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ABSTRACT: For terrestrial migrants, feeding at migratory stopover sites is important, with prey
quality linked to future survival and reproductive success. In contrast, the importance of this
behaviour to marine species is unknown. The humpback whale Megaptera novaeangliae is a
marine migrant that is thought to fast while migrating; however, recent studies suggest that feeding may occur during this time. The aims of this study were to determine how the prey type available on a migratory route off Eden, New South Wales, Australia, influenced whether whales fed
or not, and to study the fine-scale behaviour of the whales. Digital acoustic recording tags
(DTAGs) and focal follows were used to record whale behaviour. A larger proportion of groups
were determined to be feeding when krill was observed at the surface. Whales encountering fish
spent a small percentage (28%) of time feeding, behaving similarly to non-feeding whales on
migration, with small groups, a higher proportion of males sampled, and relatively straight tracks.
In contrast, whales encountering surface swarms of krill spent significantly more time feeding
(92%) and behaved similarly to whales on feeding grounds, with larger groups, more females
sampled, and tracks with high turning angles. Therefore, changes in the available prey type influenced the amount of time spent feeding and the social dynamics of groups. Given the link
between the amount of feeding completed on migration and the future survival and reproductive
success of individuals in terrestrial species, the impact of such fluctuations on marine species such
as the humpback whale deserves more attention.
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Seasonal migrations involve the movement of individuals between geographically distinct breeding
and non-breeding areas (Dingle & Drake 2007). Successful completion of migration is largely dependent
on the availability of energy reserves to fuel loco-

motion (Alerstam et al. 2003). However, the storage
of enough energy to complete the entire migration
would greatly increase the cost of transport and reduce the speed of travel for many animals, particularly for flying animals such as birds (Åkesson &
Hedenström 2007). Migratory speed has been shown
to be of importance to many bird species that receive
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fitness benefits by reaching breeding areas early,
establishing nesting territories, and finding a mate
before competition intensifies (Weber & Houston
1997). Refuelling at migratory stopover sites allows
birds to reduce their cost of transport and decrease
the amount of time taken to reach their destination
(Alerstam & Hedenström 1998, Dingle & Drake 2007,
Newton 2008). In contrast, in non-avian taxa that walk
or run, such as terrestrial mammals, migratory speed
has been shown to be of less importance. Instead,
species such as mule deer Odocoileus hemionus take
much longer periods than would be expected to complete migration if they travelled continuously. This is
attributed to the large amount of time spent feeding
at high quality forage sites along the migratory route
(Sawyer & Kauffman 2011). In this case, variation in
the speed of migration has been linked to the phenology of plants, with the deer tracking prey availability
to increase energy intake during the season of highest plant growth, which delays their arrival at their
destination (Sawyer & Kauffman 2011). Therefore,
migratory strategies and the importance of stopover
sites to the ecology of a species are likely to vary
between taxa.
The overwhelming majority of studies on the importance of migratory stopover sites to seasonal
migrants have focused on avian taxa, with a small
number of studies on other terrestrial species. Resource availability at these sites has been linked to
the subsequent survival and reproductive success of
individuals, and the migratory strategy used by animals is thought to have evolved to maximize both of
these parameters (Newton 2006, Sawyer & Kauffman
2011). The migratory strategy of animals in the marine environment is likely to be different from that of
terrestrial species as the cost of transport is lower for
swimming animals (Schmidt-Nielsen 1972). Consequently, an increased fuel load has a lower impact on
the energetics of marine animals (Schmidt-Nielsen
1972) that may be able store enough energy reserves
to complete migration without feeding, which would
increase migratory speed. It has been suggested that
if there is selection for increased migratory speed in
swimming animals, an increase in the size of the animal should occur (Hedenstrom 2003). However, the
importance of migratory speed may be reduced in
the marine environment due to the ephemeral distribution of resources that reduces reliance on territoriality to secure mating and feeding opportunities,
particularly in wide-ranging species such as baleen
whales (Clapham 1996). The use of migratory stopover sites as potential foraging areas in the marine
environment has been highlighted in fish (Sims et al.

