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Abstract
Despite recent advances in field research on white sharks (Carcharodon carcharias) in several regions around the world, 
opportunistic capture and sighting records remain the primary source o f inform ation on this species in the northwest 
A tlantic Ocean (NWA). Previous studies using lim ited datasets have suggested a precipitous decline in the abundance o f 
white sharks from this region, but considerable uncertainty in these studies warrants additional investigation. This study 
builds upon previously published data combined w ith  recent unpublished records and presents a synthesis o f 649 
confirmed white shark records from the NWA compiled over a 210-year period (1800-2010), resulting in the largest white 
shark dataset yet compiled from  this region. These comprehensive records were used to  update our understanding o f their 
seasonal distribution, relative abundance trends, habitat use, and fisheries interactions. All life stages were present in 
continental shelf waters year-round, but median latitude o f white shark occurrence varied seasonally. White sharks primarily 
occurred between Massachusetts and New Jersey during summer and o ff Florida during winter, w ith broad distribution 
along the coast during spring and fall. The majority o f fishing gear interactions occurred w ith rod and reel, longline, and 
g illnet gears. Historic abundance trends from  m ultiple sources support a significant decline in white shark abundance in the 
1970s and 1980s, but there have been apparent increases in abundance since the 1990s when a variety o f conservation 
measures were implemented. Though the white shark's inherent vulnerability to exploitation warrants continued 
protections, our results suggest a more optim istic ou tlook for the recovery o f this iconic predator in the Atlantic.
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Introduction

T h e  white shark Carcharodon carcharias is one o f the largest, most 
w idespread ocean predators distributed in sub-polar to tropical 
seas o f bo th  hem ispheres [1]. W hite sharks are im portan t apex 
predators that occupy trophic levels similar to that o f carnivorous 
m arine m am m als (trophic level = 4.5) [2-3]. W hile w hite shark 
productivity (expressed as intrinsic rates o f increase or population 
rebound  potentials) falls along the m idpoint o f a  continuum  of 
productivity values calculated for a  suite o f  shark species [4-5], 
they m ay have naturally  low abundance [6] an d  possess general 
life history traits that m ake them  vulnerable to exploitation [7-9]. 
A lthough white sharks have not historically been  subjected to 
directed fisheries, there are num erous accounts o f incidental 
captures in com m ercial fisheries worldwide [1,10-14], M oreover, 
their iconic status an d  highly valued jaw s and  fins have subjected 
them  to targeted  recreational an d  trophy fisheries w here or when 
their populations have been  unpro tected  [1,11].

T o  date, only B aum  et al. [15] and  M cPherson and  M yers [16] 
have a ttem pted  any quantitative assessment o f the status o f  the 
white shark population  in the northw est A tlantic O cean  (NWA). 
W hile some o f these results have been  criticized as unreliable and  
overly pessimistic [17], analysis o f pelagic longline fishery logbook 
da ta  from  the NW A  suggested a  sharp decline ( b e t w e e n  5 9  and  
89%) in white shark num bers betw een 1986 and  2000 [15]. 
Similarly, using sparse sightings da ta  (N = 31) from  Atlantic 
C anada, M cPherson and  M yers [16] estim ated a  3-950 fold 
decrease in white shark population  size betw een 1926 and  1988. 
D ue to studies such as these, evidence o f population  declines in 
o ther regions a round  the w orld (e.g., [18-19]), an d  their iconic 
and  charism atic nature, white sharks have been  afforded some of 
the highest level o f protection  o f any elasm obranch. For exam ple, 
they have been  listed on  the appendices o f T h e  U nited  Nations 
C onvention on Law o f the Sea (LTNCLOS), the C onvention on 
In ternational T rade  in E ndangered  Species o f W ild F auna and  
F lora (CITES), and  the C onvention for the Conservation o f
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M igratory  Species (CMS). T h e  W orld  Conservation U nion 
(IUCN) currently  lists the white shark globally as ‘V ulnerab le’ 
[20]. In  the NW A, T he C om m ittee on  the Status o f E ndangered  
Wildlife in C an ad a  (C O SEW IC ) has recom m ended  th a t white 
sharks be listed as “E ndangered ,” an d  they have been  listed as a 
proh ib ited  species (i.e., no com m ercial or recreational harvest) in 
U S waters since 1997 [21]. D ue to these conservation concerns, 
and  the high uncertain ty  associated w ith previous studies [15-16], 
there  is a  need to bette r understand  the historic an d  cu rren t status 
o f  white sharks in  the NW A, incorporating  as m uch  reliable data  
as possible.

Despite recent advances in field research on white sharks in 
several regions a round  the w orld (e.g., [22-23]), opportunistic 
capture  and  sighting records rem ain  the prim ary  source of 
inform ation on this species in the N W A [14,16,24—25]. This is 
due to their sparse distribution and  a  historic lack o f discrete 
coastal aggregation sites in this region. Casey and  P ra tt [24] 
provided a  qualitative assessment o f the distribution o f N W A white 
sharks, bu t this study took place before the significant expansion in 
the 1980s o f directed large coastal shark fisheries in the U S 
A dantic  (e.g., [26-27]). W hite sharks were found to range from 
N ew foundland, C an ad a  to the G ulf o f  M exico and  no rthern  
C aribbean  Sea, bu t were m ost frequently encountered  from  the 
G ulf o f M aine south to C ape H atteras, N orth  C arolina [24], T hey 
have been considered only occasional visitors to the w arm er w aters 
off the southeastern U S and  G ulf o f M exico [24,28-31].

H erein , we report on  the patterns o f distribution an d  relative 
abundance o f w hite sharks in the NW A  region based on a 
com prehensive com pilation o f historic an d  recen t white shark 
capture  and  sighting records. A variety o f fishery-dependent and  - 
independent sources were synthesized, resulting in the largest 
white shark dataset yet com piled from  this region. W e provide a 
robust description o f their historical abundance trends, spatio- 
tem poral distribution, fishery interactions, and  essential habitats. 
This updated  inform ation will im prove the conservation and  
m anagem ent o f w hite sharks regionally and  internationally, and  
provide a  new  baseline for future studies.

