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Eavesdropping by electroreceptive predators poses a conflict for weakly electric fish,

which depend on their Electric Organ Discharge (EOD) signals both for navigation and

communication in the dark. The EODs that allow weakly electric fish to electrolocate

and communicate in the dark may attract electroreceptive predators such as catfishes

and Electric Eels. These predators share with their prey the synapomorphy of passive

electric sense supported by ampullary electroreceptors that are highly sensitive to

low-frequency electric fields. Any low-frequency spectral components of the EOD

make weakly electric fish conspicuous and vulnerable to attack from electroreceptive

predators. Accordingly, most weakly electric fish shift spectral energy upwards or cloak

low-frequency energy with compensatory masking signals. Subadults and females in

particular emit virtually no low-frequency energy in their EODs, whereas courting males

include a significant low-frequency component, which likely attracts females, but makes

the signals conspicuous to predators. Males of species that coexist with the most

predators tend to produce the least low-frequency signal energy, expressing sexual

dimorphism in their signals in less risky ways. In these respects, electric signals follow

the classic responses to opposing forces of natural and sexual selection, as exemplified

in the visual signals of guppies and the acoustic signals of Túngara frogs. Unique

to electric fish is that the electric signal modifications that help elude detection by

electroreceptive predators are additions to the basal signal rather than losses of attractive

components. These enhancements that enable crypsis are energetically costly, but have

also provided the evolutionary substrates for subsequent sexual selection and species

identity characters.

Keywords: catfish, electroreception, Gymnotiformes, Mormyridae, predation, sensory drive, signal diversity

INTRODUCTION

Reproductive signals may be subject to balancing selection wherein sexual selection favors
extravagant signals, while natural selection by predators provides a moderating counterforce
(Maan and Seehausen, 2011). Researchers have documented a catalog of mechanisms by which
animals reduce the problem of hostile eavesdroppers. Among these, shifting signal modes or signal
frequencies are the most common ways to evade eavesdroppers of mate attraction signals. Hostile
eavesdropping by predators has been speculated to lead to evolutionary arms races, wherein the
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signaler shifts its signal frequency out of the sensory range of
the predator, and the predator falls under selection to shift its
sensory range to continue detecting its prey (Verrell, 1991; Zuk
and Kolluru, 1998). Such pressures can become extreme; unable
to win a sensory arms race against parasitoid flies which locate
field crickets by sound (Cade, 1975; Robert et al., 1992; Adamo
et al., 1995), crickets in Hawaii evolved defective wing combs that
render them totally silent in areas where the flies are common
(Zuk et al., 2006).

Electric communication was discovered just over half a
century ago (Lissmann, 1958), and is less well-studied than
the other sensory modalities. However, electric communication
signals appear to parallel the trends found for visual and
acoustic signals with regard to the balance between conspicuous
and cryptic signal forms. These patterns constitute the classic
signature of opposing pressures between sexual selection and
predation as forces shaping the signals. This research area
remains fertile for discovery. The limited sensory physiology
data on electric signals suggests vulnerability of some electric
waveforms to predation, but the critical sensory information
derives from study of temperate catfish species (rev. Finger,
1986) and are lacking for electrosensory systems of key tropical
predators. Females of many extant electric fish species appear
less conspicuous to predators than males, but we have no field
observations showing preferential predation on males based on
their signals. Stomach contents of electroreceptive predatory
species sometimes suggests specialization on electric fish, but we
do not have data showing that the predation is cued by the electric
signals. Many electroreceptive predators have been overfished in
their native habitat (Petrere et al., 2004), and their scarcity has
made them hard to lure in the field with electric stimuli. Despite
the gaps in our collective knowledge, in this paper we lay out the
evidence we do have, that signals of electric fish have been, and
continue to be, shaped by electroreceptive predators.

