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Baleen whales influence their ecosystems through immense prey consumption and
nutrient recycling'™. Itis difficult to accurately gauge the magnitude of their current
or historic ecosystem role without measuring feeding rates and prey consumed. To
date, prey consumption of the largest species has been estimated using metabolic
models®’ based on extrapolations that lack empirical validation. Here, we used tags
deployed on seven baleen whale (Mysticeti) species (n =321 tag deployments) in
conjunction with acoustic measurements of prey density to calculate prey
consumption at daily to annual scales from the Atlantic, Pacific, and Southern Oceans.
Our results suggest that previous studies® have underestimated baleen whale prey
consumption by threefold or more in some ecosystems. Inthe Southern Ocean alone,
we calculate that pre-whaling populations of mysticetes annually consumed

430 million tonnes of Antarctic krill (Euphausia superba), twice the current estimated
total biomass of E. superba™, and more than twice the global catch of marine fisheries
today"™. Larger whale populations may have supported higher productivity in large
marine regions through enhanced nutrient recycling: our findings suggest mysticetes
recycled 1.2 x 10* tonnes iron yr'in the Southern Ocean before whaling compared to
1.2 x10° tonnes iron yr ' recycled by whales today. The recovery of baleen whales and

their nutrient recycling services>*” could augment productivity and restore
ecosystem function lost during 20th century whaling'**.

Top predators have direct effects on their prey that translate to indi-
rect effects on ecosystem structure, function and productivity**%,
Understanding the causes and consequences of these effects depends
ondirect measurements from large vertebrates, which are logistically
challenging to collect, particularly for species threatened with extinc-
tion'®”, Extant baleen whales (or mysticetes) are the largest animals
of all time and typically forage on dense patches of small fish or crus-
taceans by either continuous ram filtration (for example, balaenid
whales) or intermittent lunge filtration (for example, rorqual whales)™®.
For most terrestrial or amphibious vertebrates, prey consumption has
been calculated from direct observations; however, in modern oceans,
baleen whales frequently forage well below the surface (Fig. 1) and
cannot be held in captivity, precluding direct measurements of inges-
tion rates. Scientists have spent a century estimating the prey require-
ments of baleen whales using a variety of approaches (see Methods),
but direct measurements to improve or validate these estimates have
beenunavailable. However, recent advancesinbio-logging andfisheries
acoustics have enabled direct measures of feeding rates and prey density
of the largest whales in their natural environment.

Previously, mysticete prey consumption has been estimated from
bioenergetic models, extracting and weighing stomach contents from
harvested whale carcasses, or acombination of the two approaches
(see Methods). For the former, studies assumed a 1:3 ratio of basal
metabolicrate to field metabolicrate (based onKleiber’s ‘three-quarter’
law") to determine caloric requirements to meet metabolic demands*®,
butthe estimated metabolic rates of the largest animals remain unvali-
dated by field data. Typically, empirical field metabolic rates are limited
to animals several orders of magnitude smaller than mysticetes, with
disparate physiology and evolutionary histories®. Stomach contents
collected fromwhaling have been used to estimate total prey consump-
tionondaily and annual scales, but these datalack associated digestion
times (thatis, gastrointestinal motility), feeding rates (thatis, lungesh™),
and measures of prey patch density (that is, the average biomass in
krill swarm or fish school). Despite these knowledge gaps, current
consensus suggests that mysticetes consume <5% of their body weight
per day when feeding (Extended Data Figure 1; see Methods).

Mysticetes ingest large quantities of prey and egest their remains in
the photiczone, thereby facilitating nutrient recycling and retentionin
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Fig.1|Field measurementsinforming baleen whale prey consumptionand
nutrientrecycling.a, Schematicillustrating fieldwork—tagging, drone
measurements and prey mapping—highlighting an example of one dive of an
eastern North Pacific (ENP) blue whale (B. musculus). Its dive profile (black line)
and prey consumption (that s, lunge-feeding) events areindicated with unfilled
bluecircles. The colourscale barin the bottom left represents acoustic or
echogram valuesin mean volume backscattering strength (S, in units of
dBre1m?m)andits translation to krill biomass (in units of kg m). Inset on the
bottom right shows bin-averages of raw echosounder output into gulp-sized
cellsinkrill biomass units for prey-consumption analysis (see Methods for
details). Typical depth of the euphotic zone in this ecosystem s -50 m (ref. *°).

the epipelagic® (Fig. 1). This recycling of limiting nutrients from mysti-
cetes to primary producers has the capacity to boost the intensity and
extent of phytoplankton blooms, inbothspace and time, thusinfluencing
ecosystem dynamics>®. In the Southern Ocean, mysticete abundance
declined dramatically from1910-1970 due to industrial whaling, and the
functional extinction of large whales preceded reductions of primary
productivity and krill biomass in the region**?, To anticipate ecosys-
tem responses from past to present, we generated a global dataset of
consumption rates from field data on half of all extant mysticete spe-
cies (Extended Data Table 1, Extended Data Figure 2). We calculated
estimates of daily foraging behaviour (based on feeding events and
filtration rates of prey-laden water in m®d™) and prey consumption (kg
prey ingested d*). We used these data to estimate the amount of prey
consumed (in Mt yr™) and iron recycled (in tonnes yr™) by Southern
Ocean mysticete populations. These calculations provide the basis for
estimating ocean ecosystem function before and after whaling, highlight-
ing the benefits of mysticete population recovery in the 21st century.

Results and discussion

Mysticete prey consumption and water filtration

We used data from 321 tag deployments on seven mysticete species
inthree oceans, including 292 deployments on rorquals (comprising
74,247 lunge-feeding events), and 29 deployments on two balaenid
species (Extended Data Fig. 2, Extended Data Table 1; see Methods).
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b, Vertical histogram showing lunge-feeding events (orange) for tagged ENP blue
whales by depth with median feeding depth (dashed orange line). Total
time-by-depthplotover afull day (greenbars),and median depth of ENP blue
whales (dashed greenline). The difference between the orange and green dashed
linesis the estimated vertical movement of nutrients by an ENP blue whale.
c,Images of baleen whales recycling nutrients. From top tobottom: an ENP blue
whalein2019, astillimage fromatag video of an ENP fin whale (B. physalus)
defecatingunderwaterin 2018, an Antarctic minke whale (B. bonaerensis) inthe
West Antarctic Peninsulain 2018, a humpback whale (M. novaeangliae) inthe
West Antarctic Peninsulain2014. Photos by the authors under NOAA permits
16111,14809,23095, and ACA permits 2015-011and 2020-016.

For the rorqual whales, drone photogrammetry and allometric
equations allowed us to estimate engulfment capacity* (Extended
Data Fig. 3; Extended Data Table 1). Concurrently, we measured krill
density (that is, biomass per m?) for patches on which these whales
were foraging® (Fig 1; Extended Data Table 1, Extended Data Fig. 3;
see Methods). We found that, on feeding days, an adult eastern North
Pacific (ENP) blue whale (Balaenoptera musculus; measured median
length: 22.4 m) is likely to consume 16 tonnes d* (10-22 tonnes d%;
median and Q1-Q3 range, the 25th-75th percentile) of krill, pri-
marily Thysanoessa spinifera® (Fig. 2, Extended Data Table 1). By
comparison, a continuous ram-feeding North Atlantic right whale
(Eubalaena glacialis; adult length 13-16 m) ingests 5 tonnes d™
(Q1-Q3 range, 2-8 tonnes d ™) of small zooplankton (for example,
copepods), and abowhead whale (Balaena mysticetus; adult length
15-19 m) ingests 6 tonnes d* (Q1-Q3 range, 3-13 tonnes d™) of small
zooplankton (Extended Data Fig. 4, Extended Data Table 1). Across
all species and regions, median daily prey consumption was calcu-
lated to be 5-30% of body mass per day when feeding, dependent
on prey type. These results are threefold higher than previous esti-
mates on average*®? (see Methods, Fig. 3, Extended Data Fig.1). On
amass-specific basis, mysticetes also consume more than previously
assumed across all species, regions and prey types. Mass-specific
energy intake decreases with body size from humpback whales to
blue whales feeding on krill in the ENP (Extended Data Fig. Se, f).
Inaddition, consistent energetic intake was seen in populations that
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Fig.2|Individual rorqual daily feeding rate, water filtered and krill
consumed. Each column displays modelled daily feeding rates, filtration
volumes and prey consumptiononalogscale for the species depicted.a, c,e, The
left column displays estimates from Antarctic minke (B. bonaerensis) and
humpback whales (M. novaeangliae) from the West Antarctic Peninsula.

