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Abstract: There is very little information on the diurnal and seasonal patterns of Cuculidae species’
calling activity in subtropical areas. In this study, we used passive acoustic monitoring to investigate
the diurnal and seasonal patterns of calling activity of seven Cuculidae species at three sites in
eastern China’s forest over a year. Our results showed that these species exhibited significant diurnal
variations except for Cuculus micropterus. Eudynamys scolopaceus and Cuculus saturatus increased their
vocal activity at dawn and dusk, whereas the other four species peaked their calling activity in the
morning. Five species showed significant seasonal variations with a peak in vocal activities earlier in
the season (late May or early June) and a gradual decline after that, except for Clamator coromandus,
which displayed two peaks in seasonal calling activity. As for Cuculus micropterus, its calling activity
was not significantly related to the season. Our study has provided basic knowledge about the calling
patterns of seven Cuculidae species, and based on seasonal changes in vocal activity we propose that
the breeding season of these species in east China begins in late May and ends in July.

Keywords: avian brood parasites; breeding season; calling activity; Cuculidae; diurnal and seasonal
patterns; generalized additive model (GAM); passive acoustic monitoring; Yaoluoping National
Nature Reserve (YNNR)

1. Introduction

Birds sing to attract mates and defend territories, but their vocal signals are also
important in maintaining group contacts, signaling food resources, making alarm calls in
case of danger and begging for food sources [1–4]. It is therefore generally believed that
birds have higher vocal activity earlier in the season when attracting mates and defending
territories, and their acoustic activity decreases as the season progresses due to hormonal
changes and parental care [1,5,6]. In addition, vocalizations of birds are also affected by
several intrinsic (e.g., eye size, body size and breeding status) [5,7,8] and extrinsic factors
(e.g., vegetation cover, moonlight, rainfall and temperature) [6,9,10].

Some studies have demonstrated a trade-off between singing and foraging activi-
ties [11,12]. Consequently, because vocal activity require a lot of energy [13,14], most bird
species prefer to vocalize at dawn and dusk, when light levels and temperatures are lower,
resulting in fewer foraging opportunities and increased song transmission [15,16]. Similarly,
some birds sing in the evening to ensure safe roosting sites [17,18]. Therefore, studies of
diurnal and seasonal patterns of bird vocal activity may improve our understanding of
the function of vocalizations, breeding activities, and the focal species’ ecology [10,19].
However, despite having extensive knowledge of the vocalization patterns of passerines,
there is relatively little information available on the diurnal and seasonal patterns of brood
parasitic species that depend on hosts to provide parental care to their chicks [20,21].

In the study, seven avian brood parasites were selected, they include Indian cuckoo (Cu-
culus micropterus), Himalayan cuckoo (Cuculus saturatus), Common cuckoo (Cuculus canorus),
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Lesser cuckoo (Cuculus poliocephalus), Asian koel (Eudynamys scolopaceus), Large hawk-cuckoo
(Hierococcyx sparverioides), and Chestnut-winged cuckoo (Clamator coromandus). Unlike passer-
ines, they do not have well-developed syringeal muscles so their vocalizations are simple and
monotonous [22–28]. The spectrograms and frequency characteristics of the seven cuckoo
species is shown in Figure 1. These are avian brood parasites that lay their eggs in the nests
of the host species and rely on them to raise their young [22–28]. The females of several
cuckoo species also call for conspecific and heterospecific communication and misdirecting
host species, but their males produce a large number of calls over a complete breeding season.
Thus, in our study we only focused on the male cuckoos’ calls. All these species are migratory
and based on our acoustic data and some survey reports they arrive at our study sites during
April and May [29].
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Figure 1. Spectrograms of seven Cuculidae birds from eastern China. The X-axis represents the
time in seconds, and the Y-axis represents the frequency in kHz. The sound files can be found in
Supplementary Materials and the Spectrograms were made by Raven Pro Version 1.5 software [30].
Examples of calls are shown in black box.

Acoustic communication is also essential in avian brood parasites [2,31], and previous
research has shown that the vocal activity of Cuculidae serve similar functions of attracting
mates and defending territories like passerines [2,3]. For example, during a playback
experiment, Moskát and Hauber (2019) found that both male and female common cuckoos
responded strongly to unknown bubbling calls and males approached the speaker more
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frequently than females [2,3]. Furthermore, female common cuckoo calls play an important
role in intraspecific communication or competition and divert host species’ attention away
from nest defense [32–36]. In addition, although the calls of common cuckoo are simple
and monotonous it is possible to identify individuals based on their call characteristics [37],
suggesting that different individuals may have specific functions of calls during the breed-
ing season and individuals may also benefit from accessing the quality and behavioral
conditions of other birds [38]. Identification of individual calls is also helpful in accessing
the life history and abundance of species in different areas [39]. Until now, several studies
have used different parameters of cuckoo species’ calls to classify species and individuals to
identify the functions of calls [2,21,37]. For example, Xia et al. (2019) identified significant
differences in characteristics and functions of male common cuckoo’s two note and three
note elements while Marton et al. (2021) demonstrated that bubbling calls of the female
common cuckoo reduces host aggression to cuckoos at their nests [35]. Nevertheless, only
a few studies have focused on the temporal and seasonal patterns of calling activity of
different cuckoo species over the entire breeding season [20,40,41]. Unlike passerines, brood
parasitic species do not have to decrease their vocal activity after pairing due to the lack of
parental care. The temporal patterns of vocal activity may differ between passerines and
non-passerines. Hence, more work is needed on non-passerine (brood parasitic species) in
sub-tropics.

