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Through sharing characteristics of chorus activity, especially in regions that are particularly data deficient, we can aim at a broader, global understanding of fish chorusing and consequently important spatiotemporal changes in habitat use by schooling fish. Here, we identify seasonal changes in fish chorusing activity using passive acoustic monitoring, in the central Red Sea mesophotic and adjacent shallow coral reef zones. For this study, recorders were placed in the mesophotic coral reef zone (70–80 m), and adjacent shallow reef sites (10 m), over 2 weeks during summer and winter seasons. A total of eleven choruses were identified and catalogued according to timing, location and acoustic characteristics of frequency and sound pressure levels. The presence of choruses in both deep and shallow reef sites is indicative of critical habitat for fish foraging, courtship, spawning, and/or migratory activity. All but two choruses were found to originate at or near the mesophotic sites. Four choruses unique to summer and winter (n=3 and 1 respectively) were most prevalent in soundscapes. Temperature and oxygen levels, measured to document conditions under which the choruses were present, showed little change across the mesophotic zone even between seasons, while daily fluctuation occurred in the adjacent shallow sites in both seasons.
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1 INTRODUCTION
Mesophotic Coral Ecosystems (MCEs) (Pérez-Rosales et al., 2022) have been largely understudied in comparison to their shallow counterparts, despite representing a significant percentage of coral reef ecosystem area globally (Lesser et al., 2009; Kahng et al., 2010; Loya et al., 2019; Pyle and Copus, 2019). This is largely due to the difficulty of access to these depths. MCEs mainly exist beyond the regular limits for SCUBA diving, invoking the need for technical diving or costly manned and unmanned vehicles to adequately explore these ecosystems. MCEs are both dependent on availability of light and temperature, ranging from 30 m to depths of up to 150 m, depending on the location (Kahng et al., 2010).
With rising sea temperatures, MCEs have also been suggested as a potential refuge for coral species against thermal bleaching (Pérez-Rosales et al., 2022; Kahng et al., 2010; Bongaerts et al., 2010). Like shallow reefs, they support a high diversity of corals, sponges, algae and other reef associated organisms (Lesser et al., 2009; Kahng et al., 2010; Loya et al., 2019; Rowley, 2018). However, the bioacoustic dynamics of these habitats, particularly in terms of fish communities, remain poorly understood. The upper mesophotic zone supports similar fish communities to shallow photic reefs, however a faunal shift occurs in the lower mesophotic zone, where unique fish assemblages exist (generally between 60 and 150 m) (Kahng et al., 2010; Raick et al., 2023). MCEs likely possess a unique soundscape fundamental to ecological processes, such as the attraction of larval organisms through phonotaxis (Montgomery et al., 2006; Vermeij et al., 2010; Jones et al., 2017; Lecchini et al., 2018; Anderson, 2021). As acoustic events which often cover a large spatial extent (McCauley and Cato, 2000), fish chorusing can form a part of this soundscape, giving an indication of habitat use by chorusing fish species. Soundscapes of mesophotic and deep coral reef ecosystems remain understudied in comparison to other habitats, such as shallow-water coral reefs, coastal ocean and pelagic sites (Havlik et al., 2022).
Capturing fish chorus activity using passive acoustic monitoring (PAM) can help define spatiotemporal trends in vocal species presence and habitat usage (Cato, 1978; Hawkins et al., 2023; Parsons et al., 2016a), information difficult to ascertain through traditional methods such as visual surveys or trawling (Lindseth and Lobel, 2018; Lobel, 2002). In this way, PAM can enable more effective management and zoning, especially in fisheries management (Luczkovich et al., 2008a). Sound is an intrinsic component for marine life, with many species perceiving sound and using it for essential behaviors such as communication (Amorim, 2006; Heimrich et al., 2021; Kaatz et al., 2017; Ladich, 2019), navigation (Montgomery et al., 2006; Vermeij et al., 2010; Simpson et al., 2005) and feeding (Gannon et al., 2005; Herzing and Elliser, 2014). Consequently, the largescale acoustic event formed by fish chorusing, can affect more than just the species participating. Chorusing can function as a beacon for marine fauna towards areas of high productivity and biomass (Pine et al., 2018; McCauley and Cato, 2016). While globally the characteristics of numerous choruses have been described (Lobel, 2002; Amorim, 2006), few studies have settled on the species responsible with a high degree of certainty. Previously it has been possible to estimate the number of individuals forming a chorusing shoal (Erisman and Rowell, 2017; Rowell et al., 2017; Rowell et al., 2012), however this remains difficult due to lack of species specific bioacoustic information such as calling rates, as well as differences in sound propagation. Nevertheless, observing chorusing behavior can provide presence/absence information of fish assemblages. Despite this value of PAM, its application to MCEs remains particularly sparse (Raick et al., 2023; Raick et al., 2024), further emphasizing the understudied nature of these unique habitats.
As fish chorusing constitutes an essential part of marine soundscapes (Cato, 1978; Pine et al., 2018; McCauley and Cato, 1998), understanding these acoustic phenomena at mesophotic depths can begin to understand seasonality and habitat use by soniferous groups of fish in this understudied zone of the Red Sea. A soundscape is defined by the International Standards Organization (ISO) as the “characterization of the ambient sound in terms of its spatial, temporal and frequency attributes, and the types of sources contributing to the sound field” (Schafer, 1969; Pijanowski et al., 2011; ISO, 2017). All fish are able to perceive sounds underwater (Amorim, 2006; Lobel, 1992; Parmentier and Fine, 2016) but active sound production and acoustic communication has been found in approximately 1000 fish species, from 133 fish families and 33 orders (Looby et al., 2022). The two main mechanisms for sound production in fish are stridulation (rubbing of bones), and the use of sonic muscles attached to the swim bladder (Amorim, 2006; Parmentier and Fine, 2016). While fish species may produce more than one sound (Amorim, 2006; Kaatz et al., 2017; Ladich, 2019; Aalbers and Drawbridge, 2008; Bertucci et al., 2015; Carriço et al., 2019), chorusing behavior by a single species usually consists of one repeated, coordinated sound (Lobel, 2002; Lobel, 1992), or mixed sounds by multiple species as is the case in dawn and dusk chorusing behavior similar to that seen in birds (Cato, 1978; McCauley and Cato, 1998). A chorus is defined as a sustained background noise, resulting when many individuals emit sound simultaneously in a designated area, and is clearly audible above ambient noise (Cato, 1978; Kaatz et al., 2017; McCauley and Cato, 2016). Chorusing in fish can occur passively during feeding (Pine et al., 2018), or to coordinate activities such as courtship, spawning and feeding between individuals of a species (Cato, 1978; McCauley and Cato, 1998; Lobel, 1992; D’spain and Batchelor, 2006; McCauley, 2012; Parsons et al., 2013) and many species have evolved nocturnality as a potential spawning strategy to lessen predatory risk and increase egg survival (Šmejkal et al., 2018).
