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Abstract

:

Ultrasonic antifouling devices are installed globally on a variety of vessel types and are marketed as an environmentally friendly method for biofouling control. The aim of this study was to examine the effects of ultrasound on adults of three species of common solitary ascidians (Ciona intestinalis, Ascidiella aspersa and Styela plicata). After a brief (10 s) exposure to two ultrasound frequencies (30 and 35 kHz), alterations in the frequency of siphon closing events and the length of time the siphons remained closed/open were observed. The results revealed that ascidians are able to perceive ultrasound, showing frequency-dependent behavioural responses that vary depending on the species and size of individuals involving both tactile receptors and an acoustic system homologous to the vertebrate inner ear. Continuous (5 h) 30 kHz exposure caused other types of responses, the most interesting of which was the long-term opening of the oral siphon, indicating a lack of reactivity to mechanical stimuli. This effect suggests a stress condition that could lead to increased vulnerability to predators and filter-feeding impairment. Therefore, knowledge of the acoustic sensitivity of sessile marine species appears to be essential for better understanding the potential effects of noise pollution on marine ecosystems.
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1. Introduction


The natural environment is characterised by a specific sound environment [1]. Animals use sound to communicate with conspecifics for reproduction, foraging, predation or escape from predators [1,2]. For many marine animals, sound is the most important sensory modality, and rising levels of noise pollution pose a risk to marine species that rely on sound [2,3,4]. Shipping, naval operations, offshore construction, seismic exploration, oceanographic research and fishing activities contribute to increasing anthropogenic noise pollution [5].



The first and most extensive studies on the effects of marine noise on animals have focused on the most iconic marine mammals [2,6,7]. Noise impacts on marine mammals range from physiological (e.g., shifts in hearing sensitivity and elevated stress hormone levels) to behavioural effects [8,9,10]. Southall and collaborators (2008) [7] reported that marine mammals might develop behavioural disorders when they are exposed to noise above 230 dB over a 24 h period. Regarding other marine vertebrates, the threshold audiogram measures for several species of fish [11,12] show that they cannot detect sound up to several tens of kHz. Thus, ultrasonic frequencies are well above the hearing ranges of almost all fish species. Although few studies have been carried out on diving seabirds and marine reptiles, many of these species appear susceptible to noise exposure [13,14,15,16].



On the other hand, research focused on the impact of sound on marine invertebrates is scant [17,18]. The great variety that is observed in the sensory organs of the various species suggests that, among these, there are differences in the auditory threshold and behavioural responses [19]. Invertebrates are more sensitive to the particle motion associated with sound rather than to sound pressure. They often use various types of mechanoreceptors and statocysts [18]. The component of sound related to particle motion is damped within a short distance from the source, whereas vibrations can propagate over great distances into the substratum and cause motion in overlying water particles that therefore can be perceived by benthic invertebrates [20]. Pacific oyster, Magallana gigas, exhibits transient valve closures in response to sound frequencies of 10 to <1000 Hz in a frequency-dependent manner, with maximum responses occurring between 10 to 200 Hz [21]. Lobster, Nephrops norvegicus, shows postural responses at frequencies between 20 and 120 Hz due to the perception of particle motion and not sound pressure [22]. Cephalopods are the most studied marine invertebrates, and their hearing relies on the presence of statocysts with sensitivity to frequencies beyond 400 Hz [23]; e.g., behavioural responses in squid, Doryteuthis pealeii, to stimuli can occur up to 1000 Hz [24].



