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Chelonians are considered the least vocally active group of extant reptiles and known as “low-frequency specialists” with a hearing range of <1.0 kHz. As they are ectothermic organisms, most of their physiological and metabolic processes are affected by temperature, which may include the auditory system responses. To investigate the influence of temperature on turtle hearing, Trachemys scripta elegans was chosen to measure the peripheral hearing sensitivity at 10, 20, 30, and 40°C (close to the upper limit of heat resistance) using the auditory brainstem response (ABR) test. An increase in temperature (from 10 to 30°C) resulted in improved hearing sensitivity (a wider hearing sensitivity bandwidth, lower threshold, and shorter latency) in T. scripta elegans. At 40°C, the hearing sensitivity bandwidth continued to increase and the latency further shortened, but the threshold sensitivity reduced in the intermediate frequency range (0.5–0.8 kHz), increased in the high-frequency range (1.0–1.3 kHz), and did not significantly change in the low-frequency range (0.2–0.4 kHz) compared to that at 30°C. Our results suggest that although the hearing range of turtles is confined to lower frequencies than that in other animal groups, turtle hearing showed exceptional thermal regulation ability, especially when the temperature was close to the upper limit of heat resistance. Temperature increases that are sensitive to high frequencies imply that the males turtles’ auditory system adapts to a high-frequency sound environment in the context of global warming. Our study is expected to spur further research on the high-temperature plasticity of hearing sensitivity in diverse taxa or in the same group with different temperature ranges. Moreover, it facilitates forecasting the adaptive evolution of the auditory system to global warming.
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INTRODUCTION

Global warming forces animals to face a constantly changing thermal environment, and it has profound and diverse effects on organisms (Sinervo et al., 2010; Duarte et al., 2012; Luo et al., 2014; Laloë et al., 2017). Many behavioral and physiological processes of ectothermal animals are directly affected by ambient temperature, and relatively high temperatures can improve and maintain behavioral and physiological processes (Sollid et al., 2005; Du et al., 2011; Llusia et al., 2013; Ospina et al., 2013; Whitford et al., 2020; Sun et al., 2022). The associations among reptile behavior, breeding, and other life-history characteristics with temperature have attracted attention in terms of how global warming may affect the adaptability of the behavioral and physiological processes of species in the future.

The auditory system is the main way to receive acoustic signals, which play an important role in the life history of an organism (Gerhardt and Huber, 2002; Köppl et al., 2014). The auditory system of animals can produce neurophysiological responses based on a variety of physiological (Higgs, 2002; Parks et al., 2004) or external environmental factors (Kastak and Schusterman, 1999; Lovelace et al., 2003; Christensen-Dalsgaard et al., 2012). The effect of temperature on the auditory system has been studied in several animal taxa, such as insects (Oldfield, 1988; Pires and Hoy, 1992; Franz and Ronacher, 2002), fishes (Fay and Ream, 1992; Wysocki et al., 2009; Maiditsch and Ladich, 2014), frogs (Gans and Wever, 1974; Stiebler and Narins, 1990; Sun et al., 2019), mammals (Gold et al., 1985), and humans (Stockard et al., 1978). In reptiles, similar research has been conducted in some clades such as Squamata [lizards (Campbell, 1969; Werner, 1972, 1976), gecko (Eatock and Manley, 1981), snakes (Dooling et al., 2000)], and turtles (Patterson et al., 1968), and Crocodilia (Smolders and Klinke, 1984). However, the hearing range of animals in these studies was considerably wide.

Compared with that of other vertebrate classes, the chelonians’ hearing range is confined to low frequencies (mostly under 1 kHz), and they usually have higher auditory thresholds (Christensen-Dalsgaard et al., 2012; Martin et al., 2012; Ferrara et al., 2014). As turtles are ectothermic, they can more easily adapt to temperature variations than birds and mammals by adjusting their behavioral and physiological processes. However, the influence of temperature on the turtle auditory system is poorly understood compared with that in other animal taxa. The red-eared slider (Trachemys scripta elegans) is an eurythermal species, preferring 25–30°C (Hutchison et al., 1966). The thermal tolerance of T. scripta elegans hatchling is approximately 42°C (Zhang et al., 2003). The minimum tolerable water temperature for this species is 10°C (Hutchison et al., 1966; Ernst and Lovich, 2009). T. scripta elegans feeds when the water temperature is above 18°C and ceases feeding when the water temperature exceeds 37°C (Parmenter and Avery, 1990). Our previous study showed that the hearing sensitivity of this species is sexually dimorphic (females are more sensitive than males) (Wang et al., 2019), and female turtles show frequency-segmented development of hearing (Wang et al., 2021). As T. scripta elegans is known for its ability to tolerate a wide range of temperatures and as its hearing sensitivity is well studied, it is appropriate to study auditory adaptation under a wide temperature range, especially when the temperature is close to the upper limit of heat resistance.

