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Abstract 
Bird songs are considered a sexually selected trait that can reflect the individual health of males as well as the vitality of potential mates and 
their competitors. Vocalization features should, therefore, be related to parasite load and body condition. Here, we performed a thorough 
acoustic analysis of the display calls of 9-month-old sub-adults and 18-month-old adults of pasture-raised red junglefowls Gallus gallus. We 
investigated whether the calls of pasture-raised red junglefowls can indicate body size and body condition, in addition to the influence of par-
asitic infection intensity on the expression of sexual traits. We found that frequency-related syllable parameters were significantly positively 
correlated with wing length in adults, whereas body weight was independent of both the frequency and temporal parameters of calls. In addi-
tion, we correlated parasitic load with the expression of sexually selected traits and discovered a positive association between the intensity 
of parasite infection and wing length in sub-adults, independent of vocal parameters. Overall, the results suggest that the vocalization of red 
junglefowls may convey reliable body size information, which will facilitate further studies of different vocal parameters in the transmission of 
bird vocalizations.
Key words: blood parasite, male quality, morphology, red junglefowl Gallus gallus, vocalization.

Vocalization reflects the size, health, and fighting ability of 
individuals and plays a key role in sexual selection (Fischer 
et al. 2004). Empirical research on vertebrate vocal commu-
nication suggests that acoustic characteristics (such as call or 
syllable repetition rates) may provide information about the 
quality of the vocalist during sexual interactions (Hardouin 
et al. 2007; Mason and Burns 2015; Favaro et al. 2017). In 
several amphibians and birds, the fundamental frequency and 
formant dispersion are important acoustic features associ-
ated with body size (Chen et al. 2022; Marcolin et al. 2022). 
However, rigorous comparisons of body size and vocal fre-
quency in mammals are rare. A study of body size and 
vocalization frequency in 91 primates and carnivores clearly 
demonstrated a strong inverse relationship between body size 
and vocal frequency, filling a long-standing gap in mammalian 
bioacoustics (Bowling et al. 2017). Additionally, other acous-
tic features may be used as indicators of body size (Hesler 
et al. 2012). Body weight in tanagers (Aves: Thraupidae) is 
correlated with the average note bandwidth, song bandwidth, 
frequency shift rate, and temporal song characteristics such 
as note length, pause length, and note rate (Mason and Burns 
2015). Male frigate birds, Fregata minor, differed signifi-
cantly in three vocal characteristics—peak frequency, song 
deviation, and song consistency (Juola and Searcy 2011). A 

calling can, therefore, be a reliable indicator of a male’s phys-
ical health.

In songbirds, information about the quality of the vocalist 
is more likely to be encoded in the acoustic structure (e.g., 
fundamental frequency, vocal tract resonance, and loudness) 
(Zhao et al. 2018). It has been found that in male–female 
interactions, song repertoire diversity and song rate may 
convey information on male quality (Hardouin et al. 2007). 
However, only a few studies have revealed equivalent roles 
for the acoustic components of songs (Greig et al. 2013; 
Marcolin et al. 2022). Larger species are generally thought 
to sing longer and have higher amplitudes, possibly because 
of their larger syrinx and larynx (Fletcher 2004). Only a few 
studies have shown that specific acoustic parameters identi-
fied by listeners are used to attract mates or repel same-sex 
competitors. The ability of Asian particolored bat Vespertilio 
sinensis females to compete for food resources may be 
reflected in their call duration, syllable rate, and repertoire 
size (Luo et al. 2017). Furthermore, because bird sounds have 
a plastic component that more directly signals infection, the 
characteristics of the calls should correlate with the parasite 
load (Müller et al. 2013).

