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Long-Term Patterns of Noise From Underwater Explosions and Their Relation to Fisheries in Southern California
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Acoustic deterrents can reduce marine mammal interactions with fisheries and aquacultures, but they contribute to an increasing level of underwater noise. In Southern California, commercially produced explosive deterrents, commonly known as “seal bombs,” are used to protect fishing gear and catch from pinniped predation, which can cause extensive economic losses for the fishing community. Passive acoustic monitoring data collected between 2005 and 2016 at multiple sites within the Southern California Bight and near Monterey Bay revealed high numbers of these small-charge underwater explosions, long-term, spatio-temporal patterns in their occurrence, and their relation to different commercial purse-seine fishing sectors. The vast majority of explosions occurred at nighttime and at many nearshore sites high explosion counts were detected, up to 2,800/day. Received sound exposure levels of up to 189 dB re 1 μPa2-s indicate the potential for negative effects on marine life, especially in combination with the persistence of recurring explosions during periods of peak occurrence. Due to the highly significant correlation and similar spatio-temporal patterns of market squid landings and explosion occurrence at many sites, we conclude that the majority of the recorded explosions come from seal bombs being used by the California market squid purse-seine fishery. Additionally, seal bomb use declined over the years of the study, potentially due to a combination of reduced availability of market squid driven by warm water events in California and regulation enforcement. This study is the first to provide results on the distribution and origin of underwater explosions off Southern California, but there is a substantial need for further research on seal bomb use in more recent years and their effects on marine life, as well as for establishing environmental regulations on their use as a deterrent.
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INTRODUCTION

The increased occurrence, power, and pervasiveness of anthropogenic noise sources in the ocean has increased ambient sound levels (Richardson et al., 1995; Hildebrand, 2009). Low-frequency ship noise has increased average ambient noise levels recorded in the Southern California Bight by about 2–3 dB per decade since the 1960s (Andrew et al., 2002; McDonald et al., 2006; Haren, 2007). While low-frequency ship noise affects both basin-wide and regional areas, other underwater noise sources, such as sonar, acoustic deterrents and explosives, can have strong local impacts on marine life (Hildebrand, 2009). It is important to determine acoustic impacts of all potentially harmful noise sources, to support well-informed and sustainable management decisions and mitigation policies for the marine environment.

Within fisheries and aquaculture, noise-generating acoustic deterrents are used to minimize interactions with marine mammals that prey on the catch or stock, damage fishing gear or become fatally entangled in nets as bycatch, and cause extensive economic losses for the fishing industry (Jefferson and Curry, 1996; Shapiro et al., 2009; Schakner and Blumstein, 2013). However, acoustic deterrents also have been shown to cause habituation or “dinner bell” effects, large-scale noise exposure, and potential habitat exclusion for target and non-target species (Götz and Janik, 2013). Commercial fisheries are an important sector of Southern California’s economy and there is potential for adverse effects from interactions with the area’s two most abundant pinniped species: California sea lions (Zalophus californianus) and Pacific harbor seals (Phoca vitulina richardsii; Beeson and Hanan, 1996; Scordino, 2010). A variety of deterrents have been used to keep these species away from fishing operations and areas.

One type of deterrent uses small charges of chemical explosives. Common types of explosive deterrents are cracker shells and seal bombs. Cracker shells, which are fired from a pistol and detonate in air or at the water surface, usually produce less energy than seal bombs (Awbrey and Thomas, 1987). More commonly used are seal bombs, or seal control devices, which consist of 2–6 g (depending on type and fabrication origin) of explosive flash powder mixture (mostly with potassium perchlorate as an oxidizer, pyro-aluminum powder and sulfur fuel as a fire starter) in a sealed cardboard tube. Fitted to the tube is an 8-s waterproof fuse at one end. The tube is weighted with sand or silica at the other end so that it will sink and explode approximately 1–4 m below the water surface (Myrick et al., 1990a). Common United States made seal bombs usually contain about 2.3 g explosive charge mixture and are similar to M-80 firecrackers. They are assumed to produce at least 80% of the pressure of an equivalent charge of Trinitrotoluene (TNT; Myrick et al., 1990a). In general, explosions are relatively broadband in frequency, with most sound energy in the low-frequency range of <1 kHz. Awbrey and Thomas (1987) reported seal bombs to produce a flash of light and a 30 ms impulse resulting in sound exposure levels of 190 dB re 1 μPa2-s @ 1 m. Wiggins et al. (2021) recently conducted a field experiment with seal bombs and calculated a peak source pressure level of 234 dB re 1 μPa m and a sound exposure source level of 203 dB re 1 μPa2 m2s over a 100 ms window.

Seal bomb use in fisheries seems to be mostly concentrated along the North American west coast (this study; Ryan et al., 2016; Wiggins et al., 2017; Simonis et al., 2020). Few studies or even brief references on their use in other areas exist [South Africa: Shaughnessy et al. (1981), Tasmania: Pemberton and Shaughnessy (1993), New-Zealand: Visser (2000) and Kemper et al. (2003)]. Within United States fisheries, the limited amount of published studies referring to seal bombs show that they have been used in a variety of different fishing sectors, including the king mackerel troll fishery (Zollett and Read, 2006), yellowfin tuna (Thunnus albacares) purse-seine fishery (Cassano et al., 1990), various salmon fisheries, and the steelhead trout fishery (Jefferson and Curry, 1996). Seal bombs have been used in the yellowfin tuna purse-seine fishery since at least the 1970s to catch schooling fish, and since the 1980s to control the swimming behavior of dolphins and catch the tuna following them (so called “porpoise fishing”). Cassano et al. (1990) reported no significant effect of seal bomb use on dolphin mortality during this type of procedure, but Myrick et al. (1990b) tested a variety of seal bombs and determined, based on extrapolated impulse pressures and tests with dolphin carcasses, that seal bombs can cause severe to moderate injury (tissue damage) to dolphins when detonated within a 0–4 m distance. A human swimmer was accidentally killed by a similar device when it was detonated 0.3 m away (Hirsch and Ommaya, 1972). Kerr and Scorse (2018) described the lethal injuries of two sea lions that were found by staff of the Marine Mammal Center in Monterey Bay, which were most likely caused by seal bombs. Additionally, a recent review on seal bombs pointed out the potential threat they pose to Monterey Bay harbor porpoises regarding not only hearing damage but also behavioral effects like displacement or disturbance which possibly result in reduced foraging effort and success (Simonis et al., 2020).

Due to these adverse effects, a complete ban of seal bombs for the tuna purse-seine fishery was declared in March 1990 (55 Federal Register 11588) and in 1995 NOAA proposed to prohibit the selective use of seal bombs for deterring cetaceans, but not pinnipeds (NOAA, 1995). The Bureau of Alcohol, Tobacco, Firearms and Explosives (ATF) has enforced the regulations of the Safe Explosives Act on seal bombs and similar pest control devices since May 2011. As a reaction to this law enforcement, groups such as the Alaska Trollers Association, which represents salmon fishermen in Southeast Alaska, called out for an exemption for the commercial fishing community because seal bombs were an important tool for fishermen and represented the most effective, non-lethal deterrent for sea lions (Alaska Trollers Association, 2012). However, while explosive deterrents appear effective initially, scientific studies have shown them to be ineffective in the long-term. While pinnipeds were sometimes deterred for at least a short period of time, it was common for habituation to occur and the pinnipeds learned to avoid or tolerate the noise [seals and sea lions: Geiger and Jeffries (1987), Scholl and Hanan (1987), South African fur seals: Shaughnessy et al. (1981), and Australian fur seals: Pemberton and Shaughnessy (1993)]. Seal bombs were also ineffective at keeping cetacean species away from fishing activities or preventing entanglement for killer whales (Dahlheim, 1988) and harbor porpoises (Hall et al., 2002). More recent pinniped deterrence programs, to prevent sea lions from feeding on endangered salmon species, included a combination of vessel hazing and explosives (Brown et al., 2008, 2013). Jefferson and Curry (1996) provide a review summarizing the effectiveness of explosive and other harassment devices. For most of these studies, the underlying data came from interviews with fishermen or data coverage was low. However, the overall conclusion was that explosives are not very helpful for deterring pinnipeds or increasing catch success.

