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ABSTRACT

Quantifying underwater vessel noise in marine ecosystems is challenging, due to difficulties in accounting for
small, not publicly tracked boats, creating a knowledge gap in marine management. We present a computa-
tionally efficient framework that detects all vessel noise in hydrophone recordings and quantifies associated
excess noise levels as well as acoustic habitat loss, offering a cost-effective and replicable tool for assessing vessel
noise effects on marine soundscapes. Applied to one year of acoustic data from five sites along the coast of British
Columbia (BC), Canada, the detector achieved 96.4 % accuracy and was robust against varying levels of vessel
traffic and weather conditions. Across sites, vessel noise impacts increased with proximity to urban centers.
Following this trend, average annual vessel noise presence ranged between 24 % and 85 %, increasing the 500 Hz
decidecade band by 1.0 dB to 6.4 dB across sites. The average year-round acoustic habitat loss for killer whales,
expressed as the reduction of listening space in a 0.5-15 kHz communication band, ranged from 6.6 % to 46.9 %.
Vessel noise impacts were generally higher during daylight hours and in the summer months. The results are the
first comprehensive, empirical assessment of vessel presence and associated noise impacts for a regional

ecosystem in BC.

1. Introduction

Underwater noise radiated from vessels is a chronic stressor to ma-
rine ecosystems with documented adverse effects on marine mammals
and other aquatic organisms, including behavioral changes (e.g., Wil-
liams et al., 2014; Gomez et al., 2016; Blair et al., 2016; van der Knaap
et al., 2022), stress responses (e.g., Wright et al., 2007; Rolland et al.,
2012), and acoustic masking (e.g., Tennessen et al., 2024; Erbe et al.,
2019; Holt et al., 2009; Clark et al., 2009; Popper and Hawkins, 2019).

Underwater radiated noise (URN) from vessels originates from pro-
peller cavitation, engines, the drive train, water pumps, and generators
(Arveson and Vendittis, 2000; Barlett and Wilson, 2002). Source levels
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and characteristics of vessel noise depend on vessel type, speed, length,
and draft (e.g., MacGillivray and De Jong, 2021). Broadband URN
ranges from 140 dB for small pleasure craft (Barlett and Wilson, 2002) to
204 dB for commercial cargo ships (MacGillivray and De Jong, 2021;
MacGillivray et al., 2023; McKenna et al., 2012; Veirs et al., 2016). Of
this, a significant portion is radiated in the form of narrowband fre-
quencies with the strongest tonal frequencies typically between 10 and
1000 Hz (Arveson and Vendittis, 2000; Alexandri and Diamant, 2024;
Aslam et al., 2024; McKenna et al., 2012; Ross, 2013; Hildebrand, 2009;
Erbe, 2013). Small boats produce strong narrowband noise mostly be-
tween 200 and 800 Hz (Barlett and Wilson, 2002; Erbe et al., 2016;
Pollara et al., 2017; Aslam et al., 2024), and therefore generally at
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higher frequencies than large commercial ships (e.g., MacGillivray et al.,
2024). For shallow-water recordings, low-frequency vessel noise may
not propagate as well as in deep water, and be masked by flow noise
around stationary hydrophones. Some studies have, therefore, measured
peak narrowband vessel noise levels primarily above 100 Hz (Alexandri
and Diamant, 2024; Mattmiiller et al., 2024). The URN from vessels has
become the dominant source of anthropogenic underwater noise and has
elevated long-term ocean noise levels in many regions by more than 10
dB above ambient over recent decades (ZoBell et al., 2024; McDonald
et al., 2006). At the same time, noise impact on underwater soundscapes
is expected to rise with increasing industrial and recreational vessel
activity, especially in coastal, near-shore environments (Hildebrand,
2009; ZoBell et al., 2024). As a result, the impact of vessel noise on
marine life is a major focus of research and management worldwide
(Southall et al., 2019; Marotte et al., 2022; Slabbekoorn et al., 2010;
Breeze et al., 2022; Tasker et al., 2010; Peng et al., 2015; Chou et al.,
2021; IMO, 2023).

British Columbia (BC) is the westernmost province of Canada and has
an extensive, fragmented coastline comprising over 6000 islands and
spanning approximately 29,000 km when following its full contour
along the Pacific Ocean. BC’s coastal waters are seasonally used by
multiple populations of toothed and baleen whales listed under Cana-
da’s Species at Risk Act and contain designated critical habitat for spe-
cies such as killer whales (Orcinus orca), humpback whales (Megaptera
novaeangliae), and fin whales (Balaenoptera physalus). The BC coast also
hosts Canada’s largest port (Vancouver) and the eighth-largest port
(Prince Rupert), as well as multiple smaller industrial terminals. In
recent years, marine vessel traffic was growing on a coast-wide scale and
is projected to continue to grow as additional industrial projects are
approved and implemented. Vessel noise impact on marine ecosystems
is expected to rise as a consequence (Keen et al., 2022; Gaydos et al.,
2015)". The impact of vessel noise has therefore been a key focus of
marine management at federal, provincial, and community levels
(Thornton et al., 2022; Malinka et al., 2024; Gaydos et al., 2015). Many
of the existing efforts to better understand vessel noise and its impact on
marine ecosystems in BC are related to the endangered Southern Resi-
dent Killer Whales (SRKWSs) within their critical habitat in the Salish Sea
(e.g., Malinka et al., 2024; Burnham et al., 2021; Joy et al., 2019; Heise,
2008; Lacy et al., 2017; Burnham et al., 2023; MacGillivray et al., 2024).
In contrast, the sparsely-populated regions along the North and Central
Coast are poorly studied regarding vessel noise and its impacts on ma-
rine life.

The monitoring of marine vessel traffic is most commonly accom-
plished using AIS (Automatic Identification System) data, which also
serves as the basis for the assessment of existing or projected vessel noise
by means of noise modeling (see O’Hara et al., 2023, a review in Robards
et al., 2016, or Erbe et al., 2012; MacGillivray et al., 2024; ZoBell et al.,
2024). Vessel noise modeling requires a good understanding of the
receiving environment and parameterization of it, as well as catalogued
source levels for different vessel categories in combination with AIS data
to reconstruct vessel traffic and noise. However, many smaller vessels do
not carry AIS (referred to in this paper as non-AIS vessels) and their
presence is otherwise not efficiently tracked by radar or visual imagery.
As a result, models are effective in areas dominated by industrial ship-
ping noise, but become inaccurate in regions where non-AIS vessels
significantly contribute to the soundscape (Merchant et al., 2014;
MacGillivray et al., 2024) or in regions with complex environmental
conditions. In BC, non-AIS vessels constitute approximately 70-85 % of
the total fleet in the South (O’Hara et al., 2023; Murphy et al., 2023) and
seasonally between 50 and 80 % along BC’s Northern Coast (N. Serra-
Sogas pers. com.). Non-AIS vessels have been shown to increase long-
term average sound levels in BC (Thornton et al., 2022) and elsewhere
(Wilson et al., 2022), and recent models suggest that during parts of the
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year non-AlS vessels are responsible for the majority of the total vessel
noise budget in some frequency bands and areas within Southern BC
(MacGillivray et al., 2024). Given that there is a potentially significant
but not well quantified component of noise from non-AIS vessels in
many regions, it is essential to account for these contributions in un-
derwater noise monitoring and management efforts (Serra-Sogas et al.,
2021; Pollara et al., 2017).

