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Xiv



Chapter 3, in full, has been submitted for publication of the material as it may appear in
Science Advances. Cohen, R.E., Frasier, K.E., Baumann-Pickering, S., Hildebrand, J.A. Spatial and
temporal separation of toothed whales in the western North Atlantic. The dissertation author was the
primary researcher and author of this paper.

Chapter 4, in full, is currently being prepared for submission for publication of the material.
Cohen, R.E., Baggett, L.M., Frasier, K.E., Baumann-Pickering, S., Hildebrand, J.A. The role of the
Gulf Stream in niche partitioning of toothed whales in the western North Atlantic. The dissertation

author was the primary researcher and author of this material.
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The western North Atlantic is a dynamic region characterized by the Gulf Stream western
boundary current and inhabited by a diverse host of odontocete, or toothed whale, top predators. Their
habitats are highly exploited by commercial fisheries, shipping, marine energy extraction, and naval
exercises, subjecting them to a variety of potentially harmful interactions. Many of these species
remain poorly understood due to the difficulties of observing them in the pelagic environment. Their
habitat utilization and the impacts of anthropogenic activities are not well known. Over the past
decade, passive acoustic data has become increasingly utilized for the study of a wide variety of
marine animals, and offers several advantages over traditional line-transect visual survey methods.
Passive acoustic devices can be deployed at offshore monitoring sites for long periods of time,
enabling detection of even rare and cryptic species across seasons and sea states, and without altering

animal behaviors. Here we utilized a large passive acoustic data set collected across a latitudinal
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habitat gradient in the western North Atlantic to address fundamental knowledge gaps in odontocete
ecology. | approached the problem of discriminating between species based on spectral and temporal
features of echolocation clicks by using machine learning to identify novel click types, and then
matching these click types to species using spatiotemporal correlates. | was able to identify novel click
types associated with short-beaked common dolphins, Risso’s dolphins, and short-finned pilot whales
in this way. Next | characterized temporal patterns in presence and activity for ten different species
across our monitoring sites at three different temporal scales: seasonal, lunar, and diel. | observed
spatiotemporal separation of apparent competitors, and complex behavioral patterns modulated by
interactions between the seasonal, lunar, and diel cycles. Finally I investigated the relationships
between species presence and oceanographic covariates to predict habitat suitability across the region,
and explored niche partitioning between potentially competitive species. The insights gained here
significantly advance our understanding of toothed whale ecology in this region, and can be used for
more effective population assessments and management in the face of anthropogenic threats and

climate change.

XViii



1 INTRODUCTION

For centuries whales have captured human interest and imagination as monstrous leviathans,
symbols of cultural and religious significance, valuable commercial resources, entertaining acrobatic
performers, irksome competitors for fisheries resources, and more. Public perception of whales
underwent a fundamental shift in the early 1970’s when the complex acoustic repertoires of humpback
whales were first described [1], earning them an additional reputation as mysterious singers of the
deep, but it had long been known among seafarers that whales produce a variety of sounds [2].
Acoustic studies of whales only became possible beginning in the 1950’s thanks to improvements in
underwater sound acquisition technology pioneered by the U.S. Navy as part of ongoing efforts to
detect enemy submarines [3,4]. Since then much work has been done to advance both the technology
enabling marine bioacoustics studies, and our understanding of the use and importance of sound to
marine organisms from many taxa (see [5,6] for examples). Given this long-standing fascination with
whales and sound, it’s surprising how much remains to be learned about the fundamental ecology of
S0 many cetacean species.

Cetaceans can be divided into two broad groups, Mysticeti and Odontoceti, based on divergent
evolutionary pathways [7]. Mysticetes are commonly known as “baleen whales” for their unique filter
feeding apparatus, while odontocetes, distinguished by retention of the ancestral toothed condition, are
known as “toothed whales”. Odontocetes are additionally distinguished by their complex social
structures [8-10], sophisticated foraging strategies [11-19], and, perhaps most importantly, the
development of biosonar [13,20]. Biosonar consists of the emission of sound pulses (termed “clicks”
when referring to odontocete echolocation) and subsequent reception and interpretation of the echoes
resulting from incidence of those sound pulses upon surfaces with differing acoustic impedance than
the surrounding media. Light attenuates quickly in water due to absorption and scattering, but water’s

characteristic high density makes it an excellent medium for transmission of sound pressure. All



odontocete species exploit this characteristic of their marine environment by using echolocation for
foraging and environmental sensing [13,21], and some species use clicks for communicatory purposes
as well [22-25]. Since odontocetes and bats are the only animals known to echolocate, detection of
echolocation clicks in marine acoustic data can be used to infer odontocete presence. Much work has
been done on discriminating between odontocete species based on the spectral (frequency content) and
temporal characteristics of their clicks, uncovering species-specific click types for a number of beaked
whales, sperm whales, pygmy and dwarf sperm whales, porpoises, and a few dolphins (e.g. [26-34]).
But many dolphin species still remain acoustically indistinguishable due to high levels of intra-
individual and intraspecific variability, and interspecific overlap, which has limited the utilization of
passive acoustic data for the detection and assessment of dolphins at the species level.

The western North Atlantic hosts a particularly large and diverse array of cetaceans, including
six mysticete species and more than two dozen odontocete species. All odontocete species are top
predators, and their large body sizes, thermoregulation, and active lifestyles necessitate calorically-rich
diets [35—38]. Combined with large populations, odontocetes are responsible for the consumption of
huge quantities of mid- and upper-trophic level organisms, estimated at 33-54 million tons annually in
the North Atlantic [39]. Just in the southern New England and mid-Atlantic Bight regions, toothed
whales are estimated to consume >225,000 tons of squid each year [40]. It has been posited that, as a
function of their large populations and enormous consumption of biomass, whales also contribute to
nutrient recycling, upper ocean productivity, and ultimately carbon sequestration in a process dubbed
“the whale pump” [41-43].

While these estimates of the ecological importance of toothed whales are certainly impressive,
they are only rough sketches based on a small handful of species for which we have sufficient data to
characterize foraging ecology and estimate population sizes and energetic needs. Most odontocete
species are data deficient owing to the difficulty of observing highly mobile species with low densities

over their vast pelagic ranges, seasonally variable distribution patterns, and often prolonged diving



behavior and cryptic surface presence. For many species of dolphin and beaked whales we know little
about distribution or abundance, habitat suitability, foraging ecology, acoustic behavior, etc. In the US
these data gaps are of practical concern in light of the Marine Mammal Protection Act (1972), which
mandated assessment, management, and protection of all cetacean species inhabiting US exclusive
economic zone (EEZ) waters. The National Marine Fisheries Service (NMFS), an office of the
National Oceanic and Atmospheric Administration (NOAA), invests substantial resources to regularly
assess all marine mammal stocks, including estimates of abundance and mortality and identification of
threats to each stock. For odontocete species these assessments are often based on sparse data
aggregated over many years, and lack the temporal resolution to identify seasonal patterns in
distribution or interannual trends in population size. Additionally, owing to the difficulties of visually
distinguishing between species with similar morphologies, most of the beaked whale species are
unable to be resolved to the species level, leaving these species to be managed as a homogeneous
group.

The oceanography of the western North Atlantic is dominated by the Gulf Stream, a powerful
western boundary current responsible for high volume transport of warm equatorial waters to higher
latitudes [44], balancing global heat budgets and moderating the climate of western Europe [45]. In the
western half of the basin, the Gulf Stream acts as a dynamic frontal boundary delineating two distinct
ecoregions, and contributes to the formation of surface and intermediate water masses [46—49]. The
Gulf Stream also constitutes the final surface leg of the Atlantic meridional overturning circulation
(AMOC); variability in the AMOC has been correlated with variability in the transport and position of
the Gulf Stream north wall [50,51]. Ecological communities differ across the frontal wall, and
variability in Gulf Stream position has been observed to translate directly to changes in the
distributions of organisms tracking particular oceanic conditions [52-54]. This region is also highly
exploited by humans for fisheries, commercial shipping, and marine energy extraction. Natural habitat

variability driven by the Gulf Stream, changes in global circulation and Gulf Stream dynamics as a



result of anthropogenically-induced climate change, and interactions with anthropogenic exploitation
of marine resources are all likely to impact the odontocete species which inhabit the western North
Atlantic. Management in the face of such threats requires better knowledge of the status and ecology
of these populations. Thanks to the advances in marine bioacoustics outlined above, we are now
poised to uncover such knowledge.

In this dissertation | address several aspects of odontocete ecology in the western North
Atlantic, starting with the most basic of questions: who’s who? In second chapter | utilized a large
passive acoustic data set collected from 11 shelf break and slope monitoring sites over a 3-year study
period to identify novel odontocete click types and expand the catalog of known species-specific click
types. The time series of odontocete species presence derived in this chapter set the stage for
ecological studies of these species across a larger region, and with finer temporal resolution and
species resolution, than has previously been possible in this study area. In Chapter 3 | characterized
temporal patterns in odontocete species presence at our monitoring sites at three spatial scales:
seasonal, lunar, and diel. | additionally investigate complex interactions between these cycles with
differing periods to uncover previously un-described variability in diel activity patterns. Finally, in
Chapter 4 | explored the relationships between species presence and a number of environmental
covariates to gain new insights into niche partitioning of this large guild of top predators, and generate
predictive maps of habitat suitability with improved seasonal coverage. Taken together, these studies
substantially advance our understanding of odontocete species ecology in this dynamic region, and

offer tools for further research.



2 IDENTIFICATION OF WESTERN NORTH ATLANTIC ODONTOCETE ECHOLOCATION CLICK

TYPES USING MACHINE LEARNING AND SPATIOTEMPORAL CORRELATES

21 ABSTRACT

A combination of machine learning and expert analyst review was used to detect odontocete
echolocation clicks, identify dominant click types, and classify clicks in 32 years of acoustic data
collected at 11 autonomous monitoring sites in the western North Atlantic between 2016 and 2019.
Previously-described click types for eight known odontocete species or genera were identified in this
data set: Blainville’s beaked whales (Mesoplodon densirostris), Cuvier’s beaked whales (Ziphius
cavirostris), Gervais’ beaked whales (Mesoplodon europaeus), Sowerby’s beaked whales
(Mesoplodon bidens), and True’s beaked whales (Mesoplodon mirus), Kogia spp., Risso’s dolphin
(Grampus griseus), and sperm whales (Physeter macrocephalus). Six novel delphinid echolocation
click types were identified as “unidentified delphinid” (UD) and named according to their median
peak frequencies (e.g. a type with peak frequency at 36 kHz would be dubbed UD36). Consideration
of the spatiotemporal distribution of these unidentified click types, and comparison to historical
sighting data, enabled assignment of the probable species identity to three of the six types, and group
identity to a fourth type. UD36, UD26, and UD28 were attributed to Risso’s dolphin (G. griseus),
short-finned pilot whale (G. macrorhynchus), and short-beaked common dolphin (D. delphis),
respectively, based on similar regional distributions and seasonal presence patterns. UD19 was
attributed to one or more species in the subfamily Globicephalinae based on spectral content and
signal timing. UD47 and UD38 represent distinct types for which no clear spatiotemporal match was
apparent. This approach leveraged the power of big acoustic and big visual data to add to the catalog
of known species-specific acoustic signals and yield new inferences about odontocete spatiotemporal
distribution patterns. The tools and call types described here can be used for efficient analysis of other

existing and future passive acoustic data sets from this region.



2.2 INTRODUCTION

Odontocetes, or toothed whales, are vocal species which use sound for social communication,
foraging, and navigation [21,55], making them prime targets for passive acoustic monitoring.
Although the acoustic repertoire of some odontocete species have been well-studied, many remain
understudied, have yet to be acoustically characterized, and cannot be distinguished to the species
level in passive acoustic recordings. This limits the utilization of passive acoustic data sets for
odontocete population assessments and ecological studies. Echolocation clicks, short in duration and
mostly broadband biosonar impulses, are produced by odontocete species across a range of behavioral
contexts. Species-specific echolocation click types, exhibiting characteristic spectral and temporal
features, have been discovered for a broad range of odontocete species including sperm whales [33],
Kogia spp. [32], beaked whales [28], and Risso's dolphins [29]. Discriminating features typically
include spectral peaks and/or notches, and clicking rate. The challenge of identifying robust patterns
within naturally variable signals is considerable when working with echolocation clicks due to the
substantial signal variability observed in response to both environmental conditions and behavioral
state [56-61]. Additionally, these signals are abundant—tens of millions of clicks from a dozen or
more species can easily be recorded over the course of a year of recording effort at a monitoring site—
making them good candidates for automated signal discovery.

The analysis of marine acoustic data has traditionally been highly labor intensive, with expert
analysts manually logging individual encounters, calls, or even clicks of their target species. Such
approaches are severely limited by the rate at which the data can be thus analyzed, and in recent years
the rate and volume of passive acoustic data collection has outstripped the pace of manual analysis.
These expert analyst methods are also less than ideal in terms of reproducibility and objectivity [62].
Over the past decade the development of machine learning tools, and their applications to ecological
data, has resulted in a proliferation of automated methods for analyzing large marine acoustic datasets.

Both unsupervised and supervised learning frameworks, most notably clustering and deep learning



algorithms, have become standard tools in the analysis of marine acoustic data [63—73]. These
approaches require initial time investment to develop the models, and for some applications this
investment may be substantial. For example, the creation of labeled training and testing sets for
supervised learning is a notably time- and labor-intensive process. But once a model has been
adequately trained, analysis of large datasets can be readily accomplished. Automated signal
discovery, detection, and classification algorithms (with the latter two sometimes occurring in a single
step) have demonstrated good success for a number of marine mammal species [see, e.g., Refs
64,65,67,68,71-74] with improved objectivity and reproducibility compared to manual analysis.

As underwater autonomous passive acoustic recordings are collected without associated
species presence metadata, species-level attribution of novel signals found in these data require
drawing on other data sources. Traditional marine mammal line-transect visual surveys provide high
confidence species presence and group size data, and in some regions such surveys have been carried
out regularly for years or even decades. These two modalities are highly complementary, with passive
acoustic devices providing high temporal resolution long-term time series of acoustic presence at
discrete sampling points, and visual surveys providing snapshots of animal presence over survey track
lines or grids. When aggregated over years and across sites, both can give an indication of long-term
species range and distribution patterns over large regions. By combining these disparate data streams,
it may be possible to gain insights about which species are producing a newly identified acoustic
signal type. Simultaneous passive acoustic recordings and visual sightings can be especially valuable
as such instances may provide explicit labels for encounters within the acoustic data set.

In this work, we identify novel species-specific odontocete echolocation click types, and
determine the species most likely responsible for producing them. This was accomplished using an
unsupervised signal discovery and labeling approach on a large autonomous passive acoustic data set
from the U.S. eastern seaboard. By combining machine learning techniques with expert analyst

review, we identified recurring signal types that exhibited the characteristics of odontocete



echolocation clicks. The spatiotemporal distribution patterns exhibited by these signals were compared
to the historical distribution of sighting data for each odontocete species known to be present in the
region to correlate species presence with click types. Opportunistic encounters captured in both the
acoustic and the historical sighting data were used where available to build evidence for species
attributions. This approach yielded six novel delphinid click types; likely species assignments were
identified for three types (UD36, UD26, and UD28), and a group-level assignment was identified for a
fourth type (UD19), with two click types remaining unidentified. These novel species assignments will
enable further study of these species’ spatiotemporal distribution patterns and ecology using passive
acoustic recordings collected in this region, and may be an indication of the signals attributable to the

same species in other regions.

23 METHODS
2.3.1 Data Collection

Passive acoustic data were collected using High-frequency Acoustic Recording Packages
(HARPS) [75] deployed at 11 continental shelf break and slope sites between 30° N and 42° N in the
western North Atlantic (Figure 2.1). The devices were deployed at depths of approximately 450 m to
1,350 m and recorded continuously with a sampling rate of 200 kHz and 16-bit analog-to-digital
conversion. Most devices were equipped with a single omnidirectional sensor (International
Transducer Corporation’s ITC-1042). Seven deployments used devices with separate low frequency
(Teledyne Benthos AQ-1) and high-frequency (ITC1042) sensors. Both devices had well-characterized
combined frequency response between 10 Hz and 100 kHz. A bandpass filter reduced low-frequency
noise and high-frequency aliasing. Devices recorded for between 4 months and 14.5 months per
deployment; repeated redeployments at each site enabled almost uninterrupted recording from Spring

2016 to Spring 2019 (Table 2.1), totaling just over 32 years of recording effort across sites.



Publicly available historical visual survey data were accessed on Duke University’s OBIS-
SEAMARP database [76] (individual data set citations are found in the Supporting Information) to
compile a record of odontocete species sightings in the western North Atlantic. A total of 58,320
sightings were compiled for 27 odontocete species, ~52% from shipboard surveys, ~40% from aerial
surveys, and the remainder from shore stations. The geographical limits of 63° - 82° W and 24° - 46°
N were chosen to bound the study area, and sightings outside these limits were excluded. Rare data
from as far back as 1913 were included in the analysis, but ~94% of the sightings occurred during
1980-20109.

2.3.2 Signal Detection & Classification

All analyses were carried out in MATLAB (Mathworks, Inc., Natick, MA, USA) using
custom routines and a combination of automated methods and manual analysis developed by Frasier et
al. [63,67,77]. This combined approach enables efficient signal detection, signal type discovery, and
classification of large numbers of echolocation clicks with consistent, objective criteria, while
simultaneously incorporating analyst review to ensure the resultant detections, signal types, and
classifications are meaningful and not simply artifacts of the automated algorithms.

Echolocation clicks were identified using a 2-step automated detection routine [77]. In the first
step, acoustic data were filtered with a 5-pole Butterworth filter with a passband between 5 kHz and
100 kHz, and then waveform samples exceeding a peak-to-peak threshold of 118 dB re:1 pPa were
identified; areas of interest were expanded to include all samples within 2.5 ms of each high amplitude
peak, and high-amplitude events separated by <2.5 ms were merged. In the second step, individual
impulsive signals were located within these high-amplitude events by identifying samples exceeding
the amplitude threshold; individual signal start and end times were then defined as the first and last
sample on either side of the main peak which exceeded the 70th percentile of energy for the entire
high-energy event. Individual signals separated by <100 us were merged, and clipped signals were

discarded. Descriptive parameters were calculated for each candidate click (duration, spectrum (400-



point FFT yielding a 500 Hz spectral resolution, Hann window, 50% overlap), peak frequency, peak-
to-peak amplitude at the peak frequency, -3dB bandwidth, and envelope shape) and compared to user-
defined thresholds to determine whether to retain or discard the impulse. The goal was to capture as
many odontocete echolocation clicks as possible, particularly previously undescribed types; therefore,
thresholds were set to span the range of variability of known odontocete click types based on previous
works [26-33,78,79]. This approach was anticipated to also capture many non-click signals, which
would be classified as non-target events in the subsequent steps. The detector was run on each
deployment independently, yielding time series of putative clicks and their parameters from each site.
Detected clicks in this analysis were not evaluated to identify on-axis arrivals, but rather all detected
clicks were retained for the clustering and classification steps, to identify dominant signal types across
detections.

