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Satellite tags were a tta ch ed  to  34 non-reproductive  loggerhead tu rtle s  (Caretta caretta) cau g h t as bycatch in th e  Taiwanese coastal 
p o u n d n e t fishery from  2002 to  2008. Transmission du ra tio n s ranged from  6 to  503 d  (m edian 172 d), w ith 5860 d  tracked in to tal. 
Horizontal track  d a ta  were processed using th e  Bayesian sta te-space m odelling to  ex tract th e  m ost likely daily positions, taking 
in to  acco u n t ARGOS d a ta  quality  and  o th e r  form s o f statistical error. A region o f high occupancy  in th e  East C hina Sea, covering 
433 549 km 2 o f coastal and  pelagic area nex t to  Taiwan, China, Japan, and  South  Korea, was characterized  from  th e  tracking data. 
Various a ttrib u te s  o f th is h o tsp o t are described using satellite tracks and  rem otely sensed data . The tracks were m erged with o ceano
graphic data, em phasizing a new  global d a ta se t characterizing m esoscale eddies from  satellite altim etry  data. A proxim ity-probability 
approach  coupled  w ith o d d s ratio  testing  was used to  infer o rien ta tion  to  eddy features. C om parisons against random  points, sim u
lated particle tracks, and  drifter buoys were used to  d em o n stra te  tu rtle  differential responses to  eddies inside and  ou tside  th e  ho tspo t, 
depend ing  on  eddy features (i.e. cyclonic vs. anticyclonic, edges vs. centres). Turtles inside th e  h o tsp o t utilize fewer strong cyclonic 
eddy edges th an  those  outside.
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Introduction
The op en  ocean con tains a large p o rtio n  o f  global habitat, b u t  it 
rem ains d ifficult to  survey an d  sam ple effectively. R em otely 
sensed satellite data  p ro d u c ts offer the  u n ique  o p p o rtu n ity  to 
observe large expanses o f  ocean efficiently over sh o rt periods. 
Rem otely sensed data  have been  used for m any  applications, 
includ ing  studies related to  the  m anagem en t o f  pelagic m arine  
species. These app lications have assisted in  im prov ing  the  effi
ciency o f  catching harvested species (Z ain u d d in  et ah, 2006), 
as well as im proving  th e  efficiency o f  p ro tec tio n  for species o f  
concern  taken  inciden tally  (How ell et al., 2008). There is 
m uch  p o ten tia l for rem otely  sensed da ta  p ro d u c ts  to  assist in  
the  m anagem en t and  recovery o f  m arine  species th a t are p ro 
tected, endangered, o r th reatened , because such ind irect 
approaches are non-ex tractive  and  non-invasive  an d  can 
address processes at th e  requisite  sp a tio -tem p o ra l dom ains o f  
long-lived, w ide-ranging species (D ruon , 2009). Increased 
know ledge o f  their pelagic h ab ita t requ irem ents can  be used to 
m in im ize h arm fu l an th ropogen ic  in teractions th a t cou ld  jeo p a r
dize populations.

Loggerhead turtles (Caretta caretta) are one such species o f 
concern  w hose m anagem ent could  benefit from  rem otely sensed 
data. Satellite tags have yielded m any  insights in to  their pelagic b e 
haviour and  hab ita t use w orldwide. In  the M editerranean  Sea, log
gerheads in  certain  areas exhibit a com bina tion  o f  passive d rift and 
site fidelity (C ardona et ah, 2005; Revelles et ah, 2007), w hich m ay 
be a function  o f  age a n d /o r  size (Eckert et al., 2008). In  the N orth  
Pacific, satellite tags have revealed th a t m any  pelagic juvenile log
gerheads, after hatching in  Japan, have a p ro tracted  residence in 
the  K uroshio Extension B ifurcation Region (KEBR) and eastward 
adjacent areas o f  the central N orth  Pacific (Polovina et al., 2000, 
2006; Kobayashi et al., 2008), where they  forage and  in teract 
w ith pelagic fisheries (Polovina et al., 2004; Kobayashi and 
Polovina, 2005; Parker et al., 2005). A p rom inen t n u m b er o f 
pelagic juveniles is sim ilarly quasi-resident in  the productive 
waters o ff Baja California, where they  feed extensively on  pelagic 
red crabs (Pleuroncodes planipes) and  in teract w ith  coastal fisheries 
(Nichols et a í ,  1999; Koch et a í ,  2006; Peckham  et a í ,  2007). 
Both the  KEBR and  the Baja region are th o u g h t to be physical 
and  biological hotspots, w here m arine  predators accum ulate
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(Palacios et al., 2006). Eastward and westward transpacific m ove
m ents o f  loggerhead turtles have been docum ented using conven
tional and satellite tags (Uchida and Teruya, 1988; Nichols et al., 
2000), b u t the prevalence o f  this type o f  directed m igration 
rem ains unknow n. Despite these widespread m ovem ents and 
com plex patterns o f  spatial occupancy, the N orth  Pacific population  
o f  loggerhead turtles appears to  be a single stock originating from  
nesting sites in  Japan (Bowen et a l,  1995; Kamezaki et al., 2003). 
Loggerhead turtles in  the N orth  Pacific are often found  in  areas 
no t directly in  the pathway between these nesting sites and the 
above-m entioned foraging sites. The reasons for this rem ain  unclear.

