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Summary
analyse their electrical properties. Fish are informed about
Weakly electric fish produce electric signals (electric
object impedance by measuring local amplitude changes at
organ discharges, EODs) with a specialised electric organ
their receptor organs evoked by an object. In addition, all
creating an electric field around their body. Objects within
electric fish studied so far can independently determine the
this field alter the EOD-induced current at epidermal
capacitative and resistive components of objects that
electroreceptor organs, which are distributed over almost
possess complex impedances. This ability allows the fish to
the entire body surface. The detection, localisation and
discriminate between living and non-living matter, because
analysis of objects performed by monitoring self-produced
capacitance is a property of living organisms. African
electric signals is called active electrolocation.
mormyrids and South American gymnotiforms use
Electric fish employ active electrolocation to detect
different mechanisms for capacitance detection.
objects that are less than 12 cm away and have electric
Mormyrids detect capacitance-evoked EOD waveform
properties that are different from those of the surrounding
distortions, whereas gymnotiforms perform time
water. Within this range, the mormyrid Gnathonemus
measurements. Gymnotiforms measure the temporal phase
petersii can also perceive the distance of objects. Depth
shift of their EODs induced at body parts close to the object
perception is independent of object parameters such as
relative to unaffected body parts further away.
size, shape and material. The mechanism for distance
determination through electrolocation involves calculating
the ratio between two parameters of the electric image that
Key words: object detection, electric image, localisation, depth
perception, capacitance detection, Gnathonemus petersii,
the object projects onto the fish’s skin.
Eigenmannia.
Electric fish can not only locate objects but can also

Introduction
It was only in the early 1950s that Hans Lissmann from the
University of Cambridge demonstrated that certain African fish
produce weak electric signals in the water using their electric
organ (Lissmann, 1951). Lissmann and Machin (1958) later
employed a conditioned training procedure to show that these
weakly electric fish use their electric organ discharges (EODs)
for detecting objects with electrical properties different from
those of the surrounding water. Such objects cause distortions
in the three-dimensional electric field generated around the fish
by each EOD. As a result, the current flowing through
epidermal electroreceptor organs is altered compared with the
current flowing in the absence of an object. Each object
projects a kind of ‘electric image’ onto the skin surface, which
consists of an area where the EOD-evoked current density has
changed (Caputi et al., 1998; Rasnow, 1996). The image
depends on the object’s electrical properties, size, shape and
distance. The electroreceptor cells in each electroreceptor
organ respond to the voltage drop across the skin and thus
report the local current flowing to the brain via afferent fibres
(Zakon, 1987). This process in which the fish detects objects
by the distortions that they cause in its own EODs is called

active electrolocation (Bastian, 1986; Lissmann and Machin,
1958; von der Emde, 1998b). The term is contrasted with
passive electrolocation, which consists of passively detecting
electric fields emitted by other sources (Kalmijn, 1987).
The electric image is defined as the change in the spatial
pattern of electric current flow evoked by an object compared
with the situation without an object present. Two different
types of electric images are projected onto the fish’s skin
depending on the electrical impedance of the object under
investigation. Conductors with impedance values lower than
that of the surrounding water ‘attract’ electrical current lines
because more current flows through the low-impedance object
compared with the water it replaces. This leads to a higher
density of current entering the skin of the fish opposite the
object and thus to a larger voltage drop at those
electroreceptors closest to the object (Fig. 1). Surrounding the
edge of the electric image, there usually exists a small zone
that experiences the opposite, i.e. a reduction in perceived
EOD amplitude (Figs 2, 3), giving the electric image a
‘Mexican hat’ profile (Caputi et al., 1998). A non-conductor or
an object with a higher impedance than that of the water causes
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opposite effects compared with a conductor. Electrical current
cannot flow, or flows less, through such objects, causing a
thinning of current lines at skin areas neighbouring such
objects (Fig. 1). This in turn leads to a lower amplitude
perceived by the electroreceptors in the centre of the electric
image. Again, there is a small area surrounding the centre zone
where current is increased (Fig. 3).
In addition to the sign of the electrical impedance of an
object, the electric image informs the fish about another object
property. All electric fish tested so far can determine whether
a natural object has capacitative electrical properties, i.e.
whether the impedance of the object is complex. This is
achieved by monitoring a change in local EOD waveform,
which is only caused by complex impedances or by detecting
temporal shifts of the electrical signal (von der Emde, 1998a).
This topic is dealt with in detail later in this article.
Detection and localisation of objects
Lissmann and Machin (1958) showed that weakly electric
fish can detect an object by active electrolocation alone. They
used various types of plastic or metal rods, which were hidden
inside an electrically transparent porous cylinder, and trained
the fish to approach or avoid the rods. Thus, they were able to
measure detection thresholds by varying the diameter of the
rod. Other methods for studying active electrolocation involve
natural behaviours of the fish, such as the so-called ‘novelty
response’, a transient change in the emission frequency of
EODs caused by the sudden appearance and detection of a
novel object. Using this novelty response, mormyrid fish were
shown to be able to detect plastic or aluminium objects up to
a distance of 2–8 cm, the exact distance depending on object
size (Heiligenberg, 1976; Push and Moller, 1979). Fish also
respond to complex impedances of objects depending on the