In addition, nocturnal calling behavior has also been observed in several brood para-
sitic species [20,40,41], but this behavior varies among species, with some species calling
only early in the breeding season, while others do so throughout the breeding season [17,20],
possibly due to different functions of the night calls. Nonetheless, the occurrence and func-
tion of avian nocturnal vocalizations are poorly understood [17]. Even though this type of
research has now increased, with the use of acoustic recording technologies [19,42], we still
need primary data from east Asia on the nocturnal calling of diurnal birds. Furthermore,
these seven Cuculidae species overlap in geographical distribution and share similar food
resources [43], which may result in seasonal partitioning in call frequency.

In the study, we employed passive acoustic monitoring technology to record the vocal
activity of Cuculidae species over an entire annual cycle. The main objectives of the study
were (1) to investigate the diurnal and seasonal patterns of calling activity of these species to
gain insights into the ecology of these species, to understand the functions of vocalizations
and to identify periods of high calling activity; and (2) to examine whether there is an
overlap in the temporal distribution of seven species’ seasonal calling activity. Most of
the cuckoo species’ calls are thought to be used for attracting mates and for territorial
competition [2,20,44]. Based on this, we expected an increase in calling activity earlier in
the season during mating, or two peaks, if the species breeds twice. Furthermore, vocal
activity usually decreases after pairing in several bird species [1], we also expected a
gradual decrease in calling activity as the breeding season advanced. Earlier investigations
on the daily patterns of several cuckoo species have shown peaks in calling activity at dawn
and dusk [20,41], we also expected an increase in calling activity of most species at dawn
and dusk if the purpose of calling is to attract mates and advertise territory.

2. Materials and Methods
2.1. Study Area

The study was conducted in Yaoluoping National Nature Reserve (YNNR), Anhui
province, East China (30◦57′~31◦06′ N, 116◦02′~116◦11′ E). We selected three sites located
in the hinterland of the Ta-pieh Mountains (Table S1). The geographical location of the
selected sites is shown in Figure S1. YNNR covers an area of 12,300 ha, and the highest
point is located at about 1730 m.a.s.l., whereas the lowest site is situated at 500 m.a.s.l. This
region is characterized as a subtropical monsoon climate, with humid air and moderate
climate. The region’s average annual precipitation is 1400–2000 mm, and the average
annual temperature is 12.7 ◦C. The main vegetation in the study area consists of mixed
evergreen broad-leaved forests and temperate deciduous forests [45]. The forest coverage
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rate of the area exceeds 90%. According to the earlier studies, the study area has high
biodiversity [46], with approximately 2000 kinds of vascular plants and over 200 terrestrial
vertebrates including more than 162 species of birds.

2.2. Acoustic Data Collection

The audio data was collected from three sampling sites using Song Meter (SM4+,
Wildlife Acoustics, Maynard, MA, USA) between 5 April 2019, and 30 March 2020. At each
site, one recorder was tied to a tree trunk, and the distance between sites was kept at more
than 1000 m to avoid acoustic overlapping. The recorders were set to record the first 5 min
of every half-hour daily (from 0 to 24 h) at a sampling rate of 22,050 Hz and 16 bits per
sample. All the audio data were saved in SD memory cards with WAV. stereo format and
the recorders were inspected twice a month to replace the batteries and collect data.

2.3. Acoustic Data Analyses

Raven Pro 1.5 software [30] was used to listen to the acoustic data and visualize the
spectrograms (Figure 1) of recordings with a Hann window (FFT = 512, overlap 50%, frame
size 100%). Within each 5-min recording, we selected each species’ calls and parameterized
its features manually. Additionally, the software also provided the peak frequency param-
eters for each call. Peak frequency is when peak power occurs within the selection [30].
Next, we counted the number of calls produced by each species in each 5-min recording. In
this study, for C. canorus and C. poliocephalus, we only calculated the number of male calls
as they were easier to identify.

We monitored all the data and found that our targeted species arrived in the study
area during April and left in August. Therefore, we focused our analysis between April
and August. To study the seasonal patterns of vocal activity, we divided each month into
two parts. For example, the number of calls produced during the first 15 days of April
was categorized as “4-1” while calls in the latter part of April as “4-2”. As SD cards and
batteries were changed at different times among sites, there were various minor gaps in
the recordings ranging from one to three days. These data that corresponded to those days
with gaps were excluded from our analysis.

2.4. Statistical Analyses

All the analyses were performed with the R V. 3. 5. 1 software program and the
significance level was set at α = 0.05 [47]. The negative binomial generalized additive
models (GAM) were used to identify the variation in the vocal activity of each species
between different hours of the day or different seasons of the annual cycle. We used the
gam function of the mgcv package to make the model. We selected the model that can best
predict the nonlinear trends in diurnal and seasonal patterns of vocal activity. Different
distribution families (Gaussian, Poisson, quasi-Poisson, zero-inflated Poisson, and negative
binomial) were tested on our data, and the AICs of different models were compared. In the
end, we selected the negative binomial family with the lowest AIC, and we also checked the
residuals visually (no patterns were detected). The response variable in all models was the
mean number of calls detected per hour during each seasonal group (for each half-month)
while recording hour, month and site were used as predictors. In order to account for the
variable number of days per half month, we used the average number of calls detected
per hour during each half month, rather than the number of calls detected per recording
hour. To better capture the data the predictors recording hour and month were modeled
following an independent spline smoothed function for each site. This method is good for
making models that can accurately describe differences between different sites. To account
for the necessary smooth pattern in calls over time of day, in that 23:59 and 00:00 should be
almost the same once averaged over many days, we considered a cyclic cubic regression
spline for the hour of day smooth term. Furthermore, according to Harrison [48] a factor
should have at least five levels to be considered random. In our data, there were only three
levels inside the factor (three sites); therefore, sites were not included as a random effect.
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To determine the temporal distribution of calls, we calculated the average number
of calls detected per hour in each half month. To quantify the overlapping of seasonal
temporal distributions between species, we used the niche overlap function of the spaa
package to calculate the overlap index [49]:

