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1.  INTRODUCTION 

Effective conservation and management practices 
rely upon knowledge of species’ distributions and 
habitat use patterns to quantify overlaps with anthro-
pogenic activities. This is especially pertinent for 
populations that shift their distributions cyclically; for 
instance, by undergoing seasonal migrations, expos-
ing them to variable anthropogenic impacts in differ-
ent parts of their habitats. More than 2 dozen odonto-
cete, or toothed whale, species inhabit the pelagic 
waters of the western North Atlantic, an area heavily 
subject to anthropogenic activity. Little is known 
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ABSTRACT: A diverse group of toothed whale 
species inhabits the pelagic habitats of the western 
North Atlantic, competing for overlapping prey 
resources. Historical data deficits have limited fun-
damental research into many of these species, 
such as establishing baselines of distribution and 
abundance, so their occurrence and habitat use 
patterns are not well characterized. Periodic cycles 
in activity have been reported at a range of tem-
poral scales for odontocetes in other regions, such 
as seasonal movements, foraging activity modu-
lated by lunar cycles, and diel activity patterns. A 
variety of spatial, temporal, and behavioral separa-
tion strategies have also been observed among 
predator guilds in both marine and terrestrial 
systems, and these may also contribute to ob -
served spatiotemporal patterns in activity. Re -
cently, passive acoustic data has been applied to 
monitor odontocete species continuously, with im -
proved detection and species discrimination for 
some cryptic species. We used a long-term pas-
sive acoustic data set collected at sites spanning 
the western North Atlantic shelf-break region to 
quantify presence and characterize seasonal, lunar, 
and diel activity patterns for 10 species. Our re -
sults demonstrated strong regional preferences and 
clear patterns of spatiotemporal separation between 
species with similar foraging ecology. Latitudinal 
shifts in seasonal presence peaks may suggest 
meridional seasonal migrations for some dolphin 
species. We also observed strong diel activity pat-
terns that were modulated by both seasonal and 
lunar cycles. This study reveals complex behav-
ioral patterns arising in response to natural cycles 
playing out over multiple temporal scales and pro-
vides new in sights into habitat partitioning among 
toothed whale species.  
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about the habitat use of most of the odontocete spe-
cies in shelf break and offshore waters of this region, 
owing to the challenges of observing patchily distrib-
uted species with vast oceanic ranges. Such know -
ledge gaps have limited our basic understanding of 
these species’ life histories and hinder management 
efforts. The widespread adoption of passive acoustic 
monitoring over the past several years and the collec-
tion of large data sets at offshore monitoring sites 
means that we are now poised to gain new insights 
into these difficult-to-access species. 

Studies of odontocete populations in several regions 
have reported distribution and activity patterns mod-
ulated at a range of temporal and spatial scales: long-
term distribution shifts (Thorne et al. 2022); large-scale 
movements tracking mesoscale features (Woodworth 
et al. 2012); seasonal migrations (Taylor et al. 2016); 
onshore−offshore movements (Gannier 1999); and 
lunar and diel foraging patterns (Simonis et al. 2017, 
Cascão et al. 2020). In oceanic food webs, the distri-
bution and activity of highly mobile top predators 
such as odontocetes are thought to be driven by prey 
availability (Piatt & Methven 1992, Hastie et al. 2004). 
The availability of the odontocetes’ mid-trophic-level 
prey is driven by variability in oceanic conditions at 
a range of temporal and spatial scales: diel vertical 
migration in response to sunlight and moonlight 
(Kam pa 1975, Last et al. 2016), mesoscale features 
that can input nutrients, entrap and transport water 
parcels, and act as particle aggregators (Martin & 
Richards 2001, Della Penna & Gaube 2020), and sea-
sonal changes in primary and low trophic level pro-
ductivity in response to differential nutrient and light 
availability (Legendre 1990, Biktashev et al. 2003). 
The habitat use patterns of odontocetes in the west-
ern North Atlantic likely reflect such patterns in the 
availability of each species’ preferred prey. 

Odontocetes exhibit a range of diving behaviors 
and corresponding prey preferences but can loosely 
be grouped as ‘shallow’, ‘intermediate’, or ‘deep’ 
divers. Shallow divers, such as many small-bodied 
delphinids, feed primarily on epi- and mesopelagic 
fish and squid when they are accessible in surface 
waters (Davis et al. 1996). Some of the larger-bodied 
delphinids, such as Risso’s dolphins and pilot whales, 
exhibit intermediate diving behavior and use spe-
cialized deep dives to access mesopelagic prey at 
greater depth (Aguilar Soto et al. 2008, Quick et al. 
2017, Benoit-Bird et al. 2019, Visser et al. 2021). True 
deep divers, such as beaked whales Kogia spp. and 
sperm whales, are specialized for pursuit of deeper 
meso-, bathy-, and benthopelagic prey at great depth 
(Arranz et al. 2011, Barlow et al. 2020, Visser et al. 

2022). Species within each of these groups target 
similar prey, increasing the potential for interspecific 
competition, but little work has investigated their 
strategies for subdividing shared habitats. When 
multiple predator species target shared prey, the 
predators must maximize foraging efficiency while 
simultaneously minimizing competitive interactions 
with other species. A variety of spatial, temporal, and 
behavioral separation strategies have been observed 
in such situations that are thought to be means of 
reducing interspecies competition, such as differing 
diel activity patterns, depth distributions, seasonal 
changes in site occupancy or habitat use, and prey 
specialization (Conners et al. 2015, Matich et al. 
2017, Gao et al. 2020, Iwahara et al. 2020, Lear et al. 
2021). Observed patterns in odontocete species dis-
tribution and activity may therefore reflect not only 
prey availability but an optimization of foraging effi-
ciency that balances prey availability against the 
presence of competitors. 

The western North Atlantic is characterized by the 
Gulf Stream current, which bisects the region and acts 
as a frontal boundary between 2 different oceanic 
regimes as well as a driver of mixing between very 
different water masses (Bower et al. 1985). In the off-
shore region 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 ori-
gins in the subarctic and arising from the mixing of 
subarctic and Gulf Stream waters (McLellan 1957, 
Gatien 1976, New et al. 2021). The ecological commu-
nities present in these distinct regions delineated by 
the Gulf Stream front differ substantially (Cavender-
Bares et al. 2001, Wang et al. 2018), and thus we 
might also expect them to be differentially used by 
top predators. 

The spatiotemporal presence and activity patterns 
of odontocetes in the western North Atlantic have 
traditionally been estimated by aggregating visual 
survey data over many years, necessitated by scant 
sighting records for many species (Hamazaki 2002, 
Best et al. 2012, Roberts et al. 2016). This approach 
can provide high-level insights but is confounded by 
seasonally biased and spatially inconsistent visual 
survey effort resulting from the expense and logisti-
cal challenges of broad-scale shipboard and aerial 
surveys and their dependence on good sighting con-
ditions (Mellinger et al. 2007). Limited seasonal 
coverage (i.e. little to no effort in the fall and winter 
months) means these data are not well-suited to 
examining seasonal activity patterns across the 
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entire year, while the sporadic snapshot nature of 
these surveys means that they are not sensitive to 
fine-temporal-scale (e.g. weekly, daily, sub-daily) 
changes in site occupancy or habitat use (Mellinger 
et al. 2007). Pelagic odontocetes are also difficult to 
observe due to their vast ranges and at times cryptic 
behavior, but as highly soniferous species they lend 
themselves well to acoustic studies. All odontocete 
species use biosonar for foraging, environmental 
sensing, and sometimes communication, and, thanks 
to extensive research and the combination of passive 
acoustic data with visual surveys, body-mounted tags, 
focal recordings, and captive studies, these impulsive 
signals can be readily identified and often classified 
to the species level in passive acoustic data (Møhl 
et al. 2000, Marques et al. 2013, Frasier 2021). The  in -
creasing popularity of marine passive acoustic moni-
toring over the past decade has led to the accumula-
tion of large passive acoustic data sets on the order of 
hundreds of terabytes, with excellent temporal reso-
lution and coverage, and provides the potential for 
novel insights into the acoustic ecology of many off-
shore and cryptic species with limited visual obser-
vation records (Hildebrand et al. 2015, Campos-
Cerqueira & Aide 2016, Gibb et al. 2019, Picciulin et 
al. 2019, Cohen et al. 2022, Ziegenhorn et al. 2023). 

