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% Check for updates Bulk filter feeding has enabled gigantism throughout evolutionary history.

The largest animals, extant rorqual whales, utilize intermittent engulfment
filtration feeding (lunge feeding), which increases in efficiency with body
size, enabling their gigantism. The smallest extant rorquals (7-10 m minke
whales), however, still exhibit short-term foraging efficiencies several times
greater than smaller non-filter-feeding cetaceans, raising the question of
why smaller animals do not utilize this foraging modality. We collected

437 h of bio-logging data from 23 Antarctic minke whales (Balaenoptera
bonaerensis) to test the relationship of feeding rates (A;) to body size. Here,
we show that while ultra-high nighttime A, (mean +s.d.: 165+ 40 lunges h™;
max: 236 lunges h™; mean depth: 28 + 46 m) were indistinguishable

from predictions from observations of larger species, daytime A; (mean
depth: 72 + 72 m) were only 25-40% of predicted rates. Both A;were near

the maxima allowed by calculated biomechanical, physiological and
environmental constraints, but these temporal constraints meant that
maximum A, was below the expected A,for animals smaller than ~5 m—the
length of weaned minke whales. Our findings suggest that minimum size for
specificfilter-feeding body plans may relate broadly to temporal restrictions
on filtration rate and have implications for the evolution of filter feeding.

The largest extant and extinct animals are marine vertebrate filter
feeders'”. Filter-feeding whales, sharks, rays and bony fish all have
similarevolutionary trajectories, with filter-feeding morphologies and
large body size deriving from smaller-bodied ancestors that probably
pursued single prey items® . The co-evolution of gigantism and filter
feedinginmultiple, independent lineages’ suggests acommon mecha-
nism at the interface of ecology and physiology. Changes in ocean
productivity leading toincreased concentrations of small prey amplify
the efficiency of filter feeding, creating a selective pressure towards the

development of feeding modalities that can capture abundant aggre-
gations of small prey by filtering large volumes of prey-laden water®.
Filter feeding is not restricted to the world’s largest organisms,
however. Many smaller organisms, including sessile invertebrates’
as well as small- and medium-bodied fish'°™* and Mobulid rays", are
also obligate filter feeders. However, within mobile lineages where
filter feeding occupies the upper size range of the group, there are
also smaller group members that subsist as particulate (single-prey)
foragers. Forinstance, the large-bodied whale shark (Rhincodon typus)
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is the only filter-feeding carpet shark (order Orectolobiformes), and
stingrays and non-mobulid eagle rays that feed on single prey items like
teleost fish” are much smaller than filter-feeding mobulid rays'®. There
are also many single-prey-feeding cetacean species, such as dolphins
(Delphinidae) and porpoises (Phoenidae), which are much smaller
predators than the smallest filter-feeding baleen whales (Mysticeti).
Thesebroad trendsinbody size and feeding mode suggest a lower size
limit for each group at which filter feeding becomes less efficient than
particulate feeding, and the attainment of a minimum body size may
bea prerequisite to the evolution of filter feeding.

In modern oceans, filter feeding at the largest scale is exhibited
by several mysticete species that employ racks of keratinized baleen
platesinlieu of teeth to sieve small prey from open water or sediment”.
Theselineages are characterized by specialized filter-feeding modes:
continuous ram filter feeding in bowhead and right whales (Balaeni-
dae); suction feeding by grey whales (Eschrichtius); and intermittent
engulfment filtration (lunge feeding) in rorqual whales (Balaenopteri-
dae). Lunge feeding utilizes taxon-specific adaptations'®*to enable a
raptorial style of feeding involving the sequential high-speed approach
of prey, engulfment of alarge volume of prey-laden water and filtration
throughracks of keratinized baleen that can be repeated multiple times
during abreath-hold dive*.

The smallest extant rorqual whales, Balaenoptera acutorostrata
(common minke whale, CMW) and B. bonaerensis (Antarctic minke
whale, AMW) are, at mean adult body length of 7.7 + 0.2 m (mean +
s.d.)”, muchlarger thanancestral mysticetes (4.9 + 1.5 m)*®, but smaller
thanall other rorqual species, which, prior toindustrial whaling, could
reach adult sizes of up to 30 m?*, The minimum size of mammals is
generally constrained by their thermoregulatory capacity®; in the
marine environment, large body sizes counteract the heat loss associ-
ated with an aquatic lifestyle, with no mammalian taxa weighing less
than 10 kg, and a common body-size optimum around 500 kg across
multiple lineages™. Yet, the smallest filter-feeding whales are several
tons®, much larger than the maximum body size predicted by energy
surplus models®***. It is hypothesized that this release from maximum
size restriction is due to the high engulfment capacity and energetic
efficiency of lunge feeding®, butitis as yet unclear how the intermittent
filter-feeding adaptations that enhance the efficiency of large body size
arelimited at the smallest scale—minke whales. Onshort (dive-by-dive)
time scales, AMW have lower energetic efficiency than larger engulf-
ment feeders®, but still have an order of magnitude higher energetic
efficiency than similarly sized odontocetes or much larger balaenids.
Extending the allometric relationship of body size to per-dive efficiency
suggests that a lunge filter feeder could theoretically be as small as
10 kg and demonstrate approximately the same foraging efficiency as
the much larger filter-feeding balaenid whales. This paradox suggests
that intake restrictions that operate on longer time scales may better
characterize the lower size limits of energetic efficiency for cetacean
filter feeding.

Consumption rates in rorquals are constrained biomechanically
(forexample, the engulfment volume and the time it takes to approach,
engulfandfilter water), physiologically (for example, the breath-hold
capacity utilized to feed at depth) and environmentally (for example,
prey type, density and distribution®*; Extended Data Fig. 1), and large
body size can minimize the effects of some of these constraints. Per-
haps most importantly, the engulfment volume of a lunge-feeding
event exhibits positive allometry with body mass, such that a 5 ton
AMW and an 80 ton blue whale (Balaenoptera musculus) are estimated
to engulf water volumes equivalent to 42% and 135%, respectively,
of their body masses with every feeding attempt*~, This positive
allometry of engulfment volume allows for greater mass-specific con-
sumptionwith body size on a per-dive basis, even when accounting for
decreased lunge rates resulting from longer processing times”. The
combination of increasing per-lunge consumption with the decreasing
mass-specific metabolic rate that is demonstrated across vertebrate

BOX1

Scaling of feeding rates with
body size

AMW forage in the prey-rich waters around Antarctica, primarily

on Antarctic krill (Euphausia superba)®*®. Intake rate (A, measured
in units of biomass or energy per time) for rorquals is a product of
feeding rate (A;), mean prey density in the engulfed water mass (A,),
and engulfment volume (EV). Probably due to the balance of energy
consumed with energy expended, in multiple taxa A has been found
to scale with mass (M) to a power of approximately 0.75 (refs. 7%
Supplementary Box 1). For comparability, the whales in our study
were limited to animals feeding on similar prey (krill) in a similar
manner (lunge feeding). As a starting point for comparison, our null
hypothesis assumes mean prey density in engulfed water does not
scale with body length, hence:

A=A X EV « MO75 @

Given that EV per lunge scales across species® proportionally to
body length (L)**’, and mass scales across species proportionally to
L2%* we expect that, when comparing species:

.75 2.6410.75
/lf: aM:V = a(L L3-5)7 )
)

or equivalently : log (A¢) = log(a) + —=1.59 x log (L),

where a is an unknown intercept. Our null hypothesis is therefore
that the slope of the interspecific line relating log body length to log
feeding rate in AMW from our study compared with prior published
data from blue whales (Balaenoptera musculus) and humpback
whales (Megaptera novaeangliae) would be -1.59. For AMW, which
have EV « L3 and M « L3%° (ref. *), the intraspecific null hypothesis
gives an expected slope of -0.84.

lineages® *° largely explains the energetic benefits of large body size
infilter-feeding cetacean lineages™.