Electrogenic fish have evolved repeatedly, including
torpedoes, skates, stargazers, gymnotiforms, several independent
catfish lineages, and mormyroids (Bennett, 1970, 1971a;
Bass, 1986; Hagedorn et al., 1990; Baron, 1994; Baron et al.,
1994; Alves-Gomes, 2001). The Gymnotiformes radiated
in South America, reaching from Mexico to Argentina
(Albert and Crampton, 2005). The unrelated Mormyroidea
(Osteoglossiformes) are found across sub-Saharan Africa, with
the Mormyridae having radiated particularly broadly in western
Africa (Sullivan et al., 2000). The Gymnotiformes and the
Mormyroidea make up the weakly electric fishes, with each
group counting around 200 species.

Weakly electric fish generate low-voltage electric fields that
image the fish’s surroundings in darkness (e.g., Engelmann
et al., 2008) and allow these animals to communicate over
short distances in support of sexually-selected behaviors serving
courtship, male competition, and territorial defense (e.g.,
Henninger et al., 2018). The electric organ discharge (EOD)
waveforms of many extant freshwater species have complex,
polyphasic voltage waveforms (Hopkins and Heiligenberg, 1978;
Hopkins, 1980). These waveforms appear to bear the signatures
of historic selection for predator avoidance, mate attraction, and
species isolation (Feulner et al., 2008, 2009; Arnegard et al., 2010;

FIGURE 1 | Tuning curves of the two general types of electroreceptors. All

electroreceptive fishes have some sort of ampullary electroreceptors, which are

extremely sensitive to low-frequency electric fields. Gymnotiform and mormyrid

electric fishes have also evolved tuberous electroreceptors which are less

sensitive and tuned to higher frequencies to detect the fish’s own electric field

and electric fields of nearby conspecifics. The ampullary receptor curve was

recorded from a Gymnotus sp. (Dunning, 1973), and the tuberous receptor

curves were recorded from Brachyhypopomus occidentalis (Shumway and

Zelick, 1988). Adapted from Stoddard (2002a) with permission of the publisher.

Crampton et al., 2011; Waddell et al., 2016). A cogent argument
has been made that multiple signal phases reduced or eliminated
the low-frequency power in the signals in response to selection
by electroreceptive predators, providing the key substrates for
subsequent evolution of sexual signaling and species isolation
mechanisms (Stoddard, 1999, 2002a).

ELECTRORECEPTIVE PREDATORS

Although uncommon as a mode of communication, electric
fields do not constitute a private channel. Catfishes (order
Siluriformes) are the sister group to the gymnotiform electric
fishes. Although few catfish produce electric fields, all share
electroreceptors by descent, creating the potential (no pun
intended) for hostile electroreceptive eavesdropping by the
piscivorous catfish species (Kalmijn, 1974). Catfish have radiated
widely in the Neotropics and Sub-Saharan Africa, sympatric with
the radiations of gymnotiform andmormyroid lineages of weakly
electric fishes, respectively (Sullivan et al., 2006; Armbruster,
2011; Day et al., 2013). Although the diets of catfish are diverse,
the large piscivorous species are ideally poised to shape the
signals of sympatric weakly electric fish (Merron, 1993; Duque
and Winemiller, 2003; Petrere et al., 2004).

All electroreceptive fishes express some sort of cutaneous
ampullary electroreceptor (Bennett, 1971b; Bullock, 1982; Zakon,
1986). Ampullary electroreceptors of freshwater teleosts are
highly sensitive to low-frequency electric fields (rev. Finger,
1986; Peters et al., 2007) ranging from 0Hz (DC) up to
approximately 100Hz (Figure 1; Peters and Buwalda, 1972;
Dunning, 1973). These data are derived from temperate catfish
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FIGURE 2 | Shown here is a single-period cosine wave (A), its corresponding power spectrum (B), and the monophasic pulse EOD of an Electric Eel (C), the

low-voltage signal it produces for electrolocation and communication, with its power spectrum (D). The energy spectrum of a monophasic EOD pulse (B or D) is

dominated by low frequencies in the sensory range of ampullary electroreceptors (vertical gray bar) which should make it readily detectable by electroreceptive

predators, including catfish and Electric Eels. Adapted from Stoddard and Markham (2008) with permission of the publisher.

of the genus Ictalurus, and a gymnotiform electric fish of the
genus Gymnotus, neither of which are predators of weakly
electric fish. Similarity in the physiological response of their
ampullary electroreceptors suggests a general vulnerability of
EODs with low-frequency energy to piscivores with ampullary
electroreceptors, but physiological studies should be conducted
to confirm this assumption; limited anatomical data suggest that
catfish that hunt weakly electric fish may have evolved higher
frequency electroreception (Andres et al., 1988).

