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Abstract

:

By-catch is the most direct threat to marine mammals globally. Acoustic repellent devices (pingers) have been developed to reduce dolphin by-catch. However, mixed results regarding their efficiency have been reported. Here, we present a new bio-inspired acoustic beacon, emitting returning echoes from the echolocation clicks of a common dolphin ‘Delphinus delphis’ from a fishing net, to inform dolphins of its presence. Using surface visual observations and the automatic detection of echolocation clicks, buzzes, burst-pulses and whistles, we assessed wild dolphins’ behavioural responses during sequential experiments (i.e., before, during and after the beacon’s emission), with or without setting a net. When the device was activated, the mean number of echolocation clicks and whistling time of dolphins significantly increased by a factor of 2.46 and 3.38, respectively (p < 0.01). Visual surface observations showed attentive behaviours of dolphins, which kept a distance of several metres away from the emission source before calmly leaving. No differences were observed among sequences for buzzes/burst-pulses. Our results highlight that this prototype led common dolphins to echolocate more and communicate differently, and it would favour net detection. Complementary tests of the device during the fishing activities of professional fishermen should further contribute to assessment of its efficiency.
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1. Introduction


Fishery by-catch is the main direct cause of mortality of marine mammals worldwide with an estimated 600,000 by-catches every year [1,2]. Most of these events involve pinnipeds and cetaceans. One of the methods developed in recent decades to try to prevent cetaceans by-catches, particularly dolphins, is the use of acoustic repellents called ‘pingers’, that are set on fishing nets [3]. Pingers emit acoustic signals whose purpose is to repel dolphins from zones where fishing activities are taking place or to alert dolphins to the presence of fishing gear. These devices use relatively high-energy and high-frequency signals within the frequency range of dolphins’ auditory sensitivity [4]. However, those signals are not directly related to dolphins’ echolocation system nor their mode of communication. This could partly explain why pingers’ effectiveness is heterogeneous according to different factors such as species, fishing gears used or geographical zones [3,5]. The use of acoustic repellent devices for limiting dolphin by-catch during tests with professional fishermen showed positive results in some cases [6,7,8], but this method was not always effective [9]. Likewise, behavioural studies reported responses of dolphins to signals emitted by acoustic deterrent devices [10], while others found only subtle evidence [11] or even highlighted negative effects by decreasing echolocation activity and vocalisation time [12]. Notably, pingers can have some disadvantages. They can lead to habituation [13,14,15] as well as “dinner-bell” effects [7,16]. They may also have a negative impact on the dolphins’ echolocation and communication by reducing the number of signals emitted [17], suggesting a reduced ability to detect a net and a higher probability of being caught [12,14,18]. Finally, if some repellent pingers are extensively deployed spatially (i.e., by numerous fishing vessels and/or set on long nets), they could create animal exclusion zones due to acoustic pollution, as hypothesised in several studies [8,19,20]. Therefore, the development of new and more effective acoustic devices without such undesired effects is necessary to limit dolphin by-catch [3].



Mortality due to accidental dolphin by-catch has been particularly critical in the Bay of Biscay, France, since 2016 [21]. By-catch mortality of the common dolphin Delphinus delphis (Linnaeus, 1758) was estimated as varying in yearly mean between 3973 (CI: 1998–6598) and 7800 (CI: 5200–12,760) individuals according to year and sources [22,23,24,25]. The population is estimated at 285,000 (CI: 174,000–481,000) individuals in the Bay of Biscay from January to April [26], for a total abundance of 467,673 individuals (CI: 281,129–777,998) in all the European waters of the northeastern Atlantic [27]. These levels of unintentional human-induced mortality are above the 1% threshold of additional mortality considered for the population to be sustainable [22,28,29], and have thus led to the failure to achieve Good Environmental Status for this species in the framework of the Marine Strategy Framework Directive [30]. This human-induced mortality rate is currently among the highest in the world for odontocetes. Worldwide, the highest known estimations of dolphin mortality are those for intentional captures of dolphins in Peru and Nigeria (respectively, 5000–15,000 and 10,000 catches every year [31]). In the Bay of Biscay, two fisheries composed of both French and foreign vessels are mainly involved: gill netters and pair trawlers [21,25]. After the PIC project in 2018 (acronym of “analysis of PIngers used for Cetaceans in fishing activities of pelagic trawlers and gill netters”) [32], showing a mean reduction of dolphin by-catch by 65% (CI: 15–98%) with the STM DDD03L repellent pinger (from STM-products) installed on French pair trawlers, the device was made mandatory on this fleet composed of about 12 active pair trawlers in winter. However, yearly estimates of common dolphin by-catches from this fleet in 2004–2020 reached a maximum of more than 600 individuals caught (median value, with large between-year variations in estimates, ranging from less than a hundred in 2018 to more than one thousand in 2017) [33]. This highlights the responsibility of other fisheries such as gill netters with regard to dolphin by-catch [21,25]. Yet, encouraging the spread of STM DDD03L devices, or repellent pingers in general, over several kilometres of fishing gear, each deployed by more than 400 French gill netters, is not advisable for the reasons mentioned above relative to concerns about pingers. Although the exact causes of by-catches are still unknown, they might be due to the fact that dolphins do not detect fishing nets at the right time [34].



In this context, the project DOLPHINFREE (‘Dolphins free from fishery by-catch’) is working in partnership with SAS OCTECH Ocean Technology on the creation of a bio-inspired acoustic beacon, named CETASAVER-DOLPHINFREE, that emits a signal linked to the echolocation system of the dolphin to inform the animal of the presence of a fishing net. Dolphins use echolocation in combination with visual cues to investigate their surrounding environment [35]. First indications of the existence of an echolocation system in dolphins were observed for bottlenose dolphins in 1947, as these animals were able to avoid nets and find openings in enclosing nets at night and in murky waters, leading to the suspicion that dolphins used a biological sonar [36]. It should thus allow them to locate a fishing net at relatively short distances, between a few metres and a few tens of metres according to net reflectivity, angle of incidence, and source level of echolocation clicks [37,38]. Furthermore, playback experiments have shown that dolphins react to the echoes of their echolocation clicks as well as to computed echoes (i.e., “phantom echoes", generated from recorded echolocation clicks) [39,40]. For instance, dolphins were shown to be able to differentiate phantom echoes modified subtly by 3 dB or only 150 μs apart [41]. Moreover, a dolphin can accurately react to echoes of another conspecific echolocating on objects [42,43]. In addition, dolphins react when detecting a dead counterpart [44,45,46].



Based on this knowledge, the aim of the bio-inspired acoustic beacon prototype CETASAVER-DOLPHINFREE is to emit trains of returning echoes from echolocation clicks of a common dolphin performed on a fishing net to inform dolphins of the presence of a net. It thus uses informative signals in contrast with acoustic repellent devices. These echoes were obtained from a playback experiment involving echolocation clicks. The process of this experiment and the resulting signals remain confidential, the prototype CETASAVER-DOLPHINFREE being engineered and developed in partnership with the company SAS OCTECH. In short, the experiment consisted in playing a recording of a common dolphin’s echolocation click, by emitting it on different types of fishing nets, with and without a dead dolphin (initially found stranded) entangled in the net, and then in recording the returning echo of the echolocation click. The aim of the bio-inspired beacon is to emit this signal of returning echo to inform dolphins of the presence of a net. The device is able to emit a complex signal within a high range of frequencies (20–200 kHz). The signal emission is omnidirectional by means of a dedicated ceramic and beacon conception, and the source level is 170–180 dB re 1 μPa at one metre. Two main different signals were created to be tested (i.e., echoes of fishing net, and echoes of a dead common dolphin embedded within a net) for three fishing nets (one nylon gill net and two different trawl nets; see details in Section 2.2). The purpose of the signals emitted by the bio-inspired device is to get the attention of dolphins when approaching a fishing net so that they will potentially identify its position by echolocating as well as communicating among individuals. To our knowledge, the concept of using such a bio-inspired acoustic beacon to limit dolphin by-catch mortality is new (see [47] to read about a beacon designed for porpoises developed using a different approach).



Thus, the aim of this work is to assess the behavioural response of wild common dolphins to signals emitted by a new generation of acoustic beacon, bio-inspired, as a mitigation device to limit fishery by-catch mortality. Since dolphins react to artificially emitted clicks (see above), we made the assumption that they would be able to detect and react to the acoustic emissions of the bio-inspired beacon. It could help dolphins to better detect fishing nets, which could ultimately enable them to avoid nets. To test this assumption, dolphins’ behavioural patterns were studied by means of a sequential treatment (before/during/after being exposed to signals emitted by the bio-inspired beacon, with and without setting a fishing net). Visual observations and sound recordings of dolphins were assessed concurrently. Acoustic data collected required the use of automation methods to detect, identify and classify dolphins signals (i.e., echolocation clicks, buzz/burst-pulses, whistles). The main results of this work highlight an increase in the mean number of echolocation clicks and mean whistling time of dolphins by approximately 2.46 and 3.38, respectively, after activation of the beacon (p < 0.01). Visual surface observations showed attentive behaviours of dolphins, which kept a distance of a few metres to a few tens of metres away from the emission source before calmly leaving. Overall, these results suggest that common dolphins should have more chances to locate fishing nets and avoid them when the bio-inspired beacon is placed on a fishing net and activated.




2. Materials and Methods


2.1. Study Area


We conducted non-systematic scientific surveys to find wild dolphins, with opportunistic encounters, and to assess dolphins’ behavioural responses to bio-inspired signals. They were performed on 11–17 July 2020 and 9–18 July 2021 when weather conditions were favourable. It resulted in a total of 12 days at sea in the area of Pointe de Penmarc’h, Brittany, France (Figure 1), which is a location where strandings of dolphins occur [21]. The experiment and observations were carried out when the weather conditions were characterised by a wind approximately ≤10 knots and a swell of ≤1 m in order to be able to identify dolphins’ behaviours. Experiments (i.e., observations, signal emission of the bio-inspired device, and audio recording of dolphins) were conducted from semi-rigid pneumatic boats 9.9 m (in 2020) and 6.5 m (in 2021) in length.




