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Appendix S1- Detailed methods

Field methods

Operations in South Africa were based on the RV FRS Ellen Khuzwayo and two small boats were
launched to conduct tagging and observation work (additional details in Findlay et al. 2017). Monterey Bay
operations were based on shore with daily excursions in the RV John Martin and two rigid hull inflatable
boats (RHIBs); surveys were conducted along the shelf break until blue whales were found. Unlike in
South Africa, super-groups were not targeted specifically but were encountered opportunistically and boats
often conducted UAV (unoccupied aerial vehicles) and tagging operations around individual whales that
were encountered. In both locations whales were approached in a 6 m RHIB and a 6 m pole was used to
deploy suction cup attached video and 3D accelerometer tags manufactured by Customized Animal
Tracking Solutions (CATS) (Cade et al. 2016). When super-groups were found or whales were tagged, the
larger RV either conducted additional support operations (e.g. UAV work around tagged animals) or
conducted acoustic surveys in a box pattern around tagged whales. All data used in this project were
collected under NMFS permits 16111, 14809, and 20430 and South African permits RES2015/DEA and

RES2016/DEA.

Foraging behavior

Our analysis of behavior in super-groups consisted of 3D movement data from six tagged
humpback whales and six tagged blue whales (Table S2). We deployed two CATS tags on humpback
whales in super-group in 2015 as well as four additional tags on whales not in super-groups. One of these
animals travelled south for the duration of the deployment (3.5 hrs) and did not feed so was excluded from
analysis. In general, periods of super-group activity for humpback whales were directly observed from the
surface (mean deployment duration: 6.2 + 3.9 hrs), however one of the non-super-group animals
demonstrated localized, intensive feeding behavior at night and was observed in the morning in the vicinity

of > 20 other whales, so this localized feeding bout was included in the super-group analysis. Additional



periods of super-group behavior in 2016 were also identified when direct tag video confirmation could be
made of at least six animals feeding within an estimated five body lengths of the tagged whale (Fig 2). In
2016 we deployed six tags on super-group whales, though two were of short duration (<10 minutes) and
one collected video but no data; these three were excluded.

We deployed four tags on blue whale in the two described super-groups, and also had two whales
with tags on join the super-group on 16 Aug. With much longer deployments averaging 9.5 + 10.8 hrs
during which whales were not observed for the duration of their deployments, periods of blue whale super-
group behavior were identified as periods during which the whales were within a restricted region (~ 1 nm

across) at the head of the canyon in which the super-group was observed.

Feeding rate analysis

Tag accelerometers for all whales were sampled at 40 or 400 Hz, magnetometers and gyroscopes
at 40 or 50 Hz, and pressure, light, temperature and GPS at 10 Hz. All data were decimated to 10 Hz, tag
orientation on the animal was corrected for, and animal orientation was calculated using custom-written
scripts in Matlab 2014a (following Johnson & Tyack 2003; Cade et al. 2016). Animal speed for all
deployments was determined using the amplitude of tag vibrations (Cade et al. 2018).

Rorqual whale feeding behavior is a constant optimization problem balancing resource acquisition
at depth with oxygen acquisition at the surface (Hazen, Friedlaender & Goldbogen 2015). Stereotypical
behavior consists of diving from the surface, lunge feeding one to ten times at depths ranging from the
surface to > 300 m, then surfacing for one to a dozen or more breaths and then diving to forage again. When
this behavior repeats without a prolonged break it is known as a foraging bout. Lunge feeding on krill is
highly stereotypical (Goldbogen ef al. 2006; Cade et al. 2016) and individual lunges can be identified from
the tag records as peaks in speed followed by rapid deceleration that corresponds to increases in dynamic
body acceleration as well as changes in pitch, roll and heading associated with maneuvering (Simon,
Johnson & Madsen 2012; Cade et al. 2016). Dives to > 5 m were identified as feeding dives if they included

at least one lunge. To determine the average duration of foraging bouts across these two species we analyzed



