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Despite their apex predator role, relatively little is known about the foraging strategies

that deep-diving marine mammals employ to target prey resources available at different

depths with different costs of access. Using hidden Markov model (HMM) analysis of

behavioral time series, we aimed to quantify the potential for multiple foraging strategies

during 3,150 terminal echolocation (“buzz”) phases of 28 tagged male sperm whales

in Northern Norway. Movement metrics included in the HMM reflected the predator’s

pursuit path (vertical velocity, pitch, and heading variance) and locomotion effort (overall

dynamic body acceleration ODBA). We found a highly depth-dependent distribution of

four buzz types: “Shallow-sparse” (median 161m) had the highest inter-buzz intervals,

“Mid-active” (372m) were the longest duration buzzes (median 21 s) and the most

active in terms of pitch variance, heading variance and ODBA, while “Deep” and “Deep

descent” buzzes (1,130–1,180m) were the shortest in duration (∼7 s) and least energetic

in maneuvers. Regression models for acoustic metrics with both buzz type and depth as

explanatory variables revealed that maximum click rate in a buzz had a strong negative

linear relationship with ambient pressure (1.2Hz every 10 atm or 100m). After accounting

for the effects of pressure, buzz click rates were significantly higher during “Mid-active”

than other types of buzzes. Within buzzes, apparent click output level (AOL, off-axis level

received by the tag, dB re 1 µPa) correlated linearly with log10(inter-click-interval), as

expected by acoustic gain control and increasing sensory volume with increasing click

rate. These results indicate that while higher acoustic sampling rates were used to track

more mobile prey, buzz clicks were produced more sparingly at high ambient pressures

where the number of pneumatically produced clicks may be limited before air must be

recycled, and where prey seem easier to subdue. The diverse prey base indicated by

this study support the feeding requirements of large male sperm whales, and that high

feeding rates of more densely distributed and perhaps more predictable resources (e.g.,

immobile life stages of female Gonatus fabricii) likely maintain preference for the deepest

foraging habitats (> 1 km) of this generalist predator.
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FIGURE 4 | Within-buzz variation in click rate and two apparent output level (AOL) metrics (peak-to-peak and sound exposure level, Table 1) measured for each 0.5 s

time bin. (A–D) show time series data for each fine-filtered buzz (N = 1891), color-coded by the HMM classification of predator-prey movement (cyan,

Shallow-sparse; orange, Deep-descent; red, Mid-active; dark blue, Deep; Figure 2). The bottom two panels show best model fits for the two AOL metrics (E: AOLpp
∼ log-transformed click rate, F: AOLE ∼ log-transformed expected range), with predictions given for each tag deployment as a separate black line. Gray lines show

the data time series for each buzz.

as a function of depth. The more variable but significant decrease
in the initial click rates as well as data for the total number of
clicks support this second prediction (Figure 5), although the
total number of clicks was not included in the formal analysis
due to confounding effects with buzz duration. Furthermore,
while the analysis of usual clicks was outside the scope of this
work, it is likely that some of the air volume available for a buzz
would have been used in the preceding series of usual clicks.

Indeed, Wahlberg (2002) showed that the time interval between
subsequent pauses as well as the number of usual clicks decreased
exponentially at depth (up to 1,500m).

While we found an exponential decrease in maximum AOL
with hydrostatic pressure for buzzes, Madsen P. T. et al. (2002)
showed that on-axis output and frequency of sperm whale
usual clicks were independent of depth up to 700m. Multiple
factors could explain the discrepancy to the off-axis results
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TABLE 3 | Sample size and acoustic characteristics (median, 95% percentiles) of each buzz type (fine-filtered data).

N No. of peaks Click rate (Hz) Max AOLpp Max AOLE

Shallow-sparse 703 3 [1, 15.4] 58 [44, 68] 175.9 [158.6, 188.2] 188.6 [173.9, 195.9]

Mid-active 488 7 [1.2, 29] 60 [44, 74] 172.2 [156.3, 190.2] 186.4 [173.9, 200.5]

Deep-descent 141 2 [1, 15.5] 36 [22.8, 56] 171.4 [160.7, 183.3] 182.2 [174.1, 191.7]

Deep 559 2 [1, 5] 42 [30, 62] 172.4 [160.3, 187.7] 183.3 [172.1, 194]

FIGURE 5 | Total duration (A) and total number of click detections (B) per buzz as a function of depth, color-coded by the HMM classification of predator-prey

movement (Figure 2, Tables 2, 3).

reported here for buzz clicks, such as narrowing of acoustic
beam to retain optimal sonar capacity of on-axis clicks at depth.
Sperm whale echolocation clicks are highly directional, and the
backward directed beam can be dominated by the initial “p0”
pulse produced in the distal air sac (Møhl et al., 2003; Zimmer
et al., 2005). Indeed, the sound pressure levels received by the tag
may not only represent off-axis levels, but may also be filtered
and beamformed by the body of the whale (Johnson et al., 2009).
Similarly, Thode and Mellinger (2002) reported a change in the
frequency content of usual clicks with depth but the source-
receiver aspect was unknown and possibly variable. Therefore,
the negative trend in the apparent click levels does not necessarily
indicate that on-axis levels were compromised at depth, but could
also relate to changes in sound propagation, such as changing of
the sound beam as a function of depth. This question could be
evaluated by simultaneous acoustic recording at different points
of the acoustic beam, e.g., by attaching multiple tags on the
same individual or combining animal-borne and remote acoustic
recording.