In  the  w estern Pacific, loggerhead turtles are com m only  caught 
as bycatch in  poundnets o ff the  coast o f  Taiwan (C heng and  Chen, 
1997), far southw est o f  nesting sites in  Japan. The Taiwanese 
p o u n d n e t fishery utilizes > 1 0 0  individual nets m oored  in  
shallow water ( < 2 0  m  deep) along the  coastline (G ilm an et al., 
2010). This type o f  fishery can exert a significant im pact o n  logger
head tu rtle  stocks via incidental catch, yet m orta lity  rem ains low 
in  the  Taiwanese fishery (Cheng and  Chen, 1997). This appears 
to  result from  frequent tend ing  (2 - 3  tim es per day) o f  the gear 
by  fishers, and the  shallow depth , coupled w ith air-accessible 
catch cham bers th a t allow turtles to  breathe (Ishihara, 2007). 
Taiwan is n o t know n to  have any loggerhead nesting sites, and

genetic analysis indicates th a t these individuals are likely from  
the  Japanese nesting  stock (P. D u tton , Southwest Fisheries 
Science Center, pers. com m .). T hat stock is curren tly  th o u g h t to 
be in  a healthy co n d ition  (Kamezaki et al., in  press), and  it is an  
im p o rtan t com ponen t o f  the  w orldw ide loggerhead population . 
A ny additional sources o f  m orta lity  require careful exam ination  
and  m itigation . The purpose o f  this study was to analyse the  m ove
m en t patterns o f  satellite-tagged loggerhead turtles taken as 
bycatch in  the  Taiwanese coastal p o u n d n e t fishery. Remotely 
sensed satellite data were used to  infer patterns o f  hab ita t use 
w ith respect to regional oceanographic features.

Material and methods
In  all, 34 non-reproductive loggerhead turtles were tagged w ith sat
ellite transm itters after being caught as bycatch in  the  coastal pound- 
net fishery o ff the Pacific coast o f  Taiwan (Table 1). Catches were 
m ade from  2002 to  2008, and  anim als ranged in  size from  64 to  
92 cm  straight-line carapace length (SCL; 6 9 -9 5  cm  curved cara
pace length). Several different types o f  tag were used during  the 
study: Telonics ST-18 (n =  10), ST-14 (n =  2), ST-20 (n =  14), 
ST-24 (n =  2), and W ildlife C om puters SPLASH tags (n =  6). 
The d u ty  cycle o f  the  tags varied betw een 12:48 (12 h  on, 48 h  off) 
and  6:48 for the  Telonics tags, and variable 6:42 for the W ildlife

Table 1. Summary of tracking information for 34 loggerhead turtles (Caretta caretta) caught as poundnet bycatch in the Taiwanese fishery, 
equipped with electronic tags, and tracked by satellite.

Turtle
number

SCL
(cm) Date deployed

Start
latitude

(°N)

Start
longitude

(°E) Date terminated
End latitude

(°N)

End
longitude

(°E)
Days

tracked

Integrated
distance

(km)

Endpoint
distance

(km)
T01 71.8 25 January 2007 24.50 121.80 13 July 2007 33.31 123.57 170 5 603.27 992.65
T02 64.0 2 April 2003 24.49 121.90 16 August 2004 28.32 123.58 503 7 997.52 456.62
T03 74.5 16 January 2004 24.46 121.94 28 August 2004 32.28 126.98 226 5 809.04 997.47
T04 67.7 19 February 2003 24.45 122.00 10 August 2003 22.46 117.98 173 4 130.11 465.84
T05 74.0 22 March 2004 24.47 121.89 27 August 2004 35.11 161.06 158 8 642.19 3 966.55
T06 72.0 30 November 2004 24.47 121.84 23 May 2005 34.66 145.11 175 5 980.64 2 522.40
T07 68.7 8 March 2004 24.49 121.81 20 March 2005 22.52 117.86 377 3 905.98 459.12
T08 72.1 19 April 2004 24.50 121.80 25 June 2004 35.79 151.68 68 4 666.79 3 138.90
T09 76.5 5 May 2002 24.56 122.00 9 October 2002 32.97 128.22 158 3 453.35 1 112.86
T10 71.3 21 December 2003 24.50 121.80 31 January 2005 29.32 149.72 408 14 285.62 2 824.89
T11 74.5 23 December 2008 25.59 122.20 16 February 2009 21.42 115.46 52 1 225.34 829.64
T12 66.5 4 December 2007 25.38 122.66 1 July 2008 32.46 132.56 210 2 483.99 1 244.03
T13 74.5 17 October 2006 24.50 121.80 20 January 2007 28.17 130.27 96 3 814.74 938.55
T14 92.0 19 October 2007 24.51 122.03 5 April 2008 14.47 111.16 169 3 707.65 1 593.81
T15 82.5 14 January 2008 26.37 125.20 2 August 2008 26.45 127.64 90 2 151.86 243.85
T16 70.0 18 May 2008 25.94 122.80 9 November 2008 27.32 126.04 174 2 254.59 357.92
T17 78.0 10 June 2008 25.49 123.30 28 June 2009 29.21 126.53 382 4 929.34 521.97
T18 69.5 9 February 2007 24.33 122.10 20 April 2007 21.52 116.90 70 2 009.11 617.56
T19 72.0 14 January 2005 25.51 123.00 8 July 2005 23.09 118.10 173 3 258.40 565.38
T20 70.0 19 May 2005 24.58 121.90 11 March 2006 30.08 153.28 295 10 960.24 3 164.93
T21 69.7 2 June 2003 24.50 121.80 7 June 2003 25.80 123.13 6 205.43 195.97
T22 74.5 26 June 2005 24.49 121.87 22 August 2006 30.23 125.61 387 5 017.65 736.52
T23 79.0 21 November 2005 24.49 121.86 16 January 2006 28.59 125.73 57 1 115.18 595.71
T24 83.0 14 April 2005 24.49 121.81 7 November 2005 27.77 123.66 208 4 674.89 407.11
T25 67.3 15 March 2005 24.50 121.80 21 November 2005 28.28 122.03 251 5 957.75 419.13
T26 74.5 21 December 2005 25.23 122.70 7 March 2006 22.46 117.88 77 1 755.23 579.00
T27 76.0 4 April 2005 24.91 123.70 30 June 2005 28.34 121.83 87 2 214.29 423.35
T28 80.5 1 February 2005 24.44 121.90 29 May 2005 5.61 114.89 118 5 199.59 2 216.07
T29 72.5 28 April 2006 24.44 122.59 24 September 2006 37.02 141.75 82 4 139.80 2 304.64
T30 73.0 10 March 2006 22.41 118.83 4 June 2006 26.38 120.71 73 661.39 478.52
T31 78.5 17 January 2006 24.56 121.89 17 May 2006 29.68 124.83 62 1 666.05 637.86
T32 76.0 10 February 2006 24.59 121.50 14 July 2006 2.36 104.41 154 4 968.15 3 079.59
T33 73.0 13 May 2006 24.64 122.00 8 September 2006 25.13 121.76 60 1 547.36 58.75
T34 77.0 4 January 2007 25.47 122.40 29 April 2007 27.00 124.50 111 1 459.65 270.37
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Figure 1. Reference map of the  study area in the western North Pacific. EEZs are delineated by solid red lines. The white star a t the northeast 
corner of Taiwan indicates the  average release location for the  34 tagged loggerhead turtles.

