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Abstract

Effective conservation and management of top predators requires a
comprehensive understanding of their distributions a nd of the underlying biological
and physical processes that affect these distributions. The Mid-Atlantic Bight shelf break
system is a dynamic and productive region where at least 32 species of cetaceans have
been recorded through various systematic and opportunistic marine mammal surveys
from the 1970s through 2012. My dissertation characterizes the spatial distribution and
habitat of cetaceans in the Mid-Atlantic Bight shelf break system by utilizing marine
mammal line -transect survey data, synoptic multi -frequency active acoustic data, and
fine-scale hydrographic data collected during the 2011 summer Atlantic Marine
Assessment Program for Protected Species (AMAPPS) survey. Although studies
describing cetacean habitat and distributions have been previously conducted in the
Mid -Atlantic Bight, my research specifically focuses on the shelf break region to
elucidate both the physical and biological processes that influence cetaceandistribution
patterns within this cetacean hotspot.

In Chapter One | review bi ologically important areas for cetaceans in the Atlantic
waters of the United States.| describe the study area, the shelf break region of the Mid -

Atlantic Bight , in terms of the general oceanography, productivity and biodiversity .



According to recent habitat-based cetacean density models, theshelf break region is an
areaof high cetacean abundance and density, yet little researchis directed at
understanding the mechanisms that establish this region as a cetacean hotspot

In Chapter Two | present the basc physical principles of sound in water and
describe the methodology used to categorize opportunistically collected multi -frequency
active acoustic data using frequency responses techniques. Frequency response
classification methods are usually employed i n conjunction with net -tow data, but the
logistics of the 2011 AMAPPS survey did not allow for appropriate net -tow data to be
collected. Biologically meaningful information can be extractedfrom acoustic scattering
regions by comparing the frequency response curves of acoustic regionsto theoretical
curves of known scattering models. Using the five frequencies on the EK60 system (18,
38, 70, 120, and 200 kHz),hree categoriesof scattererswere defined: fish-like (with
swim bladder), nekton-like (e.g., euphausiids), and plankton -like (e.g., copepods).| also
employed a multi -frequency acoustic categorization method using three frequencies (18,
38, and 120 kHz)that has been used in theGulf of Maine and Georges Bank which is
based the presence or absence ofolume backscatter above a threshold. This method is
more objective than the comparison of frequency response curves because it uses an
established backscatter value for the threshold. By removing all data below the

threshold, only strong scattering infor mation is retained.



In Chapter Three | analyze the distribution of the categorized acoustic regions of
interest during the daytime cross shelf transectsOver all transects, plankton -like
acoustic regions of interest were detected most frequently, followed by fish-like acoustic
regions and then nekton-like acoustic regions. Plankton-like detections were the only
significantly differen t acoustic detections per kilometer, although nekton-like detections
were only slightly not significant. Using the threshold categorization method by Jech
and Michaels (2006) provides a more conservative and discrete detection of acoustic
scatterersand allows me to retrieve backscatter values along transects in areas that have
been categorized. This provides continuous data values that can be integrated at discrete
spatial increments for wavelet analysis. Wavelet analysis indicates significant spatial
scales of interest for fish-like and nekton -like acoustic backscatterrange from one to four
kilometers and vary among transects.

In Chapter Four | analyze the fine scale distribution of cetaceans in the shelf
break system of the Mid-Atlantic Bight using corrected sig htings per trackline region,
classification trees, multidimensional scaling, and random forest analysis . | describe
I EEPUEUWI OUWEOOOOOWEDOOxT POUOWLIPUUOZUWEDOOXxT POU W
of cetacean sightings patterns of habitat start to emerge: within the shelf break region of
the Mid -Atlantic Bight, common dolphins were sighted more prevalently over th e shelf

while sperm whales were more frequent ly found in the deep waters off UT OUT wE OE w1 H U U
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dolphins were most prevalent at the shelf break. Multidimensional scaling presents clear
environmental separation amongE OO OO O wWE OO x 1 b GdolphiaLaBdspet) U O 7 U
whales. The sperm whale random fore st habitat model had the lowest misclassification
eUUOUwpYdt YAWECEWUT I wi1PUUOZUWEOOxT POWUEOGEOOQuWI O
misclassification error (0.37). Shallow water depth (less than 148 meter¥ was the
primary variable selected in the classification model for common dolphin habitat.
Distance to surface density fronts and surface temperature fronts were the primary
sperm whale habitat respectively. When mapped back into geographic space, these three
cetacean species occupy different finescale habitats within the dynamic Mid -Atlantic
Bight shelf break system.

In Chapter Five | present a summary of the previous chapters and present
potential analytical steps to address ecological questions pertaining the dynamic shelf
break region.

Taken together, the results of my dissertation demonstrate the use of
opportunistically collected data in ecosystem studies; emphasize the need to incorporate
middle trophic level data and oceanographic featuresinto cetacean habitat models; and
emphasize the importance of developing more mechanistic understanding of dynamic

ecosystems.
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1. Introduction

As the targets of living marine resou rce conservation and management change
from single species to ecosystembasedtargets, more emphasis is being put on
interdisciplinary studies. Many of the National Marine Fisheries Service (NMFS) marine
mammal ship -based surveys now routinely collect oceanographic, plankton, nekton, and
both passive and active acoustic data.By collecting and analyzing these data, scientists
can gain a better understanding of the ecology of marine mammals and provide
scientifically sound recommendations for their conservation and management. | begin
by providing a description of biologically important areas for cetacean species along the
Atlantic coast of the United States. Biologically important areas are spatially and
temporally explicit areas for migrating , feeding, reproductiv e activities, and small and
resident populations. These biologically important areas, delineated from published
data and expert review, include a range of locations from coastal estuarine systems to
the deep waters of the Gulf of Maine, and span all months of the year, but the review of
biologically important areas omits an important area of interest ¢ the continental shelf
break. It is well known that the shelf break region is an important area for cetaceans, but

most research only includes this area as pat of larger studies focused on marine



mammal abundance because of logistics and the cost of getting to and working in the
shelf break region. My research focuses on the Mid-Atlantic Bight continental shelf
break region to expand the body of knowledge pert aining to marine mammals in this

region.

1.1 A Review of Biologically Important Areas for Cetaceans
within US Waters 1 East Coast

Sections of 1.1are published as LaBrecque et al.(2015) Co-authors are Corrie
Curtice, Jolie Harrison, Sofie Van Parijis, and Patrick Halpin, but the text presented here
is my own.

Anthropogenic activities in the marine environment are increasing in number,
geographic extent and often duration, potentially increasing the risk to marine
ecosystems(Hooker and Gerber 2004, Halpern et al. 2008, Nowacek et al. 2015)
Activities of concern with the US Atlantic waters include d energy exploration (e.g.
wind farm installation; oil and gas exploration, development, and production), shipping,
fishing, and military testing and training (e.g. sonar exercises and equipment testing).
Several components of these activities have the potential todirectly and adversely affect
marine mammals through ship -strikes, by-catch or entanglement, or alteration of habitat

through physical or chemical changes. Indirect effects of these activities on marine



mammals include the spatial or temporal shifts of pre y species or changes in prey
species abundance.

In the United States, the Marine Mammal Protection Act (MMPA) (16 USC § 1361
et seq.) and the Endangered Species Act (ESA) (16 USC § 1531 et seq.) contain provisions
for the protection and conservation of marine mammals, including sections that address
federal or public activities that have the potential to disturb or harm marine mammals,
their populations, or their habitat. If federal or public activities have the potential to
disturb or harm marine mammals, the National Oceanic and Atmospheric
Administration (NOAA) must reach conclusions, specific to each statue, regarding the
scope and significance of the anticipated impacts of the proposed activity to individuals
and their habitat, and how the impacts to i ndividual marine mam mals might affect
populations. These analyses inform mitigation and monitoring measures, and the
conclusions can affect whether the entities conducting the activity can proceed with their
intended actions as planned or if the activity needs to be modified. The ability to
characterize marine mammal behaviors or activities in a specific place and time is
important in the assessment of potential impacts of a proposed activity and the

development of appropriate mitigation measures (Ferguson et al. 2015)



In 2011, NOAA convened the Cetacean Density and Distribution Mapping
(CetMap) Working Group to bring together experts with a diversity of experience in
cetacean ecology, conservation, and management to map cefcean density and
distribution within US waters. Their purpose was to understand the activities of
El UEEIl EOUWEUWEWET UUEPOWUDPOI WEOEwWx OEEI Owbi PET wbh
importance, for the purposes of impact analysis and management (Ferguson et al. 2015)
3T1T wxUPOEUaA Wl OEOwWOil w"1 U, ExwPEUWUOOWR?EUI EUIl WwEDEUW
accessible regional cetacean density and distribution maps that are time and spedes-
specific, ideally using survey data and mode Is that estimate density using predictive
1 OYPUOOOI O UEetyusorteEdl P0USY @abitat -based density models were
considered the best tool to address spatially and temporally explicit questions on
cetacean abundance, density, and distribution; however, habitat -based density models
require a large amount of high -quality data. These types of data are only available to for
limited number of cetaceanspecies, regions, and time periods(Kot et al. 2010, Kaschner
et al. 2012, Roberts et al. 2016 Additionally, habitat -baseddensity models do not
provide animal distribution information at relevant space and time scales that can be

acquired from primary sources (e.g. acoustic data, sightings data, tagging data, genetic

data, tagging data, and expert knowledge), nor provide informati OO wWOOWE OQwWEODPOE Oz U



activity state. Therefore, the CetMap Working Group decided to augment habitat-
density model information with addition al information by identifying areas of biological
importance to cetaceans(Ferguson etal. 2015)

30wUUxxO01 Ol OUw"1 U, ExzZUwWw@UEOUPUEUDPYI wEI OUDPU3
(seeRoberts et al. 201§, and to provi de additional context for cetacean impact analysis,
CetMap undertook a process, through expert consultation, to identify Biologically
Important Areas (BIAs) (Ferguson et al. 2015) This review coalesces existing published
and unpublished information to define BIAs in U.S. East Coast waters (shoreward of the
Exclusive Economic Zone [EEZ]) for cetacean species that meet the criteria for migratory
areas, feeding areas, reproductive areas, andgmall and resident populations as defined
by (Ferguson et al. 2015) Migratory areas (also presented asdMigratory Corridor 2 is the
area and time within which a substantial portion of a species is known to migrate
(Ferguson et al. 2015) The migratory corridor is spatially restricted. Feeding areas are
areas and times within which aggregations of the species preferentially feed. These areas
may be persistent in space and time or associated with ephemeral features that are éss
predictable but are located within a larger area that can be delineated (Ferguson et al.

2015) Reproductive areas are areas and times within which a species selectively mates,

gives birth, or is found with neonates or calves(Ferguson et al. 2015) Small and resident



populations are areas and times within which resident populations occupy a limited
extent (Ferguson et al. 2015)A comprehensive overview of the BIA delineation process;
its caveats strengths, and limitations; and its relationship to interna tional assessments
also can be found in Ferguson et al.(2015). A summary can also be found at

http://c etsound.noaa.gov/important . Metadata tables that concisely detail the type and
quantity of information used to define each BIA are available as an online supplement.
BlAs are delineated at the minimum spatial and temporal scales that available
information can support .

Within the East Coast region, one specie$ North Atlantic right whale ( Eubalaena
glacidis)| was evaluated and found to meet the criteria for reproductive, feeding, and
migratory corridor BIAs; four species | minke whale ( Balaenoptera acutorostrafaei
whale (B. boreali} fin whale (B. physalug, and humpback whale (Megaptera
novaeanglia¢ met the criteria for feeding BIAs; and two species| bottlenose dolphin
(Tursiops truncatu} and harbor porpoise (Phocoena pltoendl met the criteria for small
and resident populations. Several other cetacean species are found in this region but do
not meet the BIA criteria. These species include sperm whale Physeter macrocephajus
dwarf sperm whale ( Kogia simj pygmy sperm whale (K. brevicepE Ow" UY PI Uz UwEIT EOI

whale (Ziphius cavirostrigk O w! O 5 Pe@Redvihad (Mesoplodon densirostdsO w& 1 UYE D Uz w



beaked whale (M. europacu& Ow2 Ob 1 UE a z U wEBIdEnSXI OBuBJIUE QIUwg 1 E O1 E wil
(M. mirus), 1 B U U 0z U ustafgus drige@lony-finned pilot whale (Globicephala
mela3, short-finned pilot whale ( G. macrorhynchus common dolphin ( Delphinus delphis
white -sided dolphin ( Lagenorhynchus acutisAtlantic spotted dolphin ( Stenella frortalis),
and striped dolphin ( S. coeruleoalbalnfrequently sighted cetacean species include blue
whale (B. musculu$, North Atlantic bottlenosed whale ( Hyperoodon ampullatysfalse
killer whale ( Pseudorca crassidenkiller whale ( Orcinus orcd, melon-headed whale
(Peponocephala elga), rough-toothed dolphin ( Steno bredanen#sO w%UE Ul Uz UWE OO X T E
(Lagenodelphis hd3ewhite -beaked dolphin (Lagenorhynchus albirostdispantropical
spotted dolphin ( S. attenuat® spinner dolphin ( S. longirostrig, and Clymene dolphin (S.
clymeng. Common dolphins, long and short-l DOOT Ewx BDOOUwkT EOI UOw1bHBUUO
Atlantic white -sided dolphin, and Atlantic spotted dolphin should be evaluated in
future efforts to create BIAs for these species in this region as new information becomes
available.
Information pertaining to East Coast BIAs was synthesized primarily from
published data fro m systematic ship-based surveys, systematic aerial surveys,
opportunistic whale -watching sur veys, tagging studies, photo-identification studies,

genetic analysis, acoustic recordings, and stranding and whaling records. The East Coast



BIA assessnent benefitted from the inputs and insights of ten experts familiar with East

Coast cetacean species.

1.2.1 Species-Specific Biologically Important Areas
1.2.1.1Minke Whale ( Balaenoptera acutorostrata )

General
Minke whales in the U.S. East Coast waters are recogrzed as part of the

Canadian East Coast stock(Donovan 1991, Waring et al. 214)and are found throughout
the waters off the East Coast of the U.S., wih the greatest number of sightings in
northeastern waters (CeTAP 1982, Waring et al. 2013)Like other balaenopterids, there
appears to be a strong seasonal division in minke whale distribution. They migrate
between high latitudes in summer and low latitude s in winter. From May through
September, minke whales are most abundant in New England waters, including the Gulf
of Maine, Cape Cod Bay, the Great South Channel, and Georges BankPittman et al.
2006, Waring et al. 2014) Year-round acoustic recordings from Stellwagen Bank detected
minke whale vocalizations from Au gust to November with a few detections from March
to June (Risch et al. 2013) Minke whales are mostly absent from New England w aters in
winter. Although sight ing data have not provided evidence of a migra tion corridor,

year-round acoustic monitoring from the Gulf of St. Lawrence to Saba Bank in the



Caribbean suggest minke whales migrate in the deeper waters offshore of the U.S.
continental shelf, and in winter they are spread out at low latitudes from the Mid -
Atlantic Ridge t o the U.S. continental shelf(Risch et al. 2014) No minke whale mating or
calving grounds have been found in U.S. Atlantic waters. Mitchell (1991)speculated that
offshore waters of the southeast U.S. andthe West Indies might be important winter
calving grounds. Recent records show minke whale mother /calf pairs offshore of the
continental shelf near Florida and North Carolina (Nilsson et al. 2011)supporting
possible winter calving grounds in the southeast U.S. Atlantic or further south.

Feeding
Minke whales have been observed feeding in the Great South Channel and

adjacent waters from March through November. During ves selbased humpback whale
surveys from 1988 to 2011 the Provincetown Center for Coastal Studies (PCCS)

recorded 19 sightings of individual minke whales feeding along the northern edge of
Georges Bank, Great South Channel, Stellwagen Bank, and off Race Point, Massachusetts
(PCCS, unpub. data, 19882011) in waters less than 150 m. From 1998 to 2009, the
Northeast Fisheries Science Center (NEFSC) aerial survey team recorded 15 sightings of
minke whales feeding (NEFSC, unpub. data, 19982009) during all survey months

(March to July, October) in waters less than 200 m. Twenty-one observations of surface

or apparent surface feeding of minke whales were recorded from March through



September during the CeTAP (1982) suwreys within the 100-m isobath in the Great South
Channel, along Cape Anne, and at Jeffreys Ledge. Btween 1979 and 1992Murphy
(21995)confirmed 27 sightings of minke whale feeding at the surface Cape Cod Bay,
Massachusetts Bay, and on Stellwagen Bank. These sightings were recorded during
dedicated marine mammal research cruises and onwhale-watching vessels. Feeding
group size was recorded in 24 of the 27 sightings; two sightings were of pairs of
individuals, one sighting was of three individuals, and single individuals account for the
rest of the 24 sightings recorded with group size. From these published and unpublished
sightings of minke whale feeding activity, | define the minke whale feeding BIA in
waters less than 200 m in the southern and southwestern section of the Gulf of Maine,
including Georges Bank, the Great South Channel Cape Cod Bay and Massachusetts
Bay, Stellwagen Bank, Cape Anne, and Jeffrgs Ledge (Figure 1). | include areas of the
central Gulf of Maine to incorporate sight ings of minke whale feeding in the shallow

water around Parker Ridge and Cashes Ledge.
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Figure 1. Two minke whale feeding BIAs from March ¢ November in the
northeast Atlantic substantiated through vessel based survey data and expert
judgment.