Conversely, some physiological and environmental constraints on
performance are size-invariant. For example, cellular size is the same
for small-and large-bodied organisms, leading to potential constraints
in molecule delivery systems*, and temporal cycles of prey abun-
dance are not influenced by predator size. For filter-feeding rorqual
whales, seasonal blooms in prey availability lead to periods of feast
and fasting***, and influence the correspondence of gestation periods
(~-11 months) across all rorquals®, while diel vertical migration of
swarms of invertebrates means that diurnal prey swarms are typically
deeperthanat night*®, requiring longer transit times that do not scale
with body size".

To investigate how these constraints limit the minimum size of
rorqual whales, we investigated the foraging behaviour of AMWin the
Andvord Bay fjord complex (64.8°S, 62.7° W) of the West Antarctic
Peninsula in 2018 and 2019 using suction-cup-attached bio-logging
tags. We measured the feeding rates of 23 AMW of known length to
test how these compare with feeding rates predicted from allomet-
ric expectations (Box 1). Departures from the null hypothesis would
indicate environmental or behavioural modifications, restrictions or
enhancements thateither facilitate or constrain engulfment filtration
feeding at either end of the body-size spectrum. When a potential
constraint on minimum size was indicated, we investigated its scal-
ing within AMW to identify the largest influences on AMW foraging
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Fig.1| AMW size and feeding bouts examples. a, Relationship of estimated
AMW ventral groove blubber (VGB) length (equivalent to buccal cavity length)
to total length (L, measured via aerial photogrammetry) for the 12 deployments
withboth types of data. Buccal cavity length (VGB,,,) is estimated from the
mean calculated distance travelled during engulfment, integrating speed from
mouth open to mouth closed as observed from on-animal cameras (Extended
Data Table1and Supplementary Video 1), allowing an estimation of total body
length for whales without aerial imagery (n for each data point listed in Extended
DataTable1). Horizontal error bars are standard error, vertical error bars are
95% highest posterior density centred around the mean (see Methods). Note log
scale. Deployments 18 and 27 were on the same whale on different days. VGB.,

for18 appears to be biased by placement of the camera very close to the nares,
so it was excluded from the regression. b, Depth profile and all lunges for the
foraging bout with the highest feeding rate (A;) across all whales. ¢, Depth profile
and all lunges for the daytime foraging bout with the highest A;from the same
deployment (bb190226-56) asb.d,e, Depth and speed profiles for a portion of
each feeding bout during nighttime (d) and daytime (e). Note that inter-lunge
intervals are similar (10 lunges in2 min at night versus 8 lunges in 2.5 min during
the day), but feeding rates on deeper patches are limited by surface recovery and
vertical transit time (see Extended Data Fig. 1). Aerial images courtesy of Duke
Marine Robotics and Remote Sensing.

energetics. The temporal constraints we identify have implications for
how the minimum size in other marine filter-feeding lineages may be
similarly constrained by the energetic need to maximize the volume of
prey-laden water that can be filtered in the time available for foraging.

Results

Bodylengths were determined for 23 individuals (Extended Data Table1)
of the 27 total AMW tag deployments >1 h. Thirteen whales were directly
measured using unoccupied aerial system (UAS) photogrammetry
and ten lengths were estimated from regressing total length (L) on
estimated buccal cavity length (VGB,, derived from the distance
travelled during engulfment; Fig. 1a). A total of 273 day hours and 133
night hours of tag data were analysed. Additionally, 17 krill-feeding
humpback whales (237 day hours, 105 night hours) and 31 blue whales
(319 day hours, 181 night hours) from previously published data®*3+°
were utilized for comparison.

Atotal of 4,961 daytime lunges and 16,144 nighttime lunges were
identified in 437 total hours (day hours + night hours + twilight hours)
of AMW tag data. A total of 267 hours (61%) were identified as part of a
foraging bout, of which 176 were during the day (64% of total daytime
data) and 75 were at night (57% of total nighttime data), with 16 feed-
ing hours during twilight periods. AMW feeding rates (minimum of
20-min bouts) ranged from 15 to 236 lunges h™ (Fig. 1b), with a mean
feedingrate during aforaging bout (weighted by bout duration, mean
+s.d.) of 85+ 56 lunges h™ (daytime only: 53 + 10 lunges h™’; nighttime
only: 165 + 40 lunges h™). For dives with multiple lunges, the mean
inter-lunge interval (ILI) across deployments was 17.9 + 9.2 s. The pro-
portion of time spent feeding between day and night was similar, and
there was not a relationship between the proportion of time spent

feeding and body length (Extended DataFig. 2), although sample size
was limited to at most two days or nights of feeding for each whale. The
mostintense feeding occurred near the surface during the first half of
the night (Fig. 2a). Mean depth of foraging dives during the day was
72 +72 m, and mean number of lunges per dive was 3.9 + 2.9. At night,
mean depth of foraging was 28 + 46 m and mean number of lunges per
divewas3.4 £2.6.

Within AMW, feeding rate scaled with body size with a slope not
significantly different from that predicted from allometry (F 1, =
0.006, P=0.94; Fig. 2e). However, when limited to daytime feeding
only, the slope was not significantly different from O (F; ;)= 0.192,
P=0.67). The predominantly deep feeding during the day and shal-
low feeding at night (Fig. 2a) meant that partitioning data into deep
feeding and shallow feeding gave similar results (Fig. 2f,g,i,j), with the
shallow-feeding slope not significantly different from that predicted
by allometry (F 1, = 0.203, P=0.66), and the deep-feeding slope not
significantly different from O (F;;,,=0.032, P=0.86).

Across species, the feeding rate slope was significantly less steep
than that predicted by allometry (F 5, = 33.4, P< 0.001; Fig. 2e,h and
Extended Data Fig. 3), implying that small whales were feeding less
per unit time than would be expected by allometry. However, night-
time (F( 44=0.024, P= 0.87) and shallow (F; s;,=3.65, P= 0.06) feeding
slopes were not significantly different from the predicted slopes, while
daytime (F; 155, =177,P < 0.001) and deep (F,,0,=159, P < 0.001) feeding
slopes were significantly less steep.

Biomechanical, physiological and environmental limits on A;
ILI on any given dive would be expected to scale with body size if the
environment permitted the biomechanically maximum lunge rate—that
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Fig. 2 |Feeding rates and scaling of feeding rates with body size. a-d, Feeding body length (L). Each point is the mean individual feeding rate (e h), or the mean
rates by depth and time for AMW (a), blue whales (b), Antarctic humpback whales rate separated by day/night (i) or deep/shallow (35 m depth cut off; g,j). For

(c) and terperate humpback whales (d). Surf., surface feeding; shal., shallow overall feeding rates, animals were included if they fed at least 2 hin both day
feeding. To account for differences in day length between deployments, day and night. In sub-categories (day/night or deep/shallow), animals were included
and night periods for each deployment were divided into ten periods of equal ifthe deployment contained at least 2 h feeding in the indicated mode. Slope

duration, and dusk and dawn were divided into two periods each (that s, the first 95% confidence intervals (CI) and F-statistics are displayed, Pvalues are for the
day period is the feeding rate in the first tenth of the time that the sunis above the ~ two-sided F-test of the hypothesis (H,) that the indicated regression has a slope

horizon). Rates were averaged across deployments by diel period. different from the expected scaling slope. Both axes are log scales. Intercepts
n=number of deployments with data for at least half the diel period (the for expected scaling lines were arbitrarily chosen for visual display and are
threshold to be included) is listed below each period. All tags for krill-feeding consistent across panels. Credits: minke whale (panels a,e-h), Audrey Nguyen;
humpback whales outside the Antarctic fell off before the first 40% of the night humpback whale and blue whale (panels b-d,h), Alex Boersma.