Conductor

capacitative component of the impedance and on the frequency
content of the fish’s EODs (Meyer, 1982; von der Emde and
Zelick, 1995). Several fish species tend to hover near stationary
or slowly moving objects and maintain a constant distance to
them. Since they fail to follow and often even collide with
electrically transparent objects, they must use active
electrolocation for this ‘electromotor response’. This
behaviour was used to study active electrolocation
quantitatively,
demonstrating
the
dependence
of
electrolocation performance on object size, distance and
impedance in different fish species (Bastian, 1989;
Heiligenberg, 1976, 1977).
Electric fish orient in complete darkness by analysing the
electric image that objects project onto their skin surface
(Fig. 2). Different parameters of the image can provide
different types of information about an object. The location of
the image on the skin tells the fish where the object is located,
relative to its own body coordinates. For example, when only
receptors at the fish’s head are influenced by an object, the fish
knows that the object must be located close to its head. The
sign of the amplitude change reported by the electroreceptors
to the fish’s brain informs the animal about the general nature
of the object’s impedance, i.e. whether the impedance of the
object is lower or higher than that of the water. The phase-shift
and/or the EOD waveform distortions convey information
about the capacitative properties of the object. Other aspects
such as object size or shape, the exact value of its impedance
and the object distance must be computed through a process of
calculations involving several image parameters. It is not clear
how many, if any, of the latter object properties a fish can
unequivocally determine, because of possible ambiguities in
many image parameters. For example, the size of the voltage
change caused by an object depends on the size, impedance
and distance of an object in an interdependent manner. Other

Non-conductor

Fig. 1. Schematic two-dimensional drawings of the electric fields of a Gnathonemus petersii distorted by a water plant (good conductor, left)
and a stone (isolator, right). The fish is viewed from the side. Electrical field lines are drawn as thin lines. The electroreceptive body surface of
the fish is shown in grey.
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Electric organ

Fig. 2. Principle of electric image generation by a spherical metal
object at two different distances from the fish. Electric image size
and amplitude change with object distance. Electric images have a
‘Mexican hat ‘ profile (Caputi et al., 1998). An object far from the
fish’s skin (top) produces a large electric image with a relatively
small amplitude differences between the central and outer image
areas (indicated by shading). When the same object comes closer
(bottom), the size of the image decreases and the maximum
amplitude and edge contrast increase.