1.2.1.2 Sei Whale Balaenoptera borealis)

General
Sei whales in U.S. East Coawaters are recognized as part of the Nova Scotia

Stock (Donovan 1991, Waiing et al. 2014) Like other balaenopterids, sei whales migrate
between high-latitude summer feeding areas and low -latitude winter breeding areas,

but sei whales tend to occur in a more restricted range of latitudes in temper ate waters
(Mizroch et al. 1984a) Sightings from the 1978 to 1982 CeTAP surveys and data from the

National Oceanic and Atmospheric Administration (NOAA) Fisheries shipboard
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surveys (Waring et al. 2014)show peak abundance of sei whales in U.S. Atlantic waters
occurs in spring, particularly along the shelf break of Georges Bank, into the Northeast
Channel, and southwest to Hydrographer Canyon. However, they are also present in
winter months and were the most common large whale sighted during aerial surveys
conducted from January through March 2011 (Palka 2012) Sei whales are geerally
associated with the deeper waters off the shelf break edge(Hain et al. 1985) however,
(Newhall et al. 2012a) provide new insights into sei whale presence in shallower waters
PEOUOWUI T w?2%l 1 EDOT 2 wUI Bbiitad cohcéptiom écéués duringawl R ET x U
5-month period centering on the winter months, with gestation approximately 12
monthslong (Mizroch et al. 1984a) No known mating or calving grounds have been
found in U.S. Atlantic waters. Although a sei whale stranding in December 1972 on the
coast of South Carolina (Mead 1977)lends some evidence to a migratory corridor, no
migratory corridor for sei whales has been identified in U.S. Atlantic waters. Mitchell
(1975)described a migration of sei whales from south of Cape Cod along the eastern
coast of Canada in June and July with a return migration in September and October.
This migration remains unverified and probably describes local seasonal movements.

Feeding
Known from whaling records (Jonsgard and Darling 1977)and observed feeding

behavior, sei whales in the North Atlantic feed pri marily on copepods and secondarily

12



on euphausiids (CeTAP 1982, Mizroch et al. 1984a, Kenney and Winn 1986, Baumgartner
et al. 2011) During the CeTAP surveys, sei whales were observed feeding from April
through July in the deeper waters off the southwestern and eastern edge of Georges
Banks and into the southwestern section of the Gulf of Maine (CeTAP 1982 Kenney and
Winn 1986). This has been shown to change in response to prey availability. In 1986, sei
whales were reported feeding in the shallow waters of Stellwagen Bank from April
through October in response to increased copepod availability (Payne et al. 1990,
Schilling et al. 1992, Kenney et al. 1996)Waring et al. (2014)reported that sei whales
feed at more inshore locations, such as the Great South Channel (in 1987 and 1989),
when copepod abundance is elevated. During their vessel-based surveys from 1994
through 2011, PCCS recorded 58 instances of sei whale feeding activity from May
through November aroun d the shelf break areas of the southwestern section of Gulf of
Maine and the eastern edges of Georges Bank (PCCS, unpub. data, 1992011). From
these reports, publications, and unpublished PCCS data, the sei whale feeding BIA
extends from the 25-m contour off coastal Maine and Massachusetts west to the 20@m
contour in central Gulf of Maine, includ ing the northern shelf break area of Georges
Bank (Figure 2). The sei whale feeding BIA also includes the southern shelf break area of

Georges Bank from 100 to 2000 m and the Great South Channel. Their feeding activity in

13



the U.S. Atlantic waters is concentrated from May through November with a peak in

July and August.
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Figure 2: Sei whale feeding BIA from May ¢ November in the northeas t
Atlantic substantiated through vessel based survey data and expert judgment.

1.2.1.3 Fin Whale Balaenoptera physalus)

General
Fin whales in U.S. Atlantic waters were first recognized as part of the Nova

Scotia Stock(Donovan 1991)but are now called the Western North Atlantic Stock
(Waring et al. 2014) The Western North Atlantic Stock of fin whales are widely

distributed over the U.S. continental shelf and shelf break from Cape Hatteras through

14



the Gulf of Maine (Geo-Marine Inc. (GMI) 2010a, Waring et al. 2014) although rarely
sighted in the deep basin of the Gulf of Maine and the shallow banks of Georges Bank.
Fin whales were the most frequently sighted large whale species in the nearshore waters
Of T w-1T Pw) T UUIT a wE U wnbrdhl sundey (B7zsightireps, iyidsty &f inti tdual
whales). The majority of these sightings occurred during winter (18 December to 9

April) and spring (10 April to 21 June) months. The most abundant sightings of fin
whales occur in New England waters during sprin g and summer (CeTAP 1982, Waring
et al. 2014) Scattered sightings over the nottheast shelf in winter and fall indicate that
some fin whales are present during the non-feeding season(Hain et al. 1992. In

addition, acoustic data from Massachusetts Bay(Morano et al. 2012)indicate fin whale

x Ul Ul OET wOT UOUT T 6OU0wUT | wpPOUI UwOOOUT UGw EOUUUD
Surveillance System (SOSUS) arrays suggest that animals that do undertake southward
migrations in the fall generally travel south past Bermuda and into the Wes t Indies
(Clark 1995), however, a migration corridor for fin whales in the U.S. Atlantic EEZ is not
known. Based on stranding data of neonates and observations of mother-calf pairs, Hain
et al. (1992 suggest fin whale calving occurs off the coast of the mid-Atlantic U.S.

between October and January. Calving has not been verified in this area.
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Feeding
Fin whales feed in higher latitude areas from March through October when

primary production is high (Mizroch et al. 1984b). Fin whales feed primarily on

euphausiids and small schooling fish such as capelin (Mallotus villosug and sand lance
(Ammodytesspp.) (Mizroch et al. 1984b, Pauly et al. 1998, Perry et al. 1999Reporting

from the CeTAP (1982) surveys and additional data from University of Rhode Island

aerial and shipboard surveys, Manoment Bird Observatory surveys, and NO AA

Fisheries shipboard surveys from 1980 through 1988,Hain et al. (1992 noted a particular

UxUDOT WEOEwWUUOOI Uwi 11 EDPOT wEOOEI OUUEUDOOW? DOWEOD
Channel southeast of Nantucket, runs northwestward along the 40-50 m cortour to the

east of Chatham, continues from the Provincetown area north across Stellwagen Bank,
passes east of Cape Ann and ends atthenorth EU0wUD x wOl w) 1 I 1 Ul aOw+1 ET I
area composed the largest feeding area repoted for fin whales in the CeTAP study area.

A second major fin whale feeding area was reported directly east of Montauk Point

between the 15 and 50-m contours (Hain et al., 1992). Fin whale feeding during spring

and summer was also observed as far southas the Delmarva Peninsula and north to the

Bay of Fundy (Hain et al., 1992) but not at concentrdions comparable to the Great South

Channel area(Figure 3).
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Photo-identification records collected from 1974 to 1988 from the Gulf of Maine
show that individ ual female fin whales exhibit feeding site fidelity in areas of the
northern (lower Bay of Fundy, Seal Island, and Mt. Desert Rock, Maine) or the southern
(Great South Channel, Jeffreys Ledge, and Stellwagen Bank) Gulf of Maine(Agler et al.
1993) From 1980 through 1987, 156 fin whales were individually identified through
photo-identification techniques within the Massachusetts Bay area feeding grounds
(Seipt et al. 1990) During this period, appro ximately 62% of the 156 individuals were
observed in more than 1 year; and in some cases, individually known fin whales were
observed within the Massachusetts Bay feeding grounds in as many as 8 year (Seipt et
al. 1990) Clapham and Seipt (1991)(1991) suggest that these rates of rettn are evidence
that site fidelity for the Western North Atlantic fin whale stock may be maternally
determined. Fin whales were seen in the southern Gulf of Maine from March to October,
while fin whales in the northern Gulf of Maine were seen only from June to October
(Agler et al., 1993). Unpublished sighting data of feeding fin whales from the PCCS
spatially coincide with previously published data. Temporall y, PCCS sightings of
feeding occurred in all months in southwestern Gulf of Maine, extending the seasonal
feeding BIA period to year -round in areas of the Gulf of Maine (PCCS, unpub. data,

19842011).
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Figure 3: Fin whale feeding BIAs in the northeast Atlantic: (1) June to October
in the northern Gulf of Maine; (2) year round in the southern Gulf of Maine; and (3)
March to October east of Montauk Point, substantiated through vessel based survey
data, photo identification data, and expert judgment. Also shown are the 15 m (solid
line) and 50 m (dashed line) depth contours .

1.2.1.4 North Atlantic Right Whale ( Eubalaena glacialis)

General
North Atlantic right whales are season -ally distributed throughout East Coast

U.S. waters. Theyare listed as endangered under the U.S. Endangered Species Act (ESA)
and are one of the most critically endangered large whale species in the world (Best et al.

2001) Research conducted by various groups, including the New England Aquarium,
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NOAA Fisheries, PCCS, U.S. Fish and Wildlife Service, Georgia Department of Natural
Resources, and Florida Fish and Wildlife Conservation Commission, suggest six major
Atlantic right whale: (1) coastal waters of the southeastern U.S., (2) theGreat South
Channel, (3) Georges Bank/Gulf of Maine, (4) Cape Cod Bay and Massachusetts Bay, (5)
the Bay of Fundy, and (6) the Scotian Shelf (Waring et al., 2014).

Critical Habitat for the North Atlantic right whale was federally designated by
NOAA Fishe ries in 1994 for the Great South Channel, Cape Cod Bay and a section of
Stellwagen Bank, and the waters adjacent to the coast of Georgia and the east coast of
Florida (Federal RegistdFR] 59226], 2880528835). Although I include the federally
mandated Critical Habitat areas as reference, calving, feeding, and mating BIAs for
North Atlantic right whales expand beyond these areas.

Feeding
North Atlantic right whales primar ily feed on copepods of the genus Calanusin

New England, Bay of Fundy, and Scotian Shelf waters from late February through
December (Kenney and Winn 1986, Weinrich et al. 2000, Baumgartner and Mate 2003,
Baumgartner et al. 2003) Direct observations of feeding behavior from numerous boat -
based andaerial surveys in New England and Canadian waters suggest four well -
known, high -use feeding habitats in northern U.S. Atlantic waters: (1) Cape Cod Bay

and Massachusetts Bay, (2) the Great South Channel, (3) Georges Bank/Gulf of Maine,
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and (4) the lower Bay of Fundy (Kenney et al., 2001; Waring et &, 2014;Figure 4).
Locations of North Atlantic right whale feeding activity com piled from CeTAP (1982),
commercial whale-watching trips, and the North Atlantic right whale sighting database
also suggest thatNorth Atlantic right whales feed at Jeffreys Ledge in the western Gulf
of Maine (Weinrich et al., 2000).

Generally, North Atlantic right whales arrive and start feeding in Cape Cod Bay
and Massachusetts Bay in late February with peak occurrence in Marchand April
(Hamilton and Mayo 1990). The primary spring feeding ground for the majority of the
population is the Great South Channel (Kenney et al. 1995) and to a lesser extent, the
northern edge of Georges Bank (Waring et al., 2014), from April through June with a
peak in May (CeTAP, 1982; Kenney et al., 1995). Individuals and mothercalf pairs leave
the Great South Channel and head to the Bay of Fundy in June and July. During their
travels to the Bay of Fundy, North Atlantic right whales have been observed feeding at
Jeffreys Ledge (Weinrich et al., 2000). Although individuals move among the feeding
grounds during summer and fall (Mate et al. 1997) many right whales feed outside of
U.S. waters in the Bay of Fundy, including the lower Bay of Fundy, east of Grand Manan

Island, from July through September (Kenney et al., 2001). Of the known North Atlantic
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right whale feeding areas, only the Great South Channel and Cape Cod Bay have been

designated Critical Habitat areas (FR 59[226], 2880%28835;Figure 4).
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Figure 4: North Atlantic right whale feeding BIAs in the northeast Atlantic: (1)
June and July, October + December on Jeffreys Led ge; (2) February to April on Cape
Cod Bay and Massachusetts Bay; and (3) April to June in the Great South Channel and
on the northern edge of Georges Bank substantiated through extensive vessel and
aerial based survey data, photo identification data, radio tracking data, and expert
judgment . NOAA Critical Habitat designation outlines are shown within areas 2 & 3.

Reproduction
North Atlantic right whales have a gestation period of approximately 1y ear.

From mid -December through late March, pregnant North A tlantic right whales give
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birth in the Critical Habitat calving grounds off Georgia and northeastern Florida
(Knowlton et al. 1994). Although only one birth of a North Atlantic right whale has been
observed in the Critical Habitat calving grounds (Zani et al. 2008) and one right whale
birth was observed offshore of the defined shallow water calving habitat off north ern
Florida (Foley et al. 2011) most neonates and calves are first observed during dedicated
North Atlantic right whale aerial surveys in the coastal waters of Georgia and northeast
Florida during winter months. An outlier to these observations was the sighting of a
newborn North Atlantic right whale m other-calf pair off Plymouth harbor, New
England, in January 2013.

The currently designated Critical Habitat calv ing grounds encompass waters
from the shore out to 15 nmi from Altamaha River, Georgia, to Jacksonville, Florida, and
the shore out to 5 nmi from Jacksonville to Sebastian Inlet, Florida (FR 59[226], 28805
28835 Figure 5). This habitat boundary was based on annual observations of calving
female North Atlantic right whales during the 1980s and early 1990s, and descriptions of
local habitat features, including the presence of cooler water temperatures occurring in
nearshore, shallow habitats (FR 59[226], 288028835). Spatial coveage of annual aerial
surveys beyond the core Critical Habitat demonstrated that calving female North

Atlantic right whales routinely use a broader habitat than that defined by the current
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Critical Habitat des ignation. Habitat models indicated that peak calving North Atlantic
right whale sighting rates occurred at sea surface temperatures between 13° to 15° C and
in water depths between 10 to 20 m. Projecting these habitat features spatially indicated
that calving habitats occur over continental shelf waters as far north as Cape Lookout,
North Carolina (Good 2008, Keller et al. 2012)Calving North Atlantic right whales have
been observed in waters off of South Carolina during aerial surveys conducted since
2004 (e.g.Schulte and Taylor 2012) and North Atlantic right whales have been observed
in low numbers north off Cape Lookout, North Carolina, during winter aerial surveys,
including at least one calving female (McLellan 2004). Calving North Atlantic right
whales also occur as far south as Cape Canaveral, Florida, during winter with a
restricted distribution in shallower waters close to shore (Keller et al. 2006) On their
return from the winter calving grounds, the majority of mother -calf pairs use the lower
section of the Bay of Fundy feeding grounds, north of U.S. waters, as a summer nursery;
however, some females consistently take their calves tounknown nursery areas (Schaeff
et al. 1993, Malik et al. 1999)

Based upon these habitat analyses and calving North Atlantic right whale aerial
sightings data, | describe the reproductive calving BIA for North Atlantic right whales in

the southeastern U.S. to encompass waters from the shoreline to 25n water depth
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between Cape Canaveral, Florida, and Cape Loolout, North Carolina ( Figure 5). This

definition of the calving BIA does not spatially include the sighting by Foley et al. (2011);

however, | expect the definition of calving BIA to expand and include the south ern U.S.

continental shelf as more survey data become available. Calving North Atlantic right

whales use these habitats each year between mieNovember and mid -April.
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From November to January, non-calving North Atlantic right whales appear to
use the central Gulf of Maine, including Outer Falls and Cashes Ledge, as a potential
mating area (Cole et al. 2013 Figure 6). This area was part of a demographic comparison
of North Atlantic right whale habitats. The mating BIA was drawn to incorporate the
greatest amount of sightings in the central Gulf of Maine while following bathymetry

contours to include Outer Falls and Cashes Ledge
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Figure 6: North Atlantic right whale mating BIA in the central Gulf of Maine
from November - January described from a demographic study of North Atlantic right
whale habitats.
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Migration
Although individual North Atlantic righ  t whales move among the feeding

grounds during the summer and can travel hundreds of miles within a month (Mate et
al. 1997, Baumgartner and Mate 2005)their true migration occurs in the late autumn

and late winter. In November and December, North Atlantic right whales leave the
feeding grounds of the Bay of Fundy and Scotian shelf (non-U.S. waters) and migrate
along the U.S. continental shelf to either the calving grounds in the southeastern U.S. or
to unknown winter areas (Brown et al. 2001, Kenney 2001, Whitt et al. 2013Brown et al.,
2001; Kenney et al., 2001; Whitt et al., 201Figure 7). By late March, most right whales
have left the calving grounds and traveled up the U.S. continental shelf to Cape Cod Bay
(Kenney et al. 2001, Knowlton et al. 2002) Although North Atlantic right whales are
known to travel along the continental shelf of the U.S. (Schick et al. 2009, Whitt et al.
2013) it is unknown if they use the entire shelf area during migration or restrict their

movements to nearshore waters.
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Figure 7: North Atlantic right whale migratory corridor BIA alon g the US east
coast substantiated through vessel and aerial based survey data, photo identification
data, radio tracking data, and expert judgment . Right whales migrate south to the
calving grounds in November and December, and migrate north to the feeding  areas,
the Bay of Fundy and unknown areas in March and April.