the largest published collection of cetacean bio-logging data from Goldbogen et al. (2019), which consisted
of 112 feeding blue whales — 67 from Southern California (Cade et al. 2016; Southall ef al. 2019) and 45
from Monterey Bay — and 42 krill-feeding humpback whales — 17 from the West Antarctic Peninsula, 9
from South Africa, 12 from Monterey Bay and 4 from WA inland waters. Foraging bouts were differentiated
by examining 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 distributions
(Fig S4), so Gaussian curves were fit (using the fitgmdist function in Matlab 2014a, see Cade & Benoit-
Bird 2014) and the first set of curves that best matched the shape of the distribution was selected. AIC and
BIC continued to drop as the model complexity increased, but the change was < 5% each time and additional
us were outside the bulk of the data. The surface interval equivalent to the final p in the bulk of the data
plus 36 was chosen as the value to separate feeding behavior into foraging bouts. Feeding dives separated
by more than this inter-bout interval (5.5 minutes for both species) were considered to be part of separate
foraging bouts. Feeding rates (lunges/hr within foraging bouts during super-group and non-super-group
times) were determined for all whales by dividing the number of lunges by the total duration of all foraging
bouts.

Other parameters analyzed, including inter-lunge interval (ILI), dive duration, lunges per dive and
search area per lunge were determined on a dive-by-dive scale and averaged. Results in Table S2 are the
mean and standard deviation (SD) for each super-group whale. ILI is the time (s) between the peak in speed
(nearly equivalent to mouth opening time, Cade et al. 2016) from one lunge to the next peak in speed in the
next lunge of that dive. Dive duration was the time from leaving the surface to reaching the surface for all
dives > 5 m (calculated via finddives.m from animaltags.org). Search area between lunges was determined
using the geo-referenced pseudotrack (Wilson et al. 2007) of the whale, calculated from whale speed, pitch
and heading, and then distributing the resulting positional error between every two known positions. The
set of spatial x and y coordinates (z was calculated but not used) of the whale between lunges was then used
to find the two points that were furthest apart horizontally (p; and p2). Additionally, the points furthest

from the line segment p;p, (one point above and one below) were identified and the distance from each



point to p;p; was calculated. Search area between each pair of lunges in a dive was then calculated as the

length of p1p, multiplied by the sum of the distances of the two additional points from the line.

Prey data collection

Acoustic backscatter data were collected only during daylight hours using Simrad EK60 or EK80
transceivers with split-beam 38 kHz and either 120 or 200 kHz transducers in both ecosystems. In South
Affica, all three frequencies (EK60) were hull mounted on the RV Khuzwayo and transmitted pulses when
in the vicinity of whales, but the 120 kHz transducer was only operable for 5 of the 15 sea days. All three
transducers had a 7° beam width and operated with a pulse length of 1024 ps. In Monterey Bay, data were
collected from two platforms: the RV Martin with all three frequencies hull mounted and pinging
continuously and the RHIB Musculus with 38 and 120 kHz transducers pole mounted, running on Ek80
CW mode, and deployed opportunistically when the vessel was available and in the vicinity of tagged
whales. On both Monterey Bay vessels, the 38 kHz transducer had a beam width of 12° and used a 1024
us pulse length and other transducers had 7° beam width with a 512 ps pulse length. Bottom depth in all
South Africa humpback whale habitat was < 150 m, above the time-varied gain noise threshold for the 200
kHz transducer at -80 dB. All units reported in dB are S, (mean volume backscatter strength) re 1 m?/m?,
except when specifically referencing individual target strength (TS), which is reported in dB re 1 m?, and
when S, is reported in Fig. S2, which is in dB re 1 m?/m? (see MacLennan, Fernandes & Dalen 2002 for
details). Because the 120 kHz transducer was not operable for the bulk of analysis days in South Africa and
the 200 kHz had sufficient resolution for the depths of interest (no data deeper than 150 m), for consistency
across that ecosystem the 120 kHz data from its five functional days was excluded. In contrast, blue whale
habitat was deeper (bottom depth often > 400 m, with dives to krill patches up to 250 m deep), so the 120
kHz was used as the primary comparison to 38 kHz data (which also allowed consistency across Monterey
Bay vessels). Relative krill sizes in the two ecosystems (see below) also justified the analytical frequencies.

All systems were calibrated using a 38.1 mm tungsten carbide sphere (Demer ef al. 2015) as close

as possible to the time of data collection. In both field sites this was immediately temporally adjacent to the



second field season for each of the large vessels (RV Martin and RV Khuzwayo) and within a week of all
data collected on the Musculus. Echosounders were set to ping between 0.5 to 1.5 s (typical values were 1-
1.2 s) based on bottom depths. If false bottoms appeared in the monitored echograms, ping intervals were
increased.