Table 2. Summary of distance measures evaluated in this study, 
with distance measures 1 -1 2  reflecting a nested ordering based on 
the  eddy type (any type, cyclonic, or anticyclonic), eddy strength 
(any strength or strong only), and the  feature of interest (eddy 
edge or eddy centre), respectively.

Distance
measure Eddy type

Eddy
strength

Feature of 
interest

1 Any type Any strength Eddy edge
2 Cyclonic Any strength Eddy edge
3 Anticyclonic Any strength Eddy edge
4 Any type Strong Eddy edge
5 Cyclonic Strong Eddy edge
6 Anticyclonic Strong Eddy edge
7 Any type Any strength Eddy centre
8 Cyclonic Any strength Eddy centre
9 Anticyclonic Any strength Eddy centre
10 Any type Strong Eddy centre
11 Cyclonic Strong Eddy centre
12 Anticyclonic Strong Eddy centre

C om puters tags. Inconsistencies in  the  datastream s a ttributable to 
this variable du ty  cycle, i.e. irregular tem poral spacing /clum ping  
o f  data, were resolved using a Bayesian m odel approach, as described 
below. Tags were affixed to  tu rtle  carapaces using polyester resin and 
fibreglass cloth (Balazs et al., 1996), and  the  anim als were then  
released. Positional data were dow nloaded from  ARGOS (http  
: / / w w w .argos-system .org/) and archived locally for processing. 
T he study concluded w hen all 34 tags ceased transm itting . The 
study region and  adjoining areas are illustrated in  Figure 1.

Raw ARGOS positional data  from  the  satellite tags were p ro 
cessed using a Bayesian state-space m odel (SSM; Jonsen et al., 
2005). The SSM produced  the  m ost likely trajectory  th rough  the 
datapoints, taking in to  account ARGOS data-quality  codes and 
tem porally  adjacent positions. The SSM also recast the  tracks 
in to  daily stream s o f  poin ts, so rem oving the effects o f  variable 
d u ty  cycles a n d /o r  in te rm itten t tag-transm ission behaviour. 
These new  daily datastream s were archived and  p lo tted  using the 
m app ing  software Generic M apping Tools (GM T; Wessel and 
Sm ith, 1991). Kernel density  was also calculated w ith the  R 
language subrou tine  kde2d using the  SSM tracks and  a sm ooth ing  
bandw id th  (h) o f  2.5° longitude and latitude. As a kernel density  
estim ate o f  hab ita t u tilization  can be influenced u n du ly  by p o ten 
tially a rb itrary  release locations and  possible post-release effects on  
behaviour, an  add itional kernel density  was perform ed for a subset 
o f  track  da ta  after 30 d  at liberty  (~ 1 7 %  reduction  in  the  track 
database, o m ittin g  996 early track  days across all 34 individuals). 
A polygon representing  a high-occupancy area was extracted by 
con touring  the  o u tp u t o f  kde2d  w ith  the GM T subrou tine  grdcon- 
tour. The surface area o f  this polygon (in  a spherical context and 
for m arine  areas only) was calculated w ith the  R language su b ro u 
tine  areaPolygon, coupled  w ith a h igh-resolution  bathym etric  
database (Sm ith and Sandwell, 1997). Daily track locations and 
all m arine regions o f  the  kernel density  polygon were tabulated 
to  exclusive econom ic zones (EEZs) using the  EEZ b o u n d ary  da ta 
base available from  the Flanders M arine Institu te  at h ttp ://w w w . 
v liz .b e /v m d cd a ta /m arb o u n d /d o w n lo ad .p h p . The track and 
kernel density  locations were assigned to closed polygon regions

http://www.argos-system.org/
http://www
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using a ray-casting a lgorithm  w ritten  as a QuickBASIC v4.5 
subroutine.

Tracks were first m erged to a suite o f  available oceanographic, 
bathym etric, and  m agnetic data  products. These included NOAA 
Pathfinder sea surface tem pera ture  (SST), AVISO altim etry  p ro 
ducts (sea surface height, SSH; geostrophic ¡(-com ponent; geos- 
trophic  v -com ponent), SeaWiFS ocean colour, Sm ith and 
Sandwell (1997) bathym etry, and earth  m agnetic-field data  from  
the IGRF-10 m odel (to tal force, declination, inclination). D ata 
were exam ined daily and  in tegrated over the entire  track  du ra tio n  
by averaging across the  daily exposures per individual. These

oceanographic data  were extracted from  weekly (SST, AVISO) or 
m o n th ly  (SeaWiFS, earth  m agnetic field) grids by  in terpo lation  
o f  corresponding trackline values using the  GM T subrou tine  o f  
grdtrack (Wessel and  Sm ith, 1991). M ost grids were 0.1° resol
u tion , except for the  Sm ith and  Sandwell (1997) bathym etry, 
w hich was 0.033° resolution. Trackline aggregated values were 
exam ined for evidence o f  m ultim odality  in  an  a ttem pt to  d is
tinguish  significant groupings o f  tu rtle  behaviour. Som e variables 
o f  interest (e.g. SST, SeaWiFS) were tabulated  over the  trackline to  
com pare average conditions inside and outside  a region o f  high 
occupancy.
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Figure 2. Individual loggerhead turtle tracks using the same map coordinates as in Figure 1. Refer to  Table 1 for summary information 
corresponding to  individual tags T01 -T34. The num ber below the tag designation is the  num ber of days a t liberty with successful tag 
transmission. Continents and o ther landmasses are outlined in grey. Black star, starting location; black circle, last transmission location.