2.2. Observations


As soon as a group of dolphins was observed, behavioural monitoring was initiated with a GPS (Global Positioning System) position read every minute on board. A group of dolphins was defined as any number of animals observed within five body lengths of any other dolphin, moving in the same direction and engaged in the same behavioural state [48,49,50]. The distance of each group of dolphins from the boat was initially estimated using rangefinder binoculars (Bushnell Fusion 10 × 42) to provide an accurate measurement of the distance and to allow observers to “calibrate” their visual estimation without binoculars. After each observer made several observations at the beginning of each survey (2020 and 2021), they switched to visual estimation without binoculars. Then, for the rest of the surveys, the distance was estimated visually, as it was a quicker and more pragmatic approach. When the group of dolphins showed a behaviour suited to the test requirements (i.e., a constant behavioural state for at least 1 min of observation), the experiment was initiated. The boat was stopped, the engine and sonar were switched off (the sonar being necessary to navigate in the study area, and operated at 190–210 kHz), and the beacon, placed at the end of a steerable boom, was positioned at a depth of 3 m on one side of the boat. The experiment was based on a sequential treatment with three sequences of observation of the dolphins’ behaviours, which were initially planned to last five minutes each: before (BEF), during (DUR) and after (AFT) the emission signals from the beacon [12]. The BEF sequence is the control for the experiment; it enabled us to evaluate the behaviour of the dolphins when the beacon was switched off. The activation/deactivation of the emission was controlled with a switch from the surface. On the other side of the boat, at the same depth, was the hydrophone (see features below).



When a group of dolphins was detected, and then during the sequential treatment, behaviours of dolphins were noted on an observation grid [12,51]. The behavioural data from the visual observations were collected using the sampling method of Shane [48]. This method makes it possible to record different information at regular intervals. Firstly, information characterising the conditions in which the observation took place: weather conditions, time and GPS position of the dolphin group, group number, number of individuals, distance from the boat, percentage of dolphin group behavioural states (foraging, travelling, socialising, milling, attraction to the boat; defined in Table 1), setting an experimental fishing net (yes/no), I.D. of the signal emitted by the device, I.D. of the sequential treatment and nature of the treatment (BEF, DUR, AFT).



In addition, response variables (4 qualitative, 1 quantitative and 1 semi-quantitative) for the behavioural study were filled in (see details in Table 2): the structure of the group (dispersed or compact), the direction it followed (variable or constant), the diving time (variable, short or long), the speed of movement (slow or fast), the percentage of different behavioural categories categories of behavioural events (dolphins of the group surfacing simultaneously, active swimming on the surface, diving, jumping) [12,51] as well as the intensity of the response to the signal emitted by the beacon (0, 1 or 2). The distances 5–30 m of dolphins from the boat used for these response modalities (see Table 2), even if rough, were partly defined from estimated distances corresponding to the detection of a net by a bottlenose dolphin using its echolocation system [38] also considering that beyond 30 m, behaviour can no longer be precisely observed and that dolphins moved away once they had investigated the signal emitted by the device and the surrounding situation. Surface behaviours of dolphins were assessed by observers on the boat.



To assess dolphin behavioural response to different fishing nets used by professional fishermen, the experiments were carried out with and without setting one of the four following nets (two gill nets and two different trawl nets): (i) monkfish gillnet, nylon, mesh 220 mm, (ii) trawl net, mesh 12 mm, thread 210/24/413, reinforced nylon, (iii) trawl net, mesh 40 mm, thread 4 mm, polyethylene PE, (iv) hake and pollack gillnet, stretched mesh 136 mm (non-standard), tread 0.6 mm, with a weighted 12 mm-diameter bottom rope. Nets were set at the edge of the boat on the same side where the beacon was positioned at 3 m depth. Nets (i) to (iii) used in 2020 were placed between 2 and 4 m depth (net height 2 m, length 4 m) and, due to the time and handling necessary to set net (iv) used in 2021 (20 m long), it was set from the surface to 3 m deep. Overall, experiments were mainly conducted with nets (i) to (iii). The effect of each fishing net, or the absence of fishing net, on the behaviour of dolphins was recorded without the emission of signals from the beacon during BEF sequences.



Acoustic data were collected using an Ocean Sonics icListen HF hydrophone (dynamic range: 118 dB, sensitivity: −170 dBV re. μPa). Recordings were made on one channel with a sampling rate of 512,000 Hz which allowed the study of frequencies up to 256,000 Hz (Nyquist–Shannon Theorem). The audio bit-depth is 32-bits. Together, these parameters allow for a precise sampling of common dolphin signals in the vicinity. The hydrophone was set up to create a .wav file every minute (each file being 90 Mb). A total of 361 recordings of one minute were considered. Audio data cleaning was performed using the Audacity software v.2.0.5.0. and v. 3.1.1.



In addition to modalities BEF, DUR and AFT of the explanatory variable of the sequential treatment, modalities BEF + DUR and DUR + AFT modalities were also considered (Table 3). They correspond to the activation and deactivation, respectively, of the beacon during a one-minute recording. It was decided to keep these records (i.e., not cutting and attributing them to separated modalities) as they represent important events: they show the transition from silence to the emission of signals by the bio-inspired beacon, and conversely. These two additional modalities were used to investigate a potential change in the behaviour of the dolphins during the transitions of the sequential treatment.




2.3. Data Extraction


Dolphins emit four main types of acoustic signals, which are each associated with a specific use: (i) echolocation clicks: clicks of high energy on a wide frequency range, used to detect objects/situations in their environment and get a sense of their surroundings [54]; (ii) burst-pulse: series of clicks with inter-click interval (ICI) < 10 ms [55]; (iii) buzz: series of clicks with ICI < 10 ms, preceded by a slower train of clicks [55]; (iv) whistles: relatively low-frequency vocalisations, mainly used for intraspecific communication [35].



Buzz and burst-pulses (or grouped as “BBP”) are used by dolphins in different contexts [56]. The use of BBP has been documented in social communication for some delphinid species in replacement of or in addition to whistles [57,58]. Moreover, buzzes allow for high rate feedback during prey hunting [59], while burst-pulses are used more often in social interactions [60,61,62]. However, they remain close in their structure (i.e., a series of fast clicks differentiated by the acoustic activity preceding them, such as whistles or accelerating rate of echolocation clicks) and thus difficult to differentiate. To assess the acoustic activity of dolphins (i.e., whistles + echolocation clicks + BBP), the detection and identification of each of these types of signals is needed. In the following part, the methods used to automatise these detections are presented. Algorithms were coded in Python 3.9.7 [63] and are provided with processed data needed to reproduce the results presented in this article (see Data Availability Statement).



2.3.1. Detection and Identification of Echolocation Click, Buzz and Burst-Pulse


To identify click-like signals in recordings, a detector adapted to our dataset was created from an approach used in previous works on marine mammals, mainly sperm whales [64,65]. Structurally, a click is a high-energy event of very short duration (usually less than 0.5 ms). To detect them, a high-pass filter (freq > 50 kHz) was first applied to our raw recordings (Figure 2). This prevented whistles and other low-frequency sounds from affecting the detection. Then, the Teager–Kaiser operator [66] was applied, which allowed us to estimate the energy contained in an acoustic system, improving the signal-to-noise ratio. Finally, local maxima were selected in the filtered signal (see Figure 2) as they correspond to high-energy events, i.e., clicks.



Our aim was to detect 2 types of clicks: echolocation clicks and BBP (two paths in Figure 2). Their main differences are: (i) their ICI: less than 10 ms for BBP [55] and (ii) their amplitude, which is lower for BBP by about 10–20 dB [55,56]. As a result, we set two different thresholds of energy (no unit) to extract local maxima from the signal’s energies: 1 × 10    − 3    for echolocation clicks and 1 × 10    − 5    for BBPs. These two different selections were performed separately.



Once the echolocation clicks were identified and selected, we needed to exclude all signals emitted by the acoustic beacon, which, in their construction, closely resembled returning echoes from echolocation clicks emitted by actual dolphins. The beacon emits trains of 10 signals 0.101 ± 0.001 s apart. Knowing that dolphins do not usually emit echolocation clicks with such regularity, we identified and excluded all click-like signals which were 0.101 s apart in the recordings in order to differentiate signals emitted by the beacon from dolphin clicks (Figure 2). This method enabled us to keep only clicks emitted by dolphins in the last step of our selection (Figure 3a). In addition, to exclude all possible noise (such as the sonar of the boat sometimes left on unintentionally), the remaining clicks were projected in a 2D space according to three extracted features: mean frequency, median frequency and standard deviation, using a Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP [67]) as a method of unsupervised classification (see Appendix A). This enabled us to group and identify falsely detected echolocation clicks (i.e., sonar’s signals emitted from boats). We also checked that the sonar left on unintentionally, in 15.5% of the recordings, had no impact on the detected acoustic activities of the dolphins (see Figure S1). Finally, 195,153 dolphin echolocation clicks were kept from the initial selection.



Regarding BBPs, the approach used for their detection and identification is rather different (see Figure 2). The threshold of energy for click detection was lowered to 1 × 10    − 5    in order to detect BBPs clicks. However, this also led to the detection of echoes from various sources in the surrounding environment. Such echoes are usually less than 10 ms apart, which makes them likely to be detected as BBPs (see previous (i)) if no additional criteria are considered (see Figure 2). Furthermore, the bio-inspired beacon emits signals of high energy, which produce echoes that could be mistaken for a BBP. To counter this difficulty, we used a semi-automatic method to detect and identify BBPs. First, we selected potential BBPs candidates automatically using the following empirically identified conditions (summarised in Figure 2): (i) ICI < 20 ms on a series of more than 15 clicks, (ii) mean energy (amplitude of the signal after Teager–Kaiser operator) of a series < 0.1, (iii) difference of amplitude between two successive clicks < 0.1, (iv) exclusion of relatively short series with clicks of decreasing energies (regression slope <−0.5). Then, we manually reviewed each detection and labelled each one as a ‘Buzz’, a ‘Burst-pulse’ or an ‘Error’ according to descriptions from other studies [55,56]. Criteria chosen for the automatic detection were intentionally imprecise so that no BBP could be missed. The drawback of this choice was the detection of many false positives, which were easily recognisable manually with an observation of the frequencies of each click.



The use of semi-automatic detection was mandatory due to the presence of echoes coming from signals of the bio-inspired beacon rebounding in the environment. By removing the step of manual annotation, the method is quite similar to that used for the selection of echolocation clicks (see Figure 3). In total, this process enabled us to identify 570 buzzes and 231 burst-pulses in the recordings. This distinction between pulsed sounds is not widespread in the scientific literature on common dolphins. Since we are interested in the overall acoustic activity for these kinds of signals, burst-pulse and buzzes were ultimately analysed together (similarly to [68]), but separated analyses are available in Appendix B.




2.3.2. Vocalisation Detection


Whistles appear as lines of high energy in the lower frequencies. Selecting by hand all the whistles from 361 min of acoustic recording would be long, laborious and error-prone. Thus, to detect and identify whistles, a vocalisation tracking method is necessary. Selecting vocalisations in an audio track is a complex task, and several techniques have already been developed to achieve it: statistical modelling of whistles [69,70,71,72,73,74], tracking algorithms based on hand-picked parameters [75,76,77], image processing approaches [78,79,80,81,82,83] or deep learning models associated with clustering methods [84,85]. For our dataset, we chose to adapt a tracking algorithm developed during the DECAV project [86]. The original code written in Matlab was optimised and transcribed in Python for the needs of this study. The steps of this algorithm are described in Figure 4.