Parasitic infection may affect song expression (Lopez-Serna 
et al. 2021). However, it is unclear whether songs convey 
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information about the parasitism and health of the host 
(Garamszegi et al. 2005). Numerous studies have shown that 
parasites adversely affect song output and complexity (Spencer 
et al. 2005). In barn swallows, Hirundo rustica, song duration 
was significantly negatively correlated with chew louse load, 
indicating that adult males with greater resistance to chew-
ing lice were more likely to sing longer songs than normal 
males (Garamszegi et al. 2005). Tick infestations can affect 
the song performance of male canaries, Serinus canaria, by 
reducing the song consistency (Müller et al. 2013). However, 
these results may not be consistent when studying different 
species. A study on Palearctic-African migratory birds found 
that males with higher song complexity carried fewer infec-
tions than males with lower song complexity (Sorensen et 
al. 2016). Playback experiments in white-crowned sparrows 
revealed that infection with Leucocytozoon changes the 
song structure by increasing the song consistency (Gilman et 
al. 2007). The influence of this parasite on the cost of trait 
expression in different species is a matter of debate (Lopez-
Serna et al. 2021).

Parasitic infection additionally affects host morphology 
(Merrill et al. 2018). Although parasites are commonly found 
in birds, their impact on the host is highly dependent on spe-
cific host–parasite pairing and host conditions (Gagnon et al. 
2020). In wintering ducks, evidence revealed that body mass 
and wing length are negatively associated with infection by 
Leucocytozoon but not by Plasmodium or Haemoproteus 
(Fleskes et al. 2017). The intensity of microfilaria and haemo-
sporidians was negatively correlated with the body condition 
of the white-necked thrush Turdus albicollis (De La Torre et 
al. 2020). Other studies found no correlation between blood 
parasites and wing length, weight, or body condition (Fratoni 
et al. 2021; Shurulinkov et al. 2012; Sorensen et al. 2016). 
Tailored studies are, therefore, required to determine the 

effect of blood parasite infections on certain bird populations 
(Fleskes et al. 2017).

The red junglefowl Gallus gallus is a territorial bird, where 
males produce a series of simple crosses with 4 note sounds 
to advertise and defend territory (Collias 1987; Tiley et al. 
2020). Leonard and Horn (1995) determined that the length 
of the third syllable was the only crowing feature that cor-
related with weight in the domestic red junglefowl Gallus 
gallus domesticus (Leonard and Horn 1995). When sexually 
mature, hens infected with Ascaridia galli are lower in weight 
than non-parasitized birds (Zuk et al. 1998). Compared with 
other species, the red junglefowl has a clear background, sim-
ple calls, and is easy to analyze, making it an ideal choice for 
studying body conditions and acoustic parameters.

In this study, we conducted a comprehensive analysis of red 
junglefowl display calls, aiming to address two key questions: 
1) Can vocal parameters explain the variance in the body 
quality of red junglefowl? 2) Does blood parasite infection 
affect the expression of sexual traits (body quality and vocal-
ization) in red junglefowl? We predicted that red junglefowl 
vocalizations can serve as a signal of body mass and parasitic 
infections during the breeding season.

Materials and Methods
Study area and species
The fieldwork was conducted on a chicken farm located 
in Hsinchu town, Dingan’ County, Hainan Province 
(19°37'24"N, 110°12'56"E), covering an area of 0.3 km2. 
The red junglefowls were semi-free range. A total of 20 pas-
ture-raised red junglefowl sub-adults of 9 months (gallus 
sub-adult, hereafter GS) were selected for the experiment, 
2 of which lacked parasitic infection data. Additionally, 15 
pasture-raised red junglefowl of 18-month adults (gallus 
adult, hereafter GA) were selected, of which 1 lacked audio 

Figure 1. Spectrograms of the calls of male red junglefowl, showing temporal and frequency measurements: (A) 9-month-old pasture-raised red 
junglefowl (GS) and (B) 18-month pasture-raised red junglefowl (GA).
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recording, morphological data, and parasitic infection data 
and 2 lacked parasitic infection data. Each individual was 
placed in a different chicken coop, at least 15 m apart, to 
ensure that they were not affected by others. Morphological 
data, blood samples, and song recordings of red junglefowl 
were collected in April 2021. All the recordings were com-
piled between 6:00 and 10:00 in the morning and were of 
sufficient quality to provide clear spectrograms. The record-
ing equipment used was a TASCAM DR-100MKIII recorder 
(TASCAM, Japan) and Sennheiser MKH416P48 directional 
microphone (Sennheiser, Germany).

