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Abstract
Oceanic w h ite tip  sharks (Carcharhinus longimanus) have recently been targeted for conservation in the western North 
A tlantic fo llow ing severe declines In abundance. Pop-up satellite archival tags were applied to  11 mature oceanic whitetips 
(10 females, 1 male) near Cat Island in the central Bahamas 1-8 May 2011 to provide inform ation about the horizontal and 
vertical movements o f this species. Another large female was opportunistically tagged in the U.S. Exclusive Economic Zone 
(EEZ). Data from 1,563 total tracking days and 1,142,598 combined depth and temperature readings were obtained. Sharks 
tagged at Cat Island stayed w ith in 500 km o f the tagging site for ~ 30  days before dispersing across 16,422 km2 o f the 
western North Atlantic. Maximum Individual displacement from the tagging site ranged from  290-1940 km after times at 
liberty from 30-245 days, w ith Individuals moving to several different destinations (the northern Lesser Antilles, the 
northern Bahamas, and north o f the Windward Passage). Many sharks returned to The Bahamas after ~150 days. Estimated 
residency times w ith in  The Bahamas EEZ, where longlln lng and commercial trade o f sharks Is Illegal, were generally high 
(mean = 68.2% o f time). Sharks spent 99.7% o f the ir tim e shallower than 200 m and did not exhib it differences In day and 
night mean depths. There was a positive correlation between dally sea surface temperature and mean depth occupied, 
suggesting possible behavioral thermoregulation. All individuals made short duration (mean = 13.06 minutes) dives Into the 
mesopelaglc zone (down to 1082 m and 7.75°C), which occurred significantly more often at night. Ascent rates during these 
dives were significantly slower than descent rates, suggesting that these dives are for foraging. The sharks tracked appear to 
be most vulnerable to  pelagic fishing gear deployed from 0-125 m depths, which they may encounter from June to 
October after leaving the protected waters o f The Bahamas EEZ.
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Introduction

T h e  oceanic whitetip shark, Carcharhinus longimanus, is a  circum - 
tropical pelagic apex predato r th a t is poorly studied com pared  to 
m any o ther large sharks [1—3]. It is thought to prim arily  occupy 
the upper layer o f  the w ater colum n, to lerating tem peratures from 
18-28"C  but preferring  > 2 0 "C  [1], O ceanic whitetips were 
historically abundant, replacing prim arily  tem perate-dw elling blue 
sharks (Prionace glauca) as the num erically dom inant pelagic shark at 
lower latitudes [2]. Several studies have shown substantial 
population  declines in oceanic whitetips, m ost likely related  to

m ortality  associated w ith the global shark fin trade [4—6], This 
species is now  listed as “ Critically E ndangered” in  the Northw est 
A tlantic and  “V ulnerable” globally by  the In ternational U nion  for 
the C onservation o f N ature  (IUCN) [7]. T here  is growing 
international interest in im proving the conservation o f this species, 
including an  unsuccessful proposal by  the U nited  States to add 
them  to A ppendix II o f the C onvention  on In ternational T rad e  in 
E ndangered  Species (CITES) in 2010. A m ong R egional Fisheries 
M anagem ent O rganizations (RFM Os) the In ternational C om m is­
sion for the Conservation o f Atlantic T u n a  (ICCAT), the Inter- 
A m erican T ropical T u n a  C om m ission (IATTC) an d  the W estern
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and  C entral Pacific Fisheries C om m ission (W CPFC) have 
proh ib ited  the landing o f oceanic whitetips by m em ber nations.

Despite growing conservation concern, very little is known 
abou t the m ovem ents and  hab ita t use o f oceanic whitetips in the 
A dantic. From  1962-1997 only 73 oceanic whitetips were 
conventionally tagged and  ju st 4 recap tured  as p a r t o f the U .S. 
N ational M arine  Fisheries Service C ooperative Shark Tagging 
Program , too few to elucidate any m igratory patterns (although the 
distances betw een tagging an d  recap ture  location were as high as 
2,811 km  [8]). Pop-up satellite archival tags (PSATs) offer a  m eans 
to collect m ovem ent inform ation from  a h igher fraction of tagged 
individuals th an  conventional tags [9—11]. PSATs have revealed 
h itherto  unknow n m igrations [9] and  expanded the known 
therm al [10] and  vertical ranges [11] o f o ther m arine species, in 
some cases p rom pting  reconsideration o f their ecological niches or 
a  rethinking o f conservation strategies. T o  date, relatively few 
oceanic whitetips have been  fitted w ith PSATs. T h irteen  
individuals tracked using PSATs in the central Pacific O cean 
stayed far from  land, m oved long distances (140 to > 4 ,0 0 0  km 
after times a t liberty ranging from  10-243 days) an d  w ere strongly 
a ttached  to the upper ~  120 m  o f the w ater colum n, where 
tem peratures closely resem bled sea surface tem peratu re  (>25°C ) 
[12]. T o  our knowledge only one oceanic whitetip has been 
successfully tracked w ith a PSA T  in the A dantic, a  148 cm  fork 
length (FL) m ale tagged in the G ulf o f  M exico [13]. This 
individual generally exhibited a similar tem perature  and  vertical 
range to conspecifics tracked in the Pacific [12], except th a t it 
occasionally m ade dives to depths o f 150-256 m  [13]. It is 
currendy unknow n if this large vertical range is typical o f (or 
unique to) oceanic whitetips in the Adantic.