The scalp-recorded response to activation of the nerve fibers in the auditory nerve and brainstem is called the auditory brainstem response (ABR). ABR is a minimally invasive and useful method for studying hearing sensitivity as well as the function of the auditory system (Capranica and Moffat, 1983; Schrode et al., 2014). In this study, we employed the ABR test to assess the hearing of T. scripta elegans at 10, 20, 30, and 40°C by focusing on the hearing sensitivity bandwidth, ABR threshold, and latency. The hearing sensitivity bandwidth means the range of acoustic frequency that the auditory system of an animal could accept. Latency is the time between stimulus onset and the first waveform valley of an ABR waveform. The objective of this study was to investigate the effect of temperature (especially at temperatures close to the upper limit of species heat resistance) on the functional auditory response of turtles. This study is the first to investigate the effects of temperature on the auditory responses of turtles to a wide range of temperature. Our study contributes to the understanding of the adaptive response of the auditory system of turtles under different temperatures, especially high temperatures. The results will provide a basis for studies on the adaptive evolution of animal auditory systems in response to global warming.



MATERIALS AND METHODS


Experimental Animals

All T. scripta elegans individuals were purchased from the same farm in Hainan Province, maintained in aquaria under natural conditions, and fed an artificial diet (5#; Dolphin Aquarium Co., Ltd., Guangdong, China). Thirty-two 1-year old male T. scripta elegans were used to measure hearing sensitivity at 10°C (n = 7), 20°C (n = 7), 30°C (n = 6), and 40°C (n = 12). The temperature treatment was conducted according to the turtles’ temperature tolerance range. During the experiment, we used a cold light artificial climate box (ZRG–600C–L; Shanghai Binglin Electronic Technology Co., Ltd., Shanghai, China) to achieve different acclimation temperatures. In our preliminary experiments, the cloacal temperature was close to the acclimation temperature when the turtles were placed in the artificial climate box for approximately 2.5 h. Therefore, before the electrophysiology experiment, each turtle was placed in an artificial climate box to acclimatize for 3 h. All electrophysiological recordings were conducted in an adjustable-temperature soundproof booth lined with an echo-attenuating acoustic foam (3.5 m × 1.5 m × 2 m, length × width × height). Before electrode placement, each turtle was deeply anesthetized with a solution of 0.5% pelltobarbitalum natricum (CAS No. 57-33-0, Xiya Reagents, Shandong, China) dissolved in 0.9% sodium chloride. The anesthetic dose and method are described in detail elsewhere (Wang et al., 2019). All turtles were sacrificed after electrode placement in each temperature group to obtain blood for hormone measurement. All procedures were approved by the Animal Research Ethics Committee of Hainan Provincial Education Centre for Ecology and Environment, Hainan Normal University (HNECEE-2018-001) and carried out in strict accordance with the institutional guidelines.



Measurement of Morphological Data

Before recording the ABR, the body mass of each turtle was measured using an electronic balance [SE–3001FZH, 0.1 g; Ohaus International Trading (Shanghai) Co., Ltd., Shanghai, China], and the carapace length was measured using a Mitutoyo digital caliper (500-196-30, 0.01 mm; Mitutoyo Corp., Kawasaki-shi, Kanagawa Prefecture, Japan).



Measurement of Temperature

Before placing the turtles in the artificial climate box, we measured the ambient temperature (the temperature of the animals’ housing) using a handheld weather station (Sportstar; Shenzhen Healthy Mouse Technology Co., Ltd., Guangdong, China). The cloacal temperatures were recorded in the pre- and post-electrophysiological experiments using a digital thermometer (UT321; UNIT-T group Co., Ltd., Guangdong, China).