Morphological measurements
We measured the following 7 morphological character-
istics—body mass (kg, with a Pesola spring scale), tail and 
wing length (cm, with a ruler), head bill length, tarsus length, 
bill width, and bill depth (mm, with a caliper) (Favaro et al. 
2017). All measurements were performed by Peipei Hao, who 
was systematically trained in bird ringing and measurements. 
The regression between body weight and wing length was not 
significant (GS: F = 1.09, df = 1,18, adjusted R2 = 0, P = 0.31; 
GA: F = 1.37, df = 1,12, adjusted R2 = 0.03, P = 0.26), and 
the residual was highly correlated with the body weight (GS: 
F = 296.7, df = 1,18, adjusted R2 = 0.94, P < 0.001; GA: 
F = 105.1, df = 1,12, adjusted R2 = 0.89, P < 0.001). Body 
weight was considered an indicator of fat reserves and wing 
length was considered an indicator of body size (Hardouin et 
al. 2007).

Parasite quantification
To investigate the impact of parasitic infection on voice and 
body condition, brachial vein blood was collected from birds 
and blood DNA was extracted using a TIANamp genomic 
DNA kit (Beijing Tiangen).

Real-time quantitative PCR (qPCR) was used to quantify 
the parasite load in each sample using primers 343F–496R, 
which amplified the parasite’s partial mitochondrial rRNA 
genes (Asghar et al. 2011). All qPCR reactions were per-
formed on a 7500 Real-Time PCR machine using the TB 
Green Premix reaction kit (Takara Bio Inc., Japan). Each 
20-µL reaction system contained 2  ng of DNA template 
and 0.8 µL of each primer, and was incubated at 95°C for 
30  s, followed by 95°C for 5  s, 52°C for 34  s, and 72°C 
for 30  s, followed by melting analysis between 60°C and 
95°C. All samples were run in duplicates in each reaction. 
Two nontemplate controls (NTCs) were used to detect false 
positives, as well as a diluted series of “golden standard 
samples” (gs). The Ct values for each sample were averaged 
from amplification curves. The results were accepted only 
when the fluorescence signal of the NTCs was below the 
threshold. False-positive tests were performed when Ct val-
ues were generated, but the melting peaks were nonspecific. 
The ΔCt method was used to calculate the relative quantity 
of positive samples (x): Qx = 2^((Ctgs − Ctx)) (Huang et 
al. 2018).

Sound measurements
We generated spectrograms using the Avisoft-SASLab 
Pro 4.3.01 audio analysis software (Avisoft Bioacoustics, 
Germany). The acoustic parameters were measured using 
the automatic measurement function of the software with 

manual assistance using the following settings—fast Fourier 
transform (FFT), 256 FFT length, Hamming window, 100% 
frame size, 50% overlap, 86 Hz frequency resolution, and 
2.9025 ms temporal resolution. A total of 1,911 recordings 
were analyzed for GS and 646 recordings for GA. All the 
recordings were resampled to 11.05 kHz and saved as.wav 
files. Calls of the red junglefowl have a simple structure, with 
4 notes (Fig. 1). Three temporal variables were measured from 
each spectrogram—the duration of each note (Tdur1, Tdur2, 
Tdur3, and Tdur4), duration of interval notes (Tint1, Tint2, 
and Tint3), and call rate. We calculated the natural call rate of 
red junglefowl by measuring the number of consecutive calls 
divided by the length in seconds. Additionally, we observed 
the structure of each note, that is, the frequency of the peak 
(greatest amplitude) (Fpeak1, Fpeak2, Fpeak3, and Fpeak4), 
fundamental (Ffoun1, Ffoun2, Ffoun3, and Ffoun4), and first 
harmonic (Fhar1, Fhar2, Fhar3, and Fhar4) of each note. Due 
to the syllable’s highest energy level in the first harmonic, only 
the first harmonic values were used. For each individual, we 
measured 32–197 syllables (mean ± SE = 75.21 ± 7.39) and 
used their mean value for subsequent analysis.