M ethods

W hite shark occurrence records w ere collected from  num erous 
sources, including landings data, com m ercial fishery observer 
program s, recreational to u rnam en t inform ation, scientific research 
surveys, com m ercial and  recreational fishermen, collaborating 
scientists, new spaper articles, personal com m unications, an d  the 
scientific literature ([14,24] and  references therein, [25,31-33]). 
D ue to species m isreporting problem s in the pelagic longline 
fishery [17], logbook records from  this fishery were considered 
unreliable an d  excluded. T h e  data  in each record  typically 
included date, location, m easured  or estim ated shark total length 
(TL), an d  capture  gear (unless a  visual observation). Lengths 
estim ated a t greater than  6 m  were considered unreliable [34], 
W here lengths were reported  in fork length, conversion to T L  was 
perform ed using the form ula in K ohler et al. [35]. Based on 
published length-at-age an d  length-at-m aturity  estim ates [7-8,36], 
sharks were classified as neonate (< 1 .5  m  TL), young-of-the-year 
(YOY, < 1 .7 5  m  TL), juvenile (1 .75-3.79 and  1.75—4.5 m  T L  for 
m ales and  females, respectively), o r m ature  (> 3 .7 9  an d  > 4 .5  m  
T L  for males and  females, respectively). Some records had  m ore 
com plete da ta  including shark weight, sex, stom ach contents, 
photographs, w ater tem peratu re, depth, o r o ther observations. All 
records were given a subjective reliability ranking o f A, B, C, o r F 
similar to th a t described by Casey and  P ra tt [24] and  Skom al et al. 
[14], R ecords receiving a  low ranking o f C or F, in w hich the

identification o f the w hite shark seem ed suspect, could no t be 
corroborated , a n d /o r  lacked photographic  evidence, were exclud­
ed from  the analysis.

Distribution analysis
All records were analyzed w ith reference to spatial an d  tem poral 

patterns o f  presence, as well as bo ttom  depth  and  sea surface 
tem perature  (SST), w hen recorded. If  no t reported, white shark 
sighting locations (latitude and  longitude) were assigned where 
possible. D a ta  were plo tted  using G eographic Inform ation System 
(GIS) software (ArcGIS v. 10.0, E SR I, R edlands, California). 
Bottom  dep th  was subsequendy assigned to each observation by 
m atching the position to E T O P O l O cean  R elief M odel bathym ­
etry in A rcG IS . T o  investigate seasonal changes in  distribution, 
year was divided into four seasons: w inter (January through 
M arch), spring (April th rough  June), sum m er Ju ly  through 
Septem ber), and  fall (O ctober th rough  Decem ber). D ue to the 
inheren t lim itations o f using presence-only inform ation where 
observation effort and  detectability are unknow n, raw  positions 
were simply m apped  in their corresponding season, an d  no 
quantitative species distribution m odels were applied. In  o rder to 
visualize shark distribution relative to typical SST  conditions in the 
region, seasonal shark positions were overlaid on satellite-based 
4 km  A dvanced V ery H igh R esolution R adiom eter (AVHRR) 
Pathfinder v.5.0 Seasonal Climatologies, averaged from  1985— 
2001 (National O ceanographic D a ta  C enter/U n iversity  o f M i­
ami).

Trends in abundance
M ultiple historic an d  cu rren t data  sources were exam ined for 

the presence of w hite sharks. O f those exam ined, we determ ined 
th a t only four data  sources contained adequate inform ation to 
estim ate white shark trends in abundance for the NW A. Longline 
catch da ta  w ere obtained from  two sources: fishery-independent 
longline surveys conducted  by the N M FS N ortheast Fisheries 
Science C enter (NEFSC) and  its predecessor agencies betw een 
1961 and  2009 [37-38] and  the observer p rogram  of the directed 
shark bottom  longline fishery from  1994-2010 [26,39]. D ata  
collected by the N M FS N EFSC  at five recreational fishing 
tournam ents from  1965 to 1996 (white sharks were listed as a 
N M FS proh ib ited  species in 1997) were also used in this study. 
T h e  tournam ents were based ou t o f New Y ork (Bayshore M ako 
T ournam en t, M ontauk  M arine Basin Shark T ag  T ournam en t, 
and  F reeport H udson  Anglers, Inc. Shark T ournam ent) and  New 
Jersey  Jersey  C oast Shark Anglers Invitational Shark T ou rn am en t 
and  South  Jersey  Shark T ournam ent). T h e  final da ta  source 
included sightings and  capture records o f white sharks in the N W A 
from  1800-2010 [14,24], excluding records from  the previous 
three  tim e series, recent directed sightings effort, and  accounting 
for historical d irected effort leading up to and  direcüy following 
the publication o f the first com prehensive N W A  white shark 
distribution paper [24], H istorical directed sightings effort was 
rem oved from  the sightings tim e series during  the late 1970s 
th rough  the 1980s based on  the original datasheet notations and  
knowledge o f the persons collecting the da ta  during  th a t time, 
resulting in an  80% reduction  in these sightings records (Figure 
SI). Following initial analyses o f the sightings data, additional 
sightings records in the vicinity o f M onom oy Island, M assachusetts 
were rem oved in recent years for tren d  com parisons w ith respect 
to the increase in sightings near a  grow ing population  o f gray seals 
(Halichoerus grypus) in th a t a rea  [14],

D ue to excess zero observations in the observer data, the 
fishery-independent longline surveys, an d  the to u rnam en t data, we 
used a m ixture o f a  Bernoulli d istribution (with a  p o in t mass o f one
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at zero) for p resence /absence  da ta  an d  a  Poisson distribution for 
count da ta  (including zeros) in a  zero-inflated Poisson (ZIP) 
m ixture m odel [40-41] to develop standardized indices o f 
abundance. A num ber o f param eters were considered as potential 
covariates affecting the p resence/absence of white sharks a n d /o r  
the white shark catch  per set o r tournam ent. For the N EFSC 
longline surveys, the variables available for consideration were 
year, season, depth, SST  (< 10°C , 10-14°C , 15-19°C , 20-24°C , 
> 2 5 “C), latitude, target (coastal shark, pelagic shark, pelagic 
inshore), bait type (teleost, elasm obranch, mixed), gear fishing on 
the bo ttom  or up  in the w ater colum n, leader type (wire, 
m onofilam ent, mixed), hook num ber, and  soak tim e. Variables 
available for the N E FSC  tou rnam en t database were year, 
tournam ent, num ber o f boats, num ber o f days fished, and  area  
(N't', NJ). For the observer program , the variables available for 
consideration were year, season, tim e of day, depth, a rea  (Gulf o f 
M exico, southern Atlantic), hook type (small, m edium , large, 
other), ba it type (clupeid, elasm obranch, teleost, tuna, other), hook 
num ber, and  research fishery participation  (A m endm ent 2 to the 
2006 C onsolidated Ffiglily M igratory  Species Fishery M anage­
m ent Plan established a scientific research fishery in 2008 to gather 
inform ation on Carcharhinus plumbeus). Stepwise forw ard m odel 
selection was used to determ ine w hich variables to re ta in  in all 
final m odels based on the Akaike inform ation criterion (AIC) and  
given a likelihood ratio  test betw een the chosen m odel an d  the null 
m odel (intercept only) p roduced  a test statistic value close to zero 
(^0 .01) [42-43]. All m odels re ta ined  “year” in o rder to develop 
annual indices o f  abundance. Residual plots were used to
determ ine the adequacy o f m odel fits [43].