Recent studies have begun to use these rich pas-
sive acoustic data sets to address some of the know -
ledge gaps for odontocetes in the western North 
Atlantic (Stanistreet et al. 2017, 2018, Hodge et al. 
2018, Kowarski et al. 2023). Here, we used the ground-
work laid by Cohen et al. (2022), which yielded a 
high-temporal-resolution time series of labeled odon-
tocete clicks to characterize temporal patterns in 
acoustic activity for 10 species/groups across a large 
region at a range of temporal scales. This data set 
was collected through almost continuous acoustic re -
cording across 3 consecutive years (May 2016−April 
2019) at 11 sites arranged across a latitudinal habitat 
gradient in the western North Atlantic (see Fig. 1). 
Based on previous findings, we hypothesized that the 
presence and activity of our species of interest would 
exhibit some combination of seasonal, lunar, and diel 
periodicity. To test these hypotheses, we modeled 
species presence as a response to day-of-year (DOY), 
moon phase (MPh), and time of day. We also hypo -
thesized that species with similar diving and foraging 
ecology would mitigate the potential for direct com-
petition through spatiotemporal separation strate-
gies, which we explored by comparing distribution 
and activity patterns. Here, we report on inter-species, 
inter-site, and temporal differences in acoustic activ-
ity patterns and discuss our findings in light of what 

is known of each species’ foraging ecology and the 
oceanographic conditions across the study region. 

2.  MATERIALS AND METHODS 

2.1.  Acoustic presence data 

Time series of labeled odontocete echolocation 
clicks were derived by Cohen et al. (2022) from pas-
sive acoustic data collected from May 2016 through 
April 2019 at 11 shelf break and slope monitoring 
sites in the western North Atlantic (Fig. 1, Table S1 in 
the Supplement at www.int-res.com/articles/suppl/
m720p001_supp.pdf). Sites were named for co-
located bathymetric or oceanographic features or 
adjacent anthropogenic landmarks and are refer-
enced by their site name abbreviations (from north 
to  south): Heezen Canyon (HZ), Oceanographer’s 
Canyon (OC), Nantucket Canyon (NC), Babylon 
Canyon (BC), Wilmington Canyon (WC), Norfolk 
Canyon (NFC), Cape Hatteras (HAT), Gulf Stream 
(GS), Blake Plateau (BP), Blake Spur (BS), and Jack-
sonville (JAX). These sites spanned a latitudinal 
habitat gradient bisected by the Gulf Stream front, 
which follows the shelf break through the South 
Atlantic Bight before its separation point at Cape 
Hatteras, after which the current turns northeast-
ward into the open basin. Cape Hatteras is therefore 
a transition point in terms of oceanographic condi-
tions, with sites south of Cape Hatteras characterized 
by warm, salty, low-nutrient waters, while sites north 
of Cape Hatteras are characterized by cool, fresh, 
and productive subarctic waters. 

High-frequency acoustic recording packages (Wig-
gins & Hildebrand 2007) with known frequency re s -
ponses were deployed to continuously record sound 
with a sampling rate of 200 kHz, enabling analysis of 
signals in the 10 Hz to 100 kHz band, encompassing 
the frequency range of most odontocete vocaliza-
tions. Devices recorded for between 4 and 14.5 mo 
per deployment; serial redeployments at each site 
enabled minimal interruption in recording effort and 
balanced seasonal coverage at most sites (Table S1). 
Exceptions occurred at HZ, HAT, and JAX, with 
longer gaps of 5, 3, and 8 mo, respectively; data from 
these sites still captured the full seasonal cycle in 2 of 
the 3 study years. Only at OC were any days cap-
tured in only a single study year, when gaps between 
deployments happened to span the same few weeks 
in late May and early June in 2 consecutive years. 

In total, 10 species/groups were analyzed (see 
Table 1), including representatives from the dolphin 
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and beaked whale families, sperm whales, and Kogia 
spp. Species included the short-beaked common dol-
phin Delphinus delphis (Dd), Risso’s dolphin Grampus 
griseus (Gg), short-finned pilot whale Globi  cephala 
macrorhynchus (Gm), Blainville’s beaked whale Meso-
plodon densirostris (Md), Gervais’ beaked whale M. 
europaeus (Me), Cuvier’s beaked whale Ziphius cavi-
rostris (Zc), Sowerby’s beaked whale M. bidens (Mb), 
True’s beaked whale M. mirus (Mm), Kogia spp. ana-
lyzed as a group (Kg), and sperm whale Physeter 
macro cephalus (Pm). Gg were identified by 2 different 
click types, denoted here as ‘Gg1’ (canonical click 
type described by Soldevilla et al. 2008) and ‘Gg2 ’ 
(novel click type UD36 attributed to Gg by Cohen et 
al. 2022). We analyzed these 2 Gg cues independently 
to characterize similarities or differences in their tem-
poral occurrence. Kogia spp. were left as a genus-level 
group due to the analysis frequency band upper limit 
of 100 kHz, which did not fully capture the energy dis-
tribution of narrow-band, high-frequency clicks pro-
duced by both Kogia species and therefore did not 
 allow for species-level discrimination. 

Clicks were detected in each deployment using an 
automated impulse detector, clustered to identify 
dominant impulse types, and then a fully connected 
deep neural network was trained to classify detec-
tions as one of the dominant types (Frasier 2021). 
Many of the dominant types were attributable to 
known species based on previous work or were 
anthropogenic noise sources, but several repre-
sented novel delphinid click types, 3 of which were 
attributed to species through correlation with sight-
ing data (see Cohen et al. 2022 for further details). 
For each species/group, we binned the time series of 
labeled clicks into 5 min time bins, then scaled the 
number of clicks per bin by effort as well as by the 
classifier error rates; partial effort bins only occurred 
at the very beginning or end of a deployment. Click 
counts were then converted to binomial presence−
absence in each bin according to these thresholds: 
≥50 clicks per 5 min bin was counted as ‘presence’ 
for delphinid species; ≥20 clicks per 5 min bin was 
counted as ‘presence’ for beaked whales, Pm, and 
Kg. These values were selected based on considera-
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Fig. 1. Study region in the 
North Atlantic, with the Gulf 
Stream current shown by sea 
surface temperature (SST). Red 
circles: acoustic monitoring 
sites with site name abbrevia-
tions. HZ: Heezen Canyon; 
OC: Oceanographer’s Canyon; 
NC: Nantucket Canyon; BC: 
Babylon Canyon; WC: Wilm-
ington Canyon; MFC: Norfolk 
Canyon; HAT: Cape Hatteras; 
GS: Gulf Stream; BP: Blake 
Plateau; BS: Blake Spur; JAX:  

Jacksonville
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tion of the click-production rates and group sizes of 
these species and served to weed out presence bins 
based on very few detections. We considered the 
effect of varying these thresholds on the number and 
temporal distribution of bins retained in the analysis 
for each species and found these values to be a com-
promise between increasing confidence in the labels 
and conserving observations for analysis. This was 
an additional measure to reduce false positives on 
top of scaling the number of clicks per bin by classi-
fier error rate. Cohen et al. (2022) carried out exten-
sive manual verification of the automated labels, 
both to discard obviously incorrect labels and as a 
means of quantifying residual species-specific false 
positive rates for the remaining labels. As classifier 
error was found to be low except in situations where 
a given species had little to no presence, the scaling 
step generally reduced click counts in those bins to 
near-zeros or very low numbers, which were then 
mostly removed by the secondary thresholding step. 
Bins that remained after these 2 steps were predom-
inantly those associated with higher numbers of 
clicks and lower classifier error, which we consid-
ered to be higher confidence indications of species 
presence. Various thresholds ranging from a few tens 
to several hundreds of clicks per 5 min have been 
used in previous odontocete studies, and in cases of 
extensive manual verification, the thresholding step 
is commonly omitted (Soldevilla et al. 2010a, 2011, 
Baumann-Pickering et al. 2014, 2015, Hildebrand et 
al. 2015, 2019, Simonis et al. 2017, Rice et al. 2021). 
The establishment of consistent thresholds for each 
species would aid in comparability across studies and 
through time, although issues such as differences in 
recording devices and detection algorithms provide 
additional sources of complexity in the already com-
plex matter of detectability. Finally, species with very 
low presence at a given site (<100 presence bins) 
were not modeled at that site due to insufficient 
observations from which to infer reliable presence 
patterns, and as a final control on the reliability of the 
species presence data. 

2.2.  Temporal covariates 

DOY, MPh, and time of day were used as continu-
ous predictor variables to model species acoustic 
activity at 3 different temporal scales: seasonal, lunar 
monthly, and daily, respectively. DOY was included 
to capture seasonal periodicity in species activity, 
as  this variable describes the progression through 
the calendar year. For the sake of this study, sea-

sons were defined as spring, March−May; summer, 
June−August; fall, September−November; and win-
ter, December−February. MPh data were calculated 
based on location and date using the ‘getMoonIllumi-
nation’ function in the R package ‘suncalc’ (Thieur -
mel & Elmarhraoui 2019) and were included to  
capture the progression through the lunar waxing−
waning cycle. To investigate differences in diel activ-
ity patterns between species, we also included time 
of day as a temporal covariate. However, since our 
sites spanned both wide latitudinal and longitudinal 
ranges, we normalized the time of day to account for 
substantial differences in the local time of sunrise 
and sunset over the course of the yearly cycle. For 
example, a presence−absence bin at 16:00 h would 
coincide with sunset in New England in winter but 
mid-afternoon in New England in summer; in Florida, 
these differences would be less pronounced. This 
shifting relationship between hour of the day and 
day phase may obscure animal activity patterns that 
are oriented around the position of the sun, not the 
hands of a clock. To account for this, timestamps 
were linearly interpolated to the range [−1,1], with 
both extreme values indicating sunrise and 0 indica-
ting sunset (a cyclic variable). A time bin situated 
exactly halfway through the daylight period, regard-
less of the duration of daylight on a given day, 
received a value of −0.5, while a time bin situated 
exactly halfway through the night period was given a 
value of 0.5. This representation of time preserved 
the situation of each time bin relative to sunrise−
sunset, which we believe to be more appropriate for 
the investigation of diurnal patterns than local time. 
Study year was also included as a factor variable to 
account for differences between years, though the 
small sample size at this temporal scale (n = 3) under-
mines statistical power, and therefore we did not 
attempt to characterize interannual trends. 

