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Abstract
Hearing sensitivity is of general interest from the perspective of understanding the functionality and evolution of vertebrate 
auditory systems. Sexual dimorphism of auditory systems has been reported in several species of vertebrates, but little is 
known about this phenomenon in turtles. Some morphological characteristics, such as middle ear and tympanic membrane 
that influence the hearing sensitivity of animals can result in hearing sexual dimorphism. To examine whether sexual dimor-
phism in hearing sensitivity occurs in turtles and to compare hearing characteristics with respect to the shape of the tympanic 
membrane, we measured the hearing sensitivity and tympanum diameter in both sexes of Trachemys scripta elegans. The 
results showed that, with the exception of 0.9 kHz, auditory brainstem response thresholds were significantly lower in females 
than in males for frequencies in the 0.2–1.1 kHz range, indicating that the hearing of females shows greater sensitivity. No 
significant differences were detected in the tympanum diameter of both sexes. These results showed that sexually dimorphic 
hearing sensitivity has evolved in turtles; however, this difference does not appear to be related to differences in the size of 
the tympanic membrane. The possible origin and function of the sexual differences in auditory characteristic are discussed.

Keywords Auditory brainstem response · Sexual dimorphism · Threshold · Trachemys scripta elegans · Tympanic 
membrane

Abbreviations
ABR  Auditory brainstem response
SSD  Sexual size dimorphism
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Introduction

Sexual dimorphism refers to differences in body size, shape, 
color, or other morphological features of the female and 
male individuals of the same species (Hedrick and Teme-
les 1989; Andersson 1994; Katsikaros and Shine 2010), 
which reflect differences in the adaptations of males and 

females. Sexual dimorphism can arise from the interaction 
between natural and sexual selection, which can act inde-
pendently or interact synergistically, depending on various 
factors (Shine 1989; Arnold 1994; Djurakíc et al. 2011). At 
present, sexual selection (Lovich and Gibbons 1992; Wil-
lemsen and Hailey 2003), fecundity effort (Kupfer 2009; 
Olsson et al. 2010), and niche divergence (Thom et al. 2010) 
are the three major hypotheses that have been proposed to 
explain the evolution and maintenance of sexual size dimor-
phism (SSD). Although most studies on sexual dimorphism 
have concentrated on body size or shape, sexually dimorphic 
hearing sensitivity has also been reported in some species of 
amphibians (Narins and Capranica 1976; Wang et al. 2016, 
2019; Yang et al. 2018). Remarkably, such sexually dimor-
phic hearing sensitivity may primarily result from sexual 
dimorphism of the auditory organs (particularly tympanic 
membranes) and their physical properties (Dijk et al. 2002; 
Feng et al. 2006; Shen et al. 2011; Liu et al. 2014; Wang 
et al. 2016).

Chelonian turtles are a monophyletic group of reptiles 
that occupy a wide range of ecological niches from the 
desert to the ocean, among which sexual dimorphism is a 
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common feature, with the females of most species being 
larger than the males (Willemsen and Hailey 2003; Lefebvre 
et al. 2011). Most studies on sexual dimorphism in cheloni-
ans that have either examined multiple species (Willemsen 
and Hailey 2003; Kaddour et al. 2008) or different geo-
graphical populations of a single species which focused on 
body size (Gibbons and Lovich 1990; Yasukawa et al. 1996; 
Djordjević et al. 2013). Although it has been determined that 
hearing plays an important role in the survival, reproduc-
tive success, and numerous social behaviors of chelonians 
that use acoustic communication (Ferrara et al. 2013, 2014; 
Köppl et al. 2014), the sexual differences in hearing, which 
may well be a common form of sexual dimorphism, are cur-
rently not well understood (Ferrara et al. 2014; Willis 2016). 
Hearing sensitivity is of general interest with respect to gain-
ing an understanding of the functionality of auditory systems 
(Christensen-Dalsgaard et al. 2012), and the study of sexual 
dimorphism in hearing sensitivity has become increasingly 
important as it has provided insights on the functional dif-
ferences in the auditory systems of male and female turtles.

The red-eared slider (Trachemys scripta elegans) is a 
semi-aquatic freshwater turtle that is native to the eastern 
United States and northeastern Mexico. Owing to its high 
ecological tolerance and behavioral plasticity, this species 
of slider has been listed as one of the 100 most success-
ful invasive species in the world (Lowe et al. 2000; Kraus 
2009; Ma and Shi 2017). T. scripta elegans has also been 
observed to exhibit SSD, with females having larger body 
sizes than males (Gibbons and Lovich 1990). Furthermore, 
based on spectral analysis and visual modeling, Wang et al. 
(2013) observed significant differences in hues of the ultra-
violet (UV) components of body colors in male and female 
T. scripta elegans.