Compared to the original algorithm [86], only the “removal of harmonics” step was added. The original algorithm selected all vocalisations and labelled them each as different trajectories. Therefore, harmonics—which are a repetition of the same trajectory at higher frequencies than the fundamental one—were considered as new vocalisations whilst they are not. This step checked for overlapping sections in selected trajectories and then made a regression among them. If the R2 of this regression was >0.5, then only the trajectory with the lowest frequency (the fundamental) was kept. In addition, the threshold for energy detection was decreased from 10 to 6 times the geometric mean [86] to extract more whistles. Strict continuity criteria of 2.7 ms and 187 Hz [86] were used to avoid errors. These criteria control the maximum distance (in time and frequency) between two fragments of detected whistles to consider that they are part of the same entity. Finally, a “sparsity” parameter was added, indicating the proportion of missing pixels in a trajectory. If sparsity > 0.5, then we considered the trajectory to be too imprecise, and it was excluded from the selection.



Tracking results for two extracts can be observed in Figure 5. In the case of isolated whistles (Figure 5a), the algorithm could succeed in locating the beginning and the end of each vocalisation. On the other hand, as soon as the signal becomes more complex with overlapping whistles and trajectories that intersect, the algorithm is less likely to select each whistle as a unique entity but more as several fragments (Figure 5b). The algorithm is thus able to detect whistles but not identify them. Improving the identification of distinct whistles would demand the development of a specific algorithm, which would assign each trajectory to a different whistle. For this reason, the number of whistles detected was not used to assess the whistling activities of dolphins. Instead, the duration of the whistles detected in a one-minute recording were added together and divided by the number of dolphins present during that time. Thus, the whistling activity is assessed by using the mean whistling time per audio per dolphin. Time spent whistling has also been studied in the frame of experiments concerning the behavioural response of dolphins to a pinger [12].





2.4. Data Analysis


Firstly, regarding behavioural data from visual monitoring on the boat, nine response variables were considered (see Section 2.2): four quantitative and five qualitative. The assessment of the effects of the signals emitted by the beacon was performed by comparing the values among treatment sequences with (i) for quantitative data, box plots (distribution of the values of each variable between the sequences), Friedman’s non-parametric statistical test implemented for each variable, a permutational multivariate ANOVA (PERMANOVA [87]) on the matrix of Euclidean distances computed among the observations for all variables, and a Principal Component Analysis (PCA [88]); (ii) for qualitative variables, the Chi-squared (or Chi2) test of independence on the contingency table crossing the numbers obtained for each of the modalities of a response variable with those of the treatment variable, and a Multiple Factor Analysis (MFA [89]) if the null hypothesis H0 of independence among variables was rejected by the Chi-squared test.



Secondly, detected acoustic activities (i.e., time spent whistling, echolocation click and BBP counts) were collected for each one-minute recording according to two explanatory variables: (i) presence of fishing net (i.e., presence/absence) and (ii) the sequential treatment (i.e., before, during and after activation of the acoustic beacon) (Table 3). We also considered the predominant behaviour of the group (i.e., the group behavioural state which represented more than 50% of the behaviour of the animals during observations, adapted from [49]) observed during recording for each group of dolphins: foraging, travelling, socialising, milling or attraction to the boat (see definitions in Table 1) as in previous studies [12,49,51]. The effects of the type of fishing net used and the type of signal emitted by the prototype were not integrated in our statistical models as several modalities contained too few samples and were overall too unbalanced. In such cases, existing methods to try addressing unbalanced sampling (such as undersampling, oversampling, data cleaning, or hydrid approaches, e.g., [90]), would lead to too many errors in data estimation to use them accurately. Thus, patterns were investigated graphically by means of values distribution (mean and confidence interval, see Supplementary Material Online). The effect of the observed number of dolphins per group was considered as an offset for count data in models below.



It was hypothesised that counts of acoustic activities were dependent on group size (as other studies assumed [55,91]). Therefore, there were divided by the number of dolphins per group, and the result often followed a distribution of quasi-Poisson. For rare events, such as BBPs or whistles, data were zero-inflated. Thus, we used two types of models to test differences in acoustic activities among experimental modalities: negative binomial Generalised Linear Model (NB GLM, [89]) for echolocation clicks, and zero-inflated negative binomial regression model (ZINB, [92]) for BBPs and whistles. We checked for model assumptions on residuals after fitting. In those models, the null hypothesis (H0) was that all mean values are equal among treatment modalities. The alternative hypothesis (H1) was that at least one mean value was different from at least one other mean value. When H0 was rejected, a Tukey adjusted post hoc test was computed to assess more precisely which mean values were equal/different among treatment modalities. All statistical analyses were performed with the R programming language in R studio [93,94].





3. Results


84 groups of common dolphins were observed in the surveyed area during the 12 days at sea. The size of each group varied between 1 and 40 individuals, with an average of 10 ± 7 individuals (standard deviation), and with a median of 8 individuals. A total of 83 observation sequences were carried out, including 59 where beacon emission was performed with 47 different dolphin groups. Among the 83 observation sequences, 258 observation lines were completed with 186 associated with a sequential treatment of the beacon experiment: 78 BEF, 83 DUR, and 25 AFT. Several sequential treatments with beacon emission were performed almost successively with the same group (this was completed for nine groups, between two and four sequences with emission according to the group, for a total of 26 sequences). The relatively lower number of AFT observations illustrates that shortly after the beacon was emitted, the groups of dolphins moved away to a distance at which it was no longer possible to make precise observations.



3.1. Surface Visual Observations


First, we investigated response variables that roughly assessed the dolphins’ behaviour: (i) a quantitative variable (i.e., percentages of four categories: dolphins in the group surfacing simultaneously, active surface swimming, diving, jumping), and (ii) four qualitative variables (i.e., group structure (dispersed or compact), direction followed (variable or constant), diving time (variable, short or long), speed of movement (slow or fast)). No changes were underlined for these two types of variables, defining rough behaviours, among the three treatments BEF, DUR, and AFT (Friedman’s test, p > 0.05; Chi-squared tests of independence p > 0.05, respectively).



Secondly, concerning more specifically the 83 visual observations made during the DUR sequence (i.e., beacon emission), there was a relationship between response intensity and the signal emitted (Chi-squared test of independence, Chi2 = 58.20, df = 18, p < 0.001) but not between response intensity and the presence/absence of the net set into the water (Chi-squared test of independence, Chi2 = 3.60, df = 2, p > 0.05). The response intensities of the dolphins were the following (Figure 6, Table S2): intensity 0 = 7 observations, intensity 1 = 17 observations, intensity 2 = 47 observations, and NA = 6 observations without intensity mentioned in the observation grid during the survey. Six additional observations were not considered for analysis because the related sequences were cancelled (beacon activated too late). Response intensities 1 and 2 cumulatively represented 83.12% of the observations (Figure 6).




3.2. Acoustic Behaviours of Dolphins


The acoustic activity of dolphins changed when the beacon emitted. Firstly, the mean numbers of echolocation clicks and of BBPs varied among experimental treatment sequences (NB GLM, Chi2 = 26.9, df = 4, p < 0.001, and ZINB, Chi2 = 10.6, df = 4, p < 0.05, respectively). In particular, echolocation clicks and BBPs followed a common trend (Figure 7d,e): the mean number of signals increased at beacon triggering (BEF+DUR), decreased slightly during emission sequence (DUR) but remained higher than in any other experimental sequences, and then decreased at beacon deactivation (DUR+AFT and AFT). More specifically, among BEF and BEF+DUR, the mean number of echolocation clicks per dolphin increased by 2.46 times (from 43.8 to 108; Figure 7d, Tukey post-hoc, p < 0.05), and the mean number of BBPs increased by 3.46 times (from 0.132 to 0.457, with high variability; see Figure 7e, p > 0.05), i.e., almost tripling the activity for both click-type signals.



Secondly, whistling time per dolphin also showed differences in mean values according to experimental treatment sequences (ZINB, Chi2 = 18.9, df = 4, p < 0.001). The mean whistling time per dolphin increased by 3.38 times between BEF and DUR sequences, from 0.178 to 0.602 s (Tukey post hoc, p < 0.01). The mean time spent whistling stayed high during the whole activation, only decreasing after the beacon was turned off (Figure 7c). However, whistling time per dolphin in the DUR+AFT sequence varied strongly (Figure 7c), whereas a decrease was observed for echolocation clicks and BBP numbers (Figure 7a–c).



When considering separately the acoustic activity recorded during treatment sequences with or without setting a fishing net (Figure 7d–f), overall, the trends among sequences were similar to those described above (Figure 7a–c). Interestingly, during treatment sequences, there was almost always less acoustic activity when there was no fishing net set underwater. Data of all sequences gathered together highlighted that the presence/absence of a fishing net underwater had an effect on the mean values for all communication types (p < 0.05 for the three models, see Figure S2). Moreover, mean values of acoustic activities are mostly higher at each modality of treatment sequence when a fishing net is present (Figure 7d–f), but without statistical differences (p > 0.05) due to high variability. In Figure 7b,e, the difference in confidence intervals between BEF+DUR and other treatment sequences is due to some recordings containing many more BBPs for this sequence (with a maximum of 10 BBPs per dolphin per recording).



In addition, when analysed separately, it should be noted that the mean number of buzzes and burst-pulses varied according to the absence/presence of a fishing net set underwater (Figure S2, pairwise Tukey test, p < 0.001). The mean number of burst-pulses also varied among sequential treatments (ZINB, Chi2 = 10.3, df = 4, p < 0.05). With regard to buzzes, while we could also observe a similar trend as burst-pulses, there were no statistical differences among modalities (ZINB, Chi2 = 4.9, df = 4, p > 0.05). Meanwhile, differences in mean numbers of BBPs were mainly explained by the behaviour of dolphins during recordings (i.e., foraging, travelling, socialising; see Appendix B for more details). In contrast, the behaviour had no effect on the mean number of echolocation clicks emitted nor on the mean time spent whistling (not shown).



Moreover, differences existed in the acoustic activity of dolphins among fishing net types set during experiments (Figure S3, Kruskal–Wallis test, Chi2 values were 47.8, 15.2 and 30.2 for clicks, BBPs and whistles, respectively; with df = 4 and p < 0.01 each), which was higher when the gill net was set (Figure S3). Overall, the acoustic activity was lower during control sequences (i.e., when no fishing net was set). Each fishing net was associated with corresponding signals (i.e., a fishing net with or without a dead dolphin caught) emitted from the beacon (see Table S1 for details), for which some differences were also observed on the dolphins’ acoustic activity (Figure S4, Kruskal–Wallis test, Chi2 values were 69.5, 48.8 and 101.1 for clicks, BBPs and whistles, respectively; with df = 10 and p < 0.01 each).