2.3.  Statistical analysis 

To quantify the significance of apparent patterns in 
seasonal, lunar, and diel activity, we modeled acoustic 
presence for each species as a response to DOY, 
MPh, and normalized time of day (NT) using the sta-
tistical computing software R v.4.1.1 (R Core Team 
2021). We selected the multivariate generalized ad -
ditive model (GAM) framework (Hastie & Tibshirani 
1986), commonly used in cetacean habitat modeling 
(Redfern et al. 2006, Becker et al. 2014, Forney et 
al. 2015, Roberts et al. 2016, Frasier et al. 2021), to 
model a smooth function of acoustic presence (bi -
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nomial data with a logit link) as a linear combination 
of smooth functions of our temporal covariates, yield-
ing logistic models. These smooth functions of pre-
dictor variables capture the relationships between 
each predictor and the response, providing valuable 
insights into how species interact with the predictors. 
The GAM approach is popular for its ability to 
accommodate non-normally distributed response 
data — such as bi nomially distributed presence−
absence data or Poisson-distributed count data —
as well for as its interpretability. However, one of the 
fundamental assumptions underlying GAMs is inde-
pendence of observations, a condition that is often 
violated by temporal or spatial autocorrelation in ani-
mal presence observations. Rather than reduce the 
temporal resolution of our analysis, and thereby per-
haps our ability to discern diel cycles, we chose to 
use generalized estimating equations (GEEs) (Liang 
& Zeger 1986) to model the temporal autocorrelation 
structure directly from the data and use that struc-
ture to provide more reliable standard error esti-
mates, an approach that has been successfully used 
in a number of cetacean modeling studies (Pirotta et 
al. 2011, Benjamins et al. 2017, Merkens et al. 2019). 
This approach was favored over a mixed model ap -
proach for 2 primary reasons: (1) each species’ time 
series at a given site was serially autocorrelated but 
did not contain ecologically relevant groupings of 
data that would have been well-suited to being mod-
eled as random effects, and (2) we were interested in 
using all observations to inform population-averaged 
para meter estimates, not in comparing parameter 
estimates between blocks of correlated data. The 
‘geeglm’ function of the ‘geepack’ package in R 
(Hale koh et al. 2006) was used. This function uses a 
GEE ap proach to fit a linear model as opposed to the 
more typical iteratively reweighted least-squares 
approach. The ‘geeglm’ function requires a grouping 
variable indicating blocks within which data are 
known to be correlated, and between which inde-
pendence is assumed. To determine the most appro-
priate block size for each species at each site, we 
 calculated the autocorrelation function (ACF) of our 
presence time series using the ‘acf’ function in the 
base R package ‘stats’ and inspected plots of ACFs. A 
first-order auto regressive (‘ar1’) correlation structure 
was used for all models based upon inspection of the 
ACF plots. 

To obtain smooth functional relationships between 
the temporal predictor variables and the response, we 
extended the GEEGLM framework to a GEEGAM. 
DOY, MPh, and NT were supplied to the models as 
cyclic splines using the ‘mSpline’ function in the R 

package ‘splines2’ (Wang & Yan 2021). Cyclicity was 
desired to coerce continuity between, e.g. 31 Decem-
ber and 1 January, represented by DOYs 365 and 1, 
respectively. 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 Akaike’s information 
criterion that is suitable for GEEs, which use QIC-
based methods rather than maximum likelihood-
based methods (Pan 2001). We found that for all 3 
smooth covariates, splines with 5 knots had the low-
est QIC values for the majority of our models, indica-
ting the most favorable tradeoff between model fit 
and complexity. We also noted that DOY splines with 
just 4 knots did not allow enough flexibility to cap-
ture the bimodality in presence that we observed in 
some of our histograms of presence versus DOY. 
Rather, such inflexible splines would overly smooth 
the 2 peaks, resulting in an estimated single peak in 
presence right at the time of an actual trough in pres-
ence. Therefore, we chose to use 5 knots for all 3 
smooth terms in all models, both for consistency and 
to allow sufficient flexibility. 

An interaction term was included between DOY 
and NT to account for the possibility of changes in 
diel patterns over the course of the seasonal cycle. 
We believed this interaction to have ecological rele-
vance given the seasonal variation in prey availabil-
ity throughout the year and the likely necessity for 
plasticity in foraging behavior. An interaction term 
between NT and MPh was also included. Lunar 
cycles have been shown to be significant for some 
odontocete species (Simonis et al. 2017, Owen et al. 
2019), although it is uncertain whether these patterns 
are driven by the magnitude of lunar illumination 
and its impact on the depth distribution of diel verti-
cally migrating prey (Kampa 1975, Last et al. 2016) or 
if the patterns are the result of endogenous circadian 
rhythms. If lunar cycles are driven by lunar illumi-
nance, then we would expect to see the most pro-
nounced impact on cetacean activity at night, as 
lunar illuminance during the day is negligible com-
pared to solar illuminance. By including this interac-
tion, we were able to consider lunar cycles exhibited 
during the dark hours independent of any patterns 
present during the daytime. 

The deployment location at HAT shifted northeast-
ward along the slope by about 33 km after the first 
study year (northern site shown in Fig. 1). This shift 
moved our device away from the direct flow of the 
Gulf Stream, resulting in obvious changes in species 
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presence between the first study year and the second 
2 years. Therefore, we judged that the deployments 
span ning this move could not be considered contigu-
ous or representative of the same habitat. Data from 
the first study year at HAT were not used; models 
were only constructed at HAT for those species that 
exhibited sufficient presence in the second and third 
study years. Kogia spp. (the dwarf and pygmy sperm 
whales) were also not modeled at any of the northern 
sites because the sampling frequency of 200 kHz lim-
ited the acoustic analysis of Cohen et al. (2022) to a 
Nyquist frequency of 100 kHz, making Kogia spp. 
identifiable only by click spectra with highest ampli-
tudes above 90 kHz, resulting from aliased energy 
(Hildebrand et al. 2019). Since the full click spectra 
could not be resolved, we had no way of differentiat-
ing 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 (Gaskin 1984). 

Full models with all 4 temporal predictors plus 2 
interactions were initially run for all species at all 
sites meeting a minimum presence criterion of ≥100 
presence bins across the entire study period (see 
Table 1), barring the exceptions mentioned above. 
For each model, the marginal significance of each 
term was calculated by fitting repeated ANOVAs 
with each model term in the last position; non-signif-
icant terms were removed and models were re-run in 
a stepwise fashion until only significant terms re -
mained in each model (see Table 3). If one or both 
terms contributing to an interaction were not signifi-
cant on their own but the interaction was significant, 
then both contributing terms were retained. 

To assess model fit, we examined binned residual 
plots and computed McFadden’s pseudo-R2, which 
are better suited to evaluating logistic models than 
traditional residuals-versus-fitted value plots and R2 
due to these models’ non-normal response and dis-
crete residuals (see Table 2). Binned residual plots 
provide insights about model over/under prediction 
by quantifying the proportion of binned residuals 
that fall outside the 95% confidence intervals (Gel-
man & Hill 2006). Systematic over/under prediction 
may indicate that the model does not account for all 
of the variability in the observations. McFadden’s 
pseudo-R2 (ρ2) compares the log likelihood of a fitted 
model to the log likelihood of the null model, with 
values ranging from 0, indicating no improvement 
upon the null model, to 1, indicating the saturated 
model (perfectly overfit, not desirable) (McFadden 
1973). McFadden’s pseudo-R2 is numerically equiva-
lent to deviance explained for logistic regression 

models since the log likelihood of the null logistic 
model is always 0. As very high values of ρ2 indicate 
overfitting, this metric should be judged somewhat 
differently than values of traditional R2. McFadden 
remarked that ρ2 in the range of 0.2−0.4 should be 
considered indicative of excellent fit (McFadden 1977). 
McFadden's pseudo-R2 was favored over another 
pseudo-R2 for logistic regression — Tjur’s coefficient 
of discrimination — because the latter is not well-
suited to cases of low presence and low overall pre-
dicted probability of presence, which was the case 
for most of our models. 

