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Gymnotiform electric fishes exhibit many forms of sexual dimorphism, including sexual size dimorphism (SSD), aspects
of head, jaw, and electric organ morphology, and electric signal waveform. However, sexual dimorphism is poorly
documented in banded electric fishes (Gymnotus), where most species are monomorphic in external appearance and
electric signal waveforms. Gathering comparative data on species of Gymnotus has historically been hampered by their
predatory and territorial lifestyles, in that they are usually dispersed in their preferred habitats and often collected
individually. Here data are presented from a population of G. javari from the Peruvian Amazon, examined for SSD (n¼
55) and electric organ discharge (EOD) amplitude (n¼162). These results are compared with a syntopic population of G.
carapo (n ¼ 61), and also with G. omarorum (n ¼ 24) from a population in Uruguay. Unlike most congeners, G. javari
exhibits pronounced sexual dimorphism in total length and body weight, and EOD pulse amplitude is correlated with
total length. A review of several ecological hypotheses on body-size distributions of each sex as a balance of multiple
competing selection pressures finds none of these hypotheses adequately explain SSD in G. javari. Examining SSD in
biogeographic and phylogenetic contexts leads to the conclusion that selection across different environments (e.g.,
local habitats, geographic regions) and through evolutionary time may have contributed to the evolution of SSD in
some but not all lineages of Gymnotus.

S
EXUAL size dimorphism (SSD) is widely observed in
animals, including many teleost fish species, where it is
thought to affect female choice, male–male competi-

tion, female fecundity, and male reproductive success (Parker,
1992; Blanckenhorn, 2005). The most common strategy is for
females to grow larger than male conspecifics, but there are
also many instances where males are larger (Odreitz and Sefe,
2015; Halvorsen et al., 2016), males are polymorphic and
grow to both larger and smaller body sizes than females
(Brantley and Bass, 1994; Jonsson and Jonsson, 2015), or sex
changes during growth and maturation (Allsop and West,
2003). All these strategies may represent compromises of
multiple selection pressures operating on the sexes at
different body sizes (Parker, 1992; Blanckenhorn, 2005).
However, the selective and other evolutionary pressures that
generate SSD are not well understood in many taxa. As new
cases are documented, the opportunity arises to study these
pressures in a variety of clades under different environmental
conditions and historical contingencies.

The Neotropical electric fishes (Gymnotiformes) include
species and clades that exhibit sexual dimorphism in overall
body size (Mendes-Junior et al., 2016) as well as aspects of
snout and jaw shape (Cox Fernandes, 1998; Albert and
Crampton, 2005), dentition (Cox Fernandes et al., 2010),
electric organ discharges (EOD; Franchina et al., 2001;
Stoddard, 2002; Crampton et al., 2011), and electric organ
morphology (Hopkins et al., 1990; Crampton and Albert,
2006; Zhou and Smith, 2006; Giora and Carvalho, 2018).
While these traits are widespread among gymnotiforms,
sexual dimorphism has only been briefly described in banded
electric knifefishes of the gymnotid genus Gymnotus (Cramp-
ton et al., 2011). Gymnotidae is a diverse group represented
by two genera (Electrophorus and Gymnotus), both of which
inhabit freshwaters throughout the humid lowlands of
tropical South and Central America. Electrophorus is currently

known only from the type species (E. electricus), which

exhibits a broad geographic range with eurytopic ecological

tolerances across Greater Amazonia, and male-biased SSD

with males growing to 213 cm total length (TL) and females

to 115 cm TL (Assunção and Schwassmann, 1995). By

contrast, Gymnotus is more diverse, with 43 valid species

exhibiting a variety of adult body sizes from about 10 to 100

cm TL, and a wide range of ecological tolerances, including

both stenotopic and eurytopic species (Albert et al., 2005a;

Maxime and Albert, 2014). All gymnotids are territorial

predators that inhabit large river floodplains and smaller

rivers and streams of terra firme (non-floodplain) uplands

(Black-Cleworth, 1970; Albert et al., 2005a; Batista et al.,

2012), and all species for which data are available exhibit

paternal care of eggs and larvae (Assunção and Schwass-

mann, 1995; Crampton and Hopkins, 2005).