Measurement of Auditory Brainstem Response

Acoustic signals were played through a portable amplified field speaker with a frequency response ranging from 55 to 20 kHz (JBL GT7-6; Harman International Industries, Inc., United States). The distance between the speaker and the tip of the turtle jaw was fixed at 6 cm. ABR recordings were acquired using a TDT RA4LI low-impedance digital headstage and an RA4PA Medusa PreAmp with three needle electrodes (27 ga, 13 mm in length; Rochester Electro-Medical, Inc., Lutz, FL, United States), inserted subdermally above the tympanum (recording electrode) on top of the head under the frontal scale (reference electrode) and in the ipsilateral front leg (ground electrode). Electrode impedance was less than 3 kΩ. The responses were amplified (20 ×), filtered (0.03–3 kHz), and averaged using BioSig software and the System III hardware (TDT) data-acquisition system (Wang et al., 2019).

Stimulus presentation, ABR acquisition, equipment control, and data management procedures have been previously described (Wang et al., 2019). ABR stimulus levels were calibrated using a sensor signal conditioner (model 480C02; PCB Piezotronics, Inc., Depew, NY, United States) with a 1/4 ″ microphone (model 426B03; PCB Piezotronics). In our previous study, we found that a high sound level (90 dB) can’t elicit ABR response. Stimuli were synthesized digitally from 0.2 to 1.5 kHz with 100 Hz increments (9-ms duration, 2-ms rise/fall time, 24,414-Hz sampling rate, with alternating polarity) at a rate of 4/s, attenuated in 5-dB steps from 85 to 30 dB sound pressure level (SPL). Clicks were of 0.1-ms duration with a 249-ms interstimulus interval, attenuated in 5-dB steps from 85 to 30 dB SPL and presented at a rate of 4/s. ABR latencies were recorded as the time from the stimulus onset to the first negative waveform valley. The ABR threshold, latency, and ABR amplitude were determined via visual inspection (Brittan-Powell et al., 2002; Bierman et al., 2014; Scott et al., 2017). Thresholds were defined by the lowest stimulus level confirmed by two trained observers. The temperatures were maintained using a real-time temperature control pad (78 w, Superior heat mats, Guangzhou Reptile Structure Pet Products Co., Ltd., China) or ice box during ABR experiment.



Data Analysis and Statistics

Auditory brainstem response threshold and latency of T. scripta elegans individuals were obtained using their response to tone and click stimuli. Results were collated and analyzed using SPSS 22.0 (IBM Corp., Chicago, IL, United States). Before the statistical analysis, the assumptions of normality and homogeneity of variance in the data were examined using Shapiro–Wilk and Levene tests, respectively. Data of the body mass and carapace length among the temperature groups were analyzed using one-way ANOVA. An independent sample t-test was used to test the difference of cloacal temperatures in pre- and post-experiments in each group. A repeated-measures factorial ANOVA was used to determine the significance of the ABR threshold and latency at each stimulus frequency among the temperature groups. Differences in the ABR threshold at the same stimulus frequency among the temperature groups were analyzed using the multivariate analysis of the general linear model followed by a least significant difference (LSD) post-hoc test. Differences in the latency or ABR amplitude for click responses at the same stimulus intensity among the temperature groups were analyzed using the multivariate analysis of the general linear model followed by an LSD post-hoc test. Results are expressed as mean ± SD. The significance level was set at P < 0.05.




RESULTS


Morphological Data

There was no significant difference in body mass (F = 1.66, P = 0.20) and carapace length among the temperature groups (F = 1.52, P = 0.23) (Table 1).


TABLE 1. Comparison of the body mass and carapace length of Trachemys scripta elegans among the temperature groups.
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Temperature

The ambient temperature is shown in Table 2. The cloacal temperature of T. scripta elegans showed slight variations before and after the electrophysiological experiments (Table 2). No significant difference was found of cloacal temperatures in pre- and post-electrophysiological experiments in each group (P > 0.05), except for the group of 10°C.