b,d,f, Theright columndisplays estimates from humpback, fin (B. physalus), and

prey-switch—such as ENP humpback whales (Megaptera novaean-
gliae) feeding on anchovy (Engraulis mordax) or krill (T. spinifera
and Euphausia pacifica)—despite considerable differences in feed-
ing rates and prey biomass ingested (Extended Data Fig. 5e, f). The
ability to forage on multiple prey types with similar net energy gain
may buffer generalist predators against increased ocean variability
under climate change?.

Our estimates of mysticete water filtration suggest that the ecologi-
calinfluence (for example, via biomixing®) of these top predators has
also been underestimated. A single intermittent lunge-feeding blue
whale filters 17,000 m® d ! (Q1-Q3 range, 11,000-23,000 m* d %; Fig. 2),
while a continuous ram feeding balaenid whale filters four times that
amount (Extended DataFig. 4). Among rorquals, krill-feeders filtered
considerably more water than fish-feeders due to higher lunge rates
onless mobile prey (Fig. 2). Compared to filter feeding fish and inver-
tebrates®® 2, mysticetes process a similar amount of water per hour
on amass-specific basis.

These dataallowed us to project annual water filtration and prey
consumption by rorqual individuals and populations at regional
to global scales (Figs. 3, 4). Our analyses found that in regions
such as the ENP, krill consumption has been underestimated. For
example, Barlow and colleagues* estimated that all cetaceans in
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blue whales (B. musculus) from the eastern North Pacific. Density plotsillustrate
the fullscope of all daily simulations with the height representing the relative
probability of each output; the boxplots show the quartiles of these outputs with
the thicklinerepresenting the median and the shaded regionrepresenting the
Q1-Q3range (25th-75th percentiles) of allmodelled daily rates.

the California Current Ecosystem (22 spp.) require ~2 Mt yr ' of prey
including fish, krilland cephalopods. In contrast, we find that blue,
fin (Balaenoptera physalus) and humpback whale populationsin this
ecosystem each require >2 Mt yr™ of krill. Annually, an individual
humpback-sized (10-15 m) rorqual filters approximately one mil-
lion cubic meters of water. At the population level, the filtration
capacity of Northern Hemisphere rorquals have been cut in half by
whaling, from 200 to 100 km? yr™; whereas in the Southern Ocean,
whaling has reduced this effect approximately tenfold, from 2,000
to 200 km? yr™' (Fig. 4). Globally, filtration by the largest mystice-
tes—blue, fin, right and bowhead whales—has decreased by >90%
in the past century. In particular, the annual filtration by Southern
Ocean blue whales declined 99% since the start of industrial whal-
ing (Fig.4).Inthe Northern Hemisphere, the greatest reductionsin
filtration and prey consumption resulted from fin whale removal,
whereas in the Southern Hemisphere the greatest losses resulted
from the near extirpation of blue whales (Fig. 4).

Industrial whaling and ecosystem productivity

Our higher-than-expected prey consumption and filtration estimates
suggest that therole of mysticetesin ocean ecosystems has been under-
estimated. To assess the impact of whaling on ecosystem productivity
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Fig.3|Individual annual prey consumption estimates, with comparison to
prior estimates. Dots represent prey consumption estimates from prior
studies (see Extended Data Table 3 for references). The solid lines represent
annual prey consumption estimates for anindividual whale for a given number
of days feeding (range, 60-182.5 days) using a conservative metric of prey
consumption (see Methods); solid line is the median; grey bars represent the
Q1-Q3range.Bracketed regions represent the most likely annual consumption

we focused on Southern Ocean rorquals because they primarily sub-
sist on one well-studied prey species (Antarctic krill, E. superba) and
the majority of mysticetes killed by humans were Southern Ocean
rorquals from the early to mid-20th century®**. In total, 1.5 million of
the 2 millionrorqualskilled in the 20th century were removed from the
Southern Ocean, with the largest species facing the greatest exploita-
tion®?*, Blue whales suffered the greatest relative defaunation and,
as aresult, estimates of population-level krill consumption declined
99.6%, from167 Mt yr'in1900to 0.6 Mt yrin 2000 (Fig. 4). The annual
krill surplus resulting from whale removal (that is, the biomass of krill,
E.superba, leftunconsumed annually by all whale species) is estimated
at379 Mt yr (Q1-Q3 range, 175-422 Mt yr™"), more than twice what
was first predicted by Laws® (150 Mt yr%; Fig. 4). Unconsumed krill
left behind by each of the two largest species—fin (143 Mt yr; Q1-
Q3 range, 66-161 Mt yr™) and blue whales (166 Mt yr'; Q1-Q3 range,
79-178 Mt yr)—is as much or greater than the originally predicted
krill surplus®.

Whaling was expected to have resulted in net increases in both
whale prey and competing predator species, due to predatory and
competitive release, respectively (that is, the ‘krill-surplus hypoth-
esis’)®. Instead, the opposite has happened (that is, the ‘krill paradox’).
Since the mid-20th century, populations of seabirds, predatory fish
and other marine mammals have largely remained stable or declined
at regional and global scales®***3%, Unexpectedly, krill biomass has
declined sharply (>80%) on the former whaling grounds—the south-
west Atlantic sector of the Southern Ocean—post-whaling?. At the
beginning of the 20th century, Southern Hemisphere populations of
Antarctic minke (Balaenoptera bonaerensis), humpback, fin and blue
whales consumed twice as much Antarctic krill as was estimated to exist
atthe end of the 20th century (215 Mt yr’; see Methods)", suggesting
that historic krill biomass must have been far greater than at present.
More broadly, pelagic production at high latitudes ranks among the
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perindividual, represented by 90-120 feeding days.a-c, The coloured lines
represent the projected annual krill consumption by anindividual humpback
(M. novaeangliae), fin (B. physalus) or blue whale (B. musculus) from the eastern
North Pacific.c-e, The solid curved lines represent the median projected
annual krill consumption by anindividual Antarctic minke (B. bonaerensis) or
humpback whaleinthe West Antarctic Peninsula.

highest in the world ocean®, and this production was likely to be even
more substantial beforeindustrial whaling. Pre-whaling populations of
Southern Ocean mysticetes may have enhanced the location, duration
andintensity of primary production by catalysing nutrient availability
to the base of marine food webs.

