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M id-frequency m ilitary  (1 -1 0  kH z) sonars have been  associated  w ith  lethal 
m ass strand ings of deep-d iv ing  too thed  w hales, b u t th e  effects on  endangered  
baleen  w hale  species are v irtua lly  unknow n. H ere, w e u sed  controlled 
exposure experim ents w ith  sim ulated  m ilitary  sonar an d  o ther m id-frequency 
sounds to  m easure behav ioura l responses of tagged  b lue  w hales (Balaenoptera 
musculus) in  feeding areas w ith in  th e  Southern  C alifornia Bight. D espite using  
source levels o rders of m ag n itu d e  below  som e operational m ilitary  system s, 
o u r resu lts dem onstra te  th a t m id-frequency so u n d  can  significantly affect 
b lu e  w h ale  behaviour, especially d u rin g  deep  feeding m odes. W hen  a 
response occurred, behav ioura l changes v aried  w idely  from  cessation of 
deep  feeding to  increased sw im m ing  speed  an d  d irected  travel aw ay from  
the so u n d  source. The variability  of these behav ioura l responses w as largely 
influenced b y  a com plex in teraction  of behav ioura l state, th e  type  of m id 
frequency so u n d  a n d  received sou n d  level. Sonar-induced  d isru p tio n  of 
feeding an d  disp lacem ent from  h igh-quality  p rey  patches could  have signi
ficant an d  p rev iously  un d o cu m en ted  im pacts on  baleen  w hale  foraging 
ecology, ind iv idua l fitness a n d  p o p u la tion  health .
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1. Introduction
M ounting  evidence suggests th a t an thropogenic  noise can  h a rm  m arine  life [1 -6 ] . 
The first concerns w ere th a t low -frequency anthropogenic  no ise  cou ld  m ask 
calling behav iou r in baleen  w hales (M ysticeti), thereby  reducing  their com m uni
cation range [7,8], an d  th a t in tense levels of no ise  could  also d am age  hearing  [1]. 
These effects continue to  be  a  h igh  prio rity  for the  m anagem en t an d  conservation  
of cetaceans ow ing  to  w o rld w id e  sh ipp ing  traffic an d  resource extraction in  env ir
onm entally  sensitive an d  critical hab ita ts  such  as the Arctic [9]. Recent m ass 
s trand ing  events an d  m orta lity  of cetaceans have been  linked  to m id-frequency 
active (MFA) m ilitary  sonar (i.e. range: 1 -1 0  kH z) [3,10-13]. The strong im pact 
of m id-frequency nava l sonar is pu zz lin g  because  the frequency o f th e  sounds 
a n d  best hearing  of m any  too thed  w hales (O dontoceti) are m uch  h igher than  
m id-frequency sonar [14], a n d  the com m unication  b a n d  of m ysticetes is generally  
m uch  low er. M ost environm ental review s have d iscoun ted  the effects of noise 
ou ts ide  the p red o m in an t com m unication  b a n d  for m any  species, especially
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for ba leen  w hales, because they  are rarely  rep resen ted  in  
sonar-induced  s trand ing  events [15]. G iven th e  lack of a 
com prehensive a n d  m echanistic und e rs tan d in g  of how  m id 
frequency affects d ifferent species, em pirical m easurem en ts 
of behav ioura l response to these sounds are critically needed  
a n d  sho u ld  b e  directly  dete rm ined  across taxa [15].

A lthough  m ost anim als involved in m ass stranding 
events associated w ith  m id-frequency sonar are deep-diving 
beaked  w hales (Ziphiidae), several cases have included  baleen 
w hales [13]. In  som e stranded  w hales, there appears to be  a 
com m on pattern  consisting of gas-bubble lesions an d  fat 
em boli inside the b o d y  [10,16] tha t are though t to arise from  
m ajor changes in d iv ing  behaviour an d  physiology [17,18]. 
The tem poral pa tterns an d  geographical scales of m ost stranding 
events suggest tha t behavioural response to sound  exposure 
p lays a key role in  a  cascade of events leading to disorientation, 
injury, stranding a n d  mortality. Previous evaluations of behav
ioural response have included passive acoustic m onitoring to 
quantify  changes in vocal behaviour of g roups of anim als 
d u ring  m id-frequency sonar exposure [19,20]. These studies p ro 
v ide  strong evidence for m odified behaviour d u ring  sonar 
exposure, b u t they do  n o t assess fine-scale changes in individual 
w hales. By using  anim al-borne tags that sim ultaneously 
m easure b o d y  m ovem ent an d  the proxim ate acoustic environ
m en t at high-resolution, researchers have directly m easured 
behavioural response during  sou n d  exposure [21-26]. A lthough 
these types of controlled exposure experim ents (CEEs) have 
dem onstrated  tha t odontocetes, especially beaked w hales, can 
be  sensitive to m id-frequency sounds [21], no CEEs testing 
responses of baleen w hales to  m id-frequency sonars have, to 
o u r know ledge, yet been  perform ed. Therefore, w e conducted 
CEEs on  tagged  b lue  w hales in  the Southern California Bight 
to  test the hypothesis tha t low -frequency baleen w hales do  no t 
respond  to m id-frequency sound.