Since the 1990s the issue of seal bombs has been largely overlooked. When explosions have been discussed in the literature, the focus has been on explosions with a much higher charge weight (several kilograms) compared to that of explosive deterrents (a few grams; Hubbs and Rechnitzer, 1952; Saila et al., 1993; Todd et al., 1996; Finneran et al., 2000; Fox et al., 2003; Woodman et al., 2003; Fox and Caldwell, 2006; Govoni et al., 2008; Viada et al., 2008; Dos Santos et al., 2010; Koschinski, 2012; Buckstaff et al., 2013). But with increasing awareness of the impact of anthropogenic sounds on marine life (Popper and Hawkins, 2012; Shannon et al., 2015; Williams et al., 2015), seal bombs have more recently moved back into scientific and public focus (e.g., Baumann-Pickering et al., 2013; Kerr and Scorse, 2018; Simonis et al., 2020). In August 2020, NOAA officially proposed Guidelines for Safely Deterring Marine Mammals (NOAA, 2020) which regulate the use of seal bombs as marine mammal deterrents (these guidelines don’t have jurisdiction if seal bombs are being used for other fishing practices besides deterrence). However, no long-term studies on the spatio-temporal distribution of seal bomb use in fisheries or their large-scale contribution to noise pollution in the marine environment have been conducted. To provide insight on the use of seal bombs in fisheries, we evaluated long-term passive acoustic monitoring (PAM) recordings from 2005 to 2016 offshore of California, an area of extraordinary importance for commercial fisheries. The aims of this study were to: (1) investigate the spatio-temporal occurrence, distribution, counts and received sound exposure levels of recorded seal bomb explosions within two important commercial fishing areas, the Southern California Bight and Monterey Bay; (2) analyze long-term trends of explosion occurrence and compare the past and recent state of seal bomb use; (3) assess if and how timing and locations of commercial fishery landings from economically important purse-seine fishing sectors and the occurrence of recorded explosions correlate on different temporal scales.



MATERIALS AND METHODS


Acoustic Recordings

Between 2005 and 2016, autonomous High-Frequency Acoustic Recording Packages (HARPs; Wiggins and Hildebrand, 2007) collected long-term passive acoustic data at 20 different sites offshore of California: 19 within the Southern California Bight and one close to the Monterey Bay area (Figure 1). Additionally, acoustic data were recorded between 2015 and 2016 at the MARS (Monterey Accelerated Research System) cabled observatory in Monterey Bay (Ryan et al., 2016). Recorders were all bottom-moored at average seafloor depths between 260 and 1,380 m (Supplementary Table 1).
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FIGURE 1. Locations of 21 passive acoustic monitoring sites (circles) deployed between 2005 and 2016 in the Southern California Bight and the Monterey Bay area with high (red), medium (orange) or low (green) explosion occurrence (left side of circle) and market squid landings (right side of circle). For definition of high, medium and low categories for explosions see Table 2. Squid landings were labeled as high, medium or low according to the average daily landings (high > 100,000 lbs, medium 25,000–100,000 lbs, low <25,000 lbs) reported within a 50 km radius and during recording period of the corresponding recording site. Map generated using Maptool. 2002. SEATURTLE.ORG, Inc. http://www.seaturtle.org/maptool/ (2018/08/08).


High-frequency acoustic recording packages are calibrated acoustic recording instruments that have a hydrophone suspended 10 m above the seafloor, are capable of continuous recording up to 160 kHz and are usually deployed for several months up to a year (Wiggins and Hildebrand, 2007, 2016). For this study, HARPs were all set to a sampling frequency of either 200 or 320 kHz with 16-bit quantization (effective bandwidth 10 Hz to 100 or 160 kHz, respectively). Each HARP was equipped with a two-stage hydrophone to cover the broad frequency range. The low-frequency stage (10 Hz to 2 kHz or 25 kHz) was comprised of a bundle of six cylindrical elements (AQ-1, Teledyne Benthos Inc., North Falmouth, MA, United States), while the high-frequency stage (2 or 25 to 100 kHz) used a single spherical element (typically ITC-1042, International Transducer Corporation, Santa Barbara, CA, United States). These sensors were connected to a custom-built preamplifier and low-pass filter circuit board (see Wiggins and Hildebrand, 2007). The calibrated system response was applied to the recordings during data analysis. The MARS cabled observatory was equipped with an icListen Smart hydrophone (Ocean Sonics Ltd., Great Village, NS, Canada), used a sampling frequency of 256 kHz (effective bandwidth 10 Hz–128 kHz) and 24-bit quantization. The manufacturer provided hydrophone calibration.

Individual deployment durations varied from a few weeks to several months while recording schedules were either continuous (87.5% of 208 analyzed deployments in total) or duty cycled (26 deployments, with 5 min of recordings occurring at 7–25 min intervals; Figure 2). To prevent overestimation of explosion counts, we decided on a conservative estimation of explosion counts for statistical analyses by not correcting for differences in duty cycles using a linear normalization scheme because explosions are individual events and are not continuous over time. This likely resulted in underestimating explosion counts at certain sites and times. However, only for calculation of maximum explosion counts per day, corrected values were shown additionally underneath Table 1 (but not used to categorize sites regarding explosion intensity) to highlight the potential extent of noise pollution. The total amount of analyzed data varied between sites, from about 4 months to over 7 years per site. In this study, the cumulative amount of data for all sites exceeds 47.5 years (17,370 days; Figure 2 and Supplementary Table 1). The varying recording effort between sites over the years of this study potentially affects the explanatory power of spatial comparisons between sites, as a site where recordings are only available during peak fishing years (e.g., site Q) is difficult to compare to a site where only more recent data (e.g., sites LJP and M1) were analyzed. Again, to prevent overestimation of explosion noise, we did not sum up explosion counts over multiple sites, as there may have been double counts of some explosions if the same explosion signal was recorded at different sites that were recording simultaneously.
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FIGURE 2. Overview of acoustic recording periods with explosion analysis effort per site between 2005 and 2016; the first 19 sites (A–S) are from the Southern California Bight, the last two sites (PS and M1) are from the Monterey Bay area. Black (continuous recordings) and colored areas (duty-cycled recordings; recording duration (min)/recording interval (min): orange = 5/7, gray = 5/10, blue = 5/15, green = 5/20, red = 5/25) represent times of explosion analysis effort.



TABLE 1. Overview of (A) explosion counts and SEL and (B) fishery landings for the monitoring sites across all years.
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Explosion Detections and Metrics

All recordings were decimated by a factor of 20 to create an effective acoustic bandwidth from 10 Hz to 5 or 8 kHz (for 200 or 320 kHz sampled HARP data, respectively) and from 10 Hz to 6.4 kHz (for 256 kHz sampled MARS hydrophone data). Effort was directed toward finding explosions, which included seal bombs, military explosions and other explosive events. High explosive detonations are characterized by a sharp onset, a shock wave rising toward a large peak almost instantaneously, followed by a reverberant decay (Cole, 1948). The flash powder in seal bombs deflagrates and does not detonate like high explosives, but overall, they show a similar impulsive signature (Wiggins et al., 2021).

Individual explosion signals (Supplementary Figure 1) were automatically detected using a MATLAB-based (Mathworks, Natick, MA, United States) matched filter detector algorithm. It cross-correlated the envelope (Hilbert transform; Au, 1993) of the template explosion signal (for waveform of template explosion see Supplementary Figure 2A), which is a filtered composite set of recorded example explosions, with the envelope of 75 s recording segments to capture similarities. The cross-correlation was squared to “sharpen” peaks of explosion detections. The time series was digitally filtered with a 10th order Butterworth band-pass filter, with a band-pass between 200 Hz and 2 kHz. The low frequency cutoff was set to minimize the influence from noise from sources such as boats and weather; the high frequency cutoff minimizes interferences with sources such as mid-frequency sonar and odontocete whistles. Once the correlation coefficient exceeded the specified threshold (above the median cross-correlation calculated over each 75 s segment to detect explosions within, e.g., noise from shipping) the time series waveform containing the potential explosion signal was inspected more closely. Consecutive explosions had to have a minimum time difference of 0.5 s to be detected as separate signals. For each detection period, a Hilbert envelope with a floating smoothing window of 300 samples was calculated while explosion signal start and end times were extracted based on a 2 dB above the average envelope threshold. Signal duration and noise before and after the signal (based on peak-peak and root-mean-square (rms) received levels) were computed and used to eliminate false detections. The potential explosion was classified as a false detection and deleted if (a) the signal duration was shorter than 0.03 s or longer than 0.55 s, (b) the dB difference between the signal and the time before the signal for peak-peak and rms received levels were less than 3 and 1 dB, respectively, or (c) the dB difference between the signal and the time after the signal were less than 4 and 1.5 dB, respectively. These thresholds were empirically established based on the histogram distribution of manually verified true and false detections. Additionally, as HARP data contain self-noise every 75 s from disk writing, those periods, of up to several seconds with specific narrowband spectral features, were excluded from the detection algorithm. The detector output was saved into a log file containing information on start and end times, durations and received level differences of explosions and surrounding noise.