4. Discussion


The goal of the bio-inspired acoustic beacon is to inform common dolphins of the presence of fishing nets in order to limit by-catch. The device emits signals corresponding to trains of echoes coming from echolocation clicks performed on a fishing net or on a fishing net containing a dead common dolphin. Results showed that the acoustic activity of common dolphins (i.e., echolocation clicks, BBP, whistles) increased when the beacon was activated. In addition, visual surface observations showed attentive behaviours of dolphins, which kept a distance of a few metres to a few tens of metres away from the emission source before calmly leaving.



Firstly, the mean number of echolocation clicks was multiplied by 2.46 at beacon activation. This highlights that dolphins echolocate much more when the informative signals are emitted from the device. Two interpretations could be put forward to try to explain this response: dolphins could interpret the signal sent by the beacon and echolocate by themselves to locate a fishing net they had not been aware of before, or dolphins struggle to understand the signal sent by the beacon, so they echolocate to clear up ambiguities. Either way, it means that dolphins tried to be more aware of their surrounding environment. Secondly, the mean time spent whistling increased by a factor of 3.38 at beacon activation. Likewise, the mean number of BBPs increased despite showing no statistically significant differences due to high variability at the BEF+DUR sequence. BBPs and whistles are signals that can be used by dolphins to communicate among individuals. The increase in mean BBP numbers and in time spent whistling upon beacon activation suggests that dolphins communicate differently and more, potentially favouring awareness among them. Moreover, whistling time only started to decrease during the AFT sequence, while it is sooner for BBPs and echolocation clicks. This might be due to the fact that dolphins first reacted to the beacon by echolocating to investigate their surroundings, producing BBPs and whistling to communicate and then continuing to communicate by whistling. This also suggests that whistle types could be different among DUR and AFT sequences once dolphins had prospected and identified the situation. Investigating such differences about whistle types will need complementary analyses (see below).



Previous studies dedicated to repellent pingers showed that some of these devices can induce a reduction in echolocation rates [10,12,13] and vocalising time [12] on dolphin species and other marine mammals [14]. This response could increase the likelihood of entanglement as suggested by these studies. In contrast, the bio-inspired beacon induces an increase in the mean numbers of clicking and whistling time of common dolphins, which may increase the likelihood of detection of the fishing net. Moreover, the number of echolocation clicks that we detected may be slightly underestimated due to the fact that by chance, some clicks emitted by dolphins could have been exactly 0.101 s apart (i.e., signal interval within trains emitted by the device) and therefore excluded from the selection (see Section 2.3.1).



Dolphins’ responses could be further studied by investigating differences in whistle types (i.e., in terms of shapes and/or frequencies) and rates, which could possibly indicate a change in dolphin behaviours [68,91,95]. This would involve an accurate identification of each whistle. However, this task is complex, and detection techniques developed so far have not been able to solve this problem without errors [69,70,71,72,73,74,75,76,77,78,79,80,81,82,84,85]. If whistles are first identified, then a classification of whistles using unsupervised classification techniques such as UMAP [67] could be applied, also using a metric to determine the optimal number of clusters [95]. The classification of signals emitted by dolphins is also possible with an auto-encoder in Deep Learning [96]. However, both approaches require building a training data set by a time-consuming manual annotation of each whistle, which was not performed on our data that included about 7800 whistles.



With regard to BBP, different buzzes can be associated with various social, foraging or feeding behaviours of dolphins [97]. Buzzes are often used to catch prey [55], which is supported by our results: buzzes are emitted mainly during foraging. However, it has been shown that buzzes can also be used as “emotional” signals whether in a positive situation, e.g., when getting a prey [58,98], or during a situation of aggression among dolphins [62]. Burst-pulses play a role in social behaviours [60,61], which corroborates to our recordings where they were mostly observed during socialising (Figure A2). They might be used to broadcast emotions to other dolphins [99]. Finally, annotations produced in this study could be used to train a Machine Learning algorithm [100] to remove the need for human intervention in the semi-automatic process of BBP selection.



Although it was not always observed [9,19], some repellent pingers can induce aversive behaviour in marine mammals [17,101] or even a stressful escape behaviour, which was notably observed on a group of common dolphins with the STM DDD03L repellent pinger [51], which has been mandatory since 2019 for French pair trawlers in the Bay of Biscay. In contrast, using the bio-inspired prototype, visual surface observations showed attentive behaviours of dolphins, which kept a distance of a few metres to a few tens metres away from the emission source before calmly leaving without showing any signs of “fear” reactions, which corresponds to estimated net detection distances of (bottlenose) dolphins [38]. Interestingly, the acoustic activities of dolphins varied according to the type of fishing net set up underwater; it was the highest when a nylon gill net (i in Section 2.2) was used (Figure S3) and the lowest when the long nylon gill net was used (iv in Section 2.2). Control sequences with no fishing net showed reduced levels of acoustic activity, but they remained higher than when the long gill net was used. However, only eight recordings of signals of dolphins could be obtained when this fishing net was set up, which makes it difficult to compare it with the other types of fishing nets.



Together, our results show that bio-inspired signals emitted by a beacon device have an effect on the behaviour of dolphins by increasing their acoustic activity. Moreover, it increases when the beacon was emitting—both when a fishing net was present in the water and when it was absent. This shows that the dolphins reacted to the signals emitted by the beacon even in the absence of a fishing net, as observed in other studies [39,40,41]. In addition, the increase in acoustic activity when the beacon was emitted was greater in the presence of a submerged fishing net. It should be noted that the experiments were carried out during daylight hours but with very low underwater visibility (about <3 m). Dolphins were therefore more likely to use acoustic detections than visual aids, as confirmed by surface visual observations made during experiments where behavioural responses of dolphins could be observed at a distance greater than 3 m from the boat. These results suggest that the bio-inspired beacon led common dolphins to increase their echolocation activity and communication, which in turn should favour net detection and thus may reduce the chances of by-catch without visible stressful escape behaviour observed with some repellent devices [51].



During the experiments, no behavioural attraction was observed when the beacon was activated. Habituation to signals [3,13,14,101] could not be tested, as it was difficult to reproduce the experiments within the same groups of dolphins. The sequence could be repeated two to four times (according to the group) on nine groups for a total of 26 sequences. These sequences could be considered as pseudo-replicates within each dolphin group, but we included them in the same analyses, as they showed similar mean values in echolocation clicks, BBPs and whistles, as well as similar variability as those obtained from sequences recorded with the other dolphin groups (see Figure S5). Among the 59 total sequential treatments that included a beacon emission sequence performed on 47 groups of dolphins, the acoustic responses remained similar, which suggests that dolphins might be able to increase their awareness of the surrounding situation. This could be confirmed by reproducing the experiment several times with the same groups, which is however almost impossible in the study area, and more broadly in the Bay of Biscay, given the spatio-temporal mobility of groups and the possible mixing of individuals among groups. Moreover, a “dinner-bell” effect might exist [7,13], and whilst it was not observed in our experiment, the addition of fishes in the nets could change the way dolphins react to the prototype’s signal.



Carrying out tests during the fishing activities of professional gill netters will allow assessment of the practicality and efficiency of the new device. It started in 2021 with 12 days at sea surveyed by scientific observers onboard two gill net fishing vessels simultaneously, and it continued in 2022, with 228 days between February and the end of August onboard four vessels more or less simultaneously, resulting in a total of 1043 fishing operations. During these observations, five dolphin by-catches were reported: two individuals entangled within nets not equipped with beacons and three within equipped nets. One of the two by-catches reported within a gill net not equipped with beacons at the end of July (200 m long, set at the seabed at about 3 to 6 metres, caught at about 50 m from the net extremity) was released alive (thus probably caught when the net was starting to be released out of the water). A dolphin by-catch was reported at the end of August within an equipped net, but it was set into water accidentally during ten days by the fishermen for technical reasons. This led the battery of the beacons to be discharged (autonomy of about seven days), knowing also that beacons were used during three days before this fishing operation without being recharged in the meantime. In addition, two by-catches of common dolphin were reported at the end of July, within two different gill nets equipped with three bio-inspired beacons (4 km long, 1.5 metres high, set at the seabed at about 24 and 26 metres, respectively). The distances of these by-catches to the closest acoustic beacon were 500 m and 1000 m, respectively. In theory, and given the source level of the beacon, the high-frequency part of the emitted signal is preserved up to a maximum of 500 m. While the low-frequency part of the signal propagates further, it was estimated that a device has to be set every 1000 metres along the net, knowing that 500 m is the maximum distance so that the whole frequency range (20–200 kHz) of the signal emitted by a beacon is preserved. In addition, for practical reasons, on each of these nets, three acoustic devices were set up using buoys placed on the top of the net (two surface buoys at the ends of the net, one buoy in the middle near the top rope of the net). This layout means that the signals were emitted “downwards” (i.e., towards the net) instead of the advocated “upwards” transmission from the lower part of the net. The closest acoustic beacon from each of these by-catches was the one placed in the middle part of the net. Given all these characteristics and this configuration, the signals emitted by the beacon placed in the middle of the fishing net, relatively close to the seabed, might not have been perceived by the dolphins at a distance of 500 m and 1000 m, depending on the direction from which they came.



It should be noted that according to available data, the estimated probability of dolphin by-catch by gill netters is considered to be low (i.e., 0.006 specimens per day at sea [102], or around 0.015 specimens per fishing operation [103], making a by-catch report by scientific observers potentially rare. The overall level of estimated by-catch numbers in the Bay of Biscay by gill netters (see Section 1) is thus likely to be induced by the numbers of vessels in activity, which is estimated to be around 400 French boats, and about half this number for foreign vessels [104]. Statistically robust tests of device efficiency in reducing by-catch would thus involve a strong observation effort as well as being focused on a spatially restricted zone in order to cover a fishing fleet if possible. Moreover, knowing the way that dolphins calmly left after signals were emitted by the bio-inspired acoustic beacon, tests have to be conducted with professional fishermen using a gill net, which is passive, and not with pair trawlers. The latter deployed active fishing gear at 2–4 knots, about 200 m long, with an opening of about 200 m by 50 m. For this fleet, which might represent about 5% of common dolphin by-catches in 2019 [23,105], repellent pingers currently seem to be the most effective way to reduce by-catches, i.e., by 65% on average (CI: 15–98%) [32]. A complementary means to assess dolphin behaviour and to assess the potential of the prototype in limiting by-catch will be to study dolphin’s positioning in 2D/3D from acoustic recordings around nets during fishing activities, with and without emission of the bio-inspired beacon. A forthcoming experiment using five hydrophones on autonomous silent marine drones will enable us to record with precision signals coming from animals [106] and to estimate their spatio-temporal trajectories around a fishing net [107]. It will help in understanding the prototype’s effects on dolphins when they are faced with the different steps of setting, fishing, and withdrawal of a net by professional fishermen.