To identify dominant click types at each site the unsupervised clustering approach developed
by Frasier et al. [67], also a 2-step process, was used to cluster each deployment independently.
Identical settings were used to cluster all deployments to allow direct comparison of the final clusters
across deployments. In the first step, deployments were divided into 5-minute time bins and the
Chinese whispers algorithm [80] was used to cluster detections in each bin based on pairwise spectral
distances; only clicks with peak-to-peak sound pressure levels =120 dB re:1uPa were clustered. 5-
minute bin durations were selected as a trade-off between maintaining high temporal resolution while
considering a time period within which there were likely to be sufficient clicks for the clustering
algorithm to identify meaningful groupings, and simultaneously reducing the large volume of data of
each deployment down to a more tractable size for the second clustering step. This determination was
made based upon the slowest odontocete clicking rate in our analysis, that of sperm whales, which
may click as slowly as once per second [81], and the expectation that some clicks would have been
excluded by the detector during low-amplitude encounters (distant animals). Additionally, this bin

duration was considered short enough to capture possible evolutions in click characteristics over the
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course of a given encounter (typically tens of minutes to several hours). An edge pruning parameter pe
= 0.95 was used for the first clustering iteration, consistent with the approach of Frasier et al. [67]
resulting in the formation of on average 1.2 clusters per bin. Multiple clusters formed in a bin if there
were sufficient clicks representing two or more distinctly different signal types. Mean spectrum, inter-
click-interval (ICI) distribution, and mean waveform envelope were calculated for each cluster formed
in each 5-minute bin. In the second step, the same algorithm was used to cluster a subsample of 40,000
bin-level spectra per deployment by comparing spectral shape as well as mean waveform envelope.
This step was memory-limited, and selecting a subset of the bin-level averages was necessary due to
the computational demands of the clustering algorithm. To improve the robustness of the clusters
formed by this second step, clusters consisting of fewer than 25 bin-level averages representing a
minimum of 50 individual detections each were discarded. These requirements reduced the formation
of clusters based on short-lived noise events, or a small number of randomly similar noises, but likely
also resulted in rare click types not being represented in the final clusters. A pruning parameter pe =
0.98 was selected for this step by comparing several clustering iterations run with varying parameter
values (0.95 < p. < 0.99) and considering cluster consistency versus unnecessary separation of highly
similar clusters. As with the detector, consistent settings were used for all deployments to allow
meaningful comparison of the clusters formed across deployments. Mean summary spectra per cluster,
ICI distributions, concatenations of contributing bin-level spectra, and concatenations of contributing
bin-level mean waveform envelopes, along with information about which bin-level spectra contributed
to each cluster, were saved for the output from this step.

Clusters arising from this second step were manually compared across sites to identify
recurring signal types. Clusters were compared on spectral shape and ICI distribution, with
consideration given to the self-similarity of a cluster (i.e., the consistency of apparent spectral features
across all contributing bins, an indication of cluster quality), the number of bins contributing to each

cluster, the number of sites an apparent type was present at, and the consistency of an apparent type at
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those sites across the three-year study period. Multiple clusters from a given site were allowed to
contribute to an apparent type, on the premise that click types show substantial natural variability and
the stringency of the clustering process may have led to overzealous cluster separation. Eighteen (18)
distinct recurring impulse types were identified, each of which was classified as either: 1) a
previously-described click type attributable to a known species; 2) a recurrent signal which appeared
to be an odontocete click type, but whose species of origin was unknown; or 3) a non-odontocete
impulse from a noise source such as anthropogenic sonar or cavitation bubbles. Sonar was easily
identified by the concentration of energy in narrow spectral bands, long-duration signal envelopes
compared to echolocation clicks, and multi-modal inter-signal-interval histograms which arose from
pooling data from sonar operating with different ping rates. Differentiation between odontocete click
types and cavitation bubbles (e.g. ship propellers, snapping shrimp) was based largely on signal
timing, relying on the tendency of odontocetes to produce click trains with fairly regular and species-
specific timing [28,82], while cavitation bubbles are produced at random. Descriptive parameters
(mean power spectrum, peak frequencies, 3dB bandwidth) were calculated for each type based on
2,000 representative clicks. The ICI median of modes for each type based on the ICI distributions from
1,000 5-minute bins containing clicks from that type was computed. In the modal ICI distribution plots
below, values <0.02 s have been suppressed to reduce the contribution of high density encounters in
which IClIs values are saturated with near-zero values due to the interleaving of click trains from many
individuals clicking simultaneously.

The final 18 types selected from the clustering process, as well as a class representing Gulf of
Mexico Gervais’ beaked whales [83] and another class from the same Gulf of Mexico data
representing snapping shrimp [84], which have been previously observed in acoustic data from the
JAX site, were used to establish training classes for a deep neural network-based classifier. We
hypothesized that the Gulf of Mexico Gervais’ population, which may or may not migrate between the

Gulf of Mexico and the Atlantic, might be distinct and acoustically identifiable; therefore, Gulf of

12



Mexico Gervais’ clicks were included as a separate class to test whether their presence was detected at
the Atlantic monitoring sites. Five noise classes accounting for several of the common noise types
were included so that these signals would not end up incorrectly labeled as odontocete clicks for lack
of an outgroup: ship noise, snapping shrimp, and 3 classes of sonar separated by frequency content.
Another important consideration was the maximum number of classes a classifier can be realistically
expected to discriminate between with an acceptable level of error, as the likelihood of correct
classification is inversely proportional to the number of classes.

Several different types of training data and neural network architectures were tested to tune
the hyperparameters of the model and optimize performance. Examples for each class were either
subsampled (for well-represented classes) or augmented via simulation (for minority classes) to obtain
a balanced set of 5,500 examples per class. Augmentation was carried out by adding Gaussian noise to
existing examples, resulting in new examples which retained the defining characteristics of their target
classes while avoiding redundancy. Examples were randomly subdivided for training (5000 examples)
and testing (500 examples); training data were further randomly subdivided for training and validation
using an 80/20 split: 80% for training and 20% for validating performance. Final network architecture
consisted of four 512-node fully connected layers with rectified linear unit (ReLU) [85] activation,
50% dropout between fully connected layers, batch normalization after the last two dropout layers, and
a softmax [86] output layer. Highest test accuracy was attained by training on spectral shape, click
rate, and waveform envelope shape (Table 2.2).

The trained model was run on all HARP deployments, yielding labels and associated
probabilities for each 5-minute bin-level mean spectrum. Classifier performance on novel data was
expected to have different accuracy than that which was achieved on the training and testing sets due
to the occurrence of intermediate and noisy clicks and signal types which do not belong to any of the
available classes. To account for this, a high-level review of the bin-level labels for each deployment

was carried out to remove obviously incorrect labels. For each deployment, spectra assigned to each
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class were sorted by peak frequency and concatenated for visual comparison; spectra whose frequency
content was highly inconsistent with the characteristics of their labeled class were manually flagged
for removal. This step was carried out conservatively to remove blatantly incorrect labels while
leaving untouched both good and questionable labels, in hopes of retaining all bins which seemed to
possibly indicate presence for each class. Residual classifier error was then estimated by calculating
the false positive rate (FPR) for a stratified random subset of the retained labels. This approach was
favored over the quantification of confusion due to the uncertainty involved in the assignment of noisy
and intermediate clicks to a “true” class. The effects of enforcing increasingly high received level and
number-clicks-per-bin thresholds were explored as approaches to minimize FPR by attempting to
exclude poor quality clicks.

2.3.3 Spatiotemporal Correlation

To assess regional and temporal patterns in the distribution of the click types, average seasonal
acoustic presence of respective click types across acoustic monitoring site were plotted as scaled
bubble maps. Hours of acoustic presence were first summed within each season and normalized by
recording effort to account for gaps between deployments, and then seasons were averaged across the
three-year study period. Seasons were defined as: Spring: March-May; Summer: June-August; Fall:
September-November; Winter: December-February. Classifier error (FPR, averaged across repeated
deployments at each site) was used to scale bubbles to avoid misleading bubble sizes at sites where
error was high for a given click type.

Maps of historical sighting data were similarly plotted for each odontocete species (the
exception being the two Kogia species, breviceps and sima, which were grouped by genus as Kogia
spp. due to the challenges of discriminating between these species at sea) to allow direct comparison
to the click type bubble maps. Seasonal sightings were pooled for each season across all years of data

for each species, rather than averaged, due to large interannual differences in survey effort and
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sighting rates. Survey track lines traveled in each season were plotted when available (138 of 197 total
datasets), to give a sense of where lack of sightings may be confounded by lack of visual survey effort.

To further support species-specific click type identifications based on matches between
acoustic and visual distributions and seasonal patterns, delphinid sightings occurring within the
estimated recording radius (~2 km)[87] of the acoustic mooring sites were identified and the acoustic
data collected during these known species encounters was examined to identify associated
echolocation events. Sightings recorded within close proximity of any acoustic mooring were rare due
to a lack of coordinated visual and acoustic monitoring effort, but 4 qualifying encounters were

identified.

24 RESULTS

Of the 20 classes established based on the clustering output and used to train the neural
network, nine represented known odontocete species or genera: Blainville’s beaked whale (M.
densirostris), Cuvier’s beaked whale (Z. cavirostris), Atlantic Gervais’ beaked whale (M. europaeus),
Gulf of Mexico Gervais’ beaked whale (M. europaeus), Sowerby’s beaked whale (M. bidens), True’s
beaked whale (M. mirus), Kogia spp., Risso’s dolphin (G. griseus), sperm whale (P. macrocephalus).
Six appeared to be delphinid clicks whose species of origin were unknown. The remaining five classes
represented a variety of noise sources which were included in the classifier to reduce the incidence of
false positives: snapping shrimp, ship cavitation, high-, mid-, and multi-frequency sonar. The
unidentified click types were presumed to be generated by delphinids and not beaked whales based on
their waveforms with few oscillations, and short, delphinid-like ICls [59,88-90]. These delphinid click
types were named “UD” for “unidentified delphinid,” followed by the approximate value of the
median peak frequency in kHz (e.g. “UD36”). They can be differentiated by their signal parameters
peak frequency, 3dB bandwidth, and modal ICI (Table 2.3). An overview of the results for the noise

classes is available in the Supporting Information (S1 Text, Figure 2.17).
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All odontocete click types exhibited distinct regional and seasonal patterns in distribution and
acoustic density. Absolute magnitude of acoustic presence, in terms of average seasonal hours per site
(scaled by FPR), varied substantially between click types. UD28 exhibited a maximum presence at
NFC each spring, averaging 901 hours, while Kogia presence peaked at an average of 9.5 hours at GS
in the winter.

2.4.1 Risso’s Dolphin (Grampus griseus)

Description: This click type, known to be generated by Risso’s dolphins based on previous
works [29,59], is characterized by a multi-peaked structure (Figure 2.2a). The Risso's clicks in our
analysis exhibited lower-amplitude peaks at 23.5 kHz and 27 kHz, and a narrow main peak reaching
maximum amplitude at a median frequency of 33 kHz. The modal ICI value of ~0.145 s was on the
longer side for delphinids, and was consistent with the relatively large body size of Risso’s dolphins.

Spatiotemporal distribution: The Risso’s click type showed a predominantly northerly
distribution, although it was present at every acoustic monitoring site in every season (Figure 2.2b). A
clear seasonal pattern was visible, with highest presence at WC, BC, and NC in the spring shifting
northward to highest presence at NC, OC, and HZ in the summer and into the fall; winter presence was
lower at all of the northern sites. JAX exhibited the highest levels of acoustic presence of the southern
sites, with a distinct maximum in the spring and summer and minimum in the fall and winter.
Historical sightings of Risso’s dolphins map quite well to the acoustic presence of the Risso’s click
type (Figure 2.2c).

2.4.2  Sowerby’s Beaked Whale (Mesoplodon bidens)

Description: Sowerby’s beaked whales produce clicks with energy distributed across a wide
band from 50 kHz to 90 kHz [30,91] (Figure 2.3a). We found the median peak frequency to be 67
kHz. The median modal ICI value, ~0.135 s, was surprisingly short for a large-bodied species, but was

consistent with previous findings.
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Spatiotemporal distribution: Overall acoustic presence of Sowerby’s was quite low at our
monitoring sites, but an interesting distribution pattern was visible with maxima in presence in two
distinct regions - one in the WC area and another further north at HZ (Figure 2.3b). Highest levels of
presence in both regions were seen in the spring, while presence was lowest in the fall, although the
amplitude of this seasonal fluctuation was not very large. Sightings of Sowerby’s beaked whales were
rare, and most commonly occurred near the shelf break of Georges Bank in the summer (Figure 2.3c);
this pattern was not mirrored in the acoustic presence, although the pattern of a northerly distribution
is visible in both sets of maps.

2.4.3 Blainville’s Beaked Whale (Mesoplodon densirostris)

Description: This click type, known to be attributable to Blainville’s beaked whale [28,92],
exhibited a sharp onset of energy around 25 kHz and a single peak which, in our analysis, attained
highest amplitude at a median frequency of 31.5 kHz (Figure 2.4a) . The median modal ICI value was
0.325s.

Spatiotemporal distribution: Blainville’s exhibited the greatest acoustic presence at BS, where
a slight summer decline in presence was visible (Figure 2.4b). Presence was negligible across the other
monitoring sites, but a very slight increase at GS, BP, and JAX was visible in the spring. Sightings of
Blainville’s were rare and occurred mostly near the Bahamas (Figure 2.4c).

2.4.4  Gervais’ Beaked Whale (Mesoplodon europaeus)

Very few clicks were classified as Gulf of Mexico Gervais’ (maximum 1.9 hours at JAX in
spring), and the clicks classified as Atlantic Gervais did not appear meaningfully different from those
classified as Gulf of Mexico Gervais’. Therefore we concluded that these types are not currently
differentiable using our methods, and have combined the two classes here. It remains unclear whether
this is because there is no acoustic distinction to be made between the two, or because the Gulf of
Mexico whales do not migrate to the Atlantic, providing no true Gulf of Mexico Gervais’ encounters

for the classifier to identify.
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Description: The type attributed to Gervais’ beaked whale was characterized by a sharp onset
of energy at around 30 kHz [34] (Figure 2.5a). The Gervais’ clicks in our analysis reached peak
amplitude at a median frequency of 46.5 kHz, with a much lower amplitude peak present at 23.5 kHz.
We observed that the rate of energy drop-off above 50 kHz seemed to be a function of received level,
with higher amplitude clicks exhibiting only a small diminishment in amplitude at the higher
frequencies, and lower-amplitude clicks exhibiting a much steeper rate of drop-off. The median modal
ICI value was ~0.275 s.

Spatiotemporal distribution: The acoustic presence of the Gervais’ click type lived up to this
species’ moniker of “Gulf Stream beaked whale”, with highest presence at the Gulf Stream monitoring
site (Figure 2.5b). Overall distribution was strictly southerly and mostly focused at the GS and BP
sites, with lower levels of presence at HAT and BS and no presence at JAX. There was a distinct
seasonal pattern apparent, with an increase in presence at GS and BP beginning in the fall and
reaching a maximum in the winter, and lower levels of presence in the spring and summer. Sightings
of Gervais’ beaked whales were very rare, with just 34 sightings reported in all the years of visual
survey data included in this analysis (Figure 2.5c). These sightings suggest Gervais’ presence much
further north than indicated by our acoustic data, though northerly sightings were located much farther
offshore than our recording devices, which may explain why there was no meaningful acoustic
presence of Gervais’ north of Hatteras. Alternatively, some of these putative Gervais’ sightings may
be mislabeled due to the difficulty of visually discriminating between mesoplodont beaked whales at
sea, and potential misidentification of True’s beaked whales.

2.45 True’s Beaked Whale (Mesoplodon mirus)

Description: True’s beaked whales produce clicks with a spectral shape similar to those of

Gervais’ beaked whales, with a sharp onset of energy around 30 kHz [26]; the True’s clicks in our

analysis reached peak amplitude at a median frequency of 48 kHz, with a much lower amplitude peak
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present at 24.5 kHz (Figure 2.6a). True’s beaked whale clicks can be distinguished from Gervais’ by a
shorter median modal ICI value of ~0.185 s.

Spatiotemporal distribution: True’s beaked whale clicks were detected at very low levels at all
monitoring sites north of Hatteras (Figure 2.6b). A clear seasonal pattern was visible, with increased
presence in both the summer and the winter compared to the fall and the spring, and lowest overall
presence in the fall. Highest acoustic presence was seen at NC in all seasons but the fall. Sightings of
True’s beaked whales were exceedingly rare, with just 10 records in all the years of visual survey data
included in this analysis (Figure 2.6c¢), all of which occurred north of Hatteras.

2.4.6  Cuvier’s Beaked Whale (Ziphius cavirostris)

Description: The click type attributable to Cuvier’s beaked whale is distinctively multi-peaked
[28,93] (Figure 2.7a). The median peak frequency of Cuvier’s clicks in our analysis (38 kHz) doesn’t
adequately describe the complex spectral shape, in which most of the click’s energy is focused in the
main peak, but auxiliary peaks of successively decreasing amplitudes at ~23.5 kHz, ~19 kHz, and ~72
kHz were also consistently present. In our analysis this species exhibited a median modal ICI of
~0.465s.

Spatiotemporal distribution: The acoustic presence of Cuvier’s across our monitoring sites
was focused at HAT, with low levels of presence north of this point and negligible presence at the
southern sites (Figure 2.7b). A slight increase in presence at WC and HZ was visible in the winter.
Sightings of Cuvier’s occurred mostly in the summer, with the majority of sightings along the shelf
break and in deep offshore waters from Cape Hatteras north to Georges Bank (Figure 2.7c).

2.4.7 Kogia spp.

Description: This high frequency click type is generated by both species in the genus Kogia

[32,94,95]. The frequency content of these clicks was only partially captured by our sampling

frequency of 200 kHz, and resultant Nyquist frequency of 100 kHz, but the energy distribution
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exclusively >60 kHz makes even a partial spectrum of this click type easily identifiable (Figure 2.8a).
The median modal ICI value for Kogia clicks in our analysis was ~0.085 s.

Spatiotemporal distribution: The overall acoustic presence of Kogia spp. at our monitoring
sites was the lowest of all click types in our analysis and the distribution of this click type was strongly
southerly, with highest presence at the four sites in the South Atlantic Bight (Figure 2.8b). A seasonal
signal was visible at GS, with increased presence in the winter and spring compared to the summer
and fall, but presence at the other southern sites was fairly consistent across seasons. Very low levels
of true presence were coupled with high levels of error at the northern sites; the apparent increase in
presence at NC was mostly due to a persistent high-frequency noise source occurring throughout the
2016-2017 deployment, which was misclassified as Kogia spp. Sightings of Kogia spp. occurred
mostly in the summer, with the majority of sightings occurring along the shelf break and in deep
offshore waters from Cape Hatteras north to Georges Bank (Figure 2.8c).

2.4.8 Sperm Whale (Physeter macrocephalus)

Description: Sperm whale clicks are characterized by their low frequency content [33] (Figure
2.9a). The median peak frequency for sperm whale clicks in our study was 8.5 kHz, but it should be
noted that this may have been skewed by our choice of a bandpass filter with passband from 5 kHz —
100 kHz, and the decision within the detector to exclude impulses with peak frequency <5 kHz. The
median modal ICI value of 0.485 s was similar to what has been previously reported for female sperm
whales [81,82].

