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ABSTRACT

Tags containing acoustic time-depth transmitters (ATDT) were attached to four
humpback whales near Kodiak, Alaska. Tags allowed for whale dive depths to be
recorded in real time. Acoustic and mid-water trawl surveys were conducted concur-
rent with tagging efforts within the study area to quantify available fish resources
and describe potential prey selection by humpback whales. Recorded dives were
grouped through visual assessment and t-tests. Dives that indicated likely foraging
occurred at a mean maximum depth of 106.2 m with 62% of dives occurring be-
tween 92 m and 120 m. Acoustic backscatter from fish surveys was attributed to
potential humpback prey based on known target strength values and 10 net tows.
Capelin comprised 84% of the total potential prey abundance in the region followed
by age 0 (12%) and juvenile pollock (2%), and eulachon (<1%). Although hori-
zontally segregated in the region, both capelin and age 0 pollock were distributed
at depths exceeding 92 m with maximum abundance between 107 m and 120 m.
The four-tagged humpbacks were found to forage in areas with greatest capelin
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densities but bypassed areas of high age 0 pollock abundance. The location and
diving behavior of tagged whales suggested that whales were favoring capelin over
pollock as a prey source.

Key words: acoustic tag, cetacean, dive behavior, foraging, prey, fish acoustic sam-
pling, humpback whale, Megaptera novaeangliae.

Humpback whales (Megaptera novaeangliae) are considered top-level predators and
may consume significant amounts of prey on feeding grounds. Studies have reported
that regional prey removal due to cetacean consumption approaches or exceeds re-
movals due to commercial fishing (Laws 1977, Laevastu and Larkins 1981, Bax
1991, Markussen et al. 1992, Nordøy et al. 1995, Kenney et al. 1997, Witteveen
et al. 2006). Such high levels of consumption can have significant effects on the dis-
tribution and abundance of prey species and the structure of marine communities
(Perez and McAlister 1993, Kenney et al. 1997, Croll et al. 1998).

In the North Pacific, humpback whales are considered generalists in their prey se-
lection and seasonally feed on euphausiids (Thysanoessa spp.) and pelagic fish species
up to 30 cm in length, including capelin (Mallotus villosus), Pacific herring (Clupea
pallasii), and juvenile walleye pollock (Theragra chalcogramma), (Nemoto 1957, 1959,
Krieger and Wing 1984, 1986). Many of these species are targeted by other ma-
rine predators and commercial fisheries or are linked to fisheries through complex
food webs. Therefore, examining consumption by humpback whales contributes
information about complex ecosystem linkages and the long-term sustainability
of marine resources (Perez and McAlister 1993, Kenney et al. 1997, Tamura and
Ohsumi 2000). To determine the ecological role and the potential for competition
among humpback whales and other upper level predators, reliable species-specific
estimates of their seasonal abundance, diet composition, and prey consumption are
needed.

Identifying prey in cetacean diets with certainty requires analysis of the stomach
contents of harvested or beached whales (Thompson 1940, Klumov 1963), but both
demand the availability of dead animals. Direct observation of prey in the mouths of
surface feeding animals can also elucidate diet composition, but because such direct
observations are infrequent (for humpback whales in particular) diet assessments may
be biased toward prey types in which surface foraging is necessary. Fecal samples from
free-swimming whales may also provide dietary insights, but their collection is rare
as most fecal types disintegrate and sink. Other methods of determining whale prey
have included associations based on whale movements, distribution, and abundance
(Payne et al. 1990, Moore et al. 2000) and, more recently, regional sampling of prey
populations (Croll et al. 1998, Baumgartner and Mate 2003, Baumgartner et al.
2003, Tynan et al. 2005). While these methods are effective at describing potential
prey populations, none can definitively identify, which potential species are being
targeted. To more accurately describe targeted prey species, prey sampling needs to
occur both in the presence of foraging whales and at depths matching those of their
foraging dives.

The most efficient means of determining whale dive depth is to tag animals with
time-depth recorders (TDR). There are currently three categories of TDR tags used
to obtain whale diving behavior data: archival (Croll et al. 1998, Hooker and Baird
1999), satellite radio-linked (Kingsley et al. 2001, Mate and Urban-Ramirez 2003),
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and acoustic transmitter (Goodyear 1993, Baumgartner and Mate 2003). Of the three
types of tags, only the acoustic transmitter allows for continuous dive depth data to
be received in real time.

