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Executive Summary

The U.S. Navy has been using Higlquency Acoustic Recording Packages (HARPS) to conduct passive
acoustic monitoring in waters offshore of Virginia, North Carolina,Fdadda to determine patterns of

occurrence and distribution of cetacean species and anthropogenic sounds sinceN28@y baleen

whale species and six known odontocete takadiad LILIDZ w A & SHadpls gRseYsdpltrh y & 6

whales Physeter macrocepius) > / dz@A S NI &ZipliuS tayistoBtis® KDESIBB A& Q 6SF {1 SR
(Mesoplodon europaetis> I YR . f I Ay @ Mf derSistriy) b8l préveuly deéntiderfified

within these recordings; however, a much larger number of detections of atifakl odontocete clicks

remained. This worlooked at steps toward classification of these unidentified odontocete clicks.

The objectives of this work were to assign click types to all available datasets from Norfolk Canyon, Cape
Hatteras, Onslow Baynd Jacksonvilleusing consistent methods for more comparable results

investigate possiblepectralbanding patterns in pilot whale clicks, using positional data from satellite
tagged pilot whales to identifgheir clicks within the HARP records; and cargclick types found at

shallow versus deep Jacksonville siteglantify candidate Atlantispotted dolphin click type(s).

Svenmain click typegroups and 13 minor click typgroups were identified when combining templates
from all HARMBeployments. One of the main click type groups (composed of several different click type
templates)maybe associated witlpilot whales (Globicephala macrorhynchuss they have low peak
frequenciesare associated with pilot whaléke calls, andvere detected during imeswhensatellite

tagged pilot whales were within 5 nm of the HARRSs likely that bottlenose dolphin§ursiops

truncatug and Atlantic spotted dolphinéStenella frontaliy the two species most commonly observed

in the shallower waters of OnsloBay and Jacksonville, produce at least some of the remainijm ma
click type groups based on their abundameéehe acoustic recordingst those shallower locations.

In classifying the unidentified odontocete clicksctiwk type groupsa few interestingliel patterns

emerged. Seasonal crepuscular patterns were seen for some click types. When these occurred, they did
not appear at all sites within a main geographical aréais may be an indicatiarfi horizontal

movement within a geographical area and/a change in behavioral state only at specific sites.

Thedifferent click typeghat are thought to represent pilot whales alshowed different diel patterns,
perhaps related to differences in behavioral state, depth, or pfeyture work should incluelexploring

the possibility of multiplgilot whaleclick types by examining the acoustic record for click types

produced by satellite tagged pilot whales that approach within 2 nm of the HARP array system located in
Cape HatterasUsing this tracking aay to look at specific depths of different click types would provide
further information on the context in which various types are produced. In addition, combining the
HARP array data with visual sighting information could assist in associating sfiekifipes to a

particular species. This would not only provide a closer look at how much variability is coming from
individual animals and species, but also would assist in determining if multiple species (such as
bottlenose dolphins and Atlantic spottetblphins) shareimilarclick types.

Overall, this work shows that there are categories of unidentified odontocete clicks that show promising
structure for future classification as algorithms are developed further.



l. Introduction

A. Project Background

In Ocbber 2005, the U.S. Department of the Navy proposed the installation of an Undersea Warfare
Training Range (USWTR) in one of four sites along the Atlantic coast, for the purposeolbaraiine
warfare training using miffequency tactical sonar {10 kH) in outer continental shelf waters he

initial preferred site for the USWTR was Onslow Bay, North Carolina. As part of-enstitutional
monitoring plan for Onslow Bay, an acoustic monitoring effort, funded by the U.S. Atlantic Fleet, was
initiated in 2007 by Duke University with assistance from Scripps Institution of Oceanography (SIO). In
2008, the preferred site was changed to Jacksonville, Florida. While acoustic monitoring continued in
Onslow Bay, it also began in Jacksonville in 2009, agai@ led by Duke University with assistance from
SIO. In broad support of Atlantic Fleet Training and Testing, acoustic monitoring later expanded to an
area off Cape Hatteras, North Carolina (2012), and near Norfolk Canyon, off the coast of Virg#)ia (201
The primary objectives of the passive acoustic monitoring program are as follows:

1) Determine the pattens of occurrence of marine mammal species at each monitoring site;

2) Compare patterns of occurrence to better understand distributional patterns; and

3) Document speciespecific characteristics of the vocalizations of marine mammals in each
area.