The detector algorithm was designed to produce a limited number of false-negative detections in exchange for a high number of false-positive detections (>85% false-positive detection rate for all detected potential explosion signals). Therefore, each automated detection was manually reviewed and verified by trained analysts. To do so efficiently, a MATLAB-based custom graphical user interface (GUI) was used (Helble et al., 2012), which displays time-condensed spectrograms of the detections, provides tools to listen to them (adjustable band-passed audio) and to make a verification decision (accept as true or reject as false-positive detections; for example see Supplementary Figure 2B). The GUI reads in the explosion detector log files as well as the corresponding decimated (factor of 20) .wav files. Afterward, metadata of all positive detections were stored in the Tethys metadata database (Roch et al., 2016).

The sound exposure level (SEL) was calculated for each detected explosion signal using custom MATLAB scripts. For impulse signals, such as explosions, the SEL, calculated by integrating the sum-of-square pressures over the duration of the pulse, is more appropriate than peak or root-mean-squared sound pressure levels, because it accounts for the total energy in the signal, not just the pressure amplitude (Wiggins et al., 2021). For SEL calculation the undecimated and unfiltered raw data were taken as a basis. The time series was then digitally filtered with a 50 Hz high-pass elliptical filter and decimated by a factor of 10. Calculated SEL values are received, not source values, from explosions with unknown distance to the hydrophones and are therefore influenced by various distance and surrounding noise effects.



Commercial Fishery Data

Information on California commercial fishery landings, which are fish and shellfish caught, landed, sold and subsequently reported at California harbors, were provided by the California Department of Fish and Wildlife (CDFW) for target species caught with purse-seine, drum-seine, lampara, half ring and other encircling nets. Only target species caught with these gears were chosen for analyses as (a) they usually belong to the largest volume fisheries in California and (b) information from fishing agencies and fishing experts indicated their use of explosive deterrents. For this analysis, a target species was defined as the species that made up greater than or equal to 50% of the weight recorded on a landing receipt. If the landing was a 50/50% split of two different species, the landing would have two target species (0.09% of the dataset), but if the landing was 51/49% of two different species, the landing would have only one target species. In addition, mixed landings where no single species accounted for greater than 50% of the landing were excluded from the analyses (0.3% of the dataset).

California Department of Fish and Wildlife fishery data included monthly and daily amounts of landings (weight in pounds) and number of landing receipts (number of times a target species was landed) for each purse-seine target species per fishing block (catch origin) for the years 2005 until 2015. Fishing blocks are a grid of rectangular areas within the Exclusive Economic Zone off California and are used to report catch locations on CDFW landing receipts to describe a general location for fishing activity. Their relatively large size, of approximately 11 × 9 nautical miles (except for blocks along coastlines), allow fishermen to keep their specific fishing sites private. The distances between the center of each fishing block and each of the 21 hydrophone sites were calculated, and only landing and receipt data from fishing blocks with up to a maximum distance of 50 km and within the recording period of the HARP sites were included for subsequent statistical analyses and comparisons with acoustic explosion data. Simonis et al. (2020) calculated a transmission loss model for seal bomb noise (at 250 Hz) in California waters; the results show that seal bomb noise is still detectable in 50 km distance. Recreational fisheries were not included as (a) exact catch reports are only legally required for a handful of species and commercial passenger fishing vessels (recreational fishing effort is estimated within the California Recreational Fisheries Survey based on field sampling and telephone surveys) and (b) seal bombs are mostly used by commercial fishermen.

For the correlation analyses and/or comparisons with temporal and spatial explosion patterns, commercial landing and receipt data for ten purse-seine target species were divided into three fishery sections according to the fleets they were caught by: (1) market squid, (2) coastal pelagic fish (CPF), and (3) highly migratory species (HMS). Five of these 10 species are considered coastal pelagic species and represent the largest purse-seine fisheries in California, both in terms of landings volume and value (CDFW landing receipts, 2005–2015). Additionally, these fisheries primarily operate in Southern California and, to a lesser extent, in Central California (Hackett et al., 2009) and are therefore concentrated in our study area. Within this group, market squid (Doryteuthis opalescens) represents the number one fishery in the state, with 11,216 landing receipts for 2005–2015 in total (CDFW landing receipts, 2005–2015). In 2010, for the California commercial market squid fishery permits for 81 market squid vessels (large purse-seine vessels), 25 brail vessels (brail gear) and 53 light boats (used to attract but not catch squid) were issued (California Department of Fish and Wildlife, 2021). The other four coastal pelagic species, Northern anchovy (Engraulis mordax), Pacific sardine (Sardinops sagax caerulea), Pacific mackerel (Scomber japonicus) and Pacific jack mackerel (Trachurus symmetricus), had 8,972 landing receipts for 2005 to 2015 in total and will be referred to as coastal pelagic fish (CPF). For CPF, the main fleet consisted of about 65 participants using primarily purse-seine gear. However, many of the vessels fishing for CPF also fished for market squid and vice versa, when available, or when there were market orders for certain species. The remaining five purse-seine target species, which were considered for this study, are highly migratory species (HMS): Pacific bonito (Sarda lineolata), albacore tuna (Thunnus alalunga), Pacific bluefin tuna (Thunnus orientalis), skipjack tuna (Katsuwonus pelamis), and yellowfin tuna (Thunnus albacares). These HMS species represented the third largest group of fish caught with purse-seine gear in California. Although there were fewer landing receipts of HMS species from 2005 to 2015 than for market squid and CPF (251; CDFW landing receipts, 2005–2015), they were selected for analyses because of the use of seal bombs by the tuna purse-seine fishery in the past (Cassano et al., 1990).



Statistical Analyses

All statistical analyses were done using R 4.0.3 (R Core Team, 2020). For each site, the percentage of explosion positive days (% EPD) over the respective recording period was calculated to describe the degree of explosion persistence. A day was explosion positive if a minimum of one explosion was recorded on that day. Median and maximum explosion counts per EPD were calculated to describe the intensity of explosion occurrence. These metrics were chosen to account for the high degree of variability within the data. Based on these three metrics, each site was assigned to one of three categories: high, medium or low explosion occurrence (Table 2). Classification in one of the categories required at least two out of the three metrics to fall into that category.


TABLE 2. Category metrics and threshold values for classification of sites regarding explosion occurrence.
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Explosion counts were examined for diel patterns. For each site, daily sunrise and sunset data were obtained from the National Oceanic and Atmospheric Administration Earth System Research Laboratory website (NOAA solar calculator). Each detected explosion was assigned to either a day- or nighttime period, separated by apparent sunset and sunrise times. A Kruskal-Wallis test was used to examine whether differences were significant between day and night. As fishery landings and receipt data were only available per day, no diel pattern was examined. Weekday and annual patterns of explosion occurrence and fishery landings were analyzed and compared for significant differences using a pairwise Wilcoxon rank sum test with p-value correction method after Benjamini and Hochberg (1995). For non-parametric tests the R package zoo (v1.8-9; Zeileis et al., 2021) was used. For analysis of weekday patterns it is important to note that fishery data represents the weight of fish landed at California ports per day, although the day it was actually caught can vary because catches are not always reported the same day (especially on Sundays). Particularly for fisheries operating at night, fish were often caught the day before they were landed.

Seasonal patterns of explosions and fisheries were analyzed via generalized additive modeling (GAM) testing calendar week (as proxy for seasonal development) as predictor (with cyclic cubic smooth function) and year and site as categorical factors. Data sampled within an ecological context, like fishery data, e.g., is often characterized by a large proportion of zeros together with a right skewed distribution and some extreme values, which was also the case here. We accounted for this by selecting a compound-gamma distribution model, a member of the Tweedie family, which are specifically appropriate to handle zero-inflation especially under variable sampling effort by site (Lecomte et al., 2013). A logit link function was used. We simplified the GAM structure through a bottom-up, stepwise procedure, selecting the best model with the minimum Akaike Information Criterion (AIC) that retained significant predictors. Basic residual plots were used for model validation. We did not correct for temporal autocorrelation of the predictor variable in the GAM, as we mainly examined the effects of calendar week, as proxy for seasonal pattern, which itself is depicted by the autocorrelation within the data, and we did not evaluate the effect of any environmental parameters. Important packages in R were mgcv (v.1.8-36; Wood, 2021) for GAM and statmod (v.1.4.36; Smyth et al., 2021) to calculate parameters of Tweedie distributional family.

