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ABSTRACT

Studies of cetacean diving behavior in multiple locations in different ocean basins allow for an assessment of variability within
and among populations. We examine foraging dive behaviors of goose-beaked whales (Ziphius cavirostris) and dense-beaked
whales (Mesoplodon densirostris) using data from 132 tagged whales in seven locations in the Pacific and Atlantic Oceans and
the Mediterranean Sea. Acoustic recording tags are used to identify foraging dives by the presence of echolocation. For other
tag types, foraging dives are identified based on maximum dive depth. Five parameters are used to characterize foraging dives:
maximum dive depth, foraging dive duration, dive cycle duration, and the mean and standard deviation of echolocation depths.
We find that differences among dives within one tagged individual are typically larger than the differences among individuals
or among locations, and that differences among individuals are typically similar in magnitude to differences among locations.
Regression is used to estimate the mean and standard deviation of echolocation depths from maximum dive depth for dives
without acoustic data. Composite values of foraging dive parameters (and standard deviations) are estimated as the average of
all study locations.
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1 | Introduction

Beaked whales are a distinct clade that diverged from other
cetaceans in the early Miocene (~16-23 million years ago)
(Lambert et al. 2015). Although early beaked whales appear to
have included species that fed in epipelagic waters (Lambert
et al. 2015), surviving beaked whale species are highly evolved
for deep diving (Pabst et al. 2016). The goose-beaked whale
(Ziphius cavirostris, also known as Cuvier's beaked whale) holds
the record for the deepest (2992m, Schorr et al. 2014) and lon-
gest (222 min, Quick et al. 2020) dives of any mammal. Although
the deep foraging behavior of beaked whales was first inferred
from the depth distribution of their prey (MacLeod et al. 2003),
research on their diving behavior took a great leap forward with
the recent development of depth recording tags that could be de-
ployed on beaked whales (Tyack et al. 2006; Baird et al. 2006).
Here we provide insights into the diving behavior of two beaked
whale species based on a synthesis of tagging studies in multiple
locations.

The diving behavior of goose-beaked whales and dense-beaked
whales (Mesoplodon densirostris, also known as Blainville's
beaked whale) is highly stereotypical. They perform dive cycles
composed of a long, deep foraging dive followed by a series of
shorter, shallower non-foraging dives with short periods at the
surface between each dive (Tyack et al. 2006; Baird et al. 2006,
2008; Joyce et al. 2017; Arranz et al. 2011). Consistent periods of
echolocation typically occur only during deeper portions of deep
foraging dives, and both species are typically silent during the
initial descent and most of the ascent from these dives (Johnson
et al. 2004; Warren et al. 2017; Aguilar de Soto et al. 2020;
Sweeney et al. 2022).

The preferred prey species for beaked whales are meso-pelagic
squid, fish, and crustacean species that are found predomi-
nantly between 200 and 2000m (MacLeod et al. 2003; New
et al. 2013). Variation in foraging depths may be due to variation
in prey availability. Off the Azores, the depth of prey capture
attempts for goose-beaked whales (as inferred from foraging
buzzes) showed either within-dive layer-restricted foraging
around 1000m or a wide target prey field between 800m and
the sea floor (up to 1700 m) (Visser et al. 2021). These two forag-
ing modes were matched with a wide diversity of potential prey
species across the foraging depth range. Acoustic biologging
data from the Canary Islands show that dense-beaked whales
forage both in mid-water depths, exploiting the deep scattering
layer, and at deeper depths near the seafloor, and that they could
switch between these foraging habitats even within the same
dive (Arranz et al. 2011). Hence, beaked whale foraging habitat
covers a wide meso- to bathypelagic range, with local dynamic
prey fields driving dive-to-dive foraging decisions (Arranz
et al. 2011; Visser et al. 2021). Goose-beaked whales frequently
dive to the seafloor in the Azores and off the coast of Southern
California (Visser et al. 2021; Coates et al. 2024). Hence, max-
imum dive depth for this species may be directly related to the
seafloor depth, particularly in water depths of less than 2000 m
(Schorr et al. 2014; Barlow et al. 2020). In deeper waters, how-
ever, goose-beaked whales spend very little time foraging within
500m of the bottom, possibly because bottom-associated feed-
ing becomes energetically less profitable (Barlow et al. 2020).
Maximum dive depths are highly correlated with bottom depth

for goose-beaked whales in The Bahamas (Joyce et al. 2017) and
off Southern California (Coates et al. 2024) but that correla-
tion was low for dense-beaked whales in The Bahamas (Joyce
et al. 2017). In the Bahamas and Hawai‘i, where both species
are found in close proximity, foraging dive depths are typically
greater for goose-beaked than for dense-beaked whales (Baird
et al. 2008; Joyce et al. 2017).