Flere, we report on the deploym ent o f PSATs on m ature 
oceanic whitetips (N = 12, 11 females and  1 male) in the western 
N orth  A dantic. O u r objectives were to locate high-use areas, 
describe horizontal m ovem ents, determ ine if  individuals were 
philopatric  (i.e., re tu rned  to the tagging a rea  if  they left it) and  
characterize the patterns o f vertical and  therm al hab ita t use.

Methods

Ethics Statement
All research was carried  ou t under the C ape E leuthera  Institute 

(CEI) research perm it (M A F /F IS /1 7  & M A F /F IS /3 4 ) issued by 
the B aham ian D ep artm en t o f M arine Resources in accordance 
with C E I anim al care protocols developed w ithin the guidelines o f 
the Association for the Study o f Anim al Behaviour and  the A nim al 
B ehavior Society [14],

Shark Capture and Handling
A fter consultation w ith fishermen, dive tour operators and  

scientists, we focused tagging efforts a t C at Island, T h e  Baham as, 
the only place in  the region w here it appeared  th a t a  short, 
targeted  tagging expedition was likely to be successful. Tagging 
was conducted  from  1-8 M ay 2011, w ithin 20 km  o f Colum bus 
Point (24.12°N, 75.28°W ; Fig. 1).

O ceanic whitetips w ere a ttrac ted  to the research vessel using 
a  chum  crate containing fresh pieces o f  dolphinfish (Coyyphmna 
hippurus) an d  A dantic  bonito  (Sarda sarda). A  few were opportunis­
tically encountered  during  trolling activities, usually after a  fish 
was hooked. O nce the oceanic whitetips w ere sighted, baited  
hand-lines were deployed, consisting of 8 m  o f nylon line (6 m m  
diam eter) w ith one large float (37 cm  diam eter) attached  a t one 
end, an  18 /0  non-offset circle hook w ith approxim ately 80 cm  of 
steel leader a ttached  to the o ther end, and  a second smaller float 
(20 cm  diam eter) a ttached  to the line approxim ately 1.5 m  from

the leader to provide additional flotation to the gear. O nce hooked 
and  b rough t alongside the vessel, all sharks were m easured  and  
their sex visually determ ined by the presence or absence o f claspers 
(present in males). Tw o uniquely num bered  external tags were 
deployed on all cap tured  sharks: a  R oto  tag® a ttached  to the upper 
th ird  o f the first dorsal fin (Dalton Tags, H enley-on-Tham es, 
U nited  Kingdom ), and  a  stainless steel M -type da rt tag  inserted in 
the basolateral dorsal m usculature (Hallprint, V ictoria H arbour, 
Australia). PSATs were inserted into the dorsal m usculature lateral 
to the first dorsal fin w ith a  handheld  tagging applicator. T h e  tag  
was anchored  w ith a  plastic um brella  d a rt [15] an d  traded from 
19 cm  o f 220-lb test m onofilam ent leader secured w ith stainless 
steel crim ps and  encased in surgical silicone tubing. Hooks were 
com pletely rem oved by cutting  the b a rb  and  ro tating  the hook free 
im m ediately p rio r to release. O ne PSA T  was given to a  U .S. 
swordfish longline vessel to deploy on an  incidentally captured  
oceanic whitetip.

Satellite Tag Details
X -T ags (Microwave Telem etry, Inc., C olum bia, M D , USA) 

were used for this study. X -T ags are 12x3 .2  cm  (excluding 
antenna) and  weigh 40 g in air. A t a  p re-program m ed pop-up date 
(between 30-245  days for this study) an  electrical cu rren t sent 
th rough  a corrodible link causes the tags to detach from  their 
tethers. Tags are then  free to float to the surface an d  begin 
transm itting da ta  through the Argos satellite system. X -T ags are 
also p rogram m ed to detach  under conditions o f  constant pressure 
(depth) recorded over a  specific tim e period (4 days) or after 
reaching a  dep th  w here the physical integrity o f the tag  m ay be 
com prom ised (m anufacturer specified a t 1250 m). S tandard  R ate  
(SR) X -T ags recorded tem perature, depth, and  light level a t two- 
m inute intervals. Because o f batte ry  and  Argos system data  
th roughpu t lim itations, a  subset o f the recorded (archived) da ta  is 
transm itted  th rough  the satellite system during  the transmission 
period  (18 .3± 1 .60  SE days in the cu rren t study). T h e  tem poral 
resolution of these da ta  depends on  deploym ent duration. For 
deploym ents less th an  four m onths, 15-m inute readings were 
transm itted. For deploym ents over four m onths b u t less th an  eight 
m onths, the 15-m inute readings were overw ritten w ith 30-m inute 
readings. For deploym ents over eight m onths, the 30-m inute 
readings were overw ritten with hourly readings. Daily sunrise and  
sunset times were calculated onboard  the SR  tag using a p ro ­
prietary  algorithm . Daily geolocations were calculated from  the 
transm itted  daily sunrise and  sunset times. H igh R ate  (HR) X- 
Tags set for 30-day deploym ents recorded dep th  and  tem perature  
a t five-m inute intervals. T em poral resolution o f transm itted  da ta  is 
also a t five-m inute intervals. W hile H R  tags do record  low- 
resolution light levels, they do no t calculate sunrise an d  sunset 
times. T ag  recovery allows access to the entire two-m inute 
recorded (archived) da ta  in the case o f a  SR  tag  and  the entire 
five-m inute recorded da ta  o f a  H R  tag (h ttp :/ /w w w . 
m icrow avetelem etry .com /fish).