2009), marine reptiles (Broderick et al. 2007, Cuevas
et al. 2008) and marine mammals, including many
baleen whale species (e.g. humpback whales Megaptera novaeangliae, Stamation et al. 2007, Barendse
et al. 2010, Visser et al. 2011; blue whales Balaenoptera musculus, Visser et al. 2011, Silvia et al.
2013; and fin whales B. physalus, Visser et al. 2011,
Silvia et al. 2013). Despite this, very little is understood about the role that these stopover sites may
provide to the ecology of marine species.
Most baleen whale species are migratory. Historically it was thought that intensive feeding during
summer on high latitude feeding grounds enabled
baleen whales to store enough energy to complete
migration while fasting, or feeding at a very low rate
(Lockyer 1981, Clapham 1996). This idea was based
on the low abundance of available prey on low latitude breeding grounds and the fact that whales
caught on migration by whalers often had empty
stomachs (Chittleborough 1965, Lockyer 1981). However, most whaling was conducted during the migration toward breeding areas when whales had the
highest fat and oil content (Dawbin 1966); thus, little
information exists on stomach contents of whales
migrating back towards their feeding grounds. There
has been an increasing amount of evidence suggesting that some baleen whale species feed during
migration, particularly during the migration toward
feeding grounds, when body reserves may be depleted as a result of breeding activities and nursing
(Best et al. 1995, Gill et al. 1998, Stamation et al.
2007, Barendse et al. 2010, Visser et al. 2011). This
evidence ranges from assumed bottom feeding by
migrating gray whales Eschrichtius robustus (Cacchione et al. 1987) to numerous satellite tracks of
several baleen whales species assumed to forage
during migration (Gales et al. 2009, Silva et al. 2013).
In addition, there are direct observations of migrating whales feeding in areas of high productivity
(Baraff & Clapham 1991, Gendon & Urban 1993, Best
et al. 1995, Stockin & Burgess 2005, Stamation et al.
2007, Barendse et al. 2010, Visser et al. 2011). Many
of the records of whales feeding during migration
are reported to be of juvenile animals, perhaps
due to their smaller body size and reduced ability
to store sufficient energy reserves (Salden 1989,
Swingle et al. 1993, Gill et al. 1998, de Sá Alves et
al. 2009, Silva et al. 2010). A female bias at one
previously identified stopover site suggests that
feeding while migrating may also be important for
females (Barendse et al. 2010). Individual whales
have been observed spending up to 20 d in the same
area while migrating towards feeding grounds (Best
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et al. 1995, Visser et al. 2011), indicating that animals
may at times delay arrival at high latitude feeding
grounds in order to feed at productive sites along
the migratory route. Whether these delays to feed
are an integral aspect of the migratory strategy of
baleen whales has received little attention in the
literature. Given that prey quality influences the
feeding behaviour of terrestrial species while migrating (Newton 2006, Sawyer & Kauffman 2011),
changes in the prey encountered (in terms of prey
type, density, quantity, and energetic content) along
the migratory route may also influence whale behaviour. Yet, the impact that changes in the prey type
available has on the amount of time and effort spent
by whales to feeding while migrating has not been
investigated.
The east Australian population of humpback
whales makes annual migrations between Antarctic
feeding grounds and breeding grounds in the Coral
Sea off the north east coast of Australia. The area off
Eden, New South Wales, on the south-east coast of
Australia, has recently been suggested as a potentially important feeding area for this population, with
whales observed to feed on both krill and fish while
migrating towards Antarctic feeding grounds (Stamation et al. 2007). The aims of this study were to
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determine how the prey type available at this migratory stopover site influenced whether whales fed and
the fine-scale feeding behaviour of individual humpback whales.

MATERIALS AND METHODS
Study site
Data were collected off the coast of Eden, New
South Wales, Australia (37.07° S, 149.90° E) (Fig. 1)
from 9 September to 2 October 2011 and from 9 September to 19 October 2012. This time corresponded
to the southward migration of the whales back
towards Antarctic feeding grounds. The study site
included the area out to approximately 20 km offshore and 20 km to the north and south of Eden.

