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The aim of this study was to identify underwater vocalizations in red-eared turtles (Trachemys scripta elegans) and assess differences between sexes and ages. We recorded the underwater vocalizations of the red-eared sliders and identified 12 call types through manual visual and aural inspection of the recordings. Similarity analysis verified that manual classification was relatively reliable. The call types of the turtle were described and displayed as spectrograms and waveforms. The turtles produced fewer high-frequency call types than low-frequency types in all recordings. Statistical analysis revealed significant differences in the frequencies and duration of the calls of red-eared turtles between different sexes and ages. Males vocalized pulse calls very frequently, whereas a high proportion of high-frequency call types was emitted by the female adult group. The male subadult group emitted higher frequencies of Type A, B, and C calls, which is in accordance with the phenomenon that vocal frequency is often inversely proportional to the turtle size. Some call types produced by red-eared turtles were above the frequency range of their known hearing range. This may have been a by-product of the sound production mechanism or it may have adaptive value in mitigating interference to communication from low-frequency noise common in natural waters in communication The behavioral implications of these vocalizations and whether turtles can hear such high sounds warrant further study.
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Introduction

Sound communication is one of the most common forms of communication among animals and is important for information transmission between individuals (Gerhardt and Huber, 2002), particularly for species living in dark environments or underwater where light is lacking (Shang, 2014). In the complex underwater environment, natural calls remain discernible at distances where frequency-dependent propagation losses distort the shape of the spectrum (Boatright-Horowitz et al., 1999). More than 300 species of turtles have been identified worldwide; however, vocalizations have been recorded for only a limited number of species. Most studies of turtle vocalizations have focused on air recordings (Cook and Forrest, 2005; Galeotti et al., 2005; McKenna et al., 2019; Monteiro et al., 2019), with only a few underwater recordings for some species (Giles et al., 2009; Ferrara et al., 2014a,2017, 2019). Thus, vocalization studies of various freshwater turtles are needed to improve the understanding of their behavior and ecology.

The red-eared slider (Trachemys scripta elegans) is a semi-aquatic freshwater turtle, native to North America, from the Mississippi River to around the Gulf of Mexico; it exhibits high ecological adaptability (Ma and Shi, 2017). Red-eared sliders are not social animals, but the overlap index of individuals’ home ranges is very high. In terms of behavior, females have larger home range area and line home range than males (Ma et al., 2013). This typical alien invasive species in China poses threats to native freshwater turtles (Wei et al., 2012). Studies of the vocalizations of the red-eared slider are important for conserving China’s native freshwater turtles. In China, 14 native turtle species live in the same environment as red-eared turtles (Shi et al., 2009). In terms of fighting for food, feeding efficiency, fecundity, hunger tolerance, and disease resistance, these turtles are stronger than the native freshwater turtles of China (Shi et al., 2009; Wei et al., 2012; Zhao et al., 2013; Qiu et al., 2015). For vocal animals, sound expulsion and induction are common methods in conservation management (Wang, 2010; Wang et al., 2010; Yuan, 2020). This study on the vocalization of red-eared sliders can provide basic data on the sound expulsion and induction of red-eared turtles in the wild, and provide ideas for the conservation of freshwater turtles in China.

Sex differences in vocalization are common in many vocal animals (Sathyan et al., 2017; Ammie, 2019; Buck et al., 2020) and may be related to differences in the size of vocal organs (Pellitteri, 2003; Galeotti et al., 2005), intraspecific competition, and mate selection pressure (Garcia et al., 2013; Zhu et al., 2017). This sex difference in turtle vocalization provides a foundation for understanding sexual selection in voice communication.

Previous auditory research in the red-eared slider in air indicated that 300–500 Hz is the most sensitive part of hearing range (Christensen-Dalsgaard et al., 2012) and that females show greater sensitivity, because auditory brainstem response thresholds are significantly lower in females than in males for frequencies in the 200–1,100 Hz range (Wang et al., 2019). However, some turtles vocalize at frequencies beyond their hearing range (Cook and Forrest, 2005; Piniak et al., 2012a,b; Ferrara et al., 2014b). Whether the hearing range of the red-eared slider matches its vocal frequency requires further analysis.