Several approaches have been proposed for estimating beaked
whale population density and abundance from acoustic de-
tections (Moretti et al. 2006; Marques et al. 2009; Hildebrand
et al. 2015; Arranz et al. 2023), and all of these methods rely
on tagging data to quantify diving behavior. Barlow et al. (2021,
2022) developed a method to estimate the density and abun-
dance of goose-beaked whales using acoustic detections of
beaked whale echolocation pulses obtained from drifting acous-
tic recorders and population-level knowledge of their stereo-
typical diving and foraging behavior. That method requires the
observed duration of nearly continuous bouts of echolocation
and dive cycle durations (time from the end of one deep for-
aging dive to the end of the next). It uses estimates of acoustic
availability and the distribution of downward detection angles
together with the expected distribution of echolocation depths to
quantify the effective distance at which beaked whale echoloca-
tion signals can be detected on a near-surface recorder. Barlow
et al. (2021, 2022) used tagging data from prior studies to esti-
mate three key parameters (mean dive cycle duration and the
mean and standard deviation of echolocation depth) that were
not directly estimated from acoustic surveys. If these key pa-
rameters were available for all locations, the use of this acoustic
survey approach could be greatly expanded.

The density estimation for goose-beaked whales off the US West
Coast (Barlow et al. 2022) was based, in part, on tagging studies
of that species within the San Nicolas and Catalina Basins off
southern California, USA (Schorr et al. 2014; Barlow et al. 2020).
The lack of beaked whale tagging efforts across most beaked
whale species' ranges may impede future studies of density and
abundance using passive acoustic methods. However, if beaked
whale diving behavior is similar among areas, it may be possi-
ble to estimate dive cycle duration and echolocation depth vari-
ables from studies in other areas and derive density estimates
using acoustic methods. Here, we aim to extend the potential for
density and abundance estimation of goose-beaked and dense-
beaked whales to parts of their range where no or limited acous-
tic tag data exist. To that end, we quantify the differences in
goose-beaked and dense-beaked whale diving behavior among
tags from multiple locations in the Atlantic and Pacific Oceans
and the Mediterranean Sea and estimate the expected error from
extrapolating estimates among those locations. Results may be
used to estimate the parameters needed for passive acoustic sur-
veys in areas where tag data are not available.

2 | Methods
2.1 | Tagging Studies
Data on diving behavior of goose-beaked whales were collected

from tagging studies in six locations: within the Hawaiian
Islands (USA), off southern California (USA), off Cape Hatteras,
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FIGURE1 | World map showing tagging locations (as abbreviated in this publication). Public domain base map from Wikimedia Commons.

North Carolina (USA), within the Azores (Portugal), within The
Bahamas, and in the northern Ligurian Sea (Italy) (henceforth
referred to as Hawai‘i, SoCal, Hatteras, Azores, Bahamas, and
Liguria, Figure 1). Data on the diving behavior of dense-beaked
whales were collected from tagging studies at three locations:
Hawai‘i, Bahamas, and the Canary Islands (Spain; henceforth
referred to as Canaries).

A variety of tag types were used for these studies includ-
ing shorter duration, suction-cup-attached tags (Mk8 and
MKk9 time-depth recorders [TDR] from Wildlife Computers,
Redmond, WA, USA) and DTAGs (Johnson and Tyack 2003);
longer duration, dart-attached, satellite-transmitting tags
(SPLASHI10 from Wildlife Computers, Redmond, WA, USA),
and dart-attached acoustic recording tags (Sound & Motion
Recording & Telemetry [SMRT] tags from Wildlife Computers,
Redmond, WA, USA). The DTAG, TDR, and SMRT tags were
recovered to download stored data. SPLASH10 tags transmitted
their data via an Argos satellite link, though in some cases, data
from these tags were also obtained through land- or boat-based
receivers (i.e., Motes from Wildlife Computers, Redmond, WA,
USA or Argos goniometers from Xerius, Saint Jean, France).
The recorded dive data include a time series of depth measure-
ments (from TDR, DTAG, SMRT, and most SPLASH]10 tags), a
behavior log providing summary information on each dive and
surface period (from all SPLASH]10 tags), and compressed audio
files (stereo for DTAGs and mono for SMRT tags). For the time
series data, a sample interval of 1s is used for the TDR, DTAG,
and SMRT data; the time series data from SPLASHI10 tags are
not used here. The SPLASH10 behavior log includes start and
end times of diving-related events (dives and surfacing periods)
and maximum dive depth. The acoustic data from DTAGs and
SMRT tags are particularly important in determining what con-
stitutes a foraging dive, using the persistent presence of echolo-
cation pulses.

Table 1 presents a summary of the tag deployments for
each tagging site used in this paper. Details on deployment
methods can be found in papers specific to each study, and
details for each deployment are in Supporting Information
(Table S1). Navy sonar has been linked to mass stranding
of beaked whales in two of our study areas (Bahamas and
Canaries), likely by affecting their dive behavior (Bernaldo de
Quirds et al. 2019; Henderson 2023), and Navy sonar has been
shown to affect beaked whale behavior in the SoCal (Falcone
et al. 2017) and Bahamas (Tyack et al. 2011; Joyce et al. 2020)
study areas. We exclude any tags that were deployed on an-
imals that were deliberately exposed to Navy sonar or sim-
ulated sounds (e.g., sonar and killer whale vocalizations) as
part of behavioral response studies using controlled exposure
experiments. Beyond Navy sonar, other anthropogenic sound
sources have been suggested to affect the foraging behavior
of beaked whales (e.g., Aguilar de Soto et al. 2006; Cholewiak
et al. 2017; Henderson 2023). However, sound exposures are
not known for most of our tag data, which did not record
sounds, and future study sites, which may use the results of
this work, are likely to have anthropogenic impacts as well.
Therefore, we present the behaviors recorded within each
study area as characteristic of the behaviors within each study
location given its typical soundscape.