Determining the prey type available to the whales

In 2011, the potential prey type available to the
whales was determined based on surface observations of prey in close proximity to the whales, by
dropping a camera (GoPro Hero 2, resolution 11
megapixels) over the side of the vessel to a depth of 2 m every 20 min
throughout the duration of a focal follow, and prey sampling. Prey sampling was completed by towing a
200 µm plankton net with a 40 cm
aperture behind the vessel at a depth
of between 1 and 5 m for 2 min in an
area where the whales had been
observed to lunge feed. One net tow
was completed per focal follow within
2 min of the whales being observed to
lunge in the area. The prey sampling
was used purely for krill species identification, and no attempts were made
to determine density or abundance of
krill or fish using this method, due to
net avoidance capabilities. In addition, due to the net avoidance abilities
of fish, it was not possible to collect
any fish species using this sampling
method. For each lunge completed
at the surface, the prey type (krill
Fig. 1. Study site off Eden, NSW, Australia, showing the location of the groups
vs. fish) targeted could be directly
of humpback whales encountered during group surveys. Prey type encounobserved and recorded. While the use
tered by each group is displayed as red for krill and black for fish. Behaviour
of these methodologies provided an
of the group during the survey is indicated by closed circles (feeding) and
open circles (not feeding)
understanding of the prey available
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to the whales near the surface, it is acknowledged
that it provided no information on the prey available
to the whales at depth in 2011.
In 2012, a dual frequency (38 and 200 kHz) echosounder (ES60, Simrad/Kongsberg) was used to provide information on the availability of fish and krill.
The echosounder was deployed off the starboard side
of the vessel using a small towfish, which held it at a
depth of approximately 50 cm. For both frequencies,
the echosounder had a ping rate of 0.5 Hz, depth bins
of 10 cm, pulse length of 256 µs, and a power setting
of 2000 W. The system was calibrated using a standard 38.1 mm Tungsten carbide sphere (Foote et al.
1987) at the beginning of the 2012 surveys. The
sphere was lowered to between 10 and 20 m beneath
the echosounder in a location with little biological
scattering and a water depth of 26 m. Backscatter
values for the standard target were less than 0.5 dB
different from theoretical predictions. A camera was
also dropped off the side of the vessel to a depth of
2 m every 20 min throughout the duration of a focal
follow, and net tows were also completed as above in
order to provide a comparison to the 2011 methods.
In order to identify prey patches, the backscatter
was thresholded at 38 and 200 kHz at −80 dB re
1 m−1. A dB-differencing method (Reiss et al. 2008,
Warren & Demer 2010) was used to identify scattering aggregations as either krill or fish depending on
the value of the difference in volume backscattering
strength (ΔdB = Sv at 200 kHz − Sv at 38 kHz). Theoretical target strength (TS) models were used to determine likely backscatter values for monospecific
aggregations of krill (Conti & Demer 2006). Aggregations were identified as krill when 2 dB < ΔdB < 30 dB.
These values result from an estimated krill length
distribution of 5 to 60 mm, which was based on net
tow data from 2012 and visual observations of surface krill aggregations in 2012. Aggregations were
identified as fish when −100 dB < ΔdB < −20 dB. These
values result from estimates of acoustic backscatter
from fish that ranged in length from 10 to 40 cm,
including species with (Simmonds & MacLennan
2005, Weber et al. 2009) and without (Gorska et al.
2005) swim-bladders. These parameters (i.e. species
and length) were based on visual observations of surface schools in 2012 (as no fish were caught as a part
of the present study) and on discussions with local
fisherman about the typical sizes of baitfish in this
region at the time of the survey.
Echosounder data were collected continuously
throughout the entire focal follow at locations near
the focal whale by following behind the path of the
focal whale in a zig-zag pattern. Typically, a 50−

200 m distance from the feeding whale was maintained, although occasionally larger separations of
up to 500 m would occur between the location of the
focal whale and where the echosounder data were
collected. Scattering aggregations that were encountered near the whale were used to categorise the
dominant prey available for each whale as either krill
or fish.

Sampling of behavioural data
In order to determine the behaviour of humpback
whales, 2 different behavioural sampling protocols
were used. The first was a 20 min survey of the
groups of whales encountered to determine the likelihood that they were feeding. Secondly, continuous
focal follows of individual whales determined to be
feeding were completed.

Surveys of group behaviour
For each group of humpback whales sighted, a
boat-based survey (Mann 1999) was conducted from
a distance of approximately 100 m for a period of up
to 20 min. A group was defined as any animals with a
similar movement and surfacing pattern within 50 m
of each other. During the survey an assessment was
made about whether or not the whales in the group
were likely to be feeding. Surface-feeding events
were confirmed by the observation of a lunge, which
involved a whale engulfing water and prey into an
open mouth, and the group was then recorded as
a feeding group. For animals feeding at depth, a
combination of factors was considered. (1) The
presence/absence of prey in the area: feeding whales
were found in areas where prey patches were present in the water column. This was determined either
by direct observation of the whales within a patch of
prey visible at the surface (2011 and 2012) or from
echosounder data with the whale being observed to
dive into an area where prey were available (2012)
(prey sampling methods described above). (2) The
surface movement pattern of the whale over the
20 min: feeding whales showed no fine-scale trend
in the direction of travel. In contrast, non-feeding
whales had a consistent direction of travel and surfacing intervals. (3) The presence/absence of other
predatory species (e.g. short-tailed shearwaters Puffinus tenuirostris, Australasian gannets Morus serrator, and/or common dolphins Delphinus delphis):
feeding whales were located within 100 m of one or
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more other predatory species. For groups where no
surface lunge was observed, the group had to meet at
least two of these criteria to be recorded as a feeding
group.

