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INTRODUCTION

Foraging theory can be used to make predictions
about how animals allocate time and energy when
foraging. Optimal foraging theory predicts that ani-
mals will optimize foraging efficiency by minimizing
energy expended while maximizing energy gained
(Mac Arthur & Pianka 1966, Schoener 1971). Air-
breathing marine predators must trade off costs asso-

ciated with diving to depth and time spent at the sur-
face replenishing oxygen stores, with time spent at
depth capturing prey (Kramer 1988, Houston & Car-
bone 1992). As long as the rate of prey acquisition
increases with time spent at the site of the resource, a
predator should maximize the amount of time spent
in a prey patch (Kramer 1988). For a diving predator,
this means foraging on shallower patches, if all else is
equal, because less time and energy are required to
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ABSTRACT: Humpback whales Megaptera novaeangliae are filter feeders that use discrete
lunges to effectively capture densely aggregated prey. The objective of this research was to exam-
ine how foraging humpback whales in Southeast Alaska responded to varying prey patch densi-
ties and depths. Digital acoustic recording tags (DTAGs; n = 6) were deployed and focal follows
were conducted on foraging whales in Sitka Sound, Alaska in September 2012. Prey density was
recorded around tagged whales using a Simrad EK60 scientific echosounder and ground-truthed
with net tows. Lunges were identified from peaks in jerk in the accelerometer signal, and krill
were identified from echosounder data using decibel differencing. Lunge depth was 111 ± 9 m
(mean ±SD) for the shallowest diving whale (foraging past sunset) and 144 ± 7 (mean ±SD) m for
the deepest diving whale (foraging diurnally). Ninety-five percent of lunges occurred within a
300 m and 30 min spatio-temporal buffer of krill, indicating that tagged whales fed on krill. Gen-
eralized additive mixed model (GAMM) results for spatio-temporally integrated prey and lunge
data indicated that mean volume backscattering strength, a proxy for krill density, and krill depth
significantly affected the occurrence of a lunge (density: p = 0.006, depth: p < 0.001). Whales fed
in the densest region of the krill layer, where mean volume backscatter was −57 dB (range: −50 to
−81 dB re 1 m−1 at 120 kHz). By targeting the densest prey layer, whales maximized their energetic
gain by capturing the most prey with each lunge.
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travel to shallower patches and to recover from shal-
lower dives. However, if prey is denser at depth, the
potential energy to be gained from diving deeper
could offset the costs associated with diving to that
depth. Thereby, prey density and depth are critical
factors in determining diving depth for predators
attempting to maximize foraging efficiency.

Baleen whales (Mysticeti) are the largest diving
predators and require enormous quantities of densely
aggregated prey to meet their energetic requirements
(Brodie et al. 1978, Goldbogen et al. 2011). Rorqual
whales (Balaenopteridae) feed using discrete lunges
to capture these dense prey aggregations (Sanderson
& Wassersug 1993, Werth 2000). Humpback whales
Megaptera novaeangliae are generalist rorquals that
feed on krill (Euphausiidae) and/or small schooling
fishes (Witteveen et al. 2011, Wright et al. 2015) in
their high-latitude feeding grounds. Krill are fre-
quently distributed in horizontally long and vertically
narrow layers (Hamner et al. 1983, Sameoto 1983,
Simard et al. 1986), and often exhibit diel patterns of
vertical migration: deep during the day and shallower
at night (Bollens et al. 1992). However, some species
of krill inhabit shallower waters throughout the day
and night (Mauchline & Fisher 1969). Because their
prey distributes at various depths diurnally and noc-
turnally, whales have a choice of when and where
to forage, and should dive to depth only if dense prey
is available to offset the increased energy use associ-
ated with deeper dives (Mori 1998).

Understanding the relationship between whale
 foraging behavior and prey densities is critical to our
knowledge of baleen whale foraging energetics,
 particularly in an optimal framework of maximizing
benefits and minimizing costs. Dolphin (1988) was
the first to have estimated energetic gain from the
consumption of various densities of prey and the
costs associated with diving to different depths in
humpbacks. Subsequent studies have focused on the
relationship between dive depth and lunge count
and the costs  associated with foraging, without in -
corporating estimates of prey density and resultant
energetic gain (Acevedo-Gutierrez et al. 2002,
Doniol-Valcroze et al. 2011, Tyson 2016). Goldbogen
et al. (2015) found that blue whales Balaenoptera
musculus spent more time in a prey patch the deeper
they dived, resulting in longer dive durations and
more lunges per dive. Ware et al. (2011) and Fried-
laender et al. (2013) reported that humpback whales
in the Antarctic foraged mostly at shallow depths
nocturnally when prey were more accessible closer
to the surface. Although prey accessibility (and the
consequent energetic costs of diving to acquire prey)

and lunge rates are important to consider, so too is
prey density, a factor  frequently omitted from studies
examining optimal foraging in whales. This paucity
of information on prey density is, at least in part, a
result of the logistical difficulties involved in obtain-
ing reliable estimates of prey density spatially and
temporally coincident with fine-scale observations of
whale foraging behavior.

A few, more recent, studies have had some success
in documenting the effect of krill density and/or dis-
tribution on baleen whale foraging behavior, in part
due to advances in tagging technology. Goldbogen et
al. (2008) concluded from interpretation of a graph
that humpback whales off California lunged in the
shallowest area of the dense prey aggregation. More
recently, Hazen et al. (2015) found blue whales in -
creased their feeding rate with greater prey densities
and decreased it at lesser densities. Goldbogen et al.
(2015) found a significant positive relationship be -
tween the number of lunges per dive in blue whales
and krill density off the coast of California, and Fried-
laender et al. (2016) concluded that deeper foraging
dives were associated with denser krill patches in the
Antarctic; but data were from 2 humpbacks that fed
mostly nocturnally. Thus the present study aimed to
fill a research gap by quantitatively examining the
effects of krill density on the lunge feeding behavior
of humpback whales off Southeast Alaska. Addition-
ally, data collection took place in an area where
detailed prey density and concurrent whale-tagging
data have been lacking. The waters off Southeast
Alaska and northern British Columbia are important
foraging grounds used by approximately one-quarter
to one-third of the North Pacific population of hump-
backs (Calambokidis et al. 2008). Humpbacks not
only forage in these regions during the summer
months, but often remain into fall and early winter to
exploit energetically-rich krill and overwintering
herring before beginning their southward migration
(Baker et al. 1985, Straley 1990, Straley et al. 1995).

