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Monitoring soundscapes is essential for assessing environmental conditions for soniferous species, yet little is
known about sound levels and contributors in Oregon coastal regions. From 2017 to 2021, during June-Sep-
tember, two hydrophones were deployed near Newport, Oregon to sample 10-13,000 Hz underwater sound. One
hydrophone was deployed near the Port of Newport in a high vessel activity area, and another 17 km north
within a protected Marine Reserve. Vessel noise and whale vocalizations were detected at both sites, but whales
were recorded on more days at the Marine Reserve. Median sound levels in frequencies related to noise from

various vessel types and sizes (50 — 4,000 Hz) were up to 6 dB higher at the Port of Newport, with greater diel
variability compared to the Marine Reserve. In addition to documenting summer season conditions in Oregon
waters, these results exemplify how underwater soundscapes can differ over short distances depending on

anthropogenic activity.

1. Introduction

Marine acoustic environments are important for marine mammals
and other soniferous species that rely on sound for survival and repro-
duction. In addition to biological sounds, noise generated by anthro-
pogenic sources and natural physical processes constitute a soundscape.
Soundscapes can be described both objectively with metrics that mea-
sure sound, as well as subjectively according to listener perception of
sound in the environment (Francis and Barber, 2013). The life history of
marine animals, including mammals, fish, and invertebrates can be
impacted by each species’ perception of various sound sources and how
an individual animal may rely on sound to forage, communicate, and/or
avoid predators (Erbe et al., 2019; Popper and Hawkins, 2019). Beyond
animal conservation, ocean sound conditions are also considered
intrinsically valuable and are included as an essential ocean variable for
monitoring by the Global Ocean Observing System (Tyack et al., 2018).

To date, most research on the negative effects of low-frequency
ocean noise on marine mammal health and behavior has focused
jointly on large mysticete whales and deep-water offshore environments
that are most heavily impacted by large commercial shipping vessels and
other anthropogenic noise related to industrial activities (Castellote
etal., 2012; Rolland et al., 2012; Thode et al., 2020). The low-frequency
acoustic communication range of large mysticete whales overlaps with
sound generated by anthropogenic sound sources that are prevalent near
large container ports (e.g., Shanghai [China], Rotterdam [Netherlands],
or Los Angeles [United States of America]), as well as the major oceanic
shipping routes that link them (Erbe et al., 2019; National Research
Council, 2003; Richardson et al., 1995). Additionally, in deep-water
environments (>500 m depth), noise from shipping vessels and other
anthropogenic sources can propagate tens to hundreds of kilometers
from the source to areas with higher densities of marine mammals
(Gassmann et al., 2017; Haver et al., 2020). However, anthropogenic
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noise from vessel traffic can also influence sound levels in smaller ports
with fewer cargo shipping vessels but consistent recreational vessel ac-
tivity (Carome et al., 2022; Hermannsen et al., 2019). Many studies that
have described soundscape conditions in marine mammal habitats
where smaller vessels are more likely to dominate the soundscape have
focused on semi-enclosed and federally managed areas in the United
States of America (U.S.A.) such as Glacier Bay National Park, the Salish
Sea, and Stellwagen Bank National Marine Sanctuary (Cholewiak et al.,
2018; Cominelli et al., 2018; Fournet et al., 2018; Gabriele et al., 2018;
Marley et al., 2017).

In contrast, few research efforts have described soundscape condi-
tions in the nearshore, shallow environment (<50 m) along the outer
coast of the Pacific Northwest (U.S.A.), including anthropogenic noise
sources and the acoustic presence of mysticete whales and other marine
species (e.g., Dahlheim, 1987; Peavey Reeves, 2021). It is challenging to
collect long-term passive acoustic monitoring data in this region for
many reasons, including high-energy ocean conditions and dynamic
bottom substrates for stationary instruments. However, for resource
management and conservation, it is important to characterize these
soundscapes to establish baseline conditions and monitor changes over
time. Specifically, the Oregon Coast is home to multiple economically
important fisheries, year-round tourism, and is also an important habitat
for protected marine species that include mammals, fish, and in-
vertebrates. Previous documentation of acoustic conditions in Oregon
marine soundscapes was focused on frequencies below 1 kHz (Haxel
etal., 2013) in advance of marine renewable energy deployments. In this
paper we aim to build on these initial observations of central Oregon
coast low-frequency soundscape conditions to identify sound sources
and describe the acoustic habitat for marine animals, including mam-
mals, fish, and invertebrates. To our knowledge, this work is the first
effort to characterize the nearshore soundscape of the Oregon Coast, and
thus these results provide important information for managers and
policy makers to use in decision making related to animal and habitat
conservation.