Oik = e∑r
j=1 (Pij ln Pkj)−∑r

j=1(Pij ln Pij)

where Pij and Pkj are the proportions of number of calls within the jth esource (in seasonal
pattern it is the same half month) used by the ith and the kth species respectively. The
significance tests were performed following the formula [50]:

Uik = −2r ln(Oik)

where U is chi-square distributed with r− 1 degrees of freedom; if Uik > x2
0.05 (p < 0.05)

we can reject the null hypothesis that species i and species j have complete niche overlap.
In our study, we aimed to determine whether the seasonal distributions of species are
significantly different.

3. Results

We identified the calls of each species at each site and counted their number. The
total number of calls analyzed were 140,445, which includes 74,035 calls of C. saturatus,
11,202 calls of C. poliocephalus, 9310 calls of H. sparverioides, 31,413 calls of E. scolopaceus,
9661 calls of C. canorus, 4388 calls of C. coromandus and 433 calls of C. micropterus. According
to the results, the most dominant species in our study area was C. saturatus (with 52.72% of
the total number of calls), followed by E. scolopaceus (22.37%), whereas the least dominant
was C. micropterus with 0.31% calls (Table 1). The composition of species is different in
different sites; the number of calls of C. saturatus was high at site-1 and site-3 while E.
scolopaceus’ call numbers were high at site-2.

Table 1. Number of calls identified for each species at three sites in Yaoluoping National Nature
Reserve (YNNR).

C. saturatus C. polio-
cephalus

H. sparveri-
oides

E.
scolopaceus C. canorus C.

coromandus
C.

micropterus

Site-1 51,030 4379 1449 143 1048 583 4
Site-2 0 803 7724 22,239 305 2796 158
Site-3 23,009 6019 137 9031 8308 1009 271
total 74,039 11,201 9310 31,413 9661 4388 433

% 52.72 7.98 6.63 22.37 6.88 3.12 0.31

3.1. Diurnal and Seasonal Patterns
3.1.1. Diurnal and Seasonal Pattern of C. saturatus

On a diurnal scale, the maximum calling activity of C. saturatus was found during
the daytime from 4:30 to 19:30 (Figure 2a). The diurnal pattern of vocal activity showed a
clear bimodal pattern, with 30.7% of the calls detected between 05:00 and 07:00 and 23.2%
of the calls at dusk (17:00–19:00) (Figure 2a, Table S2). The GAM showed that the diurnal
pattern of vocal activity of C. saturatus varied among the recording hours at site-1 and
site-3 (Table 2), with two peaks of vocal activity at 05:00 and 18:00 at both sites (Figure 2a).
Furthermore, no calls of C. saturatus were detected at site-2 (Table S1), which might be due
to the low altitude of site-2 (689 m).
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Figure 2. Pattern of diurnal and seasonal vocal activity of Cuculidae species in Yaoluoping National
Nature Reserve (China). Different lines indicate patterns of calling activity at three different sites. The
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Table 2. The table below summarizes a negative binomial GAM model that was used to examine the
effect of recording time and month on C. saturatus’s activity. The recording hour and month were
modeled independently with smoothed function for each monitored site, while the cyclic predictor
was modeled using a cyclic cubic regression spline. Reference degrees of freedom was used to
calculate test statistics and p-values are represented by Ref. df whereas Edf (Effective degrees of
freedom) indicates the curviness of the relationship.

Parametric
Coefficients Estimate Standard Error Z p

Intercept −29.62 4.88 −6.07 <0.001 *
Site-3 −0.90 0.10 −8.60 <0.001 *

Smooth terms Edf Ref. df χ2 p

s(hour): site-1 8.54 8.88 126.60 <0.001 *
s(hour): site-3 5.55 5.91 315.70 <0.001 *

s(month): site-1 8.28 8.68 56.63 <0.001 *
s(month): site-3 5.07 5.66 171.44 <0.001 *

* p < 0.05.

The seasonal pattern of vocal activity of C. saturatus started in early April and ended
in late June (Figure 2b). During the annual cycle, C. saturatus exhibited maximum values
between late April and early June, the time period during which 94.4% of the total calls
were heard (Figure 2b and Table S3). According to the GAM, the vocal activity of the species
differed during different times of the year at sites-1 and sites-3 (Table 2). The diurnal pattern
of vocal activity at different times of the season is shown in Figure S2.

3.1.2. Diurnal and Seasonal Pattern of C. poliocephalus

C. poliocephalus produced calls throughout the diurnal cycle as well as at night (Figure 2c).
The diurnal pattern of vocal activity of C. poliocephalus was more concentrated during the
night, with 50.4% of the calls detected between 03:00 and 04:00 (Figure 2c, Table S4). The
GAM indicated that the diurnal pattern of vocal activity of C. poliocephalus differed among the
recording hours in three sites (Table 3), with a peak in vocal activity at 04:00 (Figure 2c).