Acoustic detection of vessel noise can capture all vessel types over
large ranges and in recent years detection of vessel noise in passive
acoustic monitoring (PAM) surveys has seen an increase in designs and
applications (Ji et al., 2024; Alexandri and Diamant, 2024; Kaplan and
Mooney, 2015; Pollara et al., 2017; Reis et al., 2019; Simard et al., 2016;
Merchant et al., 2014). However, many existing studies have been car-
ried out only in controlled environments (Liu et al., 2024; Sorensen
et al., 2010), are restricted to specific vessel types or noise patterns (Ji
et al., 2024; Reis et al., 2019; Merchant et al., 2014), are limited in
geographic scope (Reis et al., 2019), or have restricted temporal and
seasonal coverage (Vieira et al., 2020; Kaplan and Mooney, 2015).
Moreover, most detection frameworks do not quantify noise levels
associated with marine vessels.

This study presents a computationally efficient framework for
detecting vessel noise in underwater soundscapes. This framework
provides the ability to quantify the contribution of vessel noise on
ambient sound levels (expressed as excess noise of the natural sound-
scape), as well as the acoustic habitat loss for marine mammals
(expressed as a reduction in available listening space). The detector’s
performance was assessed using five regional soundscapes in BC, for
which annual vessel noise patterns and the listening space reduction for
killer whales was determined to establish local baselines and tangible
metrics for ongoing acoustic monitoring efforts within these ecosystems.

2. Methods
2.1. Acoustic data

All acoustic data for this study were collected by partners of the BC
Hydrophone Network (BCHN).” The BCHN coordinates community-
based acoustic monitoring efforts and produces long-term, standard-
ized acoustic data from near-shore hydrophone sites for acoustic
monitoring to establish and enhance marine ecosystem knowledge along
the coast of BC. While individual data ownership is maintained, these
datasets together constitute one of the three largest sources of acoustic
data in BC (besides Ocean Networks Canada, and the federal Department
of Fisheries and Oceans), providing extensive temporal and spatial
coverage along the coast.

This study used data from five underwater acoustic recording sites
across four broader regions (see Fig. 1): the Salish Sea (SS-1), Northern
Vancouver Island (NI-1, NI-2), the Central Coast (CC-1), and the
Northern Coast (NC-1). All deployment sites are located within known
habitat for several at-risk cetacean species, including SRKWs (SS-1),
Northern Resident killer whales (NRKWs; NI-1, NI-2, CC-1, NC-1), Bigg’s
killer whales (all sites), fin whales (NC-1), and humpback whales (all
sites). SS-1 was located off East Saturna Island, facing Boundary Pass—a
major commercial shipping corridor with over 7000 vessels transits
annually to and from the Port of Vancouver (Erbe et al., 2012; Veirs and
Veirs, 2005; Veirs et al., 2016) and located within critical habitat for
SRKWs. SS-1 is owned and operated by the Saturna Island Marine
Research and Education Society.® NI-1 and NI-2 were located near the
northern end of Vancouver Island, facing Blackfish Sound (NI-1) and
Johnstone Strait (NI-2). This area is an important traffic corridor known
as the Alaskan Marine Highway for both commercial and recreational
vessels traveling between Vancouver Island, the Northern Coast, and

2 nt tps://whalesound.ca
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Fig. 1. Location of hydrophone sites along the coast of BC used in this study.

Alaska. It is also a major hub for vessel-based whale watching and nature
viewing. The region is critical habitat for NRKWs and features the only
permanent Killer Whale Marine Sanctuary in Canada, the Robson Bight
(Michael Bigg) Ecological Reserve. NI-1 and NI-2 are owned and oper-
ated by OrcaLab.* CC-1 was located off Roderick Island in the Central
Coast, facing Finlayson Channel, which is a northern section of the
Alaskan Marine Highway. It is within the acoustic range of ferries
docking at the BC Ferries terminal in Klemtu in Kitasoo Xai’xais Terri-
tory. CC-1 is owned and operated by the Kitasoo Xai’xais Nation.” NC-1
was located off Pitt Island on the North Coast, facing Squally Channel,
located within a recently commissioned LNG shipping corridor to and
from Kitimat. Squally Channel is within shortlisted critical habitat for
several whale species, including fin whales, humpback whales, NRKWs,
and Bigg’s killer whales. NC-1 is owned and operated by the SWAG
project (Ships Whales and Acoustics in Gitga‘at Territory).°

Data were recorded at all sites using a standardized deployment
design and storage protocol, using icListen HF hydrophones,” deployed
in water depths of 20-40 m, on tripod moorings holding the hydrophone
70 cm above the seafloor. The moorings were cabled to a shore station
providing power and GPS time synchronization. Data were logged in
300 s increments at 64 kHz, except for SS-1/Boundary Pass, which
logged at 128 kHz. An anti-aliasing filter at 85 % of the Nyquist fre-
quency yielded a high-frequency cut-off at approximately 27 kHz (54
kHz for SS-1). The deployment design allowed for continuous, long-term
data collection that was only sporadically interrupted by power outages.
Overall recording effort ranged from 91 % to 96 % across sites within the
12 month time periods listed in Table 1 (see Fig. 1-S in Supplemental
Materials for details).

All hydrophones were high-frequency calibrated (>10 kHz) by the

https://orcalab.org
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manufacturer prior to deployment. Because low-frequency calibration
was not available for individual units before deployment, the known
low-frequency roll-off curves from 20 icListen HF units were averaged
and applied to all units used in this study. Being part of the BCHN
monitoring program, hydrophones at all sites were also deployed before
and after the time windows chosen for this study and were re-calibrated
every two years. The calibration drift over a two year deployment was
<2 dB across the frequency spectrum.

Data from all hydrophone sites showed low-amplitude, single-fre-
quency tonal spikes, associated with self-noise from the hydrophone (see
Fig. 2-S in Supplemental Materials) with different models of icListen HF
hydrophones showing slightly different tonal frequencies and
amplitudes.

2.2. Processing framework

The vessel noise detection and quantification framework was orga-
nized into three steps (see Fig. 2):

1. Detection of vessel noise: a subset of the acoustic data was annotated
to optimize and subsequently assess the vessel noise detection
framework (Section 2.3). Acoustic time segments were classified as
either vessel noise or natural ambient, based on the detected presence
or absence of vessel noise (see Section 2.4).

2. Vessel excess noise levels: the rise in natural ambient levels due to
vessel noise, expressed as the excess noise AdB, was calculated by
comparing reconstructed soundscapes with and without vessel noise
(Section 2.5). An error analysis was conducted to quantify un-
certainties associated with AdB (Section 2.5.3).

3. Listening space reduction: results from vessel excess noise levels
were used to compute the reduction of listening space for killer
whales at all study sites (Section 2.6).
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Table 1
Hydrophone locations and data collection summary.
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Site ID Geographic Name Latitude N Longitude W Deployment Start Deployment End
SS-1 Monarch Head 48°46'01.2" 123°05'27.6" Jan 01, 2023 Dec 31, 2023
NI-1 Flower Island 50°36'00.0" 126°42'28.8" Jan 01, 2023 Dec 31, 2023
NI-2 Cracroft Point 50°32'52.8" 126°40'40.8" Jan 01, 2023 Dec 31, 2023
CC-1 Mary Cove 52°36'18.0" 128°26'34.8" May 01, 2023 Apr 30, 2024
NC-1 Otter Channel 53°12'38.8" 129°29'55.0" May 20, 2023 May 19, 2024
one site (NI-2/Cracroft Point) were independently annotated by two
Rl Dt Afihiotation inspectors. Segments labeled ambiguous were excluded from the anno-

(Section 2.1) (Section 2.3)

Vessel Detection

Spectral Entropy Vessel
—> | Presence/absence
(Section 2.4.2) (Section 2.4.3)
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Vessel Excess Soundscape

Noise ]
(Section 2.5.1)

Reconstruction
(Section 2.5.2)

Listening Space Reduction

Listening Space
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(Section 2.6)

Fig. 2. Schematic of algorithm for vessel noise detection, and computation of
excess noise and listening space.

