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Vocal communication plays a critical role in the transfer and exchange of information among animals.
However, it remains unclear how modifications to specific call components simultaneously affect
behavioral and neural responses. To address these issues, we conducted phonotaxis experiments
and neural signal recordings in Emei music frogs (Nidirana daunchina), exposing them to auditory
stimuli with varying degrees of information coherence violations. During the electrophysiological
recordings, we also presented stimuli with altered physical properties featuring rising intonation. The
phonotaxis experiments showed that females exhibited reduced attraction to altered calls with
potential information coherence violations, suggesting that information coherence may influence
female choice. Similarly, the electrophysiological experiments indicated a correlation between the
amplitudes of the N400 and late positive components (LPC) with information incongruity and altered
physical properties, respectively. Notably, the N400 amplitudes increased proportionally with the
extent of potential information coherence violations. Given that N400 is a well-established neural
indicator for prediction error in perceptual processes, including semantic processing in humans, and
considering the significant evolutionary conservation of brain structure and function among
vertebrates, these findings suggest that information coherence contained in the calls plays a crucial

role in anuran vocal communication.

Animal communication is a fundamental aspect of animal life, acting as a
critical channel for the transfer and exchange of information among
individuals'’. Animals utilize a variety of communication modalities, which
can be classified based on their transmission medium, including visual,
auditory, olfactory, and tactile signals’™. Information conveyed by a sender
is considered biologically significant if it induces a behavioral change in the
receiver’. Among the various communication forms, auditory signals are
particularly notable for their efficiency and immediacy in information
transmission™”®, The inherent properties of sound waves, such as their
ability to propagate over long distances, rapid transmission speed, and lack
of persistent effects’, render sound signals a prominent and widespread
mode of communication across many animal species.

Vocal communication, comprising various components, serves mul-
tiple functions, including facilitating courtship and reproduction®’, deter-
ring predators'®"?, and defending food resources" and territories'. These

findings suggest that animal vocalizations may function as complex signals
encoding a wide range of information types". Additionally, the time-
frequency properties of animal vocalizations, alone with their structural
elements (e.g. notes, elements or syllables), often exhibit significant variation
among individuals'®** and between different species™*. This supports the
notion that such signals are crucial for species discrimination and individual
recognition. Consequently, different components of acoustic signals may
have distinct functions in vocal communication. For instance, in zebra
finches, ‘macro-structural’ variation (i.e., spectral and temporal character-
istics) determines mate choice between subspecies, while ‘micro-structural’
variation (ie., syllable type) influences mate choice within subspecies™*.
Similarly, in the tokay gecko (Gekko gecko), phases I and II of advertisement
calls are reported to facilitate for individual identification and species
recognition, respectively””. In natural environments, sound signaling is
influenced by various factors, including environmental noise and calls from
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other individuals”. These factors can create unfavorable conditions, such as
the interruption or overlap of sound signals, potentially affecting the
behavioral response of animals™. Previous research has shown that female
Mediterranean field crickets (Gryllus bimaculatus) exhibit a significant
increase in choice latency and a marked reduction in preference for male
calls when playback is accompanied by concurrent white noise™, indicating
that disruptions in call components has a detrimental effect on female
choice. However, it remains unclear how modifications to specific call
components simultaneously affect behavioral and neural responses'**.

In comparison to other vocal animals, vocal communication in most
anurans serves as the primary sensory modality, exhibiting strong channel
specificity and minimal cross-modal interference’"”. These characteristics
position anurans as powerful model systems for investigating the funda-
mental questions in auditory processing outlined above. In anuran species,
males engage in territorial competition and mate attraction via advertise-
ment calls, while females evaluate male quality and/or associated resources
by parsing these conspecific calls™. Research has revealed that male
Tungara frogs (Physalaemus pustulosus) emit advertisement calls com-
prising two distinct elements: the “whine” and “chuck™”. These elements
serve unique functions, with the whine primarily facilitating caller identity
recognition (e.g., “what”) and the chuck exerting a greater influence on
determining caller location (e.g., “where”), indicating distinct call compo-
nents may fulfill different roles in acoustic signal recognition™. Similarly,
analyses of acoustic parameters and electrophysiological studies have shown
that the initial notes of the Emei music frog’s (Nidirana daunchina)
advertisement calls play a crucial role in individual recognition and acoustic
communication, compared to other subsequent notes*>”. These findings
suggest that different components of advertisement calls convey varying
biological information. As with other vocal taxa, disruptions in call struc-
tures detrimentally affect female choice in anurans. For instance, female grey
treefrog (Hyla versicolor) exhibit increased recognition errors when con-
specific call structures are masked by heterospecific calls®. Male serrate-
legged small tree frogs (Kurixalus odontotarsus) exhibit comparable
responses to conspecific calls and their modified versions containing noise-
overlapped notes. In contrast, females demonstrate a significant aversion to
such noise-degraded advertisement calls, indicating that signal degradation
selectively impairs female mate choice decisions™. Collectively, these find-
ings suggest that discrete acoustic components within complex vocaliza-
tions may serve distinct functions and hold specific biological significance in
certain species.

Event-related potentials (ERPs) refer to time-locked brain responses
elicited by specific sensory, perceptual, or motor events. These ERPs are
characterized by their amplitudes and latencies, providing insights into the
temporal dynamics and efficiency of information processing in the brain™*’.
In humans, the N400 component is characterized by a negative deflection
that peaks approximately 400 ms post-stimulus onset, with its amplitude
increasing in response to greater degrees of stimulus mismatch***'. This
component is recorded at the scalp level and engages various brain regions
and neural resources, encompassing the anterior medial temporal lobe,
middle and superior temporal areas, interior temporal areas, and prefrontal
areas in both hemispheres®. Numerous studies have demonstrated that the
N400 reflects semantic violations'*™*; however, other researches indicate
that the N400 can also be elicited by non-semantic mismatched stimuli,
including images*"**, gestures'*", facial expressions'*"’, and environmental
cues*>”. Consequently, the N400 has been implicated in both semantic and
non-semantic processing, with theories explaining its underlying mechan-
isms emphasizing concepts of prediction error and surprise****. Late positive
components (LPC) are indicative of the reanalysis process of acoustic sig-
nals, with their amplitude closely associated with the violation of expecta-
tions within a given context, such as unintended alterations in physical
properties’’. Additionally, LPCs are implicated in the integrative processing
of these violations””***. In humans, substituting the last word of a sentence
with a different word alters both the semantics and physical properties,
thereby affecting the amplitudes of N400 and LPC*"*. Conversely, mod-
ifications solely in physical attributes, such as a sudden change in the voice of

the last word from male to female (i.e. rising intonation), do not affect the
N400 amplitude but do influence the LPC amplitude. Thus, the LPC serves
as a control counterpart to the N400, aiding in the differentiation of N400
elicited by semantics violation from that caused by physical incongruity™.
Similar auditory ERP components, exhibiting comparable stimulus
responses and time windows, have been documented across various species,
including monkeys”, cats®, dogs”, dolphins”, rabbits”, rats” and
frogs™**®. Given the high degree of evolutionary conservation in brain
structure and function among vertebrates®, the presence of analogous ERP
components across species suggests potential similarities in brain
functions”, particularly in auditory cognitive processes such as auditory
perception of information coherence.

