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The United States of America’s Office of National Marine Sanctuaries (ONMS)

hosts 15 National Marine Sanctuaries (NMS) and two Monuments in its waters.

Charismatic marine megafauna, such as fin whales (Balaenoptera physalus),

humpback whales (Megaptera novaeangliae), and various delphinid species

frequent these areas, but little is known about their occupancy. As part of a

national effort to better understand the soundscapes of NMS, 22 near-

continuous passive acoustic bottom mounted recorders and one bottom-

mounted cable hydrophone were analyzed within seven NMS (Stellwagen

Bank, Gray’s Reef, Florida Keys, Olympic Coast, Monterey Bay, Channel

Islands, and Hawaiian Islands Humpback Whale sanctuaries). The daily

acoustic presence of humpback and fin whales across 2 years (November

2018–October 2020) and hourly presence of delphinids over 1 year (June

2019–May 2020) were analyzed. Humpback whales showed variability in

their acoustic presence across NMS, but in general were mostly present

January through May and September through December, and more scarce

or fully absent June through August. Consecutive days of humpback whale

vocalizations were greatest at sites HI01 and HI05 in the Hawaiian Islands

Humpback Whale NMS and fewest at the Channel Islands NMS. Fin whales

exhibited a similar seasonal pattern across the West Coast NMS and Stellwagen

Bank NMS. Monterey Bay NMS had the greatest number of median consecutive

presence of fin whales with fewest at Stellwagen Bank NMS. Delphinid acoustic

presence varied throughout and within NMS, with sites at the Channel Islands

and Hawaiʻi NMS showing the highest occupancy. All NMS showed distinct

monthly delphinid acoustic presence with differences in detected hours

between day versus night. Sixteen sites had medians of delphinid presence
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between one and three consecutive days, while three sites had 5 days or more

of consecutive presence, and one site had no consecutive delphinid presence,

showing clear variation in how long they occupied different NMS. Marine

mammals utilized all NMS and showed a wide range of occupancy,

emphasizing the importance of understanding species use across different

NMS as biological areas for migration, breeding and foraging.

KEYWORDS

passive acoustic monitoring, marine sanctuaries, fin whale, humpback whale,
delphinid. (Min.5-Max. 8)

Introduction

Many marine mammal species are cosmopolitan in nature,

with distributions ranging across the world’s oceans (e.g., Stern,

2009). They tend to show seasonal and temporal variability in

their distribution and occupancy of different habitats, with their

behavior reflecting variation in oceanographic conditions,

breeding and food availability. The Office of National Marine

Sanctuaries (ONMS) in the US manages a network of 15 national

marine sanctuaries (NMS) and the Papahānaumokuākea and

Rose Atoll marine national monuments. They are designated

core areas of ecological and/or historical interest across different

regions within the United States Exclusive Economic Zone (e.g.,

Brax, 2002; Wiley et al., 2013). These NMS often highlight areas

of high productivity and species richness in addition to hosting

varying anthropogenic activities. Understanding the species

composition, occurrence and behavior within a NMS can

allow for improved regional and coastal management of these

areas. Looking at species movements across multiple NMS allows

for a broader understanding of how each network of NMS

provides value at different scales and time frames for marine

mammal populations.

Baleen whales have some of the largest distributions out of all

the marine mammals, covering large distances for the purposes

of breeding and foraging (Bannister, 2009). Not all large whales

migrate, and their decisions to remain in a rich feeding ground or

undertake an energetic and risky migration varies between

species, age, gender and condition (Corkeron and Connor,

1999). Humpback whales (Megaptera novaeangliae) and fin

whales (Balaenoptera physalus) are two of the most widely

distributed of the baleen whale species (Fleming and Jackson,

2011; Bettridge et al., 2015; Edwards et al., 2015) and often travel

long distances between breeding and feeding areas (Stevick et al.,

2011). The North Atlantic humpback whale ranges from

breeding grounds in the Caribbean and Cape Verde Islands to

feeding grounds off the eastern United States and Canadian

seaboard, Iceland, Greenland, and Norway (Kennedy et al., 2014;

Hayes et al., 2019; Davis et al., 2020). The migration of humpback

whales to the Caribbean (in the North Atlantic) breeding

grounds in winter months is well documented, however recent

evidence shows not all individuals migrate, with year round

acoustic presence occurring in regions spanning from the

Mid-Atlantic to western Greenland (Davis et al., 2020), and

some individuals remaining in the feeding grounds year round

(Van Opzeeland et al., 2013; Magnúsdóttir et al., 2014; Hill et al.,

2020). The North Pacific humpback whale range spans from the

breeding grounds in the Marianas Archipelago, Hawaiʻi, Mexico,

Central America, and Japan in the winter months, to the feeding

grounds in Alaska, British Columbia, California, Oregon, and

Washington in the summer months (Dawbin, 1966; Darling and

McSweeney, 1985; Baker et al., 1986; Calambokidis et al., 2001;

Calambokidis et al., 2008). The exact migration routes and

number of stocks is still unclear, with whales from the

different breeding grounds overlapping at the various feeding

grounds (Calambokidis et al., 2001; Lagerquist et al., 2008).

Additionally, there are differences in the timing of the

migration based on sex and reproductive status of individuals

(Craig et al., 2003). Fin whales also cover large distances, ranging

from South Carolina to Greenland on the continental shelf of the

western North Atlantic (Edwards et al., 2015; Davis et al., 2020),

and in the North Pacific, from Asia and North America to the

Bering Sea (Tomlin, 1967; Mizroch et al., 2009; Oleson et al.,

2014). Fin whale acoustic occurrence on the shelf in the western

North Atlantic is relatively persistent throughout the year, with a

slight decrease in acoustic occurrence during summer months

likely due to a change in acoustic behavior (Davis et al., 2020). It

is possible not all fin whale populations undergo long migrations

(Širović et al., 2015; Geijer et al., 2016). Studies of fin whale song

patterns show synchronicity across the North Pacific ocean basin

as opposed to migratory patterns (Oleson et al., 2014; Širović

et al., 2017; Archer et al., 2020), and some individuals may reside

throughout the spring and fall in areas such as the eastern Gulf of

Alaska (Archer et al., 2020).