Echolocation Tactics
After accounting for the effects of hydrostatic pressure, we found
variation in click rates between the four buzz types. Mid-active
buzzes that were the longest in duration and most active buzz
type in terms of movement were also associated with increased
initial and maximum click rates. Conversely, maximum click
rates were the slowest for the two deep, less active, buzz types

(Table 3). These results are consistent with the need to increase
click rate to increase rate of sensory feedback in order to
inform predator motor reactions to more mobile prey (Madsen
and Surlykke, 2013; Wisniewska et al., 2014). On the other
hand, we found no evidence for slower initial ICI associated
with longer buzzes that have been suggested to help processing
more complex auditory scenes in beaked whales (Johnson et al.,
2008).

As expected, within-buzz click rates were correlated with
maximum AOL. Maximum peak-to-peak levels (AOLpp,0.5s)
ranged by 17.5 dB in an average buzz, of which <10 dB was
estimated to be due to co-variation with click rate. The per-click
reduction in AOL with increasing click rate was not sufficient
to completely remove a positive relationship between click rate
and sound exposure level (AOLE,0.5s) over time. Consistent with
the hypothesis that per-click AOL was adjusted to reduce sensory
volume, peak levels were best explained by log-transformed
click rate. Auditory evoked potential experiments indicate that
echolocating odontocetes have the ability to discriminate and
track clicks and echoes at high temporal resolution (e.g., 5–20ms
in Risso’s dolphins Mooney et al., 2006). Concordantly, in our
data, 1% of the buzz clicks had ICI < 15ms (minimum 12–
13ms). Therefore, if sperm whales tracked individual echoes,
their sensory volume per second would increase by a factor of
60 by decreasing ICI from 1 s to 15ms alone.

While log-transformed target range (calculated based on ICI)
outperformed linear click rate as a predictor of AOLpp,0.5s,
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the slope was estimated to be much lower than what would
have been expected for two-way spherical transmission loss
(Equation 1). This result indicates that ICI and/or per-click
AOL did not fully and/or instantaneously track target range.
If ICI corresponded to TWTT, the ranges to targets would
have been 40–120m at the beginning of the buzz (80–92m
for Shallow-sparse, 41–52m for Mid-active, and 104–123m
for Deep-descent and Deep buzz types) (assuming 0–15ms
processing delay on the median first ICI). These ranges would
be relatively long compared to other studied beaked whales,
delphinids, and many bats that switch to terminal echolocation
∼1 body length away from their target (Madsen and Surlykke,
2013). Alternatively, sperm whales emit buzz clicks more slowly
at the beginning of the buzz, and do not reach their capacity of
click-by-click (echo-by-echo) discrimination until the temporal
resolution is required. This hypothesis would be consistent with
the apparent pneumatic limitations. Low ICIs relative to target
range (determined by animal-borne recording of prey echoes)
have also been reported at the beginning of the buzz in beaked
whales (Madsen et al., 2005) and other toothed whales (DeRuiter
et al., 2009; Wisniewska et al., 2014).

Evidence for Different Prey Types
Buzz classification that included IBI and movement, but
not depth or acoustic variables, produced a highly depth-
dependent distribution (Figures 1, 2). Two buzz types occurred
predominantly during deep dives (median >1,100m): both
“Deep” and “Deep-descent” types consisted of short duration
(median 7.0 and 6.8 s, respectively) and relatively low movement
activity (ODBA) buzzes. The two types differed by vertical
velocity, and Deep-descent buzzes were also observed during
shallower dives (<500m, Figure 2). “Shallow sparse” and “Mid-
active” buzzes were on average more than twice as long in
duration and were more active than the deep buzz types. Of
all buzz types, Mid-active buzzes were the longest in duration,
produced at the shortest intervals and were the most active in
terms of movement. These buzzes also included up to 29 peaks in
binned click rate, indicating multiple re-approaches (Table 3).

These results corroborate previous research showing that
that sperm whales engage in an active search-and-pursue
strategy (Amano and Yoshioka, 2003; Miller et al., 2004a;
Aoki et al., 2012; Fais et al., 2016), but also that the level of
activity during prey encounters varied with depth. Increased
movement effort indicated that more mobile prey were targeted
at shallower depths (<700m), such as muscular cephalopods
or fish. Conversely at deeper depths (∼1,000–1,800m) sperm
whales appeared to either be selecting more prey items or
foraging more densely distributed prey that did not require as
much movement effort to catch. Furthermore, lower click rates
suggest that high acoustic sampling rates were not necessary to
detect prey at these depths.

