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Study of animal communication and its potential social role implies associating signals to an emitter. This has been a major limitation in the study of cetacean communication as they produce sounds underwater with no distinctive behavioral signs. Different techniques have been used to identify callers, but all proved to have ethical or practical limitations. Bio-logging technology has recently provided new hopes, but tags developed so far are costly and do not allow sufficiently reliable discrimination between calls made by the tagged individual and those made by the surrounding individuals. We propose a new device developed at reasonable cost while providing reliable recordings. We tested caller identification through recordings of vocal production of a group of captive bottlenose dolphins under controlled and spontaneous contexts. Our device proved to identify callers through visual examination of sonograms and quantitative measures of amplitudes, even if tagged emitters are 0.4 m apart (regardless of body orientations). Although this device is not able to identify emitters in an entire group when all individuals are not equipped, it enables efficient exclusion of individuals who were not the caller, suggesting that identification of a caller would be reliable if all the individuals were equipped. This is to our knowledge the first description of a promising low-cost safe recording device allowing individual identification of emitters for captive dolphins. With some improvements, this device could become an interesting tool to increase our knowledge of dolphin acoustic communication.
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Introduction

Environmental constraints imposed by turbid aquatic habitats have been a driving force for the evolution of cetaceans’ acoustic communication (Janik, 1999). In this environment with limited visibility, sounds travel quickly and can convey messages over long-distances where other sensory systems can be limited (Schusterman, 1980; Kuznetzov, 1990; Johnson et al., 2009). Hence, to cope with the need of effective communication adapted to their aquatic lifestyle, cetaceans evolved a variety of acoustic signals to convey information and coordinate their activities (Tyack, 2000; Johnson et al., 2009).

Study of animal communication and its potential social role implies associating signals with an emitter’s identity (Quick et al., 2008). Identifying emitters has been one of the major factors limiting the study of cetaceans’ acoustic communication (Nowacek et al., 2016). Specifically, it is difficult to identify callers when animals move fast and spend long period of times underwater, often in relatively dark environments (Tyack, 2000; Andreas et al., 2021). Furthermore, even when the water is clear enough, the absence of distinctive signs of sound production, such as systematic mouth opening or air exhalation, makes it almost impossible to identify callers (Thomas et al., 2002). The anatomy of cetacean vocal production is atypical among mammals, since they do not use vocal folds but vibrate “monkey lips” located in the nasal cavity (Cranford et al., 1996).

Therefore, although the interest for bioacoustics research on cetaceans keeps growing, this field remains under-explored. Both logistical and technological limitations in identifying emitters within a social group make it difficult to investigate all the aspects of cetaceans’ communication (Nowacek et al., 2016). During the past 60 years, different methodologies have been tested to solve the problem of identification and to investigate in depth cetacean bioacoustics. The first attempts involved isolating the focal animal through temporary captures (Lilly and Miller, 1961; Caldwell et al., 1990), but although this method increases the probability to identify callers, it implies stressful conditions and alteration of the animal’s spontaneous behavior (Thomas et al., 2002). A less invasive technique associated vocal emission with the production of bubble streams (McCowan, 1995; Herzing, 1996). Unfortunately, these sounds are not representative of the vocal repertoire (Fripp, 1999; Thomas et al., 2002). Therefore, passive acoustic localization was employed as a non-invasive solution. It compares the timings of arrival of a vocalization at several hydrophones to localize its source and identify the caller (i.e. triangulation) (Janik et al., 2000). This technique requires a very sensitive and expensive system consisting of several finely calibrated hydrophones positioned in the environment to record all of the sounds to be localized (Thomas et al., 2002). Despite the advantage of being noninvasive, only sounds produced when animals are clearly physically separated can be studied in this manner, otherwise it becomes impossible to identify callers. So, it needs conditions that are rarely encountered (Janik et al., 2000). Subsequent improvements in the field of passive acoustic localization have led to associating it with a machine-learning approach to automatically localize the sound source (not in real-life conditions, Woodward et al., 2020) or with video recordings to increase the probability of identification of caller (Thomas et al., 2002). Attempts to identify callers using a combination of audio-video data were also made with a human maneuverable device (Lopez-Marulanda et al., 2017). However, its use depends on the clarity of the water, a relative short distance from the subjects and needs the presence of a human, a potential source of interference for non-habituated populations (Lopez-Marulanda et al., 2017).