Due to this nocturnality, the use of PAM is particularly well-suited to detect such coordinated sound production over space and time, offering valuable insights into fish activity where visual surveys are logistically challenging (Luczkovich et al., 2008a; Luczkovich et al., 2008b; Van Oosterom et al., 2016). Visual surveys of spawning aggregations depend on weather conditions, and are generally restricted to a certain area (Chérubin et al., 2020), while the aggregations may have an uncertain spatial range (Ikegami et al., 2014; McCauley and Cato, 2016). While weather also influences PAM recordings, in certain conditions filters may be applied to data to extract meaningful patterns (Erbe et al., 2022). PAM can non-invasively detect biological activity and changes that traditional methods, such as plankton net tows, may not accurately capture, as egg collection can be influenced by predation and currents (Chérubin et al., 2020). However, while fish choruses are often recorded, attributing them to specific species remains challenging due to the difficulty of direct observation (McCauley and Cato, 2016; Zhang and Katsnelson, 2021; Hawkins et al., 2023). Species identification can include using a camera/hydrophone set up where the shoal is estimated to be, or in an experimental tank. While a tank ensures the sound originates from the study species, fish may not conduct themselves naturally. With development, PAM could provide better insights into the activity and durationspawning events as has been seen in exsitu experiments (Luczkovich et al., 2008b; Montie et al., 2017).
Nevertheless, PAM offers the ability to non-invasively monitor changes in fish chorusing and detect these important biological events that may otherwise remain undocumented. Fish chorusing can function as an attractant, or a beacon towards an area of high productivity utilized by the chorusing species (McCauley and Cato, 2016), associated predators (Gannon et al., 2005; Remage-Healey et al., 2006; Luczkovich and Keusenkothen, 2008) and other marine life. Furthermore, the absence or reduction of fish chorusing may serve as an indicator of environmental change or habitat degradation, signaling broader ecological disturbances (Gordon et al., 2019; Rossi et al., 2017; Duarte et al., 2021). While fish chorusing has been documented globally, soundscape analyses of MCEs remain limited to a handful of studies, particularly in regions of French Polynesia and Okinawa, Japan (Raick et al., 2023; Raick et al., 2024; Lin et al., 2021; Bertucci et al., 2017; Akamatsu et al., 2018; Williams et al., 2024). The eastern coast of the Central Red Sea, where few courtship and spawning events have been described (El-Regal, 2013; Kattan et al., 2022), and no fish choruses have been documented, remains an understudied area for bioacoustics altogether. This study presents the first comprehensive investigation into the spatial and temporal components of fish chorusing within the mesophotic and shallow reef zones of the Red Sea.
The Red Sea is a unique ocean basin with highly diverse shallow and deep coastal reef ecosystems, flanking a central canyon with depths of up to 3,000 m (Berumen et al., 2013; Carvalho et al., 2019). The Red Sea exhibits high levels of biodiversity and endemism; of approximately 1166 fish species present, 165 species are exclusively endemic to the Red Sea (Bogorodsky and Randall, 2019). Additionally, of 46 species that live below 200 m, 22 species are endemic (Bogorodsky and Randall, 2019). Given increasing threats such as overfishing (Chérubin et al., 2020; Ikegami et al., 2014) and rising anthropogenic noise pollution from one of the world’s most active shipping lanes, the need for innovative monitoring strategies is paramount. It is documented that choruses lasting longer with increased fish calls, involved more productive spawning sessions (Montie et al., 2017; Sadovy De Mitcheson et al., 2008), and anthropogenic noise such as motor boats can directly overlap frequencies, disturbing activities surrounding communication and reproduction success (Holles et al., 2013; Nedelec et al., 2017; Popper and Hawkins, 2019; Radford et al., 2023; De Jong et al., 2018).
Here, we aimed to characterize temporal patterns of fish chorusing in soundscapes within the mesophotic and adjacent shallow reef ecosystems of the Red Sea. Using multiple hydrophones (three per location) within two study locations, deployed on a gradient from shallow to the adjacent mesophotic area, we aimed to understand the spatial extent and potential source location of fish choruses in these zones, as well as the seasonality and temporal patterns.
2 MATERIALS AND METHODS
2.1 Locations and sensor systems
Suitable sites in the mesophotic zone were identified using high resolution multibeam bathymetry (unpublished raw data) and georeferenced ROV transects collected in 2021 by the Habitat and Benthic Biodiversity (HaBB) Laboratory team at KAUST (Marchese et al., 2021). Two locations were subsequently chosen: Al Fahal (AF) reef (22°18′03.0″N 38°57′35.6″E) and King Abdullah Economic City (KAEC/KA) reef (22°22′13.3″N 39°03′39.1″E). At each location one shallow site and two mesophotic sites were established, totaling six sites (Figures 1, 2; Table 1). In terms of the entire reef shelf, KAEC sites are considered to be inshore, while Al Fahal is a mid-shore fringing reef (13 km offshore) while more fringing reefs enclose the reef complex ∼20 km offshore).
[image: Figure 1]FIGURE 1 | (A) Inset map showing study location in the Red Sea (B) Map of study site locations, off the coast of Thuwal and KAEC (Saudi Arabia) (depths in Table 1) with benthic elevation, of Al Fahal (AF) reef complex and KAEC (KA) reef complex (survey data in publication) showing a steep drop off from the mesophotic plateau (∼70–80 m) to deeper water (∼600 m depth). The cargo ship on the satellite image (below A) shows common passage area for large vessels.
