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Predator -scale spatial analysis of intra-patch prey distribution revealsthe

energeticdriversof rorqual whale super-group formation

Abstract

1. Animals are distributed relative to the resources they rely upon, often scahbgridance
relative to available resources. Yet, in heterogeneously distributed environmentirgscri
resource availability at relevant spatial scales remains a challenge in ecolobitinmhi
understanding of predator distribution and foraging decisions.

2. Werinvestigated the foraging behavior of two species of rorqual whale veplatially
limited and numerically extraordinary super aggregations in two oceans. We alljition
described the lognormal distribution of prey data at species-specific spatial #tles
matched the predator’s unique lunge-feeding strategy.

3. Here we show that both humpback whalé&South Africa’s west coast and blue whales off
the US west coast perform more lunges per unit time within these aggnsgétan when
foraging individually, and that the biomass within gulp-sized parcels was oagaveigher
and more tightly distributed within super-group associated prey patchedafiagjligreater
energy intake per feeding event as well as increased feeding rate

4. Preywsanalysis at predator-specific spatial scales revealed a stronger essadigguper-
greups with patches containing relatively high geometric mean biomass amgdometric
standard deviations than with arithmetic mean biomass, suggesting that the foraging decisions
of rorqual whales may be more influenced by the distribution of high-bioptaiens of a
patch than total biomass. The hierarchical distribution of prey in spatsisiated,

temporally-transient, super-group associated patches demonstrated high biomass and less
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variable distributions that facilitated what are likely near-minimureriratls between feeding
events.

5. Combining increased biomass with increased foraging rates implied that aviedadl rates
of whales foraging within super-groups were approximately double those afsafoshging
in“other environments. Locating large, high-quality prey patches via the detedtion o
aggregation hot-spots may be an important aspect of rorqual whale foraging, one that may
have been suppressed when population sizes were anthropogenically reduced ifi the 20

century to critical lows.

Key words: ‘patchiness, krill, gulp-sized cell, lognormal prey distribution, blue whales and humpback
whales, socialforaging, filter-feeding, fisheries acoustics, foraging ecology, whale scale

I ntroduction

Both.the,density of foraging predators and the types of collective behaviomsydiily groups
are strongly.driven across taxa by the heterogeneity, or patchiness, of regotineeenvironment (Piatt
& Methven 2992;*Gordon 2014), but effectively describing the availability of patchy resources tosforage
is a fundamental challenge in ecology (Levin 1992; Benoit-Bird et al. 2013; @B4a33. Baleen whale
(Mysticeti). systems are an ideal lens through which to study the physidldgicars and ecological
limits relatedsto" patchiness because, as capital-breeding bulk filter-feeteys, reéquire dense
concentrations of seasonally available prey; essentially, their life histdriven by both spatial (Piatt &
Methven 1992; Hazen et al. 2009; Hazen, Friedlaender & Goldbogen 2015; van der Hoop et al. 2019) and
temporal patchiness (Fossette et al. 2017; Abrahms et al. 2019). Additiamallsyally in pelagic
systems it is possible to study both the behavior of baleen whales ansttibeittbn of their euphausiid
(krill) prey quantitatively and simultaneously in situ via the use ofldgging tags and hydroacoustic
echosounders (e.g. Baumgartner & Mate 2003; Owen et al. 2017; Goldbogen et aGu(if;et al.

2019).

Baleen,whales are the largest predators of all time, and rorqual whalethe(i clade
Balaenopteroidea) including blue (Balaenoptera muspulusd humpback whade (Megaptea
novaeangliag);*€an engulf volumes of water (means ~ 130 anc?, I'espectively) that approach or
exceed their,own body masses (Goldbogen et al. 2012; Kahane-Rapport & Goldbogen 2018). Most
typically, lunge filter-feeding whales forage singly or in smallugso(< 3 animals), and large groups of
up to 10-20 animals, often fish-feeding humpback whales, have also been reported in Systeraso
(Jurasz & Jurasz 1979; Whitehead 1983; Kirchner et al. 2018). Group membership dafinée

spatially or behaviorally according to the process under study (Mann 2008)vaeefer to groups as
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spatially cohesive aggregations, regardless of social, temporal or behaffiiaiions, such that
individuals must interact with each other (constructively or destruclivelyen accessing prey.
Topographical or transient oceanographic features (i.e. bays, fronts and upweiting)rage sometimes
associated with very large numbers (200+) of animals distributed over g (km) spatial extents

that can generally be considered to be foraging independently of each other (e.g. Jaquet 1996; Nowacek et
al. 2011). In contrast, our study involves dense aggregations such that individualbeonldirect

conflict for the same resource.

Thetformation of spatially constricted, large aggregations of humpback whalese proximity
(numbering_ upwards of 100 whales within five body lengths) have been observed since 2841 in t
Benguela Current upwelling region off the west coast of South Africa in @nrediere previous studies
reported only l00se aggregations up to 20 animals (Findlay et al. 2017). Known as super-groagy, simil
large aggregations have been reported historically (e.g. Bruce 1915) and thepooatgmeemergence
of this behaviorimay be related to the recovery of regional large whale popsilatmve critical
thresholds. Findlay et al. (2017) relate that animals in these super-grodgelgréoraging, however,
group behavior does not necessarily imply optimal behavior (Przybylski 20E3), and the proximate
causes that inspire such large aggregations have not before been explained.

In this study, we examined the prey conditions near, and the foraging behaviargef, |
aggregationssefsrorqual whales in two environments: humpback whales in Soigth akfd blue whales
in Monterey Bayyoff the US west coast (Fig. 1). We hypothesized that the vdieessed in super-
groups weresforaging throughout the environment in which they were observed, bfibréugng
conditions were of higher quality proximal to super-group observations, suggesting thavaitalility
is an underlying=driver of super-group aggregation. To test this hypothesis, \@etetiaed the prey
fields in both environments proximal to foraging whales that were both loosely and densely aggregated by
analyzing fisheries acoustics data at spatial scadesnthich the foraging style of the predatorse S$hlow
how this method can be used to reveal differences between heavily-foraged patcheal pomoiarge
predator aggregations and other patches in the environment that also appear to cortant blmmass.

