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Passive acoustic sensors provide a cost-effective tool for monitoring marine
environments. Documenting acoustic conditions among habitats can provide insights
into temporal changes in ecosystem composition and anthropogenic impacts. Agencies
tasked with safeguarding marine protected areas, such as the U.S. National Park
Service and U.S. National Oceanic and Atmospheric Administration’s Office of National
Marine Sanctuaries, are increasingly interested in using long-term monitoring of
underwater sounds as a means of tracking species diversity and ecosystem health.
In this study, low-frequency passive acoustic recordings were collected fall 2014 – spring
2018, using standardized instrumentation, from four marine protected areas across
geographically disparate regions of the U.S. Economic Exclusive Zone: Northwest
Atlantic, Northeast Pacific, South Pacific, and Caribbean. Recordings were analyzed
for differences in seasonal conditions and to identify acoustic metrics useful for resource
assessment across all sites. In addition to comparing ambient sound levels, a species
common to all four sites, the humpback whale (Megaptera novaeangliae), was used
to compare biological sound detection. Ambient sound levels varied across the sites
and were driven by differences in animal vocalization rates, anthropogenic activity, and
weather. The highest sound levels [dBRMS(50 Hz−1.5 kHz) re 1 µPa] were recorded
in the Northwest Atlantic in Stellwagen Bank National Marine Sanctuary (Stellwagen)
during the boreal winter–spring resulting from bioacoustic activity, vessel traffic, and
high wind speeds. The lowest sound levels [dBRMS(50 Hz−1.5 kHz) re 1 µPa] were
recorded in the Northeast Pacific adjacent to a vessel-restricted area of Glacier Bay
National Park and Preserve (Glacier Bay) during the boreal summer. Humpback whales
were detected seasonally in the southern latitude sites, and throughout the deployment
periods in the northern latitude sites. Temporal trends in band and spectrum sound
levels in Glacier Bay and the National Park of American Samoa were primarily driven by
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biological sound sources, while trends in Stellwagen and the Buck Island Reef National
Monument were primarily driven by anthropogenic sources. These results highlight the
variability of ambient sound conditions in marine protected areas in U.S. waters, and
the utility of long-term soundscape monitoring for condition assessment in support of
resource management.
Keywords: passive acoustic monitoring, soundscape, acoustic environment, ecoacoustics, ocean noise
management, marine protected areas

The NRS network was established in 2014 by the U.S.’s
National Oceanic and Atmospheric Administration (NOAA)
and National Parks Service (NPS) to document baseline lowfrequency (10 Hz–2 kHz) sound levels and multi-year trends
in ocean ambient sound within and near to the U.S. Exclusive
Economic Zone (Haver et al., 2018). Composed of 12 identical
calibrated autonomous passive acoustic instruments, the NRS
Network includes placement of sensors within sanctuaries and
national parks. The long-term acoustic data collected via the
NRS network meet the GOOS steering committee’s call for
comparable measurements of ocean sound levels and sources
over time to define the effects of changes on individuals,
populations, and ecosystems.
The NPS has used passive acoustic monitoring (PAM) to
inform management of noise in terrestrial parks for many years,
and more recently has extended monitoring efforts to underwater
environments. Soundscapes within U.S. National Parks are
considered to be resources based on intrinsic value as well as
the values to wildlife and human visitors (National Park Service
and U.S. Department of the Interior, 2006). Monitoring sources
and levels of underwater ambient sound in parks is critical for
identifying noise sources inappropriate to a park setting and
understanding how noise interferes with visitor experience and
affects a variety of marine wildlife. Similarly, NOAA’s Office of
National Marine Sanctuaries (ONMS) implements place-based
efforts to conserve designated marine areas. NOAA’s Ocean
Noise Strategy (Gedamke et al., 2016) highlighted the importance
of protecting the acoustic conditions of key marine habitats
within NOAA’s jurisdiction, including within U.S. National
Marine Sanctuaries (Hatch et al., 2016). However, NOAA does
not directly manage noise sources or levels within sanctuaries
(Hatch and Fristrup, 2009).
The long-term monitoring focus of the NRS facilitates
standardized assessments of acoustic status and trends within
a low-frequency band (10 Hz–2 kHz) that contains both
considerable biological activity and a main contributor to chronic
background noise in many marine environments, namely vessels
(Southall et al., 2017). The frequency overlap between the
acoustic signature of vessels and vocalizations that support
critical life functions in marine mammals (particularly baleen
whales), sonic fishes, and marine invertebrates can result in
“masking,” when the perception of one sound by an animal is
affected by the presence of another sound (Richardson et al.,
1995; Clark et al., 2009). Loss or reduction in efficiency of
information transfer due to masking can have consequences for
marine animals that rely on sound to carry out basic life functions
(e.g., foraging, navigation, communication with conspecifics)

