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aBStraCt

Pop-up archival transmitting (PAT) tags and satellite-linked radio transmitting (SLRT) tags 
were deployed on subadult and adult White Sharks (Carcharodon carcharias) at Guadalupe Island, 
Mexico from 2002 to 2009. PAT tags provided high-resolution archival data, as well as summarized 
data for swimming depth and temperature. SLRT tags provided fine-scale position data that was 
used to identify spatial preferences of White Sharks at Guadalupe Island. PAT tag data sets indicated 
average maximum daily dive depths from 161 to 282 m, with more time at depths deeper than 40 m 
noted in late summer and autumn. Changes in seasonal distribution of White Sharks around the island 
were noted with shark activity spread out over the eastern half of the island in August through October 
and then moving to regions on the northeast and northwest beginning in November through March. 
This corresponded with the temporal and spatial differences in island habitat use by Guadalupe 
Fur Seals (Arctocephalus townsendi) and Northern Elephant Seals (Mirounga angustirostris).

INtrODUCtION

Guadalupe Island (GI), Mexico is one of only two known aggregation sites for subadult and 
adult White Sharks (Carcharodon carcharias) in the northeastern Pacific Ocean. White sharks are 
present at GI during autumn and winter months (Domeier and Nasby-Lucas, 2008; Chapters 11 and 
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25, this book) but spend spring and summer within a pelagic habitat called the Shared Offshore 
Foraging Area (SOFA), centered between the Hawaiian Islands and Baja California, Mexico, with 
a few individuals traveling as far as Hawaii (Domeier and Nasby-Lucas, 2008; Nasby-Lucas et al., 
2009; Chapter 16, this book). Sharks then return to GI in late summer (Domeier and Nasby-Lucas, 
2008, 2011; Chapters 16 and 25, this book). 

Guadalupe Island is located 240 km off the west coast of Baja California and is a volcanic island 
that stretches 35 km north to south and 10 km east to west. The island has a narrow shelf that drops 
more than 3,000 m in as little as 12 km from the coast (Figure 10.1). The subtidal coastal area is 
composed of basaltic features (e.g. dikes, caverns, pillars, and blocks) and sand pebbles (Pierson, 
1987) that support a diversity of benthic algae species (Gallo-Reynoso et al., 2005a). Deep canyons 
are found on the northeastern section and in the middle portion of the island. The island forms a 
barrier against the California current, which generates upwelling and eddies, bringing nutrient-rich 
cold water to the surface around the island. The eastern side of GI is somewhat protected from the 
prevailing northwesterly winds. Water clarity is often high, with a Secchi depth of 25–30 m (Gallo-
Reynoso et al., 2005a).

The island serves as a haul-out and pupping site for three pinniped species:

 1. The Northern Elephant Seal, Mirounga angustirostris
 2. Guadalupe Fur Seal, Arctocephalus townsendi
 3. California Sea Lion, Zalophus californianus (Figure 10.1)

1,000 m
2,000 m
3,000 m

5 0 5 Kilometers

Figure 10.1  Map of Guadalupe island showing bathymetry contours and locations of pinnipeds around the 
island. Green indicates the distribution of Guadalupe fur seals, yellow is california sea lions, 
and red indicates areas with northern elephant seals.
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Northern Elephant Seals are present at GI throughout the year with the highest numbers, around 
13,000, during the breeding season in late January (Gallo-Reynoso et al., 2005b). The number 
of Guadalupe Fur Seals is estimated to be no more than 12,000 (Gallo-Reynoso et al., 2005b; 
 Figueroa-Carranza, 1994) and is composed predominantly of adult females and juveniles. California 
Sea Lions have a peak population size of less than 1,200, with the largest number of individuals 
sighted from January to April (Gallo-Reynoso et al., 2005b).

