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Temporal Variability in Acoustic Behavior of Snapping Shrimp in the East China Sea and Its Correlation With Ocean Environments
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The snapping shrimp sound is known to be a major biological noise source of ocean soundscapes in coastal shallow waters of low and mid-latitudes where sunlight reaches. Several studies have been conducted to understand the activity of snapping shrimp through comparison with surrounding environmental factors. In this paper, we report the analysis of the sound produced by snapping shrimp inhabiting an area where sunlight rarely reaches. The acoustic measurements were taken in May 2015 using two 16-channel vertical line arrays (VLAs) moored at a depth of about 100 m, located ∼100 km southwest of Jeju Island, South Korea, as part of the Shallow-water Acoustic Variability Experiment (SAVEX-15). During the experiment, the underwater soundscape was dominated by the broadband impulsive snapping shrimp noise, which is notable considering that snapping shrimp are commonly observed at very shallow depths of tens of meters or less where sunlight can easily reach. To extract snapping events in the ambient noise data, an envelope correlation combined with an amplitude threshold detection algorithm were applied, and then the sea surface-bounced path was filtered out using a kurtosis value of the waveform to avoid double-counting in snap rate estimates. The analysis of the ambient noise data received for 5 consecutive days indicated that the snap rate fluctuated with a strong one-quarter-diurnal variation between 200 and 1,200 snaps per minute, which is distinguished from the periodicity of the snap rate reported in the euphotic zone. The temporal variation in the snap rate is compared with several environmental factors such as water temperature, tidal level, and current speed. It is found that the snap rate has a significant correlation with the current speed, suggesting that snapping shrimp living in the area with little sunlight might change their snapping behavior in response to changes in current speed.
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INTRODUCTION

Only a few centimeters long, snapping shrimp are known to inhabit water depths of less than tens of meters in low and mid-latitudes around the world, and the noise produced by snapping shrimp is a major source of biological underwater noise in shallow water (Johnson et al., 1947; Everest et al., 1948). The snapping shrimp has one enlarged claw. When the claw closes quickly, a jet of water is ejected, and a cavitation bubble is created (Lohse et al., 2001). As the cavitation bubble collapses, a very loud and impulsive noise is emitted (Versluis et al., 2000). It was found that snapping shrimp use the cavitation bubble to stun their prey and for conspecific interactions including territorial defenses (Knowlton and Moulton, 1963; Nolan and Salmon, 1970). Previous studies (Cato and Bell, 1992; Au and Banks, 1998) reported that snapping noise covers a very wide frequency range up to 200 kHz with the main energy distributed between 2 and 5 kHz and that the peak-to-peak source level is about 190 dB (re 1 μPa @ 1 m). Kim et al. (2010) measured the snapping sounds for three species of snapping shrimp in a controlled water-tank environment and showed that the properties of the sound spectrum and pulse duration were slightly different depending on the size and shape of the claws. Such noisy snapping sound can degrade the signal-to-noise ratio (SNR) for sonar systems and underwater communication performance (Chitre et al., 2006; Legg et al., 2007). For this reason, several studies have been conducted to understand the acoustic behavior of snapping shrimp, such as the temporal acoustic pattern of snapping shrimp (Johnson et al., 1947; Everest et al., 1948; Bohnenstiehl et al., 2016; Lillis and Mooney, 2018).

It was reported that the snapping shrimp noise levels measured in 1947 at Yacht Harbor in San Diego were 3–6 dB higher at nighttime than daytime, and tended to increase before sunrise and after sunset (Johnson et al., 1947; Everest et al., 1948). However, several subsequent studies reported that the spatial and temporal variations of the snap rate seemed to be related to more complex environmental factors (Lammers et al., 2008; Bohnenstiehl et al., 2016; Lillis and Mooney, 2018). Bohnenstiehl et al. (2016) monitored the variability of the snap rate at Pamlico Sound within the state of North Carolina for 12 months and found that the snap rate was highly correlated with the seasonal variation rather than diurnal variation and concluded that it was because snapping shrimp reacted sensitively to water temperature, which was greatly influenced by the amount of sunlight. Lillis and Mooney (2018) reported that the snap rate could be related not only to the water temperature, but also to the lunar phase.

