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Abstract

Groups of female and immature sperm whales live at low latitudes and show a stereotypical diving and foraging behavior with
dives lasting about 45 min to depths of between 400 and 1200 m. In comparison, physically mature male sperm whales migrate to
high latitudes where little is known about their foraging behavior and ecology. Here we use acoustic recording tags to study the
diving and acoustic behavior of male sperm whales foraging off northern Norway. Sixty-five hours of tag data provide detailed
information about the movements and sound repertoire of four male sperm whales performing 83 dives lasting between 6 and
60 min. Dives ranged in depth between 14 and 1860 m, with a median depth of 175 m, and 92% of the surfacings lasted less than
15 min. The four whales clicked for an average 91% (SD=10) of the dive duration, where the first usual click was produced at
depths ranging between 4 and 218 m and the last usual click at depths ranging between 1 and 1114 m. Echolocation buzzes, which
are used as an indication of prey capture attempts, were emitted at depths between 17 and 1860 m, during both the descent and
ascent phase of deep dives. The foraging behavior varied markedly with depth, with the timing and duration of prey capture
attempts during shallow dives suggesting that the whales target more sparsely distributed prey. In contrast, deep dives involve
frequent prey capture attempts and seem to target more dense food layers. The evidence of exploitation of different food layers,
including epipelagic prey, is consistent with the hypothesis that male sperm whales may migrate to high latitudes to access a
productive, multi-layered foraging habitat.
© 2007 Published by Elsevier B.V.
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1. Introduction

As apex predators, marine mammals have evolved to
target a wide range of aquatic food niches from shallow
fresh water to bathypelagic depths in the open oceans.
While most niche segregation occurs between species,
⁎ Corresponding author.
E-mail address: vteloni@tiscali.it (V. Teloni).

0022-0981/$ - see front matter © 2007 Published by Elsevier B.V.
doi:10.1016/j.jembe.2007.10.010
some marine mammals display marked temporal and
spatial segregation between sexes in terms of foraging
behavior and the trophic levels they target. Sexual
dimorphism is exhibited in several marine mammal
species, including pinnipeds (e.g. Lindenfors et al.,
2002) and odontocetes (Best, 1981; Jefferson, 1990;
Cranford, 1999; Clark and Odell, 1999). Dimorphic
differences may include behavioral, morphological, and
life history differences. The sperm whale (Physeter
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macrocephalus, L.) displays pronounced sexual dimor-
phism in body weight with mature males growing up to
at least 57 t and females usually being less than 13 t
(Best, 1979). The two sexes also differ in terms of social
organization and geographical distribution. Mature fe-
males and immature males and females are normally
limited to tropical and temperate waters between about
40°N and 40°S (Rice, 1989), where they are encoun-
tered in social cohesive groups (Whitehead et al., 1991).
Contrary to females, males leave their matrilineal social
unit at about age 10 when they are usually less than 9 m
(Rice, 1989). With increasing age, male sperm whales
are normally found in the higher latitudes of both he-
mispheres, usually by themselves or in small groups
(Best, 1979; Caldwell et al., 1966; Rice, 1989).

Sexual segregation in migrating and foraging patterns
occurs in a variety of taxa (Dingle, 1996), such as un-
gulates. Several hypotheses have been advanced to explain
such sexual segregation (Main et al., 1996; Ruckstuhl and
Neuhaus, 2000), including sexual differences in nutrient
requirements and activity budgets, scramble competition,
reproductive strategies and social preference. In the case of
the sperm whale, one explanation for sexual segregation
involves the possibility of different energetic requirements
of the two sexes (e.g. Best, 1979).

Sperm whales are deep-diving predators (Papastavrou
et al., 1989; Watkins et al., 1993; Watwood et al., 2006)
that, based on stomach contents, primarily target cepha-
lopods (Berzin, 1972; Okutani and Nemoto, 1964; Rice,
1989; Santos et al., 1999). Compared to other deep-diving
species, like elephant seals and beaked whales, sperm
whales feed on awider variety of squid species (Whitehead
et al., 2003) while in some regions, notably New Zealand
and the northern parts of the Pacific and Atlantic oceans
(Kawakami, 1980), fish are the predominant component of
their diet (Berzin, 1972; Clarke andMacleod, 1976; Gosho
et al., 1984, Martin and Clarke, 1986, Rice, 1989). Rice
(1989) reported fish of up to 3 m being eaten by sperm
whales. Male sperm whales seem to consume a greater
range of food items and larger prey than females (Best,
1979; Clarke et al., 1988). They eat more fish (Kawakami,
1980; Martin and Clarke, 1986; Rice, 1989) and at low
latitudes, they have been reported to feed on larger squids
than females (Clarke, 1980; Rice, 1989; Clarke et al.,
1993).