Guadalupe Island has an abundance of marine life, including more than 126 species of fish; 17 ceta-
cean species, including Bottlenose Dolphin (Tursiops truncates) and Baird’s Beaked Whale (Berardius 
bairdii) (Gallo-Reynoso and Figueroa-Carranza, 2005); and several squid species (Onychoteuthis 
banksii, Onychoteuthis borealijaponica, and Dosidicus gigas) (Gallo-Reynoso, 1994). More than 
10 other shark species are also observed around GI, which includes the Leopard Shark (Triakis 
semifasciata), Horned Shark (Heterodontus francisci), Blue Shark (Prionace glauca), Mako 
Shark (Isurus oxyrinchus), and Hammerhead Shark (Sphyrna sp.) (Gallo-Reynoso et al., 2005a).

Fine-scale horizontal (Chapter 11, this book) and vertical (Nasby-Lucas et al., 2009) movement 
patterns of White Sharks have been documented for the time these sharks are in the SOFA, but simi-
lar studies are lacking for the period that the sharks aggregate at GI. Combining vertical movement 
data from PAT tags with high-resolution position data from SLRT tags has allowed us to present this 
first assessment of fine-scale habitat use by White Sharks at GI. 

MaterIaLS aND MethODS

Satellite-Linked radio transmitting tag

Adult and subadult White Sharks were captured at GI and fitted with SLRT tags (SPOT5; 
Wildlife Computers, Redmond, WA) (see Chapter 11, this book for detailed methods). Each time 
a tagged shark’s dorsal fin was out of the water, a wet/dry switch activated the transmitter. If the 
tag remained out of the water long enough for an Argos satellite to receive four consecutive trans-
missions, the Doppler shift-induced frequency change allowed the calculation of the tag’s location 
(Taillade, 1992). The Argos tracking and environmental monitoring system assigns a location class 
value (LC) that corresponds to one standard deviation of the estimated location error. Argos states 
that the estimated error for the location data is <250 m for LC 3, between 250 and 500 m for LC 
2, and between 500 and 1500 m for LC 1. Argos does not provide estimates for LC A, B, and 0, 
but estimates have been published in the literature, showing an estimated location error for A of 
approximately 1 km and approximately 8 km for B (Hays et al., 2001). 

A subset of position data was created by filtering out all positions that placed a tagged shark more 
than 5 km from GI. To avoid the bias introduced by variation in sampling frequency, we regular-
ized the filtered tracks to a frequency of 1 position per day. Monthly fixed-kernel analyses (Worton, 
1989) were performed using the home range extension (Rodgers and Carr, 1998) for ArcView 3.2 
(Environmental Systems Research Institute, Redlands, CA). The 25% probability contour indicates 
the regions of the highest utilization by the sharks, the 50% probability contour shows areas with 
moderate utilization, and the 95% contour regions of low utilization. Location data for February and 
March were combined because there were fewer position points available for this period as many 
sharks begin their offshore migration by February (Domeier and Nasby-Lucas, 2008). 

pop-Up archival transmitting tags

White Sharks were tagged at GI, Mexico using PAT tags manufactured by Wildlife Computers 
(WC) (PAT and MK10-PAT; Redmond, WA) and Microwave Telemetry (MT) (PTT-100; Columbia, 
MD). Tuna carcasses were used to lure sharks alongside the research vessel before tagging with a 
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hand-held tagging pole. Tags were deployed by inserting a nylon tag head into the dorsal musculature at 
the base of the dorsal fin. Tags were rigged with an umbrella-style dart (Domeier et al., 2005) and either 
136-kg test Sufix Superior monofilament (Yao I Fabric) or 113-kg test nylon-coated braided stainless 
steel leader (Sevenstrand). Sex and visual length estimates were recorded when possible. Sexual matu-
rity was inferred from length estimates using published size at maturity data; males were considered 
mature when >3.6 m, and females were considered mature when >4.5 m (Francis, 1996; Pratt, 1996). 