Inspection of the binned residual plots showed that 
model performance was highly variable, with the 
quality of fit tightly correlated with the level of pres-
ence the model was fitted to; models based on fewer 
than ~1000 presence bins generally performed 
poorly. Therefore, we chose to set a minimum thresh-
old of ≥60% of binned residuals within the 95% con-
fidence intervals and do not report here on models 
that did not meet this criterion to avoid drawing spu-
rious conclusions from ill-fitting models. We arrived 
at this conservative threshold based on consideration 
of the limits of these models — many influential fac-
tors were beyond the scope of this study, and tempo-
ral covariates are not expected to account for all the 
variability in animal presence or activity. In recogni-
tion of the challenges of modeling noisy and imper-
fectly sampled ecological phenomena, ecological 
models are typically considered to have good ex -
planatory power when R2 exceeds 0.25 (Cohen 1988, 
Møller & Jennions 2002). The binned residuals method 
should not be interpreted as analogous to R2, but sim-
ilar considerations about the explanatory power of 
these models guided our choice of threshold. About 
two-thirds of our models (57 of 83) satisfied this crite-
rion and are discussed here, while the remaining 
one-third (26) were considered too unreliable to 
interpret (see Table 2). 

Partial residual plots of the smooth functions of sig-
nificant terms were also compared to histograms of 
presence binned across observed values of our co-
variates to verify that the patterns estimated by the 
models were reflective of the underlying data. Details 
of the method for visualizing interactions of smooth 
terms are given in Text S1. Coefficients of overlap (Δ) 
were computed for species with similar diving ecol-
ogy that co-occupied a given site, using the ‘overlap’ 
package in R (Ridout & Linkie 2009) to quantify tem-
poral co-occurrence. We first used the ‘densityPlot’ 
function to fit a kernel density function to each spe-
cies’ presence at a given site and then used the ‘over-
lapTrue’ function to quantify over lap between the 
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normalized kernel density functions of 2 species. Δ 
values obtained using this ap proach can range be-
tween 0, indicating absolutely no simultaneous pres-
ence, to 1, indicating perfect co-occurrence. 

3.  RESULTS 

Acoustic recording effort was continuous at each 
site except for brief gaps between deployments and a 
few larger gaps at selected sites, as noted earlier 
(Table S1). Species presence varied across sites by 3 
orders of magnitude (Table 1). Distinct patterns of 
spatial and seasonal distribution were observed as de-
tailed below and illustrated by partial residual plots of 
the smooth functions of each temporal predictor. The 
y-scales of partial residual plots are presented here in 
units of the transformed response variable (logits), as 
determined by the link function. We were interested 
more in the shapes of the functional relationships esti-
mated by the models than the precise values 
predicted for probability of presence, and as the pre-
dicted probability of presence based on any one pre-
dictor variable depends on several factors (e.g. what 
other variables were included in the model, what their 
explanatory power was, the level of presence ob-
served for a given species at a given site), we did not 
consider it productive to back-transform these units 
to derive predicted probability of presence. 

Models that exceeded the binned residuals thresh-
old were generally well-fit according to the binned 
residuals metric (Table 2), with more than half (29 of 
57) exceeding 80% and an additional 17 models 

falling between 73 and 80%. Eleven models fell into 
the range of 60−70%: Mb at OC; Mm at NC and NFC 
(the only models retained for this species); Pm at WC, 
NFC, and HAT; Risso’s Gg1 click type at JAX and 
Gg2 click type at HZ and OC; and Gm at OC and GS. 
Data paucity was not always responsible for lower 
performance, as these models were fit to between 
555 and 35 889 presence bins. McFadden’s pseudo-
R2 values for the retained models ranged from 0.008 
to 0.276; slightly less than half (24 of 57) had values 
of >0.1 (Table 2). These values indicate that most of 
our models only account for a modest amount of vari-
ability in the response, although a few meet the crite-
rion for ‘excellent’ fit (ρ2 > 0.2) proposed by McFad-
den (e.g. Dd at BC, WC, and NFC). 

3.1.  Regional differentiation 

The acoustic presence of all species exhibited clear 
preferences either for or against Gulf Stream waters 
(Fig. 2). Most species had higher levels of presence in 
the north; only Md, Me, and Kg 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 pat-
terns of primary site occupancy. In the south, Me 
were present at GS, BP, and BS, with a marked peak 
at GS, while Md were present almost exclusively at 
BS. In the north, Zc, Mb, and Mm occupied many of 
the same sites, but their sites of primary occupancy 
were non-overlapping. Zc were most abundant at 
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Site                                                         Lat., Long.              Depth     Effort                                    Percent species presence 
                                                                                                  (m)          (d)       Dd    Gg1   Gg2  Gm  Md   Me   Zc    Mb   Mm  Kg   Pm 
 
Heezen Canyon (HZ)                   41.06° N, 66.35° W         890         926     16.7    3.9     0.7    1.4     0       0     1.7      1      0.1    0    14.3 
Oceanographer’s Canyon (OC)   40.23° N, 67.98° W     450/880     990      16       5       0.5    0.4     0       0     0.2    0.2     0.2    0    13.2 
Nantucket Canyon (NC)              39.83° N, 69.98° W         900        1041    16.4    8.2     2.3    0.6     0       0     0.1    0.1     0.4    0    18.9 
Babylon Canyon (BC)                   39.19° N, 72.23° W        1000       1075    20.6      6       2.5    1.5     0       0     0.4    0.4     0.2   0.1    12 
Wilmington Canyon (WC)           38.37° N, 73.37° W        1040       1094    24.7    4.3     1.4    3.1     0       0     1.5    1.1     0.2    0       9 
Norfolk Canyon (NFC)                 37.16° N, 74.47° W        1110       1093     26      1.4     0.9    6.7     0       0     0.3    0.2     0.3    0     9.9 
Hatteras (HAT)                              35.30° N, 74.88° W        1210       1001     21      0.4     0.1     8      0       1      13.3    0.1      0      0    12.4 
Gulf Stream (GS)                           33.67° N, 76.00° W         930        1092     1.3    0.4     0.1    0.8     0     7.8     0       0        0    0.3     3 
Blake Plateau (BP)                        32.11° N, 77.09° W         950        1094     2.1    0.1         0       0.1     0     4.6     0       0        0    0.2    0.5 
Blake Spur (BS)                             30.58° N, 77.39° W        1050       1090     2.4    0.1         0       0.1   2.8    0.8   0.1      0        0    0.4    1.7 
Jacksonville (JAX)                        30.28° N, 80.22° W         750         853       4       1.8     0.1    0.9     0       0      0       0        0    0.2    1.1

Table 1. Acoustic recording sites, effort, and species presence. Effort across the 3 yr 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. Zero values 
indicate presence of <0.05%; grey shading indicates where low presence either obviated or challenged modeling efforts (see 
Table 2 for model fit metrics). Dd : short-beaked common dolphin; Gg1 and Gg2 : Risso’s dolphin click types; Gm : short-finned 
pilot whale; 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
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HAT, with presence one or 2 orders of magnitude 
lower in the north. Mb exhibited 2 preferred loci of 
presence: one at HZ and another at WC. Detections of 
Mm were strongest at NC, where both Zc and Mb 

were conspicuously absent despite 
occupying neighboring sites. 

Distribution patterns of the 3 dol-
phin species were dissimilar from one 
another. Dd exhibited high levels of 
presence across the study area, albeit 
with a bias towards the northern re -
gion. Gg exhibited a stronger prefer-
ence for northern sites, shown by neg-
ligible presence of both click types in 
the south, except at JAX. Gm had their 
strongest occurrence at HAT and NFC, 
with lower presence at the more 
northerly sites and JAX, and negligi-
ble occupation of BP and BS. Pm ex -
hibited a regional distribution similar 
to Dd, with presence at all sites but a 
bias towards the northern sites. Kg ex -
hibited low levels of presence at all 
sites south of HAT. 

3.2.  Seasonal fluctuations in  
presence across species 

The seasonal cycle, represented by 
DOY, was highly significant (p < 0.001) 
in almost all retained models (Table 3). 
Most DOY patterns were unimodal, 
with a peak in presence during one 
season; the season of peak presence 
varied across species (Fig. 2). How-
ever, in some cases, bimodal patterns 
with 2 distinct seasonal peaks in pres-
ence occurred (see e.g. Fig. 3); we con-
sidered patterns to be meaningfully 
bimodal when the 95% confidence 
intervals of a trough in predicted pres-
ence fell below the 95% confidence 
intervals of the peaks on either side. 

The DOY patterns for Dd were con-
sistent across most sites, with presence 
peaking in the spring between BS in 
the south and NC in the north; peaks 
fell later in the summer at OC and HZ 
(the northernmost sites) and at JAX (the 
southernmost site) (Fig. 3). This was 
similar to the seasonal patterns of Gg 
at  the sites where both species 

occurred. Dd did not ap pear to meaningfully occupy 
any of the sites during the fall. 

