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ABSTRACT

Passive acoustic monitoring (PAM) is an effective technique foremg monitoring of the
soundscape in marine protected areas (MPAS). This study leveragdésriongAM data sets

from recorders deployed the Hawaiian Islands Humpback Whale National Marine Sanctuary,
PapahUnaumokuUkea Mar i ne -asotidted sitesloutsMetheu me n't ,
sanctuary to investigate soundscapes and odontocete presence. This dissertation implements a
multi-scale PAM apprach to largescale monitoring of MPAS, vialates crosglatform
detection/classification techniques for leskeown species in biologically relevant areas, and
highlights the importance of representative individual insights to inform our knowledge of
animal behavior of an endangered populatiarChapter 1, the underwater soundscape was
characterized and compared across multiple sites within the sanctuary. Generally, soundscapes
were dominated by biological sources, most prominently the seasonal detection of humpback
whale chorusing. Overall, weported relatively low vessel detection rates. No COVYED

impact could be observed acoustically using soundscape metrics which was likely due to the
dominance of humpback whale chorusing. In order to better understand the habitat use of
blackfish withinthe sanctuary boundaries, in Chapter 2, automated detectors were used on the
full repertoire (whistles, clicks, and burst pulses) to determine the presence of these species on
the same SanctSound datasets. Our findings revealed diel patterns in detettioglative

presence of blackfish being significantly higher at night within the sanctuary. Additional more
in-depth analyses were conducted to detect the presence of the false killer Réalem(ca
crassidenswithin the monument and sites outside the sanctuary. Results revealed that false
killer whales were detected across all sites with some geographical variation. In Chapter 3, the

acoustic behavior of Main Hawaiian Islands insular false killer whalesrwastigated using

viii



norrinvasive animal borne tags. Greater repertoire diversity and signal complexity than

previously described were observed with 52 stereotyped call types characterized. Predominant
call types and call rates across dive states varied by individual. Misst@alained acoustically
complex, nonlinear phenomena indicating potential functionality as contact calls when spatially
distant. Call rates decreased as swim speed increased, indicating potential behavioral changes in

response to conspecifics.
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CHAPTER 1: INTRODUCTION



1.1 Marine protectedar eas i n Hawai Qi

The Hawaiian Archipelago is a unique ocean environment, characterized by oligotrophic,

tropical waters while maintaining a highly productive marine ecosystem rich in biodiversity.
Hawaiian waters contain intertidal communities, coral reef habitats, ancdbopan

environments which are home to 24 marine mammal species (Barlow, 2006; Baird et al., 2013a).
Due to the unique dynamics of this region, there have been efforts to ensure that species,
habitats, and ecosystems are protected from human activit@sglththe designation of marine
protected areas (MPAS). MPAs intend to enhance ecosystems by preventing habitat loss (Selig
and Bruno, 2010), improving fishery management (Kerwath et al., 2013) and increasing the
density, biomass, and diversity of marirmrenunities (Halpern, 2003). The National Marine
Sanctuary (NMS) System is a network of 15 underwater parks and two monuments within U.S.
marine and Great Lakes waters. The NMS system encompasses a total of 1,553,993 square
kilometers and is designed to teot the natural and cultural resources of the protected sites. The
Office of the National Marine Sanctuaries is administered by the Department of Commerce and
serves as the network trustee who conducts research and monitoring efforts, education, and
outreach, as well as community engagement. The National Marine Sanctuaries Act (NMSA)
enacted in 1972, provides a legal framework for the nomination and designation of sanctuaries
and regulates human uses within sanctuary boundaries (Sanctuaries Act, 200NSFés

also enhanced by state and federal laws as well as regulations to ensure the protection of unique
habitats. Sanctuaries play a vital role in protecting critical habitat while balancing human use and

ecosystem health.

Il n Hawai Gi, the two | argest main marine prote
Humpback Whale National Marine Sanctuary (HIH
National Monument (PMNM). HIHWNMS was designated in 1992 to protect the North Pacific
humpback whaleNlegaptera novaeanglide popul ati on that migrates t
their vital winter breeding ground (ONMS, 2020a). The sanctuary boundaries acenmt@uous

and encompass 1,400 square miles of habitat within the Main HawaiiarsigéMHd) including

areas surrounding Hawai i, Mauli Nui, Odahu, a
whales were listed as endangered in 1970, in 2016 the species was delisted at thdey@bcies

Four distinct population segments (DPS) are stitistdered endangered (Cape Verde/Northwest
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Africa, Western North Pacific, Central America and Arabian Sea) and one is considered
threatened (Mexico). Although the Central Nor
endangered DPS, the sanctuary continues to protect this species lueitimgeding period in

their life history. PMNM was designated in 2006 to protect the important natural resources and
cultural heritage of the uninhabited Northwestern Hawaiian Islands (NWHI). The monument

spans approximately 583,000 square miles, from Mi&ank to Kure Atoll (ONMS, 2020b).

PMNM is the largest, contiguous marine protected area in the U.S. and became one of the largest

in the world upon its expansion in 2016 (ONMS, 2020b). The monument protects all trophic

levels and there are over 20 cetag species protected within monument waters (ONMS,

2020b) . I n December 2025, Congress designated
Sanctuary under the National Marine Sanctuaries Act of 1972, encompassing the same area as
PMNM (Federal Register, 2025).Ma ne Pr otected Areas (MPAs) ar
because they protect some of the most remote habitats in the world that are home to endemic
species and diverse ecosystems that are impacted by anthropogenic influence and global

environmental issues.
1.2 Underwatersoundscapes

ASoundscapeso is a term generally used to des
sounds in an environment. Biological sources include soniferous marine species whose
presence/persistence and temporal and spatial variability is often driviea jpgotuctivity of

the region, the presence of optimal habitat for mating, and migration patterns. For many cetacean
species, sound can be an indicator of presence as they rely on sound for locating prey,
navigation, coordination, and communication. Ge@ptal sources include seismic activity (e.qg.
earthquakes) and severe weather events feugicanes). Anthropogenic (humamade) sources
include vessels, military activity (e,gonar), and equipment used for oil and gas exploration.

One of the main issues that is prevalent worldwide is anthropogenic sound in the ocean. Sound
has increased in all ocean basins globally over the last 60 years (McDonald et al., 2006;
Chapman, 2011)Jnderwater noise can elicit behavioral (Holt et al., 2009; Jensen et al., 2009;
Castellote et al., 2012; Parks et al., 2011; Melcon et al., 2012; Goldbogen et al., 2013; Sivle et
al., 2016; Blackwell et al., 2017), and physiological responses (Lyamin 2081; Rolland et

al., 2012, Kastelein et al., 2017) in marine mammals that can cause injury or mortality.
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Cetaceans are particularly vulnerable and highly sensitive to sahanany studies have

shown that toothed whales exhibit a diversity of significant responses to noise. Vessel noise can
cause an increase in call amplitude (Holt et al., 2009), reduce their communication space (Jensen
et al., 2009), reduce foraging effieccess, and reduce natal care (Wisniewksa et al., 2018; Holt

et al., 2021a; Holt et al., 2021b). Micequency activéMFA) sonarexposure can disrupt

feeding (Manzandroth et al., 2013), alter normal foraging behavior (DeRuiter et al., 2013), alter
sound production rates (Rendell et al., 1999; DeRuiter et al., 2013), and in the most extreme
cases, lead to mass mortality events (Hethal., 2006). Pile driving, often used for oil and gas
exploration, can cause displacement away from optimal foraging habitat (Leunissen et al., 2019).
Given the multitude of potentially detrimental impacts from noise, understanding the soundscape

and pevalence of anthropogenic and biological sources is essential.

Recent studies have used a soundscape approach to look-sclEerehanges of the underwater

noise environment across sanctuaries (Haver et al., 2019; Haver et al., 2020). MPAs serve as
protected areas for many species however due to the unconfinesl afasound propagation, the

impacts of sound extend beyond sanctuary boundaries and could potentially impact marine

species including marine mammals. Within sanctuary boundaries, the most prevalent sources of
anthropogenic noise include chronic commeregasel traffic (transportation, shipping) (Hatch

et al., 2008) and acute naval sonar events near military activeHsitgeyer,the sanctuary

soundscape can also be influenced by the global economy and conflicts/crises occurring on land
liketheCOVID19 pandemic (Ryan et al ., 2021). I n Ha\
presence, the reliance @yofdgtbhalshipping, fiskeries,e x por t s/
tourism (e.g., cruise ships, whale watching) and the broad use of recreational boatg, residen
species have the potential to be greatly impacted by a multitude of anthropogenic noise sources
yearround. The underwater soundscape is dynamic and acoustic analyses can provide metrics

for ecosystem health and monitoring efforts. Measuring sound lieviiilsse environments is

essential to establish baseline levels and identifying sources of sound in the soundscape is
important for species monitoring. By understanding spatial and temporal variability of sound

sources we can assess biodiversity (spedegosition), seasonal trends, annual variability, and

distribution to improve management efforts critical for species conservation.



1.3 Importance of PAM

Passive acoustic monitoring (PAM) is an effective technique to study the underwater soundscape
and a critical tool in understanding the spatial and temporal variability of cetacean species that
spend the majority of their time underwater (Zimmer, 2011thlgh the sanctuary

management strategy works more effectively for sedentary species, such as coral reefs, and
species with small, wellefined ranges, monitoring mobile cetacean species that travel

frequently and over large distances can be challengiimg the traditional boundaries of MPAs
(Hatch and Fristrup, 2009). However, effective monitoring strategies are essential for strategic
protection of cetacean species within MPAs. Therefore, PAM is an excellent tool to monitor
cetacean presence as mangcsgs rely on sound production for locating prey, navigation, and

communication.

Led by NOAAs Pacific Islands Fisheries Science Center (PIFSC) Cetacean Research Program,
ONMS and the U.S. Navy, lortigrm PAM efforts have been ongoing in Haivai he Pacific

Islands network includes SoundTrap acoustic recorders deployed through the ONMS
SanctSound project and HARP acoustic recorders deployed by PIFSC. Given the agency key
research priorities of addressing ocean noise and species monitorirgipnotsandardized
approaches using standardized measurements/metrics have been developptearahted to

make monitoring more effective (Gedamke et al., 2016).

Advancements in PAM technologies have maximized data collection on temporal and spatial
scales, while serving as a cadtective technique. Fixedutonomous underwater recording

devices are diverse and can differ in size and sampling capabilitieséengling, storage,

battery life), and span from traditional large, botioraunted moored recorders to Ron

traditional, small, animaborne data logger acoustic tags (Seusaa et al., 2013). Each has

tradeoffs. Moored recorders can determine the pres@tsence, seasonal trends and

distribution of animals on a group/population level. In contrast, biologging tags can provide fine
scale insight into individual animal behavior within a larger group. Detection and classification

of biological contributorsc«e t he soundscape from PAM data in

information on the occurrence and distribution of the 18 resident species of toothed whales.



1.4 Residentlackfish

Al t hough humpback whales have been the focus
for the last 50 years (Herman and Antinoja, 1977; Winn et al., 1981), they are a migratory

species and are therefore protected in the Hawaiian Archipelago oalypéotion of their life

history. Unlike humpback whales, many cetacean species are permanent residents of Hawaiian
waters (Barlow, 2006). 6Bl ackfishodé coll oqui al
species, four of which occur in offshoreopmgea n wat er s i-raundHexeludasdi year
long-finned pilot whalesSlobicephala melasnly found in temperate waters): false killer whales
(Pseudorca crassidepsshortfinned pilot whalesGlobicephala macrorhynchyshereafter pilot

whale, melorheaded whalePgponocephala electyaand pygmy killer whaled—eresa

attenuatq. Blackfish are largely dark gray in color, often appearing all black and are often

difficult to identify at the species level.

False killer whalesare infrequently encountered in the Hawaiian Islands and usually occur in
groups of 2 40 individuals with a mean group size of 15 animals (Baird et al., 2005; Chivers et

al., 2007; Baird et al., 2008a; Baird et al., 2013a). Three populations are lgueeagnized in

Hawai @i :insulahpepuldtiéh| theNorthwestern Hawaiian IslandssociatedNWHI)
populationandanopenro c ean ( Hawai @i (Baedetal, 20Ogb). Abondamdeat i o n
estimates range from <150 individuals (MHI insul&adger et al., 2024), >600 individuals

(NWHI - Bradford et al., 2020) and > 2,000 individuals (Peladgdcadford et al., 2020). False

killer whales exhibit daytime foragg patterns, typically feeding on large pelagic game fish with

prey primarily consisting of mahi mahi (common dolphinfisboryphaena hippurys

Pilotwhalesar e one of the most c¢ommo mossspgleedi es f ound
blackfish species (Baird et al., 2013a; Baird, 2016). They occur in average group size2of 18
individuals and group sizes > 50 animals are typically rare (Baird et al., 2013a; Mahaffy et al.,

2015; Baird, 2016). Four resident communities occur irMliel including a Hawai
community (Easte xt ends t o MNNi dMahua e X tWeasdasdiof f shore of
O & a-lh U n-Mdiokai (centrali overlaps with West and East communities) and an offshore

community (Mahaffy et al., 2015; Baird, 281Van Cise et al., 2017b). Current abundance

estimates for the entire MHI population is approximately 14,269 individuals, based on the
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average abundance estimates derived from HICEAS cruises in 2002, 2010, and 2017 (Becker et
al., 2021). This species feeds primarily on cephalopods in the deep scattering layer, although
little is known about speci f noitBimpetaly2004dy pes i n
Mintzer et al., 2008; Abecassis et al., 2015).

Melon-headed whalegare one of the more commonly sighted blackfish species and travel in

large groups of up to 860000 individuals (Brownell et al., 2009; Baird et al., 2013a). There is a
Hawai @i |l sl and popul ation (Kohala rewihdent st
recent abundance estimates, approximating > 40,000 animals in the MHI population and ~ 447
animalsin the Kohala resident stock (Aschettino et al., 2012; Bradford et al., 2021). This species
feeds on pelagic fish and cephalopodth@smesopelagic boundary community with evidence of

optimal foraging habitat selection based on regions with prey aggregates driven by mesoscale
eddies (Brownell et al., 2009; Woodworth et al., 201

Pygmy killer whalear e rarely sighted in Hawai @i but are
waters with group sizes ranging fron83 individuals (McSweeney et al., 2009). Abundance
estimates approximate 10,328 individuals in t
Opportuwnistic sightings of this species indicate high site fidelity, and few feeding events have

been observed suggesting this species primarily feeds at night on the deep scattering layer
(McSweeney et al., 2009).

Bl ackfish are potentially i mpacted by mul tipl
fisheries interactions, persistent organic pollutants, and marine debris (Southall et al., 2006;
Ylitalo et al., 2009; Forney et al., 2011).

1.4.1 Acoustics

The social complexity hypothesis for communicative complexity (SCHCC) asserts that groups
with more complex social systems require more complex communication to manage group
dynamics, which is evident in blackfish species (Freeberg et al., 2012; Vart Gis€@17a).
Toothed whales produce three types of acoustic signals which serve different functions: clicks,
whistles, and burgbulse sounds. Sheduration, directional, broadband clicks are used in
echolocation, and function in foraging and navigati¢ellogg, 1958; Au et al., 2000). Whistles

are narrowband, frequency modulated signals that function in communication (Tyack and Clark;
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2000). Burstpulse signals are composed of a series of pulses produced in such rapid succession
as to sound tonal and also function in communication (Watkins, 1967). Sound production is
caused by two pairs of phonic lips that can operate independently amable toothed whales

to produce biphonation (e,gonal calls + clicks simultaneously) and other nonlinear

phenomena, caused by the dynamic nature of airflow interacting with vocal folds during sound
generation (Wilden et al., 1998). Due to this mechanism of sound production, blackfish signals
can be cormplex containing more than one call type, for example low/high frequency contours
produced by pilot whales (Quick et al., 2018) and-twral signals containing burst pulse
components produced by melbraded whales (Kaplan et al., 2014).

Blackfish species are distinguishable based on echolocation click parameters recorded from

PAM recor di ngs i-Rickdfiagwetaal., 8015a;(ZBgenhamaet al., 2022). For

example, false killer whale clicks were shorter in duration and moretmoadb ( 225 es, 8
bandwi dth) whereas pilot whale clicks were | o
bandwidth) and the click spectra had 2 distinct, spectral peaks at 12 and 18 kHz. Most

echolocation click energy emitted by these speciebébliw 20 kHz which was lower than

many other odontocete species. Echolocation for this species was measured in one individual

which was found to produce four types of echolocation signals with peak energy betwe¥h 20

kHz, with most of the energy condested between 3040 kHz, and peak source levels from

182- 223 dB (Au et al., 1995; Kloepper et al., 2012). The lower peak sensitivity in hearing of
these two species, relative to other odontoce
frequency range of their signals. Mekreaded whale click median peak frequency ranges from

23-32 kHz and can display diel acoustic behavior in click production (Bawmgkering et al.,

2015b). Few higiguality PAM recordings exist of pygmy killer whale segs. However,

recorded pygmy killer whale eaxis clicks from a vertical hydrophone array indicate that clicks

are much higher in frequency than other blackfish counterparts with peak frequencies between
47117 kHz, shorter i n dsribuion{(MadsenEetal520043.) and bi nm

Whistles/tonal calls produced by blackfish are acoustically distinct as they collectively produce
lower frequency calls as a group than otheocourring smaller delphinid species (e.g.
Stenella that produce higher frequency whistles. Within blackfish, mékesded whales

produce higher frequency calls (3-:42.62 kHz) than false killer whales and pilot whales and
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large group sizes cause whistles to overlap spectrally (Frankel and Yin, 2010; Kaplan et al.,
2014). False killer whale whistles are the most stereotypical, and occ@rkdiz (McCullough

et al., 2021; more details on their known acoustic behavior beRilg} whale calls are typically
produced even lower in frequency range, similar to killer whales (Oswald et al., 2003; Van Cise
et al., 2017a; Van Cise et al., 2018). Pygmy killer whales rarely whistle so limited data is
available for this species. Althgh each species displays unique acoustic behavior in vocal
production, it can remain a challenge to classifthe speciegevel between false killer whales

and pilot whales mainly due to the overlap in frequency parameters of these two species. Based
on our current understanding of these species' acoustic behavior, it appears that a combination of
clicks and tonkcalls may be the best method to classify using automated methods and a protocol
using whistles alone may be necessary given some of the sgmgk limitations ofhe

recorders (McCullough et al., 2021; Gruden et al., 2023). The research presented in this
dissertation focuses on blackfish as a collective group in terms of detection and classification

with a focus on the most enddasgkdlerendleeb|l ackf i sh
1.5 False killer whales

False killer whalesRseudorca crassidepngOwen, 1846), henceforth Pc, are distributed globally

in tropical and warm temperature waters (Baird, 2009). They are distinguished from other
blackfish species by their dorsal fin which is much smaller in proportion to their back and sits
further back a the dorsal side as well as pectoral fins characterized by a bulge on the leading
edge (Leatherwood et al., 1982; Baird, 2009). This species i2115n at birth and adult males

and females can reach up to 6 m and 5m in length, respectively (Baigj B0, 2016). Pc

are slightly sexually dimorphic, males being on average 0.7 m larger than females (Baird, 2009).
Their lower jaw has 1422 teeth and the upper jaw has-I8! teeth, with a typical total average

of 44 teeth (Baird, 2009). Animals haaenaximum lifespan of 58 years for males and 63 years

for females as determined from animals documented in the Japanese fishery (Kasuya, 1986).
Females reach maturity at 92 years and will calve every 7 years until they reach thew mid
400s ( KWe6skHenyema, 200B). After that, female reproduction declines and appears to stop
completely at approximately 48 years of age (Ferreira, 2008). However, females can live into
their 6006s which suggests that f eigrdfitastso | i kel y



communities even after their reproductive yeagprocess known in humans as menopause
(Ferreil, 2008; Photopoulou et al., 2017).

Pc are infrequently encountered in the Hawaiian Islands and usually occur in grouptof 2

individuals (mean =15) (Baird et al., 2005; Chivers et al., 2007; Baird et al., 2008a; Baird et al.,
2013a). Groups are usually composed of widely dispersedayizyseparated by up to 7 km

and can travel far distances (up to 283 km per individual) and exhibit extensivis|axter

movement (Baird et al., 2005; Baird et al., 2008a). Three genetically differentiated, partially
sympatric populations are currenty c o gni zed i n iksalavy@opultion,the he MHI
NWHI population and the pelagic population (Baird et al., 2008b). TheiNgdlarpopulation

consists of four clusters, cumulatively representing < 150 individuals (Badger et al., 2024). This
population is considered the mostat s k cet acean popul ation in Ha\
endangered in 2012 (NOAA, 2012). Theirrange extends™ Ni i hau t o Hawai @Gi
as 120 km (Baird et al., 2008a; Bradford et al., 2018). Abundance estimatdhdrbtawaiian

Islands Cetacean Ecosystem and Assessment Survey (HICEAS) in 2020 approximate a

population size of 678 individuals for the NWHI stock (Bradford et al., 2020). Biologging data

show that their range extends as far northwest as Gardner Piraratleartially overlaps with

t he MHI insular population off Kauadi and Ni &
typically resides in depths of 5001500 m with maximum depths of 5,000 m. On the windward

side of islands, animals tend to concat# in shallower waters (<500 m) (Bhet al., 2013a;

Baird et al., 2013b; Baird, 2016). The pelagic population abundance is estimated to be
approximately 2,100 2,700 individuals (model dependent from HICEAS data) and larger than

all the insular populations combined (Bradford et al., 20R8¢. offshore population occurs in

waters, up to 124 km offshore, in depths of 4,080000 m and at a minimum depth of 1,000 m

(Baird et al., 2008a; Bradford et al., 2020).

As apex predators, Pc typically feed during the day, primarily on mahi mahi (common
dolphinfish- Coryphaena hippurysand to a lesser extent, ono (wah@wxanthocybium
solandri), tombo ahi (albacore turd hunnus alalungg aku (skipjack tuna Katsuwonus
pelamig and other large bony fish species (Connor and Norris, 1982; Baird et al., 2008a;

Simonis et al., 2017). This species can exhibit a hunting technique where they propel themselves
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from the water, ventral side up, and strike the fish with the underside of their tail flukes,
launching the fish into the air (Baird, 2016). They are very surface active and are considered the
most aerial of all Hawaiian blackfish species (Baird et aDp2@aird, 2016). After the group

kills a preyitem, animals are observed sharing food amongst individuals of the group (Connor
and Norris, 1982; Baird et al., 2008a), a relatively unique behavior observed in the animal
kingdom (Fehr and Fischbacher, 200@ark recapture studies (Baird et al., 2008a) and

biologging data (Baird et al., 2012) indicate strong temporal associations between individuals.
This display of cooperative behavior also indicates that Pc have strong social bonds (Baird et al.,
2008a).

In the 1980s, the pelagiclogi ne fi shery industry in Hawai @i
156 longline boats by 1991 (Boggs and Ito, 1993). This led to an increase in interactions

between longdine fisheries and cetaceans, where animals attampntove fish or bait off the

gear, a behavior called Adepredati ono. Il n the
hooked, potentially leading to injury and mortality (Baird and Gorgone, 2005; Forney et al.,

2011; Bradford et al., 2014). Pc dhe most frequently hooked species in this fishery, wiitit
whalesoccasionally being killed as well (Bradford et al., 2014). Despite restrictions put in place

in 1992 prohibiting nearshore loflige fishing and potentially cumulative effects of

anthropogenic pressure, the insular Pc population continued to declinagaaesMHI insular
population to be listed as endangered in 2012 under the Endangered Species Act (ESA) (Oleson
et al., 2010; NOAA, 2012). In 2010, the Pc Take Reduction Team (TRTestaslished under

the Marine Mammal Protection AMMPA) to develop a plan, containing recommended

regulatory or voluntary measures to reduce incidental mortality and injury of Pc and assist with
species recovery. The TRT is composed of a variety of stakeholders including members of the
fishing industry, scienfic community, state and federal resource management agencies, and

nongovernment organizations.
1.5.1 Acoustics

Pc have a hearing range of 215 kHz with peak sensitivity from &4 kHz (Thomas et al.,
1988; Yuen et. al., 2005). Similar to other odontocete species, it is important to acknowledge that
differences have been observed between individuals indiadifiegences in hearing and age

related hearing loss (Yuen et al., 2005; Houser and Finneran, 2006). Echolocation for this species
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was measured in one individual which was found to produce four types of echolocation signals
with peak energy between 280 kHz, with most of the energy concentrated betweer480

kHz, and peak source levels from 1823 dB (Au et al., 1995; Kloeppet al., 2012). A recent
study of wild Pc echolocation clicks described one click type with a 16.5 kHz mean peak
frequency and &3 bandwidth of 6.5 kHz (Ziegenhorn et al., 2022). Pc produce whistles with
peak frequencies between 32 kHz however fundanméal frequency contour means range from
4.7- 8.3 kHz (Murray et al., 1998; Rendell, 1999; Oswald et al., 2003). Pc whistles have been
describedaslower in frequency than other species and have a more narrowband range, which
perhaps could be leveraged in a classification tool (Rendell et al., 1999; Oswald et al., 2003).
Although Pc produce isolated whistles and bprdse signals, they are commoikiyown to

produce these signals on a continuum showing a graded structure, making it challenging to
classify these signals which are often combin
1998). Pc have been shown to exhibit vocal mimicry, whexg pnoduce whistles that closely
resemble MFAsonarsignals, during and immediately after a MB&narevent (DeRuiter et al.,
2013; Alves et al., 2014).

1.6 Research objectives

My research sought to begin by applying a breaale lens within a system, to ultimately
transition to applying a finrecale lens to capture the perspective of ecologically significant
individuals to that system. My dissertation structure progressesafssassing the underwater
soundscape within the sanctuary (Chap 1), to understanding sf@@éspatial/temporal
variability based on acoustic presence inside/outside MPAs (Chap Il), to the indiewial

variation in acoustic behavior of endangerdddiller whales (Chap IlI).

Chapter Il focuses on comparing underwater soundscapes within the HIHWNMS and the
occurrence and persistence of anthropogenic noise (e.g., vessel noise) before and during the
COVID-19 pandemic using data recorded from moored devices from 14 hydrophone systems
deployel across four sites within the MHI. The objectives of this study were to (a) establish
baseline sound levels in the sanctuary, (b) compare sound levels across spatial and temporal
scales, (c) quantify vessel activity across sites and (d) deepoiential influences of COVID

19 on the soundscape. This paper provides standardized metrics for future soundscape
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comparisons at these ecologically significant sites and highlights the decline in vessel presence

and distribution of vessel types within the sanctuary during the C&¥Ipandemic.