All data processing, analyses and visualization were performed using
the Python programming language,® and a modified version of the R
package ‘soundcheck’ was used for data annotation.’

2.3. Data annotation

A subset of the data was manually annotated for the presence or
absence of vessel noise to identify optimal parameters for the detection
algorithm and to assess detector performance.

For each site, 35 recording segments of 60 s per day were randomly
selected for three calendar days at the beginning, middle, and end of
each calendar month. This approach ensured that all seasonal and
diurnal conditions were equally sampled. In total, 5854 acoustic seg-
ments were annotated, equivalent to 1.2 % of each site’s analyzed data.
A spectrogram (NFFT=f;, Hanning window, 50 % overlap) was gener-
ated with a logarithmically scaled frequency range from 50 Hz to 2 kHz.
Each spectrogram was 300 s long and centered around the 60-second
assessment segment to provide context for easier vessel signature iden-
tification. Segments were inspected aurally and visually for vessel noise
and categorized as: (1) vessel noise present, (2) vessel noise absent, or
(3) ambiguous. To assess objectivity in the annotation process, data from

8 Python Software Foundation, python.org
9 https://github.com/ericmkeen/soundcheck

tation set, and the remaining annotated segments were used for opti-
mization and performance assessment.

Detector performance was assessed using Precision (P) & Recall (R)
as well as Accuracy (Acc). Correctly identifying vessel noise presence
was equally important to identifying the absence of vessel noise. Pre-
cision and Recall were therefore computed with respect to both these
subsets (indicated as suffix 1 for presence and O for absence of vessels):

TP]/O
Pio=——— 0 1
YO TPy 5+ FPyjg M
and
TP
Rijpo = e @

TP, )0 + FNy 0

Accuracy was used to optimize detector performance as it takes into
account both subsets:
TP, + TP,

Acc = 3
€= TP, + TP, 1 FP, + FP, 3

In all equations, TP, FP, and FN denote true positive, false positive,
and false negative detections, respectively.

2.4. Vessel noise detection

2.4.1. Concept

Tonal signals are a ubiquitous component of the URN from any
motorized vessels (Alexandri and Diamant, 2024; Pollara et al., 2017),
and can even dominate the total radiated noise (Arveson and Vendittis,
2000). Previous studies have used the presence of these narrowband
features to detect or classify vessel signatures (Reis et al., 2019; Pollara
et al., 2017; Alexandri and Diamant, 2024; Siddagangaiah et al., 2016;
Simard et al., 2016). In contrast, the signatures of natural sources such as
wind, waves, etc. (i.e. geophony) lack narrowband spectral energy (Erbe
and King, 2008) and create a high-entropy acoustic environment. Vessel
noise suppresses this naturally high-entropy state, and we hypothesize
that in most soundscapes, human-generated underwater noise is the
only sustained low-entropy sound source.

The vessel noise detector presented here leverages this dichotomy in
the entropy between vessel and natural sound. By assessing the spectral
entropy in recorded underwater noise, the time segments with vessel or
natural noise were identified. In underwater acoustics, entropy-based
indices have been shown to correlate with the acoustic presence of
vessels (Ferguson et al., 2023). Entropy has also been used to detect
marine mammal calls (e.g., Erbe and King, 2008; Bougher et al., 2012;
Hendricks et al., 2018) and to classify vessel types (e.g., Wang and Chen,
2019). Here, these concepts are synergized to form the central method
for detecting and quantifying vessel noise.

2.4.2. Computing spectral entropy
Power spectral densities (PSD) were computed from hydrophone
recordings with sampling rate f; using a Fast Fourier Transform (FFT;
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Hanning Window, 50 % overlap, NFFT = f;) to achieve a 1 Hz frequency
resolution. The spectra were then averaged to 60-second segments using
the median, which effectively removed transient biophonic signals.'”
Within the 60-second time window, most narrowband vessel signatures,
including those from small boats, remained stable. Spectral entropy H(s)
was then calculated for successive median 60-second PSDs (“spectra”)
in linear space, using the following steps:

1. The spectra were trimmed to a frequency range of 80-1000 Hz. The
80 Hz lower cut-off reduced the impact of flow noise and minimized
contributions from wind and waves (Wenz, 1962; Merchant et al.,
2014). While commercial ships emit high noise levels below 80 Hz,
received narrowband levels recorded in shallow-water often peak
above 100 Hz, due to a poorer propagation environment for these
low-frequencies (e.g., Alexandri and Diamant, 2024; Barlett and
Wilson, 2002; Mattmiiller et al., 2024). This effect was also observed
in our data where more than 98 % of the annotated segments with
vessel noise contained signatures within the 80-1000 Hz detection
window (see also Fig. 7). Additionally, the 80 Hz cut-off mitigates
common hydrophone low frequency roll-off, while the 1 kHz cut-off
helps exclude the majority of electrical self-noise (Fig. 2-S in Sup-
plemental Materials).

2. Self-noise within the 80-1000 Hz band varied based on the model of
hydrophone and power supply. To determine the affected frequency
bands for each site, spectral probability densities (SPDs) were
computed for monthly periods. Narrow-band spikes in the 1st
percentile of these monthly SPDs were deemed system-related noise,
and 5 Hz wide windows centered around those single-frequency
tonals were excluded from the spectra.

3. The spectra were divided by a flattening function, defined as the
median value over a 50 Hz rolling window centered symmetrically
around each assessed value.

4. The spectra were normalized through division by the sum of its
values, resulting in a function with the properties of a probability
distribution.

5. The spectral entropy (H) of the trimmed, flattened, and normalized
60-second spectra (s) with N frequency elements was then calculated
using Eq. 4. Here, H(s) = 0 if s is highly ordered, and H(s) = 1 if s is
uniformly random:

1 N
H(s) = Z Si10g10(Sk) (€]

B log;(N) =

2.4.3. Vessel presence

For all sites, the 60-second spectral entropy values exhibited a
bimodal distribution: high-entropy ambient sound segments were
separated from segments with low-entropy vessel noise. This pattern
was consistent across all sites, irrespective of vessel noise intensity,
prevailing ambient conditions, bio-acoustic activity, or vessel types
present. The probability density distribution of spectral entropy is
shown in relation to mean-square sound pressure levels (symbol L, or
sound levels) in a diagram for all sites in Fig. 3.

A binary decision for the presence or absence of vessels was made
using a threshold (Hr) applied to the spectral entropy H(s), for each 60 s
acoustic recording segment t: Segments with H(s), < Hr were classified
as vessel noise, time segments with H(s), > Hr were classified as natural
ambient. The value of Hr was informed by the annotated dataset (see
Section 2.3), and equal weight was given to correctly classifying both
vessel noise and natural ambient segments.

Finally, spurious outliers were removed by first assigning natural
ambient segments as vessel noise that were shorter than 120 s (i.e. 2

10 of the 2616 segments annotated as natural ambient across sites, only 3 (0.1

%) were incorrectly classified as vessel noise because of the presence of marine
mammal vocalizations.
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consecutive segments were needed to count as natural ambient), then
assigning vessel detection segments as natural ambient if they did not
form consecutive windows of at least 300 s (i.e 5 consecutive segments
were needed to count as vessel noise).

As a result, a binary decision with respect to the presence of vessel
noise was assigned to all available 60-second time segments of recorded
acoustic data (Fig. 7).

