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ABSTRACT: The innovation of new foraging strategies allows species to optimize their foraging in
response to changing conditions. Humpback whales provide a good study species for this concept,
as they utilize multiple novel foraging tactics across populations in diverse environments. Bubble-
net feeding (BNF), commonly seen in the Northern Hemisphere, has emerged as a foraging inno-
vation in the past 20 yr within the Western Antarctic Peninsula. Using sightings data from 2015—
2023, we found that BNF was present in every study year, with an annual average of 30 % of foraging
sightings. This data was supplemented with 26 animal-born tags deployed over the same study
period. Of these tags, 12 detected instances of BNF, with BNF making up an average of 19% of the
foraging lunges detected. There were seasonal trends in BNF sightings, as it was observed signifi-
cantly more often at the beginning of the feeding season (January) before declining. BNF group
sizes (mean: 3.41) were significantly larger than non-BNF surface feeding groups (mean: 2.21). This
observation is consistent with BNF in the Northern Hemisphere, which also appears to primarily be
a group foraging strategy. The seasonal pattern and relatively recent emergence of BNF suggests
that its use is likely tied to specific environmental conditions, which should be investigated by com-
paring BNF with variables such as prey density and light availability. The social transmission of
novel foraging strategies across other populations further suggests that the prevalence of this
strategy likely occurs through social learning.
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1. INTRODUCTION

Foraging has more direct and immediate fitness
implications than other aspects of a species' biology
and ecology (Stephens et al. 2008) — if individuals do
not eat, they will die. Successful foraging affects not
only immediate physical health, but broader aspects
such as dominance competition or reproductive capa-
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bilities (Stephens et al. 2008). As a result, foraging
ecology encompasses a wide diversity of behaviors
and strategies both within and across taxa (Calhoun &
Hayden 2015). Strategies must account for the needs
of the species (i.e. if they are specialist feeders or cap-
ital breeders) as well as those of the individual (i.e.
age, size, or reproductive status) (Stephens et al.
2008). Some strategies are individualistic, such as the
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solitary predation observed in white sharks Carcharo-
don carcharias (Findlay et al. 2016), while others
require group cooperation, such as the honeybee
Apis mellifera dance, which communicates foraging
sites to the hive (Beekman & Lew 2008). These
strategies often change based on external factors
such as prey availability, competition, or habitat
shifts, sometimes resulting in novel innovations (Tuo-
mainen & Candolin 2011). Studies of foraging behav-
ior, therefore, provide valuable insights into a range
of questions involving individual and group-level
fitness, behavior, evolution, and ontogeny.

Following optimal foraging theory, individuals
often utilize multiple strategies when feeding.
Which strategies they use depend on several intrin-
sic and extrinsic factors. Strategies are commonly
tailored to a specific habitat type. For example,
bumblebee species Bombus vosnesenskii can have
highly variable foraging patterns driven by the
diversity of species found in floral patches (Jha &
Kremen 2013), while Galapagos sea lions Zalophus
wollebaeki have 3 distinct foraging patterns utilized
in different areas of their habitat (Villegas-Amtmann
et al. 2008). Strategies can also target specific food
sources or prey types. Colombian woolly monkeys
Lagothrix lagotricha lugens will pick fruit as well as
actively capture arthropods (Fonseca et al. 2022).
Demographics and social dynamics can also play a
role in which strategies are used and how often.
Adults in the aforementioned woolly monkey pop-
ulation capture arthropods more often than juveniles
(Fonseca et al. 2022), while bottlenose dolphin pop-
ulations show social preferences or even segregation
based on preferred foraging tactics (Daura-Jorge et
al. 2012, Methion & Diaz Lopez 2019). This can
often be due to the role of social learning in the
transmission and use of certain strategies or prey
types. New Caledonian crows will use different
designs in their foraging tools based on what they
learned from their immediate family members (Rutz
et al. 2018). Similarly, a portion of bottlenose dol-
phins in Shark Bay, Western Australia, use sponges
as a foraging tool by learning the techniques from
their mothers (Kriitzen et al. 2005). An understand-
ing of the drivers behind foraging tactic diversity
and use is therefore key to the spectrum of species’
ecologies.

Humpback whales Megaptera novaeangliae serve
as an excellent study species for foraging behavior
and strategy due to their high degree of behavioral
plasticity (Jurasz & Jurasz 1979). The suite of strate-
gies documented in humpback whales include sur-
face or subsurface lunging (Ware et al. 2011), the use

of bubbles (Hain et al. 1982) or body parts to corral
prey (McMillan et al. 2019), or scooping prey from
the substrate (Ware et al. 2014). Multiple strategies
are often employed within single populations, dem-
onstrating the whales' ability to adapt and innovate
in response to surrounding environmental conditions
such as prey behavior and abundance (Weinrich et
al. 1992, Allen et al. 2013) or water temperature
(Owen et al. 2019). For example, changes in the dis-
tribution or depth of krill swarms due to sea-ice cov-
erage can result in a shift in foraging behavior
(Friedlaender et al. 2013, Riekkola et al. 2019). Some
strategies appear distinct to specific feeding popula-
tions, such as lobtail feeding in the Gulf of Maine
(Allen et al. 2013) or trap feeding in British Colombia
(McMillan et al. 2019). These 2 strategies show
evidence that such distinctions may be at least par-
tially due to cultural trends, as both show evidence
of social transmission between individuals who
spend time together (Allen et al. 2013, McMillan et
al. 2019). Lobtail feeding, in particular, is considered
one of the strongest examples of cultural learning in
an animal species (Allen 2019).