Previous efforts have shown the utility of combining tagging and prey sampling
techniques to describe prey selectivity and habits of a number of baleen whale species,
including blue (Balaenoptera musculus), fin (Balaenoptera physalus), and North Atlantic
right whales (Eubalaena glacialis) (Croll et al. 1998, Acevedo-Guitierrez et al. 2002,
Baumgartner and Mate 2003). However, studies employing tagging and prey sam-
pling techniques that are temporally and spatially linked have not yet been applied
to humpback whales.

The nearshore waters northeast of Kodiak Island, Alaska support seasonal and
year-round foraging by a large number of piscivorous whale species, including an
estimated 157 (95% CI: 114–241) humpback whales (Witteveen et al., in press). To
date, cetacean studies conducted near Kodiak Island have examined the distribution,
population size, habitat use of, and consumption by local whale populations (Wynne
et al. 2005, Witteveen et al. 2006). Consumption by humpback whales northeast
of Kodiak Island was estimated to assess the current and historic impact of their
predation on local prey populations (Witteveen et al. 2006). Results showed that
the potential removal of prey biomass by humpback whales is significant. However,
the study assumed humpback whales were feeding in proportion to pelagic prey
availability as estimated by acoustic fish surveys and did not, therefore, account for
any degree of prey selectivity. Methods that allow for the concurrent observation of
whale foraging and available prey populations will improve consumption models by
testing hypotheses made about prey selectivity. Our study reports on first efforts to
investigate humpback whale foraging habits and prey selectivity by recording real-
time whale dive profiles with acoustic tags while concurrently assessing fish prey
available to tagged whales through acoustic and mid-water trawl surveys.

MATERIALS AND METHODS

Study Area and Period

Between 3 and 8 August 2004, humpback whales were tagged and fish were
sampled northeast of Kodiak Island, approximately 10 km east of Spruce Island
(Fig. 1). The majority of whale tagging and fish sampling effort was focused in
an area of approximately 144 km2 where a large aggregation of humpback whales
(30–50 animals) was consistently found during the study.

Tag Construction, Deployment, and Tracking

Each tag consisted of a syntactic foam housing containing both an acoustic time
depth transmitter (ATDT) (V22P continuous transmitter, VEMCO, Halifax, NS)
and VHF transmitter (MOD125, Telonics, Mesa, AZ) (Fig. 2). An 8-cm diameter
suction cup was attached to the tag body with clear tubing. Tags weighed ca. 360 g.
The ATDTs had a depth range of 0–204 m with a resolution of 1.2 m and a frequency
range of 34.0–48.0 kHz.

Tags were deployed with a crossbow and attached to free swimming whales via
suction cups from the 8.2-m R/V Soundwave. After a tag was successfully attached,
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Figure 1. Map of northeastern Kodiak Island showing site of humpback whale tagging and
pelagic fish sampling in 144 km2 diagonally striped area. The contour is the 100-m isobath.

the whale was closely followed for either the duration of the attachment period or
until conditions (i.e., darkness, sea state) prevented further observation. Acoustic
signals from ATDTs were received in real time with a vessel-mounted directional
hydrophone (VEMCO VR-60) and recorded into a text file. Signals could be received
at distances up to 1 km. In instances when this distance was exceeded or the acoustic
signal was lost, the tagged whale was located by listening for the VHF signal, which
could be received when the whale was at the surface and within several kilometers.
VHF signals were also used to locate tags that had been shed. Dive data were time-
linked to the position (latitude and longitude) of R/V Soundwave, which due to its
constant close proximity to the whale, was assumed to represent the track of the



520 MARINE MAMMAL SCIENCE, VOL. 24, NO. 3, 2008

Figure 2. Image of tags deployed by crossbow.

tagged whale. The location and range of dive depths observed for tagged whales were
reported in real time to the accompanying prey survey vessel to coordinate acoustic
and net sampling in the vicinity of tagged whales.