2.5. Vessel excess noise

2.5.1. Concept

The impact of vessel noise on the soundscape was assessed by
quantifying the excess noise AdB from vessels, defined as the arithmetic
difference between the underlying natural ambient sound level Lp,
amb(t, f) and the total sound level Lp, tot(t, f) for any given time segment
t and frequency band of interest f (Eq. 5):

AdB(t,f) = Lp, tot(t,f) — Lp, amb(t,f). (5)

Lp, tot(t,f) comprised all audio segments (i.e. those with vessel noise
and those with natural ambient conditions) and formed a time sequence
matching the available data. The natural ambient time sequence Lp,
amb(t, f) was defined as the underlying ambient sound level if no vessel
noise was present at any given moment (further described in Section
2.5.2 below). Finally, AdB(t,f) is always positive, meaning that the
presence of vessel noise always elevates the natural ambient level, and
AdB(t,f) is zero if no vessel noise is present for a given t and f.

This provided a measure of how much area-specific sound levels
were elevated by URN from vessels at a high temporal resolution. Sound
levels for Eq. 5 were computed from power spectra similar to those
described in Section 2.4.2 with the exception that 60 s time segments
were averaged in linear space using the mean.

Vessel excess noise levels presented in the main body of this manu-
script were computed in dB re 1uPa for the frequency band of 80-1000
Hz used for the vessel detector, as well as in one-tenth decade (decide-
cade) bands (ISO 18405, Ainslie et al., 2022). Additionally, an Appendix
lists seasonal vessel excess noise levels for all sites for octave frequency
bands from 31.5 Hz to 16 kHz, as well as three decade bands (10-100
Hz, 100-1000 Hz, 1-10 kHz).

2.5.2. Reconstructing natural ambient sound levels

To determine how vessel noise increased natural ambient sound
levels at each site, the natural ambient sound level without vessel noise
(Lp,amb(t,f)) was estimated. This reconstruction of the natural sound-
scape was done using the following steps:

e A consecutive time sequence of sound levels, with equally-spaced
60-second intervals, was constructed by indexing each L, segment
that did not contain vessel noise. Intervals that contained vessel noise
or lacked recorded data were filled with NaN, creating ‘gaps’ in the
time-series vector.

e Those gaps within the array were then replaced with linearly-
interpolated values based on the edge values without vessel noise.
This was done for all gaps up to 10 h. Gaps for which the time dif-
ference to the next known ambient L, value was greater than 10 h
were not replaced. This resulted in complete interpolation for vessel
noise gaps shorter than 20 h and partial interpolation for longer gaps.
The 10-hour threshold was a ‘common-sense’ estimate, balancing
the reliability of inferring ambient levels with the need to bridge gaps
of extended vessel noise presence. Interpolated ambient noise levels
during periods of consecutive vessel noise exceeding 20 h were
considered not reliable and were excluded from the excess noise
analysis. The fraction of data that was excluded because of this was
< 1%, with the exception of SS-1 where 9 % of segments were
removed.

e For a few time segments, estimated natural ambient levels exceeded
the corresponding levels in the anthropogenic time sequence. For
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Fig. 3. Amplitude-Entropy diagrams for individual sites (SS-1, NI-1, NI-2, CC-1, NC-1) and the combined data (ALL). Shown are kernel density estimations for all
available time segments (approximately 500,000 per site and 2.5 M for the combined data). All sets displayed a clear bimodal distribution in spectral entropy H(s)
associated with the presence and absence of vessel noise. No such distribution was seen for recorded sound levels (here: 80-1000 Hz).

these intervals, values of the linear interpolation function were
replaced with the lower convex hull (i.e., the lower envelope con-
necting the local minima within the interpolation window) of con-
current anthropogenic noise levels to ensure AdB(t, f) > 0 at all times
(see Fig. 4, right panel). The correction effect was small with AdB <
0.3 dB on average over a full year across sites for f = 80 — 1000 Hz.
e Finally, the reconstructed natural ambient sequence was trimmed to

match the same time windows as Ly (t,f) (Fig. 4).

L, (dB re 1 pPa)

AdB (dB re 1 uPa)

2.5.3. Error analysis

The interpolation process described in Section 2.5.2 introduced a
random error to L,.m(t,f) and subsequently to AdB(f) for time-
integrated periods. This error, ¢[AdB(f)], was assessed using known
time windows of natural ambient soundscape conditions (i.e. consecu-
tive segments with absence of detected vessel noise). Those periods of
natural ambient conditions were used to apply the same interpolation

procedure that was used to reconstruct natural ambient sound levels
during the presence of vessels (i.e. linearly connecting the start and end
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Fig. 4. Top left: construction of natural ambient time sequence Ly 4 (t, f): segments with detected vessel noise (dots) are removed from the total sound level and the
gaps are interpolated to the nearest natural ambient sound level. Levels are shown for the 80-1000 Hz frequency band. Bottom left: AdB(f,t) for selected octave
frequency bands. Right: application of a lower convex hull correction to adjust the interpolated natural ambient sequence to below the lowest measured sound levels
within the interpolation range. All three graphs show data from the same day and site (NI-1/Flower Island; Mar 01, 2023).
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points), except that here the true underlying natural ambient sound level
was known. By comparing the true to the interpolated sound levels for
each available window of set length t,,, the expected ¢[AdB(f)] for an
interpolation interval of length t,,, was then equal to the standard de-
viation of those individual differences (see Fig. 5).

The total error for AdB(f) within the seasonal and diurnal categories
was then estimated using Eq. 6:

o[AdB(f)] = 1% x 6 [AdB(f)ave | 6)

in which 6[AdB(f)a.] is o[AdB(f)] for the site-specific average
interpolation length t,., p. is the fraction of vessel noise presence, and n
is the maximum number of t,,.-sized segments that fit in a seasonal or
diurnal sequence.

2.6. Listening space reduction for killer whales

The elevation of ambient sound levels caused by vessel noise results
in auditory masking in marine mammals and therefore in the degrada-
tion of their acoustic habitat. This impact of vessel noise can be quan-
tified as listening space reduction (LSR), expressed as a percentage
change from an original listening space available under natural ambient
conditions (e.g., Pine et al., 2018). The frequency band for which LSR is
computed can be specifically chosen to be relevant for a target species.
Therefore, LSR provides an impact metric with relevance to marine
managers and territorial stewards.

Here, LSR was computed for killer whales using a frequency band of
0.5-15 kHz, which has been established as a generalized communication
band for this species (Heise et al., 2017). All sites in this study are known
habitat for at least two of the three ecotypes that use coastal BC waters
(SRKWs, NRKWs, Bigg’s) and three sites (SS-1, NI-1, and NI-2) are
designated critical killer whale habitat. LSR was computed using equa-
tions presented in Pine et al. (2018):

LSR = 100(1 - 10*“*5“‘) %)

In Eq. 7, AdB is the vessel excess noise, or the difference between the
natural ambient and the elevated sound level. Here, AdB was obtained
from Eq. 5 for all time windows. N is a scaling coefficient that charac-
terizes the propagation loss. It is unique to local bathymetric features,
water and seabed properties, and frequency (e.g., Pine et al., 2018). A
standardized LSR was computed using N = 15, a typical value recom-
mended to approximate propagation loss in near-shore environments.'’
Seasonal-diurnal LSR profiles were then derived for all sites by
computing average LSR percentages from excess noise levels for each
hour-of-day within all available data.

3. Results
3.1. Detector performance

A total of 5337 annotated acoustic segments (2616 natural ambient,
2721 with vessel noise) were used for optimization and performance
assessment, after excluding ambiguous segments. The fraction of seg-
ments labeled as ambiguous was equally low for both inspectors (5.9 %
and 7.5 %, respectively), as was the fraction of files containing vessel
noise signatures only outside the detector’s frequency window (2 % and
1.7 %, respectively). The two inspectors agreed on 99.3 % of the
commonly inspected, non-ambiguous segments.