Studies investigating the hearing of T. scripta elegans 
have revealed that this species is more sensitive to sound 
underwater than in the air, and that this sensitivity depends 
on their large middle ear, which is characterized by a 
compliant tympanic disc that is attached to the columella 
(Christensen-Dalsgaard et al. 2012). The tympanic mem-
brane is the primary sound-receiving structure of the turtle 
ear (Wever 1978; Christensen-Dalsgaard et al. 2012). The 
origin and morphology of the ear, as well as the mechanism 
underlying the transduction of sound into neural signals via 
hair cells, have previously been described in detail (Hackney 

et al. 1993; Clack 1997). To the best of our knowledge, there 
have to date been no comparative studies on hearing sensi-
tivity in male and female turtles with tympanic membranes. 
In this study, we measured the hearing sensitivity and audi-
tory functionality of both sexes of T. scripta elegans using 
auditory brainstem responses (ABRs), the measurement of 
which has been verified as a non-invasive and rapid method 
for determining hearing sensitivity and auditory system 
functionality (Walsh et al. 1992; Brittan-Powell et al. 2010). 
We also sought to determine relationships between hearing 
characteristics and the morphological characteristics of the 
tympanic membrane. Given that the body size of females 
is larger than that of males, we predicted that the diameter 
of the tympanic membrane in females would be larger than 
that of males, and that hearing would thus be more sensitive 
in females.

Materials and methods

Animals

As experimental animals in this study, we used 5-year-old 
male (n = 10) and female (n = 10) T. scripta elegans. The 
morphological data of all individuals are shown in Table 1. 
All animals were purchased from farms in Hainan Province, 
and were maintained in standard aquaria at 28–32 °C prior 
to the experiments. Prior to electrode placement, each turtle 
was deeply anesthetized using a solution of 0.5% pelltobarbi-
talum natricum (Xiya Reagents, Shandong, China) dissolved 
in 0.9% sodium chloride. The anesthetic was administered 
via hind limb intramuscular injection at an initial dose of 
0.003 mL g−1. Additional doses (each at 20% of the initial 
dose) were administered in cases when the subject was not 
deeply anesthetized. Electrophysiological experiments com-
menced when the subject showed no reflexive response to 
stimulation of the hind leg muscles and eyes with a pair of 
forceps. The animals remained relatively motionless for up 
to 150 min. Having completed data collection, the turtle was 
placed in a bucket without water and allowed to recover from 
sedation. Once the animal was fully revived and moving, it 
was returned to a culture pond in our laboratory. The animal 
treatment procedures were approved by the Animal Research 
Ethics Committee of Hainan Provincial Education Centre 

Table 1  Comparison of 
differences in the morphological 
traits of Trachemys scripta 
elegans between the sexes

The variance is presented in terms of the mean ± standard deviation

Parameters Sex Statistical summary

Female (n = 10) Male (n = 10) F p

Body mass (g) 1681.60 ± 195.31 1069.7 ± 151.06 61.41 < 0.001
Carapace length (mm) 223.56 ± 9.36 197.01 ± 11.17 33.20 < 0.001
Tympanum diameter (mm) 10.63 ± 1.41 9.64 ± 0.90 3.49 0.08
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for Ecology and Environment, Hainan Normal University 
(HNECEE-2018-001), and were carried out in strict compli-
ance with the institutional guidelines.

Auditory brainstem response (ABR) measurements

All recordings took place in a sound-proof booth lined 
with echo-attenuating acoustic foam. ABRs were recorded 
for approximately 100 min, during which time the turtles 
remained anesthetized. The turtles were positioned so that 
the speaker (frequency response range 55 Hz–20 kHz, JBL 
GT7-6, Harman International Industries, Inc., Stamford, CT, 
USA) was 5 cm from the tip of the turtle’s jaw. Standard 
platinum alloy, subdermal needle electrodes (27 ga, 13 mm 
in length, Rochester Electro-Medical, Inc., Lutz, FL, USA) 
were inserted subdermally above the tympanum (recording 
electrode), on the top of the head under the frontal scale 
(reference electrode), and in the ipsilateral front leg (ground 
electrode). Electrode impedance was less than 3 kΩ.

Stimulus presentation, ABR acquisition, equipment con-
trol, and data management were coordinated using a TDT 
RZ6 Multi-I/O Processor, linked via fiber optic cables to a 
TDT RA4LI low-impedance digital headstage and RA4PA 
Medusa preamp and linked to a laptop computer running 
BioSig software (Tucker-Davis Technologies, Alachua, 
FL, USA). Sound stimuli were generated using a TDT 
RZ6 Multi-I/O Processor, which directly drove the speaker 
while running TDT SigGen software. As shown in multiple 
previous studies, two types of signals as acoustic stimuli 
(tone bursts and broadband clicks) were used in this study 
(Brittan-Powell et al. 2002, 2010). Broadband clicks gener-
ally result in well-formed responses and can be obtained 
in a relatively short time interval (Gorga et al. 2006). Tone 
burst (9 ms duration, 2 ms rise/fall time, with a sample rate 
of 24,414 Hz and an alternating polarity) was synthesized 
digitally from 0.2 to 1.5 kHz in 100 Hz increments, attenu-
ated in 5 dB steps from 90 to 35 dB sound pressure level 
(SPL), and presented at a rate of 4/s. Clicks were 0.1 ms in 
duration with a 249 ms interstimulus interval, attenuated in 
5 dB steps from 90 dB to 35 dB SPL, and presented at a rate 
of 4/s. The clicks exhibited a nearly flat power spectrum of 
approximately 53 dB between 1 and 2000 Hz. Each ABR 
wave represented the average response to 200 stimulus pres-
entations. Signals from the electrodes were amplified (20×), 
filtered (high pass 30 Hz; low pass 3 kHz; notch filtered 
50 Hz). Sound stimulus was played a single time from low 
to high frequency.