Current technological developments of the bio-inspired beacon are focused on improving its ergonomy for gillnetters (smaller and lighter) as well as to emitting more faithfully, i.e., with minimal noise, the signal initially recorded during a dedicated experiment (signals corresponding to returning echoes from echolocation clicks of a common dolphin performed on a fishing net, and a fishing net with a dead dolphin in it). Future experiments at sea will assess dolphins’ responses to this improved device. In addition, starting September 2022, the bio-inspired acoustic device will include passive listening in order to emit signals when dolphins are detected in the area, thus limiting acoustic pollution. Limiting signal emissions will also contribute to a decrease in energy demand and will increase device autonomy. Looking further ahead, this new bio-inspired beacon could potentially be used to limit by-catches of other odontocetes species. This would only require integrating dedicated signals into the device.



To conclude, results based on visual surface observations and acoustic recordings highlight that bio-inspired signals emitted from a new acoustic beacon provide promising means to signal the presence of fishing nets to common dolphins and potentially to limit by-catch. According to future results of the 2D/3D behaviour of dolphins obtained from acoustic recordings around fishing nets equipped with and without the device, as well as practicality and efficiency tests with professional fishermen, the approach of a bio-inspired beacon might be an alternative, or a complement in some cases depending on the type of fishing gears, to the use of repellent pingers in order to limit the by-catch mortality of odontocetes worldwide.
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Appendix A. Projection of Clicks


During the identification of echolocation clicks, it was necessary to discriminate true clicks (emitted by dolphins) from false clicks (emitted by the boat’s sonar when it was forgotten to turn it off during experiments) in order to discard them from the analyses. To do this, a 2D projection of detected clicks was used by means of an Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) [67] with three features per clicks classified: mean frequency, median frequency and frequency standard deviation. UMAP is an efficient grouping method for big datasets [67]. It works similarly to t–Stochastic Neighbour Embedding [108] producing equally meaningful projections but faster [109], using graph layout algorithms to arrange data in low-dimensional space. Results from UMAP underlined two groups of signals that did not come from dolphins (Figure A1). These groups mainly contain clicks from 12 July 2020 and 9 July 2021, corresponding to days when the sonar was turned on. Therefore, it was identified that one group corresponds to clicks from sonars (bottom-right) and the other one corresponds to echoes associated with them (top-right). Ultimately, only the clicks from the remaining group (left), which contains 195,153 clicks, were kept for further analyses of dolphins’ signals.
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Figure A1. UMAP 2D-projection of 211,800 detected echolocation clicks based on three features: mean frequency, median frequency and standard deviation. Coloured according to day of recording. 






Figure A1. UMAP 2D-projection of 211,800 detected echolocation clicks based on three features: mean frequency, median frequency and standard deviation. Coloured according to day of recording.
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Appendix B. Buzz and Burst-Pulse Characteristics


We grouped buzzes and burst-pulses under the name “BBPs”. They are similar by definition (pulsed sequence of clicks) but, as already mentioned, have different functions for dolphins. By means of manual identification, we identified 570 buzzes and 231 burst-pulses with mean ICIs of 403 ms and 138 ms, respectively. These values are comparable to those found in other studies [55,56,57,58,59,60,61,62].



A statistical analysis was computed on buzz and burst-pulse separately. Naturally, they did not vary in the same way among all modalities. In particular, the mean number of BBPs emitted per dolphin varied according to their behaviour phase (NB GLM, Chi2 = 11.4, df = 2, p < 0.001). More specifically, buzzes were emitted in higher quantities when dolphins were foraging compared to when travelling (Tukey post hoc test p < 0.01). Burst-pulses seem to have been emitted mostly during social interactions (see Figure A2), but no differences were highlighted (Tukey post hoc test p > 0.05). These results suggest that buzzes and burst-pulses have functional differences for common dolphins and may be used in different contexts.
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Figure A2. Detected pulsed sounds of dolphins according to the group behavioural state observed in each group. Modalities with different letters have different mean values (H0 rejected by Tukey’s post hoc test). Ranges show 95% confidence intervals. BBP data are aggregated from buzzes and burst-pulses. (a) Number of detected BBPs per audio per dolphin according to observed behaviour. (b) Number of detected buzzes per audio per dolphin according to observed behaviour. (c) Number of detected burst-pulses per audio per dolphin according to observed behaviour. 
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The sequential treatment underlined an effect on the mean number of burst-pulses (NB GLM, Chi2 = 10.3, df = 4, p < 0.05) but not on the mean number of buzzes (ZINB, Chi2 = 6.2, df = 4, p > 0.05) (see Figure A3). However, there was a difference between the mean number of buzzes recorded before the activation of the bio-inspired beacon (0.0934 per dolphin per minute) and during its activation (0.302 per dolphin per minute) (Figure A3). For burst-pulses, there was also an increase in mean between BEF and DUR (0.0360 and 0.113 per dolphin per minute), but it is at AFT that the mean number of detections was the lowest (0.0115).
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Figure A3. Detected pulsed sounds of dolphins recorded during sequential treatments. Modalities with different letters have different mean values (H0 rejected by Tukey’s post hoc test). Ranges show 95% confidence intervals. BBP data are aggregated from buzzes and burst-pulses.(a) Number of detected BBPs per audio per dolphin during each treatment sequence. (b) Number of detected buzzes per audio per dolphin during each treatment sequence. (c) Number of detected burst-pulses per audio per dolphin during each treatment sequence. 






Figure A3. Detected pulsed sounds of dolphins recorded during sequential treatments. Modalities with different letters have different mean values (H0 rejected by Tukey’s post hoc test). Ranges show 95% confidence intervals. BBP data are aggregated from buzzes and burst-pulses.(a) Number of detected BBPs per audio per dolphin during each treatment sequence. (b) Number of detected buzzes per audio per dolphin during each treatment sequence. (c) Number of detected burst-pulses per audio per dolphin during each treatment sequence.



[image: Sustainability 14 13186 g0a3]







References


	



Read, A.J.; Drinker, P.; Northridge, S. Bycatch of Marine Mammals in U.S. and Global Fisheries: Bycatch of Marine Mammals. Conserv. Biol. 2006, 20, 163–169. [Google Scholar] [CrossRef] [PubMed]

	



Moore, J.E.; Heinemann, D.; Francis, T.B.; Hammond, P.S.; Long, K.J.; Punt, A.E.; Reeves, R.R.; Sepúlveda, M.; Sigurðsson, G.M.; Siple, M.C.; et al. Estimating Bycatch Mortality for Marine Mammals: Concepts and Best Practices. Front. Mar. Sci. 2021, 8, 1793. [Google Scholar] [CrossRef]

	



Hamilton, S.; Baker, G.B. Technical mitigation to reduce marine mammal bycatch and entanglement in commercial fishing gear: Lessons learnt and future directions. Rev. Fish Biol. Fish 2019, 29, 223–247. [Google Scholar] [CrossRef]

	



Reeves, R.R.; Read, A.J.; Notarbartolo di Sicara, G. Report of the Workshop on Interactions between Dolphins and Fisheries in the Mediterranean: Evaluation of Mitigation Alternatives; Technical Report; Istituto Centrale per la Riiiirca Applicata al Mare: Roma, Italy, 2001. [Google Scholar]

	



Mackay, A.I.; Knuckey, I.A. Mitigation of Marine Mammal Bycatch in Gillnet Fisheries Using Acoustic Devices—Literature Review; Technical Report; Final Report to the Australian Fisheries Management Authority; AFMA: Canberra, Australia, 2013. [Google Scholar]

	



Barlow, J.; Cameron, G.A. Field Experiments Show that Acoustic Pingers Reduce Marine Mammal Bycatch in the California Drift Gill Net Fishery. Mar. Mamm. Sci. 2003, 19, 265–283. [Google Scholar] [CrossRef]

	



Dawson, S.; Northridge, S.; Waples, D.; Read, A. To ping or not to ping: The use of active acoustic devices in mitigating interactions between small cetaceans and gillnet fisheries. Endanger. Species Res. 2013, 19, 201–221. [Google Scholar] [CrossRef]

	



Morizur, Y.; Le Niliot, P.; Buanic, M.; Pianalto, S. Expérimentations de Répulsifs Acoustiques Commerciaux sur les Filets Fixes à Baudroies en mer d’Iroise; Technical Report; Ifremer, Centre de Brest: Plouzané, France, 2009. [Google Scholar]

	



Berrow, S.; Cosgrove, R.; Leeney, R.H.; O’Brien, J.; Mcgrath, D.; Dalgard, J. Effect of acoustic deterrents on the behaviour of common dolphins (Delphinus delphis). J. Cetacean Res. Manag. 2008, 10, 227–233. [Google Scholar]

	



Leeney, R.H.; Berrow, S.; McGrath, D.; O’Brien, J.; Cosgrove, R.; Godley, B.J. Effects of pingers on the behaviour of bottlenose dolphins. J. Mar. Biolog. Assoc. United Kingd. 2007, 87, 129–133. [Google Scholar] [CrossRef]

	



Van Marlen, B. NEphrops and CEtacean Species Selection Information and TechnologY—Final Publishable Activity Report; Scientific Support to Policy (SSP), IMARES: Yerseke, The Netherlands, 2007. [Google Scholar]

	



Berg Soto, A.; Cagnazzi, D.; Everingham, Y.; Parra, G.; Noad, M.; Marsh, H. Acoustic alarms elicit only subtle responses in the behaviour of tropical coastal dolphins in Queensland, Australia. Endanger. Species Res. 2013, 20, 271–282. [Google Scholar] [CrossRef]

	



Cox, T.M.; Read, A.J.; Solow, A.; Tregenza, N. Will harbour porpoises (Phocoena phocoena) habituate to pingers? J. Cetacean Res. Manag. 2001, 3, 81–86. [Google Scholar]

	



Carlström, J.; Berggren, P.; Tregenza, N.J. Spatial and temporal impact of pingers on porpoises. Can. J. Fish. Aquat. Sci. 2009, 66, 72–82. [Google Scholar] [CrossRef]

	



Read, A. REVIEW Development of conservation strategies to mitigate the bycatch of harbor porpoises in the Gulf of Maine. Endanger. Species Res. 2013, 20, 235–250. [Google Scholar] [CrossRef]

	