Table 3. The table below summarizes a negative binomial GAM model used to examine the effect
of recording time and month on C. poliocephalus’s activity. The recording hour and month were
modeled independently with smoothed function for each monitored site, while the cyclic predictor
was modeled using a cyclic cubic regression spline. Reference degrees of freedom was used to
calculate test statistics and p-values are represented by Ref. df, whereas Edf (Effective degrees of
freedom) indicates the curviness of the relationship.

Parametric
Coefficients Estimate Standard Error Z p

Intercept −4.37 1.39 −3.15 0.002 *
site-3 0.38 0.26 1.44 0.151
site-2 −1.52 0.32 −4.78 <0.001 *

Smooth terms Edf Ref. df χ2 p

s(hour): site-1 5.62 6.74 59.27 <0.001 *
s(hour): site-3 5.95 7.05 97.39 <0.001 *
s(hour): site-2 1.00 1.00 9.41 0.002 *

s(month): site-1 4.84 5.42 66.09 <0.001 *
s(month): site-3 5.78 6.61 70.82 <0.001 *
s(month): site-2 3.72 4.44 41.44 <0.001 *

* p < 0.05.

The vocal activity of C. poliocephalus started in early May and ended in early August
(Figure 2d and Table S5). Despite being vocally active from May to August, the species
displayed a unimodal pattern of activity, with maximum output occurring between early
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June and early July when about 86.6% of total calls were made (Figure 2d and Table S5). The
GAM indicated that there is variation in the vocal activity of the species during the different
times of the year in three sites (Table 3). C. poliocephalus was also calling throughout the
daytime, but such calls were only recorded in the breeding season with high vocal activity
levels (Figure S3).

3.1.3. Diurnal and Seasonal Pattern of H. sparverioides

H. sparverioides produced calls throughout the diurnal cycle, including night time
(Figure 2e). However, about 37.7% of total calls were made between 03:00 and 05:00
(Figure 2e, Table S6). The GAM indicated that the diurnal pattern of vocal activity of
H. sparverioides varied among the recording hours at site-1 and site-2 (Table 4), with a peak
of vocal activity at 05:00 (14.88%) (Figure 2e), while no significant difference was found
among the recording hours and months at site-3 (Table 4), which could be due to the low
activity of species at this site (Tables S6 and S7).

Table 4. The table below summarizes a negative binomial GAM model used to examine the effect
of recording time and month on H. sparverioides’s activity. The recording hour and month were
modeled independently with smoothed function for each monitored site, while the cyclic predictor
was modeled using a cyclic cubic regression spline. Reference degrees of freedom was used to
calculate test statistics and p-values are represented by Ref. df, whereas Edf (Effective degrees of
freedom) indicates the curviness of the relationship.

Parametric
Coefficients Estimate Standard Error Z p

Intercept −4.56 0.73 −6.28 <0.001 *
site-3 −1.74 0.43 −4.10 <0.001 *
site-2 2.31 0.27 8.43 <0.001 *

Smooth terms Edf Ref. df χ2 p

s(hour): site-1 5.22 6.25 40.36 <0.001 *
s(hour): site-3 1.00 1.00 3.82 0.051
s(hour): site-2 5.69 6.82 52.45 <0.001 *

s(month): site-1 5.09 6.12 47.39 <0.001 *
s(month): site-3 4.31 4.76 3.28 0.705
s(month): site-2 5.58 6.49 160.83 <0.001 *

* p < 0.05.

The vocal activity of H. sparverioides started in late April and ended in late August
(Figure 2f). According to the GAM, there is a significant variation in the vocal activity of the
H. sparverioides during different times of the year at site-1 and site-2 (Table 4). The species
showed a unimodal pattern of vocal activity during the annual cycle, with peak values in
May when 83.66% of the total calls were detected (Figure 2f and Table S7). Diurnal pattern
of vocal activity in different times of the season is shown in Figure S4.

3.1.4. Diurnal and Seasonal Pattern of E. scolopaceus

Most vocalization of E. scolopaceus was restricted to the daytime (4:00–19:30), and only
a few calls were recorded during the night (Figure 2g). The diurnal pattern of vocal activity
showed a bimodal pattern, with 48.2% of the calls detected between 04:00 and 08:00 and
18.7% of the calls detected at dusk (17:00–19:00) (Figure 2g, Table S8). The GAM showed
that the diurnal pattern of vocal activity of E. scolopaceus varied among the recording hours
at three sites (Table 5), with two peaks of vocal activity at 05:00 and 18:00 at both sites
(Figure 2g).
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Table 5. The table below summarizes a negative binomial GAM model used to examine the effect of
recording time and month on E. scolopaceus’s activity. The recording hour and month were modeled
independently with smoothed function for each monitored site, while the cyclic predictor was
modeled using a cyclic cubic regression spline. Reference degrees of freedom was used to calculate
test statistics and p-values are represented by Ref. df, whereas Edf (Effective degrees of freedom)
indicates the curviness of the relationship.

Parametric
Coefficients Estimate Standard Error Z p

Intercept −6.45 0.54 −11.88 <0.001 *
site-3 3.96 0.33 12.12 <0.001 *
site-2 5.04 0.32 15.51 <0.001 *

Smooth terms Edf Ref. df χ2 p

s(hour): site-1 1.00 1.00 4.37 0.037 *
s(hour): site-3 7.59 8.51 125.60 <0.001 *
s(hour): site-2 7.97 8.59 197.70 <0.001 *

s(month): site-1 3.38 4.29 5.15 0.315
s(month): site-3 6.19 7.18 126.60 <0.001 *
s(month): site-2 7.34 7.89 228.40 <0.001 *

* p < 0.05.