2. M aterial and m ethods
(a ) C o n tro lled  e x p o s u r e  e x p e r im e n t  m e t h o d o lo g y
We assessed the response of blue w hales to anthropogenic sound 
using CEEs. This research paradigm  involved: (i) deploym ent of 
digital tags on a focal individual, (ii) pre-exposure period to 
obtain baseline behaviour data (30 min), (iii) exposure period 
(30 min), and (iv) post-exposure m onitoring period (30 min) 
[21,23]. D uring sum m er and autum n 2010, we perform ed CEEs 
on tagged blue w hales off the coast of Southern California. The 
research vessel configuration, sound source specifications 
and CEE m ethods are described in detail by Southall et al. [23]; 
they are briefly discussed here. We used a sound source 
deployed from a prim ary research vessel to  project sim ulated 
m ilitary sonar (MFA sonar) signals and pseudo-random  noise 
(PRN) w ith  similar frequency bands and tem poral patterns. As 
discussed by Southall et al. [23], our sim ulated MFA signals 
w ere intended to im itate actual operational sonar used by  the 
U nited States Navy, b u t at significantly lower source levels. 
The digital tags were attached to anim als from independently 
operating rigid-hull inflatable vessels w ith  operations coordi
nated by, b u t not centralized on, the com m and and control 
vessel. A  custom-built, hand-deployable, 15-element vertical 
line array of active transducers w as selected as the source 
configuration for projecting mid-frequency experimental signals.

Tagged w hales were exposed (minimum range of 200 m) to 
one of tw o stimuli: simulated MFA or PRN (both within the 
same approximate frequency band 3.5-4.0 kHz). Either simulated 
MFA or PRN signals were transm itted at a starting source level of

160 dB @ 1 m, w ith one transmission onset every 25 s ram ped up

(b ) K in e m a tic , b e h a v io u r a l a n d  e n v ir o n m e n ta l  c o n te x t  
a n a ly s e s  fo r  t a g g e d  b lu e  w h a le s

In order to quantify the fine-scale m ovem ent and acoustic 
environm ent of focal individuals, w e attached multi-sensor digi
tal tags [28,29] containing a suite of sensors that allowed us to 
estimate body orientation [28], sw im m ing activity, depth, 
speed [29] and received levels of sound [21,23]. We divided the 
resulting 54 kinematic, acoustic and environm ental variables 
into three sets: dive behaviour, body orientation and horizontal 
movement. We used tw o types of suction-cup attached, m ulti
sensor digital tags called DTAGs [28] and Bioacoustic Probes 
[29,30], to  study the acoustic environm ent and m ovem ent of 
blue w hales during CEEs. Of the 17 CEEs perform ed in this 
study, only one w hale w as tagged w ith  a Bioacoustic Probe 
(figure le). The remaining 16 CEEs involved blue w hales tagged 
w ith  DTAGs. The DTAGs contained a suite of sensors that 
included stereo hydrophones (sampling frequency, ƒ  >  64 kHz), 
a pressure transducer and tri-axial m agnetometers and acceler
ometers. The non-acoustic auxiliary sensors were sam pled at 
50 Hz and then  decimated to  5 Hz for the analyses below. The 
Bioacoustic Probe sam pled sound pressure at 8 kHz and the auxili
ary sensors (dual-axis accelerometers) were sam pled at 1 Hz. 
O wing to the limited sam pling frequency of the hydrophone 
in the Bioacoustic Probe, the received sound levels reported 
in figure le  represent m inim um  estimates.