Loggerhead turtle m ovem ent in the East China Sea 711

The SSM tracks were also m erged to a new  oceanographic data 
p roduct that quantifies individual eddies from  a tim e-series o f 
rem otely sensed a ltim etry  fields (C helton  et al., 2007, in  press). 
These energetic m esoscale features have scales o f  tens to  hundreds 
o f  kilom etres and  tens to hundreds o f  days, and  account for m ost 
o f  the variability in  the  ocean; they  are one o f  the  p rim ary  dynam ic 
features in  the  ocean, along w ith  large oceanic currents and gyres 
(Klein and Lapeyre, 2009). The dataset was created w ith a p ro 
cedure th a t autom atically  processes SSH data  from  satellite alti
m eters and  tracks eddy trajectories over tim e and  space, using 
the  SSH fields in  the AVISO Reference Series, w hich are con
structed  from  pairs o f  sim ultaneously operating  altim eters, one 
in  a 10-d repeat o rb it (T O PE X /Poseidon followed by  Jason-1 
th en  by Jason-2) and  the  o ther in  a 35-d repeat (ERS-l, followed 
by  ERS-2, then  by  ENVISAT; D ucet et a í ,  2000). Eddies were 
identified w ith this p rocedure  from  closed SSH contours, as 
described in  detail by  C helton et al. (in  press) in  their eddy d ocu
m entation . D uring the  period  1992-2008, 176 614 eddy tracks 
(89 704 cyclonic, 86 910 anticyclonic) w ith lifetimes o f  4 weeks 
o r longer were identified in  the  global database. Over the 
do m ain  o f  the curren t study  (2002-2008 , 100-180°E  0 -4 5 °N ), 
there  were 61 273 eddy tracks (31 292 cyclonic, 29 981 
anticyclonic).

In  add itio n  to  their identification in  tim e and space, eddies can 
be characterized by a ttribu tes such as effective radius, am plitude, 
edge SSH, and geostrophic ro ta tional speed. The m edian  effective 
radius o f  the eddies in  the  study  d o m ain  was 95 k m  (1 4 -3 7 8  km ). 
Eddy shapes were approxim ated as circles using the effective 
radius, and  the  daily SSM tu rtle  positions were com pared w ith 
po in ts along the  circum ference. Radii at 5° intervals o f  arc orig
inating  in  the  central locations o f  the  eddies were used for circle 
construction , and  these rad ii-en d p o in t locations were used for 
com parison  w ith the  SSM data. The central locations o f  all 
eddies were also com pared w ith the  SSM data. Eddies were classi
fied as either cyclonic o r anticyclonic by  the  n a tu re  o f  their SSH 
anom aly  (negative SSH anom aly  =  cyclonic; positive SSH 
anom aly  =  anticyclonic) and  further classified by  eddy strength, 
as indicated by  the  ratio  o f  vertical am plitude  and the  effective 
eddy radius, w hich is highly correlated w ith the  m axim um  
ro ta tional geostrophic speed w ith in  the eddy. A m plitude values 
in  the dataset were defined as the absolute difference betw een

the SSH co n to u r along the  edge o f  the eddy and  the  m ost 
extrem e value w ith in  the  eddy in terior. For the  purposes o f  this 
study, ratios > 0 .0 6 5  were classified as strong eddies. This value 
represents the  m edian  eddy strength over the  entire  d o m ain  o f 
eddies in  this analysis (range 0 .0054-1.2913; n =  61 273). Using 
this m erging o f  datasets, 12 distance-m easure m etrics were calcu
lated, as sum m arized  in  Table 2, reflecting a nested o rdering  based 
o n  eddy type (cyclonic o r anticyclonic), strength  (any strength or 
strong), and  the  feature o f  interest (eddy edge or centre), 
respectively.

Som e discussion o f  da ta  reso lu tion  is appropria te  here, because 
we are a ttem pting  to  resolve differences o f  the o rder o f  tens o f  k ilo 
m etres to  determ ine w hether turtles prefer edges o r centres o f 
eddies. M ost satellite-altim etry data p roducts have an  approxi
m ately weekly sam pling cycle and tracklines ~  100 -3 0 0  km  
apart. Trackline data  are then  processed w ith sophisticated algor
ithm s to  resolve m esoscale processes w ith  wavelength scales o f  
~ 2 0 0  km , w hich corresponds to  an  eddy radius o f  ~ 4 0  km  
(C helton et al., in  press). The SSM daily positions include the 
Bayesian credible intervals in  b o th  latitud inal and  longitudinal 
directions. The average 95% interval was 0.64° (~ 7 1  km ) 
a ro u n d  latitude and 0.73° ( ~ 7 0 k m )  a ro u n d  longitude. I f  an 
actual tu rtle  position  was in  m axim al error, it w ould still likely 
be closer to  the edge or centre o f  the eddy as originally m easured. 
Therefore, loggerhead tu rtle  positions were know n w ith reasonable 
certain ty  w ith respect to  m esoscale eddy dim ensions and feature 
locations.

D istance m easurem ents were calculated for all daily positions 
along the SSM tracks. All daily positions w ith in  I o la titu d e /lo n g i
tude  were tabulated  as being in  p rox im ity  to  the  eddy feature o f 
interest. These tabulations were converted to  p rox im ity  p robabil
ities, and  com parisons were m ade using odds ratio  tests. Two 
subsets o f  the SSM track  data  were exam ined separately for those 
daily positions found  w ith in  a h igh-occupancy region and  those 
found  outside  it.