The vocal activity of E. scolopaceus started in early May and ended in late August
(Figure 2h). There was a unimodal pattern of vocal activity during the annual cycle with
maximum values between late May and early July, a period during which 84.2% of the
total calls were detected (Figure 2h and Table S9). According to the GAM, the vocal activity
of the species differed among months at site-3 and site-2 (Table 5), whereas no significant
difference was found in the seasonal pattern of vocal activity of species I at site-1 (Table 5).
Furthermore, calls during the night time were recorded only during the times of peak vocal
activity between late May and early July (Figure S5).

3.1.5. Diurnal and Seasonal Pattern of C. canorus

The vocal activity of C. canorus was almost restricted to the daytime (04:00–19:00), with
very few calls recorded at night (Figure 2i). The diurnal pattern of vocal activity showed
a unimodal pattern, with 30.03% of the calls detected between 05:00 and 06:00 (Figure 2i,
Table S10). The total number of calls at site-2 was low (Tables S10 and S11) and the GAM
indicated that there is no significant difference in the diurnal and seasonal pattern of vocal
activity of C. canorus among the recording hours and months at site-2 (Table 6). However,
the diurnal pattern of vocal activity of C. canorus varied significantly among the recording
hours at site-1 and site-3 (Table 6), with a peak of vocal activity at 05:00 (Figure 2i).

The vocal activity of C. canorus started in early May and ended in late July (Figure 2j).
The GAM indicated that there is variation in the vocal activity of the species during different
times of the year at site-1 and site-3 (Table 6). The species showed a unimodal pattern of
vocal activity in the annual cycle, with peak values in early June when 42.84% of the total
calls were detected (Figure 2j and Table S11). Moreover, night time calls were detected only
during the peak time of vocal activity of the species in early June (Figure S6).

3.1.6. Diurnal and Seasonal Pattern of C. coromandus

The vocal activity of the C. coromandus was mainly concentrated during the night
between 19:00 and 04:00, and only a few calls were recorded during the daytime (Figure 2k).
The diurnal pattern of vocal activity showed a unimodal pattern, with 64.45% of the calls
detected between 23:00 and 02:00 (Figure 2k, Table S12). The GAM showed that the diurnal
pattern of vocal activity of C. coromandus varied among the recording hours at three sites
(Table 7), with a peak of vocal activity at 01:00 (Figure 2k).
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Table 6. The table below summarizes a negative binomial GAM model used to examine the effect
of recording time and month on C. canorus’s activity. The recording hour and month were modeled
independently with smoothed function for each monitored site, while the cyclic predictor was
modeled using a cyclic cubic regression spline. Reference degrees of freedom was used to calculate
test statistics and p-values are represented by Ref. df, whereas Edf (Effective degrees of freedom)
indicates the curviness of the relationship.

Parametric
Coefficients Estimate Standard Error Z p

Intercept −5.67 0.94 −6.00 <0.001 *
site-3 2.14 0.29 7.35 <0.001 *
site-2 −1.09 0.38 −2.90 0.004 *

Smooth terms Edf Ref. df χ2 p

s(hour): site-1 4.63 5.68 12.19 0.046 *
s(hour): site-3 6.89 7.51 85.38 <0.001 *
s(hour): site-2 2.67 3.37 6.02 0.143

s(month): site-1 3.07 3.44 16.11 0.001 *
s(month): site-3 5.51 6.18 115.78 <0.001 *
s(month): site-2 3.70 4.56 7.44 0.148

* p < 0.05.

Table 7. The table below summarizes a negative binomial GAM model used to examine the effect
of recording time and month on C. coromandus’s activity. The recording hour and month were
modeled independently with smoothed function for each monitored site, while the cyclic predictor
was modeled using a cyclic cubic regression spline. Reference degrees of freedom was used to
calculate test statistics and p-values are represented by Ref. df, whereas Edf (Effective degrees of
freedom) indicates the curviness of the relationship.

Parametric
Coefficients Estimate Standard Error Z p

Intercept −6.41 1.53 −4.20 <0.001 *
site-3 0.34 0.46 0.73 0.465
site-2 1.72 0.42 4.06 <0.001 *

Smooth terms Edf Ref. df χ2 p

s(hour): site-1 3.18 3.93 15.33 0.004 *
s(hour): site-3 2.88 3.56 16.28 0.002 *
s(hour): site-2 3.69 4.54 34.74 <0.001 *

s(month): site-1 2.84 3.30 5.99 0.081
s(month): site-3 5.01 5.98 53.63 <0.001 *
s(month): site-2 5.21 5.81 30.15 <0.001 *

* p < 0.05.

The vocal activity of C. coromandus started in early May and ended in early August
(Figure 2l). The total number of calls at site-1 was low (Tables S12 and S13), and the GAM
indicated that there is no significant difference in the seasonal pattern of vocal activity of
C. coromandus among recording months at site-1 (Table 7) while a significant difference
among months in the vocal activity of C. coromandus exists at site-3 and site-2 (Table 7). The
species showed a bimodal pattern of vocal activity during the annual cycle, with the first
peak in early June (51.48%) and a second and lower peak in early July when 29.28% of the
total calls were detected (Figure 2l and Table S13). The diurnal pattern of vocal activity at
different times of the season is shown in Figure S7.

