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Antarctic humpback whales forage in summer, coincident with
the seasonal abundance of their primary prey, the Antarctic
krill. During the feeding season, humpback whales accumulate
energy stores sufficient to fuel their fasting period lasting over
six months. Previous animal movement modelling work (using
area-restricted search as a proxy) suggests a hyperphagic period
late in the feeding season, similar in timing to some terrestrial
fasting mammals. However, no direct measures of seasonal
foraging behaviour existed to corroborate this hypothesis. We
attached high-resolution, motion-sensing biologging tags to 69
humpback whales along the Western Antarctic Peninsula
throughout the feeding season from January to June to
determine how foraging effort changes throughout the season.
Our results did not support existing hypotheses: we found a
significant reduction in foraging presence and feeding rates
from the beginning to the end of the feeding season. During the
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early summer period, feeding occurred during all hours at high rates. As the season progressed,
foraging occurred mostly at night and at lower rates. We provide novel information on seasonal
changes in foraging of humpback whales and suggest that these animals, contrary to nearly all
other animals that seasonally fast, exhibit high feeding rates soon after exiting the fasting period

1. Introduction

In seasonally variable systems, resources are unevenly distributed throughout the year, resulting in
periods of resource surplus and deficit [1]. During a surplus, seasonally fasting mammals accumulate
excess energy as internal (e.g. fat, blubber) or external (e.g. food hoarding) energy caches [2]. Animals
can then use these energy reserves when resources in the environment are insufficient to maintain
homeostasis or fuel energetically costly life-history events (e.g. hibernation, gestation, migration,
moult, arousal) [3,4]. Seasonally fasting animals often undergo a period of hyperphagia, concentrating
food intake over a relatively short period of time, resulting in a peak rate of mass gain during the
foraging season [2,4]. Timing of the hyperphagic period is critical in understanding how seasonally
fasting mammals develop lipid stores necessary for growth and survival. Collectively, these concepts
embody what we introduce as the fasting animal framework: a collection of ecological models
previously developed for fasting animals that we apply as a comparative ecological tool.

Humpback whales (Megaptera novaeangliae), are one of the largest seasonally fasting mammals, and
the most well-studied whale species, but little work has focused on the fasting animal framework.
Humpback whales partition the year between low-latitude breeding and calving sites in winter and
early spring and high-latitude foraging sites between late spring and autumn. Migrations between
these sites can span thousands of kilometres [5]. Humpback whales are thought to largely fast during
the breeding season and during migration, with all metabolic needs during that time being satisfied
by the breakdown of internal adipose stores (mostly in blubber). Humpback whales are estimated to
lose 25-50% of their body mass over this period [6]. Unlike terrestrial fasting animals that reduce
energy expenditure through torpor, humpback whales and other migratory baleen whales continue to
incur normal, and perhaps increased, metabolic costs while fasting by engaging in costly physiological
and behavioural processes associated with reproduction and migration [7]. While many aspects of
humpback whale behaviour probably aim to minimize energetic costs during the fasting period [8],
the cost compared with fasting mammals that engage in torpor is relatively high.

Humpback whales feed via a specialized feeding apparatus that enables the engulfment of prey-laden
water, the volume of which is nearly equivalent to the animal’s body mass in a single mouthful. The ability
for bulk consumption of small-bodied prey enables highly efficient foraging of dense prey patches [9].
Southern Hemisphere foraging humpback whales exploit dense aggregations of Antarctic krill
(Euphausia superba) in highly productive Antarctic and sub-Antarctic waters as annual sea ice retreats.
Humpback whale distributions mirror geographical variation in the seasonal distribution of Antarctic
krill [10-12]. However, seasonal variation in the vertical distribution of krill remains poorly understood
due, in part, to a lack of longitudinal seasonal data. All future reference to seasons in the Southern
Hemisphere is that of their astronomical definitions: summer [January-March]; autumn [April-June];
winter [July-September]; spring [October-December]. Available evidence suggests krill biomass in
continental shelf waters is concentrated deeper in autumn compared with spring and summer.
Additionally, in fall, krill appear to perform diel vertical migrations (DVM) over larger vertical
distances and are present at the surface for less hours of the day than in spring and summer [13-15].

To date, research on the seasonality of Antarctic humpback whale feeding behaviour has been limited
to low-resolution measurements using state-space animal movement models based on satellite-derived
locations. Under this approach, animal movement is classified into behavioural states, such as
‘travelling’ or ‘area restricted search’ (ARS). ARS, associated with low movement speed and high turn
angles of the animal, is commonly assumed to be an indicator of foraging, as animals are remaining
in the same area for extended periods of time. However, ARS also includes non-foraging behaviours
that present similar movement characteristics (e.g. resting, social) and cannot distinguish individual
foraging events. Weinstein and Friedlaender [16] used temporal changes in ARS behaviour of
humpback whales in the waters around the Western Antarctic Peninsula (WAP) to suggest a
continuous increase in time spent foraging from summer to autumn, with the greatest amount of time
spent in ARS occurring at the end of the foraging season. ARS of humpback whales foraging off East
Antarctica, however, found peak ARS occurring in February-March [17], earlier in the feeding season.
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If foraging inferred from time spent in ARS is assumed to be a reasonable proxy of food intake, it can be [ 3 |

hypothesized that humpback whale food intake similarly should increase throughout the foraging season
[16], or peak in mid-feeding season [17]. Conversely, early studies estimating humpback whale weight
gain from industrial whaling records predicted that body mass would be at a seasonal asymptote by
February (early/mid-season). Contradicting the inference from ARS estimates, this would require peak
food intake in January or earlier [6]. Resolution of these inconsistencies requires continuous, accurate
measures of feeding rates throughout the course of the entire feeding season. To date, however, the
only published literature on fine-scale foraging behaviour of these whales in the WAP comes from the
autumn (May-June), when whales exhibit extreme diel foraging patterns, restricting foraging to night,
mostly at depths greater than 50 m [18,19].