Carretta, J.V.; Barlow, J. Long-Term Effectiveness, Failure Rates, and “Dinner Bell” Properties of Acoustic Pingers in a Gillnet Fishery. Mar. Technol. Soc. J 2011, 45, 7–19. [Google Scholar] [CrossRef]

	



Cox, T.M.; Read, A.J.; Swanner, D.; Urian, K.; Waples, D. Behavioral responses of bottlenose dolphins, Tursiops truncatus, to gillnets and acoustic alarms. Biol. Conserv. 2004, 115, 203–212. [Google Scholar] [CrossRef]

	



Kraus, S.O. The Once and Future Ping: Challenges for the Use of Acoustic Deterrents in Fisheries. Mar. Technol. Soc. J. 1999, 33, 90–93. [Google Scholar] [CrossRef]

	



Buscaino, G.; Buffa, G.; Sarà, G.; Bellante, A.; Tonello, A.J.; Hardt, F.A.S.; Cremer, M.J.; Bonanno, A.; Cuttitta, A.; Mazzola, S. Pinger affects fish catch efficiency and damage to bottom gill nets related to bottlenose dolphins. Fish Sci. 2009, 75, 537–544. [Google Scholar] [CrossRef]

	



Findlay, C.; Ripple, H.; Coomber, F.; Froud, K.; Harries, O.; van Geel, N.; Calderan, S.; Benjamins, S.; Risch, D.; Wilson, B. Mapping widespread and increasing underwater noise pollution from acoustic deterrent devices. Mar. Pollut. Bull. 2018, 135, 1042–1050. [Google Scholar] [CrossRef]

	



Peltier, H.; Authier, M.; Dabin, W.; Dars, C.; Demaret, F.; Doremus, G.; Canneyt, O.V.; Laran, S.; Mendez-Fernandez, P.; Spitz, J.; et al. Can modelling the drift of bycaught dolphin stranded carcasses help identify involved fisheries? An exploratory study. Glob. Ecol. Conserv. 2020, 21, e00843. [Google Scholar] [CrossRef]

	



ICES. Workshop on fisheries Emergency Measures to minimize BYCatch of short-beaked common dolphins in the Bay of Biscay and harbor porpoise in the Baltic Sea (WKEMBYC). In ICES Scientific Reports; ICES: Copenhagen, Denmark, 2020; Volume 2, p. 354. [Google Scholar] [CrossRef]

	



ICES. OSPAR request to estimate bycatch mortality of marine mammals (harbour porpoise Phocoena phocoena, common dolphin Delphinus delphis, grey seal Halichoerus grypus) within the OSPAR maritime area. In ICES Advice: Special Requests; ICES: Copenhagen, Denmark, 2021; pp. 1–6. [Google Scholar] [CrossRef]

	



Peltier, H.; Authier, M.; Caurant, F.; Dabin, W.; Dars, C.; Demaret, F.; Meheust, E.; Ridoux, V.; Van Canneyt, O.; Spitz, J. Etat des Connaissances sur les Captures Accidentelles de Dauphins Communs dans le Golfe de Gascogne—Synthèse 2019; Technical Report; Observatoire PELAGIS—UMS 3462, La Rochelle Université/CNRS: La Rochelle, France, 2019. [Google Scholar]

	



Peltier, H.; Authier, M.; Caurant, F.; Dabin, W.; Daniel, P.; Dars, C.; Demaret, F.; Meheust, E.; Van Canneyt, O.; Spitz, J.; et al. In the Wrong Place at the Wrong Time: Identifying Spatiotemporal Co-occurrence of Bycaught Common Dolphins and Fisheries in the Bay of Biscay (NE Atlantic) From 2010 to 2019. Front. Mar. Sci. 2021, 8, 617342. [Google Scholar] [CrossRef]

	



Laran, S.; Authier, M.; Blanck, A.; Doremus, G.; Falchetto, H.; Monestiez, P.; Pettex, E.; Stephan, E.; Van Canneyt, O.; Ridoux, V. Seasonal distribution and abundance of cetaceans within French waters- Part II: The Bay of Biscay and the English Channel. Deep Sea Res. Part II Top. Stud. Oceanogr. 2017, 141, 31–40. [Google Scholar] [CrossRef]

	



Hammond, P.; Lacey, C.; Gilles, A.; Viquerat, S.; Börjesson, P.; Herr, H.; Macleod, K.; Ridoux, V.; Santos, M.; Scheidat, M.; et al. Estimates of Cetacean Abundance in European Atlantic Waters in Summer 2016 from the SCANS-III Aerial and Shipboard Surveys; Technical Report; Sea Mammal Research Unit, University of St Andrews: St Andrews, UK, 2017. [Google Scholar]

	



ASCOBANS. Developing a Shared Understanding on the Use of Thresholds/Environmental Limits; Technical Report Part I; ASCOBANS: London, UK, 2015. [Google Scholar]

	



Ministère de la Transition écologique et Solidaire. Arrêté du 9 Septembre 2019 Relatif à la Définition du bon état écologique des eaux Marines et aux Normes Méthodologiques D’évaluation; Journal Officiel: Paris, France, 2019. [Google Scholar]

	



European Parliament, Council of the European Union. Directive 2008/56/EC of the European Parliament and of the Council of 17 June 2008 Establishing a Framework for Community Action in the Field of Marine Environmental Policy (Marine Strategy Framework Directive) (Text with EEA Relevance); Official Journal of the European Union: Strasbourg, France, 2008. [Google Scholar]

	



Altherr, S.; Hodgins, N. Small Cetaceans, Big Problems: A Global Review of the Impacts of Hunting on Small Whales, Dolphins and Porpoises; Technical Report; Whale and Dolphin Conservation (WDC): Chippenham, UK, 2018. [Google Scholar]

	



Rimaud, T.; Authier, M.; Mehault, S.; Peltier, H.; Canneyt, O.V. RAPPORT Final du Projet PIC; Technical Report; Les Pêcheurs de Bretagne: Lorient, France, 2019. [Google Scholar]

	



Rouby, E.; Dubroca, L.; Cloâtre, T.; Demanèche, S.; Genu, M.; Macleod, K.; Peltier, H.; Ridoux, V.; Authier, M. Estimating Bycatch From Non-representative Samples (II): A Case Study of Pair Trawlers and Common Dolphins in the Bay of Biscay. Front. Mar. Sci. 2022, 8, 795942. [Google Scholar] [CrossRef]

	



Au, W.L.; Jones, L. Acoustic Reflectivity of Nets: Implications Concerning Incidental Take of Dolphins. Mar. Mamm. Sci. 1991, 7, 258–273. [Google Scholar] [CrossRef]

	



Au, W.W.; Hastings, M.C. Emission of Social Sounds by Marine Animals. In Principles of Marine Bioacoustics; Springer: New York, NY, USA, 2008; pp. 401–499. [Google Scholar] [CrossRef]

	



Schevill, W.E.; McBride, A.F. Evidence for echolocation by cetaceans. Deep Sea Res. 1956, 3, 153–154. [Google Scholar] [CrossRef]

	



Mooney, T.A.; Nachtigall, P.E.; Au, W.W. Target Strength of a Nylon Monofilament and an Acoustically Enhanced Gillnet: Predictions of Biosonar Detection Ranges. Aquat. Mamm. 2004, 30, 220–226. [Google Scholar] [CrossRef]

	



Mooney, T.A.; Au, W.W.L.; Nachtigall, P.E.; Trippel, E.A. Acoustic and stiffness properties of gillnets as they relate to small cetacean bycatch. ICES J. Mar. Sci. 2007, 64, 1324–1332. [Google Scholar] [CrossRef]

	



Aubauer, R.; Au, W.W.L. Phantom echo generation: A new technique for investigating dolphin echolocation. J. Acoust. Soc. Am. 1998, 104, 1165–1170. [Google Scholar] [CrossRef] [PubMed]

	



Aubauer, R.; Au, W.W.L.; Nachtigall, P.E.; Pawloski, D.A.; DeLong, C.M. Classification of electronically generated phantom targets by an Atlantic bottlenose dolphin (Tursiops truncatus). J. Acoust. Soc. Am. 2000, 107, 2750–2754. [Google Scholar] [CrossRef]

	



Muller, M.W.; Au, W.W.L.; Nachtigall, P.E.; Allen, J.S.; Breese, M. Phantom echo highlight amplitude and temporal difference resolutions of an echolocating dolphin, Tursiops truncatus. J. Acoust. Soc. Am. 2007, 122, 2255–2262. [Google Scholar] [CrossRef]

	



Xitco, M.J.; Roitblat, H.L. Object recognition through eavesdropping: Passive echolocation in bottlenose dolphins. Anim. Learn. Behav. 1996, 24, 355–365. [Google Scholar] [CrossRef]

	



Götz, T.; Verfuß, U.K.; Schnitzler, H.U. ‘Eavesdropping’ in wild rough-toothed dolphins (Steno bredanensis)? Biol. Lett. 2006, 2, 5–7. [Google Scholar] [CrossRef]

	



Bearzi, G.; Eddy, L.; Piwetz, S.; Reggente, M.A.L.; Cozzi, B. Cetacean Behavior Toward the Dead and Dying. In Encyclopedia of Animal Cognition and Behavior; Vonk, J., Shackelford, T., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 1–8. [Google Scholar] [CrossRef]

	



Reggente, M.A.L.; Alves, F.; Nicolau, C.; Freitas, L.; Cagnazzi, D.; Baird, R.W.; Galli, P. Nurturant behavior toward dead conspecifics in free-ranging mammals: New records for odontocetes and a general review. J. Mammal. 2016, 97, 1428–1434. [Google Scholar] [CrossRef]

	



Reggente, M.A.L.V.; Papale, E.; McGinty, N.; Eddy, L.; de Lucia, G.A.; Bertulli, C.G. Social relationships and death-related behaviour in aquatic mammals: A systematic review. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2018, 373, 1–6. [Google Scholar] [CrossRef]

	



Culik, B.; von Dorrien, C.; Müller, V.; Conrad, M. Synthetic communication signals influence wild harbour porpoise (Phocoena phocoena) behaviour. Bioacoustics 2015, 24, 201–221. [Google Scholar] [CrossRef]

	



Shane, S.H. Behavior and Ecology of the Bottlenose Dolphin at Sanibel Island, Florida. In The Bottlenose Dolphin; Elsevier: Amsterdam, The Netherlands, 1990; pp. 245–265. [Google Scholar] [CrossRef]

	



Filby, N.E.; Bossley, M.; Stockin, K.A. Behaviour of free-ranging short-beaked common dolphins (Delphinus delphis) in Gulf St Vincent, South Australia. Aust. J. Zool. 2013, 61, 291. [Google Scholar] [CrossRef]