We additionally used bio-logging tags in both environments to test whether whasegper-groups
demonstrated higher feeding rates than whales not aggregated in super-gifoopsating the
differences in prey conditions between aggregated and non-aggregated whales ondy exqilain why
super-groups form, but may aid understanding about how predators foraging in a patchy environment

make decisions about where and when to expend foraging effort.

Materials and M ethods-
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We investigated aggregations of rorqual whales in two eastern boundary-currentingpwel
ecosystems: humpback whgia the Benguela Current off South Africa’s west coast in 2015 and 2016
and blue whales in Monterey Bay off the US west coast in 2017 and 2018 (Fig. 1). These aggregations are
distinct from other contemporary descriptions of large baleen whale groups in the extraordinaryéiensity
animals within“a small region of open ocearin the case of humpback whales including up to 200
individuals within regions as small as 200 m on a side (Findlay et al. 2041h that animals must
interact with each other as they are foraging (Fig. 2, Video S1). While humpback supalegroups
were the specific focus of research efforts in South Africa, large aggregatioblue whales were
encountered,only twice opportunistically during Monterey Bay field efforts.detailed field methods,
see Appendix S1'in supporting information.

Foraging behavior

In both loeations, to examine foraging behavior within and outside of super-grougttaaieed
integrated 3D accelerometer and video tags to whales for time periods-026 hrs. Individual feeding
events that involve engulfing a mass of water and krill that can exceed tha# #izewhale (hereafter,
"lunges" or "gulps”, see Goldbogen et al. 2017) were identified via tmamidtic signatures (as in Cade
et al. 2016). Foraging behaviors including feeding rate (lunges per huter}junge interval, foraging
bout lengthsmandsforaging depth were compared within species between sujpeagawon-super-group
times (details in"Appendix S1), as well as between the two study ecosystems and &moagosystems
with krill-feeding=whales of the same species (total of 112 blue whales and 45 humtsek, Table
1).

To determine the significance of comparisons between super-group and non-super-group foraging
of tagged animals, both t-tests and generalized linear mixed effects (GLME) medelssed. Foraging
of tagged whales when they were and were not in super-groups was compared, antspgderayging
was additionally compared to other whales in the same environment but not in mwpes-d-inally,
super-group foraging was compared to a larger population of whales outside of tliie $pgging
period. For-humpback whales, this was all krill-feeding whales from CA, therctict and South Africa.
For blue whales, this was a comparison with blue whales in the same region as the super-group (Monterey
Bay) but a yeardater. T-tests were used to test for significamreliifes between mean feeding rates
(lunges per_hour during foraging bouts) of super-group whales and mean feediiof watekes foraging
when not aggregated in super groups (Tables 2, S2). For both species, foraging bodefinesrers the
time period that included all foraging dives with less than 5.5 minutes (see Appendind 3ig. S4)
from the return to the surface of one foraging dive to the start of thdamaging dive. GLME models

were constructed in Matlab 2019a for inter-lunge interval (ILI), lungesliger dive duration and search

This article is protected by copyright. All rights reserved



182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

area from all data using super-group status as a fixed effect and individlalastearandom effect. For
dive duration and lunges per dive, factors known to be influenced by dive depth, mean lungerdepth fo

each dive was binned into 50 m depth bins and used as an additional random effect.

Prey data“collection and initial processing

Prey data were collected using multi-frequency (38 and either 120 or 200 kHzhesptit-
fisheries acoustic systems (Simrad EK60s or EK80s) ensonifying the water column leksselavithin
an estimated 500 m of foraging whales in both ecosystems, a distance we considénga given the
size of observed, patches. Data collected near super-groups were compared to died celledeeding
whales nottaggregated into super-groups on each observation day and in aggregatéed Hekuow.
Krill biomass at each analyzed spatial scale was estimated from the mear balckscattering strength
(S/in dB re ¥'mm=, Table 3) of pings aggregated into cells in Echoview v9 with heights andhdeagt
detailed below. The acoustic set-up, the calculation of target strength for small krill, and the conversion of
acoustic units to biomass units are all detailed in Appendix S1. Aggregations,addmihated by large
swarms > 10 m thick and 1 km across, were identified in Echoview v9 acoustic echogramiheising
SHAPES school. detection algorithm (Barange 1994; Coetzee 2000) and dB differencimiguiesch
(Jarvis et al. 2010, additional details in Appendix S1).

Predator-scale‘prey analysis

Rorqualswhales utilize a unique foraging style, lunge filter-feeding,acterized by raptorial
targeting of discrete parcels of water followed by filtration through hahi@tes and retention of prey
(Pivorunas :2979; Goldbogen et al. 2017). Typically this behavior consists of tiviepths ranging
from the suffacejto > 300 m, performing one to ten lunges, and then returrihnegy gurface to breathe
before divingeagain. To match the spatial scale of prey analysis to the spat&lutilized by diving
whales, we first used tag data to identify the mean horizontal atidavelistances traveled by foraging
whales of both study species from 10 s before the first lunge in a divestaftedd the last lunge in a dive
(distances in Table 1, details in Appendix S1). We then divided the acdustealtified prey patches
(Figs. 3A, 4C-D into these dive-sized cells (Figs. 3B, 4E-F