Analysis of Dive Data and Dive Categorization

Raw dive data were analyzed using algorithms contained within the IKNOS tool-
box (Y. Tremblay, unpublished data). Each dive was designated with a code (Type 1
through 6) that was visually assigned based on the general shape of the dive (Fig. 3).
Dives in which data were missed (i.e., signal interruption prevented portions of the
dive from being recorded) were designated as Type 9 and were not considered for
additional analyses. The IKNOS toolbox calculates a total of 14 dive parameters
for each dive, including maximum dive depth, dive duration, and intra-depth zone
(IDZ) dives (Table 1). The IDZ dives were classified as consecutive dives that re-
turned to the same depth zone (Tremblay and Cherel 2000). The percentage of IDZ
dives (%IDZ) was defined as the number of IDZ dives divided by the total number
of dives for each of the six dive categories and was the only parameter calculated
independently of the IKNOS toolbox. Each tagged whale was considered an inde-
pendent observation; therefore, means for all dive parameters were calculated for
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Figure 3. General shape patterns and associated codes used for initial categorization of dive
type.

each tagged whale and then averaged across whales for reporting and interpreting
results.

Following dive categorization, mean values for dive parameters were tested for dif-
ferences using paired-sample t-tests (Zar 1984) in which significance was determined
at � = 0.05.

Correlations Between Dive Parameters

Some dive parameters were also used to test correlations between these parameters
and maximum dive depth for comparison with previous studies of humpback whale
foraging (Dolphin 1987a, b). Only parameters examined in both Dolphin’s study and

Table 1. Description and units of dive parameters from the INKOS toolkit (Trembly,
unpublished data).

Parameter Unit Description

No. of dives Total number of dives
No. of dives Total number of dives within the intra-depth zone

in IDZ
% IDZ Percentage of total dives in the intra-depth zone
Maxdepth m Mean maximum depth reached
Dduration s Total duration of the dive
Botttime s Duration spent at the bottom during the dive
DescTime s Time spent traveling from the surface to the bottom of the dive
DescRate ms−1 Rate of descent
AscTime s Time spent traveling from the bottom to the surface of the dive
AscRate ms−1 Rate of ascent
PDI Post Dive Interval. Times spent at the surface between

successive dives
VOD Number of vertical oscillations greater than tag depth resolution

counted during the descent phase
VOB Number of vertical oscillations greater than tag depth resolution

counted during the bottom phase
VOA Number of vertical oscillations greater than tag depth resolution

counted during the ascent phase
BottDist m Sum of vertical distance traveled during the bottom phase
BottRange m Range of depth transited during the bottom time
Efficiency Botttime/(Dduration + PDI)
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this study were selected for correlation analysis and were thus limited to ascent and
descent rates, time to ascent and descent, and dive duration.

Prey Surveys and Sampling

A commercial fishing vessel, the F/V Alaskan, was used to conduct acoustic and
mid-water trawl fish surveys. Two types of fish acoustic surveys were initiated once
whales were sighted and tagged. The first was a traditional zigzag survey of the
entire region occupied by the feeding aggregation of humpback whales to estimate
fish species composition and abundance. The second type of survey was a focal-follow
acoustic survey conducted in two areas within the study region used by specific tagged
whales. The focal-follow survey immediately followed the tracks of tagged whales to
provide a finer scale assessment of fish density targeted by whales within each area.

Fish abundance and species composition were estimated acoustically and assessed
with mid-water trawl nets. Acoustic surveys were conducted during daylight hours
when fish were vertically aggregated and concurrent to collection of whale dive data.
Pelagic volume backscatter was estimated with a Simrad EK60 echo sounder using
a hull-mounted split-beam 38 kHz transducer with a 12◦ beam angle, 1.024 ms
pulse length, and 0.5 s−1 ping rate. The echo sounder system was calibrated with
a copper sphere of known acoustic backscatter (Foote et al. 1987). The vessel speed
during acoustic surveys was approximately 13.2 km/h to maintain a constant engine
rpm throughout the surveys. Raw acoustic backscatter data were echo-integrated in
185-m intervals along track lines between 5 m of the surface and 0.5 m of the bottom
using Echoview 3.5 software (SonarData Pty Ltd, Tasmania, Australia).

Trawl nets (headrope/footrope length: 39 m; vertical opening: 20 m; 2.22 cm
codend liner mesh) designed to target pelagic schooling fish were deployed for 10–
20 min to determine the species composition and size distribution of the fish species
responsible for patterns of acoustic backscatter in a localized area. The catchability
of the main species encountered in the study was assumed to be equal in all trawls.
All fish were separated by species and counted; fish of each species were randomly
subsampled for length and weight measurements.

