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Introduction: Deterrents that use acoustics to guide fish away from dangerous areas (e.g., water intakes) depend on the elicitation of avoidance in the target species. Background noise is often neglected when testing acoustic deterrents, but it is important to account for its effects as freshwater environments present a wide variety of ambient soundscapes.

Methods: Using the widely studied goldfish (Carassius auratus) as a suitable experimental model, this study adopted a reductionist approach to investigate the relationship between the startle response to a pure tone signal and background noise. Under laboratory conditions, the startle responses of individual goldfish exposed to 120 ms tones at 250 Hz and four Sound Pressure Levels (SPLs: 115, 125, 135, 145 dB re 1 μPa) were quantified in the presence (treatment) and absence (ambient - control) of band-limited random noise (105 dB re 1 μPa).

Results and discussion: When observing the dose-response relationship, the proportion of fish that startled to the signal increased with SPL in both the treatment and control, although there was no difference between them, suggesting that the signal-to-noise ratio was not influential under the conditions tested. However, further analysis using Signal Detection Theory indicated that the was higher in the noisy treatment than the control when responding to both false alarms (startle during a pre-signal period) and hits (startle to an external stimulus during the pre-signal period). Furthermore, fish were better able to discriminate (d?) external stimuli over time (during the pre-signal period) in the treatment than control. There is a need to consider the role of background noise when designing acoustic fish deterrents that depend on the exhibition of avoidance behaviors.
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Introduction

Globally, many populations of fish have suffered dramatic declines over recent decades [e.g., −36% in marine ecosystems between 1970 and 2012 (Reid et al., 2018) and −83% for fresh waters between 1970 and 2014 (Darwall et al., 2018)]. Potential explanations include climate change (Poff et al., 2012; Plagányi, 2019) and associated ocean acidification (Munday et al., 2014); overfishing (Le Pape et al., 2017); novel pollution such as microplastics (Birkenhead et al., 2020), noise (Currie et al., 2021), and artificial light at night (Vowles and Kemp, 2021); invasive species (Daniels and Kemp, 2022); and the cumulative effects of multiple stressors (Reid et al., 2018; Bayramoglu et al., 2019). Limiting the impacts of such factors in both the marine and freshwater environment forms a central tenet of a plethora of environmental legislation. Examples include laws that prohibit the discharge of oil or hazardous substances (e.g., the Clean Water Act 1972 in the United States of America), release of invasive species (e.g., Fisheries Management Act 2007 in Australia), or the construction of infrastructure, such as dams and weirs, without appropriate mitigation (e.g., Salmon and Freshwater Fisheries Act 1975 in the United Kingdom).

Over many decades, a range of environmental impact mitigation technologies have been developed to meet regulatory requirements aimed to conserve fish populations (Kemp, 2015). For example, fish passes have been designed to connect habitats that would otherwise be fragmented by dams, enabling life-history strategies to be fulfilled and sufficient gene flow to maintain population viability (Mallen-Cooper and Brand, 2007; Wilkes et al., 2018). Similarly, physical fish screens have been employed at the intakes of cooling water systems or hydropower turbines are intended to reduce entrainment and potential loss of fish (Baumgartner and Boys, 2012). The effectiveness of such environmental impact mitigation solutions, however, can be highly variable between site, context, and species (Roscoe and Hinch, 2010; Noonan et al., 2011). This can result in unintended negative consequences such as promoting the spread of invasive species (McLaughlin et al., 2012), while physical screens themselves may cause injury and death due to mechanical abrasion and impingement (Swanson et al., 2005; Black and Perry, 2014). To improve the performance of environmental impact mitigation technology, behavioral devices may have a role to play when used in combination. This was illustrated experimentally by Deleau et al. (2019) and Miller et al. (2022) who employed acoustic and electric fields, respectively, in the application of the marginal gains concept to fish screening.

