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Abstract
How no n -ech o lo ca tin g  d e e p  diving m arine p red ato rs  locate th e ir prey while fo rag ing  rem ains m ostly  unknow n. Fem ale 
so u th e rn  e le p h an t seals (SES) (M irounga leonina) have vision a d a p te d  to  low Intensity  light w ith a p eak  sensitivity  a t 
485 nm . This m atch es th e  w av elen g th  o f b io lum inescence  p ro d u ced  by a large ran g e  o f m arine organ ism s including 
m yctophid  fish, SES's m ain prey. In th is study, w e in v estiga ted  w h e th e r  b io lum inescence  p rovides an accu ra te  e s tim a te  o f 
prey o ccu rren ce  for SES. To d o  so, four SES w ere  sa tellite-tracked  during  th e ir p o st-b reed in g  foraging trip  and  w ere  
eq u ip p e d  w ith T im e-D epth-R ecorders th a t also  reco rded  light levels every  tw o  seco n d s. A to ta l o f  3386 dives w ere  
p rocessed  th ro u g h  a lig h t-trea tm en t m odel th a t d e te c te d  light ev en ts  h ig h er th an  am b ie n t level, i.e. b io lum inescence  
even ts. The n u m b er o f b io lum inescence  ev en ts  w as re la ted  to  an  index o f fo rag ing  in tensity  for SES dives d e e p  e n o u g h  to  
avoid th e  influence o f natural a m b ie n t light. The o ccu rren ce  o f b io lum inescence  w as found  to  b e  negatively  re la ted  to  
d e p th  b o th  a t n igh t and  day. Foraging in tensity  w as also positively re la ted  to  b io lum inescence  b o th  during  day  an d  night. 
This result su g g e s ts  th a t b io lu m in escen ce  likely p rov ides SES w ith valuable indications o f prey o ccu rren ce  an d  m igh t be a 
key e le m en t in p red ato r-p rey  in te rac tions in d e ep -d a rk  m arine env ironm en ts .
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Introduction

U nderstand ing  the dynam ic relationship betw een prey  and  
predators is a  key topic in  ecology [1]. In  m any natural cases, prey 
are clustered in patches [2] w ith no clear boundaries. These 
patches can only be  defined as areas w here the local resource 
density is h igher th an  the m ean overall resource density [3,4], In 
these continuous, yet patchy environm ents, such as m arine 
environm ents for instance, efficient predators are likely to focus 
their search effort to areas o f high density o f prey [4-6].

N um erous studies have investigated the foraging behaviour o f 
m arine predators (such as birds and  mam m als) in relation to 
physical (e.g. tem perature) and  biological (e.g. phytoplankton) 
param eters used as indirect indicators o f  prey  distribution [7-9]. 
How ever, only few studies looked a t the relationships betw een 
foraging behaviour o f diving predators and  direct indices o f  the 
presence of prey (e.g. videos) [10,11],

M arine  predators can  cue in on  signals em itted by prey  to 
estim ate the local densities o r quality o f prey. T hey  rely on  their 
sensory systems such as olfaction [12,13], écholocation [14] or, in 
m ost o f the cases, vision [15,16] to detect these signals. Unlike 
odontocetes, pinnipeds do not echolocate to find their prey [17]. 
This raises the question o f how  deep-diving pinnipeds m anage to 
locate their prey in the deep dark  ocean. Previous studies have

shown that some pinnipeds that feed a t night or during  deep dives, 
such as elephant seals, have a  vision adap ted  to low light intensity 
characterized by a  sensitivity peak  a t 485 nm  ( = X max). This 
corresponds to the blue light p roduced  by biolum inescent m arine 
organism s and  could suggest a  vision-based p redation  [18-20],

Southern  elephant seals (Mirounga leonina) (SES hereafter) are the 
largest o f pinnipeds. T hey  spend a round  10 m onths at sea and  
com e back ashore only to b reed  in O ctober, o r to m olt in Jan u ary . 
W hen  foraging at sea, SESs dive continuously, sometimes deeper 
th an  1500 m  [21]. T hey  forage over b ro ad  distances [21,22].