Most studies have investigated the impact of anthropogenic sound on motile species of invertebrates such as squids [25] and decapod crustaceans [26,27]. Recently, it was discovered that the sounds produced by boats could have a negative impact on the settlement and metamorphosis of the larvae of various fouling organisms [2,16,28]. Every hard substratum submerged in the sea represents a new habitat that is rapidly colonised by a biofilm, followed by the settlement of a macroscopic community of marine organisms. This process is known as biofouling, which causes severe damage to ships’ hulls and submerged structures [29]. Since the 1980s, physical antifouling systems have been introduced to various types of vessels to protect hulls from biofouling during long mooring periods [30,31,32,33]. These systems focus on changing the physical properties of submerged surfaces or water hydrodynamics to remove settled organisms without using antifouling paints, which release chemical biocides into the environment [34]. Therefore, these devices are considered ‘eco-friendly’ antifouling systems [35], but there is no evidence to prove this. Guo and collaborators [36,37,38] observed the most effective inhibition of settlement in cyprid larvae of Amphibalanus amphitrite after a 23 kHz ultrasound treatment in comparison with other higher ultrasound frequencies (63 and 102 kHz). An ultrasound treatment operating at 20 kHz was able to kill barnacle larvae within 45 s [39]. This has also been confirmed by other studies, which have shown that frequencies of 20–22 kHz prevent fouling settlement [39,40].



The potential impact of ultrasound devices on coastal marine ecosystems has not been assessed. In particular, it is important to investigate the stress that sessile species might suffer. Motile organisms may respond to auditory disturbances with evasive behavioural responses [41,42], whereas sessile species cannot move or hide to minimise the effects of such disturbances. Among the benthic species of the coastal community, tunicates are the dominant taxon of the so-called ‘soft-macrofouling’ [43]. The first observations concerning the effects of anthropogenic noise on behaviour in adult tunicates have been reported by White and collaborators [44]. The authors exposed 48 specimens of the solitary ascidian Styela plicata for 8 s to three separate stimuli measured from the position (150 mm) of the ascidians in the tank, i.e., a recording of a boat motor (sound pressure level, the SPL peaked at 82–70 dB and a frequency of 100 Hz), a song recording (the SPL peaked at 81–57 dB and a frequency of 100 Hz) and a water current to simulate turbulence. Individuals showed an increase in the frequency of siphon closure when compared with the control.



The present study is the first to determine the behavioural effects of ascidians after exposure to the frequencies used by antifouling ultrasound systems commonly seen on the market. The responses to ultrasound have been investigated in adults of three species of solitary ascidians, i.e., Ciona intestinalis, Ascidiella aspersa and Styela plicata, considering two types of siphon responses (Figure 1). Various studies have shown that the siphon area is the most sensitive to tactile stimulation [45,46,47,48]. Primary sensory cells are located within a sensory field on the inside of the oral siphon between the velum and the rim [49,50,51]. They are hydrodynamic and vibration sensors sensitive to touch. Their stimulation evokes the squirt response (SqR), a strong, synchronous contraction of both siphons that causes a violent ejection of water from both the oral and the atrial siphon. Secondary sensory cells are mechanoreceptors located at the base of the oral siphon along the velum and the branched tentacles, where they are arranged in one row or in a few rows and described as the ‘coronal organ’ as a whole [52,53,54,55,56]. For their morphology and development, these sensory cells, flanked by supporting cells, are considered homologues of the hair cells of the vertebrate internal ear and lateral line system [57,58]. Like hair cells, they are mechanoreceptors that mediate vibrational and fluid-low sensing, which allow hearing and vibrational sensing [59]. Their stimulation, as a consequence of the mechanical stimulation of the tentacles, evokes the crossed response (CrR), a contraction of the atrial siphon while the oral siphon stays open [60,61].




2. Materials and Methods


2.1. Animals


Three species of solitary ascidians (Figure 2) common in the intertidal and temperate zones were used for this study: Ciona intestinalis (Linnaeus, 1767), Ascidiella aspersa (Müller, 1776) and Styela plicata (Lesueur, 1823). The first two belong to the order Phlebobranchia, while S. plicata belongs to the order Stolidobranchia [62]. Individuals of A. aspersa and S. plicata were collected in the southern basin of the Lagoon of Venice (near Chioggia), while wild individuals of C. intestinalis were furnished by the Biological Station in Roscoff (France) and transported by air in an appropriate container. Once in the laboratory, ascidians were acclimated for one week (mortality less than 10%) and kept in aquaria inside thermostatic chambers under controlled conditions (temperature of 12 °C and salinity 35‰) in seawater filtered through 0.45 µm filters (FSW). The aquaria were kept well ventilated by oxygenators and replaced every 48 h, and the ascidians were fed with unicellular algae (1:1 ratio of Dunaliella sp. and Tetraselmis sp.). Before the experiment, the length of each individual was measured along the antero–posterior axis of the body, which is parallel to the endostyle and passes between the oral siphon and the digestive tract [63]. For S. plicata and A. aspersa, measurements were performed with a calliper. However, C. intestinalis individuals were placed in a glass Petri dish that was marked with a graphic scale of 1 cm on the bottom. When the animal was relaxed, a photo was taken, and then the size measure was obtained with the Infinity image analysis software Analyze Application v. 5.0.0 (Lumenera Co., Ottawa, Canada, 2002–2009). The body length can reach up to 20 cm in C. intestinalis, 13 cm in A. aspersa and 8 cm in S. plicata and is age-related [62]. However, it could also depend on other environmental and physiological conditions, such as nutrient availability, filtration rate and reproductive period.