senses, such as the mechanosensory lateral line system, can
sometimes solve some ambiguities (von der Emde and
Bleckmann, 1998). Fish often engage in so-called ‘probing
motor acts’, a series of motor behaviours performed close to
an object under investigation (Toerring and Belbenoit, 1979;
Toerring and Moller, 1984). These behaviours might inform
the animal about object features such as shape or size and
thereby support active electrolocation.
Depth perception during active electrolocation
As a rule of thumb, the range of active electrolocation is
limited to approximately one body length of an electric fish.
The range depends not only on the size of the fish, and thus on
the relative amplitude of the emitted EODs, but also on object
size and object impedance. The effect of an object in
modulating the transepidermal voltage decays rapidly with
object distance (to the power −1.7 of the object’s distance;
Bastian, 1986). Large objects and objects of extreme
impedance (either very low impedance, such as that of metal
objects, or very high impedance, such as that of plastic objects)
impose the largest change in transepidermal voltage and thus
can be detected even further away. For example, a metal or
plastic cube with a side length of 3 cm is detected up to a
distance of approximately 12 cm by a 12 cm long
Gnathonemus petersii (S. Schwarz and G. von der Emde,
unpublished results). Very small objects and objects with
impedances similar to that of water are only detected when
they are close to the fish. A 12 cm long G. petersii, for instance,
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detects small insect larvae (chironomids) during its search for
food only up to a distance of approximately 2 cm (von der
Emde and Bleckmann, 1998).
Are weakly electric fish able to determine the distance to an
object they have electrolocated? Distance measurement to novel
objects was thought to be hardly possible, because several
parameters of the electric image change simultaneously when
an object moves away from an electrolocating fish. Even worse,
all these parameters depend on other object features such as size
and impedance. In general, it can be said that an object at a close
distance has a strong effect on the pattern of electrical current
through the electroreceptors. Fig. 2 shows that the electric
image of a spherical metal object consists of a centre zone with
an increased amplitude and a smaller rim zone with a decreased
amplitude. If the same object is placed at a greater distance from
the fish, the diameter of the electric image widens (Figs 2, 3).
This is in contrast to visual images on the retina, where an object
at a large distance produces a smaller image compared with one
located close by. An increase in object distance not only causes
an increase in electric image size but also reduces the maximum
amplitude in both the centre and rim zones. Thus, the overall
image amplitude decreases, reducing the overall contrast of
images of far-away objects.
A hypothesis on how electric fish might determine the
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Fig. 3. Top: lateral view of a Gnathonemus petersii with a cube (side
length 2 cm) positioned for electric image measurements. Below:
electric images evoked by a metal (upper curves) and plastic (lower
curves) cube, each placed at three different distances from the fish’s
surface. Electric images were measured along the midline of the fish.
The modulation of the electric organ discharge (EOD) peak
amplitude caused by the object’s presence is plotted against distance
along the fish’s body (0 cm is the mouth opening). The horizontal
black bar marks the position of the object.
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distance of a small isolated object during active electrolocation
was formulated by Rasnow (1996) and Rasnow and Bower
(1997). According to this hypothesis, it is sufficient for the fish
to measure the relative width of the electric image for
unambiguous distance information. However, the animal’s use
of image width or image amplitude for depth perception must
confront the problem that both these parameters are also
affected by object size and impedance. For example, if a larger
sphere with an impedance somewhat higher than that of metal
is placed as close to the fish as in the lower diagram of Fig. 2,
it could produce an almost identical image to that shown in the
upper diagram in Fig. 2. Thus, distance determination faces
severe problems if the fish does not know the object whose
distance it wants to determine.
To test whether distance determination of unknown objects
is indeed possible, we performed behavioural discrimination
experiments with individuals of the African pulse-type electric
fish G. petersii (Schwarz, 1997; von der Emde et al., 1998).
Animals were trained in a food-rewarded two-alternative
forced-choice task to discriminate between two objects placed
at different distances behind two gates in a mesh wall. Fish had
to investigate each object without passing through the gate,
determine its distance, and then choose the object closest to its
gate by swimming through the corresponding opening.
All trained fish learned to discriminate between two such
objects based only on their distances within 3–5 weeks.
Controls showed that the fish employed only active
electrolocation (Schwarz, 1997; von der Emde et al., 1998).
We first offered the fish two identical objects of different size,
such as two metal cubes, two plastic cubes, two metal spheres,
two metal plates or two metal pyramids. To measure distance
discrimination thresholds, the distance of one object was held
constant, while the second object was moved in steps from
greater distances towards the distance of the reference object
until the fish could no longer discriminate between the two
objects. A rate of successful discrimination of 70 % was
defined as the discrimination threshold.
In all cases, fish discriminated the distance of two identical
objects without any problem. Threshold values for successful
distance discrimination depended on object size and on the
distance from the gate of the closer object. Large objects and
objects placed closer to the gate (smaller gate distance) yielded
smaller thresholds. For example, when two 125 cm3 metal
cubes were used as test objects, the distance discrimination
threshold was approximately 0.4 cm when the closest object
was 2 cm behind the observation gate. When the gate distance
increased to 6 cm, the distance discrimination threshold
increased to 3 cm. When gate distances were held constant at
2 cm, but smaller (27 cm3) cubes were used, the threshold value
increased to 0.8 cm (Schwarz, 1997).
The results obtained with two identical objects could
theoretically be based on measurements of the electric image
amplitude or size rather than on object distance (see above).
Therefore, in subsequent experiments, we offered the fish two
different objects. When we offered the fish two objects of
different size, they could still easily discriminate the distances