As the ideal scenario is to be able to identify the emitter constantly, bio-logging technology appears as the most promising method (Ropert-Coudert and Wilson, 2005). It consists in equipping animals with wearable devices (so-called tags) in order to collect data even when visual assessments are not possible (Shorter et al., 2014). The first tag version used was the vocalight, a device that produces light diodes when the tagged individual emits a vocalization (Tyack, 1985). Identification was facilitated by coupling light signals with sounds recorded by fixed hydrophones, but this association was seldom possible, even if only two individuals were tagged and several observers constantly monitored light emissions (Tyack, 1985). Tyack and Recchia (1991) tagged animals with dataloggers that collected information on the loudness of vocalizations. The purpose was to identify callers after comparison with recordings by fixed hydrophones. However, these dataloggers had several technical limitations and did not allow identification when untagged individuals were in the vicinity (Tyack and Recchia, 1991). Later, acoustic recording systems were integrated directly in a tag, but the need for pressure-resistant housing initially limited their use to non-cetacean species (Fletcher et al., 1996). Subsequent technological improvements enabled integration of both hydrophones and sensors (depth, temperature, speed) in tags to collect data from the animals’ perspective. A striking example is the D-Tag (Johnson and Tyack, 2003), a device conceived to collect audio and orientation data. Although nowadays this version is one of the most employed, its large dimensions and the difficulty to attach them to fast moving animals limit its use for small cetaceans. Also, its high cost and the complexity of the associated analysis tools make it less accessible for researchers and, consequently, it is difficult to use it simultaneously on several individuals and investigate communication aspects (Johnson et al., 2009). D-Tags are however used to investigate ecological aspects (e.g. effects of exposure to noise, Johnson and Tyack, 2003; Johnson et al., 2009). Its limited use for topics such as social behavior and communication is due to the limitation of tags’ acoustic sensors to identify whether a recorded vocalization comes from the tagged animal or from another untagged individual in the vicinity (Johnson et al., 2009). Despite important improvements in tag technology that led to advanced versions of D-Tags usable for different applications including small cetaceans (e.g. echolocation, baseline bioacoustics and diving) (Jones et al., 2013; Zhang et al., 2020), there is definitely a need for more cost effective and easy to use devices.

Therefore, there is still a crucial need for techniques that combine limited research costs and guarantee individual identification of emitters. In the present study, we describe a novel device: a commercial recorder encapsulated and fixed temporarily with a suction cup. This device was developed at a very reasonable cost while providing safe and reliable recordings of equipped bottlenose dolphins. We tested the efficiency and limits of this device in two recording contexts. One was a controlled situation with human-induced acoustic behavior of pairs of dolphins at different distances and with different body orientations (to consider the high degree of directionality of some of the acoustic emissions in these species, Branstetter et al., 2012). The other one sampled spontaneous acoustic behaviors of dolphins free to move in their pools and collected sounds associated with social interactions. Their prevalence in zoos (Wells and Scott, 2018), high sociality and extensive vocal repertoire (Janik, 2009) make bottlenose dolphins interesting for testing new methodologies. The potentiality of this device to identify callers reliably opens new exciting lines for the study of bottlenose dolphins’ acoustic communication and, possibly, that of cetaceans in general. Whereas extensive studies of dolphins’ acoustic communication have mostly provided insights into their vocal repertoire and their use of vocalizations at the group level (Janik et al., 2000; Lima et al., 2017), intra-individual acoustic variability and behavioral contexts in which calls are used require more investigation to be fully understood (Jones et al., 2020).