Spatiotemporal distribution: Sperm whales were the second most abundant click type in our
analysis and were detected at all of our monitoring sites, with most presence detected from HAT
northward (Figure 2.9b). An increase in presence was apparent across the northern sites in the spring,
and lowest overall presence was seen in the winter. This pattern of acoustic presence was a good

match for the distribution of historical sightings of sperm whales, which occurred primarily along the
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shelf break and in deep offshore waters, and were more numerous north of Cape Hatteras in the spring
and summer months (Figure 2.9c).
2.4.9 UD36 - Risso’s dolphin (Grampus griseus)

Description: This click type was established based on clusters from several of the northern
HARRP sites which exhibited spectra with a main peak at 36 kHz characterized by a small trough, a
lower amplitude peak at 26 kHz, and a shoulder at 23 kHz (Figure 2.10a). The median modal ICI
value was 0.155 s. The UD36 click type shared several features, such as the location of spectral peaks
and the ICI, with the click type identified in this dataset which was attributable to Risso’s dolphin (Fig
1.2a). The key difference was that the lower-frequency peaks of UD36 were not as pronounced as
those present in the Risso’s click type.

Spatiotemporal distribution: UD36 exhibited a distinctive northerly distribution with highest
presence at the WC, BC, and NC monitoring sites (Figure 2.10b). There was a marked increase in
presence during the spring months which seemed to carry slightly into summer, with much lower
levels of presence in the fall and winter. The distribution and seasonal pattern were very similar to the
distribution of historical sightings of Risso’s dolphin (Figure 2.10c). During manual review of the
automated labels we observed that UD36 was mostly confused with the Risso’s click type, and to a
much lesser extent with UD38. We also observed that UD36 predominantly occurred interspersed
throughout encounters with the Risso’s click type; high-quality encounters solely with UD36 did
occur, however. This may suggest that UD36 is an alternative Risso’s click type, or that it is generated
by a species which is often, but not always, associated with Risso’s dolphins. Due to the similarities in
spectral shape and click rate we believe UD36 is likely an alternative Risso’s click type. Multiple click
types have previously been reported for a single odontocete species [30,31,56,78]; use of different
click types may be determined by behavioral state, or may be a function of angle of arrival at the

receiver or of regional variation [56,96,97].
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2.4.10 UDZ26 - Short-finned pilot whale (Globicephala macrorhynchus)

Description: This click type had substantial low-frequency (<20 kHz) energy, with a double
peaked structure characterized by a deep notch whose minimum fell between 20 kHz - 23 kHz (Figure
2.11a). The narrow lower peak reached maximum amplitude typically around 19 kHz, while the
broader upper peak extended from 25 kHz — 35 kHz. The median modal ICI value was 0.165 s. The
low frequency content and relatively long ICI were consistent with a larger-bodied delphinid, such as
the species in the subfamily Globicephalinae, commonly referred to as “blackfish”.

Spatiotemporal distribution: UD26 was predominantly found at and north of Cape Hatteras,
between the HAT and BC monitoring sites (Figure 2.11b). This type exhibited a seasonal shift in
presence, with higher presence at NFC and WC beginning in the summer and peaking in the fall,
which gave way to higher presence at HAT beginning in the fall, peaking in the winter, and carrying
into the spring. The regional distribution and seasonal presence of UD26 were a good match for the
historical distribution of short-finned pilot whale sightings in this region (Figure 2.11c). The low
overall acoustic presence of this click type was also in line with the relatively small number of
sightings of short-finned pilot whales across all years of visual survey data. The only anomalous
feature in this match was the presence of UD26 detections with relatively low error rates at HZ, as
short-finned pilot whales are not thought to be present this far north. The detections labeled as UD26
at HZ showed a slight upwards shift in frequency content relative to the UD26 detections from the US
mid-Atlantic region, but otherwise had a similar spectral shape and modal ICI. It may be that this
northern variant of UD26 is in fact distinct from the UD26 encountered further south, and should be
studied separately.

Supporting observations: We identified three short-finned pilot whale sightings in close
proximity to an acoustic device and looked at the concurrent acoustic data to identify any acoustic
encounters which might be attributed to the sighted species. Acoustic encounters associated with two

of the three sightings exhibited features consistent with those of UD26; one of these encounters, from
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JAX, is shown in Figure 2.12. The third encounter, which was very low amplitude, did not exhibit the
characteristics of UD26. There was also a fourth sighting, just 0.63 km from NFC in October of 2017,
which was associated with a high-amplitude encounter which strongly exhibited the characteristics of
UD26; however, this visual sighting was only identified to the genus level. The scarcity of long-finned
pilot whale sightings near NFC in the fall (Figure 2.18) suggests that the species sighted during this
fourth encounter was most likely short-finned pilot whale. Examination of acoustic encounters labeled
as UD26 also revealed the consistent presence of low-frequency whistles (<10 kHz) and buzz-type
calls previously reported for pilot whales [98,99]. Additionally, a similar click type has been reported
for short-finned pilot whales from Hawaii [79], the Gulf of Mexico [67], the western North Atlantic
[100], and the eastern North Atlantic [90].

Manual review of a subset of the automated labels revealed that at sites where this type was
more abundant, most of the classification error could be attributed to misclassification as UD19, which
we believe may be another Globicephalinae spp. type. Such confusion occurred when the lower-
frequency peak of UD26 was much higher-amplitude than the higher-frequency peak, resulting in a
spectral shape quite similar to that of UD19. Our observations of clicks with a spectrum intermediate
between UD26 and UD19 may indicate that short-finned pilot whales produce a variety of clicks
describing a continuum between these two types. Alternatively, the frequent co-occurrence of these
two types may tell us that the short-finned pilot whales producing UD26 sometimes co-occur with
other Globicephalinae species producing UD19.

2.4.11 UDZ28 - Short-beaked common dolphin (Delphinus delphis)

Description: This click type had a simple spectral structure with a single peak around 28 kHz
(Figure 2.13a) and a short median modal ICI value of 0.075 s. Based on this generic shape, and the
ubiquity of this click type across sites, UD28 seemed likely attributable to bottlenose or short-beaked

common dolphins, both of which were common in the study area.
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Spatiotemporal distribution: This click type was the most abundant type detected in our
analysis and exhibited the lowest classification error across sites of all the novel types (Figure 2.13b).
UD28’s distribution predominantly north of Cape Hatteras, with increased presence between HAT and
BC in the winter and spring months, was highly similar to the historical distribution of short-beaked
common dolphin sightings in this region (Figure 2.13c). Similarly generic click spectra have also been
previously reported for bottlenose dolphins [27,96], but the abundance of UD28 at the northern sites in
the winter does not mirror the distribution of bottlenose dolphin sightings in this region (S5 Fig).

Supporting observations: A click type similar to UD28 has been previously reported for short-
beaked common dolphin clicks in the Pacific [29]. Additionally, the long duration and dense clicking
activity typical of UD28 bouts in this study region suggests large group sizes. According to the
sighting data we compiled, this is more in keeping with what has been observed for short-beaked
common dolphins (mean group size: 30.7 individuals, 10" & 90" percentiles: [1,60]; from 5183
sightings with group size data recorded) than for bottlenose dolphins (mean group size: 7.6
individuals, 10" & 90" percentiles: [1,18]; from 26,086 sightings with group size data recorded).
2.4.12 UD19 - Globicephalinae spp.

Description: UD19 had a simple spectral shape similar to UD28, but with the peak centered at
a lower frequency of 19 kHz (Figure 2.14a). The modal ICI value for this click type was 0.135 s.
Similar to UD26, the low frequency and slow click rate may be indicative of a large-bodied species
within the subfamily Globicephalinae.

Spatiotemporal distribution: This click type was the third most abundant in our analysis, after
UD28 and sperm whales, and was present at all sites at least part of the year (Figure 2.14b). UD19
showed a pronounced seasonal pattern with highest presence at NFC and WC in the summer and fall,
and much lower levels of presence everywhere in the winter and spring. However, the distribution and
seasonal pattern of this click type were not good matches for the distribution of sighting data for any

single dolphin species found in this region, Globicephalinae spp. or otherwise. There were some
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similarities in the seasonal distribution of UD19 to that of UD26, suggesting at first glance a match for
short-finned pilot whales, but this may to some extent have been due to confusion between UD26 and
UD19. As described above, clicks spanning a continuum between these two spectral shapes were often
observed during bouts with both UD26 and UD19, resulting in confusion consistent with what was
seen during classifier testing (S1 Table). There was some ambiguity as to the best choice of “true”
class for clicks with a pronounced main peak at 19 kHz in addition to a much lower amplitude
auxiliary peak between 25 kHz - 30 kHz. Even after accounting for the incidence of false positive
UD19 detections, the abundance of UD19 was incongruous with the low number of short-finned pilot
whale sightings in this area (Figure 2.11c). The more numerous Globicephalinae species in the study
region was the long-finned pilot whale, but the distribution of UD19 did not reproduce the distribution
or seasonal patterns visible in long-finned pilot whale sightings (Figure 2.18). One possible
explanation for this ambiguity is that UD19 does not represent a single species but may in fact be
attributable to several Globicephalinae species which produce similar clicks and which have been
inadvertently grouped into a single class in this analysis. In addition to long-finned pilot whales, short-
finned pilot whales, orcas, false killer whales, pygmy killer whales, and melon-headed whales are also
known to be present in the study area. The pooling of species with markedly different spatial
distribution patterns may have resulted in a generalized distribution of this click type which obscures
the distinct patterns of each species included.

Supporting observations: Similar to UD26, examination of encounters with UD19 revealed the
consistent presence of low-frequency whistles (<10 kHz) and buzz-type calls typical of
Globicephalinae species [98,99].

2.4.13 UD47 —distinctive type without a clear spatiotemporal match

Description: This click type was characterized by its distinctive spectral banding pattern, with

well-defined low-amplitude peaks at 20 kHz and 28 kHz and a broad main peak between 40 kHz - 55

kHz (Figure 2.15a). The modal ICI (0.065 s) was typical of smaller-bodied delphinids, of which there
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are several species in this region which have yet to be matched with a characteristic click type:
bottlenose dolphins, Atlantic white-sided dolphin, white-beaked dolphin, Fraser’s dolphin, Atlantic
spotted dolphin, pantropical spotted dolphin, spinner dolphin, Clymene dolphin, striped dolphin,
rough-toothed dolphin.

Spatiotemporal distribution: UD47 exhibited negligible presence at the shelf break sites south
of HAT, low levels of presence at JAX in the spring and summer, highest presence at HAT, and low
levels of presence at the northern sites (Figure 2.15b). Very little seasonal pattern was apparent,
though there was a slight increase in presence at HAT in the winter and spring months. This
distribution was not a good match for the distribution of historical sighting data for any dolphin
species in this region.

2.4.14 UD38 - distinctive type without a clear spatiotemporal match

Description: UD38 had a relatively narrow main peak with most energy between 38 kHz — 45
kHz, and two lower-amplitude auxiliary peaks at 16 kHz and 19 kHz; both lower-frequency peaks
were not always apparent (Figure 2.16a). The modal ICI value was 0.065 s (Table 2); as with UD47,
this may suggest a small-bodied delphinid.

Spatiotemporal distribution: UD38 exhibited a predominantly northerly distribution with
highest presence always at HAT (Figure 2.16b). Presence at HAT peaked in the winter, while a slight
increase in presence at the northern sites could be seen in the spring. There were low levels of acoustic
presence of UD38 at the southern sites with variable error rates. Like UD47, there was no clear species

match based on the distribution and seasonal pattern for this click type.

2.5 DISCUSSION
Our two-pronged approach leveraged big acoustic data and many decades of visual survey
efforts to yield new inferences about odontocete acoustic identity, and was made possible by the

combined power of automated algorithms and expert analyst review. Identification of six novel
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delphinid click types, and attribution of four of the six to a particular species/genus, substantially
expands our ability to identify delphinid species presence in passive acoustic data from this region,
and thereby pursue ecological studies. This approach can be applied for signal type discovery and
identification in any region where large passive acoustic and visual survey data sets have been
collected, and will enable improved utilization of large marine passive acoustic data sets. The catalog
of impulsive signal types presented here in the form of our neural network training classes is, to the
best of our knowledge, the first of its kind for this area and represents a comprehensive overview of
the dominant odontocete species and impulsive noise sources commonly found at deep water acoustic
monitoring sites spanning the region.

Odontocetes produce directional clicks with greater amplitudes on-axis (forward of the
rostrum) and lower amplitudes off-axis (lateral from the rostrum)[55]. Since our detector output did
not discriminate between on-axis and off-axis clicks, the click types presented in this analysis may
represent both on-axis and off-axis arrivals at our sensors. Previous works have suggested that most
delphinid clicks arriving at a seafloor sensor are off-axis [87], while those of beaked whales are likely
on-axis when the animals are more than a few hundred meters from the sensor [83]. Clicks which
arrive at a sensor from an off-axis path are typically distorted relative to their on-axis counterparts,
with complex waveforms, amplitude and peak frequency decreasing as a function of off-axis angle,
and spectral notches often being introduced [56,96,101-103]. Angle of off-axis is also an important
consideration, as click which are only slightly off-axis may appear very similar to on-axis clicks. In a
passive acoustic monitoring paradigm it is reasonable to assume that a large proportion of clicks
arriving on a sensor are off-axis, but this did not appear to be a reason, in and of itself, to discard these
clicks from analysis. Off-axis click have generally not been as well-studied as on-axis clicks but their
distortions may carry a signature of the acoustic anatomy of the generating species, and therefore there
may be species-specific features of off-axis clicks which make them equally well suited to species

classifications as on-axis clicks [29]. If some of the click types presented here represent off-axis
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arrivals, this may explain why the species to click type correspondence is not always one to one, both
in this work and in previous works [30,31,78]. A better understanding of the relationship between on-
axis and off-axis click features as they are received by a seafloor sensor would be valuable for
improved interpretation of large passive acoustic data sets. This could perhaps be obtained through
studies combining body-mounted orientation-recording tags and seafloor acoustic sensors.

The distribution patterns exhibited by the known click types we identified represent two
distinct cases: in the case of Risso’s dolphins and sperm whales, the acoustic presence mirrors the
distribution and seasonal patterns of sightings along the shelf break (Figures 2.2 b-c, 2.9 b-c), whereas
in the case of the beaked whales and Kogia spp., the acoustic data reveals presence patterns which are
not represented in the sighting data (Figures 2.3-2.8 b-c). The former case is an encouraging proof-of-
concept for our approach of matching acoustic presence patterns to the distribution of historical
sighting data in order to attribute novel click types to species. For species which are readily available
for both visual detection and acoustic detection, the two approaches should generate comparable
presence maps, and we see this in the result for both Risso’s dolphins and sperm whales. In the latter
case we see a mismatch between the presence patterns captured by the two methodologies, which
suggests that one of these approaches is not well-suited to detecting the species of interest. Indeed,
beaked whales and Kogia spp. are known to be cryptic species which exhibit inconspicuous surface
behaviors and undertake prolonged deep dives, complicating the task of inferring species presence
patterns from ship-based and aerial sighting data. Autonomous passive acoustic data collection
captures animals throughout the water column and is thought to have no effect on animal presence or
behavior, so the acoustic presence recorded via this methodology may be a better indicator of the true
spatiotemporal presence patterns of these elusive species. This is likely the case for Sowerby’s,
Blainville’s, Gervais’, and True’s beaked whales, as the acoustic presence maps suggest that they are
present at more sites and throughout more seasons than is shown by the historical sighting data

(Figures 2.3-2.6 b-c). In each case there are, however, some offshore sightings which represent
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animals which would not have been available to be captured in the acoustic data due to their distance
from the acoustic monitoring sites, demonstrating the limitations of point sampling compared to data
collection along far-reaching track lines. For Cuvier’s beaked whales and Kogia spp. these missed
presence points are fairly numerous in the summer months (Figures 2.7c, 2.8c). However, the fact that
there is no corresponding increase in acoustic presence of either species in the northern region during
the summer may suggest that the increase in sightings is due to disproportionate summer survey effort,
rather than a true increase in presence. The fullest understanding of the distribution and seasonal
presence patterns for these two species could likely be attained by combining passive acoustic and
visual survey data.

Matching acoustic presence maps to historical sighting maps requires consideration of the
differences between these two approaches to observing species presence. UD36, the novel click type
assigned to Risso’s dolphin, exhibited a clear increase in acoustic presence in the spring, which
mirrored the increased density in Risso’s sightings tightly clustered along the shelf break north of
Hatteras in the spring compared to the winter and fall (Figure 2.10b-c). However, in absolute terms
there were more Risso’s individuals sighted in the summer. These summer sightings were somewhat
more widely distributed on the shelf and offshore, meaning many individuals were too far from our
devices to be acoustically detected, which may explain why this increase was not as clearly reflected
in the summertime acoustic presence of UD36 at our monitoring sites. Increased summer Risso’s
sightings may also be a function of increased sighting effort, as opposed to increased species presence,
while acoustic monitoring effort was uniform throughout seasons. Similar to UD36, the acoustic
presence of UD28, assigned here to short-beaked common dolphins, exhibited increased presence in
the winter and spring, while short-beaked common dolphin sightings peak in the summer (Figure
2.13b-c). This may be due to the apparent shift in distribution of short-beaked common dolphins, from
the outer shelf and shelf break during the winter and spring northward onto Georges Bank and inshore

during the summer and fall. Many of the animals sighted in the summer and fall were not available to
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be captured on our acoustic devices for this reason. The distribution of short-finned pilot whale
sightings (Figure 2.11c) may underestimate their true presence due to missing data points, as many
Globicephala sightings are identified only to the genus level (2701 Globicephala spp. records in our
analysis, compared to 566 G. macrorhynchus and 1361 G. melas records). In areas where the ranges of
the two pilot whale species overlap, high probabilities of sighting either species may lead to lower
confidence in species level identifications, and more sightings reported simply as Globicephala spp.
(Figure 2.18). The predominance of UD26 clicks during multiple encounters with visually-confirmed
short-finned pilot whales complements the possibly-incomplete sighting data to support this species
assignment.

UD19 exhibited a very strong summer and fall presence at the mid-Atlantic sites, but it is
unclear from this analysis where these individuals, which we believe may represent more than one
species, spend the winter and spring months (Figure 2.14b). It may be that the individuals accounting
for the high levels of acoustic presence at HAT, NFC, and WC in the summer and fall are a different
species than the individuals accounting for the lower levels of presence across all sites in the winter
and spring. Further study of the variability within this type may reveal subtypes with varying seasonal
presence which could be linked to the presence of particular species. UD47 and UD38 may be
attributable to species whose distribution and seasonal presence patterns are not well-elucidated by
historical sighting data, and identification of these click types to species may necessitate additional
data types.