Humpback whale super-groups observed in South Africa were tightly spaced (>50 whales in a
square region <100-200 m on a side (Fig 2)). The limited maneuverability of the 39 m RV Khuzwayo
precluded entry directly into these tight formations, so prey mapping around whales consisted of doing box
patterns at distances of 100-500 m from the main group. On one occasion on 3 Nov 2016 the group moved
within 100 m of the vessel and forward motion was halted. Due to weather conditions and equipment
delays, only one tagged humpback whale foraging in a super-group overlapped with prey mapping around
super-groups (Fig 2E), so prey and whale analysis are generally from different super-groups. Blue whale
super-groups observed in Monterey Bay were more loosely aggregated and could be maneuvered among,
so prey data during super-group events are in and among foraging whales, and six tagged whales fed for at
least part of their tagged duration within super-groups (Table S2). Due to competing research priorities,
the areas surveyed were at times haphazard, so we could not attempt analyses that depended on the
horizontal spatial extent of prey layers but instead focused on prey density near super-groups in comparison

to prey density near feeding whales that were not in super-groups.

Prey data processing

Hydroacoustic data were imported into Echoview 9 and each field day was analyzed independently.
Standard acoustic processing resulted in the removal of data below the sea floor, general background noise
(De Robertis & Higginbottom 2007), additional regions of high noise (common when the ship was
maneuvering or in rough seas) and signals from other sonar systems (Ryan et al. 2015) across all
frequencies. The geometry of the high-frequency (HF, 120 or 200 kHz) and 38 kHz data were matched,
and the SHAPES algorithm for school detection (Barange 1994; Coetzee 2000) was applied to a HF-38 dB

differenced echogram thresholded at 8 dB (see rationale below).



Mean krill lengths in both ecosystems under study were substantially smaller than the mean lengths
of Euphausia superba on which the majority of euphausiid hydroacoustic literature focuses (techniques
summarized in Jarvis et al. 2010). While E. superba have seasonal mean lengths that range from 30 to 50
mm (Atkinson et al. 2009), measured E. lucens, the dominant euphausiid in South Africa, during a cruise
concurrent to our field efforts were 14 = 1.4 mm, and adult E. pacifica and Thysanoessa spinifera, the
dominant Euphausiids in Monterey Bay (Croll ef al. 2009) and in blue whale diets (Croll et al. 2005;
Nickels, Sala & Ohman 2018) range from 10.2 = 3.0 to 16.0 £ 2.0 mm and 15.3 = 0.2 to 23.7 + 0.4 mm,
respectively, with krill in blue whale fecal samples consistently larger than those found in net tows (Croll
et al. 2005; Nickels, Sala & Ohman 2019). At a nominal sound speed of 1500 m s™!' the wavelengths of 38,
120 and 200 kHz signals are 39.5, 12.5 and 7.5 mm respectively, implying that for zooplankton lacking a
resonator (like an air-filled swim-bladder), animals smaller than the wavelength of the signal will have
strongly reduced signals (Stanton ef al. 1994; Stanton, Chu & Wiebe 1998) and additionally implying that
dB differencing and target strength (TS) models for larger krill like E. superba are not appropriate for the
smaller krill in this study. Instead, TS of these krill were calculated using an SDWBA scattering model (as
in Conti & Demer 2006), but parameterized with inputs (e.g., animal density and sound speed relative to
seawater and krill morphology) measured on krill species which are found in the Monterey Bay study site,
T. spinifera and E. pacifica, and also applied to the similarly-sized E. lucens. An average TS for each
ecosystem was calculated by averaging (in the linear domain) 1000 simulated krill with lengths from normal
distributions determined from representative krill sizes. For E. lucens we used our measured lengths, and
for Monterey Bay data we used the fecal-sample-determined distribution of 7. spinifera (the most common
blue whale prey as per Nickels, Sala & Ohman 2018; Nickels, Sala & Ohman 2019) from Croll et al. (2005)
of 19.3 £ 1.5 mm. Using E. lucens length-wet weight curves (Pérez Seijas 1987) and averaging male and
female values gave 0.026 g/krill, similar to the 0.025 g/krill derived from a cross-species relationship
(Mauchline 1967). We applied the smaller value since our mean sizes were larger than the juvenile E.
lucens data measured by Pérez Seijas. T. spinifera wet weight (0.040 g/krill) was also calculated from the