INTRODUCTION
Sound is a critical component of the marine environment.
Most, if not all, marine species use sound as a means of
interacting with and interpreting their environment (Knowlton
et al., 2016). Across taxa, acoustic cues are used in the marine
environment to facilitate biological and ecological processes
such as breeding, predator-prey interactions, navigation and
habitat selection. For example, soniferous fish chorus during
spawning seasons (Rowe and Hutchings, 2006), spiny lobsters
emit “rasps” when confronted with predators (Patek et al., 2009),
echolocating whales and dolphins use ultrasonic sounds to find
and capture prey (Richardson et al., 1995), and larval reef species
use acoustic cues to determine adequate settlement locations
(Montgomery et al., 2006). Combined, these activities contribute
to the acoustic diversity of a given marine environment, with
animals creating and relying on unique acoustic signatures which
can be compared within and between habitats. Characterizing
these acoustic signals, as well as the ambient conditions that
contain other sound components, is relevant for understanding
an acoustic environment and for long-term assessment and
management of ecosystem health in the marine environment.
The sources and acoustic characteristics of all biotic and
abiotic ambient sounds present in a particular location and
time are collectively defined as the “soundscape” (Pijanowski
et al., 2011; International Organization for Standardization [ISO],
2017). Natural drivers such as climate and tectonics, as well
as anthropogenic drivers such as economics and management,
influence the presence and levels of sound sources within a
soundscape (McKenna et al., 2012; Krause and Farina, 2016).
Establishing baselines that document acoustic conditions over
time and among different areas will facilitate ecosystem heath
assessments by revealing the presence of vocalizing animals,
anthropogenic activities, and environmental changes. Synthesis
of these data allow for description and comparison of acoustic
conditions that can be used to evaluate and adapt resource
management strategies.
The value of passive acoustics for long-term monitoring was
recently recognized within the Global Ocean Observing System
(GOOS) committee, with the designation of “ocean sound” as
an Essential Ocean Variable (EOV) (Tyack, 2017, 2018), as
well as by the European Marine Strategy Framework Directive
(European Union, 2008; Tasker et al., 2010). The U.S.’s Ocean
Noise Reference Station (NRS) network, including sites presented
in this study, was provided within EOV documentation as an
example of a passive acoustic array that supports many of
the global “ocean sound” observing objectives (Tyack, 2018).
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how environmental differences are relevant to and may require
attention in soundscape management.
Each site was chosen to capture conditions across a diversity
of biological, anthropogenic, and oceanographic conditions
(Table 1 and Figure 1). The Stellwagen Bank National Marine
Sanctuary (Stellwagen), managed by ONMS, is located in the
temperate Northwest Atlantic, offshore of the urban port of
Boston, MA. This monitoring site at a depth of 79 m is located
near the mid-latitude eastern border of Stellwagen on a gravel
bottom. Stellwagen is a biologically rich area that is an important
feeding ground for many species of marine mammals as well
as some of the largest commercial fisheries in the United States
(Hatch and Wright, 2007; Hatch et al., 2008). The National Park
of American Samoa (American Samoa), managed by NPS, is
located in the remote, equatorial South Pacific region, with little
commercial vessel traffic present. The monitoring site is located
in a sandy bottom habitat at a depth of 33 m near offshore reefs.
Baleen whales migrate through the region (Robbins et al., 2011;
Storlazzi et al., 2017). The Buck Island Reef National Monument
(Virgin Islands) is located within the U.S. Virgin Islands in
the tropical Southwest Atlantic in close proximity to many
other Caribbean port cities and popular tourist destinations. The
monitoring site is located along a steep shelf edge in 40 m of
water on a sandy bottom (Figure 2), acoustically exposing the site
to regional shipping traffic and migrating whales as well as local
vessel traffic and soniferous fish. The Beardslee Island complex
within Glacier Bay National Park and Preserve (Glacier Bay) is
within a remote area of Southeast Alaska. Seasonally managed
cruise ships, tour boats, and other small vessels transit the bay
near the monitoring site, which is at a depth of 62 m (National
Park Service, 2006), but the park is acoustically isolated from
regional vessel traffic. Glacier Bay is a glacially carved estuary
with one of the highest deglaciation and sedimentation rates in
the world, resulting in a dynamic and relatively young ecosystem
(Etherington et al., 2007). The region supports high marine
biological diversity including species of birds, marine mammals,
fishes, and invertebrates.
The distinct biological, physical, and human activity patterns,
as well as the environments of these protected areas drive the
differences between the soundscapes. Across sites, we expected
the lowest sound levels would be recorded during the boreal
summer in Glacier Bay, a remote location where the number of
vessels is regulated by daily (maximum of two cruise ships, three
tour vessels, and thirty-one smaller vessels) and seasonal quotas,
and the course and speed (13–20 kt depending on time of year) of
vessels is often regulated in areas important to marine mammals

(Erbe et al., 2016b). Masking is not the only potential effect
of increased noise; individual- and population-level effects such
as stress (Rolland et al., 2012) and displacement (Small et al.,
2017) can also occur.
In this study, we use data from the NRS network to provide
baseline information on soundscapes in the relatively shallow
waters (33–79 m) of three marine protected areas managed by
the NPS (Glacier Bay National Park and Preserve, National Park
of American Samoa, Buck Island Reef National Monument),
and one U.S. National Marine Sanctuary (Stellwagen Bank). We
extracted standardized acoustic metrics from the long-term data
to understand biological activity, natural physical events, and
anthropogenic activities across these locations. Specifically, we
examined hypotheses that ambient sound levels within each site
would differ by location (latitude and longitude) in accordance
with season, vessel management schema (e.g., restrictions),
physical environment of the site, and relative human population
size in the nearest port (i.e., urban or remote) as a proxy for
vessel traffic. We also identified a species common to all sites,
the humpback whale (Megaptera novaeangliae), and analyzed
recordings for occurrence of humpback whale vocalizations
(i.e., song and non-song calls) as a proxy to assess lowfrequency soniferous wildlife between diverse sites. Collectively,
these metrics that describe each soundscape establish current
baseline conditions and inform the management of these
protected places.