Baleen whales produce a plethora of low frequency

underwater sounds for the purpose of communication,

reproduction, foraging and socializing amongst others

(Richardson et al., 1995; Rossing, 2014). Humpback whales

produce complex songs that change annually (e.g. Payne and

McVay, 1971; Payne and Webb, 1971; Winn and Winn, 1978;

Payne and Payne, 1985) and have been recorded throughout their

entire range and across seasons (e.g. Mattila et al., 1987; Clark

and Clapham, 2004; Vu et al., 2012; Kowarski et al., 2018; Davis

et al., 2020). Of the call types produced by fin whales, the 20 Hz

pulse is the most common, occurring in pulse train sequences
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that vary spatially and temporally (Watkins et al., 1981; Morano

et al., 2012; Oleson et al., 2014; Širović et al., 2017; Helble et al.,

2020), with bouts lasting up to 32.5 h (Watkins et al., 1987;

Morano et al., 2012). These are thought to be produced solely by

males as a breeding display (Croll et al., 2002). The timing and

presence of these species within a given area can provide

information on their migration movements across latitudes,

how much time they spend within a location within and

between years, and when their presence is likely to occur. As

demonstrated in Davis et al. (2020) and Kügler et al. (2020),

although these signals are sex-specific (humpback whale song:

Winn and Winn, 1978; fin whale 20 Hz pulses: Croll et al., 2002)

it is still possible to capture large-scale distribution patterns for

both sexes throughout the periods that use these known

vocalizations.

Odontocetes similarly show a wide global distribution, and,

within the relatively shallow NMS, members of the Delphinidae

family tend to be common due to their coastal nature (e.g.

Lammers, 2004; Heenehan et al., 2017). The Delphinidae are

highly vociferous, able to emit a variety of whistles, clicks, burst

pulses, buzzes, etc. (Lammers and Oswald, 2015; Jones et al.,

2020). Whistles, burst pulses, and some forms of buzzes and

clicks are thought to exhibit a social communication function

(Herzing, 1996; Henderson et al., 2011), whereas clicks,

specifically echolocation clicks and terminal buzzes are

thought to be used in foraging (Au et al., 1974; Au et al.,

1982; Au, 1993), although whistles can also be emitted less

frequently or specific types are used during foraging to

maintain group cohesion (Herzing, 1996; Acevedo-Gutiérrez

and Stienessen, 2004). Little is known about the extent of

delphinid presence within most of the NMS. Studies that

included sanctuaries such as Stellwagen Bank, Olympic Coast,

Monterey Bay, and Channel Islands NMS reported a higher

presence of delphinids within the sanctuaries as opposed to

surrounding waters (Forney, 2007; Silva et al., 2019b). For

example at Stellwagen Bank NMS, studies using both PAM

and visual surveys found delphinids such as Atlantic white-

sided (Lagenorhynchus acutus) and common dolphins

(Delphinus sp.) to be present mainly between the months of

April through May and August through October than in the

adjacent Massachusetts Bay waters (Silva et al., 2019b). Other

sanctuaries such as the Hawaiian Islands HumpbackWhale NMS

contain important shallow water bays for spinner dolphins

(Stenella longirostris), which use the bays during the day to

rest before traveling offshore to forage (Heenehan et al., 2016).

Some studies have found that diel patterns exist for delphinid

species such as the common dolphin in the Southern California

Bight, with whistles occurring more during the day, and clicks

occurring more at night (Wiggins et al., 2013; Simonis et al.,

2017). In Massachusetts Bay and Stellwagen Bank the opposite

was seen with likely Atlantic white-sided and/or common

dolphins, with the fewest amount of whistles occurring

around midday and peaks in whistle activity during the night

(Silva et al., 2019b). Hawaiian spinner dolphins emit more

whistles during the morning before their resting period then

utilize echolocation clicks during the night for foraging on the

deep scattering layer (Heenehan et al., 2016; McElligott and

Lammers, 2021). The diversity in vocalization behavior and

site usage observed in NMS highlights the potential

importance of these areas for different aspects of the life

history of numerous delphinid species.

Visual surveys have long been used for understanding species

presence and distribution, however, these can be time consuming

and are limited by weather conditions, availability of vessels and

can be costly and challenging especially for remote sites (e.g., Van

Parijs et al., 2009). Passive acoustic monitoring (PAM) provides

an important supplement for collecting long-term information

on species presence and provides robust data to explore multiple

species’ simultaneous occurrence across seasons (e.g., Davis et al.,

2020). PAM requires less effort than visual surveys, and recorders

can be deployed for several months to years at a time, remotely

collecting information on the acoustic presence of species (Van

Parijs et al., 2009; Baumann-Pickering et al., 2016; Ryan et al.,

2016). The presence and composition of acoustically active

species is one of the great assets of PAM, since recordings

allow for all acoustically active species to be detected in the

data and can be revisited again as needed (e.g. Davis et al., 2020;

Cohen et al., 2022). The breadth and utility of PAM was recently

exemplified by the successful multi-year sampling of soundscapes

within four NMS, one monument, and seven additional stations

that stretched across the Pacific and Atlantic Oceans as well as the

Gulf of Mexico (Haver et al., 2018; Haver et al., 2020).

In 2018, a 3 year large scale acoustic monitoring program, the

National Oceanographic and Atmospheric Agency (NOAA)/

Navy’s SanctSound project1, was created to monitor long term

biological, anthropogenic, and abiotic contributors to

soundscapes throughout the NMS network2. As part of this

project, a total of 34 bottom-mounted passive acoustic

recorders were stationed across seven NMS and one national

monument, divided into three main regions: East Coast Region

United States (US) - Stellwagen Bank National Marine Sanctuary

(SBNMS), Gray’s Reef National Marine Sanctuary (GRNMS),

Florida Keys National Marine Sanctuary (FKNMS); West Coast

Region US - Olympic Coast National Marine Sanctuary

(OCNMS), Monterey Bay National Marine Sanctuary

(MBNMS), Channel Islands National Marine Sanctuary

(CINMS) and Hawaiʻi Region US - Hawaiian Islands

Humpback Whale National Marine Sanctuary (HIHWNMS),

and the Papahānaumokuākea Marine National Monument

(PMNM). In general, acoustic recorders were deployed at

1 https://sanctuaries.noaa.gov/science/monitoring/sound/

2 https://sanctuaries.noaa.gov/
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three to six recording sites within each NMS and recorded

continuously between three to 5 months.