Mauchline curve but restricted to Pacific Ocean Thysanoessa sp. and E. pacifica measurements. TS



calculated from these lengths and our SWDBA model were -93.2 (@120 kHz) and -93.6 dB re 1 m? (@200
kHz) for Monterey Bay 7. spinifera and South Africa E. lucens respectively. At these size ranges, HF minus
38 kHz dB differences ranged from 16-18 dB in Monterey Bay and 23-24 dB in South Africa (mean size +
2 SD). Mean biomass density (B) in kg/m? at any spatial scale could then be estimated via eq. 1 (as described
in Simmonds & MacLennan 2008; Jarvis ef al. 2010) from the measured mean volumetric backscatter at

the corresponding spatial scale (S.), the estimated TS and the estimated individual krill mass (M) in g:

_ 1OSv/10 M
~ 10TS/10 X 1000 (eq. 1)

At high frequencies (120 and 200 kHz), euphausiid TS are highly susceptible to changes in
orientation, with, for instance, orientation changes of five degrees potentially resulting in 200 kHz TS
differences up to 20 dB (Demer & Martin 1995; Stanton & Chu 2000; CCAMLR 2005). Additionally, these
relatively large dB differences (compared to the differences centered around 9 dB for E. superba, Jarvis et
al. 2010) often spanned to levels below the detection threshold used for 38 kHz analysis. Consequently, for
exclusion of likely non-euphausiid backscatter, a lower threshold of 11.4 dB was used for 200 kHz data and
9.5 dB for 120 kHz data so that krill would not be inappropriately excluded (Warren et al. 2001). These
thresholds are the mean of the low value used for E. superba (Jarvis et al. 2010) and the HF-38 differences
for the largest krill we measured (18.7 dB at 200 kHz, 14.3 dB at 120 kHz for 35 mm 7. spinifera). These
values should allow our results to be comparable to previous studies that used lower thresholds and also
confirmed high krill abundances (using net tows) collocated with high acoustic backscatter in Monterey
Bay (Schoenherr 1991; Croll et al. 2009; MBNMS 2009; Santora, Ralston & Sydeman 2011).

Siphonophores are known contributors to acoustic backscatter and their presence can bias results
(Warren et al. 2001; McGarry 2014). To minimize this source of error, we linearly subtracted the
backscatter at 38 kHz from the HF backscatter; since siphonophores have resonant air pockets they have
similar backscatter at HF as at 38 kHz (Stanton, Chu & Wiebe 1998; Warren et al. 2001). All S, reported
are this linearly subtracted value, which were 0.2 £ 0.3 dB and 0.1 + 0.1 dB lower than the HF values in

Monterey Bay and South Africa respectively.



Distribution of resources

To confirm that gulp-sized cells, our base analytical unit, were distributed lognormally, histograms
of biomass in gulp-sized cells were examined on a day-by-day basis and in total (Fig. S1). Although most
statistical tests for normality are not appropriate for large sample sizes — e.g. total gulp-sized patches within
an ecosystem — and are sensitive to outliers (Ghasemi & Zahediasl 2012), a Box Cox transformation on
krill density in all gulp-sized cells resulted in a parameter of 0, suggesting the appropriateness of log
transforming biomass. For each krill patch identified, a signed rank-sum test comparing the median of all
of the gulps within a patch to the overall biomass derived from patch S, revealed that in three quarters of
the cases, gulp medians were significantly different than the linearly averaged S, of the patch (Fig. S1),
suggesting that resources the size of what whales actually feed on (the gulp-sized cell) are not represented
by the patch arithmetic mean. Given the lognormal distributions of gulps within patches, the variation in
patch sizes, and the variation in the number of acoustic samples per patch in our acoustic surveys, the
commonly employed approach of linearly averaging all acoustic data within whole patches or large cells
into single values would be likely to skew the data to a degree dependent on the size of the patches and the
preponderance of any rare but large data that are unlikely to be encountered by a foraging predator (i.e.
outliers).

