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   Anthropogenic activity and its associated sounds have been shown to incur adverse effects on the behaviour and physiology of a wide range of aquatic taxa, from marine mammals to fishes. Yet, little is known about how invertebrates detect and respond to anthropogenic sound. The hummingbird bobtail squid (Euprymna berryi) has a short lifespan (< 6 months), grows to sexual maturity around 90 days post hatching and its small size (< 5 cm mantle length) makes the species an ideal candidate to examine potential effects of sound exposure under laboratory conditions. Hearing and behavioural observations were made before, during and after 15 minutes of vessel sound playback, and aural sensitivity curves were determined using auditory evoked potentials. A significant decrease in relative ventilation rate was observed during and post sound exposure. Auditory sensitivity before and after vessel sound exposure was also examined for three different ages: juveniles, mid- and late adults. Baseline audiograms indicated that there was a decrease in aural sensitivity with age. All three age groups showed similar, significantly decreased hearing sensitivity following sound exposure, however auditory sensitivity recovered within two hours. Globally, anthropogenic sounds have become louder and more persistent, therefore there may be limited time for these animals to recover from sound exposure. Given their ecological and economic importance, cephalopods should be considered in management and policy on underwater noise owing to potential adverse effects of anthropogenic sound on behaviour and physiology.
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   1. Introduction.

 Underwater sound is used by aquatic life to navigate their environment, to find suitable habitats, locate food and avoid predators, as well as communicate with conspecifics. In recent years, animals have been exposed to increasing amounts of anthropogenic sound which may negatively affect their behaviour (e.g., foraging, movements, predator/prey interactions and mating (Myrberg, 1990; Shannon et al., 2016; Erbe et al., 2018) and physiology (e.g., heart rate, oxygen consumption and hearing)(Williams et al., 2015; de Soto and Kight, 2016) . However, most bioacoustics research has focussed on marine mammals and fishes, while the extent to which sound produced by human activity might be affecting invertebrates has been largely overlooked (Hawkins et al., 2015; Popper and Hawkins, 2018).

 Ecologically, cephalopods use sound as they occupy many of the same niches as other acoustically sensitive fishes. Shipping, geophysical activity and construction all produce low frequency (< 1000 Hz) sound, which may overlap the hearing sensitivity of cephalopods, contributing to masking of biologically relevant stimuli or inducing acoustic trauma (Mooney et al., 2010) . Behavioural reactions to a sound stimulus can range from exhibiting a momentary awareness of the sound, to small movements, or escape responses (Hawkins et al., 2015). Cephalopods occupy a key position in the food web (Boyle and Rodhouse, 2008: and if their population declines or migrates, for example to avoid a noisier environment, disruptive effects on the trophic structure potentially could occur (e.g., Tyack et al., 2011). Sound exposures may also induce physiological damage and more severe impairments to function and fitness such as permanent or temporary hearing loss (Hawkins et al., 2015).

 Cephalopods possess hair filled statocysts that regulate equilibrium and balance, and these organs have been associated with sound detection (Offutt, 1970; Budelmann, 1990; Williamson, 1995). Each statocyst contains three lobes positioned in the x, y and z planes, which contain heavily innervated hair cells coupled to the statolith, a dense particle within the statocyst (Budelmann, 1990; André et al., 2011). During underwater sound wave propagation, regions of compression and rarefaction generated by local particle motion are produced in conjunction with pressure fluctuations. The statocyst detects sound through the differential displacement of the heavier statolith in contrast to the surrounding tissues and endolymph (Budelmann, 1992). The statocyst is further divided into a macula that aids orientation, and a crista-cupula that acts as an angular accelerometer (Budelmann, 1990; Mooney et al., 2010).