Both Fatty Acid an d  stable isotopes analyses suggest that 
m yctophids (or lan tern  fish) are the m ain  prey of bo th  adult 
females [23] an d  juvenile males [24], Stom ach content analyses o f 
female elephant seals from  K ing G eorge Island and  H eard  Island 
[25,26] also reveal that the m ost com m on m yctophids species in 
their diet were Gymnoscopelus nicholsi, Electrona Antarctica ancl E. 
calsbergi. T hese 3 species also happen  to be the 3-most abundan t 
m yctophids w ithin the Southern  O cean  [27].

M yctophids have a large num ber o f photophores (light- 
producing  organs) located in ventrolateral rows of their body 
and  head, w hich gives them  the capacity to be  biolum inescent. 
Biolum inescence em itted  by m yctophids can be o f two sorts and  
serve different purposes: bright an d  fast flashes are used for 
com m unication (i.e. intra-specific an d  sex identification) or to
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startle potential predators, while glow emissions are used to mask 
the fish silhouette from  predators undernea th  (counter-illum ina
tion) [28-30]. Previous work showed th a t SESs have large eyes 
with a  capacity for a  wide range o f pupillary dilation [19] and  
rap id  adjustm ents to the darkness [20]. T heir re tina  contains a 
deep-sea rhodopsin  with a  m axim um  sensitivity (ability to reac t to 
a  stimulus) a t 485 nm  [18] m atch ing  the ).m ax o f the visual 
pigm ents o f their m yctophid prey (Gymoscopelus nicholsi: 
).m ax = 489 nm , Electrona antarctica: ).m ax = 488 nm , E. carlsbergi: 
Zmax = 485 nm) [31].

T h e  objective o f this study was to assess w hether the num ber o f 
biolum inescence events detected  during  deep dives provides an 
accurate qualitative index of the visited foraging areas. W e focused 
on  the K erguelen SES population. W e investigated the foraging 
activity o f females SES a t dep th  in relation to the am oun t o f in situ 
biolum inescence detected during  a dive by a  highly sensitive light 
sensor. D ue to lim ited sam ple size and  to avoid confounding 
factors such as the effects o f foraging hab ita t features (i.e two th ird  
o f  SES females foraging in Polar frontal zone vs one th ird  in 
A ntarctic waters) [24,32], the analyses were restricted to female 
SES foraging w ithin the po lar frontal zone.

Methods

Ethics Statement
O u r study on e lephant seals was approved and  au thorized  by 

the ethics com m ittee o f the French Polar Institute (Institut Paul 
Emile V ictor -  IPEV) in M ay 2008. This Institute does no t provide 
any perm it num ber o r approval ID , however anim als were 
handled  and  cared  for in total accordance with the guidelines and  
recom m endations o f this com m ittee (dirpol@ ipev.fr).

Deployment of Devices and Data Collected
T h e  foraging ecology o f Southern  e lephant seals in K erguelen 

has been  investigated since 2003 w hen annual deploym ents o f 
C T D -SR L D s started (Argos-linked co nductiv ity -tem pera tu re- 
depth-Satellite Relayed D ata  L ogger/S ea  M am m al R esearch 
U n it -S M R U -, University o f St Andrews ScoÜand). In  2009 
however, we deployed new devices th a t also included a 
fluorescence sensor, com bined with M K 9 -T im e D epth  R ecorders 
(Wildlife C om puters, W ashington, USA). W e thus recorded fine 
scale diving behaviors o f five SES females in addition  to high 
resolution m easures (every 2 sec) o f tem peratu re  and  light during 
their entire post-breeding foraging trip.

T h e  light sensor (H am am atsu  S2387 series photodiode) was 
used with a  470-590  nm  filter. This light sensor was able to 
m easure changes in light under very low light conditions: its 
detection capacity ranged from  10 to 250 in raw  values, 
corresponding to a  range o f 10—11—10 —1 W .cm - 2 .

