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Abstract 

 Weakly electric fish polarize the nearby environment with a stereotyped electric field and gain information by detecting the 

changes imposed by objects with tuned sensors. Here we focus on polarization strategies as paradigmatic bioinspiring 

mechanisms for sensing devices. We begin this research developing a toy model that describes three polarization strategies 

exhibited by three different groups of fish.  We then report an experimental analysis which confirmed predictions of the 

model and in turn predicted functional consequences that were explored in behavioral experiments in the pulse fish Gymnotus 

omarorum. In the experiments, polarization was evaluated by estimating the object’s stamp (i.e. the electric source that 

produces the same electric image as the object) as a function of object impedance, orientation, and position. Signal detection 

and discrimination was explored in G. omarorum by provoking novelty responses, which are known to reflect the increment 

in the electric image provoked by a change in nearby impedance.  To achieve this, we stepped the longitudinal impedance of 

a cylindrical object between two impedances (either capacitive or resistive). Object polarization and novelty responses 

indicate that G. omarorum has two functional regions in the electrosensory field.  At the front of the fish, there is a foveal 

field where object position and orientation are encoded in signal intensity, while the qualia associated with impedance is 

encoded in signal time course. On the side of the fish there is a peripheral field where the complexity of the polarizing field 

facilitates detection of objects oriented in any angle with respect to the fish´s longitudinal axis. These findings emphasize the 

importance of articulating field generation, sensor tuning and the repertoire of exploratory movements to optimize 

performance of artificial active electrosensory systems.  
 

 

Keywords: electric fish, object’s stamp, gymnotiformes, mormyroidea, multifrequency analysis, electrotomography.  

1. Introduction 
Weakly electric teleosts provide bioinspiration for artificial 

electrosensing devices [4-5, 19-24, 79, 90-92]. They are 

excellent models for understanding how active senses work. 

These animals generate an electric field that is modified by 

the impedance of the surrounding media and stimulate 

cutaneous receptors [64-66]. Thus, the self-generated electric 

fields serve as a carrier of electrosensory signals produced by 

the presence or movement of nearby objects that differ in 

impedance from water [2, 8, 12, 74].  

Movements of both the body and the tail can be used to shape 

the electric field in two ways: by orienting a region of the 

body to a target object, and by changing the shape of a 

conducting body that funnels and shapes the electric field 

generated by the internal current sources [32, 35, 44, 74]. 

Therefore, electrosensory carrier generation, body shape 

control, and body orientation relative to a target object´s 

location are different ways of actively controlling the electric 

image of a region of interest in the fish’s surroundings [32, 

35] (however, the term “active” has been traditionally 

reserved for the ability of generating the carrier energy since 

its introduction by Bennett and Grundfest [17] ).  

Due to the decay of the carrier field intensity as a power law 

of the distance from the fish, this is a short-range sensory 

modality [12, 44, 45, 68, 75]. The electrosensory field 

consists of a “bubble” that moves and changes shape with the 

fish’s body [68, 71, 75, 95]. Within this bubble the electric 

field acts as a carrier of electrosensory signals holistically 

treated as an electric image of the surroundings by a sensory 

mosaic. This mosaic shows a high density and variety of 

electroreceptors around the mouth, where an electrosensory 

fovea has been described [7, 43, 44, 51, 101].   

 Electric organ (EO) discharges (EODs), body plan, and 

receptor responsiveness evolutionarily converged on one of 
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three electrolocation strategies that may be summarized as: 

a) pulsed EOD with carangiform locomotion, b) continuous 

sinewave-EOD with culteriform locomotion, and; c) pulsed 

EOD with culteriform locomotion.  

In pulse Mormyroidea the EO is concentrated in the tail 

peduncle and discharges a brief pulse [14, 58]. The tail-body 

angle varies widely during carangiform swimming 

movements causing large asymmetries in the electrosensory 

field and therefore changes in electric image [80, 86].  

In wave fish the EO is distributed along the body and the 

EOD consists of a continuous sinewave-like temporal 

waveform (Gymnarchus niloticus [52, 60, 64] from Africa; 

and Apteronotidae and Sternopygidae [6, 53, 96] from 

America). In these species, the body adopts a “torpedo-like” 

shape which is propelled back and forth by a long fin acting 

as an Archimedes screw (culteriform locomotion) while 

swimming direction is driven by smoothly bending the body 

which also causes changes in the electric image [94]. 

In pulse Gymnotiformes (Rhamphichthyidae, Hypopomidae 

and Gymnotidae [6, 39-41, 84-85, 100]) the EOD is sum of 

brief pulsatile waveforms emitted by different regions of the 

EO driven by a common command. In both pulse and wave 

Gymnotiformes, waveforms exhibit different time courses 

and power spectral densities, and are sequentially activated, 

with a brief lag time, moving from head to tail [6 ,39-41, 73, 

81-82, 84-85, 93, 100]  

These three strategies may bioinspire different designs of 

man-made electrosensing devices. This paper explores these 

strategies in the active electric sense using a toy analytical 

model and experimentally tests hypotheses derived from the 

model in a species of pulse Gymnotiformes that exhibits the 

most complex strategy. This experimental analysis is based 

on the study of the object’s stamp (e.g. the equivalent source 

of a polarized object [25, 37, 53-54, 74]) as a function of 

impedance, orientation and position, and also in the 

evaluation of a reflex-like behavior triggered by a change in 

stamp (novelty response [1, 33]).   

Using theoretical and experimental approaches we found a 

functional distinction between two electrosensory field 

zones. At the rostral region of the electrosensory field there 

is a foveal field in all weakly electric fish (analogous to the 

foveal field of human vision, tip of the fingers in touch, or 

the tongue in oral exploration). In this field, the time course 

of object polarization depends on object impedance, and the 

strength of polarization depends either on other 

characteristics of the object (volume and shape), or on the 

spatial relationship between the object and the fish (position 

and orientation). In contrast, on the sides of the body, there 

is a peripheral field in which both strength and time course 

of object polarization vary differently in the three strategies. 