Weakly electric fish have evolved additional classes of
tuberous electroreceptors, tuned to the fish’s own EOD and
used in active electroreception and communication (revs.
Hopkins, 1981, 1995). Tuberous electroreceptors respond to
higher frequencies than ampullary electroreceptors, albeit with
less sensitivity (Figure 1; Bennett, 1971b).

The key electroreceptive predators of weakly electric
fishes appear to be their sister group Siluriformes, the
catfishes. Stomach content analyses reveal that piscivorous
catfishes of the Neotropical family Pimelodidae regularly
prey upon weakly electric gymnotiforms (Reid, 1983; Duque
and Winemiller, 2003; Petrere et al., 2004). The African
Sharptooth Catfish, Clarias gariepinus has been documented
actively hunting mormyrid electric fish (Merron, 1993). The
Electric Eel (Electrophorus electricus), a strongly electric
gymnotiform species, has been observed stalking weakly electric
gymnotiforms in the field (Westby, 1988). In the lab, both

Sharptooth Catfish and Electric Eels spontaneously attack
electrodes playing signals of weakly electric fish, favoring
those EODs that contain energy in the spectral range of
ampullary electroreceptors (Hanika and Kramer, 1999, 2000;
Stoddard, 1999). Stomach contents of Electric Eels collected
in the Mamiraua reserve of Brazil included weakly-electric
gymnotiforms along with a wide variety of aquatic vertebrates
and invertebrates, suggesting no particular specialization on
gymnotiform prey (W. Crampton, pers. com.). We conclude
that piscivorous catfish are likely the primary electroreceptive
predators of weakly electric fish, and that Electric Eels are
opportunistic predators.

EOD PROPERTIES AND DETECTABILITY
BY PREDATORS

The waveform of the EOD determines its spectral energy content
and thus its capacity to attract predators. The simplest EOD
waveform is a monophasic pulse, resembling a single-period
cosine rising off a zero-volt baseline. The energy spectrum of a
single monophasic EOD pulse is dominated by low frequencies
(Figure 2), which should make it particularly detectable by
ampullary electroreceptors and thus attractive to electroreceptive
predators. Monophasic pulsed EODs appear to be the ancestral
condition in most or all electric fishes, both weak and strong
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FIGURE 3 | EOD ontogeny of the gymnotiform electric fish Brachyhypopomus

gauderio (Franchina, 1997). The larval fish’s initial EOD is a simple monophasic

pulse with abundant energy in the spectral range of the ampullary

electroreceptors (gray bar). Over the next 2 months the EOD transforms into a

symmetrical biphasic pulse that suppresses the low-frequency spectrum and

reduces detectability by ampullary electroreceptors. This transformation

should reduce risk of predation from electroreceptive predators. Adapted from

Stoddard and Markham (2008) with permission of the publisher.