Focal follows of individual whales
For some of the groups that were determined to be
feeding, a digital acoustic recording tag (DTAG)
(Johnson & Tyack 2003) was deployed onto the back
of one of the whales between the blow holes and dorsal fin using a 6 m carbon-fibre pole. Four silicon suction-cups were used to attach the DTAG to the back
of the whale. The DTAG contained a 3-axis accelerometer, a 3-axis magnetometer, and a pressure sensor
(accuracy of ± 0.5 m) and was programmed to release
after 2 to 3 h. All sensor data were collected at a sampling rate of 50 Hz. The DTAG also contained a VHF
transmitter that allowed the whale to be tracked
when at the surface. All data collected by the tag
were archived and downloaded via infrared transmission upon retrieval of the tag.
Once a tag was deployed, behavioural data collection commenced. The tagged individual was chosen
as the focal animal so that a complete account of the
tagged whale’s behaviour at and below the surface
could be collected. When tag deployment was not
successful, a focal individual was selected randomly
from the group. Focal follow duration ranged from 2
to 3 h. The follow protocol used was an individualfollow with a continuous sampling method (Mann
1999). A pre-defined ethogram (Table S1 in the Supplement; www.int-res.com/articles/supp/m541p231_
supp.pdf) was used to record every observed surface
behaviour by the focal whale throughout the duration
of the focal follow. Behavioural records were made
using an audio recorder (Zoom H1 recorder) to provide a time-stamped record of the behaviour. The
same observer (K.O.) completed every focal follow
to avoid inter-observer reliability issues (Jones et al.
2001, Kaufman & Rosenthal 2009). Both the DTAG
and the audio recorder were time synchronised using
a handheld GPS (Garmin GPSmap 78SC).
As well as recording the individual focal follow, incident sampling was conducted by the same observer on
the remaining animals in the focal individual’s group
(Mann 1999). Incident sampling involved recording the
time of lunge feeding behaviour by any whale in the
group and determining whether the lunge was completed in synchrony with other group members. Synchronous lunging behaviour was defined as lunging
behaviour by 2 or more individuals where the individ-
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uals lunged within 2 s of each other, in the same direction, less than one body length apart. The identity of
individuals completing each synchronous lunge was
noted. Individuals were identified visually using
lateral pigmentation and dorsal fin shape when possible (Katona & Whitehead 1981). In cases where the
group split during a focal follow, we continued to collect incident sampling data only from animals that remained in the same group as the focal individual. This
helped to reduce bias in selecting a group post-split.
The group size was recorded every 10 min.
A biopsy sample was collected where possible to
determine the sex of the animals observed. This was
completed using the Paxarms system, which involved
firing a biopsy dart from a modified .22 rifle (Krützen
et al. 2002). When a group was small (less than 5), an
attempt was made to collect a sample from all individuals in the group with the priority for sampling being the tagged individual. For some tagged individuals, skin was collected from the suction cups of the
DTAG. Biopsy samples were stored in a −20°C
freezer prior to processing. Sex determination was
completed by the Australian Marine Mammal Centre
at the Australian Antarctic Division (sex determination methods explained in Morin et al. 2005).
Comparisons of the individuals identified between
sightings were made using photographic-identification techniques to give an indication of how many
were re-sighted by chance throughout the course of
the study. Only high quality photographs where
markings and dorsal fin/fluke shape could be easily
observed were used for comparisons. The matches
made were confirmed by an independent observer.

Data processing and analysis
Data analyses
All data analyses were performed in R (R Development Core Team 2013) with significance levels set at
p < 0.05. A number of models were developed in
order to test the relationship between the prey type
and whale behaviour (for specifics of which behaviours, the type of models, and packages used see the
sections below). All models were checked for temporal autocorrelation, homoscedascity, and whether the
residuals were normally distributed. The identity of
the whales was used as a random effect (intercept) in
all of the models to account for the repeated measures. Degrees of freedom were determined based on
the number of random effects (whale identity) minus
the number of parameters in the model.
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Time spent feeding
All tag data were calibrated and decimated to 5 Hz
using the methods described in Johnson & Tyack
(2003). Given that the orientation of the tag on the
whale can vary both between and within deployments,
the data collected by the tag were corrected for the
orientation of the tag on the whale. This included accounting for any changes in the orientation of the tag
throughout each deployment (Johnson & Tyack 2003).
For tagged individuals, the times when presumed
feeding lunges were completed were determined using a lunge-detecting algorithm (that relied on orientation-corrected forward acceleration, jerk, and pitch
angle) with the TrackPlot Visual Classification Method
applied as described in Owen et al. (2015). Any
lunges that were observed but not detected by the algorithm were also used in the analysis. Given that
some feeding behaviour occurred underwater and out
of sight of the observer, only tagged individuals were
used for the analysis of the time spent feeding.
For tagged whales, observations were divided into
10 min time bins. The duration of the time bins was
chosen based on the lengths of the focal follows, the
desire to model behavioural states as opposed to
behavioural events, and the likelihood of each bin
containing a lunge. Each time bin was assigned as
either containing a lunge (‘feeding’), or not containing a lunge (‘not feeding’). This parameter was then
used as a binomial response variable in a generalised
linear mixed model (GLMM) (feeding behaviour ~
prey type, random = ~1| whale identity), using the
glmmadmb package (Fournier et al. 2012, Skaug et
al. 2013) in R (R Development Core Team 2013) to
compare the amount of time spent feeding on different prey types (krill and fish).