Anim als were cap tured  with a  canvas head-bag  and  anesthe
tized using a 1:1 com bination of T iletam ine and  Zolazepam  
(Zoletil 100) injected intravenously [33,34], M K 9 were first 
a ttached  to the C T D s, an d  then  bo th  C T D s and  M K 9 tags were 
glued on  the seal’s head  using quick-setting epoxy (Araldite AW  
2101). C T D s were oriented  towards the head  o f the anim al, while 
M K 9 w ere oriented  backw ards so th a t light sensors were tu rned  
towards the backside o f the animals.

SES from  K erguelen th a t feed w ithin the Polar Frontal Zone 
can forage w ithin two distinct oceanographic dom ains: 1) the 
pelagic zone (i.e; deeper than  1000 meter) encom passed betw een 
the subantartic  and  the Polar Front, an d  2) the benthic zone over 
the continental p lateau, w here diving depths are restricted by  the 
local bathym etry  (i.e. shallower th an  1000 m). In  this study, we 
only focused on anim als th a t foraged w ithin the pelagic dom ain.

Diving Behaviour and Characterization of Foraging
W e considered seals diving only for depths o f 15 m  or m ore, 

otherwise they w ere a t the surface. This threshold was chosen to 
avoid wrongly selecting dives due to subsurface m ovem ents o f 
anim als. Dives were then  divided into three distinct phases using a 
vertical speed criterion. D escent and  ascent phases were defined as 
m ovem ents w ith a  vertical speed greater th an  0.4 m .s-  from  or 
tow ard the surface. T h e  bo ttom  phase was defined as a  period 
betw een the descent an d  the ascent phases with a  vertical speed 
lower than  0.4 m.s 1 [35], during  which, SES could travel 
upw ard, dow nw ard or horizontally.

W e used two factors to define the foraging intensity o f each dive 
[35] : the ascent rate o f a  dive an d  the descent ra te  o f the following 
one. T hese two factors are know n to influence foraging success in a 
large num ber o f m arine predators [36-39], (C .G uinet, unpub
lished data  on  SES). W e com bined these variables using a 
Principal C om ponent Analysis (PCA) to obtain an  unique index to 
the foraging intensity. Principal com ponent 1 (The first axis) 
explained 78.9%  of the total variance an d  was used as an  index of 
foraging intensity pe r dive in our analyses.

Detection of Bioluminescence Events
Typically, light levels m easured  with a  sensor show a typical 

nycthem eral cycle w ith variations driven by  the sun or the m oon. 
In  an  oceanic environm ent, the influence o f the sun or the m oon 
on  recorded light values is strongly dependent on  dep th  (Figure 1A 
and  B). T h e  environm ent light (i.e. am bient light) reaches nearly 
constant low values a t depths o f 550 m  during  the day an d  250 m 
at night. T herefore, any sudden increase in the am bient light level 
a t depths deeper th an  these limits corresponds to the occurrence of 
a  biolum inescent event a round  the SES. W e consequently kept 
biolum inescent events only a t depths deeper th an  the ones 
aforem entioned for analysis. T o  fit the international m etric system, 
the raw  values m easured by the sensors were converted into 
W .cm -2  using the following equation  provided by the m anufac-

1 ,̂(̂ -250)
tu rer (Wildlife Com puters): I t =  IO 20 w here V t = light value 
from  the sensor and  It = light value converted in W .cm  2. N ight 
periods w ere defined by  surface light levels lower than  
IO-8  W .cm -2  an d  day periods by  a surface light h igher than  
IO-8  W .cm -2  (Figure 2).

B iolum inescent events were characterized by an  ab ru p t increase 
followed by a progressive decrease in light levels (Figure 1C). 
Biolum inescence events w ere m ainly detected and  characterized 
from  the ab ru p t increase phase, ra th e r than  from  the entire signal 
(increase and  decrease phases). H ow ever, the decrease phase was 
still useful for param eter calculations (see below). A system of 
runn ing  windows over IO sec (5 data  points) w ith an  increm ent o f 
2 s (i.e. I da ta  point) was used to determ ine the beginning and  the 
end o f biolum inescence events, the end being here the po in t o f 
highest light intensity (the decreasing phase is omitted) (Figure I C). 
T h e  m id-point o f  the 5-point runn ing  w indow was nam ed tim e t, 
w ith the previous two times t- l  and  t-2 and  the following two t+ l 
and  t+2respectively. Light da ta  w ere log transform ed for analysis 
to buffer the wide range o f recorded values (IO-11 to 
10 1 W .cm  2).T hree param eters characterized  the central point 
t:

-  T h e  am bien t light, I ambient

-  A fast increase in light, a t

-  A slower decrease in light, K.

