1975). This difference occurs because passive receplion
is limited by the minimal absolute voltage that a sensory cell can detect; clec-
trolocation is limited by the minimal difference in voltages between two cells
that can be detected by the brain. These are quite different goals. [tis casy to
show that the difference in vollages between a cell exposed to pure medium
and another exposed to medium with an objecl in it depends on the product
of two ratios: the first 1s the fraction of the total circuit impedance represented
by the skin and scnsory cells (as with passive reception). and the second is the
ratio between the change in circuit impedance introduced by the object’s pres-
ence relative to the total impedance in the circuit. Whereas increasing the skin
impedance increases the first ratio, it simultaneously decreases the second.
Because of this tradeolf, the maximal diffcrence between regions is attained
when the impedances of the nediun and the skin are about the same. This
result is, in fact, what is generally found (Bell ct al. 1976).

SUMMARY

1. Although the ability to use clectrical signals for prey detection and naviga-
tion is widespread in lower vertebrates, only certain taxa of fish have
cvolved specific organs for generating electrical signals for communication.

2. The basis of electrical communication is the gencration of an electrical
field. This is a map of the direction and magnitude of electrical forces at
any location. Electrical ficlds are usually generated by the short-term sep-
aration of positive and negative charges. In the vicinity of these separated
charges, it lakes work to move any test charge against the electrical field,
The amount of work it takes to move a unit test charge between two loca-
tions is called the potential difference between those two points and is
measured in volts.

3. Asingle charge is called a monopole and the field around it is fairly sim-
ple in shape; this is an unlikely biological configuration. Two separated
charges constitute a dipole surrounded by a somewhat more complicated
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electrical field. Even more complicated arrays of separated charges will
gencrate fields with dipole, quadrupole, octupole, and more complex
axes and shapes. The magnitude of the electrical field around a dipole de-
creases with the cube of the distance from the dipole, and the potential
around the dipole falls off with the squarc of distance. Becausc higher-
order fields fall off much faster than dipolar fields, we can divide the elec-
trical field around a complex array of charges into a near field close to the
array, (where all quadrupole, octupole, and other components are still im-
portant), and a more distant far field (where only the dipolar component
is still important).

A conductor is a material in which electrons or ions can move freely when
placed i an electric field. The flux of electrons through a conductor is
called current and its magnitude depends upon the conductor’s resis-
tance and the polential difference applied across it (Ohm’s law). If the
clectric field is unchanging, the current is unchanging and is called a di-
rect current (DC). A dielectric is a malerial that cannot sustain a direct
current. Ina field that is time-variant, however, diclectrics may be able to
conduct alternating currents (AC) if the frequency of alternation of the
tield is high enough relative to the physical properties of the dielectric.
The effective resistance of a dielectric at a certain frequency is called its ca-
pacitative reactance. Many substances have both conductive and dielec-
tric properties so thal one must know both their resistivity and their ca-
pacitative reactance Lo know how much current they will carry when
placed in a particular electric field. The combination ol both resistance
and reactance at a given frequency is called the impedance of a material.

Organisms generale dJectric fields for communication by ensuring, differ-
ential diffusion ot ions down their concentration gradients. This diffusion
creates an electrochemical potential. Fish produce many modified muscle
or nerve cells called electrocytes in series Lo form clectric organs. The si-
multancous discharge ol all the electrocytes in an organ al once creates a
briet clectric field which may swing both positive and negative several
limes before it is over. The shape of this electric organ discharge (EFOD)
wavclorm depends on the species and is guaranteed by parlicular
anatomical and timing adaptations of the clectric organ.

Strongly electric fish use EODs with hundreds of volts to stun prey and
protect themselves. Weakly electric fish produce electric signals of only a
few volts, which they use for social communicalion or for the detection of
objects close to their bodies (electrolocation). The range over which they
can detect their own or another fish's signals depends upon the relative
resisitivily of the medium and the fish, and upon the levels of ambient
electrical noise due to lightning. Weakly electric fish can be divided into
wave fish, which maintain steady high rates of discharge, and pulse fish,
which have much more erratic changes in EOD emissions.

Ampullary receptor organs are widespread in fish and the aquatic mem-
bers of a few other vertebrate groups. They are very sensitive and respond
only to the low frequency or DC potentials inadvertently produced by
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prev and by Earth’s magnetic field. Electrical communication is effected
by tuberous receptor organs. These organs are usually tuned to respond
to particular ranges of AC electric fields and only occur in fish that gener-
ate their own fields with electric organs. Some tuberous organs (pulse
markers) respond to the rates of EODs, whereas others (amplitude
coders) respond to the magnitudes of EOD fields. Pulse markers are usu-
ally used for social communication; amplitude coders are usually used for
electrolocation.

8. Social communication between freshwater clectric tish is limited to dis-
tances of about one meter. The waveform of the EOD and the rate of dis-
charge, especially by a wave fish, provide important information about
species identity. These same features may also vary, within species himits,
according lo sex, slatus, and individual identity. Aggressive and sexual in-
teractions between fish are usually medinted by stereotyped modulations
in the EOD emission rates.

9. Flectrolocation entails emission of an EOD and careful monitoring of the
consequent stimulation of sensory cells. Objects in the water near the fish
change the external impedances and hence the voltage experienced by
ncarby tuberous receptors. Because receptor location is conserved as re-
ceptor signals travel to the fish's brain, the fish can place the location of a
nearby object relative to a general body map. Different objects have ditter-
ent resistances, capacitative reactances, and sizes, and all of these can be
used by the tish to infer information about the object. LElectrolocation only
oceurs in the near electric field at distances of 2-5 em (about 2% of the
range for social communication by clectric signals).
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