B. Odontocetes in Study Areas

Odontoceteghought to bein the four main study areas includéortbeaked common dolphins

(Delphinus delphjsshortfinned pilotwhales Gldbicephala macrorhynchiyslongfinned pilot whales

(Globicephala melas~  w A & & 2 @a@mpuR Brisd)Bpygyiyispedm whale&¢gia breviceps dwarf

sperm whalesKogia sim} Atlantic whitesided dolphinsl(agenorhynchus acutis>  C Ndip&irs NI &
(Lagenodelphishose{ 2 4 SNb & Qa 0 BésqpBdonbid&ns X Saf Ay FAt t SQa o6SF (1S
(Mesoplodon densirostiis> D S NI A & QMesdplbdpreRropadiid>t SNIFE Q& oS {1 SR 6 K
(Mesoplodon miruk killer whales@rcinus orcg melorrheadedwhale Peponocephala electyafalse

killer whales Pseudorca crassideniarbor porpoisesfhocoena phocoefasperm whalesRhyseter

macrocephalus Pantropical spotted dolphinS{enellaattenuata), Clymene dolphinsStenella

clymeng, striped dolfins Stenella coeruleoalhaAtlantic spotted dolphinsStenella frontaliy spinner

dolphins Stenella longirostrjsroughtoothed dolphins $teno bredanensgighottlenose dolphins

(Tursiops truncats), and/ dz@A SN A& 0 RiphiusSchvirostfsIBéas&dzon \dsual surveys;o main

speciesare present at the shallow water sitds350 m)f Onslow Bay and Jacksonville: Atlantic spotted

dolphins and bottlenose dolphins. For these two locations, spotted dolphins have only very rarely been
observed invaters past the 20@n shelf break.

C. OdontoceteSounds

Odontocetes produce sounds that are separated into three categories: ndvao tonal whistles,
broad-band clicks, and broadand burstpulsed sounds (Richardson et al. 1995), although Murray et al.
(1998) describes the graded nature of odontocete calls, categorizing them into two groups (whistles and
clicks) with burspulses as intermediate sounds. The focus of this work was clicks, which can function in
echolocation (to navigate through the environmieand also to find prey; Au 1993) or possibly in



communication (Watkins and Schevill 1977, Dawson 1991, BBirdiand Au 2008), extend into the
ultrasonic range, with frequencies ranging from less than 20 kHz to beyond 140 kHz for different species
(Ridhardson et al. 1995)Although several species of odontocetes can now be identified based on their
clicks €.g, sperm whalesBackus and Schevill 1966, Watkins and Schevill 1977, Weilgart and Whitehead
1988;wA 342 Q& R2f LIK A-gidd dblyfri® (agén@riiyFchu® obligiidessidvillaet al.
2008;several beaked whale species: Baumdtickeringet al. 2013), species specificity in clickasnot

been identified for many delphinids.

D. Objectives of this Work
The objectives of the work reportduere were as follows:

1) Assign click types tall availabledatasetsfrom Norfolk Canyon, Cape Hatteras, Onslow Bay,
and Jacksonville, keeping methods consisterd focusing on the overall goal of
determining species identifications for thmidentified dephinid category

2) Investigate possiblepectralbanding patterisin pilot whale clicks, using positional data
from satellite tagged pilot whales to identify the occurrence of pilot whakesrthe Cape
Hatteras and Norfolk Canyon HARPs and then identify pilot whale wiitks the HARP
records; and

3) Compare click types found at shallow versesp JacksonvillHARP sites, to facilitate the
identification ofcandidateAtlantic spotted dolphin click types).