Given the Kleiber-scaling of metabolic rates (Kleiber,
1975), the absolute food requirements of a male sperm
whale with this size ratio will be almost 3 times greater
than for a female with a bodyweight of ¼ that of the male.
However, the mass-specific food requirements (J/kg body
weight) for a male sperm whale will be some 30% smaller
than for a female. Sexual dimorphism in sperm whales
may have evolved through sexual selection, both intra-
and inter-sexually (Harvey and Bradbury, 1991), with
larger males being favored when competing for females
(Whitehead, 1994). In order to attain and maintain great
size, it follows that male sperm whales, need to catch
either many more prey items of the same size or select
larger and/or more calorific prey species than would
females. Such foraging requirements are likely reflected in
different diving and foraging patterns of males compared
to females. However, at latitudes where mature males and
females are together, males apparently have lower feeding
success than females as determined by defecation rates
(Whitehead, 1993) and stomach contents (Clarke et al.,
1988; Best, 1999). It is unclear if this reflects less success
in finding prey or if males dedicate more time to mating
vs. foraging when associating with females.

The foraging behavior of sperm whales, although inhe-
rently difficult to observe, has been studied in different
areas of the world with a variety of methods (Whitehead,
1996; Jaquet and Whitehead, 1999; Jaquet et al., 2001;
Madsen et al., 2002b; Miller et al., 2004a; Rendell et al.,
2004; Drouot et al., 2004; Ruiz-Cooley et al., 2004;
Watwood et al., 2006). However, field studies havemainly
focused on groups of females and sub-adults of both sexes
at low latitude (e.g. Gordon, 1987; Whitehead and
Weilgart, 1991; Watwood et al., 2006). Male sperm
whales away from the breeding ground have been studied
off Kaikoura in New Zealand (e.g. Jaquet et al., 2000;
Douglas et al., 2005), off Nova Scotia in Canada
(Whitehead et al., 1992; Mullins et al., 1988) and off
Andenes in Norway (Lettevall et al., 2002; Madsen et al.,
2002b), but very little is known about how and at what
depths the males forage at high latitudes.

This paper presents novel data on the foraging behavior
of male sperm whales in a high latitude habitat. Detailed
information about the movements and echolocation be-
havior of four mature male sperm whales was collected
with non-invasivemulti-sensor tags, calledDtags (Johnson
and Tyack, 2003).We demonstrate that male spermwhales
in this habitat display a different and more plastic foraging
behavior than female and immature sperm whales studied
at lower latitudes. We show that these male sperm whales
forage over a wide depth range and display a bimodal
foraging behavior consisting of shallow and deep dives,
which indicates exploitation of a broad range of prey types.

2. Materials and methods

2.1. The study area

Field work took place in the Andøya Canyon, 15–
30 km northwest of Andenes (northern Norway 69°25′



Fig. 1. Log–log plot of distribution of inter-click intervals (ICI) using all detected clicks (ICIb2 s) from each of the tagged whales (196a n=158217,
199a n=128153, 199b n=88222, 199c n=61546). Bin width is 1 ms. The peaks centered on around 0.02 s mark the dominant ICI for buzz clicks. The
peaks between 0.4 and 0.8 s mark the dominant ICI range for usual clicks. The vertical dashed line at 0.22 s marks the higher limit of ICI used to
define buzz clicks.

Table 1
Description of each tag deployment

TagID Date
tag
ON

Time
(UTC) tag
ON

Hours of
recording

# of
foraging
dives

Length and
weight (m)

196a July 15 14:43:40 21.1 29 16.3 (51 MT)
199a July 18 13:05:47 17.7 25 15.3 (43 MT)
199b July 18 14:43:15 13.6 17 16.0 (49 MT)
199c July 18 16:57:12 13.1 12 14.3 (36 MT)

The hours of tagging and the number of foraging dives refer to the period
when both acoustic data and motion sensors data were collected. Each
whale was given a code according to the day of tagging (Julian day) and
the order of tagging. Visual length measurements were made by
calibrated video recordings at measured ranges when the whales were
resting at the surface (Miller et al., 2004b). The animal mass in metric
tons (103 kg, MT) was estimated using the equation
1.25×0.0196×length (m) 2.74 (Lockyer, 1976; Rice, 1989).
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N 15°45′E) in July 2005. The canyon is north of the
Arctic Circle and the sun was continuously visible 24H
a day during the field work. Adult male sperm whales
are normally found year round in this area (Ciano and
Huele, 2001; Lettevall et al., 2002), and during the
summer season whale-watching trips from Andenes
occur on a daily basis. Due to adverse weather, tagging
was only attempted on two days.