had passed. e-j, Regressions of feeding rates within foraging bouts against
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Fig. 3 | Phases of lunge feeding related to body length. a, Mean AMW lunge
speed profile (derived from accelerometry data) and timing of engulfment
(from video observations). nis number of lunges examined. Humpback and
blue whale profiles shown for comparison, redrawn from ref. ! with mean speed
profiles from the expanded dataset of ref. °% Stillimages from Supplementary
Video 1. b, Regressions of log,, mean inter-lunge interval (ILI) on dives deeper
than 20 m during the day (shallower than 20 m at night) against log,, individual
body length for AMW. ILI was calculated for all dives with at least two lunges.
Cl, 95% confidence interval; error bars, standard error; n, number of dives and
reported in Extended Data Table 1. ¢,d, Relationships of log body length (L) of
AMW to the log timing (7) of daytime (c) or nighttime (d) lunge phases (n=a
subset of 30 lunges per whale, see Methods). ¢, Filtration and engulfment
demonstrated significant relationships with body length. Total lunge cycle

L (m)

was the sum of filtration (log,,(T) = 0.66log,,(L) + 0.32) and engulfment

(log,o(T) = 0.82log,(L) - 0.79) regressions, and the mean acceleration (5.1+ 1.6 s)
andsearch (13.8 + 4.7 s) times. d, At night, filtration, engulfment and search
durations demonstrated significant relationships with body length. Engulfment
timing at night was estimated from the speed profile, while daytime values were
calculated from video observations. Total lunge cycle at night was the sum of
filtration (log,o(T) = 1.1log,o(L) — 0.15), engulfment (log,,(T) = 0.38log,,(L) - 0.37)
and search (log,o(T) =1.7log;o(L) —1.0) regressions, and the mean acceleration
(3.9 £ 0.5 s) time. Two search values at night were excluded from the regression as
outliers (standard error > mean). Acc., acceleration; filt., filtration. Error bars are
standard error. Slope Clis 95% confidence interval, displayed with adjusted R?,
axesare logscale. Credit: minke whale (panels a,c and d), Audrey Nguyen.

is, if ILI was only determined by approach and processing times®. We
found norelationship betweenILIand body lengthin AMW during deep
daytime feeding, and a positive relationship during shallow nighttime
feeding (Fig.3b). The daytime relationshipislargely driven by the dis-
tance between high-quality prey patches, implying that the environ-
mental constraint of search/transit time between the end of one lunge

cycle and the start of the next (Fig. 3¢) will be largely size-invariant.
In contrast, search time was only a small component of nighttime ILI
(Fig.3d), implying that patches with sufficient quality for feeding were
closely distributed.

The component of ILI due to filtration, temporally the largest
biomechanical constraint, demonstrated a positive relationship with
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Fig. 4| Relationship between body length and the mean proportion of
available bottom time on an AMW daytime foraging dive with >2 lunges,
binned by depth. Dive cycle length = dive time + the surface interval following
the dive. Legends display the mean + s.d. of all individuals combined. Error bars
are standard error. Number of dives (n) for each data point listed in Extended
Data Table1, only animals with at least two dives in the depth category were
included. Clare 95% confidence intervals.

body length (Fig. 3c,d), with a9 m AMW filtering for ~50% longer than
a5 mAMW, while therelationship betweenbody lengthand approach
time (the time to accelerate from cruising speed to lunging speed)
had a slope not significantly different from O (Fig. 3¢,d). Engulfment
time also scaled positively with body length, although the magni-
tude of variation was small compared with the overall lunge duration
(Fig.3c,d).

We found norelationship between mean dive depth or mean dive
duration with AMW body length (Extended Data Fig. 4a,b). However,
the amount of time AMW spent on a deep dive relative to dive depth
increased with body size (Extended Data Fig. 4c). Similarly, the sur-
face time on either side of a foraging dive (that is, oxygen loading
time) increased with dive length (Extended Data Fig. 5). The relation-
ship of bottom time available for foraging to overall dive cycle length
decreased with depth and demonstrated a relationship with body
length only for dives >100 m (Fig. 4).

Maximum feeding rates

The combination of physiological, biomechanical and environmental
constraints determines the length of the ILI, which, in turn, limits the
maximum feeding rate in each diel period (equation (3)). Nighttime
feeding rates, dominated by near-surface lunges (Fig. 2a) that minimize
the physiological constraint of feeding without access to oxygen, were
therefore controlled mostly by the biomechanical constraints of filter
time and approach time (Fig. 3d). While approach time and search time
are largely size-invariant, filter time is strongly related to body size

(Fig. 3c,d). Thus, as body size decreases, the proportion of ILI due to
size-controlled parameters decreases (Extended Data Fig. 6), approach-
ing an asymptote of size-invariant, environmentally controlled A;
(Fig.5). Maximum nighttime feeding rates scale with body length, with
curvature that drops below the observed regression line near 5 mbody
length (Fig. 5). The slopes of daytime maximum feeding rates were
also controlled by biomechanical constraints, but rates were lower
overallduetoboththeincreaseinsearchtimebetweenlungesandthe
physiological necessity to recover oxygen debt at the surface between
foraging dives. The physiological relationship of this bottom time ratio
to body length (Fig. 4) has alarge effect on the slope and curvature of
the predicted maximum A;lines. If prey is deep, maximum A, declines
rapidly with decreasing size (Fig. 5). The vertical movement of prey
(shallower at sunset and deeper at sunrise) thenresultsinanincreasing
night-day difference in A;as body size decreases. Consequently, the
extreme seasonal variationin day length at high latitudes thenimplies
adisparity in the abilities of small and large animals to meet required
needsifpreyisdeep forextended periods during seasons with extended
daylight (Supplementary Box 2).

Discussion

Explanations for why the largest animals are filter feeders often high-
light how gigantism enables the efficient exploitation of large, dense,
heterogeneously distributed patches of prey***°~2, The flip side of this
questionis less often explored: what is the minimum body size at which
a specific filter-feeding modality is still efficient? In a discussion on
whale shark size, the largest extant fish species and an obligate filter
feeder, the authors of ref. ' approach this question from an evolution-
ary angle, asking, “Are animals able to become planktivores because
they are so large, or do large sizes result from planktivory?”. Rorqual
whales, a group with species that span more than an order of magni-
tude in body mass yet feed on the same prey using the same feeding
style, are a good study system for this question because their unique
engulfment filtration-feeding style is energetically expensive®™,
implying that energetic limitations to feeding efficiency should be
apparent. Additionally, rorqual whales have an extensive fossil record
of smaller-bodied ancestors that provides evidence of a transition
from obligate particulate feeding to obligate filter feeding®**°. Extant
rorqual whales are giant (adult sizes 8-30 m**®) filter feeders that
coexistinenvironments with much smaller whales that feed onsingle
prey items (for example, the 1.5 m harbour porpoise), implying that
there is no apparent thermoregulatory or physiological restriction
onsmallbody size.

Theincreasingefficiency of filter feeding with body size® supports
the second part of the above question: once planktivory evolves, larger
sizesincrease efficiency. Here, we provide evidence in rorqual whales
that the first part of the question also holds: that large size is required
for successfulfilter feedingin this clade. The interplay between these
two facets of how gigantism and filter feeding overlap hasimplications
for how both strategies evolve and suggests a broader theme for all
filter feeders that we refer to as the minimum-size constraint (MSC)
hypothesis: while the maximum size of a filter-feeding body plan will
be restricted by physical properties®, the minimum size is restricted
by the energetic efficiency of filter feeding and the time required to
extract sufficient particles from the water.