Fish density was estimated by apportioning the acoustic backscatter based on
species proportions from the trawls and on expected species- and size-specific target
strengths (TS) (Simmonds and MacLennan 2005). Species composition and species
lengths were applied to acoustic backscatter within a localized region near the tow that
had similar visual characteristics (school shape, size, and density) and TS distribution.
The TS-to-length equation used for this study was

TS = 20 log LT + b

where LT was the total fish length and the constant b was −69.3 for capelin, −67.2
for walleye pollock, and −84.5 for eulachon (Thaleichthys pacificus) (Gauthier and
Horne 2004).

The analysis area, totaling 144 km2, was defined as the area bounding both acoustic
surveys (region and area) and within 2.0 km of all whale tracklines during the study.
The depth of whale feeding was defined as the mean humpback whale feeding depth
±1 SD (see Analysis of Dive Data and Dive Categorization).

Over the entire region, densities (fish/km2) and biomasses (kg/km2) for each fish
species were averaged over all 185-m trackline intervals within the mean depth
range of whale feeding. In areas 1 and 2, mean densities (fish/km2) of each species
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were estimated in 14 m depth bins over the entire water column where focal follow
surveys occurred. Only species less than 30 cm in length, our assumed maximum size
of humpback whale prey (Nemoto 1959), were included in these analyses. In areas 1
and 2, prey density and the number of humpback dives in each depth bin were then
examined for correlation.

RESULTS

Tagging and Tracking

Tags were attached to free-swimming humpback whales on four occasions and
tracked for a total of nearly 17 h. Tags 2 and 3 were shed after 5.78 h and 1.91 h,
respectively. Tracking of whales with tags 1 and 4 was abandoned after 6.22 h and
2.82 h, respectively, due to worsening sea conditions. These tags were subsequently
shed and recovered. Following initial disturbance from vessel approach and tag de-
ployment, attachment of the suction cup tag did not appear to affect the behavior of
whales.

Dive Categorization

A total of 122 dives made by four individual humpback whales were recorded
during the study period. Of these dives, 18 were discarded as Type 9 dives and the
remaining 104 were classified as shown in Table 2.

Dive Parameters Estimates and Comparisons

Based on the theory that foraging behavior of diving animals seeks to maximize
time spent at depth while minimizing travel and recovery time, visual assessment of
dive data suggested Type 3 and Type 5 dives represented foraging dives (Houston and
Carbone 1992; Thompson et al. 1993; Carbone and Houston 1994, 1996; Carbone
et al. 1996; Kramer 1998; Thompson and Fedak 2001). Paired t-tests (t3 = 3.18)
between Type 3 and Type 5 dives against all remaining dive types (Types 1, 2, 4,
and 6) revealed significant differences in mean values of six parameters: Dduration,
Botttime, AscRate, VOB, Bottdist, and Efficiency. In addition to these six parameters,
Type 5 dives were found to be significantly different from Types 1, 2, 4, and 6 for

Table 2. Counts of dives, by individual tag, for each of seven dive categories. Categories are
based on general dive shape and Type 9 dives were discarded prior to analysis (see Fig. 3).

Dive category

Tag no. 1 2 3 4 5 6 9 Total

1 4 5 2 6 15 10 6 48
2 3 0 1 1 23 1 6 35
3 1 0 1 0 6 3 3 14
4 3 1 1 3 13 1 3 25
Total 11 6 5 10 57 15 18 122
Total analyzed 104
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mean values of%IDZ (P < 0.001) and BottRange (P = 0.008), while Type 3 dives
differed for mean values of Maxdepth (P = 0.014) and DescRate (P = 0.004).

Based on results of paired t-tests, Type 3 and Type 5 dives were classified as
foraging while the remaining four dive types were considered to represent non-
foraging behavior, including travel, rest, or searching for prey. Type 3 and Type 5
dives were combined to determine mean depth of humpback whale foraging dives
and are described collectively as foraging dives from this point forward.

Foraging dives accounted for 59.6% of all dives (62 of 104). Foraging dives had a
mean maximum dive depth range of 81.9 m to 117.5 m, while non-foraging dives
ranged from 23.2 m to 89.63 m. Foraging dives were 1.7 times deeper (106.2, SD
14.17 m) on average than non-foraging dives (70.9, SD 27.40 m) (Table 3). The

Table 3. Means of dive parameters for non-foraging and foraging (Type 3 and Type 5) dives
averaged across four tagged humpback whales. Means are shown with SD below in italics. The
P values for paired sample t-tests (t3 = 3.18 for all tests) are shown with significant results
indicated by bold font.

