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Chronic low-frequency noise from commercial shipping is a worldwide threat to marine animals that rely on sound for essential life functions. Although the U.S. National Oceanic and Atmospheric Administration recognizes the potential negative impacts of shipping noise in marine environments, there are currently no standard metrics to monitor and quantify shipping noise in U.S. marine waters. However, one-third octave band acoustic measurements centered at 63 and 125 Hz are used as international (European Union Marine Strategy Framework Directive) indicators for underwater ambient noise levels driven by shipping activity. We apply these metrics to passive acoustic monitoring data collected over 20 months in 2016–2017 at five dispersed sites throughout the U.S. Exclusive Economic Zone: Alaskan Arctic, Hawaii, Gulf of Mexico, Northeast Canyons and Seamounts Marine National Monument (Northwest Atlantic), and Cordell Bank National Marine Sanctuary (Northeast Pacific). To verify the relationship between shipping activity and underwater sound levels, vessel movement data from the Automatic Identification System (AIS) were paired to each passive acoustic monitoring site. Daily average sound levels were consistently near to or higher than 100 dB re 1 μPa in both the 63 and 125 Hz one-third octave bands at sites with high levels of shipping traffic (Gulf of Mexico, Northeast Canyons and Seamounts, and Cordell Bank). Where cargo vessels were less common (the Arctic and Hawaii), daily average sound levels were comparatively lower. Specifically, sound levels were ∼20 dB lower year-round in Hawaii and ∼10-20 dB lower in the Alaskan Arctic, depending on the season. Although these band-level measurements can only generally facilitate differentiation of sound sources, these results demonstrate that international acoustic indicators of commercial shipping can be applied to data collected in U.S. waters as a unified metric to approximate the influence of shipping as a driver of ambient noise levels, provide critical information to managers and policy makers about the status of marine environments, and to identify places and times for more detailed investigation regarding environmental impacts.
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INTRODUCTION

Underwater acoustic environments are composed of many complex sound sources, collectively defined as the soundscape. Within a soundscape, underwater sound sources can be grouped into three main components: biological (e.g., whales, fish), natural abiotic (e.g., wind, underwater earthquakes) and anthropogenic (e.g., vessels, sonar, airguns). Sounds emanating from these biological, physical, and anthropogenic sources vary by intensity and duration as well as frequency range and temporal occurrence. As technological advances in underwater monitoring have facilitated the ease and duration with which we can record and analyze underwater sound, researchers and conservation-oriented organizations have recognized the importance and value of monitoring underwater soundscapes (Firestone and Jarvis, 2007; Gedamke et al., 2016; Tyack, 2018; McKenna, 2020). Combined with research focused on the effects of increasing underwater sound levels on marine species (including whales, fish, and invertebrates), monitoring and documenting underwater sound levels provides critical information about the status of marine environments to managers and policy makers.

In the United States of America (U.S.), increasing noise in underwater soundscapes is both a concern and a priority research topic for the National Oceanic and Atmospheric Administration (NOAA), the government agency responsible for managing and conserving marine ecosystems and resources (Gedamke et al., 2016). Within a soundscape, species that rely on sound for critical life functions (e.g., foraging, reproduction, navigation, predator avoidance) share acoustic space with other natural, physical, and anthropogenic sound sources. These species evolved to use sound as their primary sensory modality in the presence of natural physical sound sources, but only in the past century have they had to adapt to the presence of anthropogenic sound sources. Additionally, anthropogenic sounds are often both higher in intensity and longer in duration (or chronic) compared to pulsed disturbances from natural physical and other biological sound sources (Duarte et al., 2021). Decades of research on the effects of noise on marine animals has established that exposure to anthropogenic noise such as shipping, seismic airguns, construction, and sonar, can be detrimental to acoustic habitats and have negative impacts on the life history of soniferous species (Richardson et al., 1995; Thomsen et al., 2020).

Over the past few decades, NOAA, the U.S. National Park Service, and conservation-focused non-governmental organizations have prioritized monitoring ocean noise and global soundscapes, guiding underwater acoustic research efforts toward quantifying long-term sound level trends. Numerous studies have focused on quantifying and comparing changing underwater ambient soundscape conditions, and while they have arrived at different conclusions regarding the current state of underwater noise (Andrew et al., 2002; McDonald et al., 2006; Chapman and Price, 2011; Miksis-Olds and Nichols, 2016), all agree that commercial shipping is a significant and growing global noise source.

The overwhelming majority of goods traded worldwide travel by ship at some point in the journey from origin to destination. There are very few areas of the ocean that are not affected by vessel traffic, but locations that are isolated from major ports and shipping lanes are typically quieter than those areas that are not (Haver et al., 2019). Cargo vessels in particular are bigger, louder, and faster than other vessels—and the global fleet is growing rapidly both in terms of vessel number and vessel size and power (Frisk, 2012; Erbe et al., 2019; UNCTAD, 2020). For example, compared to vessels constructed around the year 2000, container ships being built today are overall four times as large and new oil tankers are nine times bigger (UNCTAD, 2020) and commercial shipping activity is predicted to continue to increase in coming years (Kaplan and Solomon, 2016).