MATERIALS AND METHODS
Site Selection
Here, we compare low-frequency (10 Hz–2 kHz) sound levels
in shallow water (33–79 m) soundscapes within four sites
managed by either the U.S. NPS or ONMS. The presence of
biological and anthropogenic activity and weather events all
contribute to the measured sound levels at each site, and in
some cases one source may dominate the soundscape. Further,
the oceanographic conditions of each deployment site (including
depth, temperature profile, complex bathymetry, and bottom
type) affect how sound propagates to the monitoring site. Sites
in secluded regions are only exposed to local sources, whereas
exposed sites receive sound from both local and regional sources.
The comparisons of the four soundscapes presented in this
manuscript are based on data collected at a single hydrophone
per area. Each deployment site was selected to be generally
representative of each region. These analyses also aim to highlight

TABLE 1 | Hydrophone deployment site details.
Hydrophone
Site
Stellwagen Bank National Marine Sanctuary
Glacier Bay National Park and Preserve

Partners

Latitude

Longitude

depth (m)

Deployment length (months)

NOAA/Stellwagen
NOAA and NPS/Glacier Bay

42.40

−70.13

79

10 (October 2014–August 2015)

58.51

−135.96

62

4.5 (May–September 2016)

Tutuila Island, National Park of American Samoa

NOAA and NPS/American Samoa

−14.27

−170.72

33

10 (June 2015–April 2016)

Buck Island Reef National Monument,

NOAA and NPS/Buck Island Reef

17.79

−64.65

40

12 (May 2017–May 2018)

U.S. Virgin Islands
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FIGURE 1 | Map of recording sites: the National Park of American Samoa (American Samoa), the Glacier Bay National Park (Glacier Bay), the Stellwagen Bank
National Marine Sanctuary (Stellwagen), and the Buck Island Reef National Monument (Virgin Islands).

(McKenna et al., 2017). We predicted biological sources would
likely be the primary contributors to the Glacier Bay soundscape.
Similarly, American Samoa, a remote site, was also predicted to be
dominated by biological sources. We expected the highest sound
levels would be recorded during the winter in the most urban site
(Stellwagen) when wind, vessels, and biological sources would

all likely contribute to the soundscape. Given that the Virgin
Islands site is exposed to unmanaged local and regional vessel
traffic and is in a biologically rich environment, we predicted
that this site would experience relatively higher sound levels with
contributions from both anthropogenic and biological sources.
Further, this region is exposed to seasonal hurricanes which
have the potential to significantly elevate sound levels during
transient storm events.
Time periods sampled at each site varied within a three-anda-half-year span (Table 1). The shortest recording was four and
a half months in Glacier Bay (boreal summer season), while the
longest was a full continuous year in Virgin Islands. In both
Stellwagen and American Samoa, ten months of continuously
recorded data were available for analysis (Figure 3). Although
the temporal sampling periods of the sites were not entirely
concurrent, simultaneous recordings were not necessary for the
baseline measurements determined in this study.

Instrumentation
Each NRS instrument contains a single passive model ITC1032 (International Transducer Corp., Santa Barbara, CA,
United States) acoustic archival autonomous underwater
hydrophone (AUH) (Fox et al., 2001) with a sensitivity of -192 dB
re 1 V/µ Pa and a flat frequency response (±1 dB) between 10 Hz
and 2 kHz. Signals incoming to the AUH are conditioned by a
pre-amplifier and a pre-whitening filter to maximize the dynamic
range of the 16-bit acoustic data logging system. Each AUH was
programed to record acoustic data continuously at a sample rate

FIGURE 2 | Divers deploying the Virgin Islands instrument. The instruments
for all of the moorings used here consist of an acoustic data logging system
housed in a composite pressure case and secured to a bottom-mounted
metal frame (Photograph: Clayton Pollock/NPS, Virgin Islands).
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FIGURE 3 | Sound levels in the 50 Hz–1.5 kHz band (dBRMS re 1 µPa) at four shallow-water mooring sites calculated in 5-min bins for all available data. Color
(blue–yellow–red) indicates sound level intensity in each bin, with the lowest levels (90 dB) dark blue and the highest (145 dB) bright red. Each NRS site is plotted by
month (January–December) and hour of day (0–24).

floor; the 50th percentile is the median sound level; and the 90th
percentile is the value at which sound exceeds this level 10% of
the time, so it represents a typical high-noise condition.
In addition to the band measurements, spectral probability
density plots (SPD; Merchant et al., 2013) were calculated to
identify the empirical probability density (EPD) of the occurrence
of power spectral density (PSD) sound levels in 1 Hz/5 min
spectral bins (dB re 1 µPa2 /Hz) at each site over the duration
of the deployment. EPD values provide insight on how likely
a sound level will occur within each frequency bin; rare events
will have lower EPD and more commonly occurring sound levels
will have a higher EPD. These metrics reveal the variation of
sound levels within a specific frequency band and can highlight
particular sources, and can also indicate the presence and
temporal variation of the potential biological, natural physical,
and anthropogenic drivers at the site.

of 5 kHz with a (2 kHz low-pass cutoff) frequency (Haver et al.,
2018). The AUH is designed such that there is no gap between
the end of one recorded sound file and the start of the next.
Sounds at frequencies below 10 Hz were excluded to
decrease the likelihood that the differences in bottom material
and mooring depths of each hydrophone would limit sound
propagation, as well as to avoid possible low-frequency currentgenerated flow noise on the mooring that might otherwise
be difficult to distinguish from other sounds of interest and
fall outside the flat frequency response of the hydrophone.
Recordings were also manually reviewed for diurnal tidal flow
noise contamination above 10 Hz, but such noise was not
determined to be a strong driver of ambient sound levels.

