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Abstract The piebald odorous frog (Odorrana schmack-
eri), the large odorous frog (Odorrana livida) and the con-
cave-eared torrent frog (Amolops tormotus) are sympatric
species living near the same torrent streams in the vicinity
of Mt. Huangshan, China. A recent study demonstrated
that A. tormotus can use sound signals involving ultra-
sonic components for communication in a noisy environ-
ment, and another sympatric species, O. livida, can also
perceive ultrasonic sound. Here we report data on the
hearing range of O. schmackeri by studying auditory
evoked potentials and single-unit data from the torus
semicircularis. This frog exhibits its two most sensitive
peaks at 2 kHz and 3.5-4.0 kHz with thresholds <42 dB
SPL, with an upper frequency limit of hearing at 8.5 kHz
with threshold of 87 dB SPL. The upper limit is much
lower than those of O. livida and A. tormotus, at 22 and
34 kHz, respectively. It suggests that sympatric species
may respond differently to similar environmental selection
pressures sculpting auditory communication systems.

Keywords Amphibian - Frog - Hearing - Noise -
Odorrana schmackeri

Introduction

Acoustic communication plays an important role in the
lives of a wide variety of animals (Bradbury and Vehren-
camp 1998; Gerhardt and Huber 2002). High-level
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environmental noise, man-generated or natural, is
known to affect the efficiency of acoustic communica-
tion. A variety of mechanisms have evolved to allow
vocally-communicating animals to avoid the masking
effects of environmental noise. These include: (a) produc-
ing call components that fall outside the dominant
frequencies of the noise (Narins et al. 2004; Rabin et al.
2003; Slabbekoorn and Peet 2003), (b) increasing the
intensity of their calls without changing the frequency to
make their calls more audible in noisy environments
(Brumm 2004; Brumm et al. 2004; Sun and Narins 2005)
and (c) shifting the signaling modality from acoustic to
visual (H6dl and Amézquita 2001).

There have been a number of studies focused on the
changes in animal acoustic signals in noisy environ-
ments (Narins 1982; Narins et al. 1997; Brumm and
Todt 2002; Slabbekoorn and Peet 2003; Brumm 2004;
Brumm et al. 2004; Sun and Narins 2005; Penna et al.
2005), however, relatively little attention has been paid
to potential variations in acoustic signal-receiving
systems. To maximize the efficiency of acoustic commu-
nication, the receiving systems should match, to a
certain extent, the conspecific acoustic signals. In frogs,
the receiving systems are thought to have coevolved
with the acoustic communication signals (Ryan and
Wilczynski 1988; Wilczynski etal. 2001; Gerhardt
and Huber 2002; Witte et al. 2005).

The piebald odorous frog (Odorrana schmackeri) and
the large odorous frog (O. livida) belong to different
groups of the genus Odorrana and are distributed over a
broad geographic range across northern and eastern
China (Ye and Fei 2001). O. schmackeri is one of the
most common frog species living in Huangshan Hot
Springs, Anhui Province, China; males of this species
sing loudly and melodically at night. A recent study
showed that O. livida, like A. tormotus, can detect ultra-
sonic call components (Feng et al. 2006), and the dra-
matic shifts of hearing into the ultrasonic range in these
species may be an adaptation that minimizes masking of
acoustic signals by intense low-frequency noise from
local streams.
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Here we will show the auditory response characteris-
tics of O. schmackeri and the notable differences in its
hearing range relative to A. tormotus and O. livida, which
suggest that sympatric species may have evolved differ-
ential responses to same natural environmental distur-
bances such as ambient noise. It should emphasize
separately (a) the unusual condition of having two sensi-
tivity peaks at high frequencies and (b) the existence of
such low thresholds at higher frequencies.

Materials and methods
Animal preparation

Piebald odorous frogs (O. schmackeri, n=>5, weight:
4.5-5.3 g) were collected in Huangshan Hot Springs
(Anhui Province, China). Frogs were anesthetized
with MS222 (tricaine methanesulfonate, 0.5%) for
about 5-10 min, then placed on crushed ice to
minimize bleeding during surgery. The skin on the
dorsal surface of the head was then incised, and a
small hole was made in the skull above the right optic
tectum. After recovery from anesthesia, the frog
was immobilized with an intramuscular injection of
d-tubocurarine chloride (10 mg/kg body weight) and
was wrapped in moist gauze to facilitate cutaneous
respiration. During the recording session, the frog was
placed dorsal side up on a vibration-isolated table
inside a sound-proof, anechoic, electromagnetically-
shielded room (2.3x1.5x2.15m?). The temperature
was maintained at 19-21°C by a central air
conditioner. During recording, supplemental doses of
d-tubocurarine chloride were given to maintain immo-
bilization.