To examine the distribution of krill within dive-sized cells (Fig. 3El), we used Echoview to
calculate”$ within analytical cells the size of an average whale engulfment vo{@&ngi, Ssymbol
definitions in Table 3) as calculated from the morphology of an intermedgitelg-representative of
each species of interest (blue whale total length = 22.5 m, humpback whale = 1Q1&wnength was
used for the vertical size of the cell (blue whale = 4.3 m, humpback whale = 2.3 m) and the ventral groove

blubber length (blue whale = 12.8 m, humpback whale = 6.0 m) was used for the hboetraeze
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(lengths calculated from ordinary least squares regression relationshipsaimekKRapport & Goldbogen
2018). At the observed prey patch depths, all return echoes had y-axis values larger thaah widthe
so the extracted cells represented a 2D projection of the gulp size. The emgudedolume of rorqual
whales is a good spatial match for the analysis of acoustic data since thsidargé engulfed water
parcels allows multiple acoustic returns to be processed even at our smaltest sleial scale. Gulp-
sized cells contained a minimum of two pings, and in Monterey, blue whale gulp-sizcavesiged 9.4
+ 12.5 pings (mean + SD), while in South Africa humpback whale gulp-sizedlaedtaged 8.4 + 6.8
pings (details in Appendix S1). The variation in the number of pings per gulprésiacp of variable
speeds by the survey vessel and variable ping rates set to maximize the nursé@ples without
introducing‘acoustic artefacts like false bottoms. When such variatpsadent in a survey, data that is
averaged into/patches without first accounting for survey distance can pigtdrgidiased. We report
whole patch*g(e.g. Fig. 4C,D, Tabl&3 for comparison to the spatially averaged approach described
above.

Characterizing patchy prey

In both_marine (Bennett & Denman 1985; Campbell 1995) and terrestrial (White 1978)
environments, both inter- (Preston 1948; Preston 1962; Pagel, Harvey & GodfrayM&@drran &
Hendersen:2003) and intra- (Barnes 1952; Anand & Li 2001) species abundances tend to bedlistribut
heterogeneouslysand can often be characterized by lognormal distributions (Détatis1287) That is
the log of-abundance data is typically normally distributed and can be characterittesl togan and
standard deviation of logged data, or, equivalently, the geometric mean and geomadeodstieviation
of the unlogged.data. Fisheries acoustics data, however, are typically repavedaéisnean abundance
integrated aver broad areas (e.g. Croll et al. 1998; Benson et al. 2002 &10@09; Nickels, Sala &
Ohman 2019)=or mean volumetric density within patches (e.g. Nowacek et alH#¥Eh, Friedlaender
& Goldbogen 2015; Owen et al. 2017). Prey patches can be heterogeneously disinibspede
(Watkins & Murray 1998; Kaartvedt et al. 2005; Benoit-Bird, Waluk & Ryan 20bh8jvever, and
aggregations themselves can have variable structure (H&rhitMoline & Southall 2017), implying
that using a single number to characterize the biomass density of a large patubt negyesent what a
foraging animal.encounters (Stephens & Krebs 1986). Additionally, averaging the idemsties
among patches with variable sizes may misrepresent mean availabiliymégds is not weighted by
patch size, or if‘acoustic surveys with variable ping rates or vessel speeds first meeraged into
spatially consistent regions.

When prey patches are small such that a lunge-feeding whale feeds on it only sagbinde

patch density with a single number for each krill patch would be an apieoptrategy. However, the
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krill swarms we observed in this studyere several km across (Fig. 2) such that predators could be
considered to be foraging within a patch rather than among patches. Consequbatter teepresent the
prey biomass available to foraging rorqual whales, we characterized the preyffiediisal to feeding
whales at predator-specific spatial scales, dividing large patches intoicatatglls the size of an
individual“whale’s gulp and then examining how those gulp-sized cells are distributed within cells of a
size likely experienced by whales on a foraging dive (Figs. 3-4). These gulp-digededistributed, as

in patchy prey in other aquatic and terrestrial systems, lognormally (more detaigpeéndix S1, Fig.
S1). Detailsifor estimating mean intake from lognormal distributions are alsoedporthe Appendix S1

section “Estimatingoverall intake.”

The whale scale

For each'dive-sized cell in a region of interest (e.g. all dive sized-cellsnaiod a super-group
on a specific day), we first summarized the distribution of bioesaldely to be experienced by a
foraging whale on a dive by calculating the mean and standard deviation (SDy.fvithin each dive-
sized cell. To ensure sufficient statistical power, only cells that hkhstt thirty gulp-sized cells were
included in analysis. We then summarized the overall distribution in super-grouppessgetches and
patches not assaciated with super-groups by averaging all dive summary v8lugsi6l a region and

calculatingsthes;peoled SD of all dives within the region of intgfeigt 3C) We refer to this summarized

analysis of prey-as the meawhale scale” (§Sy ws in acoustic units, yB,,s in estimated biomass units,
Table 3).

All statistical comparisons were done on the acoustic units which have approximately normal
distributions; andthen,Svas converted to estimated biomass (generally following Jarvis et al. 2010, with
study system specific calculation details in Appendix S1). Because biomass estimation is subject to model
enhancements over timeg report S (as mean * pooled S0hroughout the text in addition to biomass
(B, Table 3). Biomass of gulp-sized cells,(§ was lognormally distributed at larger scales (Fig. S1), so
for whale-seale summary values we present the geometric mean (geomedng gadnietric standard
deviation (GSD).of gulp-sized cells {B). The geomean and GSD are equivalent to the antilog of the
mean and _SD_of log(biomass). There are several advantages to summarizing data osimgalog

distributions instead of reporting mean biomass including less sensitivatytliers and a better ability to

characterizesthe spread of dawsie report lognormal summary statistics as “biomass in kg m3 . a
multiplicative scalar”, where <. is read “multiplied or divided by” and is a combination of the

multiplication (- ) and division (: ) symbols introduced by Leibniz (1684).can be interpreted as the