The oceanography in this region is dominated by the influence of the Gulf Stream, a high-
volume current which transports warm, high-salinity equatorial water along the shelf break of the
southeastern U.S. until its separation point at Cape Hatteras, where it turns eastward towards northern
Europe. The Gulf Stream front is a steep gradient in temperature and salinity which delineates a
boundary between two very different habitats: warm oligotrophic waters of the Gulf Stream to the

south and east, and cold, lower-salinity, productive sub-polar waters to the north and west. It is not
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surprising, therefore, that the distributions of many species in this region reflect the presence of this
boundary. Most of our unidentified click types exhibited little to no presence at the three monitoring
sites situated directly in the path of the Gulf Stream: GS, BP and BS. As can be seen by the presence
of Blainville’s and Gervais’ beaked whales and Kogia spp. acoustic encounters at these sites (Figures
2.4c¢, 2.5¢, 2.8c), this was not likely a result of poor acoustic propagation conditions or low
detectability at these sites, but rather a clear species preference regarding the conditions of the Gulf
Stream waters. The distinct regional and temporal patterns exhibited by the distributions of each of the
unidentified click types may provide us with insights into the ecology of the species to which they are
attributed.
2.5.1 Clustering and click type identification

Even with the help of the automated signal discovery pipeline, the process of identifying
recurring signal types across so many sites and years of data was not a trivial matter. A consideration
when using an automated clustering approach is the tradeoff between cluster separation and the
proportion of nodes (5-minute bin average spectra, in this analysis) which are isolated by user-defined
thresholds. By tuning the parameters of the clustering process we are able to impose arbitrary
requirements of cluster size and self-similarity, yielding types which describe highly consistent and
commonly present signals. This comes at the expense of types which exhibit greater natural variability
or are present in lower numbers. The first case may be acceptable for our purposes, which rely upon
consistently present spectral and temporal features to discriminate between species. The loss of rare
types, however, undermines our efforts to identify characteristic click types for these species. When
comparing clusters across sites, the requirement for apparent click types to exhibit presence at multiple
sites and across the years of recording effort (in order to avoid establishing types based on site-specific
noise sources or atypical species presence phenomena) likely further excluded species with low or
intermittent presence in this region, even if they did have highly distinctive and recognizable clicks

which formed robust clusters. This is an issue worth exploring further, as rare species are often the
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most data deficient, and methods of collecting information on their presence and distribution are
sorely lacking. Further study of the clusters excluded from our training set may reveal types which
correlate well with the presence of rare species. Future work should explore approaches to identifying
rare click types in these large data sets and differentiating them from random noise events.

After acceptably self-similar clusters had been formed, the issue of signal variability was still
highly pertinent when comparing clusters and making decisions about which should be deemed
examples of a single type, and which warranted separate consideration. As with all manual signal
identification, this step involved subjective judgement calls guided by knowledge of previously
documented signal types and the characteristics of our monitoring sites. Due to the lack of supporting
data justifying subdivisions of similar clusters, an approach favoring simplicity over hyper-
fragmentation of types was chosen. This may have resulted in signal categories which obscured some
species-level differences, such as may be the case for UD19. We did not, however, choose to merge
UD36 with the Risso’s click type despite their apparent similarity for two reasons: 1) while these types
often co-occurred in our data, high quality encounters with solely UD36 were also present, and, 2)
UD36 has not been observed in click clusters generated from HARP data from the Gulf of Mexico
[67] or southern California (analyses underway), where Risso’s are regularly acoustically detected.
This suggested to us that UD36 might actually be generated by a species other than Risso’s dolphin, or
might be a regionally-specific click type indicative of stock delineations [97]. For these reasons we
initially chose to analyze UD36 independent of the previously established Risso’s click type. An
alternative to this manual approach to establishing click types would be to carry out a third clustering
step, comparing clusters across deployments and sites in an automated fashion as opposed to
manually. It should be noted that at sites where multiple odontocete species frequently co-occur (most
notably HAT and NFC), the clusters themselves may not always have been single-species. In cases of
the co-occurrence of species with similar click types, multiple spectra may have been separated within

each 5-minute bin by the first step of clustering, but then any combination of those bin-level spectra
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may have been included in a final cluster with characteristics spanning two or more highly similar
species. Such an occurrence would mean that the different species were not effectively available to be
separated during manual review of the clusters from that site (and neither would they be separated by a
third pass of clustering).

2.5.2 Classification error

During the classification step, the neural network was required to distinguish both highly
divergent signals and quite similar signals, likely resulting in lower success in discriminating between
similar signals. This could muddy the waters when looking at the geographic distribution of each click
type. An iterative approach to labeling, where broad classes are first separated (i.e. sperm whale,
beaked whales, dolphins) and then individual classifiers tuned to the more nuanced distinctions within
each class are run in a second step, might show improved discriminatory ability. We did observe,
however, that our classifier was resilient to small shifts in frequency content when the overall spectral
shape was conserved, as seen in the classification of UD26 at mid-Atlantic versus northern sites. This
is a useful quality when looking to discriminate to the species level, as regional differences in
frequency content for a given species have been previously described [97], and these differences may
be accommodated by the kind of classifier used here.

We found that classification error, quantified by the false positive rate for the novel click
types, varied greatly between click types, and also between sites within some of the types. One of the
challenges with multi-class classification is that the probability of successful classification is inversely
proportional to the number of classes. For a classifier choosing between 20 classes, the probability of
random success is just 5%; training data improves those odds substantially, but the model is still
challenged by discriminating between so many classes, some of which are quite similar. The error
rates reported here are typically much lower than would be expected from random guessing, except
when presence of a click type at a given site is very low. Manual review of a subset of the labels, and

observation of the presence of many intermediate and noisy clicks, drove home the impracticality of
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attempting manual labeling from scratch. Especially at sites where many species are present and
acoustic bouts overlap, such as HAT and NFC, distinguishing intra-type variability from inter-type
variability can perplex even highly specialized analysts, and requires a prodigious time investment.
These are important factors to keep in mind when evaluating classifier accuracy and considering the
tradeoff between accuracy and time required to generate labeled time series. The approach to signal
classification used here is fast, objective, and repeatable, and there are many options available for
continuing to improve the classifier, such as multi-step classification and model ensembles.

A recurring feature across many of our click types was higher levels of classifier error at sites
with low levels of presence for that type. This is to be expected when there is a mismatch between the
probability distribution of classes learned by the neural network and the probability distribution of
species present in the data. This phenomenon, known as dataset shift, has recently gained attention in
the literature on machine learning applications in ecological studies, along with some proposed
solutions [104-107]. The insights gained here regarding the presence of different click types across
our sites could be applied in future to create a training set which more accurately reflects the true
probability distribution of each type.

We sought to minimize our classifier error by enforcing increasingly strict minimum peak-to-
peak receive level and number-clicks-per-bin thresholds in order to weed out low-quality clicks. In the
end, we found that this approach did not have much impact on the patterns in distribution and seasonal
presence visible in the acoustic presence maps, though it did dramatically reduce the number of clicks
retained for analysis. In light of this we decided to use fairly relaxed thresholds in order to retain more
of the detected clicks in our analysis. Due to the number of classes evaluated here, the size of the
acoustic data set, and the uncertainty involved in “true” class selection for intermediate clicks when
guantifying confusion, we calculated a single FPR for each novel click type at each site, and used that
single value to scale the acoustic presence in all seasons. Development of efficient and objective

approaches to quantification of confusion in such large data sets when out-of-distribution signals are
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present could lead to more accurate time series adjustments, as well as an opportunity to improve
future classifiers by identifying the particular features a classifier had difficulty separating.
2.6 CONCLUSION

Our findings illustrate the complementary nature of marine passive acoustic and visual survey
data, and provide a means of ascertaining species identity for novel acoustic signals within existing
and forthcoming acoustic data sets based on spatiotemporal correlations. The workflow described here
provides a highly objective, repeatable, and fast approach to signal discovery and classification for
large acoustic data sets. Identification of two unidentified click types from this region as short-beaked
common dolphins and short-finned pilot whales, as well as attribution of a second click type to Risso’s
dolphin, expands our knowledge of species-specific click types and sets the stage for ecological
studies of these species using passive acoustic data. Assignment of UD19 to the Globicephalinae
subfamily is a first step in species identification, though more work remains to disentangle the
ambiguity remaining around this click type. Species identities were not forthcoming for UD47 or
UD38 in this analysis, but the recognition of these recurring signal types as likely delphinid click types

will enable further study of their occurrence patterns, which may lead to future species identifications.
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2.7 FIGURES

85°W 80°W 75°W 70°W 65°W 60°W

Figure 2.1: Western North Atlantic study area with long-term autonomous passive acoustic monitoring sites (red
circles) and associated site name abbreviations. HZ = Heezen Canyon; OC = Oceanographer’s Canyon; NC =
Nantucket Canyon; BC = Babylon Canyon; WC = Wilmington Canyon; NFC = Norfolk Canyon; HAT =
Hatteras; GS = Gulf Stream; BP = Blake Plateau; BS = Blake Spur; JAX = Jacksonville.
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Table 2.1: HARP deployment information for repeated deployments at the acoustic monitoring sites shown in

Fig 2.1.
. . : Depth . -
Site Latitude | Longitude m) Data Start Date & Time Data End Date & Time
41° 66° 21.10' . .
03.71' N W 883 4/22/2016 18:00:00 6/19/2017 7:05:06
Heezen Canyon e 66° 2109
(H2) 03.70' N W 885 7/9/2017 0:00:00 1/13/2018 | 15:25:06
41° 66° 21.09' £0- 23
03.70'N W 885 6/11/2018 17:59:59 5/10/2019 6:33:44
40% | BTTS9LT N 4ag | aparote | 5059 | 51812017 | 6:37:35
. 15.80'N w
Oceanographer's 20° 67°59.18
Canyon . ' 447 7/6/2017 23:59:59 4/16/2018 5:56:18
15.80'N w
©C) 40° 67° 58.68'
13.80' N W 882 6/10/2018 6:00:00 5/19/2019 4:33:45
39° 69° 58.93' n. .
49.94'N W 894 4/21/2016 18:00:00 5/24/2017 14:53:51
Nantucket Canyon 39° 69° 58.92' nn. .
(NC) 49 96' N W 894 7/16/2017 18:00:00 6/9/2018 13:02:36
39° 69° 58.92' . o
49.98'N W 894 6/10/2018 0:00:00 6/3/2019 4:43:45
39° 72°13.72' . N
11.46' N W 999 4/20/2016 18:00:00 6/10/2017 23:04:05
Babylon Canyon 39° 72°13.63' . o
(BC) 11.43'N W 1003 6/30/2017 12:00:00 6/3/2018 11:31:21
39° 72°13.64 A .
1152' N W 997 6/3/2018 12:00:00 5/19/2019 19:30:00
380. 737 22.24 1028 4/20/2016 6:00:00 6/29/2017 20:57:36
A 22.45'N w
Wilmington 38° 73522 2T
Canyon . ' 1036 6/30/2017 0:00:00 6/2/2018 20:42:36
22.43'N w
(W) 38° 73°22.19
22.40' N W 1045 6/2/2018 22:00:00 5/19/2019 8:32:30
37° 74° 20.00' n. o,
09.99'N W 1028 4/30/2016 12:00:00 6/28/2017 18:38:51
Norfolk Canyon 37° 74° 27.98' AN E.
(NFC) 10.04' N W 992 6/30/2017 0:00:00 6/2/2018 16:15:06
37° 74°27.95' . e
09.87'N W 1111 6/2/2018 12:00:00 5/18/2019 17:46:40
35° 74°52.74' AN EQ-
1811'N W 1194 4/29/2016 12:00:00 2/6/2017 8:56:03
35° 74° 44,99’ 9- 11-
35.05' N W 1128 5/9/2017 12:02:54 10/25/2017 14:11:45
Hatteras 35° 74° 44.58' .An- BN
(HAT) 35.01' N W 1222 10/26/2017 12:00:00 6/1/2018 0:54:59
35° 74° 44.86' -0 49
3539'N W 1327 6/1/2018 4:00:00 12/14/2018 14:42:36
35° 74° 4527 .0Nn- 17
3536'N W 1208 12/14/2018 0:00:00 5/17/2019 18:17:30
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Table 2.1 Continued: HARP deployment information for repeated deployments at the acoustic monitoring

sites shown in Fig 1.1.

Site Latitude | Longitude D(?E)th Dlz?tztzs'ﬁ;;e DS;?eEgd Site Latitude
Time
39.3931:' N 7608\?'08‘ 926 4/29/2016 0:00:00 6/27/2017 18:35:06
Guhzégr)eam 28?02. N \7N° 59.97 932 6/28/2017 0:00:00 6/26/2018 11:31:21
28?20. N \7/30 59.86 933 6/28/2018 23:59:59 6/18/2019 14:17:09
N |y 0 loss | amsot6 | 120000 | 6/27/2017 | 4:57:3
(Bé%l;e Plateau (3)2;2. N \7/\30 0541 951 6/27/2017 12:00:00 6/28/2018 13:08:51
:(3)2.032' N \7/\7) 05.44 950 6/28/2018 0:00:00 5/28/2019 4:01:15
22?03. N \7,\7 23.44 1047 4/27/2016 18:00:00 6/26/2017 15:22:05
(Egasl;e Spur 22.098' N \7/\30 2343 1047 6/26/2017 18:00:00 6/23/2018 7:32:33
22.098' N \7/\30 2340 1047 6/28/2018 0:00:00 6/16/2019 20:13:45
(3)8?11. N \7,30 4621 748 4/26/2016 18:00:00 6/25/2017 19:23:35
gj‘%ﬁ;’m’i“e (3)8?16' N \7/30 46.19 748 6/25/2017 18:03:57 10/28/2017 17:27:48
(3)8.014. N \7/80 46.24' 746 6/27/2018 0:00:00 6/15/2019 11:03:45
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Table 2.2: Neural network test performance on a balanced test set of 500 examples per class. Names for known-
type classes are abbreviations of the species/genus names: Gg: Grampus griseus; Mb: Mesoplodon bidens; Md:
Mesoplodon densirostris; Me: Mesoplodon europaeus; GoM Me: Gulf of Mexico Mesoplodon europaeus; Mm:
Mesoplodon mirus; Pm: Pyseter macrocephalus; Zc: Ziphius cavirostris.
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Table 2.3: Signal parameters peak frequency, 3dB bandwidth, and modal ICI for known species and novel click
types given as median with 10th and 90th percentile in brackets. Names for known-type classes are abbreviations
of the species/genus names: Gg: Grampus griseus; Mb: Mesoplodon bidens; Md: Mesoplodon densirostris; Me:
Mesoplodon europaeus; Mm: Mesoplodon mirus; Zc: Ziphius cavirostris; Kogia: Kogia spp.; Pm: Physeter
macrocephalus.

Click Type Peak Frequency (kHz) 3dB Bandwidth (kHz) Modal ICI (s)
Gg 32.5[23.5,38.0] 4.5[2,10] 0.145 [0.085,0.195]
Mb 67.0 [59.5,73.5] 13.5[6.5,21.0] 0.135[0.125,0.185]
Md 31.5[28.5,35.5] 7.5[3,11] 0.325 [0.225,0.375]
Me 46.5 [38.0,74.5] 11.5[4.5,20.5] 0.285 [0.245,0.305]
Mm 47.5[41.0,75.0] 11.3[3.50,21.5] 0.185 [0.165,0.205]
Zc 38.5 [31.0,42.5] 7.0 [3.5,13.5] 0.465 [0.085,0.535]
Kogia 99.5 [93.0,99.5] 7.0 [4.0,12.5] 0.085 [0.065,0.115]

Pm 8.5[6.5,13.0] 3.0[1.5,5.5] 0.475[0.035,0.655]
UD36 36.5 [30.0,47.0] 5.5[2.5,13.0] 0.155 [0.135,0.177]
uD26 26 .5[12.0,39.0] 4[2.0,9.5] 0.165 [0.085,0.195]
uD28 28.5[23.0,34.3] 9 [3.0,15.0] 0.075 [0.045,0.105]
uD19 19 .0 [15.0,26.5] 9 [3.5,15.0] 0.135 [0.035,0.225]
uDA47 47 .0[19.5,57.0] 6.5 [2.5,15.5] 0.065 [0.055,0.085]
uD38 38.5 [29.3,46.5] 8[4.0,14.5] 0.065 [0.055,0.085]
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Figure 2.2: Results for Risso’s dolphin showing click type (a), acoustic presence (b), and historical sightings (c).
Click type plots, from left to right: median power spectrum (solid line) with 10" and 90" percentiles (dashed
lines); distribution of modal ICI values from 1,000 5-minute bins; concatenation of normalized click spectra,
sorted by received level; concatenation of normalized waveform envelopes, sorted by received level. For the
concatenated spectra and waveform envelopes, the normalized magnitude of the frequency/pressure is
represented by color such that warmer colors show greater magnitude. Acoustic presence shown as scaled circles
depicting cumulative hours at each acoustic monitoring site per season, averaged across three years of data;
classifier error given by color per legend in (b). Historical sightings per season (blue dots), shown relative to
acoustic monitoring sites (red stars) and track lines of surveys undertaken in each season (grey lines). Inset
within each sighting map shows number of sightings (N); total number of individuals summed across all
sightings for which group size data was available is shown in parentheses.
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Figure 2.3 Results for Sowerby’s beaked whale showing click type (a), acoustic presence (b), and
historical sightings (c). Subplots as in Fig 1.2.
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Figure 2.4: Results for Blainville’s beaked whale showing click type (a), acoustic presence (b), and historical
sightings (c). Subplots as in Fig 1.2.
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Figure 2.5: Results for Gervais’ beaked whale showing click type (a), acoustic presence (b), and historical
sightings (c). Subplots as in Fig 1.2.
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Figure 2.6: Results for True’s beaked whale showing click type (a), acoustic presence (b), and historical
sightings (c). Subplots as in Fig 1.2.

46



a) 1 100
©
= 0.8
. Z06 :
& 3 IS
& v 2
= v @
[ 204 =)
] ] @
- ] —
I « -
=] 0.2
v
Q
o
(%]
20 60 100 B 02 04 06 08 500 1500
Frequency (kHz) ICI (s) Click Number Click Number
b) Winter Spring Summer Fall 244
AR i A ,4
s s e - 0
W <5%
o O
40°N = £
= " ; o
; ’ : 5l
i
o ® o o o
o
O
30°N £
54
El
B
o
o
75°W 65°W 75°W 65°V 75°W 65°V 75°W 65°W |H >95%
C) Winter Spring Summer Fall
Pz A e
/S = ,/”;6 /5 e s & = v Ipaﬂ 4
= ,w = e ] == ,: ' o /v\
40°N 7&— o 4 f ¥ 4 0 q-‘ 3 =2 ¥ <
o § g (e v
&= e U’, Ep v ey
= s =% 4)\
¥ 'l’ r /[J’ . ,; ’
= * G o & 5 *
/. 5 & / wi ;
30°N|f, € . (e =
\ \ 5 \
\ . N=19 Vol N=s7 N =223 V| N=28
KRG N ReS A e T e
75°W 65°W 75°W 65°W 75°W 65°W 75°W 65°W

Figure 2.7: Results for Cuvier’s beaked whale showing click type (a), acoustic presence (b), and historical
sightings (c). Subplots as in Fig 1.2.
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Subplots as in Fig 1.2.
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Figure 2.11: Results for UD26 showing click type (a), acoustic presence (b), and historical sightings of probable
species match, short-finned pilot whales (c). Subplots as in Fig 1.2.
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Figure 2.12: Visually confirmed short-finned pilot whale bout. Top panel: long-term spectrogram showing an
acoustic encounter with visually-identified short-finned pilot whales at the JAX acoustic monitoring site. Bottom
panel: concatenated spectra of clicks detected between 00:59 and 01:07. Most of these clicks exhibit spectral
features consistent with UD26, though some natural variability is visible. In both plots the magnitude of the
frequency is represented by color such that warmer colors show greater magnitude.
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Figure 2.13: Results for UD28 showing click type (), acoustic presence (b), and historical sightings of probable
species match, short-beaked common dolphin (c). Subplots as in Fig 1.2.
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Figure 2.14: Results for UD19 showing click type (a), and acoustic presence (b). Subplots as in Fig 1.2(a-b).
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Figure 2.15: Results for UD47 showing click type (a), and acoustic presence (b). Subplots as in Fig 1.2(a-b).
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Figure 2.16: Results for UD38 showing click type (a), and acoustic presence (b). Subplots as in Fig 1.2(a-b).
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Figure 2.17: Characteristics of noise classes; a) ships; b) mid-frequency sonar; c) high-frequency sonar; d) multi-
frequency sonar; e) snapping shrimp. Columns are: median power spectrum (solid line) with 10t and 90™"
percentiles (dashed lines); distribution of modal IPI values from 1000 5-minute bins; concatenation of
normalized impulsive signal spectra, sorted by received level; concatenation of normalized waveform envelopes,
sorted by received level. For the concatenated spectra and waveform envelopes, the normalized magnitude of the
frequency/pressure is represented by color such that warmer colors show greater magnitude.