Dive type

Non-foraging Type 3 Type 5
Parameter n = 42 n = 5 P n = 57 P

% IDZ 7.9% 5.5% 0.649 68.5% <0.001
0.10% 0.04% 20.14%

Maxdepth 64.4 112.1 0.014 100.4 0.060
33.33 5.14 18.75

Dduration 265.4 391.9 0.049 410.1 0.008
90.65 142.26 35.83

Botttime 96.8 231.3 0.007 244.2 <0.001
56.94 122.91 16.32

DescTime 72.6 78.8 0.774 78.2 0.788
40.22 18.87 8.20

DescRate 0.8 1.4 0.004 1.1 0.061
0.32 0.40 0.32

AscTime 96.0 81.9 0.483 87.7 0.685
37.78 15.19 24.03

AscRate 0.6 1.3 <0.001 1.1 0.008
0.30 0.19 0.30

PDI 69.2 94.4 0.258 105.0 0.090
37.79 35.96 16.45

VOD 1.9 1.0 0.250 1.2 0.378
1.54 0.00 0.15

VOB 5.2 15.0 0.011 13.3 0.006
4.89 8.79 2.09

VOA 2.0 1.0 0.168 1.1 0.228
1.39 0.00 0.27

BottDist 27.4 47.7 0.042 107.1 <0.001
15.70 8.18 19.46

BottRange 16.3 17.3 0.820 29.8 0.008
7.91 8.18 6.66

Efficiency 0.24 0.45 0.015 0.47 0.004
0.130 0.142 0.016
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Figure 4. Frequency of occurrence of mean maximum dive depths in 14 m (1 SD of mean
maximum dive depth) depth bins for dives recorded from tagged humpback whales.

distribution of foraging dives was such that a majority (61.3%) fell within mean
maximum depth range (107–120 m) (Fig. 4). Mean values for Dduration, Botttime,
BottDist, VOB, and Efficiency were 1.5, 2.4, 1.7, 2.9, and 1.9 times greater for
foraging dives compared to non-foraging dives, while means for both AscTime and
DescTime were nearly identical for both foraging and non-foraging dives (Table 3).

Type 3 and Type 5 dives were differentiated from one another by the BottRange
parameter (paired t-test; t3 = 3.18, P = 0.02). The mean value of this parameter was
nearly twice as large for Type 5 dives (29.8, SD 6.66 m) compared to Type 3 dives
(17.3, SD 8.18 m).

Correlations Between Dive Parameters and Maximum Depth of Dive

There were no significant correlations found between maximum dive depth and
any of the tested parameters. However, certain comparisons suggested that a positive
relationship may exist, such as maximum depth vs. ascent rate (r = 0.84, F = 4.83,
P = 0.159) and descent time (r = 0.90, F = 8.36, P = 0.102) (Table 4).

Prey Surveys and Sampling

On 7 August 2004, numerous feeding humpback whales, including tag 2, were
encountered approximately 25 km northeast of Kodiak Island. Based on the apparent
distribution of whales, a 36 km zigzag survey design was employed to assess fish
abundance within the region occupied by this feeding aggregation (approximately
144 km2) (Fig. 4). Throughout the day, fish acoustic data were collected within 1–3 h
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Table 4. Comparison of correlation values found between maximum depth of dive and other
dive parameters for Dolphin (1987a, b) and this study. Note that values of r for this study
were not found to be significant (P > 0.05)

r

Parameter Dolphin This study

Dduration 0.91 0.69
DescTime 0.96 0.89
DescRate 0.24 0.38
AscTime 0.97 0.49
AscRate 0.7 0.84

of the whale dive data recorded within the region. On 8 August 2004, humpback
whales were again observed in the same region. To identify a fine scale pattern of
potential prey abundance, two tagged humpback whales (tags 3 and 4) were closely
followed while assessing acoustic backscatter. Within two specific areas (Fig. 5), focal-
follow acoustic surveys were initiated immediately after a whale was tagged so that
prey data were collected within 10 min of whale dive data collection.