ABR stimulus levels were calibrated in the free field 
using a sensor signal conditioner (model 480C02, PCB 
Piezotronics, Inc., Depew, NY, USA) with a 1/4″ micro-
phone (model 426B03 PCB Piezotronics, Inc., Depew, NY, 
USA) approximately positioned at the tip of the jaw of the 
turtle, but with the turtle absent. The distance between 

the speaker and the tip of the turtle jaw was fixed at 5 cm 
and calibrated using a TDT RZ6 Multi-I/O Processor and 
BioSigRP (Tucker-Davis Technologies, Inc., Florida, 
USA), which repeatedly played the signal at the same rate 
used while recording ABRs and simultaneously recorded 
the microphone signal at a sampling rate of 24,414 Hz.

The ABR thresholds and latencies were determined 
using visual inspection similar to that described by Brit-
tan-Powell et al. (2002). Threshold measurements were 
defined as the lowest stimulus level for which no repeat-
able responses could be recognized (Zhang et al. 2012; 
Bierman et al. 2014; Scott et al. 2017). To reduce inter-
rater variability, all turtle ABR thresholds were deter-
mined by the same experienced person. We assumed that 
the 80 dB level was higher than the ABR thresholds of all 
turtles included in this study for the stimuli used.

Measurement of morphological data

Prior to recording ABRs, the body mass of all turtle speci-
mens was recorded using an electronic balance [SI-234, 
Denver Instrument (Beijing) Co., Ltd., Beijing, China], 
whereas the tympanum diameter (Fig. 1) and carapace 
length were measured using a Mitutoyo digital caliper 
(500-196-30, Mitutoyo Corp., Kawasaki-shi, Kanagawa 
Prefecture, Japan).

Fig. 1  Measurements of the diameter of the tympanum from a male 
turtle. Inset: schematic diagram showing how the tympanum diameter 
was measured
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Analysis and statistics

The ABR thresholds and latencies obtained from female 
and male T. scripta elegans in response to tone and click 
stimuli were sorted and analyzed using SPSS 22.0 software 
(IBM Corp., Chicago, IL, USA). Prior to statistical analy-
sis, all data were examined for assumptions of normality 
and homogeneity of variance, using the Shapiro–Wilk and 
Levene tests, respectively. Data on ABR thresholds, ABR 
latency, and ABR amplitude of both sexes were analyzed 
using a repeated-measures factorial ANOVA and one-way 
ANCOVA. The body mass, carapace length, and tympa-
num diameter of both sexes were analyzed using one-way 
ANCOVA. Results are expressed as the mean ± SD, and 
a p value < 0.05 was considered to indicate significant 
difference.

Results

Auditory brainstem response (ABR) wave 
morphology

In both females and males, the ABR to tone burst (Fig. 2a–d) 
and click (Fig. 2e, f) stimuli were characterized by val-
ley–peak waveforms; however, in both females and males, 
the waveforms were not obvious at or above 1.1  kHz 
(Fig. 2a, b). The dominant valleys and peaks were clearly 
visible in all waveforms (Fig. 2c–f).

Auditory brainstem response (ABR) thresholds

We measured the ABR thresholds of individual turtles at 
all predetermined stimulus frequencies. Thereafter, the 
ABR thresholds of each stimulus frequency were compared 
between females and males. We observed clear threshold 
differences between females and males. Figure 2c, d shows 
a typical ABR response level series measured in one female 
and one male, for which thresholds of 40 dB SPL and 45 dB 
SPL were obtained at 0.6 kHz, respectively. There were sig-
nificant differences in ABR thresholds between frequencies 
(F = 131.23, df = 8, p < 0.001) and sex (F = 11.16, df = 1, 
p = 0.004), whereas we detected no significant interactive 
effect between sex and frequency (F = 0.24, df = 8, p = 0.98) 
(Fig. 3a). As shown in Fig. 3a, with the exception of thresh-
olds at 0.9 kHz (p = 0.053), the ABR thresholds of females 
were significantly lower than those of males from 0.2 to 
1.1 kHz (p < 0.05). Although differences in the thresholds of 
females and males were not statistically significant between 
at 0.9 kHz, they were lower for females compared to males. 
Across the 0.2–1.1 kHz frequency range, tone burst thresh-
olds were generally approximately 3 dB lower in females 
than in males.

Auditory brainstem response (ABR) latency

ABR latencies were measured between stimulus onset and 
the waveform valley. We selected 75 dB for all stimulus 
frequencies to determine ABR latency, and then the ABR 
latency of each stimulus frequency was compared between 
females and males. We detected no significant interactive 
effect between sex and latency (F = 3.91; df = 1, p = 0.06), 
although there were differences between females and males 
at 0.4 kHz (p = 0.012) (Fig. 3b).

Auditory brainstem response (ABR) amplitude

Auditory brainstem response (ABR) amplitude (absolute 
voltage difference between P1 and N1) was obtained from 
75 dB at all stimulus frequencies, and the ABR amplitude of 
each stimulus frequency was compared between females and 
males. As shown in Fig. 4, there was no significant differ-
ence in the ABR amplitudes of females and males (p > 0.05).