2.2 | Parameter Estimation

We estimate means and standard deviations of five param-
eters that describe beaked whale behavior during foraging
dives: maximum dive depth, foraging dive duration, dive cycle
duration, and the mean and standard deviation of echoloca-
tion depth. Foraging dives are identified based on the pres-
ence of regular echolocation pulses for acoustic recording tags
(DTAGs and SMRT tags) or on maximum dive depth for all
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TABLE 1 | Summary of information on tagged beaked whales including the species (dense-beaked whales: Md and goose-beaked whales: Zc),
location, type of tag, number of tags of that type deployed on that species in that location, study years used in this report, and total of all deployment

durations (between the first and last dive).

Species Region Tag type #Tags Studyyears Dataduration (days) Co-authorsource Citations
Md Bahamas SPLASH10 13 2011-2015 149.0 a,b,d 9,13
Md Bahamas DTag 17 2006-2017 8.5 c,d 5,6
Md Canaries DTag 18 2003-2022 6.8 ce,f 1,2,6
Md Hawai'‘i TDR 9 2004-2008 9.9 g 3,4,6,14
Md Hawai‘i SPLASH10 4 2013-2021 29.3 g 14

Zc Azores DTag 7 2015-2022 5.0 h,i

Zc Bahamas  SPLASHI10 5 2011-2013 118.1 a,b 9

Zc Hatteras SPLASH10 18 2014-2017 526.7 2] 10

Zc Hawai'‘i TDR 2 2004-2006 1.7 g 3,4,6
Zc Hawai‘i SPLASH10 4 2010-2015 85.3 g 6,14
Zc Liguria DTag 11 2003-2006 3.2 ¢ 1,2,6
Zc SoCal SPLASH10 19 2010-2015 622.0 k,1 6,7,8,11
Zc SoCal SMRT 5 2019 15.7 k,1,m,n,o0,p,q 12

Note: Tag types include time-depth recorders (TDR), satellite-transmitting behavior recorders (SPLASH10), multi-sensor acoustic recorders (DTAG), and satellite-
transmitting acoustic recorders (SMRT). Co-author sources are: (a) Durban, (b) Claridge, (c) Tyack, (d) Hickmott, (¢) Aguilar de Soto, (f) Miranda Gonzalez, (g) Baird,
(h) Visser, (i) Oudejans, (j) Read, (k) Schorr, (1) Falcone, (m) Coates, (n) Sweeney, (0) DeRuiter, (p) Rone, and (q) Watwood. Previous papers using the same data are:
(1) Johnson et al. (2004), (2) Tyack et al. (2006), (3) Baird et al. (2006), (4) Baird et al. (2008), (5) Tyack et al. (2011), (6) Barlow et al. (2013), (7) Schorr et al. (2014), (8)
Falcone et al. (2017), (9) Joyce et al. (2017), (10) Shearer et al. (2019), (11) Barlow et al. (2020), (12) Sweeney et al. (2022), (13) Joyce et al. (2020), and (14) Baird (2019).

other tags. Previous research has shown that maximum dive
depth has a multi-modal distribution for goose-beaked and
dense-beaked whales, with a shallower mode composed of
non-foraging dives and one or more deeper modes composed
of foraging dives (Tyack et al. 2006; Baird et al. 2008; Joyce
et al. 2017). For non-acoustic tags (TDR and SPLASHI0 tags),
we use the distribution of the maximum dive depths to iden-
tify foraging dives. We infer that whales will be foraging and
producing echolocation signals if their maximum dive depths
are greater than the approximate mid-point of the gap be-
tween the shallow and deeper modes in maximum dive depth
(see Results). We recognize that no single depth criterion can
correctly distinguish between all foraging and non-foraging
dives, but tags with acoustic data show that the vast major-
ity can be correctly assigned (Warren et al. 2017, Sweeney
et al. 2022).

Maximum dive depth is taken as the maximum observed depth
during a dive from DTAG, TDR, and SMRT tags. SPLASH10
tags record depth in bins, and their behavior logs give two esti-
mates of maximum depth for each dive (representing the upper
and lower range of a given depth bin); we used the mean of these
two values as our estimate of maximum dive depth. Deep for-
aging dive duration is measured from the time the whale leaves
the surface until the time it returns to the surface. Dive cycle
duration is measured from the end of one deep dive until the
end of the next. Dive duration and dive cycle duration are based
on behavior log data for SPLASHI10 tags and time series data
for all other tag types. Many suction cup tag deployments are
not long enough to measure the longest foraging dives or dive
cycles; so, mean estimates can be biased by including these short

records. To avoid this censoring bias, we only include foraging
dives and dive cycles if the dive record includes at least 2 and 5h,
respectively, prior to the end of a foraging dive. This approach
also typically excludes the first foraging dive and the first dive
cycle after tagging, which have been shown in some studies to
be unusually long (Barlow et al. 2013). For each foraging dive
with acoustic data, we calculate the mean and standard devia-
tion of all depths recorded between the start and end of consis-
tent echolocation pulses.