Behavioral devices typically exploit a deterrent effect induced by a stimulus to modify the trajectory of a moving fish. A variety of abiotic stimuli have been used, including strobe lights (Kim and Mandrak, 2017), electricity (Miller et al., 2021), bubbles (Flores-Martin et al., 2021) and acoustics experimentally (Currie et al., 2020, 2021) and in situ (Piper et al., 2019). Concentrating on acoustics, underwater sound should provide an effective deterrent because it is omnidirectional (for the frequencies and source sizes commonly used) and so can reach multiple individuals simultaneously. It is also unaffected by variation in illumination (e.g., due to time of the day), unlike stimuli that are mediated through vision. As such, acoustic deterrents have been employed to protect fish at cooling water intakes (Maes et al., 2004) and abstraction points (Piper et al., 2019), as well as to control invasive species such as silver carp (Hypophthalmichthys molitrix) in the Great Lakes, USA (Vetter et al., 2015). However, the efficacy of acoustic deterrents can be highly variable (see Wamboldt, 2019; Bzonek et al., 2021), with none being completely effective (Putland and Mensinger, 2019).

There is considerable variability in responses of individuals to acoustic deterrents. For instance, deterrence efficiency can differ between European spratt (Sprattus sprattus) from 88% (Maes et al., 2004) to 11% (Turnpenny and Nedwell, 2003). Within studies, variation in responses may occur due to differences in sound parameters and has, for example, resulted in efficacies of 31% to 88% (Jesus et al., 2018) for Northern straight-mouth nase (Pseudochondrostoma duriense). Differences between studies may be a result of the experimental methodology employed, for example the stimulus may have been played at a frequency outside the hearing range (Putland and Mensinger, 2019). Additionally, the process of trial and error seen throughout the literature is unlikely to increase the effectiveness of acoustic deterrents (Deleau et al., 2019, 2020). There is, hence, a requirement to return to fundamental first principles to better understand the mechanisms that determine deterrence efficacy.

Background noise is also commonly disregarded in acoustic deterrence studies (Putland and Mensinger, 2019). It is important to measure the ambient background noise when quantifying the effectiveness of acoustic deterrents because this provides information on the signal-to-noise ratio (SNR) at which an avoidance response is elicited. As the SNR increases, the probability of an organism discriminating or discerning the signal is expected to rise whereas, at a low SNR, the signal may be masked by the ambient noise (Currie et al., 2019). However, a limited number of studies have demonstrated that fish may exhibit avoidance behaviors more frequently in noisy environments (Purser and Radford, 2011; Voellmy et al., 2014; Shafiei Sabet et al., 2015). In this scenario, the noise used did not act as a masker to a signal but evoked an avoidance response more frequently compared to the ambient equivalent.

To examine the relationship between ambient noise levels and avoidance displayed by fish in response to an acoustic signal, this experiment investigated how the elicitation of a startle response to pure tones differed to those in presence of band-limited random noise. Goldfish (Carassius auratus), an otophysan with specialized hearing capabilities, was selected as the model species due to the large amount of physiologically derived (e.g., Auditory Evoked Potential, AEP) information available (Popper and Clarke, 1976; Fay, 1984; Kenyon et al., 1998; Ladich and Fay, 2013) and their ease of maintenance under laboratory conditions. Using the presence (treatment) and absence (ambient - control) of band-limited random noise (105 dB re 1 μPa), this study compared the startle response exhibited by goldfish to four signals of differing amplitude [Sound Pressure Level (SPL): 115, 125, 134, 145 dB re 1 uPa]: (1) within each of the two noise conditions; (2) between each of the two noise conditions, involving (2a) coarse scale (dose-response relationship) and (2b) fine-scale analysis. In addition to a coarse-scale quantification using the avoidance responses (startle responses) to determine the dose-response relationship, for Objective 2b a fine-scale analysis was conducted using Signal Detection Theory (SDT) (Kemp et al., 2012).



Methods


Fish husbandry

Goldfish [N = 160; mean standard length (SD): 65.7 (6.8) mm; mass: 10.6 (3.1) g] were transported in three batches from Hampshire Carp Hatcheries (UK) in oxygenated water to the International Centre for Ecohydraulics Research (ICER) facility, University of Southampton, in April 2021. They were maintained in husbandry tanks (1.50 m length × 1.00 m width × 0.80 m depth, filled to 0.68 m water depth) containing ≈1.2 m3 of aerated, filtered and dechlorinated water, under an artificial photoperiod (L:D 14:10) and fed once daily (Tetra goldfish flakes; protein: 42%). Water quality parameters comprising ammonia [0.06 (0.09) ppm], nitrites [0 (0) ppm], nitrates [40 (0) ppm], pH [pH 8.2 (0.04)] (API Freshwater Master Test Kit) and temperature [11.6 (1.1)°C] were monitored daily. The night before trials commenced, fish were transported to the experimental facility (A. B. Wood Laboratory, University of Southampton) and kept in holding tanks (0.5 m width × 0.84 m length × 0.64 m depth, filled to 0.54 m water depth) containing a total of ≈0.5 m3 of aerated, internally filtered and dechlorinated water [temperature: 11.6 (0.7)°C]. Fish were acclimated for at least 4 days in the husbandry tanks and 14 hours in the holding tanks before trials commenced. On completion of each trial, the subject fish (a single individual per trial) were placed in a post-test tank and returned to the ICER husbandry facility at the end of the day.