Morphological data

Data relating to body mass, tympanum diameter, and cara-
pace length are presented in Table 1. Both body size and 
carapace length were significantly larger in females than in 
males (p < 0.001), whereas there was no significant differ-
ence between the sexes with regard to tympanum diameter 
(p = 0.08).

Discussion

Although calls have been verified to be an important com-
munication method for chelonians (Galeotti et al. 2005; Fer-
rara et al. 2013, 2014), and play an indispensable role in 
survival, reproduction, and other social behaviors (Galeotti 
et al. 2004; Giles et al. 2009), there have been comparatively 
few studies on the hearing sensitivity of chelonians (Martin 
et al. 2012; Köppl et al. 2014). To the best of our knowledge, 
this is the first study in which the hearing sensitivity of both 
sexes of a single turtle species has been compared. We found 
that female and male T. scripta elegans have a similar range 
of sensitivities (0.2–0.9 kHz), whereas the ABR threshold 
of females was significantly lower than that in males. These 
results provide convincing evidence that sexually dimorphic 
hearing sensitivity has emerged in turtles, and that the hear-
ing of females is more sensitive than that of males, which is 
consistent with previous findings for frogs and toads (Wang 
et al. 2016, 2019; Yang et al. 2018).

Sexual dimorphism could arise from ecological differ-
ences between females and males, from natural selection 
for fecundity or parental care, or from sexual selection for 
courtship success (Shine 1989; Andersson 1994; Willemsen 
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and Hailey 2003). Sexual selection is believed to be one 
of the main factors that explains the evolution of sexually 
dimorphism in some species of reptiles (Kratochvíl and 
Frynta 2010). The size when each sex attains maturity is 
the underlying factor promoting SSD in T. scripta elegans, 
and it is the critical life history trait upon which natural and 
sexual selection have operated to determine the ultimate 
SSD observed (Gibbons and Lovich 1990). The more sensi-
tive hearing of females may contribute to an enhancement 
of predation efficiency, thereby enabling females to reach 
maturity with larger body mass, to reduce the risk of preda-
tion, and to enable females to meet the expensive energy 

demand associated with reproduction. More importantly, 
given that female turtles spend more time on land than males 
during the reproductive period, when incubating and laying 
eggs, sensitive hearing may have enabled them to adapt more 
effectively to the complex terrestrial environment. Although 
the behavioral significance of sexually dimorphic hearing 
sensitivity in turtles remains to be determined, we suggest 
that both natural selection and sexual selection may have 
contributed to the evolution and maintenance of this dimor-
phism in turtles.

Previous studies have shown that the hearing sensi-
tivity of T. scripta elegans is affected by the middle ear 

Fig. 2  Auditory brainstem responses (ABRs) elicited in response to 
frequency-specific tone bursts at a 70-dB sound pressure level, show-
ing valley–peak waveforms from a female (a) and a male (b) Trache-
mys scripta elegans. ABRs as a function of stimulus intensity evoked 
by a tone burst of 0.6 kHz from a female (c), a male (d) and by a click 

stimulus from a female (e) and a male (f) T. scripta elegans. ABRs 
as a function of intensity evoked in T. scripta elegans. The right-
pointing arrowheads indicate the visually detected thresholds for each 
stimulus frequency
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(Christensen-Dalsgaard et  al. 2012). Moreover, several 
studies have suggested that a variety of morphological char-
acteristics (including body size, middle ear structure, and 
tympanic membrane) influence the hearing sensitivity of fish 
and frogs (Christensen-Dalsgaard and Elepfandt 1995; Yan 
et al. 2000). In the present study, we detected no difference 
in the tympanum diameter of female and male T. scripta 
elegans, indicating that the size of the tympanic membrane 
may not be correlated with the size of the middle ear, and 
it is not directly related to the sexually dimorphic hearing 
sensitivity observed in turtles. However, research in frogs 
has indicated that differences in the hearing sensitivity may 
be linked to differences between the sexes in the size of the 
tympanic membrane, and the resulting differences in the size 
of the middle ear cavity (Feng et al. 2006). Accordingly, 

the hypothesis that sexually dimorphic hearing sensitivity in 
female and male T. scripta elegans results from differences 
in the size of the middle ear needs to be further examined 
in the future.

Most anurans possess a tympanic middle ear that is sensi-
tive to airborne sound, which is processed by the amphib-
ian and basilar papillae (Manley et al. 2004; Christensen-
Dalsgaard 2009). In turtles, the auditory papilla is small 
and, similar to all amniote papillae, organized tonotopically, 
such that higher frequency sounds excite the hair cells at 
the base and lower frequencies those at the apex (Crawford 
and Fettiplace 1980). The hearing range of the female and 
male T. scripta elegans has been found to be confined to 
low frequencies and does not differ significantly between 
the sexes, which may be because neither sex possesses a 
high-frequency region in their papillae (Manley 2010; Köppl 
et al. 2014).