Despite intensive study of external morphology, there has

been little evidence of secondary sexual dimorphism ob-

served in Gymnotus. To date, only one species of Gymnotus

has been described as demonstrating non-behavioral second-

ary sexual dimorphism: G. coatesi, a relatively small (max. TL

¼18.0 cm) slender-bodied species from floodplain margins of

the eastern Amazon (Albert et al., 2005a) which was recently

found to demonstrate sized-based sexual dimorphism in

which males grow to a larger size than females (Crampton et

al., 2011). To investigate the extent of and reasons behind

sexual dimorphism in gymnotids, we examined the closest

relative of G. coatesi, G. javari, a similarly sized fish (max. TL¼
24.0 cm) that occupies floodplain habitats of the western

Amazon (Albert and Crampton, 2003; Albert et al., 2005b;

Tagliacollo et al., 2016; Craig and Albert, 2017). Gymnotus

javari has not been previously reported to exhibit sexual size

or electric signal dimorphism, but its close phylogenetic

placement to G. coatesi, as well as their similarities in habitat
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and lifestyle, suggests that it too may be sexually dimorphic
(Albert and Crampton, 2003; Crampton et al., 2013).

The aim of this study is to discover whether G. javari, like
G. coatesi, demonstrates SSD. We also examined sexual
differences in EOD pulse amplitude to assess correlations
with body size, which have been observed in other gymnoti-
form electric fishes (Coates and Cox, 1945; Brown and
Coates, 1952; Hopkins et al., 1990). Reported here are data
for G. javari collected from tributaries of the Amazon River
near Iquitos, Peru, including morphological data from 55
specimens and peak-to-peak EOD amplitude measurements
for 162 specimens, across a large size series (9.3–22.1 cm TL).
In order to clearly contrast possible SSD, data from G. javari
were compared with TL and weight data from congeners G.
carapo and G. omarorum, two larger species (max. TL ¼ 42.0
and 25.4 cm, respectively) with differing habitats and
geographic distributions that are well characterized as being
sexually monomorphic (Richer-de-Forges et al., 2009; Batista
et al., 2012; Silva et al., 2013; Zubizarreta et al., 2014). Male
and female G. javari were shown to differ significantly in TL,
weight, and EOD pulse amplitude. Possible ecological and
evolutionary reasons for the presence of secondary sexual
dimorphism in some, but not all, species of Gymnotus were
examined.

MATERIALS AND METHODS

All specimens were collected by EOD detection using a
portable amplifier (Crampton et al., 2007) and captured
using dip nets and seine nets with 3 mm mesh. Collecting
stations were georeferenced using GPS, and habitats were
documented with high resolution digital photographs and
written descriptions.

Specimens of G. javari and G. carapo for the SSD portion of
the study were collected by JMC and LYK in aquatic
macrophytes (e.g., Oryza grandiglum) from floodplain streams
near the confluences of the Nanay and Napo rivers with the
Amazon River (3849043 00S, 73820030 00W; 382800 00S, 7284800 00W;
4828048 00S, 7383202 00W), during the period of high but falling
water in late August and September 2016 (Fig. 1). Specimens
of G. omarorum were collected by JSA in floodplain streams
and WGRC in floating macrophytes from Laguna del Sauce
near Maldonado, Uruguay (34850020 00S, 5586052 00W; Richer-
de-Forges et al., 2009). Each specimen was fixed in 10%
formalin for at least 48 hours in a covered flat plastic tray and
later transferred to 70% ethanol for long-term storage.

Individuals were sexed by dissection and examination of
the gonads following Waddell and Crampton (2018).
Specimens with undeveloped or unrecognizable gonads
(stages 1–2) were classed as ‘‘gonads not sexually mature’’
(GNSM) and were assumed to be juveniles or non-sexually
active adults. Specimens were measured for TL, and speci-
mens with damaged or incompletely regenerated tails were
noted. Specimens were then rehydrated for 16 hours in water
to eliminate mass changes associated with evaporating
ethanol during weighing and were all observed to sink when
placed in water after rehydration. They were then weighed
on a Fisher Scientific S-300D balance and body weights
recorded to 0.1 gram. Specimens were blot-dried with paper
towels before being placed on the digital scale, which was
wiped dry with a paper towel and re-tared between weigh-
ings. The length and weight values were each measured twice
and averaged for each specimen and the results examined to
find minimum, maximum, mean, and standard deviation of
values for each species as a whole, as well as within the M, F,

and GNSM groups (Table 1). The relationship between TL
and body weight were examined using exponential regres-
sion for all three species (Fig. 2), and total body lengths
compared visually to check for allometric trends (Figs. 3, 4),
all using custom scripts in RStudio (R Core Team, 2016).