Il Methods

A. Instruments

Autonomous Highirequency Acoustic Recording packages (HARPs; Wiggins and Hildebrand 2007) were
usedto collect passive acoustic data in four main areas: Norfolk Canyon, VA; Cape Hatteras, NC; Onslow
Bay, NC; and Jacksonville, Fhe HARP datlagging system includes a-b& analogto-digital

converter, a hydrophone suspended approximately2POm above the seafloor depending on the

mooring style, an acoustic release system, ballast weights, and flotation. Thiodgtasare cpable

of sampling up t@20 kHz and can be set to record continuously or on a duty cycle to accommodate
variable deployment durations. These instruments combine-tagh lowfrequency hydrophone

elements to detect the vocalizations of both odontocete amkticete cetaceans. The units sample at

rates high enough to capture the clicks of many odontocetes.

B. Analysis

For this project, data were analyzed from a totaB&HARP deployments: two deployments in Norfolk
Canyon (one site), six in Cape Hattera®(sites), ten in Onslow Bay (five sites), andnldacksonville
(four sites)Figure }. Table lincludesthe location, depth, deployment and retrieval dates, recording
dates, information on duty cycle, and mooring type of the fourteen HARP deploymealigzed for this
project. All HARPs analyzed here sampled at 200 kHz.

For this project, automated detectors were used to detect odontocete echolocation signals. These
echolocation signals were detected using a modified version of a Teager energy déSsdtevillset



al. 2008, Roctlet al.2011). Then, following Frasieat al. (2017) detections were divided into successive
five-minute windows from which dominant click types were identified automaticaiy.automated

clustering algorithm was used tdentify recurrent types based on spectral featu(éscusing on the

frequency band between 160 kHzand interclick interval (IClI) distributions (Frasatral. 2017).

Recurrent types were used as templatdasitially, templates were created faach deployment

separately. From these, major click templates were selected and then all selected templates were
compared and the bestxamples were combined together to make a merged template database to use

on all datasets, with the exception of onec&litype from Norfolk Canyon. TisisgleNorfolk Canyon

clicktype was only used when classifying clicks for that site, the reémomhich will be discussed later.
Templates were attributed to a specific speciesifknoagY wA 2432 Qa Q&8f 6 BAVER & HADR
DSNIIFIAAaQ 06SI 1SR gKI fthespecieds WNas urkriowrEnaly,Re digorghozY 6 SNJ A F
matched click types within each fiveinute window to template ithere was a strong matclotherwise

labeled them as unknown.



HARP Locations
Norfolk Canyon - Cape Hatteras -
Onslow Bay - Jacksonville

- gF Norfolk CanyonA ok Onslow BayA oF Jacksonville A
; ‘ gk Cape Hatteras B1 2P Onslow BayB db Jacksonville B
: % ‘ ok CapeHatterasB2 d#k OnslowBay C gk Jacksonville C
i“"‘ Ohn Cape HatterasB3 dF OnslowBayD ok Jacksonville D
’ + Cape HatterasA &k  Onslow Bay E

Figure 1.Locations of HARP deployment€ape Hatteras Sites B1, B2, and B3 are located within approximately 1 km of each
other in a triangulartracking arrayformation.



Tablel.

Details of HARP deployments Norfolk CanyonCape HatterasQnslowBay,and Jacksonvillaised in this analysis