Chapter Il focuses on understanding the spatial and temporal occurrence of blackfish in the
sanctuary with a focus on Pc throughout the Hawaiian Archipelago using passive acoustic
monitoring and automated detectors and classifiers. This study leveragesrtaregrostic data

to (a) validate crosplatform classification using established methods, (b) determine
spatial/temporal presence blackfish in the HIHWNMS, and (c) determine spatial/temporal
presence of Pc outside the sanctuary and in the PMNM. émgited an automated approach to
detection and a tiered classification model for distilling to species level. This work supports the
use ofanestablished detection/classification framework trained on other acoustic platform types
for moored data and shows it is a powerful tool for managers to determine species diversity in

biologically relevant environments.

Chapter IV focused on understanding acoustic behavior of endangered MHI Pc tagged using
animatborne acoustic tags. The objectives of this study were to (a) classify and characterize the
repertoire of individual Pc (b) describe nonlinearity observed in calls, aaddt)ze the

relationship between sound production and diving behavior. This paper provides the first
description of pulsed calls produced by false killer whales in Hawé#ie diversity in the call
repertoire of tagged individuals indicateglhmer levels of acoustic complexity in signal

production than previously described.

Chapter V provides a conclusion for this dissertation which summarizes key findings, highlights

contributions to the field of bi oacoustics,

13

a



1.7 References

Abecassis, M., Polovina, J., Baird, R. W., Copeland, A., Drazen, J. C., Domokos, R., ... &
Andrews, R. D. (2015). Characterizing a foraging hotspot for gimored pilot whales
and Blainvillebds beaked whales Ilusngated off
tagging and oceanographic da?a.0S Onel0(11),
https://doi.org/10.1371/journal.pone.0142628

Alves, A., Antunes, R., Bird, A., Tyack, P. L., Miller, P. J., Lam, F. P. A., & Kvadsheim, P. H.
(2014). Vocal matching of naval sonar signals by {bnged pilot whalesGlobicephala
melag. Marine Mammal Scien¢80(3). https://doi.org/10.1111/mms.12099

Aschettino, J. M., Baird, R. W., McSweeney, D. J., Webster, D. L., Schorr, G. S., Huggins, J. L.,
Martien K. K., Mahaffy, S.D., & West, K. L.
headed whales®eponocephala electyan the Hawaiian Archipelago: Evidence of
multiple populations based on photo identificatibtarine Mammal Scien¢28(4), 666
689.https://doi.org/10.1111/j.1748692.2011.00517.x

Au, W. W., Pawloski, J. L., Nachtigall, P. E., Blonz, M., & Gisner, R. C. (1995). Echolocation
signals and transmission beam pattern of a false killer wRaku(lorca crassidehs
Journal of the Acoustical Society of Amerig8(1), 51-59.
https://doi.org/10.1121/1.413643

Au, W. W. (2000). Echolocation in dolphins. In Hearing by whales and dolphins (pg08)4
Springer, New York, NY.

Barlow, J. (2006). Cetacean abundance in Hawaiian waters estimated from a summer/fall survey
in 2002.Marine Mammal Scien¢@2(2), 446464.https://doi.org/10.1111/j.1748
7692.2006.00032.x

Baird, R. W., Gorgone, A. M., Webster, D. L., McSweeney, D. J., Durban, J. W, Ligon, A. D.,

... & Deakos, M. H. (2005). False killer whales around the main Hawaiian Islands: an
assessment of intésland movements and population size using individualghot
identification. Contract Report JJ133F04SE0120 prepared for the Pacific Islands
Fisheries Science Center, National Marine Fisheries Service, 2570.

Baird, R. W., & Gorgone, A. M. (2005). False Killer Whale Dorsal Fin Disfigurements as a
Possible Indicator of Lorgine Fishery Interactions in Hawaiian WaterBHhcific
Science59(4), 593601. https://doi.org/10.1353/psc.2005.0042

14



Baird, R. W., Gorgone, A. M., McSweeney, D. J., Webster, D. L., Salden, D. R., Deakos, M. H.,

... & Mahaffy, S. D. (2008a). False killer whalé%séudorca crassideparound the main
Hawaiian | sl ands: Long term site fidelity,
patternsMarine Mammal Scien¢@4(3), 591612. https://doi.org/10.1111/j.1748
7692.2008.00200.x

Baird, R. W., Schorr, G. S., Webster, D. L., McSweeney, D. J., Gorgone, A. M., & Chivers, S. J.
(2008b). A survey to assess overlap of insular and offshore false killer WRa&giprca
crassidens off the island of Hawai 6i. Report pr
AB133F07SE4484 for the Pacific Islands Fisheries Science Center, National Marine
Fisheries Service, Honolulu, HI. In review.

Baird, R. W. (2009). False killer whale: Pseudorca crassidens. In Encyclopedia of marine
mammals (pp. 46806). Academic Press.

Baird, R. W., Webster, D. L., Aschettino, J. M., Schorr, G. S., & McSweeney, D. J. (2013a).
Odontocete cetaceans around the main Hawaiian Islands: Habitat use and relative
abundance from smatioat sighting survey&quatic Mammals39(3).
https://doi.org/10.1578/AM.39.3.2013.253

Baird, R. W., Oleson, E. M., Barlow, J., Ligon, A. D., Gorgone, A. M., & Mahaffy, S. D.

(2013b). Evidence of an islarassociated population of false killer whalBs€udorca
crassidenyin the Northwestern Hawaiian Islandacific Scienceg67(4), 513521.

Baird, R. W. (2016). The | ives of Hawai 60i 6s d
conservation. University of Hawai @i press.

Badger JJ, Johnson DS, Baird RW, Bradford AL, Kratofil MA, Mahaffy S. D, & Oleson EM.
(2024). Incorporating telemetry informatio

precision and accuracy of abundance estimates given spatiotemporally biased recapture
effort. Methods in Ecology and Evolutiob5, 1847%1858. https://doi.org/10.1111/2041
210X.14408

BaumannPickering, S., Simonis, A. E., Oleson, E. M., Baird, R. W., Roch, M. A., & Wiggins,
S. M. (2015a). False killer whale and skiamhed pilot whale acoustic identification.
Endangered Species Resear28(2), 97-108. https://doi.org/10.3354/esr00685

15



BaumannPickering, S., Roch, M. A., Wiggins, S. M., Schnitzler, H. U., & Hildebrand, J. A.
(2015b). Acoustic behavior of meldreaded whales varies on a diel cy8ehavioral
Ecology and Sociobiologg9, 15531563. https://doi.org/10.1007/s0026%5 19670

Becker EA, Forney KA, Oleson EM, Bradford AL, Moore JE, Barlow J. (2021). Hetmised
density estimates for cetaceans within the waters of the U.S. Exclusive Economic Zone
around the Hawaiian Archipelago. U.S. Dept. of Commerce, NOAA Technical
MemorandunNMFS-PIFSG116, 38 p. doi:10.25923/x9¢g@73

BenoitBird, K. J., & Au, W. W. (2004). Diel migration dynamics of an islass$ociated sound
scattering layeiDeep Sea Research Part I: Oceanographic Research Pajigss, 707
719. https://doi.org/10.1016/j.dsr.2004.01.004

Blackwell, S. B., Nations, C. S., Thode, A. M., Kauffman, M. E., Conrad, A. S., Norman, R. G.,
& Kim, K. H. (2017). Effects of tones associated with drilling activities on bowhead
whale calling ratePLOS Onel2(11), https://doi.org/10.1371/journal.pone.0188459

Boggs, C. H., & I1to, R.  YMarirle FiSherigs) Revieths(2y,a i i 6 s p
69-82.

Bradford, A. L., K. A. Forney. (2014). Injury Determinations for Cetaceans Observed Interacting
with Hawaii and American Samoa Longline Fisheries during ZI7. U.S. Dep.
Commer., NOAA Tech. Memo., NOAAM-NMFS-PIFSG39, 20 p. + Appendix
doi:10.7289/V5M27KJ

Bradford, A. L., Baird, R. W., Mahaffy, S. D., Gorgone, A. M., McSweeney, D. J., Cullins, T., ...
& Zerbini, A. N. (2018). Abundance estimates for management of endangered false killer
whales in the main Hawaiian Islan@ndangered Species Researdh 297-313.
https://doi.org/10.3354/esr00903

Bradford AL, Becker EA, Oleson EM, Forney KA, Moore JE, Barlow J. (2020). Abundance
estimates of false killer whales in Hawaiian waters and the broader central Pacific. U.S.
Dept. of Commerce, NOAA Technical Memorandum NOAK-NMFS-PIFSG104, 78
p. https:/doi.org/10.25923/2jjgp807

Bradford AL, Oleson EM, Forney KA, Moore JE, Barlow J. (2021). iina@sect abundance
estimates of cetaceans in U.S. waters around the Hawaiian Islands in 2002, 2010, and
2017. U.S. Dept. of Commerce, NOAA Technical Memorandum NS G115, 52
p. doi:1025923/daz4kw84

16



Brownell Jr, R. L., Ral |l s, K., Baumann Picker
me |l on h e a d®Pepdnocedhad elkedraear oceanic islandslarine Mammal
Science25(3), 639658. https://doi.org/10.1111/j.1748692.2009.00281.x

Castellote, M., Clark, C. W., & Lammers, M. O. (2012). Acoustic and behavioural changes by
fin whales Balaenoptera physalyisn response to shipping and airgun noielogical
Conservation1471), 115122. https://doi.org/10.1016/j.biocon.2011.12.021

Chapman, N. R., & Price, A. (2011). Low frequency deep ocean ambient noise trend in the
Northeast Pacific Oceadournal of the Acoustical Society of Amerita9(5), EL16%

EL165. https://doi.org/10.1121/1.3567084

Connor, R. C., & Norris, K. S. (1982). Are dolphins reciprocal altruigtis@. American
Naturalist 1193), 358374.

Chivers, S. J., Baird, R. W., McSweeney, D. J., Webster, D. L., Hedrick, N. M., & Salinas, J. C.
(2007). Genetic variation and evidence for population structure in eastern North Pacific
false killer whalesPseudorca crassidensCanadian Journal of Zoolog®5(7), 783
794. https://doi.org/10.1139/Z2a059

DeRuiter, S. L., Boyd, I. L., Claridge, D. E., Clark, C. W., Gagnon, C., Southall, B. L., & Tyack,
P. L. (2013). Delphinid whistle production and call matching during playback of
simulated military sonaMarine Mammal Scien¢c@9(2), E46E59.
https://doi.org/10.1111/].1748692.2012.00587.x

Feder al Register. (2025) Designation of Papah
F.R. 13410 (published January 16,2025)
https://www.federalregister.gov/documents/2025/03/24/2D2%49/designatiocof-
papahnaumokukeationatmarinesanctuary

Fehr, E., & Fischbacher, U. (2003). The nature of human altriNstore 4256960), 785791.
https://doi.org/10.1038/nature02043

Ferreira, 1. M. (2008). Growth and reproduction in false killer whdsgdorca crassidens
Owens, 1846) (Doctoral dissertation, University of Pretoria).

Forney, K. A., Kobayashi, D. R., Johnston, D. W., Marchetti, J. A., & Marsik, M. G. (2011).
What 6s the catch? Patterns of cetacean byc
longline fisheriesMarine Ecology 32(3), 38G391. https://doi.org/10.1111/j.1439
0485.2011.00454.x

17



Frankel, A. S., & Yin, S. (2010). A description of sounds recorded from riedaded whales
(Peponocephala electra o f f  Jdanalaofi thie iAcoustical Society of America
127(5), 32483255. https://doi.org/10.1121/1.3365259

Freeberg, T. M., Dunbar, R. I., & Ord, T. J. (2012). Social complexity@eximate and
ultimate factor in communicative complexifhilosophical Transactions of the Royal
Society B: Biological Science3671597), 17851801.
https://doi.org/10.1098/rstb.2011.0213

Gedamke, J., Harrison, J., Hatch, L., Angliss, R., Barlow, J., Berchok, C., ... & Wahle, C. (2016).
Ocean noise strategy roadmap. Washington, D.C: NOAA.

Gruden, P., Barkley, Y. M., & McCullough, J. L. K. (2023). Vocal behavior of false killer whale
(Pseudorca crassidepacoustic subgroupBrontiers in Marine Sciengd 0, 1147670.
https://doi.org/10.3389/fmars.2023.1147670

Goldbogen, J. A., Southall, B. L., DeRuiter, S. L., Calambokidis, J., Friedlaender, A. S., Hazen,
E. L., Falcone, E.A., Schorr, G.S., Douglas, A., Moretti, D.J., Kyburg, C. McKenna,
M.F., & Tyack, P. L. (2013). Blue whales respond to simulatedfreguieny military
sonar.Proceedings of the Royal Society B: Biological Scie&%1765), 20130657.
https://doi.org/10.1098/rspb.2013.0657

Hacker, E. S. (1986). Stomach content analysis of $imoed pilot whalesGlobicephala
macrorhynchugsand northern elephant sedlifounga angustirostrisfrom the Southern
California Bight. NOAA Administrative Report E36-08C

Halpern, B. S. (2003). The impact of marine reserves: do reserves work and does reserve size
matter? Ecological Applications13(spl), 117137. https://doi.org/10.1890/1051
0761(2003)013[0117:TIOMRD]2.0.CO;2

Hatch, L., Clark, C., Merrick, R., Van Parijs, S., Ponirakis, D., Schwehr, K., ... & Wiley, D.
(2008). Characterizing the relative contributions of large vessels to total ocean noise
fields: a case study using the Gerry E. Studds Stellwagen Bank NatianaeM
SanctuaryEnvironmental Managemert2(5), 735752.https://doi.org/10.1007/s00267
00891694

Hatch, L. T., & Fristrup, K. M. (2009). No barrier at the boundaries: implementing regional
frameworks for noise management in protected natural dvieeisie Ecology Progress
Series 395 223244. https://doi.org/10.3354/meps07945

18



Haver, S. M., Fournet, M. E., Dziak, R. P., Gabriele, C., Gedamke, J., Hatch, L. T., ... & Van
Parijs, S. M. (2019). Comparing the underwater soundscapes of four US National Parks
and Marine SanctuarieBrontiers in Marine Sciengé, 500.
https://doi.org/10.3389/fmars.2019.00500

Haver, S. M., Rand, Z., Hatch, L. T., Lipski, D., Dziak, R. P., Gedamke, J., ... & Van Parijs, S.
M. (2020). Seasonal trends and primary contributors to thdreguency soundscape of
the Cordell Bank National Marine Sanctualgurnal of the Acoustical Society of
Americg 1482), 845858. https://doi.org/10.1121/10.0001726

Herman, L. M., & Antinoja, R. C. (1977). Humpback whales in the Hawaiian breeding waters:
population and pod characteristi&ientific Reports of the Whales Research Institute
29, 5985.

Holt, M. M., Noren, D. P., Veirs, V., Emmons, C. K., & Veirs, S. (2009). Speaking up: Killer
whales Qrcinus orcg increase their call amplitude in response to vessel nlmsenal
of the Acoustical Society of Amerjd251), EL27EL32.
https://doi.org/10.1121/1.3040028

Holt, M. M., Tennessen, J. B., Hanson, M. B., Emmons, C. K., Giles, D. A., Hogan, J. T., &
Ford, M. J. (2021a). Vessels and their sounds reduce prey capture effort by endangered
killer whales Qrcinus orcg. Marine Environmental Research70, 105429.
https://doi.org/10.1016/j.marenvres.2021.105429

Holt, M. M., Tennessen, J. B., Ward, E. J., Hanson, M. B., Emmons, C. K., Giles, D. A., &
Hogan, J. T. (2021b). Effects of vessel distance and sex on the behavior of endangered
killer whales.Frontiers in Marine Sciencd, 1211.
https://doi.org/10.3389/fmars.2020.582182

Hohn, A. A., Rotstein, D. S., Harms, C. A., & Southall, B. L. (2006). Report on marine mammal
unusual mortality event UMESEQ0501Sp: Multispecies mass stranding of pilot whales
(Globicephala macrorhynchiysminke whale Balaenoptera acutorostrajaand dwarf
sperm whaleskogia simg in North Carolina on 136 January 2005. (NOAA Technical
Memor andum NMFS SEFSC 537). Washington, DC

Administration

19



Houser, D. S., & Finneran, J. J. (2006). Variation in the hearing sensitivity of a dolphin
population determined through the use of evoked potential audiodetmnal of the
Acoustical Society of Americh2(0(6), 40904099. https://doi.org/10.1121/1.2357993

Kaplan, M. B., Aran Mooney, T., Sayigh, L. S., & Baird, R. W. (2014). Repeated call types in
Hawaiian melorheaded whale$eponocephala electyalournal of the Acoustical
Society of Amerigdl36(3), 13941401. https://doi.org/10.1121/1.4892759

Kastelein, R. A., HeldeHoek, L., Van de Voorde, S., von BerBackmann, A. M., Lam, F. P.
A., Jansen, E., ... & Ainslie, M. A. (2017). Temporary hearing threshold shift in a harbor
porpoise Phocoena phocoehafter exposure to multiple airgun soundisurnal of the
Acoustical Society of Americh424), 24302442. https://doi.org/10.1121/1.5007720

Kasuya, T., (1986). False killer whales. In: Tamura, T., Ohsumi, S., Arai, S. (Eds.), Report of
Investigation in Search of Solution for DolpHishery Conflict in the Iki Island Area.
Japan Fisheries Agencyokyo, pp. 178187 (285pp).

Kellogg, W. N. (1958). Echo ranging in the porpoiSeience 128(3330), 98D88.
https://doi.org/10.1126/science.128.3330.982

Kerwath, S. E., Winker, H., Gotz, A., & Attwood, C. G. (2013). Marine protected area improves
yield without disadvantaging fishefdature Communicationg(1), 1-6.
https://doi.org/10.1038/ncomms3347

Kloepper, L. N., Nachtigall, P. E., Quintos, C., & Vlachos, S. A. (2012). Siobkd frequency
dependent beam shape in an echolocating false killer wPsdeiorca crassidehs
Journal of the Acoustical Society of Ameritd1(1), 577581.
https://doi.org/10.1121/1.3664076

Jensen, F. H., Bejder, L., Wahlberg, M., Soto, N. A., Johnson, M., & Madsen, P. T. (2009).
Vessel noise effects on delphinid communicatMarine Ecology Progress Serie395
161-175. https://doi.org/10.3354/meps08204

Leatherwood, S., Reeves, R. R., Perrin, W. F., Evans, W. E., & Hobbs, L. (1982). Whales,
dolphins, and porpoises of the eastern North Pacific and adjacent Arctic waters: A guide
to their identification. New York: Dover

Leunissen, E. M., Rayment, W. J., & Dawson, S. M. (2019). Impact aflpuang on Hector's
dolphin in Lyttelton Harbour, New Zealandarine pollution bulletin 142, 31-42.
https://doi.org/10.1016/j.marpolbul.2019.03.017

20



Lyamin, O. I., Korneva, S. M., Rozhnov, V. V., & Mukhametov, L. M. (2011). Cardiorespiratory
changes in beluga in response to acoustic noise. In Doklady Biological Sciences (Vol.
440, No. 1, p. 275). Springer Nature BV.

Madsen, P. T., Kerr, I., & Payne, R. (2004). Source parameter estimates of echolocation clicks
from wild pygmy killer whalesKeresa attenuaddlL). Journal of the Acoustical Society
of Americal1l16(4), 19091912. https://doi.org/10.1121/1.1788726

Mahaffy, S. D., Baird, R. W., McSweeney, D. J., Webster, D. L., & Schorr, G. S. (2015). High
site fidelity, strong associations, and
i sl and oMarineldammal Scien¢81(4), 14271451.
https://doi.org/10.1111/mms.12234

ManzaneRoth, R. A., Henderson, E. E., Martin, S. W., & Matsuyama, B. (2013). Impacts of a
US Navy training event on beaked whale dives in Hawaiian waters. Chief of Naval
Operations N, 45.

McCullough, J. L. K., Simonis, A. E., Sakai, T., & Oleson, E. M. (2021). Acoustic classification
of false killer whales in the Hawaiian islands based on comprehensive vocal repertoire.
JASA Express Letter§(7). https://doi.org/10.1121/10.0005512

McDonald, M. A., Hildebrand, J. A., & Wiggins, S. M. (2006). Increases in deep ocean ambient
noise in the Northeast Pacific west of San Nicolas Island, Califaroianal of the
Acoustical Society of Americh2((2), 712718. https://doi.org/10.1121/1.2216565

McSweeney, D. J., Baird, R. W., Mahaffy, S. D., Webster, D. L., & Schorr, G. S. (2009). Site
fidelity and association patterns of a rare species: pygmy killer whaess@ attenuafa
in the main Hawaiian Islandslarine Mammal Scien¢g@5(3), 557572.
https://doi.org/10.1111/].1748692.2008.00267.x

Melcon, M. L., Cummins, A. J., Kerosky, S. M., Roche, L. K., Wiggins, S. M., & Hildebrand, J.
A. (2012). Blue whales respond to anthropogenic n®ik@S One7(2), e32681.
https://doi.org/10.1371/journal.pone.0032681

Mintzer, V. J ., Gannon, D. P. , Barr os, N .
stranded shor t Gfobicephaadnagrorhiynohiuérom Nath @asoling.
Marine Mammal Scien¢c@4(2), 290302. https://doi.org/10.1111/j.1748
7692.2008.00189.x

21



Murray, S. O., Mercado, E., & Roitblat, H. L. (1998). Characterizing the graded structure of false
killer whale Pseudorca crassidepsocalizationsJournal of the Acoustical Society of
Americg 104(3), 16791688. https://doi.org/10.1121/1.424380

NOAA. (2012). Endangered and Threatened Wildlife and Plants; Endangered Status for the Main
Hawaiian Islands Insular False Killer Whale Distinct Population Segment. 77 FR 70915
(December 18, 2012)

NOAA Office of National Marine Sanctuaries. (2020a). Hawaiian Islands Humpback Whale
National Marine Sanctuary Management Plan 2020. U.S. Department of Commerce,
National Oceanic and Atmospheric Administration, Office of National Marine
Sanctuaries, Silvespring, MD. 38 pp.

NOAA Of fice of National Marine Sanctuaries. (
Marine National Monument: Status and Trends 2@089. U.S. Department of
Commerce, National Oceanic and Atmospheric Administration, Office of National
Marine Sanctuaries§ilver Spring, MD. 221 pp.

Oleson, E. M., C. H. Boggs, K. A. Forney, M. B. Hanson, D. R. Kobayashi, B. L. Taylor, P. R.
Wade, and G. M. Ylitalo. (2010). Status review of Hawaiian insular false killer whales
(Pseudorca crassidepsinder the Endangered Species Act. U.S. Dep. Commer., NOAA
Tech. Memo., NOAATM-NMFS-PIFSG22, 140 p. + Appendices.

Oswald, J. N., Barlow, J., & Norris, T. F. (2003). Acoustic identification of nine delphinid
species in the eastern tropical Pacific Océéerine Mammal Sciencd9(1), 20037.
https://doi.org/10.1111/j.1748692.2003.tb01090.x

Parks, S. E., Johnson, M., Nowacek, D., & Tyack, P. L. (2011). Individual right whales call
louder in increased environmental noiB&logy Letters7(1), 3335.
https://doi.org/10.1098/rsbl.2010.0451

Photopoulou, T., Ferreira, I. M., Best, P. B., Kasuya, T., & Marsh, H. (2017). Evidence for a
postreproductive phase in female false killer wh&gssudorca crassidenBrontiers in
Zoology 14(1), 1-14. https://doi.org/10.1186/s129837-0208y

Qui ck, N. , Call ahan, H. , & Read, A. J. (2018)
(Globicephala macrorhynchiuisMarine Mammal Scien¢g84(1), 155168.
https://doi.org/10.1111/mms.12452

22



Rendel I, L. E., & Gordon, J. C. D. (1999). Vo
(Globicephala melgsto military sonar in the Ligurian Selslarine Mammal Science
15(1), 198204. https://doi.org/10.1111/}.1744692.1999.tb00790.x

Rolland, R. M., Parks, S. E., Hunt, K. E., Castellote, M., Corkeron, P. J., Nowacek, D. P., ... &
Kraus, S. D. (2012). Evidence that ship noise increases stress in right whales.
Proceedings of the Royal Society B: Biological Scieri®&%1737), 23632368.
https://doi.org/10.1098/rspb.2011.2429

Ryan, J. P., Joseph, J. E., Margolina, T., Hatch, L. T., Azzara, A., Reyes, A., ... & Stimpert, A.
K. (2021). Reduction of LowiFrequency Vessel Noise in Monterey Bay National Marine
Sanctuary During the COVH29 Pandemid-rontiers in Marine Scien¢e, 587.
https://doi.org/10.3389/fmars.2021.656566

Sanctuaries Act. 2000. 16 U.S.C. § 1431. [Online]. Available:
https://nmssanctuaries.blob.core.windows.net/sanctuaries
prod/media/archive/library/national/nmsa.pdf. [Dec 18, 2021].

Simonis, A. E. (2017). By the Light of the Moon: North Pacific Dolphins Optimize Foraging
with the Lunar Cycle. University of California, San Diego.

Sivle, L. D., Wensveen, P. J., Kvadsheim, P. H., Lam, F. P. A., Visser, F., Curé, C., ... & Miller,
P. J. (2016). Naval sonar disrupts foraging in humpback whdbeie Ecology
Progress Serie$62 211-220. https://doi.org/10.3354/meps11969

Selig, E. R., & Bruno, J. F. (2010). A global analysis of the effectiveness of marine protected
areas in preventing coral 10$3.0S One5(2), €9278.
https://doi.org/10.1371/journal.pone.0009278

SousalLima, R. S., Norris, T. F., Oswald, J. N., & Fernandes, D. P. (2013). A review and
inventory of fixed autonomous recorders for passive acoustic monitoring of marine
mammalsAquatic Mammals39(1), 2353. https://doi.org/10.1578/AM.39.1.2013.23

Southall, B. L., R. Braun, F. M. D. Gulland, A. D. Heard, R. W. Baird, S. M. Wilkin and T. K.
Rowles. (2006). Hawaiian meldreaded whaleReponocephala electyanass stranding
event of July 34, 2004. NOAA Technical Memorandum NMEFPR31. 73 pp.

Thomas, J., Chun, N., Au, W., & Pugh, K. (1988). Underwater audiogram of a false killer whale
(Pseudorca crassidepslournal of the Acoustical Society of Ameri84(3), 936940.
https://doi.org/10.1121/1.396662

23



Tyack, P. L., & Clark, C. W. (2000). Communication and acoustic behavior of dolphins and
whales. In Hearing by whales and dolphins (pp-226). Springer, New York, NY.