The lengths and weights of male and female specimens
were then compared using a two-tailed Welch’s t-test. Only
sexually mature specimens that had been positively identi-
fied as male or female were compared in the t-test. Species
distribution ranges were constructed from lots personally
identified by the authors, including G. carapo (Craig et al.,
2017), G. omarorum (Richer-de-Forges et al., 2009; Casciotta
et al., 2013), G. coatesi (Crampton et al., 2011), and G. javari
(Albert and Crampton, 2003, excluding lot listed in the Rio
Acre by Claro-Garcı́a et al., 2013). These species distribution
ranges were mapped and compared in order to identify
possible geographic correlates with secondary sexual dimor-
phism (Fig. 5).

The specimens of Gymnotus javari for the EOD portion of
the analysis were collected over a one-month period by
WGRC during the late dry/early rainy season of 2009 in small
terra firme rainforest streams near the town of Jenaro Herrera
in the Ucayali Basin (4854 00 00S, 73839 00 00W). The EOD
recordings were made following the general procedure
described by Crampton et al. (2011) and Waddell et al.
(2016). All recordings were made at night, on the same day as
capture, in an 80 3 40 cm cooler filled with water from the
capture site. The water was modified to a conductivity of 55
(61) lS�cm–1 and temperature of 278C. The calibration and
measurement procedure described by Franchina and Stod-
dard (1998) were used to obtain a standardized measure of
EOD amplitude for each fish as the equivalent field intensity
(mV�cm–1) at 10 cm from the source. Specimens were then
euthanized in a 600–800 mg�l–1 solution of eugenol, and
then measured for TL. Specimens with damage to the caudal
filament representing more than an estimated 5% of TL were
excluded from the signal analyses (n¼ 7 of 169). Individuals
were sexed by dissection and examination of the gonads,

Fig. 1. Collection localities of specimens of G. carapo and G. javari in
Dept. Loreto, Peru. Collection sites for specimens used in SSD study
indicated by red markers; collection site for specimens of G. javari used
in EOD study indicated by green marker. Black lines indicate
international borders. Position of map shown in inset. Map generated
in QGIS from a base map in ArcGIS (Environmental Systems Research
Institute, Redlands, California, 2004; QGIS Development Team, 2018).

306 Copeia 107, No. 2, 2019



following Waddell and Crampton (2018). The EOD ampli-

tudes of male and female specimens were then compared

using a two-tailed Welch’s t-test. Additionally, using custom-

scripts in RStudio (R Core Team, 2016), analysis of covariance

(ANCOVA) was used to evaluate whether the relationship

between natural log-transformed EOD amplitude (response

variable) and natural log-transformed TL (covariate) exhibit-

ed a disparity between the sexes (categorical predictor

variable). It was confirmed that the transformed variables

satisfied normality of distribution and homoscedasticity.

RESULTS

Regression of TL and body weight data in G. javari, G. carapo,

and G. omarorum show exponential relationships (R2¼ 0.86,

0.86, 0.94, respectively). The ratio of body weight to TL

increases with body size, both within and between species

(Fig. 2). Gymnotus javari also has a significantly smaller slope

value (m ¼ 2.12) of the weight-length relationship as

compared to G. carapo (m¼2.73, P , 0.005) and G. omarorum

(m ¼ 2.91, P , 0.05).

Sexually mature male and female specimens of G. javari

(Table 1) exhibit significant differences in both TL (P ,

0.0001, df¼ 36, t¼ 5.92) and weights (P , 0.001, df¼ 34, t¼
5.09), as assessed by Welch’s t-tests. Gymnotus carapo and G.

omarorum showed no significant difference between male

and female TL and weights. There is clear separation between

male and female TL in G. javari, compared to similar adult TL

values in G. carapo and G. omarorum (Fig. 3). When viewed as

a function of binned size ranges, three distinct size cohorts

are visibly distinguishable in G. javari, but not in G. carapo or
G. omarorum (Fig. 4).