NORFOLK CANYON
. . . Depth Deployment | Retrieval Recordin Recordin Duty Cycle Moorin Status of
Location Deployment ID | Latitude | Longitude (rr?) pDa);e Date Start Datg End Datg (minyon/{)ff) Typeg Analysis Reports
Norfolk Canyon A| NFCO1A 37.16623 | -74.46692 | 982 19JUN14 07APR15 | 19JUN14 [ 05APR15 | continuous | compact HF, LF SD
Norfolk Canyon Al NFC02A 37.1652 -74.4666 | 968 30APR16 30JUN17 30APR16 | 28JUN17 continuous | compact In progress
CAPE HATTERAS
. : : Depth Deployment | Retrieval Recordin Recordin Duty Cycle Moorin Status of
Location Deployment ID | Latitude | Longitude (n?) pDa);e Date Start Datg End Datg (minyon/)(/)ff) Typeg Analysis Reports
Cape Hatteras A | HATO1A 35.34054 | -74.85761 | 950 15MAR12 090CT12 | 15MAR12 | 11APR12 | continuous | large HF, LF S
Cape Hatteras A | HAT02A 35.3406 -74.85590 | 970 090CT12 29MAY13 | 090CT12 | 09MAY13 | continuous | large HF, LF SD
Cape Hatteras A | HATO3A 35.34445 | -74.8521 | 970 29MAY13 8MAY14 29MAY13 | 15MAR14 | continuous | large HF, LF SD
Cape Hatteras A | HATO4A 35.34677 | -74.84805 | 850 08MAY14 06APR15 | 9MAY14 11DEC14**| continuous | large HF, LF SD
Cape Hatteras A | HATO5A 35.34218 | -74.85726 | 980 06APR15 29APR2016/ 07APR15 | 21JAN16 continuous | compact HF, LF S,D
Cape Hatteras A | HATO6A 35.3057 -74.8776 1020 29APR16 9MAY17 29APR16 6FEB17 continuous | compact In progress
ONSLOW
Location Deployment ID | Latitude Longitude | Depth (m) Deplljtzgnent RTDtgte;/al g,; ??ng:g Féi%ogj;g (r?#rfyog%)?f()e Mooring Type SAt:;Llj;si(;f Reports
Onslow Bay A USWTRO1A 33.79138 |[-76.52382 |162 090CTO07 27MAY08 |[100CTO07 16JANO8 5/5* large HF,LF |S
Onslow Bay B USWTR02B 33.81107 |[-76.42829 (232 30MAY08 24NOV08 |30MAY08 10SEP0O8 |5/5 large HF,LF |S
Onslow Bay A USWTRO3A 33.78951 |-76.51920 (174 24APR0O9 16SEPO9 24APR0O9 09AUGO09 5/5 large HF, LF |S
Onslow Bay A USWTRO4A 33.78733 |[-76.52409 |171 08NOV09 19JUN10 |08NOV09 24FEB10 |5/10 large HF,LF |S
Onslow Bay C USWTRO04C 33.67784 |-76.47689 |335 08NOV09 19JUN10 [08NOV09 20APR10 ([5/10 large HF,LF |S
Onslow Bay A USWTRO5A 33.79316 |-76.51620 (171 29JUL10 10JUN11 30JUL10 03MAR11 |5/5 large HF, LF |S
Onslow Bay D USWTRO05D 33.58065 |-76.55015 |338 29JUL10 10JUN11 |30JUL10 24FEB11 5/5 large HF,LF |S
Onslow Bay E USWTRO6E 33.77794 |-75.92641 |952 18AUG11 13JUL12 19AUG11 01DEC11 |5/5 large HF,LF |SD
Onslow Bay E USWTRO7E 33.78666 |-75.92915 |914 13JUL12 240CT12 |[14JUL12 020CT12 |5/5 large HF,LF |SD
Onslow Bay E USWTRO8E 33.78696 |[-75.92801 |853 240CT12 08AUG13 |240CT12 30JUN13 |5/5 large HF,LF |S
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JACKSONVILLE

Location Deployment ID | Latitude Longitude | Depth (m) DepIIDo;(ranent R%g?gal g; ﬁ?g;g Féizogj;?g (r?#r:yo(r?/)(l)?ft)a Mg;ggg SAtr?:ijssic;f Reports