One strategy for which humpback whales are well
known is their bubble-net feeding (BNF). An indi-
vidual will dive below prey and emit bubbles from
their nares while moving in a spiral pattern to
encapsulate the prey. They then lunge at or near the
surface on the contained prey. Bubbles can be
emitted by one or more individuals, with multiple
animals foraging within the net, exhibiting synchro-
nized lunges evidenced by surface timings (Jurasz &
Jurasz 1979). Bubble nets are thought to either
reduce the amount of prey that escapes or increase
the density of the prey within, thus maximizing
engulfment per lunge on a given prey field. This
strategy occurs primarily at and around the surface,
potentially further trapping prey by vertically com-
pressing them against the surface. Previous work
has supported that bubble nets aid in the prevention
of prey escape in fish (Sharpe & Dill 1997) and krill
(Finley et al. 2003), and some spiraling behavior by
the whales appears to horizontally coral prey with a
cone-shaped net, likely increasing prey density
within the net (Wiley et al. 2011). Bubbles are also
used in other feeding formations besides nets, such
as clouds (i.e. production of a large, single mass of
very small bubbles (Hain et al. 1982, Wiley et al.
2011) or curtains (i.e. a straight line of bubbles; Hain
et al. 1982, Acevedo et al. 2011).

BNF has primarily been documented in populations
across the Northern Hemisphere, including the North
Atlantic (Hain et al. 1982), North Pacific (Jurasz &
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Jurasz 1979), and Arabian Sea (Baldwin et al. 2011)
feeding stocks. While populations often use different
variations of the strategy (Sharpe 2002, Wiley et al.
2011, Allen et al. 2013), certain features seem to
remain consistent. It appears to predominantly be a
group feeding strategy, often occurring in groups of 3
or more. Coordination among individuals also seems
relatively common, with the possibility of role special-
ization proposed in several separate populations
(Sharpe 2002, Mastick et al. 2022). These populations
all primarily feed on various species of small schooling
fish (Jurasz & Jurasz 1979, Hain et al. 1982, Baldwin et
al. 2011), although the Gulf of Alaska population also
employs BNF on euphausiids such as Pacific krill
(Jurasz & Jurasz 1979). Despite commonalities to the
BNF strategy, these populations are geographically
and genetically distinct from one another (NOAA
2016). It is possible that each population developed
the strategy independently, with common conditions
driving the similarities between them. However, indi-
viduals are occasionally known to move between
populations, even over distances in excess of 4000 km
(Stevick et al. 2016). Another possibility is that the
strategy was transmitted between populations through
this individual movement, where it then spread socially
through the population as other strategies do.

Over the last 2 decades, the employment of BNF
has emerged within Southern Hemisphere popula-
tions and has been documented in recent studies
(Findlay et al. 2017, Pirotta et al. 2021, Cade et al.
2022). Previously, it was thought to be unique to the
Northern Hemisphere, as Southern Hemisphere pop-
ulations have historically shown less overall diversity
in their tactics, primarily using lunging either at the
surface or at depth (Friedlaender et al. 2013, 2016).
This is likely due to their focus on Antarctic krill as a
high-fidelity prey source (Nicol et al. 2008), while
Northern Hemisphere populations often feed on a
diversity of krill and schooling fish species (Jurasz &
Jurasz 1979, Hain et al. 1982). Documentations to date
are incidental, with no focal studies that describe or
quantify its use and prevalence on the Antarctic feed-
ing grounds. The overall aim of this study is to present
the first detailed description of BNF and its prev-
alence and use in a Southern Hemisphere population
that feeds around the Western Antarctic Peninsula
(WAP). This will address 2 objectives: (1) to provide a
baseline understanding of foraging diversification
and innovation in a recovering humpback whale pop-
ulation and (2) to improve our understanding of
Southern Hemisphere humpback whale foraging
ecology, which is key to their role as sentinels for the
Antarctic ecosystem.

2. MATERIALS AND METHODS
2.1. Data collection
2.1.1. Sightings

Data collection occurred along the WAP during the
austral summers and autumns (December—April)
from 2015—2023 (excluding 2021—-2022 due to the
COVID-19 pandemic) as part of the Palmer Long-
Term Ecological Research (PAL LTER) program. We
used 2 specific platforms: the Palmer US Antarctic
Research Station and the PAL LTER annual research
cruises. Sightings data were collected opportunisti-
cally from small vessels (<7 m). A sighting was de-
fined as any group of humpback whales that were
approached by the research vessel for active data col-
lection. Date and location were recorded, as well as
group size and composition. Photos for identification
and behavior were taken using a DSLR camera with a
zoom lens. Beginning in 2018, uncrewed aerial sys-
tems (UAS) collected aerial photos and videos of each
sighting when weather conditions permitted. UAS
models included LEM-HEX44 (20 MP RGB camera),
DJI Phantom 4 (internal camera), and DJI Inspire 2
(Zenmuse X5S camera).

Feeding strategies were classified into 3 categories:
BNF, other surface feeding (OSF), and deep feeding.
OSF was identified as any instance where at least one
individual in a sighting was observed exhibiting
aspects of feeding such as lunging, open mouth, dis-
tention of throat pleats, or straining of water out of the
mouth. BNF was specified in instances where the
presence of bubbles was observed coincident with or
preceding any of the previously identified aspects of
feeding. Deep feeding was classified only from tag
data, as there were no reliable surface indicators of
the behavior.