Our previous studies have demonstrated that different call notes may
play distinct roles in individual recognition and auditory perception in
music frogs’”. Furthermore, a preliminary experiment employing the
N400 paradigm, analogous to the paradigm used in humans, revealed that
replacing the last note of a call with another evoked an N400 response in this
species, suggesting that music frog calls possess information coherence.
These findings establish the music frog as a suitable animal model for
investigating how modifications to specific call components simultaneously
affect behavioral and neural responses. Therefore, this study examines the
perceptual and behavioral responses in the Emei music frog by manip-
ulating advertisement calls and conducting phonotaxis and electro-
physiological experiments. Specifically, analogous to altering the last word of
a sentence in humans, we modified the final component of the conspecific
call to deviate from its typical pattern, enabling the preceding notes to
establish a specific context and thereby inducing violations of information
coherence®. To elaborate, we employed a series of acoustic stimuli that
included an original call with six notes (OC), OC with the last note reversed
in situ (OR, i.e. the last note was played backward; altering acoustic prop-
erties and inducing information coherence violations), OC with the last note
replaced by silence (OS, modifying acoustic properties and creating an
expectation for information input), OC with the last note replaced by a call
note from another species (Quasipaa boulengeri; OQ, altering acoustic
properties and violating information coherence), and OC with the last note
replaced by white noise (OW, modifying acoustic properties and violating
information coherence; Table 1). Variants of OC, OQ, and OW were created
by increasing the pitch of the sixth component (OCP, OQP, and OWP,
respectively; introducing changes in physical properties). For each of these
eight stimuli, we generated corresponding control stimuli by reversing each
of the first five notes in situ (OCC, ORC, OSC, OQC, OWC, OCPC, OQPC,
and OWPG; i.e. each of the first five notes was played backward in sequence;
see Supplementary Figs. 1 and 2). In the phonotaxis experiment with female
frogs, we utilized treatment stimuli (OC, OCP, OR, OS, OQ, OW) and
control stimuli (OCC, OCPC, ORC, OSC, OQC, OWC) to assess whether
female preference is influenced by information coherence rather than
simple acoustic properties. In the electrophysiological experiments, we
employed treatment stimuli (OC, OCP, OQ, OQP, OW, OWP) and control
stimuli (OCC, OQC, OWC, OCPC, OQPC, OWPC) to investigate the
effects of information coherence and simple acoustic properties on neural
responses in frogs. The initial three control stimuli were used to evaluate
whether the replacement of the last note elicits an N400 response, while the
latter three controls were designed to confirm that the induced N400 is due
to information coherence violations rather than changes in simple physical
attributes of the sixth component. We recorded the phonotaxis behavior of
females and electroencephalogram (EEG) signals from different brain
regions, including the left and right sides of the telencephalon (LT and RT),
diencephalon (LD and RD), and mesencephalon (LM and RM) of both
males and females. The aim of this study was to explore possible information
coherence in the Emei music frog’s calls and investigate the associated
perception mechanisms through the analysis of behavioral results and ERPs.
The study hypothesized the following: (1) Females would less frequently
select stimuli exhibiting altered information coherence (OR, OS, OQ, OW)
compared to the original advertisement call (OC); (2) Variants with the last
note replaced (0OQ, OQP, OW, OWP) are anticipated to generate greater
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N400 amplitudes than the original advertisement call (OC), as this com-
ponent signifies a mismatch between auditory stimuli and expectations,
with amplitude increasing proportionally to prediction error***; (3) Com-
pared to control stimuli, where each of the first five notes was reversed in situ
(denoted as OQC, OQPC, OWC and OWPC, respectively), the non-
reversed acoustic stimuli (OQ, OQP, OW, OWP) were expected to produce
higher N400 amplitudes due to larger violations of information coherence.
This expectation is based on the premise that revised sequences may lack
coherence and display minimal corresponding violations; (4) The rising
intonation version (OCP), as opposed to the original advertisement call
(OC), is predicted to elicit higher LPC amplitudes, reflecting this ERP
component’s association with processing unexpected changes in the phy-
sical properties of acoustic stimuli’".

Results

Female frogs prefer calls with normal acoustics

To investigate the impact of modifications to specific call components on
female choice, the original call (OC) was paired with each of other treatment
stimuli to form 5 stimulus pairs. When the OC and OR pair was played back
antiphonally, the females demonstrated a significant preference for the
former (25 vs. 9; binomial test: p = 0.009; Fig. 1A). The females significantly
preferred the OC when the stimulus pair OC and OW was played back
antiphonally (24 vs. 10; binomial test: p = 0.024; Fig. 1A). However, when
the OC and OCP pair (19 vs. 15; binomial test: p = 0.608), OC and OS pair
(17 vs. 17; binomial test was not available due to the equal number of
choices), or OC and OQ pair (19 vs. 15; binomial test: p = 0.608) was played
back antiphonally, there was no significant difference in female choice.
These comparable choices between OC and the other three stimuli may
result from the preserved information coherence in OCP and the frequency
encounters with OS and OQ in natural conditions, potentially arising from
interruptions or overlaps with calls from the sympatric anuran species
Quasipaa boulengeri. Therefore, the information coherence in auditory
signals and its familiarity may collectively influence female choice. For the
control counterpart, there were no significant differences in the number of
choices for all control stimulus pairs (binomial test: all p > 0.229; Fig. 1C). In
addition, there were no significant differences in latencies for all treatment
stimulus pairs (independent samples t-test: all p >0.119; Fig. 1B) and all
control stimulus pairs (independent samples t-test: all p > 0.053; Fig. 1D).
Given the prolonged latency period observed in animals with regard to
behavioral dimensions and the relatively much shorter response time within
tens of milliseconds with regard to neural processes, the employment of
electrophysiological tools is of paramount importance.

The results of N4A00 amplitudes and latencies

The analysis of N400 amplitudes revealed significant main effects for the
factors “stimulus group” (Fy,15s = 5.789, partial > = 0.278, p =0.029) and
“stimulus type” (Fs,;s = 8.429, partial #° = 0.360, p <0.001), but not for
“brain area” (Fs,7s = 2.158, £ = 0.438, partial #* = 0.126, p = 0.128) (Fig. 2B
and Table 2). Moreover, a significant triple interaction was observed among
these three factors (Fss,375 = 3.540, £ = 0.228, partial #” = 0.191, p = 0.004).
Subsequent simple effect analysis of the treatment stimuli revealed that the
N400 amplitudes evoked by OC and OCP were significantly smaller than
those evoked by the note-replaced versions of OC (OQ, OQP, OW, and
OWP;all p < 0.011 for significant differences; Fig. 2B and Table 3), although
some differences did not reach statistical significance. In contrast, no sig-
nificant differences in N400 amplitudes could be found between the original
advertisement call (OC) and its rising intonation version (OCP) for all brain
areas (all p > 0.087), between the note-replaced versions OQ and OQP (all
P 20.663), or between the note-replaced versions OW and OWP (all
p 2 0.111). Furthermore, no significant differences in N400 amplitudes were
observed among the six control stimuli for each brain area (all p > 0.144;
Fig. 2A and Table 3). In general, for all brain areas, the N400 amplitudes
evoked by the note-replaced versions of OC (OQ, OQP, OW, and OWP)
were significantly greater than those evoked by their control counterparts
(0QC, OQPC, OWC, and OWPG; all p <0.043 for significant differences;