The 2 Gg click types present in the data set showed 
seasonal patterns similar to one another north of HAT 
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               Dd                  Gg1               Gg2              Gm 
             %BR          ρ2         %BR          ρ2        %BR      <ρ2       %BR        ρ2 
 
HZ        0.736       0.132      0.767       0.173     0.647    0.117     0.880     0.061 
OC        0.826       0.114      0.740       0.168     0.629    0.093     0.605     0.087 
NC        0.834       0.152      0.832       0.070     0.860    0.163     0.763     0.059 
BC        0.851       0.223      0.804       0.071     0.812    0.213     0.781     0.149 
WC       0.804       0.223      0.785       0.130     0.767    0.162     0.822     0.136 
NFC      0.729       0.276      0.822       0.046     0.740    0.117     0.849     0.111 
HAT     0.847       0.131      0.476       0.075                                0.860     0.109 
GS        0.859       0.060      0.403       0.144     0.175    0.110     0.669     0.122 
BP         0.822       0.102      0.332       0.106                                0.383     0.073 
BS         0.789       0.124      0.280       0.083                                0.363     0.081 
JAX      0.798       0.107      0.669       0.146     0.270    0.142     0.581     0.227 
 
               Md                 Me                Zc                Mb 
             %BR          ρ2         %BR          ρ2        %BR      <ρ2       %BR        ρ2 
 
HZ                                                                     0.824    0.074     0.890     0.015 
OC                                                                     0.418    0.078     0.603     0.022 
NC                                                                     0.265    0.063     0.370     0.046 
BC                                                                     0.840    0.009     0.759     0.014 
WC                                                                    0.865    0.020     0.899     0.013 
NFC                                                                  0.581    0.046     0.574     0.019 
HAT                                                                  0.862    0.022                        
GS        0.141       0.107      0.777       0.031     0.164    0.057                        
BP         0.128       0.045      0.843       0.037                                                   
BS         0.818       0.019      0.841       0.016     0.313    0.024                        
JAX                                                                                                                 
 
              Mm                 Kg                 Pm     
             %BR          ρ2         %BR          ρ2        %BR       ρ2 
 
HZ        0.386       0.049                                    0.787    0.036                        
OC        0.309       0.138                                    0.805    0.059                        
NC        0.613       0.071                                    0.860    0.037                        
BC        0.361       0.011                                    0.749    0.045                        
WC       0.518       0.035                                    0.674    0.073                        
NFC      0.649       0.042                                    0.640    0.145                        
HAT                                                                  0.634    0.162                        
GS                                       0.574       0.066     0.847    0.016                        
BP                                        0.587       0.032     0.859    0.009                        
BS                                        0.796       0.008     0.793    0.050                        
JAX                                     0.500       0.029     0.226    0.064 

Table 2. Model fit given by percent of binned residuals and McFadden’s pseudo-
R2. %BR: percent of binned residuals that fell within the 95% CIs. In a perfectly 
fitted model, about 95% of the residuals would be expected to fall within these 
bounds. McFadden’s pseudo-R2 (ρ2) compares the log likelihood of a fitted model 
to the log likelihood of the null model. Small values indicate performance similar 
to the null model, while a value of 1 would indicate perfect model fit (i.e. fully sat-
urated model, completely overfit). McFadden commented that these values are 
typically much smaller than traditional R2 values and that ρ2 in the range of 
0.2−0.4 represents ‘an excellent model fit’. Blank cells: modeling was not under-
taken due to low presence; grey shading: model fit did not meet the criterion of 
≥60% binned residuals within the 95% CIs; patterns from these models are not  

presented. Site and species abbreviations as in Fig. 1, Table 1



Mar Ecol Prog Ser 720: 1–24, 2023

(Fig. 3): in spring they were found in the mid-Atlantic 
Bight, whereas in fall they were more present at the 
northernmost sites, such as HZ. The boundary for 
this seasonal shift occurred at NC, where the Gg1 
click type exhibited a spring−fall bi modality that 
was indistinct or absent for Gg2. Similar spring−fall 
 bi modality was seen for Gg1 at NFC but not for Gg2. 
Despite lower model performance for Gg2 at HZ and 
OC (Table 2), the seasonal patterns estimated are 
consistent with those suggested by histograms of the 
presence binned with monthly resolution. Presence 
of both Gg click types was quite low from HAT south-
ward and was not possible to model, except for Gg1 
at the JAX site, where model performance was not as 
good as at the northern sites (Table 2). Gg were 
absent from all sites in the winter. 

Gm were most abundant at HAT, where they 
exhibited peak presence in the winter (Fig. 2). At the 
northern sites, Gm exhibited peak presence in early 
winter and fall from NFC to BC, and bimodal spring−
fall peaks at NC giving way to a winter peak at HZ; 
except for shared bimodality with Gg at NC, this pat-
tern was dissimilar from the seasonal presence of the 
other delphinid species at the same sites (Fig. 3). An 
apparent incongruity at these northern sites, the 
spring peak in Gm presence at OC was actually the 
continuation of elevated presence beginning in the 
fall and continuing through winter and into the 
spring; relatively poor model performance (Table 2) 
and wider confidence intervals for this estimated 
seasonal pattern show that spring and fall peaks may 
not be truly different and that these predictors leave 
much variability in species presence unaccounted 
for. We observed that Gg and Gm had staggered sea-
sonal peaks at sites where their ranges overlap and 
did not generally occupy a given site at the same 

time. Coefficients of overlap for Gg and Gm at the 
northern sites were generally low, ranging from 0.32 
to 0.54, except at site NC, where overlap was more 
substantial at Δ = 0.73 (Table 4). 

A clear temporal separation was apparent for the 
southern beaked whale species at BS, where Md 
presence peaked in the late winter, while Me pres-
ence peaked in the fall (Fig. 4); however, the coeffi-
cient of overlap (Δ = 0.70) suggests substantial co-
occurrence despite these differing seasonal peaks 
(Table 4). In the north, Zc and Mb both occupied the 
sites from NFC to HZ (Fig. 2, Table 1), but available 
seasonal patterns suggested that they were tempo-
rally separated at these sites (Fig. 4). At BC and WC, 
Mb presence peaked in the fall and summer, respec-
tively, while Zc peaked in the spring and late winter, 
respectively. At HZ, Mb and Zc presence peaked in 
early spring and winter, respectively, which suggests 
some co-occurrence at this site. The apparent tempo-
ral separation suggested by these seasonal peaks 
was not well-supported by the coefficient of overlap 
values at these sites, which ranged from 0.74 to 0.81 
(Table 4), indicating substantial temporal co-occur-
rence despite differing seasons of peak presence. At 
NC, their site of primary occupancy, Mm exhibited 
slightly bimodal summer and winter peaks in pres-
ence. While both the Mm models were on the lower 
end of model performance, the seasonal patterns they 
estimated matched well with those suggested by his-
tograms of the presence binned with monthly resolu-
tion. 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 (Figs. 2 & 4). 

Peak presence of Pm occurred during the spring 
and summer at most sites (Fig. 4). Model performance 
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Fig. 2. Site occupancy and seasonal peak presence by species and site. Bar length gives presence bins per thousand effort 
bins; note the x-axis is in log scale. Color shows the day-of-year value of peak presence in models for which day-of-year was 
significant; gray fill indicates that day-of-year was not significant. Stripes indicate no model due to insufficient presence or  

poor model performance. Site and species abbreviations as in Fig. 1, Table 1
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was somewhat lower at HAT, NFC, and WC (Table 2), 
although presence was high. Despite this lower per-
formance, the seasonal patterns estimated at those sites 
are aligned with the seasonal peaks seen in histograms 
of presence binned with monthly resolution. 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 Pm presence peaked in the winter. While 

the DOY smooth for Kg 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 particularly 
pronounced during July of the first study year, was 
lower amplitude and shifted earlier to June in the sec-
ond study year, and no clear summer peak was dis-
cernible in the third study year. The strong pattern in 
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                                                Dd                                                                                    Md 
             Yr             DOY         MPh          NT     NT: DOY  NT:MPh       Yr          DOY        MPh        NT      NT: DOY  NT:MPh 
 
 
HZ        ***             ***            **            ***           ***             *                                                                                                 
OC       ***             ***            ***           ***           ***            ***                                                                                                
NC       ***             ***            ***           ***           ***            ***                                                                                                
BC        ***             ***            ***           ***           ***            **                                                                                                
WC       ***             ***            ***           ***           ***            ***                                                                                                
NFC     ***             ***            **            NS           ***            ***                                                                                                
HAT     ***             ***            ***           ***           ***            ***                                                                                                
GS        ***             ***             *             NS            *             NS             −              −               −             −              −               − 
BP         ***             ***            ***           ***           ***            NS             −              −               −             −              −               − 
BS         ***             ***            **            ***           ***            ***           ***           ***           ***          ***            **             NS 
JAX      ***             ***            NS           ***           ***            ***                                                                                                
 
                                               Gg1                                                                                  Me 
             Yr             DOY         MPh          NT     NT: DOY  NT:MPh       Yr          DOY        MPh        NT      NT: DOY  NT:MPh 
 