 Auditory evoked potentials (AEPs) have been employed to investigate the auditory responses of animals that are challenging to study via conventional psychophysical experiments, such as fishes and invertebrates (Higgs and Radford, 2016; Sisneros et al., 2016). AEPs reflect synchronous neural activity as afferent responses are conducted from the auditory end organ to higher centres (Burkhard et al., 2007). It was recently determined that adult cephalopods can detect low frequency vibrations using the AEP technique. Sepiotethis lessoniana (bigfin reef squid) and Octopus sp. (common octopus) were sensitive to frequencies between 400 and 1600 Hz (Hu et al., 2009), while Dorytheuthis pealeii (longfin squid) showed auditory sensitivity to frequencies between 30 and 500 Hz, with the lowest threshold between 100 and 200 Hz (Mooney et al., 2010). A behavioural study on D. pealeii also showed sensitivity to 200 - 400 Hz sound (Mooney et al., 2016). The modality and frequency range of hearing suggests that squid probably detect acoustic particle motion stimuli from both predators and prey, as well as low frequency environmental sound signatures that may aid navigation (Mooney et al., 2010). However, these studies focussed solely on adults, and it is unknown to what extent newly hatched and juvenile cephalopods use sound. In other marine invertebrates, juveniles are often hypersensitive to external stimuli or stressors. For larval crustaceans, sound plays an important role for juveniles to orientate and settle on suitable reef habitat (Montgomery et al., 2006; Stanley et al., 2012). Squid statocysts are fully formed in hatchlings (Hanlon et al., 1983) indicating that cephalopods may have the capacity for sound sensitivity from an early age.

 The hummingbird bobtail squid (Euprymna berryi) has a short lifespan (< 6 months), grows to sexual maturity around 90 days post hatching and its small size (< 5 cm mantle length) makes the species an ideal candidate for examining the ontogeny of cephalopod hearing. Additionally, the benthic E. berryi inhabit shallow waters (< 20 m) throughout the Indo-Pacific, preferring sandy or fine sediment substrate where they bury themselves during the day to avoid predation. The benthic lifestyle may make E. berryi more susceptible to the negative effects of sound exposure than mobile species that can swim away from the source, especially as anthropogenic sounds often peak during daylight hours.

 The aims of this study were to determine, under laboratory conditions, the auditory sensitivity of the hummingbird bobtail squid (E. berryi) and to investigate the potential impacts of noise on the behaviour and auditory sensitivity of different life stages.

 
  2. Methodology.

  2.1. Animal husbandry.

 Hummingbird bobtail squid (E. berryi) were cultured at the Marine Biological Laboratory’s Cephalopod Breeding Centre in Woods Hole, MA to three different ages [juvenile 45 – 60 days (n = 16); mid adult 90 – 100 days (n = 15); late adult 125 – 140 days (n = 14)] for the experiments ( Table 1 ). These age groups were chosen to reflect pre and post sexual maturity (juvenile and mid adult) as well as potential senescence (late adult).

  Table 1 | Number of animals used for the behavioural and hearing experiments (baseline; noise exposure; recovery). 

 

 All squid were housed in tanks on a semi-open system where natural seawater was conditioned (mechanically, chemically, and biologically filtered) and maintained at 24°C, 8.5 pH, 32 ppt salinity, 0 ppm ammonia/nitrite and< 10 ppm nitrate. Each age group was housed separately in holding tanks that measured 21.5 cm x 11.0 cm for juveniles, 45.5 cm x 23.5 cm for mid-adults and 44.0 cm x 76.0 cm for late adults. The sound pressure level in the holding tanks was recorded using a hydrophone (Soundtrap300; Ocean Instruments, NZ, sampling rate 24 kHz), and the median root mean squared sound pressure level was 80 dB re. 1µPa (10 Hz – 12 kHz).

 All experiments were conducted between June 1st and September 2nd, 2022, in a rectangular fibreglass experimental tank (56 x 40 x 30 cm). The experimental tank was enclosed within an acoustic isolation box (76 x 68 x 66 cm) covered on all sides with 2.2 cm thick insulating foam panels to reduce background sound and placed on a vibration isolation table (TMS Vibration Control 63-543 = 122 x 76 cm) to minimise vibrations. All trials were conducted during the daytime, and squid were tested individually for each trial.

 This animal study was reviewed and approved by the Institutional Animal Care and Use Committee at the Marine Biological Laboratory, Woods Hole, MA, USA protocol number 22-13F, in compliance with the EU Directive 2010/63/EU on cephalopod use and AAALAC guidelines on the care and welfare of cephalopods (Fiorito et al., 2014, 2015; Lopes et al., 2017).