Experimental setup

Trials were conducted in a white medium density polyethylene cylindrical arena (modified 100 L Round Water Tank; 55.5 cm diameter × 45 cm depth, 4 mm thick; Direct Water Tanks, Retford, Nottinghamshire, UK) suspended in a large tank (8 m length × 8 m width × 5 m depth). The arena was suspended in water (Figure 1) using a bespoke metal frame to ameliorate the typical challenges faced by using a small tank in air (Holgate et al., 2023). By doing so, the impedance difference between the water in the tank and the surrounding air was reduced, creating a more homogeneous sound field in terms of SPL. The experimental arena was covered by a black polyethylene mesh (6 mm mesh width) to prevent escape of fish and filled to a depth of 30 cm. Water was replaced (≈20 L water change) after each trial to maintain good water quality. An underwater transducer (Electro-Voice UW-30; maximal output 153 dB re 1 μPa at 1 m for 150 Hz, Lubell Labs, Columbus, USA) was suspended 70 cm below the arena and a hydrophone (8105, manufacturer-calibrated sensitivity −205 dB re: 1 V/ μPa; Brüel and Kjær, Denmark) placed 20 cm from the tank to continuously monitor the sound throughout each trial. Trials were recorded via a webcam (C920; HD 1080p; 24 frames per second; Logitech Pro, Switzerland) installed directly above the experimental arena and footage subsequently analyzed. The laboratory was lit by fluorescent lighting which provided sufficient illumination for video recording.
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FIGURE 1
 The experimental setup used to investigate the avoidance of goldfish as indicated by the exhibition of startle response to acoustics signals played with different levels of background noise (Holgate et al., 2023). The setup illustrates a cylindrical tank (experimental arena) installed within a large tank (8 m × 8 m × 5 m) to create a homogeneous sound field. The vertical and horizontal distance have been labeled and were used for the researcher to undertake acoustic mapping.




Experimental design

The study consisted of 20 replicates of 8 treatments (160 trials) based on a combination of a 250 Hz signal played at one of four SPLs (115, 125, 135 or 145 dB re 1 μPa) under one of two background noise conditions (treatment: 105 dB re 1 μPa band-limited 100–2500 Hz random noise; ambient control: ambient conditions). The frequency and SPLs of the signal were selected based on the results of a previous study (Holgate et al., 2023) in which 250 Hz was found to elicit an avoidance response more readily than any other frequency. The background noise was selected in light of the 3Rs (Prescott and Lidster, 2017) such that the SPL wasn't damaging to the ear but sufficiently above the ambient noise levels.

Prior to the start of each trial, conducted between 16 and 30 April 2021, a single fish (total number of individuals, N = 160) was acclimated in the experimental arena for 30 min. During the trials, the fish were randomly assigned a background noise level (ambient or 105 dB re 1 μPa band-limited noise). Following this, each individual experienced a total of four exposures of the same treatment (to determine if there was any tolerance of the signal). Each exposure consisted of a sinusoidal 120 ms tone ramped with a 20 ms Hanning taper (Holgate et al., 2023) and was followed by 4 min (pre-signal period) before the next exposure. Although the activation latency of the Mauthner cells (neurons located in the hindbrain responsible for mediating a rapid escape reflex) in goldfish is 5–10 ms, the tone was played at 120 ms to ensure sufficient time for the frequency spectrum to be well defined (Eaton et al., 1977; Zeddies and Fay, 2005). Fish behavior was continuously recorded during the trial and each fish was used once only.