Our findings suggest that ecosystem models underestimate the
quantity of prey consumed and ecosystem services provided by current
and historic populations of baleen whales?*°. For example, Ratnarajah
etal.**found thatiron fertilization by baleen whales probably occurred
only when mysticete prey consumption and defecation rates in the
photiczone were maximized. Our resultsimply thateven their highest
assumptions for these parameters underestimates reality. Addition-
ally, the presence of numerous foraging mysticetes in historic oceans
hasbeen hypothesized to reduce diel migrations of krill*!, which could
further increase krill and whale defecation and mixing in the photic
zone. Competition for prey between whales and commercially har-
vested fish has led to the hypothesis that large whale populations and
modern fisheries could not coexist****, However, competition between
whales and fisheries may be offset by whale-recycled nutrients to the
base of the food web*”*,

Inthe Southern Ocean, pre-whaling populations of Antarctic minke,
humpback, finand blue whales could recycle between 0.7 and 1.5 x 10*
tonnes Fe yr (Q1-Q3 range) to iron-limited phytoplankton (Fig. 4c).
One quarter ofiron released by whales may have beenincorporated by
phytoplankton*. This, in turn, could increase net primary productivity
(NPP) by 215 TgC yr™ (range, 27-1,459) across the Southern Ocean, -11%
of Southern Ocean NPP estimates from the end of the 20th century**
(seeMethods; Extended Data Table 2). Insections of the Southern Ocean
where mysticetes were more numerous (for example, the Scotia Sea),
whale-recyclediron may have catalysed >20% more NPP than at present.
Elsewhere, nutrient recycling provided by whales could operate in
regions limited by macronutrients, such as nitrogen or phosphorous?>.
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(B. bonaerensis), humpback, (M. novaeangliae), fin (B. physalus) or blue whale
(B. musculus); the lower lines represent the Southern Hemisphere populations
of eachspeciesin2000 (post-whaling). Estimates use a conservative foraging

Conclusion

Here we show that prey consumption and ecosystem services pro-
vided by baleen whales are likely to be underestimated. For example,
data limitations excluded one million mysticetes in our calculations
from other populations and species that were hunted during the 19th
and 20th centuries. Including these individuals in future analyses
may increase our estimates by 20% or more. For the Southern Hemi-
sphere rorqual populations we did consider, the near-complete loss
of whale-recycled iron from the largest species (Fig. 4c) suggests a

T T T T T T T T T T T T | | | |
60 90 120 150 180 60 90 120 150 180 60 90 120 150 180 60 90 120 150 180

Days feeding

rate for agiven number of days feeding (range given, 60-182.5 days;

see Methods). Coloured linesrepresent the median estimate, grey bars are the
Q1-Q3range. a, Projected annual water filtration. b, Projected annual krill
consumption. ¢, The projected loss of fecal iron recycling—for finand blue
whalesthisrepresents a>90% declineinthe20th century.

mechanistic explanation of the krill paradox of declining E. superba
biomass post-whaling”*. The ability for megafaunato engineeragreen
wave of productivity that sustains both themselves and the ecosystem
atlarge has been reported in terrestrial systems*, but has yet to be
demonstrated in the oceans. Combining the findings presented here
with previous research implies that mysticetes not only track green
waves*®, but may also amplify these trophic feedback loops.
Large vertebrates, and the ecosystems they support, arein peri
The collapse of these populations has coincided with steep reduc-
tions in ecosystemservices they provide?. Terrestrial losses have been

11,16,17
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mirrored atsea”, most prominently by 20th-century industrial whaling
that reduced global mysticete populations by two thirds, more than
twice the total biomass of all wild mammals, terrestrial and marine, on
Earth today*. Rebuilding defaunated mysticete populations is likely
to have significant benefits. For example, restoring the so-called food
chainof'the giants (thatis, diatoms-krill-whales, where each speciesin
this chainis the largest member of its lineage)® would positively impact
ecosystemstructure and functionin the Southern Ocean. While some
mysticete populations are rebounding*®, climate change and additional
anthropogenic stressors (for example, ship strike, entanglementin
fishing gear, marine pollution) are inhibiting their recovery globally,
thus constraining the ecosystem services that historic populations
provided®. Encouraging cetacean populations to recover may restore
ecosystem functionlostinthe 20th century and lead to enhanced oce-
anic productivity, while simultaneously bolstering human wellbeing
and planetary health.
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Methods

Prior estimation of prey consumption

Estimates of mysticete prey consumption (that is, mass of prey con-
sumed per day) date to the height of industrial whaling®, and have
been debated in the decades since that time****'">*, Previous estimates
of daily prey consumption derive from (1) extracting and weighing
stomach contents from kills*>*¢, (2) bioenergetic models reliant on
assumptions of metabolic rates and digestive assimilation efficien-
cies***”*® or a combination of the two approaches® ¢,

Studies from industrial whaling operations extracted and weighed
prey contents fromthe stomach (forestomach, fundic and pyloric cham-
bers) orless commonly from the entire gastrointestinal tract®® of whales
killed throughout the day**** ¢, These studies were often restricted to
specific pointsin the season®, which could bias estimated prey consump-
tion.Some have attempted to measure forestomach volume by filling the
chamber with water or gas, but noted that the elasticity of the stomach
declines after death, and combined with imperfect sealing and filling of
the stomach compartments, creates minimum estimates of maximum fill
volumes®. For example, fin whales feeding near Iceland had an estimated
stomach capacity of 500-600 kg, with a projected daily consumption
rate of 677-1,377 kg d, corresponding to1-3% of body weight per day®”.

Bioenergetic models employing metabolic theory have also been
used to estimate mysticete prey consumption. However, mysticete
metabolic rates were not directly measured, and instead extrapolated
from measurements on captive odontocetes, further parameterized
withmysticete breathing rates®*8, The two most commonly used meta-
bolic equations to evaluate the daily biomass consumed (in kg) solve
for the ‘daily ration’ (R)***. One of these equations is:

y(BMR)

R=0.8(3,9002+5,400(1-2)) @

Where the basal metabolic rate (BMR) takes the form BMR = 293.1M°7
where M is the mass of the animal in kilograms'. BMR is multiplied by
the constant y to estimate field metabolic rate (FMR, or the average
daily metabolic rate (ADMR)*). The conversion factor from BMR to
FMR, y, is typically assumed to be between 2-5 (ref. **), and 2.5and 3
are most commonly used**#~’. The FMR is divided by an estimate of
the daily energy intake, which uses average prey energy densities of
3,900 k] kg™ and 5,450 k] kg™ for krill and forage fish, respectively,
adjusted for assimilation efficiency®. Diet composition (2) values, a
proportion ranging from 0 to 1, were obtained from ref. ¢,

The majority of studies of mysticete prey consumption have used
the metabolic scaling equation:

R=aM” (2)

Where Mis the mass of the animal in kg, ais a constant and Bis a meta-
bolic scaling exponent, typically in the range of 0.6-1.0 (Extended
Data Table 3). For an overview of these methods see ref. ”°. These two
equations assume mysticetes ingest an equal amount of prey each
day throughout the year (that s, R is constant). However, mysticetes
exhibit a feast-fast annual phenology with a majority of yearly inges-
tionoccurringin productive regions at mid- to high latitudes during a
six-month feeding season. It has been estimated that roughly four fifths
(83%) of the whale’s annual caloric intake occurs during 90-120 days
of high-intensity feeding during this period****>. Therefore, estimates
of mean daily consumption (MDC inkg d*) during the foraging season
using estimates of R from equation (1) or (2) would take the form:

_ 0.83(365R)

MDC
Dmax

(3)

Where D,,,, is the number of days feeding within a foraging season.

These prey consumption estimates (Extended Data Fig.1) are based
on predicted mass-specific metabolic rates for mysticetes, which are
low compared to other eutherians. However, numerous aspects of mys-
ticetelife history and ecology correlate with elevated metabolic rates
including their aquatic lifestyle”, rapid pace of reproduction®7’?, mus-
cular physiology™ and energetically demanding feeding strategies’.