A subgroup of the Eastern North Pacific (ENP) population of gray
whales (Eschrichtius robustus), called the Pacific Coast Feeding Group
(PCFG), forages seasonally (June 1 to Nov 30) off the Pacific Northwest
coast in nearshore coastal habitats that intersect with increasing human
activities (Calambokidis et al., 2019, 2002; Lemos et al., 2022; Sullivan
and Torres, 2018). The PCFG show high site fidelity to the region, with
strong foraging habitat preference for rocky reef habitat (Calambokidis
and Perez, 2017; Hildebrand et al., 2022) that is also utilized by near-
shore fishermen, and thus is of high interest for research and monitoring
to minimize threats to this small (~212 individuals; Harris et al., 2022)
subgroup of whales. Recent research within Oregon waters documented
correlations between variable levels of ocean noise and vessel traffic
with fecal glucocorticoid metabolite concentrations in PCFG gray
whales, a physiological indicator of stress response (Lemos et al., 2022).
Additionally, the density and distribution of Western North Pacific gray
whales foraging in coastal waters of Russia decreased in response to
increased exposure levels from vessel noise and seismic surveys (Gailey
et al., 2022). This work highlights the importance of characterizing the
variability in nearshore ocean soundscapes where gray whales forage to
inform management decisions to mitigate impacts.

Our study closely examines the variability and sources of noise in the
coastal waters of central Oregon using data collected over five years
(2017-2021) from two hydrophones that were deployed in habitat
frequently used by PCFG gray whales (Lemos et al., 2022) and with
similar conditions (e.g., bottom substrate, bathymetry, and temperature
profile) for sound propagation and natural physical sounds. However,
the two sites are exposed to distinctly different patterns of nearshore
anthropogenic activity. One hydrophone was deployed near the Port of
Newport coastline (2.4 km SW of the Newport jetty tips), which is
characterized by high vessel activity and associated levels of anthro-
pogenic noise. The second hydrophone was deployed 17 km to the north
of the Port of Newport and 0.80 km to the west of Otter Rock Marine
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Reserve, an area more influenced by natural underwater sound pro-
cesses due to management of anthropogenic activities. Otter Rock Ma-
rine Reserve is one of five nearshore marine protected areas managed by
the Oregon Department of Fish and Wildlife (ODFW, 2022). Public ac-
cess and research at each Oregon Marine Reserve is specific to each
location, but none permit any fishing or extraction activities.

Our study builds on initial observations of the low-frequency
soundscape near the port of Newport that examined passive acoustic
data sampled over the summer period from three years (2016-2018;
Lemos et al., 2022). Through expanded comparison of five years of
seasonal data collection of low-frequency soundscape conditions at two
Oregon coast hydrophone deployment sites, this study provides impor-
tant information about sound levels and trends along the Oregon coast.
Long-term acoustic monitoring of Pacific Northwest coastal soundscapes
is valuable for comparison to other coastal marine protected areas and
port environments to provide information about conditions to managers
and policy makers, as well as for ongoing research on habitat conditions
for PCFG gray whales and other acoustically sensitive marine animals
that occupy these nearshore regions.

2. Methods
2.1. Passive acoustic data collection

From 2017 to 2021, during the summer and early fall, two passive
acoustic autonomous underwater hydrophone (AUH; Haxel et al., 2013)
platforms were installed near Newport, Oregon as part of research effort
to document noise from vessel traffic and other anthropogenic activities
as potential stressors to gray whales and other acoustically sensitive
marine species. One AUH was positioned just south of the entrance to
Newport harbor (2.4 km from Newport jetty tips) at 44.59 N, —124.10
W, and the other was deployed 17 km to the north of Newport harbor at
4476 N, —124.09 W, 0.80 km outside of Otter Rock Marine Reserve
(Fig. 1). Both AUHs consisted of a single calibrated omni-directional
hydrophone (ITC model 1032), preamplifier, and 16-bit data acquisi-
tion system housed in a composite pressure case (Fox et al., 2001). Each
AUH was secured to a weighted aluminum metal lander 0.5 m above the
seafloor at approximately 20 m depth. An acoustic release was secured
to the lander for recovery, allowing for data collection without any sea-
surface expression and eventual retrieval of all AUH system components
(Fig. 2a and b).

Acoustic data were recorded over five years: 2017 (June 15-October
8), 2018 (June 5-October 1), 2019 (June 28-October 1), 2020 (June
2-September 25), and 2021 (May 20-November 22). Due to a lost in-
strument, data collected in 2021 are only available from the Marine
Reserve site. From 2017 to 2020, data were recorded at 32 kHz sample
rate with a 13 kHz low-pass corner frequency to avoid aliasing, and in
2021 the sample rate was adjusted to 20 kHz with an 8 kHz corner
frequency to extend the data collection period. In all years the AUHs
were programmed to sample on a consistent 20 % duty cycle (first 12
min of every hour).

2.2. Quantifying sound levels

Power spectral density (PSD) sound levels (dB re 1 pPaZ/Hz) were
calculated using the hydrophone sensitivity value and pre-amplifier
frequency dependent gain (Fig. 3) for each original 12-minute hourly
duty-cycled passive acoustic data file (.DAT binary format) with custom
MATLAB (version 2018b, Mathworks, Inc.) software. The PSD sound
levels were then used to compute a single median and maximum sound
level for each frequency over each 12-minute window. Variance in each
12-minute file was also calculated. The median sound level for each 12-
minute file was aggregated into long-term spectral averages (LTSA) for
each deployment. All available data were included in comparative LTSA
calculations except for the Marine Reserve site recordings from October
9 to November 22, 2021, which were abbreviated for consistency with
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Fig. 1. Map of study area, including the Otter Rock Marine Reserve (outlined
by a solid black line) and the ports of Newport and Depoe Bay. The hydrophone
deployment sites are marked with red plus signs, and the location of the shore-
based anemometer used to collect wind-speed data is marked by a yellow tri-
angle. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

previous years of data collection that concluded between September 25
and October 8.