57



a

Spectral Level (dBpp re: 1pPa) ~

120
100 3
)
[
Z
&
[T
e«

o4}
(=]

.
Sl v artnpegrand “

20 60 100
Frequency (kHz)

-—

Q
[

o
o

©
N

o
[N

o

ICI (s)

100

®
[=)

60

D
o

—
N
T
=3
>
o
{ =
[
=
o
[
o
[

N
o

500 1500

Click Number Click Number

b) 1, 1 100 50
E n
= 0.8 . 400
@ 8 T
e c i
I 306 = 2300
[+2) (W] 2 =
cl 1) S o
= 204 2 £ 200
<
g g £
= 80 At 0.2 100
g v ,
& 0 : ——
20 60 100 500 1500 500 1500
Frequency (kHz) Click Number Click Number
) 1 100
=
ES 0.8 .
@ 8 T
- = =~
2 206 =
=) (&) L
B ) S I i R @
] 204 = {i
> 8 [
3 2 £ A A
= 0.2 i I‘ it
] LA M"ji‘é
i " st
20 60 100 02 0.4 1500 500 1500
Frequency (kHz) ICI (s) Click Number Click Number
d) 1 100
. A0 e
< 120 O A 00 iy (i ¥
= 0.8 80
@ 2 T L
= C
g 306 560 el
[+2) (] o =
< 100 v 5] g
—_— = =
g I & - S 40 =
] LR A 2 P
f_g :| I: :,‘1‘ '\"' J P 0.2
g 80| |' l|‘ Ly 1y l bbb il b o i |
Q. a m
v 20 60 100 D 0.2 0.4 500 1500 500 1500
Frequency (kHz) ICI (s) Click Number Click Number

Spectral Level (dBpp re: 1uPa) ~

£
=
(e}
O
[
2
=
» K

WA,

My, v
70

20 60 100

Frequency (kHz)

-t

0.8

o
o

o
i

o
N

Frequency (kHz)

500
Click Number

1500
Click Number

58




Summer

Fall

a) Winter _ ‘\ i
40°N| . . - T
+a
P
& & 7
30°N| = . &
| N=1 \ | N=1 \ | N=7 | N=0
Vo5 (NA) A (1) Joh] (74) g (0)

30°N|£”

\ N=53 \ N =342 N =746 N =220
L 493) ) Y (3025) T (7780) T (2626)
0
40°N
30°N|(.
[ N=1242 | N=615
L (14962) 4 (@731)
d)
40°N ;
30°N|, ! € : &) .
\ N =283 V| N=1698 \ N = 2452 | N=739
Y (4781) | (48445) 74 (60980) 7| (22298)
e) i %
= » <
40°N N i ] 2
/’/ % /,/ y > P
30°N|fe: - - - (=
\ N=8 N=47 \ N=137 N=30
V] (208) VA (528) L (1498) i (308)
75°W  65°W 75°W  65°W 75°W  65°W 75°W  65°W

Figure 2.18: Historical sighting maps of a) pygmy killer whales (Feresa attenuata); b) long-finned pilot whales
(Globicephala melas); c) Globicephalinae spp.; d) Atlantic white-sided dolphins (Lagenorhynchus acutus); e)
white-beaked dolphins (Lagenorhynchus albirostris). Sightings are plotted per season (blue dots), shown relative
to acoustic monitoring sites (red stars) and track lines of surveys undertaken in each season (grey lines). Inset
within each sighting map shows number of sightings; total number of individuals summed across all sightings

for which group size data was available is given in parentheses.
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Figure 2.19: Historical sighting maps of a) Fraser’s dolphin (Lagenodelphis hosei); b) killer whales (Orcinus
orca); c) false killer whale (Pseudorca crassidens); d) melon-headed whale (Peponocephala electra); e)
pantropical-spotted dolphins (Stenella attenuata). Sightings are plotted per season (blue dots), shown relative to
acoustic monitoring sites (red stars) and track lines of surveys undertaken in each season (grey lines). Inset
within each sighting map shows number of sightings; total number of individuals summed across all sightings
for which group size data was available is given in parentheses.
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Figure 2.20: Historical sighting maps of a) rough-toothed dolphins (Steno bredanensis); b) striped dolphins
(Stenella coeruleoalba); c) Clymene dolphins (Stenella clymene); d) Atlantic-spotted dolphins (Stenella
frontalis); e) spinner dolphins (Stenella longirostris). Sightings are plotted per season (blue dots), shown relative
to acoustic monitoring sites (red stars) and track lines of surveys undertaken in each season (grey lines). Inset
within each sighting map shows number of sightings; total number of individuals summed across all sightings
for which group size data was available is given in parentheses.
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Figure 2.21: Historical sighting map of bottlenose dolphins (Tursiops truncatus). Sightings are plotted per season
(blue dots), shown relative to acoustic monitoring sites (red stars) and track lines of surveys undertaken in each
season (grey lines). Inset within each sighting map shows number of sightings; total number of individuals
summed across all sightings for which group size data was available is given in parentheses.

2.8 APPENDIX

Noise Class Descriptions

Ships - Ship noise, produced through propeller cavitation and, to a lesser extent, mechanical
noise from the operation of components such as engines, generators, fans, power plants, etc., exhibits a
power spectrum with most energy in the 10-100Hz range, though energy may extend as high as 10kHz
[108,109] (Figure 2.17a). Since cavitation bubbles are not produced at a regular rate, the inter-
impulse-interval distribution for boat noise is right-skewed.

Mid-Frequency Sonar - This class accounts for the presence of mid-frequency (1 kHz — 10
kHz) sonar at several of our southern sites (Figure 2.17b). The inter-pulse-interval histogram for this
class is likely multimodal due to the use of variable ping rates across different instances of the use of
this sonar.

High-Frequency Sonar - This class was created as a catchall for a few types of high-frequency
(>10 kHz) sonar observed in our data; the training examples included signals with peak frequencies at
14 kHz, 50 kHz, and 69 kHz (Figure 2.17c). The inter-pulse-interval histogram for this class is likely

multimodal due to the use of variable ping rates across different instances of the use of this sonar.
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Multi-Frequency Sonar - This class accounts for the presence of what may be multi-beam
sonar at some of our types; in the training examples for this class, multiple energy peaks are present
simultaneously (Figure 2.17d).

Snapping Shrimp - Snapping shrimp produce broadband impulses which look spectrally
similar to echolocation clicks ([84][110], Figure 2.17e). However, there is no coherent snapping rate,

and so the inter-pulse-interval histogram exhibits a right-skewed distribution.
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3 SPATIAL AND TEMPORAL SEPARATION OF TOOTHED WHALES IN THE WESTERN NORTH

ATLANTIC

3.1 ABSTRACT

A diverse group of odontocetes inhabits the pelagic habitats of the western North Atlantic, a
region characterized by the dynamic Gulf Stream western boundary current. As top predators targeting
mid-trophic level fish and squid, this co-occurrence would seem to give rise to competition for prey
resources. A variety of spatial, temporal, and behavioral separation strategies have been observed
among predator guilds in both marine and terrestrial systems, but little is known about the life histories
of many of these odontocete species and how they mitigate direct competition. Historically, visual
survey data has been relied upon to gain insights into the ecology of these species, but large ranges,
low densities, and at times cryptic surface behaviors have resulted in a paucity of sightings for most.
These data deficits have limited our ability to carry out fundamental research, such as establishing
baselines of distribution and abundance, much less addressing higher-level ecological questions about
interspecies interactions. More recently, passive acoustic data has been successfully exploited to
monitor pelagic species continuously, and with improved detection and species resolution in the case
of some cryptic species. Here we utilized a long-term passive acoustic data set collected at eleven shelf
break and slope monitoring sites spanning the region to quantify presence and characterize seasonal,
lunar, and diel activity patterns for ten odontocete species. Our results demonstrated strong regional
preferences, with most species exhibiting higher levels of presence north of the Gulf Stream front.
Additionally, we found clear patterns of spatiotemporal separation between species with similar
foraging ecology when they occurred in the same areas. The dolphin species exhibited much stronger
diel activity patterns than the deep diving beaked whales, sperm whales, and Kogia spp. We also
observed substantial variability in diel activity patterns, which were modulated both by the seasonal
cycle and lunar cycles, and sometimes also varied between sites. We situate these findings in the

context of the foraging ecology of each species. This is the first study characterizing year-round, day-
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and-night temporal activity patterns for many of these species in this region, and reveals new insights
into the complex behavior patterns arising in response to natural cycles playing out over three different

temporal scales (seasonal, lunar, diel).

3.2 INTRODUCTION

Marine predators in the pelagic environment are challenged to find prey that are often low-
density, patchy, and transient. They must maximize foraging efficiency while simultaneously
minimizing competitive interactions between species. For mobile species a variety of spatial,
temporal, and behavioral separation strategies, have been observed, such as differing diel activity
patterns, depth distributions, seasonal changes in site occupancy or habitat use, and prey specialization
[111-115]. These are generally thought to be means of reducing interspecies competition.

More than two dozen odontocete, or toothed whale, species inhabit the western North
Atlantic. All odontocetes are top predators and can be loosely divided into two groups based on their
diving and foraging ecology: shallow divers, such as small-bodied delphinids, feed primarily on epi-
and mesopelagic fish and squid in surface waters, while deep divers, such as beaked whales, Kogia
spp., and sperm whales are specialized for pursuit of meso-, bathy-, and benthopelagic prey. Species
within each of these groups target similar prey, increasing the potential for interspecific competition,
but the radiation and success of this large group argues for effective means of managing such
competition.

The western North Atlantic is characterized by the Gulf Stream current, which bisects the
region and acts as a frontal boundary between two different oceanic regimes, as well as a driver of
mixing between very different water masses [46]. South of Cape Hatteras, North Carolina, warm,
high-salinity, low-nutrient Gulf Stream waters originating in the Sargasso Sea dominate the water
column; to the north the primary water masses are all comparatively cool, fresh, and productive, with
Coastal Water and Slope Water in the upper layers on and off the shelf, respectively, and Labrador Sea

Water, including the deep western boundary current, at depth between the shelf break and the northern
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wall of the Gulf Stream [47-49]. The ecological communities present in these distinct regions differ
substantially [52,116,117].

In oceanic food webs the distribution and abundance of highly mobile top predators are
thought to be driven by prey availability [35,118-120]. The distribution and abundance of these prey
are driven by oceanic conditions operating on a range of temporal and spatial scales: diel vertical
migration in response to sunlight and moonlight [121,122]; mesoscale features which can input
nutrients, entrap and transport water parcels, and act as particle aggregators [123,124]; and seasonal
changes in primary and low trophic level productivity in response to differential nutrient and light
availability [125-127]. Optimal foraging theory posits that cetacean predators must balance the
energetic expenditures and oxygenic requirements of foraging behaviors (e.g. transit between widely
distributed food patches, dive depth and rate, prey pursuit/capture strategies) against the calories
gained, integrated over time, determined by metabolic rate, energy stores, and other factors [128,129].
Odontocetes have developed several behaviors and foraging strategies enabling them to exploit mid-
and upper-trophic level prey which are heterogeneously distributed over large spatiotemporal scales
(weeks-months, and 10s-1000s km), and which may form dense patches over much smaller
spatiotemporal scales (hours-days, and 10s-100s m) [130-133]. These strategies include biosonar,
social behaviors including cooperative feeding and associations with other top predators, and
temporally variable behaviors such as prey switching, seasonal movements, and diel and lunar
foraging cycles [11-19].

The distributions of odontocetes in the western North Atlantic have traditionally been
estimated by aggregating visual survey data over many years, revealing large-scale differences in
habitat preference [134-136]. This approach can provide high-level insights, but is confounded by
seasonally biased and spatially inconsistent visual survey effort, and is not sensitive to fine temporal-
scale changes in site occupancy or habitat use. Odontocetes are difficult to observe in the open ocean

due to their pelagic lifestyles and at times cryptic behavior, but as highly soniferous species they lend
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themselves well to acoustic studies. All odontocete species use biosonar for foraging, environmental
sensing, and sometimes communication, and these impulsive signals can readily be identified in
passive acoustic data [28,29,32,33]. The increasing popularity of marine passive acoustic monitoring
over the past decade has led to the accumulation of large passive acoustic data sets on the order of
hundreds of terabytes, with potential for novel insights into the acoustic ecology of many offshore and
cryptic species with limited visual observation records [87,137-141].

In this study, we examine one such data set, spanning three consecutive years (May 2016 -
April 2019) and collected at eleven (11) acoustic monitoring sites arranged across a latitudinal habitat
gradient in the western North Atlantic (Figure 1a), to characterize temporal patterns in acoustic
activity for ten (10) odontocete species at a variety of temporal scales. Included in this analysis were
Risso’s dolphins (Grampus griseus), identified by two different click types, short-beaked common
dolphins (Delphinus delphis), short-finned pilot whales (Globicephala macrorhynchus), Blainville’s
beaked whales (Mesoplodon densirostris), Sowerby’s beaked whales (Mesoplodon bidens), Gervais’
beaked whales (Mesoplodon europaeus), True’s beaked whales (Mesoplodon mirus), Cuvier’s beaked
whales (Ziphius cavirostris), sperm whales (Physeter macrocephalus), and Kogia spp. analyzed as a
genus-level group. The two Risso’s dolphin click types are denoted here as “Ggl” (canonical click
type described by [29]) and “Gg2” (novel click type UD36 attributed to Risso’s dolphins by [142]).
Time series of acoustic presence were derived for these species by [142] using a combination of
automated algorithms and expert analyst review.

In the present study, we modeled acoustic presence/absence of each species in 5-minute bins
relative to four temporal covariates: Julian day (JD), normalized time of day (NT), moon phase (MPh),
and study year (Yr); interaction terms between JD and NT, and between NT and MPh were included to
account for potential changes in diel patterns over the course of the seasonal and lunar cycles. Here we

report on interspecies, inter-site, and temporal differences in acoustic activity patterns, and discuss our
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findings in light of what is known of each species’ foraging ecology and the oceanographic conditions

across the study region.

3.3 METHODS
3.3.1 Acoustic Presence Data

For this study we used time series of labeled odontocete echolocation clicks from [142], which
were derived from a large passive acoustic data set collected through repeated mooring deployments at
eleven monitoring sites in the western North Atlantic over the course of three years. Clicks were
detected and classified to species using a machine learning workflow, and then classification error was
guantified by manual verification of a subset of the labeled data. The species included in this analysis
were: Risso’s dolphins (Grampus griseus), short-beaked common dolphins (Delphinus delphis), short-
finned pilot whales (Globicephala macrorhynchus), Blainville’s beaked whales (Mesoplodon
densirostris), Sowerby’s beaked whales (Mesoplodon bidens), Gervais’ beaked whales (Mesoplodon
europaeus), True’s beaked whales (Mesoplodon mirus), Cuvier’s beaked whales (Ziphius cavirostris),
sperm whales (Physeter macrocephalus), and Kogia spp. analyzed as a genus-level group. We also
included UD36, a click type identified by [142] and attributed to Risso’s dolphin; here the canonical
Risso’s dolphin click type established [29] will be denoted “Ggl”, and UD36 will be denoted “Gg2”.
We analyzed these two Risso0’s cues independently to characterize similarities or differences in
temporal occurrence. For each species/group we binned the time series of labeled clicks into 5-minute
time bins, then scaled the number of clicks per bin by recording effort as well as the classifier error
rates which had been calculated on a per-species per-deployment basis. Since some clicks were
isolated by the clustering algorithm, and therefore were unavailable to be labeled by the classifier, we
considered binomial presence/absence in each 5-minute bin to be a more reliable metric of species
presence than the actual number of clicks labeled to that species. To remove spurious presence bins

based on very few detections, we set a minimum number of clicks per bin threshold to be considered
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“presence”: >50 clicks per 5-minute bin for delphinid species, and >20 clicks per 5-minute bin for
beaked whales, sperm whales, and Kogia spp. These values were selected based on consideration of
the click-production rates and group sizes of these species, but are essentially arbitrary.
3.3.2 Temporal Covariates

To quantify the significance of apparent patterns in seasonal, lunar, and diel activity, we
modeled acoustic presence for each species as a response to Julian day, moon phase, and normalized
time of day using the statistical computing software R [143]. Moon phase data was calculated based
on location and date using the getMoonlllumination function in the R package suncalc [144]. Since
our sites span a wide latitudinal range, normalized time of day was used instead of hour of day to
account for differences in diel phase length between sites over the course of each year. Study year was
included as a factor to account for differences between years, though the small sample size at this
temporal scale (N=3) undermines statistical power, and therefore we did not attempt to characterize
interannual differences or trends.
3.3.3 Statistical Modeling

We selected the multivariate generalized additive model (GAM) framework [145], commonly
used in cetacean habitat modeling [136,146-151], to model a smooth function of acoustic presence
(binomial data with a logit link) as a linear combination of smooth functions of our temporal
covariates. The GAM approach is popular for its ability to accommodate non-normally distributed
response data, such as binomially-distributed presence/absence data or Poisson-distributed count data,
as well as its interpretability. However, one of the fundamental assumptions underlying GAMSs is
independence of observations, a condition which is often violated by temporal or spatial
autocorrelation in animal presence observations. Rather than reducing the temporal resolution of our
analysis, and thereby perhaps our ability to discern diel cycles, we chose to use generalized estimating
equations (GEEs) [152] to model the temporal autocorrelation structure directly from the data and use

that structure to provide more reliable standard error estimates, an approach that has been successfully
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used in a number of cetacean modeling studies [153-155]. The geeglm function of the geepack
package in R [156] was used. This approach requires a grouping variable indicating blocks within
which data is known to be correlated, and between which independence is assumed. To determine the
most appropriate block size for each species at each site we calculated the autocorrelation function of
our presence time series using the acf function in the base R package stats. A first-order autoregressive
(“ar1”) correlation structure was used for all models based upon inspection of the autocorrelation
function plots.

Julian day, moon phase, and normalized time of day were supplied to the models as cyclic
splines using the mSpline function in the R package splines2 [157], extending the GEEGLM
framework to a GEEGAM. Cyclicity was desired to coerce continuity between, e.g., December and
January. To determine the optimal number of knots to use in the splines we fit simple univariate
models with a range of knot values, from 4 (minimum required for a cyclic variable in mSpline) to 8,
and compared the quasilikelihood information criterion (QIC). The QIC is an analog of the Akaike
information criterion (AIC) which is more suitable for GEEs, which use quasilikelihood rather than
maximum likelihood [158]. We found that for all three smooth covariates, splines with 5 knots had the
lower QIC values for the majority of our models, indicating the most favorable tradeoff between
model fit and complexity. We also noted that Julian day splines with just 4 knots didn’t allow enough
flexibility to capture the bimodality in presence which we observed in some of our histograms of
presence versus Julian day. Rather, such inflexible splines would overly smooth the two peaks,
resulting in an estimated single peak in presence right at the time of an actual trough presence.
Therefore we chose to use 5 knots for all three smooth terms in all models, both for consistency and to
allow sufficient flexibility.