[image: Figure 2]FIGURE 2 | (A) Coral at Al Fahal shallow site (12 m depth) (B) Frame deployment at KAEC shallow site (11.8 m) surrounded by patches of mostly dead coral. ROV photo of mesophotic site KAEC, DS3 (77.8 m), representative of all mesophotic sites, showing (C) surrounding rocky bommie on the sand flat, dominated by coralline crustose algae, corals such as Leptoseris sp. and sponges (KAEC, DS3, 77.8 m depth) (D) Gobiidae on sand flat usually in symbiosis with Alpheidae (snapping shrimp) (KAEC, DS3, 77.8 m depth).
TABLE 1 | Frame deployment information of the two locations, Al Fahal reef (AF) and KAEC (KA), shallow (SH) and mesophotic (deep) sites (DS).
[image: Table 1]All mesophotic sites were 70–85 m deep, primarily sandy and flat bottomed with rocky patches. These rocky patches were dominated by algal and sponge cover, as well as low coral cover of mostly gorgonians and plating species. KAEC shallow site (11.8 m), was comprised of mainly dead coral, macroalgae, and a sandy bottom, while Al Fahal shallow site (12 m) was characterized by high live coral cover. It was observed visually that the Al Fahal shallow site had a greater abundance and biodiversity of fish than in KAEC (Figure 2). The distance between the KAEC sites was 1.8 km, and 2 km respectively. While the shallow Al Fahal site was similarly spaced at 1.5 km from the first mesophotic site, the second was set only 300 m away due to constraints of bathymetry. The flat, sandy bottom between 70 and 90 m, required for deployments only extended thus far, with a steep incline immediately adjacent. For both mesophotic and shallow sites, aluminum frames were each equipped with one SoundTrap ST300 hydrophone (Ocean Instruments, NZ), a CTD (Ocean Seven 310 plus) with temperature, oxygen, salinity and pH probes, and a miniDOT® dissolved oxygen and temperature logger (PME) set to record every 15 and 10 min respectively (Frame seen in Figure 2B; Supplementary Figure S2). Due to technical difficulties, data from both CTD and miniDOT®s were not available from all sites (Table 1; Supplementary Table S2, S3). Each frame was floated by a subsurface buoy and weighted with a biodegradable hessian sack filled with sand and gravel, and retrieved via an acoustic release (RT6-1000, Sonardyne Ltd.). Hydrophones were set to record continuously at a sampling rate of 96 kHz (High-gain setting), and the individual in-house factory calibration used for analysis (Supplementary Table S5). Each SoundTrap is calibrated by Ocean Instruments using a piston phone calibration at 250 Hz and is specified to have flat response across its full bandwith +/- 3 dB. Each of the mesophotic deployments were consequently surveyed using an ROV (BlueROV2, Blue Robotics Inc) with a GoPro Hero 9 attached to record in 4K resolution, while the shallow (10 m) were deployed and checked via SCUBA diving. The SeaTrac standard system (USBL) was used to track the position of the ROV in real time. The hydrophones were set to record for up to 15 days per season (recording dates for individual hydrophones in Table 1).
2.2 Chorus type classification
Firstly, audio files (.wav) were processed using CHORUS (Characterisation of Recorded Underwater Sound) (Gavrilov and Parsons, 2014) and long-term spectral averages (LTSA) of the whole recording period were observed to identify chorus patterns and anomalies (1,024 point Hanning window type, frequency resolution 1 Hz). To create the LTSAs, the data is preprocessed using the CHORUS script. As this requires entry of SoundTrap calibration data, the resulting Pressure Spectral Density plot of all recordings provides a calibrated view (averaging time of 0.08333, minimum level 40 dB, and a maximum level 110 dB). For each site, chorus patterns were visually identified, and the day/timing of highest chorus energy noted.
Secondly, to reduce power needed for processing, the first one minute of each five minute audio file was extracted using a custom MATLAB script. These one minute files were used to visualize each chorus in Raven Pro 1.6 (Cornell University, Lab of Ornithology). Using methods from Borie-Mojica, Rezende (Borie-Mojica et al., 2022), parameters of low and high frequency limits (Hz), peak frequency (Hz), and the stop and start times of each chorus and duration were subsequently manually extracted in Raven 1.6 (Table 1).
The start and stop times were classified as when the individual fish calls were overlapping, indicative of either shoaling activity (defined as individual fish grouping together for social reasons) for the choruses consisting of a single sound, or heightened activity/communication in the choruses with multiple calls. Broadband analysis (Hann window, 1 s window length, 50% window overlap, end-end calibration) was performed using PAMGuide in MATLAB (Merchant et al., 2015). The frequency band 40 Hz–3 kHz was used to identify the peak Sound Pressure Level (SPL) values, representing received levels (RL) (Erbe et al., 2022). As SPL is a time-average, it is a useful unit for sounds that last for a long time, or that can be considered continuous, like chorusing (Erbe et al., 2022). A custom MATLAB script averaged the results for each minute recording. The corresponding recording to peak level and time was checked in Raven Pro 1.6 to make sure there was no vessel interference or noise artefact during this time, and input to Supplementary Table S1. Choruses were assigned a unique label according to temporal, spectral and acoustic characteristics.
Finally, to produce overall chorus parameters (Table 2) for each chorus individually, data from all sites (Supplementary Table S1) was averaged to find a midpoint value, and the range represented (±), for start/end times, duration, low/high/peak frequency, and peak SPL values. The representative days, chosen for strong chorus activity and the least amount of vessel noise interference with the choruses, were January 13th – 14th for Winter, with the exception of KA_DS4, which only recorded until the 13th , and the 12th was used, and the 27th – 28th July for Summer. Pressure Spectral Density Plots (PSD, Figures 3, 5) for each main chorus type, were created using PAMGuide (Merchant et al., 2015) (Hann window, 1 s window length, 90% overlap).
TABLE 2 | Summary of fish chorus parameters from all sites and seasons. Results are the mean of from each site where the chorus is present (Supplementary Table S1) calculated using 1 min clips from peak days (without vessel presence in the clip) per site-specific frequency band (Supplementary Table S1) (NB: U1 is calculated from 40 Hz to 5 kHz).