Spectral probability density (SPD; Merchant et al., 2013) plots were
calculated from the deployment-long LTSAs to compare the empirical
probability density (EPD) of PSD sound levels observed at each site and
year of data collection. Commonly occurring sound levels have higher
EPD values, whereas infrequently observed sound levels are indicated by
lower EPD values. EPD plots visualize the probability of PSD sound
levels in each frequency, providing information about sound level
variation across frequency bands and potentially indicating the presence
of different sound sources. Median, 10th, and 90th percentile levels
(L50, L90, L10, respectively) were also calculated for the PSD sound
levels quantified for each site and year. The EPD values and percentile
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levels quantified for each single-frequency band and 12-min per hour
time bin are also summarized over time and frequency space for the
entire deployment as an overall EPD value. The overall EPD value in-
dicates the stability of sound levels over time within the given dataset.

Median and maximum root-mean-square sound pressure levels
(SPL;ns dB re 1 pPa) were calculated within the 50 Hz-4 kHz frequency
band in 12-minute windows (original data file length). Variance of
SPL,ns were also calculated over the same 12-minute window. The 50
Hz-4 kHz frequency band was selected for comparison because it cap-
tures low-frequency noise from a variety of vessel types (including
commercial and recreational), and the lower frequency range of sound
from wind-related environmental processes (National Research Council,
2003; Wenz, 1962). Sound levels in the 50 Hz-4 kHz are also relevant for
whale and fish communication, including eastern North Pacific gray
whales (Dahlheim and Castellote, 2016) and other mysticete whales that
have been acoustically detected near the central Oregon coast (e.g.,
humpback whales; Haxel et al., 2013). Median SPL,,s sound levels were
averaged (mean) over the overlapping days of data collection (June
29-September 25) from 2017 to 2020 at the Port of Newport site and
2017-2021 at the Marine Reserve site to compare diel soundscape
patterns between the two sites.

2.3. Acoustic detection of discrete sound sources

Acoustic presence of four individual species of cetaceans was
investigated for all acoustic data with a combination of automated de-
tectors and manual analysis based on species-specific vocalizations
(Fig. 4). Gray whale M3 calls (Guazzo et al., 2017) and humpback whale
(Megaptera novaeangliae) song (Au et al., 2006; Payne and McVay, 1971)
were detected with generalized power-law automated detector (Helble
et al., 2012; Hvidsten, 2021), while blue whale (Balaenoptera musculus)
A and B calls (Dziak et al., 2017), and killer whale (Orcinus orca) vo-
calizations (Ford, 1987) were identified via manual verification by an
experienced observer (S.M.H.) in Raven Pro software (Charif et al.,
2010).

Vessel noise was identified in the passive acoustic data based on
frequency characteristics (Haxel et al., 2013). Large commercial vessels
are typically identifiable by sound in tonal bands with most energy
concentrated below 200 Hz, but can often include focused noise in fre-
quencies up to 1 kHz depending on the speed, size, and distance between
the vessel and recorder (Gassmann et al., 2017; MacGillivray et al.,
2019; Shabangu et al., 2022). Smaller vessels, including recreational and
fishing types, can sometimes be distinguished from larger vessels (e.g.,
cargo) by engine and propeller noise above 1 kHz, as well as tonal noise
bands and/or the acoustic signature of the vessels passing over or near to
the hydrophone (Simard et al., 2016; Smott et al., 2018) (Fig. 4).

Acoustic determination of vessel types and individual vessel counts
can be difficult, and thus we utilized visual survey data to quantify the
number of vessels and distinguish vessel types at each of the study areas.
Daily count of recreational vessels near each hydrophone were provided
by the Oregon Department of Fisheries and Wildlife (ODFW; pers. comm
to J. Haxel). Vessel counts were manually tallied from ODFW video
monitoring. Recreational vessels include charters on fishing or crabbing
trips and private boats, but not whale watching or research trips,
including NOAA and other easily identified non-fishing vessels. Com-
mercial fishing vessels, U.S. Coast Guard, and dredge vessels are also not
included. Daily counts of recreational vessel traffic accessing Newport
was compared to sound levels at the Port of Newport site (2.4 km from
Newport jetty tips), and daily counts of vessel traffic at the port of Depoe
Bay was compared to sound levels at the Marine Reserve site as it is the
closest port to the hydrophone site (6.30 km).