Table 1. One-way ANOVA of morphology and vocalization in adults and 
sub-adults of the red junglefowl.

 ANOVA

F P 

Morphology parameters

Body mass (kg) 67.98 <0.001

Wing length (cm) 31.41 <0.001

Tail length (cm) 13.96 <0.001

Head bill length (mm) 1.74 0.196

Tarsus length (mm) 3.30 0.079

Bill width (mm) 13.20 <0.001

Bill depth (mm) 3.40 0.074

Temporal parameters (s)

Tdur1 3.30 0.079

Tdur2 2.07 0.160

Tdur3 1.08 0.306

Tdur4 0.02 0.888

Tint1 0.00 0.973

Tint2 2.80 0.104

Tint3 0.12 0.729

Call rate 3.00 0.093

Frequency parameters (Hz)

Fpeak1 3.22 0.082

Fpeak2 0.22 0.640

Fpeak3 0.33 0.569

Fpeak4 0.84 0.367

Ffoun1 0.06 0.814

Ffoun2 2.10 0.157

Ffoun3 0.60 0.445

Ffoun4 1.71 0.200

Fhar1 0.56 0.461

Fhar2 0.45 0.507

Fhar3 0.23 0.636

Fhar4 0.07 0.796
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Statistical analysis
We performed multivariate and 1-way ANOVA for mor-
phological data and vocal parameters in the adults and 
subadults, respectively. We then reduced the dimension-
ality of the syllable’s temporal and frequency parameters 
using principal component analysis (PCA). The frequency 
parameters of the GA and GS extracted 2 principal com-
ponents (PC1 and PC2), and the temporal parameter 
extracted three principal components for subsequent 
data analysis (PC1, PC2, and PC3). To determine whether 
acoustic parameters of the red junglefowl could affect 
body size (wing length) and quality (weight), we used prin-
cipal component scores as predictor variables and mass 
and wing length as response variables in multiple linear 
regression analyses. To determine whether parasite load 
affected the morphology and acoustics of red junglefowl, 
we examined the correlation between log parasite infec-
tion and morphological parameters using simple linear 
regression. Subsequently, in the multiple linear regression 
analysis, we used the syllabic principal component score 
as a predictor variable and log parasitic infection as the 
response variable in the multiple linear regression analysis 
(Zhao et al. 2018).

R Studio was used for all statistical analyses (Version 
1.4.1717). The data are presented as mean ± SE, and all tests 
were considered significant at P < 0.05.

Results
There were significant differences in morphology between 
adults and sub-adults of the red junglefowl (Manova: F = 
26.88, df = 7,27, P < 0.001, N = 35; see Table 1 for uni-
variate ANOVAs) but no differences in acoustic parameters 
(Manova: F = 1.73, df = 20,13, P = 0.16, N = 34; see Table 1 
for univariate ANOVAs).

PC1 and PC2 of the GA frequency parameter reflected 82% 
of the variance, where PC1 included Fpeak2, Fpeak3, Fpeak4, 
Ffoun1, Ffoun3, Fhar2, and Fhar4, and PC2 included Fpeak1, 
Ffoun2, Ffoun4, Fhar1, and Fhar3. PC1, PC2, and PC3 of the GA 
temporal parameters reflected 78% variance, where PC1 included 
Tdur2, Tint2, and call rate, PC2 included Tdur4 and Tint1, and 
PC3 included Tdur1 and Tint3. PC1 and PC2 of the GS frequency 
parameter explained 74% of the variance, among which Ffoun1, 
Ffoun2, Ffoun3, Ffoun4, Fhar1, Fhar2, Fhar3, Fhar4, Fpeak2, 
Fpeak3, and Fpeak4 were strongly correlated with PC1, whereas 
PC2 only represented Fpeak1. PC1, PC2, and PC3 of the GS time 
parameter explained 72% of the variance. Here, PC1 reflected 
Tdur3, Tdur4, Tint2, Tint3, and call rate; PC2 reflected Tdur1 
and Tint1; and PC3 reflected Tdur2 (Table 2).