The means, standard deviations, and percentiles (5th, 10th, 25th,
50th, 75th, 90th, and 95th) of the five key parameters for goose-
beaked and dense-beaked whale foraging dives (maximum dive
depth, foraging dive duration, dive cycle duration, and the mean
and standard deviation of echolocation depth) are calculated for
each location. Location means are simple averages of the mean
values of all tagged individuals in the given location. Composite
means and standard errors for each species are averages of the
location means.

2.3 | Statistical Analyses to Partition Sources
of Variance

We fit linear mixed-effect models to determine factors influenc-
ing variation in maximum dive depth, foraging dive duration,
dive cycle duration, mean echolocation depth, and standard de-
viation of echolocation depth of goose-beaked and dense-beaked
whales. The two species are modeled separately. For acoustic
recording tags, the mean and standard deviation of echolocation
depth are calculated for each dive.
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All variables are modeled as functions of location and tag-
ging occasion (or “Deployment ID”) as random effects, with
Deployment ID nested within location. For dive i of Deployment
ID j in location k, the simple random-effects models are as
follows:

variate;j ~ P+ a; + P+ €

To evaluate whether the mean and standard deviation of echolo-
cation depth can be predicted from maximum dive depth (which
is available for more locations than echolocation depth), we also
fit linear mixed-effect models with the random effects of loca-
tion and individual plus the linear fixed effect of maximum dive
depth (MaxDepth) as follows:

variate;;; ~ p+ a; + fi + &« MaxDepth; + €,

In these models, 1 represents the intercept, the random effects o
and B, are distributed as Normal (0, o;;,), & represents the slope
of the relationship with maximum dive depth and € values are
normally distributed residuals.

Allmodels are fit using the R package Ime4 (version 1.1-34, Bates
et al. 2015) from which we extracted estimates of the variance
explained by the random effects. For the mixed-effect models,
we used the function r.squaredGLMM in the R package MuMIn
(version 1.41.0, Barton 2023) to estimate the variance explained
by the fixed effect MaxDepth using the method of Nakagawa
et al. (2017).

3 | Results
3.1 | Identification of Foraging Dives

For dense-beaked whales, foraging dives can be identified using
a simple criterion based on maximum dive depth. From DTAG
data with audio recordings, all dives with a maximum depth
greater than 500 m were accompanied by regular echolocation
pulses, and none of the dives with a maximum depth of less
than 470 m had regular echolocation pulses. The distributions
of maximum depth for the much larger sample of dives that
also includes SPLASH10 and TDR tags show minima at ~500m
(Figure 2). We use a maximum dive depth criterion of > 500m to
define foraging dives of dense-beaked whales.

For goose-beaked whales acoustic tag data, a single maximum
depth criterion cannot separate all foraging and non-foraging
dives. Using acoustic recording SMRT tags in SoCal, Sweeney
et al. (2022) found several deep dives (> 800 m) of goose-beaked
whales that did not have regular echolocation pulses and some
shallower dives (650-800m) that did. Baird et al. (2008), Barlow
et al. (2020), and Shearer et al. (2019) used 800m maximum
depth as a criterion for defining deep foraging dives. Our distri-
butions of maximum depth (Figure 2) show minima at ~800m
in all locations except Liguria, where the minimum is at ~650 m.
Although no single maximum depth criterion can separate all
foraging and non-foraging dives for goose-beaked whales with-
out error, classification errors are small if we use these minima
(maximum dive depths >650m for Liguria and >800m for all

other locations) as our criteria to define foraging dives for this
species.

3.2 | Maximum Foraging Dive Depth, Foraging
Dive Duration, and Dive Cycle Duration

Maximum foraging dive depths (Figure 3) and durations
(Figure 4) vary considerably between dives for the same tagged
individual (Table S2). The differences among individuals of
the same species in the same location are often greater than
the differences among locations (Figures 3 and 4). In general,
maximum dive depths are greater for goose-beaked whales
than for dense-beaked whales (composite difference =310m,
Table 2), and the same is consistently true for foraging dive
duration (composite difference =14.1 min, Table 2). Within
goose-beaked whales, dive depths are shallowest and foraging
dive durations shortest in samples from Liguria. Goose-beaked
whales have the deepest dives (means greater than 1400m) in
Hatteras and SoCal and have the longest foraging dive dura-
tions (over 1h) in the Azores, Bahamas, and SoCal. Within
dense-beaked whales, maximum dive depths are deeper in the
Bahamas than in Hawai‘i, and are shallowest in the Canaries,
whereas mean foraging dive durations are remarkably similar
in all three locations. For models of maximum dive depth for
both species, residuals account for the largest share of vari-
ation (>56%), indicating a large degree of variation between
dives within an individual, and the variation due to location
is slightly greater than that due to among-individual differ-
ences (Table 3). For models of foraging dive duration, resid-
uals (including within-individual variation) also account for
the largest share of variation (> 73%), but for this variable, the
variation among locations is smaller than the variation among
individuals (Table 3).

Dive cycle durations vary considerably within the same
tagged individual (Figure 5), and residuals (including varia-
tion within individuals) are the greatest source of variation
in models of dive cycle duration for both species (Table 3).
However, within species, mean values are generally very
similar for both species. Mean values are also very similar
within and among locations for each species, albeit with some
variability for goose-beaked whales. The dive cycles for this
species in Liguria and SoCal are the shortest and longest, re-
spectively. In models of dive cycle duration, location explains
more of the variation than Deployment ID for goose-beaked
whales, but the location effect is trivially small for dense-
beaked whales (Table 3).