The objective of this research was to examine how
foraging humpback whales in Sitka Sound, Alaska
responded to varying prey patch densities and
depths. Through concurrent spatio-temporal sam-
pling of foraging whales and prey, the fine-scale
relationships between dives, lunges, depth, and prey
density were examined. It was hypothesized that to
maximize energetic benefits and minimize costs, for-
aging whales would (1) lunge more times per dive on
deeper and longer dives, (2) lunge on denser prey at
greater depths and less dense prey at shallower
depths, and (3) focus feeding efforts in the shallowest
region of the dense prey layer.
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MATERIALS AND METHODS

Data collection

Digital acoustic recording tags (DTAGs version 2;
Johnson & Tyack 2003) were deployed on adult-sized
foraging humpback whales Megaptera novaeangliae
from 18 to 25 September 2012 in Sitka Sound,
Alaska, USA (Fig. 1). DTAGs contain a VHF transmit-
ter, hydrophone (sampling rate: 96 kHz), pressure
sensor, and 3-axis accelerometers and magnetome-
ters (sampling rate: 50 Hz). A Sirtrack Fastloc 2 GPS
was attached to the DTAG to collect estimates of
whales’ surface locations. To deploy the DTAG,
whales were slowly approached in a rigid-hulled
inflatable boat (RHIB) with the tag set in a custom
housing at the end of an 8 m carbon fiber pole. The
DTAG was attached to a whale’s dorsal surface
between the blowhole and the dorsal fin using suc-
tion cups and remained attached for a pre-pro-
grammed duration up to approximately 7 h. When
released, the tag was recovered using VHF tele -
metry, and data were downloaded from the flash
memory. During tag deployment, focal follows were
conducted on tagged whales using focal-animal
 sampling methodology (Altmann 1974). Distance and
bearing from the vessel to the tagged whale were
obtained at each surfacing (when possible) using
Leica Vector 7 × 50 laser rangefinders, and whale

behavioral state (e.g. feed, social, travel) and group
size were recorded. Tagged whales were photo -
graphed for individual identification and to docu-
ment tag placement.

Hydroacoustic sampling of the prey field was con-
ducted around foraging tagged whales using a dual
frequency split-beam SIMRAD EK60 scientific echo -
sounder operated at 38 and 120 kHz. Transducers
were mounted to a tow body and towed at 3 knots
(5.6 km h−1), approximately 1 m below the surface, as
close to a foraging tagged whale as possible and no
more than 1 km from the whale. Acoustic sampling
frequency (i.e. ping rate) was 2 pulses s−1 and pulse
length was 0.256 ms for both 38 and 120 kHz fre -
quencies. Calibration was performed using a 38.1 mm
tungsten carbine sphere (Foote et al. 1987) on 22
September 2012. Acoustic data were ground-truthed
with net tows using a 1 m2 Tucker trawl with 505 µm
mesh, and zooplankton samples were preserved in
10% buffered formalin.

Analysis of whale behavior

Whale surfacing locations (latitude and longitude)
were calculated from distance and bearing meas -
urements and known vessel GPS locations using
Microsoft Excel add-in Geometry functions obtained
from the National Marine Mammal Laboratory

 website (www.afsc.noaa.gov/nmml/software/
excelgeo. php). Due to the infrequency and
inaccuracy of Fastloc GPS fixes (which were
not obtained for some deployments and
deemed unrealistic based on a speed filter for
others), only 3 Fastloc fixes were used to sup-
plement focal follow data. Pressure, magne-
tometer, and accelerometer data obtained from
DTAGs were calibrated, and pitch, roll, and
heading (prh) files were generated using cus-
tomized DTAG code written in MATLAB
(Mathworks, release 2012b; Johnson & Tyack
2003). Non-acoustic sensor data were down-
sampled to 5 Hz during calibration, and the
resulting prh data were in the whale’s frame-
of-reference (adjusted for tag position, moves,
and slides). Prh (and hydrophone data) were
imported into Trackplot software (v. 3.0, Colin
Ware, University of New Hampshire) for 3D
data visualization of whale behavior (Ware et
al. 2006) and georeferencing.

Georeferencing in Trackplot is a multi-step
process where speed must first be estimated.
When the animal is pitched up or down by
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Fig. 1. Sitka Sound study area in southeast Alaska, USA (inset)
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more than 30°, speed is derived from the vertical
velocity (obtained from changes in pressure) divided
by the sine of the pitch angle. Otherwise, Trackplot
uses information about fluking together with geo -
referenced surface positions (fixes) as input to a 3-
parameter model to estimate speed. A Fourier analy-
sis (12.5 s window) of fluking indicators (angular
velocity about a lateral axis) is used to drive the ani-
mal forward, and the animal is slowed by drag pro-
portional to the square of the speed. Three parame-
ters are optimized to create the best fit to whatever
fixes are available:

vt =  vt–1 + αF – βvt–1 – γvt–1
2 (1)

where α, β, and γ are constants that are adjusted to
produce the optimal solution, F is the fluking energy,
and v is the speed. Starting parameters are provided
based on previous data for the appropriate animal.
Finally, linear drift factors are added, equivalent to
currents, until the entire track comes within 100 m of
all fix locations.

Lunges were identified from tag data using a com-
bination of methods. Because a positive relationship
exists between body speed and flow noise, as re -
corded on the tag’s hydrophone, rapid decreases in
flow noise can be used to identify lunges as a pre -
cipitous decrease in speed (Goldbogen et al. 2006,
2008). Trackplot’s automatic lunge detector (Ware
et al. 2011) uses this principle to identify potential
lunges based on drops in speed as identified from the
concurrent hydrophone data, and was used as an
 initial method of lunge detection here. Additionally,
peaks in minimum specific acceleration (MSA) and
jerk were used to assist in lunge detection (Simon et
al. 2012). MSA is the lower bound of the norm of the
triaxial acceleration signal (in units of g), with the
effect of gravity removed, and jerk is the rate of
change in acceleration, or the difference in each time
step of the sensor sampling period (t), where fs is the
sensor sampling rate. Here, gacc is the acceleration
due to gravity (9.80665 m s−2), and Ax, Ay, and Az are
the x, y, and z components of the acceleration. Thus
MSA and jerk were calculated as:

(2)

(3)

A lunge consisted of a series of fluke strokes, as the
whale accelerated rapidly, followed by a single peak
or multiple peaks in jerk coincident with a rapid
increase then decrease in the MSA signal, when the
mouth opened and buccal cavity began to expand.
Finally a rapid deceleration, as determined by a drop

in flow noise, occurred once the buccal cavity ap -
proached full extension (Simon et al. 2012).