The switch in movement and biosonar tactics during prey
capture attempts indicates that sperm whales target prey with
different mobility or manoverability, and is consistent with a
generalist strategy of male sperm whales that are known to take
different species and life stages of cephalopods (Santos et al.,
1999; Bjørke, 2001; Simon et al., 2003) as well as fish in their high-
latitude foraging grounds (Gaskin and Cawthorn, 1967; Martin

and Clarke, 1986). In the Norwegian Sea, sperm whale feeding
grounds overlap with the spawning grounds of Gonatus fabricii
(Bjørke, 2001), which is also the most prevalent prey type in
the stomachs of stranded specimens recovered in these waters
(Santos et al., 2002; Simon et al., 2003). It has been suggested
that sperm whales and pilot whales (Globicephalas melas) exploit
aggregations of cephalopods that are either dead or are spent after
spawning (Clarke, 1996), and that sperm whales may also target
egg carrying female Gonatus fabricii (Simon et al., 2003). Mature
female Gonatus fabricii lose their ability to swim and float in
the water column as part of ontogenic changes during breeding
as their muscle tissue disintegrates and mantle and fins become
gelatinous (Bjørke, 2001). Given the high regional and individual
variability in sperm whale diet (e.g., Evans and Hindell, 2004),
it is possible that a range of more sedentary cephalopods was
taken at depth. These could include smaller cephalopods that
are generally more bioluminescent, neutrally buoyant, slower
swimming and less muscular than larger squids, and therefore
likely easier to catch, as well as dead cephalopods that eventually
sink to the sea floor (Clarke et al., 1993; Clarke, 1996; Whitehead,
2003).

Based upon the expectation that a predator should optimize
energy expenditure for expected returns, the shallow prey types
can be expected to contain more energy or other nutritional
reward, such as protein contained in more muscular (and hence
faster) prey species. Given sperm whales must balance both
their energy budget and oxygen stores during diving, foraging
on likely lower quality prey at deeper depths is likely to carry
other advantages, such as predictable and abundant prey patches
(Teloni et al., 2008). Sperm whales can use usual clicks to
scan for prey layers hundreds of meters ahead (Madsen P.
et al., 2002), and in the beginning of a dive tend to target
those layers that were located during previous dives (Fais et al.,
2015). Sperm whales could also take advantage of aggregations
of terminally spawning cephalopods, and prefer slower, more
gelatinous, neutrally buoyant cephalopod species that are easier
to capture, despite lower caloric value (Clarke et al., 1993;
Clarke, 1996). Interestingly, for sperm whales tagged in a highly
productive submarine canyon in New Zealand, the opposite
might be the case: benthic buzzes were on average longer (10–
30 s) and produced at longer inter-buzz intervals compared to
pelagic buzzes, suggesting availability of more calorific and/or
agile prey at greater depths (900–1,200m) (Guerra et al., 2017).

It is possible that sperm whales approached and pursued
similar types of prey in different body postures, and hence vertical
velocity, depending on whether the individual was transiting
or searching within a prey layer. These effects may have over-
emphasized the Descent-deep buzz type as a separate movement
strategy. Whales could also switch hunting or echolocation
strategy for the same prey if their detectability changed with
depth. Sea floor might provide both physical shelter and refuge
from acoustic detection. It could be informative to assess the role
of behavioral state and distance to sea floor in future analyses of
prey encounter strategies.

Light conditions influencing the ability of prey to visually
detect their predator (or vice-versa) can also be expected to play
a role in aquatic foraging. Availability of daylight during the day
could allow prey to visually detect their predator earlier, and
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thus increase handling time at shallower depths. With the near
continuous availability of daylight during the summer months
in Norway, our dataset collected was not optimal to address
this question. Nevertheless, the probability of a buzz to be of
the Descent-deep type decreased with greater solar elevation
(Supplementary Figures 7, 8). During the day, the silhouette
of aquatic predators may be more visually detectible to their
prey, in particular when viewed from below. However, the
effect was present in the bathypelagic zone (>1,000m) where
daylight is virtually absent (Warrant and Locket, 2004). Thus,
the diurnal effect may be better explained by changes in prey
availability due to vertical migration. For negatively buoyant
divers, such as spermwhales at deep depths (>300m,Miller et al.,
2004b), these vertical descents may provide a way to increase
pursuit speed while minimizing energetic and physiological
costs.

Comparative studies have begun to link the maintenance
costs and muscular performance of marine mammal predators
to the energetic value of their prey (Spitz et al., 2012, 2014).
Our results highlight how within-species dietary plasticity might
arise from switching foraging strategies between heterogeneously
distributed prey, and against ecophysiological and sensory
constraints (distance from surface, pressure). In the future,
including more sensory traits in the comparative approach (e.g.,
maximum echolocation rate, output level, hearing group) could
further elucidate how toothed whale sensory niches map on to
their dietary niche.
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