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increment that varies randomly in the range 6100 days. This
ensures that our random samples have the same overall distribution
of events with time. Actual locations are retained. Using exactly
the same procedure as for the real data, we ran 100,000 trials, with a
61,000-day time span, and determined the largest count in the
2,000 bins for each run. The largest count generated in any time bin
was 8 (once), so that the probability of getting, by chance, a bin
count of 8 with the real data is 10−5; the data set has a bin count of 11
for the day following the earthquakes. If we consider the event
distributions to be poissonian, we reach comparable conclusions.

We have also examined the eruption catalogue for paired
eruptions. Figure 2 shows that volcanoes separated by less than
200 km have paired (within two days) eruptions with frequencies
much higher than for the background rate. As volcanic earthquakes
are usually not large (infrequently as big as magnitude 6), these
time–distance characteristics for the enhanced paired eruptions are
consistent with our hypothesis that the second eruption is triggered
by the passage of seismic waves. (For the time period examined, the
earthquake catalogue is not complete, especially for smaller magni-
tudes, so we cannot identify the triggering earthquakes.)

The interval between eruptions for many volcanoes is usually
decades or longer. If the recharge rate of the shallow reservoir is
essentially constant with time, then the volcano can be at a near
critical level for years. As the Landers earthquake produced an
increase in pressure in the magma reservoir under Long Valley at a
distance of about 400 km, then the same should be true generally:
seismic waves from earthquakes have the potential to increase the
pressure in magma chambers even at large distances from large
earthquakes. For a volcano already close to the critical pressure state,
this could result in a premature eruption. This conclusion is based
on secure observations and does not depend on which (if any) of the
various models5,18–23 proposed is correct, although we note that our
suggestion5 is the only one that leads naturally to the timescale and
character of the observed deformation.

The work emphasizes the need for a programme of continuous
deformation monitoring of active volcanoes on a global scale, with
sufficient sensitivity to be able to detect deformation transients on
these short timescales. We note that a two-colour laser ranging
system, with resolution of about 1 mm, was not able to detect
changes during the period of triggered seismicity at Long Valley;
seismic monitoring is important but gives only indirect information
about the deformational changes. Very few active volcanoes are
currently monitored well enough to allow detection of potentially
important transient deformations. M
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Distance determination in animals can be achieved by visual or
non-visual cues1. Weakly electric fish use active electrolocation for
orientation in the dark2. By perceiving self-produced electric
signals with epidermal electroreceptors, fish can detect, locate
and analyse nearby objects. Distance discrimination, however,
was thought to be hardly possible because it was assumed that
confusing ambiguity could arise with objects of unknown sizes
and materials3–5. Here we show that during electrolocation elec-
tric fish can measure the distance of most objects accurately,
independently of size, shape and material. Measurements of the
‘electric image’ projected onto the skin surface during electro-
location6–8 revealed only one parameter combination that was
unambiguously related to object distance: the ratio between
maximal image slope and maximal image amplitude. However,
slope-to-amplitude ratios for spheres were always smaller than
those for other objects. As predicted, these objects were erro-
neously judged by the fish to be further away than all other objects
at an identical distance. Our results suggest a novel mechanism for
depth perception that can be achieved with a single, stationary
two-dimensional array of detectors.

For orientation in their environment, animals use sensory infor-
mation to judge the distance of an object. Disparities in the two
retinal images of an object can give stereoscopic depth perception in
animals whose eyes have overlapping fields of vision9,10. Other
mechanisms for distance discrimination rely on the movement of
detectors and successive comparison of images11, on binocular
convergence, or on measuring the speed at which objects’ images
move across the retina12. Nocturnally active animals, however, must
supplement vision with other senses such as hearing, mechano-

reception or olfaction13–15.
Weakly electric fish orient themselves at night by using active

electrolocation2,16. By emitting an electric signal (Fig. 1b) with a
specialized electric organ, they generate an electric field and perceive
the resulting current that flows through epidermal electroreceptors.
Nearby objects distort the electric field and alter the current flowing
through the electroreceptors6. Analysis of the ‘electric image’, that is,
the spatial pattern of voltage change, that objects project onto the
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skin surface7,8 enables a fish to detect and locate objects in complete
darkness, and also to assess their electrical properties3. However,
unequivocal distance perception was thought not to be possible
without auxiliary means, because differences in the sizes and
materials of objects could affect the electric image in the same
way as differences in distance4,17. In contrast to visual images, which
become smaller with an increase in object distance, an increase in
distance during active electrolocation leads to a larger size of the
electric image18 and a decrease in its maximal amplitude (intensity)
(Fig. 1a). However, a similar but larger object at the same distance
would have the same effect. Thus, if fish only measured image size or
image amplitude, they should not be able to determine the distances
of unknown objects of different sizes.