An interaction term was included between Julian day and normalized time of day to account
for the possibility of changes in diel patterns over the course of the seasonal cycle. We believed this

interaction to have ecological relevance given the variable availability of prey species throughout the
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year and the likely necessity for plasticity in foraging behavior. An interaction term between
normalized time of day and moon phase was also included. Lunar cycles have been shown to be
significant for some odontocete species [16,159,160], though it is uncertain whether these patterns are
driven by the magnitude of lunar illumination and its impact on the depth distribution of diel vertically
migrating prey [121,161,162], or if the patterns are the result of endogenous circadian rhythms. If
lunar cycles are driven by lunar illuminance we might expect to see the most pronounced impact on
cetacean activity at night, as lunar illuminance during the day is negligible compared to solar
illuminance. By including this interaction we were able to consider lunar cycles exhibited during the
nighttime independent of any patterns present during the daytime.

Full models with all four temporal predictors, plus two interactions, were initially run for all
species at all sites meeting a minimum presence criterion of 2100 presence bins across the entire study
period (Table 3.1). For each model, marginal significance of each term was calculated by fitting
repeated ANOVAs with each model term in the last position; non-significant terms were removed and
models re-run in a stepwise fashion until only significant terms remained in each model (Table 3.2). If
one or both terms contributing to an interaction were not significant on their own, but the interaction
was significant, both contributing terms were retained. At HAT, the deployment location shifted
northward by about 33 km after the first study year. This shift moved our device mostly out of the
direct flow of the Gulf Stream, resulting in quite obvious changes in species presence between the first
study year and the second two. We therefore judged that the deployments spanning this move could
not be considered contiguous or representative of the same habitat. Data from the first study year at
HAT were not utilized; models were only constructed at HAT for those species which exhibited
sufficient presence in the second and third study years. Kogia spp. were also not modeled at any of the
northern sites because the sampling frequency of 200 kHz limited the acoustic analysis of Cohen et al.
[142] to a Nyquist frequency of 100 kHz, making Kogia spp. identifiable only by click spectra with

highest amplitudes above 90 kHz, resulting from aliased energy [163]. Since the full click spectra
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could not be resolved, we had no way of differentiating apparent Kogia spp. clicks from similarly
narrow-bandwidth high-frequency harbor porpoise (Phocoena phocoena) clicks in the northern region
where these species co-occur along the shelf break [164].

To assess model fit we examined binned residual plots, which compare the actual vs. model
predicted probability of presence for blocks of observations [165]. Inspection of the binned residual
plots showed that model performance was highly variable, with the quality of fit tightly correlated
with the level of presence the model was fitted to; models based on fewer than about a thousand
presence bins generally performed quite poorly. As these models contained simple explanatory
variables capturing only temporal cycles, we did not expect them to account for all of the variability in
animal presence, but good model fit is required to have confidence in the patterns estimated by the
model. Therefore we chose to set a minimum threshold of >60% of binned residuals within the 95%
confidence intervals and discard models which did not meet this criterion in order to avoid drawing
spurious conclusions from ill-fitting models. About two thirds of our models (57/82) satisfied this
criterion and were retained, while the remaining third (26) were considered too unreliable to interpret.
Of the models retained, about half (29/57) had >80% of binned residuals within the 95% confidence
interval. Partial residual plots of the smooth functions of significant terms were also compared to
histograms of presence binned across observed values of our covariates to verify that the patterns
estimated by the models were reflective of the underlying data.

Study year was significant in 50/57 of the retained models (Table 3.2), but as our data only
represented an N of 3 at this temporal scale we cannot make any robust estimates of interannual

trends.

3.4 RESULTS
Using echolocation clicking as a proxy for animal presence, ten species of odontocetes were

examined at eleven sites distributed along the shelf break of the Western North Atlantic (Figure 3.1).
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Acoustic recording effort was almost continuous at each site, except for brief gaps between
deployments; larger gaps resulted when devices failed at Heezen Canyon (HZ) and Jacksonville (JAX)
(Table 2.1). Species presence varied across sites by three orders of magnitude (Table 3.1). Distinct
patterns of spatial distribution and activity were observed as detailed below.

3.4.1 Regional Differentiation

The acoustic presence of all species exhibited clear preferences either for or against Gulf
Stream waters (Figure 3.2). Most species had higher levels of presence in the north; only Blainville’s
and Gervais’ beaked whales and Kogia spp. primarily occupied the southern stations, which are
characterized by the strong influence of the Gulf Stream.

Within the northern and southern regions, the beaked whales also exhibited distinctly different
patterns of primary site occupancy: In the south, Blainville’s beaked whales were present almost
exclusively at the southernmost site, Blake Spur (BS), while Gervais’ beaked whales were present at
all sites south of Cape Hatteras (HAT), with a marked peak at the Gulf Stream site (GS) and lower
presence at BS. In the north Cuvier’s, Sowerby’s, and True’s beaked whales occupied many of the
same sites, but their sites of primary occupancy were non-overlapping. Cuvier’s beaked whales were
most abundant at HAT, with presence one or two orders of magnitude lower in the north. Sowerby’s
beaked whales exhibited two preferred loci of presence, one at Heezen Canyon (HZ) and another at
Wilmington Canyon (WC). Detections of True’s beaked whales were strongest at Nantucket Canyon
(NC), where both Cuvier’s and Sowerby’s were conspicuously absent despite occupying neighboring
sites.

The three dolphin species all had higher levels of presence at the northern sites, but their
distribution patterns were dissimilar. Common dolphins were consistently present across the study
area, with a bias towards the northern region. Risso’s dolphins exhibited a stronger preference for
northern sites, shown by negligible presence of both click types in the south, except at Jacksonville

(JAX). Short finned pilot whales had their strongest occurrence at HAT and Norfolk Canyon (NFC),
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with lower presence at the more northerly sites and at JAX, and negligible occupation of Blake
Plateau (BP) and BS. Sperm whales exhibited a similar regional distribution to common dolphins, with
presence at all sites but a bias towards the northern sites. Kogia spp. exhibited low levels of presence
at all sites south of HAT, and negligible presence in the north.
3.4.2 Seasonal Fluctuations in Presence are Apparent Across Species

The seasonal cycle, represented by Julian day (JD), was highly significant (p < 0.001) in
almost all of the retained models (Table 3.2). Most JD patterns were unimodal, with a peak in presence
during one particular season; season of peak presence varied across species (Figure 3.2). However, in

some cases bimodal patterns with two distinct seasonal peaks in presence occurred (e.g. Figure 3.2b).

The JD patterns for common dolphins were consistent across most sites, with presence
peaking in the spring between BS and NC, though the peaks fell later in the summer at OC and HZ in
the north, and at JAX in the south (Figure 3.3). This was similar to the Risso’s dolphin seasonal
patterns at the sites where both species occurred. Common dolphins did not appear to meaningfully

occupy any of the sites during the fall.

The two Risso’s dolphin click types present in the dataset showed similar seasonal patterns per
site across sites north of HAT (Figure 3.3): in spring they were found in the mid-Atlantic Bight,
whereas in fall they were more present at the northernmost sites, such as Heezen Canyon. A clear
boundary occurred between NC and Oceanographer’s Canyon (OC), with spring presence below and
fall presence above. The Ggl click type exhibited a spring/fall bimodality at both NFC and NC, which
was indistinct or absent for Gg2. Presence of both Risso’s click types was quite low from HAT
southward and was not possible to model, except for Ggl at the JAX site. Risso’s dolphins were
absent from all sites in the winter.

Short finned pilot whales were most abundant at HAT, where they exhibited peak presence in

the winter (Figure 3.2). At the northern sites, short-finned pilot whales exhibited peak presence in fall

75



and early winter from NFC to Babylon Canyon (BC), and bimodal spring/fall peaks at NC giving way
to a winter peak at HZ; this pattern was dissimilar from the seasonal presence of the other delphinid
species at the same sites (Figure 3.3). An apparent incongruity at these northern sites, the spring peak
in short-finned pilot whale presence at OC, was actually the continuation of elevated presence
beginning in the fall and continuing through winter and into the spring; wider confidence intervals for
this estimated seasonal pattern show that spring and fall peaks may not be truly different. We observed
that Risso’s dolphins and short-finned pilot whales had staggered seasonal peaks at sites where their

ranges overlap, and did not generally occupy a given site at the same time.

A clear temporal separation was seen for the southern beaked whale species at BS, where
Blainville’s beaked whale presence peaked in the late winter, while Gervais’ beaked whale presence
peaked in the fall (Figure 3.4). Cuvier’s and Sowerby’s beaked whales both occupied the sites from
NFC to HZ (Table 3.1, Figure 3.2), but available seasonal patterns suggested that they were
temporally non-overlapping at these sites (Figure 3.4). At BC and WC Sowerby’s beaked whale
presence peaked in the fall and summer, respectively, while Cuvier’s beaked whales peaked in the
spring and late winter, respectively. At HZ Sowerby’s and Cuvier’s beaked whales peaked in early
spring and winter, respectively, which suggests some co-occurrence. At NC, their site of primary
occupancy, True’s beaked whales exhibited summer and winter peaks in presence. Most beaked whale
species exhibited a winter peak in presence at their sites of highest occupancy, regardless of whether

those sites were in the south or north (Figures 3.2 & 3.4).

Peak presence of sperm whales occurred during the spring and summer at most sites (Figure
3.4). At HZ and OC bimodality was apparent, with a higher peak in the spring and a lower peak in the
fall. GS was the only site where sperm whale presence peaked in the winter. While the JD smooth for
Kogia spp. at BS suggested a summer peak in presence, the confidence intervals were wide.

Examination of the raw data showed that the summer peak in presence was inconsistent: it was
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particularly pronounced during July of the first study year, was lower amplitude and shifted earlier to
June in the second study year, and no clear summer peak was discernible in the third study year. The
strong pattern in the first year may be driving the significant p-value for JD in this model, while the

interannual variability likely underlies the parameter estimate variability.

3.4.3 Lunar Cycles Were Most Impactful for Delphinids

Moon phase (MPh) was significant in most of the models, and often interacted significantly
with normalized time of day (NT); most of the instances of non-significance were in models for deep
divers (Table 3.2). The interaction between MPh and NT was included to enable consideration of the
lunar patterns exhibited at night, when we would expect the influence of lunar illumination to be most
pertinent, versus in the daytime. Despite being a significant interaction in many cases, the lunar
patterns did not always appear different between daytime and nighttime. This may indicate that the
interaction was one way (moon phase influenced diel pattern, but diel phase didn’t influence lunar
pattern).

The most coherent lunar patterns were seen for the dolphin species (Figure 3.5). Common
dolphins exhibited a preference against the full moon at night at most of the sites; daytime lunar
preferences were more variable. Short-finned pilot whales, on the other hand, exhibited a consistent
preference for the full moon at night, and against the full moon during the day. Neither of the Risso’s
dolphin click types exhibited lunar patterns which were consistent across sites, or in keeping with the

light preferences suggested by their diel cycles (discussed below).

Among the beaked whales there was some preference for the waxing moon, though this
pattern was not consistent either across or within species (see Appendix). A lower proportion of the
beaked whale models indicated an interaction between MPh and NT than was seen for the dolphin
models (45% compared to 87%) and in four of five such models the confidence intervals were wide

and overlapping, indicating that parameter estimates contained a lot of variability. Differences
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between the daytime and nighttime lunar patterns in these cases may not be reliable or ecologically
meaningful. Sperm whales exhibited variable lunar patterns across the sites for which the term was
significant, but a preference for the full moon at night could be seen (see Appendix). The pattern for
Kogia spp. had wide confidence intervals, similar to the JD and NT patterns for this group (see
Appendix).
3.4.4  Diel Patterns Change Across the Seasonal and Lunar Cycles

Normalized time of day (NT) was significant in all retained models, and usually interacted
significantly with JD and/or moon phase (MPh) (Table 3.2). The interaction between NT and JD
revealed substantial changes in diel patterns throughout the year for some species. Diel patterns did
not vary as much across the lunar cycle, suggesting the lunar influence is less important in driving
odontocete diel activity patterns than the seasonal influence. However, when there was modulation of
the diel pattern across the lunar cycle, variability in activity was almost exclusively confined to
nighttime hours. This supports the hypothesis that the impact of the lunar cycle on odontocetes is a
function of lunar illumination, which is only relevant at night. We focus here primarily on diel patterns

exhibited by each species during their periods of peak presence at a given site.

Figure 3.6 provides a summary of the partitioning of presence between diel phases for each
species at each site during the 90-day period centered on their seasonal peak in presence; this
partitioning was calculated based on the raw presence data, not model output. A selection of
illustrative partial smooth plots from the temporal models, showing diel patterns at different points in
the seasonal and lunar cycles, is shown below; the remaining partial smooth plots can be seen in the

Appendix.

Common dolphin diel patterns showed a preference for dark conditions, with highest levels of
acoustic activity at night; occasionally a slight preference for dusk or dawn was visible (Figure 3.7).

Differences in diel patterns at different points in the lunar cycle were mostly trivial (e.g. Figure 3.7a),
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but were more pronounced at HAT and JAX: in spring at HAT a crepuscular pattern of dawn and dusk
preference was apparent during new, waxing, and full moons, but during the waning moon a simple
nocturnal pattern was estimated (Figure3.7b). A similar modulation was seen at JAX in summer,
though less pronounced. At sites where the NT:MPh interaction was significant, highest levels of
nighttime activity were generally during new and/or waxing moons, though in many cases, the
differences in diel patterns across the lunar cycle appeared negligible.

During their seasons of peak presence, Risso’s dolphins exhibited varying diel patterns across
sites; within sites, diel patterns changed across the seasonal cycle (e.g. Figure 3.8a). Considering only
diel patterns exhibited during seasons of peak presence, Ggl showed a nocturnal pattern at the
northernmost sites, HZ and OC; a crepuscular pattern at the mid-Atlantic Bight sites NC, BC (Figure
3.8a), and, less so, WC; and a nocturnal pattern in the south at JAX. Gg2 had distinctly different diel
patterns during the same seasons at the same sites: crepuscular with some nocturnal activity at the
northernmost sites, HZ and OC; diurnal at NC, BC (Figure 3.8b), and WC. Both the Risso’s dolphin
click types exhibited some variability in diel pattern which was modulated by the lunar cycle, though
at most sites the overall shape of the diel pattern was conserved across the lunar cycle. A notable
exception occurred during the Gg2 spring presence peak at NFC, when the pattern was most strongly
diurnal during the waning moon, with little diel preference and wide and overlapping confidence

intervals predicted at other points in the lunar cycle (Figure 3.8c).

Short-finned pilot whales exhibited a preference for well-illuminated conditions with
generally diurnal echolocation behavior across seasons at HAT and NFC, their sites of peak presence
(Figure 3.6). At the northern sites, pilot whales exhibited crepuscular behavior during their seasons of
peak presence, often with a dawn preference. Nighttime activity levels from HAT to NC were highest
during periods of lunar illumination, e.g. at HAT in the spring nighttime activity during the full moon
rivaled daytime activity (Figure 3.9). At OC and HZ this pattern changed, with highest levels of

nighttime activity around the waning and waxing moons in all seasons.
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Diel patterns for the beaked whales in their seasons of peak presence were often quite flat, or
had wide and overlapping confidence intervals when looking across points in the lunar and seasonal
cycles (see Appendix). Anti-crepuscular patterns were sometimes present, with dips in activity at
sunrise and sunset. Sowerby’s beaked whales were anticrepuscular at HZ across the lunar cycle, and
had some nocturnal preference at WC and at BC in the summer. Gervais’ beaked whale exhibited a
very slight dip in activity around sunset at BP in the fall, and a nocturnal preference at BP in the
summer and BS in the spring. The True’s model at NFC showed an anti-crepuscular pattern. Cuvier’s
exhibited diurnal preference during the summer peak in presence at HAT, with higher nighttime
activity around the full moon; in the winter the pattern was more evenly split between daytime and
nighttime, except around the waning moon, when diurnal activity dominated.

The diel pattern for Kogia spp. suggested an anti-dusk preference, but as with the other smooth
terms for this species, confidence intervals were wide and the true pattern may not be different from a
flat line. Sperm whales were the only deep divers to exhibit convincing diel patterns across sites, but
these patterns were highly variable between sites and seasons and included diurnal, nocturnal, dawn
preference, dusk avoidance, and dawn avoidance patterns. At HAT and BS sperm whale nighttime

activity was always highest around the full moon.

3.5 DISCUSSION

The long-duration, continuously-sampled data utilized here allowed us to analyze toothed
whale presence at a range of temporal scales - yearly, lunar monthly, and daily. Use of this large
acoustic data set provided novel insights into temporal patterns in acoustic activity throughout the
entire seasonal, lunar, and diel cycles, and as such can address some of the knowledge gaps associated
with visual survey data which is largely focused on summer months for this region. Most of the
species in this analysis were present primarily from HAT northwards; only 3 of the 10 species

analyzed (Blainville’s and Gervais’ beaked whales, and Kogia spp.) mainly occupied the southern
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sites. The acoustic monitoring sites used here are point sampling locations with limited monitoring
volumes, so species which were apparently absent from one of our sites may indeed be present at that
latitude, either further inshore or offshore, and simply not captured by our sampling design. But within
each instrument’s recording radius, the ubiquitous use of echolocation for foraging, environmental
sensing, and communication makes it a good proxy for detecting odontocete species occurrence. [142]
showed good alignment between the distributions of visually-detected and acoustically detected
animals for species which are amenable to visual surveys, while acoustic methods have been shown to
detect higher levels of presence of cryptic species than visual surveys [166]. The regional differences
in species distributions shown here are also consistent with previous findings that dolphin species
exhibit preferences for particular temperature and salinity ranges [136,167-170].
3.5.1 Temporal patterns vary between species, sites, and through time

We found substantial interspecific variability, as well as intraspecific regional variation, in
seasonal, lunar, and diel patterns in odontocete acoustic activity. Such patterns in odontocete presence
and acoustic activity are generally thought to be driven largely by the availability of prey species,
which is dictated by oceanographic conditions[121-127]. This assumption is particularly relevant to
this analysis since echolocation clicks were used as the indication of presence, and biosonar is known
to be the primary mode of sensing prey for all odontocete species. Indeed, some of the patterns
observed here seem to be well-aligned with current knowledge of foraging ecology for these species.
Echolocation may also be utilized for communicatory purposes [22—-25], but manual review of the raw
data showed that the overwhelming majority of clicks detected on our devices were regular
echolocation trains believed to be used primarily in foraging, although they may also be used for
environmental sensing and orientation. Interspecies differences in site occupancy or activity patterns
may be a means of minimizing competitive interactions [111,113-115]. Intraspecies variability in
lunar and diel preferences may be a response to seasonally and/or regionally variable prey behavior

and density, and may also be an indication of prey switching.
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3.5.2 Beaked whales and deep-diving delphinids are spatially and temporally separated.

Each beaked whale species exhibited a specific locus of highest presence, distinct from the
other species. Apparent spatial overlap between Cuvier’s and Sowerby’s beaked whales was mitigated
by temporal separation at WC, BC, and HZ. A similar separation was noted between the two deep
diving dolphin species, Risso’s dolphins and short-finned pilot whales: from NFC northwards, the
seasonal peaks in short-finned pilot whale presence fell generally during the seasonal dips in Risso’s
dolphin presence (also during the seasonal absence of short-beaked common dolphins at most of these
sites). The non-overlapping pattern of beaked whale site occupancy, achieved through both spatial and
temporal separation between species, is consistent with what has been previously reported from this
region and others [171-174], though few works have identified habitat partitioning among dolphin
species [175].