Van Cise, A. M., Roch, M. A., Baird, R. W., Aran Mooney, T., & Barlow, J. (2017a). Acoustic
differentiation of Shiheand Naisaype shorifinned pilot whales in the Pacific Ocean.
Journal of the Acoustical Society of Ameritd1(2), 73%748.
https://doi.org/10.1121/1.4974858

Van Cise, Amy M., Karen K. Martien, Sabre D. Mahaffy, Robin W. Baird, Daniel L. Webster,
James H. Fowler, Erin M. Oleson, and Phillip A. Morin. (2017b). Familial social
structure and socially driven genetic diff
whales.Molecular Ecology26(23), 67366741. https://doi.org/10.1111/mec.14397

Van Cise, A. M., Mahaffy, S. D., Baird, R. W., Mooney, T. A., & Barlow, J. (2018). Song of my
people: dialect differences among sympatric social groups offmoed pilot whales in
H a w a Bebavioral Ecology and Sociobiologg2(12), 1-13.
https://doi.org/10.1007/s00268L8-2596-1

Wat kins, W. A. (1967). AThe harmonic interval
trains, 0 -Acousiids edited by WBIN. davolga (Pergamon, New York), pp.
151 42.

Wilden, I., Herzel, H., Peters, G., & Tembrock, G. (1998). Subharmonics, biphonation, and
deterministic chaos in mammal vocalizati@mwacoustics9(3), 171196.
https://doi.org/10.1080/09524622.1998.9753394

Winn, H. E., Thompson, T. J., Cummings, W. C., Hain, J., Hudnall, J., Hays, H., & Steiner, W.
W. (1981). Song of the humpback whalpopulation comparison8ehavioral Ecology
and Sociobiology8(1), 41-46. https://doi.org/10.1007/BF00302842

Woodworth, P. A., Schorr, G. S., Baird, R. W., Webster, D. L., McSweeney, D. J., Hanson, M.
B., Russel, D., & Polovina, J. J. (Z)1Eddies as offshore foraging grounds for melon
headed whales’eponocephala electyaMarine Mammal Scien¢g@8,6 3 81 6 4 7 .
https://doi.org/10.1111/j.1748692.2011.00509.x

Ylitalo, G. M., Baird, R. W., Yanagida, G. K., Webster, D. L., Chivers, S. J., Bolton, J. L.,
Schorr, G.S., & McSweeney, D. J. (2009). High levels of persistent organic pollutants

measured in blubber of islaradsociated false killer whaleBdeudorca crassideps

24



around the main Hawaiian Islandidarine Pollution Bulletin 58(12), 19321937.
https://doi.org/10.1016/j.envpol.2022.119670
Yuen, M. M., Nachtigall, P. E., Breese, M., & Supin, A. Y. (2005). Behavioral and auditory
evoked potential audiograms of a false killer wh&leeudorca crassidepslournal of
the Acoustical Society of Amerjddal84), 26882695. https://doi.org/10.1121/1.2010350
Ziegenhorn, M. A., Frasier, K. E., Hildebrand, J. A., Oleson, E. M., Baird, R. W., Wiggins, S.
M., & BaumannPickering, S. (2022). Discriminating and classifying odontocete
echolocation clicks in the Hawaiian Islands using machine learning meBlodS One
17(4), https://doi.org/10.1371/journal.pone.0266424

Zimmer, W. M. (2011). Passive acoustic monitoring of cetaceans. Cambridge University Press.

25



CHAPTER 2: COMPARING THE UNDERWATER SOUNDSCAPE OF THE
HAWAIIAN ISLANDS HUMPBACK WHALE NATIONAL MARINE SANCTUARY
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2.1 Abstract

Passive acoustic monitoring is an effective technique forierg monitoring of the soundscape

in marine protected areas. Ocean noise is a key concern for the U.S. Office of National Marine
Sanctuaries and has been identified as a research priorit§sahiceuary Soundscape Monitoring
Project (ASanct Soundo) was i mplemented to sup
U.S. sanctuaries using a comprehensive and standardized approach. In this study, acoustic
recordings were collected in the Hawaiiglands Humpback Whale National Marine Sanctuary

during the humpback whale seasons (Noverhliay) from 20182022. Data encompassed 14

depl oyments across four sites in the main Haw
The soundscape was domiedty biological sources, most prominently the seasonal detection

of humpback whale song. Third octave level monthly medians ranged fromd0®dB re 1 pPa
across sites with distinct peaks from January
Overall, we reported relatively low vessel detection rates, with Maui having the highest daily

average of vessel detections (x = 19.16). No COQ¥®mpact could be observed acoustically

using soundscape metrics which was likely due to the dominancenpitack whale chorusing.

However, vessel detections and AIS data revealed a reduction in vessel activity after the onset of
the pandemic at the Maui and Hawai 6i sites. T
are a useful tool for obtaining lorigrm, baseline soundscape levels to understand the various
contributions to the underwater soundscape and potential changes within marine protected areas

in Hawai 0i
2.2. Introduction

The underwater soundscape is a dynamic environment composed of biological, geophysical, and
anthropogenic sound sources (Pijanowski et al., 2011). Anthropogenic noise has been shown to
elicit behavioral, acoustic, and physiological responses in marine ralaifieh, and coral reef
communities, which can impede vital functions such as foraging, mating/spawning, and
communication (Lyamin et al., 2011; Parks et al., 2011; Rolland et al., 2012; Goldbogen et al.,
2013; Nedelec et al., 2017; Popper et al., 26&%ierPages et al., 2021). Due to the potential
detrimental effects on marine life, anthropogenic noise has been acknowledged as a major issue

on an international scale (EU, 2008; UN, 2017). Due to ongoing concerns about ocean noise in

27



U.S. waters and the potential effects on marine species, the US National Oceanic and
Atmospheric Administration (NOAA) developed an Ocean Noise Strategy (Strategy) to address
ocean noise through 2026 (Gedamke et al., 2016). This guidance provided anveigency
comprehensive framework for integrating efforts across multiple line offices and formulated
recommendations for approaching noise monitoring and mitigation efforts. The Strategy
identified passive acoustic monitoring (PAM) as an effective techfiayulistically

understanding the underwater soundscape in key management areas (Hatch et al., 2016). A key
component of the Strategy was to implement a monitoring effort focused on marine protected
areas (MPAs) aligned with key NOAA goals for addressimggprotection of species and habitat
(Gedamke et al. 2016).

PAM has been used to study MPAs globally to monitor the habitat use of endangered species
(Rayment et al., 2009; Mussoline et al., 2012; Gridley et al., 2020), improve surveillance efforts

to assess compliance (Kline et al., 2020) and monitor anthropaaivity (Casale et al., 2016)

to promote conservation, maintain healthy ecosystems, and mitigate human impact. Soundscape
analysis has allowed international managers to establish baseline sound levels, detect temporal
patterns, quantify vessel preseraed identify biological sources to monitor biodiversity

(Buscaino et al., 2016; Sanch@endriz and Padovese, 2016; Haver et al., 2018; Picciulin et al.,
2019; Prawirasasra et al., 2021). The Sanctua
establisled a systerwide PAM effort across seven national marine sanctuaries and one marine
nati onal monument: Stell wagen Bank, Grayods Re
Bay, Channel |Islands, PapahUnaumokuUkea Marin
Islands Humpback Whale (HIHWNMS). Moored acoustic recorders were deployed at 30

locations across the eight sites from 2@D22 with the goal of near continuous data collection

during that period, except for HHHWNMS where data were only collected dimenginter

season when humpback whalbte@aptera novaeangliaare present between December and

May. The primary objective of SanctSound was to implement a uniform approach to data

collection and analysis to produce standardized data products that cosleldhb® evaluate the
soundscape and make systefde comparisons of spatial, spectral, and temporal variability in

ambient underwater sound levels. Recently published soundscape studies in and around

HIHWNMS and PMNM have provided valuable insights intorfpback whale abundance trends
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(Kagler et al., 2020; Kugler et al., 2021; Lammers et al., 2023, Merkens et al. 2021) and patterns
in archipelagewide distribution (Lammers et al., 2023). Thus, soundscape monitoring in the
Hawaiian Islands provides managers with valuable insight intedhedscape at this remote

location in the Central Pacific.

HIHWNMS was designated in 1992 to protect the North Pacific humpback whale population that

mi grates to Hawai @i each winter, and humpback
ground (ONMS, 2020). HIHWNMS supports approximately 50% of the tatalNPacific

population (Calambokidis et al., 2008). The sanctuary boundaries include fAoconiguous

areas that encompass ~3.626 x 109 m2 of habitat within the main Hawaiian IGignds 2.},

specifically designated to target regions of high whale density (ONMS, 2020). The sanctuary
includes shallow (<183 m depth), fringed reef habitat (ONMS, 2020). HIHWNMS is unique

within the U.S. sanctuary system as it is the only sisgkries sanctuargne of the few non

contiguous sanctuaries, and isroanaged through a NOAState Cooperative partnership

bet ween the NOAA ONMS and the Hawai 6i Departm
(ONMS, 2020). Unlike Monterey Bay, Gulf of Farallones and Stellwd&perk National Marine

Sanctuary where major shipping traffic lanes traverse the sanctuary, there are no commercial

ports and small boat harbors within HIHWNMS boundaries (ONMS, 2009; ONMS, 2010,

ONMS, 2010b; ONMS, 2020b).

The 202062021 coronavirus (COVIEL9) pandemic led to global shutdowns and travel
restrictions on the publicés movement describ
reduction in marine traffic on a global scale (March et al., 2021). The onset@D¥ED-19
pandemic in March 2020 ledtostavs de acti on i n Hawai di . As an
mi ddl e of the Pacific, the State of Hawai @i [
to mitigate transmission rates statgle by enforcig strict stayathome orders beginning on 23
March 2020. The St at e -dayfmandiaomwaguatantinelpernipdor 26e nt e d
March 2020 for all travelers arriving into the state, which significantly decreased the number of

visitors to the island®repandemi ¢, 10, 386, 673 Vvisitors trave
declined to 2,708,258 visitors (a 74% decreas
State of Hawai Gi i's supported by a blue econo
of Hawai @i DBEDT, 2019), pelagic |l ongline fish
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(Kal berg and Pan, 2016; Rollins and Lovell b 2
whale watch industry that attracts many visitors and continues to increase in economic impact

(Barr et al., 2000; Wiener et al., 2020; NOAA, 2017). Given these \waviessel types on the

water and the strong influence of the tourism industry on vessel presence, QOYfBy have

influenced vessel traffic patterns during the pandemic.

This study leverages SanctSound datasets to compare the soundscape in four different regions of
HI HWNMS representing the four main Hawaiian |
Multi-year trends in the soundscape during the humpback whale seaselM#él) are described

and sound levels compared. To assess the influences of GO/ the soundscape, we

compared acoustic vessel detections at each site, and automatic tracking system (AIS) data, to
provide information on changes in vessel traffic deduring COVID19. By considering the

potential effects of the COVH29 pandemic on the underwater soundscape, we can determine if
soundscape metric analysis can aid managers in detecting changes of importance for MPA
management. The SanctSound data piewia unique opportunity to understand how ambient

noise varies spatially and temporally to support strategic management.
2.3 Materials andmethods
2.3.1 Instrumentation

As part of the SanctSound project, SoundTrap 500 STD (Ocean Instruments, Auckland, New
Zealand) recorders were deployed during the winter and spring months e2@24 &t four sites
within HI HWNMS: Hawai @i (HI 06), O@digue ( HI 03) ,
2.1). Recorders were suspended five meters off the seafloor from a mooring at depths ranging
from 52 to 90 meterd={gure 2.2 Table 2.). SoundTraps recorded on a continuous duty cycle at
a sampling rate of 48 kHz (44it). Deployments spanned from November to July (deployment
dependent) to encompass the humpback whale migration s€agare (2.3. Instrumentation

failure resulted in some deployments not successfully recording for the full duration of the
deployment or data integrity issues caused the data to be compromised. SoundTrap 500
contained detachable hydrophones. Recorder gainl&sr-1.9 dB and hydrophone

sensitivity ranged betwee@76 t0-179.5 dB re 1 pPa/v (hydrophone dependent) with a flat
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frequency response (3 dB) from 20 Hz to 60kHz. Recordings (.wav files) were downloaded using

the SoundTrap host software
2.3.2 Soundscapenetrics

Long Term Spectral Average (LTSA) plots were generated using the MATLAB (Mathworks,
Natick, MA, USA) software package Tritb(Scripps Institution of Oceanography, UC San
Diego). Sound level metrics were calculated using the Triton Remora {dawsoped

MATLAB software routine)Soundscape MetricSoundscape LTSAs were generated for 1 Hz
frequency bin size and 1 s time increments oveday3period (length of LTSA). A bandpass
filter of 20-24000 Hz was applied to calculate soundscape metrics. Power Spectral Density
(PSD, units = dB re 1 uP#dz) and OneThird Band Octave Sound Pressure Levels (TOL, units
= dB re 1 yPa) were two SanctSound metrics included in this analysis. PSD values were
calculated using Welch's method in MATLAB as the median of the mean square pressure
amplituce every hour. Hourly TOLs were calculated as the integration of the PSD of mean
square pressure over 1/3 octave bands with nominal center frequencies in bins2@D0@5

Hz. A range of TOL were used to represent a diverse set of frequencies to pypteapialie

typical shipping levels (63 Hz and 125 Hz), humpback whales (500 Hz), and toothed whales
(6300 Hz and 12500 Hz). The data were calibrated by calculating the sum of the individual
SoundTrap sensitivity and hydrophone sensitivity (provided by Oosamments) that
corresponded to each instrument to derive the system sensitivity (dB) applied to soundscape
metric values. The date of the COVII® pandemic onset was considered to be 19 March 2020.
All compromised data from instrumentation malfuncteere excluded from this analysis. Due

to sound propagation differences across sitesistsads soundscape comparisons are based on

gualitative trends rather than absolute level differences.
2.3.3 Vessetletector

Vessels were detected using 8l@p Detectoremora in Triton. Settings were input into the

Batch run detectotool and run on a LTSA with a bin size of 5 s at 48 Hz for each deployment

! https://www.oceaninstruments.co.nz/

2 https://github.com/MarineBioAcousticsRC/Triton
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(see Solsonderga et al., 2020 for additional detail$pble 2.3. Vessel detection was

dependent on three conditions: ConditionElxceeds a timedependent amplitude threshold,
computed from a mean of the upper and lower limits of a histogram of the average PSD;
Condition 2- Lower (Hz), medium (Hz) and high (Hz) freency band limits were delineated in

the ship detector batch settings (refefable 2.2for frequency band limits). To trigger a

detection, the event duration above the amplitude threshold (specified in Condition 1), was
required to be longer than a defined time, referred to as the close passage duration (s), in all three
frequency bands donger than the defined time of distant passage duration (s), in the lower two
frequency bandsT@ble 2.3. To prevent false positives from dolphin and sperm whale

echolocation clicks, the high frequency band duration had to be shorter than the medium
frequency band and the medium frequency band duration had to be shorter than the low
frequency band, respeatily; Condition 3- The received level threshold (%) in the low

frequency band had to exceed the background noise in the window to distinguish a vessel
detection from ambient noig&able 2.2. In this study, humpback whale song was often
misclassified as vessel passes by the vessel detector, as song units overlapped in frequency with
vessel detections. Due to the nature of the detector, it was triggered if the receiving level
threshold in théow band (106 5,000 Hz- Table 2.2 exceeded background level noise to

distinguish the vessel from ambient noise. This condition was likely violated as humpback whale
song overlaps the 16,000 Hz range. Therefore manual verification was necessary to

eliminate false positives. Detectettings varied based on each HHHWNMS site due to site

specific differences in bathymetry, deployment depth, weather patterns, and oceanographic
conditions(Table2.2.Tr ai ned anal ysts (AK, HBdluatedea@dhy used
tool to manually verify detections and modify labels to remove false positives. In this stage,
specific sources of vessel noise (e.g., shipping, whale watching tour boats) were not further

described and all sources were combined into one category asidcant i ve fAvessel 0 c
2.3.4 Sonardetector

Trained analysts (GC, EJZ) used the LTSAs to manually verifyfragliency active (MFA)
sonar (<5 kHz) detections using theggerremora in Triton. The start and end time of events
were recorded for the HI04_02 deployment. A cumulative sum of event durations was calculated

to assess presence/ absence of sonar off Kawuad
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2.3.5 AlSdata

Automatic Identification System (AIS) data has been used as a proxy for trends in vessel traffic,
to verify vessel detections in passive acoustic recordings for management (Hatch et al., 2008;
Haver et al., 2020; Haver et al., 2021), and to assess thenoé# of the pandemic on vessel

traffic, as in this study (March et al., 2021; Ryan et al., 2021). AIS records were compiled by the
Bureau of Ocean Energy Management (BOEM), NOAA, and the U.S. Coast Guard
(MarineCadastre.gov). Daily AIS data from 202@22were filtered by latitude and longitude of

the location (e.g., island) and vessel type. Vessel type was indicated by globally recognized
numeric vessel codes: 30 (fishing) 69 (passengérincluding whale watch vessels),-79
(cargo),and 8@9 (tanke ) . Car go and tankers were combined
data were mapped using Esri ArcGIS Pro version 3.1.0. Listening fdrigesach site were

calculated using propagation modeling (Margolina, 2022; Lammers et al., 2023b). Theasignal
noise ratio (SNR) was calculated based on the difference between the hydrophone received level
and the windnduced noise level. The listeningnge statistic represents the median distance

over which predicted received levels were exceeding the-imtheted sound level. For this

study, SNR ranges calculated for a 185 dB source-aR&5n depth (site dependent) in the

month of January were apgdl to estimate listening ranges at 125 Hz. Listening ranges were

used as the median radius within which vessels could be acoustically detected for each site (Maui
T23.5 km;400d@a tkuni;1 5K a8u akdm ;i 37Hka)w\ithid the main Hawaiian

Islands region (22.54182 N160.766612 W and 18.505087 1454.4039 W), AIS GPS

positions were summed within the listening ranges to show overall trends in vessel presence pre
and duringCOVID-19.

2.3.6 Quantitativeanalysis

Soundscape PSD levels (median hourly dB re 1uPa/Hz between 20 and 24000 Hz) over the
entire deployment were computed as the cumulative median of all mediankaonr2dins to

calculate daily values. A tday moving median was calculated from daily cumugainedian

% https://sanctsound.portal.axds.co/#sanctsound/comparefprdpl

4 https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ncei.padNd@AA
SanctSound_Sound_Propagation_Models/html
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values to assess overall trends (inHmatieminRet al
(R Core Team, 2021), MaAWhitney U Tests were used to compare vessel detectionarme
duringgCOVID-19 periods across deployment years and sites. Wébts. p < 0.05 were

considered statistically significant.

2.4 Results
2.4.1 Datasummary and general sources in thesoundscape

In total, approximately 47,600 hours, or 67.39 months (2,122 days), of recordings were included

in this analysis. Due to recording failure across five deployments, an additional 373 days of data
were compromised and therefore deemed unusable for thegsemndlhe least amount of data

were recorded from the Maui and Hawai @i (10,5
instrumentation malfunctions and lack of deployment years, respectively. The greatest amount of
data were recordEKduadadomst hesOffaBuogdabdand 14, 0

HIHWNMS soundscape is dynamic, with contributions from many biological and anthropogenic
sources. Humpback whale song was the dominant soundscape contributor at these sites, as
SanctSound deployments were intentionally conducted during the humpback edsale Nov

May) (Figure 2.4. Other biological sources included species such as toothed whales as
represented by detected clicks and whistles and snapping skignpes 2.42.5). The

dominant anthropogenic noise source detected was vessel noise. MFA sonar was detected in the
Sanct Sound recordings, notably at the Kauadi
soundscape. For example, over the five month deployment perd, MFA sonar was

detected on 14 days, spanning a cumulative duration of approximately 22 hours.
2.4.2 Soundevels

A moving median (14lays) of third octave levels (TOL) showed that the monthly medians

across islands ranged from704905 dB re 1 OPa with an overall
re 1 yPaltigure 2.6. Overall TOLs were highest at the Maui site across most frequency bands

and O@Gahu was characterized by the | owest sou
The lower TOL frequency bands (63, 125, and 500 Hz) contain a distinct peak from January to
April predomi nant | y a {Figreo2t6A F)HraisvadorisistentamthdtheMa u i
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occurrence of the humpback whale season, which is correlated with elevated levels of humpback
song chorusing that dominated the lower frequencies and notably the 500 Rigbre @.6E,

F). Interisland comparisons in this study showed similar findings to McKenna et al. (2021) that
described humpback whale song dominating the 500 Hz octave band and snapping shrimp
dominating the 16000 Hz octave level. The highest monthly medians werde@do~ebruary,

which is considered the peak humpback whale season. The higher TOL frequency bands (6300,
12500 Hz) contained the least amount of variation between sites and were the most stable

(Figure 2.6G- J). Overall, the 6300 Hz bin had the least amount of variation acrossFgas(

2.6G,H . I n the 12500 bins, the sites diverged,
hi gher TOL by up to ~ 10 dB rEgue268Ba than the
Excluding Maui (due to levels being consistently higher in the lower frequencies), in the 63 Hz
band, Kauadi had higher TOL monthly medians t
8.40 dB re 1 pPa in 2012020 and 4.50 and 8.30 dB re 1 pPa in®@A21, respectively. Given

the periodicity of this low frequency sound, these elevated sound levels are likely caused by flow

noise at the hydrophone from tidal currents.
2.4.3 Vessepresence

Overall, Maui yielded the highest average daily vessel detection rate of 19.16 detections per day,
which exceeded Kauadai , -Oldadenofmagnitudeddgliee®qi ai si t
Kauadi had the | owest average dai |IFgure2xr/§sel de
AIS data from the recording period (December 2018 to May 2019) plotted within the listening

ranges of each hydrophone, showed that the composition of vessel types was predominately
passenger vessels (e.g. FigueRa@ BauFagure h7TAanodat s) a
H a w a Friglire 2.1D sites. These passenger vessels correspond with whale watch vessels that

are consistently operating in sanctuary waters during humpback whale season. Fishing and

shipping vessel presence was negligibld¥0 of total AlS positions) at these sites. Sind8 A

voluntary for small vessels (< 65 ft.), acoustic detection of vessels was attributed to local,
recreational, or small charter fishing. Odahu
due to the proximity between Honolulu Harbor (home ofatfighore longline fishing fleet) and

the recording siteHigure 2.7B.
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The most favorable propagati dand o®dhdtheileash s wer
favorable conditions were predicted off Maain d  K.a&Givendhie asymmetrical nature of

sound propagation across the Hawaiian Islands due to obstruction from nearby islands and

shallow bathymetry between islands, vessels transiting in certain directions were often predicted

to fall far short of the mediansliening range statistic. Wind induced sound levels ranged from a
medianof 781 dB re 1 OPa across all sites. Kauadai
24,368 mi 8,487 m in the 125 Hz band. Since smaller listening ranges may decrease

detectabily of vessels, the | ower vessel detection
favorable propagation at the recording location. However, Maui had a smaller listening range

t han Hawai @i and O@Gahu but the mostionnhganol v ves

be a driving factor. There were negligible seasonal differences in SNR levels within sites.
2.4.4 COVID-19

The onset of the COVHL19 pandemic was considered 19 March 2020 for maritime activity.

Although differences between sites were observed, changes in the sound levels were dominated

by humpback whale chorusing therefore, COMI®influences could not be measd using

PSD or TOL metrics. Vessel detections decreased significantly after the onset of the-C®DVID
closures at both the Mawkigure 2.8A-U = 148, p < (QFigore28GUand Hawali
2725, p < 0.001) sites during 2020. Maui vessel detections decreased from an average of 19.77
detections pr&€OVID-19 in 2020 to 5.52 detections immediately po§&1VID-19 (Figure

2.8A). The year prior (2022019 deployment) demonstrates the baseline levels at this site only
decreased from 19.07 prior to 19 March 2020 to 16 detections in the same period (during

COVID-19) in2020 Figure 2.8A. This likely reflects the decrease in tourism activities as whale
watching vessels (passenger vessels) ceased o
detections decreased from 6.49 detections to 2.9 detecti@gd20nFigure 2.8Q. However,

® https://sanctsound.portal.axds.co/#sanctsound/sanctuary/haistaiagshumpback
whale/site/HI06/method_type/prapodel?grouping_tab=by frequency
® hitps://sanctsound.portal.axds.co/#sanctsound/sanctuary/haigtdiagshumpback
whale/site/HI03/method_type/prapodel?grouping_tab=by frequency
" https://sanctsound.portal.axds.co/#sanctsound/sanctuary/haistaiatshumpback
whale/site/HI01/method_type/prapodel?grouping_tab=by frequency
8 https://sanctsound.portal.axds.co/#sanctsound/sanctuary/havssiagishumpback
whale/site/HI04/method_type/prapodel?grouping_tab=by frequency
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Hawai i detections increased in 2021 from 5.

in activity in the following yeatFigure 2.8Q. AIS data supported this decrease and
demonstrated the reduction in vessel traffic around these two sites-@Q@WP-19 (Figure

28B,D. O@6ahu and Kauadi did not experience a
U = 2187, p = 0.05184, respectively) in vessel detections betweeangreuringCOVID-19 in

2020. AIS positions in the main Hawaiian Islands region showed an oeztadition in AIS

positions of passenger vessels (whale watch vessels). AIS data of passenger vessels provided
173,648 positions in April 2019, 102,865 positions in April 2020 and 121,290 in April 2021.
Based on the AIS positions, passenger vessel predenceased by 40.8% (between 2019 and
2020) and 30.1% (between 2019 and 2021). Maui experienced the largest decrease in AlS
positional data by up to 88% in the months following the onset of CENIApril and May

2020).

2.5 Discussion
2.5.1 HIHWNMS soundscapedriven by biological sources

This study shows the presence of inter and-isieand variations in the soundscape of

HIHWNMS, which fluctuate annually due primarily to changes of biological sources (Kaplan et
al., 2018; Kugler et al., 2020; Merkens et al., 2021). In temperate anchtraaters with

relatively shallow reef environments, biological sources are often the primary drivers of temporal
sound level fluctuations (e,guscaino et al., 2016; Haver et al., 2019; McKenna et al, 2021,
McCordic et al., 2021; Lillis and Mooney et al., 2022). Seasonal patterns in Hawaiian waters are
dominated by biological sources including snapping shrimp (higher frequencies above 2 kHz)
andhumpback whales (lower frequencies below 2 kHz) (Au and Banks, 1998; Au et al., 2000;
Au et al., 2006; Lillis and Mooney et al., 2022), which can mask other soundscape contributors
(e.g., fish chorusing, vessel noise) (Kaplan et al., 2018). Snappingsimena major contributor

to the shall ow water soundscape in Hawai Qi
20 kHz range) through bubble cavitation during rapid claw closure (Au and Banks, 1998;
Versluis et al., 2000; Kaplan et al., 2015; Freemuash Freeman, 2016). The timing of the
humpback chorusing levels (denoted in the 125 and 500 Hz TOL), characterized by the onset in

December and January followed by a peak in February and March, was consistent with patterns
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reported by Au et al. (2000) and Kugler et al. (2020). Humpback whale annual presence
fluctuates throughout the Hawaiian Islands and {igiend variability in the amplitude of song
production is primarily correlated with humpback whale abundance amdithieer of singers on

the breeding ground (Kugler et al., 2020; Kugler et al., 2021; Frankel et al., 2022; Lammers et
al., 2023). Low frequency (<1 kHz) sound levels recorded from Ecological Acoustic Recorders
(EARS), increased during the 202020 seasomnwhich correlated with a higher humpback whale
abundance than the preceding and succeeding season(A®.&02e2021) off Maui

(Lammers et al, 2023b; Zang and Lammers, 2021). The wimtesed data in this study
demonstrated that humpback chorusing TMO25 and 500 Hz) recorded off Maui in 262020

were higher than other deployment years, which is consistent with abundance trends observed by
Zang and Lammers et al. (2021) using vessel based transect surveys and PAM (Lammers et al.,
2023) efforts in théaui Nui region.