Experiments were conducted with the weakly electric fish
Gnathonemus petersii, a nocturnal, stream dwelling predator of
insect larvae19, to find out whether, and how accurately, electric
fish can measure object distance. Over a period of 3–5 weeks, three
fish were trained to electrolocate two objects according to their
distance behind corresponding fixed gates, and to swim through the
gate behind which the object was further away (Fig. 1c). Fish
alternated between the two gates several times before making a
decision, thereby scanning each object with electroreceptor arrays
on both the sides of the body and the head.

First, we offered the fish two identical objects, which differed only
in their distances from the gate. The distance of the closer object
remained fixed in any given trial, defining ‘gate distance’. In total, we
tested each fish with 12 different combinations of objects, each
tested at a minimum of four different gate distances. Discrimination
was always correctly achieved provided that inter-object distances
differed by more than a critical threshold value (Fig. 2a, b).
Discrimination thresholds were correlated with gate distance: fish
were better at determinining the distances of nearby objects. When
gate distances were held constant, thresholds were inversely
correlated with object size: distance estimates improved when
larger objects were offered.

Because the discrimination of identical objects in different posi-
tions could be based on measurements of electric image amplitude
or size rather than on object distance, in subsequent experiments we
offered the fish two objects that differed in size, shape (for example,
a cube and a pyramid) or material (for example, a metal cube and a
plastic cube). Twenty-five combinations of different types of object
were tested. Differences in these physical parameters did not affect
distance discrimination performance (Fig. 2c). Fish could always
determine which object was more distant irrespective of size, shape
or material of the objects, provided that the distance difference was
above the threshold.

To understand which parameters of the electric image are used by
fish to determine object distance, we measured the ‘electric images’
produced locally at the level of the electroreceptors by different
objects (Fig. 3a, b). No single physical parameter showed a pattern
of variation sufficient to explain distance discrimination5. Thus, if
the fish had relied only on image size, amplitude or edge contrast,
they would have made systematic errors when certain object
combinations were offered. But such errors did not occur. Neither
could fish have monitored the change of one of these parameters
during their approach to the objects11,20, because this would not have
provided the fish with unequivocal distance cues when approaching
an object of unknown size or impedance6. The only parameter com-
bination that could provide a quantitative explanation compatible
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Figure 1 a, Electric image size and amplitude change with object distance.

Electric images have a ‘Mexican hat’ profile7. An object far from the fish’s skin

(top) produces a relatively large electrical image with a small amplitude and low

edge contrast, indicated by shading. When the same object comes closer

(bottom), the size of the image decreases and maximal amplitude and edge

contrast increase. b, Waveform of the electric organ discharge (EOD) of

Gnathonemus petersii. Time scale bar equals 100 ms. c, Set-up for behavioural

experiments (not drawn to scale). GD, gate distance; D, distance between

objects; Sþ, target object (farther away); S 2 , non-target object.

Figure 2 Psychometric functions for distance discrimination of (a) two identical

metal cubes (64cm3), (b) two identical metal spheres (33.5 cm3) and (c) two metal

cubes of different sizes (125 and 27cm3). Discrimination threshold was defined as

the inter-object distance D for which the sigmoid function fitted to each data set

crossed the 70% correct choice value. Each data point is based on at least 150

trials. In (a) and (c) thin lines indicate 95% confidence limits for two different

curves (4 cm and 5cm gate distances)30. All curves are significantly different

(P , 0:05).
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with all our behavioural results was the ratio of the maximal slope of
the ‘electric image’ to its maximal amplitude. This slope-to-
amplitude ratio depended only on object distance and was
independent of size, shape and material for most objects (Fig. 3c, d).