3.1.7. Diurnal and Seasonal Pattern of C. micropterus

The vocal activity of C. micropterus was distributed over the diurnal cycle (Figure 2m);
however, a maximum number of calls, about 21.25% were produced at 4:00 (Table S14). The
vocal activity of C. micropterus started in early May and ended in early July (Figure 2n). The
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total number of calls of C. micropterus recorded was low (Tables S14 and S15), and the GAM
result indicated that the vocal activity of C. micropterus is evenly distributed in diurnal and
seasonal patterns (Table 8). The diurnal pattern of vocal activity at different times of the
season is shown in Figure S8.

Table 8. The table below summarizes a negative binomial GAM model used to examine the effect
of recording time and month on C. micropterus’s activity. The recording hour and month were
modeled independently with smoothed function for each monitored site, while the cyclic predictor
was modeled using a cyclic cubic regression spline. Reference degrees of freedom was used to
calculate test statistics and p-values are represented by Ref. df, whereas Edf (Effective degrees of
freedom) indicates the curviness of the relationship.

Parametric
Coefficients Estimate Standard Error Z p

Intercept −9.12 2.21 −4.13 <0.001 *
site-3 4.10 1.95 2.11 0.035 *
site-2 3.56 1.96 1.82 0.069

Smooth terms Edf Ref. df χ2 p

s(hour): site-1 1.00 1.00 0.11 0.739
s(hour): site-3 4.24 5.20 9.77 0.115
s(hour): site-2 1.00 1.00 1.71 0.191

s(month): site-1 1.74 2.20 0.16 0.955
s(month): site-3 3.35 4.21 8.55 0.063
s(month): site-2 3.39 4.00 4.08 0.392

* p < 0.05.

3.2. Overlap of Seasonal Distribution

The vocal activity of all species reached the peak in the early season (late May or early
June) and then decreased gradually, except for C. coromandus, which had two peaks in
the seasonal calling activity. The degree of seasonal distribution overlap estimated by the
petraitis index was largest between E. scolopaceus and C. canorus (0.849). The remaining
pairwise groups that had complete niche overlap in seasonal distribution are shown in bold
digits in Table 9. The seasonal distribution overlap from the petraitis index is consistent
with the seasonal pattern of calling activity (Figure 3). Each group is represented by the
half-month’s relative percentage of presence per species (Figure 3).

Table 9. The values of the petraitis index showing the degree of seasonal distribution overlap among
the seven species in eastern China. Bold digits represent those groups that have high overlap in
seasonal distributional pattern.

C. saturatus C.
poliocephalus

H.
sparverioides

E.
scolopaceus C. canorus C. coroman-

dus

C. poliocephalus 0.039
H. sparverioides 0.683 * 0.083
E. scolopaceus 0.702 * 0.695 * 0.468 *

C. canorus 0.264 0.702 * 0.207 0.849 *
C. coromandus 0.216 0.545 * 0.106 0.554 * 0.705 *
C. micropterus 0.373 0.746 * 0.236 0.752 * 0.755 * 0.636 *

*: p > 0.05.
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4. Discussion

This study indicated that all of the studied Cuculidae species exhibited diurnal and
seasonal patterns of calling activity. Five species displayed a peak in vocal activity earlier in
the season (late May or early June) and a gradual decline thereafter, except for C. coromandus,
which displayed two peaks in seasonal calling activity. This coincides with the findings
of an earlier study in Korea, which found a decreasing trend in seasonal calling activity
of cuckoo populations [20] and suggested that the absence of parental care in cuckoo
species may be a reason for such unimodal pattern [33]. Furthermore, bird calls are
not made randomly; instead, they are used for establishing territories and attracting
mates [2,51]. Therefore, one function of calling earlier in the season might be to establish
territories; for example, an earlier study documented that males of some cuckoo species
reach the breeding grounds earlier than the females and defend their territories by calling
higher [20,52]. However, in the Cuculidae species, the concept of exclusive territory is
ambiguous, and some studies demonstrate the dominance hierarchy system [53–55]. In any
case, the availability of host nests at the appropriate stage is vital for avian brood parasitic
species; hence, guarding to maintain exclusive access to host nests and reduce competition
is highly important [33,56,57].

In addition, brood-parasitic cuckoos are usually polygamous, and they make pairs
only during copulation [44,58]. In our study, we found that C. coromandus displayed two
peaks in vocal activity in early June and early July, indicating that mate attraction is more
important in this species, and they might call late in the season to attract additional females.
In addition, this species produces two broods [44], which means that peaks in vocal activity
in the late season could indicate mating occurring later in the season since some females
remain sexually available throughout the entire breeding season [59].

Furthermore, at site-2, the number of calling activity of E. scolopaceus and H. sparve-
rioides became higher earlier and decreased gradually later in the season compared to
other sites. Differences in latitude may explain such variations in seasonal vocal patterns.
For example, the vocal activity of these species were found to be lower in May at site-1
and site-3 compared to site-2, which is located at a lower elevation (Tables S7 and S9).
Considering the temperature difference of at least 4 degrees between lower and higher
sites [60], it is possible that more birds may arrive at site-1 and site-3 later in the season
when the temperature becomes higher. In either case, as the number of sites is low and we
have no data on bird density around recorders, it is difficult to conclude that low numbers
of birds in late May caused decreased vocalizations.