multiplicative complement to the commonly used +.
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283 The whale scale analytical scalethe distribution of gulp-sized cells within its corresponding
284  dive-sized cell (Fig. 3C, Fig. 4E,F)can be thought of as the sprediomass around a dive’s median
285  biomass. We developed this scale because of its link to the spatial scale of prignesgddry foraging
286  rorqual whales on any given foraging dive. This analytical technique givepresentation of what a
287  foraging rorqual could encounter on a dive and would represent what it is dkelsage on if it forages
288 indiscriminately during its dive. However, to account for the likelihood tbajuals employ an active
289  selection strategy to maximize their prey intake we additionally analyzetistnéution of only the top
290 50% of gulp-sized cells within dive-sized cells. The choice of 50% as ehthdewas selected as a
291  compromise between indiscriminate feedirgtered around a patch’s median and precise selection of
292  gulps with maximum density given how much is unknown about the behavioral patcloaedgirithm
293  employed by rorqual whales. We refer to this technique a&rifi@med whale-scale” analysis and it can
294  be thought of as‘the distribution of biomass around tHep@Ecentile of biomass in a dive-sized cell.

295

296 Results

297 Humpback whale super-groupf South Africa’s west coast are described in detail in Findlay et

298 al. (2017) andreonsist of 20-200 whales surfacing haphazardly in an area as rest2fi@adraon a side

299  (Fig. 2A, Video,S1). Super-groups were observed on 10 of 20 ship days in 2015-2016 (Fig. 1). The
300 duration ‘of super-group cohesiveness is unknown as none were observed from formagjpersaldbut

301 all were observed for at least one hour and in all five instances where grougidispeas observed,

302 emigration was sequential. Unlike in other environments where humpback whate$den observed

303 coordinating their fish-feeding behavior (Jurasz & Jurasz 1979; Wiley. €2041; Mastick 2016)

304 underwater video evidence suggests that lunge-feeding within thespdakeities is uncoordinated (e.g.

305 Video S1)./ Two blue whale super-groups were encountered in four field days in 2dbiitarey Bay,

306 California, USA and consisted of an estimated 15-40 whales surfacing within sayhtobkerver at sea

307 level (~ 1 km range); no super-groups were encountered in nine field days in 201&hBles generally

308 forage in singles or in pairs and the super-groups we observed consisted of many singles and pairs feeding
309 in the same,area.in an apparently uncoordinated fashion. Due to the similarities/iartziththe much

310 larger sizes of blue whales (blue whales are ~ 2x the length, 4x the mass and tevergyulfment

311  capacity of humpback whales, Kahane-Rapport & Goldbogen 2018) we propose that the olsapred g

312  sizes are comparable despite their differences in individual predator abunddredétue whale super-

313  group encountered on Aug 14 (25-40 whales estimated) was encountered at 08:30 and had begun to
314  decrease in density at ~11:15. On Aug 16 the group (15-20 whales estimated) was encatuh88ed

315  and our vessels left the area at 14:20.

316
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317  Foraging behavior

318 All whales fed continuously (accounting for surface recovery and tram) tivhile in super-

319 groups. Humpback whales fed at a mean depth of 43 £ 13 m while blue whaslé+ 30 m (e.q.,

320 Fig. 2). In both cases, whales in super-groups had similar lunges per diem-aaper-group whales

321 (Table 2);"hut'the smaller ILI and area traversed between lunges for \Wwhalgser-groups compared to

322 non-super-groups (Table 2) led to shorter dive durations (model estimates acréoamtoraging depth

323  differences, blue whale 95% confidence interval (Cl): 197 to 391 s shorter, humpteek9s% CI: 60

324  to 112 s sherter). These factors combined to influence the overall feedingsrateasured in lunges per

325  hour during.feeding bouts, which were 49 and 14% higher, respectively, in humpback whhlaeand

326  whale super-groups vs feeding satehen these same whalesre not feeding in super-groups, and were

327 45 and 34% higher, respectively, when super-group whales were compared to krill-feledieg more

328 generally (Table”R The increased feeding rates in super-groups suggested that we would fioictyhat

329  near super-groupwere distributed in such a way as to facilitate decreased search times.

330

331  Preyanalysis

332 Analysis_of prey abundance and distribution revealed high-quality foraging conditidruth

333  super-group and hon-super-group behavior states in each ecosystem. Identified preypatdoesging

334  whales werestypically 10s of m thick and 100s of m wide, regardless of group size, such that whales could
335 be described asiforaging within a patch rather than among patches (Fig. 2, Videragiipation of the

336  distribution-oefithe:biomass of gulp-sized cells from all identified patches on ea&y slay revealed the

337 biomass density was distributed lognormally (Fig. S1, Appendix S1), suggesting the apgregsiaf

338  the“whale scalesanalytical technique for describing the prey field experienced by these large predators.
339  Describing skewed data using the lognormal parameters (geomean and GSD) has the additional advantage
340 of being lessssensitive to outliers in the data, and summarizing acoustic dadpatiédly determined

341 cells has the advantage of matching the spatial scale of collection with the spatial scale expleyitme

342  predator of interest.

343 In comparing the prey fields in super-group and non-super-group regions, we found that prey

344  density was generally higher in super-group than in non-super-group re@ongen of eleven

345  observation days (Table S3, Fig. 5) geomean prey density at the whale, §&3lg (vas higher near
346  super-groups. than near foraging whales not in super-groups (p < 0.001 in both envsprvhenivhale

347  gulps in super-groups averaged 1.51.6 kg m® (-47.5+ 2.2 dB) while gulps in non-super-groups
348 averaged 1.2 1.8 kg m® (-48.5+ 2.6 dB), and humpback whale gulps in super-groups averageel 0.49

349 2.0 kg m*(-50.7+ 3.0 dB) while non-super-group gulps averaged .31 kg m*(-52.7 + 3.3 dB). In
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350 three of eleven days, prey density was lower near super-groups if prey wasediessing whole patch
351 means (further discussed below). Patches were additionally substantiallygifidasitly thicke near

352  super-groupin all cases (mean in South Africa: 22 + 14 m vs 8 £ 9 m, mean in Monterey: 33 ¥27 m
353 15+ 15 m, Fig. 5, TabIg3.