Tagging methods

Tag specifications. Short-duration tags (<24 h) used in this study
were DTAG (digital acoustic recording tags; www.soundtags.org/
dtags) and CATS (Customized Animal Tracking Solutions; www.cats.
is) tags attached via suction cups. DTAGs were equipped with the fol-
lowing sensors: pressure transducer (50 Hz), tri-axial accelerometers
(250 Hz), magnetometers (50 Hz) and hydrophone. CATS cameratags
integrate high-definition video with tri-axial accelerometers (400 Hz)
and gyroscopes (50 Hz); magnetometers (50 Hz), pressure (10 Hz), and
temperature sensors (10 Hz); and light and GPS sensors (both 10 Hz).
Videos were recorded in 1,280 x 720 p or 1,920 x 1,080 p resolution
at between 25 and 30 frames per second, while audio was recorded
with a single embedded hydrophone at a 22.5 kHz sampling rate with
16-bit resolution.

Medium-duration (multi-day) tags used in this study were Wildlife
Computers TDR10-F (https://wildlifecomputers.com/our-tags/tdr/
tdr10/) and Acousonde acoustic (http:/www.acousonde.com) tags.
These tags were modified to take a plate with darts and a satellite trans-
mitter and were attached with 3-4 stainless steel darts 4-6 cm long.
Bothtagtypesincluded depthand orientation sensors as well as Fastloc
GPS. More details on these tags can be found in™7,

Deployment. Tags were deployed from 6 mrigid hull inflatable boats
using a 6 m carbon-fibre pole. Tags were attached to the animal with
four suction cups, detached after suction failed, floated to the surface,
and were recovered via VHF telemetry. Deployment duration aver-
aged 10 h. Tagging operations were performed under NMFS permits
16111, 14809, 19116, 21678, 20430, and NMS permits MULTI-2017-007
and MULTI-2019-009, in accordance with Stanford University IACUC
(#30123) and under the South African Department of Forestry, Fisheries
and Environment (DFFE): RES2018/63 and RES2019/57 in accordance
with the Research Ethics Committee (Animal) of Nelson Mandela Uni-
versity A18-SCI-ICMR-001. A subset of tag deployments used in this
paper have been previously published inrefs. %7 7%, Additional details
onthe tags and tagging procedures can be found in refs, 23677576799,

Lunge detection methods

Weincluded deployments containing at least one lunge—to conserva-
tively classify that day as afeeding day—and that lasted more than one
hour to minimize tagging effects. All data were decimated to 10 Hz
before analysis for CATS tags or 5 Hz for DTAGs. Tag data was rotated
from the tag’s frame of reference (subject to tag placement) to the
whale’s reference frame (x, y and z oriented longitudinally, laterally
and dorso-ventrally, respectively) using periods of known orienta-
tion. Animal orientation (pitch, rolland heading) was calculated using
custom-written MATLAB scripts’®. Individual speed was determined
using theamplitude of tag vibrations®'. To identify lunge feeding events,
we used kinematic signatures derived from the tag data. These include
intense fluking leading to rapid acceleration to >4 m s followed imme-
diately a rapid deceleration coinciding with mouth opening™, as well
asabrupt changes in pitch and roll characteristic of lunge feeding™*?.
When possible, we confirmed feeding events with concurrent video.
Differencesinfeedingrates (for example, within the same specieslower
lunge rates for fish-feeding individuals as compared to krill-feeding
individuals, see Fig. 2b and Extended Data Fig. 5a), behaviour, and kin-
ematics'® allowed us to discriminate between prey types for popula-
tions that feed on both fish and krill (for example, humpback and fin
whales). For asubset of the deployments, prey type was confirmed with
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video (Extended Data Table 4). For roughly half of the deployments,
acoustically detected krill patches were also measured proximal to
foraging whales with SIMRAD EK 60 and EK80 multi-frequency echo-
sounders (Extended Data Table 4, see the ‘Prey methods’ section). We
detected lunges manually to maximize accuracy. Lunges were identi-
fied from the raw data and stored with concurrent kinematic data as
well as the date and time.

Prey methods

Krill. The majority of whales in this study were rorqual whales either
presumed or confirmed to be feeding on krill (207/321 deployments;
Extended Data Table1).Krilldata were collected using a multi-frequency
(38and 120 kHz), split-beam fisheries acoustic system (Simrad EK60s
or EK80s) and processed for ref. . Density and biomass were converted
fromacoustic units using previously published target strength-length
(TS-L) relationships and krill size measurements?%384,

Inthe ENP, krill patches near foraging whales were assumed to primar-
ily be composed of T. spinifera given the published prey preferences
of blue whales?. In the West Antarctic Peninsula (WAP), krill patches
near foraging whales were assumed to be composed of E. superba®. We
examined the distribution of prey available to lunge-feeding whales
in an environment as in ref. >, We used Echoview to linearly average S,
withinacousticcells thesize of an average whale gulp (henceforth, S, ;).
This gulp-sized water volume of rorqual whales represents the finest
possible scale of decision-making by a foraging whale (see ref. %. for
species-specific$, 4, cellsizes). For eachkrill patchinaregion of interest,
we summarized the distribution of biomasses likely to be experienced by
aforaging whale by calculating the log mean (thatis, the geomean) and
standard deviation of S, ,,, within each measuredkrill patch.

To quantify the krill consumption per lunge-feeding event, we created
alognormal distribution of krill biomass (pp)—unique for each rorqual
species ofinterest (see ‘Prey biomass density’ columnin Extended Data
Table1)—using the geomeanbiomass and geometric standard deviation
multiplied by the species-specific engulfment capacity (V,; see the
‘Drone/engulfment capacity methods’ section) to generate
species-specific prey consumption estimates. Daily krill consumption
estimates (P_krill; see the ‘Daily prey consumption methods for rorquals’
section for more details) were calculated combining lunge-specific con-
sumption estimates with the daily lunge rate (r;daily). Inthe ENP, we also
included estimates that were generated with previously published meth-
ods®8*% that used E. superba TS-L equations to produce biomass esti-
mates for ENP krill from which we generated alower-bound estimate of
prey consumptionin this ecosystem (Extended Data Fig. 5d).

Antarctic blue and fin whale prey consumption was estimated using
feeding rates from ENP blue and fin whales with krill densities calcu-
lated from humpback whale foraging grounds in the WAP as there are
no available data (high-resolution tag data nor krill acoustic data) for
Antarctic fin and blue whales. This is a conservative method of deriv-
ing prey consumption for Antarctic blue and fin whales. A different
approach, the energy conversion method, converts the estimated
amount of energy consumed per day by an ENP whale into a biomass of
E.superba (using an average energy density of 4,575 k) kg E. superba®).
Thisapproach produces higher prey consumption estimates than the
feeding rate approach. For example, using the feeding rate approach we
estimated the median daily consumption for an Antarctic blue whale
(B.m. intermedia) tobe 4.2 tonnes d ' (Q1-Q3 range, 2.7-6.1 tonnes d )
of E. superba, whereas the energy conversion approach suggests a
median daily consumption of 12.6 tonnes d* (Q1-Q3 range, 8.3-
17.4 tonnes d™*) tof E. superba. Due to a lack of energy density data on
krill collected near foraging whales, we used the feeding rate approach—
the more conservative of the two methodsrecognizing this may be an
underestimate.