At five of the 21 stations (sites B, C, H, M, and N) almost 7 years of continuous data were analyzed, collected from January 2009 until September-December 2015 (except site M, until January 2015). Data from these long-term sites were included in a trend analysis for explosion and fishery activities using the Theil-Sen linear regression method for non-parametric data (Sen, 1968). The Theil-Sen method is robust to outliers and is based on Kendall’s rank correlation. Strong seasonal patterns decrease the statistical power for detecting a trend, as they add more variability to the data. Therefore, Seasonal-Trend-Decomposition using LOESS (STL) was applied on the data before the trend analysis was conducted (Cleveland et al., 1990). STL uses a sequence of smoothing fits on localized data subsets to decompose the timeseries and to generate distinct seasonal, trend and remainder (residual) components. The seasonal component was then removed to de-seasonalize the data (Nunifu and Fu, 2019). The data from the five sites were combined to account for an overall trend development throughout the Southern California Bight. The median change of slope (and slope uncertainties) per year was used to compare the extent of trends. This trend analysis was conducted using the openair R package (v.2.8-3; Carslaw and Ropkins, 2012).

To analyze the correlation between explosion occurrence and fishing activity, we also conducted a Theil-Sen regression analysis using the R package mblm (v0.12.1; Komsta, 2019). A Daniels trend test based on Spearman rank correlation coefficient (rho) was conducted as a rank statistic using the package ggpubr (v.0.4.0; Kassambara, 2020). Rho was evaluated based on the guidelines of Cohen (1988). Correlation analyses were applied for explosion counts per week and the weekly amounts of landing receipts for the three defined fishing sectors for each site and for all sites combined. Landing receipts, instead of landings in pounds, were included in correlation analyses, as they represent a proxy for the presence of active fishing vessels potentially using seal bombs in the area. Weeks without fishing activity were excluded from the model, to focus on the analysis of the relationship of the particular fishing sector and explosion occurrence.




RESULTS


Explosion Counts and Sound Exposure Levels

Explosions were detected at all but one (site K) of the 21 monitored sites, resulting in a total of 707,738 explosion signals (actual recorded explosions, without normalized counts for duty cycle correction) detected on a total of 6,307 recording days (36.3% EPD). EPD per site varied from 6.0 to 81.0%. Median and maximum explosion counts per EPD ranged from 3 to 277 and 81 to 2,798, respectively (Table 1). Based on these metrics, five sites were categorized as high, eight as medium and eight as low regarding explosion occurrence. The timeseries of daily explosion counts (and squid landings) for all sites can be found in the supplement (Supplementary Figures 3–5). Median and maximum SEL ranged from 138 to 167 dB re: 1 μPa2-s and 164 to 189 dB re: 1 μPa2-s, respectively (Table 1 and Figure 3).
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FIGURE 3. Frequency and distribution of the explosions received sound exposure level (SEL) in dB re: 1 μPa2-s with median (dashed line). Received values are likely influenced by effects of the unknown distance to the source and surrounding noise. SEL values show a small additional peak at around 170 dB indicating signals were above the clipping level of the hydrophone. Decreasing detections between 130 and 140 dB may result from variable signal detectability, e.g., depending on site/bathymetry.




Spatial Explosion and Fishery Landing Patterns

High explosion counts were identified at five nearshore sites (Figure 1 and Table 1): within Santa Monica Bay (site Q), around Santa Cruz Island (Channel Islands National Marine Sanctuary, site K3), at Santa Catalina Island (sites A and A2) and at San Clemente Island (site G2). They accounted for 34.4% of the total recorded explosions, but only for 8.5% of the total recording days. At these sites, median daily explosions varied between 29 and 277, while maximum values of up to 1,170–2,800 explosions per day were detected and 50–81% of the days were EPD (Table 1). Median SEL were highest here as well (151–167 dB re: 1 μPa2-s), except for site J (159 dB re: 1 μPa2-s), categorized as “medium” explosion counts. Other near-shore sites [around Santa Cruz Island (site J), Santa Barbara Island (site M) or within the Santa Barbara Channel (site B)] had overall medium explosion counts, but explosion counts were high within certain seasons, especially during winter 2008/2009 and fall 2009 (Supplementary Figure 4).

Explosion counts at offshore sites were either low (sites R, S, and PS) or medium (sites H, E, and N). But one offshore site at Tanner Bank (site H) showed high explosion counts over multiple seasons between 2009 and 2012 (up to 2,600 per day). Low or medium counts were also detected at the southern nearshore sites close to the San Diego coast (sites LJP and P). Site M1, within the Monterey Bay National Marine Sanctuary, had low explosion counts, although the recordings at site M1 started much later than in the Southern California Bight, making large-scale regional comparisons difficult (Figure 1 and Table 1). At the north-western most sites in the Southern California Bight, such as Point Conception or the western part of the Channel Islands (site C, K2, and K) explosion occurrence was low as well.

The highest amounts of squid landings were reported for fishing blocks around nearshore sites, primarily around the Channel Islands (sites J, K, K2, and K3), within Santa Monica Bay (site Q), around Santa Catalina Island (sites A and A2) and within the Santa Barbara Channel (site B). Few squid were caught around the southern nearshore sites close to the San Diego coast (sites LJP and P) and around offshore sites (E, H, PS, and R; Table 1 and Supplementary Figures 3–5). CPF landings were highest around Santa Catalina Island (sites A and A2), followed by other nearshore sites in Monterey Bay (site M1), within Santa Monica Bay (site Q) and around San Clemente Island (sites G and G2). At all other sites, CPF landings were comparatively low. HMS landings were rare compared to the other two purse-seine fisheries. They were mostly caught around nearshore sites, like A2, G, G2, and J, but also at some offshore sites, like E, H, and N (Table 1).



Diel Explosion Pattern

The majority of explosions (93.9%) were recorded at night. In the Southern California Bight, the percentage of total nighttime explosions varied between 84.8 and 99.6% at 17 sites. At two southern sites, LJP and S, the pattern was different; 53.8–59.7% of all explosions occurred during the day, but both sites had only low explosion counts. At the two sites in the Monterey Bay area, 80.6–82.1% of all explosions were detected during the night (Table 1). At 18 sites, explosion occurrence differed significantly between day- and nighttime (Kruskal-Wallis-Test p < 0.001). At three sites it was not significant (LJP p = 0.866, P p = 0.627, R p = 0.134). Overall, most explosions were recorded within the time between 22:00 and 00:59 (Figure 4). Per hour, 10.7-12.2% of all daily explosions were assigned to each of these three hour-bins. Before and after, hourly explosion counts were decreasing gradually. Explosion counts were lowest between 09:00 and 17:00 with 0.2–0.3% of all daily explosions occurring within each of these hours.
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FIGURE 4. (A) Diel presence of explosions (blue dots) in one minute bins from September 24th, 2009 to July 21st, 2010 at site Q with high explosion counts. Gray hourglass shading denotes nighttime and light blue horizontal shading denotes periods with no recording effort. (B) Boxplot of explosion counts (sums per site) per hour of the day (dark-gray areas: nighttime, white: daytime, light-gray: day- or nighttime depending on season) at all sites.




Weekly Explosion and Fishery Landing Patterns

Explosion counts showed a clear weekly pattern (Figure 5A), with counts peaking between Mondays and Thursdays (each day with 17.9–21.8% of total explosions), decreasing on Fridays (10.0%), being almost absent on Saturdays (1.4%), and then increasing again on Sundays (10.9%). In total, there were no significant differences in daily explosion occurrence from Monday to Wednesday (pairwise Wilcoxon rank sum test, p = 0.38–0.98). Fridays and Sundays did not differ from each other (p = 0.21) and were significantly lower than all the other working days (p < 0.001). Explosion counts on Saturdays were significantly lower than on all the other days (p < 0.001). This pattern with very low explosion counts on Saturdays (0–3.6% of explosions per site) was visible at all sites, except for LJP (11.6%), where no weekly pattern was observed at all.
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FIGURE 5. Boxplot of (A) explosion counts, (B) reported market squid, (C) coastal pelagic fish (CPF), and (D) highly migratory species (HMS) landings in million lbs per weekday based on sums per site.


A clear weekly pattern was also observed for reported squid and CPF landings (Figures 5B,C), with highest landings between Mondays and Fridays and almost no landings (significantly lower; p < 0.001) on weekends. HMS landings were rare compared to squid and CPF landings. Between 2005 and 2015 catches were made on only 125 days within the vicinity and the recording period of the HARP sites and thus, no clear weekly pattern was detected (Figure 5D).