(Bass, 1986; Kirschbaum, 1995; Alves-Gomes, 2001). Electric
signals that have emerged in disparate fish lineages including
skates, stargazers, mormyroids, gymnotiforms, and even a few
catfishes, first appeared as monophasic pulsed EODs, except for
synodontid catfish which make EODs from a modified swim
bladder (Bass, 1986; Hagedorn et al., 1990; Baron et al., 1994;
Sullivan et al., 2000; Boyle et al., 2014). Larval gymnotiforms
and mormyrids produce monophasic EODs, gradually replacing
them with polyphasic pulses that shift the frequency upwards
as their electric organs mature through development (Figure 3;
Franchina, 1997; Kirschbaum and Schugardt, 2002; Stoddard,
2002a; Crampton et al., 2011). Monophasic pulsed EODs are
rare within the gymnotiform and mormyrid lineages, likely
because their low-frequency bias attracts predators. Where
monophasic species do occur, monophasy appears to be derived
rather than plesiomorphic (Alves-Gomes and Hopkins, 1997;
Arnegard et al., 2010; Lovejoy et al., 2010; De Santana and
Crampton, 2011; Alda et al., 2013; Crampton et al., 2013, 2016).
Evolutionary reemergence of monophasy in weakly electric fish
is surprising, given the conspicuousness of monophasic signals
to electroreceptive predators. Several monophasic Gymnotus
species reside in low-predation refugia, and another in anoxic
floating meadows not easily penetrated by predatory catfish
(Crampton et al., 2013). By contrast, a common monophasic
species from the Amazon, Brachyhypopomus bennetti, is subject
to heavy tail-grazing, but does not change its EOD shape
when the tail is damaged, a possible advantage for species
discrimination in mixed-species assemblages (Sullivan et al.,
2013), a recognized force shaping evolution of signal forms in

electric fish (Crampton et al., 2011). The Electric Eel, which
may be basal to the gymnotiform clade (Tagliacollo et al., 2016),
retains a monophasic pulsed EOD. It can signal in the low-
frequency spectrum with impunity because it can also generate
a separate high-voltage discharge strong enough to repel any
predator that tries to eat it (Faraday, 1839; Catania, 2016).

To understand how weakly electric fish have shifted their
signal frequencies away from the sensory range of predators,
we first consider how electric field waveforms of different
shapes distribute energy across the spectrum (Figure 4). The
key feature is symmetry of the energy around the zero-volt
baseline (Stoddard and Markham, 2008); any imbalance in
the mean voltage will create a net-DC shift, which necessarily
creates a low-frequency component that will stimulate ampullary
electroreceptors of predators. A continuous sine wave, centered
evenly around zero volts (Figure 4A), has energy at the
fundamental frequency only, thus a 1,000Hz sinewave has energy
only at 1,000Hz. As an electric field, this waveform would
be imperceptible to ampullary electroreceptors of piscivorous
predators, which are tuned much lower in frequency (Figure 1).
However, if the same sine wave is offset up or down in
amplitude from a center of zero volts (Figure 4B), a new
spectral component emerges at 0Hz that is readily detectable
by ampullary electroreceptors. A single-period sinusoid centered
around zero volts (Figure 4D) has a broader spectrum than the
continuous sine wave, but little low-frequency energy, so a pulsed
EOD with such a waveform would be undetectable by ampullary
electroreceptors. As with the continuous sine wave, any DC
asymmetry in the single-period sinusoid would likewise add
energy to the low end of the spectrum, making the signal readily
detectable by the ampullary system. Themost extreme case of DC
asymmetry is a monophasic EOD pulse (Figures 2, 4C).

Actual EODs (Figure 5) distribute energy the same way as the
canonical trigonometric waveforms. “Wave EODs” are strings
of EOD pulses timed to produce a continuous sinusoid. The
individual EODs making up a wave EOD can be sinusoidal
pulses, as produced by the fish in the family Apteronotidae,
or can be cosine-like pulses, offset by a DC current to balance
symmetrically around 0V, as produced by fish in the family
Sternopygidae (Figure 5A). These DC-balanced wave EODs have
no energy in the sensory range of ampullary electroreceptors and
are expected to reduce predation by electroreceptive predators
(Stoddard, 2002a), though nobody has tested electroreceptive
predators for their ability to detect wave-type EODs.