Acoustic stimuli and sound mapping

Acoustic samples were generated in MATLAB (Release 2019b, The Mathworks, Inc., Natick, USA) using a laptop connected to a DAQ (NI USB-6212; National Instruments, USA), transmitting the signal through an amplifier (Prosound Power AMP 200; frequency response: 20–20 kHz) and emitted via the UW30 underwater transducer. Acoustic signals were standardized such that the desired SPL was reached in the center of the experimental arena. Use of artificially generated signals allowed for control of the specific acoustic components tested.

Prior to conducting trials, the sound pressure field within the experimental arena was mapped at regular points (Figure 2) using a calibrated hydrophone (Brüel and Kjær 8105) attached to a manual slider (82 measurements, each 5 cm apart) at three depths (5 cm, 15 cm, 25 cm measured from the water surface). Data capture and stimulus generation were synchronized to facilitate computation of the Particle Acceleration (PA). Both SPL and PA were quantified to create maps of the sound field. The PA, a, was calculated as:

[image: image]

where ρ is the ambient density and ∇P is the pressure gradient (Kinsler et al., 1982).
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FIGURE 2
 Maps illustrating Sound Pressure Level (SPL) (A–F) and Particle Acceleration (PA) (G) of a 120 ms, 250 Hz stimulus (A, C, E, G) at 145 dB re 1 μPa in the center of the arena and 100–2500 Hz band-limited random noise (B, D, F) at 110 dB re 1 μPa in the center of the arena. Point measurements were taken at three depths (5, 15, and 25 cm measured from the water surface).


The pressure gradient was calculated using the measurements of the pressure signal. The root mean square (RMS) of the pressure difference was calculated independently in three directions (x, y, and z). The pressure gradient was obtained as the difference in sound pressure between measurement points. The RMS particle acceleration, in each direction, was calculated as the pressure gradient (dP/dx in Pa m−1) and water density (kg m−3). The total RMS particle acceleration was obtained by combining the values in all three directions, with the results expressed in decibels (dB re 1 mm s−2). Subsequently, the PA was represented in maps (Figure 2).

The measured ambient sound was on average < 88 dB re 1 μPa, which was the electrical noise floor of the measurement system used (TC4032, manufacturer-calibrated sensitivity −170 dB re 1 V/μPa; Teledyne Reson, USA). The SPL was uniform across the horizontal plane and the pure tone SPL differed by ≈14 dB between the top and the bottom of the tank, whilst the noise differed vertically by ≈ 8.8 dB (Table 1). This provided an area of refuge for the fish, following the 3Rs guidance (Prescott and Lidster, 2017).


TABLE 1 The mean ± standard deviation of the 145 dB re 1 μPa, 250 Hz tone and 105 dB re 1 μPa, 100–2500 Hz band-limited random noise across a cylindrical experimental tank (0.555 m diameter) taken at 3 different depths (5, 15, and 25 cm).
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Analysis

Recordings of fish behavior obtained during each trial were reviewed blind and in a random order. Presence or absence of a startle response, defined as a change in body tortuosity with erratic swimming such as a sudden increase in speed or a change in direction (Kastelein et al., 2008), were recorded for each trial. This did not include any freezing behavior and the startle responses were not categorized as C or S startles due to limitations with the recording devices. Whilst there are a number of avoidance behaviors such as C-starts, S-starts, single bends and double bends (Domenici and Hale, 2019), this study focuses on the startle response in the broader context, i.e. using it as a proxy for an avoidance response.

All statistical analyses were performed in R (version 3.6.3: https://rstudio.com/). Logistic regression was performed using a generalized linear mixed model (GLMM) with a binomial error structure and a “logit” link function. Akaike's Information Criterion (AIC) was used to support each model by giving a parsimonious quantification of model fit (Spake et al., 2015). To determine whether external factors may have confounded the results by influencing the probability of startling, a reductive model was developed. Factors included in the model were: tank days (minimum number of days in the husbandry tank); time of day (relative the beginning of the trial to the nearest hour); difference between holding and experimental tank temperature (°C); and mass (g). The initial GLMM contained all predictor variables with exposure (order of stimulus exposure), trial, and “exposure:trial” included as random effects. Manual backwards selection using variable significance (significance at p < 0.05) was undertaken as model simplification (Table 2). Trial was considered to be a random effect since the model produced the lowest AIC. Exposure (the nth stimulus played, 1–4) was included in a GLMM as a fixed effect alongside the other external factors, however, none were recognized to predict startle responses and the null model had the optimum AIC (Table 3). Since there was no effect of tolerance (exposure 1–4), the data were combined and treated as a single set.