of the two objects. Moreover, fish never made any systematic
errors, for example judging the larger object to be closer
because of the larger amplitude it produced at the receptors
(Figs 2, 3). Similar results were obtained when we offered the
fish two objects of different shape, e.g. a metal pyramid versus
a metal cube, or two objects made from different material, e.g.
a metal cube and a plastic cube. Again, fish could always
determine object distance, irrespective of the size, shape or
material of the object (Schwarz, 1997; von der Emde et al.,
1998).
In summary, our behavioural results clearly demonstrate that
G. petersii can measure object distances as such during active
electrolocation. In our experiments, the fish were not relying
on other cues besides distance cues, because in that case they
should have made mistakes when they had to compare the
distance of unknown objects differing in parameters such as
object size, shape or material (impedance). We therefore
conclude that our fish were able to solve the ambiguity
problems described above that might arise when unknown
objects are electrolocated. Hence, the fish have real threedimensional depth perception, an ability that had not been
demonstrated before in the electrosensory world.
How do weakly electric fish measure the distance to an
object? A first clue to this question arose when we looked at
the electric images that objects project onto the skin surface of
an electrolocating G. petersii. We measured these images twodimensionally, i.e. we placed an object at a certain distance
from a discharging, but sedated, fish and measured local EODs
close (approximately 1 mm) to its body along the lateral
electroreceptive surface (Fig. 3). Using this method, we
obtained rostro-caudal sections of the electric images of the
objects used in the behavioural experiments. We compared the
images of each object placed at up to seven different distances
from the fish, looking for image parameters that depended only
on object distance but not on other object features such as size,
shape or impedance.
No single parameter (e.g. maximum image amplitude,
image width or image slope) was correlated unambiguously
with object distance. If a fish relied on any one of these
parameters, it would be confused. It would not be able to
perceive the distances of objects of different size, for example.
Such errors, however, never occurred. When we looked at
combinations of image parameters, however, we found only
one combination that varied systematically with distance and
could provide a quantitative explanation of all our behavioural
results. This combination was the ratio of the maximum slope
of the electric image to its maximum amplitude (Figs 3, 4A)
(Schwarz, 1997; von der Emde et al., 1998). Our findings with
electric images of G. petersii differ significantly from those
described for the gymnotiform fish Apteronotus leptorhynchus
(Rasnow, 1996). Therefore, the hypothesis that Gnathonemus
simply measures the relative width of the electric image for
distance determination (Rasnow, 1996; Rasnow and Bower,
1997) fails to explain the fish’s discrimination performance
and must be rejected at least for this species. In contrast, we
found that the slope/amplitude ratio was affected only by
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Fig. 4. (A) Slope/amplitude ratios calculated from the electric images of two different-sized metal spheres (circles) and four different kinds of
cube (squares and triangles) plotted against object distance. Electric images for each object were measured at seven distances from the
recording electrodes. The dashed curve was fitted to the slope/amplitude ratio values obtained for the two spheres; the solid curve was fitted to
the ratio values for all the cubes. The double arrow indicates the distance between the two curves when the sphere is 3 cm from the fish.
(B) Psychometric functions for distance discrimination between two identical metal cubes (triangles, dashed line) and for discrimination
between a metal sphere and a metal cube (squares, circles). All functions were obtained at a fixed gate distance of 3 cm for the closer object.
The second object was moved from larger to smaller distances to determine distance discrimination thresholds. The percentage of correct
choices is plotted against the inter-object distance (D). A sigmoid function was fitted for each data set. In the sphere/cube discrimination task,
two curves are shown: squares indicate data obtained when the cube was positioned further away (i.e. choosing the cube was correct); circles
indicate data obtained when the sphere was further away. In the latter case, the fish almost always chose the gate with the sphere, even when it
was at the same distance from the gate as the cube (i.e. D=0). When distance D was approximately 1.5 cm or less, the fish consistently judged
the sphere to be further away than the cube even though the opposite was true. This resulted in a low percentage or correct choices. The double
arrow marks the shift to the left of the curve fitted to the squares (when the cube was further away) relative to the psychometric function
obtained with two identical cubes (triangles). Its length indicates the amount of misjudgement of the distance of the sphere by the fish
(approximately 1.5 cm) (modified after von der Emde et al., 1998).