An MSC would allow for two alternative strategies for juvenile
forms of obligate filter-feeding species (Supplementary Box 3): (1)
birthyoungat or above the minimumbody size for suspension feeding;
or (2) for some initial stage, young must adopt an alternative feeding
strategy, which could include the mammalian strategy of dependence
on lipid-rich maternal milk*. Length at weaning for minke whales,
based on twentieth-century whaling data, is reportedly 4.5-5.5 m**°,
although B. bonaerensis was not differentiated from B. acutorostrata
until the1990s%°, so further differentiation among species has not been
possible. When we examined the scaling of maximum feeding rates
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asinFig. 2f. Grey (night) and orange lines (day) are the predicted maximum
possible feeding rate limited by observed biomechanical, physiological and
environmental temporal constraints (equation (3)). Night ‘surface’ line utilizes
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(either) maximum night feeding line falls below the slope of the night regression
line; (2) the length at which the slope of (either) maximum night feeding line
changes concavity; and (3) the length at which the predicted maximum night
feeding <35 m falls below the values predicted by regression.

(Fig. 5), we therefore expected to see evidence of an MSC on rorqual
whale efficiency at body lengths of 4.5-5.5 m or smaller.

Across systems, animals seek to maximize their intake during peri-
ods of active foraging® . Here, we show that AMW feed at extremely
high foraging rates, which are limited temporally by biomechanical,
physiological and environmental constraints, and that theserates are
near the maximum predicted by the regression of these constraints on
body size (Fig. 5). Average feeding rates for this species are less than
would be predicted from the feeding rates and engulfment capacities
oflarger species (Fig. 2h); however, shallow (typically nighttime) feed-
ingrates are equivalent tothose predicted fromallometry, suggesting
that these shallow feeding periods are a critical component of minke
whale foraging strategy.

Two separate factors linked to time of day appear to interact to
limit AMW energetic intake at small body size. First, overall intake is
limited during the day as animals get smaller, when prey patches are
deep, by the proportionally less bottom time per dive cycle available
to smaller animals (Fig. 4). Second, during the day a greater propor-
tion of each lunge cycle is composed of the size-invariant constraints
of search and acceleration (Fig. 3c). These factors imply that smaller
AMW are not able to increase their intake rate to meet their expected
metabolic needs, so the only available recourse to increase their total
intake would be to feed for greater proportions of the day (Extended
Data Fig. 2) or the feeding season, both factors that eventually reach
size-invariant maxima and that conflict with other life-history needs
such asrestand reproduction.

Atnight, however, when prey is shallower, smaller whalesincrease
their feeding rate coincident with allometric predictions (Fig. 2f,g).
Shallow prey largely negates the breath-hold constraint and allows
forrapid, near constant feeding (Figs. 2 and 3). However, as whales get
smaller, the proportion of each lunge cycle taken up by size-invariant
constraints increases (Extended Data Fig. 6), leading to nonlinear
effects in the scaling of maximum possible feeding rates (Fig. 5) that

constrain maximum feeding below the extension of the regression
line. The slope of the nighttime predicted maximum feeding rate line
is less than the slope of the regression line for L < 5.76 m, the slope of
the nighttime maximum feeding line changes curvature from concave
up to concave down for L <5.35 m, and the predicted maximum feeding
for shallow feeding <35 m falls below the value of the regression line
for L <4.97 m (Fig.5). The combination of maximum possible feeding
rates thatare proportionally lower than expected during both day and
night suggests an overall reduction in efficiency below the length of
weaning—essentially, the scaling of the biomechanics of lunge feeding
restricts the ability of small animals (<5 m) to filter enough water to
meet their metabolic needs.

The apparent MSC on rorqual whales suggests an adjustment to
the question discussed earlier by ref. ', “How can giant filter-feeders
arise if both gigantism and filter feeding are necessary preconditions
for the other?” Engulfment filter feeding was thought to first arise in
mysticetes the size of today’s AMW, and evidence from baleen morphol-
ogy suggests that intermittent engulfment filtration evolved prior
to the continuous ram filtering of balaenids®*“*. With few exceptions
(for example, the 12.5 m Norrisanima miocaena®), it was not until the
last -5 million years that mysticetes evolved gigantic body sizes >10
m?®, This increase in gigantism is thought to coincide with increased
seasonal upwelling, the establishment of the Antarctic Circumpolar
Current and larger diatom availability®, encouraging the formation
of predictable regions of giant prey patches at depth that are best
exploited by giant body sizes. Ocean conditions when baleen first
arose in mysticetes 30 million years ago (Ma) are less clear, but the
quadrupling of filtration volume per time we observed for small-bodied
whales in shallow waters suggests that oceans at this time may have
had prey distributions similar to the waters around the West Antarc-
tic Peninsula today, with reliably accessible, dense patches of sur-
face prey that could be efficiently exploited at prehistoric body sizes
(Supplementary Box 4).
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In contemporary oceans, all rorqual whale species have the abil-
ity to lunge feed on krill, suggesting the question of what axis of het-
erogeneity has driven speciation in this clade®. As one facet of the
answer, our results suggest that different body sizes appear to be
best suited to capture different prey configurations. Smaller, more
manoeuvrable animals®®® efficiently exploit small, scattered patches
of surfacekrill, while larger organisms are better able to exploit deep,
extensive and dense prey patches. All rorqual species except blue
whales are thought to at least occasionally forage on additional types
of swarming or schooling prey’® using both lunge feeding and alterna-
tive techniques” ”*. CMW, for instance, feed regularly on both krill and
schooling fish”>’¢, reducing the number of lunges required to meet
energy demands. Lunge feeding on fish is thought to be enhanced by
large body size, which may paradoxically delay the flight response in
prey”’, yet there also appears to be an upper size limit at which lunge
feeding on fish is no longer effective because long engulfment dura-
tions of blue-whale-sized animals allow time for prey to escape”’.

To overcome the MSC and the inefficiencies of filter feeding before
the development of gigantic body sizes, early edentulous mysticetes,
with adult sizes generally around 4-5 minlength or smaller®, probably
fed primarily on prey with higher energy yields or greater availability
than the vertically migrating planktonic krill supply of extant AMW;
thatis, they were probably fish feeders that transitioned to filter feed-
ingwhenocean conditions encouraged the formation of dense, stable,
relatively shallow patches of invertebrates. The MSC for rorquals we
have presented hereis consistent with the fossil record, which suggests
that baleen first evolved 30 Ma in small whales and probably enabled
filter feeding to supplement particulate feeding’®. Subsequently, the
biomechanical structures that enabled raptorial, bulk feeding on small,
high-energy schooling prey like fish arose coincident with larger body
sizes between 20 and 10 Ma*®. The increasing efficiency of this feed-
ing form with body size increased pressure towards gigantism, and
when ocean conditions supporting large diatoms and large swarming
zooplankton arose 5 Ma®, it selected for the rapid evolution of large
body size tobetter access prey that migrates to depth. Large size subse-
quently would allow filter feeding to remain efficient, even if ocean con-
ditions developed less favourably for filter feeding at lower body sizes.