All occurrences where jerk exceeded a threshold
were recorded as potential lunges. This threshold
was determined through an iterative process, by first
plotting the jerk signal through time to identify
peaks, then viewing whale behavior in Trackplot to
confirm identified lunges based on qualitative visual
scrutiny. If the initial jerk threshold was too high (i.e.
behaviors that appeared to be lunges were missed),
the threshold was lowered until an appropriate
threshold was found. Different jerk thresholds were
used for each whale (tag ID 262a = 3, 262b = 2, 263a =
2, 264a = 2, 264b = 2, 265a = 4 m s−3) due to varying
tag placements, and each lunge typically had multi-
ple jerk peaks above a threshold. Thus, if a jerk peak
occurred within 4 s of another peak (the approximate
duration of a lunge; Simon et al. 2012), only the last
jerk peak, coinciding with a rapid decrease in MSA
as the whale decelerated from the lunge, was used.
Additionally, jerk peaks that occurred at depths less
than 3 m were automatically eliminated, because no
surface lunges were observed during focal follows or
were evident in the Trackplot record, and surface
drag effects can lead to false lunge detections in the
MSA (and jerk) signals near the surface (Owen et
al. 2016). All peaks in jerk identified as potential
lunges were subsequently verified by visual scrutiny
through examination of whale behavior in Trackplot.

Analysis of echosounder data

Echosounder data were processed using Echoview
software (v. 6.1). Noise spikes were removed using a
convolution operator and a background noise re -
moval algorithm was applied to the 120 kHz data (De
Robertis & Higginbottom 2007). A best bottom candi-
date line pick algorithm and smoothing filters were
used to create a bottom line that was edited manually
(backstep of 1 m). Data between the bottom line and
5 m from the surface were smoothed with a median
filter horizontally by 5 pings (~25 m) and vertically by
5 cells (~1 m) to decrease variability in the relative
frequency response (De Robertis et al. 2010) in pre -
paration for decibel (dB) differencing. In dB differ-
encing, known or expected differences in mean vol-
ume backscattering strength (Sv) at 2 frequencies can
be used to identify species assemblages (Madureira
et al. 1993, Brierley & Watkins 1996, Kang et al.
2002). Scrutiny of echograms and knowledge of the
area indicated that there were 2  dominant possible
prey types, fish and krill. Thus dB difference ranges

MSA = + +( ) −⎡⎣ ⎤⎦ ×A A A gx y z acc
2 2 2 1

Jerk MSA MSA= − ( )+t t f s1 1/ /
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were defined to separate these 2 groups of organ-
isms. A difference in mean volume backscatter of 10
to 18 dB (ΔS

_
v = S

_
v120kHz – S

_
v38kHz) was used to identify

krill and was based on the size range of the species
caught in nets (described in more detail in the next
subsection). A difference of 5 to −15 dB was used to
identify swim-bladdered fishes, and was based on
values used in previous studies (Miyashita et al.
1997, Kang et al. 2002, McKelvey & Wilson 2006, Wit-
teveen et al. 2015) and visual scrutiny of echograms.
Data thresholds were determined by plotting mean
areal backscatter for visually selected krill regions
divided by mean areal backscatter integrated for the
entire water column at different potential thresholds.
The threshold value used here was the point at which
the plot dropped precipitously from the maximum
(see Jech & Michaels 2006 for detailed methods). A
−75 dB threshold was used for 120 kHz data and a
−70 dB threshold for 38 kHz data. Data were then
exported in 5 m vertical by 25 m horizontal cells, sep-
arated by prey type. Data from the 120 kHz echo -
sounder were not available on 18 September 2012,
thus dB differing analysis was not performed for that
day. Acoustic backscatter data are reported here in
logarithmic form, as mean volume backscattering
strength (Sv), but all mathematical calculations and
statistics were performed using the linear form, mean
volume backscattering coefficient (sv).

Estimating krill density

Krill collected in net tows were subsampled and
photographed for species identification and meas-
urement. The silhouette method (Davis & Wiebe 1985)
was used, along with the Woods Hole Oceano graphic
Institution Silhouette Digitizer Program (v. 1.0, 2003)
in MATLAB to digitally measure krill standard length
2 as defined by Mauchline (1980). Krill cross- sectional
radii (widths) were also measured and averaged over
10 points along the length (Lawson et al. 2006) and a
subsample of preserved specimens were identified to
species.

The distorted-wave Born approximation (DWBA)
scattering model was used to estimate krill target
strength (TS) for density calculations, representing
krill shape as a uniformly bent and slightly tapered
cylinder (Lawson et al. 2006). Target strength was
calculated for a theoretical normal distribution of
lengths with a mean of 21.5 mm, standard deviation
of 5.20 mm, and a size range of approximately 5−
38 mm (representing a dB difference range of 10−
18 dB). This scattering model was parameterized as

much as possible from net samples, including the
length-to-width ratio (10.91), minimum krill length
(5 mm), and the standard deviation of the distribution
of lengths as a percentage of the mean (0.24). Due to
presumed net avoidance by larger krill (Wiebe et al.
2004), the maximum krill length was approximated
from the maximum length of the species caught diur-
nally in nets (Euphausia pacifica, Thysanoessa raschii,
T. spinifera, and T. inermis) as reported in the litera-
ture (up to 38 mm for T. spinifera; Baker et al. 1990).
TS is also strongly influenced by the parameters
describing the acoustic material properties, sound
speed and density contrasts between seawater and
krill targets. Thus several target strength and associ-
ated density estimations were made using various
speed (h) and density (g) contrasts drawn from the lit-
erature (Greenlaw 1977, Mikami et al. 2000, Smith et
al. 2010, 2013, Becker & Warren 2014). Once TS esti-
mates were obtained, density (N) was calculated for
each of the TS estimates as:

N =  sv/σbs (4)

where sv is the linear form of mean volume back -
scattering strength and σbs is the linear target strength
of krill (Simmonds & MacLennan 2005) derived from
the DWBA scattering model. Thus both Sv and sv can
be used as proxies for prey density.

Biomass was then estimated using a length (mm)-
to-wet weight (mg) equation from Becker & Warren
(2014):

Wet weight  =  0.0527 × length2.496 (5)

for a mixed species assemblage of Pacific euphau -
siids (E. pacifica and Thysanoessa spp.; Joseph  Warren
pers. comm.). Wet weight and biomass were calcu-
lated using the length distribution of krill.