Vessel noise contributes to underwater soundscapes from frequencies as low as 10 Hz to as high as 10 kHz, depending on vessel size and speed (Wenz, 1962; National Research Council, 2003). Cargo shipping is prevalent throughout the northern hemisphere (Pirotta et al., 2018), contributing low-frequency noise (< 1 kHz) near port cities and along shipping routes. In high-use areas of heavily trafficked shipping lanes near large port cities, additive energy from multiple vessels can chronically increase ambient sound levels over distances of tens to hundreds of kilometers depending on environmental variables (e.g., bathymetry, water temperature profile) that facilitate sound propagation efficiency (Wenz, 1962; Urick, 1983; Andrew et al., 2002). Persistent presence of low-frequency shipping noise can chronically interfere with the life history of marine animals that vocalize within the same range (e.g., whales, pinnipeds) (Erbe et al., 2019). Therefore, it is important to monitor underwater sound in areas that are in close proximity to shipping lanes and large ports, as well as important environments for the life history of protected species [e.g., marine protected areas (see: Hatch et al., 2016) and biologically important areas (see: Van Parijs et al., 2015)].

In 2020, abrupt economic fluctuations and disruptions to human activities related to the COVID-19 pandemic changed the natural world, including acoustic environments (Derryberry et al., 2020; Thomson and Barclay, 2020). This disruption provided soundscape researchers the unprecedented opportunity of a natural experiment to measure how ocean sound levels may have changed in tandem with a volatile economy and shifts in human activities. However, to quantify changes for managers and policy makers as well as facilitate international research collaboration, 2020 fluctuations must be evaluated with standardized metrics and baseline data of historical conditions.

Monitoring low-frequency shipping noise can be challenging due to coinciding biological sound sources (e.g., whales, seals); however, energy detectors are an effective and adequate tool that can be applied to discriminate distinctive biological, anthropogenic, and natural physical sounds and then determine the approximate energy contribution of each source. There are currently no established U.S. standards for monitoring shipping noise in U.S. waters, though 40–60 Hz is a historically used frequency range regularly selected as proxy for all shipping noise (see: McDonald et al., 2006; McKenna et al., 2012b; Miksis-Olds et al., 2012; Širović et al., 2013). However, in the European Union, two one-third octave bands, centered at 63 and 125 Hz, are used as sound pressure level indicators for underwater ambient noise levels driven by shipping activity (EC Decision 2017/848).

Here we calculate 63 and 125 Hz one-third octave band sound levels across an array of marine soundscapes to evaluate whether they are indicative of commercial shipping activity in U.S. waters. Specifically, we follow the metrics outlined in the Marine Strategy Framework Directive (European Union, 2008; Tasker et al., 2010; Van der Graaf et al., 2012) to quantify sound levels during 20 months (2016–2017) of temporally aligned calibrated acoustic data sampled from five locations across the U.S. Exclusive Economic Zone. To evaluate if the 63 and 125 Hz one-third octave bands are an accurate proxy for nearby shipping activity, we compare these octave band sound levels to Automatic Identification System (AIS) vessel tracking data collected from each monitoring location. Since 2015, the U.S. Coast Guard requires most commercial, towing, passenger, and fishing industry vessels to carry AIS transponders1 which emit position and identification information that can be read by satellite and terrestrial receivers. These individual data points can be composed to provide records of individual vessel movement throughout the ocean. The five sites selected for comparison span all regions of the U.S. Exclusive Economic Zone in the North Atlantic, Gulf of Mexico, Western Arctic, Northeastern Pacific, and central North Pacific, and include a National Marine Sanctuary and a National Marine Monument, and are all established monitoring sites included in the NOAA and National Park Service Noise Reference Station Network (Haver et al., 2018).



