Current Zoology, 2024, 70, 253-261
https://doi.org/10.1093/cz/zoac104
Advance access publication 27 December 2022

Original Article

OXFORD

Network analysis reveals context-dependent structural
complexity of social calls in serrate-legged small treefrogs
Ke Deng®{”, Qiao-Ling He®®, Tong-Liang Wang°, Ji-Chao Wang°¢, and Jian-Guo Cui**

2CAS Key Laboratory of Mountain Ecological Restoration and Bioresource Utilization & Ecological Restoration and Biodiversity Conservation
Key Laboratory of Sichuan Province, Chengdu Institute of Biology, Chinese Academy of Sciences, Chengdu 610041, China

University of Chinese Academy of Science, Beijing 100049, China

¢Ministry of Education Key Laboratory for Ecology of Tropical Islands, Key Laboratory of Tropical Animal and Plant Ecology of Hainan Province,
College of Life Sciences, Hainan Normal University, Haikou 571158, China

“Address correspondence to Jian-Guo Cui. E-mail: cuijg@cib.ac.cn.
Handling editor: Zhi-Yun Jia

Abstract

Vocal communication plays an important role in survival, reproduction, and animal social association. Birds and mammals produce com-
plex vocal sequence to convey context-dependent information. Vocalizations are conspicuous features of the behavior of most anuran
species (frogs and toads), and males usually alter their calling strategies according to ecological context to improve the attractiveness/
competitiveness. However, very few studies have focused on the variation of vocal sequence in anurans. In the present study, we used
both conventional method and network analysis to investigate the context-dependent vocal repertoire, vocal sequence, and call network
structure in serrate-legged small treefrogs Kurixalus odontotarsus. We found that male K. odontotarsus modified their vocal sequence by
switching to different call types and increasing repertoire size in the presence of a competitive rival. Specifically, compared with before
and after the playback of advertisement calls, males emitted fewer advertisement calls, but more aggressive calls, encounter calls, and
compound calls during the playback period. Network analysis revealed that the mean degree, mean closeness, and mean betweenness
of the call networks significantly decreased during the playback period, which resulted in lower connectivity. In addition, the increased
proportion of one-way motifs and average path length also indicated that the connectivity of the call network decreased in competitive
context. However, the vocal sequence of K. odontotarsus did not display a clear small-world network structure, regardless of context. Our
study presents a paradigm to apply network analysis to vocal sequence in anurans and has important implications for understanding the

evolution and function of sequence patterns.

Key words: call network, centrality, Kurixalus odontotarsus, vocal repertoire, vocal sequence.

Vocal communication has evolved in a broad range of taxa
(Gerhardt and Huber 2002; Naguib et al. 2009; Chen and
Wiens 2020), and it plays an important role in survival,
reproduction, and animal social association. As the acoustic
units of conveying information, different note types, call types
and phrase types usually have distinct ecological implications
(Toledo et al. 2015; Demartsev et al. 2019; Fan et al. 2022).
Consequently, animals emit a variety of calls/songs in differ-
ent contexts and even can use functionally referential calls to
indicate specific danger (Casar and Zuberbuhler 2012; Suzuki
2018). In addition to the type, the sequence and combination
of the acoustic units may also determine the information con-
veyed (Arnold and Zuberbuhler 2006; Suzuki et al. 2018).
There has been a large body of studies on vocal sequence,
however, most of them focus on vocal repertoire and syntac-
tic patterns in primates and songbirds, which have relatively
large repertoire sizes (Okanoya 2004; Gentner et al. 2006;
Quattara et al. 2009; Fishbein et al. 2020).

Vocalizations are conspicuous features of the behavior of
most frogs and toads (Wells 2007). Males emit advertise-
ment calls to attract females, and they usually alter their
call efforts or call types according to ecological context to

improve the attractiveness/competitiveness (Kohler et al.
2017; Ryan et al. 2019). For example, a study with African
clawed frogs Xenopus laevis showed that receptive calls from
females increased the call duration of previously subordinate
males (Xu et al. 2012). Similarly, a study with Emei music
frogs Nidirana daunchina showed that female calls induced
males to emit significantly more advertisement calls (Cui et
al. 2010). In addition, Byrne and Keogh (2007) reported that
male Australian terrestrial toadlets Pseudophryne bibronii
significantly increased their call rate in response to conspe-
cific odors (both from males and females). Furthermore, male
toadlets emitted significantly fewer advertisement calls and
more territorial calls in response to male odors (Byrne and
Keogh 2007). However, as yet, very few studies have focused
on vocal sequence in anurans (Bernal et al. 2009; Bhat et al.
2022).