27



1.2.1.5 Humpback Whale (Megaptera novaeangliae)

General
The Gulf of Maine feeding stock is the predominant subpopulation of humpback

whales in U.S. Atlantic waters (Waring et al., 2014). Other areas of feeding
subpopulations in the North Atlanti c include Iceland, Denmark, Southwest Greenland,
Southern Labrador and east of Newfoundland, and the Gulf of the St. Lawrence (Katona
& Beard, 1990; Perry et al., 1999b). Humpbacks from all the North Atlantic feeding areas
migrate to calving and breeding grounds off the West Indies in winter (Mattila et al.,
1989, 1994). Most sightings in the Gulf of Maine occur between May and October, with
peaks in July and August (Robbins, 2007). In late October, mosthumpbacks start leaving
the Gulf of Maine feeding grounds for the West Indies calving grounds. However, small
numbers of animals have been sighted throughout the winter months (Robbins, 2007),
and acoustic data demonstrate that some animals remain through early winter (Mattila
et al., 1987; Vu et al., 2012). Little is known about the actual migratory path. It is thought
that most hump -backs migrate both north and south in the open ocean, but some have
been seen on the continental shelf off the mid-Atlantic U.S. during migration periods
(Swingle et al., 1993; Barco et al., 2002; GMI, 2010). Visual (Department of Navy, 2011)
and acoustic (Hodge, 2011) surveys near Onslow Bay, North Carolina, and Jacksonville,

Florida, provide evidence of humpbacks along or near the continental shelf. Winter
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aerial surveys conducted by NOAA Fisheries have documented humpbacks off the
coasts of North Carolina and Florida (Palka, 2012), and 17 sightings of humpback whales
were recorded in all seasons during year-round visual surve ys in the nearshore waters
of New Jersey (GMI, 2010). Gulf of Maine humpbacks leave the calving grounds in early
spring to return to the feeding grounds. Northbound migrants have been documented in
the feeding areas as early as late March, though encounterrates during visual surveys
begin to increase substantially by May (Robbins, 2007). Humpback mating and calving
grounds are not within the continental U.S. Atlantic waters.

Feeding
Humpback whales show strong, maternally directed feeding site fidelity

(Clapham & Mayo, 1987). Humpbacks feed in the Gulf of Maine from March through
December, with most feeding activity observed in June and July (PCCS, unpub. data,
19842011;Figure 8). Studies of humpback whale ecology in the Gulf of Maine have been
ongoing since the mid-1970s (Payne et al., 1986; Clapham & Mayo, 1987, 1990; Weinrich,
1991; Weinrich & Kuhlberg, 1991; Clapham et al., 1993; Weinrich et al., 1997;
Friedlaender et al., 2009; Hazen et al., 2009) and have shown a link between the spatial
and temporal distributions of humpbacks in the Gulf of Maine and their prey, Atlantic
herring ( Clupea harengysand sand lance @mmodytesspp.). Payne et al. (1986) showed

that humpbacks shifted from their primary feeding grounds on Georges Bank and the
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northern Gulf of Mexico to Stellwagen Bank and the Great South Channel in response to
shifts in sand lance distribution.

Humpbacks have been observed in the waters off the U.S. mid-Atlantic (New
Jersey to North Carolina) in all months of the year (Swingle et al., 1993;Wiley et al.,
1995; Barco et al., 2002; GMI, 2010). Notably, most records are from January through
March when whales are tradition ally assumed to be in the breeding grounds (Barco et
al., 2002). Swingle et al. (1993) and Wiley et al. (1995) suggest U.&id -Atlantic waters
represent a supplemental winter feeding ground used by juvenile and mature

humpback whales of U.S. and Canadian North Atlantic stocks.
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Figure 8: Humpback whale feeding BIA, March through December, in the Gul ~ f
of Maine, Stellwagen Bank and the Great South Channel substantiated through
vessel and aerial based survey data, photo identification data, radio tracking data and
expert judgment

1.2.1.6 Harbor Porpoise (Phocoena phocoend

Small and Resident Populatio
Based on genetic analyses of summer breethg populations (Rosel et al., 1999),

there are four known populations of harbor porpoises in the western North Atlantic: (1)
the Gulf of Maine/Bay of Fundy, (2) Gulf of St. Lawrence, (3) Newfoundland, and (4)
Greenland populations (Gaskin, 1984, 1992; Read & Hohn, 1995). Harbor porpoises in
U.S. Atlantic waters are distributed from the Bay of Fundy to North Carolina (Waring et

al., 2014). All harbor porpoises seen in the Gulf of Maine and Bay of Fundy are part of
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the Gulf of Maine/Bay of Fundy population, but harbor por poises sighted off the mid-
Atlantic states during winter include porpoises from other western North Atlantic
populations (Rosel et al., 1999).

Sightings have been documented by NOAA Fisheries ship and aerial surveys,
strandings, and animals taken incidental to fishing reported by NOAA Fisheries
observers. From July to September, harbor porpoises in U.S. waters (Gulf of Maine/Bay
of Fundy) are concentrated in waters less than 150 m deep in the nortlern Gulf of Maine
and southern Bay of Fundy (Gaskin, 1977; Kraus et al., 1983; Palka, 1995jgure 9).
Lower densities have been observed in the upper Bay of Fundy and northern edge of

Georges Bank during this time frame (Palka, 2000).
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Figure 9: Harbor porpoise small and resident population in the Gulf of Maine,
July to September, substantiated through vessel and aerial based survey data, genetic
analyses and expert judgment .

1.2.1.7 Bottlenose Dolphin ( Tursiops truncatus )

Smal and Resident Populations
Bottlenose dolphins in the U.S. East Coast waters range from Long Island, New

York, to the Florida peninsula and inhabit estuarine coastal, continental shelf, and
continental slope waters. There are two genetically distinct ecotypes nearshore (also
referred to as coastdl and offshore (Mead & Potter, 1995; Hoelzel et al., 1998; Torres et
al., 2003); however, studies support the existence of small and resident populations in

several estuarine systems along the East Coast of the U.SAll of the small and resident
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populations of bottlenose dol phins summarized here are described in the stock
assessment reports produced by NOAA Fisheries. We do not presentinformation on
migratory popul ations even though some of the small and resident populations are
migratory during parts of the year.

Northern North Carolina Esiarine System Population (NNCES)
Photo-identification stud ies, satellite telemetry data, and a stable isotope study

suggest a small and resident population of bottlenose dolphin s in the estuarine waters of
North Carolina from Beaufort Inlet to the North Carolina/Virginia border (Urian et al.,
1999; Cortese, 2000; Read et al., 2003). Satellite telemetry data (Waring et al., 2014) and
photo-identification d ata indicate that the NNC ES population occupies the waters of
Pamlico Sound, North Carolina, and adjacent nearshore coastal waters (< 1 km from
shore) from July through October (Figure 2.10). Since Beaufort Inlet is thesouthern
boundary of NNCES dol phins and the northern boundary of Southern North Carolina
Estuarine (SNCES) dolphins, individuals from these two groups likely overlap there in
summer months. In the late fall and winter, November through March, the NNCES
bottle-nose dolphins move out of Pamlico Sound and into the adjacent nearshorewaters
(Figure 10), likely overlapping with the Northern Migratory Stock of bottlenose dolphins

(Waring et al., 2014). The geographical boundaries for this resident population are based
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on ongoing photo -identification studies and are subject to change upon further study of

dolphin residency patterns in North Carolina.
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Figure 10: Small and resident bottlenose dolphins in the Northern North
Carolina Estuarine System substantiated through vessel based survey data, pho to
identification data, radio tracking data and expert judgment. Striped and solid area
active July through October; solid area also active November through March

Southern North Carolina Estuarine System Population (SNCES)
Long-term photo -identification studies, satellite telemetry data, and recent

genetic analysis suggest a small and resdent population of bottlenose dolphins in
estuarine and nearshore (< 3 km from shore) waters of North Carolina from Beaufort

Inlet to the North Carolina/South Carolina border, includ ing the Cape Fear River (Urian
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et al., 1999; Read et al., 2003; Rosel et al., 2009; Waring et al., 2014). Limited data from
satellite telemetry studies (Waring et al., 2014), along with photo-identification studies,
suggest that bottlenosedolphins in the SNCES population occupy Bogue Sound and the
estuarine and nearshore waters south to the Cape Fear River from July through October
(Figure 2.11). Since Beaufort Inlet is the northern boundary of SNCES dolphins and the
southern boundary of N NCES dolphins, indi viduals from these two groups likely
overlap there during summer months. In late fall through spring, SNCES dolphins move
to Cape Fear and its neashore waters, likely overlapping with the Southern Migratory
Stock (Waring et al., 2014) The geayraphical boundaries for this resident population are
based on ongoing photo-identification studies and are subject to change upon further

study of dolphin residency patterns in North Carolina.
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Figure 11: Small and resident bottlenose dolphin BIA in the Southern North
Carolina Estuarine System from July through October substantiated through vessel
based survey data, photo identification data, radio tracking data and expert judgment

Charleston Estuarine System Poputati
High site fidelity of bottlenose dolphins sug gests a yearround resident

population centered in Charleston Harbor, South Carolina, and rang ing from Price Inlet
to the North Edisto River, including the Ashley, Cooper, and Wando Rivers (Waring et
al., 2014;Figure 12). Speakman et al. (2006) reviewed photeidentifi cation, remote
biopsy, capture-release, and radiotracking data collected from 1994 through 2003 from
these geographic areas. Eighthundred and thirty -nine dolphins were individually

identifie d, with 115 (14%) sighted more than 10 times. Of the 115 individuals who were
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resighted on multiple occasions, 81% were sighted over a period greater than 5 gars,

and 44% were sighted over a period of 7.7 to 9.8 gars.
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Figure 12 Small and resident bottlenose dolphin year round population from
Prince Inlet, SC to the North Edisto River, centered on Charleston Harbor,
substantiated through vessel based survey data, photo identification data and expert
judgment .

Northern Georgi/Southern South Carolina Estuarine System Population
Photo-identification studies from 1994 to 1998 suggest a yearround resident

population of bottlenose dolphins from St. Helena Sound, South Carolina, to Ossabaw
Sound, Georgia, including the estuarine w aters associated with the sounds and rivers of

this area (Gubbins, 2002a, 2002b, 2002Ejgure 13). Resident dolphins were observed 10
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to 116 times during this study. Although the northern area of this population abuts the
Charleston Harbor population, no photo-identification matches have been made
between the two populations (Urian et al., 1999). The geographical boundaries for this
resident population are subject to change upon further study of dolphin residency

patterns in South Carolina and Georgia.
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Figure 13: Northern Georgia / Southern South Carolina Estuarine System year
round bottlenose dolphin resident population BIA substantiated through vessel and
aerial based survey data, photo identification data, radio tracking data  and expert
judgment. Area spans from St. Helena Sound, SC to Ossabaw Sound, GA.
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Southern Georgia Estuarine System Population
Genetic analysis of bottlenose dolphins biopsied from the estuarine and

intercoastal waterways from Altamaha Sound, Georgia, to th e Cumberland River, and
including the Turtle/Brunswick River estuarine system ( Figure 14), shows a significant
differentiation from animals biopsied in north ern Georgia and southern South Carolina
(Waring et al., 2014). Bottlenose dolphins from the Turtle/Brunswick River Estuarine
System also exhibit cortaminate loads consistent with long -term site fidelity (Pulster &

Maruya, 2008).
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Figure 14: Southern Georgia year round bottlenose dolphin resident
population BIA substantiated through vessel based survey data, genetic analyses and
expert judgment .
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Jacksonville Estuarine System Population
The Jacksonville Estuarine System bottlenose dolphin population has been

defined as a resident population based on photo-identification and genetic studies
conducted during 1994 through 1997 (Caldwell, 2001; Waring et al., 2014). The
geographic boundaries from the Cumberland River, Georgia, to Jacksonville Beach,
Florida (Figure 15), are based on the delineation of a photcidentification study area
(Caldwell, 2001), which is also used by the NOAA Fisheries stock assessmenhreport for
this population (Waring et al., 2014). Within the Jacksonville Estuarine Sygem,
behavioral, photo -identifi cation, and genetic analyses described two resdency patterns
of bottlenose dolphins, northern and southern (Caldwell, 2001). Dolphins in the
northern and southern sections of the study area had significantly different
mitochondrial DNA haplotype and microsatellite allele frequencies (Caldwell, 2001).
Dolphins in both the northern and southern sections of the study area showed strong
site fidelity; however, dolphins from both groups were photographed outside their
preferred areas. Because the geographic boundaries of this resident population are based

on a pre-defined study area, the boundaries are subject to change upon further studies.
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Figure 15: Jacksonville, FL year round bottlenose dolphin resident population
BIA substantiated through vessel based survey data, photo identificatio n data and
expert judgment .
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Indian River Lagoon Estuarine System Population
Bottlenose dolphins in the Indian River Lagoon estuarine system range from

Ponce de Leon Inlet to Jupiter Inlet, Florida (Waring et al., 2014; Figurel6). The
geographic boundary is based on multiple studies of bottle -nose dolphins from 1979 to
2005. During a 4year monitoring period from 1979 to 1982, none of 133 freezebranded
dolphins were observed outside of the Indian River Lagoon estuarine system (Odell &
Asper, 1990). Photecidentification studies from 1996 to 2001 indicate long-term site

fidelity within the Indian River Lagoon estuarine system (Mazzoil et al., 2005, 2008b).
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Radio-tracks of two stranded and rehabilitated bottlenose dolphins from the Indian
River Lagoon estuarine system indicate that neither dolphin left the system after their

release (Mazzolil et al., 2008a).
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Figure 16: Indian River Lagoon Estuarine System Population year round
resident population BIA for bottlenose dolphins substantia  ted through vessel and
aerial based survey data, photo identification data, radio tracking data and expert

judgment .

Biscayne Bay Population
Bottlenose dolphins in Biscayne Bay, Florida, have been the sulject of an ongoing

photo-identification study sin ce 1990 (Waring et al., 2014). Approximately 80% of
individual bottlenose dolphins sighted in Biscayne Bay are considered long -term

residents with multiple sightings over the study period (Waring et al., 2014). Genetic
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analysis and analysis of dolphin associations indicate two overlapping social groups
within Biscayne Bay (Litz, 2007; Litz et al., 2012). The boundaries of the Biscayne Bay
resident population, Hannover Inlet to the north and Card Sound Bridge to the south
(Figure 17), are subject to changeupon compari son of the Biscayne Bay photce
identification cata log to the photo-identification catalog for Florida Bay (Waring et al.,

2014).
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Figure 17: Bottlenose dolphin year round small and resident population BIA in
Biscayne Bay, FL substantiated through vessel based survey data, photo identification
data, genetic analyses and expert judgment .
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Florida Bay Population
Dolphins in Florida Bay have been the subjects of an ongoing photo-

identification study since 1999 by various groups, including the Dolphin Ecology

Project, NOAA Fisheries, and Duke University (Engleby et al., 2002; Torres & Read,
2009; Waring et al., 2014). Approximately 577 unique individuals have been
photographed in Florida Bay. These dolphins have been sighted throughout the Bay, are
present year-round (Engleby et al., 2002), and demonstrate high site fidelity through the
use of specialized foraging tactics (Torres & Read, 2009). Genetic analysis of bottlenose
dolphins from Florida Bay and Biscayne Bay reveal a significant genetic dif ferentiation
between these locations (Litz et al., 2012). The boundaries of the Florida Bay resident
population coincide with the geographic bound aries of Florida Bay and fall within the

Gulf of Mexico -side portion of the Florida Keys National Marine Sanctuary (Figure 18).

45



81°W 80°30'W

o Z\(
A
'Z i
g‘?, d
&
Gulf
of
Mexico
z
&
% e Atlantic
TR Ocean
< \‘-:“u‘ ) M"ﬂ
%ﬂ’ o« Kil
. " ilometers
) 0 20 40
IS I ]

Figure 18: Florida Bay bottlenose dolphin year round resident population BIA
substantiated through vessel and aerial based survey data, photo identification data,
genetic analyses and expert judgment .