 
  2.2. Behavioural observations.

 To assess changes in behaviour in relation to sound, video recordings were taken of unanaesthetised baseline and sound exposed individuals ( Table 1 ). On the day of the experiment, individual squid were hand-transferred from their holding tanks into the experimental tank and placed inside a soft mesh arena (10 x 10 x 4 cm) where individuals remained in the centre of the tank. Squid were allowed to acclimate to the experimental tank for five minutes (preliminary trials showed this time was sufficient as squid remained quiescent). A high-resolution camera (PixeLINK PL-E533CU, Pixelink, Ontario, Canada) was positioned 28 cm above the experimental tank to observe behaviour under an infrared light (850 nm, S75, SmartVision) with viewing field encompassing the entire 10 x 10 cm experimental arena ( Figure 1 ). PixelLinkCapture software (PixeLINK, Ontario, Canada) was used to capture video recordings at 19 frames per second at a resolution of 1980 x 1020 pixels.

  

 Figure 1 | AEP experimental tank setup (not to scale). 1: Experimental tank; 2: Underwater speaker (Lubell Labs UW-30); 3. Mesh sling with animal suspended 4cm below water surface; 4: Hydrophone (B&K 8103); 5. Ground for experimental tank; 6. Recording and reference electrodes; 7. Headstage (Dagan); 8. Camera (Thorlabs); 9. IR light; 10. Acoustic isolation chamber; 11. Vibration isolation table (TMS Vibration Control); 12. Sump tank; 13. Pump and associated tubing; 14. Bubbler; 15. Heater. 

 

 Baseline individuals were observed via video recordings for 15 minutes with no sound exposure. Sound exposed animals were recorded for three different 15-minute sessions before, during and after presentation of vessel sound. Vessel sound [sound pressure (re 1 µPa) = 150 dB; particle acceleration (re. 1 ms-2) = -8.6 dB (both measured between 100 and 1000 Hz)] was emitted from the underwater speaker (UW30; Lubell Labs Inc, USA) submerged in the centre of the experimental tank, 16 cm below the squid. Sound exposure level was limited by the maximum capacity of the underwater speaker however, the exposure level was deemed suitable given that vessel source levels have been documented up to 195 dB in the field (McKenna et al., 2013). The exposure duration was also designed to replicate exposure to anthropogenic sound in the natural environment. Audio files of the vessel [an idling 15 m research vessel (Detroit Diesel 12 V-71 engine; power output: 7 – 1193 kW; single screw)] sound used for exposure experiments were recorded on a hydrophone (Soundtrap 300; Ocean Instruments, NZ). The hydrophone was positioned midwater (water depth 2 m) ca. 1 m away from the propellor of the research vessel while it was idling dockside (Mackiewicz et al., 2021).

 Behaviours of the mid- and late-adult animals (baseline and sound exposure individuals) were observed by the author via the video recordings post hoc. No jetting, inking or colour change was observed from any of the animals. The number of breaths per minute was recorded using a manual hand-held counter (respiration rates provided in  Supplementary Tables 1 ,  2 ). Individual’s ventilation rate (breaths per minute) was divided by the average value of the 15 minutes of its pre baseline counts to provide a relative value for comparing between the different age groups and different exposure conditions (before, during and after sound exposure). Juveniles underwent the same experimental sound exposure treatments. However, due to equipment availability, video was not recorded for juvenile behavioural observations.

 
  2.3. Auditory evoked potential recordings.

 Immediately after the initial behavioural observations, auditory evoked potential (AEP) recordings were used to measure the hearing sensitivity of the baseline and sound exposed individuals across the same three different age groups (juvenile, mid-adult, and late-adult;  Table 1 ). To examine potential recovery of auditory sensitivity, a subset of the sound exposed individuals were re-tested 2 hours post sound exposure. All AEP recordings were performed in the same rectangular fiberglass experimental tank used for behavioural observations ( Figure 1 ).