Sound presentation and recording procedures

Acoustic stimuli were generated using Tucker-Davis tech-
nologies system (TDT system 3). Stimulus frequency and
intensity, and automated collection of auditory responses
were controlled by a computer (Acer). Tone bursts (50-ms
duration, 5-ms rise and fall times, 1 stimulus/s) were pre-
sented through a loudspeaker (YD78, China; impedance
6 Q, frequency response: +5 dB between 500 and 10 kHz)
located directly facing and 15 cm from the frog’s contra-
lateral eardrum. Sound pressure levels (SPLs) of acoustic
stimuli were determined prior to a physiological experi-
ment with a microphone (Briiel & Kjaer 4135, Denmark)
and a measuring amplifier (B&K 2610), and were
expressed in dB SPL, 0 dB re 20 pPa rms.

Auditory evoked potentials (AEPs) and single-unit
spikes were recorded extracellularly with glass microelec-
trodes from the central or rostral portion of the TS at a
depth between 700 and 1,400 pm. The microelectrodes
(tip diameters: 1-2 um, impedances: 1-10 MQ) were filled
with a 3.0 M solution of sodium acetate. Microelectrodes
were positioned over the dorsal surface of the optic

tectum and inserted using a remotely-controlled micro-
drive (SM-21, Narishige, Japan). Neural responses of the
TS neurons to tone bursts were amplified by a pre-ampli-
fier (DAM-80, World Precision Instruments) and dis-
played on an oscilloscope (YB4320G, Tektronix). In
addition, the responses recorded from single-units were
band-pass filtered between 300 and 3 kHz; a lower band-
pass filter (20-200 Hz) was used for AEPs. The potentials
or spikes were extracted using BrainWare software
(TDT) and stored on the computer for off-line analysis.
AEPs were averaged over 20 trials. Tone bursts were also
presented 20 times to construct a peristimulus time histo-
gram (PSTH) for the single-unit recordings.

When AEPs were robust, 19 different sound frequen-
cies (from 1 to 10 kHz in increments of 500 Hz) were
tested at a constant intensity in the range from 42 to
87 dB SPL (with a step of 5-10 dB SPL). These measure-
ments were repeated along the dorsoventral axis of the
TS every 100 pm-increasing in depth. For single-unit
recordings, the characteristic frequency (CF) and sensi-
tive frequency range were determined for a well-isolated
unit by manually varying the acoustic stimulus fre-
quency and intensity. Iso-intensity spike count-frequency
curves for single units were then automatically obtained
(BrainWare).

Results

Auditory evoked potentials and single-unit spikes from
the frog’s TS were recorded extracellularly in response to
tone bursts in the frequency range from 1 to 10 kHz and
in the intensity range from 42 to 87 dB SPL.

Auditory evoked potentials from TS

The AEPs recorded from the frog’s TS were quite consis-
tent in shape although the amplitudes and latencies of the
AEPs showed significant variation as a function of stimu-
lus frequency and intensity. An AEP consisted of an initial
sharp, large negative peak (N,) followed by a large posi-
tive peak (P;) and a small, slow negative wave (N,) with a
long latency (Fig. 1). For each stimulus, N, reached its
maximum amplitude when the recording electrode was
located at a depth of about 1,000-1,200 pm beneath the
tectal surface. The amplitude difference between N, and P,
was used as an index of auditory sensitivity of the TS. As
shown in Fig. 1, the most sensitive responses of the frog’s
TS were observed within the frequency range from 1 to
4 kHz at an intensity of 87 dB SPL.

Figure 2 illustrates the frequency properties of AEPs
from the TS of O. schmackeri at two selected intensities,
87 and 47 dB SPL (n=7). At the intensity of 87 dB SPL,
AEP amplitudes were largest between 3-4 kHz, then
decreased at higher frequencies. AEP latency was mini-
mal at 1.5 kHz, and increased little between 2-6 kHz.
However, at the intensity of 47 dB SPL, the AEP disap-
peared at lower (<1.5kHz) and higher (>5.5kHz)
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Fig. 1 Auditory evoked potentials (AEPs) recorded from the torus
semicircularis (TS) of the frog Odorrana schmackeri in response to
tone bursts (shown as horizontal bars 50-ms duration, 5-ms rise and
fall times, intensity: 87 dB SPL) of different frequencies (shown in
Hertz). Rate of stimulus presentation, 1 click/s. AEPs were averaged
over 20 stimuli. Calibration bar=25 uV