2.4. Sound contributions from wind and waves

Surface wind generated underwater sound is a significant contrib-
utor to ambient sound levels in both deep and shallow water marine
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Fig. 2. a. Mooring diagram showing hydrophone and acoustic release.

b. Scientist L. Roche prepares the hydrophone (mounted on metal lander) and attached acoustic release (yellow buoy) for deployment near Newport, OR. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Overall system sensitivity curve (blue), including frequency dependent pre-amplifier curve (red) and flat hydrophone sensitivity (yellow). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

areas over a range of frequencies from hundreds of Hz up to 20 kHz
(Knudsen et al., 1948) that scales in amplitude with increasing wind
speed (Carey and Evans, 2011; Hildebrand et al., 2021; Wenz, 1962;
Wilson, 1983). Winds speeds were collected by an anemometer at Na-
tional Data Buoy Center station NWP03' (US DOC/NOAA/NWS/NDBC,
1971) on the Newport jetty at the entrance to the port of Newport
(Fig. 1), and were used to characterize the potential impact of rising
wind speed on underwater sound levels at the Port of Newport (3.56 km
distance between anemometer and hydrophone site) and Marine
Reserve (~17 km from the anemometer) hydrophone stations.

Surf-generated sounds from breaking waves along the open coast are
also a significant contributor to shallow water low frequency sound-
scapes in Oregon’s nearshore waters (Haxel et al., 2013). As open ocean
waves propagate from deep water toward shore, they eventually break
and dissipate their energy on sand bars and rocky reef structures. Part of
the turbulent dissipation is converted to acoustic energy, some of which
radiates back offshore influencing shallow water soundscapes outside
the surf zone (Deane, 2000; Wilson et al., 1985). Significant wave
heights (Hs) used to characterize wave conditions in the study area were
measured by a nearby NDBC station 46,050 at Stonewall Bank (Fig. 1).
Observations of median sound pressure levels (50 Hz-4 kHz) were
binned by Hs and time of day for the Marine Reserve and Port of New-
port hydrophones to observe the influence of increasing wave heights on
the acoustic conditions.

3. Results
3.1. Sound level trends

Median power spectral density (PSD) sound levels were consistently
lower intensity at the Marine Reserve site compared to the Port of
Newport site (Fig. 5). At the Marine Reserve, the highest sound in-
tensities were observed in the 10 Hz-1 kHz band. In comparison, at the
Port of Newport site sound intensities were consistently higher across
the 10 Hz-4 kHz band, encompassing a larger range of frequencies
compared to the Marine Reserve site.

The color gradient for each subplot in Fig. 6 indicates the empirical
probability density (EPD) value for the SPD sound levels in all fre-
quencies sampled in each year of data collection at the Port of Newport
and the Marine Reserve site. The spread between the 10th percentile and

! https://www.ndbc.noaa.gov/station_page.php?station=nwpo3.
2 https://www.ndbc.noaa.gov/station_page.php?station=46050.

90th percentile of PSD sound levels is bigger at the Port of Newport site
compared to the Marine Reserve, indicating that sound levels recorded
at the Port of Newport were more variable compared to the Marine
Reserve (Fig. 6). The increased variability at the Port of Newport site
compared to the Marine Reserve is most pronounced in frequencies
between 50 Hz and 4 kHz.

For each subplot, an overall EPD statistic for the deployment year
and site indicates the variability of SPD sound levels across time and
frequency space for the deployment dataset (warmer colors denote
higher probability of consistent sound levels; Fig. 6). In general, SPD
recorded at the Marine Reserve are more consistent throughout the
season compared to the Port of Newport site. At the Port of Newport site,
overall EPD values were steady year-to-year from 2017 to 2019 (~0.04),
and then shifted to be slightly more stable throughout the season in 2020
(~0.055). At the Marine Reserve site, overall EPD values were similar
across all years with the lowest overall probabilities in 2017 and 2018
(~0.06), and a slight increase in 2019 (~0.07) over all other years of
data collection. At the Marine Reserve site, 2020 and 2021 EPD levels
(~0.065) were slightly lower than 2019, indicating a minor increase of
sound level variability. However, the 2020 and 2021 EPD were not
higher than levels calculated for 2017 and 2018.

3.2. RMS frequency bands

On average, sound levels at the Marine Reserve were lower than at
the Port of Newport (Figs. 5 and 6, Table 1). Additionally, at the Port of
Newport a diel soundscape pattern of increased SPL.n,s during daytime
hours (Fig. 7) was detected. On many days, the highest sound levels were
recorded twice daily, the first in the morning between 6:00 and 8:00 am,
and a second around noon. Less predictable instances of increased
SPL,ms were also randomly sampled in the afternoon. In comparison, at
the Marine Reserve, a minimal increase of SPL,,; was observed around
6:00 am, but overall sound levels are consistent with random fluctua-
tions throughout the recording period.

Throughout the annual data sampling period of June through
September, median SPL, s sound levels averaged over all years showed a
slight decreasing trend throughout July and early August at the Port of
Newport and were comparatively more stable over time at the Marine
Reserve site (Fig. 8). In late August—early September peaks in median
SPL;ms sound levels at the Port of Newport site coincide with similar
sound level increases observed at the Marine Reserve site. In general,
median SPL.;,s sound levels were much less variable at the Marine
Reserve compared to the Port of Newport (Fig. 8, Table 1). Additionally,
sound levels at the Marine Reserve were moderately positively skewed
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reader is referred to the web version of this article.)

in all years indicating that observed sound levels were mostly lower than
the mean value with less frequent periods of elevated acoustic condi-
tions. At the Port of Newport, sound levels were closer to a symmetrical
normal distribution, suggesting a soundscape experiencing nearly
equivalent periods of higher amplitude and lower amplitude conditions
around the mean noise level.