Data Treatment and Statistical Analysis
Horizontal movements. A state-space unscented K alm an 

filter with sea surface tem perature  (UKFSST) was used on  all 
available geolocations to estim ate positions and  corresponding 
95% confidence intervals from  SR  tags [16]. H R  tags do not 
provide enough light da ta  for geolocation estim ation an d  were 
excluded from  m ovem ent analyses, except for reporting  the linear 
distance betw een tagging and  pop-off location. T h e  N O A A  
O ptim um  Interpolation  Sea Surface T em pera tu re  V2 dataset 
provided weekly SSTs on a  one-degree (latitude/longitude) grid 
(h ttp ://w w w .esrl.n o aa .g o v /p sd /). T h e  daily SST  needed for
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Figure 1. The w hite circle denotes the tagging location of tags deployed within the Bahamian EEZ and the beige circle denotes the  
tagging location of the single tag deployed outside the Bahamian EEZ. Color-coded triangles indicate pop-up  location for individuals (listed 
by tag  ID). The Bahamian EEZ is outlined in white, with w hite transparen t fill. 
doi:10.1371/journal.pone.0056588.g001

geolocation estim ation was identified as the daily m axim um  
tem peratu re  transm itted  on  a  given day. For days w ithout 
a  transm itted  m axim um  tem perature, local polynom ial sm oothing 
was applied to estim ate the m issing values. U K F S S T  does not use 
bathym etry  in position estim ation. T herefore, an  additional 
bathym etric  correction was applied to the U K F S S T  position 
estim ates that violated know n bathym etric  da ta  (such as position 
estim ates on land). T h e  correction involved random ly sam pling 
positions w ithin the confidence intervals and  subsequently 
com paring  tag daily m axim um  depths to know n bathym etric  
data. For days w hen dep th  records were not transm itted  through 
the Argos system, the m axim um  dep th  was considered to be zero 
(i.e., at the surface). T h e  bathym etric  dataset has a  one-m inute 
resolution (h ttp ://coastw atch .pfeg .noaa.gov). This analysis was 
com pleted using the analyzepsat package for R  [17,18], T h e  linear 
distance betw een the tagging location an d  the daily estim ated 
positions and  the linear distance betw een each consecutive 
estim ated position w ere determ ined w ith the geosphere package 
in R  [19]. In  o rder to generate the utilization distribution, 
individual probability  densities for each U K F S S T  estim ated 
position were determ ined from  the positions’ corresponding 
variance. All individual probability  densities from  sharks tagged 
in T h e  Baham as were com bined to create a  collective probability  
density represented  as a  percent volume. This calculation was 
com pleted on  a 0.1" by 0.1" (L atitude/L ongitude) grid in the 
region encom passing the tracks (80"W, 55"W , 15"N, an d  4 5 "N).

T h e  analyzepsat package in R  was used for this analysis [17,18], 
T h e  Baham as Exclusive Econom ic Z one was identified from  the 
coordinates extracted from  a km z file retrieved from  V LIZ  
M aritim e Boundaries G eodatabase (h ttp ://w w w .v liz .b e / 
v m d cd a ta /m arb o u n d /in d ex .p h p ). T h e  estim ated percentage of 
tim e in  the B aham ian EEZ was calculated for each individual 
(excluding tag  35544) by taking the ratio o f  ETKFSST estim ated 
positions inside and  outside the EEZ  boundary . Days missing 
geolocations were no t included in the determ ination  o f residency 
times. T h e  tag  transm its da ta  in a  pseudo-random  order so that 
any missing da ta  are random ly distributed th roughout the 
deploym ent duration  (h ttp ://w w w .m icrow avetelem etry .com / 
fish/X tag.cfm ).

V ertica l m o v e m e n ts . T he tags im plem ent da ta  com pression 
techniques p rio r to transm ission, an d  as a  result, selected depth  
and  tem peratu re  values in SR  datasets m ay be identified as delta 
lim ited. A dep th  record  m arked as a  delta  lim ited dive m ay 
actually be deeper th an  the transm itted  value while a  tem perature  
record  m arked as a  delta lim ited decrease m ay actually be  colder 
th an  the transm itted  value. Similarly, a  dep th  (or tem perature) 
record  m arked as a  delta lim ited ascent (increase) m ay actually be 
shallower (warmer) th an  the transm itted  value (h ttp :/ /w w w . 
m icrow avetelem etry.com /fish/understanding_data_xtag.cfm ). 
D elta lim ited tem perature  values com prised 0.07%  o f the 
com plete tem peratu re  dataset, and  delta lim ited dep th  values 
com prised 0.67%  o f the com plete dep th  dataset. All delta lim ited
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values were included in the analyses unless otherwise noted. T he 
dep th  resolution o f S R  X -T ags ranges from  0.34 m  -5 .4  m. 
Physically recovered SR  X -T ags have a  constant dep th  resolution 
o f 0.34 m, an d  H R  X -T ag  dep th  resolution is 1.34 m. T he 
tem peratu re  resolution for all tags in the study ranges from  0.16— 
0.23°C (h ttp ://w w w .m icrow avetelem etry .com /fish /).