Linearity of the track
The heading data collected by the DTAGs were
used to assess the linearity of the movement of the
whales (Johnson & Tyack 2003). The heading data
represent a 2-dimensional indication of the direction
of travel by the whale. The temporal changes in
heading should be greater in non-linear tracks compared with linear tracks. Although the heading data
were available at a 5 Hz sampling rate, such finescale changes in heading are not necessary to delineate changes in the linearity of the track. Therefore,
the heading of animals was subsampled every 5 min.
As the bearings are collected in a continuous 360°,
there are always 2 solutions to the change in heading.

An assumption was made that whales were unlikely
to have changed more than 180° in each 5 min time
step, and the smaller angle was always used as the
change in heading. Heading data were collected by
the tag from −180° to 180°, so the absolute value of
the change in heading for each time step was calculated. This produced a series of changes in heading
values for each whale that were then used as a
response variable in a linear mixed model (LMM) to
determine whether the prey type targeted had an
influence on the linearity of the track of the whales
(change in heading ~ prey type, random = ~1| whale
identity). The heading data were square root-transformed in order to meet the normality assumption.
The nlme package (Pinheiro et al. 2013) in R (R Development Core Team 2013) was used for the analysis.
Given that the direction of migratory movement
has been shown to vary among individuals migrating
through Eden, NSW, Australia (with some individuals migrating south towards Tasmania, Australia, and
others migrating south-east towards New Zealand)
(Gales et al. 2009), the heading data for each individual were corrected so that the most common (mode)
movement direction of each animal was centred on
zero degrees. The data from all whales were then
pooled to produce a radial rose for whales feeding on
krill and for whales feeding on fish. These radial
roses provide a visual comparison of the variability in
the direction of movement by whales feeding on the
2 prey types.

Group size and composition
A GLMM was completed to compare the group
sizes of animals feeding on fish to those of animals
feeding on krill (group size ~ prey type, random =
~1| whale identity). The group size data utilised were
those collected every 10 min throughout the duration
of the focal follows. The data were modelled using
the glmmadmb package (Fournier et al. 2012, Skaug
et al. 2013) in R (R Development Core Team 2013), as
this package is able to model a truncated Poisson distribution that allowed for the lack of zero values in
the group size data.

RESULTS
Feeding behaviour
A total of 82 groups of whales were approached to
determine whether the group was feeding and what
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Table 1. Details of the individual focal follows of humpback whales completed off Eden, NSW, Australia. Total number of
lunges and mean lunge depth could only be determined for animals with a digital acoustic recording tag (DTAG) given the
potential for underwater feeding behaviour. −: information that is unknown due to a lack of tag data; VO lunges: visually
observed lunges at the surface. Sex was determined using the genetic methods explained in Morin et al. (2005). Prey type was
determined using visual and net tow techniques (2011) and by echosounder surveys (2012)
Date

Focal follow
start time
(local time,
h:min)

Focal follow
duration
(h:min)

Sex

DTAG
number

Prey
type

Total no.
of lunges

Lunge
depth
(mean
± SD)