The dive cycles of goose-beaked whales in SoCal and Hatteras
and dense-beaked whales in The Bahamas have several outliers
with dive cycles longer than 6 h (the longest values seen in any
of the other locations) (Figure 5). Some of these outliers may
be attributed to the larger sample size in these areas. However,
these locations are near naval training and testing areas where
the use of mid-frequency active sonar is common. Although we
excluded any tagged animals that were deliberately exposed to
Navy sonar, at least some of our tagged whales were inciden-
tally exposed to mid-frequency active sonar and exhibited be-
haviors that may be influenced by it (Falcone et al. 2017).
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FIGURE2 | Frequency distributions of maximum dive depths for goose-beaked whales (Zc) in six locations and for dense-beaked whales (Md) in
three locations. Dashed lines indicate the depth used to identify deep foraging dives: 800 m for Zc (except 650 m in Liguria) and 500 m for Md. Data
include all tag types (SPLASH10, DTAG, SMRT, and TDR). Note that dives to less than a minimum dive depth criterion (typically 50 m but up to 250m
for some SPLASHI10 tags) are not counted as dives and are excluded from these frequency distributions.
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Percentiles of the observed distributions of maximum dive depth,
dive duration, and dive cycle duration are given in Supporting
Information (Tables S3-S5).

3.3 | Echolocation Depth

Observed echolocation depths are consistently deeper for
goose-beaked than for dense-beaked whales (composite dif-
ference =231m, Table 4). Mean echolocation depth also var-
ies considerably between dives for the same tagged individual
(Figure 6). Individual variation within and between locations
for the same species appears greater for echolocation depth
(Figure 6) than the variation seen for maximum dive depth
(Figure 3). The variance in echolocation depth explained by
location is 22% for goose-beaked whales and 43% for dense-
beaked whales (Table 3). For goose-beaked whales, mean echo-
location depths are appreciably shallower in Liguria than off
Azores or SoCal (Table 4, Figure 6). Mean echolocation depths
from acoustic tags are strongly correlated to maximum dive
depth (Figure 7), with correlation coefficients of 0.938 and
0.940 (respectively for goose-beaked and dense-beaked whales,
p<0.0001 for both). In the linear mixed-effect models, maxi-
mum dive depth explained 89% and 86% of the variance in mean
echolocation depth for goose-beaked and dense-beaked whales,
respectively (Table 3). With that covariate, location explains 0%
of the remaining variation for goose-beaked whales and 4.1% for
dense-beaked whales.

The standard deviation of echolocation depths for each dive is
a measure of the spread in foraging depths. The standard de-
viation of echolocation depth is also related to maximum dive
depth (Figure 7). In the random-effects models of the standard
deviation of echolocation depth, the largest source of variation
is the residual (including the variation within individuals), with
the among-location variation being higher than the among-
individual variation for one species and smaller for the other
(Table 3). When maximum dive depth is included in this model
as a fixed effect, this covariate explained the most variance:
81% for goose-beaked whales and 63% for dense-beaked whales

(Table 3). Location explains very little of the variance seen in the
standard deviation of echolocation depth for dense-beaked and
goose-beaked whales (Table 3).

Percentiles of the observed distributions, the means and stan-
dard deviations of echolocation depth are given in Supporting
Information (Tables S6, S7).

3.4 | Predicting the Mean and Standard Deviation
of Echolocation Depths From Maximum Dive Depth

Because direct measures of the mean and standard deviation
of echolocation depth are only available from acoustic record-
ing tags in some areas, we are interested in predicting these
values from maximum dive depth when direct measures are
not available. Our mixed model shows that maximum dive
depth explains most of the variation in echolocation depth
variables. Location effects are very small when maximum
dive depth is included in the model. Using the mixed-effect
models (Table 5), predictions of the mean and standard devia-
tions of echolocation depth are very close to the observed val-
ues (Table 4, Figure 8). For dense-beaked whales, the average
absolute values of the prediction errors are only 24 and 18 m
for the mean and standard deviation (respectively). For goose-
beaked whales, these average prediction errors are only 6 and
15m (respectively).

3.5 | Inter-Dependence in Dive Parameters

Bivariate plots of deep (presumed foraging) dive parameters are
given in Figures 6 and 7. Mean echolocation depths are strongly
positively correlated with maximum depth for deep foraging
dives of both goose-beaked and dense-beaked whales; the rela-
tionships between the two are nearly linear. Foraging dive dura-
tions and dive cycle durations are less strongly correlated with
maximum dive depth for both species. The relationship between
foraging dive duration and maximum dive depth appears non-
linear, with a positive relationship for dives to less than 1000m
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FIGURE4 | Foragingdive durations of individual dives (open circles) and mean values for each tagged whale (solid circles). Tag numbers are from

Table S1. Horizontal lines represent mean values of all dives by species (blue for dense-beaked whale and red for goose-beaked whale) within the

given location. Values are excluded for tags that did not record at least 2h of continuous data prior to the end of at least one dive.
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TABLE 3 | Estimates of the percentages of variance in modeled variables explained by tagging location, individual whale (Deployment ID), and
(for mean and standard deviation (SD) of echolocation depth) maximum dive depth.