Seasonal Explosion and Fishery Landing Patterns

Overall recording effort was evenly distributed over all seasons. In total, most explosions were recorded in fall (38.6% of all explosions), followed by winter and summer (27.0 and 26.4%, respectively), and were lowest during spring (7.9%). However, this pattern was not reflected at every site and the only pattern that was consistent over almost all sites (except for site A2 and G2) was low explosion counts during spring. The highest values were detected in fall, summer and/or winter depending on the site (Supplementary Table 2). For example, at site A2 close to Catalina Island explosion counts were lowest in fall. Highest values were detected much later in February and were still elevated during spring (Figure 6A). At site G2 near San Clemente Island explosion occurrence was much higher in summer and winter than it was in fall, but values also decreased in spring (Figure 6B). At site Q in Santa Monica Bay the highest explosion counts were detected in fall (98.2% EPD, median explosions/EPD 640) with the highest monthly counts of all sites with over 22,650 explosions recorded in October (Figure 6C). Afterward counts were still high but steadily decreased over the course of the winter, until they reached lowest values in spring, especially in April and May.
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FIGURE 6. Explosion counts [bars: Winter (W) = black inclined stripes, spring (Sp) = gray, summer (S) = white, fall (F) = gray vertical stripes], market squid landings within a 50 km radius around the site (black line) and days with recording effort (gray cross) per month for (A) site A2, (B) site G2, and (C) site Q. Other fisheries are not shown as no overlapping seasonal pattern with explosions was found.


A GAM revealed highly significant effects of calendar week on explosion occurrence and fishery landings (Figures 7A,B and Supplementary Table 3). Site was a significant predictor for explosions, squid and CPF landings (Figures 7C,E,F), but not for HMS. The inclusion of year only improved the explosion model (Figure 7D). Peaks in overall explosion occurrence were found during summer, fall and, less pronounced, in winter, whereas a strong decrease was found in spring. Squid landings showed a very similar overall seasonal pattern, while CPF landings were lowest in winter and HMS landings showed no clear seasonal pattern.
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FIGURE 7. Generalized additive modeling (GAM) results for seasonal patterns of explosions and fisheries with calendar week as predictor (cyclic cubic smooth function) and site and year as factors using a Tweedie (compound Poisson-gamma) distribution. (A) Smooth terms for the influence of week on explosion counts (gray) and squid landings (red) and (B) for CPF (lilac) and HMS landings (green), (C) partial effect of factor site and (D) of factor year on explosion counts (gray), (E) of factor site on squid landings (red) and (F) of factor site on CPF landings (lilac).




Annual Explosion and Fishery Landing Patterns and Trend Analysis

For the sites with concurrent long-term recordings (B, C, H, M, and N), the period of January 2009 until September–December 2015 was analyzed for annual patterns and trend (site M only until January 2015).

Overall explosion occurrence for the five combined sites was significantly highest in 2009 and decreased until it reached its significantly lowest level in 2015 (pairwise Wilcoxon rank sum test; p < 0.001). High maximum daily counts of over 1,000 explosions were only present from 2009 until 2012. From 2010 to 2013, explosion counts were not significantly different (p = 0.52–0.83), but after 2013 counts were significantly lower each following year (p < 0.001 for both 2014 and 2015). Squid landings (fishing blocks within a 50-km radius around the five long-term recording sites) were highest in 2009 and successively decreased until 2012. In 2013 squid landings increased before decreasing again in 2014 and 2015. CPF and HMS landings did not show any comparable annual patterns (Table 3).


TABLE 3. Overview of metrics for annual patterns (A) and trend (B) for explosions and fishery landings at the five long-term monitoring sites B, C, H, M, and N combined.
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A trend analysis based on de-seasonalized Theil-Sen linear regression estimates revealed a significant negative trend for explosions and a significant negative trend for squid landings, while CPF and HMS landings did not experience any significant linear trend. The median change of slope per year was higher for explosions than it was for squid landings, indicating a stronger decline for explosions compared to squid landings within 50 km around the five recording sites (Table 3 and Figures 8A,B).
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FIGURE 8. Trend analysis of mean daily values per month using a Theil-Sen regression model for (A) explosions and (B) squid landings at five long-term sites (B, C, H, M, and N) off Southern California between 2009 and 2015 (red line: regression line, blue dashed line: 95% confidence intervals). A Seasonal-Trend-Decomposition using LOESS (STL) was applied to de-seasonalize the data first to account for the strong seasonality. The removal of the seasonal component occasionally resulted in theoretical negative values and peaks within the trend analysis as a product of the remaining trend and residual components.




Regression Analysis for Explosions and Fishery Landing Receipts

The Theil-Sen regression model and Daniel’s trend test for explosion counts and squid landing receipts per week, combined for all sites, were both significant (p < 0.0001) with a high correlation coefficient rho of 0.58 (Figure 9). Per site (Supplementary Table 4), strong and significant correlations of explosions and squid landing receipts were found for all sites categorized as “high” (A, A2, G2, K3, and Q) regarding explosion occurrence (rho = 0.66–0.88, p < 0.001), but correlations were also present at some sites categorized as “medium” (B, J, and M; rho = 0.34–0.46, p < 0.01–0.001) and “low” (C and M1; rho = 0.53–0.76, p < 0.01–0.001). For all other sites, including all offshore sites, like E, H, N, R, and S, etc., no correlation was found, or squid landings were so rare that the analysis could not be conducted. There was no significant correlation for explosions and CPF landing receipts in total (rho = −0.07 with p = 0.28) or at individual sites. For sites A, A2, G, G2, and K3 the results of the Theil-Sen regression were significant, but Daniel’s trend test did not show significant results; rho was low and also negative for three of these sites. For HMS landing receipts and explosions overall, no correlation was found (rho = 0.1 with p = 0.53). Per site, only the two offshore sites E and H showed significant results for the Theil-Sen regression (p < 0.001) and at the same time meaningful values for rho (0.55–0.57), although they were not significant (p = 0.06–0.11).
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FIGURE 9. Theil-Sen regression model of explosion counts and market squid landing receipts per week (based on weekly sums of all sites; weeks without squid fishing activity were excluded from the model) with log-scaled axes (red line: regression line, blue dashed line: 95% confidence intervals).





DISCUSSION

Southern California, especially its National Marine Sanctuaries, is home to a diverse array of marine species and habitats. At least thirty species of cetaceans and other marine mammals, like pinnipeds and sea otters, as well as four species of sea turtles are found in the region (Leatherwood et al., 1982). The distribution of these animals is closely linked to the region’s high level of biological production (Munger et al., 2009), which subsequently dictates the distribution of fisheries and, therefore, seal bomb use.

This study is the first to provide long-term results on the distribution, intensity and origin of underwater explosions that occur in Southern California waters. The information provided here can help to assess their influence on marine life as a noise pollutant, the scale of their use in this region, and to identify potential areas of concern. Comparisons of explosion patterns with commercial fishery data have revealed a correlation with the market squid fishery (Figure 9 and Supplementary Table 4). We will discuss known squid fishing practices in California and compare them to our results for the various spatial and temporal patterns of explosions and squid landings. The CPF and HMS fisheries will not be described in depth as no significant correlation was found with the occurrence of explosions.


Explosions as Noise Pollutant

Research on anthropogenic noise off Southern California has mainly focused on shipping and military sonar operations (Croll et al., 2001; McDonald et al., 2006, 2008; McKenna, 2011; Melcón et al., 2012; DeRuiter et al., 2013; Goldbogen et al., 2013; Houser et al., 2013), as these were thought to be the most significant noise sources. Our results suggest that, at least during peak seasons and years, there has been extensive and persistent noise from underwater explosions related to commercial fishing activities. Underwater explosions represent a relevant anthropogenic noise source off Southern California as they were detected on more than one third of all recording days and were also detected in the vicinity, or inside of, the Channel Islands and Monterey Bay National Marine Sanctuaries. Especially around nearshore sites (those close to Santa Cruz, Santa Catalina or San Clemente Island and Santa Monica Bay) high explosion counts of up to 2,800/day were detected and maximum SEL of up to 189 dB re 1 μPa2-s were recorded (Table 1 and Figure 3). Nighttime noise from explosions may also be particularly relevant for marine ecosystems, as this is the time when deep scattering layers rise and various dolphin species focus their foraging effort (for the Southern California Bight, e.g., Soldevilla et al., 2010; Simonis et al., 2017).