TABLE 2 Random effects included in generalized linear mixed models developed to determine if external factors affect the presence of a startle response to 120 ms pure tones (treatments of 250, 400, 600, 800, 1000, 2000 Hz and 115, 125, 135, 145 dB re 1 μPa) in goldfish.

[image: Table 2]


TABLE 3 Variables included in general linear mixed models developed to determine if external factors affect the presence of a startle response to 250 Hz 120 ms pure tones (SPLs of 115, 125, 135, 145 dB re 1 μPa) in goldfish in two acoustic environments (ambient and 105 dB re 1 μPa, 100–2500 Hz band limited random noise).
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Objective 1: influence of SPL on startle response within each noise condition (dose-response)

Logistic regression with binomial error structure was used to show the dose-response relationship. This determined the influence of SPL on the presence of a startle response for both the treatment and ambient control noise conditions. Dose-response curves were then represented on plots with SPL against probability of startle for each background noise condition and the significance of the relationship recorded.



Objective 2a: coarse-scale dose-response assessment of the influence of noise treatment on startle response

Logistic regression with binomial error structure was used to show the dose-response relationship for startle responses between the ambient control and the treatment noise conditions. The distributions were compared according to the null hypothesis that there was no difference between the startle responses in the ambient control and the treatment.



Objective 2b: fine-scale assessment using Signal Detection Theory

The startle responses in the 4 min pre-signal period for both the ambient control and treatment noise conditions were considered. In the pre-signal periods, there were some occasional external acoustic cues that were uncontrolled. These acoustic cues came from sources such as the slamming of a car door nearby. Additionally, in the pre-signal period there were startles from individuals in absence of any acoustic stimulus. Audio files viewed in MATLAB and video footage were used to identify whether the startling goldfish in the pre-signal period were responding to an Acoustic Cue (AC) that was identified (AC identified) or not (no AC).

Three GLMMs with Poisson error structure and a “log” link function determined whether the number of startles in the pre-signal periods to AC identified, no AC, and for both affected the response to the 120 ms pure tone signal. Similarly, the number of startles to AC identified, no AC, and for both cases were compared between noisy and quiet environments using a GLM with Poisson error structure. The GLM with Poisson error structure and a “log” link function determined that the number of startles in the pre-signal period did not affect the response to the 120 ms pure tone for any of the signal treatments (AC identified: z = −0.794–1.818, p = 0.069–0.783; no AC: z = −0.851–0.879, p = 0.169–0.996; both: z = −0.565–1.962, p = 0.050–0.838). Therefore, the number of startles in the quiet and noisy pre-signal periods were compared and tested using a GLM with Poisson error structure.

Evaluation of fine-scale behavior of individuals between the ambient control and treatment noise conditions in the 4 min pre-signal period was conducted using SDT. The advantage of using SDT to assess fish behavior is that it considers response bias, which is the tendency for the individual to react as if the signal is present even if it is absent (Kemp et al., 2012; Kerr and Kemp, 2018). If a peak in the audio file (AC identified) matched with a startle in the video footage, it was characterized as a “hit”; if there was a startle and no peak identified (no AC) it was deemed a “false alarm”; if there was a peak (AC identified) and no startle response it was a “miss” (Figure 3). A “non-response” was categorized as a 0.5 s interval in which there was neither an abnormal peak in the audio file nor a startle in the video footage. The SDT discriminability, d′, and response criterion, c′, are measures of how easily the stimulus is detected by an individual and the level that an internal response results in the exhibition of a behavioral response, respectively. The d′ and c′ are described as:

[image: image]

where ZH and ZFA are the standard deviation units (Z scores of the unit normal Gaussian distribution) of the probability of hit and false alarm assuming the data is normally distributed with similar variance (Kemp et al., 2012; Kerr and Kemp, 2018).
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FIGURE 3
 Four potential outcomes considered in Signal Detection Theory. In this study, the acoustic cue was either identified (yes) or not (no) in a 4 min control period in presence or absence of noise. The response was the presence (yes) or absence (no) of a startle response.