3.3. Sound sources

3.3.1. Vessel traffic

Vessel noise can drive ambient sound levels and acoustic habitats for
whales and other marine species (Shabangu et al., 2022). Median SPL;yg
sound levels (50 Hz—4 kHz) at the Marine Reserve and Port of Newport
were likely affected by vessel traffic at the closest port to each site. Daily
counts of recreational vessel traffic were over three times higher at the

Port of Newport (mean: 102, median: 61), compared to Depoe Bay
(mean: 30 median: 19). In comparison to the Marine Reserve, higher
daily counts of recreational vessel traffic near the Port of Newport likely
drove higher median SPL.,s sound levels throughout the summer
months of data collection, particularly in combination with non-
recreational vessel traffic (Fig. 9). However, it is also important to
note that the Port of Depoe Bay was further from the Marine Reserve
hydrophone (6.30 km), while the Port of Newport hydrophone was 2.40
km from the Newport port entrance. Recreational vessels are only part of
the daily vessel traffic accessing both Newport and Depoe Bay. Although
not included in the vessel counts present in Fig. 9, commercial vessel
traffic counts, such as for commercial fishing, as well as research mis-
sions and Coast Guard activities likely affect sound levels near the Port
of Newport. Automatic information system (AIS) vessel movement data
was not available for the time period overlapping with acoustic data
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collection, however grouped vessel transit counts from AIS data for 2021
show much higher annual vessel counts accessing the Port of Newport
compared to Depoe Bay (Fig. S1; BOEM and NOAA, 2023).

Whale watching excursions are a larger industry in Depoe Bay
compared to Newport, and consequently likely influence soundscape
conditions around gray whales closest to the Marine Reserve site and
general Depoe Bay region.

3.3.2. Whale vocalizations

Gray, humpback, and blue whale vocalizations were acoustically
detected on more days at the Marine Reserve site compared to the Port of
Newport site (Fig. 10). Between 2017 and 2020, gray whale vocaliza-
tions were acoustically detected on two to five days per season at the
Port of Newport, and 11 to 21 days per season at the Marine Reserve.
Daily acoustic presence of humpback whales followed a similar pattern
to gray whales, with fewer days of detections at the Port of Newport
across all years (0-6 days per season), and comparatively more at the
Marine Reserve (3-9 days per season). Blue whale vocalizations were
detected on the highest number of days at both sites in 2020. In
2017-2019, the number of days with blue whale vocalizations was
consistent at the Marine Reserve, and more variable at the Port of
Newport with 12 days with detections in 2017, only two in 2018, and
none in 2019. Between 2017 and 2020, killer whale vocalizations were
only detected on one day at the Port of Newport, and not once at the
Marine Reserve.

3.3.3. Wind and waves

At wind speeds above 4 m s’l, median sound pressure levels (SPL;s)
increase at both the Marine Reserve and Port of Newport hydrophone
stations with rising wind speeds. The effect of wind speed on underwater
sound levels is readily observed during times of the day with reduced
vessel traffic from 8:00 PM-5:00 AM Pacific Daylight Time (Fig. 11). The
relationship between sound levels and wind speeds is better constrained
at the Marine Reserve hydrophone where vessel traffic has less of an
influence. The increased scatter between sound levels plotted as a
function of wind speeds at the Port of Newport indicates vessel traffic is
likely a significant contributor to noise levels during the dark hours near
the port of Newport.

Observations of median sound pressure levels (50 Hz—4 kHz) binned
by Hs and time of day (Fig. 12) for the Marine Reserve and Port of
Newport hydrophones illustrate the influence of increasing wave heights
on the acoustic conditions. As wave breaking intensifies with increasing
Hs, ambient sound pressure levels also rise. The influence of large waves
(>3 m) on soundscape conditions is readily observed in the Marine
Reserve hydrophone recordings from 2021 that extend beyond early
September and into November when higher wave conditions occurred
more frequently (see 2021-specific results in Fig. 9). Unfortunately, due
to the loss of the Port of Newport hydrophone in 2021, similar re-
cordings from larger wave height conditions (>3 m) are not available for
the Port of Newport area. Nevertheless, as shown in Fig. 12, rising Hs
conditions results in increasingly higher sound pressure levels at all
hours of the day for both hydrophone stations.

The comparative influence of vessel traffic and surf sounds on
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Table 1

Median, mean, maximum, variance, and skewness statistics calculated from median sound levels (root-mean-square sound pressure levels) in the 50 Hz-4 kHz band
averaged over each hour of each day between June 29 and September 25 during five years of data collection at the Marine Reserve (2017-2021) and four years of data

collection at the Port of Newport (2017-2020).