Herein, we recorded the underwater vocalizations of red-eared sliders, classified the call types, analyzed the vocalization differences between sex and age groups, and discussed the association between hearing range and vocalization frequency in this species. This study is the first one to describe red-eared slider vocalization and improves our understanding of this invasive species in China.



Materials and methods


Data collection

We used a Song Meter SM4 underwater sound recorder (Wildlife Acoustics, Inc., Maynard, MA, USA) to collect turtles’ calls (sampling rate: 44,100 Hz; sensitivity: −165 dB; Re: 1 V/μPa; omnidirectional hydrophone bandwidth: 2–30,000 Hz ± 3 dB; gain: 16 dB). The hydrophone was calibrated by the company before purchase. Data were stored in WAV format. The recording was conducted in a soundproof room at the College of Life Sciences, Hainan Normal University, to prevent environmental noise from being recorded. The soundproof room is a confined space 1.7 m by 2 m by 2 m. Its walls and ceiling are made of composed of steel and foam sandwich composite board (12 cm thick); the inner side of the composite board is covered with sound absorbing cotton (2.5 cm thick). Prior to the experiment, the water in the tortoise-free tank was recorded for 3 days and found to have no external acoustic signal. The average sound pressure level of the underwater background noise (without turtles in the water) in the tank was 92.35 dB. The energy was mainly concentrated at low frequencies below 50 Hz, with a sound pressure level of up to 70 dB, whereas noise in the frequency band above 200 Hz was approximately 40 dB.

We obtained 16 healthy captive red-eared turtles from a turtle farm, where they were raised in groups of 20–30 in shallow concrete pools in the open air, with a space next to the pool for insolation. We divided them into groups of female adults (n = 4), male adults (n = 4), female subadults (n = 4), and male subadults (n = 4). Males and females were distinguished based on differences in their front claws, cloaca, plastron, and tail notch (Mader, 2006). The eight subadults were 9 months old, and the eight adults were 5 years old. Recordings were performed for each of the five following groups: four female adults, four male adults, four female subadults, four male subadults, and a mix of eight adult turtles. In each recording, the turtles in a group were free to roam in an inflatable plastic circular cistern 1.2 m in diameter, with a 30 cm water depth. The hydrophone was suspended 15 cm below the water surface at the center of the cistern for recording (Figure 1). The cistern was also video recorded, and a researcher monitored the turtles’ behaviors on the video feed in real time. The recording was performed in late December 2020. Each group was continuously recorded from 8:00 to 20:00 of 1 day. In total, we collected 60 h of data in 5 days. To match the video of the turtle’s behavior with the sound recordings, we synchronized the clock in the recorder and the clock in the camera before the recording began.
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FIGURE 1
Schematic of the recording for Trachemys scripta elegans in a soundproof room.




Data analysis

Acoustic data were analyzed using the Raven Pro 1.5 software (The Cornell Lab of Ornithology, Ithaca, NY, USA). The spectrograms were displayed using a Fast Fourier-Transforms size of 512 points (Hamming window). Two researchers experienced in aquatic vocalizations manually identified sound signals through visual and aural inspection of the recordings. Sounds with similar characteristics (spectrum shape; auditory) as published turtle sounds (Giles et al., 2009; Ferrara et al., 2017; Charrier et al., 2022) and that clearly sounded like animal calls were selected. Only sound signals for which the spectrograms showed high signal-to-noise ratio were selected for further acoustical analyses. The variables extracted from the spectrograms of selected sound signals were low frequency (Hz) (the lower limit of the frequency range of a signal), high frequency (Hz) (the upper limit of the frequency range of a signal), peak frequency (Hz) (the frequency represented by a maximum energy in the wave spectrum), and signal duration (ms). The characteristics of the spectrograms of signals such as the number of harmonic and non-harmonic frequency bands were also noted. The selected sound signals were classified according to audible differences detected by a listening researcher, and the morphological characteristics of the spectrograms (Giles et al., 2009). Two signals were classified as the same type when they showed the same auditory characteristics and highly similar spectral morphologies. The recordings were monitored using Sennheiser IE300 earphones (Wedemark, Germany).