“Pulse EODs” have a variable duty cycle, with inter-
EOD intervals longer than the EOD pulses themselves. Pulse
EODs of many species are simple, single-period sinusoids,
but others are made up of 1–5 wavelets (Rodriguez-Cattaneo
et al., 2008; Gallant et al., 2011). Such variety is even seen
within a genus. During development, pulse-type EODs develop
more phases and become DC-balanced (Franchina, 1997;
Crampton et al., 2011) until they have little to no energy
in the sensory range of ampullary electroreceptors (Figure 3).
Captive playback studies have shown that DC-balanced pulse-
type EODs are not attractive to electroreceptive predators,
whereas those with DC-asymmetry are highly attractive to
these predators, both catfish and Electric Eel (Hanika and
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FIGURE 4 | (A) A pure 1,000Hz sine wave centered symmetrically around zero Volt amplitude has no low-frequency energy in the range of ampullary electroreceptors

(vertical gray bar). (B) That same sine wave with a DC-offset has signal energy in the low-frequency range of the ampullary system. (C) An offset cosine pulse,

resembling a monophasic EOD, has abundant low-frequency energy in the spectral range of ampullary electroreceptors. (D) A single-pulse sinusoid with a 1,000Hz

fundamental frequency has a much broader spectrum than the continuous sine wave, but does show some suppression of low-frequency energy. Adapted from

Stoddard and Markham (2008) with permission of the publisher.

Kramer, 1999, 2000; Stoddard, 1999). Field playbacks have
been attempted by various researchers without success, probably
because electroreceptive predators are sparse, and because EODs
of most species are detectable only over short distances from
the source fish (e.g., 1–1.5m; Hopkins et al., 1990; Hanika
and Kramer, 2000) compared to cues detected over longer
distances such as odor plumes or turbulence wakes behind the
prey (Pohlmann et al., 2001).

Both in gymnotiforms and mormyrids, breeding males of
several genera produce pulse EODs that extend one EOD
phase to create DC-asymmetry (e.g., Hopkins, 1999; Stoddard,

2002b), particularly at night when courtship and spawning
occur. This DC-asymmetry destroys the electric crypsis of the
multiphasic waveform by diverting significant energy to the
spectrum detected by ampullary electroreceptors. The presence
of breeding females elicits dynamic 2nd phase extension by
male Brachyhypopomus gauderio (Gavassa et al., 2013) and a
corresponding boost in low-frequency energy (Figure 6). This
sexual dimorphism is further enhanced at night by a circadian
rhythm in the hormones that regulate waveform shape (Stoddard
et al., 2003, 2007; Markham and Stoddard, 2005; Markham et al.,
2009a), in part through trafficking of ion channels (Markham

Frontiers in Ecology and Evolution | www.frontiersin.org 5 July 2019 | Volume 7 | Article 264

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Stoddard et al. How Predation Shapes Electric Signals

FIGURE 5 | EODs of three gymnotiform electric fish species and their corresponding power spectra. (A) Wave EOD of the Glass Knifefish, Eigenmannia virescens

(Sternopygidae), is a continuous series of monophasic pulses, offset by a DC current to resemble a sine wave. The EOD is balanced around 0 Volts DC, and thus has

no energy in the spectral range of ampullary electroreceptors. (B) The EOD of a female Brachyhypopomus gauderio (Hypopomidae) resembles a symmetric

single-period sinusoid. Some low-frequency energy is present, but much less than (C) in the monophasic pulse EOD of the Electric Eel, Electrophorus electricus

(Gymnotidae). Adapted from Stoddard and Markham (2008) with permission of the publisher.

et al., 2009b). The transiently DC-imbalanced EODs of these
pulse-type male electric fish may thus bear an increased risk
of detection by electroreceptive predators and could therefore
serve as indicators of male quality, consistent with the handicap
mechanism proposed by Zahavi (1975).

PREDATION DENSITY AND EOD
PROPERTIES IN NATURAL POPULATIONS

If electroreceptive predators have a shaping effect on the
EODs of weakly electric fish, one would predict differences
in EOD waveform and power spectrum between populations
exposed to strong versus weak predation pressure. Such

evidence has recently been uncovered in a study of the pulse-
type gymnotiform species Brachyhypopomus occidentalis in
Panama. These electric fish are found in nearly all Atlantic-
and Pacific-slope drainages of Panama (Picq et al., 2014). A
comparison of the divergence pattern of the EODs of male B.
occidentalis from different drainages with the divergence pattern
of neutral genetic markers is consistent with a sizable effect
of genetic drift on EOD evolution (Picq et al., 2016). Within-
drainage variation in EOD properties suggested, however, that
additional factors are likely shaping the waveform as well.
Strong variation in the percentage of fish found with damaged
and regenerating tails pointed at differences in predation
pressure between streams within the same drainage. The amount
of tail damage in each stream corresponded with stream
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FIGURE 6 | Male Brachyhypopomus gauderio extend the second phase of

the EOD, creating DC-asymmetry, which boosts energy in the frequency range

of ampullary electroreceptors (gray bar). Accordingly, males have more

low-frequency energy than females, and even more at night when they further

enhance the signal. Adapted from Stoddard and Markham (2008) with

permission of the publisher.