As an additional line of evidence to determine if there would be a difference between analyzing
ecosystem data using gulp-sized cells compared to mean patch densities, we looked at the distributions of
gulps within krill patches and used a nonparametric rank-sum test to test if the patch S, were likely to have
been sampled from the observed distribution of gulp sizes. The frequency of times when the null hypothesis
could be rejected on each day is shown in Fig S1 and demonstrated significance in 505 of 1422 tests (p
from Fisher’s combined probability test =0). We also performed the same test for the S, of dive-sized cells
within krill patches and found that only 24 of 1325 krill patches rejected the null hypothesis (Fisher’s p-
value = 1). This suggested that the distributions of gulps within a krill patch were often significantly

different than the linearly averaged mean value in the patch. To remove any outliers due to acoustic noise
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(including missing data due to dropped pings) that were missed during the data preparation process, the

lowest and highest 0.5% of each day’s gulp sized cells were removed from analysis.

Additional tests for acoustic artefacts

The “whale scale” level of analysis — the primary analytical scale — includes comparisons of gulp-
sized cells both horizontally (across pings) and vertically (within pings). When ensonifying dense swarms,
care must be taken to ensure that neither artefacts due to extinction (e.g. Foote 1990), nor artefacts in the
opposite direction due to multiple scattering (Stanton 1983) influence results. In some cases these two
artefacts may offset (Stanton 1983), but in both cases they are more prevalent when ensonifying organisms
with stronger TS. These effects are mostly relevant when enumerating fish (with TS ~ -50 to -20 dB, Foote
1980) but have been observed to lesser extents in larger krill species like E. superba (TS @ 40 mm ~ -77
dB, Conti & Demer 2006), and are not commonly reported with extremely small TS of the krill in our
ecosystem (~-93 dB). However, to confirm that our results are not influenced by these effects, we examined
both gulp density as a function of location in the water column as well as the strength of the bottom return
echo in dense krill and outside of dense krill. If gulp depth is plotted against Sy gup, no relationship is noted
(r> = 0.036), and if a Generalized Linear Mixed Effects model (GLME) is run treating each column of data
as arandom effect, a slightly increasing relationship is noted (slope estimate 0.08 dB/gulp height, p <0.001)
implying that any extinction effect would be small. When examining the bottom echo, we calculated the
strength of all bottom echoes for data from 05 Nov 2015, the day shown in Fig. 4, in which we recorded
some of the strongest returns near the bottom that would be strong candidates to demonstrate acoustic
artefacts (if they were present). Bottom return in each ping was calculated in two ways: as the sum of
scattering (S,) from 0.5 to 5.5 m below the sounder detected bottom, and as the 95% percentile of 0.1 m S,
bins in the same depth window. Comparisons of bottom strength in strongly scattering regions to adjacent
regions were either not significantly different or had small differences in opposing directions (Fig S2). We
also compared S, in that 5 m bin below the bottom line to S, in the water column above the line (down to

1.5 m above the line) in Fig S3 and found nearly no relationship. The small size of these effects, combined
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with the inconsistent direction, suggests that any effect would be small and less than the error of the
estimates of the means in the whale scale analysis. When applying our approach to new ecosystems with
more reflective target organisms, similar precautions should be taken.

Similarly, the stochasticity inherent in acoustic data suggests that precautions should be taken to
ensure that gulp-sized cells are large enough to include sufficient pings to accurately represent biomass
(Foote 1983; Simmonds & MacLennan 2008). Our gulp-sized cells in Monterey averaged 9.4 + 12.5 pings
(mean + SD), while in South Africa humpback whale gulp-sized cells averaged 8.4 + 6.8 pings. To ensure
cells with only a single ping were never used, in South Africa all pairs of pings were averaged into a single
ping using the ping-reduction feature in Echoview. It was subsequently determined that this step made for
more complicated post-processing as different ping indices were then employed for the analysis of raw and
processed data. In Monterey data processing, then, an updated approach was used to simplify post-
processing. All data was extracted in gulp-sized cells, but then any cell containing only a single ping was
averaged into the subsequent cell (and that cell’s ping number was increased by one).