Many mammalian lineages have exhibited rapid changes in
body-size plans®. The confluence of adaptations that facilitate filter
feeding with environmental conditions that stimulate large, dense
patches of krill probably enabled the evolution of extant ocean giants.
Large body size generally allows a more extensive foraging range, a
greater sensory-perception distance, lower mass-specific metabolic
rates, greater mass-specific lipid stores, lower mass-specific intake
needs, decreased predation risk, longer life expectancies and slower
paces of life*”*>**#+7% Qur analysis suggests that an MSC for obligate
filter feeding ultimately derives from limitations on volume of water
that can be filtered per unit time available for foraging. In turn, the
necessity of filter feeders to be large bodied relative to other animals
with similar body plans, combined with the increasing efficiency of
filter feeding with body size, suggests that filter feeding and gigantism
probably co-evolved, with one being necessary to support the other.

Methods

Tag data collection and processing

Our researchwas conducted in the coastal bays on the western side of
the Antarctic Peninsula, specifically focused in Andvord and Paradise
bays, previously known to contain high concentrations of both krill
and baleen whales including humpback and minke whales. Field work
consisted of 24 field days in February/March 2018 and 2019 onboard
the ARSV Laurence M Gould. Tagging work was done from a 4.8 m
aluminium-hulled SOLAS and a 5 m Zodiac Mark V inflatable boat
launched from the Gould. A 6 m carbon-fibre pole was used to deploy
suction-cup-attached video and inertial measurement unit tags manu-
factured by Customized Animal Tracking Solutions (CATS)*"%?, Allwork

was conducted under National Marine Fisheries Service permits (no.
23095 and 16111) and Antarctic Conservation Act permits 2020-016,
as well asinstitutional animal care protocols approved by the Univer-
sity of California, Santa Cruz. To compare AMW data with different
rorqual species, we additionally analysed krill-feeding humpback
whale (Antarctic, US West Coast and South African West Coast) and
Northeast Pacific blue whale feeding rates using previously published
inertialmeasurement unit dataand animal length measurements®*54°,
Withinmeasured blue whales inthe published dataset, only 4 met our
criteria of feeding for atleast 2 hin shallow water tobe included in the
cross-species comparison of feeding rate, and 13 humpback whales met
the criteria. Accordingly, we additionally ran a comparison including
alltagged blue whales in our dataset (n =100), assigning them a mean
length of 22.6 m (the mean of all measured blue whales from ref. %),
and assigned unmeasured humpback whales (n =40) alength of 12.8
m®, increasing those datasets with sufficient shallow feeding hours to
9 and 28 animals, respectively.

Tag accelerometers for all AMW deployments were sampled at
400 Hz, magnetometers and gyroscopes at 50 Hz, and pressure, light,
temperature and global positioning system data at 10 Hz. All data
were decimated to 10 Hz, tag orientation on the animal was corrected
for and animal orientation (pitch, roll, heading) was calculated using
custom-written scripts in MATLAB 2014a following ref. 5. Animal
speed for all deployments was determined using the amplitude of
tag vibrations®, and animal positions for the duration of each deploy-
ment were estimated from interpolating pseudotracks of the animal
between known fast-acquisition global positioning system positions
collected by the tags when the whales were at the surface and distrib-
utingaccumulated error along the track®. Lunge-feeding events—the
rapid engulfment of a mouthful of prey-laden water followed by sub-
sequent filtration (Supplementary Video 1)—were identified from the
tagrecord (for example, Fig.1d,e) viatheidentification of stereotyped
manoeuvres, typified by acceleration followed by rapid deceleration®*!
as the whaleis slowed from the engulfed water mass®.

Animal length

UAS (drones) were launched in concert with tagging effort to collect
images suitable for photogrammetry analysis. We used two types
of custom hexacopter, the FreeFly Alta 6 and a MikroKopter-based
LemHex-44. Both hexacopters contained a two-axis gimbal fitted with
a Lightware SF11/C laser altimeter and a Sony Alpha A5100 camera
with an APS-Csensor (23.5x15.6 mm), 6,000 x 4,000 pixel resolution
and eitheraSony SEL 50 mm or SEL 35 mm focal length low-distortion
lens. We used MorphoMetriX open-source photogrammetry software
to measure the total length (in pixels) of each individual, as the tip
of the rostrum to the fluke notch®®, To incorporate photogrammet-
ric uncertainty, we used the Bayesian statistical model and training
data described in refs. %, where known-sized objects measured at
various altitudes are used as training data to predict the length of each
unknown-sized whale. Eachindividual (up to five length measurements
each) was input separately with the training datain the Bayesian statisti-
calmodel, producing a posterior predictive distribution for length for
eachindividual. We then described the length of each individual by the
mean of its posterior predictive distribution and defined measurement
uncertainty by constructing 95% highest posterior density intervals®*,
UAS images were collected for 18 of 28 total deployments (14 of 24
uniqueIDs), and body lengths were determined photogrammetrically
(Extended Data Table1).

To estimate length for the remaining 10 whales, a relationship
between estimated buccal cavity length (VGB,,,) and body length was
calculated for 12 deployments with both UAS measurements and suf-
ficient video dataduring engulfment to calculate VGB,, (Fig.1a). VGB,;
was calculated as theintegral of speed over the time interval from mouth
opening to mouth closing (Fig. 3a), asinref.®. This distance, the distance
travelled during engulfment, is presumed torelate to the ventralgroove

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-01993-2

blubber that starts at the tip of the mouth and runs down the belly of
rorqual whales®. Mouth opening was defined as the firstappearance in
the frame of any part of the rostrum during engulfment (Supplementary
Video 2). Mouth closing was defined as the first video frame when that
same region disappears from view. Up to 30 lunges with good visibil-
ity were selected for each whale. For all whales except bb190228-55b
(deployment18inFig.1a), camera position was similar during the lunges
selected: facing forward and located near the dorsal ridge with a good
view of the mouth forward of the nares. For bb190228-55b, the tag was
located very close to the nares, leading to a longer determination of
engulfment durationthat probably skewed the estimate of VGB length.
Thissamewhale wastagged subsequently (bb190306-52, deployment 27)
resultinginamore expected VGB,.. For purposes of calculating the line
of best fit, deployment 18 was therefore excluded. For the remaining
whales, log(VGB,,) was regressed against log(total length) estimated
from UAS images with R? of 0.97 (Fig. 1a), giving confidence that the
regression line could be used predictively to assign lengths to the remain-
ing 10 whales that had good views of engulfment but did not have cor-
responding UAS imagery (Extended Data Table 1).

General analysis

Animals may start or stop foraging efforts due to prey availability,
satiation or non-prey-related factors (for example, social behaviour,
anti-predator behaviour, migration, fatigue). To study the influence
of body size and environmental restrictions on feeding rate, we first
restricted our analysis to time periods of active foraging®’. Rorqual
whale feeding behaviour is a constant optimization problem balanc-
ing resource acquisition at depth with oxygen acquisition at the sur-
face’”’. Stereotypical behaviour consists of diving from the surface,
performing from one to ten or more discrete lunges, then surfacing
foronetoadozen or morebreaths and then diving to forage again. We
categorized foragingbouts as periods of consecutive dives containing
at least one lunge without a prolonged break between feeding dives.
To determine ‘prolonged’, we applied the same method used for blue
whales and humpback whales in ref. ** to our AMW data. This method
examines the distributions of surface intervals between the end of a
feeding dive and the start of the next dive (feeding or not). Surface
interval for all whales demonstrated clear bi- or multimodal distribu-
tions (Extended Data Fig. 7), so Gaussian curves were fitted (using the
fitgmdist function in MATLAB 2014a), and the first set of curves that
best matched the shape of the distribution was selected. The surface
interval equivalent to the final mean + 3 s.d. in the bulk of the data
was chosen as the value to separate feeding behaviour into foraging
bouts. Feeding dives separated by more than this inter-bout interval
(6 min) were considered to be part of separate foraging bouts. Feed-
ing rates (A;in lunges h™ within foraging bouts) were determined for
each whale by dividing the number of lunges by the total duration of
allforagingbouts. For humpback and blue whales, 5.5 min was used as
the threshold between foraging bouts (as determined in ref. *® using
the same method).