Risso’s dolphins, pilot whales, and beaked whales are all primarily teuthophagus, with the
dolphins foraging on mesopelagic species [176-185] and the beaked whales targeting meso-, bathy-,
and benthopelagic species [36,186-188]. This spatiotemporal separation of site occupancy may be a
means of minimizing direct competition for similar prey through behavioral differentiation
[111,115,189-192], and may also reveal subtle differences in realized niche between species with
highly overlapping fundamental niches. Consideration of biotic and abiotic oceanographic conditions
experienced at each of these sites through time may shed some light on the prey species and/or life
stages of prey likely available, and the drivers of habitat selection for these odontocete species.

3.5.3 Possible evidence of seasonal north-south and onshore-offshore movements.

The latitudinal shifts in seasonal peak presence for both Risso’s click types suggest seasonal
migrations between the central and northern sites; the seasonal bimodality at NC may arise from the
movement of animals through this site on their way to and from their spring and fall habitats. For
short-finned pilot whales we can similarly speculate about seasonal movements between north-central

spring grounds (NFC, WC, BC) and either central (HAT, GS) or northern (OC, HZ) winter grounds.
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As noted in [142], the click type identified as short-finned pilot whales exhibits an upwards frequency
shift at HZ; this could potentially be indicative of acoustic differentiation between distinct populations,
which may overlap at the mid-Atlantic bight sites. Common dolphins, on the other hand, exhibited a
highly consistent seasonal pattern across almost all of the sites. The low predicted presence of both
Risso’s and common dolphins at all of our sites in the winter and fall, respectively, begs the question
of what constitutes their cool weather habitat in this region. One explanation for the absence of these
species at all of our sites during a portion of the year could be onshore-offshore movements which
take them out of the sensing range of our shelf break-situated instruments. Zonal movements have
been previously observed for dolphins on both seasonal and diel cycles [193-195]. A study
incorporating sensors deployed along an onshore-offshore gradient could help address this knowledge
gap.

3.5.4 Lunar and diel cycles differentially impact species according to their diving/foraging
ecology.

Variability in lunar and diel cycles was observed across sites and seasons for many of the
species, with consistent and ecologically coherent patterns only apparent for the dolphin species.
Based on these findings it does not appear practical to average such patterns across sites to come up
with a behavioral “rule”. Rather, consideration of differences in prey fields and oceanographic
conditions across our sites may provide more meaningful insights into the drivers of this apparent
behavioral plasticity. Diel and lunar cycles in odontocete behavior are generally thought to be driven
by light-mediated changes in prey depth distributions [121,122] and the energetic costs of, or
physiological limitations on, foraging in different depth layers. Such variability in diel and lunar
activity patterns may indicate adaptability to fine-scale temporal and spatial differences in prey fields.
For example, [196] and [197] both reported such sub-daily and daily scale foraging responsiveness of
short-finned pilot whales to changes in the micronekton scattering layers which constitute prey for the

whale’s own forage species.
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Our findings of primarily nocturnal and crepuscular activity for Risso’s dolphin click type
Gol are consistent with current understanding of this species’ foraging ecology, while the diurnal
occurrence of the Gg2 click type was surprising. Risso’s dolphins represent something of an
intermediate between common dolphins and pilot whales in terms of foraging ecology. Risso’s forage
in the upper 200 m during the night, but are also known to undertake deep foraging dives during the
daytime and around dusk to access prey below 400 m and meet scattering layers on their ascent [198—
201]. They prey almost exclusively on cephalopods [176,178,179,181,182]. We speculate that Ggl
may be primarily associated with nighttime foraging at epigelagic depths, while Gg2 may correspond
to different foraging strategies or behavioral states. Another possible explanation is that the two click
types correspond to distinct Risso’s populations with different foraging strategies, as suggested
previously for the two distinct Pacific white-sided dolphin click types [202], but this seems less likely
given the spatial and seasonal co-occurrence of the two Risso’s click types.

The deep divers considered here exhibited a variety of lunar and diel patterns in acoustic
activity, but no well-defined or consistent light/dark preferences were apparent either across species or
within species for those modeled at multiple sites. Some diel and lunar patterns have been previously
reported for some of these species: sperm whale have been reported to exhibit deeper and faster
daytime swimming [203] and also to have a higher nocturnal acoustic detection rate [155]; [204]
observed no differences in daytime versus nighttime foraging for Blainville’s or Cuvier’s based on tag
data, while [159] reported a full moon preference for Blainville’s, and [186] reported nocturnal
foraging of Cuvier’s. Diel vertical migration (DVM) is known to occur even at depths where no light
penetrates [162,205,206], so it is likely that the deep-dwelling, mid-trophic level organisms targeted
by these mammals undertake some sort of regular vertical displacements in pursuit of their own prey
species. These odontocete species are, however, highly specialized for extended dives to great depths
and it might simply be the case that their extreme diving abilities enable them to access high-quality

prey items irrespective of vertical prey displacements on the scale of a few hundred meters.
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3.5.,5 Lunar illumination modulates dolphin diel activity patterns

For short-finned pilot whales and common dolphins, observed lunar preferences were
complementary to their respective diel patterns in terms of apparent light preferences, and well-aligned
with each species’ foraging ecology. This suggests that illumination, as opposed to an endogenous
circadian rhythm, drives these observed lunar activity cycles. Short-beaked common dolphins
exhibited highly consistent nocturnal activity patterns across sites and seasons and preferred darker
nighttime conditions, with reduced nighttime acoustic activity around the full moon; daytime lunar
patterns were variable between sites. Extremely limited work suggests that this species is a shallow
diver, capable of attaining maximum depths of about 260 m [207]. Offshore populations of short-
beaked common dolphins are known to forage mainly on mesopelagic fish and, to a much lesser
extent, squid [169,208], and primarily forage at night [209]. Presumably these dolphins can only
access such deep-dwelling prey species when they undergo nocturnal diel migration into the epipelagic
zone, a behavior which is suppressed by intense lunar illumination around the full moon [16,122]. The
common dolphin diel and lunar patterns evident in this analysis are in keeping with nocturnal foraging
on diel vertical migrators when they are most abundant in the surface waters.

Short-finned pilot whales, on the other hand, are known to be deep-divers capable of accessing
prey at depths >1000 m [210,211]; time spent at depth is generally presumed to be engaged in
foraging, when other methods of determining behavioral state are not available. [210] reported a
combination of daytime and nighttime foraging behavior: fewer but deeper dives during the day, often
with sprints and echolocation buzzes thought to be associated with prey pursuit and capture attempts,
as well as shallower dives with a higher rate of buzzes at night. [212] also reported deepest dives
during the day, with a higher rate of diving, but to somewhat shallower depths (300-500 m), at night.
Some papers tracking stranded and released animals have reported longer and deeper dives and a
higher proportion of time spent below 50 m at night [213,214], but given that these animals were

recently stranded they may not be reliable indicators of normal behavior. [160] reported that during the
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full moon, nighttime deep dives of short-finned pilot whales were deeper and longer, though there was
a reduction in the proportion of nighttime dives, while there were no changes in mean depth or
duration of daytime deep dives.

At HAT, our site with the most acoustic presence of short-finned pilot whales, we observed a
primarily diurnal pattern in acoustic activity, and an increase in nighttime acoustic activity around the
full moon, with no meaningful changes in daytime acoustic activity over the course of the lunar cycle.
This bias towards diurnal and nighttime full moon acoustic activity does not align with either the
primarily nocturnal, or the nocturnal-with-occasional-daytime foraging, patterns previously reported.
At the northern sites short-finned pilot whales were primarily crepuscular. This may indicate that pilot
whales at HAT are targeting different prey than at the northern sites, which would not be surprising
given the oceanographic differences between HAT and the northern sites, particularly in terms of
vicinity to and influence of the Gulf Stream. Observations for both short-beaked common dolphins
and short-finned pilot whales suggest that their lunar cycles are driven by the influence of lunar
illumination on the depth distribution of prey species, as opposed to endogenous circadian rhythms
within the odontocete species themselves.

Previous work has demonstrated the importance of lunar influences on Risso’s dolphin
foraging in southern California, with reduced acoustic activity around the full moon, and more
nighttime echolocation prior to moonrise than while the moon was present in the night sky or after
moonset [198]. In this analysis, Risso’s dolphin lunar patterns were highly variable across sites, and
between the two click types analyzed. This may suggest ocean basin differences in Risso’s
populations, optimization of foraging strategies based on site-varying prey fields in our region, or
both. It may also suggest that Risso’s lunar patterns are externally forced, similar to what we observed
here for short-beaked common dolphins and short-finned pilot whales, as endogenous circadian cycles

would not be expected to vary by site for a species believed to traverse the entire region.
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3.6 CONCLUSION

The data presented here demonstrate spatial and temporal separation of potentially competitive
odontocete species in the western North Atlantic. We found that among the dolphins, seasonal, diel,
and lunar patterns in acoustic activity largely broke down along the lines of foraging ecology, with
shallow-diving common dolphins exhibiting quite different patterns than deep-diving pilot whales, and
intermediate-diving Risso’s dolphins showing some similarities to each. Beaked whales exhibited
distinctly non-overlapping site occupancy, achieved through both spatial and temporal separation of
peak presence, while Risso’s dolphins and short-finned pilot whales were temporally non-overlapping
at the northern sites. For sperm whales and beaked whales, lunar and diel patterns were highly variable
between sites, and for beaked whales often appeared ecologically inconsequential in light of wide and
overlapping confidence intervals. Kogia spp. in our analysis did not exhibit strong temporal patterns at
any of the scales analyzed. Altogether, at scales finer than seasonal, the extreme deep divers (beaked
whales, sperm whales, Kogia spp.) seemed less affected by external temporal covariates, possibly as a
result of specialized foraging in the much less dynamic deep-sea environment. The variable temporal
activity patterns presented here may illustrate behavioral approaches to minimizing direct prey
competition among closely related species, and provide new insights into the habitat use, behavioral

plasticity, and foraging patterns of odontocete species.
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3.7 FIGURES

Table 3.1: HARP sites and species presence. Effort across the 3-year study period is given as cumulative days of
acoustic data at each monitoring site; presence of each species is given as a percent of effort with presence.
Species are: Dd: short-beaked common dolphin; Ggl and Gg2: Risso’s dolphin click types; Gm: short-finned
pilot whales; Md: Blainville’s beaked whale; Me: Gervais’ beaked whale; Zc: Cuvier’s beaked whale; Mb:
Sowerby’s beaked whale; Mm: True’s beaked whale; Kg: Kogia spp.; Pm: sperm whale.

Site Lat Depth | Effort Percent Species Presence

Lon | (m) | (days) | 1y | Gg1 | Gg2 | Gm | Md | Me | Zc | Mb | Mm | Kg | Pm

Heezen Canyon 41.06N 890 926.2 | 167 39 | 0.7 | 14| O 0 1.7 1 01| 0 | 143
(Hz) 66.35W

Oceanographer’s | 40.23N 450/ 990.3 16 5 05|04 ] 0 0 02 02|02 | 0 |132
Canyon (OC) 67.98W | 880

Nantucket 39.83N 900 | 10414 | 164 | 82 | 23 |06 | O 0 |01 01|04 0 |189
Canyon (NC) 69.98W

Babylon Canyon | 39.19N | 1000 | 10754 [206| 6 | 25 | 15| 0 | 0 | 04 |04 | 02 |01] 12
(BC) 72.23W

Wilmington 38.37N | 1040 | 1094.8 | 247 | 43 | 1.4 | 31| O 0 | 15(11]02 | 0 9
Canyon (WC) 73.3TW

Norfolk Canyon | 37.16N | 1110 | 10938 | 26 | 1.4 [ 09 | 67| 0 | 0 | 03 | 02| 03 | 0 | 99
(NFC) 74.47TW

Hatteras (HAT) 35.30N | 1210 | 10018 | 21 | 04 | 0.1 8 0 1 (13301 O 0 |124
74.88W
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Table 3.1 Continued: HARP sites and species presence. Effort across the 3-year study period is given as cumulative days
of acoustic data at each monitoring site; presence of each species is given as a percent of effort with presence. Grey

shading indicates presence was too low for patterns to be effectively modeled. Species are: Dd: short-beaked common
dolphin; Ggl and Gg2: Risso’s dolphin click types; Gm: short-finned pilot whales; Md: Blainville’s beaked whale; Me:

Gervais’ beaked whale; Zc: Cuvier’s beaked whale; Mb: Sowerby’s beaked whale; Mm: True’s beaked whale; Kg: Kogia
spp.; Pm: sperm whale.

Percent Species Presence

Site Lat Depth Effort
Lon (m) (days)
Dd | Ggl | Gg2 | Gm | Md | Me | Zc | Mb | Mm | Kg | Pm
Gulf Stream 33.67N 930 10923 | 13| 04 | 01 (08| O (78| O 0 0 03| 3
(GS) 76.00W
Blake Plateau | 32.11N 950 10947 | 21| 01 0 01| 0 (46| O 0 0 02 | 05
(BP) 77.09W
Blake Spur 30.58N 1050 1090.2 | 24 | 0.1 0 01|28 |08|01| O 0 04 | 1.7
(BS) 77.39W
Jacksonville 30.28N 750 853.7 4 18 | 01 | 09 | O 0 0 0 0 02 |11
(JAX) 80.22wW
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Figure 3.1: Study region in the North Atlantic with the influence of the Gulf Stream current shown by sea
surface temperature. Acoustic monitoring sites displayed by red circles and site name abbreviations; full site

names given in Table 3.1.
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Figure 3.2: Site occupancy and seasonal peak presence by species and site. Bar length gives presence bins per
thousand effort bins. Color shows the Julian day value of peak presence in models for which Julian day was
significant; gray fill indicates that Julian day was not significant; stripes indicate no model due to insufficient
presence or poor model performance. Site and species abbreviations as in Table 3.1.
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Table 3.2: Term significance for each model by species and site; abbreviations as in Table 3.1. Terms are: Yr —

study year; JD — Julian day; MPh — moon phase; NT — normalized time of day. *** = p<0.001; ** = p<0.01; * =
p<0.05, NS = not significant; ‘- denotes models with poor fit; blank cells indicate modeling was not undertaken
due to low presence.

Dd Gm
Yr JD MPh NT | NT:JD [NT:MPh] Yr JD MPh NT | NT:JD [NT:MPh
HZ *kk *kk *% *k%k *k%k * *kk *kk N S *k%k *kk *kk
OC *kk *kk *kk *k%k *k%k *k%k *kk *kk *kk *k%k *kk *kk
NC *kk *kk *kk *k%k *k%k *k%k *kk *kk *% *k%k *kk *kk
BC *kk *kk *k% *k%k *k%k *% *k%k *k%k * *%k%k *k%k *k%k
WC *k%k *k%k *k%k *k%k *k%k *k%k *k%k *k%k *%k%k *%k%k *k%k *k%k
N FC *kk *kk *% N S *k%k *k%k *kk *kk N S *k%k *kk *kk
HAT *kk *kk *kk *k%k *k%k *k%k *kk *kk *k%k *k%k *kk *kk
GS *kk *kk * N S * N S *kk *kk *k%k *k%k *kk *kk
B P *kk *kk *k%k *k%k *k%k N S - - - - - -
B S KKk KKk *% KKk KKk KKk - - _ _ _ _
JAX *kk *kk NS *kk *kk *kk - - _ _ _ _
Ggl Md
Yr JD MPh NT | NT:JD [NT:MPh] Yr JD MPh NT | NT:JD [NT:MPh
HZ *kk *k%k *k%k *k%k *kk N S
OC *kk *kk N S *kk *kk N S
NC *kk *kk *kk *kk *kk *kk
BC *kk *kk *k%k N S *k%k *%
WC *k%k *k%k *k%k *k%k *kk *k%k
N FC *kk *kk N S *k%k *k%k *k%k
HAT - - - - - -
GS - - - - - - - - - - - -
BP - - - - - - - - - - - -
B S - _ _ _ - _ KKk KKk *kk *kk *% N S
J AX *kk *kk N S *k%k *% *k%k
Gg2 Me
Yr JD MPh NT | NT:JD [NT:MPh] Yr JD MPh NT | NT:JD [NT:MPh
HZ *kk *k%k N S *k%k *k%k *%
OC *kk *kk * *k%k *k%k *k%k
NC *kk *kk *kk *kk *kk N S
BC *kk *kk N S *kk *kk *
WC *k%k *k%k *k%k *k%k *k%k *%
N FC *kk *kk N S *k%k *k%k *k%k
HAT
GS - - - - - - *kk *kk *kk *kk N S *
B P *kk *kk *kk *kk *kk N S
BS *% *k%k *% *kk *%* N S
JAX - - - - - -
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Table 3.2 Continued: Term significance for each model by species and site; abbreviations as in Table 3.1. Terms
are: Yr — study year; JD — Julian day; MPh — moon phase; NT — normalized time of day. *** = p<0.001; ** =
p<0.01; * = p<0.05, NS = not significant; ‘- denotes models with poor fit; blank cells indicate modeling was not
undertaken due to low presence.