JAX A JAX01A 30.2771 -80.1258 82 30MARO09 16SEP0O9 02APRO09 25MAY09 5/10 large HF S

JAX B JAX01B 30.2582 -80.4282 37 30MARO09 16SEPQ9 02APR09 |05SEP09 5/10 large HF, M S

JAX A JAX02A 30.28052 |-80.21603 |83 16SEP09 21FEB10 16SEP09 15DEC09 |5/10 large HF, M S

JAX A JAX03A 30.28111 |-80.21530 89 21FEB10 26AUG10 22FEB10 30JUL10 5/10 large HF, M S

JAX B JAX04B 30.25919 |-80.42566 38 09MAR10 26AUG10 09MAR10 19AUG10 5/10 large HF, LF SD
JAX A JAX05A 30.26819 |-80.20894 91 26AUG10 01FEB11 26AUG10 25JAN11 5/10 large HF, LF SD
JAX B JAX05B 30.25708 (-80.43269 37 26AUG10 01FEB11 27AUG10 01FEB11 5/10 large HF, LF SD
JAX A JAX06A 30.27818 (-80.22085 91 0O1FEB11 14JUL11 01FEB11 14JUL11 5/10 large HF, LF SD
JAX B JAX06B 30.25768 |-80.42781 37 02FEB11 14JUL11 02FEB11 14JUL11 5/10 large HF, LF SD
JAX C JAX09C 30.33287 |-80.20071 94 12MAY13 17FEB14 13MAY13 20JUN13 continuous large HF, LF SD
JAX C JAX10C 30.32643 |-80.20493 88 17FEB14 23AUG14 17FEB14 23AUG14 continuous small HF, LF SD
JAX D JAX11D 30.15060 |-79.77005 806 23AUG14 2JUL15 23AUG14 29MAY15 continuous small HF, LF SD
JAX D JAX12D 30.1489 -79.7711 800 02JUL15 26APR16 02JUL15 04NOV5H continuous small HF, LF S,D
JAX D JAX13D 30.1518 -79.7702 736 26APR16 25JUN17 |26APR16 25JUN17 |continuous compact |HF, LF Report

Notes: All HARPs sampled at 200 kRar Status of Analysis: HF = higggquency ¢dontocete, > 1 kHz) analysis completed; LF =ftequency (mysticete, < 1 kHz) analysis completed; M =fleguency analysis completed
only for minke whale pulse trainpr ReportsS=summaryreport; D = detailedechnicalreport; Key:* = represents the initial duty cycle, but instrument recorded continuously starting 01 January*260&presents
end of normal recording there were four more files on four different days between 26DEC14 and 15JAN15 (skipping caused by dsskies)o
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[I. Results

One objective of this work was to assign click types to all available HARP datasets collected in Norfolk
Canyon, Cape Hatteras, Onslow Bay, and Jacksonville, using consistent methods to make results more
comparable. Ravious reports haverovided detailson the occurrenceof odontocetes that can be
ARSYUGAFTASR G2 Of AO1 & Kogidspps feakad wRades)his hesa groupataddS N 6 K |
not reported on here.This research focuseath the goal of determining species identifications for the

unidentified delphinid category.

Svenmain click typegroupsand 13 minor click typegroups were identified when combining the
templates from all HARP deployments. Variati{pessibly due to geogphical differencesgxisted for
some click types, so multiple templates were used in those cases but results were merged to show
overall temporaknd spatiapatterns Some of the minor click types perhagsild have been merged
with others. One clickype (GroupD) was only detected at Norfolk Canyon. It was a major click type for
that area. It was originally included in the combined template database run on all dataselster
removed and only used for Norfolk Canyon as it seemed similar to fwvee@ther main click types.

One grouping of click type&(oupG) included some spectra that were similar but also some that were
quite different. It is thought that this grouping represents pilot whalekaypes as they have low peak
frequenciesare associated with pilot whaléke calls, and show up consistently when comparing times
that satellite tagged pilot whales were withimsn of the HARPs.

Sapping shrimpvere oftendetected in the acoustic record from Jacksonville Site B. These likely
cawsed misclassifications for some click types and since there was no manual review of the automated
click type assignments, click classifications from thisnség be less reliable

A. Click Types

In each of thefigures for each click type groupitizat follow, the top panel shows the average spectra

and ICls for each template used and the bottom panel shows the temporal patterns of the click types
found at each site (Norfolk Canyon; Hatteras Site B; Hatteras Site A; Onslow Bay Site A; Onslow Bay Sites
B, Cand D combined; Onslow Bay Site E; Jacksonville Site A; Jacksonville Site B; Jacksonville Site C; and
Jacksonville Site DInthe bottom panel, the horizontal bars (or dots) represent the detectidack

unless indicated on spectra in top paneifferent colors if there was uncertainty as to its inclusion in the
group), andthe dark grayerticalshading indicates periods of darkness, determined from the U.S. Naval
Observatory lfttp://aa.usno.navy.mil. Recording/analysis effort is indicated eitherreg horizontal

lines (Norfolk Canyon and Jacksonville Site Diyjloter horizontalshading(all others) For Onslow Bay,

