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Scales of Blue and Fin Whale Feeding
Behavior off California, USA, With
Implications for Prey Patchiness

Ladd M. Irvine *, Daniel M. Palacios, Barbara A. Lagerquist and Bruce R. Mate

Department of Fisheries and Wildlife, Marine Mammal Insttey Oregon State University, Newport, OR, United States

Intermediate-duration archival tags were attached to eighblue whales Balaenoptera
musculus; four females, three males, one of unknown sex), and ve n whles B.

physalus two females, one male, two of unknown sex) off southern Cddirnia, USA,
in summer 2014 and 2015. Tags logged 1-Hz data from tri-axialaccelerometers,
magnetometers, and a depth sensor, while acquiring FastlodGPS locations. Tag
attachment duration ranged from 18.3 to 28.9 d for blue whale and 4.9-16.0 d

for n whales, recording 1,030-4,603 dives and 95-3,338 GPSlocations per whale
across both species. Feeding lunges (identi ed from accel®mmeter data) were used
to characterize “feeding bouts” (i.e., sequences of feedm dives with <60 min of
consecutive non-feeding dives), within-bout behavior, ah to examine the spatial
distribution of feeding effort. Whales fed near the taggingotations (Point Mugu and
San Miguel Island) for up to 7 d before dispersing as far soutas Ensenada, Mexico,
and north to Cape Mendocino, California. Dispersal within@ithern California waters
differed by sex in both species with males undertaking offstre, circuitous excursions,
while females remained more coastal, suggesting that moveant patterns on the feeding
grounds may not be exclusively related to energy gain. Feadj bout characteristics
were similar for both species, with the median bout having 24lives and lasting 3.3 h
for blue whales 6 D 242), and 19 dives while lasting 2.7 h for n whalesr{ D 59). Bout
duration was positively correlated with the number of feedg lunges per dive within a
bout for both species, suggesting whales left poor-qualityprey patches quickly but fed
intensively for up to 34.9h when prey was abundant. Feeding duts occurred further
apart as the distance from shore increased, but there was no arresponding difference
in the number of feeding lunges per dive, suggesting the what were feeding at the
same rate throughout their range, but that prey was more disprsed in offshore waters.
This may be evidence of two feeding strategies, with spatiglaggregated foraging around
highly localized, topographically forced upwelling cents nearshore, and more dispersed
foraging in larger areas of elevated, but patchy, productity offshore.
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Irvine et al. Scales of Rorqual Feeding Behavior

INTRODUCTION southern California l(ewis and Sirovic, 20).8Considering that
animals in southern California waters are exposed to a variety
Blue Balaenoptera muscujuand n (B. physalyswhales are of regional stressors like ship strikeésefman-Kowalewski et al.,
the two largest species of cetaceans and both occur o thgp10: Redfern et al., 20jl@nd anthropogenic sound3oldbogen
west coast of the United States (USA). Blue whales arrive )., 2013; DeRuiter et al., 2);& potential spatial segregation
seasonally beginning in the late spring-early summer and feegkising from behavioral di erences between sexes could lead
on aggregations of krill Thysanoessa spinifera and Euphausigo disproportionate impacts §progis et al., 20)6over short
paCi ca; Fiedler et al., 1998; Croll et al., 2005; Nickels et altempora| Sca|eﬂrona et a|_Y 20]_Bor on |0ng_term popu|ati0n
2019 until the late fall-early winter when they migrate south tness (Pirotta et al., 2019
to breeding areas o Baja California, Mexico, in the Gulf of To understand broad-scale ecological patterns arising from
California, and near an o shore oceanographic feature cetf®  observed species distributions, including interactionsoam
Costa Rica DomelMate et al., 1999; Bailey et al., 2010; Irvinesympatric species, it is often relevant to understand how ne-
et aI., 201)'3: AlthOUgh the seasonal movements of n WhaleSsca|e behavior in uences the |arger trenﬂvenS, 20])2 The
are less well-understood, they occur year-round o souther movements and distribution of blue and n whales at the scale
California (Sta ord et al., 2009; Sirovic et al., 2015; Scales et apf the eastern North Paci ¢ Ocean have been described using
2017 suggesting they do not follow the typical baleen whalgatellite telemetryHailey et al., 2010; Irvine et al., 2014; Scales
pattern of migrating to lower latitudes during the winter toded et al., 201, ship based surveysR¢dfern et al., 20)3 and
and calve (see alsdwards et al., 2015; Geijer et al., 2016acoustic data Kurtenshaw et al., 2004; Sirovic et al., 9015
JiménezL.opez et al., 20)9Fin whales primarily feed on the However, there is little data to explain how the broad-scale
same species of krill as blue whales, but can also feed on sm@ltributions of these animals are in uenced by variatioms i
sh and squid Pauly et al., 1998Both species are listed in the pehavior at more local scales. Here we used intermediate-
USA as “Endangered” under the Endangered Species Act agdration data-logging tags to examine the ne-scale movetsie
consequently are labeled as “Depleted” and “Strategickstocand diving behavior of blue and n whales o southern and
under the Marine Mammal Protection Act. Additionally, blue central California over periods of multiple weeks. Our primary
whales are considered “Endangered” and nwhales “Vulnkerab goal was to characterize how feeding behavior varies atiisss
according to the IUCN Red List of Threatened Speciesake, region, including potential di erences between the sexes and
2018a,p between the two species, which occur in sympatry in this region
As with other rorquals, blue and n whales feed by engul ng Our results indicate a strong spatial and temporal heteroijgne
large volumes of water and schooling prey, then expelling thg plue and n whale foraging behavior, with implications for
water through brous baleen plates to retain the prédo{dbogen  prey patchiness and quality. As such, this study provides new
et al., 201y This engulfment, termed “lunge feeding,” occursinsights into the underlying drivers of broad-scale moveine
during a rapid acceleration through/into a school of prey andand occurrence during the feeding season for two of earth's
can happen multiple times per dive. The evolution of this feedingargest predators.
behavior is closely tied with the animal's large size, afiaiva