Serrate-legged small treefrogs Kurixalus odontotarsus
are suitable species to investigate whether the use and the
sequence of acoustic units vary in different contexts. Male
K. odontotarsus can emit 3 distinct types of notes (hence-
forth referred to as A notes, B notes, and C notes), and they
emit different call types (a category of vocalizations emitted
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in a particular social context with specific note type) with
these 3 note types: 1. advertisement calls, which contain only
A notes (Figure 1A); 2. aggressive calls, which contain only
B notes (Figure 1B); 3. encounter calls, which contain only C
notes (Figure 1C); 4. compound calls, which consist of at least
2 note types and can be further divided into 4 types according
to the note types the calls contain (i.e., A and B, B and C, A
and C, and A and B and C, Figure 1D-G). Generally, males
vocalize on branches or in bushes and emit advertisement calls
to attract females (Figure 1H). Females show a preference for
longer calls (Deng et al. 2019, 2022). Previous studies also
demonstrated that advertisement calls elicit a vocal response
and induce rivals to emit more aggressive calls (Zhu et al.
2017b; Deng et al. 2020). In addition, males emit relatively
more encounter calls and compound calls in competitive
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context (field observations). Consequently, male K. odonto-
tarsus can emit a variety of call phenotypes, which consist of
notes of specific types and numbers in a particular order.
Traditionally, the sequential order of acoustic units has
been illustrated by flow charts, and the transition probabil-
ity between any 2 acoustic units has been calculated using
Markov chain analyses (Bohn et al. 2009; Markowitz et al.
2013; Kershenbaum et al. 2014). Network analysis is a prom-
ising alternative to investigating the structure of call/song
sequences, which has been used in studies with some mam-
mals and birds. This analytical tool provides specific network
metrics which allow researchers to quantify the connection
and transition patterns between acoustic units and identify the
syntactic features (Humphries and Gurney 2008; Deslandes
et al. 2014; Weiss et al. 2014). Furthermore, since network
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Figure 1 lllustrations of oscillogram (top) and spectrogram (bottom) for 7 call types (a—g) and a calling male Kurixalus odontotarsus (h, photo by K.D.).
An advertisement call consisting of 6 A notes (A), an aggressive call consisting of 11 B notes (B), an encounter calls consisting of 11 C notes (C), a
compound call consisting of 2 A notes plus 3 B notes (D), a compound call consisting of 1 A note plus 5 C notes (E), a compound call consisting of 2 C
notes plus 3 B notes (F), and a compound call consisting of 6 A notes, 1 B note plus 9 C notes (G).
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analysis is based on graph theory, it allows researchers to
visualize and evaluate the overall structure of the network
(Sasahara et al. 2012; Cody et al. 2015; Allen et al. 2019).

Using the dataset from Deng et al. (2020), we used both
conventional method and a network-based approach to
examine the variation of vocal sequences of male K. odonto-
tarsus in different contexts. We hypothesized that the presence
of a competitive rival should influence the repertoire size, the
sequence patterns produced, and consequently the call net-
work structure. Since males increase their call rate and emit
relatively more compound calls in competitive context, we
predicted that the number of call phenotypes would increase
in the presence of a rival’s advertisement calls. We also pre-
dicted that specific call phenotypes might often co-occur in
vocal sequence, and thus the connectivity at the network level
would decrease in competitive context.

Materials and Methods

Data collection

All data of the present study were derived from the previ-
ous study (Deng et al. 2020), which was conducted from
May to August 2019 at Diaoluo Mountain National Nature
Reserve in Hainan, China (18.72°N, 109.87°E, elevation
933 m). Experiments were conducted in the field, which
were far enough from the chorus to prevent the tested
males from directly interacting with other males. Tested
males were placed in enclosures constructed of wire mesh
(42 x 32 x 90 cm), which were open to ambient air and sound.
Soil and plants were provided, and male frogs could locomote
freely in enclosures. We recorded males for 3 min before ini-
tiating a playback (i.e., spontaneous period), 3 min during
the playback, and 3 min after the playback using a digital
voice recorder (Sony PCM-D100). The acoustic stimuli were
presented using Adobe Audition (version 3.0) and broad-
casted using a speaker (amplified field speaker, Saul Mineroff
Electronics, Inc.), which was 1 m away from the enclosure.
We used advertisement calls with 5 notes (i.e., SA) as the stim-
uli, which represented a competitive rival (Zhu et al. 2017b;
Deng et al. 2019). Advertisement calls were broadcasted with
5-s interstimulus intervals (Zhu et al. 2017b), and the ampli-
tude of the stimuli was 80 dB SPL (re 20 pPa), measuring at
the central area of the enclosure using a sound pressure level
meter (AWA 6291, Hangzhou Aihua Instruments Co., China).
The experimental procedures are described in detail by Deng
et al. (2020).