Physical correlates of acoustic parameters
Multiple regression models demonstrated that acoustic 
parameters were not well predictive of the body weight of 

Table 2. Results of the PCA for acoustic variables of syllables (see text for abbreviations).

 GA GS

PC1 PC2 PC3 PC1 PC2 PC3 

Frequency parameters (Hz)

Fpeak1 0.58 0.62 0.22 0.87

Fpeak2 0.91 0.09 0.80 0.26

Fpeak3 0.90 0.23 0.59 0.58

Fpeak4 0.93 0.14 0.68 0.46

Ffoun1 0.73 -0.26 0.89 −0.18

Ffoun2 0.56 -0.81 0.92 −0.19

Ffoun3 0.86 -0.17 0.89 −0.04

Ffoun4 0.47 -0.88 0.86 −0.30

Fhar1 0.20 0.93 0.76 0.26

Fhar2 0.74 0.05 0.81 −0.27

Fhar3 0.19 0.96 0.82 −0.20

Fhar4 0.91 0.00 0.74 −0.34

Eigenvalue 6.09 3.76 7.12 1.82

Percentage of variance 0.51 0.31 0.59 0.15

Temporal parameters (s):

Tdur1 −0.57 −0.52 −0.58 −0.30 −0.79 0.33

Tdur2 0.85 −0.04 −0.16 −0.31 0.48 0.75

Tdur3 0.85 −0.20 −0.22 −0.76 −0.11 −0.35

Tdur4 −0.59 0.73 −0.05 −0.82 0.24 −0.13

Tint1 0.57 0.75 0.08 0.40 0.58 −0.21

Tint2 0.79 −0.26 0.40 0.74 −0.25 −0.37

Tint3 −0.40 −0.36 0.79 0.81 0.25 0.18

Call rate 0.35 −0.07 −0.23 0.53 −0.40 0.32

Eigenvalue 3.34 1.62 1.27 3.09 1.54 1.13

Percentage of variance 0.42 0.20 0.16 0.39 0.19 0.14
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GA (Frequency: F2,9 = 0.32, adjusted R2 = −0.14, P = 0.73; 
Temporal: F3,4 = 0.21, adjusted R2 = −0.51, P = 0.88). A sub-
stantial positive association was found between frequency 
parameters and wing length in GA (F2,9 = 5.21, adjusted R2 
= 0.43, P = 0.03), whereas there was no correlation observed 
between wing length and temporal parameters (F3,4 = 0.76, 
adjusted R2 = −0.11, P = 0.57). For GS, it was found that the 
acoustic parameters were poor predictors of body weight 
(Frequency: F2,9 = 0.29, adjusted R2 = −0.15, P = 0.75; 
Temporal: F3,4 = 1.43, adjusted R2 = 0.16, P = 0.36) and 
wing length (Frequency: F 2,9 = 0.29, adjusted R2 = −0.15, P 
= 0.76; Temporal: F3,4 = 1.62, adjusted R2 = 0.21, P = 0.32) 
(Table 3).

Relationship between parasitic infection and sexual 
trait expression
Simple linear regression and multiple regression analyses 
demonstrated that the parasitic infection intensity of GA was 
independent of morphological and acoustic parameters (P > 
0.05). For GS, we found that parasite infection intensity was 
only significantly positively correlated with wing length (t = 
−2.45, P = 0.03 < 0.05, R2 = 0.23), independent of other mor-
phological parameters (P > 0.05). Additionally, there was no 
association between parasite infection and acoustic parameters 

(FFrequency = 1.69, df = 2,7, adjusted R2 = 0.13, P = 0.25; FTemporal = 
0.94, df = 3,3, adjusted R2 = −0.03, P = 0.52) (Table 4).