them to e ciently exploit highly concentrated prey patches
(Goldbogen et al., 2011, 2012; Goldbogen and Madsen).2818 MATERIALS AND METHODS

blue whales this feeding behavior has been shown to var;dbas?fag Con guration and Deployment
on local prey concentrations, indicating they are able topdda This study used Advanced Dive Behavior (ADB) tags, a
foraging strategies to maximize prey captuf@(dbogen et al., con guration of the Wildlife Computers (Seattle, WA, USA)
2019 and energetic e ciency flazen et al., 2095 MK-10 time-depth recorder platform, which can record depth,
While sexual di erences in distribution and behavior are el temperature, and tri-axial accelerometer, and magnetonuztex
documented in toothed whales3(gg et al., 1990; Whitehead, at 1-Hz resolution for multiple weeks before releasing frora th
2003; Parsons et al., 2QP%uch dynamics are less well- whale for recoveryNlate et al., 201)7 A Fastlo& GPS receiver
understood for rorqual whales, which are largely non-séiyua and patch antenna were included in each tag to acquire GPS-
dimorphic, but are known to occur (e.gl,aidre et al., 2009  quality locations Bryant, 200Y, along with an Argos Platform
Sex-based di erences in acoustic behavior have been dodehen Terminal Transmitter for sending GPS location and summeiz
for both blue and n whales, with most of the more complex dive data messages via the satellite-based Argos Datat@nile
vocal repertoire of each species being produced exclusively Bid Location System. Complete details of ADB tag construction
males and believed to be related to reproduction, while dBgu and design con guration are provided iklate et al. (2017)
calls are produced by both sexes in the context of foragihngl{ Tags were deployed on blue and n whales in southern
etal., 2002; Oleson et al., 2007; Stimpert et al., 2015; eealis  California waters during August 2014 and July 2015. Field
2019. Further, spatial variability in the type and rate of callingwork was supported by the 25.6-m research vessel FRidi ¢
has been documented in blue whales o southern Californiastorm Tags were mounted in a semi-implantable stainless steel
suggesting there may be spatial separation of behaviorslt&si housing and deployed at close range (2—4 m) from a 6.7-m rigid-
(Lewis and Sirovic, 20)8although a lack of direct observation hulled in atable boat using the Air Rocket Transmitter System
makes the underlying process unclear, as both feeding ar&gimodi ed compressed-air line-throwing gurigide-Jorgensen
reproductive calls are recorded throughout the feeding@eas et al., 2001; Mate et al., 2Q07Tags were deployed 1-4.5m

Frontiers in Ecology and Evolution | www.frontiersin.org 2 September 2019 | Volume 7 | Article 338


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Irvine et al. Scales of Rorqual Feeding Behavior