A  series of behavioural and environm ental param eters were 
analysed during each blue w hale dive following previously pu b 
lished m ethods [29,31-34], The data from the suction-cup 
attached DTAGs were processed and calibrated following the 
m ethods of Johnson & Tyack [28]. Body orientation w as esti
m ated using the tri-axial accelerometers and magnetom eters 
[28]. Speed w as estimated using the flow noise detected by the 
hydrophone using the necessary calibration procedures for 
each tag deploym ent. This involved analysing the speed of the 
body during steep body  pitch angles (vertical velocity divided 
by  the sine of the body pitch angle) and correlating the m agni
tude  of flow noise w ith  the speed vector, a m ethod that has 
been used to estimate speed in several studies [29,33,35]. Acous
tic analyses followed the methodology of Southall et al. [23] and 
Tyack et al. [21]. Specifically, w e m easured received level of 
sound exposure as the m axim um  r.m.s. sound pressure level 
(in dB re 1 (rPa) in any one 200 ms tim e period during the 
signal duration. Signal duration w as defined as the tim e period 
during which the signal-to-noise ratio w as at least 6 dB. Before 
level measurements were taken, the signals were filtered w ith a 
one third-octave filter spanning the CEE sound frequencies 
(512-point finite impulse response filter, 3300-4158 Hz).
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Figure 1. Exam ples o f behav ioural dy nam ics o f  ta g g e d  b lu e  w h a le s  d u rin g  CEEs. (a) S im u la ted  m id -freg uency  so n a r du rin g  surface fee d in g , (6) PRN d u rin g  d e e p  
fee d in g , a n d  (c) s im u la te d  m id -freg uency  so n a r d u rin g  travel. Dive profiles (left p an e ls , black solid lines), ave rag e  dive sp ee d  (g rey  lines), received so u n d  levels (each 
red  circle rep re se n ts  a s in g le  p in g  d e te c te d  by th e  ta g ) ,  a n d  th e  w h a le 's  ho rizon ta l m o v e m e n t (rig h t p an e ls , each  circle rep resen ts  su rface location  recording) are  
sh o w n  as  a func tio n  o f tim e . The so u n d  exp osu re  periods a re  h ig h lig h te d  in b lu e  on  each dive profile a n d  track  line. Red d a sh ed  lines a re  sp line  func tio ns fit th o u g h  
th e  received so und -lev el d a ta  a n d  e x trap o la te d  to  include th e  e n tire  exp osu re  period  w h e re  a p p ro p ria te . The location  o f th e  so u n d  source  a t  th e  beg in n in g  o f  
p layback is h ig h lig h te d  by th e  la rg e  red circle in th e  r ig h t pan els . N ote th a t  th e  received so u n d  levels in (c) rep re se n t on ly  a m in im u m  e s tim a te  a n d  th e  m ax im um  
in s ta n ta n e o u s  sw im m in g  sp ee d s  exceed ed  4  m  s -1  d u rin g  th e  a sc en t ph a se  o f  th e  first exp osu re  dive (see  d e ta ils  in th e  e lec tron ic  su p p le m e n ta ry  m a te ria l) .
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The specific behavioural and environm ental param eters in 
our analyses included the following: m axim um  depth, dive d u r
ation, descent tim e, bottom  tim e, ascent tim e, post-dive surface 
tim e, num ber of lunges per dive, the proportion of the descent 
spent gliding, average speed during descent, average speed 
during ascent, average pitch during descent, greatest change in 
p itch during descent (À descent pitch), average pitch during 
ascent, greatest change in pitch during ascent (A ascent pitch), 
average roll du ring  descent, greatest change in roll during  
descent (A descent roll), average roll during ascent, greatest 
change in  roll during ascent (A ascent roll), average heading 
during descent, greatest change in heading during  descent 
(A descent heading), average heading during  ascent, greatest 
change in heading during ascent (A descent heading), horizontal 
dive speed, horizontal speed during  surface series, angular tra
jectory (horizontal tu rn ing  rate 1) and  m ean rotation rate 
(horizontal turning rate 2), num ber of received pings (from 
sound exposure), m inim um  received level, m ean received level, 
m axim um  received level, dep th  of the seafloor at the location 
of the sound source, distance betw een the sound source and 
tagged w hale at the beginning and  end of each dive, photo 
identification, group type com prising the tagged w hale (single, 
pair, three-way), num ber and  group com position of other ceta
ceans w ith in  1 km  of the tagged w hale, and  behavioural state 
of the tagged w hale at the m om ent of initial sound exposure.