 
HZ        ***             ***            ***           ***           ***            NS                                                                                                
OC       ***             ***            NS           ***           ***            NS                                                                                                
NC       ***             ***            ***           ***           ***            ***                                                                                                
BC        ***             ***            ***           NS           ***            **                                                                                                
WC       ***             ***            ***           ***           ***            ***                                                                                                
NFC     ***             ***            NS           ***           ***            ***                                                                                                
HAT       −                 −               −              −              −               −                                                                                                 
GS          −                 −               −              −              −               −             ***           ***           ***          ***           NS              * 
BP          −                 −               −              −              −               −             ***           ***           ***          ***           ***            NS 
BS          −                 −               −              −              −               −              **           ***            **           ***            **             NS 
JAX      ***             ***            NS           ***           **            ***                                                                                                
 
                                               Gg2                                                                                    Zc 
             Yr             DOY         MPh          NT     NT: DOY  NT:MPh       Yr          DOY        MPh        NT      NT: DOY  NT:MPh 
 
 
HZ        ***             ***            NS           ***           ***            **              *            ***           ***          ***            **             NS 
OC       ***             ***             *             ***           ***            ***             −              −               −             −              −               − 
NC       ***             ***            ***           ***           ***            NS             −              −               −             −              −               − 
BC        ***             ***            NS           ***           ***             *             NS           ***           NS          ***           NS              * 
WC       ***             ***            ***           ***           ***            **            NS           ***           ***          ***            **             NS 
NFC     ***             ***            NS           ***           ***            ***             −              −               −             −              −               − 
HAT                                                                                                          ***           ***            **           ***           ***            *** 
GS          −                 −               −              −              −               −              −              −               −             −              −               − 
BP                                                                                                                                                                                                  
BS                                                                                                               −              −               −             −              −               − 
JAX       −                 −               −              −              −               −

Table 3. Term significance for each model by species and site. Yr: study year; DOY: day-of-year; 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, which are not 
presented here; blank cells indicate modeling was not undertaken due to low presence. Site and species abbreviations as in  

Fig. 1, Table 1

(continued on next page)
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the first year may be driving the significant p-value for 
DOY in this model, while the interannual variability 
likely underlies the parameter estimate variability. 

3.3.  Lunar cycles were most impactful for delphinids 

MPh was significant in most of the models, and 
often interacted significantly with NT; most of the 
instances of non-significance were in models for 
deep divers (Table 3). 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. Despite being a significant interaction in 
many cases, the lunar patterns did not always appear 
to be different between daytime and nighttime. This 
may indicate that the interaction was one way (MPh 
influenced diel pattern, but diel phase did not in -
fluence lunar pattern). 

The most coherent lunar patterns were seen for the 
dolphin species (Fig. 5). Dd exhibited a preference 

12

                                                Gm                                                                                    Mb 
             Yr             DOY         MPh          NT     NT: DOY  NT:MPh       Yr          DOY        MPh        NT      NT: DOY  NT:MPh 
 
 
HZ        ***             ***            NS           ***           ***            ***           ***           ***           ***          ***           NS              * 
OC       ***             ***            ***           ***           ***            ***           ***           ***           NS          ***           ***              * 
NC       ***             ***            **            ***           ***            ***             −              −               −             −              −               − 
BC        ***             ***             *             ***           ***            ***           ***           ***           NS          ***           ***            NS 
WC       ***             ***            ***           ***           ***            ***           ***           ***           ***          ***           NS            NS 
NFC     ***             ***            NS           ***           ***            ***             −              −               −             −              −               − 
HAT     ***             ***            ***           ***           ***            ***                                                                                                
GS        ***             ***            ***           ***           ***            ***                                                                                                
BP          −                 −               −              −              −               −                                                                                                 
BS          −                 −               −              −              −               −                                                                                                 
JAX       −                 −               −              −              −               −                                                                                                 
 
                                               Mm                                                                                   Pm 
             Yr             DOY         MPh          NT     NT: DOY  NT:MPh       Yr          DOY        MPh        NT      NT: DOY  NT:MPh 
 
HZ         −                 −               −              −              −               −             ***           ***           ***          ***           ***            NS 
OC         −                 −               −              −              −               −             ***           ***           ***          ***           ***              * 
NC       ***             ***            NS           ***           **            NS           ***           ***           NS          ***           ***              * 
BC         −                 −               −              −              −               −             ***           ***             X           ***           ***             X 
WC        −                 −               −              −              −               −             ***           ***            **           ***            **             NS 
NFC     ***             ***            NS           ***           NS            NS           ***           ***           ***          ***           ***              * 
HAT                                                                                                          ***           ***           NS          NS           ***             ** 
GS                                                                                                             NS           ***           NS          NS             *              NS 
BP                                                                                                             NS           NS           NS          NS            **             NS 
BS                                                                                                             NS           ***           ***          ***            **              * 
JAX                                                                                                            −              −               −             −              −               − 
 
                                                Kg      
             Yr             DOY         MPh          NT     NT: DOY  NT:MPh                                                                                           
 
 
HZ                                                                                                                                                                                                 
OC                                                                                                                                                                                                
NC                                                                                                                                                                                                
BC                                                                                                                                                                                                 
WC                                                                                                                                                                                                
NFC                                                                                                                                                                                              
HAT                                                                                                                                                                                              
GS          −                 −               −              −              −               −                                                                                                 
BP          −                 −               −              −              −               −                                                                                                 
BS          *                 *             ***           ***           NS            NS                                                                                                
JAX       −                 −               −              −              −               −

Table 3 (continued)
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for the new moon at night at most of the sites; day-
time lunar preferences were more variable, consis-
tent with our expectation that the lunar influence 
would be most impactful at night if lunar illuminance 
was the driving consideration. Gm, on the other hand, 
exhibited a consistent preference for the full moon at 
night and generally against the full moon during the 
day. Neither of the Gg click types exhibited lunar 
patterns that were consistent across sites or in keep-

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

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 4 of 5 such models, the confidence 
intervals were wide and overlapping, indicating 
that parameter estimates contained high variability 
(Fig. S1). Differences between the daytime and 
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Fig. 3. (A) Partial fits of day-of-year (DOY) for the dol-
phin species; other terms were held constant at their 
mean values. Y-axes give values of s(DOY); letters on x-
axis indicate month. Shaded regions: 95% CIs; gray 
blocks: no model due to low presence and/or poor per-
formance. To account for significant DOY × normalized 
time of day (NT) interaction, DOY fits were averaged 
across all values of NT. (B) Risso’s dolphin Gg1 click type 
presence as normalized counts at NFC showing clear 
bimodal pattern (blue bars); gray bars: distribution of 
effort across the year. Site and species abbreviations as  

in Fig. 1, Table 1
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nighttime lunar patterns in these cases may not be 
reliable or ecologically meaningful. Pm 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 (Fig. S1). The pattern for 
Kg had wide confidence intervals, similar to the DOY 
and NT patterns for this group (Fig. S1). 

3.4.  Diel patterns change across the seasonal and 
lunar cycles 

NT was significant in all retained models and usu-
ally interacted significantly with DOY and/or MPh 
(Table 3). The interaction between NT and DOY re -
vealed substantial changes in diel patterns through-
out the year for some species. Differences in the 
magnitude of the smooth functions of NT across sea-
sons may be a function of seasonally varying proba-
bility of presence and/or the relative importance of 
the diel cycle throughout the year. Diel patterns did 
not vary as much across the lunar cycle, suggesting 
the lunar influence is less important in driving odon-
tocete diel activity patterns than the seasonal in -
fluence. However, when there was modulation of 
the  diel pattern across the lunar cycle, variability 
in  activity was almost exclusively confined to the 
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. Fig. 6 provides a sum-
mary of the partitioning of presence between diel 

phases for each species at each site during the 90 d 
period centered on their seasonal peak in presence; 
this partitioning was calculated based on the raw 
presence data, not model output. A selection of illus-
trative partial smooth plots from the temporal mod-
els, showing diel patterns at different points in the 
seasonal and lunar cycles, is shown below; the re -
maining partial smooth plots can be seen in the Sup-
plement (Figs. S2−S8). 

Dd diel patterns showed a preference for dark 
conditions across sites and seasons, with the highest 
levels of acoustic activity at night; occasionally a slight 
preference for dusk or dawn was visible (e.g. Fig. 7A). 
Differences in diel patterns at different points in the lu-
nar cycle were mostly trivial (e.g. Fig. 7A), although 
we did observe that at sites where the NT and MPh 
interaction was significant, the highest levels of night-
time activity were generally during new and/or wax-
ing moons. These differences were more pronounced 
at HAT and JAX; nighttime activity at HAT was sup-
pressed during the full moon in all seasons (Fig. 7B). 