Our measurements also showed that only the rostral slope of the
image (the left slopes in Fig. 3b, c) provided adequate information
for the fish to determine object distance. The caudal (right) image
slopes of different electric images varied unsystematically with
object distance, probably because the proximity of the electric
organ produces asymmetries in the electric field. Thus, they could
not provide any reliable distance cues. We therefore suggest that fish
used the rostral image slopes to determine slope-to-amplitude
ratios, and thus to determine object distance.

This hypothesis was tested in the following way. Electric image
measurements showed that slope-to-amplitude ratios for spheres
were smaller than those obtained for solid cubes of the same
diameter at the same distance (Fig. 3c, d). The difference in slope-
to-amplitude ratios corresponded to a difference in distance of
,1.5 cm at a gate distance of 3 cm (Fig. 3d, arrow). Thus, it was
predicted that fish would erroneously judge a sphere to be ,1.5 cm
further away than a cube at the same distance.

Experimentally we found this did in fact occur (Fig. 4). Three fish
were given the task of comparing the distances of a metal sphere and
a metal cube. When the sphere was further away, fish chose it
correctly, but they also continued to choose it when both objects
were at the same distance. At a ‘gate distance’ of 3 cm, when the cube
was farther away, fish started to choose randomly between the two
objects at an inter-object distance of ,2 cm. As inter-object distance
was further reduced, fish incorrectly chose the sphere instead of the

cube (Fig. 4a). Thus, fish judged the sphere to be farther away than
the cube, even through this was not true. The psychometric
functions established at a ‘gate distance’ of 3 cm for distance
discrimination of (1) a cube and a sphere and (2) two identical
cubes (Fig. 4a) show that the curve for the cube/sphere discrimina-
tion crosses the 50% correct line ,1.5 cm closer to larger inter-
object distances than that for the two cubes (Fig. 4a, two-headed
arrow). Thus, at a ‘gate distance’ of 3 cm, the sphere seemed to the
fish to be ,1.5 cm farther away than the cube as predicted from our
electric image measurements (Fig. 3d). Similar ‘electrical illusions’
also occurred at the other ‘gate distances’ tested (2 and 4 cm; Fig.
4b), indicating a general mechanism for distance perception.

The results of our experiments suggest that electric fish can
measure three-dimensional depth by analysing the electric image
of objects projected onto a single, stationary two-dimensional array
of electroreceptors. This mechanism differs from all spatial orienta-
tion mechanisms shown so far in other species, but resembles a
mechanism hypothesized from theoretical postulates of hydro-
dynamical imaging by the lateral-line system of blind cave fish21.
Other examples of stationary detector systems include auditory
location of a sound source by the cod13, surface-feeding fish that
determine distance by analysis of the frequency modulation and the
curvature of a wave train22, and chameleons, toads and other species,
which use the accommodation of their lenses to judge the distance
of near objects10,23. Echolocating bats, like electric fish, employ an
active location system, but this is based on acoustics. In contrast to
electric fish, bats can make time measurements24 and thus can
determine object distance by employing temporal cues25–27. The
mechanism proposed for distance measurement in electric fish

Figure 3 Electric image measurements. a, Fish with a cube positioned for electric

image measurements. b, Electrical images projected by five different objects,

12mm from the skin surface. Horizontal black bars mark the object position. c,

Normalized electric images obtained from data shown in (b). Curves were shifted

horizontally to align rostral (left) slopes approximately. Note that the rostral slopes

for all cube-images aresimilar,whereas the slope for the sphere (red curve) is less

steep. d, Slope-to-amplitude ratios calculated for two metal spheres (red curve)

and four cubes (black curve) plotted against object distance. The two curves are

extrapolated from data-fit functions5; their parameters are y ¼ 0:7658e2 0:9249x,

r ¼ 2 0:888, P ¼ 0:0002 (red curve) and y ¼ 0:9445e2 0:6343x, r ¼ 2 0:928,

P , 0:0001. Values of r and P were obtained by using a linear transfer function

method30. The double arrow indicates the distance between curves when the

sphere was 3cm from the fish.
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bears some resemblance to the mechanism that flies use to land on a
target: the onset of deceleration is triggered when the ratio of the
image expansion of the target on the retina to the image size reaches
a critical value20. To be independent of object parameters, the image
expansion parameter is standardized by image size. Similarly, in our
hypothesis about active electric imaging, the slope parameter is
standardized by maximal amplitude, making the slope-to-
amplitude ratio independent of object parameters such as size,
impedance or form.