A positive correlation was found between loge-transformed
TL and loge-transformed EOD amplitude data for the
specimens of G. javari used in the EOD analysis (n ¼ 163,
adjusted R2¼0.92, P , 0.0001), for immature individuals (n¼
97, R2¼ 0.93, P , 0.0001), for females (n¼ 33, R2¼ 0.57, P ,

0.0001), and for males (n¼ 32, R2¼ 0.63, P , 0.0001; Fig. 6).
No difference was observed in the slope or intercept of the
regression between loge TL and loge EOD amplitude between
males and females (ANCOVA, P ¼ 0.56*, R2 ¼ 0.66, F2,62 ¼
63.8; *denotes interaction term removed due to non-
significance). Likewise, there was no observed difference in
slope intercept between females and immature individuals
(ANCOVA, P ¼ 0.45*, R2 ¼ 0.92, F2,127 ¼ 739) or between
males and immature individuals (ANCOVA, P ¼ 0.20*, R2 ¼
0.94, F2,126 ¼ 1003). However, it was noted that males
reached a larger body size (10 of 32 individuals exceeded 18.0
cm TL, max. TL¼ 24.0 cm) than females (1 of 33 individuals
exceeded 18.0 cm TL, max. TL ¼ 18.8 cm). Consequently,
because of the strong relationship between body size and
EOD amplitude, males attained significantly higher EOD
amplitudes (19.0–95.6, mean 39.0 mVcm–1 at 10.0 cm) than
females (13.3–63.5, mean 28.0 mVcm–1 at 10.0 cm), with a
significant intercept/slope difference, as found by the two-
tailed Welch’s t-test (P , 0.005, df ¼ 63, t¼ 3.758).

DISCUSSION

The exponential growth rates of all three species of Gymnotus
are consistent with those of other ectothermic animals with
indeterminate growth (Charnov et al., 2001). Comparison of
G. javari with its congeners reveals a depressed growth rate
that indicates evolutionary modification of developmental
rates (heterochrony), resulting in differing ontogenetic
allometries and adult body sizes (Voje et al., 2013).

Comparison of male and female G. javari reveals both SSD
and a sexually correlated disparity in EOD amplitudes. In
addition, TL and EOD amplitude are found to be directly
correlated with each other in G. javari, a relationship that is
also seen in other gymnotiform fishes (Coates and Cox,
1945; Brown and Coates, 1952; Hopkins et al., 1990). While
it is possible the EOD disparity is simply a consequence of the
SSD without adaptive significance, it may be used as a direct
measure of body length in intraspecific interactions, a
behavior found in the related gymnotiform Brachyhypopomus
gauderio (Curtis and Stoddard, 2003). However, the precise
behavioral roles of SSD and resulting sex disparities in EOD
amplitude in G. javari are still unclear, especially when

Table 1. Summary of length and weight data for all specimens examined for SSD. A total of 140 specimens were examined. SD¼ standard deviation.

N

TL (cm) Weight (g)

Min Max Mean SD Min Max Mean SD

G. javari M 19 16 22.1 18.4 1.9 5.5 13.6 9.5 2.2
n ¼ 55 F 20 9.9 18.5 14.3 2.3 3.0 10.0 6.2 1.7

GNSM 16 9.3 12.4 10.8 0.9 1.7 5.2 2.8 0.85
G. carapo M 16 16 28.0 21.6 3.1 14.6 70.8 33.9 17.3
n ¼ 61 F 26 16 27.1 20.9 2.9 13.9 63.9 28.2 14.5

GNSM 19 8.6 20.8 15.4 3.8 2.7 32.0 12.1 2.7
G. omarorum M 6 14 23.5 14.3 3.5 5.2 32.9 16.9 9.4
n ¼ 24 F 8 13 21.9 13.4 3.1 6.3 30.4 14.5 8.4

GNSM 10 11 15.3 13.6 1.4 4.1 8.9 6.5 1.4

Fig. 2. Log10 weight as a function of log10 TL for three species of
Gymnotus. Note body weight rises exponentially with total length in all
species, that G. carapo grows to a larger adult size, and that G. carapo
and G. omarorum grow more rapidly.
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compared to their apparently size-monomorphic congeners

(Fig. 7). To understand the possible adaptive reasons behind
these characters, it is necessary to examine them in the light
of evolutionary theories and models.