The best average allocation accuracy of the vessel noise detector was
achieved with a threshold of Hr = 0.6. This threshold provided the best

1 https://media.fisheries.noaa.gov/dam-

migration/characterize_sound_

propagation_modeling_guidance_memo.pdf
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average performance across sites, with an accuracy of 96.4 % (lowest:
93.8 %, highest: 97.9 %). Performance evaluation showed that the de-
tector was robust within a wide range of anthropogenic, bionic, and
environmental sound sources. Similar results were achieved for 0.3 <
Hy < 0.7 and equally high detector accuracies were achieved with a
single choice for all sites (see Fig. 6). The detection framework was
therefore applied to all data using a universal threshold parameter of
Hy = 0.6 and without any other site-specific parameterization. The ac-
curacy, precision, and recall statistics using this approach are summa-
rized in Table 2 for each study site.

Fig. 7 shows a typical long-term spectrogram depicting the sound-
scape at the CC-1/Mary Cove recording site with overlaid detection
windows of vessel noise. In the depicted timeframe, all detections
formed extended windows of vessel presence. In this case, the vessel
noise pattern was indicative of isolated vessel transits. However, the
detector performed equally well on irregular, fragmented, or over-
lapping vessel noise conditions.

3.2. Excess noise accuracy

Table 3 summarizes the expected random error to AdB(f) for f =
80 — 1000 Hz from estimating underlying natural ambient sound levels
by interpolation. Across sites, tq,, ranged between 41 min and 119 min.
Assessed for each site individually, a single gap of length t,,. was asso-
ciated with 6[AdB(f), | from 1.0 to 1.6 dB (see Table 3). The seasonal
and diurnal time periods analyzed in this study contained a large
number of tg.-sized gaps, and as a result the random error for these
periods were much smaller with an estimated error for AdB of
0.02-0.05 dB and 0.03-0.07 dB across sites for seasonal and diurnal
categories, respectively.

3.3. Annual vessel noise

Average annual vessel noise presence was lowest at NC-1/Otter
Channel (24 %), and highest at SS-1/Monarch Head (85 %), reflecting
the degree of remoteness and the proximity to urban centers for these
sites. The two locations at Northern Vancouver Island (NI-1/2) experi-
enced vessel noise around 50-60 % of the time, and CC-1/Mary Cove,
located further north, contained 33 % vessel noise (see Table 4). Vessel
activity elevated sound levels at all sites, creating regional annual
average excess noise ranging from +1.17 dB (NC-1) to +6.79 dB (SS-1)
measured at 80-1000 Hz. Sites with higher average vessel activity also
had longer individual time windows of continuous vessel noise presence
(40 min for NC-1 compared to 2 h for SS-1) and shorter continuous
windows of quiet time (23 min for SS-1 compared to 130 min for NC-1).
As a result, the likelihood of individual quiet time windows exceeding
60 min was lower for sites with more vessel activity (41.7 % for SS-1
compared to 91.4 % for NC-1).

Generally, average daily vessel excess noise correlated with the
fraction of time vessels were detected (Fig. 8). In contrast, recorded
sound levels alone did not provide a meaningful indicator for the level of
vessel noise as seasonal and diurnal environmental patterns often out-
weighed anthropogenic contributions. This effect was amplified as all
study sites deployed hydrophones in near-shore, shallow water locations
which were in particular impacted by local tides and winds. In fact, no
clear correlation was found between detected vessel noise presence and
average recorded daily sound levels for any site (Fig. 8). Some sites
appear to display an inverse effect (higher recorded sound levels at days
with lower vessel presence), potentially because of reduced vessel traffic
during poor weather conditions.

3.4. Vessel noise impact across the frequency spectrum

Observed excess noise levels varied across the frequency spectrum at
all sites. Fig. 9 shows the average annual excess noise caused by vessels
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for 31 decidecade frequency bands centered at 20 Hz to 20 kHz for each
study site. For most sites, the highest excess noise levels were observed
between 200 Hz and 1000 Hz, with the exception of SS-1/Monarch
Head, for which excess noise peaked at the 80 Hz decidecade band.
Because all hydrophones were deployed at similar depths, this could
reflect a vessel fleet composed to a higher degree of large commercial
vessels with average URN at lower frequencies. Across sites, the on
average highest excess noise was observed in the 500 Hz decidecade
band. While the majority of excess noise was concentrated at frequencies
below 1 kHz, vessels significantly elevated natural ambient soundscape
levels at all frequencies within the 27 kHz sensor limit. For example, the
20 kHz decidecade band showed 33.3 % of the annual average excess
noise as compared to the 500 Hz decidecade band. All sites showed low
excess noise at frequencies below 80 Hz in comparison to higher fre-
quencies (e.g., the 20 Hz decidecade band had 61 % less excess noise
with respect to 500 Hz), which likely was an attenuation effect
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introduced by the position of hydrophones at less than 40 m below the
surface.

3.5. Seasonal and diurnal trends

Figs. 10 to 14 show seasonal and diurnal patterns of vessel noise
presence and associated excess noise levels for each site and Fig. 15 & 16
compare sites directly. Within these two temporal categories (i.e.
month-of-year and hour-of-day), AdB was expressed as the logarithmic
average of all available time segments. All temporal categories except
three had at least 75 % of potential data available. The exceptions were
November for CC-1 and January/December for NI-1, caused by inter-
mittent recording blackouts (see Fig. S-1 in Supplemental Materials).

Each site showed seasonal and diurnal trends, with commonalities
and variations across sites. More vessel noise was present in the months
between May and October for all sites, although the month with the
most vessel noise varied across sites (May for SS-1, June for CC-1, July
for NC-1, August for NI-1/2). This meant that relative impact severity
among sites sometimes changed from one month to the other within a
calendar year (Fig. 15). For example, across all sites NI-1 experienced
the highest vessel excess noise for August, while SS-1 had the highest
annual average excess noise. Generally, trends in diurnal and seasonal
vessel noise presence matched those for excess noise levels for each site.
CC-1 was an exception. Here, vessel noise presence was most prevalent
between March and November, while excess noise was slightly stronger
from February to June.

Diurnal vessel noise patterns and resulting excess noise levels were
generally higher during daylight hours (between 7 am and 5 pm
throughout the year), but activity peaked at different times for different
sites. For diurnal activity there were notable differences in pattern be-
tween vessel presence and excess noise that likely relates to a combi-
nation of varying activity among vessel types and in the utilization of
traffic lanes. Notably, SS-1 and CC-1 displayed pronounced peaks in
excess noise during distinct night time hours potentially associated with
peaks in site-specific commercial vessel activity. The patterns described
above seen for the 80-1000 Hz band were generally reproduced for a
range of octave frequency bands between 31.5 Hz to 16 kHz, and
broader decade bands below 27 kHz (see Tables A.5 to A.9 in the
Appendix).

3.6. Seasonal-diurnal listening space reduction for killer whales

Vessels caused seasonal-diurnal acoustic habitat loss for killer whales
at all sites (Fig. 17). The results are expressed as LSR within the 0.5-15
kHz communication band as compared to natural ambient conditions.
For visual clarity, the maps were first smoothed with a Gaussian kernel
of 12 x 2 pixels (equivalent to 2 h across 12 calendar days, or 24 h-bins
total). Results were then binned in steps of 10 % LSR.