Behavioural state w as determ ined from  the tag  data and  took 
the form  of one of three b road categories: deep feeding, surface 
feeding and  non-feeding (i.e. travelling or social). The presence 
of a  lunge feeding event w as required to  categorize the dive as 
a feeding dive and  a  m axim um  dive dep th  of 50 m  w as chosen 
to  distinguish betw een surface feeding and  deep feeding behav
ioural states. Social anim als included either paired w hales w ithin 
several body  lengths distance from  one another o r vocalizing 
w hales as indicated from  the tag 's  acoustic record.

(c) S ta tis t ic a l a n a ly s e s
We used a combination of principal com ponent analyses (PCAs) 
and generalized additive mixed models (GAMMs) to  assess 
the effect of sonar playback on 54 categorical and continuous 
behavioural metrics. PCAs were conducted using 'princom p' in 
the stats package of the open source software R (v. 2.15.1). 
Behavioural metrics w ere assessed on a dive-by-dive basis 
and sum m arized into three categories prior to  PCAs: (i) dive 
behaviour metrics, (ii) angular (body orientation) metrics, 
(iii) horizontal behaviour metrics. PCA eigenvectors w ith  greater 
than  10% of variance explained were used as response variables 
in controlled exposure GAMMs. We fit tw o GAMMs per eigen
vector, one assessing treatm ent status as a function of playback 
period (equation (2.1)—before playback, during playback and
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Table 1. PCA resu lts  o f  behav ioural m etrics . (Only e igenv ec to rs  (EV) th a t  exp la in ed  m ore  th a n  10%  variance  are  sh ow n  for each  p a ra m e te r  g roup .)

dive tim e - 0 . 3 8 7 d e sc e n t p itch - 0 . 3 9 2 horizon ta l sp ee d  
(dive)

- 0 . 4 3 7 0 .523

m ax im um  d e p th - 0 . 3 8 1 d e sc e n t roll 0 .328 su rface  sp e e d  (surface) - 0 . 2 4 4 0 .6 86
po st-d ive  su rface 

tim e
- 0 . 3 4 6 d e sc e n t head in g - 0 . 1 2 1 - 0 . 5 2 1 horizon ta l tu rn in g  

ra te  1
- 0 . 6 5 1 - 0 . 2 1 8

d e sc e n t tim e - 0 . 3 4 0 A  d e sc e n t pitch 0 .328 - 0 . 2 3 0 horizon ta l tu rn in g  
ra te  2

- 0 . 5 6 8 - 0 . 4 5 2

a sc en t tim e - 0 . 3 2 1 A  d e sc e n t roll 0 .3 24 d is tan ce  to  so u n d  
source  (dive start)

0 .5 74

b o tto m  tim e - 0 . 3 3 9 A  d e sc e n t 
h e a d in g

0 .306 0.145 d is tan ce  to  so u n d  
source  (dive end )

0 .5 74

lun ges - 0 . 3 4 3 a sc en t pitch 0 .397 A  d is tan ce  to  so und  
source

0 .576

breath s - 0 . 3 6 6 a sc en t roll - 0 . 3 3 5
a sc en t head in g - 0 . 1 0 2 - 0 . 5 7 8
A  a sc en t pitch 0.351 - 0 . 2 7 9
A  a sc en t roll 0 .339 0.12
A  asc en t 

h e a d in g
0.341

prop ortion  of 
variance

0 .758 0 .388 0.122 0 .428 0.281 0 .212

after playback) and one quantifying response as a function of 
playback type (equation (2.2)—during playback w ith  categorical 
playback type—MFA or PRN).

PCAaxis ~  ƒ (treatm ent status +  dive at treatm ent
+  behavioural state +  s (m axim um received level))
+  s (m inim um  received level) +  s (average received level)

( 2 . 1 )

and

PCAaxis ~  ƒ ( playback type +  dive at treatm ent
+  behavioural state) +  s(maxim um received level)
+  s (m inim um  received level) +  s (average received level).

( 2 .2 )

This statistical approach allowed us to assess w hether there w as a 
behavioural response if treatm ent status w as significant, w hether 
there w as a difference betw een MFA and PRN if playback 
type w as significant and w hether received level influenced behav
iour. PCA results are sum m arized in table 1 and GAMM results 
are sum m arized in table 2 (see also the electronic supplem entary 
material, table SI).