In this study, we focus on comparing the multi-year acoustic

presence of humpback and fin whales as well as delphinids across

seven NMS from the SanctSound project- SBNMS, GRNMS,

FKNMS, OCNMS, MBNMS, CINMS, and HIHWNMS. We use

patterned song notes and other social sounds produced by

humpback whales (Payne and McVay, 1971; Stimpert et al.,

2011), 20 Hz pulses produced by fin whales (Watkins et al.,

1987), and whistles produced by members of the Delphinidae

family (e.g. Lammers and Oswald, 2015) to denote their presence

in these sanctuaries. We compare and construct the temporal

activity of these species across all these protected areas to better

understand how and when these species use different sites.

Materials and methods

Due to significant data gaps (see https://sanctsound.portal.

axds.co/ for details), resulting primarily from constrained field

work logistics during the COVID-19 pandemic, only 22 of the

34 sites in the SanctSound project were considered for use in this

analysis (Table 1; Figure 1). The majority of the recorders were

SoundTrap 300 or 500 series acoustic recorders (Ocean

Instruments, Inc.) and were set to sample at 48 kHz with the

high gain calibration. SoundTrap recorders have a flat frequency

response (±3 dB) between 20 Hz and 60 kHz, providing an

effective recording range for this study of 20 Hz–24 kHz

(Table 1), although some frequency-dependent variations in

sensitivity may exist (Wiggins and Morris, 2019). SoundTraps

TABLE 1 Site name (Site) and the corresponding sanctuary (Sanctuary) for each instrument used in the study, along with the recording locations
(Latitude and Longitude), depth of the recorder at that site (Deployment depth), the instrument type (Instrument type), sample rate (Sample rate),
and what species were analyzed at that site (Species; D = delphinid, F = fin whale, H = humpback whale). All baleen whale analyses occurred from
1 November 2018 to 31 October 2020, and all delphinid analyses occurred from 1 June 2019 to 31 May 2020. If the site was used for delphinid
analyses, the total hours present at a given site normalized by recording effort (Delphinid Relative Presence) is presented as a ratio from 0–1, and
has been color coded based on “low” (blue), “medium” (yellow), “high” (red), and “very high” (dark red) categories. Sites that were not analyzed for
delphinids are left as blank. NMS = National Marine Sanctuary. *Denotes that data collected from 1 November 2018 to 4 February 2019 were
collected at a 96 kHz sampling rate.

Site NMS Latitude Longitude Deployment
depth (m)

Instrument
type

Sample
rate (kHz)

Species Delphinid
Relative
Presence

SB01 Stellwagen Bank 42.437 -70.547 50 SoundTrap 300 48 D,F,H 0.18

SB02 Stellwagen Bank 42.471 -70.243 71 SoundTrap 300 48 D 0.22

SB03 Stellwagen Bank 42.255 -70.179 45 SoundTrap 300 48 D 0.33

GR01 Gray’s Reef 31.396 -80.890 17 SoundTrap 500 48 D 0.04

GR02 Gray’s Reef 31.376 -80.839 18 SoundTrap 500 48 D 0.11

GR03 Gray’s Reef 31.367 -80.895 17 SoundTrap 500 48 D 0.11

FK01 Florida Keys 24.433 -81.931 15 SoundTrap 500 48 D 0.09

FK02 Florida Keys 24.489 -81.666 13 SoundTrap 500 48 D 0.02

OC02 Olympic Coast 48.490 -125.004 94 SoundTrap 500 48 D,F,H 0.10

MB01 Monterey Bay 36.798 -121.976 119 SoundTrap 500 48 D 0.23

MB02 Monterey Bay 36.650 -121.908 68 SoundTrap 500 48 D 0.08

MB03 Monterey Bay 36.370 -122.315 858 HARP 200 D 0.26

MARS Monterey Bay 36.713 -122.186 891 icListen HF 16 F,H

CI01 Channel Islands 34.044 -120.081 20 SoundTrap 500 48 D 0.02

CI02 Channel Islands 34.086 -120.523 76 SoundTrap 500 48 D 0.03

CI03 Channel Islands 34.044 -120.081 29 SoundTrap 500 48 D 0.22

CI04 Channel Islands 33.849 -120.118 155 SoundTrap 500 48 D 0.45

CI05 Channel Islands 34.018 -119.317 142–150 SoundTrap 500 48* D,F,H 0.88

HI01 Hawaiian Islands Humpback
Whale

20.808 -156.656 63–67 SoundTrap 500 48 H

HI03 Hawaiian Islands Humpback
Whale

21.285 -157.600 80 SoundTrap 500 48 D,H 0.61

HI04 Hawaiian Islands Humpback
Whale

22.264 -159.587 80–90 SoundTrap 500 48 D,H 0.47

HI05 Hawaiian Islands Humpback
Whale

20.987 -157.588 50 SoundTrap 500 48 H

HI06 Hawaiian Islands Humpback
Whale

19.951 -155.901 52 SoundTrap 500 48 H

Frontiers in Remote Sensing frontiersin.org04

DeAngelis et al. 10.3389/frsen.2022.970401

https://sanctsound.portal.axds.co/
https://sanctsound.portal.axds.co/
https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2022.970401


were attached 2–3 m above a fixed mooring either using an

acoustic release with subsurface floats extending ~ 6 m vertically

into the water column or were mounted to a mooring through

diver attachment. One instrument in MBNMS was a high

frequency acoustic recording package (HARP, Wiggins and

Hildebrand, 2007) 17 m off the seafloor, which consisted of a

seafloor packaged mooring containing floats, two acoustic

releases, weights, hydrophone, and recording system with

internal storage. The HARP contained a lab-calibrated

omnidirectional ITC 1042 hydrophone with a sampling rate

of 200 kHz, resulting in an effective bandwidth of

10 Hz–100 kHz. The system response was intentionally not

flat and was accounted for during analysis. Additionally,

independent from the SanctSound project but occurring

simultaneously and within MBNMS was an Ocean Sonics

icListen HF hydrophone with a bandwidth of 10 Hz–200 kHz,

connected to the Monterey Accelerated Research System

(MARS) cabled observatory on the continental slope at 891 m

depth. Data from MARS were streamed to shore and recorded

using the Ocean Sonics Lucy software. Original 256 kHz

recordings were decimated to 16 kHz (Zhang et al., 2022) for

analyses presented here.