2.2. Ultrasound Devices


For this experiment, two types of continuous frequencies were used: (i) 30 kHz (90% amplitude), produced by a Sonoplus sonicator mini20 (Bandelin Electronic GmbH & Co. KG, Berlin, Germany); (ii) 35 kHz (90% amplitude), produced by a GN20Pro ultrasonic cleaning rod (Shenzhen Baryon Acoustic Technology Co, Ltd., Shenzhen, China).



The frequency of the ultrasound devices was validated with a hydrophone HydroMoth 1.0.0 (Open Acoustic Devices, https://www.openacousticdevices.info, accessed on 3 April 2023) with a sensitivity of 94 dB SPL@1 kHz. The recorded main frequencies of operation for the Sonoplus sonicator mini20 and the GN20Pro ultrasonic cleaning rod were 29.4 kHz and 35.1 kHz, respectively (Figure 3). Sonoplus sonicator mini20 and GN20Pro ultrasonic cleaning rod produced an environmental noise of 71.1 and 74.8 dB, respectively, which was measured with a Curconsa SL720 portable sound level phonometer (Shenzhen Putest Instrument Co., Ltd., Shenzhen, China).




2.3. Experimental Setup


The experiments were conducted in a soundproof thermostatic chamber with a low basal noise range (30–35 dB).



The experimental apparatus (Figure 4) consisted of a sound-absorbing polystyrene tank with a wall thickness of 40 mm to avoid sound wave diffraction from the walls and external vibrational interference. The tank was filled with 10 L FSW (temperature 12 °C, salinity 35‰ and density 1.0375 g cm−3) in the absence of both oxygenators and food particles. Each individual was placed inside a beaker to keep the body in a vertical position with both siphons clearly visible and facing upwards.



Exposure to ultrasound occurred at a distance of 150 mm from the tip of the transducer, which was submerged at 20 mm and 12 mm for Sonoplus and GN20Pro, respectively.



The number of SqRs and CrRs after exposure to ultrasound was evaluated for 5 min after exposure to either 30 or 35 kHz for 10 s. For each frequency, 20 individuals per species were considered. At the beginning of the experiments, the ascidians were kept quiet until both siphons continuously stayed open. The oral siphon was then gently touched with a dissection needle, with the time of rapid closing and subsequent opening responses of both siphons (SqR) noted to confirm the animal reactivity. Only animals that promptly reacted to this stimulus were considered. The exposure to ultrasound began after waiting for the siphons to reopen, and the observations of responses were carried out for 5 min. During this time range, the number of SqR and CrR events was collected.



In two additional series of experimental assays, eight individuals per species were continuously exposed to 30 kHz for 5 h. Before the exposure trial, background siphon behaviour in the absence of stimuli was recorded for 5 h. The videos were recorded by attaching a GoPro Hero 5 Black digital camera, Full HD 1080p resolution, version 2.70 (GoPro, Inc., San Mateo, CA, USA) to a support in a vertical position over the animals. For each species, four specimens were analysed simultaneously, each one separately kept in an upright position in a 50 or 10 mL beaker. The GoPro was set to timelapse recording mode, taking one photo per second. These videos allowed us to measure the average frequency of SqRs in the total absence of external stimuli, including not only accidental impacts on the apparatus and the consequent movement of water but also the reflex responses due to suspended particulates that could touch the sensory cells.