P rox im ity  probabilities to eddy features were calculated for 
three  sources o f  spatial data  in  ad d itio n  to  the  SSM daily tu rtle  
positions. First, a set o f  random -w alk  tracks was exam ined. 
These were essentially a sequence o f  ran d o m  poin ts in  space co n 
strained to  span the  study dom ain . A sam ple o f  100 tracks was 
exam ined. Second, a set o f  sim ulated  passive-particle tracks was

Malaysia
1.0%

Taiwan
13.2%

Taiwan loggerhead turtle track locations 
(percentage of all track days)

Spratly Islands

Pa ratel 
I s l a n d s

Minami
I o r i s h i in a

Island

Figure 3. Loggerhead turtle  percentage occupancy of different EEZs, all loggerhead turtle tracks combined (2002-2008). The secondary chart 
on the  right is a further breakdown of the "other" category on the primary chart, representing an aggregate 4.1% of the  total days.
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longitude and latitude. (Upper panel) Kernel density distribution using only track data after the initial 30 d of each of the  tagged individuals; 
(lower panel) kernel density distribution for all days.

generated and  analysed. These particles were d riven by NOAA 
OSCAR (O cean Surface C urren t Analyses-Real T im e) curren t 
fields, estim ated using d ata  from  satellite a ltim eters and  scatterom - 
eters. The m ovem ent o f  particles was sim ulated using a Lagrangian 
advection-diffusion m odel (Polovina et al., 1999). C urrents were 
m atched spatially and  tem porally  to  th a t o f  the  d o m ain  o f  this 
analysis, w ith releases from  the  sam e average release location  o f 
the bycatch turtles. T im e at liberty was set at 1 year, w ith 50 repli
cates released at the beginning o f  each o f  the  study years 2 0 0 2 -
2008. T hird, data  from  drifting  buoys deployed 15 m  deep 
(referred to  as surface drifters) th a t were encountered  in  the 
spatial and  tem poral d o m ain  o f  this analysis (n =  1291 buoys 
w ith 32 963 individual locations) were exam ined. Surface drifters 
are rou tinely  deployed by research vessels and  vessels o f

o p p o rtu n ity  as pa rt o f  a program m e studying global c irculation 
patterns (L um pkin  and  Pazos, 2006). The surface drifter dataset 
used in  this analysis is adm inistered  by  the  Global D rifter 
P rogram  at NOAA (h ttp ://w w w .ao m l.n o aa .g o v /p h o d /d ac /in d ex  
.php).

As these three add itional sources o f  spatial data were non- 
sentient, the  a priori hypothesis was th a t none  o f  the  three  tests 
w ould  detect patterns resulting from  active o rien ta tion  and  sw im 
m ing behaviour. However, if  there  were passive accum ulation  or 
dispersal processes w ith in  the eddy features (e.g. convergence or 
divergence), such processes m ay m anifest them selves as significant 
test results in  the exam inations o f  p rox im ity  probabilities. 
C om parison o f  the SSM test results and  these add itional appli
cations m igh t also yield insights in to  the  underlying m echanism

http://www.aoml.noaa.gov/phod/dac/index
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o f  eddy u tilization  patterns by  loggerhead turtles and the role o f 
passive vs. active orien tation . A m atrix  o f  odds ratio  tests 
was applied, using the  reduced-degrees-of-freedom  approach 
(Kobayashi et al., 2008) to  alleviate concerns o f  pseudoreplication  
(H urlbert, 1984). Pseudoreplication  is a poten tial issue, because o f 
the  lack o f  independence am ong the m any  days o f  track  data.

The array o f  p rox im ity  probabilities for the two subsets o f  turtle  
tracks, the random  points, the sim ulated particles, and  the  surface 
drifters were used to  characterize patterns o f  track  behaviour using 
no n -m etric  m ultid im ensional scaling (NM DS) o rd ination . This 
attem pted  to  distinguish significant groupings o f  turtles based 
o n  their u tiliza tion  o f  the  high-occupancy area and the  o ther 
types o f  spatial track. The NM DS was done  w ith the  software 
package PC -O R D  (M cC une and  Grace, 2002).

Results
The 34 tags transm itted  for an  average o f  172 d  (range 6 -5 0 3  d), 
providing 5860 individual days tracked before transm issions 
ceased. The Bayesian SSM was successfully applied to  the  34 
tracks and  the data are plo tted  in  Figure 2. Some turtles m oved 
northeast in to  the KEBR; others m oved southwest. However, the 
do m inan t pa tte rn  was a quasi-resident behaviour in  a region 
betw een Taiwan, China, Japan, and South Korea. Loggerhead 
turtles spent portions o f  their track tim e in  12 EEZs (Figure 3). 
The prim ary  EEZ was C hina (28.9% ), w ith Japan, Taiwan, and 
the Conflict Z one being the only o ther EEZs w ith at least 10% occu
pancy. H igh seas locations represented 12.5% o f  the to ta l track time.

The kernel density  d istribu tion  for all tracks com bined is dis
played in  the  lower panel o f  Figure 4. This d istribu tion  suggests 
a localized pa tte rn  o f  occupancy in  the  East C hina Sea a round  
Taiwan, China, Japan, and South Korea. However, th a t d istri
b u tio n  (i.e. Figure 4, lower panel) also assim ilates release locations, 
w hich were all sim ilar and  located in  p rox im ity  to the area o f  occu
pancy. Post-release behaviour, e.g. lethargy o r flight, m ay have an 
undesirable effect o n  the analysis. The up p er panel o f  Figure 4 d is
plays the kernel density  d istribu tion  using track da ta  after only 
30 d  o f  liberty. This suggests th a t the  observed p a tte rn  is no t 
heavily influenced by  the  sim ilarity  a n d /o r  p rox im ity  o f  release 
locations to the area o f  occupancy. It is also likely, a lthough no t 
quantified, th a t tu rtle  behaviour was n o t significantly altered 
because o f  the  tagging and  release process. A polygon enclosing 
the  kernel density  d istribu tion  at values > 0 .0 0 5  encom passes 
433 549 k m 2 o f  ocean, after correcting for intersections w ith 
land features (Figure 4, upper panel). The area spans diagonally 
along the  Taiwan Strait betw een Taiwan and  C hina and  extends 
northeast in to  the  East C hina Sea, starting  at 116°43’E 21°35’N 
and  ending  at 128°17’E 33°19’N. The dep th  there  ranges from  0 
to  3117 m , w ith an  average o f  195 m . Sim ilar to  the  tracking break
dow n, the bu lk  o f  the East C hina Sea kernel density  d istribu tion  is 
situated  in  the  Chinese EEZ (40.73% ), w ith  the Joint Japan Korea 
Area (15.73% ), Taiwan (14.48% ), Japan (13.29% ), Conflict Zone 
(11.81% ), and South Korea (3.97% ) also represented (Figure 5).