T h e  therm ocline base resembles the 20°C isotherm  topography 
[20]. T h e  dep th  corresponding to the 20°C isotherm  in our dataset 
was identified by analyzing concurrendy recorded depth-tem per- 
ature  pairs (N = 557971; excluding delta lim ited values). T h e  m ean 
tem peratu re  a t each dep th  was determ ined, an d  the m inim um  
depth  with a  corresponding m ean  tem peratu re  < 2 0 °C  was 
identified as 204 m. For practical purposes, the dep th  of the 
20°C isotherm  was denoted  as 200 m  in the subsequent statistical 
analysis. Additionally, this dep th  threshold m arks the upper 
boundary  o f the m esopelagic zone. For transm itted  datasets, a  dive 
was defined as a  dep th  record  below the 200 m  isobath. D atasets 
from  physically recovered tags have increased tem poral resolution 
(two minutes), and  therefore, a  single dive was defined as a  series o f 
consecutive dep th  records below 200 m. R ecovered tags allowed 
for the estim ation o f dive descent and  ascent rates using the 
archived data. T h e  dive descent included the dep th  records from 
the start o f the dive (i.e., first dep th  record  above 200 m, 
im m ediately before descending below the 200 m  isobath) to the 
deepest dep th  in the dive. T he dive ascent included dep th  records 
from  the deepest dep th  to the first dep th  record  above the 200 m 
isobath. Average dive descent and  ascent rates were generated  
from  the length (m) o f the descent (or ascent) divided by the time 
duration  o f the descent (or ascent). T hese data  significandy 
differed from  a norm al distribution (Shapiro-W ilk test). T hus, 
p rio r to analysis, datasets w ere transform ed (logio[x +1]), an d  a  t- 
test was used to determ ine statistical significance betw een descent 
and  ascent rates.

Diel periods (i.e., d iurnal, dusk, nocturnal, and  dawn) were 
determ ined from  the sunrise an d  sunset times a t C a t Island 
(24.12°N, 75.28°W ) (h ttp ://a a .u sn o .n av y .m il/). T h e  daw n period  
was defined as one hour before and  one hour after m ean m onthly 
sunrise, while dusk was considered one hour before an d  after m ean 
m onthly sunset. D iurnal an d  nocturnal periods were represented  
by the tim e following daw n and  dusk, respectively. All dep th  and  
tem peratu re  records were divided into groups based on  diel 
periods. Both dep th  an d  tem peratu re  exhibited non-norm al 
distributions, and  consequently these datasets were Box-Cox 
transform ed (tem perature X = 4, dep th  X = 0.46) p rio r to analysis. 
Daily m ean  depths and  tem peratures in each diel period, for each 
individual, were calculated. C repuscular periods (dawn and  dusk) 
were om itted from  the analysis; only day and  night w ere com pared 
for differences. Additionally, the m eans from  the day an d  night 
periods on  the first deploym ent day for each tag  were om itted  from 
the analysis. Differences in dep th  and  tem perature  m eans betw een 
periods were evaluated independendy with linear m ixed effects 
models [21-22]. A repeated  m easures form  of the following m odel 
was used for com parison [23]:

y t j k  =  f> / I b , i b y  +  ( 1 )

ßj = the fixed effect o f diel period  j;
b, = the random  effect due to individual shark (b, ~  iid M 0 , O i2));
by = the random  effect o f each diel period  w ithin each individual 

shark (btJ ~  iid jV(0, ct22));
Ëljk = erro r term s (e,jk ~  iid M fi, CJE2)).
T h e  repeated  m easures form  o f E quation  (1) includes a  co- 

variance structure to account for the w ithin-individual autocorre­

lation. In  o rder to determ ine the m ost appropria te  form, potential 
covariance structures were fitted to the da ta  an d  evaluated based 
on  Akaike’s inform ation criterion (AIC) [21]. T h e  autoregressive 
m oving average (ARMA) covariance structure was the best fitting 
m odel for bo th  dep th  and  tem perature  (depth autoregressive 
order, p  = 1; dep th  m oving average order, q  = 1 ; tem perature  
autoregressive order, p  = 2; tem perature  m oving average order, 
q  = 1). From  an  initial analysis o f  the data, individuals appeared  to 
behave differendy during  diel periods, an d  therefore, an  in ­
teraction  term  was included in the m odel. Based on the likelihood 
ratio test, the m odel including the interaction term  was a  bette r fit 
for bo th  dep th  an d  tem perature  com parisons (p<0.001) [23]. 
M odel param eters were estim ated w ith restricted m axim um  
likelihood. This analysis was com pleted with the nlm e package 
in R  [24],

T o  exam ine diving periodicity below the 200 m  isobath, diving 
frequency was standardized. This was achieved by counting the 
num ber o f dives pe r day in b o th  diel periods (day and  night), for 
each individual, and  dividing th a t value by  the num ber o f records 
in the corresponding period  th a t were above the therm ocline base 
(200 m). T hese da ta  were non-norm al and  transform ation 
a ttem pts did no t adequately im prove distributions for use with 
param etric  analysis. Therefore, the com parison o f diving frequen­
cy betw een diel periods was evaluated w ith a  M ann-W hitney test.