2.1.2. Individual identification

Humpback whale individuals were identified using
2 primary methods: photo-ID and DNA profiling.
These tactics were combined whenever possible but
at least one was required to give the individual a
unique identifier. Photo-ID was used to identify indi-
viduals using the unique markings on the tail flukes
and, in some cases, dorsal fins (Katona & Whitehead
1981). Photos were uploaded to the open-source plat-
form HappyWhale (https://happywhale.com), which
uses an Al algorithm to match individuals sighted
globally (Cheeseman et al. 2022). This ensured that
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any resightings, both within and between seasons,
had been accounted for. Skin—blubber biopsy sam-
ples were collected to obtain genetic identification
using DNA profiling (e.g. determination of genetic
sex and microsatellite genotyping). Samples were
collected using standard practices (see Palsboll et al.
1991). Crossbows were used to project arrows mod-
ified with a 40 mm stainless steel tip to sample indi-
viduals along the dorsal flank. DNA was extracted
from samples with a commercially available kit
(DNeasy 96 Blood & Tissue Kit; Qiagen) and geno-
typed following previous studies (see Pallin et al. 2023
for full details)

2.1.3. Tags

A total of 33 animal-borne suction cup tags (Cus-
tomized Animal Tracking Solutions [CATS]; Cade et
al. 2016, Goldbogen et al. 2017) were deployed be-
tween January and March from 2015 to 2020. These
inertial-measurement unit tags were equipped with
tri-axial accelerometers and integrated video cam-
eras (1290 x 720 or 1920 x 1080 pixel resolution).
Tags were deployed opportunistically from inflatable
zodiacs using a 6 m carbon-fiber pole to place tags
dorsally, with the video facing forward. Once tags
detached from the animal, an ARGOS satellite loca-
tion would transmit so that the tags could then be
located and retrieved using a VHF signal with a
Telonics R1000 radio receiver and a directional Yagi
radio antenna. All data from tags were downloaded
and decimated (down-sampled) to 10 Hz, the tag
orientation was corrected for based on placement on
the animal, and the 3-dimensional orientation (pitch,
roll, heading) of the animal was calculated with cus-
tom-written scripts in MATLAB v.2023a (Cade et al.
2021).

Video footage from tags was audited for specific
instances of BNF behavior using Behavioral Obser-
vation Research Interactive Software (BORIS)
(Friard et al. 2016). The audit was conducted by
2 expert auditors (J.A.A. and R.C.N.) who were
familiar with humpback whale behavior. For each
tag video, auditors marked each instance of a bub-
ble event, defined as an emission of at least 2 bub-
bles emitted 1 s apart by the tagged animal. The
start of a bubble event was marked as the first
frame in which the initial blast of bubbles can be
seen in view, and the end of an event was marked
as the first frame in which the terminal blast of bub-
bles can be seen in view. To address inter-auditor
variability, we conducted a validation audit of a

single deployment consisting of bubble events.
The results of the validation determined that inter-
auditor effects were insignificant, as both the
number of bubble events detected and the timing
of events differed between auditors by less than
5%.

To differentiate bubble net events from the broader
audited bubble events, we removed bubble events
with duration <7.0 s to remove bubble emissions unaf-
filiated with a bubble net. A Jenks classification was
used to determine the threshold duration, identifying
natural breaks in duration distribution (Jenks 1967%);
data binning was determined using the Freedman-
Diaconis rule (Freedman & Diaconis 1981). Other
feeding events were identified as any instance where
a lunge was detected in the tag sensor data. Lunges
are identified in this manner by a stereotyped pattern
of acceleration followed by rapid deceleration (Cade
et al. 2016, Kahane-Rapport et al. 2020). These were
split into 2 categories: OSF (as with the sightings
data), defined as lunges detected at less than 25.5 m
(95" percentile of bubble event start depths as found
in this study to maintain consistency), and deep feed-
ing, defined as lunges detected at greater than 25.4 m
(Cade et al. 2016).

To make a direct comparison with non-BNF tac-
tics, BNF lunges were defined as lunges detected
through tag sensor data adjacent to a bubble event.
This is because not all bubble events were accompa-
nied by a lunge, and video analysis occasionally
identified lunges adjacent to bubble events that
were not detected through tag sensors. This dis-
crepancy between detected and video-identified
lunges is likely due to the slower speed at which
BNF occurs, making lunge detection less effective
(Allen et al. 2016). However, as lunge detection has
been reliably validated for non-BNF tactics (Cade et
al. 2016), it has been used here as a proxy across all
tactics to maintain consistency. Linear regression
between lunge depth and both starting and ending
bubble event depth found correlation coefficients of
0.69 and 0.89, respectively, ensuring that lunge
depth was representative of the depth at which BNF
occurs.

Hourly feeding rates were calculated as the number
of lunges detected by the tag sensors over the total
number of tag deployment hours. Hourly BNF rates
were calculated by the number of bubble-net events
over the 7 s threshold over the total hours of video
audited. Feeding strategies were broadly placed into
3 categories: BNF (as defined above), OSF (lunges <
25.4 m with no bubble nets), and deep feeding (lunges
>25.5m) (Cade et al. 2016).
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2.2. Data analyses

All analyses were conducted in R v.4.1.2 (R Core
Team 2021) or MATLAB 2023a. Sightings data were
tested for normality using the Shapiro-Wilk test
(Shapiro et al. 1968) from the 'stats' package, and
variance was tested using Levene's test (Levene
1960) from the 'car’' package. As these data were
found to be neither normally distributed nor having
equal variance, comparisons were made using the
non-parametric Kruskal-Wallis test (Kruskal & Wal-
lis 1952) from the ‘stats’ package. Pairwise compari-
sons were then made using the Dunn test from the
‘rstatix’ package with a Benjamini-Hochberg p-
value adjustment method to correct for multiple
testing. Each of these tests required a p-value of
<0.05 for significance. Effect size was quantified
with the epsilon-squared test from the 'rcompanion'
package, in which values greater than 0.04 are con-
sidered a moderate effect and those greater than
0.64 are considered a very strong effect (Rea &
Parker 2014, Tomczak & Tomczak 2014). For analy-
ses related to group size, sightings with groups of 10
or more individuals were removed to account for
potential inaccuracies in assessing the number of
individuals present. To assess seasonal patterns,
sightings were pooled by ordinal date regardless of
year.

