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Abstract

Vocalizations play a critical role in mate recognition and mate choice in a number of taxa, especial-

ly, but not limited to, orthopterans, frogs, and birds. But receivers can only recognize and prefer

sounds that they can hear. Thus a fundamental question linking neurobiology and sexual selection

asks—what is the threshold for detecting acoustic sexual displays? In this study, we use 3 methods

to assess such thresholds in túngara frogs: behavioral responses, auditory brainstem responses,

and multiunit electrophysiological recordings from the midbrain. We show that thresholds are low-

est for multiunit recordings (ca. 45 dB SPL), and then for behavioral responses (ca. 61 dB SPL), with

auditory brainstem responses exhibiting the highest thresholds (ca. 71 dB SPL). We discuss why

these estimates differ and why, as with other studies, it is unlikely that they should be the same.

Although all of these studies estimate thresholds they are not measuring the same thresholds; be-

havioral thresholds are based on signal salience whereas the 2 neural assays estimate physiologic-

al thresholds. All 3 estimates, however, make it clear that to have an appreciation for detection and

salience of acoustic signals we must listen to those signals through the ears of the receivers.

Key words: anurans, auditory brainstem responses, auditory thresholds, mate choice, Physalaemus pustulosus, signal recogni-

tion thresholds, sexual selection, túngara frogs, vocalizations

Mate choice can generate sexual selection (Darwin 1871; Rosenthal

2017), but mate choice can only proceed if choosers can detect sig-

nalers. So understanding the basic mechanisms of signal detection is

crucial to understanding the tempo and mode of sexual selection.

Acoustic communication is an ideal system for such studies; it is a

requisite for social behavior across a diversity of taxonomic groups

as it mediates interactions such as mate choice and territory defense

(Ryan 2001; Gerhardt and Huber 2002; Greenfield 2002). Hearing

threshold, the lowest sound pressure level (SPL) detectable by a re-

ceiver, is an important factor for all functions of acoustic communi-

cation because a receiver must first detect an auditory signal prior to

responding. It is especially critical for mate choice because if an

animal is calling or singing for mates but receivers do not hear it, we

can ask rhetorically, is the sender even sending a signal?

Hearing threshold is also a critical variable for determining a sig-

nal’s active space, the distance over which receivers can detect a signal

(Marten and Marler 1977; Brenowitz 1982; Lohr et al. 2003; Bernal

et al. 2009b). Active space can vary substantially depending on the

amplitude at the source, receiver sensitivity, ambient noise, competing

acoustic signals, and attenuation due to habitat structure (Wiley and

Richards 1982; Dusenbery 1992; Bee and Micheyl 2008). Measuring

hearing threshold relative to the source amplitude can provide good

estimates of the active space of a signal under ideal conditions and

can form a basis for understanding perception under the more
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acoustically complex conditions that many animals experience during

communication (Gerhardt and Huber 2002; Bee and Schwartz 2009).

Hearing thresholds can be estimated in several ways. First,

evoked action potentials measured from the 8th nerve or specific

brain nuclei can provided response threshold estimates for specific

cells or regions of the nervous system (Capranica and Moffat 1975;

Walkowiak 1980; Zelick and Narins 1985). We refer to these as

electrophysiological thresholds. Neural thresholds can also be esti-

mated from evoked potentials recorded from the auditory brainstem

response (ABR; Kenyon et al. 1998). We refer to these as ABR

thresholds. ABR provides information on acoustic processing as a

result of summed activity across auditory neurons. It is less invasive

than other neurophysiological measures, but recording is typically

limited to short tone bursts or clicks, and threshold estimates are

likely to be higher than some other measures due to the trans-cranial

recordings (Lohr et al. 2013). Both types of neurophysiological

measures provide information about auditory processing, but the re-

lationship between neural processing and perception is often unclear

(Eggermont and Ponton 2002). Thresholds can also be tested

through behavioral assays (Fay 1988) whereby individuals are

scored based on absolute responses or relative to particular recogni-

tion criteria (Beckers and Schul 2004; Bee and Schwartz 2009).

Behavioral measures likely provide better insight into ecologically

relevant auditory perception, but may still underestimate thresholds

in non-human animals due to variation in motivation.

Behavioral auditory thresholds measure a particular whole-

organism response. For example, male túngara frogs produce a mat-

ing call that consists of a whine followed by 0–7 chucks (Ryan 1985).

The female’s behavioral threshold for exhibiting phonotactic prefer-

ences for multiple-chuck calls versus whines without chucks is around

72 dB SPL, whereas the threshold for discriminating between 3-chuck

and 1-chuck calls is around 90 dB SPL (Akre and Ryan 2010). It

should be noted that in these preference tests there are several explicit

tasks involved, including but not limited to: detection, perception,

analysis, decision-making, and motor output, all of which can be

modulated by external factors, such as the presence of predators, and

internal factors such as levels of circulating hormones. We follow Bee

and Schwartz (2009) and use the term signal recognition threshold

for this behaviorally derived threshold, which is related to speech recep-

tion threshold in human psychophysics (Plomp and Mimpen 1979).