The discriminability and response criterion were calculated using the percentage of fish that responded or did not respond to an AC in each 4 min pre-signal period. If c′ is unbiased, it has a value of 0 and negative values of c′ signify a bias toward responding whereas positive values signify a bias toward not responding. Values of d′ of 1 and 2 are equivalent to one and two standard deviations, with higher values representing higher levels of signal discriminability. The discriminability and response criterion were calculated for all the pre-signal periods in the ambient control and the noise treatment and plotted on a Receiver Operating Characteristic (ROC) curve. Since there were four signal exposures per trial, it was possible to observe the responses in the pre-signal periods prior to each exposure, hence, gaining an idea of the responses over time.





Results


Objective 1: influence of SPL on startle response within each noise condition

Startle responses were observed at each of the SPLs in each of the background noise conditions. The proportion of goldfish that startled (Figure 4) increased with SPL in both the ambient control (z = 7.975, p ≤ 0.001) and treatment (z = 9.289, p ≤ 0.001).
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FIGURE 4
 Logistic regression curves showing the proportion of goldfish (N = 140, with 20 replicates per treatment) that startled when exposed to a 120 ms, 250 Hz pure tone at 115, 125, 135, 145 dB re 1 μPa in two distinct acoustic environments: ambient control background noise (blue dot dash line) and (treatment) 105 dB re 1 μPa, 100–2500 Hz band-limited random noise (black solid line). The shaded regions indicate 95% confidence intervals.




Objective 2a: coarse-scale assessment of the influence of noise treatment on startle response

There was no difference in the proportion of the tested population exhibiting startle responses between the ambient control and the noise treatment (z = 0.996, p = 0.319). However, on visual inspection of the dose-response curves (Figure 4), a larger proportion of the population startled in the quiet compared to the noisy condition when the SPL of the signal was 115 dB re 1 μPa and 125 re 1 μPa. Conversely, when the signal was 135 dB re 1 μPa and 145 dB re 1 μPa, a larger proportion of startles occurred in the noisy treatment compared to the ambient control.



Objective 2b: fine-scale assessment using Signal Detection Theory

The number of startles in the pre-signal periods for both AC identified (z = −2.303, p = 0.021) and no AC (z = 7.717, p ≤ 0.001) differed between the ambient control and the background noise treatment.

Using the SDT analytical framework (Figure 5), there was a difference in d′ (t = −6.662, p ≤ 0.001) and c′ (t = 13.57, p ≤ 0.001) between the ambient control and noise treatment for all the pre-signal periods. The response criterion suggests that the individuals were more likely to respond in the noise treatment than the ambient control, irrespective of whether the individual was responding to AC identified or no AC. Similarly, d′ suggests that the goldfish were better able to discriminate external stimuli in the noise treatment than in the ambient control.
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FIGURE 5
 Reciever Operating Characteristic (ROC) curve calculated as part of the use of Signal Detection Theory as a framework to investigate the response of goldfish to identified acoustic cues and no acoustic cues in a control (quiet: ambient noise) and treatment noise (noisy: 105 dB re 1 μPa, 100–2500 Hz band-limited random noise) condition. Ten contexts were considered showing responses over time (exposures 1–4) and overall. Values are shown on a logarithmic scale.


For the startle responses in the ambient control, both d′ and c′ did not differ between the four pre-signal periods (the 4 min period before each of the four signal exposures). However, for those exhibited in the noise treatment, d′ increased and c′ decreased with each of the four pre-signal periods, i.e. over time (Table 4). Individual fish were also more likely to respond to AC identified over the duration of the trial in the noise treatment than in the ambient control. Hence, not only were fish better primed to respond in the presence of background noise, but this effect also increased over time.


TABLE 4 Discriminability, d', and response criterion, c', calculated in an investigation to quantify the response of goldfish to identified acoustic cues and no acoustic cues in a control (quiet: ambient noise) and treatment noise (noisy: 105 dB re 1 μPa, 100–2500 Hz band-limited random noise) condition.
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Discussion

This study explored the influence of background noise on the ability of fish to discern acoustic signals that may induce avoidance, here indicated by a startle response. Individual goldfish were exposed to four signals of differing SPLs (115, 125, 134, 145 dB re 1 uPa) either in the presence (treatment) or absence (ambient control) of band-limited random noise (105 dB re 1 μPa). The probability of exhibiting a startle response was positively related to the signal SPL. The background noise did not mask the signal to inhibit a response, as indicated by no difference in the probability of startling between the control and treatment. Consequently, fish were more likely to startle during the pre-signal period in the presence of the treatment background noise than during the equivalent period in the ambient control. Accounting for the internal status of the subject fish, possibly influenced by previous experience, motivation, or some other intrinsic characteristics, understanding the influence of background noise on their response to AC identified and no AC will help determine the effectiveness of acoustic deterrents.