forward of the dorsal n of the whale and no more than 20 cma more conservative Jerk peak threshold and without the use of
down from the mid-line, following the protocol described in acoustic data. The large number of dives recorded by tagaglur
Mate et al. (2007)Tags were programmed to release from theirtheir deployment periods precluded direct con rmation of each
housing for recovery 21 d after the start of eld operations orfeeding lunge identi ed by the lunge detection algorithnt fbe
if the tag recorded no change in depth for 24 h, indicating theentire data record. Instead, we implemented a validationgrot
housing had been shed from the whale and sunk to the bottorby randomly selecting 10% of dives from each track and Vigual
with the tag still attached. Following release, tags wexatéa and  reviewing them to estimate the percentage of correctly detec
recovered using an uplink receiver that was capable of acqgyiri lunges (true positives), falsely detected lunges (false pesjitiv
decoding, and solving Argos-transmitted Fastloc GPS lonati and correctly identi ed feeding dives (dives with at leasedrue
messages sent by the tags in real time, along with informatiopositive). Validation statistics were summarized for eaghdnd
on the tag's general location and the rate and direction dft.dr are presented brie y in the Results section, with a more dedhil
A discussion of factors a ecting attachment duration and tagdescription in theSupplementary Material
recovery is presented idate et al. (2017) Dive summaries were generated for each track by isolating
Whenever possible, skin and blubber samples were collectetsty submergence 10 m in depth (hereafter a “dive”) from the
simultaneously to tagging (on the same surfacing) using #ag's depth record and calculating maximum dive depth, dive
crossbow. Crossbow bolts were tted with circular cuttingst duration, and the number of lunges that occurred during the
4cm in length and 8 mm in diameter, which removed a plug ofdive. The dive end times were then matched to the nearest
skin and blubber from the whale. Sex determination was mad&PS location recorded by the tag, as locations were geyerall
from skin samples by ampli cation of regions on the X and Y collected as the whale surfaced from a dive. If there was not a
chromosomesAasen and Medrano, 1990; Gilson et al., 998 location within 10 min of a dive, a location was estimated by
linear interpolation between the temporally closest GPS ionat
Data Collection and Transmission before and after the dive using the dive time to determine rehe
Tags were programmed to collect data from the various sensoos the line the location should fall. For tracks with lesgjirent
(depth, accelerometer, magnetometer, and temperature) & 1 HGPS locations this resulted in linear segments of intergalaive
for the duration of the deployment. While deployed, acquisiti locations that do not represent the exact movement of the ehal
of a Fastloc GPS location was attempted every 7 min or the next In order to distinguish between series of related feeding
time the whale surfaced after this time had elapsed. All dai@w dives, a log-survivorship analysisidlford, 1980; Gentry and
stored in an onboard archive for download after tag recoveryKooyman, 198pwas conducted on the time between feeding
The dive summary data from the Argos transmissions were nadives (i.e., dives with at least one detected lunge) for ¢agh
used in this study, although locations estimated from Argosecord. In this case, the log-survivorship analysis graplyica
transmissionsArgos, 201pwere used to examine movements ofshowed the number of feeding dive sequences (on a log scale)
whales whose tags were not recovered. Further details &t as a function of the time between them, and the goal was to
tag dive summary messages are describédkire et al. (2017) identify a point along the curve where the number of feeding
dive sequences stabilized as time between feeding diveésweanh
Data Analysis to increase, suggesting a natural break in the data. Segsefc
Maps were made using ArcGFSsoftware ArcMap™ 10.3 by dives de ned by this criterion were isolated and labelectfieg
Esri and the ArcGIS Online Ocean Basemap. Data manipulatiobouts.” To assess the horizontal extent of each feeding bout
and analysis for this study was conducted using Matlabe( and the overall spatial scale of foraging e ort, minimum corve
Mathworks Inc, 201pand R R Core Team, 20)8The same suite polygons were created using the corresponding dive locafams
of analyses were used for both blue and nwhales, except @sinotbouts with at least three GPS locations (i.e., not includiogtb
for cases when data for one species were too limited for completéth interpolated dive locations; setupplementary Figure L
analyses. To detect feeding lunges, the change in the etémle We report feeding bout summary statistics including bout
vector (“Jerk”) was calculated from the accelerometer data aluration, time, and distance between consecutive bouts, and
the norm of the dierence between consecutive acceleratiodistance to the closest bout from the entire track. We also
values §imon et al., 2012; Allen et al., 201The Jerk is thus a report summaries of dives within each feeding bout, inclggin
measure of rapid changes in acceleration and orientatiomef t number of dives per bout, mean maximum dive depth and
tagged whale. Lunge-feeding events in rorquals are claraetl  duration, mean number of lunges per dive, and the number of
by a peak in Jerk with a coincident increase in the roll angleives without a lunge. The univariate distributions of fewgli
for multiple seconds, as the whale typically accelerates armbut metrics were assessed graphically using probability gensi
rolls when opening its mouth to engulf preyspldbogen et al., plots, while inter-species comparisons of the distributionsever
2006; Simon et al.,, 2012; Allen et al., 201A subsequent made using Bhattacharyya's similarity coe cieriilfattacharyya,
minimum in the Jerk value, as the whale ceases most movemeih®43; Guillerme and Cooper, 2016When Bhattacharyyas
to expel the water and Iter out prey, signals the end of thesimilarity coe cient between two distributions is<0.05, the
lunge. Together, these three criteria (Jerk maximum, ireeea distributions are signi cantly di erent, and when the coeient
in roll, and subsequent Jerk minimum) were used to identifyis >0.95, the distributions are signicantly similar. Values
feeding lunges in the data records based on the lunge detecti between these two thresholds can be used to indicate the
methodology described byilen et al. (2016)but modi ed to use  probability of overlap between the distributions but cannot be
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used to determine if they are signi cantly di erent or simila median of 106 dives/d (range 84-210 dives/djable 1). The
(Guillerme and Cooper, 20)6 number of Fastloc GPS locations recorded by the tags varied

Trends among these metrics were formally assessed usingdely, with recovered blue whale tags recording a median of
generalized linear mixed models (GLMMs), with the tag numbei72 locations per day (range 10-139;Table 1) and recovered
as a random-e ect grouping variable to account for di erences n whale tags recording a median of 46.5 locations per day
between individuals, a xed-e ect “species’ indicator vdnlie, (range D 1-99; Table ). Some variability in the number of
and an interaction term between the predictor of interest andocations was likely due to di erent hardware con gurations
the species indicator variable when inter-species compasisomvithin the tags, as all tags using newer Fastloc v. 3 techyolog
were desiredKolker et al., 2009; Harrison et al., 2).1¥ariables recorded at least 54 locations per day while only one tag
were log-transformed as needed based on graphical asséssmesing Fastloc v. 1 recorded more than 47 locations per day
of the data. Models were implemented in R using the Ime4Table 1; see als®ate et al., 201)7
packageRates et al., 20) 6r GLMMadaptive Rizopoulos, 2019 Validation of the feeding lunge detection algorithm indied
using a two part/hurdle model if it was necessary to accounda mean true positive rate of 70.5% (Bd20.1%) and a mean
for zero in ated data (GLMMzi).P-values were derived using false positive rate of 13.6% (Bd10.0%). The mean percentage
the ImerTest packaged(iznetsova et al., 20.We report and of correctly identi ed feeding dives (dives with at leasteon
discussp-values from these GLMMs in the context of levels oflunge) was 85.3% (dd 16.8%), suggesting mis-classi ed lunges
support for the outcome (rather than as a binary threshold of(both false positive or false negative) often occurred during
signi cance), with p-values<0.01 o ering strong supportp-  dives with other correctly identi ed lunges. Additional wels
values between 0.01 and 0.1 o ering suggestive, but inceivelu of the validation methodology and results are presented i th
support, andp-values>0.1 o ering no support Gerrodette, Supplementary Materials
2011; Greenland et al., 2016; Wasserstein and Lazar).2016 Tagged whales of both species generally made deeper dives

