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Abstract

Background: Although the effort in the study of white sharks in Mexico is rapidly elucidating adult biology, almost
nothing is known about the juveniles. Current understanding of this life history is based largely on the incidental take
of juveniles in nursery grounds in the Pacific coast of Baja California and some individuals tagged in the USA that have
migrated to Mexican waters. Also, it is not known how or when they recruit to adult aggregation sites or how they
learn to make seasonal migrations offshore. Five white sharks were manually tracked using ultrasonic transmitters
with depth and temperature sensors between 2006 and 2007. Additional white sharks were tagged (N = 60) with
long-lived coded transmitters and detected at listening stations located on the west coast of the United States of
America and Guadalupe Island (GI) from August 2008 to October 2015.

Results: We found that: (1) juvenile white sharks remained close to the island throughout the day between the
surface and 50 m depth in warm waters (from 14 to 20 °C), whereas the adults moved offshore into deep waters dur-
ing the day and stayed close to the island during the night presenting a broader tolerance of colder waters (from 9 to
20 °Q); (2) tagged white sharks had a positive correlation between total length and habitat range, and the core areas
of adults were related to pinniped colonies; (3) adults patrolled in deep waters in November and December when the
northern elephant seals (NESs) returned back to the island for pupping with their mean mass higher than during the
winter post-breeding migration; (4) tagged juvenile white sharks remained near the island for 12-14 months before
departing; and (5) tagged subadults undertook coastal migrations before starting their offshore migrations.

Conclusions: The data collected in our study suggest that white shark juveniles arrive to Gl from nursery grounds on
the mainland after they have reached at least 180 cm TL; then, they remained around the island for several months,
potentially taking advantage of the diversity of prey. In addition, they may start their first offshore migrations, coming
back to their nursery grounds and Gl before they reach maturity, while at Gl juveniles stayed close to the shore and in
shallow water to avoid adults, probably feeding on demersal prey and species that perform nocturnal migrations such
as squid and mackerel. It is argued that the distribution of the large white sharks in Gl is controlled by the availability
of NES and that adult white sharks look for this prey in deep waters during the day in the vicinity of the seal colonies,
taking advantage of the great visibility of Gl waters. It is also possible that white sharks take advantage of NES in Gl
before they go to their pupping grounds to give birth in California and Baja California or to their offshore migration to
the west.
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Background

Little is known about the ecology, population biology,
movement patterns, and migrations of white sharks off
the coast of Mexico. White sharks are occasionally seen
and/or captured in the Gulf of California [1] and are
mainly known from Cedros Island, San Benito Island,
and GI off the coast of the Baja Peninsula [2, 3]. The lat-
ter has been considered one of the most important white
shark aggregation sites in the eastern Pacific. White
sharks are present at GI between the months of July to
January, with peak months for aggregations between
August and December. The individuals at this site can be
reliably identified, and the same sharks have been found
to return to the site year after year [4]. According to pre-
vious authors, the white sharks at this site varied in total
length (TL) from 2.5 to 5.5 m, and most were >3.5 m in
length.

There are observable differences between juvenile and
adult white sharks. They vary greatly in their anatomy,
diet, and habitat use in most regions of the world. The
dental morphology of juveniles differs from adult white
sharks, and the transition is complete in individuals
around 3.8 m TL [5]. Juvenile white sharks have a sub-
terminal mouth with pointed teeth in their jaws for seiz-
ing crustaceans and fish near the bottom and swallowing
them whole. Adults have a more terminal mouth with
serrated triangulated teeth for seizing seals and sea lions,
removing large amounts of fat and muscle and releasing
them to consume them by multiple bites [6, 7]. For many
species, preferred habitats and spatial dynamics vary over
their life history, and these differences may have ramifi-
cations for threat assessment and conservation actions
during different life-history stages [8]. Given the con-
siderable shift in diet, thermal capabilities and preferred
habitat, we should expect that juvenile and adult white
sharks may have different distributions and present dif-
ferent seasonality, and this would be reflected in different
vertical and horizontal movements and occurrence on GI
between the life-history classes.