Humpback whales provide a unique case within the fasting animal framework. Among the
seasonally fasting mammals, humpback whales incur one of the highest absolute energetic costs
during the fasting period [3]. However, when and how this energy is accumulated over their foraging
season is virtually unknown. Additionally, because they target high-density prey and are able to
locate such aggregations throughout the water column (e.g. Friedlaender ef al. [18,20]) baleen whale
foraging can aid in investigating the seasonal variation of prey presence/behaviour in the water
column. Using high-resolution motion-sensing tags, we investigated humpback whale foraging
dynamics over the feeding season to test the hypothesis that humpback whale food intake (inferred
from ARS) increases as the feeding season progresses from January to June. To investigate these
questions, we analysed hourly tag data using a hurdle model approach, by fitting generalized
additive mixed models (GAMM) for both foraging presence/absence and feeding rates separately.
Additionally, we pooled data temporally into discrete analysis periods for visualization and
investigation of broad trends in intra-seasonal humpback whale feeding behaviour.

2. Material and methods

We deployed two types of high-resolution, archival, non-invasive, digital recording motion-sensing tags
to study the foraging behaviour of humpback whales: (i) DTAGs (http:/ /www.animaltags.org/)—which
record depth (pressure transducer), and motion (triaxial magnetometry and accelerometry) sampled at
50 Hz, and audio (stereo-hydrophone; sampling rate: 48-64 kHz) [21]; and (ii) CATS (Customized
Animal Tracking Solutions; http://www.cats.is/)—which record depth (pressure transducer), motion
(triaxial magnetometry and accelerometry) sampled between 40 and 400 Hz. Select tags recorded
audio (stereo hydrophone; sampling rate: 64 kHz) and/or video [22].

We deployed 83 tags between 5 January and 4 June during the years 2009, 2010 and 2016-2020.
Sixteen deployments were DTAGs deployed in 2009 and 2010; the remaining 67 were CATS tags
deployed between 2016 and 2020. All tags were deployed on non-calf humpback whales in nearshore
waters on the continental shelf of the Western Antarctic Peninsula (WAP) between 64°32'7.74” S and
65°6'44.83" S latitude and 61°29'2.70" W and 64°50'47.12" W longitude (figure 1). Data processing
methodologies were consistent across years and tag types. Tags were deployed from 6-7 m inflatable
vessels, typically by a scientist in a bow pulpit using a 3-4 m carbon fibre pole with a friction-fit
housing. Tags were attached to the surface of whales with four silicone suction cups. DTAGs were
programmed to release after 24 h post deployment. CATS tags used a 24h dissolvable release or
detached from the whale from suction loss up to 57 h later. GPS locations were taken immediately
after deployment. After detaching from the animal and floating to the surface, a GPS location and
VHF transmitters were used to relocate the tag for retrieval and data download.

2.1. Data processing and lunge detection

Post-recovery, raw data were extracted using proprietary software developed by the respective tag
companies. Sensor data processing for use in further analysis used custom Matlab (Natick, MA: The
MathWorks Inc., v. 2014a) scripts [21,22]. Individual feeding lunges were manually identified through
a combination of accelerometer, magnetometer and speed data. Animal speed, used to identify lunges,
was calculated from accelerometer jiggle or flow noise [23], depending on the sample rate of the
accelerometer. Expert auditors, experienced in identifying characteristic kinematic signals of foraging,
manually discriminated lunges in each deployment. Idiosyncratic signals of lunges included episodic
fluctuations in body orientation (roll, pitch and heading), peaks in jerk (m s™°) and speed (m s™).
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Figure 1. Study period and site. (a) Each point represents a tag deployment (left y-axis). Red dashed lines are cumulative values
(right y-axis). Analysis periods A—F, encompass 20-day calendar periods: (A) 1-20 January, (B) 21 January—9 February, (C) 10
February—1 March, (D) 2-21 March, (Excluded; 22 March-30 April), (E) 1-20 May, (F) 21 May—9 June. (b) Study site and tag
deployments (plotted points) by year and analysis period.

Fourteen deployments with less than one full hour of data or with malfunctioning sensors were excluded
from subsequent analysis.

2.2. Analysis periods

To examine broad seasonal and diel trends in feeding rates and foraging behaviour, data were
pooled into 20-day analysis periods to estimate foraging metrics characteristic of each binned period.
We chose 20-day bin durations to balance deployment sample size with seasonal resolution. We
performed our analyses on various other bin sizes; however, no significant differences in general
trends were found except when deployment sample sizes became extremely low (less than three).

We created six 20-day analysis periods (figure 1a and table 1) from 1 January to 9 June (ordinal 1-
160). The period from 22 March to 30 April (ordinal 81-120) was excluded due to insufficient data.
Feeding rates were calculated as lunges per unit time and were calculated for every hour and half-
hour of tag data. We pooled all individual hourly feeding rates and lunge depths by analysis period
and calculated mean hourly feeding rates and mean feeding depths for each hour of the day (24 bins,
0000-2300).

2.3. The hurdle model

To investigate seasonal effects and relationships persistent throughout the feeding season, we employed
a two-part hurdle model approach. The hurdle method assumes that the presence/absence of foraging
and rate of feeding are controlled by different mechanisms and, thus, were modelled separately [24].
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Table 1. Foraging metric statistics by analysis period. Estimated daily feeding rates are reported as number of lunges day™'
whale™". Mean hourly feeding rates are reported as number of lunges hour™" whale™"; ‘hourly N’ represents the range of
hourly samples for each hour of the day by analysis period displayed as mean (min—max).

analysis period

A

ordinal date range 1-20 21-40 41-60 61-80 121-140 141-160

number of deployments . 11. 7 17 20 6 7
tag data hours 217 6 169. 2 748 3824 1050 102.9

by N 7360 S16) NSE-S) OG- S8U-6 686

mean hourly feeding rate 247 25.5 29.5 257 15.5 26.0
Sy R w w w R w
S S Sy e e o by

range (min — max) 0-86.0 0-1080  0-113.0 0-1169 0-609 0-108.0

mean feeding depth (m) 16.1 12.1 55.4 101.0 96.3 116.5
e o w on o e e
B o . G s e .
range(mm_max) vvvvvvvvvvvvvv s e s o oams 14—3877 y

Table 2. GAMM covariates: covariates used in the two-part hurdle model investigating the foraging presence and feeding rates
of Antarctic humpback whales. MLD was not included in the foraging presence/absence modelling.

covariate abbreviation

. ordinal date of the observation L
hourof bsenaton in local e WTC-3)  HOD

mean solar elevatron durlng observatlon hour ( ) MSE
centrord solar elevatlon durlng observatlon hour ( ) (SE

longtude o deployment (60) N
mean depth of foraging Iunges ( ) MLD

 time since beginning of deployment () WD
deployment identification code WID

We then conceptually integrated the two model outputs and applied them to our research questions. Part
I of our hurdle model included hourly tag data of foraging presence and absence as a response variable
with a binomial distribution. Part II included non-zero hourly feeding rates from tag data as a response
variable with a Gaussian distribution. The two-part method proved advantageous for our data, as
attempts at fitting an integrated model were rejected upon attempting to control for assumptions of
independence. These violations were alleviated upon applying the hurdle model approach.