MATERIALS AND METHODS


Passive Acoustic Instrumentation

Temporally overlapping acoustic data were collected from 1 January 2016 through 31 August 2017 at five locations dispersed throughout the U.S. EEZ (Figure 1): Beaufort Sea, Alaskan Arctic (72.44° N, 156.55° W), North of Oahu Island, Hawaii (22.33° N, 157.67° W), Gulf of Mexico (28.25° N, 86.83° W), Northeast Canyons and Seamounts Marine National Monument, North Atlantic (39.01° N, 67.27° W), and Cordell Bank National Marine Sanctuary (37.8° N, 123.4° W). Each site was selected for inclusion based on general conservation concerns for potential use conflicts between humans and endangered marine species, as well as site-specific management needs such as shifting seasonal sea-ice conditions in the Arctic due to climate change. The five sites are all part of a calibrated U.S.-wide system of autonomous underwater hydrophone (AUH) moorings, the NOAA/National Park Service Noise Reference Station Network (Haver et al., 2018). To maintain comparable datasets, a single calibrated AUH was deployed at each site. Each AUH was programmed to sample at 5 kHz and suspended from a bottom-mounted mooring in the deep sound channel (see Haver et al., 2018 for equipment details). During the 20-month data collection period, approximately 13 months of data gaps exist across three sites (Hawaii: 23 December 2016–31 August 2017, Gulf of Mexico: 14 March 2016–12 April 2016, and Northeast Canyons and Seamounts National Monument: 1 January 2016–25 April 2016). There were no data gaps in the data collected in the Beaufort Sea or Cordell Bank National Marine Sanctuary. In total, 87 months of acoustic data were included in analysis.
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FIGURE 1. Locations of the five NOAA/NPS Noise Reference Station Network sites where passive acoustic and vessel transit data were sampled between 1 January 2016 and 31 August 2017. A magnified image for each site shows AIS vessel track lines (orange) within each 20 km buffer radius, except at the Beaufort Sea site where both 20 and 150 km buffer circles are shown (see section “Materials and Methods”). The small black dot within each buffer represents the location of the hydrophone. Note that the shape of each buffer varies due to map projection.




Quantifying Sound Levels

To calculate 63 and 125 Hz one-third octave band (TOB) sound levels, hourly averaged narrow-band (1 Hz) power spectral density levels were summed across the two TOBs of interest (56–71 Hz and 112–141 Hz, respectively), averaged (mean) in 24-h bins to obtain daily values, and converted to decibels (dB re 1 μPa, hereafter dB). A 14-day moving average was calculated for each site from daily mean values.



Extracting Automatic Identification System Vessel Tracking Data


Buffer Radius

Satellite and terrestrial-based AIS data records from January 2016 through August 2017, within a 20 km circular buffer around each AUH deployment location, were queried for activity mirroring the timeline of acoustic data collection. As vessel noise is not directionally consistent, and also varies significantly with speed and tonnage (Wenz, 1962; Urick, 1983; Zhang et al., 2020; Zobell et al., 2021), we selected a conservative buffer radius to ensure that a commercial shipping vessel tracked within the buffer via AIS would also increase the 63 and 125 Hz TOB sound levels at a hydrophone site. A buffer of 20 km was determined using the passive sonar equation (∼67 dB transmission loss for 63 and 125 Hz at 500 m depth) to be the approximate range that noise from a typical commercial shipping vessel would be received at the hydrophone in excess of ambient sound levels at all of the five unique acoustic environments (see example source level calculations in Gassmann et al., 2017 and Zhang et al., 2020). The variation in ambient sound levels across sites and time would either increase distance at which vessel noise contributes to the sound field when sound levels are lower from other sources (e.g., wind) or decrease distance when sound levels are higher from other sources. Although vessel noise from further afield could be detected above ambient sound under certain conditions at some locations (e.g., a deep-water convergence zone could amplify vessel noise), limiting the standardized buffer to 20 km across all sites minimized the probability of tracking vessel movement that may not impact the sound field at the hydrophone (Bassett et al., 2012).

Following initial data query, results of vessel movement within the Beaufort Sea 20 km buffer zone was determined to be misleading due to distance between the hydrophone and the majority of regional vessel activity occurring very close to shore and the relatively low ambient sound levels. Furthermore, sound propagates much more efficiently in high-latitude waters (surface duct propagation) compared to the mid- and low-latitudes where the other sites were located. Therefore, a secondary buffer of 150 km (inclusive of the entire distance from Alaskan shoreline to the hydrophone site) was queried for the Beaufort Sea site. Using the passive sonar equation, we calculated that transmission loss of a signal in the study frequency bands would be ∼75 dB over 150 km at the Beaufort Sea hydrophone depth of 500 m. Given the distinctive acoustic environment of the Beaufort Sea, inclusion of a second expanded buffer was determined to be important for capturing vessel presence at this site; however, the buffer size for other sites was not revised as 150 km is generally too large a radius to reliably detect vessel activity over ambient sound levels in more densely trafficked and lower-latitude regions.



Vessel Types

AIS records for all Type A and Type B2 vessels (including ships > 300 gross tons and commercial passenger vessels) within each buffer zone were queried into unique transits defined by the start and end times for entering and exiting the buffer radius around each recording site. In addition to start and ends time, we collated the name, size (length, tonnage), and vessel type for each entry. The nineteen vessel types were grouped into nine categories for analysis according to NOAA Marine Cadastre codes3: tanker, fishing, cargo, towing (including tug vessels), pleasure (including sailing vessels), passenger, other (including vessel types high-speed craft, search and rescue, military, law, dredging, Resol-18, and spare), reserved, and unknown. Vessel names for all entries with the vessel type “Unknown” were queried on in the Marine Traffic4 database to identify the type and relabeled. In a few instances no vessel type was available, and those entries remain classified as “Unknown.”