Several studies have compared ABR thresholds and signal recog-

nition thresholds; behavioral responses can yield lower threshold

values than ABR (Buerkle et al. 2014). For example, human listeners

exhibit ABR thresholds that are 10�30 dB higher than behavioral

thresholds, depending on frequency (Gorga et al. 1988; Goshorn

et al. 2017). Likewise, ABR thresholds are �20 dB greater in rhesus

monkeys (Laskey et al. 1999) and typically 30 dB greater in birds

(Dyson et al. 1998; Brittan-Powell et al. 2002) when compared with

behavioral thresholds. In Orca whales and seals, however, there is

better correspondence between the 2 methods (Szymanski et al.

1999; Wolski et al. 2003), and in fish ABRs can have lower thresh-

olds than behavioral responses (Kenyon et al. 1998). But how can

animals behaviorally respond to a sound if the neural data, specific-

ally the ABR, show that the animal does not hear the sound?

There are a number of technical factors associated with ABR

recordings that influence the measurement of thresholds, which can

restrict ABRs from measuring the absolute lowest threshold to either

simple stimuli or complex sounds (Kraus and Nicol 2009; Skoe and

Kraus 2010). For example, the signal-to-noise ratio in the recording

determines the estimate of thresholds (Norrix and Velenovsky

2018). The amplitude of the evoked signal will be influenced by

electrode position (King and Sininger 1992), distance from the

source to the recording electrodes, as well as the conductivity of

intervening tissue. Cancellation of action potentials that are out of

phase or when the neural response as a whole is not well synchron-

ized to the stimulus will also decrease signal amplitude (Kraus and

Nicol 2009). The level of electrical noise picked up by the surface

electrodes related to random neural activity as well as external elec-

trical signals is a major issue as it sets a floor beneath which the

evoked signal cannot be detected (Elberling and Don 1987; Kraus

and Nicol 2009). As a result, the signal and noise levels determining

the detected threshold could be very different in ABRs compared

with behavioral tests.

Studies that measure hearing threshold by behavioral response

often use protocols where animals are conditioned to respond to

tones or clicks. This artificial context gives a consistent measure of

threshold for behavioral response, but it does not yield information

about thresholds for natural unlearned behavioral tasks (Fay and

Popper 1999). For example, data from human psychoacoustics

show that the addition of another stimulus modality (e.g., flash of

light) can alter responses and can lower hearing thresholds

(Lovelace et al. 2003) suggesting that anticipated or conditioned

responses may overestimate ecologically relevant thresholds.

Anuran amphibians are good models for measuring auditory

thresholds because many species are acoustic specialists. Male vocaliza-

tions are necessary for female mate attraction and females express

robust phonotactic preferences for specific call properties (Ryan 2001;

Gerhardt and Huber 2002; Bee 2015). Male vocalizations consist of

simple, repeated notes and are easily synthesized for playback studies.

On the other hand, frogs do not respond well to classical or operant

conditioning techniques (Bee and Schwartz 2009), and thus behavioral

responses are rarely used to measure thresholds in these animals

(but see Simmons et al. 1985; Simmons 1988). Neurophysiological

approaches, using single or multiunit brain recordings or ABRs, also

have been employed to estimate thresholds. These thresholds are better

indicators of detection of a stimulus and do not involve the series of

tasks that are often evoked by signal recognition. Nonetheless, these

responses can also be influenced by internal factors such as hormone

levels and recent experience (Wilczynski and Burmeister 2016).

In this study we compare signal recognition thresholds, ABR

thresholds, and electrophysiological thresholds in túngara frogs,

Physalaemus (¼ Engystomops) pustulosus. Male túngara frogs call in

choruses to attract females (Ryan 1985). As noted above, males can

produce a simple call (the whine) or a complex call (the whine plus 1

to 7 chucks appended to the call). Females express a strong mating

preference for complex calls (86%, N¼3662; Gridi-Papp et al. 2006).

All frogs have 2 inner ear organs that are sensitive to airborne

sound, and their sensitivities tend to match the emphasized frequen-

cies in the conspecific mating call (Capranica and Moffat 1983;

Wilczynski and Ryan 2010). The túngara frog’s whine is a down-

ward frequency sweep from 1000 to 400 Hz, stimulating mostly the

amphibian papillae (AP), whose best excitatory frequency (BEF),

estimated from midbrain recordings, is 516 Hz. The chucks occur in

short bursts with the peak energy at 2,552 Hz, stimulating mostly

the basilar papillae (BP), whose BEF, also estimated from midbrain

recordings, is 2,133 Hz (Wilczynski et al. 2001). As with most anu-

rans studied to date, the threshold for peak sensitivity in the BP is

substantially higher than it is for the AP (Capranica and Moffat

1983; Ryan et al. 1990).