For both parts of the hurdle model, we used the mgcv package [25] in R (v. 4.1.3, www.cran.r-project.
org) to run the GAMMSs. In both model parts, all covariates used (table 2) were applied as smoothers
using thin plate regression splines, except for HOD (hour of the day) which used a cyclic spline. We
ran correlation matrices to determine collinearity. Covariates with high collinearity (r>0.7) were
removed, and the covariate with greater biological relevance and interest was selected to remain in
the model. Models were optimized using a backwards removal approach, removing the least
significant terms (significance threshold, p <0.05) and using the Akaike information criterion (AIC) as
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Figure 2. Seasonal feeding rates by hour of the day. The left panel shows plots for each analysis period (vertically stacked) with
hourly feeding rates (y-axis) by hour of the day (x-axis) for every hour of sampled tag data. Individual hourly feeding rates are
represented as a blue circle. The 40-day period between analysis period D and E is labelled as ‘nd’ for ‘no data’.

a determinant for removal of the covariate. Our dataset included multiple observations from individual
deployments, therefore assumptions of independence had to be accounted for. To do this, we
incorporated WID (an identification code unique to each deployment) as a random intercept to
account for individual variability in both models. Additionally, to address independence between
hourly observations within deployments, we applied an AR1 temporal autocorrelation structure using
HSD (number of hours since the beginning of the respective deployment) nested by WID. Model
assumptions including homogeneity, normality and independence were validated by plotting
standardized residuals versus fitted values and versus each covariate in the model;, we assessed the
residuals for temporal and spatial dependency.

All figures and statistical analyses were generated using statistical software Matlab, Esri ArcMap 9 (v.
10.8.1) and R package ‘Tidyverse’ [26]. Solar elevations were calculated using “The Climate Data Toolbox
for MatLab’ [27] at the position of tag deployments.

3. Results

Of the 69 deployments (electronic supplementary material, appendix S1: table S2) included in analysis a
total of 1276.4 h of recorded sensor data were usable. The length of data while on the animal ranged from
2.1 to 56.9 h with a mean (mean +s.d.) duration of 18.49 +10.39 h. A total of 33 246 lunge feeding events
were detected across all deployments. Lunges were detected at depths between 0 and 461 m (62.0 +
81.28 m).

3.1. Intra-seasonal variation in feeding rate and depth

The analysis period approach found that maximum mean hourly feeding rates (lunges hour™' whale™)
occurred in period C, 29.5 +30.6 (0-113.0) with minimum mean hourly feeding rates occurring in period
E, 15.5+20.1 (0-64.0) (table 1). Extremely low mean hourly feeding rates (less than 5 lunges hour™"
whale™) occurred during select hours of analysis periods D (0900-1500), E (0800-1400) and F (0900
1400) (figure 2). No foraging was detected during select hours of period E (0800, 0900, 1100) and F
(1000, 1100, 1300, 1400).

Maximum mean foraging depths occurred in period F at 116.4 +91.5 m (1.4-387.8) with minimum
mean feeding depths occurring in period B with 12.1+89m (0-111.8) (figure 3 and table 1).
Unimodal near surface (less than 30 m) foraging occurred in the beginning of the foraging season but
shifted to a bimodal distribution with predominantly deeper lunges (greater than 50 m) later in the
foraging season (electronic supplementary material, appendix S1: figure S1).

p19117 6 s uadp 205y sosyjeumol/biobunsiqndfaanosiedor



Downloaded from https://royal societypublishing.org/ on 19 October 2022

(O individual lunge depths # analysis period (20-day bins) F no foraging
=== hourly mean 1 detected
0 ¥ T ¥ LI | L] | 5 | 14 14 13 19 21 18 17 23 25 21 16 17 19 18 17 12 40 15 18 15 12 11 12 14
0 - L L 1 vy rsr il 8 8 9 1211 14 19 23 20 18 16 16 21 16 13 12 10 1 11 16 10 9 9 8
L L L i .
37 39 40 32 23 18 20 19 44 42 86 55 47 95 88 80 85 58 54 48 §
i z
£ | L} (,§
5
s &
] ]
: :
E El
- o data
0 0600 1200 1800 2300 0 0600 1200 1800 2300
hour of day (local, UTC -3) hour of day (local, UTC -3)

Figure 3. Seasonal feeding depths by hour of the day. The left panel shows plots for each analysis period (vertically stacked) with
lunge depth (y-axis) by hour of the day (x-axis). Individual lunge depths are represented as a blue circle. The 40-day period
between analysis period D and E is labelled as ‘nd’ for ‘no data’.

Feeding occurred during all hours at shallow depths in the summer before becoming progressively
deeper and at lower rates as the season progressed into autumn; except for the hours surrounding
midnight, which saw a peak in feeding rates in the late-summer/early autumn (figures 2 and 3).

3.2. The hurdle model

For both models, YEAR (year of deployment) and CSE (centroid solar elevation, i.e. solar elevation at 30-minute
mark of each hour) covariates were removed, prior to fitting, due to correlation coefficients over the threshold
with DOY (ordinal date of deployment) and MSE (mean solar elevation), respectively. Therefore, the total
covariates (table 2) included in both model parts were DOY, HOD, MSE, LAT (deployment latitude) and
LON (deployment longitude). MLD (mean lunge depth) was included in part II only.