T hese standardized indices o f abundance were then  analyzed 
using a  h ierarchical fram ew ork to estim ate a  single tim e series o f 
relative abundance [44], This approach  allows for the com bina­
tion o f multiple tim e series w ith differing lengths that do not all 
overlap in tim e [44], T he h ierarchical approach  developed by 
C onn  [44] assumes that each index is m easuring relative 
abundance and  is subject to bo th  process erro r and  sam pling 
error, the latter o f  w hich is presum ably cap tu red  by the 
standardization process used to develop the indices o f abundance. 
T h e  indices (standardized to their means) an d  coefficients o f 
variation were used in the hierarchical analysis to estim ate
individual index process error, assum ing a  lognorm al erro r 
structure, and  a  hierarchical index o f abundance [44]. T he 
h ierarchical analysis was conducted  in a  Bayesian fram ew ork using 
the same set o f p rio r distributions as described by C onn  [44] and  
used for o ther shark species for stock assessment purposes [45].

A nnual w hite shark sightings were m odeled using the approach  
developed by M cPherson an d  M yers [16] to exam ine population 
trends from  observational data. T his m ethod  extracts the 
abundance tren d  in relative term s by fitting a  series o f generalized 
linear m odels to the difference in the count data  betw een two 
points in tim e (difference betw een the m ost recent tim e point and  
any reference date) using a Poisson distribution and  guards against 
sensitivity to unusually high or low counts by  varying the reference 
period  used to derive the count differences [16], T h e  estim ated 
tren d  in  relative abundance can then  be viewed by plotting the 
m agnitude o f change in the num ber o f reported  sightings by  year 
in log-space. Resulting values larger th an  1 suggest an  overall 
declining trend  in abundance, values o f 1 suggest a  stable
population, an d  values less than  1 suggest an  overall increasing
tren d  in abundance. This approach  was used on  the sightings data  
for m ultiple tim e frames. T h e  sightings data  were analyzed given 
any reference year from  1800 to 2008, 1950 to 2008, 1960 to 
1986, and  1990 to 2008. Sensitivity analyses were conducted  
assum ing changes in observation effort had  either increased or

decreased by 25%  and  50%  [16], All analyses were conducted  
using the R  p rogram m ing  environm ent [46].

Results

W e com piled a  total o f 649 verified w hite shark records from  the 
NW A  during  the period  1800-2010. W hile the records date as fat- 
back as 1800, 94% occurred  since 1950. O f  these, 596 records had  
sufficient da ta  (i.e., date and  location) for seasonal distribution 
analysis and  433 were included in relative abundance tim e series 
runs (excluding directed effort, N  = 200, and  sightings w ith no 
associated year, N  = 5).

Sex o f the shark was confirm ed in 297 records and  included 148 
males and  149 females. Sharks that were accurately m easured 
(N = 279) ranged  in length from  1.22-5.63 m  T L . An additional 
259 records included estim ated lengths, w hich we rounded  down 
to the nearest m  T L  (1-9 m  TL) (Figure 1). T h e  records 
collectively included 124 YO Y, 310 juveniles, an d  104 m ature  
sharks. W hile some white sharks were reported  a t estim ated 
lengths exceeding 9 m, these estim ations were considered unreli­
able. T he largest shark considered accurately m easured was a 
female specim en landed  on Prince E dw ard Island, C an ad a  in 
August 1983, w hich m easured 5.26 m  fork length (5.63 m  TL).

Gear interactions
C onfirm ed gear interactions represented  66%  (404) o f  the white 

shark records compiled, including bo th  targeted  an d  incidental 
catches. Forty-one percen t o f these records were derived from 
recreational rod  and  reel fishing (Figure 2). Am ongst the 
rem aining gear types, white sharks were m ost frequently captured  
by fishery-dependent (13%) and  -independent (11%) longline gear 
(bottom  and  pelagic), harpoon  (11%), and  gillnet (11%, sink and  
drift), w ith fewer num bers caught in trawls (8%) and  fish w eirs/ 
traps (4%, Figure 2). T h e  practice o f harpooning  large white 
sharks, responsible for the m ajority (33%) o f m ature  white shark 
captures, was m ore prevalent p rio r to 1980, and  has been 
uncom m on since 1997 w hen white sharks were proh ib ited  from 
com m ercial and  recreational harvest. Since 1985, fishery-depen­
den t longline gear (40%) dom inated  reported  w hite shark captures 
with rod  an d  reel captures dropping  to 35% . W ithin com m ercial 
fisheries (1985-2009), longline (60%) and  gillnet (17%) have been 
the p rim ary  sources o f incidental captures reported, and  these 
gears p redom inantly  catch im m ature  sharks (Figure 2). R ecrea­
tional rod  and  reel fishing accounted  for 28%  o f the m ature  white

1 2 3 4  5 6 >6
Total Length (m)

Figure 1. W hite shark lengths. Length frequency o f w hite sharks 
from th e  w estern North Atlantic (N = 538). These data include lengths 
from accurately m easured specim ens (N = 279), as well as estim ated  
lengths, rounded dow n to  the  nearest m. 
doi:10.1371/journal.pone.0099240.g001
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Figure 2. W hite shark gear interactions. R eported fishery- 
d e p en d en t and fishery-independent gear interactions with w hite sharks 
by life stage in th e  NWA, 1800-2009 (N = 390). 
doi:10.1371/journal.pone.0099240.g002

sharks landed, w ith 72% o f these cap tured  betw een 1960 and  
1990. M ost o f these landings occurred  betw een Long Island, New 
York, and  M assachusetts. How ever, juvenile white sharks (includ­
ing YOY) were also frequently caught by rod  and  reel fisherm en 
(Figure 2) targeting o ther large gamefish along the LTS coast.

Seasonal distribution
T h e  range o f white shark occurrence extended from  the north  

coast o f  N ew foundland (51" N) to as far south as the British V irgin 
Islands (18" N), as far east as the G ran d  Banks (50" W) and  
B erm uda (65" W), to as far west as the coast o f Texas in the G ulf o f 
M exico (97" W , Figure 3). W hile this overall distribution is quite 
broad , 90%  of white sharks occurred  along the LTS coast betw een 
22° 00’ and  45° 30’ N  (100% YO Y, 86% juvenile, 89% m ature). 
T h e  center o f  distribution was in southern N ew  England and  the 
M id-Atlantic Bight (between 35" 00’ and  42" 00’ N), w here 66% of 
white sharks occurred  (97% Y O Y , 54% juvenile, 70% m ature).