To test the reliability of the manual classification, we examined the similarity between signals of different call types and the similarity between signals of the same call type (Manolakis et al., 2005; Zheng, 2011). Pearson’s linear correlation coefficient (Gibbons, 1985) was used to detect similarities. The calculation was performed in MATLAB R2021a (MathWorks, Inc., Natick, MA, USA).

Because turtles made mechanical sounds by crawling and moving underwater in the pool, we identified these sounds before recording the turtles’ vocalizations. Turtle behaviors were observed via real time monitoring while underwater sounds were recorded with a hydrophone. The occurrence time of each behavior was recorded, and the frequency spectrum and auditory characteristics of the sounds produced by different behaviors were analyzed in Raven Pro 1.5 software. We then identified the corresponding sounds produced by the common behaviors of turtles in water, and these were not included as turtle vocal sounds. Time-frequency diagrams of these sounds are shown in Supplementary Figure 1.



Statistical analysis

The Kolmogorov–Smirnov test (Dallal and Wilkinson, 1986) was used to estimate whether the sound parameters for each group followed normal distribution (P > 0.05). If the distribution was normal, the differences in parameters among sex–age groups were tested using one-way analysis of variance (least significant difference test) for pairwise comparisons. Otherwise, Kruskal–Wallis analysis (non-parametric tests algorithms) (Siegel, 1956) was used to evaluate the differences among the five groups, and paired comparison was conducted between all pairs of groups. Differences were considered as significant when P < 0.05. All statistical analyses were conducted using IBM SPSS Statistics 26 software (IBM, Inc., Chicago, IL, USA).




Results

We detected 2,241 distinguishable calls of T. scripta elegans in 16 individuals and assigned these calls to 12 types based on their aural character, frequency, and the morphology of their spectrum (Figure 2). More than two-thirds of the calls were made by males (Table 1). The female groups and mixed-sex group produced far fewer calls than the male groups. We observed no specific behaviors of the red-eared turtles throughout the recording; therefore, whether these vocalizations had behavioral implications remains unclear.
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FIGURE 2
Spectrogram and waveform views of call types produced by Trachemys scripta elegans. (A–L) Corresponds to the 12 call types of red-eared sliders, and A1 represents successive occurrences of A call type. All spectrograms were obtained with Raven Pro 1.5 using Hamming windows with 512 pt fast Fourier transform. The waveforms were drawn in MATLAB R2021a.



TABLE 1    Descriptive statistics of call types of Trachemys scripta elegans.
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Description of turtle calls

The spectrograms and waveforms of each call type are shown in Figure 2. The acoustic parameters of each type are shown in Table 1. Because eight adult turtles were recorded twice, the calculation of the acoustic parameters in Table 1 did not include data from the mixed sex group to avoid the risk of pseudoreplication. Audio samples of each type are available in the Supplementary Audios 1–12.

Type A (n = 1,662) was the most common call type of red-eared sliders and was particularly more frequent in the male groups than in the female groups. This type was characterized by a single pulse and sounded similar to soft tapping on a wooden stick by a fingernail. The mean peak frequency was 2,421 ± 1,821 Hz (mean ± sd). This call type often occurred continuously, sometimes in a series of three to seven calls (intervals ranged from 94 to 167 ms) (Figure 2A1 and Supplementary Audio 1).

Type B (n = 147) was characterized by the spectrum shape of a single down sweep with a peak frequency mean value of 426 ± 482 Hz. It sounded similar to a falling tone (Figure 2B and Supplementary Audio 2).

Type C (n = 98) was a short wave with a flat tone below 1,000 Hz and sounded similar to the single chirp of a mouse. It resembled an elliptical dot on the spectrum (Figure 2C and Supplementary Audio 3).

Type D (n = 75) showed almost mirror symmetry with the Type B spectrum; it was ascending and characterized by the spectrum shape of a single rising sweep tone in the low-frequency band (Figure 2D and Supplementary Audio 4).