counts of a piscivorous pimelodid catfish, Rhamdia quelen, a
potential electroreceptive predator of B. occidentalis (Tran, 2014).
Further, B. occidentalis from streams with higher incidence
of catfish produced a less-extended EOD second phase with
upward shifted power spectrum compared to fish from streams
within the same drainage that had fewer catfish (Figure 7).
To compare susceptibility to detection by predators equipped
with an ampullary electrosense, Tran (2014) measured the
frequencies of peak power of the EOD for B. occidentalis from
a low-predation and a high-predation stream in each of three
drainages (data from males and females were pooled for each
drainage, as their EODs did not differ significantly in peak
frequency). Compared to the EOD of B. occidentalis from low-
predation streams, the frequency of peak power was significantly
reduced in animals from the high-predation streams (mean
differences in peak frequency between fish from the high-
and low-predation populations were between 130 and 320Hz;
ANCOVA, p < 0.001). The reduced low-frequency power of
fish exposed to relatively high predation pressure is consistent
with the hypothesis that electroreceptive predators have been
shaping the EOD properties of weakly electric fishes in the
direction of greater waveform symmetry. Whether the within-
drainage differences in EOD properties found in Panamanian
B. occidentalis are indeed heritable or result from individually
plastic response to presence of predators or predation remains
to be determined.

ENERGETIC COSTS OF PRODUCING
DC-BALANCED EODS

Electric fish with DC-symmetrical EODs pay an energetic
cost for the ionic mechanisms that reduce or eliminate the
low-frequency energy in the signals. Species that make DC-
symmetrical, pulsed EODs do so by adding phases to the initial

monophasic EOD. Each phase would seem to add linearly to
the cost of signal production, however, the action potentials
underlying the additional phases temporally overlap one another
within and between electrogenic cells (electrocytes) in the
electric organs (Bennett, 1961, 1970, 1971a; Caputi et al., 1994;
Stoddard et al., 1999). Temporal overlap results in cancellation
of significant amounts of energy invested in electrogenesis
(Figure 8) (Stoddard and Markham, 2008; Markham and
Stoddard, 2013; Markham and Zakon, 2014). We postulate that
reduction of predation pressure by balancing the DC energy
in the EOD is worth the energetic expense of losing most of
that energy to temporal overlap. Multiple EOD phases also
allow for greater species specificity during mate selection, which
appears to be another selective force shaping electric waveforms
(Crampton et al., 2011).

PARALLELS TO OTHER SYSTEMS

Microgeographic patterns of electric signal crypsis among B.
occidentalis in Panama parallel the predator-driven pattern seen
in Trinidadian guppies (Poecilia reticulata). Male guppies have
more conspicuous patterning than females, particularly so in
streams, or even parts of streams, where predators are less
frequent (Endler, 1991). Guppies translocated between high-
and low-predation areas quickly evolved color patterns that
balanced sexual attractiveness against the prevailing predation
risk (Reznick et al., 1997). Female preferences for male EODs
have not been explored yet in B. occidentalis. Gravid females
of the related species, B. gauderio, preferred larger over smaller
males, when given a choice (Curtis and Stoddard, 2003). The
larger males had EOD pulses of larger amplitude and longer
duration than smaller males, the latter feature being consistent
with female preference for signals with more low-frequency
power. Playback experiments with gravid females are needed
to assess whether the females base their preference on EOD
amplitude and/or duration or whether they evaluate male
size independently of the EOD. Similar experiments with B.
occidentalismay permit quantifying the trade-off between sexual
and natural selection in a lower-dimensional system than the
visual communication of guppies, where sexual selection appears
to push male coloration in different directions depending not
only on the specific habitat conditions but also the starting trait
of the particular lineage under selection (Kemp et al., 2018).