Indiv idual m esoscale eddy tracks identified over the d o m ain  o f 
this study  are displayed in  Figure 6, including a snapshot o f  eddy 
activity at the  tim e w hen the m axim um  nu m b er o f  tagged turtles 
were at liberty  (n =  7; 25 M ay 2005). Eddy activity was evident 
over the entire  spatial and  tem poral dom ain .

Proxim ity  probabilities are presented in  Figure 7, and  the 
results o f  the indiv idual odds ratio  tests in  Table 3. An odds 
ratio  test value is an  ind ica tion  o f  the  odds differential betw een 
the  two categories being com pared for a particu lar attribute;
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Figure 5. Kernel density distribution for different EEZs, excluding 
land and only considering the breakdown of the marine portion of 
the  hotspot.

hence, the test indicated  that the odds o f  being  in  p rox im ity  to  a 
strong cyclonic eddy edge were approxim ately n inefold greater 
for tu rtle  tracks outside, th an  for those inside, the  hotspot. 
There were also significant results for strong eddy edges, centres, 
and  cyclonic centres. Turtle tracks outside the  h o tsp o t d id  no t 
have significantly h igher odds o f  being in  p roxim ity  to  eddy fea
tures th an  the  three  n o n-sen tien t spatial data  sources. Tracks 
inside the h o tsp o t differed from  the three  n on-sen tien t spatial 
data  sources w ith respect to  p roxim ity  to  strong eddy edges and 
strong cyclonic edges, revealing m uch  lower odds o f  proxim ity.

The N M D S-ord ination  results are sum m arized  in  Figure 8. The 
loggerhead tu rtle  tracks inside the  h o tsp o t w ere clearly responding 
differently from  those o f  turtles outside  the  h o tsp o t o r the  three 
o th er sources o f  spatial data. Interestingly, the turtles outside  the 
h o tsp o t were m ost closely associated w ith the sim ulated  particle 
tracks, whereas the  random  points and  the  surface drifters 
form ed ano ther clustering in  the NM DS.

Discussion
Differential u tilization  o f  certain  po rtions o f  m esoscale eddies by  
loggerhead turtles is intuitively easy to  understand  from  an  eco
logical perspective. There m ay be m echanism s that result in  ap p ar
en t a ttrac tion  o r repu lsion  from  such features passively, cues that 
lead the  turtles to  o rien tate  to them  actively, o r a com bination  o f 
these factors. C onventional eddy p u m p in g  theo ry  (M cGillicuddy 
et al., 1998) suggests that p rim ary  dynam ics are in  the  centre o f 
the  eddy, where vertical velocities and biological responses m ay 
be greatest. M any studies have docum ented  strong p rim ary  p ro 
du c tio n  patterns related to  eddy dynam ics (V aillancourt et al., 
2003). Some em pirical research has indicated  th a t cyclonic eddy 
centres and  anticyclonic eddy edges have m ore biological p ro 
ductiv ity  (M izobata et al., 2002). Som e o f  these findings are co n 
sistent w ith application  o f  the  standard  om ega equation  (H oskins 
et al., 1978) to estim ate vertical velocities w hen the  three- 
d im ensional density  field and horizon tal velocities are know n 
(Klein and  Lapeyre, 2009). D om ing o f  the pycnocline o r  therm o- 
cline w ould  be m ost p ronounced  at the  centre and could reflect a 
different therm o-saline habitat. The eddy perim eter, where the 
geostrophic ro ta tional velocities peak, likely functions as an 
ecotone betw een distinctly  different w ater m asses/hab itats and 
m ay have an  ecological function  n o t easily delineated by  its m ea
surable attributes.

T here cou ld  be  passive accum ula tion  in  regions o f  conver
gence o r downw elling. A floating object en tra in ed  in  such a flow- 
field w ould  be re ta ined  over regions o f  downw elling, because it

I4 .4S -;
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Figure 6. Altimetric eddy tracks over the  entire study domain (upper) and a specific example of eddy size (circle size) and location on 25 May 
2005 (lower). For both panels, blue represents cyclonic eddies, and red shows anticyclonic eddies. In the  lower panel, thicker circles distinguish 
strong (the ratio of amplitude and radius >0.065) from weaker eddies. Black stars indicate the location of seven loggerhead turtles a t liberty as 
this m anuscript was being prepared.

can n o t be adverted  dow nw ards, th o u g h  fu rth er h o rizo n tal m ove
m en t w ould  be dam pened  by  th e  converging flowfields. This 
m echanism  is know n  to  accum ulate  floating debris in  
L angm uir cells and  surface slicks generated  by  in te rn al waves 
and  o th er subsurface phen o m en a  (Shanks an d  W right, 1987). A 
tu rtle  in  a passive floating m ode  o f  tran sp o rt o r  basking 
(Bentivegna et al., 2007; H ochscheid  et al., 2010) cou ld  becom e 
en tra ined  in  eddy regions o f  convergence, m ost likely located 
near the  centre. This w ould  th en  likely keep the  tu rtle  near the 
centre, a lthough  also tran sp o rtin g  it horizon tally  in  synchrony 
w ith  the  typically w estw ard eddy propagation . Such rafting

could  be an  energy-efficient m eans o f  m oving in  any  d irec tion  
across an  ocean basin.