 Following behavioural observations, squid were anesthetised by immersion in a bath of MgCl2 solution [7.5% (75 g dissolved in 1 L distilled water) mixed with home tank sea water in a ratio of 1:3 MgCl2: sea water]. MgCl2 has been identified to have no effect on cephalopod evoked responses and allows the animals to continue breathing (Messenger et al., 1985; Preuss and Budelmann, 1995; Mooney et al., 2010). State of anesthesia was confirmed once the individual stopped responding to a physical stimulus (a gentle pinch with a pair of blunt forceps on the mantle). Additional signs of anesthesia included slowed respiratory rate, pale colour, and loss of sucker attachment.

 Once sedated, animals were moved from the anaesthetic bath back into the experimental tank. Inside the experimental tank, the individual was supported by a nylon mesh sling 16 cm directly above the underwater speaker at a fixed position of 4 cm water depth. Briefly, the AEP procedure entailed placing two subdermal electrodes (Rochester Electro-Medical Inc., USA) just under the skin of the animal following the methodology of Mooney et al., 2010. The recording electrode was placed at the posterior margin of the head, medial to the statocyst, using a micromanipulator (World Precision Instruments; M3301-M3). The reference electrode was inserted in the muscle of the cephalopod’s body, at least 1 cm away from the head. Only the tips of the electrodes were uncoated to allow for evoked potential recordings from the desired location. The rest of the electrode and wire leads were waterproofed to allow for recording underwater.

 Pure tone stimuli (50 ms duration; 500 repetitions; 3 ms silence between repetitions) between 100 and 1000 Hz were presented to the animals via an underwater speaker in the experimental tank; the sound output was monitored in real time using an oscilloscope (Tetronix, USA). Individuals were tested in 100 Hz increments to produce an audiogram. For the sound stimulus, a programmable attenuator (CED 3505; Cambridge Electronics Design, UK) and biological amplifier (AS-35; Accusonic Corp, Canada) controlled sound amplitude in 3 dB re. 1 µPa steps up to the maximum sound level of the underwater speaker (150 dB re. 1 µPa sound pressure level, -8.6 dB re. 1 ms-2 particle acceleration).

 It is important to note that the difference between sound pressure and particle motion cannot be easily predicted in small tanks (Nedelec et al., 2016; Sisneros et al., 2016; Jézéquel et al., 2022). Therefore, prior to the start of each AEP trial, particle motion and sound pressure were calibrated at the position normally occupied by the experimental animal to allow audiograms to be produced for the two measures. Particle motion was measured using a tri-axial accelerometer (PCB Piezotronics Inc., USA; sensitivity: X = 10.47 mV ms-1; Y = 10.35 mV ms-1; Z = 10.29 mV ms-1, frequency response 0.5 – 2000 Hz), modified to be neutrally buoyant using a polystyrene float to counterbalance the weight of the device, connected to a signal conditioner (482C; PCB Piezotronics Inc., USA). The accelerometer was placed such that its x-axis corresponded to the anterior-posterior, the y-axis to the left-right, and the z-axis to the dorsal-ventral positions. For a given frequency, particle acceleration measurements were made across the corresponding sound intensity range throughout the attenuation range. Sound pressure was measured using a hydrophone (8103; Bruel and Kjaer, Denmark) connected to an amplifier (Nexus Conditioning Amplifier 2692-01s; Bruel and Kjaer, Denmark). All data were recorded using Power Lab data acquisition system and analysed offline as the voltage root mean square (Vrms) using LabChart software (Version 8, AD Instruments, USA).

 Vrms values measured with the hydrophone were converted into dBrms (Equation 1).

  

 Vrms values for each axis (X, Y and Z) of the particle accelerometer were calibrated to the sensitivity of the accelerometer and used to calculate the magnitude of particle acceleration in dB scale (equation 2) (Vetter et al., 2015, 2018; Nissen et al., 2019).

  

 During the AEP recordings, signals from the implanted electrodes were amplified with a headstage (gain = 10 x) connected to an extracellular amplifier (gain = 100 x; EX1; Dagan Corporation, Minneapolis, MN, USA), with a 0.05 to 10.0 kHz band pass filter. A data acquisition system (micro3, 1401; Cambridge Electronic Design Ltd., UK) administered sound stimuli and a custom Spike 2 script (Cambridge Electronic Design; UK) collected and averaged responses.