Sound Level Metrics
To quantify ocean ambient sound levels at all sites, long-term
spectral averages (LTSAs) of 10 Hz–2 kHz data were calculated
from original data files (.DAT binary format) with custom
MATLABTM (version 2018b, Mathworks, Inc.) software and
results were summarized in 1 Hz/5 min bins. The 50 Hz–1.5 kHz
band and 500 Hz frequency were selected for band sound level
measurements (dBRMS re 1 µPa) to assess temporal trends in
ambient sound in the overlapping frequency range of humpback
whale vocalizations, vessel noise, and environmental sounds
(Hildebrand, 2009; Fournet et al., 2018a). Deployment-long
variations in the band levels were investigated with percentile
values (10th, 50th, and 90th percentiles). The 10th percentile
sound level is the value at which sound is quieter than this
level 10% of the time, so it represents a value close to the noise
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Relationship of Physical Environment to
Ambient Sound Levels
Wind is an important component of a soundscape (Wenz, 1962).
To assess the extent to which wind speed conditions affect sound
levels, wind speed measurements in Stellwagen (lighted buoy
44013) were retrieved from the NOAA National Data Buoy
Center database (National Data Buoy Center, 1971), divided into
10 cm/s bins, and correlated with time-aligned sound levels.
Wind speed measurements for American Samoa and Virgin
Islands were sought, but ultimately not obtained due to lack
of proximate data and/or insufficient temporal density. Records
of major hurricanes and tropical storm events that occurred
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days with positive detections were manually checked with Raven
Pro 1.5 (Cornell Lab of Ornithology) interactive sound analysis
software. For Glacier Bay, one hour of acoustic data per day was
randomly subset and manually reviewed with Raven Pro 1.5 by
an experienced observer (MF) for the presence of humpback
whale calls. If calls were not identified on the initially selected
recording, additional hours from the same day were randomly
selected and reviewed until either a call was identified or all hours
in a day were reviewed. As part of ongoing collaborative work in
Glacier Bay, the annotation of daily humpback whale acoustic
presence or absence was underway prior to the inception of this
study, and obviated the need for automated detection.

during the acoustic recording time period were obtained from the
database maintained by the NOAA National Hurricane Center
(Landsea and Franklin, 2013). Wind speed data were available
for Glacier Bay, but were not included because analysis spanned
only the boreal summer months (May–September) during which
winds speeds contributed to ambient sound levels in only a minor
way (Fournet et al., 2018a).

Contributions of Humpback Whale
Vocalizations to Ambient Sound Levels
To assess spatio-temporal presence of low-frequency soniferous
wildlife between diverse sites, we identified a common species, the
humpback whale (M. novaeangliae), and analyzed recordings for
occurrence of humpback whale vocalizations. Humpback whales
are an ideal proxy for the study of soniferous and acoustically
sensitive species as they are predictably present at all study sites,
their vocal behavior in these regions is relatively well described,
and the lower frequencies of their vocal range overlaps with
important sonic species in each environment (e.g., sonic fishes,
marine invertebrates, pinnipeds, and other cetaceans) which may
also be affected by changes in ambient sound (Cerchio et al., 2001;
Au et al., 2006; Stimpert et al., 2011; Fournet et al., 2015, 2018a;
Cholewiak et al., 2018; Gabriele et al., 2018).
Humpback whales are acoustically active throughout their
somewhat predictable migratory range. Humpback whales
migrate between high latitude foraging grounds, including two
of our monitoring sites (Glacier Bay, Stellwagen), in spring,
summer, and fall months to low-latitude breeding grounds,
including our other two sites (American Samoa, Virgin Islands),
in winter months. Humpback whales across age and sex classes
produce a suite of low-frequency vocalizations (50–5000 Hz)
known as non-song calls or simply “calls” (Dunlop et al., 2007;
Fournet et al., 2015) throughout the migratory corridor. Song,
a longer more highly structured sequence of vocalizations that are
hierarchically organized and produced only by male humpback
whales, is produced predominantly on breeding grounds, but can
also be detected throughout the migratory range (Gabriele and
Frankel, 2002a,b; Stimpert et al., 2012). Migratory consistencies
coupled with well-described acoustic behavior for all age-sex
classes of humpback whales may permit us to extrapolate
success rates in detecting humpback whale vocalizations to other
biological sound sources in a given region and season.
To assess presence or absence of humpback whale
vocalizations (songs or calls), original data files (.DAT binary
format) were converted to WAVE audio file format (.wav)
using custom MatlabTM routines. An automated detector,
the generalized automated detection and classification system
(DCS; Baumgartner and Mussoline, 2011), was used to identify
humpback whale vocalizations via a multivariate discrimination
analysis (comparing pitch tracks drawn through high energy
tonal sounds) for acoustic data in Stellwagen, Virgin Islands, and
American Samoa. A daily time scale was selected to tally presence
or absence, and all DCS results were manually verified at a daily
resolution to remove any false positives. To evaluate possible
missed detections in DCS, entire days without any detected
humpback whale vocalizations that occurred between entire
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RESULTS
Variation in Ambient Sound Levels
We found unique seasonal, diel, and spectral ambient sound
level patterns across the four sites. The variability in band
sound levels [dBRMS(50 Hz−1.5 kHz) re 1 µPa] revealed how each
environment was influenced by biological, environmental, and
anthropogenic sound sources (Figure 3). Band sound levels
were lower in Stellwagen during the summer months (June–
August) compared to November–May, probably due to lower
winds during the summer. There were no deployment-long diel
trends in band sound levels recorded in Stellwagen, though there
were numerous high-level transient events likely due to vessel
passages (Figure 3). Compared to the variability of band sound
levels in Stellwagen, band sound levels were relatively stable
in Glacier Bay (boreal summer), American Samoa, and Virgin
Islands, with source-driven daily weekly changes (Figure 3). In
Glacier Bay, bioacoustic signaling is the source of increased band
sound levels from late June to late July. A diel pattern is evident
in the summer data from Glacier Bay (summer). Band sound
levels increased twice per day, in the morning around 06000800 and in the afternoon around 1500, primarily due to timing
of day-trip tourism vessels entering and exiting park waters.
The seasonal band sound level variations observed in American
Samoa (August–November) are related to humpback whale
vocalizations, while the short-term band sound level increase
in February is due to an isolated weather event. A distinct diel
pattern of band sound levels was also observed in American
Samoa throughout the recording time period; band sound levels
were lower during daylight hours (compared to nighttime), with
the highest daily levels recorded during crepuscular time periods.
This diel pattern is likely due to bioacoustic signaling (e.g.,
urchins, shrimp, fish). A 29-day lunar cycle in sound levels
(Kaplan et al., 2018) is also evident in American Samoa, with
quieter periods throughout the day near full moons. Similar
to patterns observed in American Samoa, seasonal band sound
level variations observed in Virgin Islands were likely related
to humpback whale vocalizations in February-March and shortterm weather events in September. There were no deploymentlong diel trends in band sound levels recorded in Virgin Islands.
Variability in sound spectrum levels across frequencies was
investigated by calculating SPD plots (Figure 4). These metrics
reveal distinct peaks in acoustic energy as well as the variation
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FIGURE 4 | Spectral probability density (SPD; Merchant et al., 2013) plots of the distribution of sound levels (10 Hz–2 kHz) across sites for all available data (see
Table 1). Solid black lines indicate percentile levels [90th, 50th (median), 10th] of power spectral densities (PSD, dB re 1 µPa2 /Hz). PSD sound levels of each
frequency band determine the empirical probability density (EPD), indicated by z-axis color bar range of blue (lower probability) to red (higher probability). An overall
SPD is also calculated for each site (upper right corner of each panel) indicating the overall probability of temporal sound level constancy.