Active o rien ta tion  to  eddy features could be linked to  m any 
types o f  behaviour, such as targeting locations for foraging, 
social/reproductive  opportun ities , and therm al habitat. 
Alternatively, there  m ay be n o  proxim ate cause beyond the 
innate curiosity  com m on  in  anim als (Pisula, 2009); a tu rtle  m ay 
sim ply be exploring a perceived d iscontinu ity  in  an  otherw ise 
hom ogenous pelagic environm ent. M esoscale eddies are m ore 
physically and biologically dynam ic th an  regions w ithou t such fea
tures. Their po ten tial use as w aypoints for navigation or “m eeting
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Figure 7. Proximity probabilities for two subsets (outside and inside the East China Sea hotspot) of loggerhead turtle tracks, random  points, 
simulated particles, and surface drifters. Each bar represents the  proportion of days where the position of the  object was within 1° of the 
latitude/longitude of a particular eddy feature.

Table 3. Summary of odds ratio tests of turtle  track proximity probabilities comparing tw o subsets (outside and inside the  hotspot) and 
with the three non-sentient spatial data sources (random points, simulated particles, and surface drifters), with the statistical test showing 
either no t significant (n.s.) or significant a t p =  0.05 (*).

Odds ratio test result and significance

Outside: Outside: Outside: Outside: Inside: Inside: Inside:
Proximity Inside Random Simulation Drifters Random Simulation Drifters
Any eddy edge 2.23 n.s. 1.08 n.s. 0.94 n.s. 0.67 n.s. 0.48 n.s. 0.42 n.s. 0.30 n.s.
Cyclonic eddy edge 2.61 n.s. 1.21 n.s. 1.09 n.s. 0.84 n.s. 0.46 n.s. 0.42 n.s. 0.32 n.s.
Anticyclonic eddy edge 1.77 n.s. 0.88 n.s. 0.82 n.s. 0.64 n.s. 0.50 n.s. 0.46 n.s. 0.36 n.s.
Any strong eddy edge 4.68* 1.90 n.s. 1.05 n.s. 1.21 n.s. 0.41 n.s. 0.22* 0.26*
Strong cyclonic eddy 9.05* 2.24 n.s. 1.16 n.s. 1.53 n.s. 0.25* 0.13* 0.17*

edge
Strong anticyclonic eddy 2.54 n.s. 1.32 n.s. 0.90 n.s. 0.89 n.s. 0.52 n.s. 0.35 n.s. 0.35 n.s.

edge
Any eddy centre 1.86 n.s. 1.20 n.s. 1.23 n.s. 0.87 n.s. 0.65 n.s. 0.66 n.s. 0.47 n.s.
Cyclonic eddy centre 1.89 n.s. 1.47 n.s. 1.62 n.s. 1.07 n.s. 0.78 n.s. 0.86 n.s. 0.56 n.s.
Anticyclonic eddy centre 1.62 n.s. 0.91 n.s. 0.87 n.s. 0.69 n.s. 0.56 n.s. 0.54 n.s. 0.43 n.s.
Any strong eddy centre 4.28* 1.93 n.s. 1.47 n.s. 1.31 n.s. 0.45 n.s. 0.34 n.s. 0.31 n.s.
Strong cyclonic eddy 5.67* 2.62 n.s. 1.89 n.s. 1.75 n.s. 0.46 n.s. 0.33 n.s. 0.31 n.s.

centre
Strong anticyclonic eddy 2.50 n.s. 1.14 n.s. 0.96 n.s. 0.81 n.s. 0.45 n.s. 0.38 n.s. 0.33 n.s.

centre

places” for social facilitation should  also no t be d iscounted; sim ilar 
to  how  fish aggregating devices influence pelagic fish species 
(Fréon and  D agorn, 2000; Castro et al., 2001).

The differential response by  loggerhead turtles based o n  their 
tim e tracks inside the  h o tsp o t is perplexing, b u t suggestive o f  aver
sion  behaviour. There m igh t be preferred areas >  1 k m  from  the 
eddy edge or quasi-stationary  eddy features correlated w ith  o ther 
im p o rtan t ecological considerations. Such a differential response 
w arrants fu rther investigation. As indicated  above, eddies were 
present th ro u g h o u t the  spatial and tem poral do m ain  o f  the 
study  area, b u t the spatial pa ttern ing  o f  eddy fields m ay need 
further a tten tion . Eddy density  is obviously lower in  the  coastal 
and  shallow regions o f  the dom ain  (Figure 6), and there m ay be 
o th er eddy-size-related o r eddy-type-related d istribu tional

patterns w hich relate to  this finding. An alternative approach  to 
exam ining o rien ta tion  to eddy features is being developed and 
will involve tem poral random iza tion  (eddy field random ization). 
This should  preserve spatial patterns o f  the  eddy field d istribu tion  
and  abundance, b u t still allowing quantitative  investigation o f 
o rien ta tion  behaviour to specific parts o f  eddies based o n  tem poral 
m atc h -m ism atc h . This and  partition ing  or constrain ing o f  the 
n o n-sen tien t spatial datasets to  regions inside and outside  the 
h o tsp o t are also topics for fu tu re  investigation.