3. Results and discussion
The CEEs w ere  p e rfo rm ed  on  17 b lu e  w hales  th a t w ere  cate
gorized  in to  d eep  feeding (MFA, n =  5; PRN, n =  4), shallow  
feed ing  (MFA, 11 =  3) a n d  non-feed ing  (MFA, 11 =  4; PRN, 
11 =  1) b ehav iou ra l states. O ur m ultivaria te  analyses suggest 
th a t several aspects of b lu e  w h ale  d iv in g  beh av io u r (diving,

o rien tation  an d  h o rizon ta l d isp lacem en t m etrics) w ere  sig
n ificantly  affected b y  the exposure to  m id-frequency  sou n d  
(table 2; see also th e  electronic sup p lem en tary  m aterial). 
The responses varied  across ind iv iduals a n d  w ere strongly  
affected by  the  w h a le 's  behav ioura l state, w ith  surface feeding 
an im als typically  show ing  no  change in behav iou r (figure la). 
By contrast, deep  feeding a n d  non-feed ing  w hales w ere  p a r 
ticularly  affected, w here  responses ranged  from  term ination  
of d eep  foraging d ives (figure lb ) to  p ro longed  m id-w ater 
d ives (figure le). R esponses also varied  according to  sou n d  
ty p e  (figure 2 an d  table  2). For exam ple, b lue  w hales in  deep  
feeding m odes exhibited a  sim ilar response in  d iv ing  beh av 
iou r a n d  horizon ta l d isplacem ent, b u t a  fundam enta lly  
d ifferent response w as observed  w ith  respect to  b o d y  orien
tation  (figure 2). H ow ever, th is o rien tation  response in  deep  
feeding w hales w as transien t as behav iou r re tu rn ed  to  baseline 
follow ing exposure to  b o th  M FA an d  PRN. N evertheless, w e 
observed  responses th a t d id  n o t re tu rn  to  baseline conditions, 
a t least in  th e  tim e fram e defined  b y  ou r CEE, for certain  com 
b inations of behav ioura l state a n d  so u n d  type. The overall 
variab ility  observed  here  su p p o rts  p rev ious w ork  d em o n 
strating  the com plexity o f behav ioura l responses to acoustic 
signals an d  its dependence  on  contextual a n d  so u n d  exposure 
variab les [26].

A t b ro ad  spatia l an d  tem pora l scales, these context- 
d ep en d en t behav iou ra l responses m ay  b e  in te rp re ted  as 
b rief avoidance responses, b u t on ly  in  p articu la r behav ioura l 
states (figure 1). The effects of so u n d  exposure w ere  transien t 
u n d e r certa in  conditions, nam ely  behav iou ra l state an d
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a n d  (c) ho rizon ta l d isp la c em en t). Each respon se  is sh ow n  as  a func tio n  o f  CEE tre a tm e n t s ta tu s  (befo re , d u rin g  a n d  a fte r), behav ioural s ta te  (surface fee d in g , d e e p  
fee d in g  a n d  n o n -fe e d in g ) a n d  so u n d  ty p e  (MFA a n d  PRN). Error bars rep re se n t 1 s.d . across ind ividuals.

Table 2. S u m m ary  o f  s ig n ifican t respon se  m etrics from  paired  PCA-GAMM m o dels. Results o f pa ired  PCA-GAMM m o d e ls  ex am in ing  th e  effects o f  so u n d  
p layback on  m u ltip le  behav ioural m etrics. (All statistical resu lts  sh ow n  in th e  ta b le  a re  from  analysis o f  th e  first e igenv ec to r w ith in  each respon se  m etric  
g ro u p in g  ('/?' co rresp ond s to  th e  n u m b e r  o f  dives a na ly sed  across all ind ividuals). Each row  rep resen ts  a te s te d  hy p o th esis  ra th e r  th a n  a u n ig u e  m odel.)