2017 2018 2019 2020 2021
Site Marine reserve Newport Marine reserve Newport Marine reserve Newport Marine reserve Newport Marine reserve -
Median 92.7 96.7 90.4 96.1 93.2 93.4 94.4 94.3 -
Mean 92.8 96.8 90.7 96.1 93.4 93.7 94.7 94.6 -
Max 112.1 121.0 118.0 121.8 111.9 117.9 113.9 119.8 113.2 -
Variance 19.4 52.3 22.2 55.7 97.0 18.8 335 12.2 -
Skewness 0.36 0.18 0.63 0.14 0.63 0.18 0.74 0.48 0.84 -

ambient levels is also illustrated in Fig. 12. During low wave height
conditions at both sites, ambient sound levels significantly increase
around sunrise (e.g., 06:00 AM), are sustained throughout daylight
hours, and decrease in the evening around sunset (e.g., 8:00 PM). This
shift is likely driven by small vessel traffic leaving the nearby ports
around sunrise and returning around sunset. As wave heights increase
above Hs > 2 m, sounds from breaking waves begin to overshadow or
match the effects of vessel noise, particularly at the Marine Reserve site.
Meanwhile, daily maximum ambient sound levels at Port of Newport at

7 AM (likely related to peak vessel activity) are maintained throughout
the range of increasing wave heights. A secondary peak in sound levels is
also observed at 11 AM, potentially linked to regularly scheduled rec-
reational fishing charter trips, which generally leave port around sunrise
and return late-morning (1/2 days trips) or closer to sunset (full-day
trips). As shown in the lower panels of Fig. 7, the sound level peaks are
not temporally aligned with peaks in wind speeds or wave heights, but
instead is likely driven by diel patterns of small vessel traffic leaving the
nearby ports around sunrise and returning around sunset. Still, surf-
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generated sounds from significant wave heights >2 m can dominate the
low and mid-frequency sound pressure levels of both shallow water
areas despite the differences in anthropogenic activity near a port and
marine reserve.

4. Discussion

Utilizing the capabilities of long-term passive acoustic monitoring,
we document the sources and patterns of soundscape variation along the
nearshore Oregon Coast during summer months of June to September.
We found that vessel activity drove large differences between the two
hydrophone recording sites, which were deployed just 17 km apart.
These results demonstrate soundscape variation over relatively fine
scales as a function of human activity patterns, as well as the physical
environment of each deployment site (e.g., bottom substrate, bathym-
etry, and temperature profile) which affects sound propagation (Vagle
et al., 2021). Our findings are important for management and conser-
vation because the Oregon coast is an important foraging area and
migratory corridor for multiple species of large whales, and demon-
strates the potential for increased ocean noise to degrade habitat quality.
The results of this analysis and baseline characterizations of the
soundscape provide novel information that can be used by managers and
policy makers to support ecosystem management of nearshore coastal
soundscapes in the Pacific Northwest. For example, voluntary vessel
speed reduction programs have been successful in decreasing low-
frequency vessel noise near port cities that overlap with important
whale habitat (Burnham et al., 2021; Findlay et al., 2023; MacGillivray
et al., 2019; Zobell et al., 2021).

4.1. Presence of vessel noise distinguishes hydrophone sites

The soundscape conditions at the Port of Newport and Marine
Reserve hydrophone locations were driven by each specific deployment
location, particularly related to surrounding vessel activity and resulting
anthropogenic noise pollution. At the Port of Newport, the hydrophone
was deployed 2.40 km from the Newport jetty tips, the entrance for
fishing, recreational, and other vessels accessing the port. Although the
Marine Reserve hydrophone was deployed only 17 km away, it was
positioned 0.80 km outside of the Otter Rock Marine Reserve where
anthropogenic activities are strictly managed to promote conservation.
Our analysis of five years of passive acoustic monitoring at the Port of
Newport site revealed both higher vessel presence (counts) and
anthropogenic noise levels compared to the Marine Reserve site. In
contrast, the less intense and variable sound levels at the Marine Reserve
site in this analysis are likely reflective of comparatively less vessel ac-
tivity. Although wind can also be a significant sound source, we did not
perceive an obvious relationship between diel sound levels and wind
speed patterns at the Port of Newport site (Fig. 7). Instead, we found
vessels to be the primary driver of diel sound level variation, which
aligns with the results of Lemos et al., 2022. Alternatively, surf-
generated sounds from nearby breaking waves with significant wave
heights >2 m are shown to contribute substantially to sound pressure
levels in both the Port of Newport and Marine Reserve areas. In the more
naturally influenced Marine Reserve site, sound levels rise consistently
with increasing wave heights and remain high throughout all hours of
the day despite diel variations of nearby vessel activities. Whereas the
port area of Newport, a more anthropogenically influenced marine area,
maintains consistent daily peaks in sound pressure levels that coincide
with high vessel activity regardless of elevated wave height conditions
(Fig. 12). Similarly, after reaching a threshold of 4 m s}, wind speeds
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have significantly more influence on sound levels at the natural Marine
Reserve site in comparison to the port influenced Newport area (Fig. 11).

Daily patterns of vessel activity near the Port of Newport hydrophone
drive twice-daily spikes in median sound levels, while comparatively
reduced and less predictable vessel activity near the Marine Reserve
does not result in any consistent diel patterns in the ambient sound-
scape. We compared counts of recreational vessel traffic to ambient
sound levels to visualize the relationship between vessel traffic and
ambient noise conditions (Fig. 9). However, commercial vessel traffic
accessing Newport, OR is also likely a prominent sound source at the
Port of Newport hydrophone. Comparable counts of commercial vessel
traffic were not available for this descriptive comparison, and thus
recreational vessel counts were compared to sound levels as a proxy to
approximate the difference in vessel activity at the closest port to each
hydrophone. Future work could consider the impact of other vessel
types, including commercial fishing, whale watch, U.S. Coast Guard, and
research.