Using ultrasonic telemetry to track white sharks, we
were able to describe what we believe is a differential use
of the island by the different life-history stages and docu-
ment the connectivity between GI and the west coast of
the USA. In addition, we provide evidence of the pres-
ence of juvenile white sharks and that the use of GI by
this stage is more important than that it was previously
believed. This information is essential for assessing the
importance of different habitats to the species, linkages
between areas where juvenile white sharks have been
encountered, and potential sources of threat, especially
pressure from sectors wishing to pursue an ecotourism-
type experience through cage diving or baiting sharks.
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Methods

Study site

Guadalupe Island (29°00'N, 118°26'W), with a 250 km?
area, is 240 km offshore of the Baja California Peninsula
(Fig. 1a) and lies within the California Current System.
The surrounding waters have an average sea surface tem-
perature of 18 °C, ranging from 16 °C in the spring to
20 °C in the summer. The island is surrounded by a nar-
row shelf with the exception of the southern tip, where
the shelf extends away from the island with depths of
200 m between GI and its closest island, Inner Islet, and
farthest, Outer Islet (Fig. 1b). The offshore waters reach
depths of 3600 m [9].

Telemetry

Before tagging, sex and conspicuous characteristics of
each individual were determined using underwater video
images of the sharks. Total length was estimated from the
length of the shark relative to the length of the vessel. We
use the following life-history definitions for white sharks:
young-of-the-year (YOY) sharks (<1.75 cm TL), juvenile
(>1.75-3.0), subadult (>3-3.6 m TL for males and >3—
4.8 m TL for females), and adults (>3.6 m TL for males
and >4.8 m TL for females) [8].

Continuous tracking

Five white sharks were fitted with external ultrasonic
transmitters (120 mm long, 22 mm diameter, and 35 g
weight in water; V22-TP-5XS-EP, Vemco, Ltd.) from the
boat using pole spears to affix a stainless steel dart to the
dorsal musculature of the shark with a tether attaching
the dart to the transmitter. The sharks were tracked dur-
ing November and December of 2006 as well as October
and November of 2007. The transmitters were equipped
with temperature (10-40 °C) and pressure sensors
(0—340 m) that transmit data at 69 kHz and had a nomi-
nal life span of 10 days. To determine whether one adult
was feeding on seals, a transmitter (V16TP-3x, Vemco,
Ltd) with a temperature sensor (10—40 °C) was implanted
within the stomach in order to detect the rise in stom-
ach temperature associated with swallowing warm-bod-
ied mammals [10]. The attachment method consisted of
inducing the shark to swallow a piece of bait with a trans-
mitter hidden inside. We carried out shipboard tracking
from a skiff outfitted with a VH110 directional hydro-
phone mounted on the side of the boat hull and a VR100
receiver to detect the data transmitted from each shark.
The receiver recorded depth and temperature from the
transmitter, and latitude and longitude of the boat trajec-
tory with a GPS. We tagged and tracked (White Shark
Manually Tracked = WSMT) the following sharks: two
male juveniles (WSMT 1 and WSMT 3), one male adult
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Fig. 1 Map of Guadalupe Island (a), locations of the five underwater receivers (red circles) (b), and tracks of two juvenile and three adult white

(WSMT 4), and one subadult and one adult females
(WSMT 2 and WSMT 5) (Table 1). The internal trans-
mitter with a temperature sensor was placed on WSMT 2
to infer predation.