W hite sharks o f all size/age classes w ere present in continental 
shelf waters th roughout the year. H ow ever, there w ere consider­
able differences in distribution across seasons (Figure 3). D uring 
w inter m onths, white sharks (2% YO Y, 75% juvenile, 27% 
m ature) were prim arily  distributed off the southeastern LTS and  in 
the G ulf o f M exico (Figure 3a). O nly one Y O Y  white shark was 
cap tured  during  the w inter m onths. This shark m easured 1.64 m 
T L  an d  was cap tured  off N orth  C arolina  in Ja n u a ry  1996. T he 
m edian latitude o f occurrence during w inter m onths ranged  from 
~  2 8-31" N  (Figure 4). No white sharks were reported  no rth  o f 
C ape H atteras (~ 3 5 ° N) during  w inter (Figure 3a). Focal areas o f 
w inter occurrence were identified off the northeast coast o f Florida 
(smaller juvenile th rough  m ature-sized individuals), off the Florida 
Keys (larger juvenile and  m ature  sharks), an d  offshore o f T am p a  
Bay (smaller juvenile th rough  m ature  sharks) in the eastern G u lf o f 
M exico (Figure 3a).

D uring  spring m onths, there  was a  clear expansion northw ard  
(Figure 3b, Figure 4). W hite sharks (28% YO Y, 50%  juvenile, 22% 
m ature) occurred  widely along the coast, mostly betw een the 
eastern G ulf o f M exico and  the New York Bight (waters off the LTS 
Atlantic coast from  C ape M ay Inlet in New Jersey  to M ontauk 
Point in Long Island, N ew  York, Figure 3b). M edian  latitude of

occurrence shifted dram atically  across spring m onths, from  28" N  
in April to 40" N  in Ju n e  (Figure 4). T h e  northernm ost 
occurrences during  this period  typically occurred  in late spring 
(May an d  June) (Figure 4) and  the m ajority were large juvenile and  
m ature  sharks.

By sum m er, white sharks (23% YO Y, 47%  juvenile, 30% 
m ature) appeared  largely absent from  southern coastal waters, 
occurring prim arily  in the M id-Atlantic Bight, New England, and  
C anad ian  waters (Figure 3c). O nly  a  few w hite sharks (mature) 
have been reported  from  south o f C ape H atteras during sum m er 
(Figure 3c). M ost records were centered  from  the New Y ork Bight 
eastw ard and  no rth  to C ape Cod. W hite sharks, predom inately 
large juvenile an d  m ature  individuals, appear to reach the most 
no rth ern  portions o f their NW A  range (Newfoundland, G u lf o f St. 
Lawrence) during  August (Figure 4), bu t the m edian latitude of 
occurrence for all life stages rem ains a round  40-41" N  throughout 
the sum m er (Figure 4).

Y O Y  sharks were m ost frequently encountered  during  sum m er 
betw een the central coast o f  New Jersey  an d  M assachusetts Bay. 
How ever, m ost Y O Y  shark observations (64%) were concentrated  
in the N ew  Y ork Bight betw een G reat Bay, New Jersey, and  
Shinnecock Inlet, Long Island, New York. N eonate-sized white 
sharks (N = 46) were docum ented in this a rea  betw een Ju n e  and  
O ctober (85% in June-A ugust). M ature-sized female w hite sharks 
were also docum ented  from  this region during  sum m er m onths, 
bu t no gravid o r post-partum  females w ere exam ined.

W hite sharks (15% YO Y, 64%  juvenile, 21% m ature) rem ained 
in no rthern  latitudes into the fall (Figure 3d), bu t appeared  to 
begin a  southw ard transition in N ovem ber and  D ecem ber 
(Figure 4). Sim ilar to spring m onths, w hite shark occurrence was 
broadly distributed along the coast betw een New England and  the 
east coast o f Florida (Figure 3d). T h e  largest shift in  m edian 
latitude occurred  betw een N ovem ber (42° N) and  D ecem ber (34° 
N, Figure 4).

Habitat Use
W hile environm ental observations w ere lim ited th roughout this 

da ta  set, some patterns o f hab ita t use were identified. D epth  
distribution data  (N = 564) indicated that white sharks were 
p redom inantly  encountered  over continental shelf waters (<  
200 m, Figures 3 and  5a). O ver 92% o f observations occurred 
in waters < 1 0 0  m  deep, and  the m edian reported  dep th  at 
occurrence was 30 m  (mean ± 1  SD = 6 9 ± 2 3 5  m). O nly  23 
observations occurred  in deeper waters off the continental shelf, 
however, m any  of these were still relatively close to shore (e.g., off 
the Florida Keys, Figure 3). For Y O Y  (N = 102), juvenile 
(N = 265), and  m ature  (N = 125) sharks, the m edian dep th  at 
occurrence was 32 m  (m ean ±  1 SD = 32 ±  19 m), 26 m  (mean ±  1 
SD = 4 5 ± 7 4 m ) ,  and  50 m  (mean ± 1  SD = 8 9 ± 1 9 0 m ) ,  
respectively; indicating a potential increase in the use o f deeper 
waters by white sharks w ith increased size/age.

W hite sharks were cap tured  in SSTs (N = 124) o f 9-28"C  
(m ean ± 1  SD 18.3 ' 3.5 ( . For Y O Y  (N = 26), juvenile 
(N = 68), an d  m ature  (N = 21) sharks, the m edian reported  SST 
at occurrence was 19.5"C (m ean ± 1  SD = 19.0±1.9"C ), 18"C 
(m ean ± 1  SD = 18.1±3.5"C ), an d  16"C (m ean ± 1  SD 
= 17.7±4.6"C ), respectively. O ver 80% o f observations with 
tem perature  inform ation were betw een 14 and  23"C (Figure 5b). 
Additionally, analysis o f the N EFSC  longline survey database 
suggested a  preference for a  similar SST range (see T rends in 
A bundance section).