Percentage variance explained by

Individual Maximum dive
Species Modeled variable Location (Loc) (deployment ID) depth (MaxDepth) Residual
Zc Maximum dive depth 17.1 15.8 67.1
Zc Mean echolocation depth 22.2 14.8 63.0
Zc Mean echolocation depth 0.0 2.4 88.9 8.7
Zc SD echolocation depth 18.0 13.0 69.0
Zc SD echolocation depth 2.7 3.6 81.0 12.7
Zc Foraging dive duration 4.6 22.2 73.2
Zc Dive cycle duration 9.8 5.3 84.9
Md Maximum dive depth 24.6 18.7 56.7
Md Mean echolocation depth 42.8 17.5 39.7
Md Mean echolocation depth 4.1 1.4 85.9 8.6
Md SD echolocation depth 8.1 16.6 75.3
Md SD echolocation depth 2.7 5.4 62.9 28.9
Md Foraging dive duration 0.0 26.7 73.3
Md Dive cycle duration 0.0 10.1 89.9

Note: Estimates are made with linear mixed-effect models, with location and individual treated as random variables and maximum dive depth (if included) as a linear
fixed effect. Species are modeled separately. Residuals represent sources of variation that were not explained by the model and include the variability of multiple dives
within an individual. Zero values for the variance due to location represent singularities where the effect was so small that the model did not converge on a stable

solution and likely do not represent a true value of zero.
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FIGURE 5 | Dive cycle durations of individual dives (open circles) and mean values for each tagged whale (solid circles). Tag numbers are from
Table S1. Horizontal lines represent mean values of all dives by species (blue for dense-beaked whale and red for goose-beaked whale) within the

given location. Values are excluded for tags that did not record at least 5h of continuous data prior to the end of at least one dive.

and very little pattern for deeper dives (Figure 9). Inter-deep-
dive intervals (IDDIs) are positively correlated with subsequent
foraging dive duration (r=0.35 and 0.36, respectively for dense-
beaked and goose-beaked whales).

In our presentation, IDDIs are paired with the subsequent dive
(as in Tyack et al. 2006) which contrasts with comparisons to
the prior dive in more recent studies (Arranz et al. 2011; Barlow

et al. 2013; Falcone et al. 2017). Although IDDI can be viewed as
the recovery time from the previous dive, it can also be viewed
as necessary preparation time for the next dive. This change in
perspective results in some new insights. As has been noted by
others (Schorr et al. 2014), goose-beaked whales can make two
successive foraging dives with very little time between them
(just one surfacing series). For this species, a recovery period ap-
pears to be optional. However, the bottom left panel in Figure 9
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TABLE 5 | Linear regression coefficients estimated by the linear mixed-effect models of the means and standard deviations (SD) of echolocation

depth as a function of the maximum dive depth (as a fixed effect).

Intercept Slope
Species Variable Value (m) SE Value SE
Zc Mean echolocation depth 154.2 229 0.688 0.017
Zc SD echolocation depth —-190.6 16.2 0.302 0.010
Md Mean echolocation depth 146.4 30.4 0.682 0.022
Md SD echolocation depth -130.1 18.8 0.258 0.017

Note: Species are modeled separately. Explained variances for these models (including random effects of location and tagged individual) are given in Table 3.

shows that dives of greater than 70min almost always have a
prior preparatory period. Successive deep dives with very short
IDDIs are very rarely seen for dense-beaked whales (Figure 9,
bottom right panel).

4 | Discussion

Our results show the importance of obtaining large sample sizes
from multiple locations to quantify the foraging dive behavior of
beaked whales, and likely other widely distributed cetacean species.
Within individuals, we see considerable variation between dives
for all dive parameters. The differences between dives within one
tagged individual are typically much larger than the differences be-
tween individuals or between locations; Schorr et al. (2014) found
a similar pattern. The differences between individuals are typically
of similar magnitude to the differences between locations. Only by
having a large sample of dives from each individual and a large
sample of individuals from each location can we discern location-
level differences in diving behavior with any certainty.

Although we have assembled the largest collection of beaked
whale diving data ever analyzed, these tagging studies do have
limitations. Most tagging studies have been in near-shore slope
or basin habitats that are accessible by small vessels. A whale's
diving behavior may change on longer time scales as it forages
in different habitats. Many individual whales of both species
exist in the vast abyssal areas of the world's oceans (MacLeod
et al. 2006) where tagging studies are virtually absent. It is im-
portant to keep these limitations in mind when interpreting the
results of our tagging studies.

We recognize that some recorded behaviors are likely to have
been influenced by the presence of anthropogenic sounds, par-
ticularly those of animals tagged in areas where naval sonar is
frequently used. We have noted the particularly long dive cy-
cles (>6h) found in our Bahamas, Hatteras, and SoCal study
areas. Longer dive cycles have been recorded in goose-beaked
and dense-beaked whales that have been exposed to a variety
of sound sources, including operational Navy sonar (Falcone
et al. 2017) and sounds that mimic Navy sonar and killer whales
(Tyack et al. 2011; DeRuiter et al. 2013). Unusually short dives
and dive cycles have also been reported during exposure to ship-
ping noise (Aguilar de Soto et al. 2006). Although we excluded
tagged animals that were deliberately exposed to anthropogenic
sound, we know that some of the included samples are likely
affected by such exposures. Some of the tags from SoCal were in

fact previously used to investigate behavioral changes associated
with sonar use; sonar is used so frequently in the region that it is
virtually impossible to collect extended behavioral records from
goose-beaked whales there without its effect (Falcone et al. 2017;
Barlow et al. 2020). We present our estimates as representations
of behavior under the conditions where the whales were tagged,
including the concurrent levels of anthropogenic sound sources
in those areas, as these same effects are likely to be present in
any acoustic detection data from these regions.