Type E (n = 40) resembled a descending tone snorted from the nose and was a broadband signal with harmonics (Figure 2E and Supplementary Audio 5). The mean low and high frequencies were 274 ± 412 and 2,292 ± 1,220 Hz, respectively. However, its peak frequency was concentrated at low frequencies with a mean value of 534 ± 693 Hz.

Type F (n = 31) consisted of two harmonics in the middle frequency band (Figure 2F) and sounded similar to a single cricket chirp (Supplementary Audio 6). This type showed a narrow band signal in the middle frequency.

Type G (n = 23) sounded similar to a rising tone from the nose (Supplementary Audio 7). It was also a broadband signal with harmonics (Figure 2G), and the peak frequency was concentrated at a low-frequency band.

Type H (n = 17) was characterized by the spectrum shape of a single down sweep in the middle frequency band (Figure 2H and Supplementary Audio 8). It resembled the single cry of a chick. The duration of this signal was very long, averaging 161.10 ± 159.09 ms. This call type was not observed in male adult turtles.

Type I (n = 79) was a high-frequency call that sounded similar to a single sparrow call. The mean value of the peak frequency was 7,758 ± 2,459 Hz (Figure 2I and Supplementary Audio 9).

Type J (n = 54) was a high-frequency call in the shape of a flat sweep on the spectrum and sounded similar to a slow and long birdsong (Figure 2J and Supplementary Audio 10). This was a narrow band signal concentrated at around 7,000 Hz. Additionally, 74.07% of these sounds were produced by the female adult group.

Type K (n = 12) consisted of two parts on spectrogram: the first part was low and the second part was high. It sounded similar to two birdsongs in a row (Figure 2K and Supplementary Audio 11). The duration of this signal was very long, averaging 279.84 ± 100.80 ms. Furthermore, 83.33% of these calls were produced by the female adult group, and the male adult group did not make such sounds.

Type L (n = 3) was the most complex call recorded and was composed of high-, medium-, and low-frequency parts overlapping in time (Figure 2L). This call sounded similar to a single bright bird call. Only the female adult group made this sound (Supplementary Audio 12).



Similarity calculation

The average correlation coefficient among the 12 call types was 0.11 and that among the internal signals of each call type was 0.92. The specific correlation coefficients are shown in Table 2. According to these results, the similarity between call types was small and the difference was large, whereas the signal similarity within each type was large and the difference was small. Thus, the manual classification was relatively reliable.


TABLE 2    Average value of correlation coefficients for signals within each call type and between call types.
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Differences in calls among different sex and age groups

Kruskal–Wallis analysis was used to evaluate differences among different sex and age groups in acoustic parameters, as these parameters did not follow a normal distribution based on the Kolmogorov–Smirnov test (P > 0.05). Five call types showed significant differences among groups in frequency parameters, and four call types showed significant differences among groups in duration. For each call type, the differences between groups for low, high, and peak frequencies were very similar. The acoustic parameters of the three types (Type A, B, and C) with the highest rate of emittance in the recordings showed significant differences among different groups.


Peak frequency

Of the 12 call types, only four showed significant differences in their peak frequencies among the sex–age groups. The other eight call types showed no significant differences in their peak frequency among groups (Table 3, Figure 3, and Supplementary Table 1).


TABLE 3    Acoustic parameters of 12 call types for different age–sex groups.
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FIGURE 3
Differences in peak frequencies among five sex–age groups for all call types. The y-axis is the log-transformed value of peak frequency. The x-axis represents the call types. Boxplots with different lowercase letters refer to Kruskal–Wallis comparison tests yielding significant results (P < 0.05), and the relationship among the letters is a > b > c > d. Boxplots with the same lowercase letters did not significantly differ (P > 0.05). Call types without letters on the boxplots showed no significant differences among sex–age groups.


For Type A, the peak frequency in the male subadult group was higher than that in all other groups (P < 0.05). The peak frequency in the male adult group was significantly higher than that in the female adult and mixed-sex groups (P < 0.05). The peak frequency of the female subadult group was significantly higher than that in the mixed-sex group (P < 0.05). There was no significant difference between the female adult and female subadult, between the female subadult and male adult groups, or between the female adult and mixed-sex adult groups (P > 0.05).