The acoustic habitat for killer whales was reduced more during
daylight hours and from May to October at all sites except CC-1/Mary
Cove. However, the scale of habitat loss differed substantially across
the five regional soundscapes. SS-1/Monarch Head experienced LSR of
40 % or higher year-round, with peak-values in August reaching 90 %.
NI-1/Flower Island showed similar peak habitat loss (also in August),
but LSR during the winter, spring, fall, and during nighttime dropped
below 30 %. The soundscape at NC-1/0Otter Channel was pristine during
the majority of the year with below 10 % LSR at all times except during
daylight hours between June and September where maximum acoustic
habitat loss of 30 % was observed. The soundscape at CC-1/Mary Cove
did not follow a clear seasonal-diurnal pattern, and consistently expe-
rienced LSR between 10 and 30 % throughout the year. However, the
most severe listening space reduction at this site was also observed
mostly during daylight hours.
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Table 2

Vessel noise detector performance using Hr=0.6.
Site ID Samples Prio Regor Promp Regmp Acc
SS-1 1226 0.992 0.973 0.825 0.943 0.969
NI-1 1261 0.963 0.990 0.987 0.953 0.974
NI-2 1264 0.964 0.964 0.960 0.960 0.962
CC-1 806 0.985 0.956 0.976 0.992 0.979
NC-1 1297 0.957 0.725 0.935 0.992 0.938
Total 5854 0.973 0.916 0.934 0.969 0.964
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Fig. 7. Typical 24 h spectrogram from a study site (CC-1/Mary Cove) showing multiple vessel passages. Signal attenuation below approximately 100 Hz is evident.
Received vessel noise levels are highest between 200 and 800 Hz. Boxes indicate vessel noise detections. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 3 . . . .
Expected random error on monthly (seasonal) and hour-of-day (diurnal) vessel A ve.ssel noise framew.ork without the need for ann.otat'mg acous.tlc re-
excess noise levels for the 80-1000 Hz frequency band. cordings, or conducting other custom parametrization provides a
Sie D o adby f iadB ] 0Bl computationally efficient, analytical, and replicable tool for assessing
1te n min 4 4 4 i . . . .

i , seasondl dumal the impact of vessel noise on marine soundscapes. In this study, 300 s of
$5-1 4410 119 L1 085  0.05 0.07 consecutive vessel noise presence were required to trigger the detector,
NE1 71,075 . 12 0-58 0.3 0.04 which would impose some restrictions on a duty-cycled recording setu
NI-2 111,065 52 1.3 0.53  0.03 0.04 P ' a duty-cy ; g P-
cc1 183,340 43 1.0 033 0.02 0.02 However, the detector accuracy was similar when applied to isolated
NC-1 284,483 41 1.6 0.24  0.02 0.03 60-second segments. Therefore, it is possible to apply the detection

framework with slight modifications to any acoustic data set that con-
ble 4 stitutes data segments of at least 60 s in duration that are sampled at a
Table

rate of 2 kHz or higher. Due to the computational efficiency, the detector
could also be deployed for near real-time systems, such as inside coastal
buoys, on ultra low-power computing modules.

Annual average presence of vessel noise, quiet time, vessel excess noise levels
(AdB; 80-1000 Hz), as well as the average duration of vessel passage (W;,) and
quiet time windows (Wgp).

Site Vessel Quiet AdB(dB) Wi Wambp Wamp > 60min

ID presence time (min) (min) 4.2. Limitations

SS1 84.9% 151%  +6.79 118.7 224 417%

N1 58.0 % 420%  +4.52 437 356 572% Shallow-water hydrophone installations limit the ability to analyze
NI-2 52.7 % 47.3 % +1.71 52.1 51.4 721 %

cc1 327% 67.3% 1184 128 823 82.5 % the lowsest vessel noise frequencies ('<.50 Hz). Selectlv'e frequency
NC1  23.6% 76.4%  +1.17 409 1300  91.4% attenuation can also depend on the position of the source in the water
column and its distance to the receiver, as well as on local bathymetry.
As a result, the exact signal attenuation at low frequencies is dynamic

4. Discussion and site-dependent. However, installations in deeper water are often
expensive and shallow-water deployments may present the most effec-

4.1. Adapting the framework to new data sets and use cases tive means of generating the quantity and spatial distribution of acoustic
data required to understand the broad impact of vessel noise for coastal

The vessel detection framework was robust within a variety of ecosystems. The framework introduced in this study uses ecosystem-
soundscapes and vessel activities. We speculate that the entropy based metrics, where acoustic monitoring sites may act as proxies for
threshold used in the detector is universal, therefore potentially elimi- larger regions. In this context, the placement of hydrophone stations
nating the need for either data annotation or detector parametrization  requires consideration to ensure results are representative for a regional
when applied to new datasets. While it was possible to optimize detector ecosystem. For example, the two datasets recorded in the same broader
performance by applying a site-specific threshold, the improvement was region (NI-1, NI-2) were located within a few kilometres of each other
marginal, with an average accuracy of 96.6 % across sites, as compared and similar vessel presence was detected throughout the year. However,
t0 96.4 % using a single threshold for the five sites analyzed in this study. vessel excess noise was substantially higher at NI-1 than at NI-2. While
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Fig. 8. Relationship of daily average vessel noise presence with vessel excess noise AdB (left) and 80-1000 Hz sound levels L, (right) for each site for days with more
than 50 % recording effort. A positive relationship between vessel presence and AdB is seen, while no such relationship is evident between vessel presence and sound
levels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Average annual vessel excess noise levels for 31 decidecade frequency
bands between 20 Hz and 20 kHz) for all five sites.

some of this discrepancy may be attributed to different vessel types and
shipping lanes, average monthly recorded sound levels were higher at
NI-2 across the frequency spectrum and as a result, the impact of vessels
on the soundscape was lower. NI-2 was deployed in an area with
particularly strong tidal currents, and we suspect that these local con-
ditions affected the observed vessel noise impact. Only if these particular
conditions are representative for the ecosystem in which the hydro-
phone was deployed in, results with respect to vessel noise impact are
meaningful. Finally, using observational data, the accuracy of results is
tied to the performance of the recording instrument. For example, the
month-to-month vessel noise presence at CC-1 did not always align with
corresponding excess noise levels. It is possible that this reflects real
seasonal differences in vessel types and traffic lanes (i.e., how much
excess noise a typical vessel produces). But because overall variations at
this site were small (below 1 dB month-to-month), it cannot be ruled out
that the hydrophone experienced a shift in self-noise, introducing a

10

subtle systematic error.

4.3. Implications for underwater noise monitoring and management

This study presents a new and accessible approach to quantify vessel
noise at multiple temporal scales relevant for management using hy-
drophone data. The levels of vessel noise are reported as excess noise
and account for noise contributed by vessels above natural ambient
noise levels. Underwater noise management efforts to date have been
limited by the inability to reliably capture total vessel noise contribu-
tions in soundscapes and quantify the less tractable component sources
of vessel noise from non-AlIS vessels. The ability to fully quantify the
contribution of vessel noise enables a more accurate computation of LSR
and quiet time (i.e. the absence of vessel noise), for assessing acoustic
habitat quality. Underwater noise management efforts encompass ap-
proaches to limit anthropogenic noise exposure on marine fauna and
their habitats both spatially and temporally. The framework can be
applied to assess efforts to reduce noise from marine vessels by moni-
toring vessel noise contributions at representative sites over multiple
temporal scales. While the quantification of vessel noise contributions
are site specific, they can be indicative of sub-regional conditions
depending on hydrophone location and local natural ambient noise
conditions. The explicit quantification of vessel noise levels can be used
to set regional noise reduction targets and limits for vessel noise con-
tributions to the natural soundscape at multiple temporal scales. As
demonstrated in this study, the excess vessel noise component varies
greatly from region to region within BC. The Salish Sea site (SS-1) is
reflective of a degraded natural soundscape with large additions of
vessel noise and sparse windows of quiet time. Restoring this sound-
scape for marine mammals could be achieved by setting a regional
reduction target for vessel noise in excess of natural ambient levels. In
contrast, the Central and North Coast sites (CC-1, NC-1) are indicative of
relatively pristine soundscapes. Managing underwater noise for such
conditions could encompass setting thresholds for vessel excess noise
levels. Similar management objectives could be designed around LSR
levels or quiet time for maintaining pristine or improving degraded
soundscape conditions.