In total, 75 PATs (16 MT and 59 WC) were deployed on White Sharks between 2000 and 2007 
(Domeier and Nasby-Lucas, 2008). Tags stayed attached to the individual shark until a prepro-
grammed date and time when an electrolytic release mechanism was activated, and the tag floated 
to the surface and transmitted data to the Argos satellite system. MT tags transmitted depth or 
temperature readings at a sampling rate of one per h, and data from recovered MT tags were avail-
able at the same sampling frequency. WC tags were programmed to collect data every 2 min. and 
then transmit summarized depth and temperature data for each 24-h period. Recovered WC tags 
provided high-resolution (2-min. sampling frequency) archival data sets of temperature, depth, and 
relative light level. Depth values in one WC tag [tag number 16 on a male shark (16M)] drifted sys-
tematically over time and were adjusted with a linear correction. The data in the summarized form 
were used to analyze the seasonal shifts in the use of the water column; this included data from all 
WC tags as well as hourly data from MT tags. Data that were not associated with GI were excluded 
by determining the dates of each shark’s departure and return to the island. Changes in longitude 
along with characteristic surface travel (Boustany et al., 2002; Weng et al., 2007; Domeier and 
Nasby-Lucas, 2008) were used to determine the arrival and departure dates for each shark. Data 
from the first day after tagging and the last day before tag detachment were excluded to reduce 
potential influences caused by tagging effects.

Oceanographic Data

Monthly climatological values of dissolved oxygen (DO) were obtained from the National 
Oceanographic Data Center World Ocean Atlas 2005 (Garcia et al., 2006). Based on the extracted 
data, an oxygen value was assigned for each 2-min. data point for archival data sets. Monthly mixed-
layer depth values were estimated from daily depth-temperature profile in the recovered data and 
averaged among all tags. 

reSULtS

A total of 10 male and 7 female White Sharks were SLRT-tagged at Guadalupe Island between 
2007 and 2009. Because of problems in early tag design, poor tag performance, and variation in 
individual shark behavior, some tags resulted in only Z class location estimates or very few location 
estimates. Data from 12 tagged sharks provided location data within 5 km of GI and were analyzed 
in this study. Location data at GI were available from August 1 through March 16. This included 
data from one subadult male, eight adult males, and four adult females. 

Out of the 56 PAT tags reported in Domeier and Nasby-Lucas (2008), 35 WC and five MT tags 
were included in this study. Tags were not used if there were a large number of missing records 
because of poor data transmission or if multiple tags on the same individual created duplicate data 
sets, in which case the tag set containing more days of data was used. Thirteen of the tags were 
deployed in August, one in November, 26 in December, and one in January. Twenty tags stayed on 
until the shark began the seasonal offshore migration with an average departure date of February 10 
(earliest December 21 and latest April 24). The greatest amounts of transmitted data were available 
in the months of December and January. The months of May through July were excluded because of 
little to no tagged White Shark presence at Guadalupe Island in this time frame.
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Among the analyzed tags, seven WC tags were physically recovered after deployment periods 
of 0.5 to 8.2 months. One tag was recovered floating at GI, four of the tags were physically removed 
from the sharks while at GI, one was found on Laysan Island in the northwestern Hawaiian Islands, 
and another was recovered on the island of Hawaii. Recovered tags provided a total of 549 days of 
2-min. archival data detailing shark behavior while at GI (Table 10.1). Two of the recovered tags 
were deployed in August and five in December. The period from September to November was rep-
resented by only one shark, which lost its tag in mid-November. 

Fine-Scale habitat Use of White Sharks at Guadalupe Island

Fixed-kernel analysis of SLRT tag data demonstrated that the northeastern corner of GI is gener-
ally the most important White Shark habitat; however, seasonal changes in the distribution of White 
Sharks around GI were noted (Figure 10.2). In August and September, which is the early part of the 

table 10.1  tagging Data for recovered pat tags from White Sharks tagged at Guadalupe 
Island, Mexico

tag Number 
and Sex

photo 
Identification 

Numbera
Sexual 

Maturity
tagging 

Date
Date 

Left GI
Date 

returned
pop-Up 

Date
Days 
at GI

11U no 8/12/2001 8/27/2001 15

16M 17 no 8/12/2002 11/17/2002 97

18M 19 yes 12/5/2002 2/2/2003 7/28/2003 8/8/2003 70

30M 10 no 12/5/2003 5/3/2004 8/4/2004 8/6/2004 152

37U Unknown 12/12/2004 12/28/2004 16

40M 10 no 12/12/2004 4/4/2005 7/15/2005 8/8/2005 137

41f 64 Unknown 12/7/2005 2/7/2006 5/18/2006 62
a Photo identification number from chapter 25, this book.