For Type B, the peak frequency in the male subadult group was significantly higher than that in the female subadult and female adult groups (P < 0.05). There was no significant difference in the peak frequency among the male adult, female subadult, female adult, and mixed-sex adult groups (P > 0.05).

For Type C, the peak frequency in the mixed-sex adult group was significantly lower than that in the male subadult and female adult groups (P < 0.05). There was no significant difference among male subadult, male adult, and female subadult groups (P > 0.05).

For Type J, the peak frequency in the female adult group was higher than that in the female subadult group (P < 0.05). There was no significant difference in the peak frequency among male subadult, male adult, female subadult, and mixed-sex adult groups (P > 0.05).



Low frequency

Five call types showed significant differences in their low frequencies among the sex–age groups. The other seven call types showed no significant differences in low frequency among groups (Table 3, Figure 4, and Supplementary Table 2).


[image: image]

FIGURE 4
Differences in low frequencies among five sex–age groups for all call types. The y-axis is the log-transformed value of low frequency. The x-axis represents the call types. Boxplots with different lowercase letters refer to Kruskal–Wallis comparison tests yielding significant results (P < 0.05), and the relationship among the letters is a > b > c > d. Boxplots with the same lowercase letters did not significantly differ (P > 0.05). Call types without letters on the boxplots showed no significant differences among sex–age groups.


For Type A, the low frequency in the male subadult group was higher than that in all other groups (P < 0.05). The low frequencies of the female subadult and mixed-sex adult groups were significantly higher than those of the female adult and male adult groups (P < 0.05). There was no significant difference between the female adult and male adult groups or between the female subadult and mixed-sex adult groups (P > 0.05).

For Type B, the low frequency in the male subadult group was significantly higher than that in the female subadult and female adult groups (P < 0.05). There was no significant difference in low frequency among the male adult, female subadult, female adult, and mixed-sex adult groups (P > 0.05).

For Type D, the low frequency in the mixed-sex adult group was significantly higher than that in the female adult group (P < 0.05). There was no significant difference among the male adult, female adult, female subadult, and male subadult groups (P > 0.05), or among the male adult, male subadult, female subadult, and mix-sex adult groups (P > 0.05).

For Type J, the low frequency in the female adult group was higher than that in the female subadult group (P < 0.05). There was no significant difference in the low frequency among the male subadult, male adult, female subadult, and mixed-sex adult groups (P > 0.05).



High frequency

Of the 12 call types, only four showed significant differences in their high frequencies among sex–age groups. The other eight call types showed no significant differences in the peak high frequency among groups (Table 3, Figure 5, and Supplementary Table 3).
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FIGURE 5
Differences in high frequencies among five sex–age groups for all call types. The y-axis is the log-transformed value of high frequency. The x-axis represents the call types. Boxplots with different lowercase letters refer to Kruskal–Wallis comparison tests yielding significant results (P < 0.05), and the relationship among the letters is a > b > c > d. Boxplots with the same lowercase letters did not significantly differ (P > 0.05). Call types without letters on the boxplots showed no significant differences among sex–age groups.


For Type A, the high frequency in the male subadult group was higher than that in all other groups (P < 0.05). The high frequencies in the mixed-sex adult groups were significantly lower than that in all other groups (P < 0.05). There was no significant difference among the female adult, male adult, female, subadult groups, or between the male subadult and mixed-sex adult groups (P > 0.05).

For Type B, the high frequency in the male subadult group was significantly higher than that in the female adult and mixed-sex adult groups (P < 0.05). There was no significant difference in the high frequency among the male subadult, female subadult, and male adult groups, or among the female adult, female subadult, male adult, and mixed-sex adult groups (P > 0.05).

For Type C, the high frequency in the mixed-sex adult group was significantly lower than that in the male subadult and female adult groups (P < 0.05). There was no significant difference among the male subadult, male adult, and female subadult groups (P > 0.05).