Possible impacts from noise include death, physical injury of the auditory systems [Permanent or Temporary Threshold Shift (PTS or TTS)], masking of biologically important sounds, alteration of behavior and habitat exclusion (e.g., Southall et al., 2007). The National Marine Fisheries Service (2018) estimated received acoustic threshold levels for PTS onsets for different marine mammal hearing groups. For impulsive sounds, a dual metric using peak sound pressure level (SPLpeak) and weighted 24 h-cumulative SEL was used. In a recent experiment using seal bombs, source levels exceeded all these thresholds (Wiggins et al., 2021), except for the SEL threshold for otariid pinnipeds. Although weighted and un-weighted, as well as cumulative and non-cumulative, metrics cannot be compared one to one, they are still a reasonable indication for the risk seal bombs pose to marine mammals. The maximum SELs (unweighted, non-cumulative) of 164–189 dB re 1 μPa2-s per site, recorded within this study (Table 1), partly exceed PTS and TTS thresholds for cetaceans as well as for phocid pinnipeds (National Marine Fisheries Service, 2018). Simonis et al. (2020) estimated, based on a local transmission loss model for seal bombs in Monterey Bay, that harbor porpoises would experience a TTS from cumulative exposure of two seal bomb explosions within 1 km or six explosions within 2 km. Taking maximum values of explosion occurrence at high count sites from this study into account, on average, explosions happened multiple times per minute during the night, meaning that nearby porpoises would potentially not have been able to flee before experiencing hearing damage. In Germany, e.g., federal regulations exist for impulsive pile-driving so that a SEL (also unweighted, non-cumulative) threshold of 160 dB re 1 μPa2-s cannot be exceeded, in order to protect endangered harbor porpoises from TTS (Deutsches Bundesministerium für Umwelt, Naturschutz und nukleare Sicherheit, 2013). In this study, median SELs close to and above 160 dB re 1 μPa2-s were recorded at site A2 near Catalina Island and site J within the Channel Islands National Marine Sanctuary. These sites were classified as “high” and “medium” (but with times of high explosion occurrence for the latter case) regarding explosion occurrence, meaning there is the potential for additive or cumulative effects. Moreover, for explosions which have happened very close to the recording site, recorded signals likely have been clipped and actual received SEL were higher, which is indicated by the second smaller peak of received SEL in Figure 3 (the hydrophones clipping level is ∼167 dB SPL). Additionally, since most of the energy of explosions lies within the low-frequency range, the sound can travel great distances and effects on marine mammal behavior might be far more wide-ranging than just physical harm. Other repetitive, low-frequency, impulsive sounds, like air gun blasts or pile-driving strikes, are known to disturb the behavior of marine mammals (e.g., Gordon et al., 2003; Stone and Tasker, 2006; Lucke et al., 2009; Di Iorio and Clark, 2010; Castellote et al., 2012; Dähne et al., 2013).

The focus so far has been on potential effects on marine mammals, as they are known to be particularly sensitive to noise and are, at least in the case of pinnipeds, the main target of seal bomb use. But other marine organisms, down the food chain, are likely to be affected as well; for example, sea turtles, fish (Popper et al., 2014), lobsters (Day et al., 2019), and zooplankton (McCauley et al., 2017). The possible impact of seal bombs on squid species should also be considered, since this study has revealed a positive correlation between explosions and the market squid fishery. Squid have statocysts (otoliths) and are able to “hear” by detecting the particle motion component of a sound field (Mooney et al., 2010). When exposed to anthropogenic noise, different squid species have shown increased alarm responses such as escape and firing ink sacs [using simulated noise for Sepiotheutis lessoniana and Octupus vulgaris: Hu et al. (2009), for Doryteuthis pealeii: Jones et al. (2020)]. For example, McCauley and Fewtrell (2008) reported that some squid reacted to simulated air gun noise by initially swimming faster but then slowing and lying motionless near the surface. Near seismic surveys, strandings of Architeuthis dux (giant squid) have been reported (Guerra et al., 2004) and Solé et al. (2013) described statocyst lesions in four squid species from the Mediterranean after exposure to low-frequency noise (Sepia officinalis, O. vulgaris, Loligo vulgaris, and Illex condietii). These studies show that anthropogenic noise can physically harm and change the behavior of squid, and further research is needed to determine how seal bombs may be impacting squid off Southern California.



Origin of Explosions and Correlation With Fisheries

Explosive deterrents pose a risk to marine life – determining their origin, as well as how and why they are being used, is a necessary step in ensuring they are properly regulated and managed. Our results suggest that most of the recorded explosions come from seal bombs, or similar explosive deterrent devices, being used by the California market squid fishery. However, we cannot rule out that some explosions have sources other than fisheries. The signal detector applied for this study is based on template explosion signals and each signal was manually verified. A mix-up with other signals resembling explosions is unlikely, but potential sources of similar signals are discussed below. Off Southern California, explosions can occur during naval training exercises, but they are not used in high numbers and typically occur during the day (Baumann-Pickering et al., 2013), whereas almost 94% of all explosions recorded in this study occurred at night (Figure 4). There are acoustic similarities between seismic air gun blasts and explosion signals (Guerra et al., 2011), but to our knowledge, no industrial seismic exploration has ever been conducted in California waters. Additionally, air gun blasts are usually executed in a specific periodic sequence, which was not seen within our recordings. Mining operations at a rock quarry at Catalina Island could have produced impulsive signals but blasting almost solely at night seems unlikely. Gunshot calls of North Pacific right whales (Eubalaena japonica) are short, impulsive, broadband (10 Hz to 2 kHz) signals (Rone et al., 2012). They are the rarest of all baleen species and their main distribution range in United States waters lies within the Gulf of Alaska and the Bering Sea; sightings in California waters are rare exceptions (Gendron et al., 1999). Therefore, seal bombs (or similar devices) remain the most likely source for the explosions detected in this study.

Explosions and squid landings were both highest at nearshore sites and lowest offshore (Figure 1 and Table 1). Average SELs above or close to 160 dB re 1 μPa2-s were recorded at some of these nearshore sites as well (sites A2 and J), indicating that explosions were occurring close to the recording site. Market squids inhabit coastal, pelagic zones from Alaska to Baja California and spawn in nearshore, shallow and sandy habitats in Central and Southern California at the end of their lifespan (Vojkovich, 1998). In Southern California, squid fishing activity is concentrated around Santa Catalina Island and the Channel Islands (Santa Rosa, Santa Cruz, and Anacapa Island; Maxwell et al., 2004); locations where high explosion counts were detected. Squid fishing is prohibited within the Channel Islands Marine Protected Areas. Whenever possible, the squid vessels will operate close to Los Angeles port, where they will land and sell their catch. The mainland sides of Catalina Island and Santa Monica Bay are closed for the use of purse-seine gear and so brail vessels are used instead (California Department of Fish and Wildlife, 2020).

There were some exceptions to the spatial pattern of highest squid landings and explosion activity in nearshore and lowest values in offshore areas. At island-associated sites K and K2, high landings of squid were reported, but few or no explosions were recorded. However, this may have been because recording effort was low at these sites (about 4 months per site, but each at least partly within squid fishing season). Although explosion counts were generally lower at offshore sites, site H, located near Tanner Bank, had high explosion counts over several seasons. Almost no squid fishing was reported within fishing blocks around site H. Since we also saw low CPF and HMS landings in this area, it is possible that a different fishery, outside the purse-seine sector, is the main source for explosions around site H. Another potential explanation is that the explosions occurred at a different location but the oceanographic and bathymetric characteristics around site H contributed to basin-wide propagation of the signal’s low-frequency component. This theory is supported by the fact that explosions at site H showed a similar seasonal pattern to explosions and squid landings at other sites. Further analyses of other fishery landings and larger radii for included fishing blocks, as well as sound-propagation modeling taking bathymetric characteristics into account, are required to better understand acoustic detection near Tanner Bank.

We found clear patterns in seal bomb occurrence over various temporal scales. Almost 94% of explosions were detected at night (Table 1 and Figure 4), which indicates their use in a night-time fishery. Simonis et al. (2020) described diel patterns for explosions recorded at the MARS cabled observatory in Monterey Bay during 2015–2018, where the majority of explosions also happened at night. Market squids are usually caught at night with purse-seine, drum-seine or brail vessels assisted by light boats, which use high-intensity lights to attract the spawning squids toward the sea surface, where they are more easily encircled with large nets (California Department of Fish and Game, 2005). Whether sardines and other CPF species are caught during the day or at night depends on the region (Kaltenberg and Benoit-Bird, 2009; Krutzikowsky and Smith, 2012; Lynn et al., 2014). Fishing for HMS (bonito and tuna) is generally possible during day and night (Walker et al., 2010; Hall and Roman, 2013).