object distance, irrespective of size, shape or material for most
objects.
A comparison with visual cues might make the proposed
parameter combination a little more comprehensible (Metzner,
1998). Each object casts an image like an ‘electrical shadow’
on the body surface of the fish, which becomes larger when the
object is further away. In addition, the edges of the shadow
become ‘fuzzier’ and the maximum ‘darkness’ of the shadow
decreases. This results in a smaller ratio of maximum slope of
intensity change at the image’s edge over maximum darkness
of the image. The ratio of fuzziness over amplitude is the
parameter the fish uses to sense distance.
The electric image measurements also revealed that metal
spheres (which were made very precisely to be exactly
spherical) yielded slope/amplitude ratios that were smaller than
those of other objects placed at the same distance (Fig. 4A).
We hypothesised that, if the fish indeed used slope/amplitude
ratios to determine object distance, then they should make
mistakes when electrolocating spheres: they should judge
spheres to be located further away than cubes, even if their
actual distances were identical. In particular, we predicted that,
at a gate distance of 3 cm, the misjudgement of spheres should
have a value of approximately 1.5 cm (double arrow in
Fig. 4A). Thus, ideally round metal spheres gave us the unique

opportunity to put our hypothesis that fish use slope/amplitude
ratios for depth perception to the test.
The results of behavioural training experiments, during
which three individuals of G. petersii had to compare the
distances of a metal sphere with those of a metal cube of the
same diameter, nicely confirmed our hypothesis (Fig. 4B). All
the fish tested indeed made the predicted mistakes: they
consistently misjudged the distance of the sphere by estimating
its distance to be approximately 1.5 cm greater than that of a
cube placed at an identical distance (double arrow in Fig. 4B).
This result corresponded well to the value we had predicted
from our electric image measurements (Fig. 4A) (Schwarz,
1997; von der Emde et al., 1998).
The proposed mechanism for depth perception in mormyrids
is different from all spatial orientation mechanisms
demonstrated so far in other species, such as stereoscopic
vision in toads (Collett, 1977), accommodation in chameleons
(Harkness, 1977) or bat echolocation (Schnitzler et al., 1985).
It differs from other mechanisms because the fish can employ
a single stationary array of electroreceptors and perform threedimensional depth perception without any time or spectral
measurements. Distance discrimination is very accurate, as
long as no ideal spherical objects are electrolocated. Very
recent evidence even suggests that fish might be able to
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(Heiligenberg, 1973; Schwan, 1963; von der Emde, 1990).
Animate objects consist of many membrane-enclosed spaces
containing fluids of different ionic composition and different
impedances, thus resembling a complex three-dimensional
accumulation of mini-condensers. Thus, living matter, such as
water plants, fishes and insect larvae, has capacitative
properties. Stones or other inanimate objects, in contrast,
possess mainly resistive or ohmic properties.

compensate for errors, which occur when natural objects that
resemble spheres are electrolocated. When a fish was trained
for a considerable period with highly variable types of objects,
the electrical illusions described above for metal spheres
disappeared almost completely (G. von der Emde and S.
Schwarz, unpublished results). This indicates that the fish
could recognise the shape of an object and take the ‘errors’,
which occur during distance measurement of objects of certain
geometrical forms, into account. The fish might ‘subtract’ this
error from the distance value obtained while calculating the
slope/amplitude ratio and thus arrive at an accurate distance
estimate for that particular object. Further experiments have to
be conducted to verify this hypothesis.