2011
13 Sep
14 Sep
15 Sep
16 Sep
17 Sep
21 Sep
22 Sep
24 Sep
26 Sep
1 Oct

8:14
8:18
9:45
12:29
8:29
12:57
8:29
10:09
9:26
8:15

2:00
2:01
2:10
2:13
2:13
2:01
1:29
2:04
1:10
2:05

F
M
F
M
F
M
F
F
−
F

−
−
1
2
3
−
−
−
−
−

Krill
Krill
Krill
Krill
Krill
Krill
Krill
Krill
Krill
Krill

−
−
161
35
127
−
−
−
−
−

−
−
4.7 ± 6.1
3.4 ± 5.9
4.6 ± 5.4
−
−
−
−
−

2012
16 Sep
17 Sep
18 Sep
2 Oct
4 Oct
6 Oct
9 Oct
16 Oct

10:08
14:06
10:40
10:04
8:54
9:36
12:50
11:50

3:27
1:19
3:59
2:47
3:09
3:06
2:47
0:59

M
F
M
M
F
−
M
−

4
5
−
6
7
8
9
−

Fish
Fish
Krill
Fish
Fish
Fish
Fish
Fish

3
1
−
53
9
11
2
−

11.9 ± 13.5
19.1
−
25.2 ± 14.4
25.1 ± 5.1
17.7 ± 9.0
10.7 ± 1.9
−

prey type was available at the time. Based on the survey data, a total of 24 groups were observed to encounter krill at the surface (average group size of 4),
with 71% of these groups considered likely to be
feeding. In contrast, only 21% of the groups encountering fish (fish species details given below) were considered likely to be feeding (n = 58, average group
size 2). In 2011, when krill were visually observed to
be abundant at the surface, 5 individuals were resighted on multiple days (3, 5, 8, 10 and 10 d apart,
respectively). However, in 2012 when fish were the
most common prey type available (as determined via
the echosounder data and lack of krill swarms observed at the surface), there were no re-sights of individuals despite more groups being approached in that
year (n = 23 groups in 2011, 59 groups in 2012).
The methods used to identify the predominant prey
type in 2011 limited the information available about
the prey type at depth. For an average of 58.3% of
the lunges completed by the 3 tagged whales determined to be feeding on krill, the whales were actually observed to be targeting krill Nyctiphanes australis at the surface (Table 1) (Fig. 2). Camera drops
completed throughout the focal follows in 2011
revealed that krill were often distributed in the upper

No.
of VO
lunges

81
147
96
20
74
10
5
0
−
16
0
0
5
0
0
0
0
0

VO
lunges
(%)

59.6
57.1
58.3

0
0
0
0
0
0
0

5−10 m of the water column, with no fish observed in
these camera drops. In addition, the average depth of
lunges completed by the tagged whales targeting
krill was 5.4 ± 0.8 m, within the depth range observed
by the camera and sampled by the net tows. This
suggests that a number of the non-visually observed
lunges also likely involved whales targeting krill
below the surface. However, while the majority of
lunges appeared to relate to krill, it is still possible
that some of the lunges completed were whales targeting fish at depth. For this reason, the results presented from here on represent comparisons between
the behaviour of whales encountering krill at the surface (and potentially fish at depth; hereafter referred
to as ‘targeting krill’) and that of whales only encountering fish at depth with no krill available (hereafter
referred to as ‘targeting fish’). The depths of lunges
completed by whales feeding on fish were deeper
(22.0 ± 1.6 m), and no surface lunges by these animals were visually observed (Table 1). However,
based on the echosounder data for all of these animals, the lunges were determined to have occurred
in areas where schools of fish were present (Table 1).
As a consequence, the predominant prey type for all
6 tagged whales in 2012 was fish. The baitfish spe-
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Fig. 2. Three different east Australian humpback whales feeding on krill Nyctiphanes australis in 2011 using various lunge orientations (A,B,C) while migrating. The krill can be seen to be attempting to escape capture by the whale as the small droplets
on the water surface within the gape of the whale

cies targeted likely included species such as jack
mackerel Trachurus declivis, pilchards Sardinops neopilchardus, and redbait Emmelichthy nitidus, which
were regularly observed at the surface during the
focal follows in 2012. Humpback whales have previously been observed to feed on these fish species at
the study site (Stamation et al. 2007).

Fine-scale feeding behaviour of individual
humpback whales
Focal follows were completed on 18 individual
whales (Table 1). Nine (50%) of these follows in-

volved a tagged individual (Table 1). The tagged
whales encountering krill spent significantly
(GLMM, n = 9, df = 7, z = 3.47, p = 0.0005) more
time feeding (92% of the 10 min time bins were
classified as ‘feeding’) than the whales encountering fish (28%). Two of the 3 animals feeding on
krill regularly looped back through the same area,
whereas all 6 animals feeding on fish displayed a
more consistent (less turning) direction of movement (Fig. 3). The mean change in heading was
significantly larger for animals feeding on krill
compared to animals feeding on fish (86° ± 6° vs.
45° ± 3°) (LMM, n = 9, df = 7, t = 4.50, p = 0.004)
(Fig. 4).
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Fig. 3. Pseudo tracks of tagged whales feeding on (A) krill and (B) fish. Tag identification of the animal is provided in the top
right corner above each panel; track duration is in the bottom corner (h:min). Scales of the panels vary in order to better
display the variation in the pattern of each track
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Fig. 4. Radial rose histograms of the heading data for whales feeding on (A) krill and (B) fish. Data were corrected so that the
mode direction of travel for each whale was centred on zero degrees. Circles within the radial rose represent the number of
samples of whales heading in the given direction
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The average maximum group size that the focal
individual was observed to be in was 4 (targeting
krill = 5.1, targeting fish = 2.1) (Table 2). Throughout
the focal follows the group size changed regularly.
This made it difficult to assign a group composition.
Only 3 cow/calf pairs were observed throughout the
study, and none of these groups were observed to be
feeding. When considering all of the group size
changes throughout the focal follows, whales were in
significantly larger groups when feeding on krill
(mean = 3.4; SD = 2.4; range = 1 to 12) compared to
fish feeding groups (mean = 1.7, SD = 0.7, range 1 to
4) (GLMM, n = 16, df = 14, z = 2.85, p = 0.004)
(Table 2).
Of the biopsied whales encountering krill, 63%
were female. Conversely, when fish were available,
only 35% of the animals biopsied were female. When
feeding on krill, 32.7 ± 6.9% of the lunges observed
to be completed by the focal animals were completed
as synchronous lunges. In 6 of the 8 focal follows
where the group size exceeded 2 animals, the focal
Table 2. Incident sampling data collected on the group behaviour of humpback whales off Eden, NSW, Australia. Data
were collected during a focal follow of an individual whale
within the group. Minimum and maximum group sizes represent the changes in the group size in which the focal individual was observed throughout the focal follow. VO lunges:
visually observed lunges at the surface. Prey type: predominant prey type determined to be fed upon by the whales
throughout the focal follow determined using visual observations and net tow techniques (2011) and echosounder
surveys (2012)
Date