5. Summary
This study presents a framework for the acoustic detection and

quantification of vessel noise in marine soundscapes. The detector
captures noise from commercial vessels, as well as those not equipped
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Fig. 10. Annual vessel noise presence (left) and vessel excess noise (right) for each calendar month (top) and local hour-of-day (bottom) observed at the SS-1/
Monarch Head site. The coloration of wedges reflects the range of values within each plot: from lowest (blue) to highest (green). Excess noise is shown for the
80-1000 Hz frequency band. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

11



B. Hendricks et al. Marine Pollution Bulletin 219 (2025) 118150

9 PM [ %3.aM 9 PM 10983 am

6 PM 6 AM6 PM 6 AM
3PM | 9 AM 3PM ' 9 AM
12 PM 12 PM
L | B ]

40 50 60 70 3 4 5 6
Vessel Presence (% of time) AdB (re 1 uPa)
Jan
Dec 100% Feb
Nov Mar Nov Mar
Oct Apr  Oct Apr
Sep May Sep May
Aug Jun Aug Jun
Jul Jul
L — L
50 60 70 4 6 8
Vessel Presence (% of time) AdB (re 1 uPa)

Fig. 11. Annual vessel noise presence (left) and vessel excess noise (right) for each calendar month (top) and local hour-of-day (bottom) observed at the NI-1/Flower
Island site. The coloration of wedges reflects the range of values within each plot: from lowest (blue) to highest (green). Excess noise is shown for the 80-1000 Hz
frequency band. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

12



B. Hendricks et al. Marine Pollution Bulletin 219 (2025) 118150

9 PM [ %3.aM 9 PM 48 3 AM

6 PM 6 AM6 PM 6 AM
3PM ' 9 AM 3 PM ' 9 AM
12 PM 12 PM
L B 1

50 60 1.4 1.6 1.8 2.0
Vessel Presence (% of time) AdB (re 1 uPa)
Jan Jan
Dec 100% Feb Dec 4 dB Feb
70
Nov Mar Nov Mar
Oct Apr  Oct Apr
Sep May Sep May
Aug Jun Aug Jun
Jul Jul
L — L
40 60 1.0 1.5 2.0 2.5
Vessel Presence (% of time) AdB (re 1 uPa)

Fig. 12. Annual vessel noise presence (left) and vessel excess noise (right) for each calendar month (top) and local hour-of-day (bottom) observed at the NI-2/
Cracroft Point site. The coloration of wedges reflects the range of values within each plot: from lowest (blue) to highest (green). Excess noise is shown for the
80-1000 Hz frequency band. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Annual vessel noise presence (left) and vessel excess noise (right) for each calendar month (top) and local hour-of-day (bottom) observed at the CC-1/Mary
Cove site. The coloration of wedges reflects the range of values within each plot: from lowest (blue) to highest (green). Excess noise is shown for the 80-1000 Hz
frequency band. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Annual vessel noise presence (left) and vessel excess noise (right) for each calendar month (top) and local hour-of-day (bottom) observed at the NC-1/Otter
Channel site. The coloration of wedges reflects the range of values within each plot: from lowest (blue) to highest (green). Excess noise is shown for the 80-1000 Hz
frequency band. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Annual excess noise across calendar months for all five study sites in direct comparison measured for the 80-1000 Hz frequency band: SS-1 (green), NI-1
(blue), NI-2 (red), CC-1 (yellow), NC-1 (black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 16. Annual excess noise across hours-of-day for all five study sites in direct comparison measured for the 80-1000 Hz frequency band: SS-1 (green), NI-1 (blue),
NI-2 (red), CC-1 (yellow), NC-1 (black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with AIS, allowing quantification of total vessel noise impact on regional
aquatic ecosystems, thus filling a current knowledge gap for marine
management. The framework uses an analytical approach that per-
formed robustly on long-term, real-world data and a range of sound-
scapes. Applied to a full year of acoustic data from five recording sites
across the coast of Western Canada, the detector provided an average
accuracy of 96.4 % across all sites, vessel types, and environmental
conditions. Annual average listening space reduction for killer whales
caused by vessel noise ranged from 6.6 % to 46.9 % across sites and
seasonally reached values above 80 % in two of the five study areas.
These baselines will help to monitor trends in underwater noise in the
context of changing vessel activity and mitigation policies. The sub-
stantial variation of noise impact observed between sites highlights the
necessity to assess the impact of underwater vessel noise within a
regional or local context. With an increasing number of operational
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underwater listening stations worldwide, there is a growing opportunity
for spatial and temporal mapping of vessel noise. With minimal required
customization, the vessel noise detection framework presented here
provides a reliable, transferrable, and cost-effective tool for better un-
derstanding the relationship between prevalent vessel noise levels in
marine soundscapes and their impact on regional ecosystems.
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Fig. 17. Seasonal-diurnal listening space reduction for the 0.5-15 kHz killer whale communication band. Sunrise/sunset times are shown as overlays. The original
data array was smoothed and subsequently binned (see the text for details). From top to bottom: SS-1/Monarch Head, NI-1/Flower Island, NI-2/Cracroft Point, CC-1/

Mary Cove, NC-1/0Otter Channel.
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Seasonal vessel excess noise levels (AdB) for octave and decade bands; SS-1/Monarch Head.

Month Octave Bands (Hz) Decade Bands (Hz)
31.5 63 125 250 500 1000 2000 4000 8000 16,000 10-100 100-1000 1000-10,000
Jan 4.16 6.03 4.98 4.08 3.76 3.50 3.19 2.74 2.16 1.65 4.62 4.28 2.93
Feb 4.28 6.24 5.38 4.35 4.30 3.94 3.50 3.08 2.50 1.96 4.80 4.69 3.28
Mar 5.07 7.30 6.49 5.40 5.25 4.84 4.32 3.86 3.23 2.23 5.75 5.75 4.09
Apr 4.87 6.85 6.25 5.38 5.33 4.99 4.50 3.82 3.13 211 5.23 5.70 4.06
May 5.69 8.66 8.94 8.63 8.64 7.85 7.18 6.42 4.80 2.92 6.60 8.89 6.62
Jun 5.11 7.80 8.02 7.58 7.65 6.66 5.39 4.77 3.66 2.30 5.94 7.90 5.05
Jul 4.19 7.08 7.95 7.86 7.80 7.21 6.24 5.46 4.19 2.54 5.16 8.11 5.74
Aug 4.35 7.02 7.51 7.11 7.28 7.08 5.69 5.13 4.15 2.60 5.19 7.54 5.41
Sep 4.75 7.61 7.68 7.13 7.27 6.89 5.53 4.62 3.74 2.36 5.52 7.58 5.06
Oct 4.14 6.52 6.33 5.65 5.70 5.54 4.69 4.05 3.26 2.15 4.85 6.00 4.32
Nov 4.57 7.10 6.70 5.97 6.37 6.36 5.33 4.75 3.78 2.57 5.24 6.45 5.00
Dec 4.32 6.48 5.66 4.56 4.48 4.43 4.08 3.39 2.73 2.16 4.96 4.90 3.68
Table A.6
Seasonal vessel excess noise levels (AdB) for octave and decade bands; NI-1/Flower Island.
Month Octave Bands (Hz) Decade Bands (Hz)
31.5 63 125 250 500 1000 2000 4000 8000 16,000 10-100 100-1000 1000-10,000