The number of calls, the number of each call type, the num-
ber of each call phenotype, and the order of call phenotypes
during each period (before, during, and after the playback of
advertisement calls with 5 notes) were recorded in the present
study. In total, 58 male K. odontotarsus were tested, 8 of them
did not emit any call after the playback period.

Network construction and visualization

All analyses were performed using the software R 4.1.0
(http://cran.r-project.org). According to the order of call
phenotypes in the vocal sequence, call networks before, dur-
ing and after the playback period were constructed using
the time-ordered package (Blonder and Dornhaus 2011). A
connection was defined as any 2 call phenotypes occurring
next to each other in the vocal sequence (undirected), and
a transition was defined as one call phenotype followed by
another call phenotype (directed). For the depiction of vocal

sequences in networks, the visualizations were constructed
using the Fruchterman—Reingold algorithm in iGraph pack-
age (Fruchterman and Reingold 1991; Csardi and Nepusz
2006), which essentially pulls nodes that are highly connected
closer together. Nodes represent call phenotypes in the vis-
ualized call networks, and edges represent the connections
between call phenotypes. Thickness of the edges represents
the frequency of connections and the arrows represent transi-
tions between call phenotypes.

Network metrics

All network metrics were calculated using iGraph package
(Csardi and Nepusz 2006). Three centrality metrics were
calculated for each call phenotype in each network, and the
mean values of these metrics were used to evaluate group-
level changes in network structure. Degree: describes the sum
of all connections to the focal call phenotype. Closeness:
describes how well connected a call phenotype is to all others
in the network. Betweenness: describes how important a call
phenotype is for connections and stability of the call network.
The removal of the high-betweenness call phenotype will
likely fragment network connectivity. These 3 metrics were
calculated based on directed networks, and were normalized
to facilitate comparisons across networks of different sizes
(Maldonado-Chaparro et al. 2015). The normalized degree
was the raw degree divided by # — 1, and normalization for
closeness was performed by multiplying the raw closeness
by # — 1 (the maximum number of possible connections),
where 7 was the number of nodes in the network (Freeman
1979). The normalized betweenness was calculated from the
following formula: Bpormalized = %, where B is the raw
betweenness and 7 is the number of nodes in the network
(Freeman 1979).

To investigate the transition motifs (patterns) of call phe-
notypes, in-degree and out-degree were calculated for each
call phenotype in each network. In-degree was based on
the number of different call phenotypes that immediately
preceded focal call phenotype, and out-degree was based on
the number of different call phenotypes that immediately fol-
lowed focal call phenotype. The proportion of both degrees
was used to estimate the transition motifs based on the defi-
nitions in Sasahara et al. (2012) 1) One-way: for a given call
phenotype, a less than an average number of call phenotypes
both precedes and follows; 2) Bottleneck: for a given call
phenotype, a greater than an average number of call phe-
notypes precedes and a less than an average number of call
phenotypes follows; 3) Hourglass: for a given call phenotype,
a greater than an average number of call phenotypes both
precede and follow; 4) Branch: for a given call phenotype, a
less than an average number of call phenotypes precedes and
a greater than an average number of call phenotypes follows.
Deterministic motifs (one-way and bottleneck) have fewer
than average call phenotypes following any specific call phe-
notype. Non-deterministic motifs (hourglass and branching)
have greater than average call phenotypes following any spe-
cific call phenotype (Sasahara et al. 2012).