Detection and classification of humpback
and fin whales

Baleen whale acoustic analyses were focused on the daily

presence of humpback whale vocalizations (defined here as song

and/or social sounds), and fin whale song. Due to the extensive

propagation distances of their calls (Davis et al., 2020), only a

single recording site was analyzed for each NMS, with the

exception of the Hawaiʻi US region HIHWNMS where all

sites were analyzed as they extended over much larger spatial

FIGURE 1
Map of the sites where passive acoustic recorders used in this study were stationed across seven NMS, divided into three main regions: East
Coast Region United States (US) - Stellwagen Bank National Marine Sanctuary (SBNMS), Gray’s Reef National Marine Sanctuary (GRNMS), Florida Keys
National Marine Sanctuary (FKNMS); West Coast Region US - Olympic Coast National Marine Sanctuary (OCNMS), Monterey Bay National Marine
Sanctuary (MBNMS), Channel Islands National Marine Sanctuary (CINMS) and Hawaiʻi Region US - Hawaiian Islands Humpback Whale National
Marine Sanctuary (HIHWNMS). Sites at each sanctuary are symbolized by both acoustic recorder instrument type and whether they were used for
baleen whale and/or delphinid analyses. For the Hawaiian sites, the only baleen whale species that was analysed was humpback whale.
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scales and overlap between sites was of minimal concern

(Table 1; Figure 1). There was the potential for acoustic

overlap between sites HI03 and HI05 due to their relative

proximity to each other (32 km), but due to data gaps, the

spatial overlap was of minimal concern. Additional exceptions

were in the East Coast US Region, humpback and fin whales were

not examined at FKNMS and GRNMS recording sites due to

their shallow coastal location, as well as fin whales for the five

Hawaiʻi region recording sites. Therefore, a total of nine

recording sites were analyzed for humpback whales and four

recording sites were analyzed for fin whales from 1 November

2018 to 31 October 2020. Partial days due to deployment starts

and ends or subsequent instrument issues were included in this

analysis. A summary of the NMS included in this analysis can be

found in Table 1. Each region was overseen by a separate regional

research group, therefore slightly different approaches were

taken for acoustic analysis due to the varying end goals of the

overarching SanctSound project. However, all data output was

comparable across regions at the resolution of the daily scale, as

individual detections from the various detectors were reviewed in

context within a longer spectrogram view.

For the East Coast region (SBNMS), analysis was conducted

using a well described approach, the Low Frequency Detection

and Classification System (LFDCS, Baumgartner and Mussoline,

2011), in which spectrograms were conditioned using a short-

time Fourier transform. These spectrograms were overlaid with

contours and matched to those stored in a user-defined call

library. Contours were classified to a call type and assigned a

Mahalanobis distance score. For humpback and fin whale call

types, detections with a score of three or less were reviewed by an

analyst (Baumgartner et al., 2013). Following the methods

described in Davis et al. (2020), humpback whale song and

social sounds were considered to be present if there were at

least one true detection by the LFDCS amidst other humpback

calls (minimum of three calls) within a 10-min period. For fin

whales, a logistic regression was first applied such that only hours

containing 29 or more detections were reviewed by an analyst

(Davis et al., 2020). Of these hours, if at least one true detection

occurred within four consecutive 20-Hz pulses, fin whales were

marked as present for the hour. Only one confirmed hour per day

was needed to denote fin daily presence.

For the Hawaiʻi US region HIHWNMS, and the West Coast

US region MBNMS, a deep convolutional neural network (CNN)

was used to detect humpback whale song (Allen et al., 2021).

These were the only sanctuaries in which just humpback whale

song was used to denote presence. The CNN transforms audio to

spectrograms and then feeds the spectrograms into a neural

network architecture originally developed for image

classification. The ResNet-50 CNN, combined with per-

channel energy normalization (PCEN), which reduces the

amount of narrow band noise commonly attributed to vessel

noise, was used to classify images in the spectrogram as either

belonging to humpback whale song or not. The method

examined 30 s of audio data at a time and marked in 1.1 s

intervals the confidence score of signals within that time

window. For HIHWNMS analyses, the mean score was

calculated for each 30 s period and had to meet the threshold

of 0.25 (out of 0 through 1) to be considered present for that 30 s

period. One 30 s period had to meet the threshold to denote

positive daily presence of humpback whales. For MBNMS

analyses, manual examination revealed that during some

periods of the year, sounds from gray whales and dolphins

could result in moderately elevated scores (~0.3–0.6);

therefore a minimum threshold score of 0.7 was used

throughout the time-series. For the full 2-year analysis period,

model scores were plotted above manually examined

spectrograms 1 hour at a time, and any manually confirmed

detection of humpback song within a day resulted in definition of

acoustic presence for that day.

For the West Coast US region sites (including the MARS site

for fin whales), daily presence was processed manually by

reviewing Long-Term Spectral Averages (LTSAs) which were

computed and reviewed using Triton (version 1.93.20160524,

Wiggins et al., 2010). Acoustic data were decimated to 4 kHz for

humpbacks, and 2 kHz for fin whales prior to computing the

LTSA. LTSAs for both species had an averaging of 1 Hz/5 s bins

and were reviewed for the presence of humpback vocalizations

and fin whale 20-Hz pulses using 1 h time windows. For

humpbacks, frequencies between 0–2 kHz were scanned and

signals were reviewed both visually and aurally to confirm

presence. For fin whales, hourly median octave band sound

pressure levels were calculated from pressure spectral density

levels that were generated using a 1 Hz/1 s resolution. Hourly

background noise levels in the 31.5 Hz octave band had to be less

than 95 dB re 1 µPa to reliably see fin whale downsweeps and

thus be examined for fin whale presence. Hours below that

threshold were then scanned from 0–250 Hz and at least one

pulse within an hour would lead to positive hourly presence. One

hour of presence was needed to denote positive daily presence.