In this study, overall trends in intisland variability remained relatively stable insrnually

compared to inteisland differences. Intasland differences were more distinct and can be

attributed to multiple sitspecific factors including depthrgximity to the reef, and humpback

whale densities. The intésland difference in high TOL was likely due to depth and habitat

di fferences across sites. The shall ow water s
proximity to the reef, exhibited a m®pronounced peak in the higher frequencies likely
attributed to snapping shrimp compared to the
not the focus of this study, the general diel differences observed in these data were consistent

with other sudies in tropical reef areas like the U.S. Virgin Islands (Kaplan et al., 2015) and
Hawai adi (Kaplan et al., 2018) where higher fr
after dusk and sound levels were higher at night than during the day.

Humpback whale densities differ across the main Hawaiian Islands with a higher concentration

of whales in the Maui Nui region (Mobley et al., 1999; Mobley et al., 2023). Maui sound levels

can increase by up to 20 dB re 1 pPa during whale season comptreatbseason (Au et al,

2000; Kaplan et al., 2018). In Kugler et al. (2020), at the Olowalu site, most closely resembling

the Maui site included in this study, sound levels were reported to fluctuate by upto 9.7 dB re 1
ePa2 across theApgsedgomnhNaMdmherl n compari son,
a 6 dB increase in spectrum levels of ambient levels attributed to humpback whale song off
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Hawai @i and Kauadai . I n this study, TOL 500 Hz
consistent with previously reported sound levels (Lammers et al., 2023). Annual variation within
each site was mainly driven by humpback whale chorusing, but wasflasstial for nonMaui

sites where lower humpback whale densities (using chorusing as a proxy for density) have been
reported (Lammers et al., 2023). Consequently, higher frequencies consistently exhibited little
deviation in sound levels compared te thwer frequencies, which reflected the ubiquitous
contributions of snapping shrimp to the soundscape compared to the highly variable, seasonal
nature of humpback whale song. These data demonstrate that withircantiguous sanctuary,

diverse soundscap exist and HIHWNMS provides a unique opportunity to describe the

diversity of islandassociated soundscapes.
2.5.2 Lowvessepresence

To our knowledge, this is one of the first studies to acoustically document vessel activity across

the main Hawaiian Islands. Overall, vessel detection rates were lower than other sanctuary sites
(Hatch et al., 2008; Cholewiak et al., 2018; Haver et @2p2Haver et al., 2021, Stanley et al.,

2021). Site location and proximity to major ports heavily influenced vessel detection rates in this
study. Despite Od@Gahu being the most popul ated
Harbor, the principa s eaport of the State of Hawai @i, an
yielding fewer vessel passes than other sites (e.g., Maui). Higher monthly detection averages
were reported in this study than thoskmd report
(14 transits per month), due to the distance from the harbor. While there were some shipping
detections off O@6ahu, the recorder was not wi
fewer shipping vessel d istdriealty theem chagacterided hyilirhitadr | vy
marine traffic due to the islandds | ower popu
(Girovil et al., 2013). TOL frequency bands (
proxy to quantify shipimg activity in other studies (Merchant et al., 2014; Haver et al., 2021,

Ryan et al., 2021). However, due to the relatively low shipping activity throughout the main
Hawaiian |Islands (Girovil et al ., 20it3; Haver
shipping presence because these frequencies are heavily masked by humpback whale chorusing

so we relied on vessel detectors and AlS data to capture vessel presence.
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High vessel detection rates off Maui were likely influenced by the whale watch industry,
concentrated in the Maui Nui region. AIS data supported vessel composition dominated by
passenger (presumably whale watch) vessels. Although AIS data can providsveevoof

vessel passes, we recognize that AIS data doe
al., 2023). Voluntary participation in AIS by smaller vessels likely results in a lower estimate of

t he actual vessel pvessdsdave een founa to Heatlve anosficommoih i s h i
vessel type (Haver et al., 2021). Across the
communities have a high percentage of the household engaging in recreational fishing and a high
rate of norcommecial (recreational, subsistence, cultural harvest)-baagd fishing, largely

from smaller vessels (McCoy et al., 2018). Small fishing vessels do not typically operate AlS.
Therefore, a |l arge sector of vesstedughfAlSesence
data alone. Vessel detectors aid in obtaining more accurate vessel presence information
particularly for smaller vessels. Due to the unique environment of the Hawaiian Islands, the

vessel detector settings used in this study were designedrolbsive resulting in a high false

positive rate, which required manual verification, but captured as many vessels as possible. A
caveat is that humpback whale chorusing can mask vessel noise, which affects detector
performance. Therefore, the deteci@re likely an underrepresentation of the total vessel

presence particularly off Maui where chorusing is highest. Another limiting factor was the

listening ranges of the hydrophones that varied by site and wenenifonm directionally

around the locatiws, and are expected to have limited the detectability of vessels. Although
adjusting our findings to account for detectability of vessels in the sanctuary was outside the
scope of this study, the probability of a vessel being detected is further depemaensel

specific characteristics (e,gize, traveling speed, engine type). As the majority of vessels

detected did not carry AlS, those parameters are not available, making it challenging to further

define detectability.

In HIHWNMS, although vessels were detected on most days for the duration of the deployment,
they did not have a significant influence on the soundscape patterns observed since humpback
whale song dominates the lower frequencies. This pattern was consisiiepitevious

soundscape work in two Australia Marine Parks (McCordic et al., 2021). This contrasts with
other reports of vessel passages having a significant influence on the soundscape in MPAs
(Buscaino et al., 2016; Haver et al., 2020). For examplsc&no et al. (2016) reported a mean

40



of 13 vessel passages per hour annually in a Mediterranean Sea MPA, which far exceeded that of
Hawai di sanctuary sites demonstrating that ve
2020).

2.5.3 COVID-19implications

Prior studies in other areas have shown that low frequency noise decreased by a meh9 of 1.2

dB after the onset of COVH29 and this was attributed to a reduction in commercial shipping

traffic during the pandemic (Ryan et al., 2021; Thomson et alQ; B¥san et al., 2021; Dahl et

al., 2021). Although COVIEL9 trends can be observed through vessel presence (primarily

shipping activity) at other locations, these trends may not be evident at sites with relatively low
shipping activity. In the main Hawain Islands, the soundscape is less influenced by low

frequency noise associated with shipping traffic (Haver et al., 2021), therefore changes in

shipping activity as a result of the pandemic were not detected in the soundscape metrics.
Additionally, two stes in this study were characterized by low overall vessel presence and no
changes were observed. The State of Hawai @i r
and despite delays experienced by mainland states during GO8/IEhipping services
continued uninterrupted to Hawai i (lge and A
predominant shipping company in Hawai &@i, main
week to Honolulu Harbor and twice a week barge service to neighborsskamditherefore there

was no decrease in shipping activity (Ige and Anderson, 2020).

The impact from the pandemic on the tourism and recreational vessel sectors was greater than
any other sectors i n HawaiCOVID-19Vevels (Marshlebalyer r ec
2021). Therefore, we expected a greater impact to the soundsaagidedag the dominance of

the tourism and recreational vessel sectors i
reduction in whale watch activity during COWI®, using vessel detection data paired with the
available AIS data to help illumitahigher resolution differences. Laute et al. (2022) found a

69% reduction in whale watch industry traffic in Skjalfandi Bay, Iceland during the CQYID
pandemic. In this study, although passenger v
40.8%during COVID-19 compared to the previous year, this is likely an underestimate of the

decrease in vessel presence experienced across the islands. Maui experienced the largest
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decrease in passenger vessels due to the whale watching industry ceasing operations during
COVID-19. The change in the reduction from 40.8% (2020) to 30.1% (2021) indicates that
although the decrease in vessel presence was most severe immediately feHewainget of the
pandemic in 2020, the effects of COVID persisted the following year.

Bertucci et al. (2021) documented a Arebound
human activity resumed to pf@OVID-19 sound levels in May 2020. Although we were unable

to determine the rebound period in 2020 based on sound levels due to datenhsand

humpback whale chorusing, the Hawai @i -site ap
2021) based on the number of vessel detections, indicating that vessel activity returned to pre
COVID-19 vessel detection averages. The differencesioured period length were likely

attributed to the timing of the lifting of restrictions. The May 2020 rebound period described in
Bertucci et al. (2021) coincided with the lifting of the governmemosed lockdown in France

on 21 May 20 2 (Qotentiaindeldy anha rieloung petiot, @s exhibited in the

Hawai @i i sland vessel d at aown pesicgls dnd skiettrayel d ue t o
restrictions imposed by the State of Hawai Qi
of COVID-19 are thought to have increased the communication range for some marine mammals
(Pine et al., 2021), which led to an increase in humpback whale calling (Laute et al., 2022) and

an increase in the detection of delphinid whistles (Gagne et al., 2@2@#¢. et al. (2022) found

that the decrease in whale watch vessels in Iceland during the pandemic correlated with an

increase in the humpback whale calling rate on the foraging ground. Similarly, the reduction in

whale watch vessels off Maui could potaiiti have caused humpback whale chorusing to

increase in response or whales could simply have extended their presence in Maui.
2.5.4 Soundscapeomparisons andchallenges

Previous soundscape work in the main Hawaiian Islands has been predominantgpslzfid

with studies off Hawai @i (Heenehan et al ., 20
Ké¢gler et al ., 2021, Kapl an ,ehichradorted sin2ld¥ 1 8) , an
sound level values to those reported in this study for similar locations. A previous Pacific

regional soundscape comparison reported low frequency sound levels within the range of sound

l evel s measured inKohas BHawadiydiof{GKanoaili aeandal
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whale song was a significant contributor to the soundscape and during peak humpback whale
season, Girovil et al. (2013) reported higher
which they attributed t o morobseraediheopdostetredar Ka
at the Hawai di site which had higher sound | e
which likely reflects the variability in animal presence across islands annually. More recent long

term, broadband soundscape workkbfb na, Hawai @i reveal ed more su
deepwat er soundscape, with sound | evels within
exhibited low frequency seasonality in the winter driven by humpback whales (Merkens et al.,

2021). Withthe inclusion of consecutive years of data, this study expands on the comprehensive
Hawaiian Archipelago wide soundscape analyses conducted in Lammers et al. (2023) within the

sanctuary and monument.

The U.S. sanctuary system represents a range of habitats characterized by acoustically diverse
drivers of sound levels (McKenna et al, 2021). Biological sources dominate the soundscape at
many SanctSound sites. Similar to HHHWNMS, across sanctuariesn vabed¢es are a large
contributor to the soundscape seasonally (DeAngelis et al., 2022). Each sanctuary experiences
different seasonal and diel patterns, with varying baseline levels that can fluctuat@ndtra
inter-annually, making it challenging to cqare across sanctuaries nationally given the diversity
in methods that may influence sound levels, including instruments, settings (e.g., sampling rate,
duty cycle), and the sound level metrics reported by the authors (McKenna et al., 2021).
SanctSound sa@int to overcome these challenges by using standardized metrics to improve the
accuracy of sanctuary comparisons. Despite attempts to minimize biases through the utilization
of SanctSound standardized metrics and protocols, there are limitations to diserteecan

assess given the data gaps that exist with a seasonally limited dataset, instrumentation failures,
and data quality issues. Future annual recordings may provide higher temporal resolution to
monitor seasonal changes, assess-iatat intraannud spatial and temporal variability, and

illuminate other soundscape sources.

Currently, there is no globally implemented standard for soundscape analysis and reporting. As
publicly available databases and archives containing passive acoustic data, such as the National
Centers for Environmental Information (NCEI) database, becomerland more readily

available (Wall et al., 2021), the necessity for standardization becomes essential. Over the last
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decade there have been efforts to develop standardized metrics and implement methods to
describe the soundscape through software development (Wiggins and Hildebrand, 2007; Miksis
Olds et al., 2021), observatory networks (Heaney et al., 2020), and bésepgaaelines for
soundscape data collection and processing (Boyd et al., 2011; Martin et al., 2021; Wilford et al.,
2021). SanctSound is one of the first studies to report sound propagation modeling for all
monitoring locations, providing opportunitiesincorporate understanding of detectability in
presence findings. We recommend that future soundscape studies calculate and report acoustic
propagation at each site and integrate sound propagation modeling with acoustic detections to
promote accurate armbmparable presence estimates, which serves as a future step for this study.
Standardization is imperative for informing future management and mitigation efforts related to
the implementation of renewable energy solutions in response to climate chandeafijaet

al., 2021).

2.6 Conclusion

This study established comprehensive, basédinels for HHHWNMS. Although soundscape

work has been conducted i n Hawai @i previously
targeting sanctuary waters have ever been conducted. The soundscape iniHawiais d o mi nat
by biological sound sources in the sanctuary especially during the humpback whale season. The
results in this study reveal that COVI®-induced impacts to the soundscape could not be

captured using traditionally used soundscape metriendhe unique soundscape that was

domi nated by biological sources. Although ove
vessel presence, vessel data quantified a reduction in vessel presence and AIS data tracked the
pause in the whale watch industyn Hawai @i during the pandemic.
studies in the sanctuary implement standardized reporting to enable cross study comparisons and
include both the humpback whale season and off season to charactermipeazontributors

to the soundspe. PAM should continue to serve as an important tool to monitor changes in the

soundscape to inform future management and conservation efforts in the Hawaiian Archipelago.

Over the last decade, MPA managers have sought to monitor the underwater acoustic habitat to
assess implications for management (Hatch et al., 2016). Although sanctuaries have federally

mandated boundaries, due to the characteristics of sound propasgg@tiod,can penetrate these
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boundaries, so PAM is imperative for soundscape assessment to improve the management of
MPAs (Hatch et al., 2009). NOAA does not regulate underwater noise in the context of
soundscapes directly, but rather is mandated to reduce or eliminaténcloised njury from

federal actions or permitted activities to marine life, including endangered and protected species
(Endangered Species Act and Marine Mammal Protection Act) and sanctuary resources
(National Marine Sanctuary Act) (Gedamke et al., 2016; Hatah,&2016). The continued
implementation of federally led, natiamde studies like SanctSound will inform future noise
management efforts, both by NOAA and by other federal agencies that directly manage noise

contributing activities, in and around sanctes.
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2.7 Tables

Table 2.1 Summary of the SanctSound deployment and retrieval information for each recorder

at each site in the Hawaiian Islands Humpback Whale National Marine Sanctuary.

Site Deployment Retrieval Date  Latitude (° N)  Longitude (° W) Depth

Date (m)

Maui 11/29/2018 5/8/2019 20.8@8 -156.656 67
(HI01) 11/5/2019 5/14/2020 20.807 -156.655 62.7

11/24/2020 5/24/2021 20.807 -156.6% 56
11/22/2021 5/12/2022 20.807 -156.6% 57.6

O6ah 12/17/2018 5/23/2019 21.285 -157600 80
(HIO3) 11/8/2019 71412020 21.285 -157.600 79.4
11/19/2020 6/8/2021 21.285 -157.600 79.5

12/2/2021 5/27/2022 21.285 -157.600 79.3

Kaua 11/24/2018 5/7/2019 22.264 -159.5¢ 90
(H104) 10/24/2019 8/15/2020 22.263 -159.586 80.8
11/15/2020 6/23/2021 22.263 -159.586 80.8

1/3/2022 6/10/2022 22.263 -159.586 80

Hawai 11/7/2019 7/1/2020 19.989 -155.9a 51.8
(HI06) 11/17/2020 5/12/2021 19.989 -155.9a 51.8
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Table 2.2 Summary of Triton vessel detector settings for each island.

Parameter Maui Od6ahu Kauaoi Hawai 6i
Low Band Limit (Hz) 100- 3,000 100- 3,000 100- 5,000 100- 3,000
Medium Band Limit (Hz) 3,000- 4,000 3,000- 5,000 5,000- 7,000 3,000- 7,500
High Band Limit (Hz)  4,000- 7,500 5,000- 7,500  7,000- 15,000 7,500- 15,000
Close Passage Duratiol
Threshold (s) 20 40 40 40
Distant Passage Duratio
Threshold (s) 50 45 45 45
Received Level
Threshold (%) 0.01 0.01 0.1 0.05
Time Between Passage
(h) 0.01 0.1 0.1 0.1
Buffer Time (min) 1 0.0831 5 1
Window Size (h) 1 1 1 1
Sliding Time
Overlapping Window (h) 0.5 0.05 0.5 0.3
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2.8 Figures

161°W 160°W 160°W 159°wW 159°W 158°W 158°W 157°W 157°W 156°W 156°W 155°W 155°W

Figure 2.1: Geographic locations of the four SanctSound sites. Thsontguous Hawaiian
Islands Humpback Whale National Marine Sanctuary (HIHWNMS) waters are indicated by the
hatched area.
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Figure 2.2: Example of a hydrophone mooring deployed within the HIHWNMS. SoundTrap
ST500 recorders were suspended 3m off the seafloor. Awgtdice float maintained vertical

placement in the water column. An acoustic release was used to retrieve re¢Btasmraph:
HIHWNMS, Marc Lammers)
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Figure 2.3: Distribution of SanctSound data from 2Q022 used in this study. Periods when

data is available are depicted in black. Grey represents when the SoundTraps were deployed but
data was not being recorded due to an intentional delayed recaingnse or battery

depletion at the end of the deployments. Pink denotes periods when the recorder either failed to
record or the data was compromised during that period and was deemed unusable for analysis.
Note: the primary goal of these deployments warecord in the HIHWNMS during humpback

whale season (November to May; green).
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Figure 2.4: Example of a Lorgerm Spectral Average (LTSA) of one deployment off Maui that
recorded from December 2019 to March 2020. Examples of humpback whale song, snapping
shrimp, vessel passage and toothed whales are included showcasing the dinposdion of

signal types that comprise the soundscape in the HIHWNMS.
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comparing island specific soundscapes. Biological sound sources are detonated in the boxed

regions.
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CHAPTER 3: SPATIAL AND TEMPORAL VARIABILITY OF BLACKFISH INSIDE
AND OUTSIDE MARINE PROTECTED AREAS USING PASSIVE ACOUSTIC
MONITORING
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3.1 Abstract

Understanding the spatial and temporal patterns of odontocetes using passive acoustic
monitoring (PAM) within and surrounding marine protected areas (MPAs)pierative for

strategic management of resident populations and species. This study leveragesid?gM
datasets and implements standardiogensource detection and classification techniques to
study blackfish (pilot whaleGlobicephala macrorhynchumelonheaded whales

Peponocephala elect@nd falsekiller whalesPseudorca crassidepsn lage temporal and
geographical scales. Moored hydrophones were deployed in the Hawaiian Islands Humpback
Whal e Nati onal Marine Sanctuary (shallow), Pa
(deep), and islandssociated sites outside MPAs (deep). High Feequ Acoustic Recording
Packages (HARPSs) (200 kHz SR) and SoundTraps (48 kHz SR), recording on various duty
cycles, were deployed between 20D22 within MPAs (monument: n = 1 site; sanctuary: n =

4 sites) and outside MPAs (n = 2 sites). Opearce PANMGuard detectors were used to detect
whistles, clicks, and burst pulses. Detection features were extracted using the PAMpal package
and events classified to species using BANTER. Diel blackfish presence was observed with all
sites displaying higher relativdackfish presence at night than during the day. Blackfish were
detected at the @hu and Kauasites in the sanctuary but not detected at the Maui or Hiawai
sites likely due to the shallower recorder depth. Compared to other sites, wasi{ KARP) is

a hotspot for blackfish and partieuly false killer whales. Overall, 42% of blackfish events from
the HARP data were confirmed as false kildrales Relative presence in blackfish was higher

at deep, offshore sites (HARP) than inside the sanctuary (SoundTrap) indicating preferential
habitat use of these offshoraters. This study exemplifies the capability for crgdatform
applications of the false killer whale classifier for moored data and utility of the PAMGuard
method across different recordisystems. PAM ia valuable tool to monitor habitat use and
distribution of resident species in biologically important afeagffective conservation and

targeted management effoitsMPAS.
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3.2 Introduction

Passive acoustic monitoring (PAM) is an effective technique to study the underwater soundscape
which is composed of anthropogenic, geophysical and biological sound sources (Pijanowski et

al., 2011). PAM is also a critical tool to better understand théatspad temporal variability of

cetacean species that spend most of their time underwater. The Hawaiian Islands are home to 18
species of resident odontocetes (Baird et al., 2003, 2013; Barlow, 2006). Despite the oligotrophic
environment of the Central Afc, northeasterly trade winds drive mesopelagic eddy formation

in the lee (Calil et al., 2008), increasing productivity and prey availability (Woodworth et al.,

2012). Coupled with the diel, horizontal/vertical migration of the mesopelagic boundary

community layer (MBC) (BenotBird & Au, 2004) these processes support species diversity
around the Hawaiian I slands. oO0Blackfishoé coll
species, four of wound fexcladeslargnned plot whalesa i di year
Globicephala melasnly found in temperate waters): false killer whalesgqudorca crassidehs

pygmy killer whalesEeresa attenuafa melorrheaded whaled?eponocephala ele), and

shortfinned pilot whalesGlobicephala macrorhynchiyshereafter pilot whale. Blackfish are

largely dark gray in color, often appearing all black.

Three genetically differentiated, partially sympatric false killer whale populations are

recognized, including a main Hawaiian Islands (MHI) insular, northwestern Hawaiian Islands
(NWHI),andanopelm c ean ( Hawai @i pel agi c Bardeta.u201®;t i on (
Baird et al., 2013). Pygmy killer whales are
2009). Two partially sympatric populations of melore aded whal es occur i n |
Kohal a resident popul andandthe Haldian islands pbpwiatient Ha wa
surrounding MHI and offshore areas (Aschettino et al., 2012; Woodworth et al., 2012). Four

resident pilot whale island s soci at ed communi ties occur in thi
Kau-dlati had U@-#&ddkai, and an offshore community (Mahaffy et al., 2015; Baird,

2016; Van Cise et al., 2017). SHipsed surveys indicate high encounter rates in the NWHI

however additional genetic evidence is needed to confirm a distinct population from

pelagic/MHI animals (NOAA, 2024).
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These highly social species generally produce three types of acoustic signals which tend to serve
different functions: clicks, whistles, and bupatlse sounds. Sheduration, directional,

broadband clicks are used in echolocation for foraging and neridétu, 2000; Kellogg,

1958) Whistles are narrowand, frequency modulated signals used for communication (Tyack

& Clark, 2000). Burspulse signals are composed of a series of pulses produced in such rapid
succession as to sound tonal and are associated with communication (Vi&#if)sBlackfish
species produce echolocation clicks that differ in duration, spectral bandwidth, number of
spectral peaks and spectral peak frequency (Au et al., 2004; Badfckening et al., 2015a;
Eskesen et al., 2011; Madsen et al., 2004; Ziegerdiah, 2022). Pygmy Kkiller whale clicks are
much higher in frequency than other blackfish counterparts with peak frequencies between 47
117 kHz (Madsen et al., 2004). False killer whale clicks tend to be shorter duration and broader
bandwidth than pilotvhale clicks (Bauman#®ickering, et al., 20%).

Whistles/tonal calls produced by blackfish are acoustically distinct as they collectively produce
lower frequency calls as a group than other smaller delphinid sp8teellg that tend to

produce higher frequency whistles. In contrast to the diverging click types across blackfish
species, discrimination between species based on social signals (whistles/calls) can be
challenging given the spectral overlap in social call prodncBlackfish are known to produce
graded signals that range from whistleptidsed calls with overlap in whistle/call fundamental
frequency contour (ffc) or range (Filatova et al., 2015; Kaplan et al., 2014; Murray et al., 1998;
Oswald et al., 2003; Rendell et al., 1999). Vocal mimicry capabilities of pilot whales and false
killer whales can also contribute to classification uncertainty (Abramson et al., 2018; Alves et al.,
2014; Foote et al., 2006; Ford, 1991). Despite the ambiguity in the social signals (whistle and
calls), manual analysts are often able to identify certainepbased on unique identifiers in the
signal spectrogr am. False killer whales are
odontocetes based on the production of stereotyped whistles/ealldHz upsweep) with high

vocal production rates (Osid et al., 2003). This unique acoustic behavior is attributed to false
killer whale subgroup behavior and likely functions in maintaining communication and group
cohesion between distant subgroups. Methods developed by McCullough et al. (2021) showed
thatfalse killer whales can be classified from other Hawaiian odontocetes with high accuracy

based on this unique acoustic behavior.
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While echolocation clicks have been used to detect and classify odontocetes (including false
killer whalesandshoft i nned pil ot whales) in Hawai i fron
2022), the use of a single signal type limits detectabilityjquaatrly for species that produce

high social call rates. Using whistlabne has also been found to be challenging to classify
species and yielded relatively low accuracy rates of classification for population level
designation (Barkley et al., 2019). For false killer whales, encounters from towed array surveys
indicated thatalse killer whales are exclusively recorded producing whistles or whistles and
clicks butrarelyclicks exclusively(Gruden et al., 2023). This may be a recording artifact due to
the highly directional nature of clicks that do not propagate as far as omnidirectional whistles,
therefore clicks produced by animals at greater distances would be less likely to be rambrded a
affect detectability. However, to improve classification, the inclusion of more signals that
encompass the entire repertoire is essential for optimal classification algorithm performance and
higher accuracy rates for a species which exhibit high whisti@ call rates (McCullough et al.,
2021).

PAM has been used as a valuable tool to monitor habitat use, abundance and distribution of
endangered species in marine protected areas (Gridley et al., 2020; Rayment et al., 2010).

Moored recorders provide high temporal resolution enabling the evaladtitiel and seasonal

trends at specific sites. The two largest marine protected areas (MPAs) within Hawaiian waters
include the Hawaiian Islands Humpback Whale National Marine Sanctuary (HIHWNMS) and
PapahUnaumokuUkea Marine Na torkintbetH MPMohasu ment ( P
mainly focused on humpback whales (Klgler et al., 2020; Lammers et al., 2023) and

soundscapes (Madrigal et al., 2024). A recent study conducted in the sanctuary system showed
high del phinid presence i nysittsdDeAngdisetat,@igp.ar ed t
However the predominant blackfish sound production range was filtered out to prevent

humpback whales chorusing from dominating the recordings and therefore inhibited the

detection of blackfish. Therefore, little is knowuarrently about the occurrence of resident

blackfish species within the MPAs which is ecologically relevant as these species may be

impacted by anthropogenic influences yeaund.
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The goal of this study was to (a) use ogenrce PAM software to understand blackfish

presence within the HIHWNMS using whistle detections and (b) implement an existing random
forest, high performing, classification modeling framework leveraging thedallistic repertoire
(whistles or pulsed calls, clicks, and burst pulses) to identify false killer whale presence from
sites outside the sanctuary and within PMNM. This study leveragesywatlttime series data

from two different recording platforms anticavs for comparisons across recorders, sites, years,
and locations inside/outside MPAs to better understand the habitat use of blackfish in Hawaiian

waters.