Fig. 2 and Table 3), although some differences did not reach statistical
significance. These findings suggested that information coherence viola-
tions but not changes in the physical properties of acoustic stimuli could
elicited a significant N400 response. There were no significant differences in
N400 amplitudes among the six brain areas for each treatment stimulus (all
P =0.063; Fig. 2B and Table 3) and for each control stimulus (almost all
p=0.185; Fig. 2A and Table 3). For all brain areas except the left mesen-
cephalon, the N400 amplitudes evoked by OCP were significantly smaller
than those evoked by its control counterpart (OCPGC; all p < 0.028; Fig. 2 and
Table 3), potentially due to the absence of information coherence violations
in OCP. In addition, the difference in N400 amplitude evoked by OQChad a
p-value of less than 0.05 (p = 0.011; Table 3), however, no significant dif-
ference could be found via multiple comparison.

With regard to the latency of the N400, no significant main effects were
observed for the factors “stimulus group” (Fy,1s = 3.115, partial 7> = 0.172,
p=0.098), “stimulus type” (Fs,7s = 0.539, partial #* = 0.035, p = 0.746), and
“brain area” (Fs,;s = 1.431, ¢ = 0.579, partial 7> = 0.087, p = 0.247; Table 2).
Furthermore, no significant interactions were observed among these factors
(all p > 0.219).

The results of LPC amplitudes and latencies

The analysis of LPC amplitudes revealed significant main effects for the
factors “stimulus type” (Fs,;s = 10.023, partial #* = 0.401, p < 0.001) and
“brain area” (Fs,7s = 6.648, ¢ = 0.418, partial > = 0.307, p = 0.004), but not for
the factor “stimulus group” (Fy,1s = 2.388, partial 7> = 0.137, p =0.143;
Fig. 3B and Table 2). Additionally, a significant interaction was observed
between “stimulus group” and “stimulus type” (Fs,;s = 7.594, partial 7> =
0.336, p < 0.001). In the case of treatment stimuli, the simple effect analysis
showed that LPC amplitudes evoked by OCP were significantly greater than
those evoked by other acoustic stimuli, with the exception of OQP
(p=0.001; Fig. 3B and Table 4), indicating changes in the physical prop-
erties of acoustic stimuli without information coherence violations could
elicited a significant LPC response. Concerning the control stimuli, the LPC
amplitudes evoked by OCC and OCPC were significantly greater than that
evoked by OWC (p =0.011; Fig. 3A and Table 4). Furthermore, the LPC
amplitudes evoked by OCP and OQP were significantly greater than those
evoked by their control counterparts (OCPC and OQPC; all p <0.031),
while the LPC amplitudes evoked by OQ were significantly smaller than that
evoked by its control counterpart OQC (p = 0.017; Fig. 3 and Table 4). The
findings indicate that the brain is capable of rapidly identifying unintended
changes in physical properties of stimuli.

As for the latency of the LPC, there were no significant main effects
observed for the factors “stimulus group” (Fy,15 = 0.050, partial 7> = 0.003,
p =0.826), “stimulus type” (Fs,7s = 1.791, partial #* = 0.107, p = 0.125), and
“brain area” (Fs,7s = 0.948, partial > = 0.059, p = 0.455; Table 2). Addi-
tionally, there were no significant interactions among these factors
(all p =0.105).

Discussion

The N400 is an ERP component associated with both semantic and non-
semantic processing of mismatched visual or auditory stimuli. Its amplitude
increases with the degree of incongruity in information coherence"'.
Specifically, when a stimulus is semantically appropriate or matches other
information, the N400 amplitude is smaller; conversely, when a stimulus is
semantically inappropriate or mismatched, the N400 amplitude is larger.
This is attributed to the fact that processing unexpected stimuli requires
more neural resources than processing expected ones”. Theories explaining
the N400’s mechanisms often involve concepts such as prediction error and
surprise*>*’. Consistent with this, our findings indicate that the amplitudes
of N400 elicited by the original call (OC) and its rising intonation version
(OCP) were significantly smaller than those evoked by the last note-replaced
versions of OC (OQ, OQP, OW, and OWP), although some differences did
not reach statistical significance. Previous studies on the music frog have
suggested that brain resources allocation for perception varies among var-
ious notes, with each note potentially playing a role in individual recognition
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Fig. 1 | The number and latencies of female chioces. The number and latencies of
female choices for the treatment stimuli (A, B) and control stimuli (C, D) (n =34 in
each group). OC the original advertisement call with six notes, OCP the rising

intonation version of OC (where the pitch of the sixth note was increased by 15%),
OR the sixth note of OC was reversed in situ, OS the sixth note of OC was replaced by
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call of Quasipaa boulengeri (a sympatric anuran species), OW the sixth note of OC
was replaced by white noise. The control stimuli for treatment stimuli are denoted as
OCC, OCPC, ORC, OSC, OQC, and OWC respectively, where the first five notes of
each treatment stimulus were reversed in situ while the sixth component remained
unchanged. *p < 0.05.

and auditory perception, though the first note may be particularly critical.
This indicates that different notes of calls may contain distinct biological
information®*”, contributing to overall information coherence. The last
element of the note-replaced versions violated information coherence
compared to OC, eliciting prediction error and significantly greater N400
amplitudes. In contrast, there were no information coherence violations
between OC and OCP, resulting in similar N400 amplitudes for these two
stimuli. Additionally, no significant differences in N400 amplitudes were
observed when control stimuli were played back, due to fewer information
coherence violations. Furthermore, the results revealed that the N400
amplitudes elicited by the note-replaced versions of OC (OQ, OQP, OW,
and OWP) were significantly higher than those elicited by their control
counterparts (OQC, OQPC, OWC, and OWPC). This discrepancy can be
attributed to the retention of information coherence in the first five syllables
of the note-replaced versions, resulting in greater information coherence
violations between the last replaced component and the preceding five ones,
thus eliciting larger N400 amplitudes. Conversely, the control stimuli, fea-
turing a temporal reversal in situ of each of the first five syllables, lost all

biological information and information coherence, reducing the incon-
gruity of information coherence between the last syllable and the preceding
five ones, and consequently resulted in smaller N400 amplitudes. Further-
more, the LPC, which reflects the reanalysis process of acoustic signals, is
highly sensitive to unintended changes in physical properties™. The present
results support this notion, as the LPC amplitudes elicited by OCP were
generally greater than those evoked by other treatment stimuli. These
findings suggest that potential violations in information coherence rather
than alterations in the physical properties of note-replaced sounds may elicit
the N400 component, which is associated with the processing of informa-
tion incongruity. Analogous to humans, the rising intonation of specific
notes did not affect the coherent properties of calls and did not elicit the
N400 component. Collectively, these findings suggest that frogs are highly
sensitive to modifications of specific components of advertisement calls,
suggesting that information coherence contained in the calls plays a crucial
role in vocal communication.