Detection and classification of delphinids

As each NMS hosts different members of the Delphinidae

family and whistle classification remains challenging for many

species, they were not classified to species level and were denoted

simply as delphinid presence. Whistles were examined across

19 sites throughout all seven NMS within each of the three

regions from 1 June 2019 to 31 May 2020 (see Table 1 for sites

used in this analysis). All acoustic data were run through a Fast

Fourier Transform (FFT) of 1,024 points with a hop size of

512 points within the PAMGuard 2.01.03 software (Gillespie

et al., 2008). A simple whistle and moan detector (WMD) within

PAMGuard was used to detect delphinid whistles. Since a range

of delphinid species can occur within each NMS, the frequency

that was examined for whistle presence was adjusted according to
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the expected species’ frequency ranges for each NMS. In the East

Coast US region, Atlantic white-sided dolphins (Lagenorhynchus

acutus) and pilot whales (Globicephala sp.) frequent SBNMS,

thus the WMD was set to search for whistles from 1.5 to 22 kHz

(e.g. Taruski, 1979; Steiner, 1981). At GRNMS and FKNMS the

primary species expected is the bottlenose dolphin (Tursiops

truncatus), but other species such as the Atlantic spotted dolphin

(Stenella frontalis) can also be present, thus the frequency range

was set to 4–18 kHz (e.g., Baron et al., 2008). In the West Coast

US region, at OCNMS, MBNMS, and CINMS, Risso’s dolphins

(Grampus griseus), Pacific white-sided dolphins

(Lagenorhynchus obliquidens), and bottlenose dolphins are

expected, thus the frequency range was set from 4 to 20 kHz

(e.g. Corkeron and Van Parijs, 2001). In the Hawaiʻi US region, at

HIHWNMS, members of the “blackfish” family such as pilot

whales and false killer whales (Pseudorca crassidens), as well as

bottlenose dolphins, pantropical spotted dolphins (Stenella

attenuata), and spinner dolphins (Stenella longirostris) are

expected (e.g., Lammers et al., 2003). Due to intensity and

pervasive occurrence of humpback whale song in the Hawaiʻi

US region, which extended into the delphinid frequency range,

theWMD search range was restricted from 8 to 20 kHz to reduce

the amount of false positives in the lower frequency ranges. This

meant that the presence of the blackfish species was not fully

represented in the analysis for HIHWNMS.

All individual detections of delphinid whistles were

aggregated by hour and tabulated using the custom written

graphical user interface (GUI) Marina3 within the Matlab

software. This aggregated data was used to identify the hours

to manually review in PAMGuard Viewer 2.01.03. Hours were

viewed with a 20 s page window from 0–24 kHz with the

detection contours visible. To be considered as containing

delphinids, there had to be one or more confirmed detection

of whistles within the hour.

Assessing temporal trends

All subsequent analyses were done using the statistical

software R (version 4.1.2, R Development Core Team 2016).

The data were compiled for each species using the tidyverse and

lubridate packages and visualized using ggplot2. For baleen

whales, fin whale song and humpback whale vocalization

presence was aggregated into the number of days per week

containing positive detection days normalized for the number

of recording days. For delphinids, acoustic data were aggregated

as hourly whistle presence. The amount of continuous time

delphinid whistles were present, ‘delphinid occupancy of a

recording site’, was evaluated for each NMS. A threshold of a

minimum of 6 h (25% of the day) within 24 h was set as necessary

for delphinid occupancy being ‘present’. These days were then

tallied to determine the number of consecutive days of delphinid

presence. In addition, each hour was assigned as either day or

night based on sunrise and sunset times for each site’s

coordinates using the suncalc package. To test for any diel

patterns, a two-tailed proportional z-test was conducted at

each site. Day presence (or night) was converted as a

proportion of the number of true positive hours per month

over the total effort per month at each site.

Results

Humpback whale vocalization presence
and fin song presence

Humpback whale vocalizations were present at all seven

NMS that were analyzed. In HIHWNMS, five recording sites

(HI01–HI05) were restricted to record only during the

humpback whale breeding season, and those sites show

humpback daily presence near 100% (Figure 2A). Site

HI06 covered an extended recording period that captured the

end of the breeding season, likely contributing to the lower daily

presence of humpback whales at that site (N = 140 days, 65.4%).

For the remaining NMS, the fewest relative days of humpback

whale vocalizations occurred in CINMS (52.1%, N = 232 days)

and the greatest was OCNMS site OC02 (85.4%, N = 205 days)

followed by MARS (82.8%, N = 586 days). SBNMS had relatively

low humpback whale vocalization presence at 55.6% (N =

400 days). At SBNMS, humpback whale vocalizations were

present year-round with highest presence from mid-

November 2018 through mid-January 2019, March through

April 2019 October 2019 through the beginning of January

2020, mid-March through mid-June 2020, and mid-July

through the end of October 2020. (Figure 2A). At MBNMS

humpback whale vocalizations were present for most of the study

period, with an absence from lateMay throughmid-August 2019.

A similar pattern occurred in 2020, however there were multiple

days with humpback acoustic presence during this time period.

At CINMS, humpback whale vocalizations were present

whenever there were recordings, with fewer detections from

April through September 2019. Even though the HIHWNMS

sites recorded only during the breeding season, sites HI04 and

HI06 had relatively few days of median consecutive presence

(6 days and 2 days respectively). HI01 and HI05 had 100%

consecutive days of humpback whale vocalization presence.

Across all other sanctuaries, MBNMS had the highest median

number of consecutive days with humpback whale vocalizations

present (N = 5 days) and the others hadmedians of 1 (CINMS) or

2Vdays (OCNMS and SBNMS). (Figure 3A).

