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The extrem e b o d y  size of b lu e  w hales requ ires a h ig h  energy  in take an d  
therefore d em an d s  efficient foraging strategies. A s an  obligate lunge 
feeder on  aggregations o f sm all Z ooplankton, b lu e  w hales  engu lf a large 
vo lum e of p rey -laden  w ater in  a single, rap id  gulp . The efficiency of th is 
feed ing  m echan ism  is strongly  d ep en d en t on  th e  am o u n t of p rey  tha t 
can  be  cap tu red  d u rin g  each lunge, yet food resources ten d  to  b e  patch ily  
d is trib u ted  in  b o th  space a n d  tim e. H ere, w e m easu red  th e  three- 
d im ensional k inem atics a n d  forag ing  beh av io u r o f b lu e  w hales  feed ing  on  
krill, u sing  suction-cup  attached  m ulti-sensor tags. O ur analyses revealed  
360° rolling lunge-feed ing  m anoeuvres th a t reorien t th e  b o d y  a n d  position  
th e  low er jaw s so th a t a  k rill p a tch  can be  engu lfed  w ith  th e  w h a le 's  b o d y  
inverted . W e also reco rded  these rolling beh av io u rs  w h en  w hales w ere 
in  a searching m ode in  b e tw een  lunges, suggesting  th a t th is  b ehav iou r 
also enab les th e  w h ale  to  v isually  process the p rey  field  an d  m axim ize 
foraging efficiency b y  survey ing  for the densest p rey  aggregations. These 
resu lts reveal the com plex m anoeuvrab ility  th a t is requ ired  for large ro rqual 
w hales  to  exploit p rey  patches an d  h igh ligh t th e  n eed  to  fully u n d e r­
stan d  the th ree-d im ensional in teractions be tw een  p red a to r a n d  p rey  in  the 
n a tu ra l env ironm ent.

1. Introduction
A m ong the g rea t w hales, the very  largest an im als are  rep resen ted  b y  several 
species o f ro rquals (B alaenopteridae), a  fam ily of ba leen  w hales th a t are charac­
terized  b y  the ir extrem e lunge-feed ing  strategy. This feeding behav iour, w h ich  
involves the engu lfm en t of a  large vo lum e of p rey -laden  w ater a t h ig h  speed  
a n d  w id e  g ape  angles, is enab led  b y  an  in teg ra ted  set o f b iom echanical an d  
physio logical ad ap ta tio n s [lj. Such engu lfm en t capacity  enables b a laenop te rid s  
to  forage in  bu lk  on  dense  patches of sm all fishes o r Zooplankton, thereby  reap ­
ing  the energetic benefits of a b u n d a n t resources [2]. Because larger ro rquals 
possess relatively larger m ou ths, a n d  th u s a g rea ter m ass-specific engu lfm en t 
capacity, th e  efficiency o f lunge-feed ing  is expected  to increase w ith  b o d y  
size [3]. H ow ever, physical p rinc ip les dictate  th a t large b o d y  size w ill decrease 
specific aspects o f locom otor perform ance, such  as the ability  to  accelerate an d  
m anoeuvre , a n d  so larger b a laenop te rid s  m u s t lunge a t h ig h er ab so lu te  speeds 
to  sufficiently cap tu re  prey  (i.e. krill) d u rin g  foraging b o u ts  [4].

©  2 012  The A uthor(s) P u b lished  by th e  Royal Society . All r ig h ts  reserved .

http://dx.doi.Org/10.1098/rsbl.2012.0986
mailto:jgoldbogen@gmail.com
http://dx.doi.org/10.1098/rsbl.2012.0986
http://rsbl.royalsocietypublishing.org


D o w n lo a d ed  from rsb l.roya lsocietyp u b lish in g .org  o n  D e ce m b er  4, 2 0 1 2

( a )

a
10 -

15 -

2 0 -

-0 .2 -

-0 .4 -

(b) 5

i s
' H  actf eö
•c "

( c )

5
4
3
2
1
0

200

150

100
ISO-,
150 -

120 -

9 0 -

6 0 -

3 0 -

O oroll

p itch

- 3 0 -

- 6 0 -

- 9 0 -

120 -

150 -

180 -

>- -100  

o
- °  -150

yaw

-200
-5 5 1510 0 10 20-30 -20 10 0 10 20 30

time (s) time (s)