Nonetheless, the vocal activity of C. micropterus did not display any variation in the
seasonal pattern. A most probable explanation for a constant seasonal singing pattern would be
that, unlike other cuckoo species, this species’ calls were detected on low numbers (0.31%) in the
recording spectrograms (Table 1). Earlier studies have shown a positive relationship between
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vocal activity and population abundance of birds around recorders [61,62]. Unfortunately, we
do not have actual data on bird abundance. Therefore, we have used data from our study
area (supplementary material: birdreport.csv) from 30 reports available on the bird report
center of China (http://www.birdreport.cn/home/search/page.html, accessed on 28 February
2022) between April and August and found that C. canorus, E. scolopaceus, H. sparverioides and
C. coromandus appeared 10, 5, 4 and 1 time respectively, whereas the other three species appeared
twice, which may indicate that the abundance of C. micropterus is not as low as estimated from
the call number of species. We propose that this might be due to the heterogeneous distribution
and abundance of host species [63,64]. For example, the hosts of C. micropterus include Cyanopica
cyanus, Pycnonotus sinensis and Turdus merula [65,66]. Based on our personal experience, we
know that the aforementioned host species prefer to stay in human dominated areas and the
sampling sites we selected in YNNR have very little human activities. Alternatively, the singing
rate of several passerine species decreases when they feed their nestlings, illustrating the trade-
off between energy distribution and singing performance [67,68]. However, C. coromandus and
C. micropterus are brood parasites and depend on hosts to rear their offspring. This might be
the reason why these species call later in the season.

Likewise, the vocal output of some brood-parasitic species is also triggered by the host
species’ vocal output [20] and they may time their activity to match the host species’ activity.
To examine this, we checked the abundance of host species in different months in Li et al.
(2017) [46], and found that none of the host species of the C. micropterus is dominant in our
study area, and that the number of calls of these Cuckoo species is linked with host species’
abundance in the study area. For example, Phylloscopus reguloides is the host of C. saturates,
and the seasonal distribution of the number of calls of C. saturates is consistent with the
actual abundance of Phylloscopus reguloides, which is higher from April to June (see Table 2
in Li et al. 2017 for a review [46]). Similarly, peaks in calling activity of C. poliocephalus
and C. canorus in earlier June correspond with the abundance of their host species Urocissa
erythrorhyncha and Paradoxornis webbianus in the study area. Lastly, Garrulax canorus and
Cettia fortipes are hosts of different cuckoo species and their actual abundance and number
of calls lasts longer during the whole breeding season [10,46,65,66] (Table S16).

In this study, for C. canorus and C. poliocephalus, we only calculated the number of
male calls. From Yoo et al. (2020) [20] we found that the diurnal pattern was similar in both
species and both sexes. The peak seasonal vocal activity of females lagged behind that of
males by approximately 2 weeks for C. canorus, and 1 week for C. poliocephalus. Therefore,
there may be little bias of seasonal distribution in our results, but this bias would be small
because males typically produce calls much more frequently than females [20].

Birds sing at dawn and dusk to attract mates or defend territories [10,40]. Our results
indicated that all species exhibited significant variation during different hours except for
C. micropterus, which did not exhibit any variation. The increased vocal activity of E.
scolopaceus and C. saturatus was observed at dawn and dusk. In contrast, the other four
species displayed a high peak in calling activity in the morning, consistent with the findings
of earlier studies [10,20,40]. Furthermore, at these times, light levels are usually low for
foraging, and low temperatures are also conducive to the transmission of songs, so these
birds may take advantage of this time by singing as they have nothing to do [1,69]. In
addition, several studies have shown that peak timings of activity act as a communication
network [42,70], and birds can gather information about the quality, social rank, and age
of other birds by eavesdropping on their vocal interactions. Because, at dawn and dusk,
birds sing under standardized conditions involving temporary singing interactions among
different territory owners these times may be more beneficial to birds in making subsequent
decisions [71–74].

Bird species display varying nocturnal calling behaviors; some frequently call at
night while others only sing infrequently at night [17,75]. In our study, we discovered
that although most of the species were calling more frequently during the day from 4:00
to 20:00, they did not restrict their activity to this period; instead, some species (e.g.,
C. coromandus and C. poliocephalus Figures S3 and S7) called throughout the night, and some
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(e.g., C. canorus; Figure S6) sang during the night only earlier in the season. These variations
in singing are often attributed to different functions of songs. For example, in Common
Nightingales (Luscinia megarhynchos), unmated males sing nocturnal songs throughout
the breeding season to attract females, whereas mating males stop night singing after
pairing later in the season [5]. In addition to attracting migrating females, several other
functions of the nocturnal song have also been hypothesized, including reduced acoustic
competition, the favorable transmission of songs, increased illumination of moonlight and
reduced predator exposure [76–79]. Further research using detailed field data to unravel
the function of Cuculidae calls responsible for variation in calling patterns among species
would be highly beneficial to understand how calls work.