	



Stockin, K.; Lusseau, D.; Binedell, V.; Wiseman, N.; Orams, M. Tourism affects the behavioural budget of the common dolphin Delphinus sp. in the Hauraki Gulf, New Zealand. Mar. Ecol. Prog. Ser. 2008, 355, 287–295. [Google Scholar] [CrossRef]

	



Van Canneyt, O.; Larnaud, P.; Le Gall, Y.; Morizur, Y. Effets des Dispositifs de Dissuasion Acoustiques sur le Comportement du Dauphin Commun, Delphinus Delphis; Technical Report; CRMM, Contrat IFREMER 2005 2 22734206; Pelagis: La Rochelle, France, 2006. [Google Scholar]

	



Kinze, C.C. Photographic Guide to the Marine Mammals of the North Atlantic; Oxford University Press: Totnes, UK, 2002. [Google Scholar]

	



Nowak, R.M.; Walker, E.P. Walker’s Marine Mammals of the World; JHU Press: Baltimore, MD, USA, 2003. [Google Scholar]

	



Jones, G. Echolocation. Curr. Biol. 2005, 15, R484–R488. [Google Scholar] [CrossRef]

	



Martin, M.J.; Elwen, S.H.; Kassanjee, R.; Gridley, T. To buzz or burst-pulse? The functional role of Heaviside’s dolphin, Cephalorhynchus heavisidii, rapidly pulsed signals. Anim. Behav. 2019, 150, 273–284. [Google Scholar] [CrossRef]

	



Arranz, P.; DeRuiter, S.L.; Stimpert, A.K.; Neves, S.; Friedlaender, A.S.; Goldbogen, J.A.; Visser, F.; Calambokidis, J.; Southall, B.L.; Tyack, P.L. Discrimination of fast click series produced by tagged Risso’s dolphins (Grampus griseus) for echolocation or communication. J. Exp. Biol. 2016, 18, 2898–2907. [Google Scholar] [CrossRef] [PubMed]

	



Rankin, S.; Oswald, J.; Barlow, J.; Lammers, M. Patterned burst-pulse vocalizations of the northern right whale dolphin, Lissodelphis borealis. J. Acoust. Soc. Am. 2007, 121, 1213–1218. [Google Scholar] [CrossRef]

	



Ridgway, S.; Samuelson, D.; Van Alstyne, K.; Price, D. On doing two things at once: Dolphin brain and nose coordinate sonar clicks, buzzes, and emotional squeals with social sounds during fish capture. J. Exp. Biol. 2015, 218, 3987–3995. [Google Scholar] [CrossRef]

	



Wisniewska, D.M.; Johnson, M.; Nachtigall, P.E.; Madsen, P.T. Buzzing during biosonar-based interception of prey in the delphinids Tursiops truncatus and Pseudorca crassidens. J. Exp. Biol. 2014, 217, 4279–4282. [Google Scholar] [CrossRef]

	



Lammers, M.O.; Au, W.W.L.; Herzing, D.L. The broadband social acoustic signaling behavior of spinner and spotted dolphins. J. Acoust. Soc. Am. 2003, 114, 1629–1639. [Google Scholar] [CrossRef] [PubMed]

	



Lammers, M.O.; Schotten, M.; Au, W.W.L. The spatial context of free-ranging Hawaiian spinner dolphins (Stenella longirostris) producing acoustic signals. J. Acoust. Soc. Am. 2006, 119, 1244–1250. [Google Scholar] [CrossRef] [PubMed]

	



Overstrom, N.A. Association between burst-pulse sounds and aggressive behavior in captive Atlantic bottlenosed dolphins (Tursiops truncatus). Zoo Biol. 1983, 2, 93–103. [Google Scholar] [CrossRef]

	



Van Rossum, G.; Drake, F.L. Python 3 Reference Manual; CreateSpace: Scotts Valley, CA, USA, 2009. [Google Scholar]

	



Poupard, M.; Ferrari, M.; Best, P.; Glotin, H. Passive acoustic monitoring of sperm whales and anthropogenic noise using stereophonic recordings in the Mediterranean Sea, North West Pelagos Sanctuary. Sci. Rep. 2022, 12, 2007. [Google Scholar] [CrossRef] [PubMed]

	



Kandia, V.; Stylianou, Y. Detection of sperm whale clicks based on the Teager–Kaiser energy operator. Appl. Acoust. 2006, 67, 1144–1163. [Google Scholar] [CrossRef]

	



Kaiser, J. On a simple algorithm to calculate the ’energy’ of a signal. In Proceedings of the International Conference on Acoustics, Speech, and Signal Processing, Albuquerque, NM, USA, 3–6 April 1990; IEEE: Albuquerque, NM, USA, 1990; pp. 381–384. [Google Scholar] [CrossRef]

	



McInnes, L.; Healy, J.; Melville, J. UMAP: Uniform Manifold Approximation and Projection for Dimension Reduction. arXiv 2020, arXiv:1802.03426. [Google Scholar]

	



Henderson, E.E.; Hildebrand, J.A.; Smith, M.H.; Falcone, E.A. The behavioral context of common dolphin (Delphinus sp.) vocalizations. Mar. Mamm. Sci. 2012, 28, 439–460. [Google Scholar] [CrossRef]

	



Datta, S.; Sturtivant, C. Dolphin whistle classification for determining group identities. Signal Process. 2002, 82, 251–258. [Google Scholar] [CrossRef]

	



Roch, M.A.; Scott Brandes, T.; Patel, B.; Barkley, Y.; Baumann-Pickering, S.; Soldevilla, M.S. Automated extraction of odontocete whistle contours. J. Acoust. Soc. Am. 2011, 130, 2212–2223. [Google Scholar] [CrossRef]

	



Dadouchi, F.; Gervaise, C.; Ioana, C.; Huillery, J.; Mars, J.I. Automated segmentation of linear time-frequency representations of marine-mammal sounds. J. Acoust. Soc. Am. 2013, 134, 2546–2555. [Google Scholar] [CrossRef]

	



Halkias, X.C.; Ellis, D.P. Call detection and extraction using Bayesian inference. Appl. Acoust. 2006, 67, 1164–1174. [Google Scholar] [CrossRef]

	



Gruden, P.; White, P.R. Automated tracking of dolphin whistles using Gaussian mixture probability hypothesis density filters. J. Acoust. Soc. Am. 2016, 140, 1981–1991. [Google Scholar] [CrossRef] [PubMed]

	



Erbe, C.; King, A.R. Automatic detection of marine mammals using information entropy. J. Acoust. Soc. Am. 2008, 124, 2833–2840. [Google Scholar] [CrossRef] [PubMed]

	



Gillespie, D.; Caillat, M.; Gordon, J.; White, P. Automatic detection and classification of odontocete whistles. J. Acoust. Soc. Am. 2013, 134, 2427–2437. [Google Scholar] [CrossRef] [PubMed]

	



Mellinger, D.K.; Martin, S.W.; Morrissey, R.P.; Thomas, L.; Yosco, J.J. A method for detecting whistles, moans, and other frequency contour sounds. J. Acoust. Soc. Am. 2011, 129, 4055–4061. [Google Scholar] [CrossRef] [PubMed]

	



Hung, C.T.; Chu, W.Y.; Li, W.L.; Huang, Y.H.; Hu, W.C.; Chen, C.F. A Case Study of Whistle Detection and Localization for Humpback Dolphins in Taiwan. J. Mar. Sci. Eng. 2021, 9, 725. [Google Scholar] [CrossRef]

	



Kershenbaum, A.; Roch, M.A. An image processing based paradigm for the extraction of tonal sounds in cetacean communications. J. Acoust. Soc. Am. 2013, 134, 4435–4445. [Google Scholar] [CrossRef]

	



Serra, O.; Martins, F.; Padovese, L. Active contour-based detection of estuarine dolphin whistles in spectrogram images. Ecol. Inform. 2020, 55, 101036. [Google Scholar] [CrossRef]

	



Mallawaarachchi, A.; Ong, S.H.; Chitre, M.; Taylor, E. Spectrogram denoising and automated extraction of the fundamental frequency variation of dolphin whistles. J. Acoust. Soc. Am. 2008, 124, 1159–1170. [Google Scholar] [CrossRef]

	



Lin, T.H.; Chou, L.S.; Akamatsu, T.; Chan, H.C.; Chen, C.F. An automatic detection algorithm for extracting the representative frequency of cetacean tonal sounds. J. Acoust. Soc. Am. 2013, 134, 2477–2485. [Google Scholar] [CrossRef]

	



Baumgartner, M.F.; Mussoline, S.E. A generalized baleen whale call detection and classification system. J. Acoust. Soc. Am. 2011, 129, 2889–2902. [Google Scholar] [CrossRef] [PubMed]

	



Halkias, X.C.; Paris, S.; Glotin, H. Classification of mysticete sounds using machine learning techniques. J. Acoust. Soc. Am. 2013, 134, 3496–3505. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Liu, X.; Palmer, K.J.; Fleishman, E.; Gillespie, D.; Nosal, E.M.; Shiu, Y.; Klinck, H.; Cholewiak, D.; Helble, T.; et al. Learning Deep Models from Synthetic Data for Extracting Dolphin Whistle Contours. In Proceedings of the 2020 International Joint Conference on Neural Networks (IJCNN), Glasgow, UK, 19–24 July 2020; IEEE: Glasgow, UK, 2020; pp. 1–10. [Google Scholar] [CrossRef]

	



Han, K.; Wang, D. Neural Network Based Pitch Tracking in Very Noisy Speech. IEEE/ACM Trans. Audio Speech Lang. Process. 2014, 22, 2158–2168. [Google Scholar] [CrossRef]

	



Abeille, R.; Chamroukhi, F.; Doh, Y.; Dufour, O.; Giraudet, P.; Halkias, X.; Lotin, H.G.; Prévot, J.; Rabouy, C.; Razik, J. Detection et Classification sur Transect Audio-Visuel de Populations de Cétacés du Nord Pelagos-Iles d’Or; DECAV Pelagos Research Report N°11-031 83400 PC; Université du Sud Toulon Var: La Garde, France, 2012. [Google Scholar]

	



Anderson, M.J. Permutation tests for univariate or multivariate analysis of variance and regression. Can. J. Fish. Aquat. Sci. 2001, 58, 626–639. [Google Scholar] [CrossRef]

	



Hotelling, H. Analysis of a complex of statistical variables into principal components. J. Educ. Psychol. 1933, 24, 417–441. [Google Scholar] [CrossRef]

	



Thurstone, L.L. Multiple factor analysis. Psychol. Rev. 1931, 38, 406–427. [Google Scholar] [CrossRef]

	