were recorded in Stellwagen at ∼20 Hz and in American Samoa
between 10 and 20 Hz, and the lowest PSD sound levels were
recorded at frequencies >1 kHz in Glacier Bay (Figure 4).

within a specific frequency band, and provide further insight
into the biological, natural physical, and anthropogenic drivers
at the site. In addition to frequency-specific SPD values, an
overall SPD is calculated for each site to represent the overall
probability of sound level consistency over time. Between the
four sites, Stellwagen had the lowest overall SPD meaning it
experiences the highest level of variability in sound levels across
the measured frequency band, while the American Samoa site
had the highest SPD meaning it has comparably stable acoustic
conditions (Figure 4, upper-right corner of each panel).
In Stellwagen, the site in the North Atlantic, the 90th, 50th
(median), and 10th percentiles of PSD (dB re 1 µPa2 /Hz) sound
levels all peaked at ∼20 Hz. The range of intensities of recorded
PSD sound levels, ∼70 to ∼105 dB re 1 µPa2 /Hz, indicates
higher energy levels within the 20 Hz frequency band, relative to
other frequencies. In Glacier Bay, the site in Southeast Alaska,
the highest PSD levels (90th percentile) were recorded between
∼90–150 Hz, likely due to the seasonal breeding roars of male
harbor seals. The EPD indicates that this peak is related to a shortterm increase of sound energy within that frequency band as PSD
levels were less likely to be above ∼70 dB re 1 µPa2 /Hz and more
likely (median and below) to be between ∼60–70 dB re 1 µPa2 /Hz
(Figure 4, Glacier Bay). PSD levels were less variable across all
measured frequencies in American Samoa (the south Pacific site)
and Virgin Islands (the Caribbean site), in comparison to Glacier
Bay and Stellwagen, indicating fewer spatio-temporal differences
in sound levels throughout the data collection time periods.
Further, these two sites did not show any distinct spectral peaks
in acoustic energy. Across all sites, the highest PSD sound levels