Capacitance detection in mormyrids
In behavioural experiments, we could show that several
species of mormyrid weakly electric fish, all of which emit
short, pulse-type EODs (see, for example, Fig. 5A), can
discriminate unequivocally between all capacitative and
resistive objects tested (Fig. 6A), an ability termed ‘capacitance
detection’ (von der Emde, 1990; von der Emde and Ringer,
1992). G. petersii, for example, never confused a capacitative
object with capacitative values between approximately 300 pF
and 300 nF with any resistive object of identical geometry, even
when the impedance of the two objects, and thus the locally
occurring EOD peak-to-peak amplitude, was identical (von der
Emde, 1990). Because natural capacitative objects in the

Analysis of object properties
As mentioned above, electric fish can detect not only the
sign of the amplitude change occurring at their electroreceptor
organs during electrolocation (and thus determine whether an
object has a lower or higher impedance than the surrounding
water) but also the presence of capacitative object properties.
In their natural habitat, living objects mainly possess complex
impedances with a considerable capacitative component
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Fig. 5. Electric organ discharges (EODs) (left) and their Fast Fourier Transform (FFT) power spectra (right) emitted by a Gnathonemus petersii
(A), and an Eigenmannia sp. (B). While mormyrids such as G. petersii produce EODs which consist of very brief electrical pulses composed of
many spectral frequencies, the EOD of the gymnotiform Eigenmannia is a continuous electrical wave with a frequency spectrum containing a
few distinct bands.
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freshwater streams the fish inhabit possess capacitative
properties of a similar range of values (Heiligenberg, 1973;
Schwan, 1963; von der Emde, 1990), our results demonstrated
that G. petersii is probably able to discriminate between living
and inanimate objects in its natural habitat. These results also
demonstrated that mormyrids cannot use EOD amplitude
parameters alone for capacitance detection, because this method
does not provide the fish with unequivocal capacitance cues.

Recordings of the local signals that stimulate individual
electroreceptor organs of a G. petersii during electrolocation
revealed which signal parameters are altered when a fish
electrolocates a capacitative or a resistive object (Fig. 7A).
Resistive objects only affect signal amplitude: the higher the
impedance of an object, the lower is the locally occurring EOD
amplitude. Capacitative objects, in contrast, affect two
stimulus parameters: (i) the local EOD amplitude and (ii) the
local EOD waveform and timing. EOD amplitude is inversely
correlated with object impedance, as is the case with resistive
objects. The local EOD waveform is distorted in a manner that
depends on the capacitative value of the object (Fig. 7A). For
the types of object used in our experiments (for details, see von
der Emde, 1990) and for a water conductivity of 50 µS cm−1
(which corresponds to values found in natural habitats; von der
Emde, 1993), waveform distortions were maximal for a 1 nF
capacitative object. For larger or smaller capacitive values,
waveform distortions decreased, such that objects with
capacitances larger than 300 nF or smaller than 300 pF induced
almost zero pulse distortions. This range of capacitative values
corresponds nicely to the detectable range of capacitances
shown behaviourally (see above). Interestingly, timing cues
within the local EOD changed only little even with the most
effective 1 nF object. The maximal changes in timing of the
main positive-to-negative zero-crossing of the EOD was only
3 µs, while in the presence of capacitative objects that were still
detectable by the fish, timing differences were smaller than
500 ns (von der Emde and Bleckmann, 1992).
Further behavioural and physiological experiments
confirmed our hypothesis that mormyrids employ waveform
cues to detect capacitative properties (summarised in von der
Emde, 1998b). The fish can even measure EOD waveform
distortions, as well as EOD amplitude, quantitatively and
independently from one another, revealing an extreme
sensitivity for the analysis of the electrical properties of objects
during electrolocation (von der Emde and Ronacher, 1994).
We excluded the use of timing cues as well as measurements
of the frequency composition of the local EOD for capacitance
detection (von der Emde and Zelick, 1995).
How do mormyrids measure local EOD waveform in order
to detect capacitative object properties? To answer this
question, we recorded from afferents of single electroreceptor
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Fig. 7. Effects of different types of object on the local electric organ
discharges (EODs) of Gnathonemus petersii (A) and Eigenmannia
(B). Local EODs were recorded differentially with two small carbon
electrodes placed close to the pore of an electroreceptor organ of
each fish. (A) The solid line represents the local EOD recorded in the
presence of a 50 kΩ object, a waveform that was identical to the
simultaneously recorded head-to-tail EOD. Dotted and dashed lines
show EODs in the presence of two types of capacitative object. The
peak-to-peak amplitudes of all EODs shown were normalised to the
same values. (B) The upper trace shows the local EOD recorded in
the presence of a 20 nF capacitative object, the middle trace that
recorded in the presence of a 500 kΩ resistive object. The lower trace
shows the simultaneously recorded head-to-tail EOD. EOD
amplitudes were normalised. Dotted lines indicate 0 mV. The vertical
dashed line marks the timing of the zero-crossing of the positive-tonegative transient of the head-to-tail EOD. Note that the EODs of G.
petersii are waveform-distorted by capacitative objects, while timing
cues are affected only minimally. In contrast, large time shifts are
induced in the EOD of Eigenmannia by the 20 nF object.