(i)

m ... > » » a

Figure 1. Kinem atics o f 3 6 0 °  rolling m an oeuvres , (a) Exam ple o f  o n e  lun ge . Increasing roll va lu es rep re se n t clockw ise ro ta tio n  a b o u t th e  a n im a l's  long axis (from  
th e  w h a le 's  perspec tive) a n d  neg a tiv e  v a lu es ind icate  a coun te r-c lockw ise  ro ta tion . (6) V ariation in sp ee d  a m o n g  all ind ividuals du rin g  lu n g es (black) a n d  n o t d u rin g  
lu n g es (g rey ). Error bars rep re se n t 1 s.d . a m o n g  ind ividuals, (c) O verhead (i) a n d  lateral view  (ii) o f  th e  w h a le 's  tra jec to ry  d u rin g  a surface  fee d in g  3 6 0 °  le ftw ard  
rolling lunge .

In  ad d itio n  to  th e  locom otor challenges associated 
w ith  extrem e b o d y  size, the largest ro rqua l species, the  b lu e  
w h ale  (Balaenoptera musculus), exhibits relatively sm all flip­
p e rs  a n d  flukes th a t also lim it m anoeuv ring  perform ance [5]. 
Such lim ited  m anoeuvrab ility  h as  b een  im plicated  in  the 
b lue  w h a le 's  nearly-com plete dependence  on  krill [4], w hich  
is relatively less agile th an  o ther p rey  types (i.e. fishes) tha t 
are often  ta rge ted  b y  sm aller ro rqua l species. N evertheless, 
krill exhibits w ell-docum ented  escape responses [6] a n d  th u s 
b lue  w hales m u s t im plem ent h igh-perform ance p redato ry  
strategies to  efficiently exploit these a b u n d an t m arine 
resources. H ere, w e  u sed  d ig ita l tags to  reveal a behav iou r 
th a t consists of com plete 360° rolling m anoeuvres d u rin g  fora­
ging. W e in terp re ted  these behav iours as serv ing  d u a l

functions to v isualize  th e  prey  field  a n d  also to  reorient 
th e  bo d y  a n d  jaw s to  cap tu re  prey. These d a ta  underscore the 
n eed  to  u n d ers tan d  foraging m echanics a t a  fine scale, an d  
a d d  to  a  d iverse a n d  grow ing  reperto ire for how  large 
w hales m eet the ir energetic dem ands.

2. M aterial and m ethods
We used high-resolution digital acoustic recording tags (DTAGs) 
to  investigate the kinematics of foraging blue w hales. Blue 
whales (n = 22) w ere tagged in the southern California Bight, 
during the sum m er m onths of 2010. We used a 6 m  carbon- 
fibre pole to deploy the suction-cup tags from a rigid-hulled 
inflatable boat. The DTAGs are equipped w ith  stereo-
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Figure 2. C rittercam  fo o ta g e  d u rin g  th e  p re -e n g u lfm e n t p h a se  o f  a rolling lu n g e  n e a r  th e  sea  su rface. Follow ing a r ig h t-h a n d  tu rn  (f  =  -  11s), a rolling m a n o eu v re  
resu lts  in th e  ro ta tion  o f  th e  visual field  ind icated  by th e  asym m etrica lly  sh ap ed  krill pa tch  (arrow s, - 1 0  s <  f  <  -  1 s). The o u tw ard  ro ta tion  o f  th e  left 
m a n d ib le  is e v id en t as e n g u lfm e n t beg ins  ( - 1  s <  f  <  0  s).

hydrophones (sampling rate: 64 kHz), and an auxiliary sensor 
suite that includes a pressure transducer and a triaxial acceler­
om eter and m agnetom eter [7], All auxiliary sensor channels 
w ere sam pled at 50 Hz, bu t were decim ated to 5 Hz in post-pro- 
cessing. The orientation of the w hale w as determ ined from 
accelerometer and m agnetom eter data [7,8]. Swimming strokes 
and acceleration rate of change (i.e. 'jerk') w ere calculated from 
the raw  accelerometer signals (50 Hz), w hereas speed w as esti­
m ated from the level of flow-noise [2,9]. As a complementary 
dataset, w e used video data from a deploym ent of Crittercam, 
an  anim al-borne im aging device, to  provide the w hale 's per­
spective during lunge-feeding events [10], deployed in A ugust 
of 2008.