Total numbers of explosions were reduced on Fridays and Sundays and were almost absent on Saturdays (Figure 5). This pattern seems to reflect the closures that occur in the squid fishery. There is a weekend closure for the commercial market squid fishery from the United States-Mexico border to the California-Oregon border between Friday noon and Sunday noon each week to allow a period of 48 h of uninterrupted spawning (California Department of Fish and Game, 2005). This weekend closure results in reduced landings on weekends. For squid caught on Sunday evenings, after the closure, it is common to not be landed until Monday. The CPF fishery showed a similar weekly pattern to the squid fishery, with decreased landings on the weekend. Many fishermen for squid and sardines are the same and can use their nets to catch either. Sweetnam (2010) reported that in 2008, during times when both fisheries were active, daily landings of sardines were minimal on weekends. Fishing for market squid is much more profitable, and so it affects the CPF fishing sectors. All fisheries depend on market demand: market squid have a higher volume and value and so, if the processors have to reduce staff on weekends due to the market squid closure, it might result in reduced demand for sardines on weekends as well.

Although peaks in occurrence varied by site, explosions were typically lowest in spring (Figures 6, 7 and Supplementary Table 2). This seasonal pattern is similar to that of market squid landings. In California, the market squid fishery is managed through a state-based management plan. The fishing season runs from 1 April through 31 March the following year with a seasonal catch limitation of 118,000 tons and a subsequent fishing closure after those limits are reached until the end of the season (California Department of Fish and Game, 2005). There are two distinct market squid fisheries in California: one in the Southern California Bight, where most fishing occurs between mid-fall and late winter, and one in Monterey Bay, where the fishery usually spans from late spring to early fall (California Department of Fish and Wildlife, 2020). Accordingly, Simonis et al. (2020) also reported a strong seasonality with peaks in explosion occurrence in Monterey Bay in 2015–2018 mostly during the summer months, but for some years also in late spring and fall.

We considered the ability of fishermen to deploy the large number of explosives detected at some sites. Taking landing receipts per day as a proxy for the number of vessels operating in an area into account, we calculated that on average, per site with “high” explosion occurrence, each vessel may have been responsible for 20–100 explosions per night (assuming an average night duration in Southern California), which is about 2–8 explosions per hour from each vessel. As an example, on the day with maximum recorded explosion counts of 2,800 (February 23, 2009 at site G2) 27 squid landing receipts were issued for that area. This resulted in an average of eight explosions per vessel per hour over the course of the night (night-length was 12.75 h for that day). This assumes that every squid vessel (but no vessels from other fishing sectors) used seal bombs and that they were used evenly throughout the night, which both may not be true (e.g., seal bomb usage could be concentrated during certain actions, like hauling the nets). Even so, when considering the number of potential vessels involved, the number of seal bombs used per squid vessel appears to be feasible. However, exceptionally high rates of confirmed explosions on short time scales (up to ∼400 explosions per hour) attest to the high level of use that can occur sometimes.

The correlation between explosions and squid landings/receipts, as well as the spatial and temporal overlap of explosions and known squid fishing practices, leads us to conclude that the major source of seal bombs detected in this study is the market squid fishery. However, as not all sites showed significant correlations, there is likely another fishery, not analyzed in this study, which uses explosive deterrents. Additionally, it is possible that seal bombs are used to some extent during CPF fishing as well, as fishermen for market squid and CPF are often one and the same. Though this does not seem to be a main source compared to squid fishing over our study period and sites, as no significant correlation was found (Supplementary Table 4). However, CPF fishing seemed to be mostly concentrated around Catalina Island and Santa Monica Bay/San Pedro; sites which were not sampled on a long-term basis.

Sea lions in California prey on squids and CPF (Weise and Harvey, 2008); both fisheries as well as sea lions are concentrated in coastal areas. However, correlations with explosion occurrence only found for squid indicate the possibility that seal bombs are also being used for other reasons beside pinniped deterrence within the squid fishery.



Interannual Variation of Explosions and Fisheries

Explosion counts in the Southern California Bight decreased from 2009 to 2015 with lowest values in 2014 and 2015. Squid landings also decreased around the five sites with long-term recordings, again particularly in 2014 and 2015, although an overall decreasing trend was not as pronounced as it was for explosions (Table 3 and Figure 8). Yearly fluctuations in landings indicate that changes occurred in the commercial fishing industry, which likely impacted seal bombs usage, too.

In 2011, the Bureau of Alcohol, Tobacco, Firearms and Explosives (ATF) began enforcing the regulations of the Safe Explosives Act, making the purchase and handling of seal bombs more difficult for the fishing community (27 Code of Federal Regulations, Part 555, Subpart D, G, and K1). The increased paperwork for permits and reports, as well as specific storage regulations (which may be difficult to implement on fishing vessels), likely made seal bombs a less attractive resource.

Additionally, during the period of this study, there were environmental variations that could have impacted the use of seal bombs: a warm water “blob” between 2013 and 2016 (Gentemann et al., 2017) and El Niño events in 2009/2010 and 2015/2016, which affected the market squid fishery. The market squid fishery is one of the biggest and most important fisheries in California in terms of volume and value: most years it is the number one fishery in the state (California Department of Fish and Game, 2012; California Department of Fish and Wildlife, 2014, 2015). However, market squids are very sensitive to rising ocean temperatures, such as during El Niño events, and so the fishery tends to fluctuate along with environmental variation. Historically, overall squid landings decreased during El Niño and later recovered during La Niña phases (Pacific Fishery Management Council, 2019). During the El Niño of 1997/98, the squid fishery disappeared completely around the Channel Islands (Jackson and Domeier, 2003) and the El Niño of 2015/2016 resulted in greatly reduced squid landings as well (California Department of Fish and Wildlife, 2015). The underlying mechanism for this is not yet completely understood but is most likely linked to reduced food availability (krill species) for juvenile squid during times of reduced upwelling (Perretti and Sedarat, 2016). The warming from the “blob” together with early El Niño signals, also affected the geographic distribution of the squid fishery during our study period (Pacific Fishery Management Council, 2019). During the 2014/2015 season, the fishery moved northward resulting in a peak in squid landings off Central California and, for the first time in recent history, squid catches were reported even further north off Eureka, California (California Department of Fish and Wildlife, 2014; Ryley and Protasio, 2015).

The decrease in seal bomb explosions over the years, especially in 2014 and 2015, can be partly explained by the decline in squid landings due to the 2015/2016 El Niño and the warm “blob” event and the resulting geographic shift. Although there was an El Niño in 2009/2010 as well, landings and explosion counts were high in 2009. However, this event was not as strong as the 2015/2016 El Niño and it was characterized by an unusually fast phase transition (Kim et al., 2011). The 2015/2016 El Niño, on the other hand, was one of the most powerful of such events observed, comparable to the 1997/1998 event (Rupic et al., 2018).

Because the decline in explosions was more pronounced than the decline in squid landings, it is likely that other factors, like enforced ATF regulations, have contributed to the decreased use of seal bombs in more recent years as well. However, of the five sites analyzed for long-term trends, high squid landing amounts were only reported around site B (Figure 1) and the extent of the overall trend for squid landings in the Southern California Bight might be somewhat different. For example, for the CPF fishery, landings decreased strongly between 2009 and 2015 in the Southern California Bight (California Department of Fish and Wildlife, 2015), which is not reflected in landings around the five long-term sites, because they were low for CPF landings.

Even though detections of explosions decreased over the course of this study, it is possible that their use has since increased again once the squid fishery recovered from the El Niño. However, Simonis et al. (2020) did not report increasing counts of explosions in Monterey Bay between 2015 and 2018/2019.



Conclusion and Outlook

This study aims to improve understanding of where and when seal bombs are being utilized and of their likely impact on marine life, so that their future use can be better regulated. Until recently, the few published studies on the use of seal bombs have typically been from the 1990s or earlier, have often not been peer-reviewed, and primarily deal with the effectiveness of seal bombs as a marine mammal deterrent, not as a noise pollutant. However, in recent years, studies have begun to focus on seal bombs as a potential threat to marine life. The present study is the first long-term regional study on seal bomb explosions, and the first to closely examine their use within the purse-seine fishery. More research on impacts and the implementation of potential regulations on their use are greatly needed.