Previous research has reported that juvenile green 
sea turtles (Chelonia mydas) detect acoustic stimuli in 
aerial stimuli between 0.05 and 0.8 kHz, with a maxi-
mum sensitivity of between 0.3 and 0.4 kHz in air (Piniak 
et al. 2016). In juvenile loggerhead sea turtles (Caretta 
caretta), this sensitivity is at least 0.25–0.75 kHz (Bartol 
et al. 1999). We found that the hearing range of T. scripta 
elegans lies between 0.2 and 0.9 kHz, with lowest thresh-
olds of approximately 40 dB SPL of 0.6 kHz in females 
and 45 dB SPL of 0.6 kHz in males. These results fur-
ther confirm that the hearing range of Chelonians is con-
fined to low frequencies (mostly below 1 kHz). However, 
Christensen-Dalsgaard et al. (2012) have reported that 
the ABR audiogram of T. scripta elegans in air indicates 
the highest sensitivity to sound at 0.3–0.5 kHz and lowest 
thresholds at approximately 60 dB SPL. Compared with 
the findings of the present study, there are obvious differ-
ences in both the hearing range and thresholds reported 

Fig. 3  Auditory brainstem response (ABR) thresholds (a) and latency (b) in female and male Trachemys scripta elegans. The plotted points rep-
resent the thresholds or latency for tone bursts (mean ± standard deviation). *p < 0.05

Fig. 4  Auditory brainstem response (ABR) amplitude in female and 
male Trachemys scripta elegans. The plotted points represent the 
ABR amplitude for tone bursts (mean ± standard deviation)
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by Christensen-Dalsgaard et  al. (2012). In our analy-
sis, we found that the body mass of the turtles (female: 
1681.60 ± 195.31 g, male: 1069.7 ± 151.06 g) was smaller 
than that of the specimens (150–500  g) examined by 
Christensen-Dalsgaard et al. (2012), who averaged the 
results from both sexes and therefore did not account for 
the influence of sexually dimorphic hearing sensitivity. 
Although no statistically significant differences have been 
detected in the scaling of the volume of the bony middle 
ear cavity with head size among most chelonian families 
when categorized by phylogeny and ecology (Willis et al. 
2013), we still speculate that changes in body mass from 
the juvenile stage to adulthood may be an important life 
history trait that influences the hearing sensitivity of tur-
tles. Consequently, the phenomenon and mechanisms of 
the age-dependent plasticity of sexually dimorphic hearing 
sensitivity require additional research in the future.

Acknowledgements We would like to thank Yao Sun, Chunhua 
Zhou and Xintong Li for their assistance during this study. This work 
was funded by the National Natural Science Foundation of China 
(31860608 to JW). Experiments were performed with the permission 
of the Animal Research Ethics Committee of Hainan Provincial Educa-
tion Centre for Ecology and Environment, Hainan Normal University 
(HNECEE-2018-001).

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Andersson M (1994) Sexual selection. Princeton University Press, 
Princeton

Arnold SJ (1994) Is there a unifying concept of sexual selection that 
applies to both plants and animals? Am Nat 144:S1–S12. https 
://doi.org/10.1086/28565 0

Bartol SM, Musick JA, Lenhardt ML (1999) Auditory evoked poten-
tials of the Loggerhead sea turtle (Caretta caretta). Copeia 
1999:836–840. https ://doi.org/10.2307/14476 25

Bierman HS, Thornton JL, Jones HG, Koka K, Young BA, Brandt 
C, Christensen-Dalsgaard J, Carr CE, Tollin DT (2014) Bio-
physics of directional hearing in the American alligator (Alli-
gator mississippiensis). J Exp Biol 217:1094–1107. https ://doi.
org/10.1242/jeb.09286 6

Brittan-Powell EF, Dooling RJ, Gleich O (2002) Auditory brainstem 
responses in adult budgerigars (Melopsittacus undulatus). J 
Acoust Soc Am 112:999–1008. https ://doi.org/10.1121/1.14948 07

Brittan-Powell EF, Christensen-Dalsgaard J, Tang YZ, Carr C, Dooling 
RJ (2010) The auditory brainstem response in two lizard species. J 
Acoust Soc Am 128:787–794. https ://doi.org/10.1121/1.34588 13

Christensen-Dalsgaard J (2009) Amphibian bioacoustics. In: Kuwano 
S, Vorlander M (eds) Handbook of signal processing in acous-
tics. Springer, New York, pp 1861–1885

Christensen-Dalsgaard J, Elepfandt A (1995) Biophysics of underwa-
ter hearing in the clawed frog, Xenopus laevis. J Comp Physiol 
A 176:317–324. https ://doi.org/10.1007/BF002 19057 

Christensen-Dalsgaard J, Brandt C, Willis KL, Christensen CB, 
Ketten D, Edds-Walton P, Fay RR, Madsen PT, Carr CE (2012) 
Specialization for underwater hearing by the tympanic mid-
dle ear of the turtle, Trachemys scripta elegans. Proc R Soc B 
279:2816–2824. https ://doi.org/10.1098/rspb.2012.0290

Clack J (1997) The evolution of tetrapod ears and the fossil record. 
Brain Behav Evol 50:198–212. https ://doi.org/10.1159/00011 
3334

