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Most beaked whales have a stereotypical diving behavior that consists of a long, deep dive separated by one or more
shallower dives (Baird et al., 2008; Tyack et al., 2006). Acoustic recording tags show that echolocation pulses are
commonly produced only during a portion of the long, deep dives (Johnson et al., 2004; Warren et al. 2017), which
has led to the characterization of those dives as deep foraging dives. This echolocation period is highly synchronous
within a group with an estimated 99% overlap among individuals (Aguilar de Soto et al., 2020). The period between
the start of one deep foraging dive and the start of the next is referred to as a dive cycle (Tyack et al., 2006).
Although two deep foraging dives can occur consecutively after a single surfacing series (a short series of surfacings
to breathe; Schorr et al., 2014), foraging dives are more typically separated by several surfacing series and shorter
dives to intermediate depths (Tyack et al., 2006). The dive cycle duration of beaked whales has been estimated as
the sum of the deep dive duration and the inter-deep-dive interval (IDDI; Tyack et al., 2006) or as the inverse of the
mean dive rate (the mean number of deep dives divided by the hours of observation; Schorr et al., 2014). The dive
cycle duration is an important parameter in estimating acoustic availability for acoustic-based abundance estimation
methods (Barlow et al., 2021).

Beaked whale diving is best known from tagging studies of two species: Cuvier's beaked whales (Ziphius
cavirostris) and Blainville's beaked whales (Mesoplodon densirostris). The dive cycle components of these two species
are characterized in Table 1 from several studies in different areas. Overall, mean dive cycles appear to be slightly
longer for Cuvier's than for Blainville's beaked whales; however, dive cycle durations vary among study sites. Com-
pared to these two species, dive cycle durations are poorly known for all of the 22 other beaked whale species. In
large part, this dearth of information is due to the difficulty of tagging species that are found far out to sea and are
relatively rare.

In examining our acoustic data from drifting recording systems, we found what appears to be consecutive dive
cycles for beaked whales recorded on a single drifting recorder. If these signals are from the same group, the time

between the starts of echolocation on two successive dives can be used as a proxy for dive cycle duration. This
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TABLE 1 Duration of dive cycles and their components from tagging studies of Cuvier's and Blainville's beaked
whales. Dive cycle duration is estimated as the sum of the mean deep foraging dive duration (DFDD) and the
inter-deep-dive interval (IDDI) or as the inverse of the dive rate (number of observed foraging dives divided by
observation period). The DFDD includes a vocal phase as well as a silent ascent and descent. Values of some
parameters are not available (na) from some studies.

Vocal
DFDD phase IDDI Dive cycle (hr) Dive cycle (hr)
Species Study area (hr) (min) (hr) (DFDD+-IDDI) (1/Dive rate) Source
Cuvier's Southern 1.09 39.2 1.72 2.81 3.19 1
beaked California
whale
Cuvier's Hawaii 1.13 na na na 2.50 2
beaked
whale
Cuvier's Ligurian 0.97 32.8 1.06 2.03 3
beaked Sea
whale
Blainville's Hawaii 0.88 na na na 2.38 2
beaked
whale
Blainville's Canary 0.78 26.4 1.54 2.32 na 3
beaked Islands
whale
Blainville's Canary na 25.0 na na na 4
beaked Islands
whale

Note: (1) Barlow et al. (2020) and Barlow et al. (2021), (2) Baird et al. (2008), (3) Tyack et al. (2006), and (4) Aguilar de Soto
et al. (2020).

might allow for acoustic-only estimates of dive cycle duration for the many beaked whale species that have never
been tagged. There are, however, many reasons why these acoustic estimates of dive cycle might be less precise
than estimates from tagging studies or be biased. Drifting recorders typically do not record a full record of echoloca-
tion from a foraging dive, even if the animals are relatively nearby. Barlow et al. (2021) estimate that the acoustic
availability time for Cuvier's beaked whale (17.2 min) is less than half of the expected echolocation period for this
species in their study area (39.2 min). Echolocation signals from beaked whales are highly directional (Zimmer
et al., 2005) and signals are typically lost when animals are not oriented towards the hydrophone. The maximum
detection range for on-axis signals is estimated to be ~4 km (Zimmer et al., 2008). Missed acoustic detections at the
beginning of two consecutive foraging dives will add error to estimates of dive cycle durations but should not bias
estimates. If an entire foraging dive is missed and the next foraging dive is detected, dive cycles will be over-
estimated by a factor of 2. If other groups of the same species are in the area, detection of the start of their foraging
dives is likely to result in an underestimate of dive cycle duration. Estimation of dive cycle duration from acoustic-
only data needs to be robust to the higher variance of estimates and to these potential sources of bias.