To further examine ne-scale di erences in feeding behaviorduring the daytime than at nightSupplementary Figures 2, 3
between individuals, we isolated sections of tracks where t andSupplementary Table }, although there was high variability
whales were in proximity to each other. Whales were consttlerewithin and between individuals, and daytime surface fegdin
to be in proximity when locations from one track were no morewas recorded on multiple occasions both visually while in
than 1 km away from another whale within 30 min from the time the eld and in the data record. Daytime dive depths were
of the location. We present a representative map of these tradeepest near San Miguel Island where maximum dive depths
sections and also report dive summary statistics for eadiogec reached 362m for blue whales and 365m for n whales.
of track in close proximity to another whale for comparison Dive durations were as long as 30.7min for blue whales
between individuals. and 23.1min for n whales $upplementary Figures 2, 3

and Supplementary Table)l Almost no feeding lunges

were recorded during dives 20 min in duration for either
RESULTS species. Feeding activity (as measured by lunge-feedimisg¢ve

generally took place during daylight hours, although nightim
During this study, eight blue whales were tracked for a media lunges were recorded on some occasions for both species
22.4 d (rangeD 18.3-28.9 dTable 1) and ve n whales were (Supplementary Figures 2,3 and Supplementary Table 1
tracked for a median of 14.2 d (rand® 4.9-16.0 dTable ).  Most blue whale feeding e ort was concentrated near the taggin
Tags were deployed near Point Mugu in 2014 and o the wesareas, with additional areas of elevated feeding e ort soett
end of San Miguel Island in 2015 with the exception of blueof San Miguel Island and o shore of central Californigigure 2
Whale # 2015_838, which was deployed near Point Mugu in 201&hd Supplementary Figure 4. Whales tagged near Point Mugu
(Figure 1). All eight blue whale tags and three of ve n whale also heavily used the nearshore waters extending southrto Sa
tags were recovered. In two cases the tags were found ondhe shDiego. Tagged n whales showed a similar trerdgure 3 and
several years after having been thought to be lost. Supplementary Figure 4.

Tagged animals of both species dispersed as far north as Log-survivorship curves for all tags stabilized at 60 min or
Cape Mendocino in northern California, and as far south adess Supplementary Figure %, so a criterion of at least 60 min
Ensenada, Baja California, Mexico, during their trackingga#s  with no feeding dives was used to di erentiate between feeding
(Figures 2 3 and Supplementary Figure 3. However, most of bouts. A total of 242 blue whale feeding bouts and 59 n whale
the tracks, and the majority of feeding dives (89%) occurredeeding bouts were identi ed in the tag record$aples 2 3).
within southern California waters. Two blue whales (Whale #-or blue whales, the median number of feeding bouts made
2014 5650 and Whale # 2015 _4177) and one n whale (Whalger whale was higher in 2014 (medi@n35, rangeD 22-38, 4
# 2014_5685) made a clockwise loop across a large portion t@igs) compared to 2015 (medidh 23, rangeD 17-45, 4 tags),
southern California waters. All three of these whales weatemn despite tags remaining attached for a median of over 7 d longer
while females remained closer to shore until leaving sauthe in 2015 {Table 1). The number of n whale feeding bouts was
California waterslfigures 2 3). more similar across years (ranBel3—25 bouts, 3 tags), although

The eight blue whale ADB tags recorded a median of 12éhe more limited number and duration of tracks was too small
dives > 10m in depth per day (rangd 73-207 dives/d; for inter-annual comparisons. Across both years, feedingtdou
Table 1), whereas the three recovered n whale tags recorded were separated by a median of 5.7 h (raigel-231.9 h) for
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TABLE 1 | Deployment summary for ADB tags attached to eight blue and ven whales in southern California waters during August 2014 ad July 2015.

Species Year TagID  Sex Tag Recovered? Duration (d)  # Dives # GPS Dives/d  GPS Locs/d Total
generation locations Distance
(km)
Blue 2014 2014_5644 Female G3 Yes 19 1,392 185 73 10 1,454
Blue 2014 2014_5650 Male G4 Yes 20 3,004 2,297 150 115 1,708
Blue 2014 2014_5655 Female G3 Yes 19.8 4,089 799 207 40 1,563
Blue 2014 2014_5803 Female G4 Yes 18.3 2,789 2,539 152 139 2,63
Blue 2015 2015_838 Female G4 Yes 25.9 4,603 3,338 178 129 2,13
Blue 2015 2015_840 Unknown G3 Yes 24.8 2,252 1,558 91 63 1,610
Blue 2015 2015_4177 Male G4 Yes 275 2,824 1,480 103 54 2,545
Blue 2015 2015_5650 Male G4 Yes 28.9 2,298 2,337 80 81 2,509
Median 224 2,807 1,928 126 72 1,871
Fin 2014 2014_5685 Male G3 Yes 14.2 1,188 95 72 6 1,037
Fin 2014 2014_5790 Female G3 No* 13.3 279 14 21 1 426
Fin 2014 2014_5838 Female G3 Yes 4.9 1,030 228 210 47 133
Fin 2015 2015_5644 Unknown G4 No* 15.4 406 12 26 1 1,517
Fin 2015 2015_5654 Unknown G4 Yes 16 1,695 1,591 106 99 1,370
Median 14.4 1,030 95 72 6 1,037
Median 10.5 1,188 228 106 47 1,037
(recovered
tags)

“Data were transmitted through Service Argos, Inc.
Some tags were not recovered due to poor weather and the tag's distance to sbre after release ¥ 160 km in some cases) limiting recovery opportunities. Se®late et al. (2017)for

additional details.