Monthly Vessel Activity Summaries

The monthly sum of vessel transits within the buffer radius of each hydrophone site were identified by querying the AIS data for unique results of date, vessel name, trip segment, and start and end time. Entries were flagged and ultimately excluded if the transit time or speed indicated an AIS transponder malfunction (e.g., impossibly fast speed over ground or distanced traveled) or in the case of duplicate entries where both satellite and terrestrial AIS logged a vessel’s movement. The total sum of vessel transits, distance traveled within the buffer (nautical miles), and time spent within buffer zone (counted in cumulative days) were calculated for each site and categorized by vessel type.



Environmental Variables


Sea Ice Coverage in the Beaufort Sea

Monthly records of sea ice extent at the Beaufort Sea site (72.443° W, 156.5517° N) from January 2016 through August 2017 were retrieved from the University of Alaska Historical Sea Ice Atlas (University of Alaska, 2020).



Wind Noise

Although wind can significantly increase sound levels in underwater soundscapes via surface agitating, the impact to ambient sound levels is primarily detected > 500 Hz (though sometimes as low as 100 Hz) (Wenz, 1962; Urick, 1983; Širović et al., 2013). Because the 63 and 125 Hz TOBs measured in this comparison are primarily below the ∼100–500 Hz lower limit for wind driven noise, we did not take extra steps to quantify the acoustic impact of wind in this comparison.



RESULTS


Sound Levels

Daily 63 and 125 Hz one-third octave frequency band (TOB) sound levels measured in the Gulf of Mexico, Northeast Canyons, and Cordell Bank were of higher energy compared to Hawaii and the Beaufort Sea (Figure 2). Moving average (14-day) TOB sound levels for both 63 and 125 Hz varied (minimum to maximum) by ∼5 dB throughout the 20-month time period at the Northeast Canyons and Hawaii sites, and by ∼10 dB at the Cordell Bank site. In the Gulf of Mexico and Beaufort Sea, 63 and 125 Hz TOBs had a range of ∼15 dB across time periods. In the Gulf of Mexico, 63 and 125 Hz TOB sound levels were highest between January-March 2017, and lowest in January-March 2016 in the 63 Hz TOB and July–August 2017 in the 125 Hz TOB. Additionally, the highest sound levels measured in the Gulf of Mexico were also the highest sound levels observed across all sites. Across all sites, 63 and 125 Hz TOB sound levels varied over the widest range of dB in the Beaufort Sea; at that site sound levels were highest in both boreal spring (March-April) and late summer to early fall (August-October), and lowest in early summer (June-July) and November in both 2016 and 2017. The lowest sound levels measured in the Beaufort Sea were also the lowest sound levels observed across all sites (Supplementary Table 1).
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FIGURE 2. Daily one-third octave band sound pressure level measurements for 63 Hz (A) and 125 Hz (B) center frequencies (scatter plot) and overlaid 14-day moving average for five deep-water autonomous underwater hydrophone moorings from January 2016 through August 2017. Each mooring site is color-coded: Gulf of Mexico-green, Cordell Bank National Marine Sanctuary-yellow, Northeast Canyons and Seamounts National Monument-purple, Hawaii-red, Beaufort Sea Alaskan Arctic-blue.




Automatic Identification System Vessel Tracking

Monthly vessel activity at each site was summarized by the number of transits within a buffer, total nautical miles traveled within a buffer, and total time spent within a buffer (Figures 3, 4). The Gulf of Mexico site had the highest number of overall transits, more than double the number of cargo transits, and five times as many tanker transits as any other site (Figures 3, 4). The average number of monthly vessel transits in the Gulf of Mexico was 91, with a minimum of 59; 8 months had over 100 transits each (Figure 3). Cordell Bank had the second highest number of transits, averaging 41 transits per month, excluding an outlier of 166 transits observed in August 2017. Detailed review of AIS data revealed that half of the vessel transits detected in August 2017 were from three tug vessels transiting back and forth through the buffer repeatedly (83 transits). Monthly mean transits were comparatively much lower at the other three sites (Hawaii—14 transits/month, Northeast Canyons—9.2 transits/month, Beaufort Sea—0.5/month). With the increased 150 km buffer radius in the Beaufort Sea, the monthly mean number of transits increased to 34.5, still lower than the monthly mean number of transits in both the Gulf of Mexico and Cordell Bank.
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FIGURE 3. Site-specific histograms of the monthly sum of unique vessel transits within the buffer zone at each of the five deep-water autonomous underwater hydrophone moorings from January 2016 through August 2017. Inset histograms with lower y-axis limits show detail for the Northeast Canyons and Seamounts National Monument, Hawaii, and Beaufort Sea 20 km buffer zones. Results from the Beaufort Sea 150 km buffer zone are included in the bottom right panel histogram with blue axis and text.
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FIGURE 4. Site-specific histograms of the monthly sum of unique vessel transits (A), total distance traveled in nautical miles (B), and cumulative time measured in days (C) within the buffer zone at each of the five deep-water autonomous underwater hydrophone moorings from January 2016 through August 2017. Each vessel type is color-coded: cargo-indigo, tanker-cyan, tug-teal, pleasure-rose, fishing-wine, passenger-purple, other-ochre, reserved-olive, unknown-sand. Note that the Beaufort Sea 150 km buffer zone is included in the plot of number of transits (A) denoted with asterisk, but not on the total distance (B) or sum of time plot (C) due to the unequal comparison of the amount time spent within 150 km compared to 20 km for the other sites.