Here we estimate dive cycle durations from beaked whale echolocation pulses recorded on Drifting Acoustic
Spar Buoy Recorders (DASBRs) from multiple studies in 2016-2021 (Barlow & Schorr 2018; Barlow et al., 2022;
Keating et al., 2018; McCullough, Olsen, et al., 2021; McCullough, Wren, et al., 2021; Simonis et al., 2020; Yano
et al.,, 2020). Study sites included the California Current (off the U.S. West Coast and west of northern Baja California,
Mexico) and pelagic waters around islands of the central and western Pacific (main Hawaiian Islands and Mariana
Archipelago). The DASBRs used a submerged digital recorder (SoundTrap ST4300 or Wildlife Acoustics SM3M) to
record signals from two hydrophones (typically one HTI-92-WB and one HTI-96-min) configured as a vertical
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hydrophone array with a hydrophone spacing of either 5 or 10 m. Sample rates were 192, 256, 288, or 384 kHz and
varied among studies. Recording durations were 2 min and were often duty cycled (e.g., 2 min every 5 or 10 min) to
extend the recording times.

Beaked whale echolocation pulses were identified by analysts using PAMGuard software (Gillespie et al., 2009).
The WAV recordings were preprocessed in PAMGuard to identify potential echolocation signals and to measure the
vertical bearing angles to those signals using time-differences-of-arrival on the two hydrophones. The PAMGuard
click detector module also color-coded the potential echolocation signals by peak frequency. Analysts then used
PAMGuard Viewer to mark “events” consisting of beaked whale echolocation pulses received within a 2 min record-
ing. Contextual cues (such as peak frequency and a bearing angle) were used to identify potential beaked whale
echolocation pulses. Potential pulses were confirmed or rejected based on the waveform, frequency spectrum, and
Wigner representations. Fuller descriptions of the data processing chain are given in Simonis et al. (2020),
McCullough, Olsen, et al., (2021), and McCullough, Wren, et al., 2021.

Beaked whale echolocation pulses appear to be species-specific (Baumann-Pickering et al., 2013). Analysts clas-
sified “events” to species based on the closest match to a described echolocation pulse type. If a close match was
not found, the event was excluded from our analyses. We included five beaked whale species groups in our analyses.
Our identification of Cuvier's beaked whales, Blainville's beaked whale, Stejneger's beaked whale (Mesoplodon ste-
jnegeri) and an unidentified beaked whale (designated BW43, possibly Perrin's beaked whale, Mesoplodon perrini) was
based on pulse type characterizations given by Baumann-Pickering et al. (2013). Hubbs' beaked whale (Mesoplodon
carlhubsii) echolocation pulses were characterized by Griffith et al. (2019) and were matched to species by Ballance
et al. (unpublished data?). Another beaked whale pulse type (designated BWB) was described by Barlow et al. (2022)
and may represent an undescribed beaked whale species. Because BW43 and BWB are difficult to distinguish and
because both have not been definitively linked to a beaked whale species, we pool these in our analyses. We analyze
Cuvier's beaked whales separately in the California Current and Pacific Islands regions.

Estimates of dive cycle durations were made by first identifying foraging dives. Adjacent 2 min recording periods
with echolocation pulses from the same species were linked as “foraging dive events.” Dive events with a period of
silence greater than 33 min (the mean vocally active period for Cuvier's beaked whales; Tyack et al., 2006) were
divided into two events at this break. Dive events shorter than 2 min (one recording period) were eliminated to avoid
confusing short periods of echolocation (Warren et al., 2017) with a deep foraging dive. The resulting distributions of
the dive event durations differed among species (Figure 1).

Next, histograms of times between adjacent dive events (of the same species) were plotted and the first mode
of that distribution was used as a first approximation of the dive cycle duration. The distributions were found to have
long tails (Figure 2), likely because a foraging dive may have been missed or another group might have been
detected. To obtain a robust estimate of dive cycle durations, the median time between events was calculated only
for those observations that were less than twice the first modal value (to avoid cases when one foraging dive was
missed and the subsequent dive was detected). The resulting median values differ among species (Figure 2). Here we
use the median time between successive dive events (excluding values greater than twice the mode) as an estimate
of dive cycle duration.

In our study, the longest estimates of dive cycle durations are for Cuvier's beaked whales in the California Cur-
rent (2.97 hr); however, the value for the same species in the Pacific Islands (2.60 hr) is less than that of two other
species groups (Blainville's beaked whales in the Pacific Islands (2.75 hr) and unidentified Mesoplodon species in the
California Current (2.83 hr)). The shortest dive cycles are for Stejneger's and Hubbs' beaked whales in the California
Current (2.00 and 2.37 hr, respectively). Dive cycle durations appear to be correlated with acoustic encounter dura-
tions (Figure 3). Longer periods of echolocation may indicate longer foraging dives which would result in longer dive
cycles, especially if those longer dives required longer IDDIs to recover oxygen stores for the next dive.