Fin whale 20 Hz pulses were present at each of the four

analyzed NMS; the East Coast US region SBNMS andWest Coast3 https://github.com/NEFSC/READ-PSB-Marina
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US regions, CINMS, MBNMS and OCNMS (Figure 2B). When

accounting for recording effort, the West Coast US Region

showed both the least acoustic daily presence at OCNMS

(OC02 2.9%, N = 7 days) and most acoustic daily presence at

MBNMS (MARS 70.6%, N = 500 days), with 58.3% (N =

225 days) for CINMS (CI05) and 29.7% (N = 214 days) for

East Coast US region SBNMS (SB01). Fin whale 20 Hz pulses

were present between September and June in both years for all

NMS with data gaps hampering a thorough seasonal

understanding at OCNMS and CINMS recording sites

FIGURE 2
Weekly acoustic presence between 1 November 2018 to 31 October 2020 of humpback whale vocalizations (A) and fin whale 20 Hz pulses (B)
as a ratio from 0 to 1 per chosen recording site within each National Marine Sanctuary within the East Coast US region (Stellwagen Bank NMS, site
SB01), the West Coast US region (Olympic Coast NMS, site OC02; Monterey Bay NMS, site MARS; Channel Islands NMS, site CI05) and the Hawaiʻi
US region (Hawaiian Islands HumpbackWhale NMS, sites HI01, HI03, HI04, HI05 and HI06). Presence is denoted by black bars and days without
data by grey bars. Fin whales were not analyzed at the Hawaiian sites.
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(Figure 2B). When comparing MBNMS and SBNMS, fin whale

20 Hz pulses were present more consecutively at the former

(median of five consecutive days, maximum of 137 days) than the

latter (median of one consecutive day, maximum of 19 days).

(Figure 3B).

Delphinid presence

Considering recording effort, the hours with most delphinid

whistles present occurred at the West Coast US region, CINMS

site CI05 (88.3%, N = 5,546 h) and the least at the East Coast US

region, FKNMS site FK02 (1.7%, N = 76 h) (Figure 4). When

viewing all sites relative to each other it is apparent that CI05 is an

outlier with “very high” levels of delphinid acoustic presence.

Other sites had levels of “high” delphinid acoustic presence

ranging from 45–65%, “medium” levels from 18–34%, and

“low” levels from 1–11% (Table 1). In general, HIHWNMS

had high levels of delphinid presence, SBNMS and MBNMS

medium levels, and GRNMS, FKNMS, and OCNMS low levels.

Sites at CINMS were interesting in that they ranged from very

high to low in terms of delphinid acoustic presence across the five

sites (Figure 5). Sanctuaries such as GRNMS had more delphinid

acoustic presence at the southern edge of the sanctuary, MBNMS

had more detections offshore (MB03) and at the northern

inshore site (MB01), and FKNMS had slightly more delphinid

detections to the west (Figure 5). The other sanctuaries either had

one site analyzed thus nothing could be said about the spatial

distribution (OCNMS), or had similar levels of delphinid

presence across all sites (SBNMS, HIHWNMS).

In the West Coast US region, there was not enough data

collected at OCNMS to analyze monthly patterns in delphinid

acoustic presence (Figure 6). There were potentially inverse

monthly patterns to delphinid acoustic presence within

MBNMS at MB01 and MB03, with more hours containing

delphinid detections in January through March and October

through December at MB01 whereas at MB03 the months with

the greater presence were fromMay through September. There is

uncertainty in monthly delphinid acoustic presence for February

and March at MB03 due to a data gap. MB02 did not have

FIGURE 3
Boxplots showing themedian and quartile values of acoustic presence as the number of consecutive days they were detected in each of the five
sanctuaries analyzed (Stellwagen Bank NMS [SBNMS] = SB01, Olympic Coast NMS [OCNMS] =OC02, Monterey Bay NMS [MBNMS] =MARS, Channel
Islands NMS [CINMS] = CI05, Hawaiian Islands HumpbackWhaleNMS [HIHWNMS] =HI01, HI03, HI04, HI05, HI06) for humpback (A) and finwhale (B)
species.
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sufficient sampling between months to note any patterns. In

CINMS, data gaps inhibited examining patterns at CI01- 03.

CI04 had more delphinid acoustic hours present in months June

through September, and CI05 had variable levels of monthly

acoustic presence with no clear pattern. For the East Coast US

region SBNMS had clear monthly patterns at all three sites, with

months March through May containing the most hours of

delphinid acoustic presence. At SB03 there was a secondary

peak in activity from August through November that was less

present at SB01 and SB02. In GRNMS it appeared that delphinids

were acoustically present at low levels in all of the months,

though data gaps inhibited further interpretation. No monthly

patterns could be assessed at FKNMS due to the paucity of data.

Monthly presence in the Hawaiʻi US region could not be assessed

due to the sampling effort.

Delphinid acoustic occupancy at most sites contained

median values between 1 and 3 days with only three sites

containing median values greater than 3 days (HI04 median =

5 days, HI03 median = 17 days, CI05 median = 58 days)

(Figure 7). West Coast US region sites CI01, CI02, MB02,

OC02, and East Coast US region sites FK01, GR01, GR02,

GR03 all exhibited brief occupancy, with delphinids being

detected a maximum of five consecutive days or less at each

given site (median values for all of these sites was 1 day).

FK02 had no sequential days of delphinid acoustic presence.

Similarly, these are also the sites classified as containing low levels

of delphinid presence (Figure 4). Sites with medium levels of

delphinid acoustic presence (SB01- 03, CI03, MB01, MB03) also

contained low median number of consecutive days present

(1–2 days), but had variable maximum number of consecutive

days present (ranging from 14 to 32 days).

Sites exhibited different numbers of months of diel

significance at p < 0.05 level (Figure 8). MB01 was the only

site at which every month had a significant difference in the

proportion of detected night versus day hours. Sites SB02, SB03,

FK01, OC02, MB01, MB03, and CI03-CI05 all had >50% of

months with significant diel differences (when considering

recording effort). Sites GR01-GR03, MB02, CI01, HI03, and

HI04 had <50% of months with significant diel differences

(when considering recording effort). Sites CI02 and FK02 had

no significant diel differences. There was no relationship between

sites of low, medium, and high levels of relative delphinid

acoustic presence (Figures 4, 5) and the number of months of

significant diel differences (Figure 8).