The Andøya Canyon is about 2000 m deep, and the
maximum width at the canyon floor and between its
shoulders is 2 and 12 km, respectively (Laberg et al.,
2000). The coastal current that flows northwards along the
Norwegian coast is episodically altered by northerly
winds, generating upwelling (Sundby, 1984; Skarðhamar,
2004).

2.2. The tagging operation

Sperm whales were tagged with high-resolution digital
archival tags (Dtag), which include a hydrophone, a depth
sensor, a temperature sensor, and 3-axis accelerometers
and magnetometers (Johnson and Tyack, 2003). Sounds
were sampled at 96 kHz with a 16 bit sigma-delta analog-
to-digital converter while non-acoustic sensors were sam-
pled at 50 Hz, also with 16 bit resolution. The tags were
programmed to record acoustic data until 99% of the
memory capacity was consumed after which time only
non-acoustic sensor data were recorded for the remainder
of the attachment. Surfacing whales were approached
slowly from behind with a 7 m rigid-hull inflatable boat.
Tags were deployed using a 15 m pole and attached with
suction cups (for details of tag attachment, seeMiller et al.,
2004b). The tagging procedure,monitoredwith a handheld
video camera, did not appear to provoke strong or sus-
tained reactions from the whales. Minor reactions, such as
rolling and moving slowly away from the tag-boat, were
observed after tagging, but thewhales resumedbreathing at
the surface in a normal fashionwithin tens of seconds of tag
attachment. Tagged whales were followed from a 12 m
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sailing boat, and aVHF radio beacon in theDtag facilitated
tracking and recovery of the tag from the sea surface after
detachment. The lengths of tagged whales were measured
using calibrated video recordings at measured ranges when
the whales were resting at the surface (Miller et al., 2004b).
The animal mass in metric tons (103 kg, MT) was
estimated using the equation 1.25×0.0196×length (m)2.74

(Lockyer, 1976; Rice, 1989).

2.3. Data analysis

Analysis was limited to periods in which both acous-
tic and non-acoustic sensor data were collected. The
Fig. 2. Dive profile and sound production for each of the tagged whales. X-ax
data were recorded. The right-hand panels are a magnification of time perio
duration of each dive (time from the fluke-up to the
following surfacing) and the surface duration (time the
whale was at the surface in between dives) were mea-
sured from the pressure sensor recording. Sounds pro-
duced by the tagged whale were detected using a custom
click detector written in MATLAB 6.0 (MathWorks).
Clicks from non-tagged conspecific whales were not
individually detected but their presence was noted.
Following Watwood et al. (2006), the search phase was
defined as the time from the first usual click to the last
click in a dive, a period ascribed to the active search for
prey given the potential of usual clicks for long-range
echolocation (Møhl et al., 2003; Madsen, 2002; Madsen
es on the left-hand panels show the hour of day during which acoustic
ds marked with horizontal black lines in the left-hand panels.



123V. Teloni et al. / Journal of Experimental Marine Biology and Ecology 354 (2008) 119–131
et al., 2002b; Zimmer et al., 2005). As we focused on the
foraging activity of sperm whales, we therefore removed
from the analysis dives during which the whales were
not clicking and likely not foraging. Silent and shallow
dives occasionally occurred during prolonged periods at
the surface and were usually less than 25 m deep. One
whale (196a) made a silent dive to a depth of 115 m.
Echolocation buzzes were used as a proxy for feeding
attempts (Madsen et al., 2002b; Miller et al., 2004a).
Accordingly, the time from the first to the last buzz in a
dive was designated as the foraging phase, i.e. the period
when the whale was actively attempting to capture prey
items (Watwood et al., 2006). This proxy is based on the
assumption that sperm whales use echolocation to locate
and capture prey. Source parameters and behavioral
observations (Møhl et al., 2003; Jaquet et al., 2001;
Madsen et al., 2002b; Miller et al., 2004a) strongly
support the hypothesis that usual clicks are used to
locate prey and buzzes are used in the terminal phase of
prey capture foraging, as seen in bats (Griffin et al.,
1960) and smaller toothed whale (Johnson et al., 2004;
Madsen et al., 2005). However, we cannot say that every
buzz leads to a successful prey capture or that the whale
does not ingest a prey without emitting a buzz, but we
argue that it is a good measure of the foraging attempts
made by the whale. The duration of each buzz was
measured as the time from the first to the last click in a
Fig. 3. Depths of consecutive dives for each whale (196a n=29, 199a n=25,
(196a n=167, 199a n=142, 199b n=200 and 199c n=239). Panel B is a ma
depth at the corresponding dive (196a n=11, 199a n=4, 199b n=3 and 199c
and the returning echo from the bottom (see explanation in the text).
buzz having an inter-click interval (ICI) shorter than
0.22 s This value was chosen from the distribution of
ICIs of all whales (Fig. 1) as the ICI corresponding to
the marked dip in the bimodal distribution. The interval
between consecutive buzzes was measured as the time
from the last click of a buzz to the time of the first click
of the subsequent buzz.