3. Results and discussion
O u r kinem atic analyses revealed  44 instances of 360° rolling 
m anoeuvres in  11 o u t of 22 tag g ed  b lue  w hales  (see the elec­
tronic su p p lem en tary  m aterial, tab le  SI). A verage tag 
a ttachm en t du ra tio n s lasted  6.7 h. T hus, w hales  w ith  no  evi­
dence o f th is beh av io u r m ay  n o t have  b een  tagged  d u rin g  the 
ap p ro p ria te  cond itions to  have  p e rfo rm ed  the m anoeuvre. 
T agged  w hales  pe rfo rm ed  360° rolls d u rin g  lunges an d  also 
a t o ther tim es w ith in  forag ing  d ives such  as d u rin g  the 
ascen t o r descen t phases o f the d ive. H ow ever, w e d id  
n o t de tec t 360° rolls w h en  the w hales w ere  n o t foraging 
(i.e. resting  a t the sea surface). D uring  lunges, the w h ale 's  
b o d y  w as u p sid e  d o w n  hav in g  ro lled  180° a t m ax im um  
speed  (f =  0 s), w h ich  ap p ea rs  to  follow  m o u th  opening  
(f =  —I s ) .  The m ax im um  ro tation  rate  after th e  apex

of the m anoeuv re  (t >  0 s, roll =  180°) w as significantly  
low er (n =  11, f-statistic =  — 5.588, p <  0.001) d u rin g  
lunges (12 +  3° s -1 ) com pared  w ith  non-feed ing  lunges 
(33 +  8° s “ 1). W e a ttrib u ted  th is difference to  th e  increased 
a d d e d  m ass of the engu lfed  w ater in  th e  th ro a t p o u ch  of 
feed ing  w hales, g iven th a t the m ax im u m  ro ta tion  rate 
before  th e  apex  of th e  m anoeuv re  w as n o t significantly  differ­
en t (n =  11, f-statistic =  1.012, p =  0.336) be tw een  feeding 
m anoeuvres (48 +  22° s -1 ) a n d  non-feed ing  m anoeuvres 
(37 +  13° s -1 ; figure 1).

C rittercam  v ideo  footage p ro v id ed  v ideo  da ta  of a 
360° rolling lunge from  the perspective of a b lue  w hale  
(figure 2). A s th e  w h ale  b eg an  the  ascen t p h ase  of th is fora­
g ing  d ive, the ta rg e t krill p a tch  w as visible, a n d  the w h ale 's  
rolling beh av io u r w as clearly ev id en t as the asym m etrically  
sh ap ed  krill p a tch  in  v iew  ro tates p rio r to  engulfm ent. 
These v ideo  d a ta , w h ich  directly  show  the  an im al seeking 
a n d  ta rge ting  th is iso lated  krill pa tch  from  below , suggest 
th a t these behav iou rs  p lay  an  im p o rtan t role in  reposition ing  
th e  jaw s to  engu lf th e  densest p ro p o rtio n  o f th e  p rey  pa tch  
[2,10]. Rolling behav iou rs  have  b een  reco rded  d u rin g  
lunges in  o ther ro rqua l species, inc lud ing  fin an d  h u m p ­
back  w hales, a lth o u g h  the m ag n itu d e  of th e  roll is typically  
u p  to 90° an d  does n o t exceed 150° [11,12]. Theoretical 
m odels o f ro rq u a l-k r il l in teractions ind icate  th a t th is 
rolling b ehav iou r is a im ed  a t an tic ipating  th e  p rey 's  escape 
trajectory [13], such  th a t the jaw s are  repositioned  to w here  
krill w ill be  a t the tim e of m o u th  opening , an d  th u s  m axi­
m izes p rey  cap ture . W ith in  th is context, a n d  g iven the fact 
th a t only  10 p e r  cent o f lunges in  th is s tu d y  involved  a 360°
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roll, th is beh av io u r m ay  rep resen t a  h o n ed  stra tegy  th a t is 
specific for a certa in  prey  p a tch  shape  or size. G iven tha t 
som e krill pa tches can b e  extrem ely dense, a  b lu e  w hale  
m ay  b e  able to m eet its da ily  energetic d em an d s  in  only 
one forag ing  d ive  [2]. T hus, for a  h igh-quality  krill pa tch  
th a t is d ifficult to  attack, b lu e  w hales  m ay  b e  m o tiva ted  to 
perfo rm  these ex trao rd inary  acrobatic m anoeuv res in  o rder 
to  m axim ize foraging efficiency. W ithou t the m anoeuvre , 
b lu e  w hales  cou ld  m iss the krill p a tch  com pletely, resulting  
in  the m ism anagem en t of lim ited  d ive  tim e an d  a  decrease 
in  foraging efficiency.