 The presence of an AEP was initially assessed visually by observation of the characteristic double frequency AEP wave (Maruska et al., 2007). Secondly, the presence of an AEP was verified quantitatively by fast Fourier transform (FFT) power spectrum analysis (1024 pt, Hanning window) of the averaged waveform response. The auditory threshold was defined as the lowest sound intensity that elicited an observable and repeatable AEP, with the presence of a significant peak (FFT level ≥ 0.001 µV) at the second harmonic of the stimulation frequency (Egner and Mann, 2005; Higgs and Radford, 2016; Bhandiwad et al., 2017) because of the opposed orientation of the hair cells (Budelmann, 1990; Ladich and Fay, 2013; Sisneros et al., 2016) ( Figure 2 ).

  

 Figure 2 | Auditory evoked potential (AEP) response for (A) juvenile; (B) mid-adult and (C) late-adult hummingbird bobtail squid (E. berryi) to (D) the 300 Hz signal presented. Each panel (A–C) displays the average AEP trace (500 repetitions) for the indicated sound pressure level (dB re. 1 µPa) on the left and the fast Fourier transformation (FFT) on the right. Please note the y axis for the FFT data varies. FFT peaks are twice the stimulus frequency (600 Hz) owing to the opposed orientation of the hair cells. AEP thresholds (0.005 µV) for each age group are highlighted in red. 

 

 At the conclusion of each AEP experiment, individuals were euthanised with an overdose of MgCl2 solution (1:1 dilution of 7.5% MgCl2 in home tank seawater). Individuals remained in the solution for a minimum of 10 minutes following the cessation of respiration. A recently euthanised squid was used as a control animal to ensure all detected waveforms from the anesthetised squid were biological in origin.

 
  2.4. Statistical analysis.

 All statistical analyses were performed using Sigmaplot software (Version 14). Ventilation rate data was calculated as a percentage, to determine the effects of sound exposure on the observed ventilation rates of squid; the data was arcsine transformed and analysed using a Kruskal-Wallis one-way ANOVA on ranks. A Tukey post hoc test determined significant differences between time periods for each age group (α = 0.05).

 Auditory evoked potential data passed normality (Shapiro-Wilk P > 0.05) and equal variance (Brown-Forsythe) testing therefore all sensitivity data are reported as mean ± 1 SD. To determine whether there was a difference in baseline auditory sensitivity between juvenile, mid-adult and late-adult squid, a two-way analysis of variance (ANOVA) with frequency (Hz) and age as factors, and sensitivity measurements [either sound pressure level (SPL) or particle acceleration level (PAL)] as the dependent variable was performed. A Holm-Sidak post hoc test determined significant differences between ages for each frequency (α = 0.05).

 Additionally, to determine the effects of sound exposure and recovery on the auditory sensitivity of squid, a two-way repeated measure ANOVA with frequency (Hz) and time (baseline, sound exposure or recovery) as factors, and sensitivity measurements (either sound pressure level or particle acceleration level) as the dependent variable was performed. A Holm-Sidak post hoc test determined significant sensitivity shifts from baseline for each frequency (α = 0.05).

 
 
  3. Results.

  3.1. Behavioural observations.

 Background sound levels were significantly lower, across all frequencies, than the sound exposure playback ( Figures 3A, B ). For example, at 300 Hz, the background sound power spectral density was 68 dB re 1 µPa2 Hz-1 compared to 118 dB re 1 µPa2 for sound exposure.

  

 Figure 3 | (A) Power spectral density (dB re. 1 µPa2 Hz-1) curves versus frequency for the background sound of the experimental tank (black) and sound exposure (red). (B) Spectrogram for the sound exposure trial versus time. (C) Box plots (maximum, 75%, median, 25%, minimum) for relative ventilation rates (breaths min-1/average pre) of the mid adult (light blue) and late adult (dark blue) versus sound treatment (before; sound exposure, after), asterisk indicates significant difference to before. 

 

 The ventilation rates of mid- and late-adult squid were observed before, during and after sound exposure. There was a significant decrease in the relative ventilation rate both during and after sound exposure compared to before levels for the two age groups tested (mid adult: one-way ANOVA, H = 80.681, d.f. = 2, P< 0.001; late adult: one-way ANOVA, H = 30.735, d.f. = 2, P< 0.001) ( Figure 3C ). No significant difference was found between the two ages groups observed ( Figure 3C ). Additionally, there was no significant difference in the relative ventilation rates between individuals within each age group ( Supplementary Figure 1 ).