Zc Kogia spp.
Yr JD MPh NT |[NT:JD | NT:MPh | Yr JD MPh NT | NT:JD [NT:MPh
HZ * *k% *kk *%k% *% N S
ocC - - - - - -
NC - - - - - -
BC NS il NS hokk NS *
WC N S **k% *kk *k%k *% N S
NFC - - - - - -
HAT *k%k *%k% *% *%k% *%k% *%k%
GS - - - - - - - - - - - -
BP - - - - - -
B S - - _ - _ _ * * *kk *kk N S N S
JAX - - - - - -
Mb Pm
Yr JD MPh NT |[NT:JD | NT:MPh | Yr JD MPh NT | NT:JD |[NT:MPh
HZ *k% *k% *k% *k% N S * *k% *kk *kk *k% *k% N S
OC *%k% *%k% N S *%k% *k%k * *%k% *kk *kk *%k% *%k%k *
N C - - - - - - *%k% *kk N S *%k% *%k%k *
BC *k% *k% N S *k% *kk N S *k% *kk x *k% *k% X
WC *k% *k% *k% *k% N S N S *k% *kk *% *k% *% N S
N FC - - - - - - *k% *kk *kk *k% *k% *
HAT *%k% *kk N S N S *%k%k *%
GS NS ok NS NS * NS
BP NS NS NS NS ** NS
BS N S *kk *kk *k% *% *
JAX - - - - - -
Mm
Yr JD MPh NT [NT:JD| NT:MPh
HZ - - - - - -
ocC - - - - - -
N C *%k%k *%k%k N S *%k% *% N S
BC - - - - - -
WC - - - - - -
N FC *k%k *k%k N S *%k% N S N S
HAT
GS
BP
BS
JAX
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Figure 3.3: A) Partial fits of Julian day (JD) for the dolphin species; other terms held constant at their mean
values. Shaded regions give 95% confidence intervals; gray blocks indicate no model due to low presence and/or
poor performance. To account for the significant JD:NT (normalized time of day) interaction, JD fits were
averaged across all values of NT. B) Risso’s dolphin Gg1 click type presence as normalized counts (blue bars) at
NFC showing clear bimodal pattern; gray bars show the distribution of effort across the year. Site and species
abbreviations as in Table 3.1.
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Figure 3.4: Partial fits of Julian day (JD) for the beaked whales, Kogia spp., and sperm whales; other terms held
constant at their mean values. Shaded regions give 95% confidence intervals; gray blocks indicate no model due
to low presence and/or poor performance; NS = JD was not significant. Blue lines indicate no significant
interaction between JD and NT (normalized time of day); green lines indicate a significant JD:NT interaction, for
which JD fits were averaged across all values of NT. Site and species abbreviations as in Table 3.1.
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Figure 3.5: Partial fits of moon phase (MP) for the dolphin species; other terms held constant at their mean
values. Shaded regions give 95% confidence intervals; gray blocks indicate no model due to low presence and/or
poor performance. Plots showing a single curve (purple) depict the lunar pattern in the absence of significant
interactions; plots with two curves depict the lunar patterns in the daytime (red) and nighttime (blue) when there
was a significant interaction between MP and normalized time of day (NT). Site and species abbreviations as in
Table 3.1.
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Figure 3.6: Partitioning of acoustic presence between day and night: white indicates an even 50/50 split; bright
yellow indicates 100% of presence occurring in the daytime; dark blue indicates 100% of presence occurring in
the nighttime. Gray fill indicates that normalized time of day was not significant; stripes indicate no model due
to insufficient presence or poor model performance. Bar heights as in Figure 2; site and species abbreviations as
in Table 3.1.
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Figure 3.7: Diel activity patterns for short-beaked common dolphins at a) OC, and b) HAT showing differing
impacts of the lunar cycle between sites and throughout the year. Each panel represents the interaction between
normalized time of day (NT) and Julian Day (JD) at a different point in the seasonal cycle; colors in each panel
show the interaction between NT and moon phase (MPh); gray shading shows nighttime. Site and species
abbreviations as in Table 3.1.
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Figure 3.8: Diel activity patterns for the Risso’s dolphin click types Ggl (A) and Gg2 (B) at BC showing
temporal separation; C) diel activity patterns of Gg2 at NFC showing substantial lunar modulation. Panels,
colors, and shading as in

Figure 3.7.
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Figure 3.9: Diel activity patterns for short-finned pilot whales at HAT showing differing impact of the lunar
cycle throughout the year. Panels colors, and shading as in

Figure 3.7.
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3.8 APPENDIX
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Figure 3.10: Partial fits of moon phase (MP) for the deep diving species; other terms held constant at their mean
values. Shaded regions give 95% confidence intervals; gray blocks indicate no model due to low presence and/or
poor performance. Plots showing a single curve (purple) depict the lunar pattern in the absence of significant
interactions; plots with two curves depict the lunar patterns in the daytime (red) and nighttime (blue) when there
was a significant interaction between MP and normalized time of day (NT). Site and species abbreviations as in

Table 3.1.
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Figure 3.11: Diel activity patterns for short-beaked common dolphins. At sites with 4 panels, each panel
represents the interaction between normalized time of day (NT) and Julian Day (JD) at a different point in the
seasonal cycle; colors in each panel show the interaction between NT and moon phase (MPh). At sites GS and
BP there was no significant interaction between NT and MPh, so only the NT:JD interaction is shown. Site and

species abbreviations as in Table 3.1.
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Figure 3.12: Diel activity patterns for Risso’s dolphin click type Ggl. At sites with 4 panels, each panel
represents the interaction between normalized time of day (NT) and Julian Day (JD) at a different point in the
seasonal cycle; colors in each panel show the interaction between NT and moon phase (MPh). At sites HZ and
OC there was no significant interaction between NT and MPh, so only the NT:JD interaction is shown. Site and
species abbreviations as in Table 3.1
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Figure 3.13: Diel activity patterns for Risso’s dolphin click type Gg2. At sites with 4 panels, each panel
represents the interaction between normalized time of day (NT) and Julian Day (JD) at a different point in the
seasonal cycle; colors in each panel show the interaction between NT and moon phase (MPh). At site NC there
was no significant interaction between NT and MPh, so only the NT:JD interaction is shown. Site and species
abbreviations as in Table 3.1
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Figure 3.14: Diel activity patterns for short-finned pilot whales. Each panel represents the interaction between
normalized time of day (NT) and Julian Day (JD) at a different point in the seasonal cycle; colors in each panel
show the interaction between NT and moon phase (MPh). Site and species abbreviations as in Table 3.1
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Figure 3.15: Diel activity patterns for Sowerby’s (Mb), Cuvier’s (Zc), and True’s (Mm) beaked whales. For sites
with 4 panels, each panel represents the interaction between normalized time of day (NT) and Julian Day (JD) at
a different point in the seasonal cycle; colors in each panel show the interaction between NT and moon phase
(MPh). At sites with a single panel there was no significant interaction between NT and MPh; if it was
significant the NT:JD interaction is shown by color; if there were no significant interactions the NT pattern is

shown in grey. Site and species abbreviations as in Table 3.1
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Figure 3.16: Diel activity patterns for Blainville’s (Md) and Gervais’ (Me) beaked whales and Kogia spp. (Kg).
Colors in each panel show the interaction between either normalized time of day (NT) and Julian day (JD), or
NT and moon phase (MPh). If there were no significant interactions the NT pattern is shown in grey. Site and
species abbreviations as in Table 3.1
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Figure 3.17: Diel activity patterns for sperm whales (Pm). At sites with 4 panels, each panel represents the
interaction between normalized time of day (NT) and Julian Day (JD) at a different point in the seasonal cycle;
colors in each panel show the interaction between NT and moon phase (MPh). At sites with a single panel there
was no significant interaction between NT and MPh, so only the NT:JD interaction is shown. Site and species
abbreviations as in Table 3.1
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4 THE ROLE OF THE GULF STREAM IN NICHE PARTITIONING OF TOOTHED WHALES IN THE

WESTERN NORTH ATLANTIC

41 ABSTRACT

The western North Atlantic is home to more than two dozen odontocete species, all top
predators relying on patchy resources of mid and upper-trophic level prey. Niche partitioning is
expected under such circumstances of overlapping resource use, but little work has been done to
characterize the differences in realized niche of these apparent competitors. Past efforts at modeling
habitat suitability for odontocete species in this region have relied primarily on the visual sighting
record, which is sparse for many odontocete species and must be aggregated across many years to get
some measure of statistical power. This is largely due to the difficulty of observing and discriminating
highly mobile species distributed with low density over vast pelagic ranges, especially those that
spend significant time at depth or which have cryptic surface behaviors. The result of these
shortcomings is that our knowledge of habitat preferences for odontocetes in this region is often
limited in terms of both species and temporal resolution. To address some of these knowledge gaps we
investigated habitat preferences for ten odontocete species using time series of species presence
derived from passive acoustic data collected continuously across a three-year study period at
monitoring sites spanning a latitudinal habitat gradient. We were specifically interested in the role of
the Gulf Stream current and its mesoscale rings in shaping habitats and segregating species. We
hypothesized that co-occurring odontocete species would select for differing environmental
conditions, minimizing direct competition for resources via niche partitioning. We identified three
distinct oceanic regimes occurring across our shelf break monitoring sites, and observed that species
presence was clearly segregated along the lines of these regimes. Gulf Stream rings were found to be
only modestly correlated with oceanic conditions at our monitoring sites, but ring vicinity was still a
strong predictor of presence for most species. For species with similar foraging ecologies occurring in

a given regime, we found distinctly different preferences for temperature and salinity ranges. We used
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these insights to predict habitat suitability across the region for each species in each season. Our
results demonstrate clear niche partitioning of odontocete species in this region, and provide insights
into habitat preferences which can be used to predict distributional shifts in odontocete species

presence in response to anthropogenically-driven ocean change.

4.2 INTRODUCTION

A diverse guild of cetacean top predators inhabits the western North Atlantic, most being
species in the parvorder Odontoceti, or toothed whales. As shown in Chapters 2 and 3, the
distributions of odontocete species in this region clearly reflect the Gulf Stream boundary and exhibit
periodicity on multiple temporal scales. Ecological niche theory posits that when there is overlap
between the ecological niches of two or more species, these species will differentiate their realized
resource niches to reduce competition [215,216]. Previously we demonstrated spatiotemporal
separation between odontocete species in this region with similar foraging ecology, which may be a
means of minimizing direct competition for prey resources. However, the environmental factors
driving these observed patterns in habitat utilization, and which define the ecological niches occupied
by each odontocete species and their preferred prey, are poorly understood.

The North Atlantic is characterized by the powerful Gulf Stream western boundary current
which transports large volumes of equatorial water northeast across the basin. In the west, the northern
wall of the current acts as a dynamic boundary between two quite different ecoregions [46,116,117].
South of the Gulf Stream front, warm, salty, low-productivity waters originating in the Sargasso Sea
dominate the water column. North of the Gulf Stream front, deep Labrador Sea water, as well as
shallower water masses formed through the mixing of Labrador Current waters with Coastal Water (on
the shelf) or Gulf Stream water (off the shelf) [47—-49], provide habitats which are comparatively cool,
fresh, and productive. Oceanographic conditions across this region fluctuate seasonally, are subject to

short-term variability in response to transient Gulf Stream meanders, rings, and filaments, and may
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also be subject to broad-scale climate change-mediated shifts [217-221]. Insights into what dictates
suitable habitat for each odontocete species in this dynamic environment, and how the species might
be expected to respond to climate change-mediated habitat shifts, are of interest for management of
these protected populations with respect to anthropogenic activities such as fisheries, commercial
shipping, marine resource extraction, and naval exercises.

Habitat models for cetaceans have traditionally been developed using visual survey data [134—
136,222], but the data-hungry nature of these statistical approaches, and the low encounter rates
typical of many pelagic odontocete species, usually necessitate aggregating data over many years to
obtain some measure of statistical power. Visual surveys are dependent upon sea state and visibility
conditions, so effort is therefore restricted to daylight hours and biased towards the spring and summer
months. This may result in underestimation of species present in a given region primarily in the fall or
winter. Additionally, some species are unable to be reliably discriminated visually due to their highly
similar physical appearances and/or cryptic surface behavior, and so are often grouped. The result is
that habitat models built exclusively on visual data often lack temporal and species resolution, and are
ill-suited to predicting habitat suitability at all points throughout the year.

More recently, species presence inferred from marine passive acoustic data has begun to be
incorporated into these modeling efforts [151,172]. Autonomous passive acoustic monitoring offers
some advantages over visual surveys, as the acoustic data can be collected continuously in all seasons
and sea states. Autonomous platforms such as moorings and drifters offer the added advantage of
being noninvasive, and therefore may enable assessment of animal behavior unaltered by tagging
activities or the vicinity of a scientific vessel. Here we utilized the time series of acoustic presence for
ten odontocete species derived from passive acoustic data in Chapters 2 and 3 to characterize
relationships between species presence and environmental covariates with an eye to the influence of
the Gulf Stream. We hypothesized that species occupying similar regions, and exhibiting similar

foraging ecologies, would minimize potential competition for prey resources via niche partitioning.
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Lacking concrete data on exactly which prey species are being targeted by each odontocete species,
we used environmental covariates as proxies for prey availability, with the assumption that each
odontocete species would target conditions associated with presence of their preferred prey species.
We found clear separation of odontocete species habitat preferences along the lines of several
physical, chemical, and biological covariates, and used these insights to predict seasonal presence of
each species across the region. Results are discussed in the context of the influence of the Gulf Stream
and predicted climate change scenarios. These findings substantially advance our understanding of
odontocete habitat utilization in this region, especially with regard to the cryptic beaked whale and

Kogia species.

43 METHODS

All analyses were carried out in the R computing environment [143]. We utilized time series of
odontocete species presence derived from passive acoustic data recorded at eleven (11) shelf-break
and slope monitoring sites in the western North Atlantic (Figure 2.1) by [142] using a combination of
automated algorithms and expert analyst review. The acoustically-differentiable odontocete species
included in this analysis were: Risso’s dolphins (Grampus griseus), identified by two different click
types; short-beaked common dolphins (Delphinus delphis); short-finned pilot whales (Globicephala
macrorhynchus); Blainville’s beaked whales (Mesoplodon densirostris); Sowerby’s beaked whales
(Mesoplodon bidens); Gervais’ beaked whales (Mesoplodon europaeus); True’s beaked whales
(Mesoplodon mirus); Cuvier’s beaked whales (Ziphius cavirostris); and sperm whales (Physeter
macrocephalus). Kogia spp., which are not acoustically differentiable based on current knowledge,
were included as a genus-level group. For this analysis the two Risso’s dolphin click types were
combined for a single time series of Risso’s dolphin presence. Species acoustic presence/absence at

each monitoring site during the period of May 1, 2016, to April 30, 2019, was classified in 5-minute
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intervals, and subsequently summed to daily resolution quantified as the number of 5-minute bins with

presence each day.

4.3.1 Environmental Covariate Data

Relevant environmental covariates were identified from previous odontocete habitat modelling
efforts [110,136,148,222,223] and obtained from publicly-available databases of remotely-sensed and
modeled oceanographic data at daily resolution (Table 3.1). For the Hybrid Ocean Coordinate Model
(HYCOM,; [224]) data, which were available with 3-hourly resolution during our study period, we
obtained the model output for noon of each day. The HYCOM products and finite-size Lyapunov
exponent (FSLE) data were re-gridded to a consistent spatial resolution of 0.08° using the regrid
function in the EFDR package [225]; data from the grid point nearest each HARP site were then
extracted. Water u-velocity (eastward) and v-velocity (northward) from HYCOM were not related
directly to species presence, but rather were combined to calculate water velocity magnitude (VelMag;
m/s) and direction (VelAsp; °, with north set to 0°) for each depth layer, as well as eddy kinetic energy
(EKE) at the surface. EKE is a measure of energetic anomaly and as such is sensitive to the definition
of the time mean relative to which the anomaly is computed. Following the method of [226], we
calculated EKE as EKE = 0.5%(u’? + v’?), where u’ and v’ are the u and v velocity fluctuations
obtained by subtracting calendar year velocity averages from 5-day rolling means of u and v. EKE
values were averaged over the four grid points nearest to each HARP site in order to better capture the
mesoscale energetics. Distances to the center of the nearest cyclonic and anticyclonic eddies
(C/AEddyDist) were derived from Aviso’s Mesoscale Eddy Trajectory Atlas product (META3.2 DT
allsat, DOI:10.24400/527896/a01-2022.005.210802, [227]), which was produced by
SSALTO/DUACS and distributed by AVISO+ (https://www.aviso.altimetry.fr/) with support from
CNES, in collaboration with IMEDEA. This atlas was downloaded on 4 April, 2022, and covers the
period from January 1993 to August 2021. Several of the covariates considered here quantify various

aspects of the energetics of the Gulf Stream and related mesoscale features (e.g. FSLE, C/AEddyDist,
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EKE, water velocity magnitude and direction), and were included to test the hypothesis that target

species may either prefer or avoid such features.

The chlorophyll (Chl) record suffered from loss of data due to cloud cover, so re-gridding in
the same fashion as the other covariates would have resulted in interpolating over very large spatial
gaps. Instead we chose to average Chl values from the four grid points nearest to each monitoring site
on each day, before linearly interpolating remaining gaps in the time series at each site. This likely
resulted in considerable smoothing of the Chl time series, but we considered this acceptable in light of

the trophic separation between primary productivity and the target species.

Examination of covariate data distributions showed that data from HYCOM contained
spurious marginal values where the model interacted with the continental mask at depth. Many of the
target species in this analysis were deep divers [210,228-231], and so we were interested in exploring
relationships between species presence and conditions at or near foraging depths. Therefore we chose
to use data from the grid points adjacent to each site but one step east and south, i.e. further off the
shelf break where the continental mask was deeper, to enable inclusion of covariates down to 700 m.
Data for a few non-consecutive days in our study period were not available from HY COM,; resultant
gaps in the covariate time series at each site were linearly interpolated.

4.3.2 Exploration of Oceanic Conditions

The oceanic conditions experienced at each site were characterized by visualizing distributions
of covariate values as kernel density plots and carrying out principal component analysis (PCA) to
identify groupings of similar conditions which might represent distinct oceanic regimes. To assess the
influence of Gulf Stream rings on conditions at our sites we calculated Pearson’s correlation between
distance to the nearest cyclonic/anticyclonic eddy and covariate values, as well as covariate anomalies.
Anomalies were calculated by subtracting a monthly mean centered on each observation to get a

measure of deviation from regular seasonal fluctuations. We then investigated the relationships
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between species presence and these oceanic conditions several ways: 1) by calculating Pearson’s
correlation between presence and covariate values on a per-species and per-site basis; 2) by visualizing
distributions of covariate values observed simultaneous to each species’ presence as violin plots; 3) by
performing Kolmogorov-Smirnov tests comparing the distributions of covariate values observed
during species presence to the null background distribution, both across the whole region and on a per-
site basis; 4) by visualizing mean weekly presence in discrete covariate value bins on a per-species and
per-site basis and comparing the apparent preferences of spatially overlapping species; and 5) by
modeling species presence relative to the covariates.

4.3.3 Statistical Modeling

Generalized additive models (GAMs) [145] were chosen to characterize the shapes of
relationships between species presence and environmental covariates. GAMs are an extension of
generalized linear models (GLMSs) which relate a smooth function of the response variable to an
additive predictor of covariates, which may include smooth functions of covariates. These smooth
functions of covariates can capture highly complex non-linear relationships, making GAMs much
more flexible than GLMs. The GAM approach has been extensively used and validated for cetacean
habitat models in this study region and elsewhere [110,134,136,147-151,222,232]. To compute these
models we used the gam function within the mgcv package [233].

An underlying assumption of GAMs is that the response data are independent, an assumption
which is often violated by spatiotemporal autocorrelation in species presence data. We tested this
assumption by examining the residual autocorrelation of models relating species presence at each site
to the candidate covariates identified by correlation coefficients, and found that the shapes of the
autocorrelation functions indicated autoregressive dependence. The points at which the autocorrelation
values dropped within the confidence intervals varied from 4-43 lags (days). To reduce this temporal
autocorrelation, we decided to coarsen the temporal resolution by summing presence, and averaging

covariate values, in each week. Re-testing of the residual correlation of the weekly data in the same
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manner as above showed that this substantially reduced residual autocorrelation to 2-7 lags (weeks)
which we considered to be an acceptable trade-off between temporal resolution and data
independence. We also tested for overdispersion in the species presence data and found that none of
the presence time series met the criteria for Poisson distribution (variance = mean); therefore we
elected to use the Tweedie distribution, which enables full-likelihood model fitting while accounting
for overdispersion and zero-inflation.

Covariates exhibiting substantial correlation with a given species’ presence (>0.2 at one or
more sites) were considered during the model selection process. For the covariates available at
multiple depth layers, conditions at the surface as well as conditions at a depth layer relevant to each
species’ foraging ecology were considered. To determine whether covariates should be included as
linear or smooth terms, and with how many knots in the case of smooth terms, we compared Akaike
Information Criterion (AIC) [234] values of single-predictor models in which each covariate was
included as a linear term or as a smooth with three to five knots; the maximum of five knots, resulting
in up to four degrees of freedom, and a smoothing parameter (gamma) of 1.4, were chosen to avoid
overfitting and in the interest of describing ecologically-interpretable relationships. Cubic regression
shrinkage splines were used for the smooth terms, except for water velocity direction, which was
modeled as a cyclic cubic spline to impose continuity between 0° and 360° (both due north).

Species presence timeseries, and corresponding observations for all candidate covariates, were
pooled across sites to fit a single regional GAM per species usin