Feeding rates were additionally differentiated by depth zone and
by diel period. Foraging dives <35 m were classified as shallow, and
dives >35 m were classified as deep. This threshold (-4 body lengths)
was chosen based on the mean maximum difference in depth fromthe
first lunge to the last lunge in a dive by a humpback whale (that is, the
depth differential through which a whale would be expected to for-
age)®. The same procedure for AMW resulted in a depth differential of
40 m, while for blue whales it was 44 m*. The humpback whale thresh-
oldwas chosen for consistency across species, because all species had
similar values, and the effect of slight variation in choice of threshold
was small (AMW in our dataset performed 5,018 foraging dives <35 m
and 5,083 foraging dives <40 m).

Diel period (day/night/twilight) was determined from the angular
sun position at a given location and time using the MATLAB package
Sunrise/Sunset (https://www.mathworks.com/matlabcentral/fileexc

hange/55509-sunrise-sunset). Twilight was defined as the period when
solar elevation was 0-6° below the horizon and was determined in
order to exclude those transitional time periods from daylight and
nighttime hours. Feeding rates during daylight and night were cal-
culated separately for all three species. Given the limited sample size
of twilight feeding, for daily intake rates calculated in Extended Data
Fig. 8, daytime and nighttime rates and proportion of time feeding
were averaged for the duration of twilight periods.

Slopes of regression lines for the relationship betweenbody length
and feedingrate (Fig. 2e-j) were calculated using the fitim.m function
in MATLAB 2020b, and slopes were compared with allometrically
predicted slopes using F-tests via the MATLAB function coefTest.m.
InFig. 2, ‘slope CI' refers to 95% confidence intervals.

Constraints on A;

Toinvestigate the relationship of biomechanical constraints on feeding
rate with body size, we calculated thefilter time, engulfment time and
approach time for 30 randomly selected lunges from all 23 measured
AMW. We limited lunges to those >20 m depth (to remove the effects of
surface forces from kinematic data) that were not the first or last lunge
inadive (to avoid the effects of dive descent and ascent, respectively).
Approachtime was determined as the start of the acceleration period
(Fig.3a) until the start of engulfment. Engulfment time for the selected
lunges was determined as the start of estimated mouth opening (begin-
ning of deceleration) to estimated mouth closing (end of decelera-
tion). These definitions were first determined in blue and humpback
whales via video analysis’”*' and were confirmed for AMW when video
was available (Fig. 3a). Filter time was identified from mouth closing
until the initiation of fluking post-lunge asinref.*. The environmental
constraint of search time between lunges was calculated as ILI minus
filter time and approach time.

To calculate the physiological constraint of dive time and bot-
tom time, dives were first identified using the finddives.m tool from
animaltags.org as departures from the surface greater than 5m. The
surface interval on either side of a feeding dive was identified as the
time between the end of one dive and the start of the next, for feeding
dives within the same foraging bout. Descent (and ascent) periods were
defined with one endpoint at the start (end) of adive, and the other at
theearlier (later) of the following: the first (last) time the animal’s pitch
is >(<)0, or 5 sbefore (after) the first (last) lungein adive.

Maximum feeding rate (A; .., in lunges h™) foran AMW of length
L was calculated based on the above constraints for each diel period
(D = day or night) as a function of length as:

AfimaxiD =

3,600

- x bottomratio_D(L)
search_D(L)+filt_D(L)+engulf_D(L)+accel_D(L)

where search, filt, engulf and accel (in s), and bottomratio (unitless),
aretherelationships of L to search time, filter time, engulfment time,
acceleration time (Fig. 3c,d) and bottom ratio (Fig. 4) for each diel
period, respectively.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datasets analysed during the current study are available at Stan-
ford’s digital repository, https://purl.stanford.edu/pm378wm1385. This
depositincludes processed bio-logging data describing animal orien-
tation, motion and position; video data used to calculate engulfment
timing; audited feeding data including indices of identified foraging
events and startand end points of feeding bouts; summarized foraging
dataforall species; and aerial imagery and length analysis.
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Code availability

Custom code and awiki tutorial for processing raw tag data into animal
orientation, motion and position is available in ref. 5* and directly at
https://github.com/wgough/CATS-Methods-Materials.
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Extended Data Table 1| Total length (L) and feeding rate (A;) information summarized by individual

Fig 3b Fig 4 ED Fig 4
—
Deployment :Z;iehrlli'; : Day  Night Twilight num.ber of number of dives num.ber o .
Deployment ID Number VGB o5 Lyegest Luas density L Mass As DayA; NightAy hours hours  hours dives dives Deployment Location
interval day night |<35m 35-100m >100m >70m

SpYYMMDD-tag# mean(m) std n m m m 10’ kglunges/hrlunges/hrlunges/hr  hr hr hr n n n n n n Lat (°S) Long (W)
bb180227-45 1 347 06630 748 — — — 748 57 112.5 53.5 2208 201 7.5 2.0 75 214 50 0 0 0 -64.8277 -62.6269
bb180228-42 2 347 05629 748 — — — 748 57 1277 61.5 1653 85 7.7 1.8 39 345 29 8 1 10 -64.853 -62.5274
bb180304-40 3 427 04030 909 — — — 9.09 81 65.3 44.9 146.1 195 8.6 2.6 108 93 14 9 n L 79 -64.8441  -62.861
bb180304-42 4 3.75 052 6 8.05 8.15 7.878418.15 6.6 43.1 43.1 — 3.0 0.0 0.0 12 0 2 0 1 8 -64.857 -62.8583
bb180304-45 5 4.16 0.48 20 8.88 8.61 8.368.858.61 7.3 61.6 56.8 88.1 17.8 82 17 74 0 2 0 74 72 -64.8527 -62.8493
bb180305-42b 6 3.07 0001 666 — — — 6.66 4.6 97.3 49.6 127.2 66 83 1.7 19 109 0 0 14 19 -64.8896 -62.8543
bb190224-48 7 2,57 0.3010 5.63 5.85 5.476.215.85 3.6 81:2: 31.2 = 1.1 0.0 0.0 5 0 0 4 0 5 -64.8133 -62.7129
bb190224-52 8 215 0.29 22 476 4.65 4.315.01 4.65 2.4 130.0 81.1 1846 13.0 7.1 1.9 87 228 41 7 1 48 -64.794 -62.7098
bb190225-54 9 3.58 0.4229 7.70 8.09 7.93 8.258.09 6.5 57.3 57.3 = 74 0.0 0.0 69 0 139 14 0 10 -64.8634 -62.5739
bb190225-55 10 4.24 0.50 20 9.04 8.86 8.739.008.86 7.7 63.3 63.3 . 7.5 | 0.0 0.0 39 0 158 13 0 13 -64.8589 -62.5774
bb190225-57 11 341 05927 736 — — — 736 55 7139, 65.5 90.5 55 | 0.2 0.9 54 3 68 9 n 9 -64.8699 -62.5387
bb190226-48 12 291 04730 633 — — — 633 4.2 77.0 58.2 179.0 153 7.4 1.9 98 108 9 1 0 93 -64.8617 -62.6301
bb190226-51 13 3.37 [0.63]32| 7.27 | — | —  — |7.27| 54 81.7 54.6 1904 123 7.4 19 74 115 15 0 0 70 -64.8617 -62.6324
bb190226-53 & bb190304-18 14&23 — — — — 6.60 6.47 6.74 6.60 4.5 93.9 42.9 178.5 27.6 147 3.7 60 216 20 8 31 52 -64.8608 -62.6173
bb190226-56 & bb190301-18 15&19 3.14 0.5832 6.81 6.61 6.47 6.76 6.61 4.5 142.8 55.1 239.0 399 221 5.6 55 452 24 5 23 41 -64.8607 -62.6418
bb190228-18* 16 — — — — 599 5866.12599 3.8 16.8 16.8 — 0.5 0.0 0.0 0 0 1 0 0 0 -64.8596 -62.4881
bb190228-52 & bb190302-53 17 & 22 — — — — 851840862851 7.2 86.1 61.4 1148 404 22.1 5.6 32 131 2 3 8 32 -64.8556 -62.4969
bb190228-55b & bb190306-52 18 & 27 3.99 0.8525 852 7.12 7.027.237.12 52 103.0 72.5 136.6 40.8 22.1 5.6 63 153 62 3 20 34 -64.8658 -62.4512
27 3.40 0.4622 7.34 -64.8382 -62.5326