For the ENP, we calculated the geometric mean of densities between
our two prey mapping sites (Monterey Bay National Marine Sanctuary
and the Southern California Bight) to generate an ecosystem average

(Extended Data Table1).Finally, in our calculations we assumed maximal
engulfmentand100% capture of krill, ashas been previously published®¥’.
We recognize this may be an overestimate, but we have no evidence to
suggest alower capturerate. Thisis based on extensive tag-video obser-
vations—where we have not observed krill escape behaviour—as well as
atleast a fivefold difference between a lunging whale”*® and maximum
krillescape speeds®. Suction created by mouth openingin rorqual whales
could also maximize capture rate®®, and rorqual rolling behaviours could
increase the quantity of prey engulfed within a given volume”*%,

Fish (anchovy). We modelled whales’ lunge-specific catch percent-
age of fish based on calculated approach parameters from®. We used
the alpha-inhibitory model® to calculate a mean of 37.5% and stand-
ard deviation of 24.3% catch with every lunge. Detailed methods to
produce this catch percentage parameters are fully described in ref.
8_Our upper estimate of prey consumption by fish-feeding rorquals
assumed that fish schools were at least as large as the whale’s engulf-
ment capacity (Extended Data Table 1, Extended Data Fig. 5c). The lower
fish-consumption estimate assumes smaller fish schools that are 29%
of the size of the engulfment volume. These are similar metrics used
by ref.¥. (Extended Data Table 1, Extended Data Fig. 5¢).

Escape-engulfment data generated for ENP anchovy-feeding hump-
back whales described above were used to generate estimates for
fish-feeding humpback whales at Stellwagen Bank, and Bryde’s whales
off South Africa. We only considered feeding events that occurred
in the water column; bottom-feeding from humpback whales in
Stellwagen Bank National Marine Sanctuary were excluded due to
the complexity of, and lack of detailed information on, this feeding
behaviour.

For the density of fishinaschool we used a value of 7.8 kg m™ of fish
based on published length-weight relationships from ref. *, a school
packing density of one body length cubed per fish®, and arepresenta-
tive fish length of 12 cm (ref. ¥). These simplifying assumptions do not
reflect the natural variability in fish schools; however, there are not
robust school density estimates in the patches of forage fish whales
have been observed to feed on.

Copepods. Balaenid whales are thought to feed almost exclusively on
copepods. Forbowhead whales, copepod (Calanus spp.) biomass den-
sities (p ) ranged from 1-10 g m~ in regions where bowhead whales
were foraging®, but were higher—170 g m™—in regions where North
Atlantic right whales were foraging®”®®. This difference is believed to
be duetotheright whale’s smaller gape and higher swimming drag that
necessitate more efficient feeding on higher density prey patches’”®.
Asaresult, we used the average copepod density of the range provided
for bowhead whales (6 gm™), and 170 g m™ for North Atlantic right
whales, recognizing that both values may be underestimates.

Drone/engulfment capacity methods

Photographs were collected using unoccupied aircraft systems (UAS,
or drones) to measure the total length of asubset of the tagged rorqual
whales. Four different UAS aircraft were used throughout the course
of the study: two quadcopters (DJI Phantom 4; DJI Phantom 4 adv) and
two hexacopters (LemHex 44; Freefly Alta 6). Each aircraft contained
abarometric altimeter, while both hexacopters also contained alaser
altimeter (LightWare SF11-C LIDAR). Due to the absence of alaser altim-
eter, both quadcopters were flown at heights sufficient to minimize
errors (approximately above 50 m); an accurate altimeter reading
was confirmed during each flight using the known length of the boat
(50 m (ref. °)). Nadir photos were taken as the whales surfaced and
body lengths were measured in pixels and converted to metres using
MorphoMetriX photogrammetry software'® from the altitude of the
UAS, the focal length of the camera, and the pixel size**'°>. When pos-
sible, multiple photos of the same whale were taken and the largest
credible measurement was used'®%. We applied the UAS-based length



estimates to species-specific allometric equations to estimate buccal
cavity volumes. The general equation is:

Ve — Llsglope x lointercept (4)

Where V, corresponds to the engulfment capacity in m*and Ly is the
drone-measured body length in metres. Each species of rorqual has
unique slope andintercept parameters. More details about this method
can be found inref. %,

Rorqual feeding rate methods

Thedistribution of daily rorqual feeding rates was estimated separately
for day, twilight and night (phases). We segmented each deployment’s
phases according to astronomical definitions of day (sun angle >0°), twi-
light (0° > sun angle > -18°), and night (sunangle <-18°) and recorded the
duration (in hours) and lunge frequency (in lunges per hour). Sun angle
was calculated with the oce package'®inR (v3.6). To generate an empiri-
cal distribution of day feeding rates by species and phase, we sampled
deployments’ lunge frequency with replacement weighted by duration,
validated with multi-tag deployments (see next section). Unlike day and
twilight, alldeployments were weighted equally to derive night-time feed-
ing estimates because feeding rates are low at night intemperate feeding
grounds (forexample, ENP) and there are few hours of astronomical night
in polar regions (for example, WAP) during the feeding season.

Feeding rate validation

We used multi-day tag deployments (n =16 blue whale deployments,
n=6finwhale deployments, 126.4 days total, mean 5.7 days) to test if
sub-daily deployments produce biased daily-feeding estimates. For
each full day of multi-day deployments, we subsampled 1- to 10-h peri-
ods and compared the hourly lunge-rate of the subsample to the full
day. Weighting the deployments strictly by duration over-emphasizes
longer deployments; therefore, we used anonlinear asymptotic regres-
sionto predict the mean absolute error of hourly lunge rate with respect
to sub-daily deployment duration.

We generated a distribution of daytime hourly feeding rates using
the full sub-daily dataset. We had greater confidence in the estimates
fromlonger deployments and weighted the probabilities according to
the inverse of the error prediction found using the multi-day deploy-
ments. Our data-informed function weighted all deployments =10 h
equally and everything shorter by the inverse of the predicted error
(Extended DataFig. 6).

Daily prey consumption methods for rorquals
We estimated rorqual and balaenid prey consumption using separate
methods because of differences between discrete (rorqual) and con-
tinuous (balaenid) feeding events.

For rorquals, daily prey consumption was estimated as:

P= ) nVpt (5)
phase

Where P, is prey consumption (kg d ™), phase is daylight or night, r¢is
feedingrate (lunges hr), V,is the engulfment volume (m?), ppis biomass
density (kg m™),and tis the duration of each phase. A distribution for P,
was generated by sampling r;(see section Rorqual feeding rate methods),
V. (see the ‘Drone/engulfment capacity methods’ section), and p_(see
section ‘Prey methods’) 1,000 times withreplacement for each day of the
feeding season (121 days with varying daylight/night dependent on lati-
tude and hemisphere) for each species’ populationin each ecosystem.
For energetic values we used 6,000 kJ kg™ for forage fish according
toref.’*, 4,575 k) kg™ for Antarctic krill (E. superba) according to ref. »,
3,628 k] kg for non-Antarctic krill derived from a weighted average con-
sisting of 80% T. spinifera (3,800 k] kg™ from ref. %), and 20% E. pacifica
(2,940 kJ kg ' fromref.'%), representing the strong preference of 7. spinifera

by krill-feeding rorquals in the California Current Ecosystem, where all
tagged ENP whales in this study were feeding (Extended Data Fig. 2).

Balaenid water filtration and prey estimation methods

We calculated the volume flow rate Q through the oral cavity inm?s™
using methods outlined in ref. '°® (Extended Data Fig. 4a). Data for the
morphometrics (anterior and posterior opening area, AO and PO) and
kinematics (swimming speed during feeding, V) were taken from figure
9 of ref. *. There is no posterior opening measurement for the North
Atlanticright whale (Eu. glacialis), so we estimated the opening areato
be onethird the area of the anterior opening based upon the measure-
ments of AO and PO for the bowhead whale (Ba. mysticetus). We then
used the following equations to first calculate the pressure differential
across the oral cavity (AP) and then calculate the Q:

__pv?
AP= a0? (6)
24 POZ)
Q=C,nr%2AP/p (7)

Wherepisthedensity of seawater (1025 kg m™), C, is the dimensionless ori-
fice coefficient (estimated at 0.6), and ristheradius of theanterior opening,.