3.3 Methods

3.3.1 Instrumentation

Acoustic data were collected using two different instruments. As part of the SanctSound project,
SoundTrap 500 STD (Ocean Instruments, Auckland, New Zealand) recorders were deployed

during the winter and spring months of 2EA@22 at four sites within HIHWNMS and
PapahUnaumokuUkea Marine National Monument: H
and Ka u a BEigure 8.H Ratatders \ere suspended five meters off the seafloor at depths
ranging from 52 to 90 meter$dble 3.). SoundTraps recorded on a continuous duty cycle at a
sampling rate of 48 kHz (16it). Deployments spanned from November to July (deployment
dependent) to encompass the humpback whale migration season (Figure 3). Instrumentation

failure resulted in incoplete datasets or data integrity issoassingthe data to be

compromised. Recorder gain wds8 or-1.9 dB and hydrophone sensitivity ranged between

176t0-1 79. 5 dB re 1 ePal/v (hydrophone dependent)
20 Hz to 60kHz. Recordings (.wav files) were downloaasidg the SoundTrap host software2.

Bottomrmounted High Frequency Recording Packages (HARPs) were deployed by the Pacific

Islands Fisheries Science Center (PIFSC) from 20072 3 at t hree sites: Ha w
Pearl and Hermes Atoll (Manawai, Holoikauaua). Moored instruments includeti@phone

suspended ~10 meters off the seafloor at various depths that were site §paioié3.). The

hydrophone recorded in two stages allowing for crossover at a low frequency si&jeq@Mz

or 10'25,000 Hz) and a high frequency stagel(@ kHz or 25100 kHz). The data were

collected at 200 kHz and variable duty cycles to extend battery tifealculate system
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sensitivity for each hydrophone, the calibrated Rev B transfer function (dB re pPa/counts) at 10
kHz was converted to pPa/V by adding 82.35 dB re counts/V which produced the total system
sensitivity which ranged frorl55t0-1 58 ( dB r e 1V et/algP035). ( Gassmann

3.3.2 Dataprocessing

3.3.2.i Detection

Data wereprocessed based on the framework described in McCullough(2021).

Echolocation clicks and whistles were detected using automated detectors in tseugen

passive acoustic analysis software PAMGuard (version 2.02.03). Clicks were detected using the
Click Detector module which integrated a fourth order IIR Butterdwbigh-pass filter at 2000

Hz. The HARP data were decimated to 25 kHz in order to make Whistle and Moan (WM)
detector parameters comparable across HARP and SoundTrap data with different sampling rates.
Click length parameters were implemented to optimetection, filter out noise based on the
sampling rate, and classify to species (min click separation (to ensure only detecting 1 click per
detection bin} 133 samples, max click length (sum ofqmad postsamples)} 600 samples,

pre sample 200 sampls, post samples400 samples)Tonal calls and whistles were detected

from spectrograms (SiT 1024 FFT Hanning Window; HARP 2048 FFT Hanning window)

using theWM Detector. The WM Detector implemented a threshold of 8.0 dB with the

following connection criteria for both ST and HARP data (min frequency: 2000 Hz, max
frequency: 25000 Hz, Connect typ@ [slides and diagonals], min lengtl0 time slices, min

total sizei 50 pixels, max cross lengthb time slices). For each deployment;dd&y batches

were processed at a time to enable efficient processing and prevent memory exceedance issues.
Burstpulses were detected using a Cepstrum module which implementetifeed\d/M

Detector to capture intgaulseinterval of burst pulses with modified settings (min lerigth

time slices, min total size 10 pixels, crossing and joinirigdiscard branching regions) and an
increased noise threshold of 12 dB.

3.3.2.ii Eventselection

Acoustic events were manually extracted from the WM Detector. A trained observer (BM)

recorded the start and end times from data maps displaying concentrations of whistle contours
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using PAMGuard Viewer Mode. High frequency whistles (>10 kHz:Imlackfish) and low
frequency whistles (@ kHz; blackfish) were visibly distinct and therefore the blackfish calls

could be visually differentiated from other odontocete species.
3.3.2.iii Phase I Manual classification

Classification was a twphaseprocessand the manual classification phase | was divided into

two stages. In Step 1 of Phase I, acoustic events from ST and HARP data were manually
classified into blackfish or delphinid (based on frequency ranges listed above). Due to sampling
rate restraintsrbm the SanctSound ST data, only phase | was initiated as the sampling rate (48
kHz) was too low to capture accurate click information necessary for classification in the
subsequent phase. In Stage 2 of Phase |, an experienced analyst (BM) manually reviewe
blackfish events to identify if acoustic events were likely false killer whales (species code: 33; Pc
hereafter) or other unidentified blackfish species (species code: 577). To determine the species
designation, the click detector summary plot data (esgpots, click color classification in

bearing plots) and WM detector traces on the spectrograms were visually inspected.
3.3.2.iv Phase II- Feature extraction and automated classification

To prepare data for automated classification, the PAMGuard data extraction and aggregation
PAMpal package in R (Sakai, 2020) was used to extract 50 temporal and spectral features from
the WM detector trace data and 22 features from the click detectdBaataannPickering et

al ., 2010; Griffiths et al., 2020; Oswald et
Ab-aooustic event classiyero (BANTER) is an R
supervised machine learning algorithm using candorest classifiers on the PAMpal packaged

data. A Pc vs Other species model, developed by McCullough et al. (2021), was trained, tested
and evaluated on Hawaiian Islands Cetacean and Ecosystem Assessment Survey (HICEAS) data
collected in 2017 (Yano et.a2018) from towed hydrophone array d&esomtowed array data,

the model was able to classify events to Pc with high event accuracy (99.6%) (McCullough et al.,
2021). The first step of the twaase BANTER model consisted of 2000 random forest trees and

15 individual calls per species for each deiedn the second step, 10,000 trees and 15 events

per species were used to build each tree (McCullough et al., 2021).
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In Phase I, théowed arraytrained model was run on the testing moored data and a classification
score was calculated for each event. Events with a classification score >50% were considered
possible Pc events. NOAA PIFSC Cetacean Research Program (CRP) species codes were used
for classification including 33 (Pc) and 577 (unidentified blackfish). Of the possible Pc events,
confirmed Pc events were required to meet a designated criteria to be assigned a 33 designation
(Barkley et al., in prep). The critengeretested and verified by PIFSC CRP analysts for towed
array data on visually and acoustically confirmed events. The criteria includes four rules for
event removal (if one of these criteria was met, the event was discarded as NOT®t] (1)

signals per detectorthis ensures enough signals for the classifier to process for optimal
classification; (2cholocation peak frequency above 22 kiIRz median peak frequency is

typically in the teen range and then declines at 20 kHdd[phin whistle median lggn/start

frequency > 8/1 kHzthis eliminates higher frequency whistling blackfish; €40% whistle

median begin frequency betweeB.4 kHz range Pc whistle begin frequency is typically in the

4-9 kHz range. This Pc criteni@eremeant to be conservative and if all criteria were met, the

event was considered a confirmed 33. Summary plots were generated for each event within each
deployment containing whistle and click plots and summary statistics for detected signals (see
FigureA3.1for example). Summary plots, specifically the concatenated spectrograms, were
visually inspected to verify Pc events and events with multiple species by an experienced analyst
(BM).

3.3.2.v Dutycycle time modification

In some cases, due to the nature of the HARP duty cycled data and how PAMGuard reads in file
names, there was a mismatch in time. This was consistent throughout the deployment and was
resolved by calculating the offset and adding the number of hours &cmseart/end time to
deriveaccurate hourly times. Ftne KauaiO2 deployment this was achieved by adding 14 m to

the 5 m/7m duty cycled data and adding 2 h 55 m to the Pearl and Hermes data on a duty cycle of
5 m/30m.

3.3.2.vi Calculatingrelative presence

Due to the variation in continuous vs duty cycled data, hours present were normalized by

recording effort. For each deployment/site, the normalized duration was calculated as total event
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detection duration by effort proportion (Time on/Total duty cycle duration (Time on+time off)).
To calculate relative presence, the normalized duration was divided by total deployment

recording hours.
3.3.3 Statisticalanalysis
3.3.3.i SoundTrap

All statistical analyses were conducted in R (version 4.4.2, Development Core Team 2016). For

di el comparisons, each hour was assigned a nd
and sunset times for each deployment (site/year) usirgutiealcpackage. Relative presence

(detection hoursital recording hours) was calculated to normalize for differing recording efforts

per deployment. AMankVvhi t ney U test was used to compare
(winter and spring), diel pattern (day and night)d detections within humpback season (peak

and norpeak). Peak season was considered fromMEmand norpeak included

Dec/Apr/May/Jun. Due to limitations in recording periods for the SanctSound data, seasons were
separated into winter (Dec, Jan, Fehd apring (Mar, Apr, May) periods only and June was

excluded since there were few deployments with that month included. A Kivslied test was

used to compare month (Decemb@une) and year (Year 1: 202920, Year 2: 2022021,

Year 3: 20212022). Tke number of hours per day with detections was calculated and weekly

presence was described.
3.3.3.ii HARP

ShapireWilk tests in R were used to test for normality to determine the statistical test to
perform. A OneWay ANOVA was used to compare Pc detections across sites, seasonal
Pc/blackfish average relative presence across sites, and seasonal Pc retaing @eross
deployments. A KruskalVallis test was used tssesseasonal blackfish relative presence

across deployments. To assess seasonal differences in relative presence, we fit a linear model
with season as a categorical predictor usindrttfgfunction in R. An independent tweample

Welch ttest was used to compare diel trends in Pc relative presence across deployments and
blackfish relative presence across sites. A Mdrhitney Utest was used to compare diel trends

in blackfish relative presen@eross deployments and Pc relative presence across sites. Data was
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seasonally averaged over the following time bins: winter {B34ar), spring (Apr- May),
summer (Jut Sep), and fall (Oct Dec). For diel comparisons, detection hours were assigned a
Adayo or fAnighto designati on ebchdeplaymentn t he sun

(site/year) using thsuncalcpackage.
3.4 Results
3.4.1 SoundTrap

In total, approximately 47,600 hours, or 67.39 months (2,122 days), of recordings were analyzed
across all Sanct Sound sites and deployments.
island sitesth er ef or e, subsequent analysis only inclu
24,215.27 recordings hours over 1,000 days across three deployment yeaZ20@M 12020
2021,20212022) were included from Odahu and Kauadai
with detections (58 days) and greater duratio
days/109 h). However, relative presence was not statistically significant {Méuitmey U: p =

0.19). A temporal comparison across deployment years showed th& {Z8#02021) had the

highest percentage of detection dayg(re 3.2, however relative presence was not statistically
significant across years (Krusk&Vallis: p = 0.60) or month (Kruskalvallis: p = 0.06). Events

with blackfish and humpback pr esEBwmtHIOE3 e hi gh
27%,HI03_047%) t han Ka u-8@46; HIQ4HB 0%, HI042 04 0%). Our

SanctSound data was limited to humpback whale season (Deebfapewhich encompassed

two seasons (winter and spring). A seasonal comparison across sites showed that although the
proportion of recording time with detections was higher in the spoingdth sitegFigure 3.3,

relative presence was not statistically significant (Makhitney U: p = 0.84). This effect may

have been confounded by the presence of humpback whale chorusing during the recording

period. Therefore, we compared relative presence during peak amedakimumpback season

and determined that relative presence was significantly lower during peak season thaaknon

season (MariflVhitney U: p = 0.003). This is likely due to the presence of humpback chorusing

that masks other species and prevents detectioladifish in PAMGuard data maps especially

at high amplitudes during peak season. Detection data also displayed a diel Raltire
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presence was significantly higher at night than during the day (Méghitney U: p = < 0.001
Figure 3.4.

3.4.2 HARP

A total of 38,015.24 hours of recordings from 11 HARP deployments across 2243 days of

recordings were included in this analysis. A total of 337 blackfish events were detected

manually. Total event duration (end timstart time) per deployment ranged frol»18 hours

with blackfish detected andI50 hours with Pc detected. Every deployment had blackfish and

Pc detected except for deployment Hawaii27. Across all events PAMGuard extracted 11,774,952
clicks and 1,023,925 whisthietectionsAverage number of clicks and whistles per event were

34,941 (min- 50; max- 321626) and 3,038 (minl9; max- 46,423), respectively. Overall,
possiblepresence omultiple species groupsas more ommon atPearl and Hermes (n =17)

with other sites having f-eawer7; mHla®jiaplte speci e

Across all deployments, on average 85% of events had a classification score above the 50%
threshold and met the criteria for being classified asTRbl¢ 3.2. Conversely, of those events

that did not meet the >50% criteria, 60% were identified as 577 (unidentified blackfish). Based
on a visual inspection of spectrograms, the manual analyst (BM) was on average 82% correct in
Pc classification above the 50% sd#ication score criteria. Overall, 42% of blackfish events

were confirmed as Pc based on the critdrige overall accuracy rate was 0.78. Precision and

recall for Pc (x33) was 0.79 and 0.71, respectively. Precision and recall for unidentified blackfish
(x577) was 0.76 and 0.83, respectiv@liable 3.3.

Kauadai had significantly higher owagANOVA: rel at
p < 0.001) and Pearl and Hermes had significa
(Oneway ANOVA: p < 0.03). Pearl and Hermes also had significantlydrnigklative presence

t han Ha wway ANOVA: ©Nn0001). Although there was no significant difference in

bl ackfish detections bet-Walsp=K®&8GQaBRaarlaachd Hawali
Her mes and KWalliap+l) h&dewasaksigilf i cant difference be
and Pearl and Hermes (Kruskafallis: p = 0.048). Overall, diel blackfish presence was higher at

night than during the day at all sitgsgure 3.5 and significantly different across deployments

(Wilcoxon ranksum test, W = 5 = .02). Pc relative acoustic presence was higher at night at the
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Hawai @i and PHR sites but hiFigueg#. Sitesidisplayed t he d
different seasons with peak blackfish and Pc relative presence acroésigiies 3.7a3.89.

The average relative presence for both blackfishawl®s hi ghest during the
summer at Hawai &(Figured8.7kB.8v Other than theadne niektiBhed above,

none of these trends were significantly different using the parametriparametric tests stated

above. This is likely due to the overall, small relative presence values and low power (10 sites).

Alinear mixedeffec t s model showed that rel aizi v 2P.c2 ,r ep
= 0.118), with significantly | owdI2,SEal ues i n
0.0052,t52. 30, p = 0.034), and T@012na=00Pb3h holwevere cr e a s

the model only explained ~29% of the variance (R2 = O(&jure 3.9.

A subset of the same HARP data sets used in this study were analyzed in Ziegenhorn et al.

(2023a) using a click detection approach to identify Pc positive hours. The PAMGuard detector

data was compared to this study with detection hours reported belbg/fmilowing format:

(Ziegenhorn et al. (2023a)/ this study). Results indicated a similar Pc detection rate for PHR10
(3/2.95hH . No Pc were detected at any of the Hawai
Ziegenhorn et al. (2023a), however 48.3 Pc hours were iderntifiadse deploymentsn this

study. The most significant difference in Pc positive hours was KauaiOBLEZADand Kauai02

(143/10M). The hours reported in Ziegenhorn et al. (2023a) wer@ha@aiO5)and 1.42

(KauaiO2)times higher than those reported in this study.

3.5 Discussion
3.5.1 SoundTrap

We have limited knowledge of blackfish presencelIHWNMS and few published accounts
documenting temporal and spatial useye and Lammers, 202I)his study shows that

offshore species are detected in the sanctuary and provides insight into the habitat use of these
large, resident odontocetes in this MEygmy killer whale encounters are relatively rare in
Hawaiian waters and therefore acoustic detectigane infrequent. Therefore, it is likely false

killer whales,pilot whales, and possibly meldreaded whales are acoustically detected at the
sanctuary sites. Blackfish occurrence reported from the SanctSound data is likely an

underrepresentation of blackfish presence. Lammers et al. (2023) found that from January to
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March, 80100% of recording periods had positive daily detections of humpback singing

throughout the sanctuary. DeAngelis et al. (2022) also found nearly ubiquitous (100% daily
acoustic presence) humpback chor ues.iGhepmthatn t he
humpback song is composeidsong units and corresponding harmonics that overlap in the

lower frequency range of blackfish calls, these humpback whale signals may ntkéiklla

calls. Additionally, during peak humpback whale season chaizedeby high amplitude song

periods (multiple singers), masking occurs making it challenging for analysts to visually

distinguish blackfish from humpbacks with the manual methods presented e sence of

bl ackfish detections at the Maui and Hawai @i
killer whales have been documented in the sanctuary off Maui (Badger et al., in press; M.
Lammers, J. Currie, personal observations), but a byptmf the unique soundscape in the
sanctuary. Humpback wleachorusing was reported to be highest at Maui and second highest off
Hawai adi within the MHI indicating higher dens
Lammers et al., 2023). Therefore, chorusing likely masked blackfish signals and limited

detecion capabilities using the methods detailed in this chapter.

Delphinid species acoustic productiorsbaen known to exhibit diel patterns. Common

d o | p MDelphihss delphisecholocation recorded in the Southern California Bight was more
prevalent at night than during the day (Simonis et al. 2017). Silva et al. (2019) reported overall
higher detections of delphinids (Atlantic whieled dolphirLagenorhynchus acutand

common dolphin) in Massachusetts Bay and Stellwagen Bank National Marine Sanctuary at

night with peaks at 21:00 h and 03:00 h and higher oddsistling (1.6 times higher) at night

than during the day. I n the Maui Nui region o
the day (Howe and Lammers, 20219w frequencywhistles attributed to blackfishé., false

killer whales), exhibited little diel patterns indicating that larger odontocetes may thregg

theday and at night. Although these SanctSound SoundTrap data do not allow us to confirm Pc
detections, given that blackfish detections are being grouped tgghtherclusion of pilot

whales and potentially even metbraded whales may be influencing our diel occurrence

patterns. Prevalence of detections at night is likely attributed to blackfish specigsl(#.g.

whales) feeding on the MBC. Giorli et al. (2015) found that false killer whales/pilot whales
forage mainly at ni g-leadedowhdles ieaonded at Pdmayra@toli i .  Me |

showed an increase in whistle detections in-ddternoon and an anease in echolocation at
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night (BaumansPickering et al., 201). Melonh e aded whal es i n Hawai @i s
nearshore and feed at night in deeper waters on mesopelagic prey (Brownell. et al., 2009). Pilot
whal es i n Hawai @i al so engage in this similar
and ®cializing and engaging in deeper foraging dives. At night they spend the majority of their

time foraging/feeding and divg shallower primarily due to the vertical migration of the MBC

(Baird et al., 2003; Owen et a2019). An increase in whistles during the night may be due to

group coordination which requires more socialization and communication during active
foraging/feeding. Perhaps fewer social signals are produced during the day when animals are

resting like méon-headed whales and pilot whales. Compared to previous studiésywour

frequencywhi st l es exhibit a significant diel trend

region adding more comprehensive information about odontocete habitat use in the sanctuary.
3.5.2 HARP

Al t hough overall, Pc detections were | ow, the
compared to the other sites. Based on the known distribution of Pc populations, it is likely that

ani mal s det ect e dromdny df theethrelé Ropapdlations sincedhiga r e

overlapping stock boundary fail populations (Bradford etal., 200 . The Hawai i sit
detections are likely from MHI or pelagic populations and PHR detections are from NWHI or

pelagicpopulationgBradford et al., 2020).

Little is known regarding the diel occurrence of Pc sound production. Based on animal behavior,
we predicted that Pc detection rates would be higher during the day since they are not necessarily
relying on the MBC like pilotvhaldmelonheaded whales and can hunt for large pelagic fish

(e.g, mahi mahi) throughout daylight hours. However, results presented here indicated more Pc
whistle events at night for Hawai di and PHR s
t he day of f t h eeatiKgkilleavihales save beemuindHe feed both gt night

and during the day and overall were more acoustically active during daylight hours (Richard et

al., 2017). They spent a higher percentage of time feeding during the day, likely using the

daylight to maximize the effect of countbading for foraging success. However, at night, group
coordination calls were more prevalent, likely due to-lmghit conditions and the need for

acoustic communication. Although Pc diel trends were not consistent across all HARP sites,

these data showehvariability in sound production of Pc and possibly the importance of sound
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production at night for group coordination in léght conditions and during the day whire

need for coordination during foraging may be higher. Although acoustic detections can be an
indicator of presence, the lack of detections does not necessarily indicate absence as animals may
not be vocalizing for periods of time but might still be pregetite area.

Differences in detections across sites in Haw
including local oceanographic conditions dadje scaleclimate events (Ziegenhorn et al.,

2023b). Prior work reported little variation in detections across sites included in this study but
more distinct division between different parts of the archipelago (Ziegenhorn et al., 2023a). In
the MHI, productivity isdriven by localized coastal upwelling, leeward eddies, and ocean mixing
in channels between islands (Gilmartin and Revelante et al., 1974; Seki et al., 2001; Friedrich et
al., 2021). In the NWHI, there is less influence from eddies due to a lack of Essdshhowever
productivity is supported by the proximity to the Transition Zone Chlorophyll Zone (TZCF) near
the subtropical convergence zone which transitions south in the winter and north in the summer
(Polovina et al., 2017). Given that Pearl and Herimése most northerly NWHI, this site is

likely more impacted by seasonal changes due to the shifting TZCF. The increase in relative
presence in winter at PHR may correspond with the TZCF shifting closer to the islands and has

similarly been documented in Ziegenhorn et al. (2023b).

Kauadi was identified as a hotspot for Pc det
commonly used by NWHI and pelagic animals and potentialycoeirring groups to the area

are being detected (Baird et al., 2013). It is importantto notethe h e Ka u a @ i HARP i ¢
the southernmost extent of the Pacific Missile Range Facility Barking Sands (PMRF), which is a

key location for naval exercises. Micequency activéMFA) sonarhas been detected near the

range. Naval sonar can negatively affect odontocete species by eliciting physiological and
behavioral responses leading to displacement, altering behavior, disrupting communication,

injury, and mortality (Rendell et al., 1999; koet al., 2006; DeRuiter et al., 2013; Manzano

Roth et al., 2013; Falcone et al., 2017). Despite occasional occurrences cod&i PMRF,
boatbased surveys indicate high species diversi
2013). This area likely serves as optimal habitat for blackfish species and supersedes potential

temporary disturbances caused by Msohar
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Pc detection hours reported in this study were less than some sites (KauaiO2 and Kauai05)
reportedinZeg enhorn et al. (2023).The | ower numbers
byproduct of the conservative nature of the inclusion of Pc based on the new criteria.

Additionally, the manual analyst only used periods of time where whistles were in high
coneentrations (as indicatdny PAMGuarddata maps at a specific resolution) and could be

easily distinguishable in the dataps.Thereforecertain peiods may have excluded hours with

sparse detections less than 30 minutes in length. One potential reason for the difference between
data sets is in Ziegenhorn et al. (2023a), there were 143 hours that contained only-one, five

minute chunk of Pc positive detemtis within the hour bin. Removal of those events causes the

values to align with the hours calculated in this study. Alternatively, this study detected ~50 h of

Pc events in the Hawai di deployments tshat wer
study demonstrates the utility of this method for capturing Pc events using a whistle approach as

Pc detection eventgenerallyinclude whistles bugvents with only clicks have been rarely
observedGruden et al., 2023). This method will hopefully broaden the scope of extracting

blackfish information from moored recorders.

BANTER classification scores were acceptable overall (77% overall accuracy) but did not reach
the >90% range that McCullough et @021) reported. This is likely due to the fact that the
classifier used in this study was trained on towaady HICEAS data but performed on moored

data recordedith a different recording system. Tonal, midanded HARP writing noise was

present at some sites (el§auai02). Noise removal using frequency range filtering in PAMpal

prior to classification was tested to assess if classification scores would improve. Noise removal
did not improve scores as classification score changes were negligible. However, this meth
showed success in identifying Pc and highlights the benefit of using the full repertoire for species
classification. Future work to impve BANTER classification scores may include the use of
additional model variables including environmental variafges, bathymetry, ENSO), site

specific model variables, and hardware variables, (@grumentation, sampling rate).

The relative presence of blackfish was overall higher at the offshore/deep sites (HARP) than the
coastal, neashore/shallow sites (SoundTrap). Site depth may influence detections. Blackfish

were sighted in bodiased surveys at depths ranging from <50e4@00m (Baird et al., 2008;
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Baird et al., 2010) but were predominately found at depths efl@63m (MHI insular Pc) and
50025000 m (pilot whales) (Baird et al., 2013). These depths more closely align with the
deployment depths of the HARPs. Results reported here are likely confounded by humpback
whale chorusing which mask blackfish signals and prtedetection. HIHHWNMS was

specifically designated to encompass critical humpback whale habitat and provide protection for
the highest densities of humpback whales. Humpback whale chorusing during the breeding
season dominates the soundscape and makesimgtaerckfish in the sanctuary more

challenging. Another factor to consider is sound propagation which may influence detection
results. Longer distance sound propagation is less likely in shallow water$@ugNui)

compared to deep waters, therefore the detection range may be considerably smaller and
contribute to fewer detections in our resuitdditionally, site bathymetry influences acoustic
detectability even within the shallow sites. Based on sound propagation modeling, Lammers et
al. (2023) found that across SanctSound sites, sound propagation varied considerably based on
distance and beagrangle resulting in sitdependent listening ranges. Listening ranges across
Maui , Hawai ai , sit€tvariadby up & 2450Knainflacticing detectability of
humpback whale song. Propagation models also indicated that receive levels may not be
omnidirectional due to island land mass differences between the MHI and the NWHI which are
primarily comprisedf atolls, seamounts, and banks. Due to the acoustic complexity of these
marine environments, these site comparisons should be considered relative trends and not based
on absolute values given the difference in sound propagation across sites. It reciasuste

full extent of Pc habitat use in the sanctuary based on PAM due to limitations in SoundTrap
sampling rates and therefore inability to classify to spdeies using the methods detailed here.
Diel patterns in blackfish detections were consiséé¢toth HARP and SoundTrap sites,

exhibiting higher detection rates at night than during the day.