During the first experimental exposure to ultrasound assays, the response behaviour (e.g., events of SqRs, events of CrRs, long-term opening of the oral siphon and long-term closing or opening of both siphons) was monitored by splitting the observations into 30 min sections and was matched with that of specimens in total absence of external stimuli (control).



In the second experimental exposure assays, a collection of immediate responses to a mechanical stimulus (e.g., long-term closing of both siphons, weak and slow SqR events and long-term opening of both siphons) was performed by touching the oral siphon with a dissection needle every 30 min during 5 h of continuous exposure at 30 kHz and was matched with that of unexposed specimens (control).



In all experiments, the temperature was constantly monitored and kept at 12 ± 1 °C for the entire duration of the trials.




2.4. Statistical Analysis


Regarding the first series of experiments, each experiment was replicated with twenty individuals per species (n = 20), and the results are expressed as the averages ± SD. The statistical analysis of the number and type of responses (SqR and CrR) collected for 5 min after exposure for 10 s was performed considering the individual size clustering (i.e., size classes) using the statistical program R Software Environment, version 3.5.3 [64]. The threshold for statistical significance was set at p < 0.05. Differences in the responses to the ultrasonic frequencies among size classes were investigated using nonmetric multidimensional scaling (NMDS) to graphically show differences or similarities among size classes. This allowed us to obtain, for all species tested, a distribution in three size classes with good scores of stress values (<0.2) [65], i.e., minor class (small individuals), intermediate class (medium-sized individuals) and major class (large individuals). Comparisons of SqRs and CrRs among size classes within the single exposure and within the same frequency were analysed with a glm with Poisson distribution (calculating p-values by using the likelihood ratio chi-square), followed by a post hoc test performed using the emmeans function (package emmeans [66]) to assess differences among the classes.



For the third experiment carried out with eight individuals per species (n = 8), to check for a statistical difference between control and treatments in the behavioural responses investigated, a permutational analysis of variance (PERMANOVA, with 9999 permutations, applying square root of dissimilarities, using the adonis2 function of the vegan package [67]) was performed on the entire dataset.





3. Results


3.1. Siphon Responses in the Absence of Stimuli


Ascidians in normal conditions keep their siphons open for a long time to favour filter-feeding activity. An SqR occasionally occurs, which consists of the rapid closure of both siphons, followed by equally rapid reopening and water ejection to promote the expulsion of faecal pellets from the atrial siphon and clean the branchial pharynx through the oral siphon. In the case of the observations carried out for 5 h to establish the background siphon behaviour in the absence of stimuli, the average frequency of a recorded SqR was 2.94 per h ± 0.09 for C. intestinalis, 2.7 per h ± 0.11 for A. aspersa and 5.7 per h ± 0.06 for S. plicata.




3.2. Siphon Responses after Exposure to a Brief Ultrasound Input


In these experiments, the number of SqR and CrR events was collected within a period of 5 min after a 10 s ultrasound input. Within the 30 kHz frequency assay, no differences were found among species in either the SqR (Chisq = 4.426, Df = 2, p-value = 0.1094) or the CrR (Chisq = 5.0582, Df = 2, p-value = 0.07973). Within the 35 kHz frequency assay, no differences were found among species in the SqR (Chisq = 3.398, Df = 2, p-value = 0.1829), whereas significant differences were highlighted in the CrR (Chisq = 7.4175, Df = 2, p-value = 0.02451).



3.2.1. Ciona intestinalis


On the basis of the distribution of responses to ultrasound with an NMDS analysis (Figure 5a,c), for both frequencies considered, a clear subdivision into three size classes of the treated individuals occurred, corresponding to minor (2–6 cm), intermediate (6–7.5 cm) and major (7.5–10 cm) classes.