Guan, H.; Zhang, Y.; Xian, M.; Cheng, H.D.; Tang, X. SMOTE-WENN: Solving class imbalance and small sample problems by oversampling and distance scaling. Appl. Intell. 2021, 51, 1394–1409. [Google Scholar] [CrossRef]

	



Quick, N.J.; Janik, V.M. Whistle rates of wild bottlenose dolphins (Tursiops truncatus): Influences of group size and behavior. J. Comp. Psychol. 2008, 122, 305–311. [Google Scholar] [CrossRef]

	



Greene, W.H. Accounting for Excess Zeros and Sample Selection. NYU Work. Pap. 1994, EC-94-10, 1–37. [Google Scholar]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2020. [Google Scholar]

	



RStudio Team. RStudio: Integrated Development Environment for R; RStudio Team: Boston, MA, USA, 2019. [Google Scholar]

	



Poupard, M.; de Montgolfier, B.; Glotin, H. Ethoacoustic by bayesian non parametric and stochastic neighbor embedding to forecast anthropic pressure on dolphins. In Proceedings of the OCEANS, Marseille, France, 17–20 June 2019; pp. 1–5. [Google Scholar] [CrossRef]

	



Kohlsdorf, D.; Herzing, D.; Starner, T. An Auto Encoder For Audio Dolphin Communication. In Proceedings of the 2020 International Joint Conference on Neural Networks (IJCNN), Glasgow, UK, 19–24 July 2020; pp. 1–7. [Google Scholar] [CrossRef]

	



Herzing, D.L. Vocalizations and associated underwater behavior of free-ranging Atlantic spotted dolphins, Stenella frontalis and bottlenose dolphins, Tursiops truncatus. Aquat. Mamm. 1996, 22, 61–80. [Google Scholar]

	



Ridgway, S.H.; Moore, P.W.; Carder, D.A.; Romano, T.A. Forward shift of feeding buzz components of dolphins and belugas during associative learning reveals a likely connection to reward expectation, pleasure and brain dopamine activation. J. Exp. Biol. 2014, 217, 2910–2919. [Google Scholar] [CrossRef] [PubMed]

	



Townsend, S.W.; Manser, M.B. Functionally Referential Communication in Mammals: The Past, Present and the Future. Ethology 2013, 119, 1–11. [Google Scholar] [CrossRef]

	



Martin, M.J.; Gridley, T.; Elwen, S.H.; Jensen, F.H. Heaviside’s dolphins (Cephalorhynchus heavisidii) relax acoustic crypsis to increase communication range. Proc. R. Soc. B Biol. Sci. 2018, 285, 20181178. [Google Scholar] [CrossRef] [PubMed]

	



Bowles, A. Behavioral Responses and Habituation of Pinnipeds and Small Cetaceans to Novel Objects and Simulated Fishing Gear With and Without a Pinger. Aquat. Mamm. 2012, 38, 161–188. [Google Scholar] [CrossRef]

	



ICES. Workshop on estimation of MOrtality of Marine MAmmals due to Bycatch. In ICES Scientific Reports; ICES: Copenhagen, Denmark, 2021; Volume 3, p. 107. [Google Scholar] [CrossRef]

	



Cloatre, T.; Quinio-Scavinner, M.; Sagan, J.; Dubroca, L.; Billet, N.; Boiron-Leroy, A.; Martin-Baillet, V.; Bourdonnec, P.L.; Derridj, O.; Vigneau, J.; et al. Captures et Rejets des Métiers de Pêche Français Résultats des Observations à Bord des Navires de Pêche Professionnelle en 2020; Technical Report; OBSMER: Plouzané, France, 2020. [Google Scholar]

	



Demanèche, S.; Berthou, P.; Le Blond, S.; Begot, E.; Weiss, J. Amélioration de la Connaissance de L’activité des Fileyeurs dans le Golfe de Gascogne; Technical Report Ref. DG/2019.350—Saisine DPMA 19-14259; DPMA—Direction des Pêches Maritimes et de l’Aquaculture: La Défense, France, 2019. [Google Scholar]

	



PELAGIS. Bilan de L’hiver 2018–2019 Captures Accidentelles de Petits Cétacés en Atlantique; Technical Report; Pelagis: La Rochelle, France, 2019. [Google Scholar]

	



Glotin, H.; Thellier, N.; Best, P.; Poupard, M.; Ferrari, M.; Viera, S.; Giés, V.; Oger, M.; Giraudet, P.; Mercier, M.; et al. Sphyrna-Odyssey 2019–2020, Rapport I: Découvertes Ethoacoustiques de Chasses Collaboratives de Cachalots en Abysse & Impacts en Mer du Confinement COVID-19; Rapport Scientifique 1, CNRS LIS; Université de Toulon: La Garde, France, 2020. [Google Scholar]

	



Macaulay, J.; Kingston, A.; Coram, A.; Oswald, M.; Swift, R.; Gillespie, D.; Northridge, S. Passive acoustic tracking of the three-dimensional movements and acoustic behaviour of toothed whales in close proximity to static nets. Methods Ecol. Evol. 2022, 13, 1250–1264. [Google Scholar] [CrossRef]

	



Maaten, L.v.d.; Hinton, G. Visualizing Data using t-SNE. J. Mach. Learn. Res. 2008, 9, 2579–2605. [Google Scholar]

	



Becht, E.; McInnes, L.; Healy, J.; Dutertre, C.A.; Kwok, I.W.H.; Ng, L.G.; Ginhoux, F.; Newell, E.W. Dimensionality reduction for visualizing single-cell data using UMAP. Nat. Biotechnol. 2019, 37, 38–44. [Google Scholar] [CrossRef]








[image: Sustainability 14 13186 g001 550] 





Figure 1. Map of dolphin encounters during the sampling campaigns. 
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Figure 2. Diagram of the algorithm used to detect echolocation clicks (yellow path) and buzzes/burst-pulses (BBP, red path) in audio recordings. 
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Figure 3. Comparison between the main steps in the selection process of echolocation clicks and buzzes/burst-pulses (BBP). Vertical lines with amplitude ≈ 1 in (a) are signals emitted by the prototype of a bio-inspired beacon. (a) Main steps in the selection of echolocation clicks from a recording of 11 July 2020 at 12:35 p.m. (b) Main steps in the selection of BBP from a recording of 11 July 2020 at 9:04 a.m. Different colours show distinct BBP series. 
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Figure 4. Steps of the algorithm used to detect dolphin whistles in audio recordings. Adapted from the DECAV report [86]. SR: sampling rate. 
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Figure 5. Steps of the method used to extract whistles from spectograms in two cases: isolated whistles (a) and overlapping whistles (b), using strict continuity criteria. Different colours show fragments identifed as different whistles. SR: sampling rate. (a) Main steps in the extraction of whistles from a recording of 12 July 2020 at 9:40 a.m. (b) Main steps in the extraction of whistles from a recording of 13 July 2020 at 7:39 a.m. 
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Figure 6. Percentage of response intensity (0, 1, 2; see Section 2.2 for details) of dolphin groups to signals emitted by the bio-inspired beacon. NA: observations without intensity noted during the survey. 
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Figure 7. Detected acoustic responses of dolphins during sequential treatment, for each type of dolphin signal emitted (columns), according to the presence/absence of fishing nets (d–f), and aggregated (a–c). Modalities with different letters mentioned above upper confidence interval bars have different mean values (H0 rejected by Tukey’s post hoc test), only shown for (a–c). Ranges show 95% confidence intervals. BEF: Before activation of the beacon, DUR: During activation, AFT: After activation. (a) Detected echolocation clicks during each treatment sequence. (b) Detected BBPs during each treatment sequence. (c) Identified whistling time during each treatment sequence. (d) Detected echolocation clicks during each treatment sequence, with and without net. (e) Detected BBPs during each treatment sequence, with and without net. (f) Identified whistling time during each treatment sequence, with and without net. 
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Table 1. Definitions of behavioural states of common dolphins recorded in 2020 and 2021 (according to [12,49,51]).
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	State
	Definition





	Foraging
	Dolphins involved in any effort to pursue, capture and/or consume prey, as defined by observations of two or more of the following: fish chasing; erratic movements at the surface; multidirectional diving; coordinated deep diving; and rapid circle swimming. Prey often observed at the surface, as well as the presence of birds hunting.



	Travelling
	Dolphins engaged in persistent, directional movement making noticeable headway along a specific compass bearing. Group spacing varied and individuals swam with short (<20 s), relatively constant dive intervals.



	Socialising
	Animals were involved in active surface behaviour (frequent surfacing and breaching) that included physical interactions among group members and sometimes aerial behaviour.



	Milling
	Dolphins showed little movement, tended to remain in the same place and either spent floating at the surface or surfaced asynchronously.



	Attraction
	Dolphins came towards the boat and swam at a few metres along it, following its direction.
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Table 2. Nature and definitions of the behavioural response variables of common dolphins recorded in 2020 and 2021.
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	Variable Name
	Nature
	Definition
	References





	Structure of the group
	Qualitative
	‘Compact’ if <5 body lengths between all individuals of a group or ‘Dispersed’ otherwise.
	Adapted from [49]



	Direction followed
	Qualitative
	‘Variable’ or ‘Constant’.
	-



	Diving time
	Qualitative
	‘Short’ if <1 min, ‘Long’ if >1 min, or ‘Variable’.
	Threshold adapted from [52]



	Speed of movement
	Qualitative
	‘Slow’ if <10 km/h or ‘Fast’ if >10 km/h. 10 km/h being the travelling speed of common dolphins.
	Travelling speed from [53]



	Behavioural events
	Quantitative
	Dolphins of the group surfacing simultaneously, doing active swimming on the surface, diving, jumping. Estimated using percentage.
	[12,51]



	Intensity of response
	Semi- Quantitative
	When the beacon emitted: ‘0’: no change in behaviour, ‘1’: attentive behaviour to the signal without moving 5 m away from the emission source, ‘2’: attentive behaviour to the signal and moves at least 5–30 m away from the emission source. Attentive behaviour means that the dolphins oriented themselves towards the emission source and were prospecting, doing back and forth movements in parallel with the emission source/boat, before calmly leaving.
	Threshold adapted from click detection range [38]










[image: Table] 





Table 3. Number of acoustic recordings per modality of treatment. Each recording lasts one minute. BEF: Before activation of the beacon, DUR: During activation, AFT: After activation.
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Fishing Net

	
Treatment Sequence

	
Total Sequences




	
BEF

	
BEF + DUR

	
DUR

	
DUR + AFT

	
AFT






	
Present

	
12

	
26

	
103

	
27

	
39

	
207




	
Absent

	
26

	
26

	
73

	
18

	
11

	
154




	
Total sequences

	
38

	
52

	
176

	
45

	
50

	
361
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