354 The GSD of gulps at the mean whale scale was not significantlyediffeetween super-groups
355 and non-super-group patches on any given day (T&Bleln 9 of 10 cases the mean gulp at the mean
356 informed whale scale (i.e., the mean gulp within the denser half of divesfie)l was significantly
357  higher in super-groups, and in all casesSB=of gulp density at the informed whale scale was 0.1-0.6 dB
358 lower in super-groups than non-super-groups.

359 Prey,conditions in the same region both before and during super-group formation weredbse
360 just once infSguth Africa on 05 Nov 2015 (Fig. 4, Fig. 6). In that case20®0vhales were spread out
361 along a shelf break before coming together into a single aggregation (Figre§)density in patch
362 averages was not significantly different before or during super-group form@tion 0.9, Fig. 5).
363 However, the geomean of gulps at the mean whale scal8&adigher (p = 0.010) in super-group
364  associated'patches and was 21% higher at the mean informed whale scale (p = 0.G@#)al\ddnean

365  patch thickness was estimated to be 14 m larger in super-groups (p < 0.001), an8Qwdp l&th the
366  whale scale and the informed whale scale was smaller in super-groups, thougjgrifigantly so at the
367 informed.whale.scale (Fig. 5, Tal#s).

368 In Monterey Bay, the blue whale super-group on 14 Aug 2017 had a similar pattern as the 05 Nov
369 2015 humpbackswhale super-group (Fig. 5). While the geomean of patch biomass was kutalietr (
370 significantly different) in the prey field near the observed super-group, geomean gulp biothaseedn
371  whale scaleandsthe mean informed whale scale were both significantly and sallystagher (Fig. 5,

372  TableS3), and patch thickness and gulp GSD at the informed whale scale were significamtiyy drid

373  lower, respectively (p<0.001 in both cases, T&fe While the super-group associated patch on 16 Aug
374 2017 had slightly higher geomean biomass at the whale scale and in patches, eesuitswsignificant
375 (Table S3). Instead, prey around this super-group was characterized by a 2.5-fold increase in patch
376  thickness as well as both a significant increase in geomean gulp biomasgg aleshsignificant reduction
377 ingulp GSD at the informed whale scale (Tablg S3

378 Patches.near super-groups thus had more available biomass on average than patches near whales
379  not in super-groups. In both environments, better quality of super-group patchesliwvated by higher
380 geomean gulp density, thicker patches and indications that the prey atatmeeihfwhale scale (the
381 denser half of the prey in each dive-sized cell) was more uniform iibdigin (i.e. displayed smaller
382  variance.

383

This article is protected by copyright. All rights reserved



384

385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417

11

Discussion

Our results suggest that the formation of super-groups of two species of rattplat was
largely influenced by high-quality foraging conditions. Gulp-sized cells anabizédte whale scale had
higher geomean_biomass and lower variability within prey patches associatedup#r-groups of
humpback and blue whales, and whales within super-groups demonstrated higher feeding nai@® than
dispersed individuals. Furthermore, characterizing the intra-patch distriloditioill biomass appears to
offer an explanation for the higher feeding rates observed in super-groupdic8ibecive found that
super-groups_were strongly associated with patches characterized y high geomebws GSdD of
biomass, partictlarlyn the densest half of gulps within dive-sized cells (the informed wéeée)
Higher geomeans implies that even a naively foraging whale would benefiintorased energy intake
at each feeding event, and a lower GSD (when paired with a high geomean) irmpties dgreater
proportion of gulp-sized parcels would be of sufficient quality to feed (igreater proportion of gulps
were above a threshold at which it would be beneficial to feed), enabling threasbseerease in lunge
feeding events,per unit time by decreasing search time. The match of predator behagasgihfzeding
rates) with ‘eur_findings of higher density with less variance in cells tleedizvhat a predator will
experience onrarforaging dive additionally supports the whale scale level of analysis.

In ecological models of foraging in patchy environments, patch quality is asssssed as the
overall intake (per unit time) enabled by an ecosystem (Giraldeau & Ca684). To improve the
efficacy of sueh*models, the intake rate paramatecpuld further be decomposed into two component
parts: 1)the energetic quality of each captured prey parcel and 2) thewaieraprey are captured. In
rorqual whale foraging systems, these quantities are represented by the mean biomass densitylin each g
(A,) and the Tunge rate per unit time (As), respectively, such that A = A, x A+. We found that prey patches
associated/with super-groups not only had 40-50% more biomass in the median (geonpetrgngul
patches not associated with super-groupglying higher A,, but also had smaller GSD. The small GSD
implied that prey was of more uniform quality proximal to super-groups, makewgier for whales to
maximize consumption without spending time between lunges searching for the best nezsibyl pesr
reduction in,search time likely facilitated the observed increases in supergtyugecreasing the inter-
lunge interval as well as the spatial distance traveled between lunges (J.allde2d, the reported
super-group feeding rates in both study areas (humpback whales: 55 * 15 lungesihihgtes: 24 + 2.9
lunges/hr,“Table 2are comparable to the highest reported rates for whales in othersst@didbogente
al. (2008) report that one tagged humpback whale fed at a rate of 45 lurayes/I8r hrs, Owen et al.
(2017) report humpback feeding rates of 49 lunges/hr, while Southall €104B) report blue whale
feeding rates over 10 minute bins that range from 5 to 30 lunges/hr wiaging, with mean rates

typically less than 20 lunges/hr and max rates over foraging bout-comparable tiree etal
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approximately 25 lunges/hr. The high rates of foraging in super-groups sutigesthese whales are
feeding at rates close to their biomechanical limits.