Frontiers in Marine Science | www.frontiersin.org

Natural Physical Drivers of
Ambient Sound Levels
Wind noise and surface agitation during high-wind events
(e.g., hurricanes, storms) increased ambient sound levels in
Stellwagen, Virgin Islands, and American Samoa. In Stellwagen,
these events occurred regularly throughout the winter and
spring, and an increase in hourly mean wind speed was
highly correlated (R2 = 0.956, df = 206, p ≤ 0.05) with
an increase in hourly mean 500 Hz sound levels. In Virgin
Islands, two category five hurricane events, Hurricanes Irma
and Maria, traveled through the U.S. Virgin Islands and
brought unusually high wind conditions to St. Croix on
September 6th and 20th (respectively) 2017. In American
Samoa, a category five tropical cyclone, Winston, traveled
through the South Pacific in February 2016, increasing RMS
sound levels (Figure 3). Wind speed measurements for Virgin
Islands and American Samoa (NOAA water level observation
network stations CHSV3 and NSTP6) were not available for
correlation with sound levels due to system malfunctions
during and immediately after these high-wind events. High
wind speed weather events are rare in Glacier Bay during
the boreal summer when acoustic data were collected and
thus likely had a negligible effect on ambient sound levels
(Fournet et al., 2018a).
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The Beardslee Island Complex within Glacier Bay, the northernmost site in this comparison, is located in a high-latitude
temperate area of the Pacific Ocean. Glacier Bay is a seasonal
(boreal summer) feeding ground for humpback whales, where
the whales produce an assortment of calls that are comparatively
quieter than song (Fournet et al., 2018b). In the area monitored
in Glacier Bay, boreal summer RMS sound levels showed a short
seasonal trend, increasing during late June through late July,
which was attributed to the seasonal breeding roars of male
harbor seals (Phoca vitulina; Matthews et al., 2017; McKenna
et al., 2017; Fournet et al., 2018a) (Figures 3, 4). A diel pattern
was also evident in the data recorded in Glacier Bay resulting
from daylight-driven vessel passages. Glacier Bay is a fjord that
terminates at the face of several tidewater glaciers. As a result,
ships must enter and exit from the mouth of the bay. During the
boreal summer data collection period, the acoustic signatures of
these vessel passages (i.e., into the bay each morning traveling
toward the glaciers, and looping back out each afternoon to
exit the bay) are clearly reflected in the band sound levels
(Figure 3). Moreover, the hydrophone site is in a protected
interior environment sheltered from the open ocean. The highly
managed vessel activity and isolated hydrophone location is
unusual across the protected sites in this comparison and is
reflected in the lower overall band sound levels recorded during
months with mild weather conditions.
American Samoa is located in a low-latitude remote location
in the South Pacific Ocean (Figure 1) where the weather is
relatively consistent year-round. Although fully exposed to the
open ocean, American Samoa is thousands of miles away from
any major shipping port (i.e., in Eastern Australia, Northern
New Zealand, or Hawai’i), limiting the influence of large
vessel noise on sound levels. In American Samoa, minimal
seasonal ambient sound level variation was observed across
the low-frequencies measured in this analysis (Figures 3, 4).
However, 10–20 Hz PSD sound levels at this site were among
the highest recorded PSD sound levels across all sites, likely
due to an abundance of biological sound sources near the
receiver. In American Samoa, a clear diel trend of low-frequency
sound levels is evident in the recordings; band sound levels
[dBRMS(50 Hz−1.5 kHz) re 1 µPa] are lowest during the day and
peak at dawn and dusk. This difference is likely related to the
activities of reef animals, such as the crepuscular feeding behavior
of sea urchins, a ubiquitous species in tropical reef environments
(Castle and Kibblewhite, 1975; Radford et al., 2008b). Sea urchins
feed by scraping algea via a ventral beak-like mouth, and the
skeleton of each sea urchin acts as a Helmholtz resonator,
magnifying the scraping sounds from each individual (800 Hz–
2 kHz, depending on body size) into a “reef chorus” that may
also include sounds from other animals such as fish or shrimp
(Radford et al., 2008a). Whilst a low frequency limit is applied in
this study (<2 kHz), this frequency band captures the lower end
of the dominant frequencies (120 Hz–4 kHz, Richardson et al.,
1995) of humpback whale song components. Ambient sound
levels at American Samoa were among the highest recorded, and
humpback whale vocalizations were detected daily throughout
the expected seasonal time period for Southern Hemisphere
humpback whales (Robbins et al., 2011). On days with humpback

Humpback Whale Acoustic Presence
Humpback whale acoustic activity was observed throughout
the entire deployment period in Glacier Bay (Figure 5),
with calls detected every day (April 30–September 22). In
Stellwagen, vocalizations were detected on all weeks except for
the time period from January 31 to March 24. Humpback whale
vocalizations were observed seasonally in American Samoa and
Virgin Islands. In American Samoa vocalizations were detected
during the austral spring months (July–November), and in Virgin
Islands vocalizations were detected during boreal winter months
(January–April) (Figure 5).
Daily median 500 Hz sound levels (Figure 6) were compared
to the verified daily presence and absence of humpback whale
vocalizations to determine if there was a relationship between the
measured sound levels and the presence/absence of humpback
whale vocalizations. In Stellwagen, Virgin Islands, and American
Samoa, daily median 500 Hz sound levels (dB re 1 µPa2 /Hz) were
distributed across lower intensities on days with true positive
detections of humpback whale vocalizations, indicating that
other sound sources likely contribute to the higher measured
sound levels. The mean difference between the means of all
daily median 500 Hz sound levels in the absence and presence
conditions of humpback whale vocalizations was largest in
Stellwagen (difference of 3.57 dB) followed by Virgin Islands
(1.15 dB) (i.e., mean sound levels were higher on days humpback
whales were not acoustically detected). In contrast, in American
Samoa the mean of the daily median 500 Hz sound levels was
0.83 dB higher on days when humpback whale vocalizations were
present compared to days that humpback whale vocalizations
were not detected. Differences could not be evaluated for Glacier
Bay because humpback whale calls were present throughout the
recording time period.

DISCUSSION
Here, we compare the low frequency soundscapes of four U.S.
marine protected areas to document seasonal and daily variations
in ambient underwater sound levels as well as daily presence of
humpback whale vocalizations during the recorded periods. As
predicted, sound levels were not consistent across the four sites;
observed variability of both band levels [dBRMS(50 Hz−1.5 kHz)
re 1 µPa] and PSD (dB re 1 µPa2 /Hz) among and within the
sites was driven by differences in biological activity, weather, and
proximate anthropogenic activity, primarily vessel traffic. The
contributions of these various sound sources to each soundscape
varied widely across the four areas due to distinctions among
soundscape drivers (e.g., management, climate, species richness).
The most persistent and loudest sound sources were different at
each site, and as a result, sound levels and trends were different
across the four sites.

Sound Levels Reveal Dominant Sources
The metrics for evaluating the soundscapes identified in this
study are not only relevant to tracking conditions over time and
across sites, but also indicate biotic and abiotic low-frequency
sound sources that distinguish each unique soundscape.
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FIGURE 5 | Site-by-site comparison of monthly presence (dark gray shading) or absence (light gray shading) of humpback whale vocalizations. All available data
were analyzed for the presence/absence of humpback whale vocalizations. White sections indicate data gaps at each site.

Frontiers in Marine Science | www.frontiersin.org

9

August 2019 | Volume 6 | Article 500

Haver et al.