Our estimates of acoustic encounter durations (Figure 1) are likely to be biased under-estimates of the acousti-
cally active period of beaked whale foraging dives. Our data were often duty cycled, which means that the actual

beginning and ending of the acoustic period could be missed. Animals and our drifting recording systems are moving,
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FIGURE 1 Distributions of acoustic encounter duration for beaked whale using drifting recording systems.
Distributions include six beaked whale taxa in the California Current and Pacific Islands; unidentified Mesoplodon
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sp. represents a pooled category of acoustic detections that include the BW43 and BWB pulse types. Encounters of

less than two min were excluded when calculating median encounter durations.

and animals might be outside the acoustic detection range of our recorders during part of an acoustically active
period. Finally, animals are only likely to be detected if their echolocation beams are oriented in the general direction
of the hydrophones, so acoustic encounter durations are likely to be shortened as animals turn during their foraging

activities. However, we do not believe that our estimates of dive cycle duration are as likely to be affected by these

factors. Although missing a true start time a first dive or a subsequent foraging dive would add error to the estimate

of dive cycle duration, these errors should be unbiased if start times are equally likely to be missed for the first and

for the subsequent acoustically active period. Clearly, however, the use of continuous recordings (avoiding duty

cycles) is likely to reduce this source of error and improve estimates of dive cycle duration.
Results are generally consistent with estimates of dive cycle durations for tagged Cuvier's and Blainville's beaked

whales (Figure 2). Tagging studies indicate that dive cycles for Cuvier's beaked whales in the California Current
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FIGURE 2 Distribution of times between the starts of echolocation for adjacent, acoustically-detected foraging
dive events. Distributions include six beaked whale groups in the California Current and Pacific Islands; unidentified
Mesoplodon sp. represents a pooled category of acoustic detections that include the BW43 and BWB pulse types.
Median estimates of dive cycle duration (green arrows and text box within each plot) excluded times greater than
twice the first mode (dashed line). Red arrows indicate the mean dive cycle durations estimated as the inverse of the
dive rates measured from tagged whales in the given areas (Baird et al., 2008; Barlow et al., 2021a).

(Schorr et al., 2014) are longer than for the same species in Hawaii (Baird et al., 2008) and in the Ligurian Sea (Tyack
et al., 2006). Regional difference in dive cycle durations for Cuvier's beaked whales are greater than some between-
species differences.

No previous estimates of dive cycle durations or acoustic encounter durations are available for Stejneger's or
Hubbs' beaked whales. It is also fair to assume that dive cycle durations have never been measured for the two uni-
dentified Mesoplodon species that produce the BW43 and BWB acoustic pulse types.

Metabolic scaling models suggest that larger beaked whales should have longer maximum dive durations

(Noren & Williams, 2000). Our estimates of dive cycle duration and acoustic encounter durations do not appear to
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FIGURE 3 Empirical relationship between estimates of dive cycle duration and acoustic encounter durations for
Cuvier's beaked whales in the California Current (Zc-Cal) and in the Pacific islands (Zc-Pl), Blainville's beaked whale
(Md), Hubbs' beaked whale (Mc), Stejneger's beaked whale (Ms), and unidentified Mesoplodon species (M. spp).

be related to body size. Although the largest beaked whale in our study (Cuvier's beaked whale) has the greatest
values, the two larger Mesoplodon species (Stejneger's and Hubbs' beaked whales; Pitman 2009) have shorter dive
cycles and acoustic encounter durations than Blainville's beaked whale (Figures 2 and 3). Typical dive times of
beaked whales are much shorter than the maximum documented dive times (Schorr et al., 2014), and may be
influenced more by local foraging conditions than by metabolic constraints. Although metabolic scaling may hold true
at higher levels of analysis, local factors may be more important at local scales.

Dive cycle duration is an important parameter in estimating acoustic availability, which is used in acoustic
estimates of population density (Barlow et al., 2021), and may be an important descriptor of beaked whale life
history strategies. Previous estimates of dive cycles required data from tagged animals; however, only a few of
the 24 species of beaked have been tagged. Our acoustic-only estimation method opens the door to obtaining
estimates for many more species. Although our sample sizes are small for some species, we can still discern dif-
ferences among species. Our estimates are similar to tag-based estimates for the species that have been
tagged. If the observed relationship between acoustic encounter duration and dive cycle duration (Figure 3) is
found to hold for more species, dive cycle times may be also estimated from this relationship, perhaps with a
regression-based estimator.
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