3. RESULTS
3.1. Description of BNF prevalence
3.1.1. Sightings data

A total of 2268 individuals (including repetitions)
were observed across 1108 sightings over the course
of the study period (Fig. 1). Of these sightings, 378
were identified as foraging, with 86 BNF and 292 OSF
observations. A breakdown of sightings across years
and foraging tactics is provided in Table 1. The
number of BNF occurrences remained relatively con-
sistent, neither clearly increasing nor decreasing in
observed use over time (count of sightings, mean: 12;
range: 5—24; proportion of all sightings, mean: 8%;
range: 4—13%; Table 1). BNF typically made up a
minority of foraging occurrences (proportion of for-
aging sightings, mean: 30%; range: 9—71%) apart
from the 2014—2015 season, most likely due to the
low number of foraging sightings (Table 1).

The proportion of individuals observed using BNF
showed no clear pattern across the study period,

ranging from 4—22% (mean: 13%, including uniden-
tified and resighted individuals). This held true for
the proportion of those BNF events just among indi-
viduals observed foraging, with a range of 11—-82%
(mean: 35%, including unidentified and resighted
individuals). See Table 2 for a breakdown of individ-
ual data. There were 1363 individuals uniquely
identified through photo and/or genetic identifica-
tion. Among these, 227 were observed using BNF
and 485 were observed using OSF. Nine of these
individuals were observed using both BNF and OSF
techniques, indicating that individuals can switch
between tactics.

3.1.2. Tag data

A total of 26 tags were deployed (2015—2020) on
unique individuals and used for lunge and depth
analysis (Table 3). A total of 114.5 h of video footage
were analyzed, and 493 BNF events were detected.
The duration of individual BNF events averaged
14.4 s (range: 7—152.4 s; Fig. 2). Bubble emissions
began and terminated at shallow depths, averaging
12.9 m for both (start range: 0.0—138.4 m; end range:
0.2—93.5 m; Fig. 3). A total of 2045 lunges were
detected during the video footage portions of tag
deployments. As with the surface observations, BNF
made up the smallest proportion (13.9%) of the total
number of lunge events, followed by deep feeding
(21.7%), while OSF made up the majority of lunge
events (64.1%). BNF lunges were predominantly in
the shallow portion of the water column at an aver-
age of 12.3 m (range: 0.0—38.0 m), comparable to the
depths of OSF lunges (mean: 12.3 m; range: 0.0—
25.4 m). Deep feeding lunges were substantially
deeper than either surface feeding tactics (mean:
124.0 m; range: 25.4—438.6 m) and were not accom-
panied by bubbles.

3.2. Patterns in group size

Of the 376 foraging sightings with group size data
available, the majority (84.6%) were composed of
groups that contained 3 or fewer individuals (singles:
23.7%; pairs: 39.4%; trios: 21.5%), while only 15.4%
were in groups larger than 3. There were 370 sight-
ings with a group size of less than 10 used to assess
the relationship with foraging tactic. Significantly
larger groups were observed using BNF compared to
OSF (Kruskal-Wallis ¥? = 30.93, p < 0.001; Fig. 4),
with a moderate effect size (¢? = 0.0838).
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Fig. 1. Study area and locations of humpback whale bubble

net observations from both sightings observations and

tag deployments

Single individuals made up a larger proportion of
non-BNF sightings (29.3%) compared to BNF sight-
ings (6.0%) (Fig. 5). Pairs had the most comparable
proportions (40.8 vs. 37.3%, respectively), while
groups of 3 or more represented a larger proportion
of BNF sightings (56.6 %) compared to other feeding
strategies (30.0%).

3.3. Temporal patterns
3.3.1. Sightings data
There was a clear seasonal pattern in the use of BNF

that skewed towards the beginning of the foraging
season (Kruskal-Wallis %2 = 8.60, p = 0.014; Fig. 6).
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Table 1. Summary of bubble-net feeding (BNF) sightings by humpback whales
across the study period represented as both counts and proportions. Note that
foraging sightings here do not include deep feeding

Year Total Foraging BNF % Foraging % BNFof % BNF
sightings sightings sightings  of total foraging  of total
2015 92 17 12 18.5 70.6 13.0
2016 85 27 6 31.8 22.2 7.1
2017 109 30 8 27.5 26.7 7.3
2018 133 56 5 42.1 8.9 3.8
2019 360 123 24 34.2 19.5 6.7
2020 228 93 18 40.8 19.4 7.9
2023 101 30 13 29.7 43.3 12.9
Total 1108 378 86 34.1 22.0 7.8

Table 2. Summary of individual humpback whales observed across the study

period represented as both counts and proportions. These include all foraging

sightings and bubble-net feeding (BNF) sightings. Note that the total number

of unique individuals will not be the sum of the unique individuals in each year,
as some individuals were resighted in multiple years

