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AUDITORY TUNING OF THE IBERIAN MIDWIFE TOAD, ALYTES CISTERNASII
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The study of auditorytuning in anuran amphibians is useful for understanding their reprod uctive
behaviour. Auditory tuning is known for arelatively large number of anuran species but most of
those studied are recently-derived species, rather than ancient. For one of the ancient species
analysed, the common midwife toad (Alytes obstetricans), an unusual mismatch was found
between the dominant frequency in the advertisement call and the tuning of the inner-ear organ
that responds to the high frequencies characterizing the call (the basilar papilla). In this paper,
the auditory tuning of a closely related species, the Iberian midwife toad (Alytes cisternasii), is
analysed and the results are discussed in relation to behavioural experiments performed on this
species. The results indicate that in 4lytes cisternasii basilar papilla tuning closely matches the
peak frequency in the call, as is common for recently-derived anurans. Furthermore, the tuning
is consistent with behavioural measures of call preferences in this species.
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INTRODUCTION

Calls play a fundamental role in anuran communica-
tion in both male-male acoustic competition and female
choice. This dependence has provided two effective
means by which anuran reproductive behaviour can be
studied: playback tests and neurophysiological experi-
ments. The former reveal the behaviours of males or
females when exposed to advertisement calls, whereas
the latter generally reveal the response of the auditory
system when exposed to sounds of different frequencies.
In many cases these approaches have provided results
that are consistent with each other. Neurophysiology
studies have shown the anuran auditory system to be
sensitive to frequencies emphasized in conspecific calls
(Capranica, 1965; Zakon & Wilczynski, 1988; Gerhardt
& Schwartz, 2001), and to indicate frequencies to which
both males and females do in fact respond preferentially
in playback studies (Capranica, 1965; Ryan ez al., 1990;
Ryan et al., 1992).

In anurans, the sensitivity to relatively low frequen-
cies is mediated by the amphibian papilla (AP), one of
the two inner-ear organs that amphibians possess,
whereas sensitivity to relatively high frequencies is me-
diated by the basilar papilla (BP), the other inner ear
organ(seereviews in Zakon & Wilczynski, 1988; Lewis
& Narins, 1999). Different anuran species may have
calls that stimulate both papillae, or may stimulate either
one. It is generally accepted that there is a reasonably
good match between the auditory tuning of the inner-ear
organ stimulated by the conspecific advertisement call
and the band or bands of frequency emphasized in the
call (see review in Gerhardt & Schwartz, 2001). How-
ever, there may be small, but significant, mismatches

Correspondence: J. Bosch, Museo Nacional de Ciencias
Naturales, CSIC, José Gutiérrez Abascal 2, 28006 Madrid,
Spain. E-mail: bosch@mncn.csic.es

between average tuning and the average advertisement
call dominant frequency. Females of several anuran spe-
cies have shown preferences for calls of lower than
average frequency, which are usually related to larger
male sizes (Ryan, 1988). For example, male midwife
toads show non-random mating success (Marquez,
1993; Raxworthy, 1990), with larger males usually ferti-
lizing more clutches. In addition, for at least three of the
four species of Alytes, larger males emit advertisement
calls with lower frequencies (Marquez & Bosch, 1995;
Bush, 1997), and females are preferentially attracted to
those lower frequency calls (Marquez, 1995a,b). Neuro-
physiology studies in the cricket frog (Acris crepitans)
and the tungara frog (Physalaemus pustulosus) have
shown that small mismatches between frequency tuning
of the females’ BP and male call frequency can poten-
tially mediate mate choice for lower frequency calls, and
thus directional sexual selection (Ryan et al., 1990,
1992). Therefore, the study of auditory tuning can pro-
vide excellent clues to explain the non-random mating
success of males frequently observed in nature and the
resultant patterns of sexual selection.