The seven Cuculidae species occupy similar ecological niches and have similar food
resources [43] so they may partition acoustic space. We counted the number of calls of
each species in each site; the results indicated that the composition of species is different in
different sites, and C. micropterus is the least dominant species followed by C. coromandus.
The seasonal distributions of vocal activity of two pairwise groups (E. scolopaceus and
C. micropterus, C. poliocephalus and C. coromandus) overlap, and they also display a similar
frequency range (Figure S9). However, they do not overlap in temporal patterns of seasonal
vocal activity, possibly due to C. micropterus’s and C. coromandus’s low activity. The other
ten groups (Table 9) overlapped in the seasonal distribution of vocal activity but varied
in frequency (Figure S9). Therefore, we can conclude that the vocal activity of species in a
pairwise group would not overlap simultaneously in space, time, and frequency. These
findings are consistent with previous research, which found that birds singing at the same
frequency as insects alter their song start time to avoid acoustic masking [80]. For example,
a study in Peruvian bird assemblage indicated the significant negative correlation between
spectral and temporal overlap [81]. Another study demonstrated how four sympatric
wren-warblers partitioned their acoustic signal space and song perch height, demonstrating
that acoustic signal partitioning can occur along multiple axes [82]. Our results also confirm
that Cuculidae species have a flexible mechanism to avoid acoustic overlap.

In conclusion, we show that automatic recording is a valuable technique for studying
the diurnal and seasonal patterns of vocal activity of Cuculidae species. Our results
provided important insights into the diurnal and seasonal patterns of calling activity.
However, further research with different population data is needed to determine which
of the seasonal and diurnal song hypotheses best describes calling activity in Cuculidae
species. Our study also showed that these parasitic species exhibit temporal partitioning in
the seasonal distribution of vocalizations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14040249/s1. Table S1: the spatial location of the sampling sites. Figure S1: Study area
with the Geographical location of the three sampling sites in Yaoluoping National Nature Reserve
(China). Table S2: Number of C. saturatus calls detected per hour at three monitoring stations. The
total number and percentage of calls detected per hour, with respect to the total number of calls,
are also shown. Table S3: Number of C. saturatus calls detected per half month at three monitoring
stations. The total number and percentage of calls detected per half month, with respect to the total
number of calls, are also shown. Figure S2: Diurnal pattern of vocal activity of C. saturatus in different
seasons in Yaoluoping National Nature Reserve (China). The diurnal pattern is expressed as the
mean number of calls detected per hour at each half month. Table S4: Number of C. poliocephalus calls
detected per hour at three monitoring stations. The total number and percentage of calls detected per
hour, with respect to the total number of calls, are also shown. Table S5: Number of C. poliocephalus
calls detected per half month at three monitoring stations. The total number and percentage of calls
detected per half month, with respect to the total number of calls, are also shown. Figure S3: Diurnal
pattern of vocal activity of C. poliocephalus in different seasons in Yaoluoping National Nature Reserve
(China). The diurnal pattern is expressed as the mean number of calls detected per hour at each half
month. Table S6: Number of H. sparverioides calls detected per hour at three monitoring stations. The
total number and percentage of calls detected per hour, with respect to the total number of calls, are
also shown. Table S7: Number of H. sparverioides calls detected per half month at three monitoring
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stations. The total number and percentage of calls detected per half month, with respect to the total
number of calls, are also shown. Figure S4: Diurnal pattern of vocal activity of H. sparverioides in
different seasons in Yaoluoping National Nature Reserve (China). The diurnal pattern is expressed as
the mean number of calls detected per hour at each half month. Table S8: Number of E. scolopaceus
calls detected per hour at three monitoring stations. The total number and percentage of calls detected
per hour, with respect to the total number of calls, are also shown. Table S9: Number of E. scolopaceus
calls detected per half month at three monitoring stations. The total number and percentage of calls
detected per half month, with respect to the total number of calls, are also shown. Figure S5: Diurnal
pattern of vocal activity of E. scolopaceus in different seasons in Yaoluoping National Nature Reserve
(China). The diurnal pattern is expressed as the mean number of calls detected per hour at each half
month. Table S10: Number of C. canorus calls detected per hour at three monitoring stations. The total
number and percentage of calls detected per hour, with respect to the total number of calls, are also
shown. Table S11: Number of C. canorus calls detected per half month at three monitoring stations.
The total number and percentage of calls detected per half month, with respect to the total number of
calls, are also shown. Figure S6: Diurnal pattern of vocal activity of C. canorus in different seasons in
Yaoluoping National Nature Reserve (China). The diurnal pattern is expressed as the mean number
of calls detected per hour at each half month. Table S12: Number of C. coromandus calls detected per
hour at three monitoring stations. The total number and percentage of calls detected per hour, with
respect to the total number of calls, are also shown. Table S13: Number of C. coromandus calls detected
per half month at three monitoring stations. The total number and percentage of calls detected per
half month, with respect to the total number of calls, are also shown. Figure S7: Diurnal pattern of
vocal activity of C. coromandus in different seasons in Yaoluoping National Nature Reserve (China).
The diurnal pattern is expressed as the mean number of calls detected per hour at each half month.
Table S14: Number of C. micropterus calls detected per hour at three monitoring stations. The total
number and percentage of calls detected per hour, with respect to the total number of calls, are also
shown. Table S15: Number of C. micropterus calls detected per half month at three monitoring stations.
The total number and percentage of calls detected per half month, with respect to the total number of
calls, are also shown. Figure S8: Diurnal pattern of vocal activity of C. micropterus in different seasons
in Yaoluoping National Nature Reserve (China). The diurnal pattern is expressed as the mean number
of calls detected per hour at each half month. Figure S9: Median and quartile ranges (boxes) for peak
frequency of calls from the seven species from eastern China. Table S16: Dominant host species in
Yaoluoping Nature Reserve and corresponding avian brood parasitic cuckoo species. Combination of
Li’s study Table 4 (The dominant bird species in 7 periods) and Yang’s study Appendix 1 (Parasitic
cuckoo species and their hosts in China) [46,65].
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