Data integration

Whale track and acoustic data were spatially and
temporally integrated for further analysis. Because
prey data were not sampled at the exact same loca-
tion and time as a lunge, it was necessary to deter-
mine a spatial and temporal buffer for the distance
and time from a lunge for which prey data could be
used. To inform the spatial buffer, semivariograms
were created to determine the degree of spatial
dependence in sv data for 5 m depth bins. A distance
of 300 m was chosen for a spatial buffer, which was
consistently less than the range (the distance at
which spatial autocorrelation no longer existed or
became much more variable) for all semivariogram
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models. To inform the temporal buffer, the difference
in sv for a 5 m depth bin was plotted against the dif-
ference in time for each location sampled more than
once (i.e. where the ship track doubled back on
itself). A 30 min temporal buffer was chosen as a
 conservative estimate in which sv changed minimally
within that time frame. Custom code written in R soft-
ware (v. 3.1.3) was then used to extract sv values for
all 5 m depth bins describing the full water column
within 300 m and 30 min of a lunge, for all diurnally
foraging whales. However, due to the rapidly chang-
ing, vertically ascending prey layer around dusk,
only sv data within 300 m and 10 min of a lunge was
used for whale 264b once the prey layer began to
ascend (~18:30 h local time).

Statistical analysis

Generalized linear mixed models (GLMMs) and
generalized additive mixed models (GAMMs) were
implemented in R software to examine the relation-
ships among prey and whale dive data. All models
included a random effect to account for the lack of
independence in the behavior of a single tagged
whale through time. All predictor variables and res -
iduals were examined for collinearity, autocorrela-
tion, and heteroscedascity. First, a Mahalanobis dis-
tance outlier analysis (JMP software v. 12.1.0, SAS)
was used to compare lunges per dive, dive duration,
and maximum dive depth for dives immediately after
tagging to dives occurring later in the tag deploy-
ment to assess if there were immediate behavioral
changes associated with the tagging event. Then a
Poisson GLMM (lme4 package in R software; Bates et
al. 2015) was used to test if dive duration and dive
depth had a significant effect on the number of
lunges per dive (hypothesis 1). To reduce temporal
autocorrelation evident in the residuals, an addi-
tional covariate accounting for lunges in the preced-
ing time interval was included in the model (Truccolo
et al. 2005, DeRuiter et al. 2013). Akaike’s informa-
tion criterion (AIC) was used to select among models
with (1) dive as a nested random effect, (2) a covari-
ate of number of lunges in the previous dive, (3) a
covariate of number of lunges in the previous 2 dives,
or (4) no additional covariate and no nesting of dive
within whale. A Gaussian GLMM was used to exam-
ine the relationship between mean volume backscat-
ter and whale lunge depth (hypothesis 2). Because
dB differencing was not performed on 18 September
2012, there were 4 tags available for analysis with
synchronously collected acoustic data. The optimal

model was chosen based on AIC among models with
(1) dive as a nested random effect, (2) a covariate
with number of lunges in the previous 10 min within
5 m of the lunge depth, or (3) no additional covariate
and no nesting. Finally, a logistic GAMM was used to
model the effect of mean volume backscatter and
depth on the occurrence of a lunge (hypothesis 3;
gamm4 package in R software; Wood & Scheipl
2014). Depth was first fit as a linear predictor, but
allowing for non-linearity improved model fit. Again,
4 tags were available for analysis with synchronously
collected acoustic data. For each geographic location
where the whale lunged, the sv for each 5 m depth
bin was treated as a sample, with a binomial re -
sponse variable of ‘lunge’ in the depth bin in which
the whale lunged and ‘no lunge’ for other depth bins
at that location. Again, temporal autocorrelation was
evident in the residuals, so an additional covariate
was added to the model. AIC was used to select the
best model among models with (1) a covariate with
number of lunges in the previous 10 min within the
depth bin in which the whale lunged, (2) a covariate
with number of lunges in the previous 10 min within
a depth bin above and below where the whale
lunged, or (3) no additional covariate.

RESULTS

A total of 1221 lunges were recorded on 142 forag-
ing dives from 6 tags deployed on 5 whales (Table 1).
Whales averaged 8.3 ± 2.4 lunges per dive (all means
reported as mean ± SD; min.: 1, max.: 13), and had a
mean dive duration of 7.0 ± 1.4 min (min.: 4.3, max.:
11.0). One whale (264b), with a tag deployment dura-
tion occurring past sunset, fed on a vertically migrat-
ing prey layer. All other whales, tagged diurnally
(see Table 1 for time of tag deployment), fed on a
deeper prey layer. Whales fed using a variety of kine-
matic patterns including the well-documented ‘scal-
loping’ behavior, a technique where the whale moved
up and down within a prey patch, lunging during the
ascending portion of movement, and a behavior
termed ‘mowing,’ where the whale moved back and
forth in a systematic pattern within a prey patch (Fig.
2). Mahalanobis distance results indicated no outliers
(dives above the upper confidence level) in the first 3
dives for any of the tagged whales. Thus it was deter-
mined that tagging had no detectable affect on whale
behavior, and all dives were included in the analysis.
GLMM results indicated maximum dive duration sig-
nificantly affected the number of lunges per dive, but
maximum depth did not have a significant effect on

250



Burrows et al.: Foraging humpback response to krill 251

F
ig

. 2
. T

ra
ck

p
lo

t v
is

u
al

iz
at

io
n

 o
f o

n
e 

d
iv

e 
fo

r 
h

u
m

p
b

ac
k

 w
h

al
e 

26
3a

 in
 S

it
k

a 
S

ou
n

d
 s

h
ow

in
g

 a
 s

ca
ll

op
 fe

ed
in

g
  p

at
te

rn
 (l

ef
t s

id
e)

 a
n

d
 m

ow
in

g
p

at
te

rn
 (

ri
g

h
t 

si
d

e)
. G

re
en

 v
er

ti
ca

l 
li

n
e 

in
d

ic
at

es
 d

ep
th

 (
z-

ax
is

 d
ir

ec
ti

on
),

 g
re

en
 s

q
u

ar
es

 a
re

 l
u

n
g

es
, y

el
lo

w
 c

h
ev

ro
n

s 
ar

e 
b

an
k

ed
 t

u
rn

s,
 r

ed
 

an
d

 b
lu

e 
tr

ia
n

g
le

s 
ar

e 
fl

u
k

e 
st

ro
k

es
. D

ep
th

 o
f 

th
e 

w
h

al
e 

tr
ac

k
 r

an
g

es
 f

ro
m

 a
p

p
ro

xi
m

at
el

y 
12

5 
to

 1
45

 m
. W

h
al

e 
is

 d
ra

w
n

 t
o 

sc
al

e

D
at

e 
D

ep
lo

ym
en

t
T

im
e 

ta
g

 
T

im
e 

ta
g

 
D

ep
lo

ym
en

t 
N

o.
 o

f 
D

iv
e

S
u

rf
ac

e
L

u
n

g
es

 
In

te
r-

lu
n

g
e

L
u

n
g

e
N

o.
 o

f 
(m

/d
d

/y
y)