Materials and methods


Subjects and data collection

The study was conducted on a group of nine captive-born dolphins, housed at Planète Sauvage Animal Park (Port Saint-Père, France), composed of six males and three females. Three dolphins were born on site; the others arrived several years ago (see age and their life history track in Supplementary Figure 1). In this facility, dolphins had free access to a system of four interconnected pools of different sizes (Supplementary Figure 2). Dolphins were fed with a various amount of fish (from 4 to 18 kg) per individual each day delivered during free feedings, training (lasting 5-30min) or enrichment sessions. Data were collected for nine weeks from September to November 2020. Observations and experiments were conducted both during and outside training sessions. For experiments during training sessions dolphins were equipped only for the time necessary to conduct each test (maximum 20 min). During spontaneous observations, they were equipped for as long as possible, according to their willingness to carry the device (maximum 20 min). Since it was not possible to tag the entire group, only the four dolphins already trained to be tagged participated in this study.



Recording systems

A tag consisted in a mini acoustic recorder (KKmoon SK-892, frequency 48 kHz, recording rate 192 kbps) placed in a polylactic acid waterproof housing 3D-printed at Ethos Lab (Figure 1A). Capsules were 11cm long, weighed 20g and had a hydrodynamic shape (similar to their optimal shape in Shorter et al., 2014). They were produced in different colors to facilitate identification from above when cameras (see below) were positioned on dolphins. Tags were fixed dorsally using a non-invasive suction cup (diameter 8.5 cm, Cetacean Research Technology Ltd) widely used for tag attachments and that have proved to be efficient and harmless (Shorter et al., 2014). To standardize recordings, tags were always located in the same position behind the blowhole and with the same orientation towards the dolphin’s head. Specifically, the tag had an internal compartment created to receive the recorder and ensure that it remained fixed in the capsule (Figure 1B) (to avoid possible impact noises). The recorder was always placed so that the microphone was towards the animal (i.e. cephalic orientation, to increase the quality of the audio recordings) (Figure 1C). These positions and orientations were chosen after pilot recordings conducted to identify the most promising tag position for our purpose. From June 2018 to January 2019, the four individuals participating in the study had been trained to wear our device through operant conditioning using positive reinforcement. The method consisted in encouraging subjects through successive learning steps: 1) accepting to be touched with the suction cup, 2) accepting the pressure of the suction cup, 3) wearing the suction cup while remaining immobile, and finally 4) leaving with the attached suction cup for a progressively increasing but standardized period of time before being called back. The entire training procedure was conducted by experienced caregivers, was noninvasive and respectful of the willingness of the dolphin to participate. The following step was undertaken only when the previous one had been achieved without any sign of discomfort or unusual behavior. At the time of our observations, the subjects had reached the stage of free movement for 20-minutes sessions. Once equipped, the dolphins thus behaved as usual.




Figure 1 | (A) Devices employed for the study. They consist in small recorders housed in 3D-printed capsules placed on suction cups that fixed them on the back of a subject. Different colors facilitated identification of an equipped dolphin. (B) Schematic diagram of the capsules housing recorders. (C) Dolphin equipped with the device. To standardize the data, the device was always placed behind the blowhole with the recording part oriented towards dolphin’s head.



The fixed audio system employed consisted in two Aquarian Scientific AS-1 hydrophones (linear range 1 Hz to 100 kHz ±2dB) connected to PA-4 preamplifiers (gain 26 dB). The hydrophones were connected to a Steinberg UR44 sound card (192 kHz, USB audio interface) and to a laptop during the recording sessions. The video recording system (two cameras Jvc Quad Proof Everio R) was placed so as to have a panoramic view of the entire basin. These data aimed to follow tagged dolphins’ movements and to identify their position in the pools, thus obtaining supporting data useful for callers’ identification (Supplementary Figure 2). In order to collect data from different animals simultaneously, the entire system was synchronized prior to each session. After activating and placing recorders in their waterproof capsule, the tags were synchronized by tapping simultaneously on all the capsules. This sound was thus recorded by each device making it possible to align a posteriori their spectrograms for analyses. Similarly, tags were synchronized with hydrophones by tapping each device on the hydrophones and this sound was used to align their spectrograms. Finally, to synchronize tags with the video system, they were tapped with each other in front of the cameras.