August

December

n = 4
p = 50

n = 6
p = 65

n = 4
p = 45

n = 9
p = 42

n = 9
p = 41

n = 10
p = 37

n = 6
p = 24

January February–March

September October November

Figure 10.2  fixed-kernel density contours of slrt tag location data by month for tagged sharks around 
Guadalupe island (red = 25%, yellow = 50%, blue = 95%; n is the number of sharks detected for 
the specified time period; and p is the number of position points).
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White Shark season characterized predominantly by the presence of males, the 25 and 50% density 
contours were situated entirely on the eastern side of GI, with concentrations in the northeastern cor-
ner and southwest tip of the island. Starting in October, the 50% density contour no longer included 
the southeastern tip but began to include the northwestern portion of GI, and by February the 25 
and 50% density contours were situated entirely on the west side of the island (data combined for 
February through March because of sharks departing for the SOFA, resulting in less data). 

Vertical Movement patterns

Archival records of depth provided a detailed look at the vertical movements of tagged White 
Sharks while at GI, indicating a strong diel pattern characterized by deep dives during the day and 
shallow dives within the mixed layer at night (Figure 10.3a). Maximum depths recorded by all tags 
while at GI ranged from 318 to 496 m. All tags recorded significantly different average maximum 
depths between day and night (161–258 m during the day and 89–128 m at night; Wilcoxon rank 
sum test, p < 0.001) (Table 10.2). Data from recovered tags indicated that sharks spent an average of 
22% of their time below 50 m (15% at night and 27% during the day) at GI, differing from the 65% 
time below 50 m while in the SOFA (62% at night and 66% during the day; Figure 10.3). Although 
the tagged sharks spent 90% of the nighttime in the mixed layer (average mixed-layer depth, 60 m) 
while at GI, only 10% was spent near the surface (0–5 m); in comparison, sharks in the SOFA spent 
65% of the night in the mixed layer (average mixed-layer depth 126 m) with 20% near the surface 
(Figure 10.3). 

Archival tag data described tremendous variation in vertical movement patterns between indi-
vidual sharks within the same time frame. In general, oscillatory bounce diving was the most preva-
lent vertical behavior. Although dive patterns between individuals may look similar at a temporal 
scale of several months (Figure 10.4), examining these same data at higher resolution reveals dis-
tinct differences. For example, 18M and 41F exhibited differing daytime vertical excursion patterns; 
in December, 18M made oscillatory dives between the mixed layer and 300 m, whereas 41F con-
ducted longer dives at depth with deeper oscillations between 200 and 350 m (Figure 10.5a and b). 
In addition to deep oscillatory dives, recovered archival data also showed periods when sharks 
rarely dove beneath the mixed layer (e.g. 18M; Figure 10.5c).

Summarized 24-h time-at-depth data from all PAT tags indicated a change in vertical behavior 
by season (Figure 10.6). Sharks spent the most time above 40 m throughout their time at GI; how-
ever, more time was spent deeper than 40 m from August to December (44.8, 36.3, 26.4, 28.0, and 
26.8% by month, respectively) than January to March (20.8, 14.8, and 15.1% by month, respectively) 
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Figure 10.3  day and night depth distribution (archival Pat data, tags 18M, 30M, and 40M) for tagged White 
sharks while near Guadalupe island, Mexico (a) and while in the shared offshore foraging 
area (b).
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Figure 10.4  ambient temperature-depth profiles displaying 2-min. archival data at Guadalupe island for 18M 
(a) and 41f (b). temperature is indicated by color.

table 10.2  Depth and Dissolved-Oxygen Levels experienced by tagged White Sharks while at 
Guadalupe Island

tag Number 
and Sex

Max 
depth (m)