The analysis of prey at the nested scales we describe is partiouddiFiguited for describing
prey conditions available to krill-feeding rorqual whales because their frigragtyle utilizes
characteristics of both filter-feeding, where energy cost per foraging ewedependent of the quality of
the prey, and raptorial feeding in which prey (i.e. in bulk patches) are engulféstiatel units. The
combination of these feeding modes distinguishes rorquals from right whales @heajkacialis),
whale sharks (Rhinocodon tyguend other continuous ram filtration feeders. From our meta-analysis of
data from 45 blue whales and 21 humpback whales that lunged multiple timesegandivor which
georeferenced tracks could be calculated, we found that those two species traverse an dvéraigglof
and 73 + 34 horizontal meters between lunges and average 4.1 £+ 1.4 and 5.2 + 2.3 lunges per dive,
respectively,"yet'the distance traveled for one lunge is only the lendik bfitcal cavity (12.8 and 6.0
m, respectively, for a 22.5 m blue whale and 10.5 m humpback whale). Right veipgessimately the
same length as humpback whales, are continuous ram filtration filters thaarilearerage of 670 hof
water on every dive (van der Hoop et al. 2019). At $34hwater engulfed per lunge (Kahane-Rapport &
Goldbogen 2018), a humpback whale would have to lunge 48 times per dive (an order afdeagoite
than their average) to filter an equivalent volume. These factors, combined with lityet@abieed on
more maneuverable prey enabled by high-speed, raptorial approaches (Cade et aimpf2@hat
rorqual whales may be energetically required to make active choices regahdingatch and what part
of a patch tesfeed on, further supporting analysis at the informed whale scale.

Matching the spatial scale of analysis to the scale of the event under spadjciglarly critical
in patchy envireaments (Levin 1992; Benoit-Bird et al. 2013). Althoughsémsory mechanisms by
which rorqual whales determine patch quality in the environment is curterkhown, insights into the
process cantbe’gleaned by proposing and examining potential behavioral algorithms wkate&yto
maximize their energy intake (Hein et al. 2020). Prior work has prdpibse baleen whales initiate
foraging when prey is available above a certain density (Mayo & Marx 1990; CoBin&rd 2005;
Hazen et al. 2009; Feyrer & Duffus 2015; Kirchner et al. 2018). Our findixgend these ideas by
suggesting that the density and distribution of encountered prey is a better indfcatoere whales
forage than overall patch or regional abundartegture work may be able to refine this general principle
into a prediction for a behavioral algorithm that would describe under what conditions a whale wauld giv
up foraging in one environment to take advantage of an environment it perceives as more favorable.

Better matching the scale of prey distribution to the scale of predaagjirig effort could also be
used to better predict overall intake rates Considering that super-groups of two species of whales

aggregated in regions with less variability in the densest half of thendligiven that rorquals are likel
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not feeding indiscriminately, we suggest that the actual prey consumed bydoraigjual whales would

likely be reflected by the biomass of prey available at the whale scale as a lower bound, but be even better
reflected by analysis at the informed whale scale, and we include suggestithresdalculation of these

bounds in Appendix S1. Additional studies to quantify a more precise threshold fafdimed whale

scale could“eventually shed light on how rorquals maximize their foragingieaffy in a given
environment.

Although humpback and blue whale super-groups have only been recently described, abnormally
large densities of krill do not appear to be a new phenomenon. Nicol et al. (1987 suefamre swarms
of E. lucens.near our study area in South Africa of up to 35%gTime historical record of super-graup
(Bruce 1915) followed by a lack of observed occurrences during periods of low cetacean abundance
combined withfconsistent aggregations of krill suggest that rorqual whale supes-grengponce a more
common oceurrence. Given th@9%60% increase in geomean prey density we found in super-groups
and the concurrent 33-45% increase in feeding rates compared to non-super-group envir@nisients,
likely that super-groups were once an important part of rorqual whale rigraggology before
anthropogenic hunting removed more than three million whales globally (Rd&lhagham &
Ivashchenkao 2014). It is plausible, therefore, that recovering populations berafa positive feedback
loop whereby increased population sizes increase the likelihood of discovemngiextbut ephemeral
(Fig. 7) patehesssince concentrations of calling whales, even if calling is not yliretated to patch
guality or extentypcould serve as a signpost for wanderers about the location of epheaghegahliiy
foraging lgroundss(Wilson et al. 2018). This socially-mediated information exehaogld decrease the
search time of individuals who might not otherwise find the highest quelifipns within a foraging
ground (LaSeala-Gruenewald et al. 2019; Hein & Martin 2020).

Thesspatial colocation of the observed super-group associated patches with bathgatenes,f
including small=scale (1-5 km wide) canyons that incise typical rorqualifgrdmbitat regions off the
edges of continental shelves (Figs 1, 6, 7), suggest that the two environmentstindgumay have a
specific proclivity to support large, dense prey patches due to the irdara¢tbathymetry and local
oceanographic process that have been shown to aggregate zooplankton (e.g. Santora gBahd018
Bird, Waluk & Ryan 2019). Future work examining the spatiotemporal links between @lesosc
oceanographic_processes, local bathymetry, and temporally transient prey condijohetter help
explain how these large predators effectively exploit prey in spatially and temporally comptakshabi

It was not until relatively recently in the fossil recqf7 Ma) that baleen whales developed
gigantic body sizes (> 10 m), and it is likely that this large change came almmricert with oceanic
conditions that favored annually consistent upwelling zones that brought nutriematehto the surface

in specific areas, creating natural aggregation areas (Slater, Goldbdggen&on 2017). Locating and