For Type J, the high frequency in the female adult group was higher than that in the female subadult group (P < 0.05). There was no significant difference in the high frequency among the male subadult, male adult, female subadult, and mixed-sex adult groups (P > 0.05).



Call duration

Four call types showed significant differences in durations among the sex–age groups. The other eight call types showed no significant differences in duration among groups (Table 3, Figure 6, and Supplementary Table 4).
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FIGURE 6
Differences in call duration among five sex–age groups for all call types. The y-axis is the log-transformed value of duration. The x-axis represents the call types. Boxplots with different lowercase letters refer to Kruskal–Wallis comparison tests yielding significant results (P < 0.05), and the relationship among the letters is a > b > c > d. Boxplots with the same lowercase letters did not differ significantly (P > 0.05). Call types without letters on the boxplots showed no significant differences among sex–age groups.


For Type A, the call duration in the male adult group was shorter than that in all other groups (P < 0.05). The call duration in the female adult group was significantly longer than that in the female subadult and male subadult groups (P < 0.05). There was no significant difference among the male subadult, female subadult, and mixed-sex adult groups or between the female adult and mixed-sex adult groups (P > 0.05).

For Type E, the call duration in the male subadult group was longer than that in the mixed-sex adult group (P < 0.05). There was no significant difference in call duration among the male adult, female adult, female subadult, and mixed-sex adult groups or among the male adult, female adult, female subadult, and male subadult groups (P > 0.05).

For Type F, the call duration in the male subadult group was longer than that in the female subadult group (P < 0.05). There was no significant difference in call duration among the male adult, female adult, female subadult, and mixed-sex adult groups or among the male adult, female adult, male subadult, and mixed-sex adult groups (P > 0.05).

For Type H, the call duration in the male subadult group was shorter than that in the mixed-sex adult group (P < 0.05). There was no significant difference in call duration among the male adult, female adult, female subadult, and male subadult groups or among the male adult, female adult, female subadult, and mixed-sex adult groups (P > 0.05).





Discussion


Vocalization differences between different sex and age groups

In many species with sexually dimorphic body sizes, the smaller of the two sexes produces higher-frequency vocalizations (Maurer et al., 2008). Studies of tortoises showed that vocal frequency is inversely proportional to the animal size (Galeotti et al., 2005). Similar patterns were found in birds and amphibians (Bowman, 1983; Ryan, 1985; Ryan and Brenovitz, 1985). Males of two species of jacana produce higher-frequency calls compared to those produced by larger-bodied females (Buck et al., 2020). The peak frequency of the calls of different tree frog species may decrease with increasing body size (Sun et al., 2017). Male subadult red-eared sliders emitted higher frequencies of Type A, B, and C calls compared to the other groups (Figure 3), but male subadults were the smallest in size among the four sex–age groups. A larger body size typically indicates a larger vocal organ, which produces lower frequencies (Narins et al., 2006; Garcia et al., 2013). In the same way, smaller red-eared sliders have smaller vocal organs and therefore produce higher frequencies of sound.

However, body size may not always be inverse to vocal frequency. Females of several owl species have smaller syringes and higher-pitched vocalizations than males but are larger than males (Miller, 1934). Male chimpanzees have higher peak frequencies than females in two call types (males are larger than females) (Ammie, 2019). Baboons (Papio cynocephalus) (Fischer et al., 2004) and gibbons (Hylobates lar) (Barelli et al., 2013) show similar patterns. The Jacana spinosa, which is larger than Jacana jacana, has a higher peak frequency of calls than J. jacana (Buck et al., 2020). Compared to the other groups, the female adult red-eared sliders produced more high-frequency calls, whereas female adults had the largest body size among all groups. High-frequency vocalizations are produced by the Amazonian River turtle (Podocnemis expansa) mainly during nesting (Ferrara et al., 2014a). We did not perform the recording during breeding season; however, the ability of adult females to produce high-frequency calls may be related to their reproductive behaviors.