There have been many studies of the snapping shrimp noise over the past decades, but most previous measurements of snapping noise were confined to very shallow waters within the euphotic depth. In this paper, we present the analysis of the snapping shrimp noise in a water depth of about 100 m where the sunlight does not reach. The noise data were collected during the Shallow-water Acoustic Variability Experiment (SAVEX-15), which was a South Korea–United States joint experiment led by MPL-SIO (Marine Physical Laboratory, Scripps Institution of Oceanography) and KIOST (Korea Institute of Ocean Science and Technology) and in which several Korean universities, including Hanyang University, participated. The correlations of the temporal variation of the estimated snap rate with six environmental factors such as water temperature, light availability, wind speed, significant wave height, tidal level, and current speed were investigated to find the dominant component influencing the snap rate.



MATERIALS AND METHODS


Measurements of Snapping Shrimp Noise

The SAVEX-15 was conducted in shallow water about 100 m deep, ∼100 km southwest of Jeju Island, South Korea, 14–28 May 2015 (Figure 1A). Two identical MPL-SIO 16-channel vertical line arrays (VLAs) with channel spacing of 3.75 m were moored at locations 32° 34′N, 126° 08′E and 32° 31′N, 126° 08′E by the KIOST research vessel, the R/V Onnuri. Both VLAs covered the water column between ∼24 and ∼80 m (Figure 1B). Sand dunes running northwest and southeast existed in the area, and VLA1 was located on the sand dune. Twenty-five temperature loggers (U12-015) and four Star-Oddi temperature loggers (DST tilt) were attached to the VLAs with spacings of 1.5 and 4 m, respectively, to monitor the water temperature. In addition, sound speed profiles were frequently measured with conductivity-temperature-depth (CTD) casts during the experiment (Figure 2A). Interestingly, an underwater sound channel with a minimum sound speed at ∼40 m was formed, and the sound speed below ∼80 m was almost constant (Song et al., 2018).
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FIGURE 1. (A) Location of the experimental site (red circle) of SAVEX-15. The black dot denotes the IEODO ocean research station (IORS). (B) Topographic map of the experimental site including two vertical line arrays (VLAs) separated by 5.5 km: VLA1 and VLA2.
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FIGURE 2. (A) Sound speed profiles measured by 12 conductivity-temperature-depth (CTD) casts and their mean sound speed profile (thick line) during the experiment. (B) Ray diagram showing two representative ray paths of snap sound generated by a snapping shrimp. The solid and dotted lines indicate direct and sea surface-reflected paths, respectively.


The acoustic data received by the VLAs were sampled at a 100-kHz sampling rate and saved at 1-min intervals. During the experiment, the soundscape was dominated by the snapping shrimp noise. Figure 3A shows ambient noise data for 1 min received by the bottom hydrophone of VLA1 at 81-m depth, in which numerous impulse-shaped signals are seen. The data were highpass-filtered at 2 kHz to remove the low frequency ambient noise. Figure 3B displays the arrival structure in time and array depth for a 100-ms time window marked in Figure 3A, on JD 141 (May 21) at 12:00:24 UTC. The first arrival, which is direct, was received at the hydrophones in order from the bottom to the top. The arrival angles were estimated to be between 75.6° (bottom) and 44.5° (top) in the downward direction with respect to the horizontal, assuming that the array tilt is negligible. The distance to the snapping shrimp on the seafloor was estimated to be about 75 m from the array by comparing the measured arrival angles and those predicted by a ray-based acoustic propagation model using the mean sound speed shown in Figure 2A. The second arrival, which was surface-reflected, was received at the hydrophones in order from the top to the bottom. The arrival angles were estimated to be between 22.4° (bottom) and 30.7° (top) in the upward direction, consistent with those predicted for the sea surface-reflected path for the same source location. The tilt angle of the VLA1 was estimated to be less than 3.2° around 16:00 on JD 145 (Yuan et al., 2018). Figure 3C shows a comparison of the measured arrival structure and predictions estimated from the eigenray tracing results shown in Figure 2B.
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FIGURE 3. (A) Example of ambient noise data received for 1 min at the bottommost hydrophone (81 m) of VLA1 on JD 141 at 12:00 UTC, exhibiting many impulsive snapping shrimp noise. (B) Arrival structure of a single snapping shrimp noise in array depth and time over a 100-ms long time window, zoomed in on the black box in panel (A). The red arrow indicates that the snapping shrimp noise propagates spherically from the bottom to the sea surface, whereas the white arrow indicates a linear downward propagation of the sea surface-reflected snapping shrimp noise. (C) Model and data comparison for direct (D) and surface-reflected (S) arrival. The model assumes the source on the sea floor is at 75-m range from the array.