Duration
of obs.
(h:min)

Prey Min. obs. Max. obs. Total
type
group
group
VO
size
size
lunges

2011
13 Sep
14 Sep
15 Sep
16 Sep
17 Sep
21 Sep
22 Sep
24 Sep
26 Sep
1 Oct

2:00
2:01
2:10
2:13
2:13
2:01
1:29
2:04
1:10
2:05

Krill
Krill
Krill
Krill
Krill
Krill
Krill
Krill
Krill
Krill

2
1
1
1
2
1
2
2
3
2

5
3
9
3
12
2
4
2
8
3

340
315
443
20
349
10
8
0
56
57

2012
16 Sep
17 Sep
18 Sep
2 Oct
4 Oct
6 Oct
9 Oct
16 Oct

3:27
1:19
3:59
2:47
3:09
3:06
2:47
0:59

Fish
Fish
Krill
Fish
Fish
Fish
Fish
Fish

2
1
1
2
1
2
1
1

3
1
3
3
2
3
1
1

0
0
19
0
0
0
0
0

animal was observed to lunge primarily with one
other individual in the group throughout the focal
follow duration. In addition to the synchronisation of
lunges, all other surface behaviours (such as blows
and fluke up dives) of the individuals and their directions of movement were also highly synchronised.
Close associations were also observed between other
individuals within the group that did not involve the
focal animal. These associations were monitored for a
shorter period (due to the fluidity of the groups), and
so it is difficult to quantify their duration. Synchronous pairs observed were comprised of 1/3 female/
female (FF) pairs (5 of 15 individual pairs) and 2/3
male/female (MF) pairs (10 of 15 individual pairs). No
MM pairs were observed. Of the 5 animals re-sighted
in 2011, 2 of them (sex unknown) were observed to
feed synchronously together on 17 September and
again, 10 d later, on 26 September. Although little
surface-feeding behaviour was observed in 2012, one
pair of animals (sex unknown) was observed to feed
synchronously on krill.