Recordings and tests of reliability

To verify whether our tag represents an advanced tool for caller identification, we tested its capabilities under both controlled and spontaneous conditions.

First, we tagged two dolphins simultaneously to investigate whether the voice of the holder could be distinguished clearly from that of the other individual in the recordings. To control the conditions of this test and check potential limits of our device, we took advantage of dolphins’ abilities to perform behaviors upon request (learned after specific training, Lima et al., 2018). Precisely, they come to the edge of the pool to stay in designated positions and emit a vocalization in response to specific signals. In order to test our tags under as many conditions as possible, different distances and orientations among any possible pair of subjects involved were considered. Recordings were conducted for nine different inter-individual distances between 50m (maximum distance possible in the same pool in this facility) and 0.40m (minimum distance possible, dolphins being then in close contact), precisely at: 50m; 25m; 15m; 10m; 7m; 5m; 2m; 1m; 0.40m. These distances were recognizable by markers on the bottom of the pool. Each distance was tested when dolphins were facing each other or were parallel. Frequency and duration (10-20 min) of the experiments varied from day to day depending on the daily schedules of the training sessions. The vocalization considered for this test is a low-pitched intense sound (called “song”), which differs from any naturally emitted species-specific calls described to date. Trials were conducted with two dolphins at a time while the rest of the group was in other types of training sessions. Thus, interference by other dolphins or presence of vocalizations emitted by other individuals were limited and easily distinguishable acoustically. During a test, two individuals carried simultaneously a device and, after the caregivers had them stationary in every distance and orientation to be tested, they displayed the signal to ask dolphins to vocalize. Precisely, when one dolphin was asked to vocalize, the other was kept silent and vice versa. So, both individuals alternatively vocalized and remained silent during a session. A total of 51 trials were conducted, each distance and each orientation under analysis were tested at least twice. To check conditions close to real ones, we investigated the case when individuals were moving. More precisely, while one dolphin was asked to vocalize, the other approached it on request from between 0.40m and 2m. These additional recordings were conducted twice for each of the two possible orientations.

Recordings of spontaneous acoustic production were then performed to investigate whether the tag allowed us to identify the vocalizations of tagged individuals within the entire group of dolphins free to move and spontaneously emitting species-specific whistles. To increase the reliability of callers’ identification, we combined data obtained from the different devices, including the fixed hydrophones and cameras. For this condition, recordings were performed when dolphins were not involved in public presentations or training sessions (randomly scheduled) and three individuals of the possible four were tagged simultaneously (due to the limited number of devices available at that time). Precisely, hydrophones and especially cameras were used to obtain information on dolphins’ positions (Thomas et al., 2002). Seventeen sessions, averaging 16 minutes yielding 3h50 of recordings and 136 whistles, were analyzed. Dolphins’ positions were constantly monitored during the observations. Individuals were recognized due to particular distinctive marks (Würsig et al., 1990) as well as the tags which had different colors.



Data analysis

Acoustic analyses were carried out via Audacity software (version 2.4.2). Spectrograms were analyzed for qualitative and quantitative comparisons of the sounds recorded by tags and hydrophones. Video data were analyzed on Windows Media Player software and their soundtracks were imported on Audacity for alignment with acoustic data. The combination of audio-video data was useful to identify individual emitters during observations of spontaneous production. Thus, when one sound was detected on the spectrograms, the video recordings of each of both cameras were analyzed in order to have the relative position of each dolphin compared to the group members, which, combined with the measures of the sounds’ relative intensities, allowed hypotheses on the probability that one dolphin was the emitter. Supporting annotations made by the observer were also used for the same purpose. Precisely, after analysis of this array of data, and for each sound production, 5 levels of certainty about the emitter’s identity (and identity of non-emitters) were possible: i) “YES” the target individual was clearly the caller; ii) “VERY LIKELY”: the information gathered indicate the probable identity of the emitter, without excluding totally that another dolphin could be the emitter; iii) “POSSIBLE” there was no element allowing to say that the dolphin was or was not the emitter; iv) “UNLIKELY”: the information gathered suggest that the dolphin is not the emitter but cannot totally exclude it v) “NO” the target individual was clearly not the caller.