Turtles’ calls may be related to mating success (Galeotti et al., 2005), which can reflect the preferences of female turtles (Galeotti et al., 2004) and transmit individual information (Sacchi et al., 2003). In our recordings, each sex–age group presented unique characteristics (Table 1). Turtles’ individual-specific vocalizations are used for individual recognition (Charrier et al., 2022). Red-eared sliders exhibit sex- and age-specific vocalizations, indicating their communication function.



Range of hearing and frequency of sound

Some studies have shown that the hearing threshold in air of red-eared sliders is 200–1,100 Hz (Christensen-Dalsgaard et al., 2012; Wang et al., 2019). Our records showed that most of the underwater calls produced by red-eared sliders were around or below the frequency range of their known hearing range (Table 1). However, the peak frequencies of four types (Type I, J, K, and L) were beyond the known hearing range of these turtles.

Similar results have been observed for the acoustics of green sea turtles (Chelonia mydas) and leatherback (Dermochelys coriacea), whose in air hearing ranges are lower than their peak frequency of vocalization (Cook and Forrest, 2005; Piniak et al., 2012a,b; Ferrara et al., 2014b). Yangtze finless porpoise (Neophocaena phocaenoides asiaeorientalis) is highly sensitive to sounds that are far below the frequency of signals they emit (Li et al., 2005; Wang et al., 2020). Amphibians were thought to be unable to hear high-frequency sounds (Pettigrew et al., 1981), but some frogs have recently been shown to use ultrasonic vocalizations for communication (Feng et al., 2006; Arch et al., 2008, 2009).

The high-frequency signals may be byproducts of the sound production mechanism (Roverud, 1989) or they may be important components of tonal quality (Thorpe and Griffin, 1962; Wang et al., 2009). However, high-frequency signals can be advantageous under certain conditions. High-frequency calls contribute to resisting interference to communication from low-frequency noise common in natural rivers or lakes (Wang et al., 2020; Zhou et al., 2021).



Variety of call types

The pig-nosed turtle (Carettochelys insculpta) produces only three simple call types underwater (Ferrara et al., 2017). The South American giant river turtle (P. expansa) can produce 11 complex call types with many harmonics (Ferrara et al., 2013, 2014a). Lepidochelys kempii emits six types of calls (Ferrara et al., 2019). The Oblong turtle (C. oblonga) has 17 types of vocalizations, with the peak frequency less than 1,800 Hz (Giles et al., 2009). Compared with these aquatic turtles, red-eared sliders have a large variety of vocalizations, with a wide frequency range and various forms of calls include bout, pulse, harmonics, flat/up/down-sweep, and complex signal combinations.

As an invasive alien species, the red-eared slider is a threat to many native species. The varied vocalizations and wide-range frequency of its calls are indicative of high social skills as an aquatic species (Morton, 1977; Bednáøová et al., 2013). This is not only beneficial to their predation and positioning abilities (Gelfand and McCracken, 1986) but also their mating and reproductive behaviors, as diversiform vocalizations can transmit more individual information (Sacchi et al., 2003) and easily attract the female’s attention (Galeotti et al., 2005). These acoustical advantages may help the species better adapt to their environment and outcompete other aquatic turtles. As the calls were recorded in an artificial environment, not all acoustic descriptions reflect free-field recordings, particularly in their duration (Giles et al., 2009).

The average values of the correlation coefficients within most call types were high, but the average correlation coefficients within the three high-frequency types were low. This is due to the fact that all three call types have one characteristic in common: the frequency range and duration of calls within a type vary considerably. Hence, two calls with similar auditory sense and similar spectral shape will show lower correlation scores in the algorithm when they occupy different frequency ranges and different durations. Improved methods may be needed to solve this problem in the future.




Conclusion

We identified 12 underwater call types produced by red-eared sliders. These vocalizations differed significantly among turtles of different ages and sexes. Males vocalized pulse calls very frequently, whereas a high proportion of high-frequency call types was emitted by the female adult group. Some call types produced by red-eared sliders exceeded the frequency range of their known hearing range. The varied vocalizations of red-eared sliders may help the species to better adapt to their environment and outcompete other aquatic turtles. Further studies are needed to determine the function of these high-frequency calls and whether turtles can hear such high-frequency sounds.
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