These 3 param eters were estim ated using the qr.solve function 
o f the package base in R  as follows:
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Figure 1. Detection of bioluminescence events. A. An individual tim e-depth  profile zoom ed on four consecutive dives. B. Light values 
associated with dives. C. The m ethod  used to  detec t biolum inescence events. Each point is associated to  a light value (I), a dep th  value (Z) and a tim e 
(t). A restricted w indow  (dashed lines) was m oved poin t by poin t along the  light profile. Within a window, the  central point corresponded to  th e  l(t) 
light value. Iambient corresponded to  th e  expected  light level w hen there  is no biolum inescence event and w as calculated using the  tw o first light 
values within the  window. oc(t) corresponded to  th e  ratio betw een  the  lambient and the  l(t) light values. The Kt corresponded to  the  coefficient 
associated with th e  decrease of th e  light following an event. 
doi:10.1371/journal.pone.0043565.g001
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with I t and  Iambient in  W .cm  2, K  in m  1 and  Z the dep th  a t tim e t 
in m. (Figure 1.)

a t can be  estim ated from  the m atrix  as follows:

log a, =  l o g / ,  -  log  Iambient

a-t= -j--------
1 ambient

Biolum inescence events started w hen a t was h igher th an  1 and  
lasted as long as it rem ained  above this threshold (Figure 3). O nce 
biolum inescence events were detected, we selected only the 
significant ones, i.e.events for w hich the ratio betw een m axim um  
light into the event and  am bient light a t the beginning po in t o f the 
event was h igher th an  1.26 (sensor resolution). T h e  others were 
discarded as sensor noise an d  no t included in the analysis. Event 
intensity was then  calculated as the difference betw een the 
m axim um  light and  am bient light a t the beginning point o f  the 
event.

Statistical Analysis
Biolummescence within the water column. T he w ater 
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CN

E
o

O )

T
Oi
at

CD

T
Oi
<L>

T

o
o
+
a>

o

o
o i

CD

O )
O i
o

O
O
+
a>
o

O
033SO o

IrB w iianw va w w n iw w gB iii rl 
f + CI»> dK)XHHCW W rciXÏHKttES] 
, < HXi DH iH H X IH »  -It:/. .OO B B B

£ ■ ■rrxoifX4o+>
iKŒWEfX-Bfri:

1 0 -8

Tim e

sat sun mon
Figure 2. Separating of day and night periods. These graphs show  light profile during 2 com plete days and th e  beginning to  a third. The 
d o tted  grey line represents th e  day and night separation threshold. For a dive, if th e  surface light is higher than  this threshold (10-8  W.cm-2 ), the  
dive is considered as a day dive and if the  surface light is lower than  this threshold, th e  dive is considered as night dive. The d o tted  red vertical lines 
represen t th e  separation  betw een  day and night period. 
doi:10.1371/journal.pone.0043565.g002
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of this biolum inescence event. oc(t) is grea ter 1 during th e  increasing light phase of a biolum inescence event. 
doi:10.1371/journal.pone.0043565.g003

night (from 250-350  to 850-950  m) an d  4 o f them  for the 
daylight period  (from 550-650  to 950-1050  m  every 100 m). 
T h e  relationship betw een the total num ber o f biolum inescence

events per unit o f tim e spent w ithin a dep th  layer, the depth  
layer, an d  the tim e of the day (day or night) was determ ined 
with linear regressions (‘stat’ package in R .2.10.1).