During peak times, seal bombs were likely one of the major anthropogenic noise sources off Southern California, with great potential to affect the marine environment and the behavior of marine animals, like cetaceans, which depend on hearing as their primary sensory mode. Extensive seal bomb noise has also been recorded in the vicinity or even inside National Marine Sanctuaries (the Channel Islands and Monterey Bay), which is especially problematic as anthropogenic interference should be minimal in these protected areas. The Southern California Bight is an important squid fishing ground and local communities depend on it. Fishermen have expressed, that damaged nets and predation on the catch by sea lions is a serious problem that results in significant economic losses. The results of our study suggest that this may be a particular problem for the market squid fishery. Taking an ecosystem-based approach as a basis, management and regulation should ensure that conservation and sustainable use are promoted in an equitable way. Therefore, communication and collaboration with fishermen are of great importance to cooperatively find a solution, as they will be able to add valuable information on the importance of seal bombs to their catch success and possibly on potential alternatives to seal bombs as deterrents.

Kerr and Scorse (2018) recommend that state and federal agencies immediately review their policies and invest more toward research and monitoring of seal bombs, as they pose a risk to the marine environment in California. The results of this study support NOAA in its objective to implement the proposed guidelines for “Safely Deterring Marine Mammals” (NOAA, 2020), as they would be the first to regulate seal bomb usage. The guidelines recommend the following regulations: The use of seal bombs is prohibited when cetaceans are present within a 100 m radius and a visual scan for cetaceans must be repeated before each deployment. For pinnipeds, a minimum safe distance (phocids 20 m, otariids 2 m) and a 180 s silent interval between deployments must be kept. If visibility is poor (<100 m) seal bomb use is prohibited. Additionally, seal bombs must explode behind an animal and not in front of it.

Our research indicates that simultaneous use of seal bombs by multiple fishing vessels in one area should also be considered for regulations, as such an occurrence would increase local impacts and make it difficult to ensure the 180 s silent period between deployments, which is necessary to give animals time to flee before hearing damage due to cumulative exposure is reached. As our results have also shown high sound exposure levels within a National Marine Sanctuary, further regulations to protect these sensitive areas, for example a buffer zone around protected areas, where seal bomb use is restricted or prohibited, could minimize negative impacts.

Not every recording site showed high correlations of explosions and squid landings. This means that there is likely another fishery using seal bombs and landings from other nighttime fisheries outside the purse-seine sector should also be tested for correlation with explosions. Research on more recent explosion occurrence off Southern California is needed to determine if seal bomb use has increased again with the recovery of the squid fishery after the warm water events. Another explosive deterrent, namely cracker shells, has recently (in 2019) been exempted from ATF regulations2. As they can now be purchased without a permit when used for legitimate wildlife control purposes, they might become more attractive for marine mammal deterrence within fisheries.
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FOOTNOTES

1
https://www.atf.gov/explosives/explosives-pest-control-device-requirements (2020/06/25).

2 Stoneco Energetic Systems LLC. https://www.stonecowildlifecontrol.com/12-gauge-shellcracker.html (10/04/2021).
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Site (A) Explosions (B) Fishery landings

Category | % EPD Counts (percentiles/EPD) Max. count | % day | % night | Med. SEL | Max. SEL | Squid CPF HMS

(dB) (dB) (Ibs) (Ibs) (Ibs)
25 | Median [ 75
Southern California Bight
G2 High 77.0 28 96 366 2,798 3.5 96.5 151 167 66,000 | 22,000 2,000
Q 81.0 8 62 432 2,041 3.4 96.6 153 171 227,000 | 66,000 0
A 80.9 10 38 189 1,169* 5.0 95.0 156 177 164,000 | 135,000 400
A2 78.5 7 29 123 1,186 7.2 92.8 168 182 75,000 | 137,000 | 4,000
K3 50.0 19 277 830 1,815 4.5 95.5 153 177 367,000 | 5,000 200
M Medium 36.7 4 37 181 1,493 7.7 92.3 141 175 17,000 1,000 40
B 35.8 7 33 17 2,163 6.1 93.9 148 172 113,000 | 4,000 400
H 56.9 7 32 128 2,620 4.4 95.6 146 187 400 600 1,000
J 39.5 3 27 260 1,770 3.7 96.3 159 179 144,000 | 3,000 1,000
E 32.2 2 6 29 1,122 4.7 95.3 142 177 0 600 1,000
G 40.8 2 1 54 667" 3.9 96.1 148 177 41,000 | 41,000 1,000
P 73.1 3 7 28 594 15.2 84.8 150 174 1,000 40 0
N 36.2 2 5 32 569 1.2 88.8 138 189 10,000 800 1,000
S Low 35.6 5 12 40 338 53.8 46.2 147 187 21,000 1,000 0
LJP 57.8 3 7 14 206 59.7 40.3 : : 0 0 0
R 15.0 1 3 12 893 9.9 90.1 139 169 300 0 0
C 6.0 4 14 48 238 9.8 90.2 146 179 11,000 70 10
K2 7.9 3 7 31 81* 0.4 99.6 141 179 132,000 500 100
K 0 0 0 0 NA NA NA NA 87,000 1,000 900
Monterey Bay area

M1 Low 31.6 3 9 38 279 19.5 80.5 = = 53,000 | 76,000 0
PS 16.7 3 10 25 191* 17.9 82.1 148 164 6,000 3,000 0

(A): Percentage of Explosion Positive Days (EPD), median explosion counts per EPD (with 25th and 75th percentile), maximum explosion counts during 1 day (based on
these metrics, sites were assigned into three different categories: high, medium or low explosion occurrence), percentage of day- and nighttime explosion occurrence,

median and maximum received values for sound exposure level (SEL) in dB re: 1 pPa?-s.

(B): Rounded average daily fishery landings in pounds (Ibs) for market squid, coastal pelagic fish (CPF) and highly migratory species (HMS) with catch origin within 50 km
radius and during recording period of the corresponding HARP site (rounding to tens for values <100, to hundreds for 100-1,000, to thousands for >1,000).

*Maximum explosion counts during 1 day with duty cycle correction: A = 3,483, G = 722, J = 2,125, K2 = 162, PS = 382.






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Long-Term Patterns of Noise From Underwater Explosions and Their Relation to Fisheries in Southern California



		INTRODUCTION



		MATERIALS AND METHODS



		Acoustic Recordings



		Explosion Detections and Metrics



		Commercial Fishery Data



		Statistical Analyses







		RESULTS



		Explosion Counts and Sound Exposure Levels



		Spatial Explosion and Fishery Landing Patterns



		Diel Explosion Pattern



		Weekly Explosion and Fishery Landing Patterns



		Seasonal Explosion and Fishery Landing Patterns



		Annual Explosion and Fishery Landing Patterns and Trend Analysis



		Regression Analysis for Explosions and Fishery Landing Receipts







		DISCUSSION



		Explosions as Noise Pollutant



		Origin of Explosions and Correlation With Fisheries



		Interannual Variation of Explosions and Fisheries



		Conclusion and Outlook







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		References

















OPS/images/cover.jpg
, frontiers
in Marine Science

Long-Term Patterns of Noise

From Underwater Explosions

and Their Relation to Fisheries
in Southern California









OPS/images/fmars-08-796849-g001.jpg
-123°

121" -120° -119°

x| 22"

e Santa Cruz

km

0 50 100

High Medium Low

Explosions: Left side
Squid: Right side

j‘ ’ Recorder locations

Channel Islandi . e Los Angeles

o
y

q Catalina Island

5000

, -+ Depth (m)
-2500 0

+35°

- 34"

- 33°

32°





OPS/images/fmars-08-796849-t003.jpg
Explosions Fishery landings

(A) Overview per year

Year % EPD Percentiles/EPD Daily Max./site Squid CPF HMS
25 Median 75

2009 48.8 5 35 211 2,620 48,000 2,000 2,000
2010 36.6 7 34 105 1,391 32,000 2,000 10
2011 37.2 3 30 187 1,294 26,000 300 40
2012 38.7 5 26 101 1,508 16,000 800 0
2013 39.4 - 17 68 760 36,000 300 50
2014 25.6 3 16 57 611 17,000 800 1,000
2015 18.6 3 9 35 389 19,000 4,000 300

(B) Trend analysis using Theil-Sen estimates (median with 95% CI)

Explosions Squid CPF HMS

A slope in %/year —14.8"* (-17.6, —11.4) —9.7(=13.9, =3.7) 0.1 (5.0, 10.0) 0¥ (0,0)

(A) % of Explosion Positive Days (EPD), median explosion counts per EPD (with 25 and 75 percentiles), maximum daily explosion counts (maximum at a single site) and
rounded average aalily fishery landings (Ibs) with catch origin within 50 km radius per year (rounding to tens for values <100, to hundreds for 100-1,000, to thousands
for > 1,000). (B) Results of trend analysis based on Theil-Sen estimates for explosions and fishery landings with median change of slope in % per year (with 95% confidence
intervals) and significance level (***<0.001, **<0.01, * not significant).
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