Note that there is a sharp distinction in acoustic properties between the direct arrival and the sea surface-reflected arrival. Figures 4A,B show the snapping shrimp noise for the direct (D) and the sea-surface (S) paths received by the bottom hydrophone of VLA1, respectively, corresponding to the signals marked by red and white boxes, respectively, in Figure 3B. The direct path is impulsive and strong, whereas the sea-surface bounced path undergoes a significant time spread caused by scattering from the rough sea surface with a smaller amplitude.
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FIGURE 4. (A) Time series of the direct arrival (D) captured in the bottom red box in Figure 3B. The red dashed line indicates the 1-ms smoothed kernel envelope of the snapping shrimp noise. (B) The waveform of snapping shrimp noise reflected from the sea surface (S), captured in the bottom white box in Figure 3B. Note the different pressure scales.




Snap Detection Algorithm

To investigate the correlation between the snap rate and ocean environmental factors, it is necessary to accurately extract only the snapping shrimp waveforms from the received acoustic data. Recently, an envelope correlation combined with amplitude threshold detection algorithm (Bohnenstiehl et al., 2016; Lillis and Mooney, 2018) were used to extract the snapping events. In this paper, we applied the algorithm with some modifications to discard the waveform corresponding to the sea surface-reflected snapping noise. The 1-ms waveform displayed in the box of Figure 4A was Hilbert-transformed, and a three-point moving average was applied to extract a smoothed kernel envelope of the snapping shrimp waveform (red dashed line). The kernel envelope was then cross-correlated with a segmented signal envelope of the same length. After that, the time window in the signal envelope was advanced in steps of 0.5 ms along the time axis, and the cross-correlation process was applied repeatedly. Once the correlation coefficient value exceeded 0.8, the corresponding signal was selected. However, there were instances where one snapping event was initially counted twice in succession because the time window overlapped by 0.5 ms, which is half the length of the time window; we removed the double counts. Then, among the selected waveforms, only those whose peak amplitude exceeded four times the root-mean-square (rms) amplitude of the received signal were chosen as snapping shrimp events to reduce the probability of false detection due to ambient and system noise. Assuming a normal distribution, the amplitude of a signal that exceeds four times the rms value was in the upper 0.01% (Taylor, 1997).

Finally, it is important to avoid double-counting from the sea-surface bounce path for the same event. In this paper, we use kurtosis, which in statistics is a measure of the sharpness of the probability distribution (Abramowitz and Stegun, 1972), but here can be applied to measure the relative sharpness of the waveform shape. Unlike the direct path, the sea surface-reflected path usually undergoes a time spread (Figure 4B) due to scattering from the rough sea surface and microbubbles beneath the sea surface (Dahl, 1999; Choi and Dahl, 2006), thereby leading to a smaller kurtosis value. Figure 5A shows the kurtosis values for the direct (D, black circles) and sea surface (S, gray circles) paths from the analysis of 1,000 waveforms captured at the bottom hydrophone of VLA1 for 30 min from JD 142 00:00 UTC, which are well-separated (horizontal red line). The mean and standard deviation for the D and S are 20.2 ± 3.5 and 5.2 ± 1.6, respectively. Based on the histograms displayed in Figure 5B, the waveforms whose kurtosis values are >11.2 (denoted by a vertical line) were counted as the direct path from the snapping shrimp.
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FIGURE 5. (A) Kurtosis values estimated from 1,000 waveforms for direct (D, black circles) and sea-surface reflected (S, gray circles) paths, which were collected by the bottom hydrophone of VLA1 for 30 min from JD 142 at 00:00 UTC. (B) Corresponding normalized histograms of kurtosis values for D (dark) and S (gray), respectively. The red vertical line denotes the kurtosis value of 11.2, which was selected as the criterion to filter out the S paths.