E nhanced foraging o p p o rtu n ity  appears to be a likely m echan
ism  for the  p rolonged residence in  waters n o rth  o f  Hawaii 
(Polovina et al., 2004; Parker et al., 2005). These productive 
waters o f  the  Subtropical Frontal Zone (Roden, 1980) and  the 
T ransition  Z one C hlorophyll F ron t (Polovina et al., 2001)
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Figure 8. NMDS ordination of proximity probabilities for two 
subsets of loggerhead turtle tracks and three non-sentient spatial 
data sources.

con tain  m any  frontal features th a t m ay aggregate forage items. 
Mesoscale eddy activity in  these areas is correlated w ith diving be
haviour, suggesting th a t subsurface foraging m ay be im po rtan t 
(Howell et al., 2010). M ost pelagic diet studies have indicated 
th a t loggerhead turtles forage o n  gelatinous Zooplankton or 
o th er slow -sw im m ing o r sessile pelagic invertebrates. Benthic fora
ging is also com m on  in  coastal areas o r w hen the b o tto m  dep th  is 
w ith in  diving range (P lo tk in  et al., 1993). O pportun istic  foraging 
on  fishery discards has also been docum ented  (Seney and  M usick, 
2007; Wallace et al., 2009). Pelagic forage could  accum ulate in  
regions o f  oceanographic convergence; if  these regions were 
heavily fished or quasi-resident over shallow continen ta l shelf 
areas, there  could be local enhancem ent o f  o th er types o f  forage 
(benthic organism s o r fishery discards). Extended residence by 
loggerhead turtles o ff the  coast o f  Baja California appears to  be 
related to  the patterns o f  abundance o f  pelagic red crab 
(P. planipes), a forage species (N ichols et al., 1999; Peckham  
et al., 2007). The d istribu tion  and  abundance o f  appropria te  
forage item s in  and  a round  these mesoscale eddies and  eddy

location  in  tim e and space are im p o rtan t topics for fu tu re  work. 
Particular a tten tio n  needs to  be  paid  to  quasi-stationary  eddy fea
tures over shallow con tinen tal shelves. Gelatinous Zooplankton 
and  b io ta  inhab iting  floating objects are often  overlooked in  eco
system surveys, because o f  sam pling difficulties o r a focus o n  d e t
rim ental effects o f  floating objects, such as m arine  debris.

T he area o f  high residence in  the East C hina Sea con tinen tal 
shelf appears to  be a localized region o f  biological activity 
sim ilar to hotspots seen in  the KEBR (Polovina et al., 2000, 
2006) and  o ff the Baja California coastline o f  M exico (N ichols 
et al., 1999; Koch et a t ,  2006; Peckham  et a t ,  2007). This region 
is o f  great interest because o f  its large size and  p rox im ity  to  the 
shore. The h o tsp o t also straddles several EEZs, w ith the  principal 
area in  Chinese waters (Figure 5). There are also jurisd ic tional 
issues to  resolve in  the  area, considering that two prom inen t 
locations w ith in  this h o tsp o t lie in  contested waters o f  the 
Conflict Z one o r the Join t Japan Korea Area un d er jo in t sover
eignty. Notably, 15 o f  the  34 turtles spent at least 90% o f  their 
tim e in  the  ho tspot, accounting  for 51% o f  the  to ta l track  days 
(Figure 9). This behaviour was m ost clearly displayed by  logger
head T02 (Figure 1), w hich spent m ore  th an  500 d  and  all its 
tim e there. Clearly, this underscores the need to  exam ine behav
io u r on  an  individual level, because it is difficult to  characterize 
an  average behaviour w ith this dataset.

Som e sections o f  the  h o tsp o t area are o n  the  con tinen tal shelf 
next to the Yangtze River, w hich could be an  im p o rtan t foraging 
area. The dynam ics o f  the region where the Yangtze River plum e 
m eets the K uroshio C urren t in tru s io n  are com plex (D u et a t,  
2000); these in tersecting w ater masses are likely a p rim ary  factor 
for the  region’s h igh p roductiv ity  (Liu et a t ,  2003; Tseng and 
Shen, 2003). The seabed there  is shallow enough for ben th ic  fora
ging, yet also contains m uch  eddy activity (Figure 6). C om parison 
o f  chlorophyll a data  w ith SSM tracks inside the h o tsp o t indicated 
th a t p roductiv ity  there  was nearly  twice as high as in  waters 
encountered  by  turtles outside  the h o tsp o t (Figure 10). The area 
is also intensively fished, p rim arily  by  boats from  C hina. The inci
dental o r targeted take o f  loggerhead turtles by  these and o ther 
fisheries over the con tinen tal shelf is largely unknow n and requires 
add itional investigation. Loggerhead tu rtle  d iet and  com m unity  
struc tu re  o f  b o th  the  ben th ic  and  pelagic hab ita t are no t well 
understood  in  this h o tsp o t and  require m ore study. It seems 
likely th a t a w ide spectrum  o f  m arine predators converge in  the

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Proportion  o f time in hotspot

Figure 9. Individual turtle hotspot occupancy patterns, each bar corresponding to  a tabulation of the 34 tracks into bins of 10%.
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Figure 10. Average chlorophyll a concentration encountered by 
loggerhead turtles inside and outside the  East China Sea hotspot. 
Error bars represent 95% confidence intervals.

region w here the  Yangtze River p lum e m eets the  K uroshio C urren t 
in trusion , so fu tu re  studies should  concentrate o n  a wide array  o f 
species in  its ecosystem.

To conclude, a h o tsp o t region o f  high occupancy by loggerhead 
turtles was characterized in  the East C hina Sea betw een Taiwan, 
China, Japan, and  South Korea. O ceanographic investigations p ro 
vided new  insights using a global ocean-eddy dataset. The statistical 
analysis o f  eddy association was extended to  three o ther sources o f 
spatial data: random  tracks, sim ulated particles, and surface d rif
ters. Turtles inhab iting  the  ho tspo t appear to  use eddy features dif
ferently from  turtles outside the  region and  w hen com pared w ith 
o th er types o f  spatial data. Specifically, turtles w ith in  the ho tspo t 
appear to associate less w ith strong cyclonic eddy edges th an  
those located elsewhere, o r  com pared w ith the non-sen tien t 
spatial datasets. F urther regional oceanographic w ork, studies o f 
fine-scale horizon tal and vertical d istribu tions o f  loggerhead 
tu rtle  forage, and  quan tification  o f  fishery bycatch in  the p resum ed 
foraging region w ith in  the  h o tsp o t are key areas for fu ture  research.
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