blue whales and a median of 3.1 h (rangel—-227.6h) for n  n whales (Figure 4) using Bhattacharyya's similarity coe cient
whales, and were generally small in area (media’s.6 kn?,  was inconclusive in terms of providing support for similarity
rangeD 0.003-546.5 k&for blue whales; and medidd 7.6 kn?,  or di erence between them, although the probability of overla
rangeD 0.001-317.1 kAfor n whales). The median blue whale was relatively high in both cases (Bhattacharyyas siityilar
feeding bout contained 23.5 feeding dives over 3.3h (réihde  coe cient D 0.840 and 0.833, respectively). Investigation of
360 feeding dives and 0.2—-34.9 h, respectively), while théamed the distance between closest feeding bouts required atiogun
n whale feeding bout contained 19 feeding dives and lastefbr zero-in ated data, as 44% of bouts overlapped spatially
2.7h (rangeD 4-142 feeding dives and 0.3-19.6 h, respectivelyith at least one other bout from the same track, resulting
Tables 2 3). in many zero distances. As the distance to shore of a feeding
Median bout duration for the four female blue whale tagsbout increased, the distance between closest feeding bizats a
(3.9h) was twice that of males (1.8 h) although median bouincreased (GLMMzip-value <0.005), indicating that feeding
duration of Whale # 2014 5644 (a female) itad.9 h. Female bouts were more dispersed further o shor€igure 5. However,
feeding bouts had a lower proportion of non-feeding divesthere was no signi cant di erence in the average number of
than those of males (0.26 vs. 0.3&ble 2. The distribution lunges per dive made within bouts as a function of the distance
of feeding bout duration was similar for both blue and n from shore (GLMM, p-value D 0.77), suggesting the whales
whales (Bhattacharyya's similarity coe ciel® 0.934), with a were feeding at the same rate throughout the study area.€Ther
strong peak near 2 h and a secondary peak at 14—Figufe 4).  was suggestive but inconclusive evidence that bouts were mo
Mean feeding lunges per dive within bouts varied substantialldispersed for n whales compared to blue whales after accagnti
for both blue and n whales, but feeding bout duration for the distance to shore (GLMMz-valueD 0.093), but there
increased with increasing mean lunges per dive (GLMM, were no inter-species di erences in the e ect of distance to shor
value<0.001), with no signi cant di erence between blue and on both the distance to the closest bout (GLMMzi interaction
n whales (GLMM, interactionp-valueD 0.84;Figure 5. The p-value D 0.80) or the number of lunges per dive (GLMM
median bout duration for one blue whale (Whale # 2015 840, ahteractionp-valueD 0.96).
unknown sex) was 12.2 h, suggesting it fed almost continlyous In two cases, a tagged whale passed through an area without
during daylight hours on many days. Another blue whale (#stopping, where another tagged whale of the same species was
2015_838) fed continuously for almost 1.5 dayahle 2 and feeding. Blue Whale # 2015_4177 (a male) passed throughan are
Figure 2. 1 day after Whale # 2015_840 (of unknown sex) had fed nearly
Comparison of the distributions for closest feeding bout andcontinuously during daylight hours in the same location and
for the distance to shore of a feeding bout between blue andhore broadly for 12 d $upplementary Figure § Similarly, n
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FIGURE 1 | A map of the study area with ADB tag deployment locations mamd by red stars.

Whale # 2014_5685 (a male) passed through a di erent arka variable, Whale # 2014_5803 generally dove more deeply and
day before Whale # 2014_5838 (a female) spent 4 d feeding theszorded more feeding lunges than Whale # 2014_5650. On
(not shown). Both whales passing through were male and thetvo occasions it dove to over twice the depth as Whale #
movements were part of a larger circuit of southern Califarni 2014_5650, and in one instance, was foraging when Whale #
waters Figures 2 3). The males' dive records were visually2014 5650 was notS@pplementary Table 2 During one of
reviewed to ensure no feeding lunges had been missed by tttee longer periods of close proximity, both whales appeared to
lunge detection algorithm during this period of time. have been behaving similarly after passing closer than 0.5km
One pair of blue whales each from 2014 to 2015 were recorddrbm each other Supplementary Figures 7,8 with both whales
feeding in the same geographic space, in one case showing stranaking foraging dives to a similar depth. An hour later, Whale
di erences in dive behavior and in the other showing strong# 2014 5803 was feeding at almost twice the depth as Whale
similarities. Whale # 2014_5650 (a male) and Whale # 20138 58# 2014 5650Supplementary Figures 7, Bwhile in the same
(a female), tagged o Point Mugu, were in close proximitygeographic space. In contrast, in 2015, Whale # 2015 4177
13 times across an 8-d period, including times with both(a male) and Whale # 2015 5650 (also a male), tagged o
feeding and non-feeding behavioiSpplementary Table2  San Miguel Island, fed in close proximity for 4.5h on 8 July
While the characteristics of close-proximity periods werghty ~ (the day they were tagged). These whales fed at approximately
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FIGURE 2 | Tracks of male (top) and female (bottom) blue whales instruented with ADB tags in August 2014 and July 2015. Main maps zom in on southern
California, while the inset maps show the full extent of thedcks with the zoomed region identi ed by a black square. Cirtes indicate hourly average locations, with
circle size scaling to number of feeding lunges per hour andicle color indicating a different individual, per the tagumber shown in the key. The track for one
additional blue whale of unknown sex is presented isupplementary Figure 4 .

the same depth (mean maximum dive depfh 273 and in 2015 but all were very limited in duration and number of
212 m, respectively\Bupplementary Figure 9 and shifted their dives recorded, so will not be presented. Other tagged whales
feeding depth shallower during and after sunset with rembaika from 2014 may have been in close proximity but the smaller
synchrony. Three other close-proximity events were recdrdenumber of Fastloc GPS locations collected by those tags did no