[image: Table 2][image: Figure 3]FIGURE 3 | TOP: Main winter Chorus F (coordinated, rhythmic trumpeting pulses, with up to 4 harmonics at highest observed chorus strength (0.6 kHz, 1.15 kHz, 1.75 kHz, 2.3 kHz) at KAEC mesophotic site DS3 (A) Spectral density plot [90% overlap, Hann window, window length 0.08 ) of F (B) 6 s waveform of F (Raven Pro 1.6.5, Hann window size 5412)] (C) 6 s spectrogram of Chorus F showing rhythmic pulsed nature of coordinated calling (Raven Pro 1.6.5, Hann window, window size 5412) BOTTOM: Long term spectrogram of KAEC mesophotic site 3, KAEC shallow site, and Al Fahal mesophotic site 2 (CHORUS, parameters in methods). Temperature (red) and dissolved oxygen data (black) from the miniDOTs is overlaid. Chorus F, Chorus G and Chorus U1 are highlighted by blue dotted lines. Sunrise (Ψ) and sunset (Ω) are denoted by aforementioned symbols and white lines. Light blue dotted lines outline choruses present.
2.3 Environmental data
Data files from CTD and miniDOT®s were cleaned and trimmed to the deployment time windows (Table 1; additional data will be made available). Due to technical difficulties, data from CTD and miniDOT®s were not available from all sites. To correct for differences between instrument types, a correction value was applied based on locations were both datasets were available. Data were averaged per hour (due to different sampling intervals of 15 and 10 min for CTDs and miniDOT®s, respectively), and plotted using packages “ggplot2” and “lubridate” in R (version 4.1.1). Wind speeds (knots) for the time period were taken from Jeddah, and resulting Beaufort scale per day was calculated (https://mesonet.agron.iastate.edu/). Lunar phase was also noted by illumination percentage for the nearest coastal town with data, Thuwal (timeanddate.com), Saudi Arabia (Figures 3, 5; Supplementary Table S4).
3 RESULTS
3.1 Chorus types
Eleven fish choruses were identified, and were different between seasons. Fewer choruses were detected in winter (n = 3), than in summer (n = 8) (Table 1, 2).Less difference in chorus types was found within the locations, whereas variation in received levels per site was more prominent. Only Chorus U1 was ubiquitously present across seasons and sites, while Chorus F was the only one present across all sites during a season—winter—except for one shallow site. In both seasons respectively, interconnectivity of shallow and deep soundscapes was shown by the acoustic presence of certain choruses in both.
3.1.1 Winter
The main winter chorus, Chorus F, was characterized by melodic trumpeting sounds with rhythmic qualities and was present at all mesophotic sites (Figure 3; Table 2). While Chorus F was recorded across all mesophotic sites, variability in received levels, timing, and peak frequencies was observed between locations (Figures 3, 4; Supplementary Table S1). Chorus F was also briefly audible at the Al Fahal shallow site. The highest averaged received levels for F occurred at KA_DS3 (105.7 dB re 1 μPa2) and the inshore adjacent KA_DS4 (92.9 dB re 1 μPa2) (Supplementary Table S1). Received levels of F at AF_SH reached 102 dB re 1 μPa2, due to overlap with snapping shrimp energy. On average, Chorus F lasted 6:06 h (±02:24 h) during the evening, starting shortly after sunset (18:16PM ± 00:03), and reaching an average peak of 97.8 ± 5.7 dB re 1 μPa2 within 20 min. Chorus F consequently lasted until ∼01:30 AM, with a peak frequency of 568.8 ± 19.5 Hz (Table 2). On KA_DS4 where received levels were highest (Table 2; Figure 4), four harmonics were present in Chorus F at 600 Hz, 1.15 kHz, 1.75 kHz, and 2.3 kHz (Figure 3A), while on other sites, only the lowest three–two harmonics were present.
[image: Figure 4]FIGURE 4 | Received levels from start to end times of winter Chorus F at Al Fahal and KAEC mesophotic and shallow sites calculated within the respective frequency bands per site (Supplementary Table S1). Time is Arabian Standard Time (AST). The shallow site (AF_SH) is represented by a dotted blue line, grey squares show the interference of shipping noise during chorusing, falsely inflating the SPL, as well as a pink square for loud dolphin echolocation activity. Time is shown in hours relative to sunrise and sunset on the X-axis. Broadband analysis using specific frequency bands per chorus (Supplementary Table S1), 50% window overlap, Hann window, window length 1 s).
Chorus G, originating in both shallow sites was a dusk chorus consisting of many different sounds, starting at sunset, and lasting approximately 1 h (Table 2). Chorus G had a peak frequency of 232.8 ± 46.1 Hz, and average received level of 93.45 ± 7.6 dB re 1 μPa2 (Table 2).
Chorus E was shorter in length than other choruses (∼10 min) but had comparable characteristics to summer Choruses C and III. The peak frequency of Chorus E was 671.3 ± 320 Hz (C: 1,039.3 ± 484.8 Hz), and its peak SPL was 90.2 ± 3.2 dB re 1 μPa2 (C: 97.7 ± 4.1 dB re 1 μPa2) (Table 2). Chorus E was audible across all mesophotic sites (Supplementary Table S1) except KA_DS3.
3.1.2 Summer
Choruses C, D, and III exhibited differences in received levels, timing, and location (Figure 5), but shared similarities in the type of individual sound being a series of pulses (Figure 7). Chorus III was only found on KAEC sites. The highest received levels were observed for III at KA_DS3, peaking at 117.5 dB re 1 μPa2, followed by the adjacent inshore mesophotic site KA_DS4 (109 dB re 1 μPa2) (Supplementary Table S1). Choruses C and D, only observed on Al Fahal sites, exhibited average peak levels of 97.7 ± 4.1 and 104.8 ± 8.2 dB re 1 μPa2, respectively, with slightly higher levels at AF_DS2 than AF_DS1 (Figure 5). Choruses C and D were also audible at adjacent shallow site AF_SH, as was Chorus III at KA_SH (Figures 5, 6; Supplementary Table S1). Choruses III and C overlapped temporally.