During the annual June to September data sampling period, median
SPL;ms sound levels averaged over all years were observed to be more
variable over time at the Port of Newport in comparison to Marine
Reserve median SPL, s sound levels (Figs. 7 and 8). The 10th percentile
of sound levels at both sites is more similar than the 90th percentiles,
indicating that the quietest conditions (10th percentile) at both sites are
relatively comparable, but that high intensity sound levels were
consistently more common at the Port of Newport site (Fig. 8). This
trend is likely related to seasonal patterns of vessel activity near each
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hydrophone. Daily recreational vessel traffic near the Marine Reserve is
less compared to Port of Newport, and median SPL,,s sound levels at the
Marine Reserve are also more stable than at the Port of Newport (Figs. 9
and 7). The closest port to Otter Rock Marine Reserve is Depoe Bay, a
popular destination for whale watching, and the annual data sampling
period between June and September is aligned with the peak season for
tourism and whale watching on the central Oregon coast. Meanwhile,
vessel activity near the Port of Newport is likely to also include more
fishing and other forms of recreational and commercial vessel traffic. For
example, in 2019, nearly twice as many fishing trips departed out of
Newport compared to Depoe Bay (The Research Group, LLC, 2021).
Thus, it is expected that the combined impact of overall increased vessel
activity at Newport, including seasonal and/or annual pattern shifts, is
more readily apparent in the long-term median SPL;ys 50 Hz-4 kHz
sound levels quantified for this comparison.

Our sampling time period overlapped with the COVID-19 pandemic
and societal restrictions on public leisure activities (e.g., travel, shop-
ping, dining) in the summer of 2020. Although a comprehensive analysis
of the overall impact of the pandemic on the central Oregon coast is
outside of the scope of this study, we did observe that at the Port of
Newport site overall soundscape conditions were less variable in 2020
compared to previous years of data collection (Fig. 6). This potentially
indicates that the magnitude of vessel activity that likely drove sound-
scape conditions at the Port of Newport to fluctuate from quieter to
noisier on a daily basis in 2017-2019 was slightly diminished in 2020.
Meanwhile at the Marine Reserve site, sound level variability in 2020
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and 2021 were slightly lower than 2019, indicating that the pandemic
may not have had a meaningful impact on the soundscape of Otter Rock
Marine Reserve. As the port of Depoe Bay and the Marine Reserve are
mostly trafficked by recreational (including charter fishing) and whale
watching vessels, and Newport is a much larger commercial port, our
data suggest that COVID-19 pandemic may have had a larger impact on
commercial vessel activities, while recreational boating and whale
watching were less impacted by public health restrictions.

4.2. Acoustic habitat conditions for gray whales

Presence of vessel noise at the Port of Newport hydrophone likely
impacted acoustic detections of baleen whale vocalizations, especially
the gray whale M3 call-type which contains the most energy at ~50 Hz
and thus can be masked by vessel noise occurring in overlapping fre-
quencies (Burnham and Duffus, 2019a; Guazzo et al., 2017). In com-
parison, the comparatively greater number of days that gray whale
vocalizations were detected at the Marine Reserve site is likely related to
a combination of drivers. It is possible that more gray whales are using
the Marine Reserve area and therefore we detected more vocalizations;
however gray whales were observed in generally equivalent distribution
between the two hydrophone areas during daytime field observations
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over the sampling years (L. Torres, pers. comm). Alternatively, we may
have detected fewer vocalizations at the Port of Newport hydrophone
because the whales were not vocalizing or if their vocalizations were
masked by higher intensity sound sources.

Although the blue, fin, and humpback whale vocalizations detected
in this analysis are longer in duration and not as narrowband as the M3
gray whale call type (and thus may have been less likely to be masked by
other sound sources in the acoustic data), these mysticetes may also
employ behavioral strategies of reduced calling or leave an area in the
presence of increased vessel noise (Richardson et al., 1995). It is also
important to note that the study area is not the primary habitat for blue,
fin, or humpback whales in the Oregon region (Derville et al., 2022), but
it is for gray whales (Lemos et al., 2022). While other species may be
more able to leave the study area seeking higher quality acoustic habi-
tats (Pack et al., 2022; Sprogis et al., 2023), gray whales utilize these
coastal environments for seasonal foraging and may exhibit a greater
tolerance for noise conditions to meet more urgent foraging needs
(Forney et al., 2017). As discussed in Lemos et al., 2022, the exposure to
vessel noise leads to physiological consequences that may specifically
impact gray whales in this specific environment and time of year (late
spring to early fall).

Given the relatively short distance between the hydrophones (17 km)
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Fig. 10. Daily acoustic detections of gray, humpback, blue, and killer whale vocalizations at the Port of Newport and Marine Reserve in 2017-2020.

it is more likely that ambient conditions at the Marine Reserve hydro-
phone were more favorable for acoustic detection of the low-frequency
whale vocalizations. Vocalizing animals may have also capitalized on
quieter ambient conditions near the Marine Reserve by limiting
communication near the Port of Newport where it would have been
more energetically expensive to vocalize at a higher intensity to compete
with other sound sources (Burnham and Duffus, 2019a; Dahlheim and
Castellote, 2016). Although we only detected a single day with killer
whale vocalizations in 2020, it is possible that killer whales were present
near the Port of Newport area on other days and in other years, trig-
gering nearby gray whales to cease vocalization behavior to be more
cryptic from their predator (Burnham and Duffus, 2019b; Cummings
and Thompson, 1971).