to
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Figure 4. Post-breeding foraging trips of 4 fem ale southern elephant seals. These fem ales were equ ipped  in O ctober 2009 (solid black 
lines). Isobaths of 500 m, 1000 m and 2000 m d eep  are illustrated in light grey. Kerguelen island con tour is dep icted  in black line. Red dots 
correspond to  points into dives including a t least one  significant biolum inescence event (s). 
doi:10.1371/journal.pone.0043565.g004
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Figure 5. Bioluminescence into the water mass. The graph represents th e  distribution of the  biolum inescence events according to  th e  depth . 
The num ber of events was corrected by th e  tim e spen t by all the  individuals in each dep th  category. The black line show s th e  linear regression 
betw een  the  num ber of biolum inescence events per m inute and dep th . 
doi:10.1371/journal.pone.0043565.g005

Biolummescence and foraging intensity. As foraging is 
usually related to the bo ttom  phase o f a  dive [40—44], only 
biolum m escence events at the bo ttom  phase of dives were kept 
in the analyses. T h e  bo ttom  tim e and  the dep th  o f a  dive are 
know n to be linked to foraging activity [35]. Both variables 
were found here to be correlated  to the num ber o f  biolum i
nescence events m et during  dives. In  o rder to account for this, 
the index o f foraging intensity o f dives was investigated in 
relation to the bottom  time, the dep th  an d  the num ber o f 
biolum m escence events o f  dives using generalized linear m ixed 
models at night an d  day separately (nlme package in R  2.10.1) 
[45]. Individuals were included as random  factors and  we 
accounted  for the tem poral correlation in our da ta  using an 
autoregressive variance-covariance m atrix  (corA Rl). T h e  com 
plete G LM M s were built as such:

Indexes of foraging intensity ~  Bottom time + Depth + Number oj 
bioluminescence event + Bottom Time:Deptk + Bottom Time:Number oj 
bioluminescence event + Depth: Number oj bioluminescence event, random = 
~  1 1 ID , correlation =  corARl ().

T h e  best m odels for night an d  day w ere selected using stepwise 
likelihood ratio tests [46],

Biolummescence and predator movements into the 
bottom phase. W e also investigated the relationship betw een 
SES directional m ovem ents an d  biolum m escence. T o  determ ine 
w hether biolum m escence events were m ore likely to be encoun
tered  in one direction th an  another, we analyzed the links betw een 
the num ber o f biolum m escence events encountered  by  SES (and

corrected by time), and  the d irection they followed (i. e. upw ard, 
dow nw ard and  horizontal) using a W ilcoxon test.

Results

Figure 4 shows the horizontal tracks o f the four studied southern 
elephant seals. T hese 4 individuals spent on  average 6 5 ± 1  days in 
oceanic waters for a  total foraging trip duration  o f 7 5 it  11 days. 
E ach seal perform ed on average 71 ± 3  dives pe r day and
5 0 7 8 ± 4 0 0  dives over the entire foraging trip, 4 5 9 3 ± 1 0 3 3  of
w hich in pelagic waters. Biolum m escence events w ere detectable 
all along their tracks in the horizontal dim ension (Figure 4) and  in 
the vertical dim ension (Figure 1 A). A ccording to the PC A  analysis, 
indexes o f high foraging intensity w ere characterised  by a  high 
ascent rate  o f the dive and  a  high descent ra te  o f the following one. 
O n  the o ther hand, indexes o f low foraging intensity were 
characterized by low descent and  ascent rates.

Bioluminescence within the Water Column
A m ean  o f 12 34 ± 4 0  7 (n = 4) biolum inescence events were

detected in the pelagic phase o f a  foraging trip. T h e  num ber o f
detected biolum m escence events decreased w ith dep th  similarly 
b o th  during  day an d  night (Estimate —0.0003479, t-value = 
— 2.964, p-value = 0.00480). W e detected an  outlier da ta  point 
exercising a  large leverage effect at night tim e, how ever the 
relationship rem ained  significant after rem oving this point 
(Figure 5) (Estimate — 1.218e-04; t-value = —8.653 p-val- 
ueCO.001).
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Figure 6. Dive depth and the depth of bioluminescence events. A-B. Flistogram of the  dives d ep th  at night (A) and during the  day (B). C-D. 
Flistogram of the  dep th  of biolum inescence even t per m inute a t night (C) and during the  day (D). Events w ere only d etec ted  a t night below  a 
threshold of 250 m and during the  day below  a threshold o f 500 m (shown by a dashed  red line). 
doi:10.1371/journal.pone.0043565.g006