Our goals for this study were to: 1) measure the signal recogni-

tion threshold of female túngara frogs as an estimate of the thresh-

old for signal salience, 2) determine whether signal recognition
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thresholds vary with different call types (simple versus complex),

and 3) compare the signal recognition threshold for mating calls

with electrophysiological and ABR thresholds in response to simple

stimuli (tones).

Materials and Methods

Signal recognition thresholds
For all 3 measures of thresholds we estimated the threshold as the

lowest amplitude that elicits a response. Thus we follow the stand-

ard textbook definition of threshold as the minimum intensity of a

physical stimulus that can just be detected by an observer (Yantis

and Abrams 2017).

We estimated the signal recognition thresholds to male advertise-

ment calls for 20 reproductive adult female túngara frogs captured

from the field in Gamboa, Panama. Females were captured in am-

plexus in early evening, usually between 19:00 and 20:00 h, and

then tested, usually between 20:00 and 04:00 h, and released at the

end of the night. We determined thresholds by testing for female

phonotaxis in response to advertisement calls played at varying

amplitudes. For each test, females were placed under a cone in the

center of a 2.7�1.8 m Acoustic Systems sound chamber in our la-

boratory at the Smithsonian Tropical Research Institute. Two speak-

ers at equal distance, ca. 1.35 m from the cone, broadcast acoustic

stimuli: 1 speaker played an advertisement call every 2 s, and the

other speaker antiphonally broadcast a burst of white noise. We

shaped the white noise to mimic the sound envelope of a túngara

frog call. White noise stimuli were used to control for the possibility

that females would respond to any sound; in fact, no females

responded to the speaker broadcasting the white noise.

Stimuli were switched between speakers after each test. Females

were restrained under the cone whereas the speakers played for

3 min. At this time, we raised the cone from outside the chamber

and the speakers continued playing. The female could then respond

to the stimuli by moving to a speaker. We scored the female as mak-

ing a choice when she approached to within 10 cm of the speaker. If

she did not move from the center of the chamber within 5 min of

raising the cone, if she remained stationary for 2 min at any point

after leaving the center of the chamber, or if she did not choose a

speaker within 15 min, the test was scored as no choice. An infrared

light illuminated the chamber, and an infrared sensitive video cam-

era projected an image of the chamber to a screen outside the cham-

ber where female activity was scored.

Thresholds were determined for 3 variants of the advertisement

call: a whine only (W), a whine with 1 chuck (WC), and a whine

with 2 chucks (WCC). All call stimuli were recordings of a natural

call that was near the centroid of the multivariate distribution of

300 calls of a túngara frog population in Gamboa (Ryan and Rand

2003). As all females heard the same calls, variation in thresholds

could not result from difference among the stimuli. Each female was

tested for thresholds to all 3 variants of the call. The order of experi-

ments was varied such that 3 females’ thresholds were determined

for first W, then WC, and finally WCC; 3 females were tested in the

order W, WCC, WC; 5, WC, W, WCC; 2, WC, WCC, W; 5, WCC,

WC, W; and 2, WCC, W, WC.

The stimuli beginning each testing series consisted of a call

broadcast at 70 dB SPL (re. 20 mPascals) in the center of the arena

versus a burst of white noise always played at 82 dB SPL as this

amplitude is supra-threshold for mating call recognition. Stimulus

amplitude was measured with peak amplitude and flat weighting

settings on a GenRad 1982 SPL meter (General Radio Corporation,

West Concord, MA). If the female exhibited phonotaxis to the call,

she was tested again with the call played at 3 dB lower amplitude.

We continued to lower the call amplitude by 3 dB until she failed to

exhibit phonotaxis to the call. The lowest amplitude to which she

responded was determined as her threshold response. If she did not

choose the call broadcast at 70 dB SPL, she was tested again with

the call played at 3 dB higher amplitude. We continued to increase

the call amplitude by 3 dB until she chose the call, and again the

lowest intensity to which she responded was determined as her

threshold response. After her threshold to the first call type was

determined, the same process was used to determine her threshold

for the second and then the third call types.

Before and after testing a female for the signal recognition

threshold, we tested her response to a synthetic W versus WC at

82 dB SPL to establish that she was motivated for phonotaxis to an

advertisement call. The data from the female were included in the

study only if she exhibited phonotaxis in both of these pre- and

post-tests. Groups were compared with analysis of variance.

ABR thresholds
We elicited ABRs of 6 male and 10 female túngara frogs. The frogs

were obtained from a breeding colony at the University of Texas,

descended from wild–caught frogs in the general area of Gamboa,

Panama. We maintained colony frogs in 38 L terraria on a 12 L:12 D

light cycle at 28� C. All frogs were sexually mature adults

(1.37 g 6 0.09 SE). For each test, frogs were immobilized using an

intramuscular injection of d–tubocurarine chloride (3 mg/mL) at a

volume of 15mL per gram of frog mass.

Pure tones, ranging from 250–3,000 Hz, were generated using

SigGen software (Tucker-Davis Technologies, Alachua, FL, USA).