During their seasons of peak presence, Gg exhib-
ited varying diel patterns across sites; within sites, 
diel patterns changed across the seasonal cycle (e.g. 
Fig. 8A). Considering only diel patterns exhibited dur-
ing seasons of peak presence, Gg1 showed a noctur-
nal pattern at the northernmost sites HZ and OC in 
the fall; a crepuscular pattern at the mid-Atlantic 
Bight sites NC, BC (Fig. 8A), and, less so, WC, in the 
spring; and a nocturnal pattern in the south at JAX in 
the summer. Despite lower model performance at 
JAX, this nocturnal preference matches the strong 
nocturnal pattern shown by histograms of presence 
binned with hourly resolution. Gg2 had distinctly dif-
ferent diel patterns during the same seasons at the 
same sites: crepuscular with some nocturnal activity 
at the northernmost sites HZ and OC in the fall and 
diurnal at NC, BC (Fig. 8B), and WC in the spring. 
The Gg2 models had poorer performance at HZ and 
OC and parameter estimates for diel patterns had 
wide confidence intervals, so these diel patterns may 
not be strong or consistent. Both the Gg click types 
exhibited some variability in diel pattern that was 
modulated by the lunar cycle, although 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 indicated by 
wide and overlapping confidence intervals predicted 
at other points in the lunar cycle (Fig. 8C). 

Gm exhibited a preference for well-illuminated 
conditions with generally diurnal echolocation be -
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Species                                             Site                        Δ 
 
Risso’s dolphin and                         HZ                    0.4126 
 short-finned pilot whale                OC                    0.5050 
                                                          NC                    0.7336 
                                                          BC                    0.4148 
                                                         WC                   0.3193 
                                                        NFC                   0.5439 

Cuvier’s and Sowerby’s                  HZ                    0.7425 
 beaked whales                               BC                    0.8070 
                                                         WC                   0.7951 

Blainville’s and Gervais’                 BS                    0.6977 
 beaked whales

Table 4. Coefficient of overlap (Δ) for species with similar 
foraging ecology that occupy the same sites. Values can 
range from 0 to 1, with small values indicating little or no 
co-occurrence and values approaching 1 indicating almost  

perfect co-occurrence
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havior across seasons at HAT and NFC, their sites of 
peak presence (Fig. 6). At the northern sites, pilot 
whales exhibited crepuscular behavior during their 
seasons of peak presence, often with a dawn prefer-
ence. The model at OC had poorer performance, and 
parameter estimates for diel patterns had wide confi-
dence intervals, so diel patterns at that site may not 
be strong or consistent. Nighttime activity levels from 
HAT to NC were highest during periods of lunar illu-
mination, e.g. at HAT in the spring nighttime activity 
during the full moon rivaled daytime activity (Fig. 9) 
At OC and HZ, this pattern changed, with highest 

levels of nighttime activity around the waning and 
waxing moons in all seasons. 

Diel patterns for the beaked whales often had 
wide and overlapping confidence intervals when 
looking across points in the lunar and seasonal 
cycles, perhaps arising from inconsistent patterns 
across the study period (Figs. S6 & S7). The diel 
pattern for Kg suggested an anti-dusk preference, 
but as with the other smooth terms for this species, 
confidence intervals were wide and the true pat-
tern may not be different from a flat line (Fig. S7). 
Pm were the only deep divers to ex hibit convinc-
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Fig. 4. Partial fits of day-of-year (DOY) for the beaked whales, Kogia spp., and sperm whales; other terms were held constant 
at their mean values. Y-axes give values of s(DOY); letters on x-axis indicate month. Shaded regions: 95% CIs; gray blocks: no 
model due to low presence and/or poor performance; NS: DOY was not significant. Blue lines: no significant interaction between 
DOY and normalized time of day (NT); green lines: significant DOY × NT interaction, for which DOY fits were averaged across  

all values of NT. Site and species abbreviations as in Fig. 1, Table 1
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ing diel patterns (clear differences between day-
time and nighttime activity, narrow confidence 
intervals) across sites, but these patterns were 
highly variable between sites and seasons and in -
cluded diurnal, nocturnal, dawn preference, dusk 
avoidance, and dawn avoidance patterns (Fig. S8). 
At HAT and BS, Pm nighttime activity was always 
highest around the full moon. 

4.  DISCUSSION 

The long-duration, continuously sampled data 
used here allowed us to analyze toothed whale pres-
ence 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 entire seasonal, lunar, 
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Fig. 5. Partial fits of moon phase (MPh) for the dolphin species. Y-axes give values of s(MPh); other terms were held constant 
at their mean values. Shaded regions: 95% CIs; gray blocks: no model due to low presence and/or poor performance. Plots show-
ing a single curve (purple) depict the lunar pattern in the absence of significant interactions; plots with 2 curves depict the 
lunar patterns in the daytime (red) and nighttime (blue) when there was a significant interaction between MPh and normalized  

time of day (NT). Site and species abbreviations as in Fig. 1, Table 1
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and diel cycles, and thus we can address some of the 
knowledge gaps associated with the visual survey 
data for this region, which is largely focused on sum-
mer months. Most of the species in this analysis were 
present primarily from HAT northwards; only 3 of the 
10 species analyzed (Md, Me, and Kg) mainly occu-
pied the southern sites. The acoustic monitoring sites 
used here are point sampling locations with limited 
monitoring volumes, so species that were apparently 
absent from one of our sites may indeed be present at 
that latitude, either further inshore or offshore, and 

thus not captured by our sampling design. But within 
each instrument’s recording radius (~2 km; Hilde-
brand et al. 2015, Frasier et al. 2016), the ubiquitous 
use of echolocation for foraging, environmental sens-
ing, and communication makes it a good proxy for 
detecting odontocete species occurrence. (Cohen et 
al. 2022) showed good alignment between the dis -
tributions of visually detected and acoustically de -
tected animals for species that are amenable to visual 
surveys, while acoustic methods have been shown to 
detect higher levels of presence of cryptic species 
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Fig. 6. Partitioning of acoustic presence between day and night. Bar length gives presence bins per thousand effort bins; note 
that the x-axis is in log scale. White bars indicate an even 50/50 split; bright yellow: 100% of presence occurring in the day-
time; dark blue: 100% of presence occurring in the nighttime. Gray fill: normalized time of day was not significant; stripes: no  

model due to insufficient presence or poor model performance. Site and species abbreviations as in Fig. 1, Table 1
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than visual surveys (Yack et al. 2010). The regional 
differences in species distributions shown here are 
also consistent with previous findings that dolphin 

species exhibit preferences for particular tempera-
ture and salinity ranges (Fullard et al. 2000, Dok-
sæter et al. 2008, Roberts et al. 2016). 
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The GEEGAM framework generally performed 
well for characterizing relationships between species 
presence and the temporal covariates considered 
here, although the models clearly struggled in cases 
of very low species presence (Table 2). Of the models 
presented here, even those with performance ap -
proaching our model fit threshold (≥60% binned 
residuals within the 95% confidence intervals) were 
generally successful in describing seasonal patterns 
that were consistent with those suggested by histo-
grams of presence binned with monthly resolution; 
their success with describing lunar and diel patterns 
was more mixed. Models for deep divers generally 
had lower McFadden’s pseudo-R2 values, which, in 
combination with lower retention of the MPh term 
and more instances of wide and overlapping confi-
dence intervals, seems to suggest lesser importance 
of these temporal drivers for deep divers than for 
shallow and intermediate divers. 

One challenge of working with this modeling 
framework was the scarcity of existing open-source 
software libraries for fitting, evaluating, or plotting 
GEEGAMs. This may act as a barrier to the wider 
adoption of GEEGAMs in ecological applications, 
despite the strength of these models over GAMs 
when it comes to working with serially autocorre-
lated data. The logistic nature of our models pre-
sented another challenge in terms of evaluating 
model fit. Typical residual-vs.-fitted value plots and 
R2 values are not well-suited to logistic regression 
models, and some pseudo-R2 metrics intended for 
logistic regression perform poorly in cases of low 
presence and low overall predicted probabilities, 
which was the case for most of our models. 

4.1.  Temporal pattern variations 

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 preferred prey species, dictated by 
oceanographic conditions (Kampa 1975, Legendre 
1990, Martin & Richards 2001, Biktashev et al. 2003, 
Last et al. 2016, Della Penna & Gaube 2020). 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 
(Au 1993, Berta et al. 1999). Indeed, some of the pat-
terns observed here are well-aligned with current 

knowledge of foraging ecology for these species. 
Echolocation may also be used for communicatory 
purposes (Watkins & Schevill 1977, Nemiroff & 
Whitehead 2009, Clausen et al. 2011), but a manual 
review of the raw data showed that the overwhelm-
ing majority of clicks detected on our devices were 
regular echolocation trains believed to be used pri-
marily in foraging. Interspecies differences in site 
occupancy or activity patterns may be a means 
of  minimizing competitive interactions (Conners 
et al. 2015, Gao et al. 2020, Iwahara et al. 2020, Lear 
et al. 2021). 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. 