Using accelerometer tag deployments frombowhead whales (n = 6)
and North Atlantic right whales (n = 23), we separated out U-shaped
foraging dives (n =343) from non-foraging V-shaped dives using the
parameterslaid outin ref.°® and, for foraging dives, further separated
the bottom phase from the descent and ascent periods. The bottom
phase started at the first inflection point that was greater than 80%
of the deepest depth for that dive where the animal switched from a
downward pitch to an upward pitch and the bottom phase ended at
thelastsuchinflection point. Balaenid whales are thought to fluke with
their mouth open'”, so we used periods of continuous fluking during
the bottom phase of a dive as a proxy for feeding in lieu of cameras to
directly see the behaviour. We determined periods of fluking versus
non-fluking using a series of threshold values described in ref.”.

We estimated daily balaenid prey consumption as:

P=£Qp,ta ()

Where f;is the percent time feeding, Q is the volume flow rate, p, is
biomass density (kg m™), and ¢, is duration of daylight (s). Conserva-
tively, we assumed balaenids only feed during the day. f;was calculated
as the fraction of time spent fluking at the bottom of dives relative to
the entire duration. A distribution of P, for balaenids was generated by
sampling f; from tag deployments with replacement weighted by
deploymentduration (Extended DataFig. 4). We conducted energetic
calculations for balaenids using an energy density of 6,295 k) kg™ for
the copepod Calanus finmarchicus'®, acommon diet item for both
bowhead and North Atlantic right whale (Extended Data Fig. 4e).

Annual and population-level projections

To projectannual prey consumption rates, we multiplied our daily prey
consumption values (P.) from 60 to 182.5 because this encompasses
the full range of total number of possible days feeding for baleen
whales®¢19%1° Even so, we consider our estimates conservative
because we do not account for any foraging occurring outside this
season, despite the assumption that -17% of the annual prey consump-
tion occurs during the period of non-intensive feeding**'. To project
the annual water filtration and prey consumption of mysticetes we
multiplied annualindividual values by abundance estimates from1900
(pre-whaling; ‘historic’) and 2000 (post-whaling ‘current’)*. For South-
ernOcean finand blue whales, we informed our projections using feed-
ing rates from Northern Hemisphere individuals coupled with E.
superba densities measured in the Southern Ocean.
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To estimate the total circumpolar biomass of £. superba in 2000 to
compare to mysticete prey requirements, we used the same methods
in ref.’°, but with an updated estimate of 60.3 Mt of E. superba in the
CCAMLR synoptic survey area™. This region contains ~28% of the total
biomass of E. superba. Dividing the 60.3 Mt from this region by 0.28
reveals an estimate of 215.36 Mt as the total circumpolar biomass of £.
superbain2000. The total biomass of E. superbain1900 is thought to
be greater, but how much greater is unknown. The largest decline of
E.superbainthe20th century was observed in the Southwest Atlantic
Sector (the region containing the APP)*"2, which was also the region
where the most whales were killed.

Ironrecycling and primary production

To estimate the amount of iron recycled by Southern Ocean popula-
tions of rorqual whales, we used values from the published literature
onbaleen whale assimilation efficiencies and fecal iron content. The
exact quantity of egesta that whales produce is unknown; however,
thereis agrowing body of literature on the nutrient content of mys-
ticete feces. In particular, we used published concentrations of iron
from Southern Ocean rorquals™™. The equation for iron egested
(recycled) is:

P
Ferecycled = ZCFeconc (9)

Where P, is prey mass consumed; dividing the total amount of feces
produced by four converts from wet weight to dry weight™. Fe,. is the
concentration of ironin mysticete feces by dry weight. Toincorporate
uncertainty inour calculations, we sampled from a distribution of pos-
sible values for Fe_,,. (normal distribution, 146 + 135 mg kg™ mean and
standard deviation' cutoff at zero to exclude negative values) from
previously published estimates from baleen whales. Iron-retention
and egestion rates by mysticetes have not been measured directly,
though Fe:Cratiosinwhale and krill tissues as compared to their fecal
material suggests that foraging whales concentrate carbon and egest
amajority of ingested iron'>,

We further validated the total quantity of iron recycled (egested)
by separately estimating the total iron reservoir in krill consumed by
whales and assuming that 80% of ingested ironis egested by adult mam-
mals (measuredin pigs and humans'). We compared our results of iron
egested withthe calculationdescribed above and found these numbers to
be comparable.Forexample, the approximateironreservoirin400 MtE.
superbais1.6 x 10* t, whereas we found historic populations of Antarctic
minke, humpback, finand blue whales that we estimate to have consumed
428 Mt E. superba yr'to have recycled 1.2x10* tonnes yr™.

Using the assumptions of Ratnarajah et al."" that (1) 50% of this iron
deposited by whales remains inthe photic zone, and (2) 50% of that
ironis bioavailable to phytoplankton, implies that 3 x 10° tonnes yr™*
of whale-recycled iron was incorporated by phytoplankton across
the Southern Ocean pre-whaling (Extended Data Table 2). The aver-
ageiron-carbonratio of Southern Ocean diatoms is 3 umol Fe: mol
C"71%; thus, whale-mediated recycling of 3 x 10® tonnes iron yr™!
may correspond to a NPP increase of 215 TgC yr! (see Extended Data
Table 2 for calculations). This represents an 11% enhancement of
annual NPP (range, 1-75%; see Extended Data Table 2) compared
to Southern Ocean NPP from the end of the 20th century**. These
percentages were probably greater at finer spatial scales. For exam-
ple, the majority of mysticetes harvested in the 20th century were
taken from the Scotiaand Weddell Seas. This section of the Southern
Ocean had an estimated NPP of 477 TgC yr at the end of the 20th
century*. If half of all iron recycled by whales occurred there, this
may have boosted NPP in the Scotia and Weddell Seas by 22.5% as
compared to present. Despite simplifying assumptions, our calcula-
tions define aboundary on therole of large cetaceans in stimulating
primary production.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Codetoreproduce the figures and analyses in this paper are available
at: https://github.com/mssavoca/prey_consumption_paper; all data
and code are available on GitHub.
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Extended DataFig.1|Prior estimates of daily prey consumption. See
Extended Data Table 3 for studies that use specific parameter values plotted in
panelsd, eandf. a, Daily ration (R) estimate using equation (1). Note that here
B.edeniisrepresentative of the Bryde’s whale complex thatincludes B. brydei.

b, Mean daily consumption (MDC) estimate using equati
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on(1)if120daysspent  feeding.
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feeding. c, Mean daily consumption (MDC) estimate using equation (1) if 90
days spent feeding. d, Daily ration (R) estimate using equation (2). e, Mean daily
consumption (MDC) estimate using equation (2) if 120 days spent feeding.
f,Mean daily consumption (MDC) estimate using equation (2) if 90 days spent
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Extended DataFig.2|Map of field data. Each pointrepresentsatag prey mapping dataand wereillustrated by Alex Boersma; drone iconsindicate
deployment, coloured by species. The world map was generated fromref. 12, where we conducted drone measurements.
Theicons ofthe RHIBwiththe echosounder represent regions where we have
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Extended DataFig. 3| Analysis flowchart. The outline of the analytical steps
from field measurements to modelled daily krill consumption, and finally to
projected annual consumption, and nutrients (for example, iron) recycled.
Boxes with solid lines are data we collected, modelled and projected; dashed
boxesare dataweretrieved from other sources. The majority of our data,
analyses, results, and inferences focused on krill-feeding rorqual whales (207
of 321tag deployments), and this flow chart highlights those methods in
particular. For details on the measured data, see: Methods sections ‘Tagging
data’and ‘Lunge detection methods’ for tag data; Methods section ‘Prey
methods’ for prey data; Methods section ‘Drone/engulfment capacity
methods’ for drone data; Methods section ‘Ironrecycling and primary
production’ for fecal iron concentrations. For details on the calculated
information fromthe field data, see: Methods sections ‘Rorqual feeding rate

methods’ and ‘Feeding rate validation’ for feeding rate (lunges h™) calculations;