Potential humpback prey, including capelin, eulachon, and pollock <30 cm (age
0 and juveniles), were identified from both surveys (region and area) based on 10 net
tows and known TS values (Table 5). The remaining backscatter was either >30 cm
and assumed too large to be humpback prey or was not identified with our sampling
gear and assumed to be mostly invertebrates. Ten tows were assumed to adequately
assess all patterns of acoustic backscatter given the limited complexity in species
composition encountered over an area of this size. All tows were deployed with the
headrope depth between 60 m and 150 m corresponding to whale dive depths and
maximum acoustic backscatter. Backscatter was minimal or above the TS threshold
typical for fish species in the rest of the water column. The abundance of potential
humpback prey (fish <30 cm) found between depths of 92 m and 120 m (range
of whale dive depths) was estimated from these surveys. Capelin and age 0 pollock
dominated the fish encountered at these depths and were caught in different areas of
the region surveyed (Fig. 5). Capelin were caught where total bottom depths were
between 100 m and 150 m, age 0 pollock were caught over total bottom depths
of 150 m and greater, and eulachon were caught throughout the region. A total of
1,276 fish were measured for length and 224 fish for weight (Table 6). Age 0 pollock
were the smallest potential whale prey encountered (mean length = 7.0 cm, mean
weight = 2.3 g) followed by capelin (mean length = 10.9 cm, mean weight = 6.2
g), eulachon (mean length = 16.0 cm, mean weight = 21.2 g), and juvenile pollock
(mean length = 17.0 cm, mean weight = 36.8 g).

The maximum densities (fish/km2) of fish per 185 m trackline interval ranged
from 1,000 eulachon/km2 to 53,329,000 capelin/km2 while the maximum biomass
densities ranged from 13 kg eulachon/km2 to 330,637 kg capelin/km2 over the
entire region (Fig. 5). Abundance estimates were also determined in two discrete
areas used by tagged whales (Fig. 5). In both areas, capelin dominated the total
fish abundance. In area 1 maximum capelin abundance was 17 million fish/km2

(Fig. 6). Mean capelin abundance was greatest at depths exceeding 92 m with a
maximum abundance of 918,298 fish/km2 at depths between 107 m and 120 m
(Fig. 7a). No pollock <30 cm were caught in the direct vicinity of feeding whales
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Figure 5. Whale tracklines from 3, 7, and 8 August 2004 relative to the distribution of
fish species (<30 cm) found between depths 92 m and 120 m. Solid circles are tow locations
for groundtruthing acoustic fish data. The largest vertical bar represents 53 million fish/km2.
The contour in the inset map is the 100-m isobath.

in area 1 and minimal eulachon abundances were found in depths exceeding 107 m.
The acoustic backscatter (m2/km2) that was not attributed to fish in area 1 was
distributed throughout the water column with 22% found between 9 m and 22 m,
32% found between 107 m and 120 m, and 44% found deeper. These acoustic
targets were believed to be smaller plankton in the surface waters and potentially
larger plankton such as euphausiids in the deeper water based on their relatively
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Table 5. Data for each fish tow including the date, depth range covered by the tow, species
composition, mean lengths and weights, and proportion of fish <30 cm in each tow used to
apportion the acoustic backscatter. Tow 7 was not included in the analyses due to net fouling.

Mean Average
Depth length weight Proportion

Tow Date range Species (cm) (g) (%)

1 7 August 2004 100–120 capelin 10.9 6.2 96
pollock (age 0) 7.0 2.3 3
eulachon 16.8 24.9 1

2 7 August 2004 125–150 capelin 10.6 5.6 98
pollock (age 0) 6.5 1.9 2

3 7 August 2004 100–120 capelin 8.4 2.5 100
4 7 August 2004 60–120 capelin 10.9 6.2 100
5 7 August 2004 100–125 pollock (age 0) 6.5 1.9 100
6 7 August 2004 120–150 pollock (juvenile) 17.0 36.7 90

eulachon 16.0 21.1 10
7 8 August 2004 na na na na na
8 8 August 2004 100–125 capelin 11.1 6.6 100

eulachon 15.1 17.7
9 8 August 2004 110–140 capelin 8.8 3.0 100

eulachon 19.9 41.6
10 8 August 2004 90–120 capelin 9.9 4.5 100

smaller mean volume backscattering strengths (Simmonds and MacLennan 2005).
Area 2 was also dominated by capelin where the highest densities of 305,030 fish/km2

were estimated between 107 m and 120 m (Fig. 7b). Smaller abundances of juvenile
pollock and eulachon were also caught in area 2 at or below the average whale dive
depth. The acoustic backscatter (m2/km2) that was not attributed to fish in area 2 was
found between 9 m and 22 m (49%), deeper than 121 m (46%) and had relatively
smaller mean volume backscattering strengths compared to the areas where fish were
caught.