These automated tools significantly decrease the number of hours of manual analysis scanning
individual audio recordings fanarine mammapresence. This streamlined analysis framework
may provide sanctuary staff with a less resource andititeasive way to assess blackfish
presence and future spatial/temporal trends in species presence. Using the entire repertoire,
notably the inclusionfovhistles, is an optimal approach for Pc especially when sampling rates

are high and the ability to include multigggnals is possible. The primary limiting factor for the
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SanctSound data was the sampling rate (48 kHz) and the restricted temporal scale of the
recordings to humpback whale season. Increasing the sampling rate of recorders would not only
enable the detection of higher frequency producing odontocetes butalsatlistortion of
echolocation clicks to capture the entire repertoire. We recommend the sanctuary consider
increasing the sampling rate to allow for classification of Pc as understanding the movement
patterns of the endangered MHI insular Pc that &edylin the sanctuary is important for
conservation of the specidsxpanding recording periods outside humpback whale season may
also reveal trends in blackfish/Pc presence that are currently masked in those data sets due to
chorusing during peak seas@iven the number of Pc+humpback (up to 30%\adnts per
deploymeny, Pc only, and humpback only events, included in this study, these labeled data may
be a useful data set for training classifiers in the future to distinguish the Pc and other blackfish
to capturespecies diversity at these sites.

3.6 Conclusion

Understanding the spattemporal variability of species is essential for effective conservation
and targeted management efforts. Although prior click detector work at these sites has proved
useful for identifying species presence, this study exemplifeesi¢cessity for using the entire
species repertoire when datdven machine learning models require large datasets to be most
effective. This work emphasizes the need to consider sampling design to maximize species
diversity information for resident spes at these biologically relevant sitésiture sanctuary
condition reports may benefit from including information on blackfish presence and continual
monitoring using the standardized methods outlined in this study to inform species diversity
information for ecologically important areas. As stiipe and funding is increasingly limited for
largescale marine mammal surveys, PAM is essential for acoustically detecting odontocete
species in biologically relevant regions not only within MPAs but in surrognalfifshore areas

that serve as optimal habitat. Given the anthropogenic stressors on blackfish, continuous
monitoring is critical for species lortgrm survival and to capture temporal trends. Fishing
interactions with blackfish, specifically depredatlmnfalse killer whales and pilot whales, is a
major concern and leads to these species being incidentally caught resulting in injury and
mortality (Forney et al., 2011; Fader et al., 2021). Habitat use is important to understand given

the impacts of clima& change and how it might impact prey availability, increase competition for
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limited resources and habitat, and ultimately influence distribution of top predators around the

Hawaiian Archipelago.
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3.7 Tables

Table 3.1: Summary of each deployment site, recpashet recording schedule for each site.
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Table 3.2 Summary of blackfish events and Pc scores from BANTER classifier.

Deployment Blackfish > 50% BANTER Pc Criteria Met
events (n) classification score (n)

HI03_02 22

HI03_03 22

HI03_04 14

HI104_02 10

HI04_03 18

HI04_04 14

Hawaii26 10

Hawaii27 0

Hawaii28 16

Hawaii29 8

Hawaii30 21 16 16
Kauai02 40 30 27
Kauai05 138 45 45
PHR10 23 6 6
PHR11 14 9 6
PHR12 16 8 7
PHR13 51 20 19
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Table 3.3: BANTER classification validation matrix for each HARP deploymeniHpre

criteria).
Deployment | True Positives | False Negatives| False Positives| True Positives
(x33 predicted | (X33 predicted | (X577 predicted (X577 predicted
as x33) as X577) as X33) as X577)
Hawaii26 2 5 0 3
Hawaii27 0 0 0 0
Hawaii28 7 3 2 4
Hawaii29 3 0 0 5
Hawaii30 14 3 2 2
Kauai02 11 0 19 10
Kauai05 42 27 3 66
PHR10 3 0 3 17
PHR11 0 3
PHR12 5 0 3
PHR13 19 3 1 28
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3.8 Figures

Figure 3.1: Site map including High Frequency Recording Packages (HARP) sites [yellow]
deployed by the Pacific Islands Fisheries Science Center and SoundTrap sites [green] deployed
by the Hawaiian Islands Humpback Whale National Marine Sanctuary (HIHWNMS)gh
SanctSound. HIHWNMS boundaries are indicated by the hatched area.
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Figure 3.2: Distribution of percentage of days with detections in SanctSound data across three

deployment years (201802071 yellow; 202620217 pink; 202120221 blue) and two sites
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Figure 3.6: (a) Relative presence of false killer whales across HARP deployments and (b)

average relative presence across sites. Diel patterns indicated as day (yellow) and night (blue).
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3.9 Appendix
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FigureA3.1: Example of event summaries for (a) confirmed Pc event and (B obiackfish
event. Click plots include a histogram of click SNR, click duration, concatenated spectrogram,
and average spectrum. Whistle plots include whistle contour traces and aahistdgvhistle

median frequency.

99



3.10 References

Abramson, J. Z., Hernandétoreda, M. V., Garcia, L., Colmenares, F., Aboitiz, F., & Call, J.
(2018). Imitation of novel conspecific and human speech sounds in the killer whale
(Orcinus orca. Proceedings of the Royal Society B: Biological Scier#51871).
https://doi.org/10.1098/rspb.2017.2171

Alves, A., Antunes, R., Bird, A., Tyack, P., Miller, P., Lam;F, & Kvadsheim, P. (2014).

Vocal matching of naval sonar signals by ldimmed pilot whalesGlobicephala melgs
Marine Mammal Scienc&80, 1 24871 1257. https://doi.org/ 10.

Aschettino, J. M., Baird, R. W., McSweeney, D. J., Webster, D. L., Schorr, G. S., Huggins, J. L.,
Martien K. K., Mahaffy, S.D., & West, K. L.
headed whales (Peponocephala electra) in the Hawaiian Archipelago: Evitlence o
multiple populations based on photo identificatistarine Mammal Scien¢28(4), 666
689. https://doi.org/10.1111/j.1748692.2011.00517 .x

Au, W. W. L. (2000)Echolocation in Dolphins364 408. https://doi.org/10.1007/97184612
11501_9

Au, W. W. L., Ford, J. K. B., Horne, J. K., & Allman, K. A. N. (2004). Echolocation signals of
free-ranging killer whales@rcinus orcg and modeling of foraging for chinook salmon
(Oncorhynchus tshawytschalournal of the Acoustical Society of Ameritay2), 901
909. https://doi.org/10.1121/1.1642628

Badger J.J, Baird, R.W., Johnson, D.S., Bradford, A.L, Mahaffy, S.D., Kratofil, M.A., Cullins, T,
Currie J.J., Stack, S.H., Oleson E.M. (in press) Accounting for spatiotemporal sampling
bias in a longerm dataset establishes a decline in abundance ofigeda false killer
whales Pseudorca crassideps) the main Hawaiian IslandE&ndangered Species
Research

Baird, R. W., McSweeney, D. J., Heithaus, M. R., & Marshall, G. J. (2003).-thmoed pilot
whale diving behavior: deep feeders and-time socialites. Proceedings of the 15th
Biennial Conference on the Biology of Marine Mammals, Greensboro, Northifizarol
USA, December 2003, 10 p

100



Baird RW, Gorgone AM, McSweeney DJ, Webster DL, Salden DR, Deakos MH, Ligon AD,
Schorr GS, Barlow J, Mahaffy SD. (2008). False killer whdkse(dorca crassidehs
around the main Hawaiian Islands: letegm site fidelity, intefisland movements, and
association patternMarine Mammal Scienc@4(3), 591612.
https://doi.org/10.1111/j.1748692.2008.00200.x

Baird RW, Schorr GS, Webster DL, McSweeney DJ, Hanson MB, Andrews RD.(2010).
Movements and habitat use of sateltagged false killer whales around the main
Hawaiian IslandsEndangered Species Researth 107121.
https://doi.org/10.1111/j.1748692.2008.00200.x

Baird, R. W., Oleson, E. M., Barlow, J., Ligon, A. D., Gorgone, A. M., & Mahaffy, S. D. (2013).
Evidence of an islardssociated population of false killer whalBPséudorca crassideps
in the Northwestern Hawaiian Island®acific Sciencg67(4), 513521.
https://doi.org/10.2984/67.4.2

Baird, R. W. (2016)The | i ves of Hawai ©6éi 6s dol phins and
conservationUniversity of Hawaii press.

Barkley, Y., Oleson, E. M., Oswald, J. N., & Franklin, E. C. (2019). Whistle classification of
sympatric false killer whale populations in Hawaiian waters yields low accuracy rates.
Frontiers in Marine Sciengé®, 1i 15. https://doi.org/10.3389/fmars.2019.00645

Barkley, Y.McCullough, J.L.K., Fregosi, S., Oleson, E.{ih prep).From Signals to Species:
Automated Acoustic Classification of False Killer Whales in the Hawaiian Islands

Barlow, J. (2006). Cetacean abundance in Hawaiian waters estimated from a summer/fall survey
in 2002.Marine Mammal Scien¢@2(2), 446 464. https://doi.org/10.1111/].1748
7692.2006.00032.x

BaumannPickering, S., Wiggins, S. M., Hildebrand, J. A., Roch, M. A., & Schnitzlet)H.

(2010). Discriminating features of echolocation clicks of mdéleaded whales

(Peponocephala electyabottlenose dolphinsT(rsiops truncatus , and Graybs sp
dolphins Gtenella longirostris longirostr)s Journal of the Acoustical Society of

Americg 1284), 2212 2224. https://doi.org/10.1121/1.3479549

101



BaumannPickering, S., Simonis, A. E., Oleson, E. M., Baird, R. W., Roch, M. A., & Wiggins,
S. M. (201%). False killer whale and shefihned pilot whale acoustic identification.
Endangered Species Resea28(2), 974 108. https://doi.org/10.3354/esr00685

BaumannPickering, S., Roch, M. A., Wiggins, S. M., Schnitzler, H. U., & Hildebrand, J. A.
(2015b). Acoustic behavior of meldreaded whales varies on a diel cycle. Behavioral
Ecology and Sociobiology, 69(9), 158563.

BenoitBird, K. J., & Au, W. W. L. (2004). Diel migration dynamics of an islassociated
soundscattering layerDeepSea Research Part I: Oceanographic Research Papers
51(5), 707 719. https://doi.org/10.1016/j.dsr.2004.01.004

Bradford AL, Becker EA, Oleson EM, Forney KA, Moore JE, Barlow J. (2020). Abundance
estimates of false killer whales in Hawaiian waters and the broader central Pacific. U.S.
Dept. of Commerce, NOAA Technical Memorandum NOAK-NMFS-PIFSG104, 78
p. https:/doi.org/10.25923/2jjgp807

Brownell Jr, R. L., Ral |l s, K., Baumann Picker
me |l on h e a d®Pepdnocedhad elecdraear oceanic islandslarine Mammal
Science25(3), 639658. https://doi.org/10.1111/j.1748692.2009.00281.x

Calil, P. H. R., Richards, K. J., Jia, Y., & Bidigare, R. R. (2008). Eddy activity in the lee of the
Hawaiian IslandsDeepSea Research Part II: Topical Studies in OceanograpbiL o
13), 11791194. https://doi.org/10.1016/j.dsr2.2008.01.008

DeAngelis, A. I., Van Parijs, S. M., Barkowski, J., Baumd#ickering, S., Burger, K., Davis, G.

E., Joseph, J., Kok, A. C. M., Kugler, A., Lammers, M., Margolina, T., Pegg, N., Rice,
A., Rowell, T. J., Ryan, J. P., Stokoe, A., Zang, E., & Hatch, L. (2@3)loring marine
mammal presence across seven US national marine sanctbeoiggers in Remote
Sensing3. https://doi.org/10.3389/frsen.2022.970401

DeRuiter, S. L., Boyd, I. L., Claridge, D. E., Clark, C. W., Gagnon, C., Southall, B. L., & Tyack,
P. L. (2013). Delphinid whistle production and call matching during playback of
simulated military sonaMarine Mammal Scienc@9(2), E46ES9.
https://doi.org/10.1111/j.1748692.2012.00587.x

Eskesen, I. G., Wahlberg, M., Simon, M., & Larsen, O. N. (2011). Comparison of echolocation

clicks from geographically sympatric killer whales and ldimged pilot whales (L).

102



Journal of the Acoustical Society of Ameritd@Q(1), 9 12.
https://doi.org/10.1121/1.3583499

Fader, J. E., Baird, R. W., Bradford, A. L., Dunn, D. C., Forney, K. A., & Read, A. J. (2021).
Patterns of depredation in the Hawai 0i
false killer whale behavioEcospherel2(8), https://doi.org/10.1002/ecs2.3682

Falcone, E. A., Schorr, G. S., Watwood, S. L., DeRuiter, S. L., Zerbini, A. N., Andrews, R. D.,

Diving behaviour of Cuvier's beaked whales exposed to two types of military sonar&
Moretti, D. J. (2017). Royal Society Open Sciend¢s),
https://doi.org/10.1098/rs0s.170629

Filatova, O. A., Miller, P. J. O., Yurk, H., Samarra, F. I. P., Hoyt, E., Ford, J. K. B., Matkin, C.
O., & BarrettLennard, L. G. (2015). Killer whale call frequency is similar across the
oceans, but varies across sympatric ecotyjmgnal of the Acoustical Society of
Americg 1381), 251 257. https://doi.org/10.1121/1.4922704

Foote, A. D., Griffin, R. M., Howitt, D., Larsson, L., Miller, P. J. O., & Hoelzel, A. R. (2006).
Killer whales are capable of vocal learnijology Letters2(4), 509 512.
https://doi.org/10.1098/rsbl.2006.0525

Ford, J. (1991). Vocal traditions among resident killer whaesiqius orcd in coastal waters of
British Columbia.Canadian Journal of Zoolog(69), 1454 1483.
https://doi.org/10.1139/z9206

Forney, K. A., Kobayashi, D. R., Johnston, D. W., Marchetti, J. A., & Marsik, M. G. (2011).
What 6s the catch? Patterns of cetacean
longline fisheriesMarine Ecology32(3), 380391. https://doi.org/10.1111/j.1439
0485.2011.00454.x

Friedrich, T. , Powel | | B . S. , Stock, C. A .

(2021). Drivers of phytoplankton blooms in Hawaii: A regional model stimlytnal of
Geophysical Research: Ocea265), https://doi.org/10.1029/2020JC017069
Gassmann, M., Wiggins, S. M., & Hildebrand, J. A. (2015). Hdieeensional tracking of
Cuvier's beaked whales' echolocation sounds using nested hydrophoneJatmaya. of
the Acoustical Society of Amerjds884), 24832494. https://doi.org/10.1121/1.4927417

Giorli, G. (2015). Deep diving odontocetes foraging strategies and their prey field as determined

by acoustic techniques (Doctoral dissertation, University of Hawai'i at Manoa).

103

dee

byc

H



Gridley, T., Martin, M. J., Slater, J., Roux, J. P., Swift, R. J., & Elwen, S. H. (2020). Towed
passive acoustic monitoring complements
dolphinsCephalorhynchus heavisidii the Namibian Islands Marine Protected Area.
African Journal of Marine Sciencé2(4), 495 506.
https://doi.org/10.2989/1814232X.2020.1848925

Griffiths, E. T., Archer, F., Rankin, S., Keating, J. L., Keen, E., Barlow, J., & Moore, J. E.
(2020). Detection and classification of narrband high frequency echolocation clicks
from drifting recordersJournal of the Acoustical Society of Ameritd7(5), 3511 3522.
https://doi.org/10.1121/10.0001229

Gruden, P., Barkley, Y. M., & McCullough, J. L. K. (2023). Vocal behavior of false killer whale
(Pseudorca crassidepacoustic subgroupbrontiers in Marine Sciencd0, 1i 7.
https://doi.org/10.3389/fmars.2023.1147670

Hohn, A. A, Rotstein, D. S., Harms, C. A., & Southall, B. L. (2006). Report on marine mammal
unusual mortality event UMESEQ0501Sp: Multispecies mass stranding of pilot whales
(Globicephala macrorhynchus), minke whale (Balaenoptera acutorostrata), and dwarf
sperm whales (Kogia sima) in North Carolina orlB5January 2005. (NOAA Technical
Memor andum NMFS SEFSC 537). Washington,
Administration

Howe, M., & Lammers, M. O. (2021). Investigating the diel occurrence of Odontocetes around
the Maui Nui Region using passive acoustic technigueadific Science7Y(1), 147
161. https://doi.org/10.2984/75.1.7

Kaplan, M. B., Aran Mooney, T., Sayigh, L. S., & Baird, R. W. (2014). Repeated call types in
Hawaiian melorheaded whales’gponocephala electyaJournal of the Acoustical
Society of America 36(3), 1394 1401. https://doi.org/10.1121/1.4892759

Kellogg, A. W. N. (1958). Echo Ranging in the Porpoise Perception of objects by reflected
sound is demonstrated for the first time in marine aniM2g3330), 982988.
https://doi.org/10.1126/science.128.3330.982

Kagler, A., Lammers, M. O., Zang, E. J., Kaplan, M. B., & Aran Mooney, T. (2020).
Fluctuations in Hawaii és Humpback Whal e
from Male Song Chorusing Off Mautndangered Species ReseatB 421 434.
https://doi.org/10.3354/ESR01080

104

DC



Kagler, A., Lammers, M. O., Zang, E. J., & Pack, A. A. (2021). Male humpback whale

chorusing in Hawai 6i and its r efreatieisoans hi p
Marine Science8, https://doi.org/10.3389/fmars.2021.735664
Gil martin, M., & Revelante, N. (1974). The Oi

primary production of the Hawaiian Islandsurnal of Experimental Marine Biology
and Ecology16(2), 181204. https://doi.org/10.1016/002®81(74)9001%

Lammers, M. O., Goodwin, B., Kugler, A., Zang, E. J., Harvey, M., Margolina, T., Martinez, J.
A., Merkens, K., & Hatch, L. T. (2023). The occurrence of humpback whales across the
Hawaiian archipelago revealed by fixed and mobile acoustic moniténingtiers in
Marine SciencglOQ, 1i 15. https://doi.org/10.3389/fmars.2023.1083583

Madrigal, B. C., Kugler, A., Zang, E. J., Lammers, M. O., Hatch, L. T., & Pacini, A. F. (2024).
Comparing the underwater soundscape of the Hawaiian Islands Humpback Whale
National Marine Sanctuary and potential influences of the COGMIPandemic.

Fronties in Marine Science, 11, https://doi.org/10.3389/fmars.2024.1342454

Madsen, P. T., Kerr, I., & Payne, R. (2004). Source parameter estimates of echolocation clicks
from wild pygmy killer whalesKeresa attenuaja(L) . Journal of the Acoustical Society
of Americall16(4), 1909 1912. https://doi.org/10.1121/1.1788726

Mahaffy, S. D., Baird, R. W., McSweeney, D. J., Webster, D. L., & Schorr, G. S. (2015). High
site fidelity, strong associations, and 1| o
island of Hawai 6i . Mar i -44861. Ma mma | Science,
https://doiorg/10.1111/mms.12234

ManzaneRoth, R. A., Henderson, E. E., Martin, S. W., & Matsuyama, B. (2013). Impacts of a
U.S. Navy training event on beaked whale dives in Hawaiian waters. Prepared for Chief
of Naval Operations (N45), Arlington, Virginia and Commander, U.S. Pacifi¢, Rearl
Harbor, Hawaii by SPAWAR Systems Center Pacific, San Diego, California and
National Marin Mammal Foundation, San Diego, California

McCullough, J. L. K., Simonis, A. E., Sakai, T., & Oleson, E. M. (2021). Acoustic classification
of false killer whales in the Hawaiian islands based on comprehensive vocal repertoire.
JASA Express Letter$(7). https://doi.org/10.1121/10.0005512

McSweeney, D. J., Baird, R. W., Mahaffy, S. D., Webster, D. L., & Schorr, G. S. (2009). Site
fidelity and association patterns of a rare species: pygmy killer whales (Feresa attenuata)

105



in the main Hawaiian Islands. Marine Mammal Science, 25(3)}5527
https://doi.org/10.1111/j.1748692.2008.00267.x

Murray, S. O., Mercado, E., & Roitblat, H. L. (1998). Characterizing the graded structure of false
killer whale Pseudorca crassidepsocalizationsJournal of the Acoustical Society of
America 104(3), 1679 1688. https://doi.org/10.1121/1.424380

National Oceanic and Atmospheric Administration. (2024).
https://www.fisheries.noaa.gov/s3/2022/2023sarshortfinned-pilot-whale hawaii.pdf

Oswald, J. N., Barlow, J., & Norris, T. F. (2003). Acoustic identification of nine delphinid
species in the eastern tropical Pacific Océéarine Mammal Sciencé&9(1), 20037.
https://doi.org/10.1111/j.1748692.2003.tb01090.x

Oswald, J. N., Rankin, S., Barlow, J., & Lammers, M. O. (2007). A tool foitirmalacoustic
species identification of delphinid whistlekurnal of the Acoustical Society of America
122(1), 587 595. https://doi.org/10.1121/1.2743157

Owen, K., Andrews, R. D., Baird, R. W., Schorr, G. S., & Webster, D. L. (2019). Lunar cycles
influence the diving behavior and habitat use of shoned pilot whales around the
main Hawaiian Island$varine Ecology Progress Serigg29, 193206.
https://doi.org/10.3354/meps

Pijanowski, B. C., Farina, A., Gage, S. H., Dumyahn, S. L., and Krause, B. L. (2011). What is
soundscape ecology? An introduction and overview of an emerging new science.
Landscape Ecology6, 1213 1232. https://doi.org/10.1007/s109601-9600-8

Polovina, J. J., Howell, E. A., Kobayashi, D. R., & Seki, M. P. (2017). The transition zone
chlorophyll front updated: advances from a decade of resdzmress in
Oceanographyl150, 79-85. https://doi.org/10.1016/j.pocean.2015.01.006

Rayment, W., Dawson, S., & Slooten, L. (2010). Use-&fADs for acoustic monitoring of
Cephal orhynchus dol phins: A case study wit
area.Endangered Species Researth(1), 333 339. https://doi.org/10.3354/esr00189

Rendell, L. E., Matthews, J. N., Gill, A., Gordon, J. C. D., & Macdonald, D. W. (1999).
Quantitative analysis of tonal calls from five odontocete species, examining interspecific
and intraspecific variatiodournal of Zoology2494), 403410.
https://doi.org/10.1111/j.1468998.1999.tb01209.x

106



Richard, G., Filatova, O. A., Samarra, F. I., Fedutin, I. D., Lammers, M., & Miller, P. J. (2017).
Icelandic herringgating killer whales feed at nigtiarine Biology 164, 1-13.
https://doi.org/10.1007/s0022716-30598

Sakai, T. (2020). #AnAPAMpal: Load and process p
http://CRAN.Rproject.org/package=PAMpal

Seki, M. P., Polovina, J. J., Brainard, R. E., Bidigare, R. R., Leonard, C. L., & Foley, D. G.
(2001). Biological enhancement at cyclonic eddies tracked with GOES thermal imagery
in Hawaiian watersGeophysical Research LetteP8(8), 15831586.
https://doi.org/10.1029/2000GL012439

Silva, T. L., Mooney, T. A., Sayigh, L. S., & Baumgartner, M. F. (2019). Temporal and spatial
distributions of delphinid species in Massachusetts Bay (USA) using passive acoustics
from ocean gliderdMarine Ecology Progress Serig31, 1-17.
https://doi.org/10.3354/meps13180

Simonis, A. E., Roch, M. A., Bailey, B., Barlow, J., Clemesha, R. E., lacobellis, S., Hildebrand,
J.A., & BaumanrPickering, S. (2017). Lunar cycles affect common dolphin Delphinus
delphis foraging in the Southern California Bigktarine Ecology Progress Serigs/7,
221-235. https://doi.org/10.3354/meps12247

Tyack, P. L., & Clark, C. W. (2000). Communication and Acoustic Behavior of Dolphins and
Whales. InHearing by whales and dolphinSpringefVerlag.

Van Cise, Amy M., Karen K. Martien, Sabre D. Mahaffy, Robin W. Baird, Daniel L. Webster,
James H. Fowler, Erin M. Oleson, and Phillip A. Morin. (2017). Familial social structure
and socially driven genetic diff®erentiatio
Molecular Ecology 26(23), 6736741. https://doi.org/10.1111/mec.14397

Watkins, W. A. (1967). The harmonic interval: fact or artifact in spectral analysis of pulse
t r ai MarinedBiociaaousticsedited by W. N. Tavolga Pergamon, New York, pgd. 15
42.

Woodworth, P. A., Schorr, G. S., Baird, R. W., Webster, D. L., Mcsweeney, D. J., Hanson, M.
B., Andrews, R. D., & Polovina, J. J. (2012). Eddies as offshore foraging grounds for
melonheaded whaledPgponocephala electyaMarine Mammal Scien¢@8(3), 638
647. https://doi.org/10.1111/j.174892.2011.00509.x

107



Yano, K. M., Oleson, E. M., Keating, J. L., Ballance, L. T., Hill, M. C., Bradford, A. L., Allen,
A. N., Joyce, T. W., Moore, J. E., & Henry, A. (2018). Cetacean and Seabird Data
Collected During the Hawaiian Islands Cetacean and Ecosystem Assessment Surve
(HICEAS), JulyDecembeR017 https://doi.org/10.25923/7axgw82

Ziegenhorn, M. A., Frasier, K. E., Hildebrand, J. A., Oleson, E. M., Baird, R. W., Wiggins, S.
M., & BaumannPickering, S. (2022). Discriminating and classifying odontocete
echolocation clicks in the Hawaiian Islands using machine learning meBlodS One
17(4 April). https://doi.org/10.1371/journal.pone.0266424

Ziegenhorn, M. A., Hildebrand, J. A., Ol eson,
Pickering, S. (2023a). Odontocete spatial patterns and temporal drivers of detection at
sites in the Hawaiian islandscology and Evolutionl3(1),
https://doi.org/10.1002/ece3.9688

Ziegenhorn, M. A., Hildebrand, J. A., Oleson, E. M., Baird, R. W., & BaurRiokering, S.

(2023b). Odontocete detections are linked to oceanographic conditions in the Hawaiian
Archipelago.Communications Earth & Environme#d{(1), 423.
https://doi.org/10.1038/s432423-010887

108



CHAPTER 4: ACOUSTIC BEHAVIOR OF ENDANGERED HAWAIIAN FALSE
KILLER WHALES
Manuscript In Review as:

Madrigal, B. C., Gough, W.T., Zang, E. J., Lammers, M. O., Hatch, L. T., & Pacini, & F. (
reivew). Acoustic behavior of endangered Hawaiian false killer wh&egal Society Open

Science

109



4.1 Abstract

Understanding the acoustic communication of the endangered Main Hawaiian Islands insular
population of false killer whale$éeudorca crassidehs essential for effective management.