Frontiers in Ecology and Evolution | www.frontiersin.org 7 September 2019 | Volume 7 | Article 338


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Irvine et al. Scales of Rorqual Feeding Behavior

121:W 120°W 119°W 18°W

121°W 120°W

122°W 121°W 120°W

r35°N

Ji3a°N

33°N

Hourly Lunges
o 0-5

o 6-12
32°N4 O 13-21
QO 22-29

QO 30-36

122°W 121°W 120°W 119°W 118°W M7°W

FIGURE 3 | Tracks of male (top) and female (bottom) n whales instrumeet with ADB tags off southern California in August 2014. Maimaps zoom in on southern
California, while the inset maps show the full extent of theacks with the zoomed region identi ed by a black square. Cirtes indicate hourly average locations, with
circle size scaling to number of feeding lunges per hour andicle color indicating a different individual, per the tagumber shown in the key. Note that the tag for
Whale # 2014_5790 was not recovered and therefore no feedindata are available, but locations received through Argos arshown. The tracks for two additional n

whales of unknown sex are presented irSupplementary Figure 4 .

allow for ne-scale resolution of their movements. In coastto  being tagged in the same areas; in one case on the same day (e.g
blue whales, there were no instances of close proximity twe blue Whale # 20145655 and n Whale # 2014 _5685), and in two
tagged n whales, or between blue and n whales, despite botlases of n whales (Whale #s 2014 5790 and 2014 _5838) being
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TABLE 2 | Summary of dives occurring during feeding bouts made by eigtblue whales instrumented with ADB tags off southern Califmia in August 2014 and July 2015.

Whale ID Sex # Dives/Bout Mean max Mean dive Mean Dives with Bout Area of bout Time to next Dist. to next
dive depth duration lunges per nolunges duration (h) (km2) bout (h) bout (km)
(m) (min) dive
2014_5644 # Female Median 13 83.1 9.4 1 4.5 1.9 2.00E - 02 12.1 11.8
bouts D 22 Min 4 14.7 1.4 0.3 0 0.7 2.60E - 04 1.1 0
Max 57 206.6 15.7 3.1 27 9.1 4.09EC 01 139.9 214.3
2014 5650 #  Male Median 14 51.3 6.9 0.7 6 15 1.20EC 00 25 3.9
bouts D 39 Min 4 15 2.4 0.2 0 0.3 7.00E - 03 11 0
Max 138 253.5 13.1 35 85 13.4 561EC 01 78.4 184.3
2014_5655# Female Median 36.5 98.3 6.1 15 6 4.3 4.20EC 00 3.7 6.4
bouts D 38 Min 5 16.2 2.1 0.2 0 0.5 1.00E - 06 1.1 0
Max 182 210 11.1 3.3 46 16.2 2.17EC 02 17.5 95
2014 5803 # Female Median 28 78.4 6.2 0.8 7 4.0 1.08EC 01 6.6 10.9
bouts D 35 Min 4 33.7 1.7 0.2 0 0.6 1.00E - 01 1.1 0
Max 191 215.6 11.3 29 69 15.3 5.47EC 02 22.3 1135
2015_838 # Female Median 59 108.0 6.2 1.8 14 6.7 1.71EC 01 35 6.1
bouts D 45 Min 4 14.9 1.5 0.2 0 0.7 8.75E — 04 1.0 0
Max 360 170.9 11.2 3.6 95 35.0 1.74EC 02 14.9 85.0
2015_840# Unknown Median 56 134.9 10.1 21 9 12.2 2.69EC 01 9 4.5
bouts D 19 Min 5 13 29 0.8 0 0.2 3.20E-04 1.7 0
Max 100 229.2 13.6 35 31 17.4 9.70EC 01 231.9 173.7
2015 4177 # Male Median 10 72 11.7 0.8 4 1.9 2.00EC 00 13.5 334
bouts D 17 Min 5 23.8 3.9 0.4 1 0.7 1.00E - 04 1.1 0
Max 74 187.7 17.4 2.2 19 13.5 2.52EC 01 227.6 484
2015 5650 #  Male Median 7 90.3 114 1 3 1.8 1.50EC 00 9.9 8
bouts D 27 Min 4 18.2 2 0.4 0 0.3 3.10E - 04 1.1 0
Max 81 192.5 14.7 3 22 16.1 2.35EC 02 80.3 205.6

Total bouts D 242.
Feeding bouts are sequences of dives with no more than 60 min between divesith recorded feeding lunges. Unknown sex whales are cases where nioiopsy sample was collected.
Note that scienti ¢ notation is used for the area of bout column, as vales spanned several orders of magnitude.