In conclusion, we found that electric fish can measure the
distance of objects in complete darkness by means of active
electrolocation. Distance discrimination is very accurate, as long
as the geometrical forms of the edges of the objects being compared
do not differ too strongly. Fish can perceive three-dimensional
depth without time or spectral measurements even when the
receptive surface is stationary. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Discrimination training. Three individuals of the weakly electric African fish
Gnathonemus petersii (standard lengths between 11 and 14 cm) were trained in
a rectangular tank that was divided into two compartments (60 cm 3 35 cm
and 20 cm 3 35 cm) by a coarse plastic mesh containing two gates 15 cm apart
(Fig. 1c). For the electrolocation discrimination task, two test objects were
mounted in the smaller compartment behind the left and right gates at a
distance chosen in a pseudo-random manner. The test objects were solid
aluminium cubes (volumes 125, 64, 27 or 8 cm3), plastic cubes (125, 64, 27 or
8 cm3), aluminium plates (5 cm 3 5 cm 3 2 cm), aluminium pyramids
(64 cm3) and aluminium spheres (diameter 4 cm or 2 cm). In a food-rewarded
two-alternative forced-choice procedure, animals were trained to swim
through that gate behind which the object was located farther away (Sþ).
Distance-discrimination thresholds (defined as 70% correct choices) were
measured by keeping the gate distance of the closer object constant, and by
reducing the distance between the second object and its corresponding gate in
progressive steps, thus reducing the distance between the two objects (D in Fig.
1c). Each point of the psychometric functions determined in this manner was
based on at least 150 decisions. Except for controls, experiments were
conducted at low light intensities (0.75 lx).
Control experiments. Three types of control experiment were conducted. (1)
To measure the effect of the dim illumination, five experiments were conducted
in infrared light, which is invisible to mormyrids28. Threshold curves thus
obtained in the absence of vision, and with light present, were compared. There
was no statistical difference between thresholds obtained with or without
visible light (P , 0:05). Thus, even when vision was possible, the fish relied on
active electrolocation to determine object distance. (2) To prove that fish were
using active electrolocation for the required task, electrical noise (bandwidth
2–5 kHz, minimum noise amplitude ¼ 70 mV cm−1 (r.m.s.)) was played to the
fish during the discrimination task. The two fish tested were unable to

discriminate object distances under these conditions and reached success
rates of 50 6 10%. (3) To prove that fish were not making a comparison by
electrolocating the two objects simultaneously, a thin glass plate that was
impenetrable to electrolocation signals was mounted between the two objects,
making is impossible for the fish to image both at the same time. The
performances of the fish were statistically identical (P , 0:05) with and without
the glass divider present. Psychometric functions were compared by transform-
ing the sigmoid curves into linear functions, recalculating data points accord-
ing to this transfer function and comparing slopes with a modified Student’s t-
test as described by Zar29.
Measurementof electric images. The electric images of the same objects that
were used in the behavioural experiments were measured experimentally along
the lateral electroreceptive surface of the fish (Fig. 3a). Three G. petersii were
sedated with Hypnodil (metomidate R7315; Janssen Veterinary Division; 5 mg l−1