 
  3.2. Baseline audiogram.

 Bobtail squid responded to all tested frequencies between 100 and 1000 Hz, and all age groups showed greatest auditory sensitivity between 300 and 500 Hz. Sensitivity decreased up to 1000 Hz and AEPs above 1000 Hz were not detectable at the maximum sound pressure levels (150 dB re. 1 µPa). There was a significant difference in both PAL (two-way ANOVA, d.f. = 2, F = 9.593, P = 0.002) and SPL (two-way ANOVA, d.f. = 2, F = 5.011, P = 0.020) auditory sensitivity curves when the different age groups were compared ( Figure 4 ). Post-hoc tests (Holm-Sidak, p< 0.05) showed significant differences in PAL were observed at 200, 300, 400, 900 and 1000 Hz ( Figure 4A ). For example, at 300 Hz, juvenile squid were most sensitive (-32.5 ± 1.0 dB re. 1ms-2), followed by mid-adult (-21.2 ± 1.9 dB re. 1ms-2) and late adult (-14.5 ± 4.6 dB re. 1ms-2). Significant differences were also observed between the different ages at 200 and 300 Hz when thresholds were measured in SPL ( Figure 4B ). For example, at 300 Hz, mid-adults were most sensitive (SPL: 135.3 ± 2.9 dB re. 1 µPa) followed by juveniles (SPL: 140.3 ± 1.2 dB re. 1 µPa) and late-adults (141.0 ± 2.9 dB re. 1 µPa). Individual SPL and PAL threshold values for all frequencies and ages tested are provided in  Supplementary Tables 3 ,  4 .

  

 Figure 4 | The thresholds of (A) particle acceleration level (dB re. 1 ms-2) and (B) sound pressure level (dB re. 1 µPa) needed to evoke an AEP response plotted against frequency (Hz) for three different aged hummingbird bobtail squid (E. berryi). Data are plotted as mean ± SD. Statistical difference in sensitivity at that frequency indicated by circles (O) between juveniles and mid adults, triangles (Δ) between juvenile and late adult, and asterisks (*) between mid adult and late adults. 

 

 
  3.3. Sound exposure.

 Following 15 minutes of vessel sound exposure, tone pips of higher PALs were needed to evoke a response in juvenile and late adults ( Figure 5 ). This also corresponded to similar, higher SPLs for all age groups post sound-exposure. Juveniles exhibited a significant decrease in auditory sensitivity following sound exposure at 400, 500, 600 and 800 Hz in both SPL and PAL sensitivity audiograms ( Figures 5A, B ); whereas mid-adults had a significant decrease in auditory sensitivity for SPL audiograms at 200, 300, 400 and 500 Hz but no significant difference in PAL audiograms ( Figures 5C, D ). Late-adults had significant differences in auditory sensitivity for PAL at 200 Hz and for SPL at 400, 500 and 600 Hz ( Figures 5E, F ).

  

 Figure 5 | The thresholds of (A, C, E) particle acceleration level (dB re. 1 ms-2) and (B, D, F) sound pressure level (dB re. 1 µPa) needed to evoke an AEP response plotted against frequency (Hz) for three different aged hummingbird bobtail squid (E. berryi) groups (A, B) juveniles; (C, D) mid-adult and (E, F) late adult. Data are plotted as mean ± SD. Statistical difference (Holm-Sidak< 0.05) in sensitivity at that frequency indicated by asterisks (*) between sound exposure and baseline, and triangles (Δ) between sound exposure and recovery. 

 

 Juvenile and mid-adult bobtail squid were also tested following a two-hour recovery period after sound exposure. There was no significant difference between the baseline and recovery auditory sensitivity curves (for both SPL and PAL) across all frequencies tested ( Figures 5A–D ).