In this study, biologging tags were deployed on four individuals, recording 26.2 h of acoustic
data. A total of 5,940 high quality focal pulsed calls were analyzed and 52 stereotyped call types
were characterized .he fundamental frequency contour ranged from a mean minimum
frequency of 7.10 + 2.34 kHz to 9.18 £ 2.20 kHz (mesaximum frequency) with a mean

duration of 0.35 + 0.22 s. Predominate call types and call rates across dive states varied by
individual. Probability of calling was higher during the descent and bottom phase compared to
the surface. Four types of nonlimggnenomena (NLP) were documented including biphonation
(call + clicks, 78% of all NLP), secondary sidebands, chaos, and frequency jumps. Frequency
jumps were commonly produced by two animals from the same grotf®@hR Most calls
contained NLP (80%). Tehaverage call rate produced by two individuals was 17.5 céalls m
(hourly average) and call rates decreased as swim speed increased. Our findings suggest high
repertoire diversity and high signal complexity informing future passive acoustic monitoring
efforts.
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4.2 Introduction

Social communication in marine mammals functions in maintaining group cohesion (Janik and
Slater, 1992; Miller, 2000), reproduction (Herman, 2017), foraging (Thomsen et al., 2002;
Nowacek, 2005), cooperative hunting (Parks et al., 2014), parental care @hale 2021), and
establishing relationships/bonds between group members (Chereskin et al., 2022). The social
complexity hypothesis for communicative complexity (SCHCC) asserts that groups with more
complex social systems require more complex commuaicéd manage group dynamics

(Freeberg, 2006). Prior studies have provided evidence that some toothed whale species exhibit
social complexity which translates to communication complexity as exhibited by the diversity of
their acoustic repertoire (Meldanbs et al., 2019; Reg€olt et al., 2023), presence of dialects

(Ford, 1991; Whitehead et al., 1998; Deecke et al., 2000; Rendell and Whitehead, 2005; Filatova
et al., 2015; Sharpe et al., 2019; Whitehead, 2024), and signals denoting individual identity
(Cddwell and Caldwell, 1990; Janik et al., 2006). Toothed whales generally produce three types
of acoustic signals which serve different functions: clicks, whistles, andfnuss sounds.
Shortduration, directional, broadband clicks can be used for conaation (Dawson, 1991;

Aguilar de Soto et al., 2012; Sgrensen et al., 2018) but are commonly used in echolocation, and
function in foraging and navigation (Kellogg, 1958; Au, 2000). Whistles are ndraod,

frequency modulated signals that function in awmication (Tyack and Clark, 2000). Burst

pulse signals are composed of a series of pulses produced in such rapid succession as to sound
tonal and also function in communication (Watkins, 1967). Pulsed calls are a variant-of burst
pulse signals, containimgfundamental frequency contour and harmonics, and have been
described as being the predominant signal produced by killer wikaieiss orca)and pilot

whales Globicephala sp.jFord, 1984; Sayigh et al., 2013; Vester et al., 2017).

Mammals commonly produce vocalizations called nonlinear phenomena that are complex and
contain nodinear irregularities due to the dynamic nature of the way airflow interacts with

sound generating tissues (Wilden et al., 1998). Nonlinear phenomena ecti@noenication

between conspecifics and functions in individual identification, emotional expression, and

mating (Muir et al., 2025). Features include subharmonics, deterministic chaos, biphonation, and
frequency jumps (Tyson et al., 2007). Biphonatiocaissed by sound production emitted from

two pairs of phonic lips which has been described for multiple species including killer whales
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(Yurk, 2005; Filatova et al., 2007; Foote et al., 2008), Atlantic spotted dol@tiesg(la

frontalis; Kaplan, 2015; Kaplan et al., 2018), common bottlenose dolphinsipps truncatus
Kaplan, 2015; Sportelli et al., 2023; Filatova et al., 2024), pilot whé@lksbicephala
macrorhynchugshortfinned); Sayigh et al., 2013; Quick et al., 20X8)pbicephala melas
(long-finned); Zwamborn et al., 2017, Courts et al., 2020); sbeaked common dolphins
(Delphinus delphisFigueiredo et al., 2023), stripedldhins Stenella coeruleoalhdapale et

al., 2020), beluga whaleB¢lphinapterus leucar mes et al ., 2020), and R
(Grampus griseysCorkeron et al., 2001). Studies on delphinids demonstrated that each set of
phonic lips can operate independently with clicks produced by the right pair of phonic lips and
whistles produced by the left pair (Cranford et al., 2011; Madsen et al., 20&3)rdvalence of
biphonation in stereotyped whistle contours indicates it may function in a social dantext

contact calls/signature whistles (Kaplan et al., 2018; Papale et al., 2020). Killer whale calls can
include multiple, successive components exemplifying an additional layer of complexity in these
signals that species can produce (Ford, 1984; Wellald, &020).

False killer whalesRseudorca crassidepare a resident toothed whale species to Hawaiian
waters. Three genetically differentiated, partially sympatric populations are recognized,
including a main Hawaiian Islands (MHI) insular, northwestern Hawaiian Islands (NWHI), and
anopero c e an ( élagie) papwdation.prhe MHI insular population numbers less than 150
individuals and is endangered under the Endangered Species Act as of 2012 (Oleson et al., 2010;
NOAA, 2012; Badger et al., 2024). The MHI popubaticonsists of four recognized social

clusters that are genetically differentiated and have varying habitat use and potentially differing
diet composition (Baird et al., 2012; Kratofil et al., 2020; Mahaffy et al., 2023). False killer
whales display compkegrouping behavior where individual subgroups (spread out >5 km)
comprise larger groups which can be spread out over 20 km (Baird et al., 2008; Bradford et al.,
2014).

The social organization of false killer whales more closely resembles the matrilineal structure of
killer whales and pilot whales with groups composed of multiple matrilines (Martien et al., 2019;
Mahaffy et al., 2023), rather than a fissision sociabrganization observed in some other

odontocetes (Baird et al., 2008; Baird, 2009; Mahaffy et al., 2023). Strong associations between

individuals from photadentification surveys spanning over 20 years indicate strong bonds
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among individuals around the Hawaiian Islands (Baird et al., 2008; Mahaffy et al., 2023). In

H a w a fal€e ikiller whales primarily feed on large pelagic game fish and have been observed
engaging in prey sharing between individuals (Baird, 2009) which is relatively rare in animals,
and in cetaceans has been reported most often in killer whales (PitthBardan, 2012). A
tendency to mass strand (Liebig et al., 2007; Baird, 2009; Crofts et al., 2019) in addition to
cooperative hunting (Martien et al., 2019) provides further support for the presence of stable

associations and bonds.

False killer whales can be easily discriminated acoustically from other odontocetes based on
production of comparatively low frequency (mean frequenty - 8.3 kHz) stereotyped

whistles (45 kHz upsweep) and high vocal production rates (Murray et%8;1IRendell and

Gordon, 1999; Oswald et al., 2003). This acoustic behavior is likely attributable to false killer
whale subgroup composition and likely functions in lsagge communication necessary for
maintaining communication and group cohesion/coatitbn between spatially distant

subgroups. Limited published accounts of gradiiet, pulsed call production have been
documented for this species (Rendell and Gordon, 1999) with more accounts of whistles reported
(Barkley et al., 2019; McCullough et a2021; Rio, 2023). Nonlinearity in false killer whale

signals was first described by Murraial. (1998).

The use of biologging tags equipped with hydrophones has enabled the collection of high
resolution data to study marine mammal communication (Casey et al., 2022), ontogeny (Zeh et
al., 2025), foraging ecology (Castellote et al., 2021), migration (Oeseeaih 2020), and

effects of potential stressors (Johnson et al. 2009; Southall et al., 2023). Additionally, acoustic
cue (e.g.call, click) rates of individuals recorded from tags can inform passive acoustic animal
density estimation, especially for cryptic and endangered species, vital for species conservation
and management (Marques et al., 2013). Multiple blackfish speciedban tagged to

characterize vocal repertoires (Quick et al., 2018), identify novel signals (Samarra et al., 2016),
describe foraging behavior (Holt et al., 2019; Shearer et al., 2022), provide social context of
foraging (Jensen et al, 2011; Visser et2014), and quantify behavioral response to
anthropogenic noise (DeRuiter et al., 2013; Alves et al., 2014; Holt et al., 2021; Tennessen et al.,
2024).
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The goal of this study was to use Aamasive archival tag data to describe the acoustic behavior
of false killer whales in order to provide insight into the behavioral context of social signals. Our
objectives included: (1) classify and characterizeptiised call repertoire of individual false

killer whales; (2) describe nonlinearity observed in calls; and (3) analyze the relationship
between social sound production and diving behavior. These findings can help elucidate fine

scale social context and pide foundational information to determine potential signal functions.
4.3 Materials andmethods
4.3.1 Datacollection andfieldwork

Two suctioncup tagtypes were used: digital acoustic recording tags (DTAG version 3) (Johnson
and Tyack, 2003) and customized animal tracking solutions (CATS) tags (Goldbogen et al.,
2017). Both tags were equipped with acoustic sensors to record sound production, a pressure
sensor to record depth, and a suite of inertial sensors to measure animal orientation and allow for
fine-scale movement tracking. Tags were deployed by pole during multipkbased field
efforts in 2011 (off -20%\oHtheds| Baldandf &Madif aaon
following tagging procedures described in Friedlaender et al. (2009) and Wiley et al. (2011)
(Figure 4.). HTI-96 mini hydrophones (sampling rate 96 kHz, 16 bit resolution) were integrated

in the CATS tags with a hydrophoseecific sensitivity ranging froml69.4 to-170.2 re: 1V

uPal. CATS tags were equipped with multiple inertial sensors includiraxial accelerometers

(SR 400 Hz), magnetometers (SR 50 Hz), gyroscopes (SR 50 Hz), a light sensor (LED

headlight) and a higkresolution (2K) video camera. The LED headlights were set with a low

light trigger below the photic zone. Video was only collected for two animals, thus video footage
was excluded from this analysis. However, it was used to verify feedingsevieah applicable.

The DTAG sampled at 240 kHz with a nominal tag hydrophone sensitivity7& dB re 1

V/uPa. All tagged individuals were photographed and population and cluster was identified

based on comparison with phdf@ catalogs (methods describedBaird et al. (2008)). The

tagged animal s ages were estimated based on
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4.3.2 Acousticdata processing

CATS tag acoustic recordings (.wav files) were segmented ihtauf files using Adobe

Audition CC 2023 (Adobe Systems Inc.) for processing. Analysts identified focal (tagged)
animal pulsed calls visually and aurally in Raven Pro 1.6 (K. Lisa Yang Centéohservation
Bioacoustics, 2014) and manually identified calls from spectrograms [1024 fast Fourier
transform (FFT), Hann window, 50% overlap] in a udefined window preset. The selection

tool was used in the waveform view to make two selectionsgblesired position markers were
modified as needed. The first selection only included the call and corresponding harmonics (x
axis selection borders aligned with the start and end time of the caltaxs ycluded the

whole bandwidth). The second selentincluded a time buffer before the beginning of the call
and after the end of the call. Selections for each call were exported from Raven as individual
.wav files. Selection 1 (no buffer) was used for the sigmaloise ratio (SNR) calculation and

left box boundary considered the start time of the call. Selection 2 (with buffer) were exported as
individual .wav files (16 bit) to enable extraction of the fundamental frequency contour in a

subsequent step.

Using the selection table annotation function, the following information was documented for
each call based on a manual review: (1) Identity of the callerf@eat, focal, or unknown)

based on amplitude of signal; (2) Presence of biphonation (preseswefalof clicks); (3)

Presence of secondary sidebands (Tyson et al., 2007); (4) Occurrence of consecutive series of
signals; (5) Overlap between the focal animal signal andawal animal signals; (6) Presence

of deterministic chaos (Tyson et al., 200ah)d (7) Periods where audio cut out in the recording.

All overlapping calls were omitted from further analyses as this prevented accurate calculation of
the SNR. Calls containing audio cut out periods (a byproduct of the CATS tags sampling at a
higher frequency) were also excluded from this analysis as this distorted the contour in the
spectrogram, preventing proper classification of calls and accurate determination of the start/end
times of calls. The call selection and annotation was completed by temagts and then

reviewed and revised through the quality control process by an experienced analyst (BM).
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4.3.3 Selectiortriteria for signals produced by thefocal animal

Calls were delineated as produced by the focal animal in the manual analysis based on higher
amplitude click energy in the low frequencies (15 kHz) (Arranz et al., 2016; Johnson et al., 2006)
and the presence of high amplitude harmonics. The SNR wasatattédr each call identified

as focal or unknown in the annotation stage using custotten scripts in MATLAB R2024b
(Mathworks, Natick, MA). The signal clip was used from selection 1 (call only/no buffer). A
representative noise clip was extracteddach deployment and used for all calculations as
ambient noise levels were relatively consistent throughout the deployment. Signals with
unusually high ambient noise levels (eajter an animal surfaced) were excluded from the
analysis as to not artificially inflate SNR values. Hydrophone sensitivities of each tag varied
therefore a tagpecific SNR threshold was set to validate focal calls. To calculate the SNR
thresholds, a ratom subset of at least 100 signals were manually verified by an experienced
analyst (BM) as focal or nefocal and the SNR was calculated with a high pass filter at 500 Hz
to reduce flow noise. Plotted SNR values were visually inspected, and a thresholefiwad

based on a visual inspection of the graphs (Tag71.dB, Tag 2 28 dB, Tag 3 29 dB, Tag 4

32 dB). Calls included in this analysis likely represent a conservative subsample of calls
produced by each animal as overlapping calls indicatitieeopresence of multiple animals were

excluded as well as calls produced right after a surfacing, due to SNR calculation limitations.
4.3.4 Callclassification

An experienced analyst (BM) determined call classification types based on a visual review of the
fundamental frequency contour. A minimum of three signals were required to be considered as a
call type. Call type nomenclature was alphanumeric includingdpelation designation (MHI),
fundamental frequency contour-$2; order arbitrary), and a numerical subscript (i) denoting a

sub type (Ford, 1991). A decimal value (g.#, .2) indicated a call type that had successive

components. A call type with 99 appended to the end designated a variable category for that call

type.

The fundamental frequency contour was traced from the spectrogram (SR 96 kHz, Hanning
window FFT size 1024, Hanning window size 512, 50% overlap, frequency resoel@8otb

Hz, time resolution 10.7 ms) of the audio clips (Selection 2 in Ra &gwald and Oswald,
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2013) in the opesource software PAMGuard (version 2.02.03e; Gillespie et al., 2009). From
individual traces, 50 temporal and frequency variables were measured. When more than 100
calls within a call type were present, only 100 randomly sampled callsnaeeel for that

specific call type. A subset of the most common call types recorded on the DTAG were traced
and described (sampling rate 240 kHz, Hanning window FFT size 2048, Hanning window size
1024, 50% overlap, frequency resolutiof6.73 Hz, time rgolution- 21.40 ms). Given the
difference in sampling rate, frequency and time resolution of spectrograms for each tag type,
only relative comparisons between spectral and temporal features of calls were made. For calls
with frequency jumps (nonlinear pi@mena), alphabetical subscripts describe individual,

successive components of the call. Calls in variable call types were not traced.
4.3.5 Identification of nonlinear phenomenon

Four types of nonlinear phenomena (NLP) were documented in this study. Deterministic chaos

was identified as sheduration periods of nerandom noise with energy surrounding the

fundamental frequency and commonly reflected in the upper harméiesd 4.2 (Riede et

al., 2004, Tyson et al., 2007; Sportelli et al., 2023). Biphonation is considered the simultaneous
production of two signal types (Riede et al., 2004; Tyson et al., 2007; Sportelli et al., 2023). In

this study, biphonation was identified wheoadl and series of clicks or rasp (as defined in Pérez

et al. (2016)) were produced simultaneousig(re 4.2p. If there was uncertainty or ambiguity

in the association between clicks and call s,
ounknownd and excluded from t hé&igbadd@pacenat i on c
discontinuities in the fundamental frequency call contour and the corresponding harmonics

caused by abrupt shifts in frequency when the vibration rate of oscillating vocal tissues abruptly
increases or decreases (Riede et al., 2004; Tyson et a;,0dartelli et al., 2023). Secondary

sidebands appear spectrally as shorter duration subharmonics that occur in evenly spaced

intervals between the harmonics of the fundamental frequency coktgureg 4.29. These

subharmonics are fractional values (g.g, M) of the fundament al freq
differences in the vibrating frequency of two oscillating sections of the vocal fold (Riede et al.,

2004; Tyson et al., 2007; Sportelli et al., 2023).
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4 .3.6 Inter-call-interval

The intercall-interval (ICI) was calculated and averaged over each hour of the deployment for
calls types MHI1 (for HIPc706) and MHI28 (HIPc805). Based on the SiGnature IDentification
(SIGID) method (Janik et al., 2013) that has been applied to false killer whale whistles (Rio and
Rosal es Nanduca, 2024), we test edwhistlesiotad | s

category having an ICI of-10s.
4.3.7 Kinematicdata analysis

As part of the data processing procedure, sampling rates of all sensors (minus the acoustic
recordings) were decimated to 10 Hz (Cade et al., 2021). Five dive states were delineated:
surface (62m - Dive State 0), descent (Dive State 1), ascent (Dive 3jashallow bottom

phase (or less than 100rDive State 3), deep bottom phase (deeper dives >1-0Dive State

4) (methods described for pilot whales in Goeglal. (in review)). The first and last negatioe
positive pitch changes occurring at >85%ile maximal dive depth were used to delineate the
boundaries between the descent, bottom, and ascent phases. From inspection of depth data, 100
m was determined as the cutoff between deep dives, shallow dives, and surface behavior (based
on Alves et al(2013)). Apart from one deep dive, all other dives recorded were shallow dives,
considered the bottom phase (Dive State 3) hereafter, so the one dive in Dive State 4 was
removed from the statistical analysis. Synthesis of kinematic data with acoustiadata

conducted using custemritten scripts in MATLAB R2024a (Mathworks, Natick, MA).

Proportion of calls produced across each dive state accounted for total time spent in each dive
state. Sampling rates for the-&xial accelerometers were set at 400 dlagsist with

measurement of forward speed throughout the deployment using a regression of suction cup
vibrational "jiggle" and Orientaticorrected Depth Rate, following methods outlined by Cade

et al. (2018). Call start times were linked to the nedirast from the dive profile data which
included dive state, speed, and depth. DTAG kinematic data was unavailable so only CATS tag
kinematic data was analyzed in relation to the acoustic data. Due to the lack of representative
oni ght 6 t ag idoawas ondyy cothduadd forcthee MIPGEBOS5 tag deployment which
was deployed in the afternoon and spanned approximately 12.5 hrs.
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4.3.8 Statisticalanalysis
4.3.8.i Significance otall type occurrence

Chi-square analysis, conducted in MATLAB R2021a, was used to test whether call type
occurrence across dive states differed significantly from expected frequencies and accounted for
time spent in each state. @guare tests were performed on specific diages of interest

compared with all other dive states. Statistical significance was baSee 6r05.
4.3.8.ii Relationship between call rate and speed/depth

A negative binomial regression was performed in R (version 4.4.2) usiggmb@()function in
theMASSpackage (R Core Team (2024)) to model the relationship between call rate (average
calls per minute) and average swim speed (m/s) and dive state. For dive sBtesg@node

value was used, however if two dive states occurred, each accountingd@vedd samples, the

dive state was considered a transition dive state. A negative binomial distribution was selected
after detecting overdispersion in the data. Call rates with zero values (minute bins with no calls)
were removed as we were interested ins8rg speed/dive state behavior during calling only,
which additionally prevented zefon f | at i on. The Al ogo | ink was
guided by the Akaike information criterion (AIC). First, to determine the appropriate functional
form for theaverage swim speed predictor, models with increasing polynomial degirdgs (1

were fit and compared using AIC. The polynomial form with the lowest AIC was retained. Next,
full model structures were evaluated to assess the inclusion of predictor vamaiblelng an
interaction term between average swim speed and dive state, with AIC used to identify-the best
fitting model. Model diagnostics were conducted to assess the adequacy of model assumptions.
Deviance residuals were plotted against fitted valaésvasually inspected for evidence of
heteroscedasticity and ndinearity. QQ plots were also visually inspectéte Pearson chi

square statistic including degrees of freedom and dispersion ratio was calculated to evaluate the
goodnesf -fit. The pvalue was evaluated to assess the significance of average speed and dive
states. To confirm the dispersion assumption nvas the dispersion value calculated in the
Pearson ChEquare test was evaluated and the ratio of residual deviance to residual degrees of

freedom for each model was calculated.
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4.3.8.iii Relationship between presence/absence of calling and dive state

A generalized linear mixed model (GLMM) was fitted in R usinggimemTMB()function in the
gimmTMBpackage to model the probability of calling as a function of dive state and time of day.
GAMMs were fitted using a binomial family since the response variable was binarya(D
absent, 1 = call present) and a Al ogito | ink
10 samples per second, however to be biologically relevant, time bins were averaged over larger
time bins >1 second since individual animal calls ayeds0.3 seconds in duration with the

longest call being ~1 second in duration. A GLMM was used since both explanatory variables
were categorical. A 80time window was selected and values were averaged over those time
periods. For dive states-@), the mode value was used, however if two dive states occurred,

each accounting for 460% of samples, the dive state was considered a transition dive state.

Time of day was partitioned into five categories (all times in HST) including night (20:00

05:59), morning (06:0M9:59), midday (10:0QL3:59), afternoon (14:0Q7:59),andevening
(18:00'19:59). Dive state 4 was removed from this analysis as there was only one occurrence in
the data which excluded all calls produced at >70 m depth.dteeand depth variables were

highly correlated since dive state was extracted based on depth so they were tested separately in
models to assess performance. Time since tag on (hr) was correlated with time of day so only
time of day was included in the meldTag number (&) was considered the random effect

because multiple data points were recorded for each tag which clustered data based on individual
animals. GLMM residuals indicated autocorrelation, and models included an AR1 correlation
structure to amount for temporal dependence on an individual animal level (Time and TagNum)

to reduce autocorrelation in the data. An observd@oal random effect (OLRE) variable was

included in the model to combat overdispersion.

The residuals of models were checked for autocorrelation withcfigfunction from thestats
package. A series of diagnostic tests were conducted to assess model fit. Plots were visually
inspected including an autocorrelation function (ACD) plot of Pearson residuals, residuals
compared to fitted values using the DHARMa package, and qugoglatle (QQ) plots. To

check for overdispersion, the Kolmogof8wmirnov test was conducted and the ratio of deviance
to residual degrees of freedom was calculatéahdl residual plots were visually inspected to

assess the relationship between average residuals and fitted values on the response scale as an
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alternative means of assessing fit given the binomial distribution of data. Plots of normalized
residuals compared to fitted values were used to detect heteroscedasticity, while normality and
uniformity was checked using QQ plots and the autocorrelatiwetin was plotted to

determine if any residual autocorrelation was detected.

4.4 Results
4.4.1 Generalcall statistics

All CATS tags (n=3) were deployed on animals from social Cluster 4 and the DTAG (n=1) was
deployed on one individual from Cluste{Table 4.). Tagged animals were estimated to be 11
28 yrs of age with 3M/1F although there is some uncertainty in the sex determination. A total of
26 h 11 m 29 s of audio was recorded across the four tags. Cumulatively, 5,940dlighcalls
attributed to thedcal animals were identified in the recordings. A total of 52 call types were
categorizedFigureA4.1). The DTAG tagged animal, HIPc332, produced 372 ggality calls

(6% of total calls). HIPc332 produced call type MHI52 most frequently followed by call type
MHI2 (Figure 4.3 Table 4.2. The most higkguality calls were recorded on two of the CATS
tagged animals (HIPc70640% of callsn = 2372; HIPc265 2%,n = 113; HIPc805 52%,n=
3083). HIPc706 produced call type MHI1 most frequently followed by call type MHI15, MHI35,
MHI7, and MHI2i(Figure 4.3 Table 4.2. HIPc265 produced call type MHI28 and MHI10 most
frequently followed by call type MHI148, MHI16, aiMHI39 (Figure 4.3 Table 4.2. HIPc805
produced call type MHI28 most frequently followed by call type MHI10, MHI39, MHI38, and
MHI29 (Figure 4.3 Table 4.2.

Based on the tracing criteria detailed above, a subset of 2497 call segments were traced in
ROCCA to extract parameters representative of all call tfffmseA4.1). The most prevalent

contour shape across call types was ascending (n = 18) in frequency followed by descending
(n=13) and frequency jump (n=12) call types. Mean start and end frequency was 7.90 + 0.22 kHz
and 8.76 = 2.48 kHz respectively. Mean minimum araimum frequency ranged from 7.10 £

2.34 kHz t0 9.18 + 2.20 kHz. The duration of call components was on average 0.35 = 0.22 s. For
call type MHI1 (produced only by HIPc706) ICI across all time bins exceeded the 10 s threshold
with hourly means ranging frod¥-257s, progressively increasing with time from start of the
deployment. For call type MHI28 (HIPc805), mean ICI of 81% of calls met the SIGID criteria
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and fell below the 10 s threshold for the first three hours of the deployment §484 s; Hr 2
4.08 s; Hr 3 7.48 s) but then exceeded the 10 s threshold in subsequent hours (> 19.7 s ICI).

Average call rates per minute were highest during the first three hours of the deployment in the
longer deployments (HIPc706 and HIPc805). Since the HIPc265 deployment was < 1.5 hours
and primarily included a feeding event as observed in the video foettigkigher uncertainty

in focal animal designation, it was excluded from this analysis. Mean call rate decreased with
hours from start of the deployment for both HIPc706 (HA& calls m1; Hr 2- 12 calls m1;

Hr 3- 13 calls m1) and HIPc805 (Hr 128 calls m1; Hr 2- 24 calls m1; Hr 3- 10 calls ml).

A diel call rate comparison was made for animal HIPc0805 which showed that the animal
produced more calls during the day (2% of the daytime) than at night (0.03% of the nighttime)

proportional to themumber of day/night hours recorded.
4.4.2 Acoustichehavior related todive state

Results are reported as (proportion of calls/proportion of time in the respective dive state) and
chi-square tests accounted for time spent in each dive state. HIPc706 produced the highest
proportion of calls at the surface (33%/29%) followed by the de$86%6/21%), ascent

(25%/26%) and bottom phase (11%/23%ig(re 4.4. Call occurrence at the surface was

significantly different from other dive states (Huuare test: observed = 783 vs. expected =
693.0; )] (1) = 16.50, p < 0.001). HI Pc265 pro
ascent (320/28%) followed by the surface (27%/30%), descent (23%/2af6) bottom phase

(18%/19%) Figure 4.4. Call occurrence during the ascent was higher than other dive states but

did not differ significantly from other dive states (&guare test: observed = 36 vs. expected =
31.3; 6] (1)) Simil& todH®c265pHIPe80B®produzed the highest proportion of

calls during the ascent (33%/33%) however produced the second most proportion of calls during
bottom phases (30%/26%), followed by the descent (24%/28%)surface (14%/19%lrigure

4.4). Call occurrence during the ascent was higher than other dive states but did not differ
significantly from other dive states (Céguare test: observed = 1,010 vs. expected = 1,008.4;

] (1) = 0.00, p = 0.951). T tlalksacdossfdiveestatesnt di st r
demonstrates that there is significant individieakel variability in call production with depth.