We conclude that these strategies may inspire different types 

of devices such that polarization strategy can be adapted to 

optimize object discrimination and recognition (including an 

object’s intrinsic, e.g. volume, impedance and shape, and 

contextual properties, e.g. position, orientation, and 

movement) depending on the intended function. 

2. Methods 

This study was carried out in three stages. First, we explored 

the polarization strategies shown by different fish taxa. We 

used a toy model to illustrate the main commonalities and 

differences between these strategies. Second, we 

experimentally study the most complex strategy as it is a 

general case which includes the other two as particular cases. 

This experimental analysis was based on the study of the 

changes in an object’s stamp [25, 37, 53, 74] with impedance, 

orientation and position. Third, we explored some functional 

differences in object discrimination using a well-known 

stereotyped behavior triggered by sudden changes in the 

electrosensory image [1, 33, 75].  

2.1 Modelling of the three polarization strategies 
 To explore the differences between polarization strategies 

we used a very simple model validated in most physics 

textbooks [59, 72, 74]. Although this toy model lacks the 

complexity introduced by body shape, it clearly illustrates 

the differences between the fields emitted by a single 

localized source (Mormyroidea), various sources emitting 

continuous waves of a single frequency (mormyriform and 

gymnotiform wave species), and various sources emitting 

different pulsatile waveforms (pulse Gymnotiformes).  

The model consists of two hemispaces: one with the 

conductivities of water (w) for the object’s side, and the 

other with a much higher conductivity (s) for the source’s 

side. On the most conductive side, electric poles inject 

currents of intensity Ii at point (xi, yi, zi). Mimicking an EOD, 

the number of poles was always even and aligned in one 

direction (either parallel or perpendicular to the hemispace 

limit). The sum of injected currents was zero.  

In the absence of objects, the potential on the objects’ side 

((t,x,y,z)) can be calculated as in [72]: 
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where di is the distance between each source and the point 

(x, y, z).  The field vectors were digitally estimated by 

subtraction of consecutive points at dimensions x, y and z. 

Current sources and sinks were either aligned parallel or 

perpendicular to the hemispace separation plane, emulating 

the field generation either to the side of or in front of the fish 

body, respectively. Emulating the strategy of Mormyroidea, 

a single sinewave current cycle was applied between two 

points on the “fish’s side” (one sink and one source separated 

by two arbitrary units). Emulating the strategy of wave fish, 

sinewaves of the same frequency were applied between 6 

aligned current poles (each separated by 2 units) with a 

progressive time lag (the closest pole is 2 arbitrary units from 

the hemispace limit). Emulating the strategy of pulse 

Gymnotiformes, 6 similarly-located poles emitted pulsatile 

waveforms, each consisting of a Hanning-windowed single 

sinewave cycle with a different frequency, phase, and 

amplitude.  

2.2 Experimental study in pulse gymnotiforms.  
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Experiments were carried out using five fish of the species 

Gymnotus omarorum (unknown sex, 10.5 to 11.8 cm long). 

Fish were collected in the wild with permission of the 

Ministry of Agriculture and Fisheries (Direccion Nacional de 

Recursos Acuáticos, Uruguay). All experiments were 

approved by the ethics committee of the Instituto de 

Investigaciones Biológicas Clemente Estable, Uruguay 

(IIBCE 001/03/2011). After capture, fish were maintained in 

individual tanks (with water at 18 oC and conductivity either 

80 or 130 S/cm) in the animal care unit of the IIBCE and 

fed ad libitum with insect larvae. During the experiments fish 

were placed in a mesh pen (1.5 cm width, 12 cm length, 10 

cm height) at the center of a tank (48 x 28 cm) filled up to 7 

cm with either 80 (2 fish) or 130 S/cm (3 fish) water. No 

experimental procedure caused harm or major stress to the 

animals. No chemical treatments were employed. After the 

experiments the fish were returned to the animal care unit.  

2.2.1 Experimental procedures. In a first approach, we 

experimentally confirmed the accuracy of the method for 

calculating object’s stamp. For this purpose, the Thevenin 

equivalents of the scene (electromotive force, Es and series 

resistance, Rs) were estimated at a given object location by 

measuring the current and voltage between the cylindrical 

probe’s bases while loading it with different resistors. 

Secondly, we verified toy model predictions by evaluating 

the stamp of objects loaded either with resistive or capacitive 

impedances at different positions and orientations. While the 

Es was directly estimated at each point by measuring the drop 

of voltage across the cylindrical probe’s bases in the presence 

of a 2.5M shunting resistor, the stamp () was calculated 

after the impedance of the object was switched to another 

value (either a short circuit, or a resistor of 10 or 100 k or 

a capacitor of 6, 9, 16 and 22 nF). In these experiments the 

object was stationary for five seconds before and after 

stepping the stamp value, and then moved to another point in 

a lattice grid of pre-programed exploration sites on a 

horizontal plane passing through the fish body. The centre of 

the object was positioned at each point using an XY plotter 

commanded by the digital-to-analog port of a Datawave ® 

interface. In each run, the axis of the object was manually 

placed on the horizontal plane either parallel or perpendicular 

to the fish’s body axis and its impedance was switched from 

2.5M and the chosen impedance. A home-made computer 

program was used to control the XY movement and to 

activate a reed relay to switch the load impedance.   

Finally, in 4 fish, we tested behavioural discrimination 

between two stamps of an object positioned at different 

points and orientations in the electrosensory field. We 

evaluated discrimination with the novelty response, a native 

reflex-like orienting behaviour consisting of a sudden 

reduction of the inter-EOD interval after the occurrence of a 

novel electrosensory stimuli in the electrosensory field [1, 

30]. In these experiments the object was stationary for 30 

seconds before  stepping the stamp value, was held in 

position for another 5 seconds, and then moved to another 

randomly chosen position in the lattice grid. Each position 

was explored by the same change in impedance 3 to 5 times.    