ID
d

ep
lo

ye
d

of
f

d
u

ra
ti

on
d

iv
es

d
u

ra
ti

on
ti

m
e

p
er

in
te

rv
al

d
ep

th
lu

n
g

es
 

(h
:m

in
:s

)
(h

:m
in

:s
)

(h
:m

in
:s

)
(m

in
)

(m
in

)
d

iv
e

(s
)

(m
)

9/
18

/1
2

m
n

12
_2

62
a

10
:0

3:
21

15
:5

0:
36

5:
47

:1
5

34
7.

24
 ±

 1
.1

9
2.

16
 ±

 0
.3

9
8.

7 
±

 2
.6

36
 ±

 9
13

5 
±

 1
6

30
6

9/
18

/1
2

m
n

12
_2

62
b

11
:0

1:
43

17
:3

2:
15

6:
30

:3
2

47
6.

00
 ±

 0
.8

3
1.

81
 ±

 0
.3

2
7.

3 
±

 2
.3

32
 ±

 5
14

0 
±

 1
4

34
8

9/
19

/1
2

m
n

12
_2

63
a*

14
:3

1:
01

17
:2

3:
14

2:
52

:1
3

15
8.

32
 ±

 1
.4

1
2.

34
 ±

 0
.5

2
10

.0
 ±

 2
.0

35
 ±

 9
13

0 
±

 9
15

9
9/

20
/1

2
m

n
12

_2
64

a
13

:4
6:

45
16

:1
0:

29
2:

15
:2

7
8

9.
55

 ±
 2

.3
9

3.
30

 ±
 1

.0
2

8.
6 

±
 2

.4
44

 ±
 2

3
14

4 
±

 7
83

9/
20

/1
2

m
n

12
_2

64
b

*
16

:5
5:

29
20

:1
6:

17
3:

20
:5

6
16

7.
41

 ±
 1

.0
5

2.
82

 ±
 0

.7
1

9.
3 

±
 1

.9
37

 ±
 9

11
1 

±
 9

14
9

9/
21

/1
2

m
n

12
_2

65
a

9:
26

:3
4

13
:3

0:
16

4:
03

:4
2

22
6.

83
 ±

 1
.0

2
2.

55
 ±

 0
.3

4
8.

0 
±

 1
.7

38
 ±

 9
13

5 
±

 5
17

6

T
ab

le
 1

. 
S

u
m

m
ar

y 
of

 d
iv

e 
d

at
a 

fo
r 

ta
g

g
ed

 h
u

m
p

b
ac

k
 w

h
al

es
 M

eg
ap

te
ra

 n
ov

ae
an

g
li

ae
. 

M
ea

n
 ±

 S
D

 r
ep

or
te

d
. 

A
ll

 t
im

es
 a

re
 l

oc
al

 f
or

 S
it

k
a 

S
ou

n
d

, 
A

la
sk

a,
 U

S
A

. 
*w

h
al

e 
ta

g
g

ed
 t

w
ic

e



Mar Ecol Prog Ser 561: 245–260, 2016

the number of lunges per dive (hypothesis 1; Table 2,
Fig. 3). Number of lunges in the previous 2 dives was
included as a covariate in the final model to account
for temporal autocorrelation.

Krill remains evident in whale feces and 95% of
lunges occurring within the 300 m and 30 min spatio-
temporal buffer of krill prey indicated that tagged
whales fed on krill. An examination of whale lunge
frequency per depth bin for all feeding dives and
mean volume backscattering strength of krill col-
lected concurrently with the tag deployment and no
more than 1 km from the whale indicated similar
depth distributions (Fig. 4). GAMM results for spatio-
temporally integrated data (krill sv within 300 m and
30 min of a lunge) reveal sv and depth significantly
affected the occurrence of a lunge, where sv was a
linear predictor and depth was non-linear (hypothe-
sis 3; Table 3, Fig. 5). The model with the additional
covariate incorporating the number of lunges in the
past 10 min within a depth bin above and below
where the whale lunged produced the lowest AIC
score and had the strongest effect on reducing resid-
ual autocorrelation. A GLMM for spatio-temporal
integrated data (krill sv within 300 m and 30 min of a
lunge) revealed that lunge depth was not signifi-
cantly affected by sv (hypothesis 2; Table 4, Fig. 6).
The model with dive as a nested random effect pro-
duced the lowest AIC and had the greatest effect on
reducing autocorrelation.

The depth of maximum sv, a proxy for krill density,
ranged from 110 to 145 m daily, depending on loca-
tion and time of day (Fig. 4). The thickness of the krill
layer where the tagged whales fed averaged 24 ±
10 m. Krill density estimates varied by orders of mag-
nitude when differing density (g) and sounds speed

(h) contrasts obtained from the literature were used to
parameterize the DWBA scattering model (Table 5).
The mean volume backscattering strength of krill,
sampled within 300 m and 30 min of a lunge, was
−57 dB (2.0 × 10−6 m−1 in linear form) with a range of
−50 to −81 dB at 120 kHz, representing the approxi-
mate Sv at which whales fed. This −57 dB value cor-
responds to an approximate density of 59 526 krill
m−3, or a biomass of 7730 g m−3, using Becker &
 Warren’s (2014) g and h values and length–weight
relationship.