Comparing Underwater Soundscapes

FIGURE 6 | Relationship between the distribution of daily median 500 Hz power spectral density sound levels (dB re 1 µPa2 /Hz) and detection of humpback whale
vocalizations at each site. Histograms of sound levels (1 dB bin width) are plotted for two conditions, when humpback whale vocalizations are present (blue) or
absent (red). In Glacier Bay, humpback whale vocalizations were detected on all days and thus no absent (red) condition is plotted.

lower sound levels in Virgin Islands compared to Stellwagen.
Specifically, Virgin Islands is located in a low-latitude Caribbean
climate zone with warm temperatures year-round. Hurricanes
were the only major ephemeral weather event to increase ambient
sound levels in Virgin Islands. Short-term wind-speed increases
during hurricane events are reflected in increased band sound
levels (Figure 3).
In Stellwagen, ambient sound levels during June-August were
lower than levels observed during November–May (September–
October had no data). Stellwagen is the only site located near
the continental U.S., and is the closest site to a major U.S.
port (Boston, MA). Consequently, various classes of vessels
transit the sanctuary year-round (in fluctuating seasonal numbers
by class) contributing to low-frequency sound levels (Hatch
et al., 2008). Additionally, from late fall through early spring,
mixing of cold Arctic air and warm jet stream water creates
powerful storms along the northeast coast of the continental
U.S., bringing high wind speeds to Stellwagen. Surface winds
increase sea state which is positively correlated with ambient
sound levels (Wenz, 1962). Sound levels in the 500 Hz frequency
band were strongly correlated with windspeed; This finding is
consistent with other studies of shallow water acoustic habitats
(Haxel et al., 2013). The combination of seasonal weather
patterns and vessel passages in Stellwagen likely increased
ambient sound levels.

whale vocalizations present, the mean of the daily median
500 Hz sound levels was 0.83 dB higher compared to days that
humpback whale vocalizations were not detected (Figure 6).
Thus, peaks in band sound levels in August until November were
likely driven, at least partially, by presence of humpback whale
vocalizations (Figure 3).
In Virgin Islands and Stellwagen, the two sites located in
the Atlantic, no diel pattern of band sound levels was observed
(Figure 3). This is likely related to the high amount of continuous
anthropogenic activity in the North Atlantic (Kaluza et al.,
2010); both Virgin Islands and Stellwagen were exposed to yearround adjacent and regional vessel noise. However, ambient
sound levels in Virgin Islands were lower and less variable
compared to Stellwagen (Figure 4). An illustrative example of
this difference is that humpback whale vocalizations are visible
in the band sound level plots of Virgin Islands, but not in
Stellwagen (Figure 3), although humpback whale vocalizations
were detected and known to occur in both areas (Stanistreet et al.,
2013; Heenehan et al., 2019). This inconsistency suggests that
ambient sound levels, combined with other influencing factors
(e.g., distance between conspecifics, number of individuals),
are likely a contributing factor in the success or failure in
detecting humpback whale vocalizations and other biological
sources in a given region and season. Further, in both Stellwagen
and Virgin Islands, the mean of daily median 500 Hz sound
levels was higher when humpback whale vocalizations were not
detected than when they were, and the difference is larger in
Stellwagen compared to Virgin Islands (∼3.5 dB and ∼1.1 dB,
respectively) (Figure 6). Different local weather also explains the

Frontiers in Marine Science | www.frontiersin.org

Vessel Noise
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regions. By deploying fixed PAM recorders in ecosystems of
interest, researchers maximize temporal data collection that
would otherwise be logistically impractical (Merchant et al.,
2015). For instance, during and immediately following hurricanes
Irma and Maria in the Caribbean, PAM, as undertaken
during the current study, allowed for ecosystem monitoring in
Virgin Islands that would not have been possible otherwise.
PAM can add value to visual surveys by providing costeffective long-term data collection encompassing a wide range
of species, weather events, and human activities (Sousa-Lima,
2013). Furthermore, continuing advances in data processing
and interpretation constantly improve upon the efficiency of
PAM to provide useful information. The future applications
for PAM are vast, and researchers are constantly evolving
PAM tools to collect and process data more efficiently. For
example, the introduction of cabled systems allows for real-time
monitoring capabilities which could expedite regulatory action
when biologically important metrics are exceeded (Ryan et al.,
2016; Gabriele et al., 2018).
We measured almost a year of humpback whale vocal
activity in one foraging ground (Stellwagen) and an entire
summer foraging season in another (Glacier Bay), as well as
almost a year in two lower-latitude environments (American
Samoa, Virgin Islands) where humpback whales are presumed
to be engaged in breeding or migratory activity (Figure 5).
Bioacoustic activity from other soniferous species were detected
within these long-term datasets, and future studies could
examine these and additional PAM data to further investigate
and monitor these bioacoustic sources. For example, to our
knowledge, very little is known about the composition and
sensitivity to sound of the species that make up the reef
chorus in American Samoa. These data highlight times of high
acoustic activity to direct potential future habitat monitoring
and investigations of other bioacoustic contributors to the
soundscape (e.g., fish, shrimp).
There are limitations to PAM; it is impossible to determine
the presence of a silent or masked animal. Higher levels of
ambient sound from any source may interfere with animal
communication space and mask vocalizations. For example,
measuring the highest sound levels on days with no humpback
whale vocalizations detected and comparing them to levels
on days with humpback whale vocalizations detections may
indicate possible masking impacts to animals (Figure 6).
Not only does noise from vessels and other anthropogenic
sources overlap with the frequency range of humpback whale
vocalizations (Clark et al., 2009; Gabriele et al., 2018), but
many weather-related sounds also fall into this range (e.g.,
wind, rain; Wenz, 1962). These chronic sources of broadband
abiotic sound may limit the capacity of a humpback whale
to exercise resilience against ambient noise (e.g., modulating
the pitch, duration, or intensity of vocalizations). Ongoing and
future research efforts may benefit from coupling soundscape
monitoring with other methods (e.g., visual surveys) to identify
potential places and times to quantify possible effects. Further,
advanced analytical techniques many be able to parse the
components of a soundscape more effectively (Lin et al.,
2017a,b; Seger et al., 2018) and quantify the degree to