Part I—presence/absence of foraging: the results of the first model (R*=0.263, n = 1225) found two
significant smoothing covariates (table 2), MSE and HOD. DOY was significant, but the model
indicated a negative linear relationship and DOY was ultimately included as a parametric covariate.
Two non-significant covariates (LAT, LON) were removed from the model. The AR1 correlation
structure was kept, as the temporal autocorrelation was relatively large (¢=0.53) and its inclusion
lowered AIC considerably. The results of the model (figure 4) suggest that the probability of foraging
is greater during hours with low light (MSE; empirical distribution function (edf) =4.01, F=5.07, p<
0.05), with an extreme shift in foraging probability centred at 0° MSE, which can be interpreted as
sunset/sunrise. This indicates that foraging was most likely to occur at night, or between sunset and
sunrise throughout the foraging season. Additionally, a significant effect was found for hour of day
(HOD; edf=2.98, F=2.89, p<0.05), but high confidence intervals relative to the response make
interpretation of HOD difficult. However, some effect of HOD is present, especially when comparing
between morning and afternoon hours. A significant, linear, partial effect was found for ordinal date
(DOY; estimate =—-0.035, s.e.=0.009, t=-4.05, p<0.05), indicating a negative seasonal effect on the
presence of foraging. In other words, the probability for foraging to occur during any hour peaks at
the beginning of the feeding season, progressively declining to the end of the feeding season.

Part I — hourly feeding rate: the results of the second model (R*=0.337, 1 =870) included three
significant smoothing covariates, DOY, MSE and MLD. Three non-significant covariates (LAT, LON,
HOD) were ultimately removed from the model. The AR1 correlation structure was kept, as the
temporal autocorrelation was relatively large (¢ =0.62) and including it improved AIC. The results of the
model (figure 4) suggest that ordinal date (DOY; edf =1.60, F =7.75, p < 0.05) has a significant effect on
hourly feeding rates over the foraging season. The seasonal effect we see in DOY suggests that hourly
feeding rates become lower from the beginning to the end of the foraging season, with a strong decline
occurring after ordinal date 65 (approx. 6 March). Additionally, hourly feeding rates were much higher
in lower light conditions (MSE; edf =6.85, F =31.13, p <0.05), with an extreme decline in the response
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Figure 4. GAMM Response Plots for Humpback Whale Foraging: The left column shows response curves for the three covariates
included in the foraging presence/absence GAMM. The right column shows response curves for the three covariates included in the
hourly feeding rate GAMM. Shaded areas represent 95% confidence intervals. Rug plots on the x-axis of each plot show individual
observations.

centred around —5° solar elevation. The MSE response indicates that high hourly feeding rates were most
closely associated with night-time, while lower feeding rates occurred in the daytime. Our model results
also found that hourly feeding rates were highest at shallower average foraging depths (MLD; edf =3.83,
F=10.92, p<0.05). Feeding rates declined with increasing depth until appearing to asymptote at
approximately 100 m, while high confidence intervals make the relationship at deeper depths unclear.

While no issues occurred in model validation for either model, we believe the addition of unavailable
covariates related to specific prey distributions (e.g. patch depth/dimensions) and availability (e.g. patch
presence/density) would probably improve the model overall. See electronic supplementary material,
appendix S1: table S3 for extended model output statistics.

4. Discussion

Here we provide a fine-scale evaluation of seasonal variation in foraging behaviour of humpback whales
in the Southern Ocean. In early summer, humpback whales exhibited extremely high feeding rates on
shallow prey patches. As the foraging season progressed, whales subsequently fed less often, at lower
rates and at deeper depths. Whales fed during all hours in the early foraging season (January), but
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only between 1800 and 0700 in the late season (June). During hours of low light, significantly higher [ 9 |

feeding rates/presence were detected throughout the foraging season. These effects would seemingly
favour foraging in the late feeding season (autumn) when there are more low-light hours. However,
this benefit is offset by deeper feeding and increasing day of year, which greatly reduce feeding
presence and rates from the beginning to the end of the foraging season. We posit that these changes
in foraging behaviour are largely in response to changing prey availability (shallow versus deep) and
the energetic needs of whales returning from a long period of fasting and acquiring energy as fast as
possible. However, intrinsic factors such as satiation and foraging motivation may also play a role in
seasonal shifts of foraging behaviour.

4.1. In relation to the fasting animal framework

Our data suggest that the most important period of humpback whale foraging effort occurs in early
summer, soon after arriving in Antarctica. The high likelihood of foraging presence paired with high
feeding rates during this period were probably facilitated by the continuous availability of shallow prey.
In terrestrial systems, fasting animals typically express a hyperphagic period near the temporal
midpoint between emergence and immergence from torpor [2,4]. This is the case in golden-mantled
ground squirrels (Callospermophilus lateralis) and yellow-bellied marmots (Marmota flaviventris) [28]. The
hyperphagic period can also occur near the end of the foraging season, as in some bear species [29]. The
timing of the hyperphagic period in terrestrial mammals has been attributed to (i) the necessary
increasing of metabolism after emergence from torpor results in muted behaviour for a period after
emergence, also called ‘walking hibernation” in bears, which limits activity and forging motivation [30],
and (ii) the trade-off between the ability to accumulate sufficient energy caches before immergence into
torpor with the detrimental costs of carrying those caches. Carrying internal adipose tissues incurs an
increased cost of transport, limits mobility, increases predation risk and makes heat dissipation more
difficult [1]. Thus, many terrestrial animals will optimize the acquisition of energy stores by modulating
food intake to minimize the time spent carrying them while maximizing the energy accumulated before
undergoing torpor. Humpback whales are largely unconstrained by these limitations due to a fully
aquatic life and a likely absence of metabolic suppression [31], a low cost of transport [32,33] and a
reduced likelihood of adult predation [34]. Therefore, it is advantageous for humpback whales to regain
energy stores as soon as possible by maximizing foraging effort when prey is most efficient to consume.