Objects were plastic cylinders either of 17 mm length and 8 

mm diameter (3 fish) or 30 mm length and 8.8 mm diameter 

(2 fish), with conductive bases, but non-conductive curved 

surfaces. These objects are frequently used for exploring 

electroreception [1, 33, 98] because their longitudinal 

impedance can be modified at will by connecting the bases 

through discrete elements (e.g. resistors, capacitors, and their 

combination). Their easy construction, well-defined shape 

and controllable longitudinal impedance facilitate the study 

of the electric image as a function of different features of an 

object (including impedance, volume, shape, position and 

orientation with respect to the fish axis).  

Furthermore, in these kinds of objects, the stamp (the 

equivalent electric source to cause the same perturbation of 

the self-generated field) can be evaluated experimentally. To 

calculate the stamp, we simultaneously recorded the voltage 

between the object’s bases and the current through the object. 

For voltage recordings, each of the carbon bases were 

connected to the high impedance input of a differential 

amplifier (gain x100, bandpass 10-10kHz, AM systems 

1800). For current estimation, we recorded the drop of 

voltage (gain x1000, bandpass 10-10kHz, AM systems 1800) 

across a 2 k resistor that was connected by one end to one 

of the bases of the cylinder and by the other to the load 

impedance. Thus, the impedance along the object always had 

two components in series, a 2kW resistor and another 

element whose impedance was defined for every experiment. 

A pair of electrodes placed on the tank walls, facing the head 

and tail, was connected to a third amplifier (gain x100, 

bandpass 10-10kHz, AM systems 1800) to evaluate the 

timing of the EOD. Amplifier output, position of the XY 

plotter, and timing of the switch were sampled at 50 kHz 

(Datawave ®). 

2.2.2. Signal analysis. We used in-house code to evaluate 

data files containing object position, voltage and currents 

generated by the EODs across the object, and EOD timing 

from 5 seconds before to 5 second after switch activation.  

First, we identified the timing of the positive peak of the 

head to tail EOD with respect to the timing of the switch.  

Second, the waveforms of the voltage and current at each 

explored point were estimated by averaging 8-10 EODs 

before and after each impedance step.  

Third, voltage waveforms were plotted vs. current 

waveforms to verify whether they were proportionally (as 

expected for resistive loads) or non-linearly (as expected for 

capacitive loads) related.  

Fourth, the equivalent electromotive force of the scene (Es) 

and the internal resistance (Rs) was estimated in the runs 

where we used resistive loads. In this case, the amplitude of 

the recorded current linearly decays with the sum of internal 

(Rs) and load (Ro) resistances, but the voltage increases. Es 

is the voltage drop across the object’s bases when Ro 

approaches infinity and current approaches zero. Voltage 

recordings obtained with Ro = 2.5 M were associated with 

negligible currents. Thus, these voltage recordings were 

considered a good proxy for Es. When plotting voltage vs 

current, the maximal values were aligned and well fitted by 
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a descending line with slope -Rs. Thus,  each point of the 

lattice grid Rs was evaluated as the quotient between two 

points that defines the line, one obtained loading the object 

with Ro=2.5 M and the other with Ro=2k.  

Fifth, the stamp of the object was calculated by taking into 

account the longitudinal resistance of the water displaced by 

the cylinder: 

2.

.

radius

length
Rw




=          (2)     

    

For a resistive load (R0): 

so

wo
s

RR
RRE

+
−= •

                (3)
 

More generally the three variables measured in the 

experiments (Es, Rs and Iobj) allowed us to calculate the stamp 

in any condition (see results): 

)( swobjs RRIE +−=
  (4) 

 

Sixth, in 4 experiments we tested stamp discrimination 

stepping from a high resistance (2.5 M) to a low reactance 

(2k in series with a shunt, another resistance or a 

capacitance). The increment of the stamp was calculated as: 

)( swobj RRI +−=
         (5) 

We evaluated the amplitude of the novelty responses (ANR) 

as the maximal reduction of the inter-EOD interval in the 4 

EODs following the increment in stamp. We normalized this 

value by the median of the 5 intervals before the change in 

stamp (Ibefore):  

before

minimalbefore

I

II
ANR

)( −
=

            (6) 

 

3. Results 
 
3.1 Theoretical analysis of polarization strategies in 
weakly electric fish. 
We used a toy model consisting of two hemispaces of very 

different conductivity to evaluate the electric field generated 

by: a) a unique localized source, b) multiple sources emitting 

sinewaves of the same unique frequency but different 

amplitude and phase, and; c) multiple sources emitting 

different waveforms. 

The first strategy is represented in Mormyroidea. They emit 

a brief discharge driven by a neural command occurring 

irregularly [48]. This command synchronously activates 

hundreds of electrogenic cells densely packed in a short EO 

at the tail peduncle [14, 18, 36, 48]. This can be mimicked by 

a single dipole.  

The toy model suggests that the electric field generated in 

this condition has a constant direction all along the time 

course of the EOD (Fig.1). Thus, it can be predicted that 

object polarization will tend to be maximal when field 

direction is perpendicular, and minimal when it is orthogonal 

to its main axis. Thus, taking into account both dipole 

orientations, mimicking the effects of the EOD on the rostral 

and lateral regions of the body, the toy model suggests that 

mormyrids show the same polarization mechanism in all 

object positions of the electrosensory field. (Fig.1). 

 

 
 

Wave fish emit a permanent sinewave-like field resulting 

from the summation of regional EO activities of the same 

frequency but delayed in phase from rostral to caudal regions 

of the body. When the sources are aligned perpendicular to 

the separation between a high and low conductive 

hemispace, the polarization fields have a nearly constant 

direction and its time course is similar for all positions. Since 

the sources are relatively far from the object, the field (e.g. 

the weighted sum of the effects of all sources at the object 

position) has about the same time course everywhere and 

differs only in amplitude and polarity (Fig 2 A). 