Clicks emitted by a diving sperm whale normally
generate echoes from surface and bottom reflections
(e.g. Thode et al., 2002; Zimmer et al., 2005). Bottom
reflections can be used to determine the distance of the
whale from the sea floor, by measuring the delay bet-
ween the emitted click and the returning echo. The delay
equals the two-way-travel time of the click to and from
the reflecting surface and can thus be converted to
bottom range if the sound velocity is known. Echo
delays were detected and measured with custom-written
software in MATLAB 6.0 (MathWorks). A sound velo-
city of 1475 m s−1 was used, as this was the average
sound velocity measured with a conductivity–tempera-
ture–depth probe (XCTD, Sippican Inc.) from surface to
1000 m depth on location. Surface and bottom ref-
lections could be detected in recordings from all tagged
whales, although reflections from the bottom were not
detectable in all dives. This may be explained by the
whale not pointing its sonar beam towards the bottom all
the time or changes in reflectivity of different bottom
199b n=17 and 199c n=12). Bottom panels: histograms of buzz depth
gnification of panel A for whale 196a. Grey lines indicate the bottom
n=4), obtained by measuring the time delay between the emitted click
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substrates. Bottom reflections could be detected in 10
dives for whale 196a, four dives for whale 199c and
three dives for whales 199a and 199b.

Whale-watching boats frequented the canyon during
the field work and on one occasion three boats were
within 100m of a tagged whale. This whale was observed
visually to move away from the boats and a subsequent
inspection of the tag recording revealed strong ship noise
at this time. We therefore excluded data collected during
this close approach from the analyses (three dives from
whale 199a).

3. Results

Four mature male sperm whales were tagged in the
Andøya Canyon at locations with water depths between
400 and 2000m. The lengths of thewhaleswere estimated
by photogrammetry to be between 14 and 16 m long
(Table 1). Motion and acoustic data were collected for
21.1, 17.7, 13.6 and 13.1 h, during which the four whales
performed 29, 28, 17 and 12 foraging dives, respectively
(Table 1, Figs. 2 and 3). The whales were followed
visually for 26, 20, 8 and 1 surfacings, respectively. All
whales were tagged when alone at the surface and they
remained alone for the period of time they were visually
tracked, except in one case when two whales (199a and
199b) were sighted within a few hundred meters of each
other during a single surfacing. The maximum dive depth
varied between 14 and nearly 1900mwith amedian depth
Table 2
Basic statistics for the diving parameters

196a 199a

Diving parameters
Number of dives 29 25
Dive duration (min) 19.9–37.9 (30.1) 15.4–50.5 (32.2)

30.0±4.8 33.6±9.0
Surface duration (min) 5.5–74.0 (9.4) 5.3–16.3 (7.2)

12.9±13.9 7.4±2.2
Max. dive depth (m) 116–537 (163) 82–1600 (159)

202±109 383±459

Search phase parameters
Number of dives 29 25
Search duration (min) 9.8–36.7 (28.4) 15.2–45.9 (32.2)

27.2±6.2 32.5±8.4
% of dive in search phase 90±12 97±2
Depth first click (m) 5–33 (8) 4–218 (5)

9±6 20±50
Depth last click (m) 47–348 (83) 1–148 (20)