as the size of the nearest port, the management schema of
vessel traffic in park or sanctuary waters, and the physical
environment around the site. Sound generated from sources
outside the borderlines of U.S. National Marine Sanctuaries
and Parks can propagate into protected waters. For example,
while a protected area, Stellwagen has a soundscape that
includes regional Massachusetts Bay traffic as well as oceangoing vessels transiting the shipping lane through the sanctuary
to and from the Port of Boston, MA (see Supplementary
Figure S1 for map). In comparison, Virgin Islands does
not contain major local shipping lanes and the closest port
city is over ten times smaller than Boston, MA; however,
regionally this area has vessel traffic in many directions
transiting in the Caribbean Sea and to and from the Panama
Canal (NOAA Office for Coastal Management, 2015, 2017).
Though a correlation of vessel density and sound levels
throughout the listening time periods was beyond the scope
of this study, annual U.S. government-compiled vessel density
datasets such as MarineCadstre.gov (Bureau of Ocean Energy
Management [BOEM], and National Oceanic and Atmospheric
Administration [NOAA], 2019) may be valuable to future multiyear comparisons of localized changes in levels of sound and
vessel activity in highly trafficked regions. MarineCadastre vessel
density data are not currently available for the Pacific Islands
region or Alaskan waters.
Both American Samoa and Glacier Bay are remote from any
major shipping routes and port cities; however, the soundscapes
of these two marine protected areas are not identical. Differences
in the geographically isolated soundscapes of American Samoa
and Glacier Bay can be partially attributed to environment
(American Samoa is exposed to remote open ocean, while the
Beardslee Island Complex within Glacier Bay is sheltered interior
waters) and management (Glacier Bay actively manages vessel
traffic transiting within the Beardslee Island complex area while
American Samoa has no such management) (Gabriele et al.,
2018). Large, distant vessel traffic results in a chronic source
of sound in Stellwagen and Virgin Islands and transient, closer
sources in American Samoa and Glacier Bay. While the higher
populations in the nearest port city are likely related to increased
anthropogenic noise levels in a soundscape, the environment
(e.g., bathymetry, pressure, temperature; see Urick, 1983) can also
facilitate propagation of low-frequency sound energy from more
distant sources.

Assessing Acoustic Habitat Conditions
Using Passive Acoustic Monitoring
Understanding the past, current and potential future conditions
of a habitat is required to ensure appropriate and effective
conservation and management efforts. Previously, methods
aimed at documenting underwater species presence and diversity
have relied on visual surveys (e.g., via remote platforms or
direct underwater observation) or invasive methods (e.g., traps,
trawls) (Costello et al., 2017). While these methods can cover
relatively large spatial areas, they are resource-intensive, making
it difficult to capture long-term seasonal changes in key protected
areas, particularly during inclement weather or in remote
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which signals may be masked in different ambient conditions
(Helble et al., 2013).

DATA AVAILABILITY
The datasets generated for this study are available on request to
the corresponding author.

CONCLUSION
AUTHOR CONTRIBUTIONS

This study contributes to a growing body of knowledge documenting ambient conditions in underwater soundscapes (Erbe
et al., 2016a). Soundscape monitoring can eventually lead to more
informed and efficient management of marine protected areas by
documenting current (and potentially changing) conditions. For
example, identifying the times and locations in which soniferous
species (e.g., humpback whales) overlap with anthropogenic
sources and other abiotic sounds can inform decision makers
regarding when, where, and how acoustic conditions in marine
habitats necessitate further protection (Hatch and Fristrup, 2009;
Hatch et al., 2016; Merchant et al., 2018).
To understand how best to protect ecosystems and maintain
diversity, it is essential to establish baseline soundscape
conditions and associated metrics that adequately capture the
conditions at a site. A soundscape may include a richness of sonic
animals, heavy human use, dynamic environmental conditions,
or numerous combinations therein. Each of the aforementioned
sources creates a significantly different acoustic habitat, and,
depending on the use and conservation priorities of an area, may
need customized acoustic management (e.g., Erbe et al., 2012;
Williams et al., 2015). For example, at sites where human uses
are relatively quiet and marine animals dominate the soundscape
(e.g., American Samoa), management needs may differ from
sites where resident or seasonally predictable acoustically active
animals are central to the ecosystem, but anthropogenic sources
dominate the soundscape (e.g., Stellwagen). The management
of vessel transits by the National Park Service in Glacier
Bay National Park and Preserve provide an example of how
policies to mitigate anthropogenic sound can be successfully
incorporated into regulatory planning for a marine protected
area (McKenna et al., 2017). Furthermore, soundscapes within
marine protected areas may also be influenced by sources
beyond their boundaries, some of which may have propagated
from great distances (Hatch and Fristrup, 2009). Documenting
the status and trends of animal and human use, as well as
weather and environmental conditions, can inform the need for
and balance of management plans to protect acoustic habitats
within soundscapes, as well as provide a basis for evaluating
changes over time.
Comparing the acoustic conditions of geographically diverse
ocean environments is complicated. By utilizing calibrated
instruments deployed within a three-and-a-half-year time period,
we have established baseline levels and metrics for monitoring the
soundscapes of four widespread marine protected areas. Together
with methods to document other EOVs (e.g., water sampling,
remote sensing), continued soundscape monitoring will facilitate
detection of changes over time (including anthropogenic
sources), recommendations of potential management priorities,
and evaluations of the efficacy of actions aimed at either
protecting an individual species, suite of species, or soundscape
as a stand-alone resource of intrinsic value.
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