frequencies. Two of AEP amplitude peaks were found at
2 and 3.5-4 kHz, but there were no significant differences
between AEP amplitudes in response to 2 and 4 kHz
(t=1.22, P>0.05, n=14), or between 3.5 and 4 kHz
(t=0.715, P>0.05, n=14). The minimum latency was
found at 4 kHz, but there were also no significant differ-
ences between 3.5 and 4kHz (r=-0.115, P>0.05,
n=12), or between 2 and 4 kHz (¢r=1.16, P>0.05,
n=12).

The relationships between both N,—P,-peak ampli-
tudes and N, latencies of AEPs versus stimulus fre-
quency at various intensities are shown in Fig. 3a, b.
Although AEPs were robust at frequencies from 1 to
8.5kHz at 87dB SPL, the maximum peak-to-peak
amplitude of the AEP was found at 1 kHz and 3-4 kHz,
and the minimum of the peak latency at 2 kHz in
response to tone bursts at an intensity of 87 dB SPL.
AEP amplitude decreased and latency increased at
frequencies >6 kHz.

The AEP amplitude decreased and latency increased
with decreasing stimulus intensity at all frequencies
tested. There is an inverse correlation between AEP
amplitudes and latencies at different intensities for a
fixed stimulus frequency. AEP amplitudes increased sig-
nificantly when the stimulus intensity changed from 42
to 67 dB SPL, and reached saturation at 87 dB SPL for
lower (<1.5kHz) and mid (2-6 kHz) frequencies, as
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Fig. 2 Amplitude and latency of AEPs from the TS of O. schmack-
eri plotted as a function of stimulus frequency in response to con-
stant-intensity tone bursts: a 87 dB SPL and b 47 dB SPL (n=7). At
each position, amplitudes are normalized to the maximum AEP. Sol-
id circles are the mean and standard deviation of the amplitudes;
open circles are the mean and standard deviation of the latencies

shown in Fig. 3a. A gradual increase in latency was
observed with decreasing intensity at each frequency, but
increased rapidly at higher (> 6 kHz) and lower frequen-
cies. At the lowest intensity tested of 42dB SPL,
responses were observed only in response to frequencies
from 2-4 kHz.

Auditory responses of single TS units

The CF and minimum threshold of well-isolated single
TS units (n=6) ranged from 1 to 3.8 kHz and from
52 dB SPL to 80 dB SPL, respectively. Most units (five
out of six) showed broad frequency tuning and robust
spike firing from 1 to 6 kHz; the highest frequency limit
was 7.0 kHz at 87 dB SPL. Figure 4 shows the spike rate
versus frequency functions and PSTHs of two TS neu-
rons in response to acoustic stimuli at a constant inten-
sity of 87 dB SPL. Both units responded with the onset
discharge pattern (Fig. 4 b, d) and their best frequencies
were 2 and 1 kHz, respectively, as shown in Fig. 4 a, c,
and another peak at 5 kHz. However, no spikes were
recorded at frequencies >7 kHz (Fig.4a) or 8§ kHz
(Fig. 4c).
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Fig. 3 Amplitude and latency versus frequency of the AEPs record-
ed from the TS of one O. schmackeri in response to tone burst stim-
uli. The amplitude differences between N;-peak to P;-peak (a) and
N,-peak latencies (b) were measured at various intensities (symbols
are the same as in a and b). Stimulus frequency varied from 1 to
10 kHz in steps of 0.5 kHz and intensity ranged from 87 to 42 dB
SPL

Discussion

The frogs O. schmackeri, O. livida and A. tormotus are
sympatric species living in the vicinity of a fast-flowing
mountain stream. Males of both O. schmackeri and O. liv-
ida prefer calling from rocks in the stream, singing very
loudly and melodically at night. O. schmackeri prefers an
open and moist environment quite close to the stream,
while O. livida moves about near the brushwood (Fei
1999). Calling males of 4. tormotus were collected in
brushwood away from the stream. Ambient factors (foli-
age, humidity, topography, etc.) can produce strong selec-
tive pressure on acoustic communication signals by
affecting the transmission and reception of acoustic sig-
nals (Wiley and Richards 1978). Animals living in a given
habitat have evolved acoustic communication systems
with features that are often “designed” to counteract

these effects such as attenuation, degradation, reflection,
etc., thus making communication more effective. For
example, frog calls suffer greater attenuation and degra-
dation in dense forest than open habitats; and frog popu-
lations in forest habitats generally are tuned to higher
frequencies than populations in open habitats (Ryan et al.
1990; Ryan and Wilczynski 1991). However, some investi-
gators have found that there was no correspondence
between frog call structure and environment (Penna and
Solis 1998; Kime NM et al. 2000; Penna et al. 2006).