When sources are aligned parallel to the hemispace limit, the 

phase lag causes a rotation of the electric field on the fish 

side [5/, 85bis]. The loops in Figure 2B illustrate the 

trajectory of the field vector head around a different point of 

application. The norm of the vector depends on phase lag and 

location relative to the source sites. Near the hemispace limit, 

the root mean squared (rms) value of the field shows two 

maxima close to the ends of the series of poles, and decays 

with distance (Fig 2C). Thus, the model suggests that the 

polarization of an object placed on the side of a wave fish 

will follow a time course characterized by a sinewave of the 
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same frequency, but a phase- and distance-dependent 

orientation and intensity. 

 

 
 

 Finally, pulse Gymnotiformes possess complex electric 

organs distributed along the caudal 90% of the body. In these 

fish, different regions of the EO are sequentially activated by 

a pacemaker firing at a regular rate of tenths of Hz. In each 

EO region the electrocytes show characteristic innervation 

patterns, size, membrane properties and density [31, 36]. The 

discharge is the sum of regionally-emitted pulses of distinct 

time courses with different, but partially overlapping, power 

spectral densities, and different phase spectra [36/-38/, 74/-

75/, 89/]. To mimic this strategy, we used a series of sources 

with different waveforms consisting each of a single 

sinewave cycle of different frequency, phase, and amplitude, 

windowed through a Hanning profile with an effective 

duration of about one cycle.   

 

 
As in wave fish, when the sources are aligned perpendicular 

to the separation between the hemispaces, the polarization 

fields have a nearly constant direction, and its time course is 

similar for all positions, but different from the other two 

strategies, when the sources are aligned along the hemispace 

limit, the field follows very complex trajectories (Fig. 3B). 

Close to the wall, the field amplitude also shows a complex 

profile (Fig 3C). 

Here we can hypothesize that in the two last strategies there 

are functional differences between two regions in the 

electrosensory field (defined by analogy to the visual field as 

the region of space in which an object has a significant effect 

on sensory processing). In analogy to the retina, taking into 

account where the image of a small object located in the 

electrosensory field maps onto the sensory mosaic, we 

define: 1) a foveal electrosensory field where the electric 
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field has a coherent waveform and attenuates in magnitude, 

and which orientation angle increases with distance from the 

fovea, and; 2) a peripheral electrosensory field where the 

time course and direction of the polarization field is different 

for every object position to the sides of the fish. 
 
3.2. Experimental evaluation of object polarization 
The aim of this section is to report the experimental tests of 

the hypotheses on object polarization derived from the toy 

model analysis in pulse gymnotiforms. Results from all 

studied fish were qualitatively similar and support the 

hypotheses. We exemplify them with data obtained in 

individual fish in each plot. Consistency is illustrated by 

showing experiments from different animals.     

3.2.1. The concept of object’s stamp. To evaluate object 

polarization strategies, we applied the concept of “object 

stamp”. One must recall here that the electric image of an 

object can be reproduced in the absence of the object by 

multiple discrete sources placed on a surface, casting object 

shape. Therefore, for a given object, we have defined the 

concept of the object’s stamp (or imprint, impronta in 

Spanish, or empreinte in French [37, 74]) as the 

electromotive force of the electric source (or a distributed set 

of sources) that generates the same image on the fish’s skin 

in the absence of the object.  

We used object probes consisting of a nonconductive 

cylinder with conductive bases ([1, 33, 83, 97-98]). To show 

the validity of the method employed to evaluate polarization 

of these objects, we first show how to experimentally 

evaluate the scene parameters that serve an object’s 

polarization, and second that theoretical predictions of the 

stamps of these objects can be accurately calculated for any 

impedance connected between the cylindrical probe bases. 

 

 
 

The concept of stamp is illustrated with experimental data 

obtained with a cylinder of 8.8 mm diameter and 30 mm 

length loaded with a resistance of 2 k in series with a 

rheostat to vary load resistance (Fig. 4).  

In the five fish, our data confirm that the whole scene can be 

considered a linear system. This means that the Thevenin-

Norton theorem is applicable, which allows us to think of the 

system as two simple electric sources (Fig 4A). On one hand, 

one should consider the object connected to the scene 

through its cylindrical bases. This can be represented by the 

stamp of the object and an impedance equivalent to the 

resistance of the water cylinder displaced by the object (Rw). 

On the other hand, the scene (including the fish and the tank) 

can also be represented by an equivalent electromotive force 

(Es) and a resistance (Rs). Each part (object or scene) can be 

represented by a resistance connected in series to a pure 

voltage source () in the Thevenin version, or in parallel to a 

pure current source in the Norton version (Fig.4). The almost 

identical time course of the voltage drop and current (top and 

bottom in Fig 4B, respectively) across the cylindrical object 

bases, and their reciprocal increment in amplitude when the 

object resistance is modified, support linearity. For each load 

resistance, time courses were proportional point to point with 

a slope equal to the load resistance (Fig. 4C). The scene 

equivalent resistance (Rs) corresponds to the slopes of the 

lines of the voltage-current plot obtained at any point of the 

waveform. However, as current or voltage approaches zero, 

the accuracy of this calculation is greatly reduced by noise at 

polarity transitions. To circumvent this drawback, we 

estimate Rs by line fitting the maximum values of the voltage 

and current obtained with all resistance values used in each 

experiment (Fig. 4C dashed line). The ordinate and the 

abscissa projections of this voltage-current dashed line are 

the electromotive force of the scene (Es(t)) and the maximal 

current that the scene can supply through the object, 
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respectively. Once Es and Rs were estimated, we were able to 

calculate and experimentally test the waveform and 

amplitude of the stamp () for any object impedance. In the 

case of a pure resistive load (R0): 

so

wo
s

RR
RRE

+
−= •

                                    (3)
 