tagged on a day when a tagged blue whale (Whale # 2014_56%5)e suggests that the whales tracked in this study left fowe
was re-sighted nearby. density prey patches quickly, while staying longer, and foggi
more intensely, in higher-density patches. Some of the ofesker
short-duration bouts may also represent the whales exhagistin
DISCUSSION a highly localized abundance of prey. These results suggest t
whales were following the marginal value theore@hérnov,
The data presented here constitute the longest continuous di 1976, a foundational model of ecological theory that postulates
behavior records collected to date for blue and n whalesiclvh that animals feeding in a patchy environment make decisions
allowed us to examine ne-scale behavior over timescalas thabout when to depart a patch based on their assessment of its
previously have not been possible. Both species were observedue, with the main prediction being that animals should spend
and tagged concurrently during this study and subsequentlynore time in patches of higher qualityvicnair, 1983.
occupied generally similar areas during their tracking pesio  Feeding bouts were more dispersed further o shore, although
allowing for a comparative analysis between these two specigise whales were able to feed at the same rate throughouteouth
which occur in sympatry o California. Our focus was on California waters, as the number of lunges per dive within
characterizing feeding e ort and its scales of variabilityeo a feeding bout did not change as a function of distance to
periods of multiple weeks. Short- to intermediate-durationshore. While there was evidence of inter-species di erences in
(<6h) feeding bouts were most numerous for both species anglation to distance from shore, they may have been the tresul
there was a positive correlation between bout duration andf the more extensive use of o shore waters or more limited
the number of feeding lunges made per dive within a boutsample size of n whales. The greater distance between bouts
Blue whales have been shown to adjust their behavior andshore suggests there may be two feeding strategies, witthes
number of lunges made per dive based on the density of pregoncentrating on highly localized, physically forced upwellin
in the area Goldbogen et al., 2015; Hazen et al., JD%b the centers nearshore, such as o San Miguel IslaRa:dler et al.,
correlation between bout duration and number of lunges perl999, and more dispersed areas of elevated productivity o shore,
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TABLE 3 | Summary of dives occurring during feeding bouts made by thre n whales instrumented with ADB tags off southern Califor@i in August 2014 and July 2015.

Tag # Sex # Dives/Bout Mean Max Mean Dive Mean Dives With Bout Area Of Bout Time To Dist. To Next
Dive Depth Duration Lunges  No Lunges Duration (h) (km2) Next Bout Bout (km)
(m) (min) per Dive (h)

2014_5685 Male Median 12 63.0 9.2 0.9 5.0 25 1.95EC 00 3.0 121

# bouts D 25 Min 4 18.8 2.7 0.4 0.0 0.8 1.30E - 05 0.0 0.0
Max 88 174.7 15.9 3.0 16.0 14.6 1.94EC 02 61.2 81.1

2014 5838 Female Median 10 72.0 11.7 0.8 4.0 1.9 1.96EC 00 10.0 334

# bouts D 13 Min 5 23.8 3.9 0.4 1.0 0.7 1.02E - 04 0.0 0.0
Max 74 187.7 17.4 2.2 19.0 135 252EC 01 227.6 484.0

2015_5654  Unknown Median 22 98.7 8.6 3.3 2.0 34 7.64EC 00 6.7 9.4

# bouts D 21 Min 4 28.4 17 0.4 0.0 0.7 2.24E-01 0.0 0.0
Max 119 247.5 11.7 5.2 55.0 15.7 1.32EC 02 47.8 111.4

Total bouts D 59.
Feeding bouts are sequences of dives with no more than 60 min between divesith feeding lunges. Unknown sex whales are cases where no biopsy sagpie was collected. Note that
scienti ¢ notation is used for the area of bout column, as values spaned several orders of magnitude.

likely driven by nearshore productivity that has been adedct models and tie the overserved whale behavior more directly to
oshore, or by open-ocean Ekman pumpingRykaczewski prey abundance.
and Checkley, 2008 This has a range of implications for = Tagged whale feeding behavior characteristics (like maximu
both habitat modeling and abundance estimation, as well adive depth or lunges per dive) t into broadly similar ranges
for managers trying to mitigate anthropogenic interactipns across individuals, although there was also evidence of aades
as the multiple scales of behavior and occurrence should bariability among individuals within those ranges, exengali
accounted for. by the instances where two tagged blue whales (Whale #
The spatial scale of feeding bouts was highly variable withie014 5803 and Whale # 2014 _5650) were feeding in close
and between individuals. The size of the feeding bout aress wproximity to one another but at dierent depths. Without
likely an overestimate, as convex hulls are sensitive ggidar, knowing the structure of the prey eld, it is dicult to
concave shapes of the underlying poiritgsi(gman and Fox, 2003 be sure if these dierences were related to the individual
Supplementary Figure 1 and GPS locations were somewhator the composition of prey being exploited. The observed
sparse in some cases, such that the number of locations mdyerences may be a re ection of di erent individuals having
have been insu cient to de ne the true extent of the area bgin di erent energetic requirements, allowing some whales to
used for feeding. Despite this, median feeding bout size for forage less intensively on lower prey concentrations (e.g.,
and blue whales (5.6 and 7.6 knrespectively) appeared to less dense prey at shallower depths), dierent age classes,
correspond with the spatial scale of krill patches described oor di erent prey species. However, across their entire tracks,
central California (1.8—7.4 kngantora et al., 201).aVhile some Whale # 2014 5803 fed at deeper depths than Whale #
of the feeding bouts were signi cantly larger than the media 2014_5650, and this trend continued when the two occupied
values ¥ 200 kn?), krill patches up to 18km in extent have the same geographic space, suggesting the observed variabili
been recorded in some yearSgntora et al., 201),asuggesting in dive behavior between individuals was likely due to
the larger feeding bouts may have been indicative of braades di erent foraging strategies. It is not unusual for individls
areas of elevated krill abundance. to use a subset of their population's ecological niche due
Logistics and expense limit direct study of key prey resource® variations of intrinsic traits or trade-o s that restrican
such as krill to ne-scales, from which broader-scale prédits  individual's ability to generalizeBplnick et al., 2003 Further
are made and sometimes compared to the distribution ofvork is needed to better understand individual di erences in
predatory species for validatiorséntora et al., 2011a,b, 2014 rorqual behavior.
2017. Modeled krill distributions have also been used to better Previous work has found evidence of broad-scale spatial
understand spatial and temporal aspects of their patchinesegregation between blue and n whales o southern Califarn
(Dorman et al., 2015; Messie and Chavez, 20The feeding (Fiedler et al., 1998; Irvine et al., 2014; Sirovic et al.5201
data for tagged blue and n whales presented here can o eBcales et al., 200l However, our results showed that feeding
further insight into the distribution and scale of prey patshe behavior of tagged blue and n whales was similar over a broad
across southern and central California waters, similar tavh scale, with feeding occurring in relatively localized argaedian
seabird foraging tracks have been used to infer prey avhiyabi bout durationD 3.3 and 2.7 h, respectively; median bout area
and patch quality in other areashimienti et al., 201 Since D 5.6 and 7.6 krf respectively) and with similar non-feeding
direct observations of prey abundance were not availablthfer periods in between (median time between boDts.7 and 3.1 h,
study, linking blue and n whale feeding bouts to modeled kril respectively). At ner scales, the characteristics of irdiial
distribution could be an additional step to both validateilkr feeding bouts were also similar between the two speciesthéth
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FIGURE 4 | Probability density plots of feeding bout duratior{top), distance from shore (middle), and distance to the closestaut (bottom) for blue whales (blue
lines), and n whales (red lines) tracked off southern Califoia with ADB tags in August 2014 and July 2015.