We present a novel ecological perspective on how fasting animals manage the extreme nature of this
life-history strategy. Research on humpback whale foraging has, thus far, focused on extrinsic controls.
However, study of intrinsic controls of foraging behaviour is less common, in part because
endogenous measures on free-living whales are difficult. By incorporating humpback whales into a
fasting animal framework, we offer a comparative method of study on intrinsic influences of foraging
behaviour. Evidence suggests that intrinsic controls govern fasting animal foraging behaviour on
seasonal time scales [2,35]. Specifically, foraging motivation is managed via circannual rhythms, an
endogenous ‘biological clock” for annual life cycles that are attuned to the timing of events such as the
hyperphagic period [2,36]. The hyperphagic period occurs when the intrinsic motivation to forage
maximizes overlap with the extrinsic availability of prey, resulting in peak annual food intake. It is
currently unknown if humpback whales exhibit circannual rhythms. Current methodologies of testing
circannual rhythms require the animal to be captive and thus are untenable in humpback whales [36].
Rather, we test for the presence and timing of a hyperphagic period, a strong indication of intrinsic
influence on seasonal foraging behaviours.

The decline in feeding rates we report over the foraging season is a product of both intrinsic and
extrinsic influences; we posit that peak feeding rates in the early season indicate high intrinsic
foraging motivation and support an early hyperphagic hypothesis. Future research would benefit
from testing this through better measures of food intake, baseline measures of endogenous chemical
signals related to foraging (e.g. free fatty acids, leptin, insulin, ghrelin) and measurements of
humpback whale foraging prior to our study period, in the late spring (December), when the earliest
whales begin to arrive to the feeding grounds. Our results also imply that disruption or disturbance
to the early feeding season could have a disproportionate effect on a critical period of energy store
development. When considering current trends of increasing anthropogenic presence in the Antarctic
system [37], we recommend future work examines disturbance on an intra-seasonal scale to best
assess potential impact.
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Figure 5. Heatmap of feeding rates by depth and time of day for each analysis period. Heatmaps of half-hour feeding rates over the
diel period. Each plot presents data across 20-day analysis periods (A—F). Figures for ordinal dates 81-120 are absent due to
insufficient data.

4.2. Intra-seasonal variation in humpback whale foraging behaviour

Our results contrast with previous satellite telemetry studies [16,17]; we found that actual feeding exhibits
the opposite trend, declining significantly and continuously as the foraging season progressed. While the
satellite tag data does detect a shift in the distribution of foraging whales, the changes in ARS do not appear
to reflect true feeding rates but rather other behavioural states including resting which could be interpreted
as ARS. In the early season, the targeting of shallow, but horizontally dispersed prey could attenuate the
ARS signal as humpback whales forage over broader areas [11]. In the late foraging season, krill concentrate
coastally along the WAP and whales follow them into these embayments [11,12]. Accordingly, low
movement behaviours (e.g. resting) become common during the daylight hours while deep foraging
occurs solely at night. The combination of daytime resting and deep foraging in concentrated areas at
night probably contributes to the increased amount of time whales spend in ARS but the relatively low
feeding rates observed during this time of year.

Our results are not the first fine-scale measures that challenge the assumption of ARS-inferred foraging. In
wandering albatross (Diomedea exulans), ARS was associated more with environmental conditions than with
actual prey captures [38], and in southern elephant seals (Mirounga leonina), foraging success was more closely
related to areas of historical prey availability than ARS [39]. Our findings emphasize the call for additional
fine-scale behavioural measures to complement and validate more coarse measures of foraging behaviour
such as ARS [40]. Our results, however, do not aid in resolving key differences in reported ARS of
humpback whales between the WAP [16] and the East Antarctic [17]. Differing environmental conditions
(embayments versus ice edge; respectively) and population-level differences (e.g. migration pathways,
demographics) [41] are worthy of future comparative investigation. Additionally, recent observations
along the WAP showed seasonal variation in the demographics of humpback whales in this region [42],
consistent with previous studies [43], as well as a high proportion of annually breeding females [42].
Together, these temporal and demographic shifts are probably driven by specific energetic requirements
[6], which could influence seasonal foraging behaviours and strategies. Thus, the relationship between an
individual’s demography and foraging behaviour deserves further investigation.

4.3. Foraging behaviour and its relation to the prey environment

We believe that seasonal fluctuations in prey availability near the surface are likely drivers of shifts in
humpback whale foraging behaviour [14,44]. Cresswell et al. [14] found that, in the summer months
along the WAP, krill are largely distributed in surface waters (less than 60 m) throughout the night
and day, with relatively higher abundance of shallow krill occurring at night. These observations are
similar to our reporting of humpback whale feeding (figures 3 and 5) and also correspond to
reporting of seasonal shifts [13], and temporally discrete reports of krill depths over the foraging
season [15,45]. However, prey abundance must be accompanied with a minimum threshold patch
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density at the scale of whale mouthfuls [46] for foraging to be energetically beneficial for baleen whales [ 11 |

[47]. Thus, additional information on vertical distributions of prey on diel and seasonal time scales are
needed to assess this as a driver of humpback whale foraging behaviour.

While foraging at depth, baleen whale feeding rates are reduced due to increased travel times to/from the
surface and the inability to overlap filtration and breathing cycles [19,47]. However, our feeding rate model
indicates that the depth of prey alone does not fully account for the decline in feeding rates observed. Our
model found significant responses in both feeding rate and feeding presence to mean solar elevation and
suggests a component of diel variability in foraging behaviour persists throughout the entire study
period. However, the magnitude of differences in diel foraging behaviour appears more pronounced later
in the season, with very little foraging (less than or equal to 6 lunges hour ' whale™) occurring between
08.00 and 15.00 in analysis periods D-F. While the proximate cause of reduced feeding rates during the
midday hours in the late season is uncertain, the reduced presence and lack of detected feeding during
30% of the day signals the general abatement of feeding behaviour as the foraging season progresses.

5. Conclusion

Our results challenge previous hypotheses of late and mid-season humpback whale hyperphagia by
demonstrating that the presence of foraging and feeding rates peak in early summer and decline in autumn.
Early in the summer, humpback whales forage during all hours of the day at shallow depths, becoming
deeper during the day and into autumn. How these seasonal changes in feeding rates affect food intake is
uncertain but highlights the potential importance of the early feeding season in seasonal energy acquisition.
An early hyperphagic period is unique among fasting mammals and is probably enabled by the availability
of high-quality prey, high foraging motivation and minimal constraints on carrying internal energy caches.