1.2.18 Summary

Eighteen BIAs were identified for seven cetacean species within the East Coast
region based on extensive expert review and synthesis of published and unpublished
information. Identified BIAs included feeding for humpback, m inke, sei, fin, and North
Atlantic right whales; migratory for North Atlantic right whales; reproductive for North
Atlantic right whales; and small and resident populations for harbor porpoise and
several stocks of bottlenose dolphins. The geographic exter of the BIAs in the East

Coast region ranged from 152 to 270,000 kraA The best estimates of abundance for the
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small and resident populations identified here ranged from approximately 61,000 to
80,000 for harbor porpoise (Waring et al., 2014), and approximately 120 to 1,000 for the
various stocks of bottlenose dolphins (Waring et al., 2014); however, some bottlenose
dolphin stock abundance estimates are greate than 8-year old and deemed unreliable.
The spatial extent of their overall ranges was on the order of 500 kn®?, though the
NNCES Stock occupied over 8,000 kmi. Although several cetacean species are known to
have strong links to bathymetric features| | OUwl BREOx Ol Owx P OOUwbkbT EOI UWE
dolphins aggregate at the shelf break in U.S. Atlantic waters, and Atlantic spotted
dolphins occupy the shelf region from southern Virginia to Florida | there is currently
insufficient information to identify these areas as specific BIAs. Passive acoustic
recorders have provided baseline evidence that minke whales (Risch & al., 2014)
possibly migrate through U.S. waters off shore of the shelf break, and that sei whales
aggregate near meandering frontal eddies over the continental shelf in the Mid -Atlantic
Bight (Newnhall et al., 2012). These types of data, in addition to new information on other
species, should be comsidered in future efforts to update and identify cetacean BIAs in
the East Coast U.S. waters. BIAs are not a regulatory designation and have no direct
implications for regulatory processes. These BlAs represant the best available informa-

tion about the activities in which cetaceans are likely to be engaged at a certain time and
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place. This information is essential to characterize, andyze, and minimize anthropogenic
impacts on cetaceans. Furthermore, BIAs maybe used to identify information gaps and

prioritize future research to better understand cetaceans, their habitat, and ecosystem.

1.2 The Shelf Break Region in the Mid-Atlantic Bight

The study areafor my dissertation is the Mid -Atlantic Bight shelf break region
and the southwestern and north eastern edgesof Georges Bank.The Mid -Atlantic Bight
extends from the Georges Bank b Cape Hatteras. Themost prominent surface feature in
the Mid -Atlantic Bight is the northeastward flowing warm water of the Gulf S tream and
the anticyclonic warm c ore rings that spin off the Gulf Stream. The second most
prominent surface feature is the shelf break current that flows around the Grand Banks
as part of the cooler Labrador Current then continues equatorward within the shelf
break region as the Mid-Atlantic Bight shelf break front (Figure 19). The shelf break front

terminates inshore of the Gulf Steam off Cape Hatteras.
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Figure 19: Schematic diagram of major features of the surface circulation in the
western North Atlantic. The path of the shelf break jet is shown by blue arrows while
the warmer Gulf Stream currents are shown as the red arrows. From Fratantoni and
Pickart (2007).

The shelf break region, comprised of the outer continental shelf and upper
continental slope, is a highly dynamic and productive area (Xu et al. 2011)that provides
a wide range of habitat to many marine species ove every trophic level. Several water
masses with distinct temperature and salinity properties converge at the shelf break,
creating one of the most oceanographically complex areas off the eastern United States
(Stefansson et al. 1971, Chapman and Lentz 1994, Linder and Gawarkiewicz 1998, Lozier
and Gawarkiewicz 2001, Gawarkiewicz et al. 2008, Zhang and Gawarkiewicz 2015) The
shelf break front in the Mid -Atlantic Bight, first descri bed by Bigelow (1933), separates

the cooler, fresher water of the continental shelf from the warm er and more saline water
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of the continental slope. This oceanographic feature is topographically trapped by the
shelf break and is robust, reforming within several days after being disturbed by ocean
or meteorological forcing (Gawarkiewicz and Chapman 1992). The shelf break front
supports a persistent surface-intensifie d shelf break jet and large vertical and crossshelf
gradients in temperature, salinity , and nutrients (Figure 20) (Houghton and Marra 1983,
Marra et al. 1990, Linder and Gawarkiewicz 1998, Fratantoni et al. 2001, Zhang et al.

2013)
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Figure 20: A schematic diagram of important physi cal processes in the shelf
break region of the Mid -Atlantic Bight. Figure used with permission from
Gawarkiewicz and Plueddemann 2007.

In winter and early spring, a surface chlorophyll bloom exists across the shelf
and slope regions (Malone et al. 1983)with a localized maximum at the shelf break front
(Marra et al. 1982) In late spring and summer the chlorophyll bloom becomes a
subsurface feature due to the seasoral stratification that blocks th e replenishment of the

depleted nutrients at the surface (Marra et al. 1990) Recent work from Robertset al.
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(2016)indicate s that the shelf break region is also an area of high cetaceandiversity and
density. For many of the species they modeldl, the shelf break region was either the area
of highest density within the US Exclusive Economic Zone, or the delineation between
low densities and areaswhere a species wasassumed to be absent For example, the
Mid -Atlantic Bight shelf break region exhibits the highest year-round densities of pilot
whales (Globicephala spE O E w1 B U U O 7 Granfpi Grisdudviththe greatest
concentrations in summer months. Common dolphins ( Delphinus delphis known to
occupy areas of the continental shelf, shelf break and some areas offshore of Georges
Bank, showed greatest densities within the shelf break region. Dwarf and pygmy sperm
whale (Kogiasp.) are seen to have yeafround densities between 0.01 and 0.15 animals
per 100 km2 offshore of the shelf break, and less than 0.01 animals per 100 krhover the

shelf (Roberts et al. 2016)

1.3 The Shelf Break as a Hotspot

3T 1T w0l UOwsT OUUxOUzwbUwbOEUT EUPOT OawlUI EwbOdu
has a longer history and more structured definit ion in terrestrial ecology. Myers (1988)
was the first to define hotspots and later revised the definition as areas with both high

endemism and risk to habitat (Myers et al. 2000) In terrestrial systems, this concept
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works well because habitat boundaries are static over the many temporal scales (without
anthropogenic influences). In marine systems, the concept translates well to coral reef
systems and kelp forests because of their more static nature, but is moe difficult apply

to pelagic systems where boundaries are dynamic across multiple temporal and spatial

scales(Figure 21, recreated from Hazen et al. (2013.
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Figure 21: Stommel diagram recreated fr om Hazen et al. (2013). Spatial scde (y-
axis) plotted against temporal scale (x -axis), focusing on persistance. Blue:
bathymetric -driven hotspots; green: dynamic freatures that can move throug hout the
ocean. Grey outline: features that are persistent thro ughout time; dashed outline:
features that are ephemeral. Red box: space and time scales examined in the Mid -
Atlantic Bight shelf break system.
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In addition to dynamic pelagic boundaries increasing the difficulty of spatially
and temporally defining marine hotspots, marine organisms live at a variety of temporal
and spatial scales tha generally mirror their trophic levels (Mann and Lazier 1991).
Small plankton usually have life spans of several months and travel relatively short
distances, whereas large marine predators, such as cetaceans, have life spans of detas
and travel vast distances. However, large marine predators tend to concentrate certain
activities over localized regions and for short periods of time. For example, many marine
mammals undertake long annual migrations, but return seasonally to confined foraging
areas(Mate et al. 1995, Read and Westgate 1997, Baumgartner et al. 2003, Risch et al.
2014, LaBrecque et al. 2015AIbatrosses range over ocean basins, but forage in
comparatively small areas for extended periods of time (Hyrenbach et al. 2002) It is
assumed that these distribution patterns occur because highly mobile animals remain
near a prey patch until the patch is no longer energetically beneficial to the animal
(Stephens and Krebs 1986)Migration behaviors and feeding behaviors are examples of
top predators using different spatiotemporal scales throughout their life history .

The problems of scalein ecology (understanding how observed patterns over

multiple spatial a nd/or temporal scales elucidate ecological processes) has beeone of
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the central themes in ecological research(Haury et al. 1978, Wiens 1989, Levin 1992,
Chave 2013)since the early 1990sbut scaling issuesin other disciplines have been
recognized for some time (Wiens 1989) Physical and biological oceanographers relate
their findings in terms of local and global processes (Stommel 1963, Steele 1978,
Legendre and Demers 1984) Stommel (1963)was the first to qualitatively portray typical
physical ocean processes along spacdime scales.Haury et al. (1978) expanded this
concept to qualitatively show the importance of physical variability in determi ning the
biological patterns observed. In the 1980s landscapeecologists started addressing the
importance of scale in survey design and ecological inference (Dayton and Tegner 1984;
Urban, O'Neill, and Shugart Jr 1987), and in the last few decades, marine ecologists have
begun addressing issues of scale pertaining to top level marine predators andtheir
interactions with their environment (Zamon et al. 1996, Fauchald et al. 2000, Fauchald
and Erikstad 2002, BenoitBird and Au 2003, Torres et al. 2008, Redfern et al. 2008,
Becker et al. 2010, Forney et al. 2012)

Research on thebiological and physical scales of hotspots is usually constrained
by sampling methodologies. Tagging/tracking studies of vertebrates often yields
significant insights into behaviors, distributions, and use of marine ecosystems (Block et

al. 2001, Stokesbury et al. 2004, Schick et al. 2008, Dragon et al. 2010, Hazen et al. 2012)
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but are dependent on the resolution of the tag and initial tagging location. Satellite -
based observations of the ocean provide broad temporal coverage and are relatively
inexpensive data streams but are limited to only surface conditions, are currently limited
to spatial resolutions that cannot define small scale patterns, and are only proxies for
primary production (Palacios et al. 2006)A coustic recordersallow for large scale and
fine scale detection of animals, but are only useful if animals vocalize within range of the
recorder (Clark 1995, Lammers d al. 2008, Newhall et al. 2012 Risch et al. 2014)Ship-
based surveys have the capability, depending on survey design, to utilize a wide variety
of sampling techniques that can quantify the horizontal and vertical dimensions of a
marine ecosystem, offering detailed insights into the mechanisms that create a biological
hotspot (Santora et al. 2011, Sigler et al. 2012)

Describing the relationships between patternsof Ux | EDI Uz wE@UUUDPEUUDOO
physical and biological environment they inhabit can help us understand the
mechanisms that control t he distribution these speciesand consequently create marine
hotspots. Taking into account the dynamism of pelagic boundaries and that marine
organisms live at multiple spatial and temporal scales, characteristics of marine hotspots
include important life history areas, areas of high biodiversity a nd abundance of

individuals, and areas of high productivity, trophic transfer and biophysical coupling

56



(Hazen et al. 2013) The shelfbreak system in the Mid-Atlantic Bight has all of these
characteristics.

Cetacean distributions in the Mid -Atlantic Bight have been studied for several
decadesthrough line transect surveys (CeTAP 1982, GeeMarine Inc. (GMI) 2010b, Palka
2012) acoustic studies(Clark 1995, Risch et al. 2013, 2014and photo-identifications
studies (Clapham and Seipt 1991, Read et al. 2003)These studies are at regimal scales
(line transect) or at home range or speciesspecific range (photo-id) scalesand do not
adequately capture the fine-scale and/or mesoscalevariability with in areas of high
cetacean diversity and abundance Collecting and analyzing fine-scale environmental
and biological data that captures the variability in the shelf break region add sto our
understanding of species distributions over multiple scales within this region by filling
the data gap. This information can help forecast animal distributions if and when
environmental conditions change, and can help discriminate between changes in marine
mammal populations due to natural environmental variability and changes due to

anthropogenic impacts.
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1.4 Data Collection

Data for my dissertation were collect through the Atlant ic Marine Assessment
Program for Protected Species (AMAPPS)program. AMAPPS is a research program
funded by the Bureau of Ocean Energy Management (BOEM), the U.S. Navy, the
National Oceanic and Atmospheric Administration (NOAA) and the U.S. Fish and
Wildli fe Service (USPB 2 A& w- . z U WNatiéhbl WariheEFISHaries Services
(NEFSC) and Southeast National Marine Fisheries Service GEFE), and the USFWS
Division of Migratory Birds have been collecting various data on marine mammals, sea
turtles and seabirds since 2009with the goals of quantifying their abundance and spatial
distribution, and producing spatially explicit density distribution maps of these species
in the U.S. waters of the western North Atlantic Ocean. AMAPPS data are being used in
environmental assessments associated with BOEM and US Navy projects, to update
marine mammal stock assessment reports required by the Marine Mammal Protection
Act (MMPA), and to support programs that monitor the risk of extinction and recovery
of species detected duing AMAPPS surveys, including species not already covered
under the MMPA (Palka 2012)

There are multiple components to the AMAPPS project including seasonal vessel

and aerial surveys and tagging projects. Each component of AMAPPS has attempted to
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collect and analyze several data streams in an effort to gain a better understanding of the
processes that drive the distribution and abundance top predators. To this point, during
the 2013 and 2014 summer shipbased surveys, mechanisticecosystemstudies were a
priority once marine mammal survey effort ended for the day (due to survey logistics,
mechanistic sampling could not be performed during day -time marine mammal effort).
These studies included sampling the physical water column characteristi cs and
sampling the distribution and densities of various fish and plankton trophic levels using
conductivity, temperature, depth (CTD) sensors, a video plankton recorder, bongo nets,
an Issac Kidd Midwater Trawl, a Multiple Opening/Closing Net Environment al Sensing
System (MOCNESS), and active acoustics (Simrad multifrequency EK60 echosounders).
During the 2011 summer survey, trawl and net sampling were not performed, but the
other methods of sampling the ecosystem listed were used. It is common for large-scale
marine mammal line transect surveys to not collect trawl data because of time
constraints. Gear logistics can affect the ability to conduct consistent survey tracks.

Data for these analyses were collected duringthe summer 2011 AMAPPS
research survwey on the NOAA ship Henry B. Bigdow. The survey was divided into three
legs: 222 June, 27 Juné 15 July, and 20 Julyt 1 August. The AMAPPS study area

included waters south of Cape Cod (about 42° N latitude), north of North Carolina
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(about36° N latituET AOwl EVUC WOl wUT T wUOUUT T UOwWwUDx woOi w- OYEuU
longitude), and west of the U.S. coast (about 75° W longitude) (Figure 22a). Teams of
scientists collected visual observations of marine mammals, sea turtles, and sea birds,
cetacean vocalizatiors detected by a passive acoustic arraymulti -frequency active
acoustic data from a scientific echosounder, and hydrographic and plankton data. In
total, 24 species or pecies groups of cetaceans and twaturtle species were visually or
acoustically detected, and 46 bird species were visually detected. Hydrographic and
trophic d ata were collected from the continuous thermosalinograph (TSG), EK60
scientific echosounder, 21 vertical conductivity -temperature depth (CTD) profiles, 90
double oblique bongo net tow s with a CTD, 81 deployments of the visual plankton
recorder (VPR) with a CTD, and 44 expendable bathythermograph (XBT) profiles (Palka
2012) The study area was divided into three strata: continental shelf, shelf break, and
offshore (Figure 223.

The AMAPPS data used in my dissertation are: marine mammal sighting data,
multi -frequency active acoustic data, continuous flow-through oceanographic data, and
temperature profiles from expendable bathythermographs (XBT) . All data were
collected within the shelf break region (Figure 22b). These data are analyzed ¢ describe

the environment within the Mid -Atlantic Bight shelf break and ask questions pertaining
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to the fine-scale distribution of marine mammals in relation to the dynamic shelf break
region. This dissertation research provides a template to analyze opportunistic
environmental information collected throughout the water column from both future and
past ship-based surveys andwill aid is examining distributions of marine mammal
species.Opportunistically collected data are those data collected not directly related to
the overall AMAPPS goal of providing spatially explicit marine mammal abundance

estimates (e.g. active acoustic data, XBT data, hydrographic data).
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1.5 Road Map

In the next chapters of my dissertation | describe methodologies used to
categorize multi -frequency active acoustic data into biological proxies and explore the
distribution of the biological prox ies, uncover significant scales ofspatial patterns in
acoustic scatterers alongtwo transects, and investigate fine-scale habitat partitioning for
three species of cetaceas within the shelf break region. The goal of Chapter 3 wasto
describe the spatial distribution of acoustic scatterers (fish-like, nekton-like, and
plankton -like) within the Mid -Atlantic Bight Shelf Break region. | hypoth esize that each
of the shelf break regions will contain different counts of categorized acoustic regions
because of the physical processes in the region. A further objective is to compare the
scales of spatial patternsof fish-like scatterers and nekton-like scatterers along a transect
that was sampled twice, with the aim of better understanding the important links
between biological and physical processes. The goal of Chapter 4 was to determine
habitat preferences for three species of cetaceans in the shelf break regioby
incorporating env ironmental and biological data. Sighting data suggested that common
EOOxT POUOwW1IDUUOZUWEOOXxT BOUOWUxT UOwkT EOTI Uwbkbi Ul w
the shelf break system.This is the first known study of fine-scalecetaceanhabitat and

habitat delineation centered on the Mid -Atlantic Bight shelf break region .
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2. A Method to Categorize Opportunistically Collected
Multi-frequency EK60 data

2.1 Introduction

The development and use of acoustic technologies to remotely detect objects,
biological and non-biological, in the marine environment is now commonplace and
continues to rapid ly evolve. Although references to underwater sound can be traced
back to a notebook from 1490 in which Leonardo da Vinci observed that listening at one
end of along tube witT wOT 1 wOUT T Uwl OEwPOwWUT T wUl EQOWEOOOPIT Ew
when sound was used to detect the presence of fish in a tank(Kimura 1929, Horne 2000)
As ecologists, the goal of using active acoustic technologgs is to extract biologically
relevant quantities from measurements of backscatter. Since World War 11, the use of
echosounders has allowedecologiststo locate and visualize the distributions ,
abundance, and behavior of fish and zooplankton (Simmonds and MacLennan 2005)
but the identification of acoustic backscatter to taxa is still considered a great challenge
of fisheries and zooplankton acoustics (MacLennan and Holliday 1996, Horne 2000, Jech

and Michaels 2006) Utilizing high frequency acoustic scattering techniques provides a
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unique remote sensing tool to sample aquatic environments at finer tempor al and spatial
scales han other sampling techniques. However, two problems emerge when using
acoustic data in marine ecology when one cannot compare backscatter data to nettrawls
or optical sampling : 1) identifying animals present and 2) estimating abundance and size
of scatterers

The traditional approach to species identification has been to combine
information from trawls or optical instruments with acoustic measurements, and
visually inspect echograms to interpret acoustic backscatter (McClatchie et al. 2000, Jech
and Michaels 2006, De Robertis et al. 2010)This approach is useful if one can assume
that all backscatter is from a single taxa, there arenet-derived length measurements of
the animals insonified, and a target strength model exists to both estimate mean target
strength and to scale the measurements of volume backscattefor abundance esimation .
In areas with single species aggregdions, such as the walleyepollo ck (Theragra
chalcogramm)fishery in Al aska(Burgos and Horne 2007, von Szalay et al. 2007and the
Atlantic herring (Clupea harengydishery on Georges Bank(Jech and Michaels 2006)this
assumption is met. Multi -frequency acoustic scattering techniques expand the range of
conditions in which it is possible to interpret backscatter in terms of biological relevance,

such as animal size or abundance(Holliday and Pieper 1995).
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In this chapter, | describe the basic physics of marine acoustics to provide
background material for marine ecologists, present the techniques developed to pre-
process multi-frequency acoustic data, and describe a method to caggorize active
acoustic data into categorized acoustic regionsbased onthe frequency response curves
of fish with swim bladder s, euphausiids, and copepods. Additionally, | present a multi -
frequency acoustic categorization method that has been used in theGulf of Maine and
Georges Bank Jech and Michaels 2006)vhich is based the presence or absence of

volume backscatter above a threshold.