Bioluminescence and Foraging Intensity
Anim als generally dove up to 400 m  deep at night an d  up to 

800 m  deep during  the day. T hese values corresponded to depths 
w here m ost o f the biolum m escence events were located (Figure 6). 
O n  average, each seal perform ed 4593 ± 1 0 3 3  dives (n = 4) in 
pelagic water. A m ong all pelagic dives perform ed, a  m ean 
2 2 5 6 ± 5 4 8  dives exceeded the dep th  threshold set for the detection 
o f biolum inescent events and  am ong them  biolum m escence events 
were detected  in 847 ± 2 4 6  dives. T herefore a  total o f 3386 dives 
were analyzed. T h e  best m odels in the night and  day period  
showed that the foraging intensity o f dives was positively 
influenced by the num ber o f  biolum m escence events m et in  dives 
(Figure 7 an d  T able  1).

Bioluminescence and Predator Movement into the 
Bottom Phase

N um ber o f biolum inescence events corrected by tim e were 
similar in the dow nw ard, horizontal and  upw ard directions 
(W = 10, p-value = 0.69; W = l l ,  p-value = 0.49, an d  W  = 6, p- 
value = 0.69 for com parisons betw een dow nw ard vs horizontal; 
upw ard vs horizontal, and  upw ard  vs dow nw ard respectively) 
(Figure 8).

Discussion

Biolum inescence em itted by organisms is a  widely-spread 
phenom enon  in m arine environm ent. O u r study is one o f the 
first to investigate the relationship betw een a deep-diving predator 
and  some biolum inescent organisms (in a  470-590  nm  range) 
[47]. A lthough we do not provide any direct evidence o f 
biolum inescence events, the range of light recorded (470- 
590 nm , i.e. m ainly blue light) included in the m arine b iolum i
nescence spectrum  (400 to 720 nm). In  addition, the depths 
selected for analyses (i.e. while SES were deep diving and  when 
biolum inescence events could not be detected due to surface light)

confirm  that the light pulses w ere m ost likely biolum inescence 
events [48-50],

This study revealed that biolum inescence in a  470-590  nm  
range is ab u n d an t th roughout the polar frontal zone. N um erous 
taxa such as jelly fishes, crustaceans, squids and  fishes can  emit 
biolum m escence in the m easured range of wavelength [30,51] 
w hich encom passed SES prey as M ycthophids as well as all the 
lower trophic levels th an  m yctophids such as krill an d  dinoflagel- 
lates species. Even though we could no t relate biolum m escence 
events to specific SES prey for certain, m ost biolum m escence 
event intensities recorded ranged from  0.15 10 to 0.11 
IO-6  W .cm - ". As this w indow  encom passes the emission patterns 
o f the m ain  prey  o f elephant seals, the M yctophids, (i.e. 
M yctophids photophores: IO-7  W .cm 21, [30], it is reasonable to 
assum e that at least one pa rt o f biolum m escence events detected 
were em itted by these prey species. It is even m ore likely given the 
large m yctophid biomass found in the Southern  O cean  south of 
the 40thS parallel (from 70 to 200 m illion t) [52-54],

O u r results show that there is a  relationship betw een this 
biolum m escence and  SES foraging activity as foraging intensity 
index of seals was positively related to the num ber o f biolum ines
cence events detected in  dive, for b o th  day and  night. This suggests 
that biolum m escence could provide qualitative inform ation of the 
visited a rea  even though further w ork is needed to relate 
biolum m escence to specific oceanographic features. C onsidering 
the large possible source of biolum m escence, its occurrence should 
not be considered as an  absolute indicator o f SES prey bu t ra ther 
as an  index o f biological richness o f  the hab ita t used by SES. 
Previous studies have shown, for instance, that species from  lower 
trophic levels have the ability, by  producing  biolum m escence, to 
m ake their predators vulnerable to the attack  from  higher order 
predators [30], Therefore, we argue that SES m ight also use 
biolum m escence p roduced  by the lower trophic levels o f its own 
prey (which can  be  biolum inescent o r not) to assess foraging 
quality o f an  area.
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Figure 7. Bioluminescence and foraging intensity. A-B. A light profile (raw values = A; W /cm2 = B) for a dive with many biolum inescence events 
and a high foraging index, controlling for d ep th  and bo ttom  tim e. C-D. A light profile (raw values = C; W /cm2 = D) for a dive w ithou t biolum inescence 
events and a low foraging index, controlling for d ep th  and bottom  time. 
doi:10.1371/journal.pone.0043565.g007
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Table 1. B iolum inescence and  index  o f fo rag ing  intensity .