Crawford A, Fettiplace R (1980) The frequency selectivity of auditory 
nerve fibres and hair cells in the cochlea of the turtle. J Physiol 
306:79–125. https ://doi.org/10.1113/jphys iol.1980.sp013 387

Dijk PV, Mason MJ, Narins PM (2002) Distortion product otoacoustic 
emissions in frogs: correlation with middle and inner ear prop-
erties. Hear Res 173:100–108. https ://doi.org/10.1016/S0378 
-5955(02)00605 -6

Djordjević S, Tomović L, Golubović A, Simović A, Sterijovski B, Dju-
rakic M, Bonnet X (2013) Geographic (in-)variability of gender-
specific traits in Hermann’s tortoise. Herpetol J 23:67–74 https ://
www.resea rchga te.net/publi catio n/23617 9476

Djurakíc M, Djordjevíc S, Bonnet X, Tomovíc L, Ajtíc R, Golubovíc 
A (2011) Sexual body size and body shape dimorphism of Tes-
tudo hermanni in central and eastern Serbia. Amphibia-Reptilia 
32:445–458. https ://doi.org/10.1163/15685 3811X 59847 9

Feng AS, Narins PM, Xu CH, Lin WY, Yu ZL, Qiu Q, Xu ZM, Shen JX 
(2006) Ultrasonic communication in frogs. Nature 440:333–336. 
https ://doi.org/10.1038/natur e0441 6

Ferrara CR, Vogt RC, Sousalima RS (2013) Turtle vocalizations as the 
first evidence of posthatching parental care in Chelonians. J Comp 
Psychol 127:24–32. https ://doi.org/10.1037/a0029 656

Ferrara CR, Vogt RC, Giles JC, Kuchling G (2014) Chelonian vocal 
communication. Springer, Netherlands

Galeotti P, Sacchi R, Rosa DP, Fasola M (2004) Female preference for 
fast-rate, high-pitched calls in Hermann’s tortoises Testudo her-
manni. Behav Ecol 16:301–308. https ://doi.org/10.1121/1.31482 
09

Galeotti P, Sacchi R, Fasola M, Ballasina D (2005) Do mounting vocal-
isations in tortoises have a communication function? A compara-
tive analysis. Herpetol J 15: 61–71. https ://www.resea rchga te.net/
publi catio n/23355 9975

Gibbons JW, Lovich JE (1990) Sexual dimorphism in turtles with 
emphasis on the slider turtle (Trachemys scripta). Herpetol Mon-
ogr 4:1–29. https ://doi.org/10.2307/14669 66

Giles JC, Davis JA, Mccauley RD, Kuchling G (2009) Voice of the 
turtle: the underwater acoustic repertoire of the long-necked fresh-
water turtle, Chelodina oblonga. J Acoust Soc Am 126:434–443. 
https ://doi.org/10.1121/1.31482 09

Gorga MP, Johnson TA, Kaminski JK, Beauchaine KL, Garner CA, 
Neely ST (2006) Using a combination of click-and toneburst-
evoked auditory brainstem response measurements to esti-
mate pure-tone thresholds. Ear Hear 27:60–74. https ://doi.
org/10.1097/01.aud.00001 94511 .14740 .9c

Hackney CM, Fettiplace R, Furness DN (1993) The functional mor-
phology of stereociliary bundles on turtle cochlear hair cells. Hear 
Res 69:163–175. https ://doi.org/10.1016/0378-5955(93)90104 -9

Hedrick AV, Temeles EJ (1989) The evolution of sexual dimorphism in 
animals: hypotheses and tests. Trends Ecol Evol 4:136–138. https 
://doi.org/10.1016/0169-5347(89)90212 -7

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1086/285650
https://doi.org/10.1086/285650
https://doi.org/10.2307/1447625
https://doi.org/10.1242/jeb.092866
https://doi.org/10.1242/jeb.092866
https://doi.org/10.1121/1.1494807
https://doi.org/10.1121/1.3458813
https://doi.org/10.1007/BF00219057
https://doi.org/10.1098/rspb.2012.0290
https://doi.org/10.1159/000113334
https://doi.org/10.1159/000113334
https://doi.org/10.1113/jphysiol.1980.sp013387
https://doi.org/10.1016/S0378-5955(02)00605-6
https://doi.org/10.1016/S0378-5955(02)00605-6
https://www.researchgate.net/publication/236179476
https://www.researchgate.net/publication/236179476
https://doi.org/10.1163/156853811X598479
https://doi.org/10.1038/nature04416
https://doi.org/10.1037/a0029656
https://doi.org/10.1121/1.3148209
https://doi.org/10.1121/1.3148209
https://www.researchgate.net/publication/233559975
https://www.researchgate.net/publication/233559975
https://doi.org/10.2307/1466966
https://doi.org/10.1121/1.3148209
https://doi.org/10.1097/01.aud.0000194511.14740.9c
https://doi.org/10.1097/01.aud.0000194511.14740.9c
https://doi.org/10.1016/0378-5955(93)90104-9
https://doi.org/10.1016/0169-5347(89)90212-7
https://doi.org/10.1016/0169-5347(89)90212-7


854 Journal of Comparative Physiology A (2019) 205:847–854

1 3

Kaddour KB, Mouden EHE, Slimani T, Bonnet X, Lagarde F (2008) 
Sexual dimorphism in the Greek tortoise: a test of the body 
shape hypothesis. Chelonian Conserv Biol 7:21–27. https ://doi.
org/10.2744/CCB-0649.1