2.2 Background: What are Marine Acoustics?

The ideabehind active acoustic sampling is simple. Transmitted sound pulses
propagate through a homogeneous, lossless medium (water) until they encounter a
target that has a different density than the medium (e.g. fish, zooplankton, sea floor,
pipes). The target scatterersthe sound, and some sound energy returns to the transducer
(backscatter).The elapsed time between the transmission of the sound and the return
echo determines the distance betweenthe target and the transducer. In reality, sound in

water is subject to scattering, reflection, and absorption.
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Sound is a sequence opressure waves which propagate through a compressible
medium ( Figure 23). The top section of the Fgure 23illustrates how pressure varies
cyclically as a sine wave.The middle section shows the compression and rarefaction of
the particles relative to the sine wave. The bottom section depicts the direction of the

wave propagation as wave fronts.
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Figure 23 Propagation of a sound wave. From Simmonds and MacLennan

(2005).

There are three undamental parameters of a sound wave: wavelength,

frequency, and amplitude. 6 EY1 Ol O1T Ul woouM AwbUwUT | wEDUUEOET woOVYl
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sound wave repeats, measure in units of length (meters). Frequency (f) is the number
of wavelengths per unit time, measur ed in Hertz (Hz = cycles/second). Wavelength and

frequency are related by:

with ¢ = speed of sound (m/s)

Speed of sound in water (c) describes the movement of peak pressures (wave
fronts) and is a function of temperature, salinity and depth with generic units of
length/time (meters/second). The speed of sound inthe oceansis approximately 1500
m/s. Using this approximation and the relationships among the parameters, we can

approximate wavelengths at specific frequencies.

Table 1: Frequencies and wavelengths .

Frequency | Wavelength
(kHz) (m)
18 0.083
38 0.039
70 0.021
120 0.013
200 0.008
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Amplitude is the degree of change in pressure caused by the sound wave and is
directly related to sound intensity . Sound intensity (1) is the amount of energy passing

through a unit area per second.

> @

| = intensity W/m?2
p = pressure Pa
9= water density  kg/m
There are three ways to express pressure amplitude: peakto-peak, pe&, and
root-mean-square (RMS).Assume the sine wave in the top section of Figure 23now has
a horizontal axis of time. The absolute pressure {t) cycles between a pressure minimum
(pmin) and a maximum (p max). Peak-to-peak amplitude is pmax ¢ pmin. The peak value is
half the peak-to-peak amplitude, p maxt poor pot pmin. RMS value (pms) is the square root
of the mean of {p (t) ¢ po}2. Values of peak-to-peak amplitudes are used when describing
UOUOGEUWI UOOWOEUDPOI wOEOOEOUWET EEUUIT wOi wlT 1 whEYI

amplitude is t he appropriate measure to use when dealing with energy, power (Watts),
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or intensity (Watts/m 2) expressed in decibek for continuous waves, bursts of waves, or
pulses (e.g. from transducers).

Because acoustic impedance is constant within a few percent thraughout the
path sound travels, it is ignored when looking at the relationship b etween intensity and
pressure. Intensity (1) is proportional to pressure () squared, and pressure squared is

proportional to power (P).
00 1) hoed

The intensity of the sound wave decreases as it moves through the water column
because the total energy of the transmission is fixed but the wave-fronts spread over
area as they travel ppeam spreading). Intensity varies with range (R) according to the

inverse-square law:

o~ )
0 —
2

lo = Initial intensity

The decibel (dB) is a logarithmic unit used to describe a ratio relative to a

reference unit. Acoustic measurements are usually given in decibels rather than in units
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of power, pressure, or intensity because the values involved can be very large, very
small, or cover orders of magnitude. Power or intensity ratios are expressed in decibels

as

) phi g 0 phl &
where lo and Po are reference intensity and power respectively at 1 meter.
Pressure is converted to decibels as
. . B
b ¢ ful g
where pois the reference pressure at 1 meter.
Echosounders transmit sound waves in p ulses, usually called pings. Each ping is
generated from multiple cycles E0wUT 1 wUOUE O U E Ukelplse tuwatiob {tireeU 1 OE a d w
from start to finish) is . For example, if 19 cycles were generated by a 38 kHz

transducer, T = (19 cycles/38,000 cycles pesecond)= 0.0005 seconds (or 0.5 ms).he

pulse length (Lp) is equal to the speed of sound (c) *t.
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The distance (R) between the transducer and a target is measured by the time @
it takes for a pulse to travel through the water column and the echo to return from the

target. The two-way path is 2R:

3
>
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In order to individually measure the echoes from two targets, the distance
between them must be large enough that the two echoes do not overbp. This is target

resolution. Therefore, to resolve thetwo targets,

Acoustic energy is lost as sound waves travelthrough the water column and

energy is converted to heat through the process o absorption. One mechanismthat
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contribu tes to absorption is friction. The amount of absorption due to frictioni s
proportional t o the square of the frequency.Higher frequencies involve greater

loss in decibels per unit distance and is estimated at a given frequency, tenperature,
salinity and depth. Because absorption increases rapidly with frequency, it is the
limiting factor in determining the highest useful frequency for target detections at a
given range.

Acoustic scattering occurs when a sound wave encounters a target andsome of
the energy is scattered creating a second sound wavehat propagates away from the
target. Reflection is a type of scattering in which the angle of incidence is equal to the
angle of reflection. Scattering occurs because of a spatial change in aasstic impedance

(2), which is the product of the speed of sound and the density of the water.

Therefore, if a sound wave encounters an object with a different density than the
surrounding wat er, the wave will be scattered. Any object that has a density close to the

density of the water is difficult to detect with sound.
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is defined by the ratio of the intensity of the reflected sound at 1 meter from the target

(I2) to the intensity of the incident sound (I 1).

43pﬁT%
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which is measured in units of area and defined in terms of the intensities of the incident

and backscatter waveshy:

N
\_/|\"

: ONOABDAOOD

where R is the distance from the target to where the intensity is measured,) is the
intensity of the backscatter and) is the intensity of the incident wave. Through the
inverse-square law of energy, 2 ) is the same at any distance resulting in,,  being

constant. Target strength is the decibel form of the backscattering coefficient:

43 phlAC
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When individual targets are very small or when there are enough in a sampled
volume that their echoes combine to form a received signal, the received echo intensity
is a measure d biomass in the water column. s is the volume backscatter coefficient

obtained from integrating the acoustic returns :

O —[m2m7

where Vo is sampled volume and B, is the sum of all the discrete backscattering cross

sections. The logarithmic equivalent of this is:

3 phl@

units: dBre 1 mt

Mean volume backscattering strength (S)) is the averageof several pings of s

over avolume larger than Vo, and is common in studies of plankton and fish.
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The signal received by the transducer includes backscatter from targets as well &
noise from the water column. Noise is any unwanted signal independent of the
(wind and waves), and artificial (propeller and other ship noises including other active
acoustic systems on ships). The signaito -noise ratio (SNR) is one way to measure the

performance of an echo sounder.

In situations with high SNRs, thresholds can be set to exclude background noise
and retain informati on on strong acoustic scatterers When scatterersare weak or further
away, the SNRis lower.

A backscatter signal decreases with time because obeam spreading and
absorption. To compensate for beam spreading and absorption, the received signal is
multiplied by a t ime-varied gain (TVG) function. The TVG removes range dependence
(range is dependent on frequency and signal absorption is greater with increased

frequency) but also amplifies noise in the received signal.
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All of the components of acoustic theory presented pertain to sound in th e far
field (Fraunhofer zone). In the far field, wave -fronts are parallel, allowing the properties
of the inverse square law to hold. In the near field (Fresnel zone), wave-fronts are not
parallel and intensity varies with dist ance in an oscillatory manner. Distance to the far

field (r) is frequency dependent through wa velength:

| >

where D is the diameter (m) of the active elements within the transducer.
Transducer calibrations are preformed to determine the combined transmit and
received sensitivity of the transducer along the acoustic axis (direction in wh ich the
transmitted energy is greatest).3 1T 1 wx Ul I 1 UUT EWEEOPEUEUDPOOwWOI U1 OE
method developed by Foote et al.(1987)in which a reference target (calibration sphere)
with known scattering properties is pl aced below the transducer and the echosounder is
operated at the same power level, time-varied gain, and pulse length as would be used
during a survey. The optimum position of the calibration sphere is in the far field and

estimated to be:
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where d is the greatest width of the transducer face or the linear distance of the

transducer face and f isfrequency.

2.3 Acoustic Data Collection

#EUEwPIl Ul WEOOOI EUI EWEUUDOT wlUT T w- OUUT | EUU wWE
summer Atlantic Marine Assessm ent Program for Protected Marine Species (AMAPPS)
on the NOAA ship Henry B. BigelowThis was a dedicated marine mammal line transect
abundance survey that consisted of systematic zig-zag transects in the Mid-Atlantic
Bight over the continental shelf, the Mid -Atlantic Bight shelf break, and the offshore
waters of the northeast U.S. Exclusive Economic Zone.Further details of the survey
procedures can be found in the survey report (Palka 2012) Acoustic backscatter data
were collected fromthe Ul B x z U w2 b Qibnifie ecBosaungen &ystem with 5 split-
beam transducersoperating at 18, 38, 70, 120and 200 kHz; the transducersare co-
OOEEUI EwOOwWUT I wUT B x z Ohe belarwidih& ard=70f@ bllurénsdiders UE OE U E 6
except the 18 kHz transducer, which has a beam width of 110 When the centerboard is

flush with the hull, the transducers are six meters below the waterline and when the
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centerboard is in its intermediate position, the transducers are nine meters below the

waterline.3 1T 1 wUT Pxz UwE]l OUI UEOEUEwWPEUwWOOUwWI RUI OEIT EwE
this research, therefore all transducers were six meters below the surface Each

frequency was transmitted simultaneously at a rate of one ping every two seconds when

the vessel was in waters deghs less than 1000 meters, and one ping every fiveseconds

when the vessel was in water depths greater than 1000 meters.Pulse duration for each

frequency was 1.024 msTheshD x z UwU U U Y1 a wU x (10 kiswkal dcaustd K wO ¥ U
data were collected at 0.19 m vertical resolution (samples), and at approximately 10 m

(ping every two seconds) and 25 m (ping every five seconds) horizontal resolution

during survey effort. All five transducers in the EK60 system w ere successfully

calibrated prior to the survey using the standard target method (Foote et al. 1987)

Acoustic data were collected during nighttime hydrographic operations and every other

day that mammal observers were on-effort. The purpose of only recording EK60 data

every other day was to investigate the effects, if any, of active acoustic data collection on

the encounter rates and reactions of marine mammals That analysis is being conducted

by NOAA scientists at the Northead Fisheries Science Centeand is not part of this

dissertation.
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2.4 Acoustic Data Processing

| initially processed all acoustic datain Echoview 6.1 (Myriax 2013) through the
manual and automated inspection of volumetric backscatter (S) echograms. Discrete
acoudic interference (noise spikes) andbackground noise amplified through time -varied
gains atall five frequencies were removed by custom algorithms | built in Ech oview
(sections 2.4.1 and 2.4.2)Acoustic data from 0 to 10 metersof the water column were
eliminated to remove noise from ping transmissions and cavitation. Acoustic returns
from the seafloor and below the sea floor were also removed with an algorithm |
specifically developed to deal with the steep topography of the shelf break region
(section 2.4.3) Once noise spikes, background noise and the bottom/below bottom data
were removed, each frequency was resampled to 1 meter vertical resolution and
matched per ping. All acoustic analyses were performed on volume backscatter(S)

data.

2.4.1 Removal of Intermittent Acoustic Interference

Before background noise can be removed from echograms intermittent acoustic
interference has to be removed from the raw data. Intermittent acoustic interference is

usually the result of cro sstalk from other instruments in operation on the ship. The
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intermittent nature of the acoustic interferenceresults in a sudden increase in S over all
or some of the samples in a ping, and isreferred to as noise spikes.During the 2011
AMAPPS survey, tT 1T wUT Pxz UWEEOUUUPEWET xUT wUOUOBET UWEOE W
Profiler (ADCP) were synchronized t o the EK60 system; however these two systemsstill
created unwanted noise spikesin the EK60 data at the 120 and 200 kHz frequencies

To remove the noise spkes in the 120 and 200 kHz data all samples of each ping
were subtracted from samples ofthe ping directly before and directly after it. Samples
where the S, difference was greater than 12 dB wereidentified as spikes and removed
from the echogram. Becaug S data are autocorrelated at the scale of the ping, the noise
spikes were replaced with the mean of six good sample points on either side of the
removed sample (Figure 24). This process for removing intermittent acoustic
interference is robust for single spikes of noise, but will perform poorly when there are

noise spikes over multiple adjacent pings. These data contained only single ping noise

spikes.
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Figure 24: Echograms depicting intermittent noise and removal. The y-axis is depth in meters. The x-axis is time with
vertical lines every 2000 meters the ship traveled. In panels a and c, color is Svin dB. a- Vertical noise spike sin 120 kHz
echogram. b ¢+ Noise spikes marked and removed. ct Data from adjacent samples averaged to fill areas where noise spikes were
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2.4.2 Background Noise Removal

Background noise in acoustic data can limit the range to which acoustic
backscatter can be accurately measuredBackground noise is any part of the received
signal that is not from the returning backscatter (Simmonds and MacLennan 2005)
Using this definition, background noise is defined as any signal measured when the
transducer is disabled and the receiver enabled and commonly include s rain, wind and
animals (Urick 1983, Simmonds and MacLennan 2005) Background noise levels can
change rapidly with changes in environmental conditions, vessel speed, bottom
substrate and water depth (Urick 1983, Korneliussen 2000)

Backscatter signals decrease with time due to transmission loss (pherical
spreading and absorption), which is frequency dependent. Higher frequencies travel at
greater velocities, resulting in greater transmission loss due to friction. However,
background noise remains constant over a ping. As previously stated, to compensate for
absorption and spherical spreading of the signal, the received signal is multiplied by a
time-varied gain (TVG) function (MacLennan 1986) The TVG function removes the
range dependence in volume backscatteringbut at large ranges measurements of
acoustic backscatter will be dominated by noise amplified by the TVG function and

result in a low signal -to-noise ratio.
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One method to estimate background noise is based on the assumption that noise
is independent of a transmitted ping . With the transducer disabled, the echo sounder
records all other received signals. Those signals are assumed to be representative of the
background noise and are used to estimate and removethe noise (Takao and Furusawa
1995)

A second method, developed by De Robertis and Higginbottom (2007), estimates
background noise level and signal-to-noise ratios during active pinging. This method
assumes that some portion of the returned acoustic signal is dominated by background
noise. For this analysis, data collected below the sea floor is completely composed of
noise and the information in those portions of the ping are used to subtract the TVG -
amplified background noise out of the biologically relevant data. To determine the
portion of the pi ng that is noise, acoustic data from the water column and acoustic data
from below the sea floor were separated andindependently smoothed with a 3x3
window to decrease the variance in the data. After smoothing noise (below bo ttom) and
signal (above bottom) separately and recombining them, TVG-amplified noise in the
shelf break echogramsfrom all five frequencies were calculated per ping and removed
based on the sasitivity of the signal -to-noise ratio (Figure 25). S, data over all
frequencies were averaged over 20 pings horizontally and 10 meters vertically. From

visual inspection of the echograms (compare Figure 26and Figure 27), these spatial
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parameters provided the best averaging to reduce noise and keep as much biological

backscatter as possible when ésting various signal-to-noise ratios.
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Figure 25: Sensitivity of Svin deep water (350 ¢ 400 m) to signal-to-noise ratios
for 120 and 200 kHz frequencies.
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Figure 26: The effect of smoothing backscat ter data when removing background noise. a) Raw data at 200 kHz. The TVG -
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2.4.3 Semi-automated Bottom Detection in a Steep Topography

When the sea floor is within the operating range of an echosounder, itusually
return s the most intense backscatter.This makes detecting the sea floor in echograms
simple, except in areas of dynamic topography. Over steep bottom topography, such as
the shelf break and seanounts, shadow zones are produced when the side lobes of the
acoustic beam reverberate off the side of the topography (Kloser 1996) In the shadow
zone it is difficult to differentiate between biological backscatter and the bottom signal.