The validity of the linear assumption when applying the 

Thevenin theorem was tested by comparing the calculated 

voltage and time courses of the current and voltage across the 

cylindrical object when its bases were shunted with a 

complex impedance.  Figure 4D illustrates data from one 

individual. In these recordings the impedance of the object 

consisted of a capacitance (C) in series with a resistance 

(necessary for measuring the current, Rm=2K). Predictions 

were calculated as follows: the voltage across the object 

(Vobj) is equal to the sum of the voltage across the capacitor 

(Vcap) plus the voltage across the current-measuring resistor: 

 
mobjcapobj RIVV .+=                            (7) 

The stamp  is the electromotive force that would 

algebraically summate to the electromotive force of the scene 

to drive the current Iobj through a cylinder of water similar to 

the probe with a longitudinal resistance Rw to get the same 

voltage (Vobj): 

 

)(* swobjs RRIE +−=
                         (4) 

 

Then the voltage across the capacitor (Vcap), the current (Iobj) 

through the cylinder, and the Voltage between the cylinder’s 

bases (Vobj) were estimated as: 

   (8)

  

   

    

                               














−

+
= 

− t

onset

t
s

t

s

ms

obj dteE
e

E
RR
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/
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(9) 

 

Where the time constant () is defined as: 

 
CRmRs *)( +=                                 (10)

 

 

Voltage and current estimations were experimentally 

confirmed in this way in 4 fish (using 4, 3, 1 and 1 capacitive 

loads). The coefficients of determination (ranging from 0.90 

to 0.96) show a good agreement between theoretical 

predictions and experimental data.  

 

 =
− t

onset

t
s

t

cap dteE
e

V 




/
/
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3.2.1. Object stamps at the foveal electrosensory field. 
Within the foveal field the rms-value of the stamp decayed 

with distance but the waveform was position independent 

and typical for each impedance. As the distance from the 

transversal plane passing through the fovea increases, the 

field and Es decreases (Fig. 5A and B). The literature 

indicates [72, 75] that effect of orientation is a cosine 

function of the angle between object and fish axis. 

Consistently, the field curves laterally causing that the rms-

value of Es decreases when “seen” by objects oriented 

parallel to the fish axis (Fig 5A and B) but an increase when 

“seen” by perpendicularly-oriented objects (Fig. 5D and E). 

Polarization of objects on each side of the fish axis has 

obviously opposite polarity (Fig. 5D and F). Interestingly, in 

most object positions and in both orientations the waveforms 

of the stamps are similar (Fig. 5A and B). For objects 

oriented parallel to the fish axis the coefficients of correlation 

calculated between pairs of recordings were very large (Fig 

5). In the case of perpendicularly oriented objects the time 

course of the stamps of object centered on the fish axis, small 

differences in centering and orientation due to small fish 

movements caused large changes in waveform (see noisy 

traces in the inset of Fig 5F) but the rms-value of these 

stamps was negligible.In addition to the attenuation of scene 

electromotive force (Fig 6A) the scene resistance increases 

as the object moves away (Fig 6B). As Rs decays with 

distance to the fovea,  decayed more steeply than Es. 

According to the literature [24, 34, 70, 74] this is a passive 

effect of the fish body. To evaluate this effect, we defined an 

index which evaluates the relative difference between  with 

a virtual stamp () calculated using a constant scene 

resistance value (Rs*) measured 10 cm away from the fish.  

 

( )
( )









+

−
=

−
=

RsRo

RsRs
EffectBody

*

*

*
_





                   (11)

 

  

At the fovea where the effect is largest [2, 44] it ranged 

between 4 and 7% in among the five fish (Fig. 6C). 

The stamp waveform is the same for the same capacitance 

loading a cylinder placed in the foveal electrosensory field. 

The voltage and current recorded across the probe when a 

capacitor of 9 nF was connected in series with Rm are shown 

for three object positions in Figure 7. They are very similar 

in waveform and their amplitudes decay with distance to the 

fish (Fig 7A and B). This is expressed by the similar loops 

observed in the current-voltage plots (Fig 7C). Moreover, the 

normalized loop (Fig. 7D) the time course of the stamps (Fig 

7E) and are nearly identical.  

 

 
3.2.3. Object stamps at the peripheral electrosensory 
field. In all studied fish the time course and amplitude of the 

stamp was site-specific on the side of the fish body. We 

found large variations of the time course of Es with the 

probe’s orientation relative to the fish axis. In Figure 8 A Es 

is represented at each object location relative to the fish, the 

object axis is perpendicular to the fish axis on the right side, 

and parallel on the left.  Consistence between the time 

courses of the current measured with and object load of 

2k and the voltage measured with and object load of 

2.5M at the same object positiona and orientation indicates 

linearity (Fig 8 B and C).  

These changes in Es are matched by variations in object’s 

stamp (Fig. 9A, B and C). The site-specific variations in time 

course and amplitude of the object’s stamp were associated 

to changes in rms-value, showing spatial profiles dependent 

on object orientation and impedance (Fig. 9D to G). 

Interestingly, while the rms-value of the stamp of an object 

placed on a line perpendicular to the fish axis decays 
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with distance, its time course remains relatively similar for 

both resistive (compare the three top traces in Fig. 9A) and 

capacitive loads (compare the three bottom traces in Fig 9B). 

In addition, the time course of the stamp also varies as a 

function of the orientation angle at each object position (Fig. 

9C).  
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3.3. Object detection and discrimination in foveal and 
peripheral electrosensory fields.   
Here we report data that support the hypothesis that the 

functional roles of foveal and peripheral electrosensory fields 

are different. We used novelty responses to show that 

discrimination differs between both electrosensory fields, in 

particular in the way that they discriminate impedance and in 

the relative importance of object orientation relative to the 

fish’s main axis. 

It is well known that changes in stimulus waveforms are 

detected by G. omarorum when the object is placed within a 

narrow fringe bordering the foveal region [1, 83]. Here we 

compared object detection for resistive and capacitive 

objects over a wide range of the electrosensory field (Figure 

10). We provoked novelty responses by changing the 

reactance of the path between the object’s bases from 2.5 

M to either a capacitive or a resistive impedance with 

objects placed at different places of the electrosensory field. 