bb190302-48 20 3.87 0.4930 830 8.71 8.488.948.71 7.5 52.6 52.6 — 31 | 00 0.0 15 0 1 5} 6 15 -64.8654 -62.5646
bb190302-52 21 3.86 0.4529 8.27 8.20 7.89 8.518.20 6.7 89.6 55.0 139.1 244 159 3.6 132 | 327 ] 5 7 132 -64.8702 -62.5309
bb190304-45 24 214 0237 474 — — — 474 24 48.5 47.6 106.0 93 0.1 0.9 35 0 0 0 25 35 -64.8662 -62.5486
bb190304-51 25 291 056 8 634 — — — 634 4.2 36.3 329 859 154 83 157 44 8 0 0 28 43 -64.8585 -62.5989
bb190304-57 26 287 04224 624 — — — 624 41 30.0 30.1 — 11.2 0.0 0.0 40 0 0 ) 27 41 -64.8557 -62.6314
bb190309-52 28 — — — — 724 691757724 53 67.1 45.6 1889 227 8.8 1.7 103 115 p ol 28 101 -64.9075 -62.9061

* with < 1 hr of total deployment time, this animal was excluded from analysis.

UAS=unoccupied aerial system, L,,s=length measured from photogrammetry. Feeding rates for animals with repeat deployments are pooled together. Deployments 18&27 were the only
deployments with repeat measurements of VGB,,, on the same individual and both measurements are displayed. Mass was estimated from L using the OLS relationships in*°. Day, night and
twilight hours refer to total deployment hours, while A is calculated only during feeding bouts (the proportion of day and night feeding for each whale are in Fig. S2). Deployment bb190228-
18 was excluded from summary analyses because deployment length < 1hr, giving a total of 28 total deployments on 24 unique animals. One deployment, bb190228-18, was excluded from
further analysis due to short attachment duration.
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processed bio-logging data describing animal orientation, motion and position; video data used to calculate engulfment timing; audited feeding data including
indices of identified foraging events and start and end points of feeding bouts; summarized foraging data for all species; and UAV imagery and length analysis.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender No human research participants were used in this study

Population characteristics
Recruitment

Ethics oversight

No human research participants were used in this study
No human research participants were used in this study

No human research participants were used in this study

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions
Reproducibility
Randomization
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Did the study involve field

these points even when the disclosure is negative.

Our study involved the collection of bio-logging data from Antarctic minke whales using suction-cup attached tags. Tag data were
collected in concert with photogrametric measurements of whale length. Minke whale feeding rates during different diel periods and
at different depths were compared to previously collected data from other species. Tag data was used to determine the temporal
constraints on feeding.

We tagged 28 whales, of which 24 were unique animals. 438 total hours of data were collected and processed. 18 animals had
associated photogrametric length measurements, and length was determined for the other 6 animals from an allometric regression
of length and an estimate of buccal cavity length.

Animals were sampled opportunistically. Bays were surveyed in small boats for whales and tags were attached whenever animals
were found and when they were in behavior states amenable to approach by small boats

Data was collected and processed by the authors.

Data was collected in February and March 2018 and 2019. All data was collected in Andvord Bay in the West Antarctic Peninsula or
the adjoining Paradise Bay. The limited spatial and temporal scale allowed for relative stable environmental controls.

Three additional minke whales had tags affixed for < thirty minutes so were excluded from analysis.
All fieldwork, data processing, and analysis methods are given in high-level detail in the manuscript and allow for replication.

In most cases, the entire data set was studied. In cases where individual lunge events were analyzed for kinematic parameters, 30
events for each individual were randomly chosen (using a random number generator in Matlab). Details in methods section.

Analysis and summary of all data was conducted independently before hypotheses were tested so as not to bias results.

work? |z| Yes |:| No

Field work, collection and transport

Field conditions

Location

Fieldwork was only conducted on days when the weather permitted small boat operations; only days with minimal to moderate wind
and swell.

All data were collected in Andvord Bay in the West Antarctic Peninsula or the adjoining Paradise Bay.
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Access & import/export  All work was conducted under National Marine Fisheries Services permits (#23095 and 16111), and Antarctic Conservation Act
permits 2020-016, as well as institutional animal care protocols approved by the University of California, Santa Cruz

Disturbance Suction-cup tagging and UAV photogrammetry are non-invasive research techniques, but do involve small boat approaches. All
efforts were made to minimize disturbance from boat approaches, and tag records and video confirm that animals returned to
normal behavior typically within 1 dive of tag attachment.
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|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
|Z Animals and other organisms

Clinical data

XXX NXKX &

|:| Dual use research of concern

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals n/a

Wild animals All animals were studied in vivo after a minimally invasive procedure (attachment of a suction-cup tag) that does not involve restraint
or capture and only involves approach of a wild animal by a small boat. All work was conducted under National Marine Fisheries
Services permits (#23095 and 16111), and Antarctic Conservation Act permits 2020-016, as well as institutional animal care protocols
approved by the University of California, Santa Cruz

Reporting on sex sex was not reported in this study

Field-collected samples  not relevant for this study

Ethics oversight Animal care protocols were approved by the University of California, Santa Cruz

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Supplementary Information

Supplementary Box 1- Metabolic scaling exponent

There are reasonable debates as to the most appropriate metabolic scaling exponent, and
the empirical work cited found scaling exponents ranging from 0.63 to 1 °>1%4, Although metabolic
rate has never been explicitly measured in baleen whales, of the two most commonly cited
exponents, 0.67 and 0.75, we use the higher one as both larger animals generally 1°%1% and
artiodactyls specifically 1° tend to have higher metabolic scaling exponents. Indeed, in order to
account for mysticetes in the energy surplus model of Gearty et al.3°, an adjustment of the intake
rate exponent from 0.71 to 0.78 was required. For our calculations, smaller intake rate scaling
exponents would steepen the slope, implying minke whales would be further underperforming
expectations, while larger intake rate scaling exponents would have the opposite implication.

Supplementary Box 2- Seasonal variation

Due to the temporal constraints on feeding, the negative scaling of feeding rates with
body size at night combined with the neutral scaling during the day imply that the diel difference
between nighttime and daytime feeding rates within foraging bouts was greater for small whales
than for large whales (Fig 2i). Within AMW, daytime feeding rates for a 5 m AMW were 24% of
the nighttime rates, while daytime feeding rates for a 9 m AMW were 41% of the nighttime rates.
At the larger end of the rorqual whale size scale, a 22 m blue whale daytime feeding rate is 75%
of the nighttime rate (Fig 2i). Under the assumption that the feeding rates and proportion of day
and night feeding we observed would be maintained throughout the course of a nominal foraging
season from Nov 1 to May 1, model results suggest that AMW feeding in our study area at the
observed rates would not start performing more lunges at night than during the day until Feb 1
(Extended Data Fig 8b) and continue doing so for the remainder of the season.