For the AMAPPS survey | was not concerned with differentiating bi ological
scatterersdirectly above the sea floor and chaose to remove the sea floot below the sea
floor, and the shadow zone to increase processing speedTo determine the position of
the sea floor| created a virtual bottom line and subtracted two meters from it to remove
the shadow zone of the steep topography. The virtual bottom line was creates by
examining each ping from the 18 kHz transducer from 10 m to 3000 m (maximum depth
of data collection) after smoothing with a 7x7 window to reduce ping -to-ping variability .
The top 10 m of the water column were removed because of transducer interference and
cavitation. For each ping, the sample (vertical position along the ping) with the
maximum Sv was determined. The algorithm then searched up the ping to the first

sample detectedbelow a discrimination level set at -40 dB.A lower discrimination level
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would select areas of the water column along shelf regions as the virtual bottom line and
a greater discrimination value would not remove all the sea floor in are as of steep
topography. The depth of the sea floor for that ping was set by vertically back stepping
three meters from the position at the discrimination level. The bottom line was then
drawn two meters above the virtual lin e, resulting in a bottom depth five meters above
the depth of maximum Sv per ping. All echograms were manually inspected and the
bottom line was corrected if there was an obvious error in the bottom detection (e.g.

bubbles near the surface louder than the bottom).

2.5 Categorizing Acoustic Scattering Regions from Frequency
Response Curves and Thresholding

A basic assumption in fisheries and zooplankton acoustics is that the backscatter
from all animals in the insonified volume sum incoherently, and that the measured
backscatter at a given frequency is the sum of the backscattering crosssection of each
animal summed over all animals. If aggregations of animals in a region are monospecific
and similar in size, then theoretical backscatter models can be used to estimate their
distribution and abundance (Hewitt and Demer 2000). If backscatter is collected from
more than one frequency then the range of conditions in which it is possible to interpret

backscatter in terms of biological relevance, such as aimal size or abundance, increases
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(Holliday and Pieper 1995, Warren et al. 2003, Lawson et al. 2006)The rationale behind
this idea is that backscatter varies with frequency (Figure 28).

Fish scatter sound with greater intensity at lower frequencies (here 18 kHz and
38 kHz) and euphausiids and copepods scatter sound with greater intensity at higher
frequencies (120 kHz and 200 kHz). Although fish with swim bladders are in the
geometric scattering range (intensity of backscatter changes little with changes in
frequency) at 18 kHz, the frequency response is still that of a negative slope(Warren et
al. 2003) In contrast, euphausiids and copepods are in the Rayleigh or resonant regions,
where backscatter varies significantly with frequency , and they have a frequency
response of a positive slope(Warren et al. 2003, Lavery et al. 2007§Figure 28). The
difference between the shape of the frequency response curves of copepods and
euphausiids DU wUT 1T w? Wdrandiddoint Coetiveerud 20 kHz and 200 KHz. The
slope of the euphausiid frequency responsecurve changes, going towards 0, while the

copepod frequency response curve stays constant (Figure 28).
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Figure 28 Volume backscatter as a function of freque ncy for major biological
taxa assuming a numerical abundance of 1 organism/m 3. From Lavery et al. 2007.

To select acoustic regions of interest for analysis,| visually scanned the 18 kHz
and 200 kHz processedechograms of each transecin Echoview and selected regionsof
greatest intensity in both frequencies. Both frequencies were set to the same Sscale to
compare backscatterintensity between them. To verify the g eneral shape of the
frequency response curves in the selected regions | calculatedslope of the frequency
response per pixel over the entire echogram and calculated the average slope within the
selected regions to compare to the slopes of known frequency esponse curves for

several taxa(Figure 29). | was conservative when defining regions to categorize, only
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selecting thoseregions with the most intense scattering in the 18 kHz and 200 kHz
echograms.

The S of selected acoustic regions were then integrated and exported to
MATLAB where the shape of each frequency response curvefor the entire region was
compared to the theoretical backscatter model of its taxa (Figure 30). Because concurrent
net trawls were not conducted during the 2011 summer survey, size and length model
parameters for fish, euphausiids, and copepods were determined from expert opinion
and a literature search Although fish with swim bladders usually create louder
backscatter at lower frequencies due to the acoustic impedance of air bubbleg(the swim
For the fish scattering model, | used a model that combined scattering properties from
UTT wUPPOWEOEEEIT UwEed EnasyTio model Bnytioghid arfedsfréngin | |
chose a mean length of 70 mm becausé is generally accepted that the length range for
mature myctophids in the Mid -Atlantic Bight is 20 to 300 mm with Benthosema glaciale
being one of the larger (50107 mm) and most abundant species(Backus et al. 1968,
Badcock and Merrett 1976 Mike Lowe WHOI personal communication 2014) To
produce target strength curves for copepods and euphausiids, | used the distorted-wave
Born approximation (DWBA) model (Stanton et al. 1998a, 1998b, Stanton and Chu 2000)

Euphausiids were modeled as uniformity bent cylinders (Lawson et al. 2006)averaged
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over a distribution of angles, and copepods were modeled asprolate spheroids averaged

over a distribution of angles (Lavery et al. 2007) Because the categorizations of acoustic

backscatter regions could not be verified with visual or trawl data, | conservatively

OEEI Ol EwUI 1 POOUWUT EVWOEUET | Ewl UxT E U ODDE wiowd gUI
regions that matched copepod frequency respond WEUUYI UwWwEOROx DEODOB O

regions that matched OA EUOx T PEwOU wi 1 UUDPOT wi Ul gudpd@E @uwUl Ux O
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Figure 29: a) 18 kHz and b) 200 kHz example echograms used to calculate the slope of the frequency response (c) over five
frequencies. In c, positive slopes (greens) indicate areas with a frequency response curve similar in shape to copepods and
euphausiids (red ovals). Negative slope (blues), indicate areas with a frequency response curve similar in shape to fi sh with swim
bladders (yellow ovals) .



-20 T

Herring

230

50 /\Mvcm o

60+ -

TS (dB)

0k N _ - .

B ) __Euphausiids
80 L ) - ) . lemtobem _J

90+ e g - ~ -

s _/’. " ™~ | Copepods
/ d 7 1 mmto 4 mm

100 / // / ’//

-110

Frequency (Hz)

Figure 30:Theoretical target strength scattering models of two types of fish,
herring and myctophics (black), theoretical scattering curves of euphausiids from 1 to
6 cm (red), and copepods from 1 mm to 4 mm (blue ). Dots along the x-axis indicate 18,
38, 70, 120 and 200 kHz.

The key parameter usedto determine the fit of the frequency response curve of a
selected region to the modeled target strength was the position of the sharp transition
point from the Rayleigh -scattering regime to the geometric-scattering regime. For
scattering models of marine organisms, the size (or length) of the animal controls the
location of the transition point. If multiple animals of the same size are within a give n
volume, then the modeled scattering curve for that volume will shift upward, predicting
higher decibel levels, but the location of the transition point will not change. In Figure

31,the 18 and 200 kHz echograms from a transect that crossed the shelf brak near
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Hudson Canyon are given. Ovals indicate general areas of scattering that were

categorized as fishtlike (magenta ovals), nekton-like (black ovals), and plankton -like

(blue ovals).

Depth (m)

200 kHz

-30 -20 -10 0 10 20
Distance from Shelf Break (km) Distance from Shelf Break (km)

-30 -20 -10 0 10 20 30

Figure 31: 18 kHz (left) and 200 kHz (rig ht) (Sv) from a shelf break transect near
Hudson Canyon. Ovals indicate areas selected to categorize backscatter. Magenta
ovals were fish -like scattering. Black ovals w ere nekton-like scattering. Dark green
ovals were plankton -like scattering. See figure 29 for comparison of frequency
repsonse curves.

Figure 32 shows the comparison between the frequency response of the selected
regions and the theoretical scattering curves. For eachselectedregion, the general shape
of the curve matches the theoretical s@ttering curve, however, as mentioned previously,
the transition point is shifted upwards for nekton -like and plankton -like scatterers The
transition point is shifted d ownwards for fish -like scatterers most like because the

density of fish-like scatterers was less than predicted in the volume insonified.
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Figure 32 Comparison of frequecy response curves from selected acoustic
regions of interest to models of target strength by taxa. Selected regions are shown in
figure 12. a) Herring and myctophid scattering models and two regions of fish  -like

scattering. b) Euphausiid scattering models for animals from 1 cm to 6 cm and two
regions of nekton -like scattering. ¢) Copepod scattering models for organisms from 1
mm to 6 mm and two r egions of plankton -like scattering regions. The dots along the
x-axis indicate 18, 38, 70, 120 and 200 kHz.

Comparing the shape of the frequency response curves is an adequate starting
point when categorizing the biological nature of multi -frequency acoustic scattering, but
this technique is highly subjective when determining the edges of scattering regions. If
areas adjacent to the selected region are included but do not contain scattering from a

taxa of interest, the shape of the frequency response cuve for the entire region might
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change and the region not be selected. Mvre objective classification techniques have
been produced. One such method setsa volume backscatter threshold applied
equivalently to all echograms and then a composite echogram is ceated based on which

frequencies had volume backscatter greater than thethreshold (Jech and Michaels 2006)

To categorize acoustic scattering regions using the Jech and Michaels (2006)
method, volume backscatterfor each frequency was averaged to a vertical resolution of
1 meter and smoothed with a 5x5 convolution kernel . Averaging and smoothing
reduced pixilation in the data and decreased the variance of the backscatter. Athreshold
of -66 dBwas applied to the 18, 38 and 120 kHz echogramswhich were the only
echogramsused in this classification scheme | applied the -66 dB threshold used in Jech
and Michaels (2006) to classify Atlantic herring because their study area encompassed
the northern edge of Georges Bank ard the Gulf of Maine, geographic areas adjacent to
the Mid -Atlantic Bight where species overlap is likely. Figure 33 shows 18, 38, and 120
kHz data from the same daytime transect near Hudson Canyon as in Figure 31 after

resampling and smoothing with the con volution filter .
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Figure 33 Resampled and smoothed echograms at 18, 38, and 120 kHzfor the
shelf break transect near Hudson Canyon . Backscatter is S.. White areas are where
background noise was removed (no data).
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After the threshold was applied, | coded each cell in the echogram based on the
presence or absence of the frequencyand combined them into composite echograms.
The number of presence or absentfrequency combinations can be calculated with
/ EUEE 0z UwU U big éght@bssile bitcdorie® b thiee frequencies:- - -, 1- -,
12-, 123, 13,-2-,-23,and--3,P 1 1 Ul u >R @@uERPthdicates the presence of 18, 38,
or 120 kHz S values respectivelyO w E & Eubds Bhé& dbsence of a frequencyThe
composite echograms provide a color-coded version of the classification (Figure 34).
Areas where all three frequencies are above the threshold are hypothesized to be
Atlantic herring (Jech and Michaels 2006)Areas where the 120 kHz is above the
threshold are assumed to be euphausiids, and areas where both the 38 kHz and 120 kHz
dominate the backscatter are assumed to be euphausiids or shrimp.Because | did not
use information from the 200 kHz echosounder in this classificati on scheme, small
plankton -like scattering (e.g. copepods) were not included. Although this classification
method still relies on contemporaneous ground -truth ed data to identify species from
acoustic scattering, this method was developed from ground -truthed data from 1999 to
2004 in an adjacent geographic area. This methodology als@rovide s insights into the

acoustic seascape by highlighting spatial distributions of backscatter patterns.
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Figure 34: Composite echogram of 18, 38, and 120 kHz data for the shelf break
transect near Hudson Canyon. Volume backscatter cells are color -coded based on
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surface is the upper 10 meters of the water column that was removed.

2.6 Summary

This chapter provides an introduction to the basic physical principles of sound in
the marine environment , written for biologists who would like a bet ter understanding of
how and why EK60 data are collected on marine mammal surveys. Section 2.2 was
presented to the Protected Species Branch of theNortheast Fisheries Science Center and
to the Marine Mammal Program of the Protected Recourses Division of the Southeast
Fisheries Science Center as a bioacoustics manual fanarine mammal observers. This
chapter provides two examples of how we can categorize opportunistically collected

acoustic backscatter to inferbiologically relevant information about the emsystem. Also
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presented are the descriptions of how the how multi -frequency data were processed
before they were analyzed. These descriptions are specific to the active acoustic data
collected on the AMAPPS surveys, but the templates | designed can be modfied to

process these types of data from otherlarge scale ship-basedsurveys.
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3. Distribution and Spatial Scales of Biological Acoustic
Scattering in the Shelf Break Region of the Mid-Atlantic
Bight

3.1 Introduction

Fish and plankton distributions in marine ecosystems are influenced by
hydrologic features such as upwelling, thermal stratification, eddies and fronts (Olson
and Backus 1985, Olson et al. 1994, Scales et al. 20143} a result of these physical
processes and animal behavior(Haury and Wiebe 1982, Mackas et al. 1985, Simard and
Mackas 1989, Barange 1994 piological patchiness is aconsidered aprominent feature of
the marine environment (Steele and Henderson 1992ith the intensity of p atchiness
increasing in areas of upwell ing, eddies and fronts ( Mackas et al. 1985, Olson and
Backus 1985, Nash et al. 1989, Nero et al. 199 Patch structure in front al regions may be
the result of organisms orientating to density discontinuities, but until the advent of
active acoustic technologies, biological sampling of front systems at adequate spatial and
temporal scales was logistically unfeasible (Horne 2000, Koslow 2009) Acoustics
methodologies have been used to observe and describe distributions of fish and
zooplankton throughout the oceans (MacLennan and Holliday 1996) and within the | ast
two and a half decades, advances in marine acoustic technology have madesampling

biologically dynamic regions of the ocean possible (Simmonds and MacLennan 2005)
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In marine systems, variables such as temperature, salinity, ard density are not
homogenous. Instead these variables usually vary gradually over horizontal distance s
and are bounded by narrow regions where the gradients are large. These narrow regions
with large gradients are frontal regions (Mann and Lazier 1996). Although this is a
standard description of an ocean front, it is vague at best, possibly owing to the diversity
of front systems. Various physical processes from wind forcing to ocean currents can
form a variety of fro nts. Coastal and oceanic fronts vary in size and duration of
existence.Tidal fronts are ephemeral, typically only a few kilometers long, and separate
waters that may differ by only 1 -2 C (Mann and Lazier 1991). Fronts as®ciated with
western-boundary currents, such as the Gulf Stream, arethousands of kilometers long,
persist over long periods of time, and exhibit temperature changes of 10 C in the upper
water layers (Owen 1981, Mann and Lazier 1991) Mesoscale fronts (10s to 100s km)
occur in regions where coastal water masses converge alongshelf ad are an important
conduit for onshore and offshore transport of nutrients and biota (Savidge and Austin
2007)

Fronts have been shown to contribute to several ecological effects including
modifying vertical and hori zontal migrations, influencing the distribution of
populations or communities, and juxtaposing populations that would not normally co -

occur (Owen 1981, Olson et al. 1994, Longhurst 2007)As an important influence on the
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transport of nutrients and biota into or out of the euphotic zone, fronts are associated
with high levels of productivity (Houghton and Marra 1983, Marra et al. 1990)and can
drive the formation of prey patches (Legendre and Demers 1984, Mann and Lazier 1991,
Franks 1992, Genin 2004)Iin the Mid -Atlantic Bight, the prominent mesoscale front is the
Mid -Atlantic Bight shelf break front which flows equatorward along the shelf break

from Georges Bank to Cape Hatters, NC(Chapman 1986, Chapman and Beard{ey 1989,
Gawarkiewicz and Chapman 1992, Gawarkiewicz et al. 2008)

Identification the scales of spatial process such as patchdynamics is an important
topic in marine ecology. Non-random scales are those that are relevant to processes of
interest that emerge from the data and are not an artifact of sampling design (Wiens
1989, Dungan et al. 2002) Determining spatial patterns within ecological data sets with
multiple processes operating at multiple scales is challenging (Holling 1992), such as the
dynamic shelf break system. Scalespecific information have demons trated its usefulness
in assessing wildlife habitat (Morris 2003), understanding the influence of natural
disturbances on terrestrial ecosystems(Turner et al. 1993) examining spatial population
dynamics (Levin 2000), and detecting scalespecific community dynamics (Keitt and
Fischer 2006) Scalespecific analysis methods differ in terms of their concepts, but
identification of meaningful and significan t spatial scales depends that the method being

used (Csillag and Kabos 2002, Saunders et al. 2002PDne important element needed in
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any method of analyzing non -stationary data is the capability to detect both local and
global spatial patterns.