To describe the call network structure before, during, and
after the playback period, 2 network-level metrics were calcu-
lated based on undirected networks. Average path length (L):
the average of all path lengths between all pairs of nodes in
the network (Wey et al. 2008). The larger L is, the more steps
are required for any call phenotype to reach another, and vice
versa. Clustering coefficient (C): describes how densely the
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network is clustered around the focal node (Wey et al. 2008).
It represents the overall tendency of different call phenotypes
to form groups that are highly likely to co-occur in a vocal
sequence. Furthermore, we used average path length and clus-
tering coefficient in combination to calculate the small-world
coefficient (S): § = (C/C_ )/(L/L__ ) (Humphries and Gurney
2008). C and L were calculated on observed networks, and
C_,and L were calculated on randomly permuted Erdos-
Renyi networks with the same number of nodes and edges.
We performed 1,000 permutations and then calculated small-
world coefficient using average C_ , and L_ .. Small-world
networks were characterized by a small-world coefficient
greater than 1 (Humphries and Gurney 2008) and clusters
of call phenotypes above a certain degree of modularity (Q)
(Newman 2006). Consequently, we used the Girvan-Newman
algorithm (Girvan and Newman 2002) to define network
communities (NC) in a network and find the most fitted num-
ber of communities (Newman and Girvan 2004). Generally,
the larger the value of Q, the more accurate the partition is
into communities (Newman and Girvan 2004).

Statistical analysis

We evaluated the variations in call rate and the number of
call phenotypes among periods using a Friedman test fol-
lowed by pairwise comparisons (Wilcoxon signed rank test),
because not all data indicate a normal distribution (Shapiro—
Wilk test: P < 0.05). To examine group-level changes in net-
work structure between the playback periods, we conducted
a linear mixed model with each network metric (degree,
closeness, and betweenness centrality) as the dependent var-
iable. The playback period (before, during, and after) was
used as the independent variable. We included individual ID
as a random effect. We used Spearman’s rank correlation
test to examine whether centrality of call phenotypes dur-
ing the playback period correlates with their frequency of
occurrence during that period. P < 0.05 was considered sta-
tistically significant.

Results

The Friedman test showed that call rate of tested male K.
odontotarsus varied significantly across 3 periods (> = 22.59,
df=2,P <0.001, N = 50, Figure 2A). Specifically, males emit-
ted significantly more calls during the playback period than
before (Wilcoxon signed rank test: V = 166, P < 0.001) and
after (Wilcoxon signed rank test: V = 1098, P < 0.001) the
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playback period (Figure 2A). Similarly, there were significant
differences in the number of call phenotypes among peri-
ods (Friedman test: x> = 74.72, df = 2, P < 0.001, N = 50,
Figure 2B). Specifically, the number of call phenotypes dur-
ing the playback period was significantly greater than that
before (Wilcoxon signed rank test: V = 16, P < 0.001) and
after (Wilcoxon signed rank test: V = 1271, P < 0.001) the
playback period (Figure 2B). In addition, males emitted rel-
atively more calls containing only A notes before and after
the playback period (Figure 2C). During the playback period,
the proportion of calls containing only B notes or C notes,
and the proportion of calls consisting of different note types
increased (Figure 2C).

Figure 3 gives a visualized presentation of vocal sequences.
Compared with before and after the playback period, more
multi-note calls (Figure 3A) and more compound calls (Figure
3B,C) occurred during the playback period. Calls contain-
ing only B notes occupied more central positions in the call
networks than other call types, and they had a relatively
higher degree (represent as bigger size in the graphs, Figure
3). Linear mixed model revealed that the average degree (¢
= 4.500, P < 0.001), closeness (¢ = 60.996, P < 0.001), and
betweenness (¢ = 2.703, P = 0.008) varied significantly across
3 periods (Figure 4). Call phenotypes had significant higher
centralities either before (degree: t = 5.204, P < 0.001; close-
ness: t = 2.714, P = 0.010; betweenness: ¢ = 2.668, P = 0.011)
or after (degree: ¢t = 2.345, P = 0.024; closeness: ¢ = 4.316, P
< 0.001; betweenness: ¢ = 2.061, P = 0.046) than during the
playback period (Table 1, Figure 4). The degree (S = 4043.9,
P <0.001), closeness (S = 54394, P < 0.001), and betweenness
(§=33696, P <0.001) of call phenotypes during the playback
period significantly correlated with their frequency of occur-
rence during that period (Spearman’s rank correlation test).

Deterministic motifs were more common than non-de-
terministic motifs for each period (average of deterministic
motifs = 67.3%, Table 2), most of which were one-way motifs
(Table 2). Hourglass motifs were the second most common
motif (average = 29.3%), while bottleneck motifs and branch
motifs were far less common for each period (less than 10%,
Table 2). Compared with before and after the playback
period, the proportion of one-way motifs increased, and the
proportion of hourglass motifs decreased during the playback
period (Table 2).