TABLE 2. Changes in the cloacal temperature of Trachemys scripta elegans in pre- and post-electrophysiological experiments.
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Auditory Brainstem Response Wave Morphology

The effect of the stimuli was identified using ABR waves evoked to click stimuli, which were characterized using valley–peak waveforms (Figure 1). Figures 1A–D shows a typical ABR response level series measured in a male T. scripta elegans in different temperature groups, for which the thresholds of 80 (A), 75 (B), 65 (C), and 60 dB SPL (D).


[image: image]

FIGURE 1. Valley–peak waveforms of click stimuli from a male Trachemys scripta elegans at 10°C (A), 20°C (B), 30°C (C), and 40°C (D). The right-pointing arrowheads indicate the visually detected thresholds for stimulus frequency.




Hearing Sensitivity Bandwidth and Auditory Brainstem Response Threshold

We measured the hearing sensitivity bandwidth and ABR threshold of individual turtles at all predetermined stimulus frequencies. Thereafter, the hearing sensitivity bandwidth and ABR threshold of each stimulus frequency were compared among different temperature groups. The hearing sensitivity bandwidths were 0.2–0.5, 0.2–1.1, 0.2–1.3, and 0.2–1.5 kHz in the temperature groups of 10, 20, 30, and 40°C, respectively (Figure 2). Trachemys scripta elegans had U-shaped ABR-derived audiograms (except that of the 10°C group) and a threshold above 40 dB at all stimulus frequencies (Figure 2).


[image: image]

FIGURE 2. Variations in the auditory brainstem response (ABR) threshold of Trachemys scripta elegans at a stimulus frequency in different temperature groups. The plotted points represent the thresholds for tone bursts (mean ± standard deviation).


The lowest ABR thresholds were found at 0.2, 0.3, 0.6–0.7, and 0.6 kHz under 10, 20, 30, and 40°C, respectively. The ABR threshold decreased with increasing temperature (from 10 to 30°C), with significant differences among the temperature groups (F = 315.94, P < 0.05). The ABR threshold was significantly lower under 20°C than under 10°C, 30°C, and 40°C at the frequency of 0.3 kHz; significantly higher under 20°C than under 30°C and 40°C at 0.4–1.1 kHz (P < 0.05); significantly lower under 30°C than under 40°C at 0.5–0.8 kHz; and significantly higher under 30°C than under 40°C at 1.0–1.3 kHz (Table 3).


TABLE 3. Differences in the auditory brainstem response (ABR) threshold of Trachemys scripta elegans at each stimulus frequency among the temperature groups.
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Latency

The latency was significantly longer at 20°C than at 30 and 40°C for intensities in the range of 75–80 dB (P < 0.05) (Table 4). The latency was significantly longer at 30°C than at 40°C for intensities in the 65–85 dB range (P < 0.05) (Table 4).


TABLE 4. Differences in latency in Trachemys scripta elegans at each stimulus intensity among the temperature groups.
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Auditory Brainstem Response Amplitude

The ABR amplitude was significantly shorter at 40°C for 65-dB intensity (P < 0.05) (Table 5).


TABLE 5. Differences in the auditory brainstem response (ABR) amplitude in Trachemys scripta elegans at each stimulus intensity among the temperature groups.
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DISCUSSION

In contrast to most previous studies on the influence of temperature on the auditory system of reptiles (Patterson et al., 1968; Campbell, 1969; Werner, 1972, 1976), our study answered the questions on how temperature affects the physiological response of the auditory system in turtles with a poor hearing ability (hearing range mostly below 1 kHz). The temperature levels used in our study ranged from 10 to 40°C, and the temperature of 40°C was close to the upper limit of heat resistance of T. scripta elegans. We found that although the hearing range of turtles is confined to a low frequency compared with that of other animal groups, hearing showed exceptional regulation ability, especially when the temperature was close to the upper limit of heat resistance. To our knowledge, this is the first report on turtle hearing that showed frequency sensitivity differences when the temperature was close to the upper limit of heat resistance.