Although shelf break system in the Mid-Atlantic Bight is a h ighly productive
region and has is thefishing ground s for several recreational and commercial fisheries
(which use echosounders), there is a paucity of scientific acoustic data collection in this
area. Stanton et al. (1987) and Nash et al. (1987#eport one survey conducted in 1983 in
which acoustics were used to investigate scattering by fish and zooplankton in relation
to depth and temperature at the edge of the Gulf Stream. They found four, possibly five,
crossing the front following the isotherms. Although this survey crossed the thermal
front associated with the Gulf Stream, the survey was offshore of the Mid -Atlantic Bight
shelf break front. The hydroacoustic group at the Northeast Fisheries Science Center in
Woods Hole, MA, conduct s seasonal fisheries acoustic surveys throughout Georges
Bank and the Mid -Atlantic Bight, but their goal is fisheries specific and their surveys
lines do not traverse the shelf break region.

This is the first study to examine the spatial distribution of acoustic scatterers
within the complex and dynamic regions of the Mid -Atlantic Bight sh elf break and shelf
break front. Using the threshold categorization method by Jech and Michaels (2006)

provides a conservative and discrete detection of acousticscatterersand allows me to
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retrieve backscatter values alongentire transects. This provides continuous data values
that can be integrated at discrete spatial increments for wavelet analysis.

The overall goal of this chapter is to describe the spatial distribution of the
categorized acoustic scattering described in Chapter 2 (fish-like scatterers nekton-like
scatterers plankton -like scatterers), within the context of the shelf break of the Mid -
Atlantic Bight. Data were collected during daylight hours. The study area encompasses
the continental shelf, shelf break, and pelagic areas of the Mid-Atlantic Bight shelf break
region. | hypothesize that each section of the shelf break regionwill contain different
counts of acoustic detections due to the dynamic nature of the physical processes in the
region. A further objective of this chapter is describe the scalesspatial acoustic
backscatter patterns, with an aim to better understand the important link s betweenfish-
like scattering and nekton-like scattering. To achieve this objective, luse wavelet
analysis to examine spatial scales of acoustic scatterers categorized byhe Jech and

Micheals (2006) acoustic classification scheme.

3.2 Methods
3.2.1 Study Area

The study area encompasseghe shelf break region of the Mid -Atlantic Bight

from northeast corner of Georges Bank tothe Delmarva Peninsula. Nineteen ship-based
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daytime cross shelf transectswere analyzed to assess thedistribution of acoustic regions
of interest categorized in Chapter 2 within the Mid -Atlantic Bight shelf break region. Six
transects were spatially at least 48 hours after the nitial transect was completed. Five
transects were on Mid-Atlantic Bight side of Georges Bank (one transectduplicated) and
the other 14 transects ranged from the shelf break off Cape Cod b the shelf break off the
Delmarva Peninsula. Hydrographic data were collected with a surface flow-through

thermo-salinograph (TSG) and expendable bathythermographs (XBTs)(Figure 35).
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Figure 35: Labeled acoustic transect where thermo -salinograph data and active
acoustic data were concurrently collected. Numbers are transect names. Leg | ¢ black
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lines. Leg Il + white lines. Leg lll 1 red lines. Six transectswere partially or
completely sampled twice .

3.2.2 Transect Region Classification

Each of the 19shelf break transects were divided into three regions: shelf (SH),
shelf break (SB), and offshore of the shelf break (OSSB). Data were collected inlla
regions of 14 transects while the five transects are missing data fromeither the SH or
OSSB regions Water depth along each cross shelf transect wasdetermined using the
bottom detection algorithm for the 18 kHz acoustic data described in Chapter 2 aft er all
deviatio ns from tracklines were removed. Deviations from the trackline occurred when
the ship broke track to investigate marine mammal sightings or during CTD casts.
Deviations from the trackline were marke d in 18 kHz data in Echoview 6.1 (Myriax
2013)and removed in MATLAB (The MathWorks Inc. 2009) during acoustic processing.
Once the deviations were removed, linear distance along the trackline was calculated in
MATLAB and converted to distan ce from the shelf break. The greatest change in cross
shelf bathymetry in the Mid -Atlantic Bight varies from the 100 meter isobath to the 200
meter isobath. To provide a consistent definition of the shelf break | determined t he
position of the shelf break for each transectas the greatest bathymetric gradient around
150 meter isobath The shelf break front, a persistent and prominent hydrographic

feature in the Mid -Atlantic Bight, has a spatial correction scale for the upper 60 m of the
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water column between 8 and 15 km (Gawarkiewicz et al. 2004). To encompass the

horizo ntal scale of variability in water mass properties withi n the shelf break region, the
shelf break region was defined as 15 km shoreward to 15 km offshore of the shelf break
position (Todd et al. 2013) The shelf region was classified as the area along the transect
shoreward of the shelf break region. The offshore shelf break region was classified as the

area along the transect offshore of the shelf break region Figure 36).
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Figure 36: Regions of a shelf break transect. Green dot is the position of
greatest bathymetric gradient between 149.0 and 151.0 meters depth. SH = shelf
region, SB = shelfbreak region, OSSB = offshore shelfbreak region.
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If the position of the shelf break could not be determined from the acoustic data
(e.g. the shelf break was not crossd), the distance to the shelf break was calculated from
the end of the transect to the 150 meter isobath in ArcGIS 10.ZESRI 2013)All data in
ArcGIS were projected in an Albers Equal Area Conic projection with a modified central
meridian specific to the AMAPPS study area. Bathymetric contours were derived from
an 88 meter resolution bathymetric grid mosaicked from three data sources: Bathymetric
Terrain Model of the Atlantic Margin for Marine Geological Investigations (Andrews et
al. 2013) National Geophysical Data Center 3-arc second coastal relief model(NGDC
2012) and the USGS 15 arc second Gulf of Maine gridded datase{Signell and Roworth

2013)

3.2.3 Physical Environment

Surfacewater temperature and salinity were samp led every 2 secondsby a Sea
Bird Electronics model 45 thermo-salinograph (TSG) during the entire cruise. Post
cruise, surface temperature and salinity data were synchronized to the Simard EK60
acoustic data and all deviations from the trackline were removed. For both temperature
and salinity, outliers were determined by comparing the difference between a data point

and its neighbors in MATLAB (The MathWorks Inc. 2009). If the difference was greater
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than a threshold of 0.020 " w O U w Y, theydateuwePe4narked and removed. To reduce
noise in the TSG data,l smoothed the temperature and salinity data sets with a median
filter, window size of 29 (approximately 1 minute of sampling). Density of the near
surface water was then calculated using the SEAWATERvV3.3 routines (Morgan 1994).
To determine the spatial variability in surface temperature, salinity, and density along
each transect, a one dimensional gradientwas calculated for all variables on the

smoothed data.

where N is the number of transect segments,Yois the change in distance along the
transect, and Ywis the change in the hydrographic variable of interest . The mean and
standard deviatio n of temperature, salinity , and density for each section (SH, SB, OSSB)
were calculated to examine their variability within each section . The position of a front
was determined at the point of the largest gradient along the transect and the distance
from each front was calculated along each transect.

During the third leg of the cruise (20 July ¢+ 1 August, 2011),expendable
bathythermographs (XBTs) were launched while underway along 3 daytime cross shelf

transectsevery 3 nautical miles over the continental shelf and offshore of the shelf break

112



(Figure 37). Over the shelf break, XBTs were launched oneper nautical mile. Due to
weather restrictions, XBT line 11 was sampled in two parts on two consecutive days.
However, more than 12 hours elapsed between lastsample on the first day and the first
sample on the second day.Because of this time difference and the dynamic nature of the
shelf break area, | choose to analyze only thecontinuous OSSB to SB section of XBT line
11.XBT data were contoured and synchronized to the Simrad EK60 acoustic datain
MATLAB to explore the distribution of acoustic regions of interest in relation to the shelf
break and the spatial structure of the temperature field. To test the accuracy of the XBTs,
an XBT was launched at the sametime during a daytime CTD cast and compared to the
upcast data collected by the CTD.XBT data were not compared to the CTD downcast
data because the CTD downcast rate was greater than what was allowed for accurate

measurements.
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Figure 37: Location of XBT deployments . Greyed out locations on XBT 11
transect were not included in this analysis.

3.2.4 Categorization of acoustic regions of interest

Acoustic regions of interest were categorized into three groups based on the
shape oftheir frequency response curve: fish-like (with swim bladder), nekton -like, and
copepod-like and as patches or layersbased on the shape of the 18 kHz (fishlike
scattering) or 200 kHz (plankton -like scattering). A layer was haorizontally exaggerated

compared to its width , spanning several kilometers, with a thickness that was only a
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percentage of its length. Patches werevertically roundish and concentrated within a few

kilometers of the centroid of the region.

3.2.5 Analysis Methods

To investigate the distribution of categorized acoustic scattering along shelf
break transects| used binomial linear regression models to explore the relationship
between depth of a category, its morphology , and/or the region along the transectin
which it was found . To testfor differences in the number of acoustic categoriesof
interest among the transectregions, | used aKruskal -Wallis test and a nonparametric
comparison for each pair using the Wilcoxon method with Bonferroni correction.
Assuming that patches would be aggregated within the shelf break region because of the
physical dynamics of the shelf break front, | hypothesized that the depth in which an
acoustic region was found could be explained by its morphology , either a patch or a
layer, and the region of the trackline in which i t was found: SH, SBand OSSB |
measured the depth of an acoustic category at thecentroid of the region. The
assumptions of binomial regression were not violate d. Residuals did not appear over or
underestimated when plotted against raw val uesand residuals appeared to follow
normality onaQ-Qplot.- OwoOUUODI UUwPkI Ul wEIl Ul BlifEande BIUOT w" OOC

the models was set at an alpha of 0.05and models were compared using analysis of
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variance and Akaike Information Criterion (AIC). Adjusted -R2 values were calculated to
assess how much variability was explained by the models. To compare the number of
acoustic detections for each category (fishtlike, nekton-like, and plankton -like) and
acrosstransect regions, | used a Kruskal-Wallis testb ® U1 w Y (ddr 4999 Yhe number
of acoustic categoriesdetected was corrected by the amount trackline surveyed in that
segment of the transect and each transect was considered an independent sample. |
performed multiple comparison tests usi ng Bonferroni correction on the significant
results of the Kruskal-Wallis test to demine if effort -corrected detections of acoustic
regions were significantly different in terms of the regi on of transect in which they were
observed.

Global spatial pattern detection assumes that the process creating the global
spatial pattern is stationary and can be summarized in a single scale determined from
the size of the study area. These methods include spectral analysigKeitt 2000, Csillag
and Kabos 2002) and variograms (Cressie 1993) Multi -scale methods, in catrast,
identify both global and local spatial scales at multiple scales and do not assume
stationarity. Examples include lacunarity analysis (Plotnick et al. 1996) distance-based
eignvector methods (Borcard and Legendre 2002) and wavelet analysis (Dale and Mah
1998, Csillag and Kabos 2002, Mi et al. 2005, Cazelles et al. 2008Yavelets are a useful

tools for multi -scale analysis because they decomposes a data smto scale-specific
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components and associate portions of the total signal variance with those scales
(Torrence and Compo 1998, Csillag and Kabos 2002)Wavelets are similar to a localized
Fourier analysis, but because they do not assume stationarity they are more flexible and
are more accurate inidentifying periodicity (Torrence and Compo 1998)

To analyze the spatial scales of pattern from acoustic scattering along a transect |
performed a wavelet analysis on volume backscatter (S) selectedby the Jechand
Michaels (2006)categorization method. After the Sv at 18 and 38 kHz were integrated
from the surface to 300 meters and 250 meters horizontally in Echoview 6.1(Myriax
2013) Both Morlet and Mexican Hat wavelets have been used in multi -scale pattern
analysis of ecological data (Bradshaw and Spies 1992, Csillag and Kabos 2002, Mi et al.
2005) | chose the Morlet wavelet because it provides exact discrimination and location
of scales of patternwhile the Mexican Hat wavelet is better at detection and localization
of gap events (Mi et al. 2005). The 250 meter horizontal resolution was chosen toreduce
variation between pings. Data deeper than 300 meters wereexcluded from the analysis
because of noise associated with the 120 kHz databelow that depth. Because the Jech
and Michaels (2006) method removes S below a threshold of -66 dB, | added a value of-
Y Y wE ! wU O ws td éhtaik tchEseats Bflddntihibus data. S, was scaled to a mean

of 0 normalized by standard deviation.
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Wavelet analysis involves successive passes of a wavelet template of increasing
size over a data set. The degree of similarity between the pattern of the data set and the
shape of the template at each size and locabn are assessed on each pasgorrence and
Compo 1998, Cazelles et al. 2008)These values are wavelet coefficients and describe the
degree of fit between the wavelet template and data set. For a give template size and a
given location, a high wavelet coefficient indicated where the pattern of the data set
matches the pattern o the wavelet. Coefficients close to Oindicate no match between the
data set and wavelet shape(Bradshaw and Spies 1992, Dale and Mah 1998)As this
process is repeated at various template sizes, the wavelet transformdecomposes the
data set into multiple scales where a new seriesof wavelet coefficients at each level of
decomposition are created. The set of coefficients at each scale reflects local variation in
the original data set at that scale(Torrence and Compo 1998) Plotting the wave let
coefficients location by scale is referred to as a wavelet power spectrum.Scalespecific
information independent of location is determined by examining the wavelet variance at
each scale. Wavelet variance is the sum of the squared wavelet coefficientst a particular
scale weighted by the number of coefficients (Bradshaw and Spies 1992, Torrence and
Compo 1998) Scales of high wavelet vaiance are scales of interestPlotting the wavelet
variance versus scale provides a graphical view of the global wavelet spectrum. To test

for significance, wavelet power spectra tested againstred noise background level with a
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lag-1 coefficient of the data. All data sets were padded to the a power of 2 and a cone of
influence was applied to indicate areas where edge effect causeunreliable results
(Torrence and Compo 1998, Cazelles et al. 2008)

Regressin analyses were performed in R (R Core Team 2014pnnd wavelet
analysis were performed in MATLAB with code from Torrence and Compo (1998)and

Cazelles etal. (2014)

3.3 Results
3.3.1 Trackline effort

A total of 1,321 km of shelf break transectsfrom the 2011 AMAPPS summer
survey was analyzed (Figure 38 and Table 2. Table 2lists the amount of effort by
trackline, trackline region, and time of day (GMT) for all transects. All transects were
completed during daylight hours. Of the 19transects, four did not cover shelf region s
and one did not cover the off shore region. Six of the transect lines were sampled twice,
with more than 24 hours between sampling . Of the trackline regions, the greatest
amount of effort was covered in the region offshore of the shelf break (633.1 km, mean =
33.3km/transect), followed by the shelf break region (449.5, mean = 22.&m/transect),

and the shelf region (238.3km, mean =12.5km/transect).
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Figure 38 Labeled acoustic transects where cetacean sighting data,
thermosalinograph data, and active acoustic data were concurrently collected (data
sets not shown). Numbers are transect names. Leg | ¢+ black lines. Leg Il ¢ white lines.
Leg Il ¢ red lines. Six tr Six transectswere partially or completely sampled twice.
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Table 2: Acoustic transect effort by location and time o f day. MAB = Mid -Atlantic
Bight, GB = Georges Bank, SH = shelf region, SB = shelf break region, OSSB =
offshore shelf break region.