Compared with before and after the playback period, the
average path length increased, and the clustering coefficient
decreased during the playback period (Table 3). Therefore,
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Figure 3 Call networks of 3 male Kurixalus odontotarsus before, during, and after the playback of advertisement calls (A-C). Nodes represent call
phenotypes, and size of nodes is proportional to degree centrality. Colors represent call types: calls containing only A notes (blue), calls containing
only B notes (yellow), calls containing only C notes (red), calls consisting of A and B notes (green), calls consisting of A and C notes (purple), and calls
consisting of B and C notes (orange). Thickness of the edges represents the frequency of connections and the arrows represent transitions between

call phenotypes.

the small-world coefficient during the playback period
was the highest (C = 2.90, Table 3), indicating that call
phenotypes within vocal sequences clustered into highly
connected groups with short distances between them.
Accordingly, the call network during the playback period
had 6 network communities (Table 3). Nevertheless, the
QO value was too small for each period (< 0.18, Table 3),

suggesting that neither of them had a clear small-world
network structure (Figure 5).

Discussion

We used both conventional methods and network analysis
to investigate the vocal sequences of male K. odontotarsus.
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Figure 4 Comparison of degree, closeness, and betweenness centrality among periods (N = 58 for before and during, and N = 50 for after the playback
of advertisement calls). Different superscript letters indicate significant differences (P < 0.05) as determined by linear mixed model.

Table 1 Linear mixed model testing the variation of each network metric
across different periods (N = 58 for before and during, and N = 50 for
after the playback of advertisement calls). Factor reference category is
“period | during the playback period”

Network metric Factor Coefficient SE t P
Degree Period | before 0.260 0.050 5.204 <0.001
Period | after  0.104 0.044 2.345 0.024
Closeness Period | before 0.020 0.007 2.714 0.010
Period | after  0.029 0.006 4.316 <0.001
Betweenness Period | before 0.051 0.019 2.668 0.011
Period | after  0.035 0.017 2.061 0.046

Table 2 Total number and percentage of transition motifs for each period
(N = 58 for before and during, and N = 50 for after the playback of
advertisement calls)

Period Deterministic Non-deterministic
One-way Bottleneck Hourglass Branch
Before 10 (59%) 1(6%) 6 (35%) 0 (=)
During 67 (75%) 1(1%) 21 (23%) 1(1%)
After 13 (57%) 1 (4%) 7 (30%) 2 (9%)

Table 3 The average path length (L), clustering coefficient (C), the
small-world coefficient (S), number of network communities (NC), and
modularity (Q) for each period (N = 58 for before and during, and N = 50
for after the playback of advertisement calls)

Period L C S NC [0}

Before 1.75 0.53 0.96 3 0.05
During 2.14 0.29 2.90 6 0.15
After 2.00 0.36 1.13 3 0.18

Consistent with previous study (Zhu et al. 2017b), we found
that males significantly increased their call rate when pre-
sented with rival’s advertisement calls. Males also changed the
call types they used. Specifically, males emitted relatively fewer
advertisement calls, but more aggressive calls and encountered
calls in competitive context, which demonstrates an agonis-
tic function for sequences consisting of B notes and C notes.
Similar result has been found in a study of Amboli bush frogs
Pseudophilautus amboli, which reported that males mainly

emitted certain types of notes either vocalizing alone or with a
neighbor, whereas they switched to a different group of notes
in a territorial dispute (Bhat et al. 2022). We also found that
male K. odontotarsus emitted significantly more compound
calls during the playback period (as shown in Figures 3 and 3),
which resulted in a larger repertoire size. This result suggests
that males also modify their vocal sequences in the presence of
a competitive rival by incorporating various combinations of
different note types. Many anuran species emit calls consist-
ing of several notes of different types (Nali and Prado 2014;
Narins and Meenderink 2014; Furtado et al. 2016). Generally,
males tend to emit notes of a certain type when they call alone
but add a series of other types of notes during the vocal com-
petition (Bevier et al. 2004; Reichert 2009; Bhat et al. 2022),
resulting in a more elaborate vocal sequence.