Year Unique/ Unique/ Unique/ % Total % Total
total total total BNF of BNF

individuals foraging BNF foraging  of total
2015 144/188 48/50 40/41 82.0 21.8
2016 101/161 43/62 11/11 17.7 6.8
2017 190/233 76/88 30/32 36.4 13.7
2018 202/252 92/102 12/12 11.8 4.8
2019 346/791 212/308 63/80 26.0 10.1
2020 2447454 146/219 37/53 24.2 11.7
2023 142/189 69/81 37/42 51.9 22.2
Total 1363/2268 682/910 227/271 29.8 11.9

Table 3. Summary of bubble-net feeding (BNF) presence across humpback

whale tag deployments. Proportion of BNF deployments are out of total deploy-

ments that could be analyzed. Proportion of BNF lunges are out of total forag-

ing lunges detected. All lunges were defined as any lunge detected from tag

sensor data; note that these do not include lunges identified by video footage or
BNF events with no detected lunge

Year Total BNF Video Total foraging BNF
deployments deployments hours lunges lunges
2015 1 0(0%) 2.6 4 0(0%)
2016 1 1 (100%) 7.3 281 105 (37.4%)
2017 4 0(0%) 9.5 19 0(0%)
2018 10 6 (60 %) 57.8 1572 148 (9.4%)
2019 5 2 (40%) 16.6 32 0(0%)
2020 5 2 (40%) 20.6 136 32 (23.5%)
Total 26 12 (46%) 114.5 2045 285 (13.9%)

from February—March (Dunn test: Z =
0.689, p = 0.681). In contrast, non-BNF
did not significantly change across
months (Kruskal-Wallis %2 = 8.06, p =
0.089), although the sightings did de-
crease from January—April in a trend
towards significance.

Sightings of BNF were significantly
lower than OSF in January (Kruskal-
Wallis %2 = 4.36, p = 0.034) and Feb-
ruary (Kruskal-Wallis x> = 13.3 p <
0.001), but not in March (Kruskal-
Wallis 2 = 0.041, p = 0.839). However,
the difference in February had a much
stronger significance. This was further
supported by the effect size of month
on sightings occurrences, which was
moderate in January (¢2 = 0.082) but
strong in February (¢2 = 0.403).

3.3.2. Tag data

Seasonal patterns identified in the
sightings data were essentially corrob-
orated by the tag data (Fig. 7). BNF and
non-BNF (OSF and deep feeding com-
bined) hourly feeding rates were high-
est in January and declined over the
season. While neither of these declining
trends was significant, both trended
closely towards significance (BNF Krus-
kal-Wallis %? = 5.478, p = 0.065; non-
BNF: Kruskal-Wallis XZ = 594 p =
0.052). There were significant differ-
ences in all lunge depths between all
months (Kruskal-Wallis 2 = 55.94, p <
0.0001), with lunge depths becoming
progressively deeper from January
through March. BNF lunge depths were
also significantly different between all
months (Kruskal-Wallis 2 = 70.35, p <
0.0001). However, contrary to the over-
all trend, BNF lunges While OSF oc-
curred in every month of the season
(December—April), BNF was only ob-
served in January—March. BNF signifi-
cantly decreased in occurrence from

While OSF occurred in every month of the season
(December—April), BNF was only observed in
January—March. BNF significantly decreased in oc-
currence from January—February (Dunn test: Z =
—2.93, p = 0.003) but did not significantly change

January—February (Dunn test: Z = —2.93, p = 0.003)
but did not significantly change from February—
March (Dunn test: Z = 0.689, p = 0.681). In contrast,
non-BNF did not significantly change across months
(Kruskal-Wallis x> = 8.06, p = 0.089), although the
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sightings did decrease from January—April in a trend
towards significance.

Sightings of BNF were significantly lower than OSF
in January (Kruskal-Wallis 2 = 4.36, p = 0.034) and
February (Kruskal-Wallis %% = 13.3, p <0.001), but not
100- in March (Kruskal-Wallis %2 = 0.041, p = 0.839).
However, the difference in February had a much
stronger significance. This was further supported by
the effect size of month on sightings occurrences,
which was moderate in January (¢2 = 0.082) but
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quartiles (IQR); whiskers: min./max. values within 1.5 x IQR; BNF and non-BNF (OSF and deep feeding combined)

dots: outliers

100-

Depth

50-

0_
Start Stop
Fig. 3. Start and stop depths (m) of each bubble event detected from tag video footage of humpback whales. Boxplots as in Fig. 2
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Fig. 4. Humpback whale group size for each foraging tactic: bubble-net feeding (blue) and other surface feeding strategies (orange).
Boxplots as in Fig. 2
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Fig. 5. Proportion of humpback whale sightings by group

size for each foraging tactic: bubble-net feeding (BNF)

(blue) and other surface feeding strategies (orange). Each

proportion is relative to the feeding strategy (i.e. proportions
shown for BNF are out of total BNF sightings)

hourly feeding rates were highest in January and de-
clined over the season. While neither of these declin-
ing trends was significant, both trended closely to-
wards significance (BNF Kruskal-Wallis y? = 5.478,
p = 0.065; non-BNF: Kruskal-Wallis ¥ = 5.94, p =
0.052). There were significant differences in all lunge
depths between all months (Kruskal-Wallis x> =
55.94, p < 0.0001), with lunge depths becoming pro-
gressively deeper from January through March. BNF

December January

12 -

10 -

o]

Daily sightings
»