The Differential Equilibrium Model (DEM) of Blancken-
horn (2005) has been used to study the evolution of SSD in
fishes (Fig. 8). The DEM proposes that mean adult body size

results from the sum of interactions of multiple, sometimes
opposing, selective pressures affecting adult body size. In this
model, different combinations of selective pressures acting
on the two sexes can result in different average adult body
sizes. The generalized DEM of Blanckenhorn posits three
main selective pressures as important in constraining body

size evolution: 1) sexual selection for either larger or smaller
males depending on mating system, 2) fecundity selection
for larger females that produce more and/or larger offspring,
and 3) viability selection for faster growth and a shorter time
to sexual maturity producing smaller adult body sizes of both
sexes.

First, the idea that male–male competition and female

fecundity drive males and females to different body sizes was
initially proposed by Charles Darwin (1888) and has
attracted wide attention in the area of evolutionary ecology
(Seehausen, 2000; Boughman, 2001; Andersson and Sim-
mons, 2006; Evans et al., 2018). In species with a female-
choice mating system, females may use male body size as a

proxy for genetic fitness, i.e., the good genes hypothesis
(Evans et al., 2004), or be driven to select larger body sizes (or
those that appear larger) through sensory bias (MacLaren et
al., 2004). In addition, in animals with male–male competi-
tion for mates, larger males may have an advantage in
defending territories and females from smaller competitors

(Seehausen and Schluter, 2004; Hunt et al., 2009). While
Gymnotus javari do engage in territoriality and male–male
competition, this behavior is also seen in other species of
Gymnotus that do not have SSD, including G. carapo. This
observation suggests that male–male competition does not
uniformly or always promote SSD in Gymnotus (Black-

Cleworth, 1970; Albert et al., 2005a; Batista et al., 2012).
Another behavior, paternal care of eggs and larvae, is thought
to promote male-biased SSD in some fish species (Gross and
Sargent, 1985; Clutton-Brock, 1991). However, paternal care
is also widespread among species of Gymnotus regardless of
the presence or absence of SSD (Parker, 1992; Crampton and

Hopkins, 2005). In general, therefore, sexual selection alone

fails to predict the phylogenetic distribution of SSD in
Gymnotus.

The second hypothesis evaluated here for SSD in fishes is
fecundity selection. This occurs when animals with larger
body size produce more gametes and offspring, although not
necessarily larger or higher-quality offspring, as assessed for
example by viability or survivorship (Koops et al., 2004).
Fecundity selection is expected to promote the evolution of
larger female body size in species with a reproductive strategy
to produce large numbers of offspring (Choat and Robertson,
2002; Pincheira-Donoso and Hunt, 2017). The efficacy of
fecundity selection to promote larger female body size is also
expected to be amplified by allometric growth, being
stronger in species growing more rapidly and to larger
maximum body sizes. Based on these considerations, one
would expect fecundity selection to be stronger in species
with more rapid growth and larger adult body sizes; e.g.,
stronger in Gymnotus carapo than G. javari (Fig. 2). Theoret-
ically, if fecundity selection plays a part in larger-bodied
Gymnotus but not in smaller-bodied species, while sexual
selection remains a driving force to male body size in all
species, it could explain SSD in G. javari and G. coatesi;
however, other small-bodied Gymnotus have not yet been
found to exhibit SSD.

The third hypothesis evaluated here for SSD in fishes is
viability selection. This occurs when animals reach repro-
ductive maturity earlier, either by growing faster (higher
growth rate), by reaching reproductive maturity faster
(accelerating gonadal maturity and truncating somatic
growth), or both (Lande and Arnold, 1983; Cox and

Fig. 3. Total lengths (TL) of G. carapo, G. javari, and G. omarorum, comparing male, female, and GNSM (‘‘gonads not sexually mature’’) specimens.

Fig. 4. Total length (TL) distribution of G. javari, comparing males,
females, and GNSM specimens. Note the distinct size cohorts for males
and females.
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Calsbeek, 2010). These several strategies also have the

possible tradeoffs of increased juvenile mortality as a faster
growth rate requires more energy (putting juveniles at risk of

starvation, or predation due to increased risky behaviors to
obtain food) and shortened juvenile period (Blanckenhorn,

2005; Taylor et al., 2018). Viability selection can result in SSD
when one sex is at greater risk of dying before sexual maturity

than the other, forcing them to reach their reproductive size
sooner.