W e also observed  360° rolls w h en  b lu e  w hales  w ere in  
tran sit in  be tw een  lunges, ju s t p rio r to  a  lunge, a n d  d u rin g  
th e  ascen t a n d  descen t phases of a  dive. These resu lts suggest 
th a t th is beh av io u r m ay  also b e  im p o rtan t for v isually  p roces­
sing  the near-fie ld  p rey  d is tribu tion . A s in  all cetaceans, the 
eyes are  p ositioned  laterally, a n d  th u s  rolling the bo d y  
sh o u ld  enhance panoram ic  v ision  in  m ultip le  d im ensions. 
A n analogous ph en o m en o n  m ay  be  p resen t in  sperm  
w hales, w h ich  also exhibit substan tia l rolling b ehav iou r 
d u rin g  feeding, except th a t in form ation  on  p rey  d is tribu tion  
is in stead  p ro v id ed  b y  écholocation signals [14]. U nlike 
changes in  p itch  or yaw , w h ich  are  typically  u sed  for d irec­
tional changes, rolling h a s  b een  associated  w ith  a  w id e  
v arie ty  of un iq u e  functions a n d  behav iou rs  [15]. D etailed  
investigations of rolling m anoeuvres in  o ther system s 
inc lude  rem ora rem oval in  sp inner d o lph in s [15], a ir-righ ting  
in  geckos [16] a n d  alligator death-ro lls [17]. The d iscovery 
of b lu e  w h ale  rolling lunges a d d s  to  the n u m b er of 
specific uses for th is b iom echanical event, an d  also increa­
ses o u r u n d ers tan d in g  of an im al m anoeuvrab ility  d u rin g  
p re d a to r-p re y  interactions.

A lthough  b lu e  w h ale  m anoeuvrab ility  is constrained  by  
large size an d  m orpholog ical design  [4,5], th is ty p e  of 
m anoeuv re  sh o u ld  m axim ize foraging efficiency a t d ifferent 
tem pora l a n d  spatia l scales. This beh av io u r w ill increase 
th e  p robab ility  o f find ing  th e  h ighest quality  p rey  p a tch  by  
op tim izing  th e  w h a le 's  field  of v iew  an d , d u rin g  th e  lunge 
itself, the  roll repositions the jaw s to  engu lf th e  densest 
n earb y  p o rtio n  of the aggregation . The ability  to  engulf 
h igh -density  prey  patches is a  fund am en ta l com ponen t of 
th e  filter feed ing  stra tegy  o f b lu e  w hales, thereby  increasing 
th e  energetic efficiency of forag ing  a n d  facilitating th e  m ain ­
tenance o f extrem e b o d y  size [2]. These resu lts h igh ligh t the 
challenges of forag ing  in  a com plex th ree-d im ensional 
env ironm en t w ith  patch ily  ab u n d an t, ephem eral food 
resources. In  con trast to  th e  possib le echo-ranging  b ehav iou r 
observed  d u rin g  n igh t-tim e feed ing  in  hu m p b ack  w hales 
[11], th is s tu d y  suggests th a t v ision  p lays an  im p o rtan t role 
in  find ing  prey. C onsidering  th a t n igh t-tim e feeding events 
h ave  b een  repo rted  for b lu e  w hales  in  som e geographical 
regions [18], un iq u e  sensory  system s w ith  tactile v ibrissae in te­
g ra ted  in to  the engu lfm en t ap p a ra tu s  [1] m ay  facilitate prey  
cap tu re  in  low  ligh t cond itions [11,19]. A lthough  it ap p ears  
th a t ro rquals use  a varie ty  of sensory  m odalities to  find  prey  
u n d e r d ifferen t conditions, m ore s tud ies are n eed ed  th a t com ­
b in e  th e  th ree-d im ensional k inem atics o f foraging p reda to rs  
w ith  tim e-resolved p rey  d is tribu tion  d a ta  to fully u n d e rs tan d  
th e  com plex in terp lay  be tw een  p red a to r an d  p rey  [19,20].

This s tu d y  w a s  co n d u c ted  in  accordance w ith  th e  U S N M FS P erm it­
tin g  au th o rity  (p e rm it no. 14534, issu ed  to  N . C yr w ith  B. S outhall as 
chief scientist), th e  C h an n e l Islan d s N atio n a l M arine  S anctuary  
(p e rm it n o s 2010-004, issued  to  B. Southall), a n d  a  consistency d e te r­
m in a tio n  from  th e  C alifo rn ia  C oastal C om m ission .
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