The temperature dependence of hearing sensitivity has been reported is several animal taxa. In fish, Wysocki et al. (2009) showed that the hearing threshold of the channel catfish Ictalurus punctatus decreased with increasing temperature (from 10 to 26°C) at frequencies of 0.1–4.0 kHz, more notably at higher frequencies. In anurans, by recording multiple-unit activity in the torus semicircularis, Mohneke and Schneider (1979) showed that the hearing threshold and latency of a male yellow-bellied toad (Bombina vs. variegata) decreased with increasing temperature from 5 to 20°C. The hearing sensitivity bandwidth was 0.1–2.0 kHz at 5°C, and 0.1–3.0 kHz at 20°C; however, the hearing sensitivity did not further increase with increasing temperature from 20 to 28°C (Mohneke and Schneider, 1979). In lizards, the hearing threshold of Sceloporus magister decreased with increasing temperature (from 16 to 26°C), decreased in the frequency range of 0.5–6.0 kHz, and increased in the frequency range of 8–10 kHz with temperature increasing from 26 to 35°C. The hearing sensitivity bandwidth was 0.6–10 kHz at 16°C, 0.1–10 kHz at 26°C, and 0.5–10 kHz at 35°C (Campbell, 1969). The hearing threshold of Dipsosaurus dorsalis decreased in the frequency from 0.8 to 10.0 kHz, but did not visibly change in frequency from 0.1 to 0.6 kHz with increasing temperature from 20 to 38°C (Werner, 1972). Similar patterns of change in hearing threshold with increasing temperature has also been found in Uma scoparia (Werner, 1972). In another lizard species (e.g., Cnemidophorus tigris), the hearing threshold decreased at 0.5–10 kHz, and no significant difference was observed at 0.1–0.4 kHz with temperature increasing from 21 to 35°C (Campbell, 1969). Turtles showed a trend similar to that of most vertebrate classes; an increase in temperature from 10 to 30°C resulted in improved hearing sensitivity. However, when the temperature was close to the upper limit of heat resistance, the threshold sensitivity of T. scripta elegans showed exceptional frequency sensitivity differences; it increased only in the high-frequency range (1.0–1.3 kHz), decreased in the intermediate frequency range (0.5–0.8 kHz), and did not significantly change in the low-frequency range (0.2–0.4 kHz). The hearing sensitivity bandwidth continued to change, and the latency further decreased with increasing temperature from 30 to 40°C when the upper sound level limit of stimulus was 85 dB SPL. Therefore, our results suggest that although the hearing range of turtle is confined to low frequencies compared with that of other animal groups, their hearing system has exceptional regulation ability, especially when the temperature is close to the upper limit of the heat resistance.

Studies in humans (Kaga et al., 1979) and other mammals (Doyle and Fria, 1985; Gold et al., 1985) have demonstrated that reduced body temperature results in a decrease in the amplitude of the auditory nerve action potential and prolongs latency. In anurans, temperature changes considerably affect the threshold of auditory nerve fibers (Stiebler and Narins, 1990; van Dijk et al., 1990). Eatock and Manley (1981) found that the whole tuning curve shifted reversibly up in frequency with warming and down with cooling in the Tokay gecko. Therefore, insensitive hearing of T. scripta elegans at low temperatures may be caused by the low temperatures that result in a higher threshold of auditory nerve fibers and prolong the nerve conduction time. In the inner ear of turtles, the auditory papilla is small and, similar to all amniote papillae, organized tonotopically, such that higher-frequency sounds excite the hair cells at the base and lower frequencies at the apex (Crawford and Fettiplace, 1980). Therefore, temperature may have differential effects on various parts of the auditory papilla in T. scripta elegans. Further research is needed to determine the physiological mechanisms underlying the exception frequency sensitivity differences when the temperature is close to the upper limit of heat resistance.

Most studies have shown that the relatively high body temperature of reptiles can promote the maintenance and regulation of behavioral and physiological functions (Huey and Kingsolver, 1989; Huey and Berrigan, 1996; Angilletta et al., 2002). Gu et al. (2016) found that the metabolism and activity increased with increasing acclimation temperature in T. scripta elegans (Gu et al., 2016). Ma (2013) reported that T. scripta elegans prefers 25–30°C, with temperatures of approximately 30°C during reproduction (Ma, 2013). Therefore, the more sensitive neurophysiological response of the turtle auditory system, accompanied by a relatively high metabolism level, as well as higher activity and other physiological and metabolic processes, promote increased fitness under relatively high ambient temperatures. In this study, we showed that the hearing sensitivity bandwidth remained elevated and latency decreased further at 40°C. Moreover, a high temperature increased the sensitivity to high frequency, which implies that the turtle auditory system can adapt to the high-frequency sounds environment in the context of global warming.