4.2.  Beaked whales and deep-diving delphinids 
are spatially and temporally separated 

Each beaked whale species exhibited a specific 
geographic locus of highest presence, distinct from 
the other species. However, differing seasonal peaks 
in presence did little to mitigate temporal overlap 
between Zc and Mb at shared sites in the north, and 
between Md and Me at site BS in the south. Appar-
ent temporal separation was noted between the 2 
deep-diving dolphin species, Gg and Gm : from NFC 
northwards, the seasonal peaks in Gm presence fell 
generally during the seasonal dips in Gg presence 
(also during the seasonal absence of Dd at most of 
these sites). In this case, differences in season of peak 
presence seemed to more effectively mitigate co-
occurrence, as indicated by low coefficient of overlap 
values (Table 4). These differences in Δ values for 
beaked whales and dolphins result from a combina-
tion of 2 things: (1) less temporal separation between 
seasons of peak presence for beaked whales versus 
dolphins (Figs. 3 & 4), and (2) less pronounced modu-
lation in presence over the seasonal cycle for beaked 
whales versus dolphins (apparent from histograms of 
presence bin ned across the seasonal cycle). The non-
overlapping pattern of beaked whale site occupancy 
is consistent with what has been previously reported 
from this region and others (Baumann-Pickering et al. 
2014, Stanistreet et al. 2017, Ko warski et al. 2018, 
Rice et al. 2021), although few works have identi-
fied habitat partitioning among dolphin species 
(Bearzi 2005). 

This spatiotemporal separation of site occupancy may 
be a means of minimizing direct competition for simi-
lar prey through behavioral differentiation and may 
also reveal subtle differences in realized niche between 
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species with highly overlapping fundamental niches. 
Consideration of biotic and abiotic oceanographic con-
ditions experienced at each of these sites through time 
may shed some light on the prey species and/or life 
stages of prey that are likely available, and the drivers 
of habitat selection for these odontocete species. 

4.3.  Possible evidence of seasonal north−south and 
onshore−offshore movements 

The latitudinal shifts in seasonal peak presence for 
both Gg click types suggests 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 Gm, we can simi-
larly speculate about seasonal movements between 
north-central spring grounds (NFC, WC, BC) and 
either central (HAT, GS) or northern (OC, HZ) winter 
grounds. As noted in Cohen et al. (2022), the click type 
identified as Gm 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. The low 
predicted presence of both Gg and Dd at all 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 spe-
cies at all our sites during a portion of the year could 
be onshore−offshore movements that take them out 
of the sensing range of our shelf-break-situated instru-
ments. Zonal movements have been previously ob -
served for dolphins on both seasonal and diel cycles 
(Perrin et al. 1979, Elwen et al. 2006). A study incorpo-
rating sensors deployed along an onshore−offshore 
gradient could help ad dress this knowledge gap. 

4.4.  Lunar and diel cycles differentially impact 
species according to their diving ecology 

Variability in lunar and diel cycles was observed 
across sites and seasons for many of the species, al -
though consistent and ecologically coherent patterns 
were only apparent for the dolphin species. Diel and 
lunar cycles in odontocete behavior are generally 
thought to be driven by light-mediated changes in 
prey depth distributions (Kampa 1975, Last et al. 2016) 
and the energetic costs of, or physiological limita-
tions on, foraging in different depth layers. Such 
variability in diel and lunar activity patterns may 
indicate adaptability to fine-scale temporal and spa-

tial differences in prey fields. For example, Abecassis 
et al. (2015) and Copeland et al. (2019) both reported 
sub-daily and daily scale foraging responsiveness of 
Gm to changes in the micronekton scattering layers, 
which constitute prey for the whale’s own forage spe-
cies. Consideration of differences in prey fields and 
oceanographic conditions across our sites may pro-
vide more meaningful insights into the drivers of this 
apparent behavioral plasticity. 

Our findings of primarily nocturnal and crepus -
cular activity for Gg1 are consistent with the current 
understanding of this species’ foraging ecology, while 
the diurnal occurrence of the Gg2 click type was sur-
prising. Gg represent something of an intermediate 
between common dolphins and pilot whales in terms 
of foraging ecology. Gg 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 they meet scat-
tering layers on their ascent (Benoit-Bird et al. 2019, 
Visser et al. 2021). They prey almost exclusively on 
cephalo pods (Clarke & Pascoe 1985, Luna et al. 2022). 
We speculate that Gg1 may be primarily associated 
with nighttime foraging at epipelagic depths, while 
Gg2 may correspond to different foraging strategies 
or behavioral states. Another possible ex planation is 
that the 2 click types correspond to distinct Gg pop -
ulations with different foraging strategies, as sug-
gested previously for the 2 distinct Pacific white-
sided dolphin click types (Sol devilla et al. 2010b); 
however, this seems less likely given the spatial and 
seasonal co-occurrence of the 2 Gg click types. 

The deep divers considered here exhibited a vari-
ety of lunar and diel patterns in acoustic activity, but 
no well-defined or consistent light−dark prefer-
ences were apparent either across species or within 
species for those modeled at multiple sites. Limited 
previous reports of diel and lunar patterns exist for a 
few of these species (Aoki et al. 2007, Henderson et 
al. 2016, Merkens et al. 2019, Barlow et al. 2020), but 
more work is needed to understand the drivers of the 
substantial variability in lunar and diel activity pat-
terns observed here. 

4.5.  Lunar illumination modulates dolphin diel 
activity patterns 

For Gm and Dd, 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 the influence of lunar illumination on the depth 
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distribution of prey species, as opposed to an endoge-
nous circadian rhythm, drives these ob served lunar 
activity cycles. Dd exhibited highly consistent noc-
turnal activity patterns across sites and seasons and 
preferred darker nighttime conditions, with re duced 
nighttime acoustic activity around the full moon; 
daytime lunar patterns were variable be tween sites. 
Extremely limited work suggests that this species is a 
shallow diver, capable of attaining maximum depths 
of about 260 m (Stewart 2018). Offshore populations 
of Dd are known to forage on mesopelagic fish and, 
to a much lesser extent, squid (Pusineri et al. 2007, 
Doksæter et al. 2008), and primarily forage at night 
(Henderson et al. 2012). Presumably, these dolphins 
can only access such deep-dwelling prey species 
when they undergo nocturnal vertical migration into 
the epipelagic zone, a behavior that is suppressed by 
intense lunar illumination around the full moon (Last 
et al. 2016). The Dd diel and lunar patterns evident in 
this analysis are in keeping with nocturnal foraging 
on diel vertical migrators when they are most abun-
dant in the surface waters. 

Gm, on the other hand, are known to be deep 
divers capable of accessing prey at depths >1000 m 
(Aguilar Soto et al. 2008, Quick et al. 2017). Aguilar 
Soto et al. (2008) and Baird et al. (2003) both reported 
fewer but deeper dives during the day and a higher 
rate of diving to somewhat shallower depths at night. 
Owen et al. (2019) observed that during the full 
moon, nighttime deep dives of Gm were deeper and 
longer, although there was a reduction in the propor-
tion of nighttime dives, whereas there were no 
changes in mean depth or duration of daytime deep 
dives. At HAT, the site with the highest acoustic 
presence of Gm, we observed a primarily diurnal 
pattern in acoustic activity, and an increase in night-
time acoustic activity around the full moon, with no 
meaningful changes in daytime acoustic activity over 
the course of the lunar cycle. At the northern sites, 
Gm were primarily crepuscular. This may indicate 
that pilot whales at HAT are targeting different prey 
than at the northern sites, which would not be sur-
prising given the oceanographic differences be -
tween HAT and the northern sites, particularly in 
terms of vicinity to and influence of the Gulf Stream. 

Previous work has demonstrated the importance of 
lunar influences on Gg foraging in southern Califor-
nia, with reduced acoustic activity around the full 
moon and more nighttime echolocation prior to moon-
rise than while the moon was present in the night sky 
or after moonset (Simonis 2017). In this analysis, Gg 
lunar patterns were highly variable across sites and 
between the 2 click types analyzed. This may sug-

gest ocean basin differences in Gg populations, opti-
mization of foraging strategies based on site-varying 
prey fields in our region, or both. It may also suggest 
that the lunar patterns exhibited by Gg are exter-
nally forced, similar to what we observed here for Dd 
and Gm, as endogenous circadian cycles would not 
be expected to vary by site for a species believed to 
traverse the entire region. 

The data presented here demonstrate spatial and 
temporal separation of potentially competitive odon-
tocete species in the western North Atlantic. Al -
together, at temporal scales finer than seasonal, the 
extreme deep divers (beaked whales, Pm, Kg) seemed 
less affected by external temporal covariates than the 
delphinids, possibly be cause of specialized foraging 
in the presumably much less dynamic deep-sea envi-
ronment. The variable temporal activity patterns pre-
sented here may illustrate behavioral ap proaches to 
minimizing direct prey competition among closely 
related species and provide new insights into the 
habitat use, behavioral plasticity, and foraging pat-
terns of odontocete species. 
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