From Nov 19 to Jan 24, when it never gets completely dark at our field site in the West
Antarctic Peninsula (Extended Data Fig 8), if prey conditions, and, consequently, feeding rates,
were the same as what we observed in late summer, our model suggests that whales > 7 m could
account for the lost prime foraging time by foraging longer during the day, but smaller whales
could not. As an extreme example, a whale of theoretically small size (3 m) would have to feed
42.5 hrs/day during the day to account for the lost ideal foraging time. Under alternative
assumptions about the caloric value of lunges performed in surface-associated nighttime krill
patches compared to daytime krill patches, that relationship changes somewhat (Extended Data
Fig 8d). However, deep lunges would have to be 2.5 times as calorie-rich as shallow lunges in
order for the theoretical 3 m whale to match its autumn intake rates by feeding 100% of its time.
At that day:night calorie/lunge ratio, a 5 m whale would have to spend more than 22.7 hours per
day feeding during the peak daylight time of year (Extended Data Fig 8d).




Supplementary Box 3- Strategies to overcome filter feeding minimum size constraints in neonates

A filter feeding minimum size constraint suggests two alternate strategies for juvenile
forms of obligate filter-feeding species: 1) birth young at or above the minimum body size for
suspension feeding, or 2) for some initial stage young must adopt an alternate feeding strategy,
The limited data on neonate and juvenile members of filter feeding fish species seem to support
these predictions. Manta and devil rays (Mobula sp.) and basking sharks (Cetorhinus maximus) give
live birth to some of the largest neonates of all fish'®1%, which is likely to approximate the MSC of
these species. Whale shark neonates, however, have been measured at less than 0.5 m?*%, but
have underdeveloped gill filtering structures!!® and filtering pads'!!, and observations of younger
individuals typically highlight more flexible foraging behavior, including suction feeding!'%13, Little
is known about the feeding habits of megamouth sharks (Megachasma pelagios); however, the
only recorded individual caught by commercial longline was a juvenile specimen (190 cm total
length), indicating that this individual was likely scavenging on particulate prey**,




Supplementary Box 4- The effect of depth, density and seasonality on prey and feeding rate

As the density of krill within prey patches increases, rorqual whales increase their feeding
rates to take advantage of high-quality food*¥°%9115_Given this trend, the 3-4 times greater
feeding rates of AMW in shallow water (Fig 1b,c) are likely to indicate higher prey density per
lunge, implying that the diel patterns we observe may underestimate the relative importance of
nighttime feeding in relation to daytime feeding for small whales. Modeling results suggest that if
prey behavior were to remain constant throughout the year (deep during the day, shallow at
night), the extended day lengths in polar regions during the summer would be a critical
environmental factor that limits engulfment filtration feeding at AMW body size. At the latitude
of our study, if feeding rates and foraging durations were consistent throughout the year, total
night lunges could exceed day lunges for 69% of the year (Extended Data Fig 8); however, for the
majority of time AMW spend in the foraging region the sun is above the horizon —e.g. in our
study area there is no true darkness from Nov 19 to Jan 24. If the observed feeding rates and diel
proportions were maintained during midsummer, a 9 m whale would only perform 73% of the
total lunges over 24 hrs we observed during the study period, while a 5 m whale would only
perform 56% and a theoretical 3 m whale would only perform 44%.

Typical diel vertical migration patterns are often modified in polar summers, however. For
instance, in a comparative seasonal study on West Antarctic Peninsula krill, summer krill in the
1993 season were found to be more abundant in near-surface waters than in the fall'!, Recent
video evidence has shown that small swarms of krill at the surface may still be dense'?’,
suggesting that while larger animals like humpback whales may have to use herding strategies like
bubble net feeding to aggregate smaller groups'*’*®, smaller animals like AMW may still be able
to take advantage of small, dense patches. Because shallow feeding during our study period was
tightly coupled with night feeding, our model of seasonal total feeding (Extended Data Fig 8)
based on the proportion of night feeding could also be interpreted as a proportion of shallow
feeding, demonstrating the greater dependence of shallow prey patches for smaller whales and
supporting the suggestion that environmental conditions with surface-associated krill patches
would be necessary to support small whales currently, and support their evolution in prehistoric
oceans.

Other regions of the world also at times support productive surface patches of krill. In the
Taranaki Bight, New Zealand, blue whales have been associated with krill patches that were
densest in shallow (< 20 m) waters!?®, and in the Gulf of St. Lawrence, Canada, blue whales
feeding at night on shallow prey had feeding rates twice as high as during the day®! coincident
with shallow, dense prey patches ?°. These areas do not, however, currently support abundances
of krill-feeding minke whales, suggesting that surface patches in these regions are not consistent
enough to make engulfment filtration feeding worthwhile at small body sizes (Supplementary Box
5).




Supplementary Box 5- Temporal constraints on rorqual whale feeding

In rorqual whales, large body size minimizes the effects of the biomechanical,
physiological and environmental constraints on feeding rate. Physiologically, increased oxygen
stores coupled with lower mass-specific metabolic rate allow for longer and deeper dives in
larger animals 312!, increasing the time available for foraging at depth (Fig 4, Extended Data Fig.
5) or the oxygen available for metabolically expensive tasks like lunge feeding 3°3,
Biomechanically, increased engulfment capacity in larger animals allows for proportionally
greater intake with every lunge, minimizing the overall number of lunges needed for a given
intake. Accordingly, fewer lunges implies that the total time devoted to size-invariant constraints
like approach and search time is decreased in larger animals. Conversely, smaller animals spend
more total time searching for and approaching prey patches than do large ones.

Of the three phases of lunge feeding (acceleration, engulfment, and filtration), filtration
time is the most dynamic, with the steepest relationship to body size (Fig 3) and the largest
overall effect on lunge time. Due to the inflated buccal cavity and associated increased drag, the
energetic cost of powered progress during filtration is high, so decreasing filter time increases
the time available for other behaviors. Accordingly, small whales have relatively more baleen
surface area which serves to decrease filter time 375479, However, as body size decreases,
reductions in filter time have a proportionally lower effect on overall lunge time, leaving little
scope to increase lunge rates by decreasing filter times (Extended Data Fig 6). The only way,
then, for small animals like AMW to substantially increase their overall intake is to decrease the
search time between lunges or to increase the amount of time actively foraging, both tactics
limited by diurnal and seasonal temporal constraints as well as prey distribution patterns.

The amount of time available for foraging decreases with dive depth in AMW (Fig 4).
Larger animals like blue whales, in contrast, can proportionally increase foraging time by
decreasing surface time between dives, requiring only 32-51% of the time at the surface that an
AMW does for a given dive length (°3, Extended Data Fig 5). When feeding near the surface,
however, whales can combine breathing/recovery with the filtration and/or search phases
(utilizing specialized oral plugs to keep water out of the gastrointestinal tract 122), nearly
removing the surface interval restriction as well as the transit time to depth, thereby allowing
for ultra-high foraging rates in near-surface feeding (typically at night) (Fig 1b) that increase
inversely with size (Fig 2g,j). The physiological constraints on dive duration relative to surface
recovery time act more on smaller whales than larger whales (Fig 4), serving to limit the daytime
(deep) feeding rates generally (Fig 2j), and explaining the observed lack of relationship between
AMW daytime feeding rates and body length (Fig 5).
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