[image: Figure 5]FIGURE 5 | TOP: Main summer chorus at KA_DS3, Chorus III (dry croak pulses, peak frequency: 997 Hz) (D) Spectral density plot (90% overlap, Hann window, window length 0.08 secs) of Chorus III (E) 1 min spectrogram of III (90% overlap, Hann window, window length 0.08 secs) (F) 4 secs example of individual calls of III. BOTTOM: Long term spectrogram (made using CHORUS (Gavrilov and Parsons, 2014) (MATLAB) at KAEC mesophotic site 3, KAEC shallow site, and Al Fahal mesophotic site. Temperature (red) and dissolved oxygen data (black) from the miniDOTs is overlaid. Sunrise (Ψ) and sunset (Ω) are denoted by aforementioned symbols and white lines. Orange dotted lines outline choruses present.
[image: Figure 6]FIGURE 6 | Received levels from half an hour before to half an hour after the start and end times of potentially related Choruses C, D, and III at Al Fahal and KAEC mesophotic and shallow sites. Time is Arabian Standard Time (AST). Time is shown in relation to sunrise (Ψ) and sunset (Ω) on the x-axis. Frequency bands used in analysis specific to each chorus (Supplementary Table S1).
Summer choruses Chorus C and Chorus D were most prevalent at the Al Fahal mesophotic sites but were also audible at lower levels in adjacent shallow sites (Figure 6). As Chorus C ended, Chorus D began, shifting from a higher peak frequency (1039.3 ± 484.8 Hz) to a lower one (850 ± 164.6 Hz) (Table 2; Figures 5, 6).
Individual sounds of III on KA_DS3, the site with highest received levels, showed 4-7 pulses (Figure 7C). On KA_DS4, further inshore, the sounds only had 2-4 pulses (Figure 7B). However, for C and D it was not possible to separate clean examples of individual sounds (Figures 7D, E).
[image: Figure 7]FIGURE 7 | Spectrogram and waveform of individual calls from (A) Chorus III at KA_DS4 and (B) at KA_DS3, where the highest received levels occurred, with (C) zoomed in to show a structure of four pulses from KA_DS3. (D, E) Spectrogram and waveform of Chorus D and C respectively, where individual calls could not be separated for analysis. All spectrograms and waveforms created using Raven Pro 1.6 (Hann window, window size of 5412, band filter according to respective chorus parameters).
Chorus II was restricted to the KAEC shallow and mesophotic sites during the summer (Figure 5; Supplementary Table S1). Chorus II, perceived as popping/pulse sounds and white noise, had a variable peak frequency of 698.3 ± 507.6 Hz and peak SPL of 101.03 ± 2.6 dB re 1 μPa2 across sites.
Chorus A, occurring only in the summer, was very short in length (10 min) possessed a rhythmic quality similar to the winter Chorus F. It had a peak frequency of 675 ± 42.4 Hz (vs. F at 568.8 ± 19.5 Hz) and a peak SPL of 95.1 ± 0.1 dB re 1 μPa2 (vs. F at 97.8 ± 5.7 dB re 1 μPa2). A lastined only ∼10 min during the summer, compared to F, which lasts 06:06 ± 02:24 h during the winter. Chorus A was only present at both Al Fahal mesophotic sites.
Chorus H was the summer dusk chorus, starting at sunset (Supplementary Table S1) comprised of a mix of low-frequency fish sounds, such as pops, knocks, and grunts (Table 2, Figure 5). The peak frequency of Chorus H was 377 ± 102.6 Hz, and received levels were 101.5 ± 8.8 dB re 1 μPa2 (Table 2; Supplementary Table S1).
Choruses U1 and U2 were also present in summer at only the mesophotic sites. Both choruses sounded like white noise. Chorus U1 started at 19:47 (±0.01), one hour after sunset and ended at 21:16 (±0.05), with a peak frequency of 3,465 Hz (±92 Hz). Chorus U2, began at 01:26 (±0:05) 6 hours after sunset, and ended just before sunrise at 05:36 (±0:05). Chorus U2 had a peak frequency of 935 ± 64 Hz.
3.2 Environmental parameters
Water temperature in the mesophotic sites was relatively stable, ranging between 24–27°C across all sites, except for Al Fahal DS2 in summer (25.1–30.4°C) (Supplementary Figure S3; Supplementary Table S2). Shallow sites showed higher variability between seasons, with summer temperatures averaging 31°C and winter temperatures averaging 25.5°C, with diel range within ∼2°C (Figures 3, 5; Supplementary Figure S3). Dissolved oxygen saturation was more stable in mesophotic sites but highly variable in shallow sites regardless of season, particularly at KAEC in winter (68.2%–206% saturation relative to air), showing strong diel patterns (Supplementary Figure S3). Salinity and pH were stable across all depths and seasons at 39.54 ± 0.2 psu and 8.12 ± 0.06, respectively (Supplementary Table S3). Winter recordings coincided with a first quarter to full moon (59%–100% illumination) (Figure 3; Supplementary Table S4), while summer recordings occurred during a third quarter to new moon (0%–34.5% illumination) (Figure 5; Supplementary Table S4). During winter recordings, wind speed steadily increased from a daily average of 3.76 knots (Beaufort scale 2) on 9/1/22, to reach a peak of 10.8 knots (Beaufort scale 4) on 20/1/22 (Supplementary Figure S4). During the summer recording period, the average wind speed declined steadily from 21/7/22 at 8.8 knots (Beaufort scale 3), down to 4.3 knots (Beaufort scale of 2) on 31/7/22 (Supplementary Figure S4).
4 DISCUSSION
4.1 Seasonal patterns of chorusing
Eleven distinct chorus types and their characteristics were catalogued across winter and summer, revealing clear seasonal patterns in fish chorusing dynamics, as well as spatial characteristics. Water temperature and oxygen levels in the mesophotic zone, where the majority of choruses were observed, was relatively stable even between seasons (Supplementary Tables S2, S3).