A detailed examination of whale foraging behavior
in relation to the vertical migration of the deep scat-
tering layer was made possible when tag 264b was
deployed at 16:55:21 h on 20 September 2012 and
remained attached into the night. Acoustic data indi-
cated that the prey layer became shallower and less
dense as dusk approached (Fig. 7), while the tagged
whale foraged at progressively shallower depths as
its prey migrated upwards, until it ceased foraging
around 19:36 h local time (Fig. 8). The mean volume
backscattering strength of krill as foraging ceased
was −65 dB (0.35 × 10−6 m−1 in linear form) at 120 kHz,
or an approximate density of 9434 krill m−3 and bio-
mass of 1223 g m−3 using the Becker &  Warren (2014)
parameter values.
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Random effects Variance SD

Tag number Intercept 0 0

Fixed effects Estimate SE z-value p-value

Intercept 1.605 0.324 4.957 <0.001
Dive duration (min) 0.124 0.022 5.522 <0.001
Dive depth (km) −2.712 2.098 −1.293 0.196
No. of lunges 0.074 0.033 2.260 0.024
in last 2 dives

Table 2. Generalized linear mixed model (GLMM) results
predicting the effect of dive duration and dive depth on
the number of lunges per dive by humpback whales in
Sitka Sound. The covariate ‘number of lunges in the last 2
dives’ was standardized as [xi – mean(x)]/ SD(x). Significant
results (α = 0.05) in bold. n = 130 foraging dives for 6 tags 
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DISCUSSION

The positive linear relationship between prey den-
sity and the occurrence of a lunge supports the hypo -
thesis that whales fed on the densest region of the krill
layer. This finding is expected if whales were maxi-
mizing energetic gain with each lunge, and is in agree-
ment with Hazen et al.’s (2015) findings that blue
whales maximized energy intake (at the ex pense of
high oxygen usage) by increasing feeding rates when
krill was dense. Maximizing energetic gain may indi-
cate that whales in this study were foraging optimally.
However, it is important to consider both energy in-
gested and expended when drawing conclusions
about optimal foraging. In the case of bulk feeding an-
imals like rorquals, which consume enormous quanti-
ties of prey with one energetically expensive lunge,
consumption rates play a particularly important role
in energy balance. Friedlaender et al. (2013) reported
that whales lunged only once on the majority of dives
less than 50 m, whereas whales lunged multiple times
on most dives to greater depth (Ware et al. 2011). Be-
cause whales did not feed at a variety of depths in this
study, it was not possible to quantitatively compare
the energetics of foraging strategies (fewer lunges at
shallower depth or more lunges at deeper depths).
However, by diving deeper to target the densest prey,
whales maximized energetic gain with each lunge,
rather than feeding on less dense prey but conserving
energy by diving shallower.

Whales in the present study did not appear to tar-
get the shallowest portion of the dense prey layer, as
predicted by Mori (1998) for optimal foraging behav-

253

263a

0.1

0.2

0.3

0.4

0
1
2
3
4

264a

0.1

0.2

0.3

0.4

0
1
2
3
4

s v
 li

ne
ar

 ×
 1

0
–6P

ro
p.

 o
f l

un
g

es
s v

 li
ne

ar
 ×

 1
0

–6P
ro

p.
 o

f l
un

g
es

s v
 li

ne
ar

 ×
 1

0
–6P

ro
p.

 o
f l

un
g

es
s v

 li
ne

ar
 ×

 1
0

–6P
ro

p.
 o

f l
un

g
es

264b

0.1

0.2

0.3

0.4

0
1
2
3
4

265a

0.1

0.2

0.3

0.4

0
1
2
3
4

80 95 110 130 150 170 190
Depth (m)

a 

b 

c 

d 

Fig. 4. Proportion of lunges (number of lunges per 5 m depth
bin divided by total number of lunges per tag deployment)
and sv linear (mean volume backscattering coefficient [m−1],
a proxy for prey density) by 5 m depth bins for tagged hump-
back whales (a) 263a, (b) 264a, (c) 264b, and (d) 265a for all
data collected in Sitka Sound. Acoustic data include all sv

data collected over the course of the tag deployment within
1 km of tagged foraging whales. Black vertical dashed lines:
mean lunge depth, red vertical dotted lines: SD of lunge
depth. For 264b, the bimodal depth distribution of sv is a
result of the diurnal vertical migration of the prey layer since 

data were collected before and after sunset

Parametric coefficients Estimate SE z-value p-value

Intercept −8.572 1.239 −6.922 <0.001
sv linear 0.126 0.046 2.716 0.006

Smoothed terms edf Ref df χ2 p-value

Depth 1.816 3 41.26 <0.001
Number of lunges in 2.808 3 214.83 <0.001
previous 10 min

Table 3. Generalized additive mixed model (GAMM) results
predicting the occurrence of a lunge (binomial response
variable) dependent on mean volume backscatter (sv linear),
depth (smoothed), and number of lunges in the previous
10 min (smoothed) for humpback whales in Sitka Sound. All
predictors were standardized as [xi – mean(x)]/SD(x). Signif-
icant results (α = 0.05) in bold. n = 10 305 for 4 tags deployed.
For each location where a whale lunged, a sample was one
5 m depth bin. edf: estimated degrees of freedom, Ref 

df: reference degrees of freedom
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ior and reported by Goldbogen et al. (2008) for hump-
backs feeding off California. The krill layer in this
study was relatively thin (mean approximately 24 m),
compared to Goldbogen et al.’s (2008) layer of ap -
proximately 50 m (estimated from their Fig. 5), so it is
possible that a thinner krill layer resulted in fewer
choices of foraging depths. Also, there would be less
benefit from feeding on the shallowest layer if the
krill layer was relatively thin. Thus, the fact that
whales did not target the shallowest prey layer in this
study may simply be a result of sampling from a sim-
ilar location, within a short time period; a broader
spatial and temporal sampling regime may lead to a
different finding.

Despite the care taken in analysis, the possibility of
a spatial-temporal mismatch resulting from the un -
certainty in whale lunge locations and the location of
acoustic prey data must be considered. Lunge location
was not directly measured, but was interpolated in
Trackplot based on surface georeferenced locations,
thus inherently includes error. For example, the pres-
ence of currents cannot be taken into account when
creating the georeferenced pseudotrack in Trackplot.
Additionally, it was assumed that acoustic data re -
corded within 300 m and 30 min of whale lunge loca-
tions were representative of the prey upon which the
whales fed, which may not be the case. However, the
spatio-temporal buffer used here was selected based
on quantitative analyses that capitalized on the spatial
and temporal autocorrelation in the data. This should
thus minimize (but not eliminate) the  spatio-temporal
mismatch of lunge and prey data.