The statistical analyses were performed using R (version 3.5.3; https://www.R-project.org): To get to the bottom of possible effects of distance, orientation or interaction distance-orientation, a F-test was performed. We used the AovSum function of R package “FactoMineR” (Le et al., 2008).




Results


Controlled tests

In all the conditions tested, vocalizations were always recorded by both tags carried by the dolphins involved in a test. Both qualitative analyses of spectrograms and quantitative analyses of amplitude spectra showed that we were always able to identify which tagged individual emitted a vocalization (Figure 2A): the maximum amplitude of a signal recorded (in dB) was always higher for the vocalization emitted by the tagged dolphin than for any other vocalization recorded (Figure 2B). Such qualitative and quantitative discriminations were possible for all nine distances and for both orientations tested. However, differences in intensity varied with the distance between the tagged emitter and the other emitter, differences increasing when distance increased, especially when dolphins were oriented face to face (Figure 3). Statistical analyses revealed however (Supplementary Table 1) that only the distance (and not the orientation or the interaction orientation-distance) had a significant effect (F1,1 = 10.73, p = 0.001) on the difference of acoustic intensity registered (measured as the maximum amplitude recorded on the signal).




Figure 2 | First test: (A) Qualitative analyses of spectrograms showed that vocalizations emitted by the tagged individual were always identifiable and distinguishable from other vocalizations recorded. These two spectrograms were obtained from the tag attached on Galéo (left spectrogram) and Péos (right spectrogram) while they were at a distance of 0.4m and parallel. When Galéo vocalized, his vocalizations were recorded with higher acoustic intensity in his spectrogram (left) than in Péos’ spectrogram (right) and vice versa, when Péos’ vocalizations were analyzed. (B) Bar plots showing that the maximum amplitude (in dB) of vocalizations emitted by tagged dolphins (blue bars) were always recorded with higher acoustic intensity across the nine distances tested.






Figure 3 | Acoustic intensity recorded by devices at the nine test distances (50m; 25m; 15m; 10m; 7m; 5m; 2m; 1m; 0.40m) and two orientations (face to face, parallel) tested. The scatter plot shows that the difference in acoustic intensity (measured on the maximum amplitude recorded on the signal) increases as the distance separating individuals increases, regardless of the orientation.





Recordings of spontaneous production

Analyses of spectrograms showed that a given spontaneous whistle was recorded with a clear gradient of acoustic intensity by hydrophones and tags. The different acoustic intensities were useful to predict whether the tagged individual emitted a given whistle or not (Figure 4). By combining this comparison with data on dolphins’ positions, it was possible to formulate predictions concerning a callers’ identity. When considering the entire group, a total of 1224 predictions was formulated, with the most represented prediction being POSSIBLE (51.63%) followed, in decreasing order, by: NO (25.98%), UNLIKELY (19.93%), VERY LIKELY (2.37%) and YES (0.08%). However, when considering predictions only for tagged individuals (119 occurrences per individual), they accounted almost exclusively for predictions YES and NO (Supplementary Figure 3). Specifically, 94% of predictions NO and 100% of the predictions YES corresponded to the individuals carrying a device. Therefore, our results showed that the device allowed us to identify if a tagged dolphin had emitted or not a given vocalization thus making possible to exclude from the list of potential callers.




Figure 4 | Hydrophone spectrograms (above) and tag spectrograms (below) show that a given whistle was recorded with a clear gradient of acoustic intensity. Qualitative comparisons were useful to formulate predictions concerning a caller’s identity. In the case presented here, the individual equipped with Tag 1 was the best candidate to be the caller.






Discussion

The novel device described here is based on the same concept as the D-Tag (Johnson and Tyack, 2003), but presents the advantage of being easy to manufacture at an extremely low cost. Our findings demonstrated that it is suitable for identifying the emitter and overcome limitations characterizing the study of dolphins’ acoustic communication (Tyack, 2000; Andreas et al., 2021).