105±69 36±40

Dive duration is the time from fluke-up to following surfacing. Surface durati
the time from the first to the last usual click in a dive. Dive duration, surface d
depth last click show range (median) and mean±SD. The percentage of dive
of 175 m (n=83, Table 2). One of the whales (196a) did
not dive deeper than 540 m and 76% of its dives were
shallower than 200m (Table 2, Figs. 2 and 3). Overall, the
dive duration was on average 32 min±10 (range 6.2–
56.7, n=83, see Table 2 for individual statistics). Based
on the analysis of bottom reflection delays, whales
foraged on average 146 m from the bottom (range 23–
348) during deep dives (depthN500 m, n=8), searching
for food in 90% (SD 6) of the water column on average.
During shallow dives (depthb500 m, n=12), whales
foraged on average 690 m from the bottom (range 340–
1630) exploiting 22% (SD 12) of the water column on
average (Fig. 3). Although three of the whales made
prolonged surfacings, sometimes exceeding 2 h (Table 2),
92% of the surfacings lasted less than 15 min. Extended
periods at the surface were interspersed with shallow
dives around 5–20 m, which were silent and therefore not
considered for the current analysis.

The acoustic repertoire of the tagged whales included
usual clicks (Weilgart and Whitehead, 1988), buzzes
(“creaks” in Gordon, 1987; Madsen et al., 2002b; Miller
et al., 2004a) and slow clicks (Weilgart and Whitehead,
1988; Madsen et al., 2002b). Slow clicks are thought to
function as communication signals withinmating systems
on the breeding grounds (Weilgart andWhitehead, 1988),
but may have a different role in high latitude habitats
where only males are present. For the current work, we
focused on usual clicks and buzzes which appear to serve
primarily as echolocation signals in the context of
199b 199c All

17 12 83
14.1–56.7 (27.6) 6.2–46.7 (40.0) 6.2–56.7 (31.2)
34.1±14.1 32.7±14.4 32.3±10.1
4.9–105.3 (6.6) 6.4–161.3 (11.2) 4.9–161.3 (8.3)
13.8±23.7 34.0±54.1 14.5±25.4
143–1861 (197) 14–1837 (1691) 14–1861 (175)
639±689 1212±768 492±593

17 12 83
12.4–44.7 (26.3) 6.1–37.7 (32.2) 6.1–45.9 (29.8)
29.9±10.4 26.5±11.1 29.2±8.8
90±8 83±7 91±10
6–204 (12) 4–207 (194) 4–218 (8)
62±77 163±72 46±73
1–1114 (80) 1–820 (697) 1–1114 (68)
286±410 442±375 170±273

on is the time from surfacing to following fluke-up. The search phase is
uration, max. diving depth, search phase duration, depth first click and
in search phase shows mean±SD.
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foraging dives (Madsen et al., 2002b;Miller et al., 2004a).
The four whales clicked for an average of 29.2 min±8.8
(range 6.1–45.9, n=83) per dive, the first usual click
being produced at depths ranging between 4 and 218 m
and the last usual click at depths ranging between 1 and
1114 m (n=83, Table 2). The search phase accounted for
an average 91% (SD=10) of the dive duration (Table 2).
The depth of the first usual click was correlated with the
maximum dive depth for the three whales that performed
deep dives (196a r=0.10, p=0.62, n=29; 199a r=0.75,
pb0.01, n=25; 199b r=0.95, pb0.01, n=17; 199c
r=0.79, pb0.01, n=12). The depth of the last click was
correlated with the maximum dive depth for two of the
whales that performed deep dives (196a r=0.53, pb0.01,
n=29; 199a r=0.23, p=0.26, n=25; 199b r=0.92,
pb0.01, n=17; 199c r=0.85, pb0.01, n=12). The last
usual click was produced at depths ranging between 1 and
1114 m (Table 2). Buzzes were heard in 74 of 83 dives, at
depths between 17 and 1860 m, and were emitted during
both the descent and ascent phase of deep dives (Table 3,
Fig. 2). The number of buzzes per dive ranged from 1 to
45 (Table 3). A total of nine dives between 14 and 450 m
deep contained usual clicks but no buzzes (196a=1,
199a=3, 199b=2, 199c=3). The duration of buzzes
(Fig. 4) was negatively correlated with dive depth for the
three deep-diving whales and positively correlated with
dive depth for the shallow-diving whale (196a r=0.47,
pb0.01, n=167; 199a r=−0.49, pb0.01, n=142; 199b
r=−0.85, pb0.01, n=200; 199c r=−0.65, pb0.01,
n=239). The time interval between consecutive buzzes
(Fig. 4) was also negatively correlated with the dive depth
for all the whales (196a r=−0.25, pb0.01, n=139; 199a
r=−0.47, pb0.01, n=142; 199b r=−0.67, pb0.01,
n=185; 199c r=−0.41, pb0.01, n=230). The number
Table 3
Basic statistics for the foraging parameters