Animals HIPc706 and HIPc805 were included in a moredpth call type comparison across

dive states since these animals producedrthjority of recorded calls (92%). HIPc706 produced
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the dominant call type MHI1, the highest proportion of time while at the surface (41%) and

during the ascent (24%lrigure 4.5 The production of MHI1 significantly differed at the

surface compared to other dive states {&juare test: observed = 323 vs. expected = 190.5;

)] (1) = 130. 21, p < 0.001). The second most ¢
at the surface (2b) than the descent (17%), ascent (15%) or bottom phase (15%). Call type

MHI35 was produced in the highest proportions on the descent (21%) and ascent (18%). Across
all dive states, HIPc805 produced the highest proportion of call type MHI28 at the $67%ge

which significantly differed (Ché quar e test: observed = 284 vs.
p = 0.003) from other dive states (desdebil%, ascenit 60%, divei 56%)(Figure 4.5p. In

comparison, all other call types were produpsaportionally far less with less variability across

dive states. There were large variable categories for each animal including calls produced only
twice or those that did not match existing call types displaying the signal complexity and

diversity of cdls that are produced by false killer whales.

The mean swim speed (x SD) and range (min/max) for the three tagged individuals were as
follows: HIPc706i 1.51 + 0.88 m/s (range: 0.66.18 m/s; CI: 1.511.51 m/s), HIPc265 1.84

+ 0.79 m/s (range: 0.88.14 m/s; CI: 1.881.85 m/s), and HIPc8051.45 £0.76 m/s (range:

0.757.83 m/s; Cl: 1.461.45 m/s). The best negative binomial regression model for the

relationship between calling rate (call/min), average speed (m/s) and dive state included both
speed and dive state as predictors in the model. Resievaince was 464.9 on 429 degrees of
freedom and an AIC of 3072.9. The inclusion of an interaction term yielded a model with a

higher AIC so this was excluded from the model. The model with degree 1 (AIC = 3066) for the
average swim speed variable perfedhthe best which indicated a linear relationship. The

opti mal model accounted for overdispersion (d
tests of model fit. Average swim spe@29 had a
SE =0.04, z =-3.26, p < 0.001) indicating that higher swim speeds were associated with a
reduction in calling across all diaates [Figure 4.6aTableA4.2). With each onaunit (1 m/s)

increase in swim speed expected, call rate decreased by 19% (IRR = 0.81). Dive state moderately
influenced call rates but was not significant (p = 0.067). with transition, descent, and bottom

phase exhibiting higher predictedlaates than other dive stat@Sgure 4.6hTableA4.2).
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The best fit binomial GLMM model included the dive state and time of day explanatory
variables, with the response evaluated in 60 s time bins, which helped reduce pseudoreplication
and autocorrelatiofFigure A4.3. At thisresolution, a total of 1727 observations were included
from CATS tag deployments. Swim speed did not significantly influence R? and the models with
swim speed included produced a lower marginal R2, so this variable was also excluded from the
model. Dive siite and time of day were ultimately the two explanatory terms included in the

most parsimonious model (AIC: 823.2). Fixed effects explained 70% (marginal Rz = 0.698) of
the variation in the probability of calling. Conditional R? was unable to be calcualaésth the
incorporation of the autocorrelation structure. Tag number was considered a random effect and
these results indicated moderate betwieelividual variability (variance = 0.151, SD = 0.39).

Time and tag number were added in the autocorrelatiootsre. All diagnostic tests supported

the best fit model and met all assumptions with no overdispersion, residual autocorrelation

(TableA4.3), or patterns in residuals.

Results showed that most dive states were strong predictors of calling probabiéscantff =
0.81, SE =0.29, p = 0.006), ascemt=(0.78, SE = 0.26, p = 0.003), bottom phdse (.46, SE
=0.34, p<0.001), and transitiom%£ 1.14, SE = 0.35, p = 0.001) dive states were associated
with a statistically significant higher probability of calling compared to the reference (surface)
(Figure 4.7 FigureA4.2). The highest effect was during the bottom phase and descent
suggesting animals were more likely to call during thprsesesKigure 4.73. Theodds of calling
were approximately 2.18 higher in the descent phase and 4.29 times higher in the bottom phase
state compared to the surface. Calling probability (logit scale) was significantly reduced in the
evening and night periods compared to the referdafternoon)Kigure 4.7. The caveat is that
most data were collected in the afternoon period which likely influenced the temporal results.
Additionally, the deployment duration for animal HIPc805 was the longest and this animal
produced a high percentage of total calls so tivier of this animal likely influenced model

predictions.
4.4.3 Nonlinearphenomena

Production of nonlinearity in signals was persistent acrossdiiduals and the majority of
calls had at least one NLP type (80%). Percentages reported here represent the percentage of
calls per deployment. Biphonation was the most common NLP produced by individuals
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(HIPc332: 301 calls 81%, HIPC706: 1671 calis71%, HIPc265: 99 calls88%, HIPc805:

2558 calls 83%) (Figure 4.2% The onset of clicks associated with calls typically started prior to
the start time of the call. For HIPc332, secondary sidebands (4 t&sand chaos (2 calls

0.5%) occurred in a very small percentage of calls and no frequency jumps were documented.
For HIPc706, secondary sidebands (209 eQl$) was the second most common NLP followed
by chaos (51 calls 2%) and frequency jumps (2 cail9.01%). For HIPc265, frequency jumps
(21 callsi 19%) were the second most common NLP followed by chaos (6 &g and no
secondary sidebands were documented. For HIPc805, frequency jumpsL@a) was the

second most common NLP , followed by chaos (45 ¢al%) and secondary sidebands (13
callsi 0.4%).

4.44 Recordingsduring prey sharing activity

During 2024, the crew observed false killer whales engaged in prey sharing during a feeding
event. We captured recordings from two of the tagged animals (HIPc265 and HIPc805)
participating in the prey sharing at the time they were tagged, as confirmed ddacal follow

of the tagged individuals. Animals were feeding on wahoo {@eanthocybium solandrivith

an approximate size of B9m. (J. Currie, personal observations). Due to signal overlap and the
close proximity of conspecifics, these peritashe recording were often too acoustically

chaotic to distinguish the focal animal from Aimeal animals. Therefore, many of these periods
of active feeding were omitted from the analysis. However, on a broad scale, during a prey
sharing event, a uniguacoustic behavior was observed where animals produced-kungion,
higher frequency, modulated signafsgure 4.8 than typical calls produced by these animals
(FigureA4.1for reference). These signals were produced multiple times and were dissimilar to

most stereotypical calls produced by animals in this study.
4.5 Discussion

This study provides highesolution insight into the acoustic behavior of the endangered false
killer whale population in Hawaiian waters by describing previously unreported pulsed call
repertoires, call diversity, acoustic complexity, and calling iniceiab dive behavior. False

killer whale social signals have most commonly been described in the literature as whistles
(Cade et al., 2021; McCullough et al., 2021; Casey et al., 2022). Murray et al. (1998) was the
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first to describe false killer whale signals as pulsed in nature. Maclver (2012) reported whistles
included clicktoburspul se gradient copudmrsentwhiwittl e ot hefre
closely resembling the calls recorded in our study. Ouysthdws that pulsed calls were the
predomi nant sound type produced. The term O&6pu
repetitious vocalizations produced by killer whales (Schevill and Watkins,1966; Ford, 1984;
Deecke et al., 2005) and pilot whal(Nemiroff and Whitehead, 2009; Poupard et al., 2024).
Pulsed calls are the most common vocal type produced by killer whales and typically occur
during foraging and activities when pod members are widely dispersed, so are likely used to
maintain group deesion (Ford, 1991). This is likely also true for false killer whales that travel in
spatially distant subgroups that may rely on pulsed calls to maintain group cohesion and contact
(Baird et al., 2008; Bradford et al., 2014). The lack of accounts of¢paddks described in the
literature is likely attributed to the distances animals typically are from the recorders during
passive acoustic monitoring (PAM). The low frequency fundamental frequency contour, which
propagates farthest, may appear whikkie spectrally if lacking higher frequency sidebands to
provide more context. In addition, both previous studies that recorded pulsed components of
calls produced by this species had hydrophones in close proximity to the animals (via tag or
captive environmen (Murray et al., 1998; Maclver, 2012). Tagcord very higkguality signals

which capture both the full fundamental frequency contour as well as corresponding harmonics
and biphonation to capture the pulsed nature and complexity of these signals. However, tag
placement posterior to the sound proitlen site may influence the number of harmonics

recorded (Milette, 2015) and/or affect higher frequency components of certain calls (Johnson et
al., 2009).

This study highlights the diversity in call types produced by MHI false killer whales. Previous
studies have described false killer whale whistles as stereotyped, tonal, low frequency signals
relative to other odontocetes with less frequency modulationigicong few inflection points)
and a narrow frequency range (Oswald et al., 2003). These temporally and spectrally distinct
signals allow false killer whales to be detected and classified to species with higher certainty in
Hawai @i ( Mc Cu i)l Howegeh, despite tlzeir previouly0d2scribed repetitious,
stereotypic nature, this study demonstrates that diversity in repertoire composition is much more
extensive than previously reported. Although two animals in this study predominantly produced
tonal signals (call type MHI28) that minimally varied in frequency (mean frequency range < 50
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Hz), the classification of over 50 call types exemplifies the complexity of sound production
possible for this species. Previous work by Rio et al. (2024), provided evidence of eight possible
stereotyped whistle types produced by false killer whales iGthieof California from a

dipping hydrophone close to the animals. Acoustic tags provide high quality signals compared
with other passive acoustic recording systemsinly due to the close proximity of the

hydrophone to the sound generating structurése head with the caveat that signal quality

may fluctuate if recorded o#ixis. Maclver (2012) used DTAGs to classify 40 predominant
whistle categories and 29 shared whistle categories from false killer whales in the Bahamas. In
the CATSs tag data, fa subset of call categories (epll MHI1), there was a sheduration

signal (mean < 0.03 £ 0.08 s) that commonly occurred before and/or after the primary
fundamental frequency contour. Due to the variability in production rate of these components,
they did not influence call classifiion. Although the function of these shdtration segments

is unknown, these components add an additional level of signal complexity that should be
explored in the future. Conversely, there may be no function to these signals as they may be an
artifactof sound production or the recording due to the location of the tag and directionality of
calls.

We compared our call parameter results to whistles recorded from several false killer whale
populations in the Eastern Tropical Pacific (Costa RiB&ndell and Gordon (1999); Mexico

(Ri o and Rosales Nanduca, 2024)antc(Grégndada( Oswal d
Rendell and Gordon, 1999), and the Main Hawaiian Islands (Barkley et al., 2019) Due to the
limited availability of pulsed call accounts in the literature, we compared our signals to published
whistle descriptions as a point of acousti@rehce. Overall, the mean minimum (7.1 + 2.34

kHz) and maximum (9.18 + 2.20 kHz) frequency range of calls recorded in this study was higher
than other locations. However, it is difficult to compare across studies due to variation in
sampling rates and equment used. Therefore, we compared our calls to whistles recorded from
a towed array and traced using the same method in ROCCA on the same population of MHI
insular false killer whales from Barkley et al. (2019). Overall, our average values for start/end
frequency, min/max frequency, and frequency ranges were still higher. However, the mean
duration (0.35 + 0.22 s) of signals was comparable to those reported by Barkley et al. (2019)
(0.39 £ 0.17 s) as opposed to other studies which reported durations.4rb®. 07 s(Rendell et

al., 1999;0Oswald et al., 2003; Rio and RosalNanduca, 2024)The higher frequencies
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recorded in this study may be due to various factors related to differences in data collection
between towed arrays and tags. The energy in the higher frequencies of pulsed calls recorded
from towed arrays changes based on the animal's movement towaraydir@am the array

(Miller, 2002). Additionally, the depth range of the towed array remained relatively consistent
(4-10m) in comparison to the variable depth of the tagged animals, adding an additional

confounding factor to potentially explain the varlapiof the recorded signals.

We observed a significant decrease in call rate as tag deployments progressed, a result that was
also reported by Maclver (2012) for two false killer whales tagged with DTAGSs in the
Bahamas. Given that the tags used in this study are only attachedatibn sups, slippage

down the length of the body and away from the head may explain the progressive decrease in
call rates and difficulty in identifying focal signals based on SNR. Alternatively, the reduction in
calls recorded may also be a byproductrofreals being sighted and therefore tagged in high
activity states corresponding with high calling rates and then as animals transition out of a high
activity state to low activity state they call less. This call rate pattern may also be a byproduct of
thetagging event or time of day. A diel comparison was conducted for one animal (HIPc805)
which found that calls were more likely to be produced during the day than at night. Similarly,
Kratofil et al. (2025) reported much higher dekype (>50 m)rates during the day than at night

for satellitetagged individuals from the same population, and deeper and longer dives during the
day, suggesting reduced diving activity at night. Call rates reported here are conservative given
that we excluded all oviappping calls and calls with high ambient noise levels so as not to bias
SNR values. We were also unable to use localization to confirm focal animal signals when
conspecifics were in close proximity to the tagged animal since the CATS tags only contained
one hydrophone. Therefore, these reported rates should be considered a lower limit and not an
absolute value. Call rates derived from this work may help inform studies aiming to improve
acoustic density estimation and examining false killer whale beha/m@lated to fishing

activity and other human interactions.

While we recognize that the low sample size limits our ability to identify the presence of group
specific dialects, due to the occurrence of repetitious, dominant call types produced by
individuals, we were interested in exploring whether these calls maigbaturavhistle like in

nature and serve as an individual identifier. For example, call types MHI1 and MHI28 were
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predominantly produced by HIPc706 and HIPc805, respectively. Many blackfish species
produce repeated call types (melwaded whaleBeponocephala electiaKaplan et al., 2014);

pilot whalesi (Sayigh et al., 201Zwamborn and Whitehead, 2017)), which possibly function

in individual or group identification, maintaining contact when spatially distant, and enabling the
receiver to localize calling conspecifics (Zwamborn and Whitehead, 2017). Signature whistles
are praluced in fusioffission societies (e.gbottlenose dolphins) where individuals use unique
identifiers to be distinguishable especially when separated from conspecifics (Caldwell et al.,
1990; Janik et al., 2006). In contrast to the fluid fudiesion societies, stable matrilineal
societies, ike killer whales and sperm whales, produce group specific identification calls that can
comprise dialects (Ford, 1984; Deecke et al., 2000; Rendell and Whitehead, 2005). Both
signature whistles and dialects develop through vocal learning (Foote e0Dél.,Jaaik et al.,

2006; Filatova et al., 2015). Prior studies have shown through photo identification and genetic
analyses that false killer whales appear to have a stable, matrilineal society (Martien et al., 2019;
Mahaffy et al., 2023). Riand Rosaledlanduca (2024) identified possible signature whistles
produced by false killer whales that constituted 31% of whistles recorded, a lower rate than the
38-70% signature whistle rate for bottlenose dolphins (Janik and Sayigh, 2013). The data from
this study ndicate that none of the predominant calls produced met the criteria of SIGID (Janik
et al., 2013) to be defined as signatlike calls except for in the first three hours of the
deployment for one animal (HIPc805). Therefore, it remains unclear ifkidlisewhales

produce calls that function as an individual identifier or if call types are indicative of cluster

specific repertoires.

This study provided a comprehensive report on acoustic nonlinearities in false killer whale calls.
Murray et al. (1998) and Maclver (2012) reported biphonic calls produced by captive and wild
false killer whales in the Bahamas, respectively. Biphonatitreisnost widespread NLP in
mammalian vocalizations and has been documented to occur in terrestrialgdboolalpinug
Volodina et al., 2006; Asian elephdfiephas maximuis Beeck et al., 2021; chimpanzean
troglodytesi Riede et al., 2004) and magispecies (common bottlenose dolphi@portelli et

al., 2023, killer whalé Tyson et al., 2007; Filatova et al., 2009, stiméked common dolphin
Delphinus delphis Figueiredo et al., 2023, humpback whislegaptera novaeangligeDoh et

al., 2025, bowhead whakalaena mysticetusErbs et al., 2021, humpback dolpl8ousa

plumbea Dines et al., 2024). Similarly to the biphonation rates in this study (78% of calls),
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killer whales have been also documented to have high biphonation rates comprising up to 89% of
calls (Tyson et al., 2007; Filatova et al., 2009). Biphonation in killer whales was found to be
more prevalent when multiple groups were present (Filatova @0&I9). Previous studies have
shown that biphonation likely functions in individual discrimination by increasing signal
complexity and decreasing sound attenuation, further supporting the potential function of
biphonation for individual recognition whepatially distant (Aubin et al., 2000). It remains
unclear whether biphonation produced by these animals functions in@hlorig-distance
communication between conspecifics. Clicks are directional and although they do not typically
function in longdistance communication, Sportelli et al. (2023) postulated that highly
directional clicks produced simultaneously to whistles potentially amplify the energy of
omnidirectional whistles towards the intended receiver(s) which may help propagate energy
further. This type of biphonation may facilitate lowgstance communication. Alternatively, the
use of clicks in these biphonic calls may also function in sfiethnce communication among
conspecifics as clicks are directional and higher frequencies attenua&acnoss greater

ranges. Future studies with multiple tagged animals in a group or an experimental design
including a hydrophone array configuration for localization, may enable calculation of the
response latency between caller/receiver and prevalemtieRofo derive the potential function

of these signals.

Frequency jumps were overall the second most common NLP produced by the individuals in this
study. Species like the shdréaked common dolphin (Figueiredo et al., 2023) have been

reported to produce frequent frequency jumps. Although there is littlatliteron the

occurrence of frequency jumps in blackfish, sonar mimicag reportedby DeRuiter et al.

(2013)for three blackfish species (pilot whales, melmaded whales and false killer whalies)
whichtheydescribed these shifts in frequency as a response treqguency active (MFA)

sonar produced in the area. Although no anthropogenic sonar was recorded on our tags, the two
animals tagged in 2024 both produced calls with frequency jumps resembling thedd&A

like mimicry described in DeRuiter et al. (2013). This feature should be explored in the future to
assess the functionality and social context of these signals. The occurrence of relatively abnormal
vocalizations during a prey sharing event suggests the ucadjsenay be shared by individuals

in the group and disseminate important information during feeding/prey sharing. Future work

may benefit from leveraging new tools to focus on calling behavior during feeding events and
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associated occurrences of prey sharing in these data. These subsequent findings may provide
more evidence in support of calls associated with prey sharing with important implications for

PAM efforts and bioenergetic modeling.

Our understanding of diving behavior in respect to social call production is limited for blackfish
species and it can be difficult to make comparisons across studies given differences in dive state
definitions and behavior for species that occupy diffeeentogical niches. The animals in this

study displayed a decrease in calling with an increase in speed. This could be due to energy
limitations of calling while swimming faster, or could be a byproduct of the recording where
higher speeds induce more flowise at the tag hydrophones which may decrease the SNR of
signals reducing the likelihood they are classified as focal (Pérez et al., 2016). Alternatively,
when animals are swimming faster, they may decrease calling rates in order to listen for calling
conspecifics in the area as they are commonly observed increasing high speed travel before
joining another distant individual or subgroup (R.W. Baird, personal obs.). In this study, an
overall increase in calling with progressive dive states was obserwedstate results may have

been largely influenced by one animal (HIPc805) which produced the most overall calls given
that interindividual variability was significant and explained the majority of the variance.

Studies on tagged pilot whales have shawat tall production generally decreases with depth
(Jensen et al., 2011; Pérez et al., 2016). However an increase in pilot whale calling was observed
in the descent (Visser et al., 2017) and ascent phases (Jensen et al., 2011; Visser et al., 2017)
with cal types (norinflection vs. inflection) varying by dive state (Visser et al., 2017) similar to
what was observed in this study where predicted call rates were higher in the descent but differed
since predicted call rates were higher in the bottom phaseewws, considering that pilot

whales behave very differently from false killer whales and the difference in dive scales in our
study (@30m- false killer whales ; ®00m pilot whales), limited comparisons can be made.
Additionally, the probability of cailhg in this study was significantly low across most dive states
and given the significant inténdividual variability, the influence of individual animals likely
strongly influenced our results. Due to the small number of individuals, it is difficidveal

larger patterns, therefore future work may provide valuable information for the context of false
killer whale social calling in respect to diving behavior. False killer whales are known to dive
much deeper than recorded in our study, occasionallyl®@) m (Kratofil et al., 2025), and

their calling behavior on deeper dives remains unknown.
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Given the challenges of tagging MHI false killer whalkeg(low abundance, unique subgroup
composition/distribution, higispeed travel behavior, occasional boat avoidance behavior) our
sample size is small. This limits our ability to make social cluster comparisons, especially with
only one representative animabin Cluster 3 (HIPc332). Due to the uncertainty in sex, we were
similarly unable to make comparisons between males and females. Future data collection may
support diel patterns in calling rates along with evidence for potential differences in sex, social
cluste, and time of day. While clicks were not the focus of this study, we acknowledge that a
more indepth click analysis would be interesting to assess the potential functionality of these
clicks for communication and in the context of NLP. Due to a laclsable video, behavioral
observations were limited and therefore unable to inform behavioral states and foraging
behavior. Improvement in tag design will provide more opportunities for furtihaepth

analysis. Given our ability to calculate the relatingpéitude of signals, future work could

include deriving source levels of signals from calibrated hydrophones if the distance between the
recorder and blowhole is known for focal animals. For signals produced Hypcedranimals,

video footage may be abie indicate animal range opportunistically for a subset of calls from
vocalizing animals in camera view. In order to better understand the behavior of false killer
whales, future work deriving source levels may provide insight into animal perceptionaissig

that they are hearing in their environment and information transmitted to intended receivers.
4.6 Conclusion

This study provides important acoustic and behavioral data obtained from archival tags on an
endangered population of false killer whales in the MHI. Significant data gaps exist for false
killer whale vocal reper t oiyhghlights the agoudtie r i zat i o
complexity of MHI insular false killer whales as evidenced by the diversity in call types and

presence of netinear phenomena. Although some call types were shared across individuals, the
occurrence of calling and predominancelifferent call types across dive states shows the
individuaklevel variability in acoustic behavior over short temporal scales. Given the multitude

of anthropogenic stressors faced by endangered MHI insular false killer whales, it is important to
better understand their communication and acoustic behavior during their dive cycle to improve

PAM of this rare population. This study contributes valuable information to PAM efforts in this

region which have sought to use PAM to improve towed array monitoriogsefér abundance
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estimation. These tagged individuals provide important foundational information which
contributes to our future understanding of social structure, vocal learning, and the individual

recognition mechanism of this species.
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4.7 Tables

Table 4.1 Tag deployment information, life history details, and social cluster assignment for tagged false killer whales.

Tag Depl oy|Depl oy|Depl oyl Sampl|Ta¢ Tag O Tag O| RecordAni mSe| Age Soci
Typ Dat e Latit| Longit Rate # Ti me Ti me Dur at I D Cl us
(kHz (hh: mm(hh: mm(hh: mm ( PWF
CRC)
DTAl 10/ 26/ 19.96| -156. 3 240 |[NA| 08: 20| unkno 4: 34:|NA/ H|l M 11 3
G3 c 331
CAT{ 2/ 15/ 20. 84 156 . 1 96 J1 14: 26 03:50 7:51 1C5700/(M 13 4
CAT{ 10/ 1/ 20.64| -157. 1 96 J1 14: 37 15: 33 1:22:102/| F 28 4
cC261
CAT{ 10/ 1/ 20. 65| -157. 1 96 J 4 14: 48 06: 19 12:22|106/ | M 11 4
c80

!Probable animal sex based on available data but assignment is still uncertain.
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Table 4.2 Summary of predominant call type statistics including tag type, animal, call type,

percentage of total calland number of calls in each call type.
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4.8 Figures

21°N 21°N

20°N

Hawai'i

19°N

Figure 4.1: Map of the deployment locations for the CATS (green) and DTAG (purple)

deployments off the main Hawaiian Islands, with individuals indicated by their designated

catalog ID numbers. Photo shows a suction cup Custom Animal Tracking SolutionSY&4T

being deployed on a Main Hawaiian I sl ands ins
Photo taken under MMPA/NMFS permits #27099 and #21476. Photo Credit: Grace Olson

(Pacific Whale Foundation)
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Figure 4.2: Nonlinear phenomena examples depicted in spectrograms (sampling rate 96 kHz,
Hanning window FFT size 1024, Hanning window size 512, 50% overlap) including (a) chaos,
(b) biphonation, (c) frequency jumps, and (d) secondary sidebands. Arroseténidications of

nonlinear phenomena. Panel (e) shows the occurrence of nonlinear phenomena produced by each

tagged animal.
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Figure 4.4: Call production of each animal across the deployment. Panel (a) shows an illustration
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Figure 4.7: Predicted probability of calling by dive state based on the GLMM best fit model.
Explanatory variables include dive state, time of day and individual animal as a random effect.

Shaded regions indicate confidence intervals.
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APPENDIX

Table A4.1: Mean = standard deviation for acoustic parameters extracted in ROCCA from all call types produced by Miidrfalse ki

whales N includes the number of calls traced.
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Table A4.2:Summary of results of negative binomial regression of predicting call rate related to
average swim speed and dive state. Estimates are on the log scale; Incidence Rate Ratio (IRRS)

are interpreted on the original scale. Significant effects (p < 0.0bpéded for emphasis.

Predictor Estimate | Std. Error | z value | p-value | IRR (95% CI)
(Intercept) 2.811 0.149 18.82 |<0.001 |16.63

(12.40 22.30)
Speed_average | -0.209 0.064 -3.26 0.001 0.81

(0.7170.93)
DiveStates_bin | 0.062 0.034 1.83 0.067 1.06

(0.99 1.14)
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Table A4.3:Summary of generalized linear mixed model (GLMM) results from the best model
for effects of dive state on probability of calling. Individual animal is considered the smooth
random effect variable. Estimates are on the logit scale. Predicted probadmidi®5%

confidence intervals (Cls) were calculated from the model estimates.

Predictor Estimate SE z-value | p-value Odds 95% CI for
Ratio OR
(OR)
(Intercept) 0.4693 0.2854 | 1.644 0.1001 1.60 0.921 2.78
Evening 13.7337 0.2686 | 113.90 <0.001 0.024 0.0147 0.042
Night 16.4694 0.4007 | 716.15 <0.001 0.0016 0.0007i
0.0034
Dive State 1| 0.8089 0.2917 | 2.773 0.0056 2.24 1.281 3.91
Dive State 2| 0.7775 0.2599 | 2.991 0.0028 2.18 1.327 3.61
Dive State 3 1.4570 0.3449 | 4.225 <0.001 4.29 2.177 8.47
Dive State 5 1.1376 0.3546 3.208 0.0013 3.12 1.577 6.20
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Figure A4.1: Example spectrograms of the 52 call types produced by the tagged animals (Hanning window FFT size 1024, Hanning

window size 512, 50% overlap) .
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