This article is protected by copyright. All rights reserved



486
487
488
489
490
491
492
493
494
495
496
497

498

499
500
501
502
503
504
505
506
507
508
509
510

511

14

exploiting these prey hotspois essential to the foraging strategy of rorqual whales, and we found that
differentiating the highest quality prey areas (as characterized by high geomefns and low GSD)
from merely good prey areas can resuld iioubling of intake rates (1) when increased feeding rate (As)

are combined with increased prey density (,). We have described two disparate environments in which
predator patchiness indicated by temporally transient and spatially limited super-groupatiom- is
driven by prey patchiness, and we utilize predator-specific prey density metratgracterize high-
quality whale habitat. Our results suggest that foregoing local foragthon good prey environments in
favor of traversing to great prey environments where conspecifics are aggregatingoe an
evolutionarily stable strategy when such prey patches are extensive and ephemetalranmédearch
may reveal'the specific social drivers that cue whales into the locations @highsquality foraging hot
spots.

Supporting Infor mation

Additional supperting information may be found in the online version of this article.

Appendix S1- Detailed methods

Figure S1- Distribution of gulp-sized cells of acoustic energy and biomass for each day

Figure S2- Comparisons of bottom echo strength in adjacent regions of varying water column echos
Figure S3- Plots of Sor each 200 kHz ping on 05 Nov 2015

Figure S4- Surface interval between foraging dives for blue whales and humpback whales tagged in
multiple ecosystems

Table S1- Summary of data collected near super-groups

Table S2- Feeding parameters from tag data for individual whale

Table S3- Summary prey data from each day with super-group observations

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

Figurelegends & Tables
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513  Fig. 1- Fielddecations in South Africa (A) and Monterey Bay (B). Depth contour lines are separated by
514 50 m until the,.500 m isobath and then 100 m thereafter. Triangles show observed supesroup (

515 locations, and *+and x mark the deployment locations of suction-attached bio-loggers on humpback (A)
516  and blue whales/(B). Data collected near each super-group is collated in Table S1.
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Fig. 2- Investigating super aggregations of predators and prey A) UAV image of at least 60 humpback
whales off South Africa’s west coast, scale is estimated from mean humpback whale length (image ©

Jean Tresfon)=B) UAV image of four blue whales in an aggregation of ~15 whales in MontereyABay, C
(image © Duke Marine Robotics and Remote Sensing). Inset: map of super-group region with tracks of
tagged whales;the green track represents the topmost whale in the image. C&D) Undezwatef vi
multiple humpback and blue whales, respectively, feeding simultaneously. E&F) Acoustic backscatter
near super-group in South Africa and Monterey Bay, respectively, overlaid with the time-syncied dept
profiles and lunges (green circles) of whales tagged nearby. Grid lineseat¢osinatch the dive-scale

unit of analysis for each species.
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530 Fig. 3- Schemaitic illustrating the analytical technique for two acoustically detected prey patchege A) Th

531  patch scaleis commonly reported in acoustics literature, looking at the linearly averaged mean biomass
532  within eachgpatchi B) In the whale scale approach, patches are first divided into cétle tieas

533  average whalesfoeraging dive (Table 1). C) The whale scale looks at the distribution of the biomass of
534  gulp-sized cells'within dives and then pools results for a representation of the mean ayaifabili

535 biomass at the scale experienced by the predator. Biomass conversion equation in Appendix S1, eq. 1.
536  SD = standard deviation, geomean = geometric mean = antilog(mean(log(biomass))), GSD = geometric
537  standard.deviation = antilog(SD(log(biomass))). Other symbols defined in Table 3.
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Fig. 4- Matching the spatial scale of rorqual whale feeding with acoustic analysis can ileiminat
differences between patches that appear to be of similar quality. A&B) hydroacoustic degafesm
group and non-super-group regions on 05 Nov 2015, averaged into 1 m x 1 m cells (for display purposes
along a consistently sized x-axis). C&D) The mean density of each identified krill swarm as exported
from Echoview:=Ehe large non-super-group krill swarm in D had nearly double the krill density overall
than the Swarm.in C proximate to a super-group, suggesting that the mean density of krill saanmas m
be an appropriate metric to describe prey availability here since at this scale thgreupgratch would
appear to belower quality. E&F) The whale scale: the patdivided into cells the average size of a
(2D) humpbackwhale foraging dive (125 m x 35 m) and then further divided into gulp-sizedtoells.
geometric mean‘of the gulp-sized cells within dive-sized cells is higher in the sapprpgoximal patch.
G) acoustic'data in a dive-sized cell at fine resolution. H) acoustic data in a édesiizaveraged into
gulp-sized cells, demonstrating how at this resolution the distribution of kifilinathe patch is

preserved.
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Fig. 6- 3d vhsuper-group associated prey patch on 05 Nov 2015 in South Africa (the southernmost
group in Fi hese are the same data from which Fig. 4 was created. A-C) prey and whalesisprea
before supmp formation (prey data shown until 17:00 local time). A) overhead view. BObliqu

view (from the northwest), highlighting the prey in relation to submarine canyon bathymetry. @nSide
view, lo the south. D-F) Same views now including super-group-associated data when 150-200
whales converged into a region ~ 200 m on a side at ~17:00. Bad weather on this day precluded suction-
cup tag de@nt. Whale illustrations by Alex Boersma. Bathymetry courtesy of the South Africa Navy