Discussion
This study revealed the acoustic cues that are correlated to 
body size. Almost all previous studies have examined avian 
malaria using binary infection status, but very few have 
assessed the intensity of infection in plasma (Lopez-Serna et 
al. 2021). We used qPCR to quantify parasitic loads, which 
helped to better understand the consequences of parasitic 
infections on sexual selection characteristics. We found a sig-
nificant positive correlation between frequency parameters 
and wing length in GA, and we also found that the blood par-
asite load was substantially linked to body size in GS, inde-
pendent of acoustic parameters. It may, therefore, be inferred 
that the red junglefowl vocalizations reliably convey informa-
tion about the caller’s body size.

Animal vocalizations are used for mating and defense, and 
a growing body of research suggests that their size or mass 
may alter their vocal organs and thus alter the acoustic char-
acteristics of their vocal output (Favaro et al. 2017). Male lit-
tle penguins, Edyptula minor, with larger bone sizes vocalized 
at lower dominant frequencies during breeding, and females 

Table 3. Multiple regression of acoustic parameters with body weight and wing length

 Response Predictor  Estimate SE t P 

GA Body weight Frequency- Intercept 2.04 0.19

PC1 0.17 0.27 0.63 0.54

PC2 0.09 0.12 0.69 0.51

Temporal- Intercept 2.10 0.10

PC1 0.08 0.15 0.52 0.63

PC2 -0.10 0.20 -0.51 0.64

PC3 0.07 0.23 0.32 0.77

Wing length Frequency- Intercept 24.92 0.39

PC1 0.68 0.54 1.25 0.24

PC2 0.81 0.25 3.23 0.01

Temporal- Intercept 25.47 0.28

PC1 -0.33 0.43 -0.77 0.49

PC2 -0.60 0.59 -1.02 0.37

PC3 -0.54 0.66 -0.82 0.46

GS Body weight Frequency- Intercept 1.95 0.38

PC1 -0.34 0.48 -0.71 0.50

PC2 -0.17 0.23 -0.75 0.48

Temporal- Intercept 1.66 0.06

PC1 0.04 0.09 0.43 0.69

PC2 -0.09 0.13 -0.66 0.55

PC3 0.30 0.16 1.92 0.13

Wing length Frequency- Intercept 22.54 1.77

PC1 1.70 2.25 0.76 0.47

PC2 0.66 1.08 0.62 0.55

Temporal- Intercept 23.62 0.23

PC1 -0.44 0.37 -1.19 0.30

PC2 0.73 0.52 1.41 0.23

PC3 0.74 0.61 1.21 0.29

Note: Significant correlations are shown in bold (P < 0.05).
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were more attracted to these larger individuals (Miyazaki 
and Waas 2003). Garcia et al. (2014) found that the max-
imum frequency and emphasized frequency was negatively 
correlated with body weight in three neotropical cardinals, 
with heavier species generally having longer notes, lower fre-
quencies, and longer intervals (Garcia et al. 2014). Here, we 
reported that PC2Frequency- (Fpeak1, Ffoun2, Ffoun4, Fhar1, and 
Fhar3) can better predict GA body size, where the frequency 
was relatively higher in larger individuals, probably because 
of their increased proclivity for mating or territorial defense 
competition. However, no significant correlation was found 
between the weight and acoustic measurements. One possible 
explanation is that weight only reveals the nutritional status 
in pasture-raised individuals (i.e., fat storage) (Hardouin et 
al. 2007). In birds, the vibration rate of syringe membranes 
(f0) is passively determined by their mass, size, and tension, 
whereas the nutritional status is thought to determine key fac-
tors of their mechanical and functional properties (Favaro et 
al. 2017). Overall, the results suggest that red junglefowl calls 
provide reliable cues for individual wing length. However, to 
date, it has not been determined whether red junglefowl can 
recognize differences in vocalization between individuals and 
whether mating is related to the duration and frequency of 
calls. Playback experiments are needed to test whether recipi-
ents use this information.