Daily m ean  depths for each individual were determ ined and  
tim e-paired with the U K F S S T  estim ated SST  values from  the 
N O A A  O ptim um  Interpo lation  Sea Surface T em pera tu re  V2 
dataset. Any dates w ithout bo th  dep th  da ta  and  U K FSS T  
positions were om itted. T h e  m ean  depths were log-transform ed. 
In  o rder to detect a  relationship betw een m ean  dep th  an d  SST, 
Pearson’s p roduct-m om ent correlation test was applied to the log- 
transform ed daily m ean  depths versus daily SST. All analyses were 
com pleted in R  [19],

Results

General
O n e m ale and  10 female oceanic whitetips were tagged from 

M ay 1-8, 2011 near C at Island, nine w ith S R  tags and  two with 
H R  tags (Table 1). A nother female was opportunistically fitted 
with a  SR  tag  from  a  com m ercial longline vessel operating  off the 
U .S. continental shelf (31.44°N, 75.56°W ). A lthough the pop-off 
location an d  estim ated track o f this individual is depicted (Figs. 1, 
2, 3), its track inform ation was no t included in  all analyses 
involving pooled da ta  from  sharks tagged in T h e  Baham as. 
Instrum ented  sharks ranged  in length from  207-285 cm  (TL), 
w hich exceeds the size a t m aturity  established in o ther studies [1 - 
3]. T h e  m ale had  long, calcified claspers, also indicative o f sexual 
m aturity.

Eleven o f 12 tags reported  da ta  th rough  the Argos system 
(Table 1). T h e  SR  tag  affixed to the m ale shark never reported  
(107802). All reporting  tags rem ained  attached  an d  reached their 
p re-program m ed pop-off dates. T h e  two H R  tags deployed for 30 
days (84095, 85752) popped-off in the central B aham as, 125 and  
163 km  from  C at Island, respectively. T ag  35544 popped-off 
119 km  from  the its tagging site in the U .S. EEZ in August. Also in 
August, tag  107796 popped-off ~  760 km  from  B erm uda after 
a  92-day deploym ent, 946 km  to the northeast o f C at Island. T he 
rem aining tags all popped-off in T h e  Baham as (Fig. 1), 28-331 km 
from  C at Island (m ean = 1 7 2  km) after deploym ent durations o f 92 
(1 tag), 153 (2 tags), 184 (1 tag), and  245 days (3 tags). Four SR  tags 
were physically recovered, allowing for extraction o f their 
com plete archival high-resolution (two-minute) datasets. For the 
seven tags from  w hich transm itted  datasets were obtained, data
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Figure 2. Map with bottom  depth (m) showing filtered tracks for nine oceanic w hitetip  sharks equipped with Standard Rate tags.
Colored lines represen t tracks from individuals (listed by tag  ID); triangle indicate pop-up  location. Arrows on colored lines show  direction of 
m ovem ent.
doi:10.1371/journal.pone.0056588.g002

reception ranged  betw een 39-82%  (Table 1). In  total, 1494 
geolocation days, 571,496 dep th  readings, and  571,102 tem per­
ature  records w ere used for analysis. All the S R  tags reported  
100% of geolocation days except 107801 and  107804 w hich were 
missing five and  two days, respectively.

Horizontal Movements
T h e  95% utilization distribution area  for all tagged sharks 

during  the study period  was 16,422.11 km 2 (Figs. 3-4). This was 
derived using da ta  from  sharks originally tagged w ithin an  a rea  
o f  ~  20 km 2, excluding the shark tagged outside o f T he 
B aham as. T he highest density o f geolocation estim ates within 
this a rea  occurred betw een R agged Island (22.08"N, 75.4T W ) 
and  C at Island, all w ithin the boundary  o f T h e  Baham as EEZ 
(Fig. 4). O th e r relatively high-use locations include: the Leew ard 
Islands (northern Lesser Antilles), the n o rthern  Baham as, and  
n o rth  o f the W indw ard Passage; w hich are approxim ately

1400 km, 600 km, an d  450 km  from  the C at Island tagging site, 
respectively (Fig. 4).

All o f the tagged oceanic whitetips rem ained  w ithin 500 km 
o f their tagging location for the first 30 days o f their tracks 
(Figs. 2, 5). At least some individuals rem ained  in close 
proxim ity to C at Island during  this period  based on  reported  
observations o f tagged sharks from  local dive operators and  the 
nearby  pop-off locations o f the two H R  tags (Fig. 1, T ab le  1). 
O f  the eight rem aining sharks, two (107796, 107797) m ade 
relatively rap id  southeasterly m ovem ents, traveling > 1 5 0 0  km 
from  C at Island w ithin 50-75  days o f tagging (i.e., in late Ju n e  
and  July; Figs. 2, 5). O n e  o f these (107796) then  looped to the 
northw est towards B erm uda, w here the tag  popped-off. T hree  
o ther individuals m oved aw ay from  the central Baham as at 
a  slower rate, bu t eventually traveled > 1 ,5 0 0  km  from  C at 
Island after 100-150 days (Figs. 2, 5). T w o o f these individuals 
(107805, 107801) m oved to the southeast (although one initially

PLOS ONE I www.plosone.org 5 February 2013 | Volume 8 | Issue 2 | e56588

http://www.plosone.org


Tracking Oceanic W hitetip Sharks

107804107797 107803

107799107801 107796

107805

8Û°W 75°W 7Û°W 65°W 6Û°W 55°W 8Q°W 75°W 70°W 65°W 60°W 55°W80 °W 75°W 7Û°W 65°W 6Û°W 55°W

Bottom Depth (m)

10000 8000 6000 4000 2000

Figure 3. Map showing tracks of nine individuals tagged with Standard Rate X-Tags,induding 95%  confidence intervals 
(translucent ellipses) based on UKFSST. Color-coded do ts indicate daily estim ated  geolocations for nine individuals (listed by tag ID). 
doi:10.1371/journal.pone.0056588.g003

went north), while the o ther one m oved northeast towards 
B erm uda (107804). T h e  rem aining three  sharks stayed within 
700 km  of the tagging site for their entire track, staying inside 
or very near T h e  B aham as EEZ  (Figs. 2, 5). Four o f the five 
individuals that m ade long-distance m ovem ents began  m oving 
back tow ards T h e  Baham as later into their tracks (Figs. 2, 5). 
Individuals still carrying tags after 150 days (O ctober/N ovem - 
ber) were all located w ithin 500 km  o f C at Island w hen their

tags popped-off (Figs. 1 ,5 ). O n e  o f the sharks tagged w ith a H R  
tag  in  2011 (85752) was later photographed  at C at Island on 24 
April 2012. Estim ated percent tim e spent in the B aham ian EEZ 
ranged  from  24-100%  with a  m ean  of 68.2%  ± 9 .3  SE.