Day average 
Maximum 
Depth (m)

Night average 
Maximum 
Depth (m)

% time 
below 50 m

average 
Daily 

Minimum O2 
(ml L−1)

Minimum 
O2 (ml L−1)

11U 358 207 114 39 2.9 1.4

16M 326 167 89 32 3.5 1.3

18M 461 282 128 21 2.3 0.7

30M 496 258 125 21 2.6 0.8

37U 318 185 104 10 3.5 1.5

40M 396 161 95 9 3.9 1.4

41f 414 215 113 26 3 0.7
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Figure 10.5  depth profiles for 10 days overlaid in one 24-h period for 18M (a) and 41f (b) from december 
20–29 and 18M from January 8–17 (c). the different colors indicate individual days. dark gray 
indicates night, and light gray indicates twilight. 
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(Student’s t test, p = 0.02). Analysis of archival data confirmed this seasonal depth change; 18M and 
41F both shifted from a deeper vertical diving pattern in December to a shallow vertical pattern in 
January (Figure 10.5). This shift was statistically significant with average daily maximum depths of 
338 m in December and 178 m in January (Wilcoxon rank sum test, p < 10−11). Both 18M and 41F 
began their offshore migration in the beginning of February following this transition (Table 10.1). 

Unique behavioral patterns were also noted for a subadult shark. Tags 30M and 40M were 
deployed on the same immature shark in two consecutive years (Table 10.1). In both years the 
immature shark displayed an oscillatory dive pattern that was significantly shallower than that 
of the mature male 18M. Comparing the month of December, 18M had a significantly deeper 
average daily maximum depth (326 m) than the subadult male (237 and 167 m for 30M and 40M, 
respectively) (Wilcoxon rank sum test, p < 10−8). Although the immature shark exhibited periods 
of shallow diving within the mixed layer between January and March (in both years), it did not 
make a transition from a pattern of deep vertical dives to shallower vertical dives (Figure 10.7) 
(average December daily maximum depths of 208 and 195 m in January) (Wilcoxon rank sum test, 
p < 0.46). A period of vertical oscillatory activity with increased maximum depth was observed in 
both years beginning in late March. The percentage of time above 50 m for 30M from December to 
March was 82% and decreased to 61% in April (Wilcoxon rank sum test, p < 10−8). In both years, 
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Figure 10.6  bar graphs indicating percentage of time at depth by month for sharks around Gi using all Pat tag 
data. these data show that a significantly higher percentage of time was spent at depths deeper 
than 40 m from august to december compared with January to March. the period from May to 
July was excluded because of very little data.
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Figure 10.7  ambient temperature-depth profiles displaying 2-min. archival data from recovered Pat tags at 
Guadalupe island for 30M (a) and 40M (b). both of these tags were deployed on the same shark 
in two  consecutive years. temperature is indicated by color.
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the shark began the offshore migration in April or May (Table 10.1). An analysis of all PAT tag 
data from sharks estimated as subadult (Domeier and Nasby-Lucas, 2008) gave an average depar-
ture date of April 7, compared with those estimated as mature, which departed on an average date 
of January 31.

Mixed-Layer Depth and Dissolved Oxygen

During the time the sharks were present at GI, the mixed layer depth ranged from 30 to 90 m and 
was deeper in late winter and early spring than in summer and fall. Depths with low DO levels at GI 
were relatively shallow. Climatological data implied that the average depth of the oxygen-minimum 
zone (defined as <1.5 ml L−1) ranged between 225 and 300 m. Matching the archival data sets with 
the World Ocean Atlas data (Garcia et al., 2006) indicated that the lowest estimated DO experienced 
for each shark was between 0.7 and 1.5 ml L−1 (Table 10.2). The maximum percentage of time in a 
24-h period below 1.5 ml L−1 DO was 18.8% for 41F; this occurred in the month of December with a 
single dive having a maximum depth of 357 m and minimum depth of 216 m over a period of 9 h 36 
min. The average DO during this dive was 1.6 ml L−1 and involved DO exposures less than 1.5 ml L−1 
for periods of approximately 30 min. Male sharks generally spent less time below the oxygen-min-
imum zone with maximum exposures in a 24-h period ranging from 0.7 to 11.7% (tags 16M, 18M, 
30M, and 40M). Average daily minimum DO for all tags ranged from 2.3 to 3.9 ml L−1 (Table 10.2). 