We broadcast the tones at a rate of 19 s�1. Each tone was 10 ms in

duration with a linear 2 ms rise and 2 ms fall time. The initial SPL

was 105 dB SPL (re. 20mPa) and stepped down in increments of 5 dB

until the ABR waveform was no longer apparent. The waveform of

the signal was alternated 180� to cancel stimulus artifacts. We

broadcast the stimulus tones through TDT BioSig software to a

Realistic amplifier (model MPA-40) connected to a Cambridge

Soundworks speaker (North Andover, MA, USA). The speaker was

placed 5 cm above and 15 cm in front of the subject. SPLs were

recorded with a Brüel and Kjær (model 2238 mediator) SPL meter

with the detector placed within 2 cm of the ear of the frog (C weight-

ing). All ABR recordings were conducted with the frog placed on an

anti–vibration table located within a sound attenuation chamber

(ETS-Lindgren, Austin, TX). The frog was placed on a moistened

paper towel that rested on a cork board.

We recorded responses through 2 stainless steel electrodes

inserted just under the skin of the frogs. The recording electrode was

placed subcutaneously on the dorsal mid-line, slightly anterior to the

caudal edge of the cranium; the reference electrode was placed sub-

cutaneously in the hind leg. A ground electrode was attached to the

leg of the anti-vibration table using copper wiring. We amplified

evoked potentials through a headstage DB4 amplifier (gain ¼ 30 K,

high pass filter 100 Hz, low pass filter 3,000 Hz, notch filter at

60 Hz).

Each recorded ABR wave represented the averaged response to

500 stimulus presentations (250 in each phase). As is standard for

ABR studies, we determined threshold responses as the lowest inten-

sity at which a response was visually detectable above the back-

ground noise (Figure 1; Walsh et al. 1986; Hall 1992; Boettcher

et al. 1993; Higgs et al. 2002).

Taylor et al. � Behavioral and neural auditory thresholds in a frog 3
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Electrophysiological thresholds
Data were taken from recordings used to assess BEFs in the fre-

quency ranges of the amphibian (AP) and basilar (BP) papillae (as in

Lombard and Straughan 1974; Hubl and Schneider 1979; Penna

et al. 2013) which were reported in Wilczynski et al. (2001) as part

of a multispecies study of auditory system tuning in Physalaemus

species. Thresholds were not reported in that paper but its figure 4a

presents a representative audiogram which does contain some infor-

mation on thresholds.

Midbrain multiunit recordings from the torus semicircularis

were obtained from 5 male and 1 female adult túngara frogs.

Individuals were collected in Gamboa, Panama, then transported

back to the University of Texas at Austin for the electrophysiological

recordings. Frogs were housed in 38 l aquaria under a 12 L:12 D

cycle with an average room temperature of 23�C. Animals were fed

fruit flies or small crickets. They were left undisturbed for at least 2

weeks to allow recovery from transportation stress. Following this

housing period, individuals were prepared for midbrain recording.

Each frog was anesthetized by immersion in a 2.5% aqueous so-

lution of urethane. The skin on the head over the midbrain was

incised and retracted, and a small hole was drilled in the skull. The

skin was repositioned and the animal allowed to recover from the

anesthesia and surgery for 2 days with careful monitoring for signs

of distress and any other adverse reactions.

On the day of recording the animal received an intramuscular in-

jection of d-tubocurarine chloride (7.5mg/g body weight in 20 mg/mL

aqueous solution) and the surgical area swabbed with 2% lidocaine.

The animal was placed on a cork platform and draped with moist

gauze atop a vibration-reducing table inside an Industrial Acoustics

sound attenuating booth with the dorsal surface of the midbrain

exposed. A custom designed earphone assembly was sealed around

the ear contralateral to the midbrain targeted for recording. The ear-

phone was calibrated with a B&K 2230 precision digital sound level

meter after each recording session. A glass microelectrode filled with

3 M KCl (impedance of 3–5 MOhms) was lowered with a hydraulic

microdrive until robust multiunit auditory activity could be dis-

cerned in response to a multitone search stimulus.

Thresholds were then determined to single frequency tone bursts

(150 ms duration, repeated every 1.5 s) presented in 100 Hz intervals

from 100–4,000 Hz. Once approximate threshold minima were

observed, smaller frequency steps were used around those points to

estimate AP BEF and BP BEF more accurately. Thresholds were

determined by monitoring the neural activity through earphones

and visually via an oscilloscope trace. Signal amplitude was adjusted

up and down in first 10 dB, then 1 dB, increments using manually

controlled resistive attenuators until acoustically driven multiunit

activity was no longer observed. We only included animals for

which we obtained robust auditory evoked activity from at least 2

different electrode positions in the midbrain, each of which yielded

consistent frequency–threshold data at least twice. We did not ob-

serve evidence of tonotopy in our multiunit responses. Thresholds at

measured frequency points were averaged for each animal to obtain

an estimate of that individual’s threshold to frequencies from 100–

4,000 Hz in 100 Hz increments. The AP BEF estimate was consid-

ered the frequency below 1,000 Hz with the lowest threshold; the BP

BEF estimate was considered the frequency above 1,000 Hz with the

lowest threshold. Average thresholds across individuals were deter-

mined using GraphPad Prism (version 7.04).