Frontiers in Ecology and Evolution | www.frontiersin.org 11 September 2019 | Volume 7 | Article 338



Irvine et al. Scales of Rorqual Feeding Behavior

FIGURE 5 | The relationship between average number of feeding lungesep dive within a feeding bout and the duration of that boutop) and the distance to shore of
a feeding bout compared to the distance to the next closest bat (bottom) , with regression lines and 95% con dence intervals tted to tte data. Data are from blue
whales (blue circles and lines) and n whales (red trianglesnd lines) tracked with ADB tags off southern California in Awst 2014 and July 2015.

exception that n whales recorded a higher maximum numberthe spatial distribution of sympatric whale species. There was
of lunges per dive than blue whales (5.2 vs. 3.6, on averagsjggestive evidence that n whale feeding bouts were more
consistent with previously observed species-speci ¢ di ee=nc dispersed compared to blue whales, so it is possible that ne
in feeding ratesKriedlaender et al., 201.5 scale dierences in the timing or location of feeding between
The observed similarities in feeding behaviors between thihe two species may be the underlying driver of the previously
two species are likely a result of the highly specialized eatumbserved broad-scale di erences in spatial distributiéme(ler
of lunge-feeding behaviorQoldbogen et al., 2006, 2011, 2017gt al., 1998; Irvine et al., 2014; Sirovic et al., 2015; Sealal.,
Cade et al., 20)@nd suggests the whales were feeding on kril017). However, without an understanding of the underlying
given their highly stereotyped behavidt{de et al., 20)6This  distribution and demographics of the local prey resourcess it
further suggests the two species may potentially compete fali cult to attribute a reason to any inter-species di erences i
a similar prey resource. Variations in the target prey speciethe spatial distribution of ne-scale feeding we observed.
(Fossette et al., 20),7and even life stage of the same krill Three tagged whales (two blue and one n; all males) made
species $antora et al., 20)0have also been shown to a ect clockwise circuits of southern California waters with olihgited
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feeding e ort, despite passing through areas where other thggef individuals, it constitutes a substantial re nement to rou
whales were feeding. Blue whales have been shown to adjusiderstanding of blue and n whale behavior on the feeding
their dive behavior based on the density of prey in the aregrounds. Continuing to link ne-scale behavior to broadscale
(Goldbogen et al., 2015; Hazen et al., 20&6 it is possible they movement is an important area of research, which was aided
encountered prey in insu cient concentrations for them todd by the comparatively long data records generated by the tags
upon. More broadly, males and females of central-place fosageused in this study. Developing a better understanding of the
are known to have di erent sex-based foraging strategiesiragi underlying mechanisms driving broad-scale behavior iSaai
from di erent energetic requirements during reproduction én to better assist the recovery of these endangered whales.
resulting in di erential exploitation of the o shore and cotsd

environment Breed et al., 2006; Austin et al., 2D1A similar BATA AVAILABILITY

process could be driving the observed di erences between ma

blue ant_j N whales. AI_ternati_veI_y, blue Whales_ are_known ©rhe data used in this study are published as a Movebank
engage in social behavior while in southern Califorriarfiac- Data Repository under a Creative Commons Zero license
MacNair and Smultea, 20).8Visual inspection of the tag records (Irvine et al., 201

revealed that many dives made by individuals of both species

during the circuits of o shore waters had the charactedstof

dives made while whales are vocalizing (shallow, at-boid, ETHICS STATEMENT

minimal acceleration; se€alambokidis et al., 2007; Oleson

et al., 2007; Stimpert et al., 2Q1Additionally, it has been Tagging was conducted under the authorization of National
suggested that the better acoustic propagation properties dfarine Fisheries Service Marine Mammal Protection
0 shore waters Girovic et al., 200)dnake them advantageous for ACVEndangered Species Act Research/Enhancement Permit
reproductive Ca”sL(ewiS and Siro\/iC, ZOJ.BThUS, we Speculate No. 14856 and Ol’egon State UniVerSity Institutional Animal
these circuits in southern California waters by males ofhbot Care and Use Committee Permit No. 4495.

species were related to reproduction, although we caution tha

this is based on a rather small number of individuals. LittIeAUTHOR CONTRIBUTIONS

is known about blue and n whale breeding behavior, but our

interpretation implies that courtship, or at least advert$in | conceived the study, led eld work, conducted the data
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