B
beh av iou r ch a n g es  d u rin g  so u n d  exposu re dive b e fo re /d u r in g /a f te r 0 .76 430 0.038 0 .1 4
beh av iou r ch a n g es  d u rin g  so u n d  exposu re o rien ta tio n b e fo re /d u r in g /a f te r 0 .39 430 0.019 0 .0 4
beh av iou r ch a n g es  d u rin g  so u n d  exposu re ho rizon tal

d isp la c em en t
b e fo re /d u r in g /a f te r 0.43 418 < 0 .0 0 5 0 .07

effect o f  so u n d  ty p e  (MFA versus PRN) dive du rin g 0.76 88 0.033 0 .38
effect o f  behav ioural s ta te dive b e fo re /d u r in g /a f te r 0 .76 430 0.0 374 0 .1 4
effect o f  behav ioural s ta te dive du rin g 0.76 88 0.0 454 0 .38
effect o f  m ax im u m  dive received level dive du rin g 0.76 88 < 0 .0 0 5 0 .38
effect o f  m in im u m  dive received level dive du rin g 0.76 88 0.0369 0 .38

so u n d  type , in  th a t beh av io u r often re tu rn ed  to  pre-exposure 
cond itions after p layback  en d ed  (figures lb ,c an d  2). The lack 
of d iscernib le responses in som e surface feed ing  ind iv iduals 
(figure la), especially in  com parison  w ith  d eep  feed ing  an d  
non-feed ing  behav iou ra l m odes (figure 1 b,c), suggest th a t a 
com bination  of behav iou ra l state a n d  received so u n d  level 
m ay  influence behav iou ra l response. W e specu late  th a t su r
face feed ing  does n o t incu r sunstan tia l d iv in g  costs an d  
th u s  b lu e  w hales in  th is behav iou ra l state exhibit increased 
lunge feed ing  rates [36] a n d  h igher energetic efficiency [32]. 
The ad v an tag es m ay increase in d iv id u a l m otivation  to 
continue exploiting surface krill patches, so b lue  w hale  res
ponsiveness to  sou n d  in  these conditions m ay  be  decreased. 
A lthough  w e d id  find  a significant effect o f m axim um  dive 
received level (maxRL) on  the d ive response (figure 3a), neither 
b o d y  orientation nor horizontal displacem ent w ere influenced 
b y  maxRL (figure 3b,c). W hales near the sea surface w ere 
exposed, on  average, to  low er maxRL on  each dive, perhaps

resulting from  the L loyd 's m irror effect tha t reduced  sonar 
levels a t shallow er d ep th s [37]. H ow ever, the m axim um  
received so u n d  level experienced over the entire 30 m in 
sou n d  exposure period, in  contrast to  the maxRL w ith in  a 
g iven dive, w as largely independen t of dive dep th . These 
data  suggest that the variation  in  behavioural response is p rob 
ably influenced b y  a com plex interaction betw een  behavioural 
state, environm ental context an d  ind iv idual differences that 
m ay  be  related to  p rio r exposure to MFA.

T hese observed  effects of m id-frequency  so u n d  exposure 
cou ld  have  m ajor ram ifications for b lu e  w h ale  foraging ener
getics. For exam ple, the CEE in  figure lb  show s a  b lu e  w hale  
term inating  a foraging b o u t a t the onset of so u n d  exposure, 
follow ed by  d irected  travel aw ay  from  the so u n d  source. 
Because b lu e  w hales rely  on  large aggregations o f dense 
krill to  susta in  their extrem e b o d y  size, they  con tinuously  
d ive  a n d  feed th ro u g h o u t th e  day  w h en  h igh-density  prey  
patches are p resen t [38]. Therefore, th is type  of behav iou ra l
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Figure 3. Relationship b e tw e en  m ax im um  received levels on  behavioural 
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response  th a t involves cessation of feed ing  clearly resu lts in  
reduced  forag ing  efficiency. U sing p rev iously  established 
m ethods [32], baseline b ehav iou r of th is ind iv idual p rio r to 
p layback, a n d  a conservative estim ate for krill density , w e cal
cu lated  a  feeding rate o f 19 kg of krill p e r  m inu te  p rio r to sou n d  
exposure. A fter the onset of so u n d  exposure, the an im al 
s to p p ed  foraging for a to tal o f 62 m in, resulting  in  a loss of 
over one m etric to n  of krill d u rin g  th is behav ioura l response 
(see the electronic su p p lem en tary  m ateria ls for details). The 
energy  conten t o f th is loss is com m ensura te  w ith  the an im al's  
daily  basa l m etabolic d em an d s [39] a n d  th u s w ill p red ictab ly  
decrease the overall efficiency of foraging.