Division of electric signal energy between the high-frequency
band detected by tuberous electroreceptors and the low-
frequency band detected by ampullary electroreceptors of
conspecifics and predatory eavesdroppers alike, bears a parallel
to mate attraction calls of the Túngara frog complex Physalaemus
spp. of the Neotropics. Frogs have two auditory organs, the
basilar papilla and amphibian papilla, with high and low
frequency tuning, respectively (Zakon and Wilczynski, 1988).
Male Túngara frogs produce a “whine” call for mate attraction.
However, when competing with conspecific males, male Túngara
frogs add lower-frequency “chuck” call components with energy
focused in the frequency band of the basilar papilla, which makes
themmore attractive to conspecific females, but also to predatory
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FIGURE 7 | (A) B. occidentalis from streams in Panama with lower incidence of piscivorous catfish (red line) produced EODs with a more-extended second phase

than animals in streams with high incidence of catfish (blue line). (B) The power spectra of a typical EOD from a low-catfish stream (red line) has more energy in the

spectral range of ampullary electroreceptors than the EOD of a male from a high catfish stream (blue line).

FIGURE 8 | The biphasic EODs of B. gauderio and others are produced at the level of the single electrocyte by a pair of action potentials (APs) driving sodium

currents in opposite directions (AP1 headward, AP2 tailward). The action potentials are temporally offset, which produces a biphasic micro-EOD when the two

currents sum outside the cell. The temporal offset is only partial, however, so the current from each action potential partially cancels out the other. Thus, the 2nd EOD

phase that balances the EOD to reduce predation risk also wastes significant energy. Adapted from Stoddard (2002a), Markham and Stoddard (2005), and Stoddard

and Markham (2008) with permission of the publisher.

bats and parasitic flies (Ryan et al., 1990; Ryan, 1992; Bernal et al.,
2006; Page and Ryan, 2008). We see a similar pattern in males of
the electric fish, B. gauderio, which enhance their low-frequency
power output in the presence of either sex, but boost their signal
amplitude only when competing males are present (Franchina
et al., 2001; Gavassa et al., 2013). Increasing EOD amplitude is
expected to increase predation risk by expanding the space over
which predators can detect the emitter. A second effect of the
boost in amplitude is the added energetic expense of producing
larger currents flowing across the electrocytemembranes (Salazar
and Stoddard, 2008; Markham et al., 2009b). Whereas the
energetic cost of male Túngara frogs producing whines, and
increasing the rate of whine production, was assessed many years
ago (Bucher et al., 1982), the cost of adding chucks to whines has,
to our knowledge, not been estimated.

FUTURE DIRECTIONS

Although predatory catfish are believed to shape the evolution

of electric signals in the dominant groups of electric fish, tuning

curves of ampullary receptors in the catfish, the presumed

dominant predatory drivers, have been characterized only in
temperate catfish of North America (Dijkgraa, 1968; Peters and
Buwalda, 1972; Bullock, 1979; Finger, 1986; Peters et al., 1997;
Eeuwes et al., 2001; Collin and Whitehead, 2004). A detailed
study of sensory physiology and predation on electric fish by
Neotropical pimelodid catfishes would be a useful addition to
our understanding. Likewise, although we find strong signatures
of sensory drive on electric signals by electroreceptive predators,
the microgeographic differences in EOD spectrum seen in
male electric fish in Panama (Tran, 2014) could result from
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either evolutionary or developmental response to predation.
Resolution of this question could prove interesting. Finally, we
have assumed that the dangerous low-frequency components
of male electric courtship signals are attractive to conspecific
females (Stoddard, 2002a,b), but no studies have tested this
assumption directly. Such studies are tricky: female electric fish
are finicky subjects for mate choice studies, and low-frequency,
low-intensity electric fields require special care to measure
and regulate.
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