PLOS ONE I www.plosone.org 4 June 2014 | Volume 9 | Issue 6 | e99240

http://www.plosone.org


FALL
SST (°C)

SUMMER
SST (°C)

High : 35

0 600 Kilometers

WINTER
SST (°C)

Atlantic
Ocean

0 600 Kilometers

White Shark Distribution and A bundance

SPRING
SST (°C)
_  High: 35

Low : 0

0 Berm uda

0 600 Kilometers

N

A

90°0’0"W 80°0'0"W 70°0’0"W 60°0'0"W 50°0'0"W

Figure 3. W hite shark seasonal distribution. Distribution of w hite shark presence records (white circles) in the  NWA during (a) winter, (b) spring, 
(c) sum m er, and (d) fall. Positions are overlaid on seasonal average SST conditions (1985-2001). The 200 m bathym etric contour is displayed to 
d e l in e a te th e e d g e o f th e c o n t in e n ta ls h e lf .e e  = Cape Cod, NYB = New York Bight, CH = Cape Hatteras, FL = Florida, GOM = Gulf o f Mexico, and 
CS = Caribbean Sea. 
doi:10.1371/journal.pone.0099240.g003

Trends in Abundance
T h e  best fit m odel for the NEFSC! longline surveys indicated 

that bo th  the p resence/absence and  n um ber o f sharks pe r set were 
prim arily  influenced by soak time. T here  was a h igher likelihood 
of catch  w ith longer soak times, bu t within the positive catch  sets, 
the longest soak times p roduced  fewer white sharks, possibly due to 
bite offs (observed severed leaders) a n d /o r  predation . T he 
p resence/absence o f white sharks in the N E FSC  longline surveys 
was also influenced by SST  w ith a h igher likelihood of catch in the 
15— 19°C! and  20—24°C! tem peratu re  categories. D epth  also 
influenced catch p e r set w ith h igher catch  rates in shallower 
depths. T h e  p resence/absence o f a white shark at sam pled 
tournam ents was influenced by tournam en t location, w ith a higher 
likelihood o f catching a white shark during  one o f the tournam ents 
based out o f N ew  Jersey  during  the reported  sam pling time frame. 
For the observer p rogram , the p resence/absence o f white sharks 
was prim arily  influenced by area fished and  effort (num ber of 
hooks); catch  p e r set was also influenced by area fished as well as 
season (highest catches off the Atlantic coast of Florida during  the 
winter).

Both standardized indices o f relative abundance for the NEFSC! 
longline surveys and  the tournam en t data show decreasing 
estimates over tim e until the end of tournam en t time series, w hen 
white sharks were prohibited. T h en  the NEFSC! longline index 
appears to increase based on best fit regression models o f the data 
(Figure 6). T h e  second order polynom ial trend  line estim ated for 
this time series fits w ith our knowledge o f the survey da ta  in that 
the Z IP  m odel could no t provide estimates for several zero catch 
years during  the m id to late 1990s and  into the early 2000s. T he 
observer index, which started after the im plem entation  o f the first 
shark fishery m anagem ent p lan  in 1993, has an overall increasing 
trend  in relative abundance throughout the time series, despite the 
large peak in the early 2000s, w hich the standardization process 
could no t account for (Figure 6).

T he h ierarchical trend  com bining all three indices, although 
slightly m asked by the large credible intervals for the index, shows 
historically h igher abundances during  the 1960s and  into the mid- 
1970s w ith a declining trend  into the late 1980s and  then  begins a 
gradual increasing trend  through  the rem ainder o f the time series 
(Figure 7). D uring  the m id-1970s and  throughout the 1980s, white
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shark relative abundance had  declined betw een 27 and  86% , with 
a  m edian  value o f 73% . T h e  m ost recent year in the tim e series 
(2010) shows only a 31%  decline in white shark abundance from 
its historical abundance estim ate in  1961. Estim ates o f process 
erro r show the three  indices perform ed reasonably well for white 
shark abundance and  values were similar across indices (indices’ 
process standard  deviation estimates ranged  from  0.405-0 .457, 
Figure S2).

Excluding the tim e series analyzed separately an d  directed 
effort, a  total o f 346 white sharks were sighted betw een 1800 and  
2009 (Figure 8a), w ith over 86% (299) o f the sightings occurring 
betw een 1950 and  2009 (Figure 8c). Ehider the assum ption o f no 
change in observational effort, the sightings m odel estim ated that 
there  was an  overall increasing tren d  (all estim ated values less than  
1) in the NW A  white shark population  since the 1800s, most 
notably during  the beginning o f the tim e series th rough  the 1950s 
and  during  m ore recent years (Figure 8b). A closer look a t the 
relative abundance tren d  starting in the 1950s, reveals that even 
though the change in m agnitude from  any reference year betw een 
1950 and  2008 to the term inal year in 2009 results in an  increase 
in relative abundance (m agnitude o f change < 1), there still 
appears to be a  declining trend  during  the 1970s into the m id 
1980s (Figure 8d). Sensitivity analyses estim ating 25 an d  50% 
increases and  decreases in observation effort clearly increases the 
uncertain ty  surrounding the estim ates o f change in  abundance, 
bu t the overall tren d  rem ains the same. Analysis o f the sightings 
da ta  with a  term inal year o f 1987 reveals an  estim ated 2-4-fold 
(m edian estim ate = 2.71, 63% decline) decrease in the population 
since any reference year betw een 1970 and  1986 (Figure 9). I f  we 
reduce the observational effort by 25% an d  50% , it reduces the 
estim ated decline during  the 1970’s into the m id  1980’s to 51% 
and  26% , respectively (m edian estim ates = 2 .0 2  and  1.36, 
respectively, Figure 10). A 98% reduction  in observational effort 
is needed to avoid a  decline in abundance during  that tim e fram e 
(model estim ates and  confidence bounds consistently drop  below 
1). D uring  the 1990s, the relative abundance trend  appears to 
stabilize an d  then  begins an  increasing tren d  during  the 2000s 
until the end of the tim e series (Figures 8b, 8d). This overall 
increasing tren d  in relative abundance during  the end of the time 
series is re ta ined  w hen assum ing 25 an d  50% increases and  
decreases in observation effort (Figures 8b, 8d).
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Figure 5. W hite shark habitat use. Distribution of (a) bottom  
d ep th s (N = 564) and (b) SST (N = 124) associated with NWA white shark 
captures/sightings.
doi:10.1371/journal.pone.0099240.g005

A com parison o f abundance trends betw een the hierarchical 
and  sightings m ethods reveals a  strikingly similar p a tte rn  except at 
the end o f the tim e series, w here the sightings tim e series has a 
m uch steeper increase in  abundance (Figure 10). R em oval o f white 
shark sightings from  the sightings da ta  during  the 1990s and  2000s 
a round  a  growing gray seal colony on M onom oy Island still 
provides an  increasing trend, bu t an  overall smaller m agnitude of 
change and  results in  a  m ore gradual slope that is m ore in  line with 
the tren d  estim ated for the h ierarchical index (Figures 10, 11).

Discussion

This study represents the m ost com prehensive synthesis o f data  
on  N W A  white sharks to date, and  significantly updates previous 
reviews [24—25]. In  general, the white shark rem ains an 
uncom m on and  sparsely distributed p red ato r in the NW A. 
How ever, by  com bining over two centuries w orth  o f  observations 
the results have provided new  insights into population  and  
distribution trends along the east coast o f N orth  Am erica.