Long-term monitoring
We attached coded ultrasonic transmitters (V16-6x, fre-
quency 69 kHz, power 6H, nominal delay 90-180 s, life

1364 days, Vemco Ltd.) to 60 white sharks at the island
(Table 2). Transmitters were deployed during eight expe-
ditions carried out from August to December for each of
the seven seasons from 2008 to 2014. The transmitters
were affixed to the sharks by inserting a stainless steel
dart in the dorsal musculature behind the first dorsal fin
by free diving or from the boat using a pole spear. An
array of five tag-detecting receivers (Vemco VR2, Ltd.)
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Table 1 Sharks manually tracked in Guadalupe Island during 2006 and 2007

ID TL (cm) Sex Tracking period Duration (h:m) Distance (km) Mean depth (m) Max depth (m)
WSMT 1 300 M November 10-December 3, 2006 65:19 116.7 316 140.1

WSMT 2 450 F November 23-December 9, 2006 44:03 129.2 1084 219

WSMT 3 180 M October 3-8, 2007 40:58 75.1 33 924

WSMT 4 450 M November 3-4, 2007 20:14 66.4 60.1 314.2

WSMT 5 500 F November 10-11, 2007 23:36 69.5 100 3395

Sex: M Male, F Female, Duration: h hours; m minutes

or listening stations was deployed at the east coast of the
island near the pinniped colonies (Fig. 1b).

The 60 white sharks consisted of 14 juveniles (10 males
and 4 females), 21 subadults (7 males and 14 females), and
25 adults (15 males and 10 females) (Table 2). The white
sharks detected by receivers installed in the USA are part of
a large array of listening stations deployed and maintained
by a network of researchers we are collaborating with.

Data analyses

We chose an interval of 7 min between positions for cal-
culating the headings of each shark that was manually
tracked [11]. The files were imported into a geographic
information system (ESRI, Arc View 3.2) and were com-
pared against correlated random walks using the site fidel-
ity test in the Animal Movement 2.0 extension for ArcView
[12]. If the preliminary data analysis indicates that site
fidelity exists, the next step is to determine the animal’s
home range. Animal Movement implements a fixed ker-
nel analysis with the smoothing factor calculated via least-
square cross-validation (LSCV), for ascertaining home
range [13]. When choosing output contours, it is heu-
ristically useful to consider the 95 % contour as that area
the animal actually uses and the 50 % contour as the core
area of activity. Statistical comparisons (linear regression)
between individuals were made with the 50 % contour, as
it is less affected by deviations from the assumptions of the
home range models [12]. To measure the distances trav-
elled, we used the extension Geoprocessing and Spatial
Analyst from Arc GIS, with the Euclidean Distance tool
(measures straight-line distance from each cell to the clos-
est source). Vertical movement patterns and temperature
preferences were analyzed for mean differences using a
two-sample ¢ test. The sunrise and sunset were determined
with the NOAA Solar Calculator (http://www.srrb.noaa.
gov/highlights/sunrise/sunrise.html).

Results

Horizontal movements

The juveniles (WSMT 1 and WSMT 3) remained close
to the shore. For most of the time, they remained less
than 100 m from shore (Fig. 1C). They swam north and

south parallel to the coast in the northeast bay of the
island. They swam shorter distances than adults (in a
24-h period), 45.7 and 40.6 km, respectively, and exhib-
ited neither significant dispersion nor significant lin-
earity in their movements. Spatial use analysis indicated
that the core use region of WSMT 1 was 0.29 km? and
for WSMT 3 was 0.17 km? in front of Twin Canyons
(Fig. 1b), in the southern region of the northeast bay of
GI (Fig. 2a, b).

The adults moved over greater distances than juveniles.
WSMT 2, 4, and 5 made longer distance movements to
the south and to the east of the bay (Fig. 1c). WSMT 2
was very active, moving close to the shore during the
night, whereas it spent a long period in deep waters com-
ing up to the surface briefly on multiple occasions right
in front of an elephant seal colony at Twin Canyons
(Fig. 1b). Spatial use analysis indicated three core use
regions for WSMT 2, two in front of two large seal colo-
nies close to the shore (Fig. 2c) and another 8.41 km?, in
deep water away from the shore (Fig. 2d).