Based on AEP data, O. schmackeri does not respond
to sounds higher than 8.5 kHz. All single units recorded
also support this notion. It is generally accepted that the
dominant frequency of the advertisement calls of frogs
roughly matches their auditory sensitivity peak. Unlike
the frog A. tormtous that emits calls with much higher
frequency components, O. schmackeri has a sensitive
frequency range with peaks at 2 kHz and 3.5-4 kHz, just
above the main energy distribution of noise in the study
area (Narins et al. 2004). Living in the same intense noisy
environment, A. tormtous has extended much of their call
frequencies above the ambient noise to make advertise-
ment calls more easily detected (Feng et al. 2006); how-
ever, O. schmackeri appears to choose another strategy:
combining a discrete displacement of its hearing sensitiv-
ity with an increase in the loudness of their calls to over-
come noise interference. Thus, different sympatric species
of frogs, living in the same microhabitat, can choose
different tactics to avoid the impaired effects produced by
high levels of ambient noise (Sun and Narins 2005).

The frog auditory system contains two separate audi-
tory sensory organs, the amphibian papilla (AP) and the
basilar papilla (BP), with each tuned to a different
frequency range (Lewis and Narins 1999). Most frog
species exhibit two frequency sensitivity peaks, the lower
of which corresponds to the output from the AP and
the higher to the BP (Frishkopf 1966), respectively. The
lower peak is usually found at around 100-200 Hz;
the upper peak is more variable and species-specific, and
ranges from hundreds of hertz to a few kilohertz (Petti-
grew et al. 1978; Loftus-Hills and Johnstone 1970; Lof-
tus-Hills 1973; Zakon and Wilczynski 1988).

The auditory system of the frog O. schmackeri exhib-
its two sensitive frequency regions with peaks at 2 kHz
and 3.5-4 kHz, respectively. The frequency of the upper
peak is similar to that of other frog species, for example,
Crinia parinsignifera and C. signifera (Loftus-Hills and
Johnstone 1970); the lower peak, presumably receiving
inputs from the AP, occurs at a frequency (2 kHz) much
higher than that of other frog species. In low-frequency
noise habitats, frogs with high-frequency auditory filters
are more effective than those with low-frequency filters
at mitigating interference from environmental noise
(Witte et al. 2005). The background noise in which
0. schmackeri calls is low-frequency dominated with a
peak around 0.1 kHz (Narins et al. 2004). In order to
enhance the communication by decreasing the sensitivity
to low-frequency ambient noise, O. schmaricker is likely
to shift the lower peak to frequency as high as 2 kHz.
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In frogs, minimum thresholds of the upper peaks are
considerably 10-20 dB higher than those of the lower
peaks (see review by Smotherman and Narins 2003).
Although thresholds of upper peaks are variable among
species, there is a gradual increase in thresholds of upper
peaks with increasing frequency (Loftus-Hills 1973). For
instance, when the upper peaks are up to 3 kHz, the
thresholds are higher than 60 dB SPL (Loftus-Hills and
Johnstone 1970; Loftus-Hills 1973). Compared to that, it
is surprising that the threshold of O. schmackeri is very
low (<42 dB SPL) for the peak at 3.5-4 kHz, and similar
to the thresholds at 2 kHz. Our results are not consistent
with the notion that animals in noisy environment ele-
vate auditory thresholds to change their relative sensitiv-
ity to both signals and ambient noise (e.g. in fish:
Wysocki and Ladich 2005). In order to improve acoustic
signals detectability, frogs living in an intensely noisy
environment likely reduce the thresholds in the fre-
quency range at which the dominant frequency of their
calls is possibly located.

Animals change frequency spectrum and loudness of
acoustic signals as an adaptation in noisy environ-
ments. Our results suggest that frogs’ signal-receiving
system may have evolved at least in two aspects,
frequency shift of the lower peak and thresholds
decrease of the upper peak, to avoid the masking noise
and enhance the communication in an intense, low-
frequency noise environment. Frogs living in this

environment would benefit from these changes since
high-level noise would mask any low-amplitude signal
that would potentially be detected by a high-frequency-
sensitive auditory system.
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