RESULTS


Temporal Variation of Snap Rate

Figure 6A shows the temporal variation of the snap rate extracted from the bottommost hydrophones of VLA1 (solid) and VLA2 (dashed) over a 5-day period (JD 140–JD 145). The objective of SAVEX-15 was to collect acoustic and environmental data appropriate for studying the coupling of oceanography, acoustics, and underwater communications (Song et al., 2018), so acoustic transmissions were made intermittently in various frequency bands (0.5–32 kHz) throughout the experiment. Therefore, we excluded the data containing the broadcast signals for the analysis of snapping shrimp noise. First, we calculated the number of snaps per minute (gray and pink dots) during the 5 days, which were then smoothed out using a 90-point moving average filter (black solid and red dashed line in Figure 6A). Although the two arrays were ∼5.5 km apart, the temporal variations of the snap rate exhibit a nearly identical pattern between 200 and 1,200 snaps per minute. To examine the periodicity of the snap rate, we applied the Morse wavelet method (Lilly, 2016) to the VLA1 (solid line), which is shown in Figure 6B as a function of time and frequency. In contrast to the previous studies (Bohnenstiehl et al., 2016; Lillis and Mooney, 2018), this result reveals that there is a strong one-quarter-diurnal (four cycles per day) period with a relatively weak semi-diurnal (twice a day) period in the snap rate.
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FIGURE 6. (A) Temporal variation of the snap rate extracted from the bottommost hydrophones of VLA1 (solid, gray dots) and VLA2 (dashed, pink dots) over a 5-day period (JD 140–JD 145). Each dot represents the snap rate calculated per minute, and a 90-point moving average produces the two smooth lines. Although the two arrays are separated by 5.5 km, the patterns are strikingly similar. (B) Magnitude scalogram of the snap rate at the VLA1 using the Morse wavelet method. The white dashed line marks the boundary of the cone of influence, and the shaded region below the line is affected by edge-effect artifacts. The scalogram highlights that the one-quarter-diurnal (four cycles per day) period is dominant in the snapping noise generated by the snapping shrimp inhabiting the SAVEX-15 area.




Correlation of Snap Rate and Environmental Factors

As mentioned earlier, the main difference between previous studies and our work is that the habitat of the snapping shrimp analyzed in this paper is an environment with minimal or no impact of the sunlight on the physical oceanic variabilities. The euphotic zone depth Zeu is defined as the depth where the photosynthetic available radiation (PAR) value is 1% of the surface value (Kirk, 2010). It can be estimated indirectly by the empirical relationship between the chlorophyll-a (Chl-a) measured at the sea surface and Zeu, which is given by (Morel et al., 2007)

[image: image]

where X = log(Cchl−a) and Cchl–a is the Chl-a concentration (mg/m3). The Chl-a concentration can be also indirectly measured by the Moderate Resolution Imaging Spectroradiometer (MODIS) on board satellite. Shang et al. (2011) compared Zeu obtained from Eq. (1) using the Chl-a concentration estimated by the MODIS with the in situ Zeu measured directly in the East China Sea, and showed that two values were highly correlated with an r-value of 0.95. The regional monthly mean sea surface Chl-a concentrations measured from the MODIS mounted on Aqua are available on the National Aeronautics and Space Administration (NASA) Ocean Color website1. Using the regional monthly mean sea surface Chl-a concentrations corresponding to May 2015, the euphotic zone depth for the experimental site was estimated to be ∼30 m, meaning that sunlight hardly reaches the ocean depth of 100 m in the experimental site. Therefore it is worth noting that the habitat of the snapping shrimp in the current work is distinguished from the environments covered in previous studies (Johnson et al., 1947; Everest et al., 1948; Watanabe et al., 2002; Bohnenstiehl et al., 2016; Lillis and Mooney, 2018).