The observation that the probability of startling increased with signal strength is consistent with the results of other studies (Currie et al., 2019; Holgate et al., 2023). Response to the signals, however, did not differ between the background noise treatment and the ambient control. This suggests that the band-limited random noise presented was below some threshold level required for masking. Further work is needed to determine the relationship between the SNR and an avoidance response in the subject species, particularly since other studies have demonstrated that fish may exhibit avoidance behaviors more frequently in noisy environments (Purser and Radford, 2011; Voellmy et al., 2014; Shafiei Sabet et al., 2015), as previously mentioned. Certainly, the effects of noise on fishes is a commonly reported phenomenon in a range of fish and can have negative impacts such as elevated stress (Schreck et al., 2016; Guh et al., 2021), inhibited communication (Radford et al., 2014; Pine et al., 2021) and hearing loss (Smith et al., 2022). From the perspective of developing an acoustic deterrent, understanding the role of SNR in eliciting a behavioral response is important in setting design criteria and recommendations for deployment, reducing the probability of variable results depending on site-specific contexts.

Using SDT as a framework that considers the internal status of the fish, we observed a difference in the fine-scale response between the treatment and control background noise when considering the presence (AC identified) and absence (no AC) of ACs during the pre-signal period. In this study, the coarse-scale analysis suggested no difference in response between treatment and control. However, when using the fine-scale approach to quantifying the fish response using SDT, rather than simply using a binary score or response/non-response to the stimulus, additional information of value was provided. The discriminability, d′, and response criterion, c′, indicated that the individuals in the background noise treatment were, respectively, more able to discern the signal and were more responsive (i.e. likely to exhibit either a hit or false alarm) than those in the ambient control. While the reason for this is unclear, there may be several explanations. First, the AC identified was not controlled for, meaning the data varied in frequency and SPL. Sounds with varied amplitude and frequencies have been found to deter fishes to a greater degree than the regular equivalent (Jong et al., 2020). Second, AC identified occurred randomly throughout the pre-signal period rather than at some pre-determined and consistent interval, potentially increasing the probability of eliciting a response (e.g., sounds with irregular pulse intervals increased the frequency of startle responses in zebrafish, Danio rerio, more than those with regular pulse intervals; Shafiei Sabet et al., 2015). Finally, it is possible that the noisy environment may have been more likely to cause startling in the subject fish, as suggested by the SDT analysis, resulting in a heightened response in those individuals. Similar observations have been reported for European minnow (Danio rerio) and three-spined stickleback (Gasterosteus aculeatus), where startles were elicited more frequently during playback of noise than during ambient conditions (Purser and Radford, 2011; Voellmy et al., 2014). In such conditions, the influence of priming, and other related phenomena, on the modification of fish behavior in the development of behavioral deterrents may provide an interesting and useful avenue of future research.

Focusing on the wider implications of this study, the development of acoustic fish deterrents should account for the influence of background noise conditions that are likely to vary with site-specific characteristics. The influence of background noise may provide an explanation, at least in part, for why the response of fish to acoustic cues may vary between studies. Further work is needed to ascertain the role that SNR may play in modifying fish response, and potentially enhancing it. As such, multiple background noise levels per signal SPL could be played to establish a relationship between SNR and behavioral response. Furthermore, this study demonstrated the value of using finer-scale analysis, such as that provided by SDT, to account for the internal status of the subject fish when investigating the response to stimuli of interest, an element that is seldom considered in most other studies. It is recommended that for future experiments, other behaviors may be quantified, and that the exact position of the fish could be measured using stereo cameras such that the exact received level and swimming depth can be calculated. We also recommend longer term studies considering habituation effects on individual behavior. Finally, the laboratory study here should not be used to directly inform acoustic deterrents in situ; however, the results obtained can be used to aid field studies testing similar objectives.
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