In alignment with these findings, our behavioral results indicate that
female music frogs exhibit a preference for the original advertisement calls
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Fig. 2 | The average amplitudes of N400. The average amplitudes of N400 for the
control (A) and treatment (B) stimuli (n = 16 in each group). LT and RT the left and
right sides of the telencephalon, LD and RD the left and right sides of the dience-
phalon, LM and RM the left and right sides of the mesencephalon, OC the original
advertisement call with six notes, OCP the rising intonation version of OC (where
the pitch of the sixth note was increased by 15%), OQ the sixth note of OC was
replaced by the sixth note of an advertisement call of Quasipaa boulengeri (a

RD LM RM

sympatric anuran species), OQP the rising intonation version of OQ (where the
pitch of the sixth component of OQ was increased by 15%), OW the sixth note of OC
was replaced by white noise, OWP the rising intonation version of OW (where the
pitch of the sixth component of OW was increased by 15%). The control stimuli for
treatment stimuli are denoted as OCC, OCPC, OQC, OQPC, OWC, and OWPC,
respectively, where the first five notes of each treatment stimulus were reversed in
situ while the sixth component remained unchanged. *p < 0.05.

over modified versions where the last note was temporally reversed or
replaced with white noise. Given that neither the reversed sixth note nor
white noise occur naturally, the observed aversion to stimuli OR and OW in
females may stem from the novelty of these stimuli. This suggests that both
the intrinsic information coherence within the call and its familiarity may
play crucial roles in female selection. These observations corroborate prior
research on syllable alterations in the serrate-legged small tree frog, which
demonstrated that disruptions in call structure negatively impact on female
choice®, likely due to the violation of information coherence in the modified
advertisement calls. Contrary to the predictions, females displayed no
preference between original advertisement calls and revised versions where
the last note was replaced by silence (OS) or a note from a sympatric anuran
species (OQ). This indicates that behavioral and electrophysiological data
may not be always align. Variations in female behavioral preferences seem to
arise from differing acoustic properties, such as varying degrees of infor-
mation coherence violations and novelty, across stimuli. Firstly, future
research is required to ascertain if sound familiarity accounts for the dif-
ferences between behavioral and electrophysiological responses, given that
the two revised versions (OS and OQ) are frequently encountered in natural

conditions due to interruptions or overlaps. Secondly, behavior and elec-
trophysiology represent distinct metrics on different time scales; the brain
may perceive differences in stimuli that are not reflected in observable
behavior®”. Lastly, there are inherent differences in detection parameters
between the current behavioral and electrophysiological experiments, as it is
challenging to directly ascertain whether frogs detect information coherence
violations behaviorally.

Syllables constitute the fundamental components of vocalizations
across numerous animal species, with each syllable potentially conveying
distinct pieces of information within a vocalization. Both non-human
primates™ and birds” utilize vocalizations to transmit information con-
cerning external environmental conditions or the presence of predators,
referred to as context-specific signals’”’". For example, avian calls can
communicate information about predators'”"’, food discovery and
quality”’, risks of brood parasitism’”, and social interactions". Notably,
bird alarm calls can induce similar behavioral responses within the same
population, as well as across different populations of the same species or
even among different but sympatric species’*, whereas distinct alarm calls
trigger varied behavioral reactions””. This suggests that alarm and
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Table 2| The results of ANOVAs for the amplitudes and latencies of N400 and late positive component (LPC) with respect to the

three factors

For the amplitude(1,15)(5,75)(5,75) For the latency(1,15)(5,75)(5,75)

F £ P partial * Bonferroni F € P partial * Bonferroni
N400
stimulus group 5789 NA 0.029° 0.278 TS>CS 3.115 NA 0.098 0.172 NA
stimulus type 8.429 NA 0.000” 0.360 0OQ,0W,0WP >0OCP; OWP>0C 0.539 NA 0.746 0.035 NA
brain area 2158 0.438 0.128 0.126 NA 1.431 0.579 0.247 0.087 NA
stimulus group* stimulus type 13.025 0.568 0.000" 0.465 See Table 3 1.442 NA 0.219 0.088 NA
stimulus group* stimulus type* brain area 3.540  0.228 0.004° 0.191 See Table 3 1.147 0.351 0.335 0.071 NA
LPC
stimulus group 2.388 NA 0.143  0.137 NA 0.050 NA 0.826 0.003 NA
stimulus type 10.023 NA 0.000” 0.401 OCP >0Q,0W,0WP 1.791 NA 0.125 0.107 NA
brain area 6.648 0.418 0.004" 0.307 LT>RD,RM; RT >RM 0.948 NA 0.455 0.059 NA
stimulus group* stimulus type 7.594 NA 0.000" 0.336 See Table 4 0.702 NA 0.624 0.045 NA

The degrees of freedom corresponding to the three factors and their interaction are indicated within the brackets on the first line. The symbol “>” signifies that the amplitudes on the left side of “>” are
significantly larger than those on the right side, while there are no significant differences among the corresponding conditions on the same side of “>”. F represents the F-value from ANOVA, and partial n? is
the effect size for the ANOVA. NA indicates that the information is not applicable. LT and RT represent the left and right sides of the telencephalon, LD and RD represent the left and right sides of the
diencephalon, and LM and RM represent the left and right sides of the mesencephalon. OC refers to the original advertisement call with six notes; OCP represents the rising intonation version of OC, where
the pitch of the sixth note was increased by 15%; OQ indicates modified version of OC, where the sixth note was replaced by the sixth note of an advertisement call from a sympatric anuran species,
Quasipaa boulengeri; OQP represents the rising intonation version of OQ, with a 15% increase in the pitch of the sixth component; OW denotes the altered version of OC, with the sixth note replaced by white
noise; and OWP represents the rising intonation version of OW, with a 15% pitch increase in the sixth component. In addition, CS and TS refer to the control and treatment stimuli, respectively. *p <0.05

and **p <0.001.

recruitment calls in birds may possess referential or semantic
attributes'*'>’*”*, invoking mental representations in the receivers’ cogni-
tion regarding events or predator information’®, which might indicate the
presence of semantic elements in animal vocal communication. Conse-
quently, these calls are hypothesized to represent a rudimentary form of
human language”. For example, Japanese great tits (Parus major minor) and
willow tits (Poecile montanus) form mixed-species flocks during the non-
breeding season, using specific calls as recruitment signals. The “D” call of
Japanese great tits and the “T44” call of willow tits both function as
recruitment signals, with the “T'44” call also capable of recruiting Japanese
great tits’””. When the “D” call was substituted with the “T#4” call, Japanese
great tits exhibited similar responses to the “ABC-T44” call and the “ABC-
D” call, whereas no behavioral response was observed to the “T'44-ABC” and
“D-ABC” calls™. In alignment with these findings, our current study
demonstrated no significant difference in female preference when the last
note of the original call was replaced with a note from a sympatric species
(“OC v.s. OQ”). Similarly, a mismatch effect has been observed in dogs’
frontal lobes with a latency akin to the human N400 after playback of the
acoustic stimulus with an incorrect objective word”. Moreover, errors
involving familiar words evoked a stronger mismatch effect, further sup-
porting the existence of semantic communication in non-human mammals.
Our results indicated that the modified versions of OC with the last note
replaced (OQ, OQP, OW, and OWP) elicited a significant N400 response,
suggesting the potential for semantic communication in frogs; however,
additional research is required to substantiate this hypothesis.