Distance traveled and total time within each site’s buffer radius, in additional to total number of transits, varied across the nine vessel types identified from the AIS data (Figure 4). The Gulf of Mexico, Cordell Bank, and Northeast Canyons saw mostly cargo vessels in transit. However, at these three sites, cargo vessels did not travel the most miles, nor did they spend the most time within the buffer. In the Gulf of Mexico and Cordell Bank, tug vessels traveled farther and spent more time within the buffer, while at Northeast Canyons, tanker vessels traveled comparatively further and spent more time within the buffer compared to cargo vessels. In Hawaii, fishing vessels were the most common, traveling more miles and also spending the most time inside the buffer area. Tankers were the second most common vessel type detected in Hawaii across all three variables of total transits, miles traveled, and time spent. The eight vessels that were detected within the Beaufort Sea 20 km radius were either fishing (two vessels) or classified as other, including three military, one search and rescue, one research, and one icebreaker. Within the Beaufort Sea 150 km radius, tug vessels transited through the larger buffer more than other vessel types.



Environmental Variables: Sea Ice Coverage in the Beaufort Sea

The Beaufort Sea is the only study site affected by seasonal ice coverage, which drives presence of both biological and anthropogenic sound sources (Moore and Laidre, 2006; Roth et al., 2012; Jones et al., 2014; Southall et al., 2020), as well as contributing significantly to the soundscape during seasonal freeze-up and melting (Milne and Ganton, 1964; Urick, 1971; Matsumoto et al., 2014; Menze et al., 2017). Monthly sea ice conditions at the Beaufort Sea site (72.443° W, 156.5517° N) varied seasonally, with peak ice coverage in the boreal winter and spring and open ocean in the late summer through early fall. Specifically, sea ice was compact/very close pack from January 2016 through May 2016, and December 2016 through May 2017. In June and July 2016, November 2016, and June 2017 sea ice was open drift/close pack. During July 2017 conditions were open water/very open drift, and from August 2016 through October 2016 and in August 2017 no sea ice coverage was detected (University of Alaska, 2020).



DISCUSSION

Our results show that internationally standardized sound level indicators for commercial shipping activity can be applied to acoustic recordings of U.S. marine environments to assess the relative contribution of shipping (primarily cargo, but also tanker) activity within the soundscapes. By separating vessel activity by vessel type, we were able to observe a positive linear correlation between mean 63 and 125 Hz one-third octave frequency band (TOB) sound levels and the number of cargo vessel transits at each site. Specifically, mean TOB sound levels were higher at the sites with cargo vessel activity within the buffer radius compared to sites with much less or no cargo vessel activity (R2 = 0.6, Supplementary Figure 1). Furthermore, we found that at the sites with cargo vessel activity, the TOB sound levels measured were consistently near to or higher than the international 100 dB threshold for environmentally healthy levels of low-frequency continuous sound (Tasker et al., 2010). We found that the three sites with consistent cargo vessel activity met or exceeded this sound level threshold year-round, whereas sound levels were lower at sites with very limited or no cargo vessel activity.


Commercial Shipping Traffic Increases Indicator Sound Levels

The sum of vessel activity for all vessel types (i.e., transits, nautical miles traveled, and/or time spent) within the buffer did not necessarily predict sound levels. For example, at the Hawaii site, more vessel activity was observed compared to the Northeast Canyons site, yet the sound levels measured at the Northeast Canyons site were much higher than at the Hawaii site. This difference was driven by the types of vessels active at each of these sites, as the vessel activity within the Northeast Canyons buffer radius was nearly entirely shipping (cargo and tanker), whereas in Hawaii fishing vessels were the majority of tracked vessel activity; they were nearly 18 times more common than cargo vessels. The specific frequencies included in the 63 and 125 Hz center frequency TOBs are better suited to predict large cargo vessel activity compared to other smaller vessel types, due to the average size and speed of cargo vessels. Cargo vessels (i.e., dry goods transport) are the largest vessel type transiting the ocean, followed closely by tankers, which transport only liquid goods. In general, larger vessels generate lower frequency sound and vessels moving at faster speeds generate more acoustic energy (i.e., higher sound levels) (Gassmann et al., 2017; Veirs et al., 2018). To apply a TOB measurement to predict movement of comparatively smaller vessels (e.g., pleasure, fishing vessels), higher frequencies need to be measured (ANSI/ASA, 2009).