S easona l  D is tribution a n d  H ab ita t
T h e  use o f presence-only da ta  for describing species distribu­

tions has inherent lim itations (e.g., [47]). Results m ay be biased by 
spatial and  tem poral variability in observation effort, detectability,
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and  catchability [16,47]. H ow ever, presence records from  captures 
and  sightings are often the best source o f baseline inform ation on 
com paratively uncom m on m arine species like the white shark 
[10,24,48-49], Since the m ajority o f our records were derived 
from  fisheries interactions, patterns in fishing effort and  gear over 
space an d  tim e should partially account for the patterns we have 
described. O ne im portan t bias is th a t the occurrence o f adult white 
sharks in our dataset is likely underestim ated due to the fact that 
these large individuals can m ore easily escape en tanglem ents/ 
hooking in fishing gear.

Since m ost fishing effort an d  boating  activity in the N W A occurs 
over continental shelf waters, encounter rates w ith white sharks 
m ay be biased tow ard the coasts. Therefore, w hite shark 
occurrence in offshore waters m ay be underrepresen ted  in this 
analysis. T h e  only fishery likely to encounter white sharks in 
offshore waters is the pelagic longline fishery, w hich targets tunas

6
5

4

3

2

1

0
1960 1980 2000

Year

Figure 7. W hite shark relative abundance trend. Time series of 
w hite shark relative abund an ce  in th e  NWA as estim ated  from 
hierarchical analysis. The continuous black line gives th e  posterior 
m ean, and the  shaded area represents a 95% credible interval ab o u t the  
tim e series. The red line is th e  estim ated  trend based on locally 
w eighted  polynomial regression using the  LOWESS sm oother. 
doi:10.1371/journal.pone.0099240.g007

and  swordfish, bu t regularly incidentally captures pelagic shark 
species including silky {Carcharhinus falciformis), dusky (C. obscurus), 
oceanic whitetip (C. longimanus), and  blue (Prionace glauca) sharks 
[15,50], H ow ever, the occurrence of white sharks in this offshore 
fishery appears to be  extrem ely low [24,50-51]. W e agree w ith the 
assertions o f Burgess et al. [17] that the 6,087 white sharks 
reported  in pelagic longline fishery logbooks according to B aum  et 
al. [15] were p robably  not in fact Carcharodon carcharias, and  these 
records should not be  used to infer distribution o r abundance 
patterns for this species. G iven the occasional reports o f white 
sharks from  offshore waters beyond the continental shelf, including 
their docum ented  occurrence in B erm uda waters [33] an d  recent 
satellite tracking da ta  (GBS, unpublished data), further observa­
tions, stable isotope analyses, a n d /o r  advanced technology tagging 
studies are needed to provide a  greater understand ing  o f their use 
o f  offshore habitats in this region.

In  the absence o f seasonal shifts in shark distribution, fisheries 
w ould be  expected to have fairly equal probability  o f encountering  
white sharks across the year th roughout their range. H ow ever, this 
was no t the case for several fisheries, as encounters were unevenly 
distributed across seasons. For exam ple, despite observer coverage 
for the m ajority o f the year in the shark bo ttom  longline fishery 
[26,39], no white sharks were encountered  during  sum m er m onths 
off the southeast US. Likewise, catch an d  observer records in 
com m ercial trawl an d  gillnet fisheries off N ew  England and  
C an ad a  prim arily  docum ented  white sharks during  sum m er 
m onths, despite year-round  fishing activity and  observer coverage 
(NM FS N ortheast Fisheries O bserver Program , unpublished data). 
These trends appear to support the seasonal north-south 
distribution shift o f  the N W A  white shark population, despite 
the lim itations o f  using presence-only inform ation. This north-in- 
sum m er, south-in-w inter distributional p a tte rn  is typical o f 
num erous tem perate, coastal, m igratory fishes in the northern  
hem isphere (e.g., [52-53]) and  white shark m igrations from 
tem perate to subtropical waters have also been  docum ented  off the 
west coast o f the LTnited States and  M exico [54—55] an d  off the 
Pacific coasts o f Australia and  New Z ealand  [56-57].
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Figure 8. Tim e series of white shark sightings, (a) Num ber o f annual w hite shark sightings reported  in the  NWA from 1800 to  2009. (b) 
Estimates o f relative change in abundance  (filled circles) with 95% credible intervals (dashed lines) for any reference year be tw een  1800 and 2008 
assum ing no change (black plot), a 50% increase (red plot), and a 50% decrease in observation effort, (c) Num ber of annual w hite shark sightings 
reported  in th e  NWA from 1950 to  2009. (d) Estimates o f relative change in abundance  (filled circles) with 95% credible intervals (dashed lines) for any 
reference year be tw een  1950 and 2009 assum ing no change in observation effort (black plot), a 25% and 50% increase in observation effort (green 
and red plots, respectively), and a 25% and 50% decrease in observation effort (blue and purple plots, respectively). 
doi:10.1371 /journal, pone.0099240.g008

C onsistent with previous studies on white sharks (e.g., 
[18,24,31]), tem perature  appears to exert a  significant influence 
on distribution, an d  is likely a key m igratory cue in the region. T he 
seasonal m ovem ent o f  the white shark population  up and  down 
the Atlantic coast o f N orth  Am erica, an  average shift o f 
approxim ately 12" o f  latitude (28-40" N, Figure 4), allows white 
sharks to rem ain  w ithin an  apparently  preferred  SST range o f 
~ 1 4 —23"C. Given their com paratively large body mass and  
endotherm ie capabilities [58], this relatively narrow  tem perature

.1

1950 1960 1970 1980 1990
Reference Year

Figure 9. W hite shark relative decline in abundance. Estimates of 
relative decline in abundance  (filled circles) with 95% credible intervals 
(dashed lines) for any reference year betw een  1960 and 1986 assum ing 
no change in observation effort (black plot), a 25% and 50% increase in 
observation effort (green and red plots, respectively), and a 25% and 
50% decrease in observation effort (blue and purple plots, respectively). 
Note th a t the  scale for the  y-axis has been reversed w hen com pared to 
Figure 8 to  visualize th e  declining trend in abundance during this tim e 
period.
doi:10.1371 /journal.pone.0099240.g009

range does no t define the white shark’s therm al tolerance which 
extends from  at least 3 -28"C  [55,59-60], but it does appear to 
largely define the bounds o f  their seasonal latitudinal range in this 
region. T herefore, while tem perature  m ay drive seasonal distri­
bu tion  shifts, the selection o f  specific sum m er and  w inter habitats 
is likely based upon  environm ental characteristics secondary to 
tem perature  (e.g., prey  availability).