In summary, the current findings underscore the role of each com-
ponent of conspecific call in vocal communication, providing evidence that
the advertisement calls of music frogs may embody information coherence,
as indicated by behavioral response and the involvement of the N400 and
LPC components. These components are indicative of cognitive processes
related to violations of information coherence and unexpected changes in
physical attributes, respectively. Furthermore, these results suggest that
frogs can distinguish between calls with inconsistencies in both physical
attributes and information coherence. However, it is crucial to recognize the
limitations of this study, particularly as the discussion of the biological
significance of N400/LPC components is extrapolated from findings in
humans and dogs, attributed to the high evolutionary conservation of brain
structure and function among vertebrates®. Nonetheless, interspecies

variations in behavior and physiological activity exist. Previous research has
identified that in humans, the N400 is predominantly elicited in the left
temporoparietal cortex™”, while in dogs, it is mostly observed in the frontal
lobe”. In contrast, our study reveals that in frogs, the N400 is present across
all brain regions. Since acoustic communication is critical for male com-
petition and female choice in frogs, and given the relative simplicity of the
frog brain, the entire brain is engaged in auditory perception. This inter-
specific difference may indicate a progression of brain specialization
throughout animal evolution. Collectively, further research is necessary to
thoroughly understand the similarities and differences in brain functions
between mammals and anurans, and to determine the extent to which these
are reflected in each ERP component and brain region, at both the beha-
vioral and electrophysiological levels.

Methods

Animals

All experiments were conducted during the reproductive season of the
species. Fifty adult music frogs, consisting of eight males and forty-two
females, were captured from Emei Mountain, located in Sichuan, China
(29.60°N, 103.36° E, 1315 m). Thirty-four females of them, with an average
body weight of 10.02 + 1.17 g and an average body length of 5.1 + 0.16 cm,
were used for phonotaxis experiments that were conducted in the field near
the capture site. They were released after all experiments were finished. The
other sixteen frogs (eight males and eight females) for electrophysiological
experiments were then housed separately by sex in two opaque tanks, with
dimensions of 54 cm x 40 cm and a depth of 33 cm, containing a moderate
amount of mud and water. They were placed in a controlled environment
with a 12:12 light-dark cycle, where the lights were turned on at 08:00 in the
morning. The temperature was maintained at a constant 22 + 1 °C. Prior to
the surgical procedures, the subjects had an average mass of 10.9 £ 2.5 gand
an average body length 0of 4.9 + 0.33 cm. To sustain their nutrition, the frogs
were provided with live crickets as their diet every three days. Throughout
the entire study, we took great care to minimize both the number of frogs
used and any potential suffering they might experience. All experimental
procedures conducted in this study received approval from the Animal Care
and Use Committee of the Chengdu Institute of Biology, Chinese Academy
of Sciences (permit number: 20191203) to ensure compliance with ethical
standards.
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Table 3 | Results of simple effect analysis for the amplitudes of N400 with respect to the three factors

F P partialn?  Bonferroni F P partialn?  Bonferroni
For the Stimulus type (TS) For the Stimulus type (CS)
Stimulus type |LT 10.453  0.001°  0.826 0Q,0W,0WP > 0C; 0Q,0QP,0W,0WP > OCP 1.131 0.400 0.340 NA
Stimulus type |RT 5.294 0.010°  0.706 OW > OC; 0Q,0QP,0W,0WP > OCP 1.409 0.294 0.390 NA
Stimulus type |LD 6.205 0.006° 0.738 0Q,0W,0WP >0OC; 0Q,0QP,0W,0WP > OCP 1.235 0.356 0.360 NA
Stimulus type |RD 6.996 0.004° 0.761 0Q > 0C; 0Q,0QP,0W,0WP > OCP 2.085 0.144 0.487 NA
Stimulus type LM 5.163 0.011"  0.701 OWP > 0OC; 0Q,0WP >OCP 0.789 0.579 0.264 NA
Stimulus type |RM 7.730 0.002° 0.778 OWP > OC,0QP; OQ,0QP,0W,0WP > OCP 0.204 0.954 0.085 NA
For the Brain area (TS) For the Brain area (CS)
Brain area |0C/OCC 1.214 0.365 0.365 NA 1.494 0.269 0.404 NA
Brain area |OCP/ OCPC 2.426 0.102 0.524 NA 1.841 0.185 0.456 NA
Brain area |0Q/OQC 2.952 0.063 0.573 NA 5.184 0.011" 0.702 NA
Brain area |OQP / OQPC 2.217 0.126 0.502 NA 0.401 0.838 0.154 NA
Brain area |OW/OWC 1.443 0.284 0.396 NA 1.238 0.355 0.360 NA
Brain area |OWP /OWPC 1.359 0.311 0.382 NA 0.141 0.979 0.060 NA
For the stimuli OC and OCC For the stimuli OCP and OCPC
Stimulus group |LT 0.034 0.857 0.002 NA 28.757  0.000°  0.657 OCPC > OCP
Stimulus group |RT 1.646 0.219 0.099 NA 19.520  0.000°  0.565 OCPC > OCP
Stimulus group |LD 0.986 0.336 0.062 NA 21.361 0.000"  0.587 OCPC > OCP
Stimulus group |RD 0.153 0.701 0.010 NA 23.471 0.000" 0.610 OCPC >OCP
Stimulus group |LM 1.694 0.213 0.101 NA 2.254 0.154 0.131 NA
Stimulus group |RM 0.386 0.544 0.025 NA 5.947 0.028" 0.284 OCPC >0OCP
For the stimuli OQ and OQC For the stimuli OQP and OQPC
Stimulus group |LT 15370  0.001°  0.506 0Q>0QC 7.734 0.014 0.340 OQP >0QPC
Stimulus group |RT 9.523 0.008" 0.388 0Q>0QC 1.971 0.181 0.116 NA
Stimulus group |LD 8.251 0.012° 0.355 0Q>0QC 0.348 0.564 0.023 NA
Stimulus group |RD 7.772 0.014°  0.341 0Q>0QC 4.207 0.058 0.219 NA
Stimulus group |LM 10.047  0.006°  0.401 0Q>0QC 0.455 0.510 0.029 NA
Stimulus group |RM 10.781 0.005° 0.418 0Q>0QC 0.528 0.479 0.034 NA
For the stimuli OW and OWC For the stimuli OWP and OWPC
Stimulus group |LT 4.999 0.041" 0.250 OwW>O0OWC 14.431 0.002° 0.490 OWP > OWPC
Stimulus group |RT 3.552 0.079 0.191 NA 5.375 0.035 0.264 OWP > OWPC
Stimulus group |LD 5.179 0.038" 0.257 OwW>OWC 10.101 0.006" 0.402 OWP > OWPC
Stimulus group |RD 4.875 0.043° 0.245 OW>O0OWC 13.026  0.003" 0.465 OWP >OWPC
Stimulus group |LM 1.036 0.325 0.065 NA 21.404  0.000°7 0.588 OWP >OWPC
Stimulus group |RM 5.206 0.038"  0.258 OW>O0WC 30.166  0.000°  0.668 OWP >OWPC