196a 199a

Foraging phase parameters
Number of dives 28 22
Number of buzzes 167 142
Number of buzzes per dive 1–12 (5.5) 1–29 (4.5)

6.0±3.1 6.5±6.3
Foraging duration (min) 0.2–32.0 (17.4) 0.2–37.9 (16.5)

17.1±8.6 16.3±10.9
% of dive in foraging 55±24 47±24
Depth first buzz (m) 84–368 (119) 64–1126 (129)

143±68 276±317
Depth last buzz (m) 84–410 (133) 28–1056 (118)

151±83 191±266
Buzz duration (s) 6.6–78.8 (13.5) 2–54.9 (11.6)

16.7±10.4 14.0±9.8

The foraging phase is the time from the first to the last buzz in a dive. Numbe
and buzz duration show range (median) and mean±SD. Dives that did not c
of buzzes per dive was correlated with the maximum dive
depth for the same three whales (196a r=0.31, p=0.10,
n=28; 199a r=0.76, pb0.01, n=22; 199b r=0.97,
pb0.01, n=15; 199c r=0.73, pb0.05, n=9).

4. Discussion

This study investigated the foraging behavior of
sperm whales in a high latitude habitat. The use of non-
invasive archival tags allowed us to quantify for the first
time details of the diving and acoustic behavior of large,
adult male sperm whales for many consecutive dive
cycles. The bimodal distribution of short and long dives
of sperm whales in this habitat has been noted in pre-
vious studies (Sarvas, 1999), so while the presented data
are from a limited period and from only four whales, the
overall diving and foraging behavior is most likely not
uncommon in this habitat. Sperm whales off Andenes
are usually widely separated when visible at the surface
(Lettevall et al., 2002). However, clicks from non-tag-
ged conspecifics were audible in the tag recordings on
several occasions, demonstrating a strong potential for
acoustic contact between these apparently non-social
males (Madsen et al., 2002b).

Sperm whales are well-known for the deep dives they
perform to reach foraging depths (Papastavrou et al.,
1989; Watkins et al., 1993). Watwood et al. (2006)
reported that female and immature sperm whales in
subtropical habitats perform stereotypical foraging dives
to depths of 400–1200 m. We have observed a radically
different diving behavior for physically mature males in
this high latitude habitat. While we recorded dives to
depths of nearly 1900 m, comprising the deepest dives
recorded with a calibrated onboard recorder on a sperm
199b 199c All

15 9 74
200 239 748
1–40 (6) 1–45 (33) 1–45 (6)
13.7±14.6 26.6±13.4 10.0±11.0
0.2–37.9 (17) 0.4–32.3 (21.9) 0.2–37.9 (19.2)
18.2±10.1 21.8±9.1 18.2±10.0
49±23 52±19 51±24
45–986 (145) 61–931 (763) 45–1126 (128)
373±350 699±282 297±305
45–1334 (160) 64–1403 (1058) 28–1403 (129)
473±500 919±389 322±390
3.1–21.2 (6.7) 1.6–29.4 (5.1) 1.6–78.8 (7.3)
7.8±3.4 5.8±2.9 10.3±8.2

r of buzzes per dive, foraging duration, depth first buzz, depth last buzz
ontain buzzes were excluded from this statistics.



Fig. 4. Buzz duration (196a n=167, 199a n=142, 199b n=200 and 199c n=239), shown by black dots, and time interval between consecutive buzzes
(196a n=139, 199a n=120, 199b n=185 and 199c n=230), grey circles, plotted against depth for the four whales.
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whale, 72% of the dives were shallower than 400 m
(Table 2, Figs. 2 and 3). From the inspection of bottom
reflections generated by the echolocation clicks emitted
by the whales, these shallow dives do not seem to be
constrained by the bathymetry of the canyon, but signify
that the whales target epipelagic prey. To the contrary
some deep dives do include some benthopelagic for-
aging (Fig. 3).

Tagged male sperm whales spent 91% of the dive
emitting usual clicks, with clicks being produced during
the descent, bottom and ascent phase of dives (Table 2).
Given the strong potential of usual clicks for long-range
echolocation of prey (Madsen et al., 2002b; Møhl et al.,
2003), it seems that the whales actively search for prey
over a wide range of depths and in any stage of the dive.
Echolocation throughout the ascent phase indicates that
whales anticipate the presence of shallow water prey, as
also indicated by the frequent shallow foraging dives. In
contrast, sperm whales studied in lower latitudes usually
start clicking at depths between 50 and 250 m depth on
the descent and stop clicking early in the ascent phase
(Madsen et al., 2002a; Douglas et al., 2005; Watwood
et al., 2006), showing that they do not echolocate for
food on the way back up to the surface.