 
 
  4. Discussion.

 Human activity, such as recreational and commercial shipping, often heavily utilizes the areas where many species of cephalopod, including the hummingbird bobtail squid (E. berryi), inhabit. In this study, auditory evoked potentials showed that E. berryi were sensitive between 100 – 1000 Hz to both particle motion and sound pressure stimuli, with greatest sensitivity observed in response to 300 – 500 Hz. This low frequency sensitivity matches the frequency range of both abiotic and biotic sound sources of shallow water marine environments (McKenna et al., 2021), as well as the low frequency range of vessel noise (Duarte et al., 2021). In this study exposure to short duration (fifteen minutes) and high intensity (150 dB re. 1 µPa sound pressure level, -8.6 dB re. 1 ms-2 particle acceleration) vessel sound was found to have significant effects on both the behaviour and auditory physiology of hummingbird bobtail squid.

 For all age groups tested, auditory sensitivity was impaired following exposure to vessel sound, with a higher sound level needed to evoke a response. A change in auditory sensitivity has potential implications for cephalopods because it may reduce their ability to assess their environment, find suitable settlement habitat, avoid predators, or detect prey. Importantly, we noted that exposure to short term vessel sound caused temporary hearing loss (or temporary threshold shift – TTS) because, auditory sensitivity returned to pre-exposure baseline levels following a two-hour recovery period. The number of individuals retested following the recovery period was limited owing to the number of animals available. Yet, the data collected provides preliminary evidence that vessel sound exposure did not cause a permanent threshold shift (PTS) where sensory hair cells were damaged beyond repair. Acoustic trauma, including lesions, hair cell loss and neuron swelling, have been reported in other cephalopod species (Loligo vulgaris, Sepia officinalis, Octopus vulgaris and Illex coindetti) following two hours of sound exposure (50 – 400 Hz, 157 ± 5 dB re 1µPa, although the particle acceleration levels were not noted) (André et al., 2011). A range of exposure durations and sound exposure levels should be tested to investigate when PTS occurs in cephalopods. Fishes can repair and replace damaged hair cells following exposure to intense sounds or ototoxic drugs (Lombarte et al., 1993; Lombarte and Popper, 1994) therefore, potential regenerative mechanisms in cephalopod models also needs to be explored.

 Sound exposure had a significant effect on behaviour because the relative ventilation rate of mid and late adults significantly decreased both during and post sound exposure compared to baseline rates. Such a response could be a potential defence mechanism to avoid detection by predators (Mader et al., 2010). Anti-predator defence has been identified in many animals (Sih, 1987; Kavaliers and Choleris, 2001; Alcock, 2005), including the webfoot octopus (Octopus ocellatus) that suppressed its respiration when exposed to 50, 100 and 150 Hz tones (Kaifu et al., 2007). Alternatively, startle responses have been observed in cephalopods exposed to rapid-onset air gun sounds (147 - 151 dB re 1 µPa sound exposure level) (Fewtrell and McCauley, 2012). Body pattern changes, inking, jetting and startle responses (Jones et al., 2020) and fewer prey captures (Jones et al., 2021) were also observed in longfin squid exposed to impulsive pile driving sound (190 – 194 dB re 1 µPa). Sustained reductions in feeding behaviour due to anthropogenic stressors could lead to reduced survival, especially in regions with patchy prey distributions or limited prey abundance (Jones et al., 2021). However, behavioural impacts, including alarm jetting, may be short lived and have minimal impacts on squid energetics (Cones et al., 2022). It is also important to consider the effects of noise exposure on cephalopods in the context of their natural environment. The soundscape of the Indo-Pacific, where E.berryi lives, includes sounds from fishes, marine mammals (such as the Indo-Pacific dolphin, Sousa chinensis) and anthropogenic activity. For example, a recent study found that vessel sound was present in up to 30% of recordings taken at ten shallow water locations (Xu et al., 2020). E.berryi buries in the sand during the day and emerges at night to feed. This lifestyle means that they may be exposed to anthropogenic sound regularly and repeatably throughout the daytime, compared to open water species that could leave the area during exposure. More soundscape studies are needed to confirm the sound levels that different species are exposed to as well as spatial and temporal trends in anthropogenic noise exposure. While there is some evidence of habituation to acoustic stimuli in cephalopods (Samson et al., 2016; Cones et al., 2022), most behavioural experiments on the effect of noise on aquatic life have been conducted in the laboratory where conditions can be controlled, and individuals observed. Yet, the caveats of working in a laboratory environment must be noted, as small experimental tanks have complex acoustic fields with overlapping reflection and refraction (Jézéquel et al., 2022). The sound exposure methodology used in this study was chosen to alleviate some of the complications of small tanks by placing the squid in a small arena within the experimental tank and calibrating at the location of the animal. In other studies, sound exposure chambers have been used to control the relative magnitudes of particle motion and sound pressure by placing sound projectors at either end of a steel tube (Martin and Rogers, 2008; Halvorsen et al., 2012) . It is recommended that future research efforts strive to conduct experiments in the wild because individuals may behave differently depending upon location, water temperature, physiological state, motivation, age, body size and previous exposure (Popper et al., 2022). Furthermore, cephalopods inhabit shallow waters to deep oceans (Boyle and Rodhouse, 2008), and will be subject to different sound exposure levels from anthropogenic activity depending on sound propagation properties, bolstering the need to investigate behavioural and physiological effects using field experiments at a range of locations and water depths.