aquarium water) and supported in the middle of a 40 cm 3 20 cm recording
tank. Under Hypnodil, a fish discharges its electric organ at a regular slow
rhythm. Electric organ discharges (EODs) were recorded with a pair of copper
wire electrodes insulated except at the tip (distance between electrodes, 1 mm).
To avoid capacitative coupling, these electrodes were individually shielded and
connected separately to the two inputs of an Axoclamp 2A amplifier. The two
outputs of the amplifier were connected to a differential amplifier (Tektronix
5A22N) in a Tektronix 5223 digitizing oscilloscope. The recorded EOD signal
was transferred to a computer hard disc by using ACQUIS1 software (G. Sadoc,
C.N.R.S.). The electrode pair was moved in a straight line, in steps of 3 mm,
along the side of the fish at the height of the lateral line, at a constant distance of
1 mm (5 mm in one fish) from the skin surface. At each position, ten records of
the local EOD were averaged and the peak-to-peak amplitude of the EOD was
determined. Control measurement series were made in the absence of any
object between each trial series. Images of several types of objects located at
seven different distances from the fish’s surface were measured. The relative
modulation of the EOD peak-to-peak amplitude was defined as the ratio
between the change produced by the object and the amplitude in the absence of
an object. The electric image of an object was defined as the profile of the
relative modulation along the fish’s body (Fig. 3b)7. For each electrical image,
we determined the maximal image amplitude and maximal image slope values.
The maximal value of the rostral slope of the image was divided by the maximal
image amplitude to obtain the slope-to-amplitude ratio for each image.
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One of the more stunning examples of the resourcefulness of
human vision is the ability to see ‘biological motion’, which was
first shown1 with an adaptation of earlier cinematic work2:
illumination of only the joints of a walking person is enough to
convey a vivid, compelling impression of human animation,
although the percept collapses to a jumble of meaningless lights
when the walker stands still. The information is sufficient to
discriminate the sex and other details of the walker3,4, and can be
interpreted by young infants5. Here we measure the ability of the
visual system to integrate this type of motion information over
space and time, and compare this capacity with that for viewing
simple translational motion. Sensitivity to biological motion
increases rapidly with the number of illuminated joints, far
more rapidly than for simple motion. Furthermore, this informa-
tion is summed over extended temporal intervals of up to 3
seconds (eight times longer than for simple motion). The steep-
ness of the summation curves indicates that the mechanisms that
analyse biological motion do not integrate linearly over space and
time with constant efficiency, as may occur for other forms of
complex motion6, but instead adapt to the nature of the stimulus.

Biological motion was produced on a video display by an
adaptation of a standard cyclic algorithm7 that emulates the

motion of the 11 main joints of a person walking on a treadmill.
Subjects were required either to detect the presence of the walker or
to discriminate the direction of walking, in the presence of variable
amounts of dynamic random noise. Similar tasks were performed
for simple translational motion, for which a random pattern of dots
was continuously displaced horizontally within a window of dimen-
sions similar to that of the walker. We adapted the standard
biological-motion technique so that each point had a ‘limited
lifetime’ of two frames, after which it disappeared and was redrawn
in another randomly chosen position (see Fig. 1 and Methods). This
allowed for dynamic undersampling of the entire dot pattern,
ensuring that, even at the lowest sampling rates, all 11 joints were
likely to be represented during the 1,200-ms exposure time.

Figure 2 shows how sensitivity (expressed as maximum tolerable
noise) for detection and direction discrimination varied with the
number of displayed points for the two types of motion. For
translational motion, sensitivity for both detection and discrimina-
tion increased with dot number at a very similar rate, almost linearly
for both subjects tested (log–log slope is roughly at unity). For
biological motion, the summation curves for detection were very
similar to those for detection of translation, in both slope and
absolute sensitivity. But the direction-discrimination curves were
far steeper, with log–log slopes of about 3 or more (indicating a
cubic or higher relationship).

Figure 3 shows how sensitivity to the walker varied with exposure
time (temporal summation). As before, we used a limited-lifetime
paradigm, with six dots displayed. Sensitivity to both simple and
biological motion increased with time, first rapidly then more
gradually. In comparable studies, it was thought that the initial
rapid increase reflects physiological summation, whereas the
gradual phase reflects ‘probability summation’ (a statistical
improvement based on recruitment of independent detectors
rather than summation within a single unit8). The intersection of
these two curves gives an estimate of the time constant of the

t1 t2 t3 t4

Figure 1 The limited-lifetime technique for studying the ability to see biological

motion (upper figures) and translational motion (lower figures), for six-dot

sampling (over a two-frame running average). The starred points of the walker

indicate those that are actually in motion; the others, the possible positions to be

sampled.Half of the dots move from frames 1 to 2, and the other half from frames2

to 3. The starred points sometimes undergo occlusion (when required by the

algorithm7), and are not visible at these times.