In an effort to identify the most significant factors affecting the snap rate of snapping shrimp living in the mesopelagic zone, we compare the temporal variability of the snap rate to the temporal variabilities of the following five environmental factors: the temperature profile in the water column, tidal level, current speed, wind speed, and significant wave height. Figure 7A shows the temporal variation of the temperature profile in the water column during the 8 days from JD 139 to JD 147. Overall, the temperature is lower in the middle layer, and increases toward the surface and the seafloor. Note that the boundaries of the cold water oscillate over time resulting from the non-linear internal waves observed in the area (Nam et al., 2018). We employed an empirical orthogonal function (EOF) analysis (Emery and Thomson, 2001) over only the first 4-day period from JD 139 to JD 143 (denoted by the dashed box) because the upper temperature data were not available in the second half.
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FIGURE 7. (A) Temporal variation of the temperature profile in the water column measured at VLA1 during the experiment. (B) Amplitude of the first three empirical orthogonal function (EOF) modes for the temperature profiles measured during the first 4 days marked by the dashed box in panel (A). (C–E) Temporal variations of the first three EOF modes.


For the EOF analysis, the temperature profiles were demeaned, and then the eigenvalues and eigenvectors of the covariance matrix were calculated. The eigenvalues are arranged in a descending order to evaluate the percentage of the variance corresponding to each mode. The measured temperature profile, T(z,t) can be expressed as (Casagrande et al., 2011)

[image: image]

where [image: image] is the time-averaged temperature profile, αi(t) is the amplitude of the ith orthogonal mode at time t, and ϕi(z) represents the ith EOF eigenmode. M is the total number of EOF mode considered in the EOF analysis. The first three EOF modes (EOF1, EOF2, and EOF3) are displayed along the depth in Figure 7B, and the temporal fluctuation of each mode amplitude is shown in Figures 7C–E, respectively. The first mode (EOF1) accounts for 46.5% of the total variation, while the first three modes account for 78.1%. Note that modes EOF1 (black) and EOF2 (blue) in Figure 7B concentrate in the upper and lower water column, respectively. As a result, the amplitude of EOF1 exhibits a strong correlation with the temporal variation of the upper thermocline with an r-value of 0.92 (see the upper black line in Figure 7A, which denotes the 13.5°C isotherm). On the other hand, EOF2 in Figure 7D is correlated with the temporal variation of the lower thermocline represented by the 13.5°C isotherm denoted by the lower blue line in Figure 7A with an r-value of 0.72. The EOF analysis indicates that the first three modes take into account most of the temperature variation in the water column, but the water temperature near the seafloor inhabited by snapping shrimp remained unchanged at about 14°C. The CTD casts made during the measurement period also confirmed that the sound speed dependent on the water temperature was almost constant near the seafloor (see Figure 2A). In summary, we did not find any evidence to support the correlation between the snap rate and water temperature as reported in the literature (Knowlton and Moulton, 1963; Watanabe et al., 2002; Jung et al., 2012; Bohnenstiehl et al., 2016).

The tidal variation can be deduced from the in situ tidal measurement at the nearby IEODO ocean research station (IORS) ∼100 km southwest of the SAVEX-15 area (Figure 1A) because the tidal phase difference between the two regions can be computed from the mean high-water intervals (MHWI) provided by the Korea Hydrographic and Oceanographic Agency (KHOA) website.2 For Korean waters, the MHWI is defined as the mean time lag between the transit of the moon over the meridian 135° east and the following high water at a given location. The tidal phase of our experimental site was estimated to be 4 min faster than that of IORS. In Figure 8, the extrapolated tide (blue line) from JD 140 to JD 145 indicates a strong semi-diurnal period in the region, in contrast with the one-quarter-diurnal cycle of the snap rate (Figure 6A). However, it appears that the snap rate tends to peak at both high and low tides with some time lag.
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FIGURE 8. Reproduction of Figure 6A at VLA1 (gray dots and black line). The extrapolated tidal level (blue line) is superimposed for comparison.