Some studies have shown that the influence of temperature on the auditory system may differ depending on whether a species is physiologically adjusted to tolerate a wide or narrow temperature range (Wysocki et al., 2009). Our study is expected spur further research on the high-temperature plasticity of hearing sensitivity in diverse taxa or in the same group with different temperature ranges. Our results have the potential to facilitate the forecast of the adaptive evolution of the auditory system to global warming.
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Group Sample size Body mass (g) Carapace length (mm)

10°C T 343.1 £ 26.2 136.7 £3.2
20°C 7 347.3+37.5 135:7 £ 7.9
30°C 6 379.3+25.2 139.1 £3.3

40°C 12 364.6 + 37.7 139.6 +£ 4.3
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Group Ambient temperature of the animals’ housing (°C) Cloacal temperature of pre-experiment (°C) Cloacal temperature of post-experiment (°C)

10°C 332+0.8 10.5 £ 0.1 120+0.8
20°C 323 +£0.5 18.1+£0.6 18.7+£0.8
30°C 289+£1.0 30.3+0.3 30.1+0.8

40°C 316+1.2 374 +1.2 382+1.2
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Frequency (kHz) Temperature (°C)

10 20 30 40

0.2 73.57 + 2.44a 64.29 + 1.89¢ 67.50 £ 2.74bc 70.00 + 3.69b
0.3 74.29 + 1.89a 57.86 + 2.67¢ 61.67 + 2.58b 63.75 + 4.33b
0.4 77.86 + 2.67a 59.29 + 1.90b 55.00 + 4.47¢ 57.50 + 3.37bc
0.5 80.00 £ 0.00a 64.29 + 3.45b 50.00 + 6.32d 56.67 + 3.89¢
0.6 N/A 67.14 + 2.67a 4417 £ 4.92¢ 52.92 + 3.96b
0.7 N/A 7214 £ 2.67a 4417 + 2.04¢ 56.42 + 2.57b
0.8 N/A 75.00 + 0.00a 47.50 + 4.18¢ 55.00 + 3.69b
0.9 N/A 76.67 + 2.58a 54.17 £ 3.76b 54.58 + 3.96b
1.0 N/A 78.33 + 2.58a 60.83 + 2.04b 55.42 + 3.96¢
1.1 N/A 80.00 + 0.00a 70.83 + 3.76b 58.75 £ 3.11¢
1.2 N/A N/A 75.83 + 3.76a 62.91 + 3.34b
1.3 N/A N/A 77.50 + 2.89a 71.25+3.11b
1.4 N/A N/A N/A 74.55 +£2.70

1.5 N/A N/A N/A 78.57 & 2.44

Different lowercase letters within columns indicate significant differences (P < 0.05) between groups at the same stimulus frequency. The same lowercase letters indicate
no significant differences between groups at the same stimulus frequency (P > 0.05); “N/A” means not applicable.
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Temperature (°C) Latency (ms)

80 dB 75 dB 70 dB 65 dB
10 N/A N/A N/A N/A
20 3.99 &+ 0.18a 4.16 £ 0.12a N/A N/A
30 2.568 &+ 0.02b 2.70 & 0.20b 2.91 + 0.26a 3.01 &+ 0.24a
40 2.30 £ 0.156¢ 241 +£0.19¢c 2.52 £ 0.23b 2.55 4+ 0.25b

Different lowercase letters within columns indicate significant differences (P < 0.05) between groups at the same stimulus frequency. The same lowercase letters indicate
no significant differences between groups at the same stimulus frequency (P > 0.05); “N/A” means not applicable.
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Temperature (°C) ABR Amplitude (p V)

80 dB 75 dB 70 dB 65 dB
10 N/A N/A N/A N/A
20 2.20 £ 0.72a 0.94 & 0.49a N/A N/A
30 0.92 £+ 0.49% 0.72 £ 0.50a 0.90 £ 0.85a 0.58 £ 0.34a
40 1.71 £ 0.90ab 0.97 &+ 0.65a 0.64 +£0.71a 0.23 & 0.24b

Significant differences in ABR amplitude between temperature groups are indicated by different lowercase letters (P < 0.05); “N/A” means not applicable.