Finally, it should be noted that there are many avenues for error propagation when converting
acoustic backscatter to biomass: krill, which can swarm facing any direction (Calise 2009), have
orientation-dependent TS (Conti & Demer 2006; Levine, Williams & Ressler 2018), efforts to ground truth
estimates are inhibited by unknown krill escape from nets (Everson & Bone 1986; Brierley 1999) which
may be size dependent (Hill ez al. 1996), even with concurrent net-sampling the krill ensonified may be of
different size classes than the krill sampled, krill may be oriented in different directions throughout a swarm
(Hamner & Hamner 2000), and all models are subject to normal stochastic variation (Simmonds &
MacLennan 2008). In any distribution, the multiplicative geomean and GSD will be more robust to some
of these errors than linear summary statistics.

We report derived biomass units using the best available techniques as they are the most
biologically relevant, but we also report the directly measured backscatter data in all cases so that any future
improved models may be retroactively applied, including models that may directly link acoustic backscatter

of krill with energy content, as proposed in Benoit-Bird and Au (2002). For comparability, all statistical
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comparisons were based on log-transformed data (S, data before biomass conversion) and were only

performed within (not across) ecosystems.

Estimating overall intake

The whale scale method described herein is recommended for describing the distribution of
resources within large patches or within a larger region. Calculating the distribution of biomass within cells
the size of a whale’s dive gives a representation of the likelihood that prey of a given biomass is encountered
by a foraging whale, and reporting summary variables of lognormal distributions allows distributions in
different environments to be statistically compared. However, a whale foraging in this environment will
consume on average more biomass per gulp than the geomean biomass due to the right-skew of the
lognormal distribution (i.e., the mean of a lognormal distribution is higher than its geomean which is
equivalent to the median). If a whale samples randomly from a given dive-sized cell, the expected amount
of prey consumed would be given by the number of lunges (n) multiplied by the arithmetic mean biomass
of'the cell (Baive). Baive can be estimated from the geomean and GSD parameters of the lognormal distribution
of biomass in gulp-sized cells (Bgup). If we define parameters p = log(geomean(Bgup)) and ¢ =
log(GSD(Bguip)) to be the mean and standard deviation of log(Bgup) in a dive-sized cell, then the estimated
mean biomass density engulfed by a randomly lunging whale (denoted B, to signify that it is a calculated
parameter derived from the distribution) can be calculated from these parameters using any of these
equivalent formulas for the expectation of the lognormal distribution:

Bame = eh+02/2 — wlog (b)+(clog(h))?/2 — ,log (geomean)+(log (GSD))?/2 (eq. 2)
where b is the base of the logarithm used to calculate p and ¢ and “log” is the natural logarithm. If we wish
to estimate the linearized mean of acoustic backscatter from mean(Sy gup) and SD(Sy gup), i.€., the
parameters of xSy ws, directly without first back transforming to linear units, it can be derived from eq. 2

that:

. 2 Jog(10
Sy dwe = mean(Sy,,,) + (SD(Svyy,)) - —oar> (eq. 3)
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Calculating B directly using eq. 2 or indirectly using the results of eq. 3 would be equivalent to directly
calculating the mean biomass if biomass data were perfectly lognormally distributed. In natural
environments, calculating B from distribution parameters may be more robust than calculating mean
biomass directly since lognormal parameters are more robust to outliers and acoustic artefacts.
Summarizing data at spatial scales relevant to predators is also more likely to reflect the mean prey
encountered by predators (Haeckel 1893; Stephens & Krebs 1986) than, for instance, averaging patches of
different sizes or looking at the mean of all patches combined. Thus, the biomass expected to be consumed
from a randomly foraging predator could be calculated from eq. 2 using the geomean and GSD of all By,
(or, equivalently, the mean and SD of S;__dl\ve) in aregion. Because predators are likely to forage with some
degree of discrimination about what part of a patch they forage in, we suggest that biomass calculated as
described above would be a lower bound for an estimate of consumption, while employing the same
procedure using parameters at the informed whale scale (using only the densest half of gulp-sized cells

within dive-sized cells) could be a more accurate estimate.
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bottom for each ping. Method 2- the sum of scattering (S,) from 0.5 to 5.5 m below the sounder-detected
bottom. Data was collected at 200 kHz data on 05 Nov 2015.
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Fig. S3- Plots of S, for each 200 kHz ping on 05 Nov 2015 from 0.5 to 5.5 m below the sounder-detected
bottom as a function of S, in the water column. The flat lines suggests no (or very minimal) acoustic
shadowing effects.
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Fig. S4- Surface interval between foraging dives for blue whales and humpback whales tagged in multiple
ecosystems. Black bars are surface intervals from foraging dives with at least 2 lunges until the next
foraging dive. Red is the surface intervals for all foraging dives. For both species, the surface interval
duration corresponding to the mean of the largest fitted Gaussian curve in the bulk of the data + 3 SD was
used to differentiate “foraging bouts.” That is, a “foraging bout” was defined as the combined duration of
all dives where the surface interval between dives with foraging effort was less than 5.5 minutes (the
dashed vertical bar in both plots). The duration of a foraging bout was defined from the start of the first
dive to 5.5 minutes after the last foraging dive.