Indicator Band Sound Levels Increase With Proximity to Commercial Shipping Lanes

The AIS records used to capture vessel movement near the site were limited to a standardized 20 km buffer radius around each hydrophone to capture the relationship between local vessel activity and sound levels; however, in some conditions and sites, noise from very large and fast-moving vessels (and other high-energy sound sources) could propagate to the hydrophone from outside the buffer. The 20 km range was selected to ensure that all vessel sound within the radius would be detected even at the sites with highest ambient sound levels and used as proxy for local vessel traffic. To accurately account for the influence of distant shipping noise, detailed sound propagation models would be necessary to quantify the maximum distance vessels could be detected at the site; such detailed modeling is outside the scope of this paper.

In the comparison between more local ship traffic and sound levels, we observed different relationships between not just the movement of vessels but the proximity to designated commercial shipping lanes. For example, the 63 and 125 Hz TOB sound levels measured at the Northeast Canyons sites were higher than those measured at the Cordell Bank site, but more vessel movement was observed at the Cordell Bank site compared to the Northeast Canyons (Figure 4). This difference can be at least partially attributed to the specific location of each site in relation to shipping lanes and major port cities; the Northeast Canyons site is in very deep water (∼3,500 m) in the North Atlantic, offshore of New York City, and the Cordell Bank site is on the continental shelf in the North Pacific, within approximately 100 km of the entrance to the San Francisco Bay. Because of the proximity of the Cordell Bank site to shore, more vessels traveled within the narrow buffer radius, but at a quieter, slower speed as they approached port. In comparison, the offshore location of the Northeast Canyons site is within listening range of many louder, faster-moving vessels that did not transit through the 20 km buffer radius. This listening range is also impacted by the immediate environment of the hydrophone site. For example, compared to the Cordell Bank site on the continental shelf, sound propagates more efficiently in the deep, shelf-adjacent environment of the Northeast Canyons site. Additionally, the precise location of the Northeast Canyons site between commercial shipping lanes may have created a convergence zone at the hydrophone. If the hydrophone site was within a convergence zone, the hydrophone would sample concentrated acoustic energy from vessels, similar to if the vessel sound sources originated much closer to the hydrophone (Urick, 1983). While these variations of the immediate environments of each monitoring site complicate cross-site comparisons, there is minimal impact to our ability to track within site trends unless shipping routes change.



Seasonal and Location-Specific Non-vessel Sound Sources May Increase Indicator Sound Levels at Specific Times


Seismic Airgun Activity

Vessels are not the only chronic, anthropogenic low-frequency contributors to underwater soundscapes. In addition to the higher amounts of shipping traffic likely transiting just outside of the buffer radius (but within acoustic detection range), nearly 250 h of seismic airguns were detected in the North Atlantic near the Northeast Canyons site in 2016 alone, likely increasing sound levels recorded at the Northeast Canyons site (Van Parijs, unpublished data; see methods in Wiggins et al., 2016). Arrays of seismic airguns generate, for weeks or months at a time, intense and repetitive low-frequency sounds (via large air bubbles) that are utilized to locate oil and gas under the seafloor, and have been repeatedly linked to increased sound levels in the Atlantic and the Gulf of Mexico (Klinck et al., 2012; Nieukirk et al., 2012; Wiggins et al., 2016; Haver et al., 2017).

Across the sites included in this comparison, the highest sound levels were recorded in the Gulf of Mexico. Although we did not specifically analyze the data for the presence of seismic airguns, it is highly likely that seismic airguns contributed to the 63 and 125 Hz TOB sound levels measured at the Gulf of Mexico site in addition to shipping vessel activity (Wiggins et al., 2016). In the Gulf of Mexico, sound levels were highest in both TOBs between January and March 2017, while the lowest levels in the 63 Hz TOB were observed between January and March 2016, and from July and August 2017 in the 125 Hz TOB. As the Gulf of Mexico is a high-use area for both shipping and seismic airguns, these seasonal differences are likely related to fluctuation of those activities. Although the Gulf of Mexico is home to many marine species, large whales that vocalize within the 63 and 125 Hz TOBs are rare (Širović et al., 2014; Garrison and Aichinger Dias, 2020). Additionally, hurricanes are common between late May and early November and have the potential to impact low-frequency soundscapes; however, no hurricanes overlapped with the times of elevated sound levels in the Gulf of Mexico (NOAA National Hurricane Center, 2017).