After exposure to the 30 kHz ultrasound (Figure 5b), both the SqR and CrR were not dependent on the size of the animals (Chisq = 0.68301, Df = 2, p-value = 0.7107 for SqR and Chisq = 0.67236, Df = 2, p-value = 0.7145 for CrR). After exposure to a 35 kHz ultrasound (Figure 5d), the SqR was not dependent on the size of the animals (Chisq = 0.2574, Df = 2; p-value = 0.8792). Conversely, in the case of the CrR, the size of the individuals significantly influenced the response (Chisq = 6.8377, Df = 2, p-value = 0.03275), with a significant difference between the smaller and intermediate group (emmeans post hoc, p-value = 0.0304).




3.2.2. Ascidiella aspersa


The NMDS analysis of the distribution of responses to stimuli with ultrasound led to three size classes. Because different animals were used and size uniformity could not be achieved, the three size classes were slightly different for the two exposure frequencies (Figure 6a,c). In particular, the dimensional ranges were determined to be 2–6 cm at 30 kHz and 2–5 cm at 35 kHz for the minor class, 6–8 cm at 30 kHz and 5–6.5 cm at 35 kHz for the intermediate class, and 8–10 cm at 30 kHz and 6.5–10 cm at 35 kHz for the major class. At 30 kHz (Figure 6b), the size of the individuals significantly influenced the SqR (Chisq = 6.2493, Df = 2, p-value = 0.04395). However, the post hoc analysis did not detect differences among the three groups. Similarly, in the case of CrR, a significant size-dependent effect was found (Chisq = 7.606, Df = 2, p-value = 0.0223), but the post hoc analysis following the glm did not reveal differences among the three groups. At 35 kHz (Figure 6d), the size of the individuals significantly influenced the SqR (Chisq = 7.373, Df = 2, p-value = 0.02506), although the post hoc analysis did not detect differences among the three groups. The CrR was not dependent on the size of the animals (Chisq = 1.2289, Df = 2; p-value = 0.5409), but it was significantly different compared to that of S. plicata (emmeans post hoc, p-value = 0.0222).




3.2.3. Styela plicata


The size classes determined via the NMDS analysis (Figure 7a,c) were the same for the two exposure frequencies, i.e., minor (2–5 cm), intermediate (5–7 cm) and major (7–10 cm).



At 30 kHz (Figure 7b) and 35 kHz (Figure 7d), both the SqR and CrR were not dependent on the size of the animals (Chisq = 1.6818, Df = 2, p-value = 0.4313 for SqR and Chisq = 0.69316, Df = 2, p-value = 0.7071 for CrR at 30 kHz; Chisq = 0.53625, Df = 2, p-value = 0.7648 for SqR and Chisq = 1.2635, Df = 2, p-value = 0.5316 for CrR at 35 kHz).





3.3. Siphon Responses during Continuous Ultrasound Exposure


During the 5 h of exposure to the 30 kHz ultrasound, the responses were reported by splitting the observations into ranges of 30 min to highlight changes across time. Differences among species were observed throughout the exposure. The most remarkable behaviour was the long-term opening of both siphons, which occurred after 150 min of exposure in all species.



C. intestinalis was the species with the highest number of responses (n = 304) during the 5 h of exposure to ultrasound (Figure 8a). The main type of response was the long-term opening of the oral siphon. The responses of this type were almost double (n = 158) those observed in the other two species (n = 75 in A. aspersa and n = 81 in S. plicata). Moreover, the number of long-term closures of both siphons was a behavioural response that, in C. intestinalis, was approximately three times greater (n = 52) than in A. aspersa (n = 18) and S. plicata (n = 15). On the other hand, the episodes of the long-term opening of both siphons were similar to those observed in S. plicata (n = 19 and n = 21 in C. intestinalis and S. plicata, respectively) but were approximately half of those of A. aspersa (n = 48); A. aspersa proved to be the species with the greatest number of this type of response (Figure 8b). Unlike other species, the episodes of long-term closure of both siphons were observed in C. intestinalis throughout the exposure time and were very numerous (n = 52) (Figure 8a). S. plicata showed a greater number of episodes of CrR (n = 14) than C. intestinalis and A. aspersa (n = 5) during the whole period of ultrasound exposure (Figure 8c).