For active sonar operations occurring  n ear b lue  w hale 
feeding areas, a n d  if there is lack of hab ituation , repeated  
exposures cou ld  negatively  im pact ind iv idua l feeding perfo r
m ance, b o d y  condition  an d  ultim ately  fitness a n d  poten tia lly  
p o p u la tion  health . A lthough  w e u sed  M FA signals w ith  tem 
p o ra l a n d  spectral characteristics in tended  to  sim ulate tactical 
m ilitary  system s, operational sonar system s are significantly 
m ore intense, m obile, often u sed  w ith  o ther active sources, 
a n d  typically  u sed  for longer durations. These contextual 
differences suggest th a t the  effects of real sonar system s 
could  ex tend  for longer a n d  over large geographical regions. 
Therefore, o u r resu lts suggest th a t frequent exposures to m id 
frequency an thropogenic  sounds m ay  pose significant risks 
to  the recovery rates of endangered  b lue  w hale  popu la tions, 
w h ich  unlike o ther baleen  w h ale  p o p u la tions (i.e. hum pback ,

grey an d  fin w hales), have  n o t show n signs of recovery off 
th e  w estern  coast of N o rth  A m erica in  the last 20 years [40].

Like m any  hu m an  activities, M FA sonars represent relatively 
novel stim uli to cetacean sensory system s that evolved u nder 
conditions w hich w ere different from  present-day environm ents. 
A lthough it is difficult to  understand  how  cetaceans interpret 
these anthropogenic sounds, previous researchers have invoked 
the p redato r evasion hypothesis given the frequency overlap of 
killer w hale  S-calls w ith  m ilitary sonar signals [41]. M am m al- 
eating killer w hales (Orcinus orca) are the only know n natural 
p redato r of baleen w hales [42], an d  the effects of predation  rep
resent a m ajor d riv ing force in  the evolution of behaviour [43]. 
W hen  killer w hales attack, Balaenoptera w hales exhibit a  'flight' 
escape response tha t is distinct from  the 'stay an d  fight' response 
of Megaptera an d  Balaenidae [42]. The behavioural responses 
observed here w ere n o t com parable in  duration  to  those reported  
during  killer w hale  attacks on  b lue  w hales [42], how ever, the 
m axim um  speed m easured in  one CEE (figure le) w as sim ilar 
to  previously observed flight speeds. Therefore, it appears that 
m ost responses m ay represent a  generalized avoidance response 
of a  perceived threat, rather than  a stereotyped flight response. 
These responses could be  influenced b y  p rio r exposure to real 
M FA sonar exercises w hich are relatively com m on in these 
areas off the southern  California coast.

O ur results provide, to o u r know ledge, the first experim en
tal dem onstration  tha t ind iv idual baleen w hales, specifically 
b lue  w hales, respond  to sim ulated  m id-frequency sonar. W e 
em phasize tha t elicitation of the response is complex, dep en 
d en t o n  a suite of contextual (e.g. behavioural state) an d  
sou n d  exposure factors (e.g. m ax im um  received level), an d  
typically involves tem porary  avoidance responses tha t appear 
to  abate quickly after sou n d  exposure. Based on  this evidence, 
w e reject the hypothesis tha t baleen w hales are no t affected by  
m ilitary m id-frequency sonar, an d  in  som e cases they react at 
quite low-received levels (figure 1); given their endangered 
status, b lue  w hales should  thus be  carefully considered in 
environm ental assessm ents. Furtherm ore, the responses w e 
docum ented  w ere in  a  geographical region w ith  a h igh  level 
o f naval activity an d  w here m id-frequency sonar use is 
com m on, raising the poten tia l for m ore dram atic responses in 
o ther areas if b lue  w hales in  th is stu d y  have habituated . 
Since som e of the m ost p ronounced  responses occurred near 
the onset of exposure b u t other, h igher level exposures p ro 
voked  no  response, the data  suggest tha t the use o f received 
level alone in  predicting responses m ay be  problem atic an d  
tha t a  m ore com plex d o se -resp o n se  function tha t considers be
havioural contexts w ill be  m ore appropriate. M anagem ent 
decisions regarding baleen w hales an d  m ilitary sonar should  
consider the likely contexts of exposure a n d  the foraging 
ecology of anim als in  predicting  responses an d  p lanning 
operations in  o rder to m inim ize adverse effects.
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