DISCUSSION

Although detailed descriptions of horizontal and vertical movement patterns for northeastern 
Pacific White Sharks in the SOFA and in central California have been published (Goldman and 
Anderson, 1999; Jorgenson et al., 2010; Nasby-Lucas et al., 2009; Chapter 11, this book), these are 
the first comprehensive analyses of fine-scale habitat use by White Sharks at GI. There are notable 
differences and similarities between the habitat preferences of White Sharks at GI to the habitat 
preferences of White Sharks in other areas, with some apparent seasonal variation. Archival data 
sets of depth and temperature provide a first look at White Shark activity around GI, but it should 
be noted that the records of high-resolution data presented here constitute a small sample size, and 
precise behaviors such as foraging and mating cannot be determined from tag data.

SLRT tag data indicated seasonal changes in the spatial distribution of White Sharks around 
GI; not surprisingly, the spatial distribution of pinnipeds around the island appears to be impacting 
the distribution of White Shark activity. Although Fur Seals and Elephant Seals can be found at the 
island year round, each has seasonal peaks in abundance relative to pupping, mating, and molting. 
Guadalupe Fur Seals are found throughout the east side of the island (Figure 10.1) and have a pup-
ping and mating season from mid-June through August, after which the males depart but the females 
remain until the pups are weaned 9–11 months later (Aurioles and Trillmich, 2008). The Northern 
Elephant Seals are most abundant in two locations at GI: one is a series of small beaches interspersed 
along the northeast corner of the island, and the other is a large beach on the northwest side of the 
island (Figure 10.1). Elephant Seal presence peaks during both the breeding season in late January 
and the molting season of the females and juveniles in the spring (Gallo-Reynoso et al., 2005b). 

Shark activity was confined and spread out over the eastern half of the island in August and 
September, correlating with the presence of Guadalupe Fur Seals. The hot spots of activity from 
October through March match the two most important Elephant Seal habitats, particularly in December 
and January. Although the match between pinniped and White Shark spatial distribution confirms the 
importance of these prey species to White Sharks, it is noteworthy that the seasonal presence of White 
Sharks misses the June–July peak in Fur Seal presence as well as the latter half of the Elephant Seal 
peak and times when elephant seals are returning to molt. This is also the case in central California, 
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with sharks departing on an average date of January 7 (Weng et al., 2007) and missing the peak breed-
ing and molting season for Elephant Seals (Le Boeuf and Laws, 1994).

We noted a shift in tagged White Shark diving behavior from August to March, with more time 
at depths deeper than 40 m noted August through December. This shift corresponded with seasonal 
distribution of White Sharks around the island, as well as the abundance and distribution of pinnipeds, 
and may be an indication of the differences between hunting strategies for Fur Seal and Elephant Seal. 
Bruce et al. (2006) demonstrated plasticity in the vertical swimming behavior of a 3.0-m White Shark 
tracked along different regions in South Australia and suggested that such changes reflect prey-specific 
hunting strategies. The shift in vertical behavior to a shallow pattern was noted in January at the peak 
of the Northern Elephant Seal population. This may indicate foraging on Elephant Seals and might 
also explain why the subadult sharks (30M and 40M) did not exhibit the same transition in January 
and left the island later in the season, because smaller sharks may be exploiting different prey. 

Shifts in diving behavior could also be related to the arrival of females in September and 
October (Chapters 11 and 25, this book). Aggression and perhaps courtship and mating (Chapter 16, 
this book) could alter the sharks’ pattern of vertical habitat use as the season progresses. An alterna-
tive simple explanation could involve differences in bathymetry at the preferred GI habitats, which 
changes with prey availability. All of the above hypotheses require considerable additional research 
in order to determine the true nature of theses movement patterns.