254

Fig. 5. Plots predicting partial probability (on the scale of the
link function) of a lunge (binomial response variable) for
each non-linear generalized additive mixed model (GAMM)
predictor, (a) depth and (b) number of lunges in the previous
10 min. Values shown are for the average individual hump-
back whale (rather than the population average) in Sitka
Sound. The relationship for the linear predictor, mean vol-
ume backscatter (sv), is not plotted because the coefficient 

can be interpreted from Table 3

Random effects Variance SD

Tag number: dive Intercept 19.51 4.417
Tag number Intercept 151.69 12.316
Residual 13.34 3.652

Fixed effects Estimate SE df t-value p-value

Intercept 129.525 6.206 2.99 20.87 <0.001
sv linear 0.050 0.330 266.92 0.15 0.881

Table 4. Generalized linear mixed model (GLMM) results predict-
ing the effect of krill mean volume backscatter (sv linear) on lunge
depth for humpback whales in Sitka Sound, with dive as a nested
random effect. sv linear was standardized as [xi – mean(x)]/SD(x).
Significant results (α = 0.05) in bold. n = 278 lunges for 43 dives 

from 4 tag deployments

sv linear × 10–6 (m–1)
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Fig. 6. Relationship between humpback whale lunge depth
and sv linear (mean volume back scattering coefficient) for
spatio-temporally overlapping (300 m and 30 min) tag
deployments (color-coded) and acoustic data in Sitka Sound



Dive and lunge characteristics from tagged forag-
ing humpback whales reported here are similar to
those described in previous studies. Dive durations
(7.03 ± 1.41 min) were slightly shorter than, but
within 1 SD of, those reported by Goldbogen et al.
(2012), whereas the number of lunges per dive (8.3 ±
2.4, min.: 1, max.: 13) was within 1 standard de via -

tion of those reported by Goldbogen et al. (2012),
with similar minimum and maximum lunges as re -
ported by Ware et al. (2011) and Friedlaender et al.
(2016). Inter-lunge intervals found here (32 ± 5 to
44 ± 23 s) are slightly smaller, but within those previ-
ously reported by Ware et al. (2011). It is likely that
the small differences reported here as compared to
previous studies are simply due to the differences in
prey distribution and individual variability of tagged
whales. It should be noted though, that some sub -
jectivity remains using current methods to define a
lunge (Simon et al. 2012), and it is possible that some
lunges were missed. However, it was decided that
missing lunges was preferable to identifying false
lunges, because missing lunges should not affect
results of modeling the occurrence or depth of a
lunge. Additionally, although missed lunges might
affect the number of lunges per dive, they should be
missed from all dives with equal probability and thus
not affect significance of results. All model results
presented herein are estimated from a sample of either
4 (GAMM analysis including prey data) or 6 (GLMM
analyses for tag data only) tag deployments. Although
mixed models were attempted for all analyses to ac -
count for the effects of individuals, the intercept for
the random effect for 2 of the 3 models was zero. A
result of exactly zero is not uncommon (Andrews
1999) and indicates that there is no detectable effect
of individual tagged animal in these data, likely a
result of small sample size rather than a true lack of
individual effect.

Dive duration was found to be a significant predic-
tor of the number of lunges per dive, but contrary to
ex pectations, no relationship was found between
maximum depth and the number of lunges per dive,
or lunge depth and krill density. The lack of relation-
ship between maximum depth and number of lunges
per dive, and lunge depth and krill density reported
here, is contrary to previous findings for humpback

Burrows et al.: Foraging humpback response to krill 255

Reference g h Location Species Target Density Biomass
composition strength (dB) (ind. m−3) (g m−3)

Becker & Warren (2014) 1.058 1.019 Off Oregon, USA Euphausia pacifica −105 59526 7730
and Thysanoessa spp.

Greenlaw (1977) 1.043 1.052 Off Oregon, USA E. pacifica −97 9540 1239
Mikami et al. (2000) 1.037 1.029 Off Japan E. pacifica −104 44771 5813
Smith et al. (2010) 1.018 1.006 Bering Sea Thysanoessa spp. −118 1395672 181228

Table 5. Density (g) and sound speed (h) contrasts for krill species in the North Pacific obtained from the literature. Target
strength of krill estimated from the distorted-wave Born approximation (DWBA) scattering model for this study using different
g and h parameter values. Density estimates are for −57 dB (re 1 m−1 at 120 kHz), the overall mean volume backscatter at the
depth in which humpback whales fed. Biomass was estimated using a wet weight (mg) and length (mm) regression equation 

from Becker & Warren (2014)

0.0

0.5

1.0

1.5

2.0

s v
 li

ne
ar

 ×
 1

0–6

120
100
80
60
40
20
0

K
ril

l d
ep

th
 (m

)

120
100
80
60
40
20
0

W
ha

le
 d

ep
th

 (m
)

18:00 18:20 18:40 19:00 19:20 19:40 20:00

Time of day (h:min, local)

a

b

c

Fig. 7. Mean ± SD for (a) mean volume backscattering co -
efficient (sv) and (b) krill depth for 10 min bins, and (c) lunge
depth averaged per dive for humpback whale 264b in Sitka
Sound. Dotted vertical line at 19:36 h indicates when the last
foraging dive ended after sunset (19:08 h) on 20 Septem-
ber 2012. Points with no SD after 19:36 h represent the 

maximum dive depth for non-foraging dives (no lunges)



Mar Ecol Prog Ser 561: 245–260, 2016

whales foraging off the Western Antarctic Peninsula
(Friedlaender et al. 2016), but in agreement with sim-
ilar analyses for blue whales foraging off the coast of
California and Mexico (Goldbogen et al. 2011). It is
likely that this lack of significance is a result of the
lack of variability in foraging depth of whales tagged
in the present study. Friedlaender et al. (2013) re -
ported that humpback whales foraging from 15 m to
almost 400 m, whereas the foraging depths reported
here varied from approximately 100 to 180 m. Water
depth was shallower in the present study, and whales
appeared to feed diurnally and may have ceased for-
aging at night, a behavior reported previously in
Southeast Alaska humpbacks (Straley 1990). Thus
whales in this study did not wait until the vertically
migrating prey layer was near the surface to feed as
in Friedlaender et al. (2016). A significant relation-
ship between dive duration and number of lunges
per dive, however, has been previously reported off
the central California coast (Goldbogen et al. 2008),
and likely occurs because once a whale finds a prey
patch of suitable quality, it stays in the patch to max -
imize energy acquisition. If the patch is of unsuitable
quality, it may not be worth the energy required to
lunge (Acevedo-Gutierrez et al. 2002) or to dive for a

longer duration (Kramer 1988, Houston & Carbone
1992). Under such circumstances , a whale may sur-
face after only a few lunges, truncating unsuccessful
foraging dives (Thompson & Fedak 2001).