DISCUSSION
To provide information for marine conservation
strategies, most research focuses on understanding
and protecting species’ breeding areas, and in some
cases, feeding areas (Calvert et al. 2009). For animals
that are long-lived, survival of individuals during the
non-breeding season influences population growth
(Saether et al. 1996, Heppell et al. 2000). In our study,
a larger proportion of groups were feeding, and individual whales dedicated more time to feeding when
krill, as opposed to fish, were available. In addition,
several whales were re-sighted up to 10 d apart feeding on krill within the study site, suggesting that
some individuals spent an extended period of time in
the area feeding to take advantage of this prey type.
In contrast, when fish were available, the majority
(79%) of groups encountered were travelling, and
there were no re-sights of individuals, despite the
fact that whales have been observed to feed on the
species of fish present at this study site (Stamation et
al. 2007). This difference in the number of re-sightings could be driven by potential differences in the
density of whale groups between the 2 years; however, this appears unlikely given the larger number
of groups encountered in 2012, when the number of
re-sights was low. Therefore, similar to bird species,
the duration of stay at migratory stopover sites by
humpback whales appears to be influenced by
changes in the prey type available, which may pro-
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vide an indication of the prey quality or nutritional
requirements of the animals while migrating.
In addition to changes in the amount of time dedicated to feeding, the whales displayed prey typedependent foraging behaviour; krill-feeding whales
displayed a more ‘random walk like’ movement in
the same area, similar to humpback whales feeding
on krill on the main feeding grounds (Ware et al.
2011), whereas the 6 fish-feeding whales displayed
a more consistent movement (more directional displacement). Migrating (i.e. non-feeding) animals, including turtles (Jonsen et al. 2007), sharks (Weng et
al. 2008), seals (Breed et al. 2009) and whales (Gales
et al. 2009, Silva et al. 2013), swim in straight lines at
a broad-scale over large distances (Horton et al.
2011). The relatively straight tracks of whales feeding on fish in this study suggest that straight tracks
may not always indicate a lack of feeding behaviour
by migrating marine animals. The difference in linearity when targeting different prey may be due to
the higher mobility of fish, which could make repeated lunging in the same area less profitable.
Alternatively, straighter tracks may allow whales to
combine migrating with a small amount of feeding
when the prey quality is lower. This possibility is supported by the general direction of travel by the
whales when feeding on fish, which was typically in
a south or south-east direction (Fig. 3), consistent
with the direction of migration towards feeding
grounds (Gales et al. 2009).
The social dynamics of humpback whales on migration were also observed to change depending on the
prey type encountered. On the main feeding grounds,
the east Australian population of humpback whales
feed alone or in small groups of 2 to 3 (Kasamatsu et
al. 1996, Gill et al. 1998). Group sizes of this population are also small during the migration towards the
feeding grounds, with a mean of approximately 2
individuals (Brown & Corkeron 1995). While feeding
on krill, group sizes were larger, ranging up to a
maximum of 12 individuals compared to a maximum
of 3 when feeding on fish. Large groups have been
observed for humpback whales feeding on fish at the
main feeding grounds in the North Pacific (Jurasz &
Jurasz 1979, D’Vincent et al. 1985, Sharpe 2001) and
feeding on krill while migrating off the coast of South
Africa (Best et al. 1995, Barendse et al. 2010). Group
size can be influenced by the size of the prey patch
(Whitehead 1983); thus, the large group sizes may
have been a product of the large patches of krill.
However, this explanation is unlikely given the small
group sizes (Kasamatsu et al. 1996, Gill et al. 1998)
feeding on large patch sizes in the Antarctic (Hamner
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et al. 1983, Tarling et al. 2009, Nowacek et al. 2011).
While the sample size in this study is small, the
aggregation of large groups feeding on krill suggests
that many individuals may be drawn to patches of
krill, which may be limited along the migratory route.
The east Australian population of humpback
whales has been shown to have a male-biased sex
ratio during migration with an average of approximately 2 males for every female (average calculated
from a male:female sex ratio of 2.1:1 in whaling records, 2.4:1 off southern Queensland [Brown et al.
1995] and 1.6:1 off Eden and Tasmania, NSW
[Schmitt et al. 2014]). The larger proportion of males
biopsied when feeding on fish (65%) matches the sex
compositions expected for migrating whales (Brown
et al. 1995, Schmitt et al. 2014). In contrast, the higher
proportion of females sampled (63%) while feeding
on krill deviates from the expected composition of
migrating whales. A female bias has also been observed by humpback whales feeding on krill during
their southward migrating off South Africa towards
Antarctic feeding grounds (Best et al. 1995, Barendse
et al. 2010). Humpback whales often form femaledominated groups and stable pairs on the main feeding grounds that may help to optimize their energy
gain and potentially increase their reproductive
output (Weinrich 1991, Ramp et al. 2010). While migrating, females are typically either pregnant or lactating, which are both energetically demanding
(Oftedal 2000). The use of synchronous behaviour by
whales in this study, in particular by females, may
assist the whales with meeting the energy demand of
migration. Although none of the females feeding in
this study were lactating (as determined by the presence of a dependent calf), females with calves have
been observed to feed off Eden in the past (Stamation
et al. 2007). Lactating females tend to migrate later
than newly pregnant females and males (Chittleborough 1965, Dawbin 1966). However, the timing of
sampling in this study was similar in both years, suggesting that this factor was unlikely to have introduced bias to the different proportion of females
observed when feeding on the 2 prey types. There is
also the potential for male and female humpback
whales to use slightly different migratory routes
(Valsecchi et al. 2010). Given the similarity in the
study site between years and the difference in sex
composition at this location, this factor also appears
unlikely to have influenced the variation observed.
The sample size of this study was small, so further
research into this topic is required to determine
whether feeding along the migratory route is of particular importance to females.
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The results of this study provide preliminary evidence that the feeding behaviour of whales during
migration may be influenced by both the prey type
available and the energetic demands of the individual. There are many reasons why krill may be a preferred prey type for this population, including differences in the energetic content, ease of capture,
or familiarity with the prey type, given that Antarctic krill Euphausia superba is the predominant prey
type of this population on the main feeding grounds
(Matthews 1937). In addition, other factors such as
prey density or depth, access to prey resources in
the previous summer feeding season, or whale body
condition may have also influenced the differences
in behaviour observed across the 2 years, and these
factors deserve more attention in future research. In
order to fully understand the potential importance
of feeding behaviour while migrating, an estimate
of the frequency of feeding and energy intake during these events is required. Given that the use of
migratory stopover sites and the quality of available
prey at these sites has been linked to population
demographics in other taxa (Newton 2006), the
potential for feeding along the migratory route to
contribute to annual energy supplies needs further
investigation. While the current migratory strategy
of humpback whales is thought to be one of ‘feast
and famine’, with whales feeding extensively over
summer, and very little for the rest of the year, it
may be that there are biological limitations that
influence the ability of certain individuals to store
sufficient energy to complete migration. Future
research should focus on determining whether this
is also the case for other marine species completing
migrations.
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