Discussion

This study demonstrates that marine mammals were

acoustically active within all the NMS analyzed in this study,

being visited on a regular basis by all targeted species. Humpback

and fin whales exhibited both seasonal and year round acoustic

presence with variations in occupancy among NMS. Both

Monterey Bay and Stellwagen Bank NMS showed the most

FIGURE 4
The ratio of hourly delphinid whistle presence normalized by recording effort (0–1) from 1 June 2019 to 31 May 2020 at each passive acoustic
recording site across seven NMS, divided into three main regions: East Coast Region United States (US)—Stellwagen Bank National Marine Sanctuary
(SBNMS), Gray’s Reef National Marine Sanctuary (GRNMS), Florida Keys National Marine Sanctuary (FKNMS); West Coast Region US - Olympic Coast
National Marine Sanctuary (OCNMS), Monterey Bay National Marine Sanctuary (MBNMS), Channel Islands National Marine Sanctuary (CINMS)
and Hawaiʻi Region US - Hawaiian Islands Humpback Whale National Marine Sanctuary (HIHWNMS). The sites with low ratios of delphinid acoustic
presence are highlighted within the blue box, medium ratios within a yellow box, and high ratios in a red box. CI05 was an outlier compared to the
other sites with a very high ratio of delphinid acoustic presence.
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FIGURE 5
Amap of the relative percent delphinid acoustic presence classified into four levels (low, medium, high, very high), for each recording site within
each sanctuary. The sanctuaries represented are the Hawaiian Islands Humpback Whale National Marine Sanctuary (HIHWNMS), Olympic Coast
National Marine Sanctuary (OCNMS), Monterey Bay National Marine Sanctuary (MBNMS), Channel Islands National Marine Sanctuary (CINMS),
Stellwagen Bank National Marine Sanctuary (SBNMS), Gray’s Reef National Marine Sanctuary (GRNMS), and the Florida Keys National Marine
Sanctuary (FKNMS), and are outlined in red.
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prolific year-round acoustic presence based upon the data

available in this study. Both of these NMS have previously

been demonstrated to be key areas for these species not just

during the migration period, but also throughout the rest of the

year (e.g. Vu et al., 2012; Širović et al., 2017; Ryan et al., 2019;

Davis et al., 2020). Previous studies using passive acoustic data

from the western North Atlantic have shown that humpback

whales are present year-round in the Gulf of Maine (Vu et al.,

2012; Murray et al., 2014; Davis et al., 2020), and in winter

months off the Scotian Shelf (Kowarski et al., 2018; Davis et al.,

2020). This study shows that humpback whales are acoustically

present year-round at SBNMS like what was previously found in

Davis et al. (2020). In the Pacific, no clear migratory patterns

were visible for the North Pacific humpback whale, lending

support to previous findings that their migration is complex

and consists of different stocks that may have individuals

traveling to the same feeding grounds as those from other

stocks (e.g., Baker et al., 1990; Baker et al., 1998;

Calambokidis et al., 2001; Lagerquist et al., 2008). Fin whales

showed similar acoustic seasonality as found in Oleson et al.

(2014) in the Pacific, and Davis et al. (2020) in the Atlantic, with

song present from September through June in both years. In the

Pacific, MBNMS had a longer median consecutive number of

days with fin whale song present than SBNMS in the Atlantic.

This is probably more a function of hydrophone depth and

location rather than actual presence; the MARS mooring in

MBNMS was located in deeper water (891 m) than the

SoundTrap in SBNMS (50 m) and thus more likely to have a

larger detection range and situated more in preferred, deep water

fin whale habitat (Rice et al., 2021).

From examining the occupancy of detected days with

vocalizations emitted by humpback whales at the various

sanctuaries, HIHWNMS had around 3 months of continuous

acoustic daily presence at select sites, while the other NMS had

less and more variable presence. The Hawaiian Islands are a

known breeding ground for the North Pacific humpback whale

(e.g., Norris, 1966; Calambokidis et al., 2001), and their

consistent daily presence of vocalizations from December

through April across all HIHWNMS sites clearly presents the

importance of that sanctuary for breeding humpback whales.

FIGURE 6
Monthly presence of delphinids at each site within a sanctuary expressed as a ratio (0–1) where the number of hours of positive presence are
normalized by the number of hours in a month. These are then color coded by sanctuary (CINMS = Channel Islands National Marine Sanctuary,
FKNMS = Florida Keys National Marine Sanctuary, GRNMS = Gray’s Reef National Marine Sanctuary, HIHWNMS = Hawaiian Islands Humpback Whale
National Marine Sanctuary, MBNMS =Monterey Bay National Marine Sanctuary, OCNMS =Olympic Coast National Marine Sanctuary, SBNMS =
Stellwagen Bank National Marine Sanctuary). The number of hours per month without data collection at each site are also normalized by the number
of hours in a month and are represented as grey bars.
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Delphinids were acoustically present across all NMS for

widely varying amounts of time. CINMS was the sanctuary

that demonstrated the largest variability of delphinid acoustic

activity ranging from very high to low across its five sites. The

inshore and southwestern sites (CI03, 04 and 05) had the highest

activity as compared to the northern sites (CI01 and 02).

CI05 had the longest median occupancy in the entire study

(58 days). HIHWNMS was another sanctuary with high

delphinid whistling activity, with HI03 off of Oahu recording

more hours of whistle presence thanHI04 off of Kauai. These two

sites also had the second (n = 17, HI03) and third (n = 5, HI04)

longest median consecutive days of presence in the study, and are

known to host resident populations of Hawaiian spinner

dolphins and false killer whales (Lammers, 2004; Baird, 2013;

Baird et al., 2013). As we did not attempt to differentiate between

delphinid species, it is unclear whether these results are from a

single species using an area, or multiple. Advancements in

machine learning may help to differentiate between species in

the future (e.g., Rankin et al., 2017; Frasier, 2021), but regardless,

these two NMS are important areas for delphinids.

NMS with medium levels of delphinid whistle activity

occurred at SBNMS and MBNMS. The southern site at

SBNMS (SB03) had more hours of whistle presence than the

other two sites further north and inshore. SB03 is in an area

known as a biological feeding hotspot of activity for marine

mammals and is frequently visited by whale watching vessels

(e.g., Silva et al., 2019a). The acoustic seasonality of delphinids

also aligned with what is known for this sanctuary, with more

presence during the spring and fall months (Silva et al., 2019a;

Silva et al., 2019b), and the continuous occurrence in this

sanctuary was highly variable (ranging from 1 to 32 days),

showcasing different usages of the sanctuary. MBNMS had

more acoustic activity at sites MB01 (inshore) and MB03

(offshore) and the monthly presence at these two sites were

inversely related. This could represent inshore/offshore

movement of the delphinids within the sanctuary, or arrival

and usage of the sanctuary by an offshore population of

delphinids at MB03. Delphinid occupancy was also highly

variable in this sanctuary, with 19 maximum consecutive days

at MB03, also suggesting variable usage of the sanctuary.