Ethics. All tagging procedures were conducted under NMFS marine mammal research permit nos. 14 809 and 23 095,
Antarctic Conservation Act Permit nos. 2009-014, 2015-011, 2015-024, and certified Institutional Animal Care and
Use Committee protocols in conformance with the Animal Welfare Act (A049-112-02, Friea1706, Friea2004).
Data accessibility. Data used in analyses and novel code used for this manuscript are available at doi:10.6084 /m9.figshare.
15062619.

Electronic supplementary material is available online [48].
Authors’ contributions. R.C.N.: conceptualization, data curation, formal analysis, investigation, methodology, project
administration, resources, software, supervision, validation, visualization, writing—original draft, writing—review
and editing; D.E.C.: data curation, formal analysis, funding acquisition, methodology, resources, software,
visualization, writing—review and editing; S.K.-R.: data curation, writing—review and editing; J.G.: data curation,
funding acquisition, project administration, writing—review and editing; A.S.: data curation, funding acquisition,
resources, writing—review and editing; D.N.: data curation, funding acquisition, writing—review and editing; A.J.R.:
data curation, funding acquisition, writing—review and editing; D.W.].: data curation, funding acquisition, writing—
review and editing; A.F.: conceptualization, data curation, funding acquisition, investigation, methodology, project
administration, resources, supervision, validation, visualization, writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. At the time of submission and consideration of this manuscript, Ari Friedlaender was a
member of the Editorial Board for Royal Society Open Science but had no involvement in the assessment and peer
review of the paper.
Funding. This work was supported by the National Science Foundation (NSF-OPP ANT-07-39483, 1250208, 1440435,
1643877); the International Whaling Commission Southern Ocean Research Partnership (P0710, 0711-02); and the
World Wildlife Fund.
Acknowledgements. The authors thank the boat crew of the R.V. Laurence M. Gould and R.V. Nathaniel B. Palmer,
colleagues within the Palmer Station Long Term Ecological Research Project on the Antarctic Peninsula (https://
pallternet.edu/) and all Antarctic Support Contract staff. We would also like to acknowledge Logan Pallin,
Caroline Casey, Greg Larsen, Amanda Lohman, Michelle Modest, Nicole Wilson and Emily Nazario for their
support. We thank our funding agencies NSE WWEF and the IWC for supporting this project.

References

1. Millar JS, Hickling GJ. 1990 Fasting review. J. Comp. Physiol. B. 182, 451-467. 4. Dark J. 2005 Annual lipid cycles in hibernators:
endurance and the evolution of mammalian (d0i:10.1007/500360-011-0630-y) integration of physiology and behavior. Annu.
body size. Funct. Ecol. 4, 5-12. (doi:10. 3. Humphries MM, Thomas DW, Kramer DL. 2003 The Rev. Nutr. 25, 469—497. (doi:10.1146/annurev.
2307/2389646) role of energy availability in mammalian nutr.25.050304.092514)

2. Florant GL, Healy JE. 2012 The regulation of hibernation: a cost-benefit approach. Physiol. 5. Rasmussen K, Palacios DM, Calambokidis J,

food intake in mammalian hibernators: a Biochem. Zool. 76, 165—179. (doi:10.1086/367950) Saborio MT, Dalla Rosa L, Secchi ER, Steiger GH,

*sosi/Jeunof/610Guiysgnd/aposjedos

VL9LLT 6 DS uadp 0 Y


http://dx.doi.org/doi:10.6084/m9.figshare.15062619
http://dx.doi.org/doi:10.6084/m9.figshare.15062619
https://pal.lternet.edu/
https://pal.lternet.edu/
https://pal.lternet.edu/
https://doi.org/10.2307/2389646
https://doi.org/10.2307/2389646
http://dx.doi.org/10.1007/s00360-011-0630-y
https://doi.org/10.1086/367950
http://dx.doi.org/10.1146/annurev.nutr.25.050304.092514
http://dx.doi.org/10.1146/annurev.nutr.25.050304.092514

Downloaded from https://royal societypublishing.org/ on 19 October 2022

10.

.

12.

13.

14,

15.

16.

17.

18.

19.

Allen JM, Stone GS. 2007 Southern Hemisphere
humpback whales wintering off Central
America: insights from water temperature into
the longest mammalian migration. Biol. Lett. 3,
302--305. (doi:10.1098/rsbl.2007.0067)

Lockyer C. 1981 Growth and energy budgets of
large baleen whales from the Southern
Hemisphere. Food Agri. Org. 3, 379-487.

Félix F, Haase B. 2001 The humpback whale off
the coast of Ecuador, population parameters
and behavior. Rev. Biol. Mar. Oceanogr. 36,
61-74. (doi:50718-19572001000100006)
Braithwaite JE, Meeuwig JJ, Hipsey MR. 2015
Optimal migration energetics of humpback whales
and the implications of disturbance. Conserv.
Physiol. 3, cov001. (doi:10.1093/conphys/cov001)
Goldbogen JA et al. 2019 Why whales are big but
not bigger: physiological drivers and ecological
limits in the age of ocean giants. Science 366,
1367-1372. (doi:10.1126/science.aax9044)
Friedlaender AS, Halpin PN, Qian SS, Lawson GL,
Wiebe PH, Thiele D, Read AJ. 2006 Whale
distribution in relation to prey abundance and
oceanographic processes in shelf waters of the
Western Antarctic Peninsula. Mar. Ecol. Prog.
317, 297-310. (doi:10.3354/meps317297)
Curtice C, Johnston DW, Ducklow H, Gales N,
Halpin PN, Friedlaender AS. 2015 Modeling the
spatial and temporal dynamics of foraging
movements of humpback whales (Megaptera
novaeangliae) in the Westemn Antarctic Peninsula.
Mov. Ecol. 3, 13. (doi:10.1186/540462-015-0041-x)
Nowacek DP, Friedlaender AS, Halpin PN, Hazen
EL, Johnston DW, Read AJ, Espinasse B, Zhou M,
Zhu Y. 2011 Super-aggregations of krill and
humpback whales in Wilhelmina Bay, Antarctic
Peninsula. PLoS ONE 6, €19173. (doi:10.1371/
journal.pone.0019173)