 To the authors’ knowledge, this is the first study that compared auditory thresholds between different ages of a cephalopod species. The different age groups behaved similarly, remaining quiescent in the daytime during the experiments and increasing activity at night or when feeding in their holding tanks. Both mid and late adults were observed to have a significant decrease in ventilation rate with anthropogenic sound exposure. In terms of AEPs, for particle acceleration there was a loss of sensitivity with age and for sound pressure juveniles and mid adults were more sensitive than late adults. To extend this study, it would be interesting to test the auditory sensitivity of recently hatched individuals (< 30 days old) and determine if they are more sensitive than juveniles. Additionally, cephalopods undergo senescence and can exhibit physiological and behavioural changes, including a loss of coordination and a reduction in feeding (Roumbedakis and Guerra, 2019) . The late-adults used in this study were 125 – 140 days old, and older individuals (up to 180 days) could be tested to examine whether further loss of auditory sensitivity occurs with age. Furthermore, microscopy techniques may be able to establish if there is evidence of degradation in the sensory hair cells of the statoliths during senescence.

 The auditory sensitivity data collected on E.berryi in this study aligns with previous behavioural and physiological results that the cephalopod statocyst detects low frequency sound (Mooney et al., 2010; Samson et al., 2016. Continued research focussed on understanding how animals detect and use particle motion is critical to the future evaluation and regulation of sound in the natural environment. It is likely that substrate born vibrations, are also important to these cephalopods and certainly to other invertebrates. Addressing how these squid perceive and utilize this cue could greatly expand our understanding of their sensory ecology, and how they may be impacted by noise. Substrate-borne vibrations can travel great distances with little attenuation, allowing for potentially improved sensitivity and a wider range of noise-based impairments. In this study, frequencies< 100 Hz were not tested owing to the limitations of the use of an underwater speaker as the sound source. Yet cephalopods likely detect infrasound (< 20 Hz) (Packard et al., 1990) and given that many anthropogenic noise sources persist into these lower frequencies, squid sound sensitivity to infrasound should be examined, as particle motion at these frequencies may propagate through both the water and sediment (Popper and Hawkins, 2018).

 
  5. Conclusion.

 This study expands knowledge on cephalopod hearing highlighting that exposure to short duration, high intensity anthropogenic sound can cause significant shifts in the behaviour and physiology of E.berryi. There was some evidence that the reduction in auditory sensitivity was a temporary threshold shift however, human produced sounds have become louder and more persistent and there may be limited time for these animals to recover from noise exposure. Understanding baseline sensitivity and potential physiological effects of noise on cephalopods is an important step towards establishing guidelines for management and policy to protect cephalopods from noise pollution. Auditory thresholds for marine mammals and fishes have been established and are regularly used in environmental impact assessments globally (Popper et al., 2014; National Marine Fisheries Service, 2018) . Now, guidelines based on both sound pressure and particle motion are needed to support the inclusion of cephalopods within management and policy because anthropogenic activities and associated sound levels in the ocean are increasing, while the role sound plays in cephalopod life history is only just beginning to be understood.
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