 

 
Consistent with the example of Fig 10, the novelty responses 

evoked by steps in the object’s impedance at the foveal field 

are well correlated to the root mean squared value of the 

change in object’s stamp (data from an additional two fish 

are shown in Fig 11). The increment in stamp () caused by 

stepping from 2.5 M to 2k and from 2.5 M to 9 nF in 

series with 2k (Fig 11 A and B, respectively) showed no 

changes in waveform when it was explored with the object 

placed at different points. However,   showed an important 

decay in rms-value. This decay is a power function of the 

Euclidean distance from the snout (Fig. 11C). Importantly, 

the rms- values of  resulting from stepping from high 

resistive to capacitive loads (open symbols, Fig 11C) is 

shifted to lower values with respect to the curve obtained 

with a pure resistive step (filled symbols, Fig 11C). 

Remarkably, while novelty responses to each type of 

stimulus increase with the change in stamp’s rms value, 

capacitive impedance caused larger responses than the pure 

resistive step when the object was at the same site (compare 

the slope of the lines relating the amplitude of the novelty 

response to   in Fig 11D).While the response to changes 

only in object resistance showed similar slopes, the responses 

to the capacitive objects show different slopes depending on 

capacitance (Fig. 11 E and F). The fact that the amplitude of 

the novelty response is a linear function of the rms of  but 

with an impedance-dependent slope, indicates that fish is 

able to discriminate waveform across the foveal 

electrosensory field. 
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--------------------------------------------------------------------- 

 

The amplitude of the novelty response depends on the 

distance of the object from the fovea and on the alignment 

between the polarizing field and the object axis (Fig.12).   
The novelty responses evoked by resistance steps in the 

object resistance follow a linear function of  (Fig. ). 

Nevertheless, there was a weaker correlation when the object 

was perpendicular to the main fish axis in the foveal field 

(Fig. 12D) probably because of the smaller  caused by the 

resistance step at orthogonal positions of object and fish axes, 

and also because of the exceptions shown in Figure 5F. 

On the side of the fish  showed large variations when 

object axes were placed orthogonally. However, no 

significant differences were found in the amplitude of the 

novelty response obtained by similar changes in stamp when 

the object was placed at the same points in the peripheral 

field (Fig. 13A). In addition, we found poor correlation 

coefficients between the increment in stamp amplitude and 

the amplitude of novelty responses (Fig. 13B and C). 

However, the plot of the amplitude of the novelty response 

as a function of the increment in rms value of the object’s 

stamp was well fitted by a straight line when considering 

those object locations along a line perpendicular to the main 

axis only.  

 
 

Capacitive loads provoked novelty responses of larger 

amplitude (Fig. 14). The differences in the steepness of the 

slope of the fitting lines indicate that differences in stamp 

waveform caused by resistive and capacitive object 

impedances are similarly discriminated when the object was 

perpendicular (Fig 14A), and also when parallel (Fig 14B) to 

the fish’s main axis. 

The data overlap near the threshold value. Therefore, to 

pinpoint whether there is waveform discrimination up to the 

limit of the electrosensory field, we explored whether 

changes in waveform with no changes in the rms value of the 

stamp caused novelty responses along lines perpendicular to 

the skin. We found that a step in impedance between a 

resistive (adapted for stamp matching in each fish) and a 

capacitive load (2 k plus 9 nF in series) caused weaker 

responses as distance increased, and the waveform difference 

was detected across the entire electrosensory field (Fig. 15). 
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4. Discussion 
 
4.1 The toy model shows three polarization strategies  
The toy model illustrates the proximal causes (e.g. the 

subservient mechanisms) and suggests potential ultimate 

causes (e.g. the usefulness) of polarization differences 

among fish taxa, providing knowledge for suitable design of 

artificial electrosensory agents, and bioinspiration for 

expanding their functionality.  

The toy model indicates that when the sources are aligned 

perpendicular to the hemispace limit, the field varies in 

amplitude and polarity, but not in direction, for all 

polarization strategies. When the instantaneous field is 

represented by a point indicating its magnitude and direction 

angle (with respect to a fixed application point at the 

evaluated site), its trajectory during the EOD describes a very 

narrow loop (Figs 1 to 3). Experimental and modelling 

results [2, 6, 44, 81] show that this is a common feature in all 

species of weakly electric fish at the perioral region. This 

region possesses the highest density and variety of receptors, 

and is most suited to explore field changes with high spatial 

resolution, and it has been likened as an electrosensory fovea 

[7, 44, 51, 101].  

When the sources are aligned perpendicular to the hemispace 

limit, the model distinguish three possible cases. This 

suggests that evolution has converged onto one of three 

strategies for the polarization of nearby objects expressed in 

a) pulse Mormyriformes, b) wave Gymnotiformes, and; c) 

pulse Gymnotiformes. 

4.1.1. Mormyriformes. In this case, a single source 

represented by two poles. The toy model shows that the 

polarization field replicates the time course of the emitted 

waveform. Across the entire electrosensory field, the 

polarizing electric field is coherent (i.e. it is similar in time 

course, but has differences in amplitude) and aligned (the 

direction of the polarizing field is characteristically the same 

for a given object’s location). This means that the time course 

of object polarization depends on the intrinsic properties of 

the object, but is independent of object position and 

orientation relative to the main axis of the fish body [25]. 

Thus, in pulse mormyriforms, the polarization of an object 

encodes the type of material of an object separate from its 

position and orientation in the field. In fact, while a resistive 

object in any location in the electrosensory field modulates 

only in amplitude stimulus profile on the electrosensory 

mosaic, the polarization of a capacitive object in any place of 

the electrosensory field modulates both waveform and 

amplitude stimulus profile. Nonetheless, all possible 

waveforms generated by a given object’s impedance define 

a family of waveforms that characterize an impedance-

related characteristic of the object (referred to as “electric 

color” by Budelli and Caputi [25]). Consistent with the above 

hypothesis, there are two types of electrosensory afferents 

[15, 16, 102], one type encodes the spatial pattern of 

amplitude, while the other is sensitive to both the amplitude 

and time course of the stimulus field [99]. The information 

carried by both types of receptors is processed in parallel in 

different maps of the electrosensory lobe [12, 15, 16, 63, 67] 

and probably converge on mesencephalic structures allowing 

the fish to effectively discriminate “electric color” [49, 50, 

97].  