Lascara CM, Hofmann EE, Ross RM, Quetin LB. 1999
Seasonal variability in the distribution of Antarctic
krill, Euphausia superba, west of the Antarctic
Peninsula. Deep-Sea Res. I: Oceanogr. Res. Pap. 46,
951-984. (d0i:10.1016/50967-0637(98)00099-5)
Cresswell KA, Tarling GA, Thorpe SE, Burrows
MT, Wiedenmann J, Mangel M. 2009 Diel
vertical migration of Antarctic kiill (Euphausia
superba) is flexible during advection across the
Scotia Sea. J. Plankton Res. 31, 1265-1281.
(doi:10.1093/plankt/fbp062)

Cleary AC, Durbin EG, Casas MC, Zhou M. 2016
Winter distribution and size structure of Antarctic
krill Euphausia superba populations in-shore
along the West Antarctic Peninsula. Mar. Ecol.
Prog. 552, 115-129. (doi:10.3354/meps11772)
Weinstein BG, Friedlaender AS. 2017 Dynamic
foraging of a top predator in a seasonal polar
marine environment. Oecologia 185, 427-435.
(doi:10.1007/500442-017-3949-6)

Riekkola L, Andrews-Goff V, Friedlaender A,
Constantine R, Zerbini AN. 2019 Environmental
drivers of humpback whale foraging behavior in
the remote Southern Ocean. J. Exp. Mar. Biol. Ecol.
517, 1-12. (doi:10.1016/} jembe.2019.05.008)
Friedlaender AS et al. 2016 Multiple-stage
decisions in a marine central-place forager. R. Soc.
Open Sd. 3, 160043. (doi:10.1098/rs0s.160043)
Tyson RB, Friedlaender AS, Nowacek DP. 2016
Does optimal foraging theory predict the
foraging performance of a large air-breathing

20.

21.

22.

2.

24,

25.

26.

27.

28.

29.

30.

3N

32.

33.

34.

35.

marine predator? Anim. Behav. 116, 223-235.
(doi:10.1016/j.anbehav.2016.03.034)
Friedlaender AS et al. 2020 The advantages of
diving deep: fin whales quadruple their energy
intake when targeting deep krill patches. Funct.
Ecol. 34, 497-506. (doi:10.1111/1365-2435.13471)
Johnson MP, Tyack PL. 2003 A digital acoustic
recording tag for measuring the response of
wild marine mammals to sound. /EEE J. Ocean.
Eng. 28, 3-12. (doi:10.1109/joe.2002.808212)
(Cade DE, Friedlaender AS, Calambokidis J,
Goldbogen JA. 2016 Kinematic diversity in
rorqual whale feeding mechanisms. Curr. Biol.
26, 2617-2624. (doi:10.1016/}.cub.2016.07.037)
Cade DE, Barr KR, Calambokidis J, Friedlaender
AS, Goldbogen JA. 2018 Determining forward
speed from accelerometer jiggle in aquatic
environments. J. Exp. Biol. 221, jeb170449.
(doi:10.1242/jeb.170449)

Zuur AF, leno EN, Walker NJ, Saveliev AA, Smith
GM. 2009 Zero-truncated and zero-inflated
models for count data. In Mixed effects models
and extensions in ecology with R, pp. 261-293.
Berlin, Germany: Springer.

Wood SN. 2011 Fast stable restricted maximum
likelihood and marginal likelihood estimation of
semiparametric generalized linear models.

J. R. Stat. Soc. Ser. B Stat. Methodol. 73, 3-36.
(doi:10.1111/1.1467-9868.2010.00749.x)
Wickham H et al. 2019 Welcome to the
Tidyverse. J. Open Source Softw. 4, 1686.
(doi:10.21105/j0ss.01686)

Greene (A et al. 2019 The Climate Data Toolbox
for MATLAB. Geochem. Geophys. 20,
3774-3781. (doi:10.1029/20199c008392)

Davis DE. 1976 Hibernation and circannual
rhythms of food consumption in marmots and
ground squirrels. Q Rev. Biol. 51, 477-514.
(doi:10.1086/409594)

Hilderbrand GV, Jenkins SG, Schwartz CC, Hanley
TA, Robbins CT. 1999 Effect of seasonal
differences in dietary meat intake on changes in
body mass and composition in wild and captive
brown bears. Can. J. Zool. 77, 1623-1630.
(doi:10.1139/299-133)

Toien 0, Blake J, Edgar DM, Grahn DA, Heller
HC, Barnes BM. 2011 Hibernation in black bears:
independence of metabolic suppression from
body temperature. Science 331, 906—909.
(doi:10.1126/science.1199435)

Brodie PF. 1975 Cetacean energetics, an
overview of intraspecific size variation. Ecology
56, 152-161. (do0i:10.2307/1935307)

Williams TM. 1999 The evolution of cost efficient
swimming in marine mammals: limits to
energetic optimization. Phil. Trans. R. Soc. Lond. B
354, 193-201. (doi:10.1098/rsth.1999.0371)
Gough WT et al. 2019 Scaling of swimming
performance in baleen whales. J. Exp. Biol. 222,
jeb204172. (doi:10.1242/jeb.204172)

Pitman RL, Totterdell JA, Fearnbach H, Ballance
LT, Durban JW, Kemps H. 2015 Whale killers:
prevalence and ecological implications of killer
whale predation on humpback whale calves off
Western Australia. Mar. Mamm. Sci. 31,
629-657. (doi:10.1111/mms.12182)

Schneider JE, Wise JD, Benton NA, Brozek JM,
Keen-Rhinehart E. 2013 When do we eat?
Ingestive behavior, survival, and reproductive

36.

37.

38.

39.

40.

4.

42.

4.

4,

45.

46.

47.

48

success. Horm. Behav. 64, 702—728. (doi:10.
1016/j.yhbeh.2013.07.005)

Kumar V. 2017 Biological timekeeping: clocks,
rhythms and behaviour. New Delhi, India:
Springer.