WSMT 4 travelled around the shore of GI toward the
Outer Islet on the southern end of the island. When it
reached this point, it turned to the west 3.53 km where
we lost contact with it at 10:08 am of the following day
(Fig. 1c). The total distance travelled by this shark was
66.4 km. Spatial use analysis showed that this adult
remained in a core area 17.36 km? in front of the north-
east bay (Fig. 2e). WSMT 5 travelled along the east coast
of the bay parallel to coast heading south throughout for
a period of 24 h. When it reached Punta Doble (Fig. 1b),
close to the southern end of GI, it moved 3.34 km to
the east of the island. The female then moved to the
shore and started to head north until contact was lost
at 1.98 km east of the island. The total distance travelled
by this shark was 54.9 km. Spatial use analysis showed
that this adult showed two core use regions, one an area
of 23.25 km? in front of the northeast bay and the other
on the southeast side of the island (Fig. 2f). Overall, this
study showed that white sharks have a positive correla-
tion (r* = 0.82; p < 0.05) between total length and space
use at GI, which is the smaller sharks had smaller core
areas than the larger ones.
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Table 2 White sharks tagged in Guadalupe Island, Mexico

No. Date tagging Size (cm) Sex No. Date tagging Size (cm) Sex
1 October 22, 2008 442 3 31 September 30,2010 350 ?
2 October 22, 2008 500 Q 32 October 06,2010 350 3
3 October 22,2008 457 3 33 October 24,2010 300 38
4 October 22, 2008 400 1} 34 October 16,2010 250 1}
5 October 22,2008 426 3 35 September 13,2010 350 3
6 October 23, 2008 500 3 36 October 06, 2010 250 Q
7 October 24, 2008 502 3 37 October 06, 2010 390 3
8 November 01, 2008 400 IS) 38 September 06, 2011 200 3
9 November 01, 2008 200 Q 39 September 21, 2011 200 3
10 December 06, 2008 508 Q 40 October 14,2011 400 Q
11 December 06, 2008 411 3 41 September 12,2012 250 3
12 October 11, 2009 400 3 42 September 24,2012 250 3
13 October 13, 2009 500 3 43 October 23,2012 500 [}
14 October 22, 2009 350 Q 44 October 30, 2012 400 3
15 September 10, 2009 450 Q 45 October 21,2012 330 3
16 September 07, 2009 450 [} 46 October 24,2012 400 Q
17 October 01, 2009 450 Q 47 October 23,2012 500 o}
18 September 26, 2009 400 3 48 October 21,2012 330 IS)
19 October 17, 2009 400 Q 49 October 20, 2012 400 o}
20 September 15, 2009 400 3 50 November 01, 2012 420 Q
21 October 25, 2009 462 Q 51 September 14, 2013 400 3
22 August 29, 2009 441 3 52 October 14, 2014 570 Q?
23 August 29, 2009 400 3 53 October 14, 2014 500 Q
24 August 29, 2009 300 3 54 October 15,2014 300 3
25 August 30, 2009 310 3 55 October 21,2014 400 Q
26 August 30, 2009 300 3 56 October 21,2014 300 [}
27 November 05, 2009 500 Q 57 October 28,2014 430 Q
28 November 04, 2009 500 Q 58 October 29,2014 300 3
29 October 15,2010 450 Q 59 October 29, 2014 490 Q
30 October 13,2010 300 3 60 November 2, 2014 520 Q

Summary of number, ID, date of tagging, name, sizes and sex, 3 = Male, @ = Female, ? = Undetermined

Vertical movements
The juveniles made shallow dives as they remained close
to shore. WSMT 1 preferred shallow waters at night
(Fig. 3a), spending 74 % of the night between 10 and
30 m (Fig. 4a). During the day, 60 % of WSMT 1’s diving
oscillations were between 40 and 70 m. WSMT 1 swam
in water with temperatures between 10 and 22 °C with
an average of 18.1 °C appearing to favor warmer waters,
spending 40 % of the time in water between 20 and 21 °C
(Fig. 5a). WSMT 3 behaved similar to WSMT 1, spending
more time in shallower waters at night (Fig. 3c), with the
depths of the dives ranging from 10 to 19.9 m (Fig. 4c).
WSMT 3 spent 50 % of the time in water temperatures
between 20 and 21 °C (Fig. 5¢).