February

° SER /é\ &N

lunge depths were also significantly different be-
tween all months (Kruskal-Wallis x> = 70.35, p <
0.0001). However, contrary to the overall trend, BNF
lunges became shallower from January to March.
OSF lunge depths showed no significant differences
between months (Kruskal-Wallis x? = 3.2, p = 0.201).
Deep feeding lunges were significantly different
between all months (Kruskal-Wallis > = 102.14, p <
0.0001), with lunges becoming deeper from January
to March. As with the sightings data, feeding rates
were significantly lower in BNF compared to non-
BNF strategy rates (Kruskal-Wallis x? = 2.97, p =
0.003). When feeding rates were examined across
months, both January and February also had differ-
ences that trended towards significance (January,
Kruskal-Wallis x?> = 3.43, p = 0.064; February,
Kruskal-Wallis x% = 3.65, p = 0.056), while March was
not significant (Kruskal-Wallis % = 2.931, p = 0.129).

4. DISCUSSION
4.1. Use and description of BNF

BNF was observed in every year of study across the
2 research platforms (sightings and tags). Neither the
frequency of BNF observations nor the proportion of
observed individuals engaged in BNF increased over
the study period, and across both platforms it was
used less frequently than other feeding strategies.
Together, these results suggest that while it is not the
primary tactic used, BNF has become an established

March April

bw

Feeding Tactic: Bubble Net Feeding Other Surface Feeding

Fig. 6. Daily sightings, pooled across all years, of humpback whale bubble-net feeding (blue) and other surface feeding strategies
(orange) separated by month. Note that December is shown prior to January to reflect the timing of the foraging season, which is
December to April. Boxplots as in Fig. 2
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Fig. 7. Hourly feeding rates from tag deployments, pooled across all years, of humpback whale bubble-net feeding (blue) and
other non-bubble-net feeding strategies (orange) separated by month. Boxplots as in Fig. 2

part of the WAP population's foraging strategy reper-
toire. This is not unusual, as humpback whales are
known for their plasticity in foraging strategies within
a single population (Jurasz & Jurasz 1979, McMillan
etal. 2019, Mastick et al. 2022). Northern Hemisphere
populations similarly use BNF as only one of multiple
tactics, but BNF seems to have been established in
these populations for much longer (Jurasz & Jurasz
1979, Allen et al. 2013). BNF was primarily a shallow
depth strategy, with 95% of bubble events occurring
at a depth of less than 25 m. This follows studies that
have found a similar depth threshold in other popula-
tions (Sharpe 2002, Wiley et al. 2011) and it is thought
to be due to a limitation of how bubbles disperse over
depth (Wiley et al. 2011). Such consistency across
hemispheres and populations indicates that it is likely
to be a fundamental part of the strategy. However, an
interesting outlying bubble event occurred at ~77 m,
although there was no corresponding lunge detected
with it. This suggests that BNF is at least attempted at
much greater depths.

The WAP version of BNF appears to be compara-
tively simple in its current execution (Wiley et al.
2011, Allen et al. 2013): there do not appear to be ad-
ditional components such as lobtails, and it is unclear
to what degree there is explicit cooperation or role
specialization. In contrast, BNF in both the Gulf of
Maine and Gulf of Alaska often involves coordination
among multiple individuals (Jurasz & Jurasz 1979,
Sharpe 2002, Mastick et al. 2022). There are several
possible explanations for this difference. One pos-
sibility is that these Northern Hemisphere popula-
tions have innovated the technique in the substan-

tially longer time they appear to have been using it,
while the WAP population is still in the earlier stages
of learning. This could be due to the outsized impact
of commercial whaling in the Southern Hemisphere,
which saw a take of 200 000 whales in the 20" century
compared to ~34000 whales in the Northern Hemi-
sphere over the same period (Rocha et al. 2015).
Severe population declines or removal of key demo-
graphics have been shown to erode social and cul-
tural knowledge in animal species (McComb et al.
2001, Crates et al. 2021). An increased loss of cultural
foraging tactics could have resulted in the Northern
Hemisphere ‘relearning’ BNF much earlier, thus giv-
ing those populations more time to innovate and
evolve the tactic. This could also explain the lack of
diversity in tactics seen in the Southern Hemisphere
compared to the Northern Hemisphere.

Behaviors also frequently develop and evolve over
time as individuals make improvements or adapt to
changing conditions. For example, when the herring
stock crashed in the western North Atlantic in the late
1970s, a novel innovation emerged known as 'lobtail
feeding', whereby individuals incorporated a surface
tail-slap to their bubble feeding (Weinrich et al. 1992,
Allen et al. 2013). A second hypothesis is that North-
ern Hemisphere populations feed on a much wider
variety of prey species, many of which are schooling
fish (Jurasz & Jurasz 1979, Hain et al. 1982, Kirchner
et al. 2018). As krill are smaller with differing swarm-
ing behaviors, perhaps a more complex version of a
bubble net is not needed as it might be for larger prey
that are more mobile and could escape or avoid pre-
dation more easily. Thus, rather than preventing
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escape, the purpose of BNF on krill is likely to in-
crease prey density through horizontal and vertical
compression against the surface of the water and the
surrounding bubbles. Finally, a third possibility is
that there is coordination in the WAP population that
simply has not been captured by this study. This
could be addressed by a targeted study of BNF
groups using animal-borne tags, following similar
studies in other populations (Wiley et al. 2011, Parks
et al. 2014, Mastick et al. 2022). More broadly, cross-
hemisphere comparisons of BNF would allow for
direct comparison of bubble-net structures and the
influence of intrinsic or extrinsic variables specific to
those populations.