Katsikaros K, Shine R (2010) Sexual dimorphism in the tusked frog, 
Adelotus brevis (Anura: Myobatrachidae): the roles of natu-
ral and sexual selection. Biol J Linn Soc 60:39–51. https ://doi.
org/10.1111/j.1095-8312.1997.tb014 82.x

Köppl C, Manley GA, Popper AN, Fay RR (2014) Insights from com-
parative hearing research. Springer, New York

Kratochvíl L, Frynta D (2010) Body size, male combat and the 
evolution of sexual dimorphism in eublepharid geckos (Squa-
mata: Eublepharidae). Biol J Linn Soc 76:303–314. https ://doi.
org/10.1111/j.1095-8312.2002.tb020 89.x

Kraus F (2009) Alien reptiles and amphibians: a scientific compendium 
and analysis. Springer, Dordrecht

Kupfer A (2009) Sexual size dimorphism in caecilian amphibians: anal-
ysis, review and directions for future research. Zool 112:362–369. 
https ://doi.org/10.1016/j.zool.2008.12.001

Lefebvre J, Avery TS, Herman TB (2011) Size dimorphism and growth 
rates in distinct populations of Blanding’s turtles (Emydoidea 
blandingii) in Nova Scotia in relation to environment. Herpetol 
Conserv Bio 6:465–472

Liu WR, Shen JX, Zhang YJ, Xu ZM, Qi Z, Xue MQ (2014) Auditory 
sexual difference in the large odorous frog Odorrana graminea. 
J Comp Physiol A 200:311–316. https ://doi.org/10.1007/s0035 
9-014-0885-3

Lovich JE, Gibbons JW (1992) A review of techniques for quantifying 
sexual size dimorphism. Growth Dev Aging GDA 56:269–281

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of the 
world’s worst invasive alien species: A selection from the global 
invasive species database. ISSG-IUCN, Auckland

Ma K, Shi HT (2017) Red-eared slider Trachemys scripta elegans 
(Wied-Neuwied). Springer, Singapore

Manley GA (2010) An evolutionary perspective on middle ears. Hear 
Res 263:3–8. https ://doi.org/10.1016/j.heare s.2009.09.004

Manley GA, Fay RR, Popper AN (2004) Evolution of the vertebrate 
auditory system. Springer, New York

Martin KJ, Alessi SC, Gaspard JC, Tucker AD, Bauer GB, Mann DA 
(2012) Underwater hearing in the Loggerhead turtle (Caretta 
caretta): a comparison of behavioral and auditory evoked potential 
audiograms. J Exp Biol 215:3001–3009. https ://doi.org/10.1242/
jeb.06632 4

Narins PM, Capranica RR (1976) Sexual differences in the auditory 
system of the tree frog Eleutherodactylus coqui. Science 192:378–
380. https ://doi.org/10.1126/scien ce.12577 72

Olsson M, Shine R, Wapstra E, Uivari B, Madsen T (2010) Sexual 
dimorphism in lizard body shape: the roles of sexual selection 
and fecundity selection. Evolution 56:1538–1542. https ://doi.
org/10.1111/j.0014-3820.2002.tb014 64.x

Piniak WED, Mann DA, Harms CA, Todd JT, Eckert SA (2016) Hear-
ing in the juvenile Green sea turtle (Chelonia mydas): a com-
parison of underwater and aerial hearing using auditory evoked 
potentials. PLoS One 11:e0159711

Scott LL, Brecht EJ, Philpo A, Iyer S, Wu NS, Mihic SJ, Aldrich RW, 
Pierce J, Walton JP (2017) A novel BK channel-targeted peptide 
suppresses sound evoked activity in the mouse inferior colliculus. 
Sci Rep 7:42433. https ://doi.org/10.1038/srep4 2433

Shen JX, Xu ZM, Yu ZL, Wang S, Zheng DZ, Fan SC (2011) Ultra-
sonic frogs show extraordinary sex differences in auditory 

frequency sensitivity. Nat Commun 2:342–347. https ://doi.
org/10.1038/ncomm s1339 

Shine R (1989) Ecological causes for the evolution of sexual dimor-
phism: a review of the evidence. Q Rev Biol 64:419–461. https ://
doi.org/10.1086/41645 8

Thom MD, Harrington LA, Macdonald DW (2010) Why are ameri-
can mink sexually dimorphic? A role for niche separation. Oikos 
105:525–535. https ://doi.org/10.1111/j.0030-1299.2004.12830 .x

Walsh EJ, Gorga M, Mcgee J (1992) Comparisons of the develop-
ment of auditory brainstem response latencies between cats 
and humans. Hea Res 60:53–63. https ://doi.org/10.1016/0378-
5955(92)90058 -U

Wang JC, Yang CC, Liang W, Shi HT (2013) Spectra analysis reveals 
the sexual dichromatism of Red-eared slider turtle (Trachemys 
scripta). Zool Res 34:475–478. https ://doi.org/10.11813 /j.i
ssn.0254-5853.2013.5.0475 (in Chinese)