Seasonal Impact of Whale Vocalizations

Mysticetes (baleen whales) contributed to sound levels within the 63 and 125 Hz TOBs across the environments included in this study. Energy band measurements such as TOBs are often an efficient and reliable method of identifying and monitoring persistent sound sources, but the presence of multiple sound sources with overlapping frequency ranges (such as whales and vessels) can impede identification of individual sources at fine temporal scales and hinder the ability to detect what is driving differences over space and time. However, unlike shipping vessels, the highest-intensity whale vocalizations that overlap the frequencies of the 63 and 125 Hz TOBs are seasonal rather than year-round contributors to the soundscape. For example, Northeast Pacific blue whale (Balaenoptera musculus) vocalizations (specifically A and B call types; McDonald et al., 1995) overlap with the frequencies of commercial shipping noise and are the likely cause of the increased 63 Hz TOB sound levels we observed at the Cordell Bank site from October through December (Haver et al., 2020). Depending on the number and location of the whales and vessels, and the relative location of the hydrophone to the sound sources, the whales and vessels can overshadow each other. However, by nature the loudest reproductive-function vocalizations of migratory species like whales are a seasonal behavior. Therefore, it is often possible to discern when these biological sounds increase sound levels compared to vessel-generated sounds that are less likely to vary on the same predictable seasonal time scales unless extraordinary conditions occur such as a major storm or economically related supply and demand disruptions (McKenna et al., 2012a; Thomson and Barclay, 2020).

Vocalizations of other mysticetes that overlap with the frequencies of the 63 Hz and/or 125 Hz TOBs across the different sites in this comparison are either less intense than vessel sound [e.g., gray whales (Eschrichtius robustus); Burnham and Duffus, 2019], uncommon [e.g., Bryde’s whale (Balaenoptera edeni); Garrison and Aichinger Dias, 2020], or distributed across a wider range of frequencies [e.g., humpback whales (Megaptera novaeangliae); Au et al., 2006] such that the energy within the shipping indicator bands is likely to be minimal. These species-specific differences contribute to the reliability of both shipping indicator band sound levels to measure vessel activity, as opposed to whale vocalizations. For example, the Hawaii site is near winter breeding habitat for humpback whales (Megaptera novaeangliae) (Palacios et al., 2019), where males display long, complex, and high-intensity vocalizations known as song (Payne and McVay, 1971). Yet, the acoustic properties of song are such that the energy is distributed across frequencies between ∼50 Hz–1.5 kHz (fundamental frequencies), so despite the repetitive vocalization behavior, the majority of singers did not impact averaged sound levels in the 63 and 125 Hz TOBs. Finally, the location of the Hawaii site north of Oahu is separated from the highest density humpback whale wintering habitat by volcanic islands. While it is possible for sound to travel around these submerged masses, significant energy is lost during propagation from the humpback whale source to the spatially distant hydrophone receiver, such that the vocalizations would be less likely to increase sound levels above ambient.



Sea Ice and Arctic Climate

The Beaufort Sea site is located within the Arctic circle and is the only site in this comparison to be seasonally affected by sea ice coverage, which can significantly impact underwater sound levels by physically blocking vessels, as well as limiting wave and wind noise. Specifically, when sea ice is compact, it has a noise-damping effect at the air-sea barrier, compared to relatively noisier time periods of freeze up, melt, and open ocean. Changing sea ice conditions also drive presence of specific marine mammal species throughout the year (Southall et al., 2020). These non-anthropogenic sources likely contribute to sound levels within the 63 and 125 Hz TOBs, affecting the reliability for isolating sound impacts from vessel activity (Blondel et al., 2020; Southall et al., 2020). Nevertheless, at this site we observed the highest sound levels within the 63 and 125 Hz TOBs (over 100 dB) during August and September 2016, corresponding to the times that the highest number of vessel transits was detected in the area. In August 2017 the sound levels were slightly lower, matching a reduction in vessel transits compared to the previous year. The lowest sound levels were observed below 90 dB in January-February, May–July, and November corresponding with times of compact or close pack ice (University of Alaska, 2020). An increase in sound levels in March (∼5 dB at peak) and April (∼7 dB at peak) was likely driven by bearded seal (Erignathus barbatus) vocalizations, which fall within the frequency range of the 63 and 125 Hz TOBs (Risch et al., 2007) and have been observed to peak during April (Jones et al., 2014). Bowhead whales (Balaena mysticetus) migrate to and from a wintering area in Bering Sea to a summer feeding area in the eastern Beaufort Sea in the spring and late fall when sea ice conditions are moderate to lightly packed (Moore and Laidre, 2006). Bowhead whale vocalizations are generally between 50 and 200 Hz, and thus likely increased sound levels at this site during migration passages in April-May and October-November (Clark and Johnson, 1984; Moore et al., 2010; Stafford et al., 2018), accounting for observed sound level increases during months with no vessel movement.