Results

Signal recognition thresholds
The mean signal recognition threshold to an advertisement call was

61.3 dB SPL. Adding chucks to the advertisement call did not change

the threshold response. Across females, thresholds did not differ sig-

nificantly between calls (mean 6 SE: W¼61.4 6 1.65 dB SPL; WC¼
60.8 6 1.95 dB SPL; WCC¼61.7 6 2.12 dB SPL; F2,38¼0.057,

P¼0.944). Also, the means of threshold levels for call types tested

first, second, and third did not differ significantly (F2,38¼1.917,

P¼0.122). Finally, threshold levels did not consistently increase or

decrease as a chuck was added to the whine (Sign test: W vs. WC,

2-sided probability¼1.0) or to the whine-chuck (WC vs. WCC,

2-sided probability¼0.424).

ABR thresholds
Males were most sensitive to tones broadcast at 750 Hz, exhibiting a

mean threshold of 70.7 dB SPL 6 3.32 SD; females showed the great-

est mean sensitivity at 500 Hz with a threshold of 71.9 dB

Figure 1. Representative ABR recordings from a female using a 750 Hz tone.
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SPL 6 2.00 SD. Both males and females generally showed the great-

est sensitivity between 500–1,000 Hz, the range covered by the dom-

inant, and the most salient, harmonic of a male’s whine. There was

little overall difference between the sexes, however; both showed

rapidly increasing threshold levels at frequencies >1,000 Hz

(Figure 2). The lowest SPL at which we were able to obtain an ABR

for a female was 66.4 dB SPL, using a 750 Hz tone. The lowest SPL

which evoked an ABR in a male frog was 68.3 dB SPL, also at

750 Hz.

The frequency range over which evoked potentials were recorded

largely covered the range that is attended to by the AP. Previous

data (Ryan et al. 1990) showed that the BP has a BEF of 2,133 Hz

estimated by our midbrain recordings; however, we were unable to

record ABR waveforms at frequencies >2,100 Hz. As noted above,

thresholds for the BP are always substantially higher than thresholds

for the AP in all frogs that have been tested (Capranica and Moffat

1983).

Electrophysiological thresholds
Frequency-threshold curves had a bimodal appearance often found

in electrophysiological characterizations of frog auditory tuning

using various approaches (Feng et al. 1975; Capranica and Moffat

1983; Wilczynski et al. 1984, 2001; Penna et al. 2008; Miranda and

Wilczynski 2009; Wilczynski and Ryan 2010; Buerkle et al. 2014;

Schrode et al. 2014). A broad area of sensitivity was seen between

100 and 1,000 Hz, which is considered reflective of AP activity. An

area of relatively elevated thresholds was apparent at higher fre-

quencies leading to a second, narrower, zone of sensitivity between

2,000 and 2,500 Hz, which is thought to reflect BP tuning. Above

2,500 Hz, thresholds rose steadily. The most sensitive point in the

lower, AP, band averaged 516 Hz with a mean (6SEM) threshold of

45.3 dB SPL (6 2.97; range 38.1–58.2 dB SPL). The most sensitive

point in the upper, BP, region averaged 2,133 Hz with a mean

(6SEM) threshold of 59.3 dB SPL (6 1.44; range 55.2–65.1 dB

SPL). AP and BP threshold estimates correlated with each other

across the 6 animals (Spearman r¼0.886, P¼0.033). Because we

had only 1 female in our sample we did not statistically assess sex

differences in any tuning parameter. However, the 1 female was not

noticeably different in BEFs or thresholds from the 5 male subjects.

Discussion

Our study reveals substantial differences among signal recognition

thresholds, electrophysiological thresholds, and ABR thresholds.

There are a number of experimental factors that could contribute to

this variation. For example, phonotaxis and ABR assays used open

field sound playbacks, but the multiunit assay used closed field

sound playback through a sealed earphone. ABR is notoriously sen-

sitive to electrode placement. Different stimuli were used: the behav-

ioral tests employed mating calls, the ABR recordings used short

tone bursts whereas the midbrain recordings used longer artificial

stimuli. Immediately prior to midbrain and ABR recordings subjects

were treated with curare which can influence sensitivity, but not in

the behavioral tests. Finally, the sex ratios differed amongst the 3

tests: only females were tested with phonotaxis and mostly males for

midbrain recordings, whereas ABR utilizes both males and females.

A review of the literature (Table 1) shows that not only is there

substantial variability in reported anuran auditory thresholds, but

there are also differences among techniques using the same species.