3.4. Responses of the Oral Siphon to a Mechanical Stimulus during Continuous Ultrasound Exposure


C. intestinalis, A. aspersa and S. plicata responded in a similar way to the mechanical stimuli carried out by touching the rim of the oral siphon with a needle every 30 min within 5 h of ultrasound exposure (Figure 9). The behavioural modes were only directly annotated and not recorded on the camera to time the response speed. For all species, the PERMANOVA revealed a statistically significant effect of the condition of exposure (C. intestinalis: F1,18 = 49.028, R2 = 0.73146, p-value < 0.001; A. aspersa: F1,18 = 64.395, R2 = 0.78154, p-value < 0.001; S. plicata: F1,18 = 64.395, R2 = 0.69653, p-value < 0.001).



In the first 30 min for all species, the episodes of SqR occurred more slowly than in the controls not exposed to ultrasound. Approximately the same number (~20) of the prolonged closing responses of both siphons was detected. Beginning from 150 min, siphons were observed to remain open despite the mechanical stimulus, and this response prevailed over the other types of response. This lack of response to the stimulus was mostly presented by A. aspersa beginning at 120 min.





4. Discussion


This study represents the first to investigate behavioural effects in adult ascidians after exposure to the frequencies created by new-generation ultrasonic antifouling systems. The siphon responses that were observed in the short-term ultrasonic exposure experiment at frequencies of 30 and 35 kHz were both SqRs and CrRs. SqRs are behavioural responses that occur even at rest, but in the case of sound stimuli, they are significantly more numerous and intense and are explained by the stimulation of the epidermal sensory cells of the rim of the oral siphon, probably due to acoustic pressure, as observed in the case of noise [44].



CrRs were the most interesting responses from an acoustic point of view since they are caused by the direct stimulation of the coronal organ by sound vibrations. All species tested showed high sensitivity, especially at the highest frequency. Regarding the distribution based on the size class, the highest number of CrRs was observed at 35 kHz in the minor class of C. intestinalis. It is possible that juvenile forms have a greater number of sensory cells in the coronal organ, similarly to what occurs in the inner ear of mammals, which tends to lose sensory cells and consequently hearing ability with age [68].



In the experiments in which individuals were continuously exposed to 30 kHz for 5 h, a variety of behavioural responses occurred. In addition to SqRs and CrRs, events of the long-term opening of the oral siphon and the long-term closing or opening of both siphons were observed. Particularly in A. aspersa and S. plicata, a greater number of episodes of siphon closure were more concentrated in the first part of the exposure. Then, a new behaviour appeared from two and a half hours onwards, represented by the long-term opening of both siphons. Unlike the other two species, in S. plicata, more episodes of CrR during 5 h of exposure were observed, confirming the previous behavioural responses observed after short exposure. This feature of prevailing CrRs may reflect the difference in the extent of the coronal organ. S. plicata has the largest number of tentacles, up to 60, compared to 25–45 in C. intestinalis [69] and 16–31 in A. aspersa [70].



The long-term opening of the siphons observed during the continuous exposure to the 30 kHz ultrasound could be interpreted as stimulus-specific habituation [71]. However, by changing the nature of the stimulus, such as a physical contact (i.e., the mechanical touch of the oral siphon), a new response did not occur. Both the siphon and body stopped reacting, and the SqRs disappeared. This alteration in behavioural response could be due to muscle fatigue, which functions similarly to chronic treatment, as a generation of stress caused, in this case, by continuous siphon responses to ultrasound stimuli. Somatic, smooth muscles are particularly abundant around the siphons, especially the oral siphon, where they form a siphonal sphincter [50] innervated by cholinergic nerves [72]. Keeping the siphons open or the occurrence of a limited closing capacity could make the animals more vulnerable to predators or parasites and to branchial damage caused by large food particles that enter the pharynx with the water flow and cannot be expelled by the ejection reaction [60,73]. Thus, the constant opening of siphons has potentially negative consequences on filter-feeding activity and survival. Recently, in other filter-feeding organisms such as bivalves, valve closure and reduced gill function have been considered protective responses when they are stressed by exposure to pollutants [74] and anthropogenic noise [21,75]. This behaviour had the positive result of less pollutant accumulation but the negative outcome of reductions in feeding and growth [76].