Hydrographic Office. Data plotted in Echoview v10 using a 50x vertical exageration.
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Fig. 7- 3d view of super-group (SG) associated
prey patches in Monterey Bay, CA, USA. A)
Overall layout of the north Monterey Canyon
edge with prey data near SG A on 14 Aug 2017.
B) zoomed in plot of the SG B location, but the
day before the SG was noticed. There were
scattered blue whales feeding in this area, but it
is noticeable how much less uniform and diffuse
the high-quality parts of this large patch are. C)
zoomed in plot of the SG B associated patch on
16 Aug 2017. D) view from the southeast of the
same patch, overlain with tracks from the four
tagged whales feeding within SG B. Data plotted
in Echoview v10 using a 10x vertical

exageration.
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Table 1- Morphometric and feeding parameters that informed analysis, using alleedinfy whales
from (Goldbogen et al. 2019). Body lengths are representative of whales &gtbe. Ventral Groove
Blubber length (VGB) and jaw length (Jaw were allometrically determined (Kahane-Rapport &
Goldbogen 2018) and used to create the gulp-size cell (Figs S&4drch areas were used to calculate the

size of the'dive-sized cells. ILI = Inter-lunge interval

Vertical Horizontal Lunges
Species Length VGB, Jaw search area search area ILI per dive Deployments
B. musculus 225m 128m 4.25md44+16m} 240+ 119 mt 108 £+254s 3.3+£2.0 112
M. novaeangliae s, 10.5 m 6.0m 225m 35+20m 125+99m 43+12s 3.2+1.145

T Search areas for B. m. were limited to deployments with georeferenced pseudotracks (n =51)

Table 2- Meandfeeding parameters derived from tag data for whales foraging in sapps §G) and
not in super/groups (N9GFeeding bout definition described in Fig4 Data for individual whales
foraging in ‘'super-groups (n = 6 in both ecosystems) in Table S2. M. n. = M. novaeahglnpback

whales), B."m"="B. musculus (blue whales).

* = p<.05, ** = p<.01, *** = p<.001

M. novaeangliae (South Africa)

Feeding rate
(lunges per hr within &
foraging bout)

Inter lunge search
area (16 m?)

Inter lunge interval

(ILt, s) Lunges per dive

SG NSG SG NSG SG NSG SG NSG
SG animals 55+15 37+£18 32110 40 £ 18 34+£25 81%x11 485 3622
(p-value) (0.078) ***(0.000) **%(0.000) (0.516)
number of animals 6 5 6 3 6
All SAM. n. 55+ 15 39+15 32+10 36+16 34+25 6.6+10 4B% 41+£25
(p-value) (0.086) ***(0.000) ***(0.000) (0.492)
number of animals 7 6 6 5
All M. n. 55+ 15 38+16 32+10 44 +18 34125 11 £26 455%144+21
(p-value) * (0.028) ***(0.000) **(0.006) (0.913)
number of animals 6 17 6 33 6 30 6 33
B. musculus (Monterey Bay)

SG NSG SG NSG SG NSG SG NSG
SG animals 24 +£29 21+5.1 95+ 17 102 £19 36 +34 42 £ 40 4@M* 3.3x1.3
(p-value) (0.214) (0.187) (0.083) (0.387)
number of animals 6 5 6 5 6 5 6 5
All MRY 2017:8. m. 24+2.9 22+39 95 +17 101 +16 36+34 42 + 32 4@M* 3.3x1.3
(p-value) (0.200) (0.126) * (0.028) * (0.038)
number of animals 17 17 6 17 6 17
SG B. m. vs 2018 B. m. 24+29 18+3.1 95+ 17 108 + 22 36+34 57 +85 41M* 4814
(p-value) **%(0.000) * (0.014) (0.124) (0.886)
number of animals 6 22 6 22 22 22
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Table 3- Definitions of symbols and abbreviations. See Fig. 3 for schematic representation of
hierarchical prey distribution calculations. SubscrifNsor N before the variable denote lognormal or
normal distributions, respectively. See MacLennan, Fernandes and Dalen (2002) for further descriptions
of S, and TS."For further discussion of the calculatioR @i S,, see Appendix S1 section “Estimating

overall intake.” See eq. 1 in Appendix S1 for information on calculating B from S

Symboal Definition Units Scale

o Multiply or divide (the multiplicative correlate tt) - -

B guip Biomass density within a gulp-sized cell kg ms Gulp

B pacer ;Or\gtmhrg::tzc Swean biomass density within a patchirfested kg ni? Patch
Whale-scale biomass: the distribution qf B within a dive

N Bus sized cell, estimated frogBy,s and equivalent to kg ms Dive

geomean(@ulp) o GSD(Bgulp)

Distribution of B s Within a patch or region, estimatec

B from \Svys and equivalent to geomegi,s) «: kg m® Sezti(;: o
GSD(nBuws)
Estimated arithmetic mean biomass (mean biomass Dive,

B consumed over time) calculated the summary vasable kg ny* patch or
geomean(Rs) and GSD(B). region

geomean geometric mean - -

GSD Geometric standard deviation - -

SD Standard deviation - -

S, Mean volume back scatter strength (MVBS) dBrel1mm® -

S, quipOF S\yup+ MVBS within a gulp-sized cell dBre 1 mMim® Gulp

S, patcrOr Siparerm= MVBS within a patch dBre 1 mMm?® Patch

S diveOr SViive MVBS within a dive-sized cell dBre 1 mm® Dive

Whale-scale Sv: the distribution of G within a dive-

<3 Dive
sized cell, presented as mean(gy+ SD(S\up) dB re 1 nim

N S\/_ws ory SVWS

S S Distribution of mean(Sv,) of all dive-sized cells within € 3 Patchor

N°Ov ws  Or NoViws . dB reln%m .
patch or region, presented as me&v(s) + SD[SVys) region

= Estimated MVBS from a dive, patch or region, calda ] Dive,

Sy : dBre 1 Mim* patch or
from the summary variables meag)(8nd SD(9 region

TS Target strength (see eq. 1 in Appendix S1) dBrelmm3® -
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