The adults made deeper dives. WSMT 2 reached a
depth of 200 m during the day several times (Fig. 3b).

During the night, WSMT 2 spent 71 % of the time
between 70 and 90 m. During the day, 55.8 % of the div-
ing oscillations were between 160 and 220 m (Fig. 4b).
WSMT 2 experienced a temperature range from 9 to
21 °C, appearing to favor cooler waters, spending 56 %
of the time in waters with temperatures less than 12 °C
(Fig. 5b). Internal temperature did not show preda-
tion events, although the elevation of stomach tem-
perature of 17 °C above ambient temperature recorded
for WSMT2 (Fig. 3b) was broader than the maximum
reported (14.3 °C) from adult white sharks by Goldman
[14]. WSMT 4 showed a similar preference for 10-50 m
waters at night and day although it did the deepest dive
during the day (Fig. 3d). During night and day, most of
WSMT 4’s diving oscillations were between 40 and
49.9 m (Fig. 4D). WSMT 4 stayed between 19 and 19.9 °C
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Fig. 2 Space utilization by white sharks shown with kernel densities. They are color-coded with a 50 % probability (pale orange) and 95 % (white).
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(See figure on previous page.)

Fig. 3 Vertical movements of five white sharks. a WSMT1, b WSMT2, ¢ WSMT3, d WSMT4, e WSMT5. Night-time indicated by stippling. Stomach
temperature (dark dotted line) of WSMT2 and corresponding water temperature (pale dotted line) plotted over time in (b). The red arrow shows the
difference between surrounding water temperature and internal temperature of the shark

(25 %) most of the time with a second peak from 18 to
18.9 °C (18 %) (Fig. 5d). WSMT 5 began a series of div-
ing oscillations between 0 and 50 m for 5 h after tagging.
During the night, it made dive oscillations between 11
and 138 m. During the following day, the shark went to
the maximum depth of 265.9 m for that tracking period

and started a series of diving oscillations between the
surface and 224 m (Fig. 3e). During the night, the shark
spent a great amount of time between 10 and 40 m (39 %
of the time). In the daytime, it spent most of the time in
waters less than 50 m (Fig. 4e). This adult experienced
a broad temperature range from 9.2 to 19.4 °C, staying
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Fig. 4 Percentages of total number of measurements of different depths recorded for five great white sharks. Nighttime indicated by black bars and
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most of the time between 18 and 18.9 °C (45.4 %) with
a bimodal distribution below this interval (15-15.9 and
<9.9 °C) (Fig. 5e).

Juveniles and adults exhibited a similar diurnal dive
pattern, in that they remained near the surface through-
out the night and made deeper dives during the day.
However, the adults swam in deeper waters and hence
could make deeper dives (¢ test; p < 0.008) (Fig. 6a). Tem-
peratures experienced by both age classes also showed a

significant difference (¢ test; p < 0.001) in that juveniles
remained in warmer waters (from 14 to 20 °C) while
in adults remained in colder waters (from 9 to 20 °C)
(Fig. 6b).

Seasonality

The timing of shark visitation to GI differed between
the life stages. Female and male juveniles were recorded
throughout the year (Fig. 7), and some of them (WS36,
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WS54 and WS58) stayed intermittently from 12 to

a 300 14 months (Fig. 8). One juvenile (WS26), which remained
_ at GI for 9 months, was detected along the west coast of
2501 the USA in Palos Verdes, California (Fig. 8).
—— The subadults were present most of the year, except
E from April to June (Fig. 7). Some of the subadults migrated
:EQ 1501 to other locations. Subadult WS25 was tagged in GI in
2 2009, and the same year it was detected off California in
100 Afio Nuevo and Tomales. In 2010, it spent some time in
5. Afio Nuevo, Tomales, and Oregon. By 2011, the subadult
é L returned to GI from August to December and was detected
01 back in California from December to April 2012. The sub-
Juveniles Adults adult male WS37 was detected from October to December
2010 in GI, and in July 2011 it was detected in Afio Nuevo
b and Tomales Bay. Subadult female WS40 was detected
from October to the end of December 2011 in GI, and by
21 _ February 2012 it was detected in Afio Nuevo, in Tomales
o B _ Bay in March and at South Farallon Island in April. Sub-
= 181 - adult female WS50 departed GI in February 2013, and it
5 o was detected 1 month later at Ao Nuevo (Fig. 8).