Wang JC, Wang TL, Fu SH, Brauth SE, Cui JG (2016) Auditory 
brainstem responses in the Chinese tiger frog Hoplobatrachus 
chinensis (Osbeck, 1765) (Anura: Dicroglossidae) reveal sexu-
ally dimorphic hearing sensitivity. Ital J Zool 83:482–489. https 
://doi.org/10.1080/11250 003.2016.12226 38

Wang TL, Jia LL, Zhai XF, Cui JG, Wang JC (2019) The vocaliza-
tions and hearing sensitivity of an explosive-breeding tropical 
toad from southern China: a test of the matched filter hypoth-
esis. Pak J Zool 51:737–745. https ://doi.org/10.17582 /journ 
al.pjz/2019.51.2.737.745

Wever EG (1978) The reptile ear: its structure and function. Princeton 
University Press, Princeton

Willemsen RE, Hailey A (2003) Sexual dimorphism of body size and 
shell shape in European tortoises. J Zool 260:353–365. https ://doi.
org/10.1017/S0952 83690 30038 20

Willis K (2016) Underwater hearing in turtles. In: Popper AN, Anthony 
H (eds) The effects of noise on aquatic life II. Springer, New York, 
pp 1229–1235

Willis KL, Christensen-Dalsgaard J, Ketten DR, Carr CE (2013) Mid-
dle ear cavity morphology is consistent with an aquatic origin for 
testudines. PLoS One 8:e54086

Yan H, Fine M, Horn N, Colón W (2000) Variability in the role of the 
gas bladder in fish audition. J Comp Physiol A 186:435–445. https 
://doi.org/10.1007/s0035 90050 443

Yang Y, Zhu B, Wang J, Brauth S, Tang Y, Cui J (2018) A test of 
the matched filter hypothesis in two sympatric frogs, Chiro-
mantis doriae and Feihyla vittata. Bioacoustics. https ://doi.
org/10.1080/09524 622.2018.14827 86

Yasukawa Y, Ota H, Iverson JB (1996) Geographic variation and sex-
ual size dimorphism in Mauremys mutica (Cantor, 1842) (Rep-
tilia: Bataguridae), with description of a new subspecies from 
the Southern Ryukyus, Japan. Zool Sci 13:303–318. https ://doi.
org/10.2108/zsj.13.303

Zhang D, Cui JG, Tang YZ (2012) Plasticity of peripheral auditory 
frequency sensitivity in Emei music frog. PLoS One 7(9):e45792

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.2744/CCB-0649.1
https://doi.org/10.2744/CCB-0649.1
https://doi.org/10.1111/j.1095-8312.1997.tb01482.x
https://doi.org/10.1111/j.1095-8312.1997.tb01482.x
https://doi.org/10.1111/j.1095-8312.2002.tb02089.x
https://doi.org/10.1111/j.1095-8312.2002.tb02089.x
https://doi.org/10.1016/j.zool.2008.12.001
https://doi.org/10.1007/s00359-014-0885-3
https://doi.org/10.1007/s00359-014-0885-3
https://doi.org/10.1016/j.heares.2009.09.004
https://doi.org/10.1242/jeb.066324
https://doi.org/10.1242/jeb.066324
https://doi.org/10.1126/science.1257772
https://doi.org/10.1111/j.0014-3820.2002.tb01464.x
https://doi.org/10.1111/j.0014-3820.2002.tb01464.x
https://doi.org/10.1038/srep42433
https://doi.org/10.1038/ncomms1339
https://doi.org/10.1038/ncomms1339
https://doi.org/10.1086/416458
https://doi.org/10.1086/416458
https://doi.org/10.1111/j.0030-1299.2004.12830.x
https://doi.org/10.1016/0378-5955(92)90058-U
https://doi.org/10.1016/0378-5955(92)90058-U
https://doi.org/10.11813/j.issn.0254-5853.2013.5.0475
https://doi.org/10.11813/j.issn.0254-5853.2013.5.0475
https://doi.org/10.1080/11250003.2016.1222638
https://doi.org/10.1080/11250003.2016.1222638
https://doi.org/10.17582/journal.pjz/2019.51.2.737.745
https://doi.org/10.17582/journal.pjz/2019.51.2.737.745
https://doi.org/10.1017/S0952836903003820
https://doi.org/10.1017/S0952836903003820
https://doi.org/10.1007/s003590050443
https://doi.org/10.1007/s003590050443
https://doi.org/10.1080/09524622.2018.1482786
https://doi.org/10.1080/09524622.2018.1482786
https://doi.org/10.2108/zsj.13.303
https://doi.org/10.2108/zsj.13.303

	Auditory brainstem responses in the red-eared slider Trachemys scripta elegans (Testudoformes: Emydidae) reveal sexually dimorphic hearing sensitivity
	Abstract
	Introduction
	Materials and methods
	Animals
	Auditory brainstem response (ABR) measurements
	Measurement of morphological data
	Analysis and statistics

	Results
	Auditory brainstem response (ABR) wave morphology
	Auditory brainstem response (ABR) thresholds
	Auditory brainstem response (ABR) latency
	Auditory brainstem response (ABR) amplitude
	Morphological data

	Discussion
	Acknowledgements 
	References