The snap rate is now compared to the current since the tide affects the current. During the experiment, we collected the current data intermittently using a 150-kHz acoustic Doppler current profiler (ADCP) installed on the R/V Onnuri, while stationed about 5 km southwest of the VLA1. Figures 9A,B show the zonal (U_i) and meridional (V_i) components of the current velocity measured at 8-m intervals between 17 and 65 m of water depth and their respective mean values (thick black circles). Overall, the water column moves in the same direction (i.e., barotropic) with a semi-diurnal cycle, indicating the dominance of the tidal current in the region (Turgut et al., 2013; Noh et al., 2014; Lozovatsky et al., 2015). The current speed estimated by [image: image], where the upper bar denotes an average over depth, is presented in Figure 9C (blue line) along with the tide (black line) estimated at VLA1 site throughout the experiment (JD 135–JD 145). The local maximum of the current speed occurs at both high and low tides (vertical dashed lines), consistent with the characteristic of progressive tidal wave in open ocean (Parker, 2007; Hicks, 2013). As a result, the current speed exhibited a quarter-diurnal period as observed in the snap rate (Figure 8).
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FIGURE 9. Time series of (A) zonal and (B) meridional components of the current velocity measured at various depths and their respective mean values (thick black circles). (C) The mean current speed (blue line) computed from panels (A,B) is superimposed on the tide (black line) at VLA1 site throughout the experiment (JD 135–JD 145). The vertical dashed lines denote the times of high and low tides. Our snap rate was estimated during the period in the red box (JD 140–JD 145).


To confirm the correlation between the snap rate and current speed, we focus on the short period (JD 140.4–JD 141.2) when both the current data and snap rate are available. The detrended current speed (blue) and snap rate (black) are shown in Figure 10A, indicating a strong correlation with a time lag. In fact, the cross-correlation has the maximum (r = 0.87) at 1 h and 15 min (1.25 h) in Figure 10B, meaning that the snap rate peaks 1.25 h prior to the local maximum current.
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FIGURE 10. (A) Comparison between the snap rate (black) and current speed (blue) from JD 140.4 to JD 141.2 (see Figure 9C). (B) Cross-correlation between snap rate and current speed. The maximum correlation indicates that the snap rate peaks 1.25 h before the local maximum current.


Lastly, the snap rate was compared to the wind speed and the significant wave height at the time of measurements. The wind speed was measured by a vessel-mounted auto weather station (AWS), while the significant wave height was measured by a directional waverider buoy (DWR-G4, Datawell). These two environmental factors, however, did not show any pattern relevant to the snap rate.



SUMMARY AND DISCUSSION

The sound generated by snapping shrimp is the dominant source of ambient noise in shallow coastal waters, especially at low to mid-latitudes. This sound has a strong peak energy and a wide frequency range, and greatly fluctuates in space and time. Although there have been several studies on which ocean environmental factors influence the snap rate, most studies were confined to the data observed at very shallow waters with a depth of a few tens of meters or less that sunlight reaches (euphotic zone). In contrast, we report the snapping shrimp sound observed at a depth of ∼100 m where sunlight does not reach. The temporal variation of the snap rate was investigated using the ambient noise data collected by two hydrophones at 81 m separated by 5.5 km during a 5-day period. Interestingly, the fluctuation of the snap rate at two sites was strikingly similar despite the distance. Second, the pattern exhibited a strong one-quarter-diurnal cycle, which, to our knowledge, has not previously been reported in the literature.

We compared the temporal variability of the snap rate to the temporal variabilities of the five environmental factors: the temperature profile in the water column, tidal level, current speed, wind speed, and significant wave height. It was found that the snap rate had a high correlation with the current speed in the experimental area where the barotropic tidal current is dominant. Interestingly, there was a time lag of about 1.25 h between the snap rate and current speed. It is beyond the scope of this work to investigate the cause of the time lag, including consideration of the biological characteristics of snapping shrimp. Lastly, because the snap rate change for only 5 consecutive days was unfortunately observed in this study, it was impossible to compare it with the long-term variability of ocean environmental factors such as seasonal or monthly variations performed in previous studies. Therefore, future work should involve long-term observations (monthly or seasonal) and collaboration with marine biologists to understand the acoustic behavior of snapping shrimp inhabiting the area where sunlight hardly reaches.
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