4.1.2. Gymnotiformes. In the head region of most 

gymnotiforms (excluding those having supernumerary EOs, 

as Steatogenys elegans, 17) the percutaneous field is 

coherent and aligned, but along the rest of the fish’s body it 

shows a stereotyped transcutaneous pattern that sweeps the 

mosaic from rostral to caudal regions [2, 6, 34, 81, 96]. This 

duality is explained by our toy model which considers the 

polarizing field as the weighted sum of the fields generated 

by individual sources located at different sites with respect to 

the hemispace limiting plane (equation 1). This predicts that 

the location of multiple electrogenic sources relative to the 

body surface, and the differences in the waveforms that they 

emit, determine the differences both between body regions 

and between wave and pulse gymnotiforms.  

The high coherence and alignment of the polarizing field at 

the foveal electrosensory field when several poles are 

perpendicularly aligned to the hemispace limit is due to the 

small contribution of more distant poles to the polarizing 

field. The prevalence of the rostral-most regions of the EO in 

the time course of the field is enhanced by the tapered shape 

of the caudal-most region of the body typical of 

gymnotiforms [30, 38].  

In the peripheral field, at short distances from the skin, 

distances between an object and the poles vary reciprocally. 
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Consequently, when the weighting factor increases for a 

group of poles it decreases for the rest. This means that, 

within a short range, the contribution of each pole to the 

polarizing field varies greatly with object position and 

movement along the body.  

To the sides of wave fish, the polarizing field vector rotates 

along the time. The poor alignment of the polarizing field is 

due to the differences in phase. Like in tomographic 

procedures, the field polarizes the object from different 

angles, allowing the evaluation of geometrical aspects of the 

object in more detail [5, 19, 20, 90, 91], and also to be able 

to easily detect object presence independent of its orientation 

relative to the fish’s main axis. In addition, as pointed out by 

Scheich and Bullock [87] early on, and more recently studied 

and applied to man-made systems [9-11], capacitive 

impedance may cause variations in the stamp phase. In 

addition, it has been theoretically shown that multisite 

signals possess information sufficient to efficiently identify 

the targets, provided that their electrical permittivity is not 

too small at low frequencies [4-5, 20, 90]. Consistently, wave 

fish have two types of electroreceptors suitable to 

differentially evaluate phase and amplitude [46 - 47, 57, 61, 

87, 102]. Although phase sensing has an important role in 

electrocommunication and jamming avoidance [13, 27, 55-

56, 62, 88], its role in object evaluation [98] has been poorly 

studied in electric fish.  

In pulse Gymnotiformes the waveform emitted by each EO 

region is specific to each location, Therefore, object 

polarization comes not only from different directions, but 

also with different time courses. Electroreceptors are found 

in two main types, differently encoding the amplitude and 

phase spectra of the reafferent signals [12, 29, 61, 78, 83, 

102]. This strategy potentially provides the fish the ability to 

extract information on location, shape and material of an 

object. Although the capabilities of fish in this respect are 

still uncertain, in artificial agents multisite and multiwave 

polarization may be used either to dissect these features, or 

to enhance sensitivity in the peripheral field. This requires 

the design of biomimetic sensors tuned to different 

waveforms. 

 

4.2. The three viewpoints of electrolocation: the 
scene, the object and the fish.  
As in the theatre, electrolocation can be evaluated from 

different point of view. On one side is the scene, providing 

the contextual framework [3, 74], and on the other side the 

observed object and the exploring fish (the actors, whose 

agonistic roles make sense in the context of the scene, of 

which they are an inextricable part). Here we introduce a 

method for the quantitative evaluation of the electrosensory 

scene and the actors using simple and concrete parameters. 

The experimental data obtained in five fish showed the same 

qualitative results for the following: 1) The scene, as seen 

from a cylindrical object-probe placed at multiple positions 

and orientations, behaves as a linear system, and therefore 

can be characterized by a Thevenin equivalent (Es and Rs 

[14, 59, 72, 74]). 2) The agonistic role of an object in the 

“electrosensory play” can be characterized by the concept of 

stamp. The quantitative evaluation of this concept (), 

facilitated here by employing a kind of cylindrical probe 

frequently used in behavioral studies, experimentally 

confirmed toy model predictions. In addition, our results 

indicate that, in the context electrosensory mosaic literature 

[12, 38, 61, 69, 102], the electrosensory field of pulse 

Gymnotiformes has two regions with different functional 

properties: a peripheral field and a foveal field. 3) The 

evaluation of the protagonist’s behavior when facing changes 

in one of the object’s intrinsic properties (e.g. longitudinal 

impedance) in different contextual conditions (e.g. position 

and orientation) confirmed this hypothesis. Our results 

suggest that the role of the coherent and aligned polarization 

field exhibited by the foveal electrosensory field allows these 

fish to separately evaluate, with high resolution, the location 

and impedance of an object, while the main role of the non-

coherent and rotating polarization field on the sides of the 

fish is used to enhance detection sensitivity for small objects 

to be further explored in the foveal electrosensory field by 

reorienting their body [68,71].      

4.2.1. The scene. Our experiments suggest that while the 

effect of the low resistance of the fish body on Rs determines 

a juxtacutaneous “amplification fringe” (exemplified in 

Figure 6), Es (as seen from the bases of the cylindrical 

probe), provides it with partial information on object location 

and orientation relative to the fish body. One should recall 

that in pulse Gymnotiformes the time courses of the regional 

EODs are site-dependent [31, 39-41, 84-85, 100] and Es is 

the weighted sum of the effects of them. The  toy model 

suggests that, 1) due to the length of the fish’s body and the 

lack of sources on the head region [30, 38, 73] the polarizing 

field rostral of the head is dominated by the rostral-most 

regions of the EO and 2) the relative weight of each 

component of Es shows large variation with an object's 

position along the side of the fish and with the object’s 

orientation relative to the longitudinal axis of the fish. 