Correlation analyses showed strong relationships between mean prey depths and
mean dive depths. Specifically, mean capelin depth was positively correlated with

Table 6. Mean length and weight used to calculate abundance and biomass densities for
each pelagic species found at depths between 92 m and 120 m in the entire study region.

Abundance BiomassLength (cm) Weight (g)
(count×103/km2) (kg/km2) Mean

Species Mean SD n Mean SD n Mean (maximum) (maximum)

Capelin 10.9 1.87 500 6.2 3.17 100 779 (53,329) 4,689 (330,637)
Pollock 7.0 0.73 500 2.3 0.58 48 106 (14,641) 251 (33,674)

age 0
Pollock 17.0 1.50 250 36.8 9.24 50 17 (601) 6,408 (220,638)

juvenile
Eulachon 16.0 2.64 26 21.2 13.58 26 <1 (1) <1 (13)
Total 902 11,347
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Figure 6. Whale tracklines from 8 August 2004 relative to the distribution of fish species
(<30 cm) found between depths 92 m and 120 m in area 1. The largest vertical bar represents
17 million fish/km2.

mean depth of foraging dives in area 1 (r = 0.91, P < 0.001, n = 13) and area 2
(r = 0.91, P < 0.001, n = 13). Moderate, but not significant, correlation was also
found between mean capelin depth and mean depth of non-foraging dives in area 1
(r = 0.46, P = 0.113, n = 13), but not in area 2 (r = −0.21, P = 0.377, n = 13).
A positive correlation was also found between mean age 0 pollock depths and mean
depths of foraging dives in area 2 (r = 0.91, P < 0.001, n = 13).

DISCUSSION

Type 3 and Type 5 dives were significantly different than the other four dive types
and were indicative of foraging behavior because of high mean values of Dduration,
Botttime, VOB, BottDist, and Efficiency. When considered together, these parame-
ters indicate that foraging dives are longer in total duration and that a greater portion
of total time and distance is spent at depth and support prior assumptions that max-
imizing time at spent at depth in synonymous with foraging behavior (Thompson
and Fedak 2001). In particular, higher Efficiency values are consistent with increased
relative bottom time and reduced transit time to and from the surface, an assumed
energetic benefit while foraging (Thompson et al. 1993).

Type 3 and Type 5 dives are differentiated from one another by the BottRange
parameter, with mean values nearly twice as large for Type 5 dives. This is due to
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Figure 7. Capelin vs. other pelagic fish abundance in 14 m depth bins where humpback
whales were actively feeding in (a) Area 1 and (b) Area 2. Note that the x-axis scale varies
among plots.

vertical lunging occurring at depth in Type 5 dives (Fig. 3). Vertical lunges at depth
have been used to imply foraging behavior in other balaenopterid species (Croll et al.
2001, Acevedo-Guitierrez et al. 2002, Goldbogen et al. 2006). Therefore, if both
types do represent foraging, Type 3 dives likely indicate straight horizontal foraging,
while Type 5 dives indicate vertical lunging behavior. It is possible that horizontal
lunges were occurring in both dive types, but the tags used in this study were not
capable of recording those movements.

Significant correlations between dive parameters were expected as has been found
in humpback whale diving studies in Southeast Alaska (Dolphin 1987a, b). The lack
of significant correlations in this study is likely an artifact of small sample size. A post
hoc power analysis based on variation among tags from this study (P = 0.6) shows
that increasing the current sample size from four to eight tags would be required to
detect significant correlations. Although not significant, positive correlations were
found between depth of dive and dive duration (r = 0.69, P = 0.307), descent time�

= 0.90, P = 0.102), and ascent rate (r = 0.84, P = 0.159) (Table 4). Similarly, depth
of dive was positively correlated to dive duration (r = 0.91) and descent time (r =
0.96) of humpbacks in southeast Alaska (Dolphin 1987a, b).