Although the auditory tuning of a moderately large
number of anuran species has been analysed to date,
most of the approximately 25 species studied in any de-
tail are recently-derived species rather than ancient (for
reviews see Gerhardt, 1988; Walkowiak, 1988; Feng et
al., 1990; Fox, 1995; Gerhardt & Schwartz, 2001).
Therefore, our understanding of how calls and tuning
relate to each other is based mainly on recently-derived
anurans. Wever (1985) used inner ear microphonic po-
tentials to characterize tuning in several ancient
amphibians (Ascaphus truei, Leiopelma hochstetteri,
Rhinophrynus dorsalis, three Bombina species, and
three pipids: Xenopus laevis, X .borealis and Pipa pipa),
but did not discuss the relationship of tuning and calls in
these species. In only two genera of anurans at the basal
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level of amphibians, Bombina (B. variegata, B. orienta-
lis, and B. bombina) and Alytes (4. obstetricans), has the
relationship of calls and tuning been addressed
(Mohneke & Schneider, 1979; Walkowiak, 1980, 1988;
see also Wever, 1985, for tuning data in Bombina).
Findings in Bombina and A. obstetricans are inconsist-
ent. Mohneke & Schneider (1979) found a BP best
excitatory frequency (BEF) of 1800 Hz. This value is
very far above the mean call frequency known for this
species (around 1280 Hz in Spanish populations; Mar-
quez & Bosch, 1995) and, more importantly, this
mismatch is in the opposite direction to the observed fe-
male preference for calls of lower than average
frequency (Marquez, 1995a,d). It is thus opposite to the
expected deviation that could explain directional sexual
selection to low frequency calls. In contrast, in B. varie-
gata there is a good match between frequency tuning of
the BP and the animal’s call frequency (Mohneke &
Schneider, 1979).

Since the mismatch found in A4. obstetricans by
Mohneke & Schneider (1979) between frequency tuning
of the BP and call frequency is unusual, in this paper we
looked at the closely related species 4. cisternasiito see
if tuning far above the dominant call is characteristic of
this genus. The Iberian midwife toad, 4. cisternasii, is
one of the three species of midwife toad that occur in the
Iberian Peninsula, where it is confined to the southwest-
ernquarter. In this species, males emit very simple tonal
advertisement calls, which overlap substantially with 4.
obstetricans calls in frequency and duration (Marquez
& Bosch, 1995; Fig. 1). In some areas, the two species
are sympatric (see Marquez & Bosch, 1997, for a distri-
bution map within the Iberian Peninsula). In addition to
reporting neurophysiological tuning of the auditory sys-
tem in A. cisternasii, we discuss -the results in the
context of the existing data on sexual selection for this
species.

Alyles cisternasii
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FIG. 1. Oscillograms (above) and audiospectrograms (below)
of characteristic male advertisement calls of A. cisternasii
and 4. obstetricans from the studied sympatric population
(see Marquez & Bosch, 1997 for details).

METHODS

Ten adults of 4. cisternasii were collected in January
1998 in Aliste (Zamora, West Northern Spain), from a
population sympatric with 4. obstetricans. The capture
took place outside the breeding season, and the animals
were transported alive to the University of Texas at Aus-
tin, USA, and maintained in captivity. Both the animal
room and the room in which the neurophysiology ex-
periments were done were kept at 21°C.

Neurophysiological experiments were performed be-
tween May 1998 and August 1999 using methods
previously used successfully with other small anurans
(Ryan et al. 1990; Wilczynski et al., 1993; Wilczynski
et al, 2001). All procedures were approved by The Uni-
versity of Texas Institutional Animal Care and Use
Committee.

Animals were anaesthetized by immersion in a 2.5%
aqueous solution of urethane. The midbrain was ex-
posed by opening a skin flap on the top of the head and
drilling a hole in the skull. The underlying meninges
were then carefully removed. The surgical opening was
then covered with a small piece of tissue paper, the skin
flap was repositioned, and the animal was allowed to re-
cover from the surgery for 1-2 days.

Following recovery, the animal was immobilized
with an intramuscular injection of d-turbo-curarine
chloride dissolved in a 20 mg/ml aqueous solution. The
drug dose was approximately 10 pg/g body mass. The
surgical opening was swabbed with lidocaine and the
skin flap retracted to re-expose the dorsal surface of the
midbrain. A drawn-glass micropipette filled with 3M
KCl was placed into the midbrain and moved down into
the torus semicircularis (inferior colliculus) using a
Kopf hydraulic microdrive. Multi-unit auditory activity
was isolated using a multi-tone search stimulus deliv-
ered to the ear contralateral to the recording site via a
custom-made earphone assembly. Evoked auditory ac-
tivity was monitored visually on a storage oscilloscope
and acoustically using stereo earphones. With Wavetek
stimulus generators and resistive attenuators, stimulus
frequency and amplitude were controlled manually.
Custom-made stimulus-control hardware was used to
shape stimulus duration, rise/fall time, and repetition
rate. Sound amplitude delivered through the earphone
was calibrated with a B&K 2300 precision digital sound
pressure meter at the end of a recording session by seal-
ing the end of the earphone assembly over the meter
microphone.