Sites B, C, and D are combined in one diel plot.
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1. Major Click Types

The following figures show thlemplates used and theemporal mtterns at each location for the major
groupings of click typesThe following tables provide information on the modal intdick intervals,

average frequency peaks, and average frequency notches of each click type in the major groups. Only
frequency paks and notches greater than or equal to 10 kHz and less than or equal to 60 kHz were
included. Frequencies less than 10 kHz were not included as they could include boat noise, portions of
whistles, sonar, or other loMrequency sounds. Frequencies gexathan 60 kHz were not included as
those frequencies were not examined in this study. Frequencies outside of {6@ B8z range may

also contain valuable species information and thus should be examined further in the future.

a. Group A
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Figure 2. Group Alick types showing mean frequency speawf click clusters (topsets of panely and distribution of inter
click intervals (ICls) (bottorsets of panelywithin click clustersin the following figure, detection®f all spectra are
represented by black dts/horizontal bars unless a name of a color appears within a mean frequency spectrum iplethich

case the inclusion of that particular spectrum in the group is uncertain and therefore its detections are represented by that
color.
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Figure 3.Group Aclick detections in fiveminute bins at the various HARP deployment locations. Dark gray shading indicates
periods of darkness, determined from the U.S. Naval Observatory (http://aa.usno.navy.mil). Recording/analysis effort is
indicated by lighter gray shding or red horizontal lines. Detections are represented by the black and colored dots/horizontal
bars. Seerecedingfigure for which click typeare represented by colors other than black.

Table 2. Modal intetclick intervals, average frequency peaks)chaverage frequency notches of each click type in Group A.
Only frequencies between 180 kHz are reported as this was the frequency band examined in detail for this study. CT = click
type, ICI = interclick interval.

CT# Modal ICI(s) Frequency Peaks () FrequencyNotches (kHz)
CTO03 0.095 13.3,34.9 12.2,20.0

CT04 0.105 15.7, 39.2 12.2,24.3

CTO05 0.035 15.7, 38.8 12.2,21.2

CTO06 0.095 12.2,16.9,45.1 10.2,14.1,25.5
CTO07 0.075 16.5, 36.5 11.4,20.8

CTO08 0.045 18.8,47.8 13.7, 235

CTO09 0.055 11.0, 15.7, 40.8 12.2,23.9

CT10 0.055 15.3, 39.6 11.4,23.1

CT11 0.075 13.3,32.5 10.6, 17.6

This group of click types was detected at all sites. It had a strong nocturnal presence at all sites except
for Jacksonville Site B and Onslow Bay Site A. At Jacksonvillel®te Biasno obvious diel pattern

but therewere fewer detections during sumer months. At Onslow Bay Sitetiis group of click types

hada strong crepusculagresence with a strong pulse of longeturation and clustered click events in

the late nightdawn-early morning period. This diel pattern, which was seasonal (startiNgvember
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and lasting through January), was not seen at the other Onslow Bay sit@soigp Aclick types.The

only other pdential seasonal pattern was at Jacksonville Site D, with possibly more detections between
April and August. In generahisgroup of click types was detected in much greater numbers at sites
that were closer to shore, regardless of depth.
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b. Group B
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Figure 4Group B click types showing mean frequency spectra of click clusters (top sets of panels) and distribution ef inter
click intervals (ICls) (bottom sets of panels) within click clusters. In the following figure, detectbbsth spectra are

represented byblack dots/horizontal bars.

Figure 5Group B click detections in fiveninute bins at the various HARP deployment locations. Dark gray shading indicates
periods of darkness, determined from the U.S. Naval Observatory (http://aa.usno.navy.mil). Recofatiadysis effort is
indicated by lighter gray shading or red horizontal lines. Detections are represented by the black dots/horizontal bars.
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