Conservation Concerns of Anthropogenic Noise in Marine Protected and Biological Areas of Interest

Commercial shipping noise and noise from other vessel types that generate high-intensity low-frequency sound is a high-priority conservation focus because of the frequency overlap between vessel noise and mysticete vocalizations. All of the sites included in this comparison are important animal habitats; two are designated as Marine Protected Areas (Northeast Canyons and Seamounts Marine National Monument and Cordell Bank National Marine Sanctuary), and the other three are within habitats that are important to large whale vocal behavior (Gulf of Mexico, Hawaii, Beaufort Sea). Within U.S. waters, NOAA is responsible for managing marine environments to conserve, among other things, habitat for threatened and endangered species; increased ocean noise is a domestic and international marine pollution issue of high concern (Gedamke et al., 2016; MSFD Common Implementation Strategy Technical Group on Underwater Noise [TG-Noise], 2019).

For decades, passive acoustic monitoring tools have offered relatively economical and low-environmental impact means of documenting underwater sound levels and sources (Richardson et al., 1995; National Research Council, 2003; Au and Hastings, 2008). These technological developments complement decades of marine animal research that show anthropogenic noise can have dramatic behavioral and physiological impacts on mammals, fish, and invertebrates and we continue to learn more through numerous ongoing efforts across multiple scales and species. For example, determining species-specific impacts of noise is essential to defining the thresholds of problematic noise exposure. Simultaneously, it is critical to document current baselines of sound levels and drivers of these levels in a standardized way so that coordinated conservation efforts can be implemented as needs are revealed.

Unlike take regulations for short-duration, high-intensity sounds, currently the U.S. does not have specific conservation policies regarding chronic ocean noise. In part, this is because it is challenging to control for chronic noise in observational research to test for behavioral and/or physiological changes of protected marine mammals in response to exposure. Although scientists, managers, and policymakers agree that chronic noise is problematic for marine animals, specific impacts are difficult to isolate, and the scope and severity of the issue remains uncertain. Additionally, despite decades of research, many questions remain regarding the life history of marine mammals. For example, since we do not know the distances over which whales need to communicate, we cannot fully understand how increasing chronic background noise may affect sensory capacity. Working in tandem with research on the effects of noise on marine species, efforts to monitor underwater noise conditions and track potential changes over time supports mutual goals to protect marine mammals and their habitats.

Building on ecosystem-based management conservation strategies, monitoring acoustic pressure indictor bands as a proxy for commercial shipping traffic could be combined with established marine mammal monitoring programs. For example, acoustic vessel monitoring data streams can be evaluated in tandem with real-time marine mammal alert networks (e.g., Baumgartner et al., 2020) to provide managers with estimated likelihood of whale-vessel spatial and temporal overlap. Adaptive management of high animal- and anthropogenic-use areas could simultaneously maximize conservation and economic priorities. Similarly, coordination of vessel noise monitoring metrics at established cabled real-time ambient sound monitoring sites (e.g., Ryan et al., 2016; Vancouver Fraser Port Authority, 2017) can produce comparable results of long-term ambient sound level trends.


Passive Acoustic Monitoring Is More Informative With Standardized Reporting

Coordinated long-term passive acoustic monitoring provides data on the status and trends of ambient sound levels, which can be compared to animal research to provide clues about how different species may respond to changes in their acoustic environments. The first step toward these research efforts is to establish monitoring sites and consistent data collection methods, as well as standardized metrics for comparison across spatial and temporal scales. The European Union standard pressure indicator frequency bands are an efficient and straightforward internationally accepted starting point for these comparisons. Additionally, widespread adoption of standardized metrics will simplify comparisons across different recording platforms and research projects (Miksis-Olds et al., 2021), and can provide managers with information that is necessary for making decisions about protecting acoustic habitats (for example, see IQOE, 2019). Current international standards for ambient sound levels dictate that sound pressure in the indicator frequency bands should not exceed an average of 100 dB re 1μPa or the baseline levels within the indicator bands over a year (Tasker et al., 2010). Establishing baseline levels in U.S. waters is the first step toward implementing comparative methods for widespread monitoring of ambient noise associated with commercial shipping.



CONCLUSION

Although a perfect proxy for measuring the impacts of commercial shipping activities in soundscapes will likely never exist, the 63 and 125 Hz TOB pressure indicator bands provide an initial step to identifying when and where to direct more thorough investigations. Coordinated metrics can facilitate comparisons across different monitoring platforms and research projects to compose a global picture of how human activities impact the ocean (Chou et al., 2021). For example, calibrated passive acoustic monitoring can be used to quantify sound levels across space and time to provide on-going information about conditions in underwater environments. Additionally, acoustic monitoring can be utilized to track the efficacy of vessel designs with quieter, more efficient propulsion technology, even as consumer demand continues to drive increases in fleet size and carrying capacity. The baselines we lay forth here are a starting point to demonstrate the application of international pressure indicators to approximate the acoustic impact of commercial shipping activity in U.S. territorial waters.
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2https://www.federalregister.gov/documents/2015/01/30/2015-01331/vessel-requirements-for-notices-of-arrival-and-departure-and-automatic-identification-system. Last accessed 10/01/2020.
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4https://www.marinetraffic.com. Last accessed 08/26/2020.
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