Measurements of Es confirm the presence of a field 

dichotomy: a foveal electrosensory field in which objects are 

polarized with coherent and aligned fields, and a peripheral 

electrosensory field in which objects are polarized by 

rotating electric fields of site-dependent waveforms.  

4.2.2. The object. The type of objects used in this study 

have contributed to the understanding natural 

electroreception [1, 3, 33, 75, 97, 98] and may mimic objects 

of potential interest in artificial electroreception. In spite that 

the probability of finding the in natural environments is low 

they have the advantage of facilitating the analysis of the 

scene in a simple way using a Thevenin-Norton approach.  

The agonistic effect of the object can be calculated from 

experimental data and expressed quantitatively as the stamp 

(). The changes in  with the manipulation of an object’s 

orientation and impedance allowed the comparison of the 

imaging process and the functional characteristics of the 

foveal and peripheral electrosensory fields.  

In the foveal field, the amplitude of the stamp is highly 

dependent on the object’s orientation. At the midline,  is 
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maximal when the longitudinal axes of the object and fish 

body is parallel, but minimal with perpendicular orientations. 

As the field fans outward, amplitude decays longitudinally, 

and increases with perpendicular orientation in such a way 

that the blind spot present when a given object is 

transversally centered gives way to a rapid change in the 

object’s polarization polarity, and a lateralization of its image 

on the fovea. This property of the foveal field gives physical 

support to the well-known tendency of these fish to follow 

the field lines searching for prey [89] that has bioinspired a 

successful algorithm of searching and docking described for 

an artificial electrosensing agent [22-24, 79]. Another 

property derived from the coherence of the time course 

observed at the electrosensory field is the ability to map the 

impedance of the object onto a waveform. This implies that 

in the foveal field, the rules discussed above for pulse 

mormyriforms on “electric color” perception can be also 

applied for pulse gymnotiforms. This matches with the 

presence of at least two types of receptors on the head of 

pulse Gymnotiformes, and their differential sensitivity to the 

amplitude and phase spectra of the stimulus [1, 29, 83].  

In the peripheral electrosensory field, objects are polarized 

differently depending on their position, orientation and 

impedance. This complex form of polarization appears to 

enhance object detectability by G. omarorum (see below), 

but could also be used in biomimetic artificial agents to 

differentially evaluate position, orientation and impedance, 

provided that they have multiple electrogenic sources, and 

are possess a variety of waveform-tuned sensors. 

Interestingly, when the main axes of the object and the fish 

are orthogonal, the time course of polarization is similar as 

the fish moves away from the skin along a perpendicular line. 

4.2.3. The fish. Gymnotus omarorum reacts in the presence 

of any new sensory stimulus, rapidly increasing the rate of 

the pacemaker commanding each EOD [1, 26, 101]. Using 

this “novelty response” we showed that a given fish is able 

to discriminate between amplitude, and also between 

waveforms, in the foveal electrosensory field – supporting 

the possibility of “electric color” detection in the fovea. In 

the peripheral field, the correlation between the amplitude of 

the novelty response and the increase in stamp rms value was 

very poor when positions over the whole peripheral 

electrosensory field were considered. One possible 

explanation of this lack of correlation between the increment 

in stamp and the amplitude of the novelty response in the 

peripheral electrosensory field is that due to the electric field 

complexity, changes in resistance imply changes in stimulus 

waveform. This facilitates omnidirectionality of object 

detection when it moves in the peripheral field. This does not 

rule out waveform discrimination on the sides of the body. In 

fact, novelty responses were present when object impedance 

was stepped from a capacitive to a resistive load without 

change in the stamp rms value.  Further, there is a good 

correlation between the increment in an object’s stamp and 

the amplitude of the novelty response when the set of an 

object’s positions is restricted to those along a line 

perpendicular to the fish’s main axis. As shown in Figure 9, 

while in these positions the amplitude of the stamp decays 

with distance but waveform remains similar. Moreover, the 

similarity of the differences between the slopes obtained 

stepping to similar or to distinct waveforms supports the 

hypothesis of omnidirectionality, but does not rule out the 

possibility of “electric color” evaluation on the sides of the 

body.  

 

4.3. Conclusions.  
Pulse Gymnotiformes offer the most complex natural design 

for object’ polarization. Complexities in the EO, the 

simplicity of the fish’s body, and separate systems for 

controlling mobility [28] allow G. omarorum to generate two 

different regions in the electrosensory field. These regions 

have functions similar to those observed in the visual field of 

mammals and birds. There is a foveal field where “colored” 

images can be evaluated with high spatial resolution, but with 

large differences in sensitivity for elongated objects oriented 

at different angles. There is also a peripheral field where 

objects are polarized from different sites and with different 

time courses. The latter facilitates object detection 

independent of its shape and orientation, and triggers 

searching behaviors that place the object in the foveal field 

[71].  

It is still unclear whether this dual field polarization strategy, 

including the multisite, multiwaveform approach shown on 

the side of the fish’s body, can be used by a fish to dissect 

contextual (e.g. position and orientation with respect to the 

fish’s body) and intrinsic (e.g. material, volume, shape) 

features of an object, or if some of these aspects are fused 

into object qualia distinct from those recognized in human 

cognition. Regardless, we hypothesize that the dual 

electrosensory field organization including the complex 

polarization strategy exhibited by G. omarorum may be 

applied by artificial agents to separately identify contextual 

and intrinsic features. This may require developing a proper 

sensory mosaic specifically designed to evaluate stimulus 

waveforms, and a repertoire of complex electrosensory 

guided movements to alternate peripheral and foveal 

exploration of an object. The challenge is launched.   
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