OCNMS, FKNMS, and GRNMS all had relatively low levels of

delphinid acoustic presence. However, little data was able to be

collected at OCNMS, thus year-round acoustic presence of

delphinids at this sanctuary could not be assessed accurately. The

low relative score and low occupancy for delphinids in OCNMS

aligns with previous work suggesting they are “accidental”

occurrences and uncommon (Fangman and Roletto, 2001);

however, more recordings are needed to completely support this.

FIGURE 7
A boxplot showing themedian and quartile values of the number of consecutive days delphinid whistles were present across 18 passive acoustic
recording sites within seven NMS, divided into threemain regions: East Coast Region United States (US) - Stellwagen Bank National Marine Sanctuary
(SBNMS), Gray’s Reef National Marine Sanctuary (GRNMS), Florida Keys National Marine Sanctuary (FKNMS); West Coast Region US - Olympic Coast
National Marine Sanctuary (OCNMS), Monterey Bay National Marine Sanctuary (MBNMS), Channel Islands National Marine Sanctuary (CINMS)
and Hawaiʻi Region US - Hawaiian Islands HumpbackWhale National Marine Sanctuary (HIHWNMS). FK02 is not shown as there were no consecutive
days of delphinid acoustic presence at that site.
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Little to nothing is known about delphinid presence at GRNMS and

FKNMS. GRNMS is a sanctuary for the conservation of its “live

bottom reef” hosting many invertebrate and fish species, and some

studies have taken place examining North Atlantic right (Eubalaena

glacialis) whale use of the sanctuary, but no studies have been

conducted for delphinids (Fangman and Roletto, 2001). This study

presents the first look at delphinid acoustic presence within

GRNMS, and while delphinid activity was low, they were present

year-round. The low amount of consecutive days present suggests

that delphinids transit through this sanctuary. Delphinid acoustic

presence occurredmore at the southern sites in GRNMS (GR02 and

GR03), which are stationed within a designated research area where

no fishing or other activities are allowed. Little is known about the

presence of delphinids along the Atlantic side of the FKNMS.

McClellan et al. (2000) conducted opportunistic visual sightings

for bottlenose dolphins within Florida Bay as well as along the

oceanic side of the Florida Keys in the 1990s. They found no

evidence for seasonal presence, and that more bottlenose

dolphins occurred on the Atlantic side and in larger group

numbers than within Florida Bay. We could not present results

on the seasonality of dolphins at FKNMS due to data gaps, however

the hourly acoustic presence presented here provides a recent

account of delphinid presence. Delphinids did not occupy

FK01 and FK02 for long and like GRNMS, suggest that during

the recording period, this area of the sanctuary was used as a

pathway to transit to other areas. Site selection in FKNMSwas based

on the conservation needs of groupers and coral and not necessarily

delphinids. While FKNMS had a low delphinid acoustic presence

score, this is more likely explained by hydrophone placement and is

not necessarily indicative of sanctuary-wide use of delphinids.

Delphinid whistles did exhibit significant differences in diel

presence at the various sanctuaries, with multiple months having

FIGURE 8
Diel proportional presence (as a ratio from 0–1) of hourly delphinid whistle presence from 1 June 2019 to 31 May 2020 across 19 passive
acoustic recording sites within seven NMS, divided into three main regions: East Coast Region United States (US)—Stellwagen Bank National Marine
Sanctuary (SBNMS), Gray’s Reef National Marine Sanctuary (GRNMS), Florida Keys National Marine Sanctuary (FKNMS); West Coast Region
US—Olympic Coast National Marine Sanctuary (OCNMS), Monterey Bay National Marine Sanctuary (MBNMS), Channel Islands National Marine
Sanctuary (CINMS) and Hawaiʻi Region US—Hawaiian Islands Humpback Whale National Marine Sanctuary (HIHWNMS). The red bars represent
daylight hours and teal bars represent night time hours (all hours are in UTC). Months in which a t-test for proportions revealed significant differences
at p < 0.05 have an asterisk above the bars (*). Completemonths in which no data was collected are shown as gray bars, partial months were included
in this analysis.
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significant differences between the proportion of night and day time

hours with whistles present. The site with the greatest number of

significant months was MB01 (all months), a site with medium level

of delphinid acoustic presence, and the least was at HI03 (two out of

6 months), a site designated as having a high level of delphinid

acoustic presence. In general, no relationship was found between the

relative acoustic presence of delphinids and diel significance. This is

most likely due to the analysis design. Neither whistle type nor

quantity per hour were analyzed, which would help in distinguishing

between behavioral states. Different species of delphinids may have

different diel patterns and sanctuary usage and further analyses could

explore that in the future (e.g., Hawaiian spinner dolphins and Pacific

white-sided dolphins, Henderson et al., 2011; Heenehan et al., 2016).

The SanctSound project is unique in that it aimed to set

standardized methodologies across species, sites, and sound

metrics within the NMS network. This effort in

standardization lends itself well in drawing broad scale

patterns in marine mammal presence, as highlighted by the

baleen whale species and delphinids examined in this study.

Finer scale analyses will require further standardization of the

baleen whale data. Sanctuaries are designated to conserve marine

protected resources, and by standardizing analysis efforts, the

presence of marine mammals within sanctuaries can be better

cross-compared with recording sites outside of sanctuaries to

provide relative presence metrics like those shown in Figure 4,

which provide an easy to interpret visualization of site

importance. Additionally, with the completion of the

SanctSound project, future research using the full dataset can

examine the relationships between marine mammal species (like

in Davis et al., 2020), and can compare marine mammal presence

with other marine species, and anthropogenic sources such as

vessels, seal bombs, and echosounders. Using these data to

develop standardized relative abundance estimates will require

taking into account the listening range of each recorder within

each species’ frequency band, and the background noise levels at

each site. Both of these were also estimated as part of the

SanctSound project. Combining all these analyses lends

towards a holistic view of sanctuary usage across multiple

years and large spatial scales. Comparable indicators provide a

means to compare results across even larger scales and time

periods, providing better understanding of the role that protected

areas can play in managing wide-ranging populations.
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