Vertical Movements and Temperature Range
Sharks generally associated with the epipelagic zone (0— 

200 m) th roughout their track, with 99.7%  of all dep th  records
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Figure 4. Map showing percent utilization distribution calculated from  filtered daily geolocations from the eight individuals 
equipped with Standard Rate tags deployed at Cat Island, The Bahamas. Black line Indicates th e  boundary  of the  Bahamian EEZ. 
doi:10.1371/journal.pone.0056588.g004

w ithin this range (Fig. 6A). M ean  (±  SE) dep th  was 49.39 
(±0.05) and  the m axim um  dep th  recorded was 1082 m. 
T em pera tu re  records ranged  from  7.75—30.48UC, w ith a  m ean 
o f 26.27°C (±0.002) (Fig. 6B). T h e  lowest tem peratures 
occurred  w hen sharks m ade dives below the therm ocline (i.e., 
200 m, Fig. 7). T h e  num ber o f dives below  the therm ocline 
ranged  from  0 .06-0 .66  pe r day (mean = 0 .37±0 .06). Based on

da ta  from  the four recovered tags, the m ean  m axim um  dep th  of 
dives below the therm ocline was 323.4 m  (±9.07). T h e  m ean 
duration  o f these dives was 13.06 m in (± 0 .57 , N  = 351) and, 
during  these dives, individuals descended significantly faster 
(m ean = 37.3 m /m in  ±1.48) th an  they  ascended 
(m ean = 17 .1  m /m in  ±0.49) (t =  11.76, pCO.001).

107797
107804
107803
107801
107799
107796 
35544 
107805 
107798

Figure 5. Chart showing distance from start location (km) by date for nine oceanic w hitetip  sharks equipped with Standard Rate 
tags. Circles o f varying size indicate distance traveled (km; five-day central moving average) during periods of the  track. Triangles represen t distance 
from tagg ing  site to  pop-up  location. Colors correspond to  tag ID. 
doi:10.1371/journal.pone.0056588.g005
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Diel Depth/Temperature Use
T h e  linear m ixed effects models indicated no significant 

differences betw een m ean dep th  an d  m ean  tem peratu re  utilization 
during  day and  night diel periods (Table 2, Fig. 6). T im e-paired  
dep th  an d  tem perature  records exhibited an  exponential relation­
ship (pCO.001, r = —0.66, r~ = 0.44). Exam ination  o f diving 
activity (i.e., dives below  200 m) showed that these deep dives

were significantly m ore com m on at night (W = 1040551, p < 0 .0 0 1 ; 
T able  2). Additionally, a  Pearson’s test revealed a  significant 
correlation (p< 0 .001 , r  = 0.44) betw een m ean  daily dep th  and  
m ean  daily SST (based on  U K F S S T  for corresponding day). 
How ever, the m ean  daily dep th  only explained 19% of the 
variation  o f m ean  daily SST.

0 -  25 

20

-  15 

10 

5

Figure 7. Chart of time-series depth (m) data w ith tim e-paired tem perature ( C) data from  a recovered tag (107797; two-m inute  
data intervals) deployed for six months. Inset depicts an exam ple o f a typical dive profile. 
doi:10.1371/journal.pone.0056588.g007
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Table 2. Night and day mean (±  SE) depth (m), temperature 
(°C), and number o f dives (>200 m) record-1 period-1 .

Night Day p-value

D epth (m) 52 .10± 0.08  48 .38± 0 .08  0.6546

T em peratu re  (°C) 26.23±0.003 26 .26±0.003 0.8057

Dives record_1 0 .00143±0.00030 0.00086±0.00017 2 .7 6 3 x 1 0  6
period _1

D epth and T em peratu re  p-values based  on repea ted  m easures linear mixed 
effects m odels. Bold p-values indicating significant difference. 
doi:10.1371 /journal.pone.0056588.t002

Discussion

PSATs proved to be an  effective tool for tracking the 
m ovem ents and  hab ita t use o f m ature  female oceanic whitetips. 
O u r retention-to-term  an d  report rate  rank  am ong the highest 
recorded in any shark satellite tagging study (12 o f 13 tags) [25]. In 
addition, we w ere able to recover a  high p roportion  o f the tags 
once they washed ashore in T h e  Baham as.

Horizontal Movements
Five out o f  eight o f the tagged oceanic whitetips tracked in T he 

Baham as for m ore th an  31 days m ade long-distance m ovem ents 
after an  initial ~  30-day period  o f residency w ithin ~  500 km  of 
the tagging area. This residency period  in the central Baham as 
corresponds to anecdotal reports from  local scuba diving operators 
as to w hen the species is locally abundant. After this period  sharks 
becam e spatially disaggregated, with individuals m oving along one 
o f several different trajectories away from  the central Baham as. 
Ultim ately, tagged individuals m oved m axim um  linear distances 
ranging from  290.36-1939.88 km  from  their tagging location and  
m ade overall m ovem ents o f 1810.01-7941.08 km  (i.e., the total 
length o f the track). This com pares well w ith tag-recaptures in the 
Atlantic, previous satellite tracking in the Pacific, and  further 
highlights the highly m igratory n a tu re  o f a t least some oceanic 
whitetips.