4.1.1 Winter choruses
During winter Chorus F was the most prominent, consistently present across mesophotic sites. Chorus F was present during all days of recording, coinciding with a first quarter lunar phase to full moon (59%–100% illumination) (Figure 3). Chorus F reached peak levels (117 dB re µPa2) at KA_DS3 (Table 2; Figures 3, 4), a site closest to the steep drop-off near the KAEC shelf (Figure 1). This characteristic suggests that the shoal responsible for Chorus F could be located in the deeper waters adjacent to the slope. It was not possible to identify individual calls at any part of the chorus, and the rhythmic quality of the sound (Figure 3) implied coordination of calling (Picciulin et al., 2024). While temperature in the mesophotic remained between 24°C and 27°C (Supplementary Figure S3), elevated wind and currents create an iso-speed profile and near surface duct. Water temperature in the mesophotic sites was relatively stable, ranging between 24–27°C across all sites (Supplementary Figure S3; Supplementary Table S2). Sound spreading in winter would have been affected by the presence of a near-surface sound duct (0–200 m)—where sound travels faster—formed by local conditions such as cooler water, higher currents and wind during this period in the Red Sea which also give rise to an iso-speed sound speed profile (SSP). (Erbe et al., 2022; Larsen and Radford, 2018; Larayedh et al., 2024). More efficient horizontal propagation and intensification of sound at the surface would occur along the duct, as well as reflection of sound from the bottom of the duct upwards (Erbe et al., 2022). The surface duct presence in the winter could imply that this chorus may originate shallower than 200m, as sound below would be more easily attenuated (Erbe et al., 2022).
Furthermore, the location of Chorus F could also be evident in the change in frequency components recorded between the sites. While the peak frequency of 568.8 ± 19.5 Hz was fairly consistent among sites, the harmonic components differed between sites. All four harmonics of Chorus F were received at KAEC mesophotic site 3 (Figure 3; Table 2), while these are attenuated to the two lower harmonics in the recordings of KAEC mesophotic site 4, Al Fahal mesophotic sites and Al Fahal shallow site (Figure 3; Supplementary Table S1). This degradation in frequency can occur when sound is picked up from the far-field (Erbe et al., 2022). Chorus F was only audible at Al Fahal shallow site for a brief period (∼1 h from 18:15), with elevated received levels (Figure 4) more likely due to the overlapping impulsive broadband sounds of snapping shrimp (Supplementary Table S1) (Butler et al., 2021; Lillis and Mooney, 2018). This shallow-to-mesophotic acoustic range highlights the broader spatial extent of Chorus F. The absence from the KAEC shallow site, despite being adjacent to the potential origin (KA_DS3), is most likely due to the sound attenuation in the soft absorptive sandy bottom, or by obstruction due to the complex morphology of the shallow, mostly dead reef around the recorder (Erbe et al., 2022).
The extended spatial scale of the fish choruses observed is further highlighted by the presence of shallow dusk Chorus G on mesophotic sites (Figure 3; Supplementary Table S1), as well as the dusk Chorus H during summer. Chorus G at shallow sites KA_SH and AF_SH was present during winter temperatures of 24.4°C–26.5°C (Figure 3; Supplementary Table S2), at a received level of 93.45 ± 7.6 dB re µPa2. This dusk chorus includes, among other sounds, identifiable pulse and knock sounds attributed to Pomacentridae (Akamatsu et al., 2018; Staaterman et al., 2013) and popping sounds characteristic of nocturnal species like Pempheridae (sweepers) (Kaplan et al., 2015; Lyon et al., 2019; Nedelec et al., 2015). Mixed-species assemblages with high site fidelity are commonly attributed to dawn and dusk chorusing (Anderson, 2021; Kaplan et al., 2015; Nedelec et al., 2015). Chorus U1 also appears to originate on the shallow reef site, and due to the high frequency nature and timing, is most likely attributed to the peak in crepuscular invertebrate (snapping shrimp) chorusing (Butler et al., 2021; Lillis and Mooney, 2018) (Figure 3; Table 2). The presence of both Chorus G and Chorus U1 in the deep soundscape recordings (Figure 3; Supplementary Table S1) affirms how shallow reef soundscapes can provide critical acoustic cues for larval settlement and reef navigation for marine fauna (Montgomery et al., 2006; Vermeij et al., 2010; Simpson et al., 2005). Previous experiments using light traps equipped with speakers playing nocturnal reef sounds, with a range of only 65 m, showed an increased catch of larval fish up to 1.6 times that of just light (Leis et al., 2003). Pelagic larvae or predators may rely on these choruses as navigation cues (Montgomery et al., 2006; Simpson et al., 2005; Remage-Healey et al., 2006), such as dolphins, with foraging echolocation visible in AF_DS1 sound levels (Figure 4) as well as communication sounds such as whistles and buzzes (Dibble et al., 2016; Janik, 2000) throughout all mesophotic sites.
Natural sources of sound underwater include wind, waves and currents, and higher wind speeds can affect ambient noise levels underwater, especially in low frequencies (>1 kHz) (Burnham et al., 2023). It is important to note that wind may also affect received levels of chorus activity (Burnham et al., 2023; Ainslie, 2005) and higher wind speeds have shown negative correlation to peak chorus levels (McWilliam et al., 2017). During winter recordings, wind speed steadily increased from a daily average of 3.76 knots (Beaufort scale 2) on 9/1/22, to reach a peak of 10.8 knots (Beaufort scale 4) on 20/1/22 (Supplementary Figure S4). A change in underwater conditions also occurs, during a period of higher wind, on the 15th January (Supplementary Figure S4). During higher wind days, the near-surface sound duct could be disrupted (Ainslie, 2005), allowing sound to travel less efficiently horizontally, influencing the received levels of winter choruses at the shallow hydrophone, or more distant mesophotic sites. If the conditions were more calm, recordings of choruses may present different received levels and spectral qualities. The varying effects of environmental factors makes it difficult to compare other fish sounds and choruses to identify the source species.
As is common with many fish choruses and sounds globally, there is no current evidence for a species responsible for the winter choruses. The tonal, harmonic sound structure of Chorus F (Figure 3A, C) shows similarity to the characteristics of sound produced actively in courtship and/or spawning coordination, as observed in Terapontidae species (Parsons et al., 2017; Laxminarsimha et al., 2020; Mahanty et al., 2015; Parsons et al., 2016b). The harmonic structure and frequency components (600 Hz–2.3 kHz) of Chorus F share similarities with choruses linked to swim bladder-driven sound production (Parsons et al., 2017). However, while comparison of waveforms (Figure 3B) show a similar pattern to Chorus VI (Parsons et al., 2017) in Western Australia, spectral comparison reveal differences in harmonic frequencies and peak values (568.8 ± 19.5 Hz for F vs. 440 Hz for VI), either suggesting a distinct source or difference in propagation conditions, or geography (Parmentier et al., 2005). Known Red Sea soniferous fish families which spawn during winter (e.g., Haemulidae, Gerridae, and Mugilidae (El-Regal, 2013; Bogorodsky and Randall, 2019)) have not been documented to produce harmonic choruses of this type (Amorim, 2006; Parmentier and Fine, 2016; Tricas and Boyle, 2014). Overall, Chorus F likely represents a key aggregation site off Thuwal, and underscores the spatial extent of fish chorusing in both mesophotic and shallow habitats.