organs, called mormyromasts (Bell et al., 1989; Szabo and
Fessard, 1965), while stimulating them with natural,
waveform-distorted EODs (von der Emde and Bleckmann,

1992, 1997). Mormyromasts contain two types of
electroreceptor cell, the A- and B-cells (Szabo and Wersäll,
1970), which are innervated separately. Our experiments
showed that both types of receptor cell encode signal
amplitude, but that only the B-cells are highly sensitive to EOD
waveform distortions. Afferents from A- and B-receptors
project to two separate zones in the cortex of the
electrosensitive lateral line lobe (ELL) in the medulla, each of
which contains a somatotopic map of the electroreceptive body
surface of the fish. Like A-afferents, neurons in the medial
zone of the ELL, which is innervated only by A-type afferents,
respond to EOD amplitude changes, but not to EOD waveform
distortions. In contrast, units in the dorsolateral zone of the
ELL respond very sensitively to EOD waveform distortions
caused by capacitative objects in the vicinity of the fish (von
der Emde and Bell, 1994). Efferent units of both ELL zones
project to the lateral nucleus of the torus semicircularis in the
midbrain, probably to the same location within this nucleus
(Bell, 1986).
These results led us to formulate a hypothesis on how
mormyrids discriminate between resistive and capacitative
object properties (Fig. 8). We postulate a ‘subtraction
mechanism’, which compares the input of A- and B-afferent
fibres to the brain. A resistive object near the fish alters the
locally occurring EOD amplitude, but does not distort the
waveform (Fig. 8, right side). The amplitude change is
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‘reported’ to the brain by the A- and B-afferent fibres. A
subtraction of the similar changes in A- and B-inputs yields
zero, leading to the identification of a resistive object. In
contrast, a capacitative object will cause waveform distortions
in addition to a change in EOD amplitude (Fig. 8, left side).
A-afferent fibres do not respond to waveform changes and thus
still ‘report’ the amplitude change caused by the object to the
brain. B-fibres are affected not only by amplitude changes but
also by changes in EOD waveform, the latter being
proportional to the capacitative value of the object. As a
consequence, B-fibres provide a much larger input to the
postulated central ‘subtraction mechanism’ than A-fibres.
Subtraction of A- and B-fibre inputs cancels out the amplitude
change caused by the object and leaves a value that
corresponds to the value of the capacitance of the object under
investigation.
Initial electrophysiological experiments provide evidence
that the proposed subtraction mechanism might indeed exist in
the brain of G. petersii. We found areas in the lateral nucleus
of the torus in which field potential changes occurred in
response to EOD waveform distortions. While the responses in
the ELL were found to be proportional to the size of the
waveform distortion, the responses in the lateral toral nucleus
appear to depend on particular capacitative values (Mohr and
von der Emde, 1998). Whether single neurones in these areas
fire independently of signal amplitude and thus constitute a
direct correlate of the postulated subtraction process must be
demonstrated in future experiments.
Capacitance detection in gymnotiforms
The results found in mormyrid fish raise the question of
whether other weakly electric fish also perform capacitance
detection and, if so, whether they use the same mechanism as
pulse-type mormyrid fish. Additional experiments to answer
these questions were conducted with South American
gymnotiform fish. Gymnotiforms have evolved their electric
sense independently from the African mormyrids (Bullock et
al., 1982; New, 1997), resulting in a different organisation of
electric organs as well as of peripheral and central
electrosensory structures. We tested both pulse-type
gymnotiforms with EODs like those of G. petersii and wavetype fish with electric organs that discharge continuously,
resulting in a quasi-sinusoidal wave-type EOD (Fig. 5B).
Several individuals of two pulse-type gymnotiform species,
Brachyhypopomus pinnicaudatus and Gymnotus carapo, as
well as several individuals of the wave-type species
Eigenmannia sp., were trained to discriminate between
capacitative and resistive objects in experiments that were
similar to those described above for G. petersii. All three
species could perform capacitance detection (Fig. 6A–C).
Moreover, in all three species, the natural range of detectable
capacitative values includes the capacitative values of natural
objects and thus might allow these fish to discriminate between
living and inanimate matter in their natural environment (von
der Emde, 1998a; Wagner and von der Emde, 1998). Thus, the