Methodssection ‘Prey methods’ for prey biomass calculations; Methods
section ‘Drone/engulfment capacity methods’ for engulfment capacity
calculations; Methods section ‘Annual and population-level projections’ for
population size information. For details on the modelled outputs of daily prey
ingestion and water filtration, see: Methods section ‘Daily prey consumption
methods for rorquals’ for rorquals; Methods section ‘Balaenid water filtration
and prey estimation methods’ for balaenids. For details on annual projected
preyingested, water filtered and ironrecycled see: Methods section ‘Annual
and population-level projections’ for prey ingested; Methods section ‘Iron
recyclingand primary production’ forironrecycled. For specific methods on
fish-feeding rorquals see the ‘Fish’ subsection of the ‘Prey methods’ section,
and for specific details on methods regarding balaenids, see the ‘Copepod’
portionof the ‘Prey methods’ section as well as section ‘Balaenid water
filtration and prey estimation methods’.
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Extended DataFig. 4 |Balaenid daily water filtrationand prey consumption.  feeding)and the higher distributionrepresents ahigh effort foragingday (15h
a, Visualization of anexample bowhead whale (Ba. mysticetus) showing how feeding).c, Prey consumed per day for anindividual bowhead and North Atlantic
water filtration was calculated. b, Water filtered per day for anindividual right whale. Density plots illustrate the full scope of all daily simulations with the
bowhead (Ba. mysticetus) and North Atlantic right whale (Eu. glacialis). Density heightrepresenting the relative probability of each output; the boxplots show

plotsillustrate the full scope of all daily simulations with the height representing the quartiles of these outputs with the thick line representing the median and the
therelative probability of each output; the boxplots show the quartiles of these shadedregionrepresenting the Q1-Q3 range (25th—75th percentiles) of all
outputs with the thick line representing the median and the shaded region modelled daily rates. For each species, the lower distribution represents alow
representing the Q1-Q3range (25th-75th percentiles) of allmodelled dailyrates.  effortforagingday (10 hfeeding) and the higher distribution represents a high
Foreachspecies, the lower distributionrepresents alow effortforagingday (10h  effortforagingday (15 hfeeding).
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Extended DataFig. 5| Additional daily prey consumptionresults.

a-c, Estimated individual daily feeding rates, filtration volumes and prey
consumption for fish-feeding humpback whales (M. novaeangliae) from the
California Currentand North Atlantic Ocean (Stellwagen Bank, Gulf of Maine),
aswellas for Bryde’s whales (Balaenoptera brydei) tagged off South Africa. The
smaller distributions assume smaller fishschools that are 29% of the size of the
engulfment volume (see Methods). Density plotsillustrate the full scope of all
daily simulations with the height representing the relative probability of each
output; the boxplots show the quartiles of these outputs with the thick line
representing the median and the shaded region representing the 25th-75th
percentiles of all modelled daily rates. d, Non-Antarctic humpback, fin

(B. physalus), and blue whales (B. musculus) prey consumption estimates.
Density plotsillustrate the full scope of all daily simulations with the height
representing the relative probability of each output; the boxplots show the
quartiles of these outputs with the thick line representing the median and the
shadedregionrepresenting the 25th-75th percentiles of all modelled daily
rates. e, Mass-specific daily energy intake. Species-specific average whale mass
was calculated using our drone-length measurements (Extended Data Table 1),

converting tobody weight according to ref.'?. Average prey energy density for
Antarctickrill, eastern North Pacific krill (2 spp.), forage fish, and copepods
describedinsections ‘Daily prey consumption methods for rorquals’ and
‘Balaenid water filtration and prey estimation methods’. Dashed horizontal line
represents 80 kJ kg™ d* (converted to 242.36 k) kg™ d ' viaMDC methodology),
which previous studies have used to estimate mysticete prey
consumption'??* Boxplots show the quartiles of allmodelled daily outputs
withthethicklinerepresentingthe medianand the shaded region representing
the 25th-75th percentiles of all modelled daily rates. f, Mass-specific daily
energy intake using Antarctic krill TS-L equations for North Pacifickrill, as has
beenused in previous studies™®>%, Boxplots show the quartiles of all modelled
daily outputs with the thick linerepresenting the median and the shaded region
representing the 25th-75th percentiles of allmodelled daily rates. Dashed
horizontallinerepresents 80 k) kg™ d* (converted to 242.36 k) kg™ d ' viaMDC
methodology), which previous studies have used to estimate mysticete prey
consumption'??* Falling largely below the horizontal dashed line, this level of
prey consumption would probably not be possible for these rorqual species to
meettheir energetic demands.
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Extended DataFig. 6 | Feeding rate validation measurements and
weighting curve. a, Using medium termtags attached to ENP blue whales
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from different duration blocks of multi-day tag deployments. This analysis
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showed that the longer a sub-daily deployment is, the more accurate and
preciseitbecomesinestimating the daily lunge rate. b, Using data from panel
a,wegenerated acustom weighting function which we applied to all
deploymentsinour dataset, accounting for our increased confidence in the
lunge rates of longer deployments. Deployments >10 h were weighted equally.
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Extended Data Table 1| Summary of baleen whale data measured, calculated, and modelled

Num. Pre Daily Daily
Study area(s) tagged Engulfment rrey feeding rate prey consumption
Species Num. IZ:“:L capacity 3‘;:2?;5 in lunges d! in kg d!
P Extended Data Extended  sized in?n inm? in kg m* (rr daily) (Pc)
Fig. 2 Data Fig. (Ve) (o)
2 Pp Fig. 2 Fig. 2
Northern
i i925,75,84
Balaenoptera  C3lToMia 125 " (gfgg (gg'gg_ u: 0.63 204 15904
musculus Southemn 23.07) 94.20) 0:2.46 (138-270) (10452-21952)
California'?5:126
Northern
California®
18.15 41.03 krill
Balaenoptera 222 8192
Southern 32 9 (16.67- (30.37- u: 0.62
physalus California™ 127 19.33) 51.30) o: 2.50 (159-302) (5079-12162)
Gulf of Maine
. ENP krill ENP krill
Calforna’ 723 et 546 9039
o 2.51 (296-812) (5417-15103)
Southern ) )
Sout 11.76 21.04 . ENP fish ENP fish
25,87,128
ngﬁ%i‘;f;;:e Galiomia 108 90  (10.56- (14.85- EN7P g‘s" 92 low: 1554 (707-2653)
Gulf of Maine 12 12.71) 27.08) (49-148) high: 5353 (2436-9141)
WAP
West Antarctic u: 0.19 V(\SI;\; \:{,\2/2’1:
i 130,131 .
Peninsula 0:217 (402-914) (1813-4926)
Balaenoptera West Antarctic 17 40 (ggg 3.21 p'k5|ll1 5 1207 685
i H 25,131,132 . - S s -
bonaerensis Peninsula 8.65) (2.10-4.01) o 2.05 (849-1615) (362-1085)
Balaenoptera Southern 10 2 (1 fgg_ 10.19 fish 59 low: 400 (256-760)
brydei South Africa 1308 (7-67-1270) g (36-87) high: 1378 (884-2617)
Balaena 80 copepods® low: 4748 (3021-8522)
mysticetus ~ Vest Greenland 6 NA NA NA 0.006 NA high: 7122 (4532-12783)
Eubalaena 7879 copepods®’% low: 3786 (1756-5160)
glacialis Guif of Maine = i NA NA 0.17 HA high: 5679 (2634-7741)

Values presented are the median, with the Q1-Q3 range in parentheses (25th-75th percentile), unless otherwise specified. ENP, eastern North Pacific; WAP, West Antarctic Peninsula. Original

sources for previously processed data is provided in the Study Areas column?574767879848796125-132

*For B. musculus, B. physalus, M. novaeangliae, and B. bonaerensis, | represents the geometric mean and o represents the geometric standard deviation of the lognormally distributed krill
biomass densities measured in patches near foraging whales (scaling). For B. brydei and the subset of M. novaeangliae that fed on fish, we used a previously published biomass density of
forage fish schools®**'3, For balaenids (Ba. mysticetus and Eu. glacialis) we used estimates of copepod densities from previously published studies®™ . See prey data methods (section ‘Prey
methods’) for more details.