5. Conclusions


Increasing attention has recently been given to marine noise pollution with regard to both its sources and its damage to marine mammals [77]. Nevertheless, knowledge of the acoustic sensitivity of various marine species, fish and invertebrates to the anthropogenic sound frequencies that are released into the environment is essential to better understand the effects that noise pollution might have on marine organisms. Although the responses of marine organisms to sound are complex, appearing to be both species- and sound-specific, the continuous emission of ultrasound from antifouling devices over time such as that occurring in harbours and marinas—where ships and boats are moored for a long time—could cause stress in local benthic animals with unpredictable negative consequences on populations and ecosystems. From the results obtained in this preliminary study based on frequencies used by acoustic antifouling systems, it has been possible to observe for the first time how ascidians are able to perceive ultrasound. Various behavioural responses of their siphons, varying according to species and the size of the individuals, were observed. The most important features appear to be the involvement of the coronal organ, which is based on axonless hair cells resembling those of the vertebrate acusticolateralis system, and the establishment of stress conditions able to cause muscle fatigue, both of which warrant further in-depth studies.
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Figure 1. Schematic drawing of the two main types of siphon responses to mechanical stimuli in ascidians according to the behavioural responses described in detail by Mackie and collaborators [60]. (a) General schematic morphology of siphons with the location of sensory cells. (b) Squirt response (SqR), i.e., fast closure of oral and atrial siphons and body contraction with ejection of water from both siphons due to stimulation of primary sensory cells in the inner epithelium of the siphon and along the rim. (c) Crossed response (CrR), i.e., closure of the atrial siphon due to the stimulation of secondary sensory cells along the coronal organ. 
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Figure 2. Solitary ascidians employed in the present study. Vase tunicate, Ciona intestinalis (a); fluted sea squirt, Ascidiella aspersa (b); pleated sea squirt, Styela plicata (c). Relative dimensions of the individuals have been maintained. Bar length: 1 cm. 
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Figure 3. Characteristics of ultrasound exposures produced by two devices. (a) Power spectral density and spectrogram of the Sonoplus sonicator mini20 recording over time. It is a continuous signal with mixed frequency content but with a main excited frequency at 29.4 kHz. (b) Power spectral density and spectrogram of the GN20Pro ultrasonic cleaning rod recording over time. It is a continuous signal with a main frequency content of 35.1 kHz. 
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Figure 4. A visual representation of the ultrasound tank set up. The walls of the tank were composed of polystyrene (40 mm in thickness). The tank was filled with 10 L seawater. Externally, mobile support allowed for the tip of the device to be held in place. The tank housed an ascidian individual placed in a glass beaker at 150 mm from the tip of the device. 
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Figure 5. Siphon responses of Ciona intestinalis after exposure to ultrasonic input at 30 kHz (a,b) and 35 kHz (c,d) for 10 s. NMDS of the average frequency of responses of 20 individuals showing differences among the three size classes (a,c). Boxplots showing the differences in sea squirt response frequency (SqR on the left and CrR on the right) among the three size classes of animals exposed to ultrasound frequencies. Above the boxplot, each point represents the value of a single specimen (b,d). 
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Figure 6. Siphon responses of Ascidiella aspersa after exposure to ultrasonic input at 30 kHz (a,b) and 35 kHz (c,d) for 10 s. For details, see the legend in Figure 5. 
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Figure 7. Siphon responses of Styela plicata after exposure to an ultrasonic input at 30 kHz (a,b) and 35 kHz (c,d) for 10 s. For details, see the legend in Figure 5. 
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Figure 8. Percent of responses observed every 30 min during 5 h of exposure to 30 kHz ultrasound in Ciona intestinalis (a), Ascidiella aspersa (b) and Styela plicata (c). The average results for eight specimens of each species are shown. 
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Figure 9. Percent value of responses to a mechanical stimulus of the oral siphon observed every 30 min for 5 h in normal conditions (Un, unexposed specimens) and during continuous exposure to 30 kHz ultrasound (E, exposed specimens) in Ciona intestinalis (a), Ascidiella aspersa (b) and Styela plicata (c). The average results of eight specimens for each species are shown. Note that responses in normal conditions are SqRs only (100%). 
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