Jan 0.87 1.56 2.27 2.16 2.33 2.67 2.39 2.02 1.58 1.02 1.23 2.39 2.20
Feb 1.00 1.83 2.59 2.45 2.58 2.84 2.59 2.28 1.83 1.27 1.41 2.60 2.49
Mar 1.15 2.11 3.25 3.25 3.64 4.03 3.65 3.14 2.44 1.49 1.58 3.59 3.41
Apr 1.49 2.64 3.90 4.41 4.75 4.87 4.27 3.74 2.88 1.81 2.02 4.49 3.98
May 1.72 2.83 4.17 4.74 5.55 5.47 4.75 4.14 3.14 2.04 2.26 4.96 4.40
Jun 1.96 3.37 4.97 5.33 6.37 6.13 5.39 4.66 3.51 2.33 2.56 5.76 4.95
Jul 3.10 5.68 7.68 7.16 7.00 7.06 6.38 5.85 4.56 3.31 4.21 7.86 6.02
Aug 3.30 5.84 8.49 7.95 7.60 7.93 6.83 6.04 4.67 3.22 4.35 8.65 6.30
Sep 2.02 3.43 5.15 5.58 5.57 5.54 4.43 4.29 3.48 2.45 2.56 5.73 4.36
Oct 1.14 2.09 3.08 3.21 3.38 3.57 3.07 2.82 2.33 1.60 1.53 3.36 2.95
Nov 0.88 1.71 2.28 2.32 2.49 3.10 2.86 2.56 2.01 1.23 1.25 2.55 2.72
Dec 0.79 1.44 213 2.08 2.34 2.98 2.73 2.41 1.94 1.27 1.09 2.42 2.60
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Table A.7

Seasonal vessel excess noise levels (AdB) for octave and decade bands; NI-2/Cracroft Point.
Month Octave Bands (Hz) Decade Bands (Hz)

31.5 63 125 250 500 1000 2000 4000 8000 16,000 10-100 100-1000 1000-10,000

Jan 0.50 0.56 0.71 0.73 0.81 1.07 1.12 1.20 0.90 0.57 0.51 0.81 1.12
Feb 0.80 0.94 1.06 1.13 1.36 1.45 1.45 1.57 1.10 0.71 0.86 1.26 1.44
Mar 1.47 1.31 1.35 1.68 2.02 2.01 1.85 2.00 1.48 0.96 1.63 1.75 1.84
Apr 1.31 1.26 1.49 1.82 2.23 213 1.76 1.91 1.41 1.01 1.49 1.89 1.77
May 2.30 2.19 2.15 2.43 2.71 2.48 1.87 1.79 1.43 1.21 2.74 2.40 1.77
Jun 2.06 2.00 2.04 2.33 2.76 2.53 1.77 1.68 1.34 1.09 2.18 2.35 1.66
Jul 2.19 2.09 2.10 2.33 2.59 2.57 1.89 1.83 1.41 1.26 2.29 2.34 1.77
Aug 2.52 2.45 2.70 2.84 2.61 3.00 2.45 2.42 1.75 1.44 2.87 2.72 2.28
Sep 1.78 1.89 2.19 1.95 1.81 2.14 1.94 1.99 1.55 1.33 1.82 1.93 1.87
Oct 1.32 1.35 1.39 1.21 1.18 1.35 1.31 1.48 1.14 0.90 1.33 1.22 1.33
Nov 1.14 1.12 1.23 1.07 1.14 1.56 1.63 1.69 1.20 0.87 1.20 1.19 1.56
Dec 0.87 0.91 1.03 0.97 1.19 1.54 1.55 1.61 1.12 0.80 0.91 1.14 1.50

Table A.8

Seasonal vessel excess noise levels (AdB) for octave and decade bands; CC-1/Mary Cove.

Month Octave Bands (Hz) Decade Bands (Hz)
31.5 63 125 250 500 1000 2000 4000 8000 16,000 10-100 100-1000 1000-10,000
Jan 0.36 0.79 1.19 1.47 1.71 1.68 1.74 1.56 1.10 0.61 0.52 1.62 1.58
Feb 0.48 1.03 1.52 1.87 218 213 213 1.80 1.24 0.64 0.67 2.05 1.87
Mar 0.55 1.27 1.92 2.30 2.75 2.70 2.72 2.37 1.66 0.84 0.80 2.58 2.43
Apr 0.55 1.18 1.81 2.12 2.22 2.07 2.02 1.75 1.22 0.71 0.77 217 1.78
May 0.44 1.02 1.83 2.35 2.45 2.19 1.93 1.51 0.92 0.49 0.66 231 1.62
Jun 0.43 1.19 1.99 2.31 2.36 1.95 1.65 1.24 0.78 0.50 0.75 2.26 1.37
Jul 0.55 0.97 1.43 1.69 1.74 1.53 1.31 1.00 0.64 0.44 0.74 1.66 1.10
Aug 0.46 0.96 1.47 1.67 1.73 1.50 1.22 0.85 0.52 0.42 0.68 1.66 0.97
Sep 0.40 0.98 1.44 1.68 1.76 1.54 1.30 0.93 0.62 0.48 0.66 1.66 1.05
Oct 0.25 0.63 1.09 1.30 1.48 1.48 1.46 1.20 0.83 0.57 0.42 1.35 1.26
Nov 0.27 0.67 1.15 1.34 2.00 2.24 2.20 2.19 1.65 0.98 0.44 1.67 2.07
Dec 0.16 0.46 0.71 0.99 1.44 1.50 1.55 1.36 0.99 0.59 0.31 1.23 1.40
Table A.9
Seasonal vessel excess noise levels (AdB) for octave and decade bands; NC-1/Otter Channel.
Month Octave Bands (Hz) Decade Bands (Hz)
31.5 63 125 250 500 1000 2000 4000 8000 16,000 10-100 100-1000 1000-10,000

Jan 0.02 0.02 0.04 0.06 0.06 0.06 0.05 0.04 0.02 0.02 0.02 0.06 0.05
Feb 0.20 0.23 0.35 0.47 0.39 0.36 0.31 0.27 0.15 0.08 0.22 0.42 0.29
Mar 0.17 0.19 0.27 0.37 0.31 0.28 0.29 0.28 0.16 0.08 0.17 0.33 0.26
Apr 0.27 0.31 0.43 0.48 0.46 0.43 0.42 0.36 0.24 0.17 0.27 0.47 0.37
May 0.39 0.53 1.08 1.25 1.16 1.07 0.95 0.77 0.46 0.34 0.54 1.22 0.81
Jun 1.06 1.89 3.10 2.95 2.36 2.09 1.83 1.58 1.06 0.77 1.51 3.00 1.60
Jul 1.17 2.07 3.46 3.30 2.70 2.51 2.23 1.84 1.16 0.93 1.47 3.43 1.88
Aug 1.02 1.64 2.64 2.70 2.40 2.08 1.81 1.52 0.97 0.70 1.26 2.75 1.54
Sep 0.41 0.49 0.81 0.99 0.90 0.74 0.59 0.49 0.32 0.26 0.45 0.95 0.50
Oct 0.37 0.41 0.60 0.62 0.66 0.61 0.52 0.42 0.24 0.15 0.36 0.64 0.44
Nov 0.34 0.37 0.50 0.61 0.62 0.53 0.46 0.34 0.22 0.21 0.38 0.60 0.41
Dec 0.12 0.15 0.24 0.27 0.33 0.32 0.22 0.20 0.15 0.11 0.14 0.33 0.21

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.marpolbul.2025.118150.
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