The symbol “>” indicates that the amplitudes on the left side of “>” are significantly greater than those on the right side. Furthermore, there is no significant difference among the corresponding conditions on
the same side of “>” for each case. In the analysis of variance (ANOVA), F represents the F-value, while partial n? denotes the effect size. NA indicates that the information is not applicable. LT and RT refer to
the left and right sides of the telencephalon, while LD and RD refer to the left and right sides of the diencephalon, and LM and RM refer to the left and right sides of the mesencephalon. OC refers to the original
advertisement call with six notes; OCP represents the rising intonation version of OC, where the pitch of the sixth note was increased by 15%; OQ indicates modified version of OC, where the sixth note was
replaced by the sixth note of an advertisement call from a sympatric anuran species, Quasipaa boulengeri; OQP represents the rising intonation version of OQ, with a 15% increase in the pitch of the sixth
component; OW denotes the altered version of OC, with the last note replaced by white noise; and OWP represents the rising intonation version of OW, with a 15% pitch increase in the last component. The
control stimuli for treatment stimuli are denoted as OCC, OCPC, OQC, OQPC, OWC, and OWPC respectively, where the first five notes of each treatment stimulus were reversed in situ while the sixth
component remained unchanged. In addition, CS and TS refer to the control and treatment stimuli, respectively. *p < 0.05 and **p < 0. 001.

Stimulus and procedure for phonotaxis experiments

For the phonotaxis experiments, six types of treatment stimuli (Table 1 and
Fig. 4) were used: the original advertisement call containing six notes (OC), a
modified version of OC with the pitch of the sixth note increased by 15%
(OCP), a modified version of OC with the sixth note reversed in situ (OR, i.e.
the sixth note was played backward), a modified version of OC with the sixth
note replaced by silence (OS), and two modified versions of OC with the
sixth note replaced by the sixth call note of a sympatric anuran species
(Quasipaa boulengeri, OQ) or by white noise (OW). We predict that females
would exhibit an aversion for OR, OQ, and OW over OC due to violations of
information coherence and varying degrees of acoustic properties altera-
tions. In contrast, females are expected to show comparable behavioral

responses between OC and OCP (which alters acoustic properties but does
not disrupt information coherence) and between OC and OS (which
modifies acoustic properties and creates an expectation for information
input but does not disrupt information coherence). To further assess the
presence of information coherence in the original call, corresponding
control stimuli were generated by reversing each of the first five notes in situ
for each treatment stimulus (OCC, OCPC, ORC, OSC, OQC, and OWG; i.e.
each of the first five notes was played backward in sequence; see Table 1 and
Supplementary Fig. 1). The aim was to disrupt the information coherence
embedded in the first five original notes while preserving the information in
the last one. This approach minimized incongruity in information coher-
ence between the last component and the preceding five reversed notes, as
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Fig. 3 | The average amplitudes of the late positive component. The average
amplitudes of the late positive component for the control (A) and treatment (B)
stimuli (n = 16 in each group). LT and RT the left and right sides of the tele-
ncephalon, LD and RD the left and right sides of the diencephalon, LM and RM the
left and right sides of the mesencephalon, OC the original advertisement call with six
notes, OCP the rising intonation version of OC (where the pitch of the sixth note was
increased by 15%), OQ the sixth note of OC was replaced by the sixth note of an
advertisement call of Quasipaa boulengeri (a sympatric anuran species), OQP the

rising intonation version of OQ (where the pitch of the sixth component of OQ was
increased by 15%), OW the sixth note of OC was replaced by white noise, OWP the
rising intonation version of OW (where the pitch of the sixth component of OW was
increased by 15%). The control stimuli for treatment stimuli are denoted as OCC,
OCPC, OQC, OQPC, OWC, and OWPC, respectively, where the first five notes of
each treatment stimulus were reversed in situ while the sixth component remained
unchanged. *p < 0.05.

the control stimuli lacked coherence. Accordingly, we hypothesize that
females would exhibit comparable behavioral responses among OCC and
the other control stimuli. If the results align with these predictions, they
would indicate that female preference is driven by violations of information
coherence rather than changes in the simple physical attributes of the
last note.

To avoid the potential impact of pseudoreplication on statistical ana-
lysis in animal behavior and neuroscience studies*™*’, we controlled for
these possible effects by using multiple stimulus exemplars. Specifically, we
randomly selected four conspecific and four heterospecific advertisement
calls recorded from four conspecific and four heterospecific individuals,
respectively. Both conspecific and heterospecific calls possessed similar
durations, and the temporal and frequency parameters of the calls were close
to the average values of the corresponding populations. Using Adobe
Audition 3.0 software (San Jose, California, USA), we generated five variants
of each conspecific call. The duration and amplitude of white noise (OW),
with 10 ms rise and fall times, matched the duration and amplitude of the

corresponding call note. Accordingly, four treatment stimulus sets were
created, each containing one OC and five modified versions (OCP, OR, OS,
OQand OW). For each treatment stimulus set, the modified acoustic stimuli
were paired with OC respectively to form five stimulus pairs. Similarly, four
control stimulus sets were created, each containing six control stimuli
(OCC, OCPC, ORC, OSC, OQC and OWC). Each of the last five control
stimuli was paired with OCC respectively to form five additional stimulus
pairs. The intensity of each stimulus was adjusted to 65 + 0.5 dB SPL (the
average intensity of the natural call amplitude) at the center of the experi-
mental tank using a sound pressure meter (relative to 20 pPa, C-weighting
and fast time-weighting; Aihua, AWA6291; Hangzhou, China). Each
treatment stimulus set and its corresponding control stimulus set was
intended to be presented to an equal number of naive females who had not
previously been exposed to the stimuli.