M ature  female oceanic whitetips tagged at C at Island w ere not 
uniform  in their m ovem ent patterns in the m onths after they were 
tagged. A surprisingly high fraction (3 o f  8) o f the sharks tracked 
for > 3 1  days stayed w ithin or very n ear T h e  Baham as EEZ  for 
their entire track. T h e  rem aining sharks m ade long-distance 
m ovem ents outside o f the EEZ. T h e  variability in m ovem ents and  
dispersal range observed in  m ature  female oceanic whitetips in  this 
region is unlike o ther pelagic anim als in the N orth  Atlantic (e.g., 
blue sharks, bluefin tuna, porbeagle sharks [18,26-27]), where 
m ovem ent patterns are generally m ore uniform  within a  single 
dem ographic group tagged in the same area.

T h e  range o f m ovem ent patterns observed in this study m ay be 
attributable  to differences betw een individuals in particular stages 
o f  the reproductive cycle. O ceanic whitetips are believed to have 
a  b iennial reproductive cycle, giving b irth  on alternate years [1—
3,28]), w hich suggests that some of the differences in individual 
m ovem ents m ay correspond to m igrations by gravid an d  non- 
gravid females to disjunct pupping  an d  m ating  areas. M ating 
occurs in  the late sum m er in the Southern  H em isphere, with 
partu rition  likely taking place 12 m onths later [29]. I f  the same 
holds true in the N orthern  H em isphere, then  the late-sum m er 
destinations o f  these sharks (i.e., the n o rth ern  Lesser Antilles, the 
n o rth ern  B aham as, and  no rth  o f the W indw ard Passage) m ight be 
pupping  or m ating  grounds for oceanic whitetips. C astro (2011) 
[3] reported  exam ining “ num erous small specimens 77-85  cm

caught ju st n o rth  o f T h e  B aham as,” a  size range corresponding to 
young-of-the-year individuals. Backus et al. (1956 ) [28] reported  
that males were m ore com m on in the W indw ard  Passage than  
females, w hich could m ean  this is a  m ating  area. M ore research on 
the location o f key pupping  an d  m ating areas in the region is 
clearly needed, bu t we hypothesize that the high-use areas we 
docum ent in this study serve one or bo th  o f these functions for this 
species.

O ceanic whitetips generally exhibited m axim um  displacem ent 
from  C at Island 5 0 -140  days after tagging (end o f Ju n e  through 
Septem ber), after w hich all bu t one (107796) individual headed 
back to the central Baham as. All individuals tracked for longer 
th an  90 days were 28-331 km  from  C at Island w hen their tags 
popped-off, possibly indicating the beginning stages o f a  re tu rn  to 
the tagging location. Supporting  this, one individual (85752) was 
photographed  by scuba divers on  two occasions during  23-24  
April 2012, w ithin 6.5 km  of the tagging site. “ Philopatry” has 
previously been  defined as the re tu rn  o f individuals to their 
birthplace, hom e range, o r ano ther adopted  locality [30], Ehider 
this definition, these m ature  female oceanic whitetips appear to be 
philopatric to the central Baham as. This is, to ou r knowledge, the 
first evidence o f philopatry in  this highly m obile pelagic species. 
A lthough we are  only able to speculate a t this time, oceanic 
whitetips m ay re tu rn  to this a rea  because o f the local abundance of 
large epipelagic prey, such as billfishes, tunas, an d  dolphinfish. 
T h ere  are also a  small num ber o f shark dive operators in the a rea  
that provision oceanic whitetips, bu t these operators provide such 
a small am oun t o f food that it is unlikely this is the sole m otivation 
for these individuals re tu rn  to the a rea  from  hundreds or 
thousands o f kilom eters away.

Vertical and Thermal Range
O ceanic whitetips prim arily  occupied the epipelagic zone 

shallower th an  125 m, very similar to tagged conspecifics in the 
Pacific [12]. As a  result, individuals spent m ost o f  their tim e in 
waters w ith tem peratures similar to SST. This fits previous 
characterizations o f the ecological niche o f oceanic whitetips as 
being subtropical to tropical predators o f  epipelagic fishes [1 -
3,28], V ertical activity showed no clear diel patterns in dep th  and  
tem perature  range, w ith the exception that dives below the 
therm ocline were m ore com m on at night.

For tagged sharks in our study, a  weak relationship betw een 
m ean  daily dep th  and  m ean  daily SST was found. As individuals 
experienced w arm er SST, likely resulting from  seasonal sea 
surface w arm ing or m igration to areas w ith w arm er SST, m ean 
daily dep th  increased. Behavioral therm oregulation  (i.e., active 
avoidance or use o f heat sources to regulate body tem perature), 
has been  observed in  o ther pelagic shark species and  m ay explain 
the relationship betw een dep th  and  w ater tem peratu re  [26,31-32]. 
How ever, while therm oregulatory  m ovem ents could account for 
the weak dep th  and  SST  relationship in oceanic whitetips, o ther 
processes (e.g., prey  distribution) m ay also influence vertical 
distribution [26],