T h e  relatively b ro ad  sum m er focal area  for white sharks 
betw een the coasts o f New Jersey  and  M assachusetts likely include 
im portan t foraging areas across life stages. Y O Y  an d  juvenile 
w hite sharks, w hich were m ore prevalent in the N ew  York Bight 
region during  sum m er, w ould have access to a  wide variety o f 
dem ersal and  pelagic teleosts an d  elasm obranchs for prey  [24], 
T h e  waters less than  50 m  deep on the b road  continental shelf in 
the New York Bight a rea  m ay represent p rim ary  nursery habita t 
for Y O Y  white sharks [24], T h e  seasonal peak in the presence o f 
neonate-sized sharks suggests th a t partu rition  m ay occur near this 
a rea  betw een M ay an d  August. W hite shark nursery hab ita t has 
also been identified in other regions along continents w here larger 
expanses o f shelf hab ita t exist [56,61],

Large white sharks (> 3 .0  m) tend  to preferentially feed upon 
m arine m am m als including pinnipeds, small cetaceans, an d  large 
whale carcasses [10,18,62-63], Since p inn iped  populations in the 
N W A  have been  severely depressed th roughout m ost o f  the last 
century  [64], confirm ed predations on seals (Phoca vitulina, 
Halichoerus grypus) have been  rare  until very recently [14,32,65]. 
W hale carcasses are thought to be one o f  the m ost im portan t 
sources o f  food for large w hite sharks in this region [66], W hite 
sharks have been  observed scavenging dead whales off New 
E ngland an d  Long Island, N ew York on num erous occasions 
[24,63, 66-67, N M FS unpublished data, JK C  personal observa­
tion), b u t they also supplem ent their diet w ith odontocete whales 
such as the h a rb o r porpoise (Phocoena phocoena) [68-69] an d  fishes
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including tunas (T hunnus spp.), sea robins (Prionotus spp.), 
m enhaden  (Brevoortia tyrannus), hakes (Urophycis spp.), skates 
(Rajidae), bluefish (Pomatomus saltatrix), sm ooth dogfish (Mustelus 
canis), and  o ther shark species ([24], N M FS unpublished data).

D ue to the dynam ic and  broad  distribution o f prey  (i.e., teleosts, 
m arine m am m als) in this region, white sharks m ust forage over a 
b road  area, ra th e r than  at discrete aggregation sites like those off 
California, Australia, or South Africa (e.g., [70—72]). H ow ever, the 
recovery o f NW A  gray seal populations over the last decade [64] 
and their increasing concentrations at specific sites along C ape 
Cod, M assachusetts, appears to be producing  new  localized 
sum m er feeding aggregations for white sharks [14],

1990 1995 2000 2005
Reference Year

Figure 11. Recent trends in white shark relative abundance.
Estimates of relative change in abundance  (filled circles) with 95% 
credible intervals (dashed lines) for any reference year betw een  1990 
and 2008 assum ing no change in observation effort (black plot), a 25% 
and  50% increase in observation  effort (green and  red plots, 
respectively), and a 25% and 50% decrease in observation effort (blue 
and purple plots, respectively) for th e  original sightings tim e series from 
1990 to  2009 (a) and th e  tim e series with sightings th a t occurred near 
M onom oy Island during tha t tim e fram e rem oved (b). 
doi:10.1371 /journal.pone.0099240.g011

A lthough the sum m er distribution o f white sharks in the NW A  
has been described in previous studies [24-25], there has been 
veiy lim ited inform ation on the focal areas for white shark 
occurrence during  w inter m onths. W hite sharks have long been 
thought to be rare and  occasional visitors to coastal waters off the 
southeast US, G u lf o f M exico, and  the no rthern  C aribbean  Sea 
[24,28-31]. H ow ever, the curren t results indicate th a t white sharks 
visit these subtropical waters on a regular basis during the winter. 
T he  m ost notable areas o f repeated  occurrence during  w inter 
m onths are the A tlantic shelf waters betw een southern G eorgia 
and C ape C anaveral, Florida and  G u lf o f M exico shelf waters west 
of T am p a  Bay, Florida for small juvenile th rough  m ature  sized 
individuals, and  A tlantic coastal waters along the Florida Keys for 
larger juvenile and m ature  white sharks.

T h e  reasons why white sharks are draw n to particular 
subtropical areas during  w inter m onths are unclear, bu t they 
likely include im portan t foraging grounds. Analysis o f white shark 
stom ach contents from  this region are extrem ely limited, however, 
docum ented prey  items include dolphins (Delphinidae), sharks 
(Carcharhinidae), red  drum  (Sciaenops ocellatus), sea turtles, and 
squid ([31], A uthors’ unpublished stom ach contents data). 
Historically, white sharks th a t occurred along the Florida Keys 
and  n o rth ern  C aribbean  islands m ay have also preyed upon the 
now  extinct C aribbean  m onk seal (Monachus tropicalis) [73]. Juvenile 
and  adult white sharks have also been observed scavenging upon 
the carcasses o f N orth  A tlantic right whales (.Eubalaena glacialis) in 
the waters off G eorgia and  no rthern  Florida on several occasions
[74], T his area is designated as critical hab ita t for the right whale, 
and  includes their p rim ary  (D ecem ber-M arch) calving grounds
[75]. W hite sharks are no t known to actively prey  upon  healthy 
adult mysticete whales [63,76], bu t it is possible th at they are 
draw n to this area during the right whale calving season in order 
to a ttem pt to prey  upon  calves [74], or scavenge upon  occasional 
carcasses o f adults or calves a n d /o r  whale placentas. Seasonal 
m ovem ent o f white sharks to subtropical calving grounds of 
hum pback  whales (Megaptera nomengliae) has been docum ented  in 
the N orth  and  South Pacific O ceans (e.g., [49,54,57]). Despite the 
unpredictable availability o f large whale carcasses, white sharks 
m ay regularly m igrate to whale aggregation areas for fo rag ing / 
scavenging. T he  particularly  high caloric value of whale b lubber
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tissue [66] makes it an  optim al food choice to help m eet the high 
energetic dem ands o f the endotherm ie white shark [58,63].