Extended Data Table 2 | Calculations to estimate primary production stimulated by whale recycled iron in the Southern

Ocean
Parameter Value or calculation Result Uncertainty (range) Reference
Annual whale- 12,000 tonnes Fe yr' 7,000—15,0001 tonnes Fe Present
recycled iron yr study
Whale-recycled
iron incorporated 1 -
by Southern (12,000 tognzess Feyri)x 3,0(1)89ton2:s r’3 x 750-6,750 tonnes Fe yr 40
Ocean : grey!
phytoplankton
Fe : Cratio in
Southern Ocean 3 pmol Fe : mol C 1-6 umol Fe : mol C 17-119
phytoplankton
Converting 9 13
whale-recycled (g x'10Fg er)f‘)fﬂ'gga moll 5.37 lx (110 ”mﬁl Ii)e 1.35-12.15 x 10" umol Present
iron from tonnes e:gFe)x( Hmo recycled annually by Fef study
mol') whales
to pymol
Whale-recycled 14 '
iron to NPP (5.37 x 10" umol Fe) x 2'152’1‘51(% gcr}fr Present
(carbon (mol C : 3 ymol Fe) x incor o?ate}t; b 27-1459 Tg Cyr'#* stud
incorporated by (12.01 g C: mol C) h tg Ianktony Y
phytoplankton) phytop
Enhancement of 215TgCyr' = 11% annual
Southern Ocean enhancement of 1.4-74.9% Present
NPP from whale- 1949 TgCyr'# Southern Ocean NPP ’ o study

recycled iron

by whale-recycled iron

‘Range from the uncertainty of iron recycled by whales that is incorporated by phytoplankton (750-6,750tonnesyr™) from line 1.

#Range from the uncertainty of iron recycled by whales and uncertainty in Fe:C ratio in Southern Ocean diatoms from line 3.

"1,949TgCyr ' is the mean annual Southern NPP from 1997-2006 from ref. *. Data from refs. 4019,
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Extended Data Table 3 | Parameters used to estimate
mysticete prey consumption

« B Reference(s)

0.1 0.8 6,134

0.42 0.67 27,52,55,134-136
0.035 1 52,54

1.66 0.559 53,137
0.123 0.8 58,138
0.17 0.773 27,139
0.06 0.75 19,51,140

Studies that have used equation (2) to estimate mysticete prey consumption and the param-
eters used to populate their models. Data from refs, 68205163-6568-70134-140



Extended Data Table 4 | Summary of tag deployments

Species Tag Num. Tag time Bl it r:vt:g:
type deployments (hours) prey mapping video
bonaorens  CATS % (7.36.27 60) 18 18
Baldendpiers  caTs 10 2.73-10.76) NA 5
ohyeaus . CATS ! 0.17588) ’ ?
P ohysons . DTAG 1 (07558 ° he
oysalis duration 6 (6263.9632) = he
Pmisouus. CATS 50 652021 " 19
misculss . DTAG 5 25655 2 ht
e Cusien 16 (96.97-24.83) A M
novseangiae  CATS 168 ©0811.72) o o
mysticotus  OTA 6 0:37098) he e
“geciars OTAG s 088519 he a

Values presented for the tag duration for all tag deployments used in this study are the median, with the Q1-Q3 range in parentheses (25th-75th percentile). Number of tag deployments
with concurrent prey mapping (krill-feeding whales only) measurements and video of feeding events are also listed. A subset of these tag deployments have been previously published, see
Extended Data Table 1 for references.
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Data collection Field data from our instruments were downloaded and stored in Microsoft Excel 2016, and later analyzed in Echoview (for acoustic data),
Matlab 2014, and Rv. 3.6

Data analysis The code for this paper's results, figures can be found at our GitHub repository: https://github.com/mssavoca/prey_consumption_paper;
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Research sample Fieldwork consisted of attaching tags (n = 321) to baleen whales in the wild, and also to measure the whales length by aerial drone
and the dynamics of the prey patch using active acoustics from a small vessel.

Sampling strategy Fieldwork consisted of attaching tags (n = 321) to baleen whales in the wild, and also to measure the whales length by aerial drone
and the dynamics of the prey patch using active acoustics from a small vessel. Whales were tagged opportunistically on their foraging
grounds.

Data collection Members of the research team (the paper's authors) collected, processed, and analyzed the field data described above and in detail i,

the Methods section.

Timing and spatial scale Fieldwork and analysis was conducted from 2010-2019. Our field sites for this study included the California Current, coastal South
Africa, Stellwagen Bank National Marine Sanctuary, western Greenland, and the western Antarctic Peninsula (see Fig. S3 in paper).

Data exclusions Tag deployments that did not include any feeding behavior were excluded as we were interested in calculating foraging behavior
(feeding lunges, prey consumed) given it was a day that the animal as feeding. More details are provided in the Methods section.

Reproducibility All of our methods of fieldwork, data processing and analysis, and inference are described in detail in paper. Substantial detail is
provided such that our study could be replicated if desired.

Randomization This study did not consist of a controlled experiment; randomization was not necessary.

Blinding This study did not consist of a controlled experiment; blinding was not necessary.

Did the study involve field work? Yes D No

Field work, collection and transport

Field conditions Fieldwork was conducted on days where weather permitted small boat operations (i.e., minimal to moderate wind and swell). Field
seasons are the summer months in each hemisphere.

Location Our field sites were baleen whale feeding grounds in the California Current, coastal South Africa, Stellwagen Bank National Marine
Sanctuary, western Greenland, and the western Antarctic Peninsula (see Fig. S3 in paper).

Access & import/export All fieldwork was conducted with proper permitting. National Marine Fisheries Service permits 16111, 14809, 19116, 21678, 20430,
and National Marine Sanctuary permits MULTI-2017-007 and MULTI-2019-009

Disturbance Other than tagging the whales, a distance of 50m+ was kept at all times. As we were interested in capturing natural foraging
behavior, minimizing disturbance to the animals was paramount for our objectives.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [ ] chip-seq
Eukaryotic cell lines E D Flow cytometry
Palaeontology and archaeology I:] MRI-based neuroimaging
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals No laboratory animals were used in this study.

Wild animals Fieldwork consisted of attaching tags to baleen whales in the wild, and also to measure the whales length by aerial drone and the
dynamics of the prey patch using active acoustics from a small vessel. All fieldwork was conducted with proper permitting. National
Marine Fisheries Service permits 16111, 14809, 19116, 21678, 20430, and National Marine Sanctuary permits MULTI-2017-007 and
MULTI-2019-009

Field-collected samples We did not perform analyses on samples collected from the field in this study, only on data collected by drone, echosounder, and
the tags themselves.

Ethics oversight Research was conducted in accordance with Stanford University's IACUC (# 30123)

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