Thus it is likely that some of this variation results from inter–

individual and inter–specific differences in hearing sensitivity,

whereas other differences are due to the method used to estimate the

threshold. For example, neurophysiological recordings from the

midbrain or 8th nerve yield thresholds as low as 20 dB SPL in Hyla

aurea (Loftus-Hills and Johnstone 1970) and 25 dB SPL in Rana

pipiens (Fuzessery and Feng 1982) to ca. 45 dB SPL in Scaphiopus

couchii (Capranica and Moffat 1975) and nearly 60 dB SPL in sev-

eral other species. ABR estimates range from 45 to 50 dB in Hyla

cinerea to 55–60 dB SPL in Xenopus laevis, Hyla chrysoscelis, and

Babina daunchina (Table 1). Behavioral thresholds are rare; an esti-

mate of ca. 40 dB SPL is reported for female phonotaxis in Hyla ver-

sicolor (Beckers and Schul 2004) and 43 and 60 dB SPL for male

evoked calling in Pleurodema thaul (Penna et al. 2008) and

Eupsophus emiliopugini (Penna et al. 2005), respectively (Table 1).

Despite this existing body of work in anurans, there are very few

species in which more than 1 type of threshold estimate is available.

Hyla cinerea thresholds have been reported based on midbrain

recordings and ABRs in different publications; in that species ABR

estimates appear slightly higher than estimates from midbrain

recordings. Thresholds from both midbrain recordings and behav-

ioral tests of evoked calling are available for Pleurodema thaul

(Penna et al. 2008) showing them to be similar. As reported here,

Physalaemus pustulosus is the only species for which midbrain

recordings, ABRs, and behavioral tests have been combined to esti-

mate/compare thresholds. For this species, thresholds are lowest for

midbrain multiunit recordings, highest for ABRs, with the behavior-

al measure intermediate.

Our behavioral results from túngara frogs found a mean signal

recognition threshold to advertisement calls of 61.3 dB SPL, higher

than most behavioral and neurophysiological thresholds reported

for many other species (Table 1). Previous work, however, has also

shown a trend whereby smaller frogs exhibit higher threshold values

(Loftus-Hills 1973; Wilczynski et al. 1984); our data are commen-

surate with those findings.

We found a high degree of variation in behavioral responses

with some females exhibiting thresholds as low as 42 dB SPL. If this

is the true absolute threshold for túngara frogs, it would place it

very close to the midbrain threshold obtained in this species.

Measured variation using ABR was lower than our phonotaxis

results, but the means were higher, at �71 dB SPL.
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0 250 500 750 1000 1250 1500 1750 2000 2250

)
Bd(

dlohserhT

60

65

70

75

80

85

90

95

100

Figure 2. Audiogram based on ABR recordings for males and females. SPL

measurements: Closed circles¼males. Open circles¼ females. Error bars

indicate 6 1 SD. Points lacking error bars indicate that only 1 recording was

obtained from an individual at that frequency.
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Table 1. Auditory thresholds for a variety of anurans measured with different techniques

Species Threshold Method Reference

Acris crepitans 50 dB Single unit recordings from 8th nerve Keddy-Hector et al. (1992)

Alytes cisternasii 45–50 dB Multiunit recording from torus Bosch and Wilczynski (2003)

Alytes cisternasii 39–47 dB Multiunit recording from torus Penna et al. (2015)

Alytes dickhilleni 42–46 dB Multiunit recording from torus Penna et al. (2015)

Alytes obstetricans 42 dB Multiunit recording from torus Penna et al. (2015)

Babina daunchina 50–60 dB ABR Zhang et al. (2012)

Bombina bombina 45–60 dB Single neuron recordings from torus Walkowiak (1980)

Bufo arenarum 47 dB Multiunit recording from torus Penna et al. (1990)

Bufo chilensis 49 dB Multiunit recording from torus Penna et al. (1990)

Bufo spinulosus 63 dB Multiunit recording from torus Penna et al. (1990)

Crinia parainsignifera 35 dB Multiunit recording from torus Loftus-Hills and Johnstone (1970)

Eleutherodactylus coqui 35–40 dB Single unit recordings from 8th nerve Zelick and Narins (1985)

Eupsophus calcaratus 55–59 dB Multiunit recording from torus Penna et al. (2013)

Eupsophus emiliopugini 60 dB Evoked calling # Penna et al. (2005)

Eupsophus emiliopugini 43–48 dB Multiunit recording from torus Penna and Moreno-Gómez (2014)

Eupsophus roseus 37 dB Multiunit recording from torus Moreno-Gómez et al. (2013)

Hyla arborea 42 dB #, 38 dB $ Multiunit recording from torus Hubl and Schneider (1979)

Hyla aurea 20 dB Multiunit recording from midbrain Loftus-Hills and Johnstone (1970)

Hyla chrysoscelis 38 dB Multiunit recording from midbrain Hillary (1984)

Hyla chrysoscelis 41 dB Behavioral phonotaxis $ Bee and Schwartz (2009)

Hyla chrysocelis 43 dB Behavioral phonotaxis $ Nityananda and Bee (2012)