Lastly, Chorus E present on all mesophotic sites except for KA_DS3, was short in length (10 min, Table 2) and sounded similar to the summer Choruses C and III. Although individual sounds could not be separated, Chorus E appeared to be comprised of pulsed calls, with a peak frequency within the range of III and C, of 671.3 ± 320 Hz. If attributed to the same source species, this may signal either migration or year-round residency with fluctuating numbers of individuals (Parsons et al., 2017). However, as fish choruses and sounds can show very similar characteristics (Hawkins et al., 2023), there is a chance this chorus can be attributed to a distinct species.
4.1.2 Summer choruses
Summer recordings revealed the majority of choruses seen across the two seasons (n = 8). Al Fahal sites recorded adjacent Choruses C and D, at respective peak frequencies of 1039.3 ± 484.8 Hz, and850 ± 164.6 Hz), both characterized by dampened pulses or “croaks” (Table 2; Figures 5, 6). On KAEC sites, Chorus III exhibited a similar sound, at a peak frequency of 848 ± 19.6 Hz. The variation in received levels (Figure 6) and spectral differences (Supplementary Table S1) and timing were enough to label them different choruses.
Notably, Choruses C and D were present at both mesophotic and shallow sites at Al Fahal, whereas Chorus III was restricted to KAEC mesophotic sites (Figures 5, 6). These spatial differences could reflect site-specific shoaling behavior, differences in reef topography, orientation relative to the hydrophone, and sound propagation factors as discussed in the previous Section (4.1.1). In the summer, the Red Sea possesses a downward-refracting SSP where sound speed increases with depth, and there is a reduction in surface reflection of sound without the presence of a duct like in winter (Larayedh et al., 2024). This potentially means that soundwaves refracted downward are eventually absorbed or scattered by the seafloor, causing propagation loss (Erbe et al., 2022). Due to these conditions, it would be less likely for a chorus originating deeper than 200 m to be received at such high levels on KA_DS3 at 73.2 m (117.5 dB re µPa2, Supplementary Table S1). Chorus C, shares similar temporal characteristics as III (21:32 h ± 00:23–00:40 h ± 00:09, vs. 21:43 h ± 1:10–00:42 h ± 00:50, respectively), but exhibits a much lower received level of 97.7 ± 4.1 dB re µPa2 (III = 106 ± 13.2 dB re µPa2). Spectrally, Chorus C has a higher peak frequency (1,039.3 ± 484.8 Hz) than Chorus III (848 ± 19.6 Hz), the latter which is more similar to Chorus D (850 ± 164.6 Hz) (Table 2). As previously noted (Section 4.2), wind can also affect sound propagation (Ainslie, 2005) and contribute to ambient noise levels in the low frequencies. The average wind speed declined steadily from 21/7/22 at 8.8 knots (Beaufort scale 3), down to 4.3 knots (Beaufort scale of 2) on 31/7/22 (Supplementary Figure S4), and could have potentially scattered frequencies to reduce propagation of deep choruses to the shallow reef sites.
Alternatively, a short, consistent temporal gap between Chorus C and D suggests they may originate from two distinct species, although vertical movement within the water column by a single species remains a possibility (Hawkins et al., 2023; McCauley and Cato, 2016). A previous study observed frequency shifts in fish choruses as shoals moved higher in the water column, consistent with swim bladder-driven sounds (McCauley and Cato, 2016). If multiple species are responsible for these choruses, this pattern (C to D chorusing) may exemplify the acoustic niche hypothesis, wherein organisms partition vocal frequencies to avoid overlap while maximizing communication efficiency (Krause, 1993; Bertucci et al., 2020).
White noise Choruses U1 and U2 add further complexity to the mesophotic soundscape. Like in winter, Chorus U1 is most likely the attenuated sound of the shallow invertebrate chorus (Butler et al., 2021; Lillis and Mooney, 2018), as it coincides with the timing of greatest energy present in the shallow invertebrate chorus, just after dusk (Figures 3, 5). Chorus U1 is slightly more evident in winter than summer, likely due to the different sound propagation conditions, with the near-surface sound duct potentially increasing sound propagation from the shallow chorus (Larayedh et al., 2024). This difference is most likely not related to the difference in lunar phase: snapping shrimp sound pressure levels have been seen to increase during new moon (Gordon et al., 2019), as was observed during summer recordings (third quarter to new moon; 0%–34.5% illumination. Figure 5; Supplementary Table S4). Chorus U2, unlike U1 is lower in frequency (peak of 935 ± 63.6 Hz vs. 3,465 ± 91.9 Hz) and is only present on mesophotic sites. Starting at the end of Chorus III, one potential reason for Chorus U2 may arise from hydrodynamic shoal movements, possibly reflecting changes in position within the water column. Chorus U2 appearing at the end of Chorus III for 4:10 h, could suggest the source as hydrodynamic noise from diel vertical migration (DVM) by nocturnally active species like Myctophidae. DVM is whereby individuals stay at mesopelagic depths during the day to avoid predation, and travel to surface layers at night to feed (Dypvik and Kaartvedt, 2013; Klevjer et al., 2012). Alternatively, the farfield effect on distant, overlapping calls of a chorus, whether passive through feeding or active for courtship/spawning, may create a diffuse acoustic haze, or white noise (Cato, 1978; McCauley and Cato, 2016; McCauley and Cato, 1998). Echogram studies near the KAEC canyon (22.3°N, 39.03°E) detected deep scattering layers (DSL) dominated by Benthosoma pterotum (Myctophidae) ascending to feed near the surface at dusk (Dypvik and Kaartvedt, 2013; Klevjer et al., 2012; Sobradillo et al., 2022). The synchronized timing of Chorus III with this migration and the white noise Chorus U2 (Figure 5; Table 2) aligns with the white noise, post-chorus (Moulton, 1960). More likely, these sounds could potentially be by-products of foraging, or used for keeping loose structure in the school (McCauley and Cato, 2016). A long-term soundscape study explored potential Myctophid choruses, spanning 1–5 kHz, peaking in levels similarly between 0.75–5.25 h after sunset (Chorus III: 4 h after sunset), and composed of dampened pulses (McCauley and Cato, 2016). Furthermore, these choruses were not correlated with the moon phase, but rather periods of high primary productivity. Further studies would be required to assess their sound production characteristics and their link with primary productivity in the Red Sea.