Once the electrode reached a location where robust
evoked auditory activity was isolated, midbrain auditory
thresholds were determined to frequencies from 100 to
4000 Hz in 100 Hz steps using 150 ms tone bursts re-
peated every 1.5 s. Threshold was defined as the
minimum sound amplitude which could evoke discern-
ible multi-unit neural activity. Once these thresholds
were obtained, the process was repeated in smaller fre-
quency and amplitude steps to obtain a more precise
estimate of the best excitatory frequencies (BEF; fre-
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quency with lowest threshold) of the two sensitivity
peaks apparent in the recordings: the lower one we pre-
sume represents amphibian papilla tuning and the higher
one we presume represents basilar papilla tuning
(Wilczynski & Capranica, 1984). The procedure was re-
peated at three to six different electrode positions within
the midbrain. Means were calculated for each animal
based on dB values without converting to absolute pres-
sure. Recordings at different positions sometimes
resulted in different thresholds, but gave no differences
in the shape of the audiogram or the positions of the
threshold minima. This is probably due to the fact that
the low impedance electrodes used for obtaining the
multi-unit recordings summed activity over an area that
was large relative to the small size of the toad midbrain,
and is also consistent with previous reports indicating
little or no tonotopic organization apparent in neuro-
physiological investigations of the anuran midbrain
(Wilczynski & Capranica, 1984).

Neurophysiological experiments were completed
successfully only on five animals. All the experimental
animals were immediately euthanized by an overdose of
the anesthetic MS222 (tricaine methyl sulfonate), either
at the end of the neurophysiological experiment or when
we could not obtain consistent, clearly recognizable, au-
ditory-evoked activity above the background activity
during the recording session. Snout-vent length was
measured and sex was determined by dissecting the ani-
mal and looking at its gonads.

RESULTS

The five animals analysed were found to be males.
Their snout-vent length (SVL) ranged from 31 to 37.9
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FIG. 2. Average audiogram (mean * SE) for five 4.
cisternasii males. The average AP BEF is 417 Hz, while the
average BP BEF is 1365 Hz.

mm (average 34.7 mm), slightly below the population
average size (38.8+3.1 mm; Mérquez & Bosch, 1997).

The average audiogram for the five analysed animals
appears in Fig. 2. As expected, the tuning curve shows a
bimodal pattern. We presume that the area of tuning
from 100 to 1000 Hz represents the sensitivity profile of
the amphibian papilla (AP). The second band of in-
creased sensitivity, 1000-2000 Hz, represents the
sensitivity profile of the basilar papilla (BP). In the five
animals tested, the average AP BEF was 417 Hz, while
the average BP BEF was 1365 Hz.

DISCUSSION

The bimodal appearance of the audiogram obtained
for A cisternasii is typical for neurophysiological re-
cordings of auditory sensitivity in the anuran midbrain
(Wilczynski et al., 1984, 1993, 2001; Gerhardt &
Schwartz, 2001 ). The two areas of frequency sensitivity
have been shown to represent the contributions from the
two inner-ear auditory organs, the lower frequency am-
phibian papilla (AP) and the higher frequency basilar
papilla (BP). The area of greatest sensitivity, or best
excitatory frequency (BEF), obtained for the BP
matched the average male call dominant frequency for
the population (1328+64 Hz; Marquez & Bosch, 1997).
The BEF obtained for the AP confirms that this inner-
ear organ in 4. cisternasii is not likely to be involved in
the recognition of acoustic species-specific signals, be-
ing related to detecting low frequencies not present in
the conspecific call. Several small, recently-derived
anurans (Neobatrachia) show the same pattern of spe-
cialization of the inner-ear organs seen in the present
study for this more ancient species (Narins & Capranica,
1976; Wilczynski et al., 1984, 1993; Ryan et al., 1992).