Tests of acoustic production under controlled conditions showed that it was always possible to distinguish vocalizations emitted by tagged dolphins (callers) from those of other individuals. Recognition of callers’ vocalizations was possible for both qualitative and quantitative acoustic analyses of spectrograms, even when other emitters were at very short distance (0.40m) and whatever the dolphins’ orientations (face to face/parallel). One of the main problems that limited the use of tag for cetacean acoustic communication up to now was the difficulty to distinguish between vocalizations emitted by tagged animals and those coming from conspecifics at proximity (Johnson et al., 2009). Interestingly, our device shows high potential to overcome this limitation, even for the minimum distance possible (0.40m, dolphins in body contact). Generally, the smaller the distance between sound sources, the more difficult it is to discriminate among various vocalizations recorded. Considering that we analyzed highly intense vocalizations at very short distances, such difficulty was supposedly high. Nevertheless, this discrimination always remained possible, thus demonstrating that the high capabilities endowed by our device can overcome limitations related to identification of callers (Johnson et al., 2009; Kaplan et al., 2014). We acknowledge that sound propagation may differ from one vocal type to another (Branstetter et al., 2012), and that therefore the results of our pilot study cannot be directly generalized to the whole repertoire. Nevertheless, the ability of the dolphins to emit a particular type of call on command allowed us to carry out these highly controlled and standardized experimental sessions.

Furthermore, we tested our tag also under spontaneous conditions to verify whether identification of callers was possible within an entire group of dolphins emitting species-specific vocalizations. Unfortunately, the equipment with tags was not sufficient to identify callers within the entire group free to vocalize spontaneously as it was not possible to identify callers with certainty. However, results showed that our device recorded, with discriminant intensities, whistles emitted by focal and non-focal animals, thus allowing us to conclude whether or not tagged individuals had emitted a given whistle. Concerning identification of callers within a social group, our device makes it possible to exclude with certainty individuals who have not emitted a given vocalization recorded with hydrophones in the pool. Therefore, improvement of our procedure by tagging all group members simultaneously will make their identification easily feasible.

Moreover, our device proves to overcome some difficulties encountered by some techniques developed previously. More precisely, it avoids identification of callers by procedures stressful for the animal, such as isolation (Sayigh et al., 1990), as the animals are free to move and the tag equipment is associated with a less invasive procedure respectful of the individual’s acceptance/willingness to be tagged. This process is not dangerous for the animal and the use of a single suction cup, widely employed on cetaceans, reduces the skin loading and attachment damages (Shorter et al., 2017), even if it is used for long sessions and on free-ranging cetaceans (up to one day, Akamatsu et al., 2005). Then, contrary to telemetry that requires to calibrate finely and spread out in the environment highly sensitive and expensive apparatus (Thomas et al., 2002), our technique involves cheap devices that only need to be synchronized with one another before equipping an animal. Additionally, our device does not depend on multimodal recording systems for identifying a caller. In this way, it is not necessary to use multiple systems, as required by techniques that use a combination of audio and video data, thus avoiding possible biases due to mismatch between audio recordings and video images (Thomas et al., 2002) or unclear images due to limited visibility in turbid water (Lopez-Marulanda et al., 2017). Moreover, contrary to technologies that require the direct presence of observers in the water (Lopez-Marulanda et al., 2017), our tag can leave the animal by itself and free to behave spontaneously far from possible stressors induced by human presence. Although the current version of our device is only suitable for studies on captive groups, we are confident that improvements could be considered to extend its use to certain wild populations by adding deployment and retrieval options.

In conclusion, our device is promising for identifying individual emitters and overcomes a difficulty that characterized studies on dolphins’ acoustic communication so far. By using our tag, it would be possible to explore communication aspects at the individual level thus making it possible to describe the vocal production of an individual and assess both intra- and inter-individual acoustic variability. Furthermore, it will be possible to identify vocalizations shared between group members and the behavioral contexts in which the different types of vocalizations are emitted, and thereby to improve our understanding of their possible functions.
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