Hyla chrysoscelis 58–61 dB ABR Schrode et al. (2014)

Hyla chrysoscelis 43 dB Behavioral phonotaxis $ Lee et al. (2017)

Hyla cinerea 35 dB Multiunit recording from midbrain Lombard and Straughan (1974)

Hyla cinerea 30 dB Reflex modification procedure Simmons et al. (1985)

Hyla cinerea 40 dB Multiunit recording from torus Penna et al. (1992)

Hyla cinerea 39 dB #, 45 dB $ Multiunit recording from torus Miranda and Wilczynski (2009)

Hyla cinerea 55 dB Behavioral phonotaxis $ Velez et al. (2012)

Hyla cinerea 50–52 dB ABR Buerkle et al. (2014)

Hyla cinerea 45–50 dB ABR Gall and Wilczynski (2015)

Hyla crucifer 58 dB Single unit recordings from 8th nerve Wilczynski et al. (1984)

Hyla ebraccatus 70 dB #, 42 dB $ Multiunit recording from torus McClelland et al. (1997)

Hyla microcephala 65 dB #, 49 dB $ Multiunit recording from torus McClelland et al. (1997)

Hyla regilla 41 dB Multiunit recording from midbrain Lombard and Straughan (1974)

Hyla savignyi 41 dB #, 40 $ Multiunit recording from torus Hubl and Schneider (1979)

Hyla versicolor 25 dB Multiunit recording from torus Lombard and Straughan (1974)

Hyla versicolor 37–43 dB Behavioral phonotaxis $ Beckers and Schul (2004)

Leptodactylus melanonotus 40 dB Multiunit recording from torus Lombard and Straughan (1974)

Limnodynastes tasmaniensis 36 dB Multiunit recording from torus Loftus-Hills and Johnstone (1970)

Odorrana schmackeri 47 dB Evoked potential recording from torus Yu et al. (2006)

Physalaemus pustulosus 45 dB Multiunit recording from midbrain This study

Physalaemus pustulosus 61 dB Behavioral phonotaxis $ This study

Physalaemus pustulosus 71 dB ABR This study

Pleurodema thaul 43 dB Evoked calling # Penna et al. (2008)

Pleurodema thaul 41–51 dB Multiunit recording from torus Penna et al. (2008)

Rana catesbeiana 25 Single unit recording from 8th nerve Frishkopf and Goldstein (1963)

Rana catesbeiana 10–20 dB Reflex modification procedure Simmons et al. (1985)

Rana pipiens 25–40 dB Single unit recordings Fuzessery and Feng (1982)

Rana ridibunda 29 dB #, 23 dB $ Multiunit recording from torus Hubl and Schneider (1979)

Rana temporaria 30–35 dB Single neuron recordings from torus Walkowiak (1980)

Rana temporaria 41 dB #, 41 dB $ Multiunit recording from torus Brzoska et al. (1977)

Rana temporaria 70 dB # Galvanic skin response Brzoska et al. (1977)

Scaphiopus couchii 40–50 dB Single unit recording from 8th nerve Capranica and Moffat (1975)

Smilisca baudinii 25 dB Multiunit recording from torus Lombard and Straughan (1974)

Xenopus laevis 55 dB ABR Katbamna et al. (2006)

Information derived from a Google scholar search using various combinations of search terms related to taxonomy and auditory physiology, behavior, or commu-

nication, supplemented by survey of references cited in the resulting papers. In all cases, dB refers to dB SPL re. 20 mPascals, torus refers to the auditory midbrain

nucleus, the torus semicircularis, and ABR is auditory brainstem response. The way in which thresholds are obtained and reported in studies based on electro-

physiological recordings from the auditory nerve or midbrain varies greatly; readers are referred to the referenced publication for details. Thresholds from those

studies listed here are the lowest thresholds reported or illustrated, the average of the lowest thresholds obtained across individuals at the most sensitive frequency

of the auditory response, or the range of such thresholds across individuals in the study.
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Behaviorally, túngara frogs exhibited �10 dB greater sensitivity

compared with ABR; this is consistent with a number of other be-

havioral versus ABR comparisons (Gorga et al. 1988; Yan and

Popper 1991; Kenyon et al. 1998; Kojima et al. 2005; Yuen et al.

2005). In our ABR study, 10 ms tone bursts were presented to

females at a rate of 19 s�1, whereas male vocalizations lasting

350 ms, or longer, were presented to females at intervals of one

every 1 s in the behavioral tests. We were unable to obtain ABR

responses with full–length calls, thus it is possible that the difference

in our threshold estimates were at least partially a result of differen-

ces in stimulus presentation (Gorga et al. 1988). Thresholds

obtained from midbrain multiunit recordings were much lower than

both behavioral and ABR measures. In general, direct electrophysio-

logical measures from the midbrain or auditory nerve yield the low-

est reported threshold measurements (Table 1). The shape of the

audiogram generated by ABR did, however, correspond to that

obtained from midbrain recordings (Ryan et al. 1990; Wilczynski

et al. 2001). This is also seen for Hyla cinerea and H. chrysoscelis

the only other species for which both ABRs (H. cinerea, Buerkle

et al. 2014; Gall and Wilczynski 2015; H. chrysoscelis, Schroder

et al. 2014) and midbrain multiunit recordings (H. cinerea, Penna

et al. 1992; Miranda and Wilczynski 2009; H. chrysoscelis, Hillary

1984) have been described. Although these 2 methods may not yield

the same absolute thresholds, they do appear to be consistent in

measuring relative thresholds across frequencies to reveal the basic

hearing range and frequency–threshold relationship of the auditory

system.