The depth of the first click in dives performed by
three of the four male sperm whales was correlated with
the maximum dive depth, with whales commencing to
click later in deep dives. This suggests that these whales
anticipated which depth to explore in each dive. The
estimated detection range for aggregations of squid and
fish by sperm whales is about 500 m (Møhl et al., 2003)
and so a whale diving to 1000 or more meters is unlikely
to detect the target prey layer until well into the descent,
explaining the delayed start in clicking. The end of the
search phase in relation to the maximum dive depth
followed a less deterministic pattern compared to the
first click of the dive, suggesting that on the way up to
the surface different factors may determine the depth of
the last click.

Male sperm whales off northern Norway emitted
echolocation buzzes at depths as disparate as 17 m and
nearly 1900 m (Fig. 2), suggesting that they were en-
countering prey items throughout a large part of the water
column. While buzzes are normally reported to occur in
the bottom phase of the dive (Jaquet et al., 2001; Drouot
et al., 2004;Watwood et al., 2006), themale spermwhales
off northern Norway emitted buzzes at shallow depths
both during the descent and the ascent phase indicating
that sperm whales encountered prey items in those
portions of the dive as well (Fig. 2).

The depth of dives, and the number and duration of
buzzes (Figs. 4 and 5), suggest two distinct foraging
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modes. In shallow dives of less than about 500 m, usual
clicks start within the first 15m of the dive, and buzzes are
infrequent, but of long duration (Table 3, Figs. 4 and 5).
Conversely, in deep dives which are deeper than 500 m
and may extend to more than 1600 m depth, usual clicks
start at about 150 m and the buzzes are short, but frequent
(Table 3, Figs. 4 and 5). This bimodal foraging pattern is
especially evident for whale 199b. The average buzz
interval was 65 s in deep dives (n=129) and 190 s in
shallow dives (n=24). If this whale moved at a constant
speed of 1 ms−1 (e.g. Whitehead et al., 1992; Watwood
et al., 2006) while searching for prey, it would have
encountered a prey item approximately every 65m during
deep dives and every 190 m during shallow dives. Al-
though the pattern is not as clear for whale 196a and 199b,
which seem to stay with one mode, the variation in the
number of buzzes and the time interval between buzzes,
with depth (Fig. 4), support the hypothesis that the whales
feed on more sparsely distributed prey items during
shallow dives and more densely distributed prey items
during deep dives.

Wahlberg (2002) reported that the number of clicks
produced by sperm whales between consecutive pauses,
when the whales are assumed to recycle air, decreases
with increasing dive depth and suggested that this may
Fig. 5. Number of buzzes per minute spent in each depth bin for the four wh
width is 50 m.
relate to the restricted air volume available for sound
production at depth (Madsen et al., 2002a). The short
buzzes observed in deep dives follow the same trend,
but a restricted air volume cannot fully explain our
observations. Sequences of closely spaced buzzes, las-
ting for several minutes and including buzzes as long as
40 s, were emitted at 400 m depth (Fig. 4) where the
quantity of air is already down to 2% of the total amount
of air at the surface. In tag data collected in the Gulf of
Mexico, a 12.4 m whale produced buzzes longer than
60 s in duration at depth N850 m (P.J.O.M, unpublished
data). This shows that sperm whales are capable of
emitting long buzzes at depth, and the bimodal
distribution of buzz duration (Fig. 4) likely reflects
differences in biosonar-based foraging rather than just
hydrostatic limitations in sound production.

Another possible explanation for the long buzzes in
shallow dives is that these may reflect capture attempts
on several prey items during the same buzz. The dura-
tion of a buzz relates to the time and likely the energy
that the whale invests in capture attempts and so it is
reasonable that a longer buzz be rewarded by a greater
return. In echolocating bats, emission of a buzz signifies
an attempt to capture a single prey item and prolonged
buzzing occurs when bats target evading prey (e.g.
ales (196a n=167, 199a n=142, 199b n=200 and 199c n=239). Bin
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Griffin et al., 1960; Kalko, 1995). However, the ana-
tomy of bats prevents these aerial mammals from echo-
locating and ingesting prey at the same time, a constraint
that is not faced by the sperm whale with a sound
generator that works independently of the buccal cavity
(Wahlberg et al., 2005). Buzzing is seen as an echo-
location phase where the predator locks its biosonar
onto a single target (Griffin et al., 1960; Madsen et al.,
2005), and it is problematic in that light to envision how
the whale can shift between locking on to two different
prey items in the same fast ICI buzz phase. Therefore,
while we cannot rule out capture of several prey items
per buzz for the sperm whale, we view the notion that
each buzz, irrespective of duration, reflects an attempt to
capture a single prey item the most parsimonious.