Although the sample size for these experiments is not
very high, the consistent and expected bimodal tuning
curve obtained indicates reasonable accuracy for the
purpose of this study. Furthermore, the studied species
does not present the problem of having a call with a
broad-band spectrum with substantial acoustic energy
spars which characterizes many anuran advertisement
calls. Instead, the total power in the 4. cisternasiicall is
concentrated in a narrow frequency band with no har-
monics and no frequency modulation.

. The BEF obtained for the BP indicates that males in
the studied population are matched or tuned slightly
higher in frequency than the call. This is consistent with
the majority of studies in recently-derived anurans
(Neobatrachia) showing that BP tuning roughly matches
call frequency. The small difference between BP BEF
and call frequency found here is within the methodologi-
cal sample error both in the acoustical analysis of male
call frequency and the neurophysiological experiments.
In fact, the standard deviation for the dominant fre-
quency of the population is 64 Hz (over a sample size of
16 males recorded; Marquez & Bosch, 1997), double
the difference found here. Therefore we are confident
that there is no major mismatch between auditory tuning
and call frequency in males of this species.
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Although the results obtained here are only for males,
in this species we can tentatively extend the conclusions
to females. Despite the existence of good evidence for
sexual differences in tuning, mediated in large part by
size differences in other species (see Narins &
Capranica, 1976; Wilczynski, 1986; Keddy-Hector,
Wilczynski & Ryan, 1992; Wilczynski et al., 1992), the
sexes in 4. cisternasii are similar in size, contrary to
most anuran species. In typical habitat (i.e. Mérida,
Extremadura, West Central Spain), the average SVL of
males is 37.8 mm while that of females is 39.8 mm
(Bosch & Marquez, 1996). Additionally, Mohneke &
Schneider (1979) did not find significant differences be-
tween sexes in auditory tuning in A. obstetricans,
although size ranges of males and females did not over-
lap. It will be necessary to obtain neurophysiology data
from females before definitive conclusions can be
reached, but given the data we obtained and extrapola-
tions from the literature on other anuran species, it is
very unlikely that females would be tuned greatly above
males and therefore unlikely that they are tuned far
above the conspecific call.

Our results contrast with those obtained by Mohneke
& Schneider (1979), who found a considerable mis-
match between the BEF of the BP and the dominant
frequency for 4. obstetricans advertisement calls. Since
the animals they tested ranged from 36.5 mm to 45.5
mmy, it is difficult to assume that the difference found oc-
curred because the studied animals were significantly
smaller than the average in their population. It is not
clear from either the behaviour or the environmental
conditions of A. obstetricans why that species should
have such a great mismatch.

The closeness of BP tuning to the call dominant
found here in 4. cisternasii suggests that males from the
studied population would be most sensitive, and pre-
sumably respond preferentially, to average calls from
their own population. If females from this population
were tuned about the same as males, they too would pre-
fer average calls. This hypothesis is consistent with the
behavioural experiments performed with females from
this population by Marquez & Bosch (1997). Female
preferences for calls with lower than average frequency
have been found in several other populations of midwife
toads (Marquez, 1995a,b), but not in females from the
sympatric population whose animals we used for the
present study. This could be because in the sympatric
populations choosing a low frequency, the call may re-
sult in a heterospecific male being chosen (i.e. 4.
obstetricans), whose males produce a call with a slightly
lower dominant frequency than that of the 4. cisternasii
call. This possibility should exert selection pressure
against preferring lower frequency calls (Méarquez &
Bosch, 1997). Therefore, under this consideration, we
would not expect to find a BEF lower than the average
of male call frequency in the studied population. The be-
havioural results showing that preferences for low
frequency calls occur in other, allopatric populations of

A. cisternasii suggest that there may be interesting popu-
lation-level differences in the tuning of the auditory
system in this species.

Further neurophysiological studies to determine
whether A. cisternasii frequency-tuning is lower in
allopatric populations than in sympatric populations
could elucidate whether auditory tuning perfectly ex-
plains female Alytes preferences. Furthermore,
additional studies of the auditory systems of other an-
cient anurans would be helpful in understanding
whether the close relationship between calls and audi-
tory tuning is as much a characteristic of basal anurans
as it is of recently-derived faxa.
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