Finally, although it is possible that low-frequency high-energy vo-
calizations from any of the whale species analyzed here (especially blue
and fin whales) could propagate the 17 km distance between the hy-
drophones, acoustic masking from vessel activity and propagation en-
ergy loss within the shallow (20-50 m) water coastal environment are
likely additional factors that contributed to fewer acoustic detections of
whale vocalizations at the Port of Newport hydrophone.

4.3. Implications for protected species monitoring

As well as providing important information about acoustic habitats
for PCFG gray whales, this multi-year soundscape analysis establishes
baseline acoustic conditions in coastal Oregon. Comparatively, in
neighboring California and Washington states, long-term passive
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acoustic and marine mammal monitoring efforts have been active for
many years (McDonald et al., 2008; Rice et al., 2021). While this study
was limited to two hydrophone locations, the five years of data collec-
tion provides novel information about underwater soundscape condi-
tions in nearshore waters in the Pacific Northwest. In future research,
this passive acoustic dataset could also be utilized in coordinated efforts
to monitor species along West Coast migratory corridors as has been
done for blue and fin whales in Washington and California (Pearson
et al., 2023).

The acoustic diversity between the two sites in this comparison
demonstrates how acoustic conditions and underwater noise pollution
can differ over short distances in coastal environments. During June to
September, vessel activity near the Port of Newport hydrophone
increased sound levels, while restrictions on fishing within Otter Rock
Marine Reserve likely decreased vessel activity, and therefore sound
levels, at that site. Although Otter Rock Marine Reserve is not specif-
ically managed for noise pollution, our results demonstrate that
restricting the overlap of anthropogenic activities and marine species
habitats can have a dramatic impact on the soundscape. Preserving
quieter ambient conditions at Otter Rock Marine Reserve may provide
important habitat for foraging gray whales and other acoustically sen-
sitive species (Williams et al., 2015). Further analysis of these long-term
passive acoustic monitoring data could compare soundscape conditions
in Otter Rock Marine Reserve to other nearshore marine protected areas
(e.g., National Marine Sanctuaries and National Parks) and offer an
opportunity to compare state and federal management strategies.

Much like other coastal marine protected areas, Otter Rock Marine
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Fig. 11. Wind speeds recorded at the anemometer at the Port of Newport entrance compared with recorded underwater median sound pressure levels (50 Hz—4 kHz)
at the Port of Newport and Marine Reserve hydrophones from 8 pm to 5 am PDT (low vessel traffic period).

Reserve is a tourism destination for whale watching and recreation
during summer months. The designation and restrictions of the marine
reserve are important management tools to protect the habitat for ma-
rine animals, including the soundscape. Combined with efforts to un-
derstand cetacean health and behavior in varying ambient soundscape
conditions, research in environments where certain anthropogenetic
sound sources are restricted can provide important information about
potential impact of specific sound sources on acoustic habitats.

Given that soundscape conditions can be considerably different
across small spatial and temporal distances, sampling across a range of
nearby environments is important for understanding conditions for
sensitive species with high site fidelity and low mobility (e.g., foraging
gray whales, invertebrates, and fish spawning grounds). Information
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provided by passive acoustic monitoring surveys can be used to inform
conservation and management of protected species, commercially
valuable fisheries, and overall health of marine ecosystems. Noise
pollution can be pervasive in marine environments, and thus it is
important to preserve or improve existing conditions in “quieter” areas
by maintaining successful management efforts (Hatch and Fristrup,
2009).

Increasing human activities in coastal regions around the world,
including Oregon, include the potential for increased noise related to
offshore renewable energies and other “blue economy” priorities.
However, unlike other ocean pollutants, noise mitigation does not
involve lingering clean-up and directed management efforts can have
immediate impacts. Long-term monitoring of important habitats for



S.M. Haver et al.

Marine Pollution Bulletin 194 (2023) 115406

Marine Reserve

6 T T T T

105
©
o

100 —
]
[an]
=)

9% =
o
%]

90

0 5 10 15 20
5 Port of Newport

105
T
=

100
e
m
i

95
o
w

90

0 S 10 15 20
hour of day

Fig. 12. Underwater median sound pressure levels (50 Hz—4 kHz) at the Port of Newport and Marine Reserve hydrophones binned by significant wave heights (Hy)
and the hour of the day. A minimum of 10 observations was required for inclusion of each bin. Sound pressure is indicated by the color bar range increasing from dark
red to bright yellow. White grid cells indicate no data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

protected species, like the research effort described here, can provide
ongoing information about the sources and patterns of noise pollution.
Coupled with concurrent studies to understand the potential impacts of
noise on sensitive species, we can provide information to manage
soundscape conditions and direct conservation efforts toward mitigation
strategies to protect sensitive species and important conservation areas.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2023.115406.
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