Network analysis revealed that the mean degree, mean
closeness, and mean betweenness of the call networks signifi-
cantly decreased during the playback period, suggesting that
both direct and indirect connections among call phenotypes
at group level were lowest in competitive context. In addi-
tion, there were significant correlation between centralities of
call phenotypes and their frequency of occurrence during the
playback period. Therefore, the changes in network structure
might result from an increased difference in the frequency
of occurrence of call phenotypes. That is, some certain call
phenotypes were repeated frequently in the vocal sequence,
whereas others occurred only a few times. Male frogs gen-
erally enhance their competitiveness by emitting calls con-
taining more notes (Bernal et al. 2009; Zhu et al. 2017a).
However, long calls and compound calls also carry costs
such as increasing energetic costs or risks of predation and
parasitism (Ryan et al. 1982; Bernal et al. 2006; Wells 2007),
so frogs do not produce these calls at all times. For exam-
ple, although females are preferentially attracted to whines
with chucks over whines alone, and males also increase their
call rate in response to calls containing chucks (Ryan et al.
2019), nearly 70% of the calls emitted by male tingara frogs
Physalaemus pustulosus in the chorus are simple whine-only
calls (Bernal et al. 2007). According to the definition, nodes
that have more connections with others (more active or more
co-occurrence) usually have higher centralities (occupy more
central positions in the network). In the present study, 1B
(aggressive calls with one note) had the highest degree cen-
trality during the playback period (as shown in Figure 3),
probably resulting from its high frequency of occurrence in
vocal sequence. This call type (1B) is effective at suppressing
rivals (Zhu et al. 2017b) and has low production costs, mak-
ing this an effective strategy for dealing with rivals.
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Before

Figure 5 Call networks of male Kurixalus odontotarsus before (N = 58), during (N = 58), and after (N = 50) the playback of advertisement calls. Nodes
represent call phenotypes, and colors represent call types: calls containing only A notes (blue), calls containing only B notes (yellow), calls containing
only C notes (red), calls consisting of A and B notes (green), calls consisting of A and C notes (purple), calls consisting of B and C notes (orange), and
calls consisting of A, B, and C notes (black). Thickness of the edges represents the frequency of connections and the arrows represent transitions

between call phenotypes.

On the other hand, the changes in network structure
revealed that the difference in the number of connections
of call phenotypes increased during the playback period.
Although a variety of compound calls occurred in the presence
of advertisement calls, most of which were typically found on
the network’s periphery because they connected with few call
phenotypes (as shown in Figure 5). Only a few simple calls
(consisting of one note type) of high connection occupied
the key positions, which acted as hubs in the call networks.
Because compound calls consist of several notes of different
types, they may convey separate messages simultaneously
(Nali and Prado 2014). For example, male Eleutherodactylus
coqui emit a two-note “co-qui” call, where the “co” is directed
towards males whereas the “qui” is directed towards females
(Narins and Capranica 1978). In K. odontotarsus, A notes
are necessary and sufficient to attract females, and B notes
can suppress rival’s vocalization (Zhu et al. 2017b; Deng et
al. 2019). However, compound calls consisting of A and B
notes do not have both functions, but only functions similar
to advertisement calls (consisting of only A notes, Zhu et al.
2017b; Deng et al. 2020). The functions of these compound
calls are still not well understood, especially calls consisting
of B and C notes, which need a further investigation.

The increased proportion of one-way motifs and average
path length also indicates that the connectivity of the call net-
work decreased in competitive context. However, the vocal
sequence of K. odontotarsus did not display a clear small-
world network structure. Small-world structure has been
found in human language, bird song, and humpback whale
song (Cancho and Solé 2001; Cody et al. 2015; Allen et al.
2019), where certain acoustic units shape closely-knit sub-
graphs with high rates of internal transitions. One possible
reason for the lack of small-world structure is that male frogs
flexibly modify their calls, any number of identical notes or
different types of notes might be added or subtracted (Chuang
et al. 2016; Furtado et al. 2016; Liu et al. 2018), which
might generate variable vocal sequences. Bernal et al. (2009)
reported a gradual increase in call complexity in tingara
frogs, and males never transitioned from 3 to 1 or 0 chucks in
either direction. However, certain acoustic units occur period-
ically as relatively cohesive groups in vocal sequence have not
been identified in anurans.

In summary, our results demonstrate that male K. odonto-
tarsus modify their vocal sequence and call network structure
according to context. Anuran vocalizations consist of vari-
ous acoustic units, such as different note types, different call
types, and various combinations of different note types and
call types (Toledo et al. 2015; Kohler et al. 2017). Studies that
focus on the structure and the function of vocal sequences
in anurans are invaluable for understanding the origin and
evolution of syntactical rules.
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