§ 15 In the case of the adults, females were recorded from
8 August to February while males were recorded from July
E, 121 to March. The maximum number of individual adult
females recorded during the peak months was in October
91 4 (9), November (10), and December (9). For males, it was
October (13), November (12), and December (11). Adults
Juveniles Adults have not been recorded at GI during the months of April,
Fig. 6 Habitat preferences of white sharks at Guadalupe Island. a May or June (Fig. 7). The only adult tagged in GI that was
Depth preferences of juveniles and adults, b temperature preferences detected in other location was WS8. This adult male was

of juveniles and adults detected in Hawaii from July 10-16 in 2009 (Fig. 8).

Number of sharks
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Fig. 7 Number of sharks by life history (males and females) recorded per month at Guadalupe Island
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Fig. 8 Attendance of 60 white sharks at Guadalupe Island and the United States of America. Each color-coded symbol represents a detection; the
colored circles are at Guadalupe Island and other colored symbols at other locations. Locations: CA California, OR Oregon, HI Hawaii

Discussion

Movements and habitat use

The WSMT 3 (180 cm TL) was the smallest white shark
on record at GI. The smallest total length recorded in
previous observations from 1999 to 2005 was 250 cm TL
[4]. The behavior of the juveniles, WSMT1 and WSMT 3,
was similar. Both sharks patrolled very close to the coast
during day and night, presenting small core use regions
in a constrained area to the south of the bay (Figs. 2a,
b). The depth preference patterns of the adults were for
deeper waters, showing a significant difference in the
depth preferences between juveniles and adults (¢ test;
p < 0.008) (Fig. 6a). Temperatures experienced by both
age classes also showed a significant difference (¢ test;
p < 0.001) in that juveniles remained in warmer waters
(from 14 to 20 °C) while adults remained in colder waters
(from 9 to 20 °C) (Fig. 6b). This preference differential
could be related to their thermoregulation capabilities.
Small sharks can possibly loose more heat because of
their larger surface area to volume ratio compared with
larger sharks. The smallest juvenile (WSMT 3) was able
to spend some time in waters between 13 and 16 °C dur-
ing vertical excursions, although that temperature range
represents less than 6 % of the overall time. Dewar et al.
[15] reported that a YOY in California Bight was able to
spend up to 80 min in waters at 9 °C although most of
the time observed (89 %) the shark remained between 16

and 22 °C. The previous study suggests that thermal iner-
tia and absolute heat production will be less for smaller
great white sharks, explaining the findings. Also, conduc-
tive heat loss would be more important for small fishes,
which possess greater surface area per unit volume [16].
Another explanation could be that juveniles may be
avoiding the larger adults by staying close to the shore.
Ecotourism operators have reported juvenile sharks
attacked by adults and have observed small sharks bear-
ing scars. Alternatively, the juveniles could remain close
to shore to feed on prey abundant in shallow waters, such
as bat rays (Myliobatis californica). In addition, the juve-
niles showed patterns (shallow excursions) during the
night that could be related to feeding (Fig. 3a, c). There
are a number of diurnal migrators present in GI surface
waters at night that are potential prey for juvenile white
sharks including squid (Onychoteuthis banksi, O. bore-
aljaponica and Dosidicus gigas), two types of mackerel
(Scomber japonicus and Auxis thazard), sardines (Sar-
dinops carulea), flying fish (Cypselurus californicus) and
anchovies [17].