An additional potential source for Choruses C, D and III includes the Carangidae family, which is known to produce grunt-like sounds (Parsons et al., 2016a; Carvalho et al., 2019). Species such as Caranx ignobilis (giant trevally) are important commercial fish in the region and have been observed aggregating at mesophotic depths (40 m) during summer spawning seasons in the Red Sea (Rice et al., 2020; Bogorodsky and Randall, 2019; Sadovy De Mitcheson et al., 2008). This species’ vertical shoaling behavior (Daly et al., 2018; Zhou et al., 2024) aligns well with the spatial and temporal features observed in these choruses.
Chorus II bears striking similarities to a chorus described in multiple studies (McCauley, 2012; Parsons et al., 2017) and attributed to crepuscular, planktivorous fish families Holocentridae, Priacanthidae and Apogonidae, and most likely related to feeding activity. As noted by the authors, this chorus shows spectral peaks between 600 and 900 Hz and contains a notch around 1,000 Hz, which suggests the shoal’s position near the surface (Parsons et al., 2017). The origin point of this chorus in our study is unknown. Chorus II shows variable spectral qualities in the mesophotic sites as compared to the shallow sites, contributing to the variable average low frequency of 362.5 ± 109.6 Hz to high frequency of 1,646 ± 848.7 Hz, and a peak frequency of 698.3 ± 507.6 Hz (Table 2).
4.2 Vessel noise
Although not the primary focus of this study, vessel noise was found to be pervasive across all sites, originating mainly from large cargo ships and small fishing boats (highlighted in Figure 4). The proximity of both locations to the King Abdullah Economic City (KAEC) shipping lane (∼5 km away, Figure 1B) resulted in multiple daily detections, particularly at mesophotic sites, where low-frequency noise (40–200 Hz) reached levels up to 110 dB re µPa2/Hz (Figures 3–5). Vessel noise has been shown to significantly reduce fish communication space—for example, a large vessel <10 km away reduced the communication range of Pempheris adspersa by up to 99% (Putland et al., 2018). Most likely due to the presence of the near-surface sound duct (Section 4.1.1) focusing shallow noise (Larayedh et al., 2024), shipping noise exhibited increased effect on winter soundscapes than during summer, despite cooler temperatures. During the peak winter Chorus F, vessel activity coincided with fish sound production, inflating ambient noise levels within the chorus frequency band by up to 10 dB and masking the chorusing signal (Figures 3, 4). Similarly, in summer, nocturnal choruses were frequently overlapped by vessel noise. This pattern mirrors findings from coral reef studies in Japan, where deeper sites experienced disproportionately higher vessel noise levels compared to shallower habitats (Lin et al., 2021; Akamatsu et al., 2018).
Chronic vessel noise has detrimental effects on fish behavior, health, and reproductive success (Holles et al., 2013; Nedelec et al., 2017; Simpson et al., 2016). Increased ambient noise reduces the effective range of synchronized vocalizations needed for spawning coordination (Zhang and Katsnelson, 2021), which can normally span kilometers (Radford et al., 2023). In response, some species increase call volumes (up to 7–9 dB), potentially overexerting energy and reducing reproductive efficiency (Schafer, 1969; Carvalho et al., 2019; De Jong et al., 2018; Gavrilov and Parsons, 2014). Additionally, vessel noise can disrupt larval fish settlement by interfering with phonotaxis and masking reef acoustic cues critical for navigation (Montgomery et al., 2006; Vermeij et al., 2010; Rowell et al., 2017; Lobel, 1992). Further research into Red Sea fish chorusing should quantify the impacts of vessel noise on fish behavior and communication. As coastal development accelerates under Saudi Arabia’s “Vision 2030,” including rising construction and recreational watercraft noise, it is critical to establish baselines like these to detect and mitigate impacts on fish activity and habitat use.
4.3 Limitations of PAM and future directions
As discussed, the results presented may be reflective of fish location and activity, but are also influenced heavily by ambient conditions, bathymetry, weather influences, and how these affect sound propagation and receiver geometry. These should be taken into account when planning future field studies (Biggs and Erisman, 2021). Within this study we have recorded the ambient conditions at the point of the receiver, but future studies in the central Red Sea could collect temperature and salinity profiles to create insitu SSPs, as well as use bathymetric information for sound propagation modelling (Erbe et al., 2022; Larsen and Radford, 2018), and investigate correlations of primary productivity through satellite imagery and insitu measurements. While depth increases complexity of calculations, a hydrophone array, or 4-element hydrophone, could help in localizing the shoal using Time Difference of Arrival (TDoA) (Erbe et al., 2022). Consequently, echo sounding using a boat sonar may be used to located the shoal. To then visually confirm the identity of the chorusing species, a PAM set-up equipped with an underwater camera (with lights or preferably infrared) could also be deployed.
5 CONCLUSION
This study demonstrates the utility of PAM in identifying critical habitats for fish, through cataloging seasonal and spatial variability in fish soundscapes. As the eleven documented choruses were most likely related to foraging, spawning and/or courtship, this establishes the study area of the central Red Sea as an important habitat for fish. Cataloging unknown choruses and linking them to specific taxa remain priorities for building global soundscape baselines. These efforts will be instrumental in designing effective spatial management strategies, protecting fragile reef ecosystems, and ensuring the sustainability of fish populations under increasing environmental pressures.
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meters of range. Recording time used for analysis totaled 528 h, with 12 d for winter, and 10 d for summer. Individual hydrophone sensitivies (ST300 HE, Ocean Instruments) can be found in
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