4.1 | Maximum Foraging Dive Depth and Mean
Echolocation Depth

Maximum dive depth and mean echolocation depth are highly
correlated for goose-beaked and dense-beaked whales, so, not
surprisingly, the geographic variation in these parameters
shows similar patterns. Dense-beaked whales foraged deepest
in The Bahamas and the shallowest in the Canaries (Table 2).
Goose-beaked whales foraged deepest off Hatteras and shal-
lowest in Liguria (Table 2). With the exception of Liguria, the
mean values of both parameters are greater for goose-beaked
whales than for dense-beaked whales in all locations (Tables 3
and 5). As has been found in other studies using subsets of
these data (Tyack et al. 2006; Baird et al. 2008; Joyce et al. 2017;
Baird 2019), goose-beaked whales dive, on average, to deeper
depths than dense-beaked whales; however, our data show
considerable overlap between species for individual dives, and
goose-beaked whale dives in Liguria are, on average, more
similar to those of dense-beaked whales in other locations.

Our results are likely influenced by the bathymetric charac-
teristics of the tagging locations. We did not include bottom
depth in our analyses because our satellite localizations were
primarily based on the Argos system and, consequently, our
position fixes were not frequent enough or accurate enough
to determine bottom depth for each dive in regions of highly
variable depths. Previous studies in flat-bottomed basins
(much of our SoCal and Bahamas study areas with maximum
depths of 1800 and 2247 m, respectively) showed a correlation
between maximum dive depth and bottom depth for goose-
beaked whales using Argos locations that were smoothed with
a tracking model (Joyce et al. 2017; Barlow et al. 2020). The
Bahamas study did not show a strong correlation between max-
imum dive depth and bottom depth for dense-beaked whales
(Joyce et al. 2017). The recently developed SMRT tags have
Fastloc GPS technology (Dujon et al. 2014) that collect accurate
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given in Table 5. Diagonal lines represent the 1:1 ratio.

positions for most surfacings, and an analysis of the resulting
dive data showed a strong correlation between maximum for-
aging dive depth and bottom depths for goose-beaked whales
in water depths of less than 2000m (Coates et al. 2024). In the
Azores, Liguria, and the Canaries, animals were tagged in wa-
ters less than 2000m deep in regions with steep bathymetry
(Tyack et al. 2006; Visser et al. 2021). In these areas, deeper
dives can only be observed when animals move from the tag-
ging location, which was uncommon. Off Hatteras, where
tagging occurred in steep slope waters near very deep waters,
goose-beaked whales are frequently recorded diving to greater
than 2000m (Figure 3). Short-duration suction-cup tags (TDR

and DTAG types) are potentially more sensitive to fine-scale
effects of tagging location than longer duration dart tags be-
cause there is less time available for animals to move to other
locations. Most tagging studies are done from small vessels
close to shore, which not only can affect the estimates of dive
depths immediately after tagging, but also can select individual
whales that have a preference for foraging at shallower depths.
In our Hawai‘i study area, photo-identification studies have
shown that island-associated populations exist for both goose-
beaked and dense-beaked whales and that most tags have been
deployed on individuals from these populations (McSweeney
et al. 2007; Baird et al. 2008, 2011; Baird 2019). Virtually no
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beaked whale tagging has been in abyssal waters deeper than
3000m water depth (Baird et al. 2011). Although our results
should be representative of the areas studied, little is known
about beaked whale diving depths in the ~75% of the ocean
areas that are deeper than 3000 m (from figure 1 in de Lavergne
et al. 2016).

4.2 | Foraging Dive Duration and Dive Cycle
Duration

Inter-deep-dive intervals are positively correlated with the du-
ration of subsequent deep foraging dives for both goose-beaked
and dense-beaked whales. Tyack et al. (2006) found a similar
correlation for goose-beaked whales based on a subset of the
data used here. Because dive cycle is the sum of the IDDI and
foraging dive duration, it will also be the case that longer dives
are associated with longer dive cycles. This may occur because
whales need longer periods to replenish their oxygen stores be-
fore a very long dive.

As has been found in previous studies using subsets of these
data (Tyack et al. 2006; Baird et al. 2008; Joyce et al. 2017),
goose-beaked whales dive, on average, for longer durations than
dense-beaked whales, and this is true for all of our locations.
Foraging dive durations are generally expected to increase with
body mass (Joyce et al. 2017), which is consistent with this re-
sult. However, as noted by Joyce et al. (2017), the mean foraging
dive durations of both species appear to exceed the aerobic dive
limits that would be expected for their masses (but see Velten
et al. 2013). The composite mean dive cycle durations are re-
markably similar for both species (2.44-2.46h); the lower ex-
treme value is in Liguria (1.94h) and the upper extreme is in
SoCal (3.08 h) (Table 2).