Night Day

Parameters Estimate P-value Estimate P-value

Bottom  Time 1,10E-03 <0.001 —8,32E-05 0.016

D epth 2,23 E-03 <0.001
Nb of b io lum inescence even t 4,81 E-02 <0.001 1,10E-01 <0.001
Bottom Time:Depth — 1/70E-06 <0.001
Bottom  Time : Nb o f  b io lum inescence ev e n t - -1 ,3 1  E-04 <0.001
D epth : Nb o f b io lum inescence even t - -

doi:10.1371 /journal.pone.0043565.t001

It is im portan t to note that, seals w ere also found to exhibit high 
index o f foraging activity in absence o f biolum inescence events. It 
is coherent w ith the fact that the diet o f elephant seals is also 
com posed of non-biolum inescent species [55-57]. Thus, while this

study focused on  the possible role o f visual-clues on  the foraging 
behavior o f SES females, it is obvious that o ther sensory systems 
likely play an  im portan t role in prey location. For instance, captive 
experim ents on  phocid  seals have shown that these anim als also

CD
>
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C
o>
CJ
LO
CD

O
i o

<x>
-Q

downward horizontal upward

Direction of SES in bottom phase

Figure 8. Bioluminescence and predator movement into the bottom  phase. This graph represents the  num ber of biolum inescence events 
encountered  in the  bo ttom  phase of the  dive in a dow nw ard, horizontal or upw ard m ovem ent. 
doi:10.1371/journal.pone.0043565.g008
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use their vibrissaes to detect and  locate the v ibratory fields 
p roduced  by fish swim m ing m ovem ents [58]. H ighly-developed 
auditory  capacities o f e lephant seals m ay also play an  im portan t 
role in locating their prey  [59,60].

Som e biolum inescence events m ay be direcüy related  to the
foraging activity o f SES, since such events are know n to
represent a  response to an  approach ing  p red ato r such as 
elephant seals (a light defense) [30]. T o  avoid predators, some 
anim als use deception o r confusion. O ne deep-sea shrim p is 
know n to spit ou t biolum inescent slurry to distract attackers 
[30]. V am pire  squids release cloud o f biolum inescence to 
confuse or repel a  p redato r while escaping [61]. Flashlight fish 
also use the biolum inescent patches under their eyes to help 
them  flee from  predators by  flashing them  off and  on while 
sw im m ing in different directions [30,62]. Future studies should 
investigate in greater detail if e lephant seals change their tri
dim ensional m ovem ent patterns in response to these biolum i
nescence events (i.e. a  prey occurrence cues) o r p rio r to the
occurrence o f these events (i.e. events as a  response to an
approach ing  predator).

O u r results showed th a t the num ber o f biolum inescence events 
decreased w ith dep th  bo th  during  the day and  the night. This 
tren d  could be explained by the natural com m on decrease o f 
biomass with dep th  [63]. How ever, contrary  to w hat was expected 
with the m ain prey o f e lephant seals, such as m yctophids that 
display a  daily vertical m igration patte rn , no significant nycthem - 
eral m igration was observed. This can be due to the large num ber 
o f  biolum inescent species with different daily ecology and  
behaviors potentially detected. O u r results did no t show th a t seals 
affected their directionality (downward, horizontal o r upward) 
w hen approach ing  a  biolum inescence event. This suggests that 
SES do no t use a  preferential strategy w hen faced with 
biolum inescence, w hich is consistent with the fact th a t biolum i
nescence events can be easily detected from  every angle in  the total 
darkness a t depth.
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