Adult sharks, WSMT4 and WSMTS5, presented core
use regions in front of NES colonies in the northeast bay
(17.36 and 9.17 km?, respectively). Goldman and Ander-
son [18] found larger individuals swam within particu-
lar areas around the Farallon Islands, whereas smaller
individuals did not restrict their movements in the same
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manner. They suggested that despite the high frequency
of predation on NES in the fall, most of the shark’s move-
ments were probably related to their search for these
preys. In GI, the small individuals may restrict their
movements to specific areas, whereas adults did not. A
possible explanation for greater habitat ranges presented
by adult white sharks in GI could be because of the dif-
ferences in the dimensions of both islands. South Faral-
lon Islands (FI) is 38,768 km?, while GI size is six times
greater (243,988 km?). While pinniped densities per area
are greater in the FI [18], the relatively small size of the
island allows the sharks to swim shorter distances to
patrol for them. WSMT?2 remained in the northeast bay
during five different manual tracks (one track of 24 h),
and all the core use regions were found in front of NES
colonies. Interestingly, WSMT2 was tracked only in
December when the NES arrive in winter along the west
coast of Baja California, Mexico [19]. WSMT2 made
a number of diving oscillations from 220 m (Fig. 3b) to
the surface in the vicinity of NES colonies, behavior
that could be related to the search of this specific prey.
According to Le Boeuf and Crocker [20], the diving pat-
tern of the northern elephant seal is in part an adapta-
tion for avoiding encounters with predators, such as
white sharks. By swimming faster when they are on the
continental shelf, surfacing for shorter intervals, and long
duration dives in the range of 200-600 m, these animals
may avoid predation. Off the coast of GI, water clarity
is often 25-30 m, thereby increasing the detectability of
white sharks by its prey in shallow water. Water depth,
however, increases dramatically to >1000 m within 5 km
of the shoreline at GI, and white sharks may be utiliz-
ing these greater depths to remain undetected while
stalking prey [21]. In addition, a pinniped may be par-
ticularly vulnerable to underwater attack. A shark stalk-
ing a seal from underneath can position itself directly
below it before launching a sudden vertical attack. This
hypothesis of predatory events in deep waters in GI has
been supported with an AUV from Woods Hole Oceano-
graphic Institution [21]. In this study, white sharks were
observed to approach, bump and bite the AUV at depths
of 36-90 m, thereby providing direct evidence of white
shark predatory behavior at depth.

At Guadalupe Island, most of the attacks in Decem-
ber that have been witnessed were inflicted on preg-
nant NES females [22], possibly because their condition
makes them an easier target (less mobile), and they have
a greater amount of fat. Robinson et al. [23] found that
because the post-molting migration coincides with fetal
development, NES females had higher overall mean
mass and energy gain (264.6 + 58.6 kg and 3864.1 k] g™ )
than during the winter post-breeding migration
(754 +21.6 kg 1321.2 k] g ).
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Seasonality

In this study, we recorded for the first time juvenile white
sharks smaller than 2.5 m TL in GI and have provided new
information on their seasonal movements, behavior and
habitat utilization at the island. The apparent residency of
juvenile white sharks in GI all months of the year suggests
that this region is an important habitat for this life-his-
tory stage (Figs. 7, 8). In Mexico, Sebastian Vizcaino Bay
appears to be an important pupping area in the summer
and is known as an aggregation site of YOY white sharks
[24]. Weng et al. [25] found that a YOY (male 156 cm TL)
moved 700 km from The Southern California Bight to
Vizcaino Bay making incursions into offshore areas. This
leads to the speculation that juveniles may explore, and
such behavior could lead individuals to discover a new
preferred aggregation site over time, perhaps a site like
GI. The smallest juveniles tracked for a long period with
coded transmitters during this study were 200 cm TL (WS
9, WS 38 and WS 39). The presence and permanency of
these small individuals give credence to the hypothesis of
GI as a secondary nursery area and that it could represent
one of the “offshore island habitats” that the pups visit
after they reach a size of 200 cm [26].