All oceanic whitetips tracked m ade occasional dives into the 
mesopelagic zone, to depths o f up to 1082 m  w ith am bient 
tem peratures as low as 7.75"C. A lthough similar to dives m ade by 
o ther pelagic sharks and  teleosts [33-35], to our knowledge these 
are the deepest dives an d  lowest tem peratures ever recorded for 
this species. D eep diving appears to be  com m on in sharks, found in 
species ranging from  active predators (e.g., salmon sharks, white 
sharks, etc.) to planktivores (e.g., whale sharks, basking sharks) and  
species living in habitats ranging from  coral reef slopes (e.g., 
C aribbean  reef sharks) to the open ocean (e.g., blue sharks) [36- 
38], D eep diving was infrequent an d  b rief in A tlantic oceanic
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whitetips, m aking the m otivation for diving difficult to ascertain. 
Cephalopods have been  reported  as an  im portan t p rey  item  of 
oceanic whitetips [1-3 ,28]. Yet, the increase in diving during  the 
night observed in these sharks contrasts some o ther pelagic species 
th a t feed on squid (e.g., blue sharks), w hich dive deeper a t daw n 
and  during  the day, presum ably following the diel vertical 
m igration o f their prey [26]. It is possible th a t oceanic whitetips 
dive to feed on m esopelagic cephalopods ju s t as short-finned pilot 
whales (Globicephala macrorhynchus) do [39-40], since oceanic 
whitetips have been  reported  to associate w ith these cetaceans 
[41], T he “ fast descent, slow ascent” dive profile observed in 
oceanic whitetips also occurs in o ther pelagic sharks an d  is 
postulated to be  prey searching behavior [42-43]. All o f these 
factors suggest th a t m esopelagic diving by oceanic whitetips is 
m ost likely related to foraging. Interestingly, Pacific oceanic 
whitetips had  a  shallower dep th  range th an  these W estern A dantic 
individuals [12]. This m ay be because the oxygen m inim um  layer 
is relatively deep in the w estern A dantic, allowing m any epipelagic 
fish to have a w ider dep th  range in this region [44].

Conservation Implications
Assum ing th a t catchability is a  function o f tim e spent a t the 

same dep th  as baited  hooks, oceanic whitetips are m ost vulnerable 
to fishing gear set in the upper 125 m  o f the w ater colum n or to 
deeper-set gear while it is being  deployed or hauled. A dram atic 
decline in oceanic whitetips catch pe r unit effort (CPUE) betw een 
1950 s exploratory longline sets (mean hook dep th  = 72 m) and  
observed com m ercial sets in the late 1990 s (m ean hook 
dep th  = 110 m) in the G ulf o f M exico has been  in terpreted  as 
a  regional collapse o f the species [45]. T h e  m agnitude o f the 
projected decline in the G u lf [45] has been  questioned because, 
am ong o ther significant changes in gear, some reduction in C PU E  
m ay have occurred  due to the longlines being set a t greater depths 
in the 1990 s [46]. For com parison, 28.3%  o f dep th  records in this 
study occurred w ithin the 1950 s hook dep th  range (53-91 m) and  
19.3% w ere in the 1990 s hook dep th  range (82-138 m). This 
confirms th a t the dep th  distribution o f bo th  sharks and  fishing gear 
should be considered w hen in terpreting  C PU E  trends for this 
species [46].

Five o f the sharks tagged in T h e  B aham as m ade transboundary  
m ovem ents, spending tim e in waters m anaged  by different 
countries (U.S.A., C uba, and  several o f the w indw ard C aribbean  
islands) o r the high seas th a t are m anaged by the U nited  Nations. 
This illustrates why it is essential for international regulatory 
bodies to coordinate conservation efforts for this species across 
m ultiple jurisdictions. T he total a rea  o f ocean used by this group of 
sharks over the study period  was vast, 16,422.11 km 2, highlighting
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how recently enacted  landing prohibitions under IC C A T  requires 
nations to m onitor fishing activity over large areas. It is difficult to 
envision how  countries th a t have lim ited capacity to m onitor their 
fleets o r foreign fleets fishing in their EEZ  w ould be able to 
effectively enforce the landing m oratorium  on oceanic whitetips. 
For this reason, a  C IT E S  A ppendix  II listing could augm ent 
IC C A T  prohibitions by heightening surveillance o f transboundary  
trade, w hich is likely to be m ore centralized (i.e., airports and  
container shipping ports) th an  all o f the widely distributed fishing 
vessels and  ports w here oceanic whitetips and  their fins m ay be 
landed  illicitly.

O n e  unexpected  outcom e of tracking oceanic whitetips was the 
finding th a t individuals spent a  large portion  o f the year in  the 
EEZ  o f T h e  B aham as. This is a ttributable to several features o f 
these tracks: (1) individuals rem ained  w ithin 500 km  o f the tagging 
site during  M ay and  p a rt o f Ju n e  (2) lim ited displacem ent 
(< 500  km  from  C at Island) o f 22.2%  o f tagged individuals in 
subsequent m onths and  (3) the re tu rn  o f the individuals th a t left 
the E EZ  after 60 -160  days (philopatry). Pelagic longlining was 
proh ib ited  by T h e  B aham as in the 1990 s, w hich m ay have helped 
conserve oceanic whitetips in this a rea  even as they declined 
elsewhere in the N o rth  Atlantic [4], T h e  B aham as subsequently 
reinforced this m easure with a  com m ercial trade b an  on all sharks 
in 2011. T hese steps could be  very significant for the restoration of 
oceanic whitetips in the region, given the extensive use o f T he 
Baham as by  m ature  females.
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