Transect
(duplicate d Location Date Time start/stop SH SB 0OSSB Total
transects are (2011) (GMT) (km) (km) (km) (km)

grouped)
lg1AcinO1 MAB 04-Jun 10:25/14:26 30.4 29.9 214 81.9
lg1Acln02 MAB 04-Jun 14:28 / 23:58 285 29.9 37.4 95.9
lg3ACINXBT11 MAB 22-Jul 10:09 / 12:22 0.0 6.9 33.9 40.8
lg1Acln03 MAB 06-Jun 09:43/12:29 00 1.1 475 48.6
lg1Acin04 MAB 06-Jun 12:34/17:54 13.7 29.9 49.2 92.9
Ig2Acin03 MAB 29-Jun 20:48 /22:D 16.7 8.0 0.0 24.8
Ig1Acin05 MAB 06-Jun 17:56/22:11 20.7 29.9 20.3 71.0
Ig2Acin02 MAB 29-Jun 14:40/20:48 15.7 29.9 47.2 92.9
lglAcin1l GB 12-Jun 17:30/22:14 19.0 29.9 36.9 85.9
Ig3ACINXBTO7 GB 30-Jul 14:59/18:50 26.4 29.9 4.2 60.6
lglAcin13 MAB 14-Jun 15:23/20:26 9.1 29.9 39.9 79.0
Ig2Acin01 MAB 29-Jun 09:53/14:53 117 29.9 41.6 83.4
lglAcin14 MAB 16-Jun 09:57/12:31 5.1 2909 8.7 43.8
lg1Acin15 MAB 16-Jun 12:32/17:17 12.4 299 317 74.2
lg1Acin16 MAB 16-Jun 17:24/21:14 13.3 29.9 28.5 71.8
lg1Acin19 MAB 18-Jun 09:54/14:10 14.0 29.9 28.7 72.6
Ig3ACIN05 GB 28-Jul 09:33/13:25 0.0 8.3 58.1 66.4
Ig3ACIN06 GB 28-Jul 13:16/19:21 00 5.4 73.7 79.1
Ig3ACINXBT03 GB 28-Jul/ 29-Jul 19:45 ggiﬂ;/ 1107 1.1 29.9 235 54.6

Totals 238.3 | 4495 | 633.1 | 1321.0

Mean 12,5 23.6 33.3 69.5
Standard Deviation 9.8 10.9 18.3 19.5
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3.3.2 Physical Environment

Although temperature, salinity and density were highly variable along each
transect, shelf waters had the coldest and least aline near surfacewater (Figure 39).
Shelf waters were the most variable, and off shore waters were warmer and more saline
than shelf waters near the surface This pattern is typical of the Mid -Atlantic Bight
where the cooler, lesssaline water from the Labrador Current is found over the shelf,
slope water mixes with shelf w ater at the shelf break and offshore waters are influenced
by the Gulf Stream or Gulf Steam eddies (Linder and Gawarkiewicz 1998, Fratantoni

and Pickart 2007, Gawarkiewicz et al. 2008, Todd et al. 2013)

Temperature ( °C)

Salinity (PSU)

Figure 39 TS diagrams with density contours of near surface temper ature and
salinty from the flow -through thermo -salinograph. Grey dots are data points from all
transect regions collected during the survey. Panel a, black dots are data from the
shelf region. Panel b, black dots are data from the shelf break region. Panel ¢, b lack
dots are data from the off shore of the shelf break region.
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Temperature, salinity and density fronts were detected on every full cross shelf
transect. In general, the greatest gradient for each variable was detected in the shelf
region of each transect Figure 40 depicts the temperature, salinity, and density gradients
for Leg 1, line 01 in the Mid -Atlantic Bigh t. The top panel of the figure indicates the
region of the transect: red = shelf region, green =shelf break region, blue = offshore of
the shelf break region. The thin blue line is the bathymetric slope. Figure 41 shows the
gradients of the hydrographic variables for Leg 3, XBT07 off the southern edge of
Georges Bank.This figure only shows the variability in surface tempera ture, salinity,
and density. It does not include the XBT data from this transect. In both transects, the
greatestchange in each ofthe hydrographic variables per kilometer of transect occurs in
the vicinity of the shelf break. Although there is a great deal of variability among the
transects in near surface temperature, salinity, and density, Figure 40 and Figure 41 are

characteristic of the spatial changes in the hydrographic variables.
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Figure 40: Bathymetric, temperaure, salinity and density spatial gradients
calcuated from the TSG along a transect (Leg 1, Line 01) in the Mid-Atlan tic Bight. a)
red indicates the shelf region, green indicates the shel break region , blue indicates the
region off shore of the shelf break. The think blue line indicates the bathemetric
spatial gradient (bathymet irc slope). b) Temperature (blue) and salini ty (green) along
the transect. c) Temperature gradient along the transect. d) Salinity gradient along the
transect. e) Density gradient along the transect.
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Figure 41: Bathymetric, temperaure, salinity and density spatial gradien ts
calcuated from the TSG along a transect (Leg 3, Line XBTQ7) in the M id -Atlantic
Bight. a) red indicates the shelf region, green indicates the shel break region , blue

indicates the region off shore of the shelf break. The think blue line indicates the
bathemetric spatial gradient (bathymet irc slope). b) Temperature (blue) and salinity
(green) along the transect. ¢) Temperature gradient along the transect. d) Salinity
gradient along the transect. e) Density gradient along the transect.

3.3.3 Spatial Distribution of Categorized Acoustic Scattering Regions

All categories of acoustic regions of interests were observed on all transectsOver
all transects, plankton -like acoustic regions of interest were detected most frequently,
followed by fish -like acoustic regions of interest and neckton-like acoustic regions(Table

3). Plankton-like detections per transect were the only significantly different acoustic
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detections per kilometer (Kruskal-Wallis, ™ 2= 11.1475, p = ©038),although nekton -like
acoustic scattering wasonly slightly not significant (Kruskal -6 E O O B:5.8996, p =
0.0630).

In the shelf region and shelf break regions of the transects, fishlike regions of
interest were most frequently detected, while plankton -like scattering was the most
frequently detected in off shore regions (Table 3). Pair-wise comparison with Bonferro ni
correction of plankton -like scattering among regions of the transectswas significant
between detections of plankton-like scattering in the shelf region and in the region
offshore of the shelf break (Z =-2.49618, p = 0.0126), anddiween detections of the

plankton -like scattering in the shelf region and in the shelf break region (Z =-3.21813, p

= 0.0013).

Table 3: Detection of acoustic regions of interest by trackline effor t. Asterisk
(*) indicates significantly different from other values within the column.

, SH SB OSSB Al
Acoustic . . . transect
. detections | detections | detections .
Categorization detections
/ km / km / km
/ km
Fish-like 0.0965 0.2247 0.1516 0.1665
Nekton -like 0.0168 0.0890 0.0300 0.0477
Plankton-like 0.0671 0.1935 0.2290 0.187%
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Fish-like scattering were predominately in the top 75 m of the water column
along the entire generalized transect and between 100 m and 450 m, concentrated within
the 25 km of the shelf break (Figure 42). Nekton -like scattering regions (green dots) were
more concentrated along the area of the sea floor over theshelf and throughout the
water column from the shelf break to approximately 25 km off shore of the shelf break
(Figure 42). Plankton-like scattering regions were predominately over the shelf and

offshore of the shelf break (Figure 42).
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Figure 42: Position of centroids of categorized acoustic scattering regions along
a generalized transect. Red dots =centroid of plankton -like regions. Green dots =
centroid nekton -like regions. Blue dots = centroid fish -like regions.

Fish-like layers were predominately found in the top 75 m of the water column

along the entire generalized transectwhile fish -like patcheswere mostly between 100

and 450 m, concentrated within 25 km of the shelf break (Figure 43).
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Figure 43: Position of categoriezed acoustic scattering along a generalized
transect. Pink dots = centroid of plankton -like layers. Red dots = centroid of plankton -
like patches. Light gre en dots = centroid of nekton -like layers. Green dots = nekton -
like patches. Light blue dots = centroid of f ish-like layers. Blue dots = fish -like
patches.

| hypothesized that there is a relationship between the depth of an acoustic
scattering region, its morphology ( either a patch or a layer), and the region of the
transectin which it was found: SH, SB and OSSB.The results of the simple binomial
linear regressionsuggest that patches aregenerally 85 m deeper than layers ¢: 93.94 on

1 and 487 DF, p < 0.001) however the r2value (0.16)is low, indicating that this model,
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although highly significant, does no t explain a large proportion of the variation in the
depth of acoustic regions of interest.

The results of adding transect region as a coefficient to the binomial model,
suggests that patches aregenerally 75 m deeper than layers; layers are25 m shallower in
the shelf break region compared to the offshore region; and layers are 94 m shallower in
the shelf region than in the offshore region (F: 44.28 on 3 and 485 DF), p < 0.0Cbr all
coefficients). However, the r2 value increased only slightly to r2= 0.2, indicating that the
variation in depth of the acoustic scattering region is not fully explained by either it s

morphology or region in which it was detected (Figure 44).
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Figure 44: Boxplot of depths of categorized acoustic patches and layers by
transect region.

3.3.4 Aggregations of Categorized Acoustic Scattering in Relation to
Thermal Gradients

Temperature data from the XBT test probe and the concurrent CTD upcast had a

significant R2=0.98 (p ~ 0)
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An objective of this chapter was to describe the distribution of categorized
acoustic regions of interest within the shelf break region of the Mid -Atlantic Bight and to
compare the spatial differences between water masses.Echograms of the threetransects
where XBT were deployed and thermal contours plotted are presented hereto describe
acoustic scatteringin the context of the shelf break frontal system.

In the Mid -Atlantic Bight, the shelf break front is delineated as the 34.5 PSU
isohaline (Linder and Gawarkiewicz 1998). Unfortunately, CTD sampling along the shelf
break transects was not conducted at a spatial resolution that could resolve the shelf
break frontal structure and position because of the survey logistics tocollect marine
mammal abundance data. However, during the summer months, the frontal boundary
can also be definedasthe 100 " wH U liniddr &hd@awarkiewicz 1998).

In transect XBTO3(Figure 45) the cold pool, formed from the winter remnant of
shelf water trapped by the summer warming of surface waters (Beardsley and Flagg
1976, Houghton et al. 1982)and also defined by the 100 " wH U Glinddr anhd w
Gawarkiewicz 1998), is seen over the shelfand extends about 20 km offshore of the shelf
break. The shelf break front can clearly be seen in the 18 kHz and 200 kHz backscatter, as
areas of greaer scattering intensity (yellow and red areas in Figure 45) at both
frequencies that coincide with the 100" wb U O U T Iplankténuli®ebrégioris were

detected within the cold pool over the shelf, one nekton-like region was detected where
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the cold pool abuts the edge of a warm-core ring (~ +18 km to +30 km, in the top 50 m)
and 24 fish-like acoustic regionswere detected in the slope waters near theshelf break.
Two fish -like regions were also detected at the edge of the warmcore ring. In this
transect there is a clear spatial delineation betweenthe plankton -like scattering regions
in the cold pool and fish -like scattering regions offshore of the shelf break front and at

the edge of the warm-core ring.

133



Figure 45: Acoustic backscatter (Sv) at 18 kHz (a) and 200 kHz (b) along transect
XBTO03 and temperature contours. Asterisks are t he centroids of fish -like acoustic
regions. Circles are the centroids of nekton -like acoustic regions of interest.
Diamonds are centroids of plankton -like acoustic regions of interest.
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In transect XBTO7 (Figure 4§ the cold pool is also clearly defined over the shelf
but the edge of a warm-core ring has intruded over the shelf and pushed the front (10 U " w
isotherm) shoreward in the top 30 m of the water column. Both plankton -like and fish -
like acoustic categorieswere detected in the cold pool; however, only fish -like acoustic
categorieswere detected at the intrudi ng edge of the warm-core ring. Plankton-like
scattering was also detectedat the shelf break and within the canyon (Lydonia Canyon).
A fish -like scattering was detected above the canyon wall(+8 km, ~100 m depth). The
shelf break front is apparent in the 18 kHz and 200 kHz echograms as areas ofjreater
intensity of scattering at both frequencies that coincide with the 10 0" w® U Olothis U O
transect there is a spatial delineation between thecategorized acoustic regionsdetected
in the cold pool and in the warm -core ring; however, with the intrusion of the warm -

core ring over the shelf, fish-like scattering wasalso deteded in the cold pool.
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Figure 46: Acoustic backscatter (Sv) at 18 kHz (a) and 200 kHz (b) along transect
XBTO7 and temperature contours. Asterisks are the centroids of fish -like acoustic
regions. Circles are the centroids of nekton-like acoustic regions . Diamonds are
centroids of plankton -like acoustic regions .
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Transect XTB11 (Figure 47 covers more offshore area and less shelf/shelf break
area than transects XBT03 and XBTO7There was no intrusion of a warm -core ring on
this transect and the cold pool extends offshore.The foot of the cold pool was not
detected and the frontal boundary could not be delineated. Acoustic regions of interest
are mostly plankton -like and not aggregated as in transects XBT@ and XBTO07. Two fish-
like scattering regions were detected in the thermocline offshore and a clustering of

plankton -like scattering detections near the lower lip of the shelf break.
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Figure 47: Acoustic backscatter (Sv) at 18 kHz (a) and 200 kHz (b) along
transect XBT11 and temperature contours. Asterisks are the centroids of fish -like
acoustic regions of interest. Circles are the centroids of euphausiid -like acoustic

regions of interest. Diamonds are centroids of copepod -like acoustic regions of
interest.
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3.3.5 Identifying Scales of Spatial Patterns from Acoustic Scattering

Scales of spatial patterns in18 and 38 kHz backscatterwere analyzed with
wavelet analysis for transects Ig1in16 (16-June)and Ig1In19 (18-June). Acoustic
backscatter at these frequendes, after applying the Jech and Michaels (2006)
categorization method, are proxies for fish-like scattering (18 kHz) and nekton-like
scattering (38 kHz). Plankton-like scattering was selected from the 120 kHz S data, but
its distribution did not | end itself to wav elet analysis. Geographically, 1g1In19 is the
same transect as Ig1In16, but data from Ig1Iin19 were collected 48 hours after Ig1in16.

The significant scales ofspatial pattern varied between transects. Within
transects, patterns of spatial scalesof varied between fish-like scattering and nekton-like
scattering. One to 4 kilometer scales were significant for both fish-like and nekton-like
scattering and both transects, although the variability of the pattern varied along the
transects.

Over the entire transect of Ig1In16, fish-like scattering indicated a spatial pattern
at scales 0.75, 125, 4 and 8 km peaks above the dashed line inFigure 48d). Nekton-like
scattering indicated a spatial pattern at scales 1 2.25 and 4 km (peaks above the dashed
line in Figure 48f). The location of the fish-like and nekton -like scales of spatial pattern
also varied in relation to the shelf break. For fish-like scattering, the 4 km and 8 km

scales crossd the transect from the 10 km shelf-side of the shelf break to approximately
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17 km offshore of the shelf break (Figure 48c), whereas the 4 km scée for nekton-like
scattering was located only over the shelf region (Figure 48e). Nekton -like scattering also
indicated less intense and discrete scales of spatial patternat the shelf break, and
between 15¢ 20 km and 27 km offshore of the shelf break To examine the variability
with in the 1 to 4 kilometer scalesl calculated the scaleaverage wavelet variance for both
fish-like scattereing (Figure 48g) and nekton-like scattering (Figure 48h). The scale
averaged wavelet variance differed between fish-like scattering and nekton -like
scattering. More peaks and stronger peaks werepresent in nekton-like scattering, but
were located over the shelf region and between 25 and 30 kmoffshore of the shelf break
(Figure 48h). The 4 km scale averaged wavelet variance for fishlike scattering was
strongest centered around 10 km offshore of the shelf break with additional peaks at
approximately 15 and 5 km shelf-side of the shelf break (Figure 489).

Over the entire transect of Ig1In19, fish-like scattering indicated a spatial pattern
at scales 0.25, 1, an@ km (peaks above the dashed line in Figure 49d). Nektortlike
scattering indicated a spatial pattern at scales 1, 2, and 4 km (peaksbove the dashed
line in Figure 49f). The location of the fish-like and nekton -like scales of spatial pattern
also varied in relation to the shelf break. For fish-like scattering, the 1 to 4km scales
crossd the entire transect and the 8 km scale was notceably absent (Figure 4%),

whereas the 1 to 4 km scales for nekton -like scattering was located over the shelf region
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and approximately 8 to 20 km offshore of the shelf break (Figure 49e). | calculated the1 ¢
4 km scale-average wavelet variance for both fish-like scattereing (Figure 48g) and
nekton-like scattering (Figure 48h) for Ig1In19 as well. The scaleaveraged wavelet
variance for fish-like scattering and nekton-like scattering had similar numbers of peaks,
but the peaks for the nekton-like scattering were stronger (Figure 49 g and h). The
strongest peak for the scaleaveraged variance fish-like scattering moved well offshore
30 to 40 km offshore of the shelf break (Figure 49g), while the strongest peak for the
nekton-like scattering remained over the shelf region but narrowed in location (10 to 20

km shelf-side of the shelf break) and intensified (Figure 49h).
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Figure 48:a) Lglln16, 18 kHz normalized S v series used for the wavelet analysis. b) Lglln16, 38 kHz normalized Sv series
used for the wavelet analysis. ¢ and e) The local wavelet power spectrum using the Morelet wavelet. Warmer colors represent
regions in scale-location space with large wavelet coefficients. The white line encloses regions greater than a 95% confidence

level for a red -noise process. Black semi-circle is the cone of influence. Results below this line should not be trusted due to edge
effects. d and f) Global wavelet spectrum averged over the entire transect. The dashed blue line is the 95% conf idence level for a
red-noise process. g and h) Scale averaged wavelet power over the 1 ¢ 4 km band.
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Figure 49: a) Lg1In19, 18 kHz normalized S v series used for the wavelet analysis. b) Lg1In19, 38 kHz normalized S v series
used for the wavelet analysis. ¢ and e) The local wavelet power spectrum using the Morelet wavelet. Warmer colors represent
regions in scale-location space with large wavelet coefficients. The white line encloses regions greater than a 95% confidence

level for a red-noise process. Black semi-circle is the cone of influence. Results below this line should not be trusted due to edge
effects. d and f) Global wavelet spectrum averged over the entire transect. The dashed blue line is the 95% confidence level for a
red-noise process. g and h) Scale averaged wavelet power over the 1 ¢ 4 km band.































































































































































































































