In the case of subadults, it is not known how or when
they recruit to adult aggregation sites or how they learn
to make seasonal migrations offshore. In our study, we
recorded four subadults (WS25, WS37, WS 40 and WS
50) that moved between GI and the California coast-
line, one of them making the migration several times
(WS25) (Fig. 8). The only tagging results that previously
documented connectivity between these two aggrega-
tions correspond also to a subadult female (366 cm TL)
[27], giving more credence to the hypothesis of Domeier
[28] who mentioned that the subadult stage may be a
source of mixing between the two metapopulations of
adults (Central California and GI). There are long peri-
ods of absence of data from the receivers, probably due
to the subadults performing their first offshore migra-
tion. Domeier [28] tracked a 3.15 m TL subadult (one of
the smallest he tagged in GI) and inferred that this male
had recently arrived at the aggregation, showing an atypi-
cal offshore migration, in that they are not temporally
or spatially synchronized with those of adult males. We
suggest juveniles move to close islands, such as GI, and
return to the nursery areas where they were born before
they are sexually mature and able to carry on with a large
offshore migration.

Of the 60 tagged individuals in this study, 25 were
adults. From these, six male white sharks have been
recorded at GI for three or more seasons, six were
detected for two seasons (three males and three females),
and 12 were recorded for just one season (five males and
seven females). Unfortunately, the absence of detections
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could be related to either the drain of the battery in the
transmitter, or the loss of the transmitter altogether. Adult
males were present from July to March and females from
August to February. The timing of seasonal presence and
site fidelity recorded at GI are similar to those observed
at the Farallon Islands [29] and previous studies with
photo-identifications at GI [4]. The majority of the world’s
known white shark aggregations are centered on dense
pinniped concentrations, suggesting that concentrated
food supply may be the primary reason these aggrega-
tions occur [4]. Although we did not find direct evidence
of predation (rise in the internal temperature stomach),
there are several records of predation events on NES in GI
[22]. Jaime et al. [30] described the feeding and migratory
habits of the white shark from GI, using stable isotopic
analysis of dermis. Their analysis reflected the importance
of pinnipeds as prey in GI adding credence to the hypoth-
esis of the movements of adult white sharks in GI poten-
tially associated with foraging and the seasonal cycles
of NES. In the northern hemisphere, the reproductive
period for NES starts in early December and ends in mid-
March, and most pregnant females begin arriving in mid-
December [31]. The white sharks may have been targeting
the NES because of their higher fat content and their need
of a high energy supply before they depart from the island.
As white sharks approach maturity, they begin annual (in
the case of males) and biannual (in the case of females)
migrations between offshore habitats and two known
adult aggregation sites, one located off central California
in the USA and the other off Guadalupe Island, Mexico.

Conclusions

Existing white shark research in GI has focused almost
exclusively on the adult component of the population.
This study provides new insights into juvenile and sub-
adult white shark behavior. It also provides further evi-
dence that GI is perhaps a secondary nursery ground for
white sharks in Mexico. This information is crucial not
only to improve our understanding of white shark biol-
ogy in Mexican waters, but also for their long-term con-
servation and management plans. The data collected in
our study suggest that juveniles arrive to GI from nursery
grounds on the mainland after they have reached 180 cm
TL; then, they remained on the island up to 14 months.
In addition, they start their first offshore migrations when
they are subadults, coming back to their nursery grounds
and GI before they reach maturity. While they are in GI,
they stay close to the shore and in shallow water to avoid
adults, feeding on demersal prey and species that per-
form nocturnal migrations such as squid and mackerel. It
is argued that the distribution of the large white sharks in
GI is controlled by the availability of NES and that adult
white sharks look for this prey in deep waters during
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the day in the vicinity of the seal colonies, taking advan-
tage of the great visibility of GI waters. It is also possible
that white sharks take advantage of pregnant NES in GI
before they perform their offshore migration or their visit
to pupping grounds to give birth in CA and Baja Califor-
nia in the case of females.
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