Not knowing the types of prey consumed by the
tagged whales, we cannot directly link the whale beha-
vior to a prey type (e.g. Barrett-Lennard et al., 1996;
Bowen et al., 2002). However, the bimodal pattern in the
number and duration of buzzes as a function of depth,
suggests that sperm whales in this habitat adapt their
foraging behavior according to the type and mobility of
the prey they target. Mobile prey are likely to require
more time to catch compared to slow or small prey, and
this difference is likely reflected in the duration and
distribution of buzzes. During deep water foraging,
buzzes are generally much shorter than in shallow water,
with whales spending less than half of the time on the
average prey pursuit. Buzzes in shallow dives are not
only longer, suggesting that the whale is targeting a
moving prey, but also more widely spaced in time,
resulting in longer search times between prey encoun-
ters. The occurrence of echolocation buzzes during
shallow dives is lower compared to other areas of the
world (Drouot et al., 2004;Miller et al., 2004a;Watwood
et al., 2006), and may be explained by the consumption
of sparsely distributed, but more energetically or
possibly nutritionally rewarding prey items like larger
fish (Martin and Clarke, 1986). The specific factors that
determine the shifts between shallow and deep water
foraging modes remain unclear, but are likely governed
by the whale's perception of whichmodewould yield the
highest net energy returns per unit of time: cheap shallow
dives with few prey items or deep dives with more prey
that require a bigger energetic and temporal investment
to access. Either way, the depth of the first echolocation
click indicates that the whales make a deliberate decision
of whether to forage shallow or deep prior to the dive.

The observed changes in dive depth are unlikely to
be driven by vertical migration of prey, as changes in
dive depth were not gradual. Blachowiak-Samolyk et al.
(2006) have shown that the dominant zooplankton taxa
in the Arctic region do not perform vertical migrations
during periods of midnight sun, which corresponds to
the latitudes and season our data were collected. Also,
we would expect to observe broadly similar foraging
behavior at different depths if the same prey is targeted.
Future studies may include investigations on the pre-
sence and behavior of possible prey in the same area
(e.g. Davis et al., 2007), allowing to identify target
species during shallow and deep dives.

The diving and acoustic behavior observed from the
four male sperm whales tagged off northern Norway is
different from known foraging behavior in female and
immature sperm whales at lower latitudes (Watwood
et al., 2006). These apparent sex differences in foraging
patterns are consistent with findings from stomach con-
tents, which have shown differences in the composition
of the diet of males and females (e.g. Evans and Hindell,
2004). Differences between sexes in habitat utilization
and foraging behavior have been shown for different
species of sexually dimorphic seals (Stewart, 1997; Le
Boeuf et al., 2000; Beck et al., 2003; Page et al., 2005;
Breed et al., 2006). In particular, sexual segregation in
the northern elephant seal (Mirounga angustirostris)
appears to develop during puberty, suggesting that sex-
ual segregation in this species is more related to the
demands of accelerated growth during this period of
sexual maturation, rather than to differences in gross
energy requirements of adults (Stewart, 1997). Male
sperm whales also start to segregate from females during
puberty and move to higher latitudes (Rice, 1989) while
females with calves and juveniles remain in tropical and
temperate waters within highly social matriarchal units
(e.g. Whitehead and Weilgart, 2000), perhaps choosing
areas with less food resources but with a lower density
of predators (e.g. Corkeron and Connor, 1999). Male
sperm whales need high energetic returns from foraging
to obtain and maintain their great size, which may
ultimately determine their access to females on the
breeding grounds (Whitehead, 1994). The high primary
productivity that supports the size, abundance, and ca-
lorific value of prey in high latitude habitats, like the
Andøya canyon, may be a key factor that makes male
sperm whales migrate to distant, but more profitable
foraging grounds. However, given the small temporal
and spatial resolution of the current dataset, the col-
lection of additional data over longer periods and co-
vering a larger portion of the population is needed in
order to draw broader conclusions on behavioral diffe-
rences between sexes and population. Nevertheless, the
newfound plasticity in the foraging behavior of male
sperm whales indicates that they can adapt to food
resources, which in turn may explain the increasingly
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incidence of depredation from longline fisheries that has
been reported in several areas of the world (e.g. Kock
et al., 2006).
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