Krill density and biomass estimates reported in this
study (Table 5) varied considerably as a result of the
differences in density (g) and sound speed (h) con-
trasts, resulting in variable target strength estimates.
However, relative differences in sv data were used in
analyses, thus uncertainty in target strength esti-
mates and consequent absolute krill density esti-
mates will not affect results of models and hypothesis
testing. For target strength calculations, Becker &
Warren’s (2014) g and h values were deemed most
appropriate because of their similarity to data used in
this study (mixed species assemblage collected in the
Northeast Pacific in mid-late summer). Additionally,
the target strengths estimated from Becker & Warren
(2014) g and h values are in the middle of the range
(Table 5). Despite the variability, density estimates
are within those previously reported for krill aggre-
gations, with the exception of estimates derived from
Smith et al. (2013), which are unusually low
(McQuinn et al. 2013). Nicol (1986) found up to
41 000 ind. m−3 (bag-sampling device) or 770 000 ind.
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Fig. 8. Time series of humpback whale 264b foraging near dusk (sunset was at 19:08 h) on 20 September 2012 in Sitka Sound.
Black lines: whale dive track, green dots: individual lunges. Colors  represent the volume backscattering strength (Sv) of 

echosounder data sampled concurrently with whale tag data
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m−3 (photographic methods) of Meganyctiphanes
norvegica in the Bay of Fundy, Hanamura et al.
(1984) reported up to 72 000 ind. m−3 of Euphausia
pacifica off Japan (video from divers), and Dolphin
(1987) estimated up to 50 000 ind. m−3 of Thysanoessa
raschii off Southeast Alaska (from photographs) near
foraging humpback whales.

It is well documented that density and biomass
derived from acoustic data are significantly smaller
than density and biomass derived from aerial or
underwater photographs or video (Watkins 2000). A
reason for this discrepancy is likely related to the
accuracy of target strength calculations (Watkins
2000). Density estimates from acoustic data obtained
by Goldbogen et al. (2015) and Hazen et al. (2015)
ranged from less than 100 to over 500 individuals m−3

within 1 km of tagged foraging blue whales off the
coast of southern California. These estimates were
made using a TS of −75 dB at 120 kHz, a significantly
larger value than the ones used for this study (−97 to
−118 dB). The −75 dB TS was based on target strength-
to-length relationships derived from Ant arctic krill E.
superba (Lawson et al. 2006) where a single mean
krill length of 28 mm was estimated from krill found
off California (Santora et al. 2011). In the present
study, a target strength-to-length relationship was
developed from a DWBA scattering model from
parameters, including length, estimated or measured
from krill species sampled concurrently with acoustic
surveys. Thus, target strengths used in this study
may be more appropriate than those used by Gold -
bogen et al. (2015) and Hazen et al. (2015); or they
may be too small and result in density estimates that
are too large. However, despite the uncertainty in
TS, a density of 100 individuals m−3 calculated from a
−75 dB TS (Goldbogen et al. 2015, Hazen et al. 2015)
results in an Sv of −55 dB at 120 kHz, a very similar
value to the mean Sv in which whales fed in this study
(−57 dB at 120 kHz). Thus even if density estimates
here differ from Goldbogen et al. (2015) and Hazen
et al. (2015), the Sv values used for model predictions
are similar, indicating that the discrepancy in density
is not a result of mean volume backscatter calcula-
tions. Additionally, when comparing Sv and density
estimates across studies, it is important to consider
the scale of averaging of the acoustic data. This study
focused on the densest layer of prey in which whales
fed, similarly to the photographic and visual surveys
described earlier in this section, and data were aver-
aged over a fine horizontal and vertical scale.

Given the difficulty in estimating krill density and
in measuring prey data concurrently with whale for-
aging data, it is not surprising that few attempts have

been made to estimate the threshold density of prey
below which it is no longer energetically efficient
for whales to forage. Piatt & Methven (1992) first
reported a threshold response of baleen whales to
capelin Mallotus villosus schools in Witless Bay,
Newfoundland, Canada, below which whales did not
aggregate in the bay. More recently, Feyrer & Duffus
(2015) reported a similar threshold foraging response
for gray whales Eschrichtius robustus feeding on
mysids off British Columbia, Canada, and a threshold
density of 2300 mysids m−3 at the scale of an individ-
ual foraging whale. In this study, the density of krill
at the scale of an individual foraging humpback
whale was opportunistically measured, as tagged
whale 264b ceased foraging behavior after sunset
when krill Sv was −65 dB at 120 kHz, or an estimated
density of 9434 krill m−3 (this density estimate is asso-
ciated with the same caveats as described earlier in
this section). A close examination of the krill layer
during this crepuscular time period reveals its up -
ward vertical migration and dispersal. Whale 264b
took one last attempt at a foraging dive around
19:40 h, just after sunset, and then changed behavior
(Fig. 8). Similar cessation of foraging at sunset has
been reported in blue whales (Fiedler et al. 1998,
Calambokidis et al. 2007, Goldbogen et al. 2011) as
the  scattering layer migrated to the surface noctur-
nally, and it has been hypothesized that this cessa-
tion of foraging is a result of a prey density less than
the foraging threshold (Goldbogen et al. 2011). It is
possible that the krill layer was not dense enough to
warrant the energy expenditure required for a lunge,
thus the whale stopped foraging. It is also possible
that the whale simply became satiated or tired and
chose to cease foraging independent of prey density.
A more detailed study of crepuscular feeding behav-
ior with a larger sample size and targeted net tows of
the migrating deep scattering layer should help de -
termine if there is a consistent relationship be tween
vertical prey migration and the cessation of whale
foraging, and may assist with determination of a
threshold prey density for humpback whales.

In conclusion, humpback whales in Southeast Alaska
adjusted their foraging depth to the depth of maxi-
mum krill density. By targeting the densest prey
layer, humpbacks maximized energetic gain with
each lunge. Results from this study indicate the
importance of considering prey density, in addition to
prey depth, dive, and respiratory patterns, when test-
ing optimal foraging models for whale foraging
behavior. This work contributes to the rapidly in -
creasing body of literature that addresses questions
of the foraging energetics of baleen whales.
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