In  sum m ary, given the available inform ation on  white shark 
distribution, feeding habits, and  hab ita t use, it appears th a t the 
annual north-south  distribution shift o f  the white shark population 
is driven by a  com bination  o f environm ental preferences an d  prey 
availability. W hite sharks m ove into sum m er feeding areas off the 
northeast U S w hen SST  rises above approxim ately 14°C. T hey 
feed on a  wide variety o f p rey  over a  b ro ad  area, b u t large white 
sharks have been increasingly associated with em erging gray seal 
colonies off M assachusetts in recent years [14], As tem peratures 
decline during  the fall, the shark population  shifts southward, 
eventually reaching putative foraging grounds off G eorgia and  
Florida. W hite sharks have been docum ented to occur on 
continental shelf waters th roughout the year, and  m ay m igrate 
along the A dantic  coast ra th e r th an  regularly m oving into offshore 
pelagic waters, as they do in the eastern N orth  Pacific (e.g., [54— 
55]). T h e  sparse observations in M id-A tlantic waters betw een 
M aryland and  South  C arolina for all life stages suggest this stretch 
o f coast m ay be a  m igratory corridor, connecting n o rth ern  and  
southern feeding areas. How ever, prelim inary satellite tracking 
da ta  from  this region suggest th a t some individuals m ay also spend 
considerable am ounts o f tim e beyond the continental shelf (CBS, 
unpublished data). M ore observations, tagging, and  telem etry 
studies are necessary to shed m ore light on  these patterns.

Abundance Trends and the Status of NWA White Sharks
T h e  results o f our relative abundance analyses offer a  m ore 

optim istic outlook for NW A  white sharks than  previous reports 
[15,16]. C onsistent with previous analyses, significant declines 
(63-73% ) th rough  the 1970s and  1980s were identified, bu t 
previously undocum ented  positive trends were p resent in available 
tim e series since the early 1990s. T h e  h ierarchical m ethod, 
allowing the com bination o f m ultiple tim e series th a t did no t all 
overlap in time, had  the largest am o u n t o f uncertain ty  associated 
with its estim ated tren d  of relative abundance. D uring  sim ulation 
testing of the h ierarchical m ethod, C onn  [44] reported  th a t the 
credible intervals for the h ierarchical index w ere frequendy w ider 
th an  nom inal for all sim ulation scenarios, suggesting th a t the 
estim ation procedure  was overly conservative. A lthough there  is 
uncertain ty  in all trends used in this study, the concordance of 
m ultiple data  sources in the tim ing of population  changes lends 
credence to the observed patterns. T h e  population  declines o f the 
1970s and  1980s and  the increases during  the 1990s are also 
parsim onious w ith our understanding of the expansion and  
eventual regulation o f shark fisheries during  this period  [21,27,77].

T h ough  no real tren d  can be inferred, an  additional source of 
historic and  contem porary  relative abundance comes from  the 
shark bottom  longline fishery off Florida [24,26,51]. From  1935— 
1950, p rio r to w idespread com m ercial shark fishing and  p u rported  
population  declines, white sharks represented  approxim ately 1 out 
o f  every 3,704 sharks cap tured  in  this fishery [24,51]. Despite 
some likely changes to gear and  effort over time, M organ e t al. 
[26] reported  th a t white sharks represented  approxim ately 1 ou t o f 
every 3,443 sharks cap tured  in the same fishery betw een 1994 and  
2003, a  rem arkably small difference betw een observations 
separated by over 40 years. T hough  these are ju st two points in 
time, the similarity in relative occurrence m ay indicate th a t white 
shark abundance in this region is currendy com parable to w hat it 
was in the 1930s an d  1940s. H ad  the stock collapsed and  rem ained 
a t decim ated  levels, the relative occurrence ratio in M organ  et al. 
[26] w ould likely have been significantly lower than  th a t reported  
by Springer [51].

T h ere  is evidence suggestive o f recent increases in white shark 
abundance in  o ther regions, similar to w hat is docum ented here 
for the NW A. C atch  pe r unit effort from  protective beach  nets 
show an ap paren t increasing trend  in relative abundance for white 
sharks during  the 2000s in South Africa [78] and  during  the m id 
1990s th rough  the 2000s in N ew  Z ealand  [79]. C atches o f white 
sharks from  southern California fisheries have also increased in 
recent years despite significant reductions in fishing effort [12]. 
Sim ilar to the U S Atlantic, all o f these regions have legally 
pro tected  white sharks from  harvest since the 1990s. T hough  data  
rem ain  com paratively sparse for white sharks, and  significant 
uncertain ty  rem ains in all abundance tren d  estim ates ([12,16,78— 
79], this study), there  is growing evidence th a t legal protections for 
white sharks in the N W A an d  elsewhere a round  the w orld have 
been  effective. Population declines appear to have been  halted  and  
populations m ay now be stabilized or growing in several regions. 
How ever, given the white shark’s inheren t sensitivity to exploita­
tion an d  low productivity [4,9], fishery bycatch m ortality rem ains 
a  concern to the long-term  sustainability o f their populations.

Despite some recent progress in  our understand ing  o f the 
biology o f white sharks in the N W A  ([9,14,74,80], this study), there 
are still considerable knowledge gaps in this region com pared to 
o ther areas [23]. Significant questions rem ain  on life history, 
population  structure an d  size, behavior, h ab ita t preferences, 
feeding habits, m ovem ents, an d  m igration. O th e r th an  the possible 
presence o f a  sum m er nursery area  in the New York Bight, 
virtually no th ing  is know n abou t the location an d  tim ing o f m ating  
or parturition . It is no t know n if the tim ing an d  extent o f white 
shark m igrations in the N W A  are similar to those described in 
recent satellite tracking studies in the Pacific and  Ind ian  O ceans 
[54-55,59,81]. F urther research will help fill in m any of these 
inform ation gaps, an d  continued com pilation o f opportunistic 
sightings, fishery captures, and  exam ination of occasional speci­
m ens will, over tim e, help to further expand our knowledge and  
im prove conservation strategies.

Supporting Information

Figure SI T im e  s e r ie s  o f  w h ite  s h a r k  s ig h tin g s , (a)
N um ber o f annual white shark sightings reported  in the N W A 
from  1800 to 2009, excluding the tim e series used in the 
hierarchical analysis an d  recent directed effort. T h e  vertical red 
line indicates the year the first com prehensive NW A  white shark 
distribution p ap er was published [24]. (b) N um ber o f annual white 
shark sightings used to m odel trends in abundance, contains an 
80% reduction  in records leading up to an d  direcüy following the 
Casey an d  P ra tt [24] publication (red line) to account for directed 
effort during  th a t time.
(TIF)

Figure S2 P ro c e s s  e r r o r s  fo r  w h ite  s h a r k  re la tiv e  
a b u n d a n c e  in d ic e s . Posterior m eans and  95%  credible intervals 
for the standard  deviation (SD) of process erro r for the three 
indices used in the h ierarchical analysis. N EFSC  LL = N ortheast 
Fisheries Science C enter fishery-independent longline surveys, 
T O U R N  = N E FSC  to u rnam en t database, and  OBS LL = 
observer p rogram  o f the directed shark longline fishery.
(TIF)
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