To minimize the influence of visual stimulation and environmental
noise, phonotaxis experiments for females were conducted in ambient
light conditions between 20:30 and 03:00 (the next day). During the
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Table 4 | Results of simple effect analysis for the amplitudes of LPC for the stimulus group and stimulus type

F P partial n? Bonferroni
Stimulus type [TS 10.476 0.001" 0.826 OCP > 0C,0Q,0W,0WP; OC > 0Q; OQP > 0Q,0W
Stimulus type |CS 5.155 0.011" 0.701 OCC,0CPC >0OWC
Stimulus group |OC 0.437 0.519 0.028 NA
Stimulus group |OCP 50.347 0.000™ 0.770 TS>CS
Stimulus group |0Q 7.132 0.017" 0.322 CS>TS
Stimulus group |OQP 5.633 0.031" 0.273 TS>CS
Stimulus group |OW 0.208 0.655 0.014 NA
Stimulus group |OWP 0.320 0.580 0.021 NA

The symbol “>” indicates that the amplitudes on the left side of “>” are significantly greater than those on the right side. The symbols “|” denote the conditions on the left side of “|” under the conditions on the
right side of “|”. The F-value from the analysis of variance (ANOVA) is denoted as F. The effect size for ANOVA is represented by partial n2. NA signifies that the information is not applicable. Additionally, OC
refers to the original advertisement call with six notes; OCP represents the rising intonation version of OC, where the pitch of the sixth note was increased by 15%; OQ indicates modified version of OC,
where the sixth note was replaced by the sixth note of an advertisement call from a sympatric anuran species, Quasipaa boulengeri; OQP represents the rising intonation version of OQ, with a 15% increase
in the pitch of the sixth component; OW denotes the altered version of OC, with the last note replaced by white noise; and OWP represents the rising intonation version of OW, with a 15% pitch increase in the
last component. The control stimuli for OC, OCP and OW are denoted as OCC, OCPC and OWC respectively, where the first five notes of each treatment stimulus were reversed in situ while the last
component remained unchanged. In addition, CS and TS refer to the control and treatment stimuli, respectively. *p < 0.05 and **p < 0.001.

experiments, the ambient temperature and relative humidity ranged
from 16.7 to 25.8 °C and from 67.4 to 90%, respectively. An open metal
tank (270 cm x 95 cm x 100 cm) containing approximately 5 cm of mud
on the bottom was placed outdoors. Small holes (5 mm in diameter,
spaced 2 cm apart) were drilled along the four tank walls, and the inner
walls were covered by sound-absorbing cotton with 5 cm in thickness to
reduce acoustic reverberation. Two speakers (SME-AFS, Saul Mineroff
Electronics, Elmont, NY, USA) were positioned at the opposite ends of
the tank. Before the experiments, a pure tone of 1,000 Hz was used to
calibrate each speaker’s output intensity to 70 dB SPL (measured 1 m
from the speaker). One female selected randomly was covered by a
transparent semicircular plastic cup with a diameter of 20 cm in the
center of the tank and allowed to habituate for approximately 2 min in
darkness. Then, one of the stimulus pairs was selected randomly and
played back antiphonally with a 3 s inter-stimulus interval (ISI), which is
approximately equal to the mean of inter-call intervals in nature. After
3 min of playbacks, the plastic cup was lifted remotely to allow the female
to move freely in the arena. The behaviors of each subject were mon-
itored through two infrared cameras with motion detection (WAPA, BL-
CS72001B-P(ND)WL-12SH; Shenzhen, China), mounted at opposite
ends of the tank. A positive preference was scored if the female
approached a location within 10 cm from one of the speakers, and then
the trial was stopped. A “no preference” score was assigned if the animal
failed to choose within 20 min after the cup was lifted. The scores and
latencies (the interval between the onset of lifting the cup and the
moment that the female completed selection between the two stimuli)
were recorded for each animal. To control for possible spatial biases, the
assignments between the stimuli and speakers were varied randomly
across subjects. Additionally, the subjects’ body mass and snout-to-vent
length were measured after the experiments.

Surgery for electrophysiological experiments

Our previous studies provide detailed descriptions of surgical
procedures®*. Prior to surgery, the frog was anesthetized using 0.1% tri-
caine methanesulfonate (MS-222). Subsequently, six stainless steel screws,
each with a diameter of 0.8 mm, were implanted on both sides of specific
regions of the brain: the telencephalon (LT and RT), diencephalon (LD and
RD), and mesencephalon (LM and RM). Additionally, we implanted a
reference electrode above the cerebellum (C) (Fig. 5). To attach the elec-
trodes, one exposed end of formvar-insulated nichrome wire was securely
wrapped around each screw, while the other end was soldered to an elec-
trical connector. Dental cement was used to affix the electrodes to the skull,
and pain-relieving ointment (CVS pharmacy, Woonsocket, RI, USA) was
uniformly applied to the wound to prevent infection and alleviate

discomfort. To ensure waterproofing, the connector was protected with a
self-sealing membrane (Parafilm®M; Chicago, IL, USA). Each subject was
individually housed for a recovery period of 7 days before proceeding with
subsequent experiments. Upon completion of the experiments, the animal
was euthanized using an overdose of anesthetic. To determine that all data
used for analysis was derived from the intended brain regions, hematoxylin
dye was injected into the corresponding sites of the skull where the elec-
trodes had been previously implanted.

Recording conditions for electrophysiological experiments

A soundproof and electromagnetically shielded chamber was utilized
for the experimental setup. Inside this chamber, an opaque plastic
tank with dimensions of 80 cm x 60 cm and a depth of 55cm was
placed. The tank contained a mixture of mud and water on the
bottom. To capture the subjects’ behaviors, an infrared camera with
motion detection was mounted at a height of approximately 1 m
above the tank. The EEG signals of the frog were recorded using a
signal acquisition system (Chengyi, RM6280; Chengdu, China). The
recorded signals were subjected to a band-pass filter ranging from
0.16 Hz to 100 Hz, with a sampling frequency of 1000 Hz.

Stimulus and procedure for electrophysiological experiments

In human ERP studies, employing the N400 component typically
involves a “violation paradigm” to delineate various stages of
semantic processing. Such studies often induce semantic violation by
substituting the final word of a sentence with an incongruous word,
thereby allowing the preceding words to establish a specific
context*™*. Analogously, we investigated the last note of the adver-
tisement call to determine whether disruptions in the informational
coherence of acoustic stimuli could provoke variations in N400
amplitudes. We collected 46 conspecific advertisement calls, each
comprising six notes, from 46 individuals of the same species. Fol-
lowing the methodology for generating acoustic stimuli in the pho-
notaxis experiments, six types of treatment stimuli (Table 1 and
Fig. 6) were included in the electrophysiological experiments: OC,
OCP, 0Q, OQP (OQ with the pitch of the sixth component increased
by 15%), OW, and OWP (OW with the pitch of the sixth component
increased by 15%). We predict that the stimuli with replacement of
the sixth component (OQ, OW, OQP, and OWP) would elicit greater
N400 and LPC amplitudes compared to OC due to disruptions in
information coherence and alterations in acoustic properties. Fur-
thermore, the stimuli with rising intonation (OCP, OQP and OWP)
are expected to elicit greater LPC amplitudes compared to their
corresponding non-rising intonation versions (OC, OQ and OW)
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Fig. 4 | Waveforms and spectrograms of the six treatment stimuli for phonotaxis
experiments. A represents the original advertisement call (OC), B illustrates the

rising intonation version of OC, where the pitch of the sixth note was increased by
15% (OCP), C shows the modified version of OC, where the sixth note was replaced
by the sixth note of an advertisement call from a sympatric anuran species, Quasipaa
boulengeri (OQ), D presents a modified version of OC with the last note was reversed

in situ (OR), E shows a modified version of OC with the last note replaced by silence
(OS), F demonstrates the altered version of OC, with the last note replaced by white
noise (OW). It is worth noting that the rising intonation in the last note (OCP)
results in measurable alterations in the frequency spectrum profiles of the last
components compared to the original version (OCP vs. OC).