Signal recognition as verified through phonotaxis occurs after a

great deal of neural processing, including signal detection, auditory

processing, and coding the motor response (Wilczynski and Ryan

2010). One factor that can influence signal recognition thresholds is

motivation. Although we controlled for motivation by giving female

frogs full volume phonotaxis tests before and after the threshold

tests, females may not respond to distant males even though they

can detect the sound if the perceived search cost is high (Rand et al.

1997; Baugh and Ryan 2010). Another factor unique to signal rec-

ognition thresholds is the evaluation of a signal’s properties. Specific

signal properties (e.g., simple versus complex calls) could potentially

influence threshold for response; our results do not show this to be a

significant effect, however. In spite of this, we found a lower thresh-

old response in behavioral tests than in ABR recordings. This result

could be an effect of gross differences in auditory signals (e.g., tones

versus calls) or technology sensitivity (e.g., trans-cranial recording

with ABRs) rather than the individuals tested. More interestingly, it

may also suggest that cognitive processing of ecologically salient sig-

nals alters threshold responses. Such a process could occur in several

ways, including alteration of attention or midbrain auditory nuclei

differentially propagating signals to motor centers (Hoke et al.

2008).

Another difference between these methods is that the animals

tested using ABR were not sexually receptive (lab animals) while

field–caught frogs were. Circulating levels of sex hormones in lab

animals were likely lower, potentially affecting hearing threshold as

has been shown in fish (Sisneros et al. 2004), and for visual sensitiv-

ity in túngara frogs (Cummings et al. 2008). In their review,

Wilczynski et al. (2005) outlined a number of hormonal axes likely

to play a critical role in anuran reproductive behavior. For example,

exposure to calling conspecifics elevates androgen levels in male

green tree frogs (Burmeister and Wilczynski 2000) and gonadal ste-

roids in female túngara frogs (Lynch and Wilczynski 2006). These

data suggest an intriguing path for future studies on the interaction

of circulating hormone levels with auditory processing and hearing

thresholds.

We also found little difference between males and females in

ABR thresholds, suggesting no sex differences in hearing sensitivity

(Figure 2). We did not record from a sufficient number of túngara

females to test for a sex difference in midbrain sensitivity, although

it has been found in some, but not all, anuran species (Table 1).

Male túngara frogs exhibit similar phonotaxis behaviors to females

(Bernal et al. 2009a), suggesting that sensitivity differences in the

auditory system between the sexes are minimal for typical conspecif-

ic signals (Hoke et al. 2008). So although ABR underestimates hear-

ing thresholds, it is a valuable technique for generating audiograms

and estimating peak hearing sensitivity in sexually non-receptive

(e.g., non-behaving) frogs.

Testing the signal recognition threshold for an unlearned behav-

ioral response allowed us to apply threshold measures to an eco-

logical setting and calculate an active space for túngara frog mating

calls. Our behavioral data suggest that females will detect and re-

spond to male vocal calls at a distance of �15 m (based on sound at-

tenuation rate of 6 dB per doubling of distance [Berenak 1954]); we

do know, however, that there is excess attenuation of the túngara

frogs’ call in nature thus the true active space might be smaller

(Ryan 1986; Kime et al. 2000). In other frogs, and certainly in túng-

ara frogs as well, background noise will also limit the distance over

which frogs can detect their calls (Bee and Schwartz 2009; Lee et al.

2017). Our estimated signal recognition threshold is different from

the findings of Marsh et al. (2000) where females failed to show a

significant response to playbacks at 64 dB SPL, a SPL that would be

experienced by a female �10 m from a calling male. Marsh et al.

(2000) tested female response at 64 dB SPL specifically, without

using a gradual decrease/increase method to reach an actual thresh-

old. The different results between that study and our current data

could mean that thresholds are altered relative to the acoustic envir-

onment (Bee et al. 2012) or other ecological conditions (Baugh and

Ryan 2010). Regardless of the differences between these studies, our

results reinforce the point that although humans can perceive túng-

ara frog choruses over hundreds of meters, we must listen to the dis-

tant frogs through the ears of the receivers to have an accurate

evaluation of a signal’s active space.
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1323–1329.

Bernal XE, Page RA, Ryan MJ, Argo TF, Wilson PS, 2009b. Acoustic radiation
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