International Association of Antarctica Tour
Operators. 2019 IAATO. See https://iaato.org/.
Weimerskirch H, Pinaud D, Pawlowski F, Bost
CA. 2007 Does prey capture induce area-
restricted search? A fine-scale study using

GPS in a marine predator, the wandering
albatross. Am. Nat. 170, 734-743. (doi:10.
1086/522059)

Thums M, Bradshaw CJ, Hindell MA. 2011 In
situ measures of foraging success and prey
encounter reveal marine habitat-dependent
search strategies. Ecology 92, 1258—-1270.
(doi:10.1890/09-1299.1)

Williams HJ et al. 2020 Optimizing the use of
biologgers for movement ecology research.

J. Anim. Ecol. 89, 186-206. (doi:10.1111/1365-
2656.13094)

Reisinger RR et al. 2021 Combining regional
habitat selection models for large-scale
prediction: circumpolar habitat selection

of southern ocean humpback whales.

Remote Sens. 13, 2074. (doi:10.3390/rs13112074)
Pallin LJ, Baker CS, Steel D, Kellar NM, Robbins J,
Johnston DW, Nowacek DP, Read AJ, Friedlaender
AS. 2018 High pregnancy rates in humpback
whales (Megaptera novaeangliae) around the
Western Antarctic Peninsula, evidence of a rapidly
growing population. R. Soc. Open Sci. 5, 180017.
(doi:10.1098/rs05.180017)

Dawbin WH. 1966 The seasonal migratory cycle
of humpback whales. In Whales, dolphins and
porpoises  (ed. KS Norris), pp. 147-170.
Berkeley, CA: University of California Press.
(doi:10.1525/9780520321373-011)

Zhou M, Dorland RD. 2004 Aggregation and
vertical migration behavior of Euphausia
superba. Deep Sea Res. Part Il Top. Stud.
Oceanogr. 51, 2119-2137. (doi:10.1016/j.dsr2.
2004.07.009)

Espinasse B, Zhou M, Zhu Y, Hazen EL,
Friedlaender AS, Nowacek DP, Chu D, Carlotti F.
2012 Austral fall-winter transition of
mesozooplankton assemblages and krill
aggregations in an embayment west of the
Antarctic Peninsula. Mar. Ecol. Prog. 452,
63—80. (doi:10.3354/meps09626)

Cade DE et al. 2021 Predator-scale spatial
analysis of intra-patch prey distribution reveals
the energetic drivers of rorqual whale super-
group formation. Funct. Ecol. 35, 894-908.
(doiz10.1111/1365-2435.13763)

Goldbogen JA, Hazen EL, Friedlaender AS,
Calambokidis J, DeRuiter SL, Stimpert AK, Southall
BL, Costa D. 2015 Prey density and distribution
drive the three-dimensional foraging strategies of
the largest filter feeder. funct. Ecol. 29, 951-961.
(doi:10.1111/1365-2435.12395)

Nichols RC, Cade DE, Kahane-Rapport S,
Goldbogen J, Stimpert A, Nowacek D, Read AJ,
Johnston DW, Friedlaender A. 2022 Intra-
seasonal variation in feeding rates and diel
foraging behaviour in a seasonally fasting
mammal, the humpback whale. Figshare.
(doi:10.6084/m9.figshare.c.6061242)

b1z 6 s uadp 205y sosyjeumol/biobunsiqndfanosiedor g


http://dx.doi.org/10.1098/rsbl.2007.0067
http://dx.doi.org/S0718-19572001000100006
http://dx.doi.org/10.1093/conphys/cov001
http://dx.doi.org/10.1126/science.aax9044
http://dx.doi.org/10.3354/meps317297
http://dx.doi.org/10.1186/s40462-015-0041-x
http://dx.doi.org/10.1371/journal.pone.0019173
http://dx.doi.org/10.1371/journal.pone.0019173
http://dx.doi.org/10.1016/s0967-0637(98)00099-5
http://dx.doi.org/10.1093/plankt/fbp062
http://dx.doi.org/10.3354/meps11772
http://dx.doi.org/10.1007/s00442-017-3949-6
http://dx.doi.org/10.1016/j.jembe.2019.05.008
http://dx.doi.org/10.1098/rsos.160043
http://dx.doi.org/10.1016/j.anbehav.2016.03.034
http://dx.doi.org/doi:10.1111/1365-2435.13471
http://dx.doi.org/10.1109/joe.2002.808212
https://doi.org/10.1016/j.cub.2016.07.037
http://dx.doi.org/10.1242/jeb.170449
http://dx.doi.org/10.1111/j.1467-9868.2010.00749.x
http://dx.doi.org/10.21105/joss.01686
http://dx.doi.org/10.1029/2019gc008392
http://dx.doi.org/10.1086/409594
http://dx.doi.org/10.1139/z99-133
http://dx.doi.org/10.1126/science.1199435
https://doi.org/10.2307/1935307
http://dx.doi.org/10.1098/rstb.1999.0371
http://dx.doi.org/10.1242/jeb.204172
http://dx.doi.org/10.1111/mms.12182
http://dx.doi.org/10.1016/j.yhbeh.2013.07.005
http://dx.doi.org/10.1016/j.yhbeh.2013.07.005
https://iaato.org/
http://dx.doi.org/10.1086/522059
http://dx.doi.org/10.1086/522059
http://dx.doi.org/10.1890/09-1299.1
http://dx.doi.org/10.1111/1365-2656.13094
http://dx.doi.org/10.1111/1365-2656.13094
http://dx.doi.org/10.3390/rs13112074
http://dx.doi.org/10.1098/rsos.180017
http://dx.doi.org/doi:10.1525/9780520321373-011
http://dx.doi.org/10.1016/j.dsr2.2004.07.009
http://dx.doi.org/10.1016/j.dsr2.2004.07.009
http://dx.doi.org/10.3354/meps09626
http://dx.doi.org/10.1111/1365-2435.13763
http://dx.doi.org/10.1111/1365-2435.12395
http://dx.doi.org/10.6084/m9.figshare.c.6061242

	Intra-seasonal variation in feeding rates and diel foraging behaviour in a seasonally fasting mammal, the humpback whale
	Introduction
	Material and methods
	Data processing and lunge detection
	Analysis periods
	The hurdle model

	Results
	Intra-seasonal variation in feeding rate and depth
	The hurdle model

	Discussion
	In relation to the fasting animal framework
	Intra-seasonal variation in humpback whale foraging behaviour
	Foraging behaviour and its relation to the prey environment

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