4.2. Seasonal patterns

Our surface observations show that while OSF
skewed towards the first half of the foraging season,
the use of BNF skewed more strongly towards the ear-
lier part of the foraging season than OSF. This corrob-
orates previous work on the seasonality of feeding in
the WAP (Nichols et al. 2022). Nichols et al. (2022)
found increased shallow-depth foraging in the early
portions of the summer feeding period (January—
February), which shifted to deeper feeding at lower
rates in the latter part of the season (March—June).
They also found that foraging shifted from occurring
during all hours in the early season to exclusively at
night in the later season. The proposed drivers are
thought to be a shift in prey availability as krill be-
come less concentrated at the surface later in the
summer and into fall, showing a much stronger diel
vertical migration pattern that relates to available
light and nutrients associated with primary produc-
tion (Cresswell et al. 2009). Our sightings results
would support this as a driver of seasonal foraging
behavior, given that BNF appears to be a tactic exclu-
sive to shallow foraging. Krill swarms are also less
dense in the earlier summer months than later in the
year (Nichol 2006), which would make a foraging
technique such as BNF that increases prey density
(and therefore foraging efficiency) more effective at
that stage of the season. Light availability may also
play arole if the shallow nature of BNF is partly due to
the tactic requiring a visual component. Previous
work in the Gulf of Maine on the timing of when bub-
ble nets are produced showed that they exclusively
occur during daylight periods (Friedlaender et al.
2009). Environmental variables seem to drive BNF,
suggesting dependence on factors impacting prey be-
havior. This could explain why BNF prevalence drops

off earlier in the season compared to OSF strategies.
Direct studies modeling the use of specific foraging
strategies with environmental factors, particularly
those that fluctuate across a season, would provide
insight into what drives strategy selection and poten-
tially the broader impacts of changing ecosystem
conditions.

Similar temporal trends were seen in the tag data,
with BNF rates being highest in January and declining
throughout the season. While not significant, these
results did trend towards significance, which suggests
support for the patterns observed in our sightings re-
sults. Furthermore, a previous study examined an ex-
panded version of the tagging dataset used here and
found clear seasonal trends in overall feeding rates
that support declining feeding as the season pro-
gresses (Nichols et al. 2022). This same study also cor-
roborates our seasonal trend of overall lunges becom-
ing significantly deeper as whales shift from surface
strategies to deep feeding. Interestingly, BNF lunges
became significantly shallower over the season while
OSF lunges showed no changes. If krill do aggregate
more densely in the later summer months, perhaps
BNF does not need to be as deep to effectively corral
the prey. The shift away from BNF would also suggest
that bubble nets become less necessary as krill aggre-
gations become denser and deeper.

Our study was limited to tags that were equipped
with cameras, as that is currently the most reliable
means of detecting bubble netting from tag sensor
data alone. Additionally, the use of detected lunges as
a proxy for BNF was likely to be a conservative esti-
mate of BNF lunges due to the presence of unde-
tected lunges in the video analysis. We feel that to-
gether, these factors make the tagging dataset unable
to accurately parse the seasonality of the behavior.
However, when combined with both the significant
sightings patterns and the seasonality found in past
studies, a future study using tagging data with a
larger sample size and a more reliable means of de-
tecting bubble-net lunges is warranted, as we feel it
would be likely to support our findings more fully.

Despite the demonstrated drop-off in BNF after
January, 75% of the BNF tag deployments occurred
in February or March. This indicates that at least for
some individuals, BNF remains a worthwhile tactic to
employ later into the season even after conditions are
no longer optimum. One possibility is that krill avail-
ability in the surface waters may not always diminish
as substantially over the course of a season. Individ-
uals may therefore find BNF sufficiently effective to
prefer it over other tactics. Such individual prefer-
ence for specific strategies occurs in other humpback
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whale populations (Allen et al. 2013, Kosma et al.
2019, McMillan et al. 2019, Wray et al. 2021). While
the use of lobtail feeding, a BNF variation in the Gulf
of Maine, is largely driven by sand lance abundance,
it was still observed in low sand lance years (Allen et
al. 2013). In other species, foraging preferences can
be so strong that it is actually detrimental to the pop-
ulation (Allen 2019). Resident killer whales in British
Columbia have a cultural preference for the endan-
gered Chinook salmon —a preference which is lead-
ing to population declines as they seem to refuse
other prey options (Williams et al. 2011). In the Kiti-
mat Fjord System of British Columbia, BNF played a
strong role in humpback whale social structure and
mediation between individuals based on their prefer-
ence for the strategy (Wray et al. 2021). Given the
strong role that social learning and culture is likely to
play in humpback whale foraging ecology, individual
tactic preference is likely to contribute to the fine-
scale use of BNF and should be accounted for in
future studies.

4.3. Group size

The clear preference for using BNF in larger groups
is consistent with Northern Hemisphere populations.
Similar trends were found in a Canadian Pacific forag-
ing population, where BNF occurred in significantly
larger groups than other feeding strategies (Wray et
al. 2021). BNF is also consistently documented as a
group strategy in the Gulf of Maine and Gulf of Alaska,
with most group sizes comparable to our population
(1—8 individuals; D'Vincent et al. 1985, Mastick et al.
2022), although the specific relationship with group
size relative to other strategies has not been quantified
in these populations (Jurasz & Jurasz 1979, Mastick et
al. 2022). This is also consistent with the limited obser-
vations we have of its use in the Southern Hemisphere,
as BNFwas documented in ‘super-groups' of 20+ indi-
viduals within the Tasmanian Sea (Pirotta et al. 2021).
However, BNF is not exclusively a group strategy. Sin-
gle individuals did account for ~8% of BNF sightings
in the WAP, suggesting that it can be done alone. BNF
in the Gulf of Maine has also been consistently doc-
umented in single individuals, making up ~35% of
BNF observations in a 10 yr tagging study (Mastick et
al. 2022). Incorporating the impact of group size into
cross-population comparisons would help determine
how consistent its role is and how it interacts with
other variables such as prey type.