Table S1- Summary of data collected near super-groups (SG)

Hrsp l'”ey Estzmqted Time prey Number
mapping  SG size
Hrs prey (best data  of tagged
Region Date mapping nea'r 'es collection whales in
feeding  estimate
near SG around  SG (total
whales  number of SG began  hrs)
notin SG  animals) &
31-Oct-2015 1.3 3.5 50 13:08 2 (4.5)
3-Nov-2015 0.6 10.2 - 20:42 1(3.7)
5-Nov-2015 0.8 1.1 150 17:41 0(—)
6-Nov-2015 0.9 3.8 25 8:04 0(—)
N
§=  30-Oct-2016 0.9 7.6 45 18:32 0(—)
£9
< §
= § 1-Nov-2016 0.7 2.5 60 8:34 0(—)
5
@ ; 3-Nov-2016 3.9 4.2 80 7:33 0(—)
4-Nov-2016 0.9 6.3 60 9:53 0(—)
5-Nov-2016 2.0 2.8 50 7:07 1(0.9)
6-Nov-2016 - — 50 - 1(5.7)
7-Nov-2016 — — 75 — 1(1.7)
o E 14-Aug-2017 0.9 1.8 25 10:19 2 (5.0)
D~
= =
% S 16-Aug-2017 0.8 5.0 15 13:32 4(5.5)
= o Combined
2 — 323 - - -
other days

17
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Table S2- Feeding parameters from tag data for individual whales while they were foraging in super-groups
compared to when then were not within a super-group. Each row is a unique tag ID of the format
spY YMMDD-tag#, where sp = species ID (mn for humpback whales, bw for blue whales), year, month,
day and tag number.

M. novaeangliae (South Africa)

Feeding rate

(luniz Sleni:g h;ov;i;hin a Inter h(t[nig]e Sz)nterval ]n;zéu(i;gOeZS;azr)ch Lunges per dive
Tag ID SG NSG SG NSG SG NSG SG NSG
mnl51031-3 583 - 34+8 - 3.1+13 - 6.7+2.1 -
mnl51031-4 62.7 63.8 30+9 35+9 39+£26 47+44 62+x14 29+1.0
mnl51103-7 77.3 45.1 33+11 39+20 33+32 92=+145 3719 7.6+35
mnl61105-36 375 20.5 32+9 33+34  4.0+3.0 — 3.8+09 25+0.7
mnl61106-36b 55.9 213 32+10 70+£30 40+24 11+£93 35+13 29+038
mnl161107-36b 38.5 353 31+10 21+3 23+0.8 — 29410 22+04
B. musculus (Monterey Bay)
Tag ID SG NSG SG NSG SG NSG SG NSG
bw170814-40 23.8 27.0 94 +£13 93+19 27+ 14 39+£31 46+11 35+13
bw170814-50 22.6 194 9%6+19 102+17 51+39 54+27 4.0+£09 3.1+09
bw170816-23 29.2 — 81+8 — 33+12 — 42+04 —
bw170816-42 21.1 14.2 103+23 104+6 40+46  38+63 3.1+1.0 28=+13
bw170816-44 26.1 248 89+17 101+£21 49+46 51+65 39+06 34+1.6

bw170816-51 22.6 184  107+5 111413 17416 29+16 4.0+0.6 3.9+12
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Table S3- Prey in super group (SG) regions and in regions where whales are present but not aggregated (NSG). SA = South Africa, MRY = Monterey.