Horizontal humpback whale distributions corresponded with pelagic forage fish
abundance in the study region (Figs. 5, 6). Examination of the fish abundance along
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the tracks of the tagged whales (Figs. 5, 6) shows humpbacks foraged in areas with
greatest capelin densities but bypassed areas of high age 0 pollock abundance. Because
four separate whales foraged in areas of high capelin abundance, it appears humpbacks
were selecting capelin over pollock as a prey source in the study region. When capelin
and age 0 pollock co-occurred spatially, as in area 2, humpback whales may have been
feeding on both species in proportion to their relative densities. This assumes that
whales were not targeting single-species aggregations of prey that were smaller than
detectable in the 185-m trackline intervals by which the acoustic data were averaged.
Further, the conclusion that humpback foraging was focused on capelin is based on
the premise that the whales’ tracks were accurately represented by the research vessel’s
tracks. Although undoubtedly present, the error associated with this method is likely
to be small during the tracking time due to the range limitations of the ATDT.

Vertical humpback whale distributions corresponded with pelagic forage fish abun-
dance in the study areas. Type 3 and Type 5 dives occurred at a mean maximum depth
of 106.2 m with the majority of dives occurring between 92 m and 120 m, a depth
range that corresponded to the highest numbers of available forage fish in areas 1 and
2 (Figs. 4, 7). Specifically, foraging humpback dive depths were highly correlated
to depths of maximum capelin density in both areas 1 and 2. While non-foraging
mean maximum dive depths were moderately correlated to capelin depths in area 1,
they were negatively correlated in area 2. Foraging humpback dive depths were also
correlated to age 0 pollock depths in area 2 but age 0 pollock densities in this area
were much lower than in the rest of the region (Fig. 5).

It should be noted that the capelin distribution was closely associated with higher
bathymetric relief, which may influence local oceanographic conditions and may have
affected whale dive patterns. Additionally, it is recognized that the sample size of
tagged whales was low and may have therefore led to biased conclusions about prey
selection. However, the occurrence of humpback whales in the Atlantic Ocean was
shown to be strongly correlated to both the presence and year-class strength of capelin
(Whitehead and Carscadden 1985, Piatt et al. 1989, Christensen et al. 1990).

If humpback whales were favoring capelin within the study region it may be the
result of several factors. An increased selection of capelin may simply be due to the
fact that these fish were present in higher numbers than juvenile or age 0 pollock.
Although the total density by weight of juvenile pollock was greatest in the region,
the capelin density by number was greater than the other species in the region. It is
generally believed that whales have some threshold level at which foraging becomes
productive. For baleen whales, it is has been shown that this level corresponds to the
number of fish schools but it is unknown whether density or biomass of the schools
determines the threshold (Piatt and Methven 1992). Other factors that may influence
selectivity may include the energetic benefit associated with consumption of capelin
over juvenile pollock. Capelin in the Kodiak Island region are known to have a
higher lipid content than pollock of a similar size class (Payne et al. 1999, Wynne
et al. 2005). Regardless of the mechanism, prey selection is probable and should
be further assessed to accurately estimate the total prey consumption of humpback
whales (Witteveen et al. 2006).

The presence or absence of large zooplankton was recorded during the acoustic
fish surveys, but their abundance was not quantitatively assessed during this study.
Because small targets cannot be accurately detected at 38 kHz, we assumed large
zooplankton were a large component of the acoustic backscatter that was not identified
as juvenile or adult fish. The majority of this backscatter occurred at depths greater
than maximum whale dive depths, suggesting tagged whales were not diving through
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the deep zooplankton layer. Although it as been suggested that euphausiids comprise
5%–30% of the humpback whale diet (Perez and McAlister 1993, Kenney et al.
1997), our data suggest zooplankton were not targeted by whales in this study.
Future prey sampling efforts need to include assessment of zooplankton distribution
and abundance so their importance within the humpback whale diet can be discussed
and evaluated against other potential prey species.

Tracking humpback whales using ATDTs proved to be a useful means of recording
dive patterns. The greatest advantage of ATDTs over other tagging methodologies
was the ability to know dive depth in real time and thus concurrently assess prey
resources available to foraging humpback whales on a scale not previously studied.
Future efforts of this nature will continue to improve understanding of whale diets
and foraging habits.
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