One possible driver for the increased group sizes
seen in BNF both here and in other populations may

relate to foraging effort and efficiency. There are mul-
tiple aspects of BNF that make it a more energy-in-
tensive tactic: (1) it requires a series of exhalations to
form the bubble net, (2) it requires turning in a rel-
atively tight configuration, and (3) it takes longer to
complete as a multi-step behavior than a typical sin-
gle lunge (i.e. Ware et al. 2011). Additionally, the an-
gular movement likely reduces speed, reducing the
total drag force necessary in the expansion of their
gular pouch during a lunge and thus potentially re-
ducing total engulfment volume. In line with optimal
foraging theory, it would follow that BNF would only
be employed in situations where the benefits of the
strategy outweigh the costs to the individual. One
possibility is that a larger group size reduces the ener-
getic costs to each individual within the group. Ma-
stick et al. (2022) found that individual exertion ap-
peared to decrease with increasing group size during
BNF. The advantages of collaborative efforts would
make a complex tactic like BNF more worthwhile in
groups. In the case of the WAP specifically, the focus
on krill as a primary prey target rather than schooling
fish could be why single BNF was so rarely seen com-
pared to other populations (Mastick et al. 2022). Per-
haps the effort is only worthwhile with at least one
other individual participating. Furthermore, once
prey shifts to deeper waters as krill tend to do in the
later summer months, BNF may no longer be worth
the additional energy required even in larger groups.
This could help to explain the apparent preference for
using BNF in the earlier foraging season, in combina-
tion with the abiotic factors of light availability and
the physical depth restrictions on bubble dispersal.

4.4. Emergence of BNF

The potential dependence of BNF on environmental
factors such as prey distribution and density could
point to the reason for its emergence in the Southern
Hemisphere over the last several decades. While Ant-
arctic krill availability shows high degrees of inter-
annual variability, stock distributions in the South At-
lantic and adjacent areas of the Southern Ocean have
declined at their northern limits since the mid-1970s
(Atkinson et al. 2019). This has been coupled with a
southward shift in distribution farther down the WAP.
These shifts could have contributed to the emergence
of BNF as a behavioral adjustment to less concen-
trated prey availability, particularly given that BNF
appears to be a tactic specific to better corralling more
dispersed prey. Mean krill body length also appears
to have increased over time due to a lack of juvenile
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recruitment, further improving the conditions suitable
for BNF as bubble nets may be more effective on
larger prey that might be less likely to escape between
bubble blasts. Such changes to the food base are likely
to have population-level consequences for predators.
In this case, these shifts in krill abundance influence
the reproductive rates of the WAP humpback whales
(Pallin et al. 2023). Furthermore, individual behavioral
changes are proposed to be one of the first and earliest
indicators of population stressors (Cerini et al. 2023).
For example, the emergence of the novel lobtail feed-
ing tactic in the Gulf of Maine population was a re-
sponse to the stressor of a crash in a key prey species.
The appearance and spread of BNF as a novel
foraging tactic within the WAP could be similar be-
havioral indicator of the increasing stress that climate
change is putting on the WAP area, which is one of the
fasting warming Antarctic regions. This reinforces the
need to examine the occurrence of BNF with respect
to environmental variables.

The ability to adapt to environmental shifts through
innovating and learning effective foraging strategies
may contribute to population recoveries such as the
one seen in the study population. The WAP popula-
tion has doubled from ~6000 to ~12000 individuals
between 2006 and 2020 (Félix et al. 2021), indicating
that it is recovering effectively from commercial
whaling along with the global humpback whale pop-
ulation (Bettridge et al. 2015, Noad et al. 2019). The
broad behavioral plasticity that humpback whales
exhibit, particularly in regard to foraging, may be
part of the reason for this global rebound. Population
size is thought to influence the appearance and sub-
sequent spread of innovations (Chimento et al. 2021),
with some studies linking larger populations to
increased innovation in both humans (Derex et al.
2013, Bromham et al. 2015) and animals (Ashton et al.
2019, Chimento et al. 2021). Additionally, socially
learned knowledge and innovations are key to the
ecology of many species and thus play a role in their
ability to grow and thrive (Brakes et al. 2019, 2021).
Humpback whales demonstrate a clear relationship
between social associations and foraging tactics and
innovations, with strong evidence that some foraging
innovations are socially transmitted (Sharpe 2002,
Allen et al. 2013, Parks et al. 2014, McMillan et al.
2019, Wray et al. 2021). The implications of foraging
diversification need to be considered in the manage-
ment of a successfully recovering population such as
the WAP, as well as how behavioral diversification
and population growth interact with shifting environ-
ments. For example, the WAP exhibits relatively high
pregnancy rates that fluctuate with krill availability

(Pallin et al. 2023). This suggests that the population's
ability to grow is tied to its ability to effectively re-
spond to these fluctuations in prey. Understanding
the dynamic between behavioral innovation, popula-
tion dynamics, and environmental conditions will
improve the effectiveness of how the foraging ecol-
ogy of top krill predators is interpreted in the context
of the increasing changes seen in the Antarctic.
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results.
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