Vertical Movement patterns

Vertical movement patterns for White Sharks at GI differed from those reported for White 
Sharks near pinniped colonies in central California and New Zealand. White Sharks in central 
California (Weng et al., 2007) and New Zealand (Chapter 22, this book) rarely ventured below 50 m 
(1 and 4% of their time, respectively), whereas sharks at GI were found to spend 22% of their time 
in this depth range. The simplest explanation for this difference is that the bathymetry surrounding 
the central California and New Zealand study sites is very shallow compared with GI. The deepest 
waters within 5 km of southeast Farallon Island are approximately 100 m, with waters immedi-
ately adjacent to this site only 40 m deep, whereas the bathymetry at GI drops quickly to depths as 
deep as 1,900 m at 5 km. GI also has much clearer water than central California, which may allow 
sharks to visually stalk pinnipeds from greater depths. It is possible that the discrepancy between 
the number of pinniped predation events observed at GI, compared with southeast Farallon Island 
and Seal Island, South Africa, is also due to this difference in bathymetry. The steep drop in depth 
surrounding GI may give the seals an advantage by allowing them to rapidly drop into deep, darker 
water while remaining very close to the substrate. 

It is also not surprising that White Sharks exhibit markedly different diving behavior at GI when 
compared with that exhibited while in the SOFA, because they are undoubtedly pursuing different 
prey. Repetitive oscillatory vertical movements were observed in both regions, but average daily 
maximum depths in the SOFA averaged 469 m (Nasby-Lucas et al., 2009) and were presumed to be 
associated with foraging within the deep scattering layer. In comparison, average daily maximum 
depths while at GI averaged 211 m with periods of shallow vertical movements, potentially associ-
ated with foraging and the seasonal cycles of pinnipeds.

Oxygen is likely a factor that impacts the depth to which White Sharks can dive throughout 
their range. The oxygen-minimum zone is considerably shallower in the eastern Pacific than in 
the central and western Pacific, effectively compressing the vertical habitat (Prince and Goodyear, 
2007). Although the precise minimum oxygen limit for White Sharks is unknown, vertical move-
ments from both GI and the SOFA may be constrained by approximately 1.5 ml L−1 DO, because 
average daily maximum diving depths were near the shallow boundary of the oxygen minimum 
layer at both GI (258 m) and the SOFA (493 m) (Nasby-Lucas et al., 2009). The maximum percent-
age of time spent below the oxygen-minimum zone (<1.5 ml/L DO) in a 24-h period was less at GI 
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when compared with the SOFA (37.5% for a single tagged female and 13.5–23.6% for tagged males 
(Nasby-Lucas et al., 2010), suggesting that perhaps DO is not limiting vertical excursions at GI. 
Little information is available on hypoxia tolerance in sharks, but compared with other fish species, 
the levels reported are lower than those for Yellowfin Tuna (Thunnus albacares) and Skipjack Tuna 
(Katsuwonus pelamis) but comparable with those for Bigeye Tuna (Thunnus obesus) and Swordfish 
(Xiphias gladius) (Carey and Robison, 1981; Hanamoto, 1987; Lowe et al., 2000). 

Both SLRT and PAT tags noted behavioral differences between small and large sharks at GI. 
This study, along with previous satellite tagging data (Domeier and Nasby-Lucas, 2008), showed 
that subadult males begin their offshore migration months after mature sharks. In addition, vertical 
excursions by smaller sharks tended to be shallower and could be an indication of different feed-
ing strategies because of the onotenogenic shift in diet or the fact that smaller sharks may not be 
able to spend as much time in cold temperatures as larger individuals. Similarly, there are hints 
of sex-specific differences in diving behavior that future studies with more data should examine 
closely. Finally, the difficulty in assigning motivation to behaviors detected in depth and tempera-
ture records will hopefully inspire new forms of tags, as technology evolves, that can archive pho-
tographic and/or video records to compliment the physical data. 
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