sensory capabilities of the gymnotiform and mormyrid species
tested so far are remarkably similar.
Specific physiological data concerning the mechanism of
capacitance detection in gymnotiforms is not yet available.
However, what we do know suggests a different mechanism
from that of mormyrids, at least for Eigenmannia. Fig. 7B
shows what happens to the local EOD of an Eigenmannia when
either a resistive 500 kΩ object or a capacitative 20 nF object
is present. The waveform and the timing of the local EODs are
only minimally affected by a resistive object but are strongly
affected by a capacitative object. For example, the timing of
the main positive-to-negative-going transient of the EOD shifts
by as much as 170 µs in the presence of a 30 nF object (von
der Emde, 1998a). This shift is much greater than that
occurring with Gnathonemus EODs, where time shifts never
exceeded 3 µs (see above).
In view of the physiology of the electroreceptor organs of
Eigenmannia, the most likely explanation for the detection of
capacitative-induced
EOD
changes
involves
time
measurements. Among the two types of electroreceptor organs
of this species, only the so-called T-coders (T for time), which
fire a single action potential phase-locked to a particular phase
of the EOD cycle, have been shown to respond differentially
to capacitative versus resistive impedances of equal value
(Scheich and Bullock, 1974). Even though this type of receptor
organ was not specifically tested for its ability to encode
stimulus waveform, it appears rather unlikely that it does so,
because its firing behaviour is affected only minimally when
the natural EOD is substituted by a sinusoidal signal in
curarised fish (see von der Emde, 1998a). However, it has been
demonstrated in several experiments that Eigenmannia can
detect even minute timing differences in their EODs over
different parts of the body surface (Heiligenberg, 1991).
In Eigenmannia, the mechanism of capacitance detection
probably involves mainly time measurements (Rose and
Heiligenberg, 1986). During electrolocation of a capacitative
object, the timing of the local EOD changes over those parts
of the electroreceptive surface that are closest to the object. In
contrast, other parts of the body, which are further away from
the object, are only minimally affected. By comparing the
timing differences of their EODs at these differentially affected
body parts, Eigenmannia would be able to detect the presence
of a capacitative object and to discriminate it from a resistive
object, even if both had the same impedance.
In conclusion, the proposed neural mechanism for
gymnotiforms differs considerably from that proposed for
mormyrids, because the latter do not perform time
measurements but instead detect EOD waveform distortions.
Moreover, mormyrids (unlike Eigenmannia) do not compare
the input from different parts of their body, but instead use Aand B-receptor input from the same body location for
capacitance detection. Thus, even though the sensory
capabilities of both groups of fish appear very similar, the
underlying mechanisms differ considerably. Both groups of
fish probably experienced a considerable evolutionary pressure
to evolve capacitance detection, because this sensory ability
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permits discrimination between living and inanimate objects
without the use of vision. Similar ecological constraints might
have led to the development of almost identical behaviours.
However, the neuronal algorithms forming the basis of these
behaviours appear to be fundamentally different in the two fish
groups.
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