Panel A: Humpback whales

Patch biomass Whale scale biomass Informed whale scale Whale Informed
(v B parcn) in kg m™ (inBus ) in kgm™ (informed inBuws ) inkgm™ Patch scale SD  whale scale
(xS puch in dB) ( NSy ws in dB) (informed Sy s in dB) thickness (m) (dB) SD (dB)
Date of SG SG NSG SG NSG SG NSG SG NSG SG NSG SG NSG
0.12-:18 , 00917 0.17-:1.7,,..014:18 027-:13_.,024-:14
31-0ct-2015 (-56.8 +£2.4) * (-58.1+ 2.2) (-55.2 i2.3)***(—56.3 +2.4) (-53.2+1.2) o (-53.8+1.5) 23+£12** 10+£8 23 24 1.2*15
3-Nov-2015 0.19 -2 2.5 02928 0.27-22 03221 066-:15 ,051-:1.6 21 +£15%* 343 33 33 1620
(-54.7+4.1)  (-53.0+ 4.4) (-53.3+3.3)  (-52.6+3.3) (-49.4+1.6)  (-50.6 £2.0)
5.Nov-2015 0.33-:4.3 034-:22 084-:19 ,061-:22 13913 , 1.15:1.5 37410%%23+13 2.8 34 13%*16
(-524+6.3)  (-52.3+ 3.5) (-483+2.8) (-49.7+3.4) (-46.2+13)  (-47.0 £ 1.6)
6-Nov-2015 022-:22 01317 027-:2.0,,,0.15:19 047-:14,,,027:14 30+£19%* 8+7 30 27 13%%15
(-54.1+£3.5)  (-56.5+ 2.4) (-533+3.0)  (-55.7+2.7) (-50.9+1.3)  (-53.3£1.5)
30-0ci-2016 045-:2.1,,021:33 046-:24 028-:22 10715 o L5 *+ 340 38 35 18 o
(-51.1£33) (-544+ 52) (-50.1+3.8)  (-53.1£3.5) (-47.3+£1.8)
(-48.4+2.1)  (-55.2+ 3.4) (-49.9+£33) (-52.2+4.4) (-46.3+1.4)  (-46.0+2.0)
(-48.8+2.7)  (-55.8+ 3.0) (-492+2.8)  (-53.0£3.3) (-47.0£1.1)  (-49.6 £ 1.5)
(-45.7+52)  (-53.7+ 4.3) (-46.7+3.6)  (-50.5+3.6) (-44.0+1.4)  (-46.5+1.6)
5-Nov-2016 1.22.:23 1.05.:2.9 1.11:23 « 0.82-:24 215214 417514 19+ 8 *** 144+7 3.5 3.8 1.4*%1.6
(-46.7+£3.6) (-474+ 4.7) (-47.1+£3.5) (-48.4£3.8) (-443+14) (-452+1.6)
035:34,,..018:26 049-:20,..031-:2.1 09113, .0.66-:14
Al SA (-52.1 % 5.3)***(-55.1 + 4.2) (-50.7 + 3.0)***(-52.7 +3.3) (-48.0 + 1.3)***(-49.4 +1.6) 22+ 14% 8+£9 3033 1316
Panel B: Blue whales
Date of SG SG NSG SG NSG SG NSG SG NSG SG NSG SG NSG
14-Aug-2017 0.84 2.0 1.09:1.8 13816 , 107217 195-:13,,,141-:1.3 2A+L24% 14114 2.0 22 1.0%+13
(-50.0+ 3.0)  (-48.9+ 2.5) (-47.8+2.0) (-48.9+22) (463 £1.0)  (-47.7+1.3)
16-Aug-2017 09528 0.70:45 174217 15418 274.:13,,,235:13 504245520415 24 25 10%+%1.1
(-49.4 £ 4.5)  (-50.8+ 6.5) (-46.8 £2.4)  (-47.3+£2.5) (-448+1.0) (-45.5+1.1)
All MRY 08721 ,067:37 149-:16,,,1.19:1.8 222.:13,,,1.89:1.3 33407%%15415 2226 10%+]2
(-49.8+ 33)  (-50.9% 5.7) (-47.5+22) (-48.5£2.6) (-458+1.0) (-46.5+1.2)

Comparisons (* = p<0.05, ** = p<0.01, *** = p<0.001). ltalics indicates an effect in the opposite direction of the prevalance of data

— = data collected on this day did not meet the threshold of at least 30 gulps per dive



Video S1- On animal video from humpback whales foraging within super-groups. High quality version
available with deposited data at: https://purl.stanford.edu/rq794kc6747
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