4.3 | Extrapolating Estimates of Dive Parameters
to Unstudied Areas

The major motivation for this comparative study of beaked
whale diving is our desire to extrapolate the parameters that
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describe beaked whale diving behavior from well-studied areas
to unstudied areas. There have been no tagging studies of
beaked whales in the vast majority of the world's oceans, but
recently developed methods to estimate beaked whale density
and abundance from monitoring their echolocation signals re-
quire knowledge of their diving behavior. Although it would
be optimal to conduct tagging studies in conjunction with any
acoustic surveys of beaked whale abundance, this is often not
feasible. Given that we lack estimates for many locations, we
have attempted to quantify the degree to which beaked whale
dive parameters differ between study locations. Here we con-
centrate on two parameters, mean echolocation depth and dive
cycle duration, that are important in deriving acoustic esti-
mates of beaked whale abundance (Barlow et al. 2022).

Our statistical analyses show that, despite the large variation be-
tween dives of a given individual and between individuals, loca-
tion is an important explanatory variable in describing variation
in echolocation depth for both species and dive cycle duration for
goose-beaked whales (Tables 4 and 5). For dense-beaked whales,
mean echolocation depth varies by 161 m between The Bahamas
and the Canary Islands (Table 4), while mean dive cycle duration
varies by only 0.03h between the locations with the largest dif-
ferences (Table 3). For goose-beaked whales, mean echolocation
depth varies by 231m (Table 4) and mean dive cycle duration
varies by 1.1h between the locations with the largest differences
(Table 3). Although location does contribute to the overall vari-
ance in echolocation depth, its contribution is smaller than the
sum of the variation seen between individuals and between dives
within individuals (the residual variance) (Table 3). Consequently,
alarge sample size is needed to even discern these location effects.

Our composite estimates for dive parameters for a given spe-
cies (Tables 3 and 5) may be reasonable estimates to use for ex-
trapolating to unstudied areas. These composites weight each
of our study areas equally and, thus, can be considered to be
a sample of potential study areas. Of course, our study areas
were selected for their potential to allow tagging of beaked
whales in an area of interest. We cannot evaluate how this non-
random selection of study areas might be biasing estimates of
beaked whale dive parameters, or whether beaked whales pri-
marily using abyssal areas may differ in their diving behavior
from those that inhabit slopes or basins. Also, some regions
are more affected by anthropogenic activities than others. In
estimating dive parameters for an unstudied area, there may
be compelling reasons for using a subset of our study areas
for this extrapolation if that study area is more similar to one
or more of our study areas. For example, in estimating mean
echolocation depth for elsewhere in the Mediterranean Sea, it
may make more sense to use our estimates for Liguria than to
use our composite estimates.

In a case where the mean maximum dive depth is known for
a location, for example, from non-acoustic tagging studies, it is
possible to estimate the mean and standard deviation of echo-
location depth from their relationship to maximum dive depth.
Given their strong correlation with maximum depth (Figure 7),
this approach is likely to give a more accurate estimate of echo-
location depth (in an area where it has not been directly mea-
sured) than the composite estimate which includes locations
with, potentially, very different dive depths.

5 | Future Research

The focus of this paper is on comparisons of dive parameters
that have been used in past studies of beaked whale behavior
and that have been useful in making acoustic-based estimates
of beaked whale abundance. In doing so, we have concentrated
on measures of central tendency (e.g., mean values) and have
not examined in detail how parameter distributions may differ
among study sites. We recognize that we have only explored a
small fraction of the potential information in our rich set of tag-
ging data. In this section, we highlight potential future studies
that could aid in our further understanding of diving behavior
for goose- and dense-beaked whales.

There is a need for studies of beaked whale diving behavior in
a greater number of locations and including a greater number
of species. Most of the behavioral tagging studies to date have
been in near-shore locations and only included the two beaked
whale species examined in this paper. There is a dearth of in-
formation on the diving behavior of beaked whales in deep
abyssal waters where the majority of individuals in these
species may live. There are 24 recognized species of beaked
whales, and little is known about the diving behavior of most
species.

Within the two species studied in this paper, we do not know
why dive behavior differs among locations. A logical expla-
nation is that their prey differs between sites, but prey com-
position and distributions are hard to directly measure at
the extreme depths at which beaked whales feed (Southall
et al. 2019). Several previous studies of tagging data have
noted two apparent modes of feeding: mid-water and near-
bottom (Visser et al. 2021; Coates et al. 2024) which may in-
dicate different prey sources. Our data suggest the possibility
of bimodal distributions of foraging depths for some species
in some areas (Figure 2), and these modes may be related to
these two foraging modes. Acoustic data from tags can be
used to discern foraging success (Coates et al. 2024) and may
help understand why some whales appear to prefer deeper or
near-bottom foraging in some areas.

Anthropogenic sound, especially Navy SONAR, has been shown
to affect beaked whale behavior, including foraging. A full explo-
ration of the effect of such sounds on the beaked whale foraging
is needed but is beyond the intended scope of this paper. A few
studies have explored this for single species in single locations
(Tyack et al. 2011; Falcone et al. 2017; Joyce et al. 2020), but there
is a need for an integrated analysis of the effect of anthropogenic
sounds on beaked whale foraging in multiple locations globally
(Henderson 2023).
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