One way to evaluate juvenile mortality and viability

selection is to examine the size-frequency distribution of
sexes across a developmental size series. Our data clearly

show multimodal size distributions for three categories
(GNSM, female, and male) of Gymnotus javari (Fig. 4). Each

of these modes represents a size cohort composed of a
mixture of the three categories. Distinct size cohorts for both

sexes are present, and the number of individuals that make
up the size cohorts decreases as TL increases for each sex.

Given that gymnotiforms are not thought to undergo
ontogenetic sex change, these results appear to indicate

males grow to one size cohort larger and females reach
reproductive maturity in the first size cohort. A possible

interpretation is that these size cohorts represent year classes,

as has been observed in other gymnotiform fishes (Ilies et al.,
2014). Although the declining abundances of these size

classes could indicate higher juvenile mortality, longitudinal

life history data would be required to support this theory.

Viability selection alone therefore fails to predict male-biased

SSD in G. javari.

While none of the ecological theories, in isolation,

satisfactorily explains the incidence of SSD in Gymnotus

javari, it is possible they function in combination in a way

Fig. 5. Geographic distributions of
the species of Gymnotus examined in
this study, as well as G. coatesi.

Fig. 6. Loge EOD amplitude as a function of loge total length in
immature, female, and male individuals of G. javari (n¼ 169). For ease
of interpretation, the axis labels report the untransformed values (i.e.,
the original measurements). Lines represent the ordinary least squares
regressions.
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that is not yet understood. Furthermore, these ecological

theories are limited to understanding the match between

organismal traits under current environmental conditions

and therefore do not account for environmental and

evolutionary factors that may operate at larger spatial and

longer temporal scales (Ricklefs, 2007). For example, G.

carapo has a broad geographic range across tropical South

America and inhabits a wide range of habitats, therefore

exposing it to multiple local selection pressures (Fig. 5).

Presumably G. carapo also has a much larger effective

population size and is more subdivided in terms of

population structure (Craig et al., 2017). By comparison,

both G. javari and G. coatesi are restricted to the edges of

whitewater floodplains and near the mouths of terra firme

streams in the western and eastern Amazon, respectively,
have smaller geographic ranges, and may be presumed to
have smaller effective population sizes and less population
genetic structure. Although the quantitative effects of
geographical, ecological, and demographic differences on
SSD are unknown in Gymnotus, these factors are being
explored in other fish taxa (e.g., Parker, 1992; Cox and
Calsbeek, 2010; Slatyer et al., 2013; Jonsson and Jonsson,
2015).

A possible shortcoming of the DEM approach in evolu-
tionary ecology is that it lacks a historical dimension, not
distinguishing between the effects of directional and stabi-
lizing selection in living versus ancestral species. It is notable
that SSD has been documented in only two species of
Gymnotus so far, and that these two species are most closely
related among the 43 known congeners (Crampton et al.,
2013). Therefore, SSD in these species may be shared by
inheritance from a common ancestor, having evolved in a
lineage that lived several million years ago (Tagliacollo et al.,
2016), a time when environmental conditions of lowland
Amazonia were different than today (Hoorn et al., 2010;
Albert et al., 2018). Alternatively, SSD may have evolved
more recently independently but in parallel in these two
species, perhaps under the influences of similar selective
pressures. In either case, SSD in these two species of Gymnotus
may have arisen under different conditions from those
observed on modern landscapes.

The presence of SSD in some but not all species of
Gymnotus is not immediately explicable by simple ecological
theories and presumably represents trade-offs of selective
pressures integrated across broad geographic ranges and
evolutionary time scales. The existence of SSD in the G.
javari þ G. coatesi clade, nested within the otherwise
monomorphic clade of Gymnotus, highlights the diversity
of phenotypes and life-history strategies waiting to be

Fig. 7. Mature male and female
specimens of G. javari compared
with male and female G. carapo.
Scale bar ¼ 1 cm.

Fig. 8. Summary of Differential Equilibrium Model (DEM) of sexual size
dimorphism. Body size distribution and selective pressures for females
in red, for males in blue. Modified from Blanckenhorn (2005).
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discovered within megadiverse Neotropical aquatic ecosys-

tems.
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