In songbirds, blood parasites can affect important aspects 
of host health and sexually selected characteristics such as 
body size (De La Torre et al. 2020), tail length (Garamszegi 
et al. 2005), and plumage coloration (Lumpkin et al. 2014; 
Henschen et al. 2017). This study showed that parasitic infec-
tions were mainly related to GS wing length, with smaller 
individuals having a lower parasitic load. Notably, the study 
found no association between infection and the other mor-
phological indicators of health. This may be due to the abun-
dant food supply on the farm, which keeps the pasture-raised 

red junglefowl in good condition even when infected. Calling, 
as a sexually selected trait, has been widely reported as an 
indicator of male health and parasite resistance, indicating 
that call features should correlate with parasite load (Bischoff 
et al. 2009; Lopez-Serna et al. 2021). Several surveys have 
shown that parasite load can affect song consistency—exper-
imental tick infestations altered song performance by reduc-
ing the consistency of the vocalizations of male canaries 
(Müller et al. 2013), infection with Plasmodium influenced 
song structure by reducing song consistency, while infection 
with Leucocytozoon increased song consistency (Gilman et 
al. 2007). In addition, parasitic infections can also affect call 
duration and frequency. In male Tawny Owls, parasite infec-
tion was significantly negatively correlated with call duration 
and positively correlated with the frequency of some measured 
calls (Appleby and Redpath 1997). Some studies have sug-
gested that individuals with a high parasite burden may have 
lower call rates than those without (Møller 1991; Buchanan 
et al. 1999; Gilman et al. 2007). Our results demonstrated no 
significant correlation between the intensity of parasitic infec-
tion and acoustic parameters, possibly because of the small 
sample size (only 15 adults and 20 sub-adults), which may 
have limited the intensity of testing.

In conclusion, acoustic parameters not only reflect the body 
size of pasture-raised red junglefowl but also provide infor-
mation about their health status. This indicates that poten-
tial mates and competitors may have the opportunity to learn 
about their health and, thus, calls may play a role in sexual 
selection.

Acknowledgments
The authors are grateful to Xia Canwei for his helpful and 
valuable suggestions regarding statistical analyses.

Table 4. Simple linear regression of parasitic infection intensity with morphological parameters and multiple regression with acoustic parameters.

 Parasite Infection intensity (GA) Parasite Infection intensity (GS)

Estimate SE t Value P R2 Estimate SE t Value P R2 

Morphological 
parameters:

Weight (kg) −1.82 1.59 −1.14 0.28 0.03 −1.47 1.10 −1.34 0.20 0.04

Wing length (mm) −0.56 0.61 −0.91 0.39 -0.02 −0.37 0.15 −2.45 0.03 0.23

Tail length (mm) −0.03 0.06 −0.47 0.65 -0.08 0.02 0.05 0.51 0.61 −0.05

Tarsus length (mm) −0.04 0.08 −0.50 0.63 -0.07 −0.04 0.04 −0.81 0.43 −0.02

Bill depth (mm) −0.27 0.25 −1.07 0.31 0.01 −0.18 0.22 −0.80 0.44 −0.02

Bill width (mm) −0.05 0.27 −0.18 0.87 −0.10 0.20 0.23 0.87 0.40 −0.01

Head bill length (mm) −0.02 0.09 −0.19 0.85 −0.10 −0.02 0.05 −0.40 0.70 −0.05

Scores of the principal 
components:

Frequency Intercept −0.31 0.96 −0.32 0.76 −0.26 0.25 1.73 0.14 0.89 0.13

PC1 −0.25 1.38 −0.18 0.86 −0.48 2.16 −0.22 0.83

PC2 −0.21 0.62 −0.34 0.74 −0.95 0.67 −1.42 0.20

Temporal Intercept −0.54 0.45 −1.20 0.32 -0.12 −0.32 0.23 −1.35 0.27 −0.03

PC1 0.32 0.67 0.47 0.67 0.55 0.34 1.60 0.21

PC2 1.43 1.14 1.25 0.30 0.23 0.67 0.34 0.76

PC3 −0.76 0.99 -0.77 0.50 −0.40 0.59 -0.67 0.55

Note: Significant correlations are shown in bold (P < 0.05).
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