because of greater alterations in acoustic properties. If the results
align with these predictions, they would indicate that the induced
N400 is driven by violations of information coherence rather than
changes in the simple physical attributes of the last note. A total of
276 acoustic stimuli (46 x 6) were generated. Corresponding control
stimuli (OCC, OCPC, OQC, OQPC, OWC and OWPC; Table 1 and

Supplementary Fig. 2) were created by reversing each of the first five
notes in situ while leaving the last note unchanged, thereby dis-
rupting information coherence in the first five notes. We predict that
the N400 evoked by these control stimuli, which lack information
coherence, would be smaller due to reduced prediction error between
the last note and the preceding five reversed ones. If significant
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Fig. 5 | Electrode placements and 10-second sam-
ples of typical EEG tracings for each brain area. LT
and RT the left and right sides of the telencephalon,
LD and RD the left and right sides of the dience-
phalon, LM and RM the left and right sides of the
mesencephalon, C the reference electrode implanted
above the cerebellum. The intersection point of the
three bold dashed lines in the frog’s head represents
the intersection of the suture lines.
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differences in N400 amplitudes are observed between the treatment
and control stimuli, this would suggest that disrupting the coherence
of information in the preceding segments of calls influences the
perception of subsequent segment. The two stimulus types (OS and
OR) used in the phonotaxis experiments were excluded from the
electrophysiological experiments due to specific limitations: OS (a
modified version of OC with the last note replaced by silence) has
zero amplitude in the final component, OR (a modified version of OC
with the last note reversed in situ) has minimal amplitude in the
initial section of the last reversed note, and averaging time points for
ERP analysis is challenging for OR due to individual differences in
auditory sensitivity.

Two portable field speakers were positioned equidistantly at
opposite ends of the experimental tank. To form a quasi-free sound
field of the sound level distribution at the bottom of the bank, each
acoustic stimulus was played back simultaneously to the subjects via
the two speakers at 65.0 + 0.5 dB SPL. The sound pressure levels were
measured at the center of the tank using the sound pressure meter.
For each frog, 15 different original calls were selected randomly from
the 46 calls and played back with an ISI of 3 s in order to create an
acoustic scene. Subsequently, the 276 acoustic stimuli were played
back randomly with ISI of 3 s. Following a 5-min break, the stimuli
were replayed once again in a randomized order. The entire session
lasted approximately 45 minutes. The control experiment followed a
similar procedure to the experimental setup. All experimental pro-
cedures were carried out using a custom-made software written in C
++, which could save the order of the random stimulus stream
automatically. A trigger pulse was sent to the signal acquisition
system at every stimulus onset via the parallel port of a PC for further
time-locking analysis.

Data acquisition and processing for electrophysiological
experiments
Following a seven-day period of postoperative recovery, the subject was
placed in the experimental tank and connected to the signal acquisition
system for approximately one day of habituation before proceeding with the
subsequent experiments. During the experiments, feeding was restricted to
minimize potential influences of nutrient metabolism on brain activities.
The EEG signals and behavioral data were recorded during playbacks of
acoustic stimuli. To extract ERP components, the EEG recordings under-
went filtering using a 50 Hz notch filter and a band-pass filter ranging from
0.25 to 25 Hz. Subsequently, the EEG signals were divided into epochs of
1700 ms duration, including a 200 ms pre-stimulation baseline relative to
the onset of the last component of each stimulus. All epochs were inspected
visually, and those with muscle artifacts and electrode drift were excluded
for further analysis.

For each subject, accepted epochs were averaged based on sti-
mulus type and brain area. The grand average waveforms, obtained

from averaged waveforms across all subjects (see Supplementary
Figs. 3 and 4), revealed the presence of N400 and LPC peaks for each
brain area and each stimulus type. The latencies of these peaks were
measured from the grand average waveforms, and the medians were
calculated for each ERP component, regardless of brain area and
stimulus type. Consequently, the time windows for N400 and LPC
were defined as 310-610 ms and 610-910 ms respectively after the
onset of the last component of acoustic stimuli with the medians as
the midpoints. For each ERP component, we calculated the ampli-
tude by averaging across the corresponding time window, and
determined the latency using the “half-area algorithm”***. The half-
area algorithm refers to calculating the area under the ERP waveform
within the corresponding time window for each ERP component and
determining the time point at which this area is divided into equal
halves. In this way, the mean amplitude and latency of each ERP
component could be acquired for each stimulus type, each brain area
and each subject.

Statistics and reproducibility

For the phonotaxis experiments, the binomial test was used to analyze the
number of female choices. There was no significant difference for the
variable ‘stimulus set’, consistent with the idea that the four stimulus sets
were not significantly different at eliciting behavioral responses from the
subjects. The normality and homogeneity of variance for the latencies of
female response were assessed using the Shapiro-Wilk W test and
Levene’s test, respectively. Independent samples t-test was used for
comparison of differences in latencies. For the electrophysiological
experiments, the normality of distribution and homogeneity of variances
for the amplitudes and latencies of each ERP component were assessed
using the Shapiro-Wilk W test and Levene’s test, respectively. A four-way
repeated measures ANOVA was conducted to analyze the amplitudes
and latencies of each ERP component, considering the variables of “sti-
mulus group” (treatment stimuli and control stimuli), “stimulus type”
(the six types of acoustic stimuli), “sex” (female and male), and “brain
area” (the six brain regions). As no significant main effect or interaction
was found for the “sex” factor, a three-way repeated measures ANOVA
was performed with the remaining three variables. Multiple comparisons
with Bonferroni correction and simple effect analysis were performed
when ANOVAs returned a significant difference and the interaction
effects were significant, respectively. If the assumption of sphericity was
violated, Greenhouse-Geisser ¢ values were employed. The effect size was
determined using the partial 112 value, with values of 0.20, 0.50, and 0.80
indicating small, medium, and large effect sizes, respectively. In the
electrophysiological experiments, each stimulus type was presented 92
times. The sample size and the number of replications were determined
by referencing previous studies in the same field. All statistical analysis
was carried out using SPSS software (version 21.0; SPSS Inc., Chicago, IL,
USA), with a significance level set at p < 0.05.
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Fig. 6 | Waveforms and spectrograms of the six treatment stimuli used for
electrophysiological experiments. A represents the original advertisement call
(OC), B illustrates the rising intonation version of OC, where the pitch of the sixth
note was increased by 15% (OCP), C shows the modified version of OC, where the
sixth note was replaced by the sixth note of an advertisement call from a sympatric
anuran species, Quasipaa boulengeri (OQ), D presents the rising intonation version
of OQ, with a 15% increase in the pitch of the sixth component (OQP),
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E demonstrates the altered version of OC, with the last note replaced by white noise
(OW), F shows the rising intonation version of OW, with a 15% pitch increase in the
sixth component (OWP). It is worth noting that the rising intonation in the last
components (OCP and OQP) results in measurable alterations in the frequency
spectrum profiles of the last components compared to their corresponding original
versions (OCP vs. OC and OQP vs. OQ). However, only minor alterations of the last
components were observed for OWP and OW.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The dataset generated and analyzed in the current study is available at Qing,
tao (2025), “Data for the music frog”, Mendeley Data, V1, https://doi.org/10.
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