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Abstract
IndoPacific blue marlin (
Makaira nigricans
) and white sharks (
Carcharodon carcharias
) are
both top Pacific pelagic predators that utilize habitat on the scale of whole ocean basins. While
white sharks are true endotherms, with a complex circulatory system network that facilitates
body heat conservation and enables daily dives to ~600 m, blue marlin are equipped with a
cranial warming organ responsible solely for generating heat in the vicinity of the eyes and
brain such that they can dive to ~200 m. While marlin in the eastern tropical Pacific (ETP) have
been consistently tracked from the Hawaiian Islands across the equator to 10˚S, white sharks
from the northeastern Pacific population have not been described south of 10ºN. We propose
that oceanographic features are responsible for this difference in distribution. This study
compared transmitted and archival Popup Archival Transmitting (PAT) tag data of great white
sharks and IndoPacific blue marlin around Hawaii with measured oceanographic parameters
along our cruise track. Oceanographic data collected over that past decade, such as thermocline
depth and depth of the oxygen minimum zone (OMZ), paired with physiological information
from the published literature allowed us to develop hypotheses about the determinants of white
shark and marlin vertical and latitudinal distribution. This study sought to identify any
correlation between white shark and marlin distribution in the ETP and measured
oceanographic features. Ten years of SEA data show that the oxycline shoals predictably over
space and time. The results of this study suggest that the shoaling oxycline creates a
biogeographic barrier for the white shark but not for the marlin at ~10˚N. Because white sharks
prefer to feed at greater depths than do marlin, they are uniquely limited in their migration
southward by the shoaling of the OMZ. By understanding the oceanographic and physiological
mechanisms limiting southward migration of these charismatic animals, we can created a
picture of how their habitat and behaviors are being altered by anthropogenic effects of climate
change, overfishing, and pollution. This understanding is key to the conservation of these
charismatic animals.
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Key Words/Acronyms
• 
hypoxic boundary
: depth at which oxygen reaches hypoxic conditions (pO
values below
2
60µmol/kg)
• 
oxycline
: layer in a stratified ocean in which pO
values change dramatically
2
• 
oxygen minimum zone (OMZ)
: region of the ocean in which pO
values are below 60µmol/kg, a
2
biologically hypoxic value (Stramma et al. 2008)
• 
thermocline
: depth at which temperature sharply declines
• 
diel vertical migration (DVM)
: a pattern of migration in which animals live below the euphotic zone
during the day and come to the surface at night
• 
deep scattering layer (DSL)
: a horizontal zone of living organisms that occurs below the surface in
many ocean areas and causes echoes in depth sounders; organisms comprising this layer migrate to the
surface at night (DVM)
• 
eastern tropical Pacific (ETP)
: roughly extends from San Diego, west to Hawaii, and south to Peru
and is one of the most productive tropical oceans in the world
Introduction
Though the white shark and the blue marlin are important species culturally and economically,
relatively little is known about their ecology and life history. It is important to understand the movements
of these species because the patterns of an individual can have profound implications for population
dynamics (Dingle & Holyoak 2001). The recent development of electronic tagging technology (Block et
al. 1998) has provided a rare window into the lives of these nomadic pelagic predators, and studies have
revealed that white sharks are among the species that exhibit remarkable site fidelity given their capacity
for mobility (Anderson et al. 2010, Weng et al. 2007b). As we continue to remove top predators from the
oceans at unsustainable rates (Myers & Worm 2003, Stevens et al. 2000), it becomes increasingly
important to understand the determinants of their distribution and migration. At the same time, historical
time series over the last 50 years show expansion and intensification of intermediate oxygen poor zones
(Stramma et al. 2008). A study of the relationships these animals have with oxygen and with temperature
is especially relevant because models like those created by Matear & Hirst (2003) suggest that the future
oceans will be warmer and have a lower concentration of oxygen relative to present oceans.
Our study compares PAT tag data of white sharks (
Carcharodon carcharias
) and IndoPacific
blue marlin (
Makaira mazara
) in an effort to understand what biogeographic barriers may exist for these
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Pacific predators. Both species are highlymigratory and seasonally inhabit the offshore Hawaiian waters
in the ETP (Weng et al. 2007a; Shaklee et al. 1983), yet they display different environmental preferences
and diving behaviors in this region. Marlin in these waters typically remain above the thermocline,
around 50 m (Block et al. 1992) and above 100 m (
Figure 1 
Holland et al. 1990), almost never
approaching the OMZ. White sharks, by contrast, “bounce dive” as deep as 600 m in these waters,
presumably feeding on the DSL (Jorgensen et al. 2010) (
Figure 2
). Our findings suggest that this
foraging behavior explains the differential distribution of these predators: while marlin frequently make
transPacific crossings (Bayley and Prince, 1994, Holts and Prescott, 1998), our data shows that white
sharks do not travel south of 10ºN (
Figure 3
).

Figure 1 “Aggregate depth distribution of six Pacific blue marlin (
Makaira nigricans
) off Hawaii
during daytime (A) and nighttime (B)” (Holland et al. 1990). During both day and night, marlin
spend the vast majority of their time above 100 m, with increased time at the surface at nighttime,
evidence of marlin predation on the migratory deep scattering layer.
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Figure 2 
(Left) White shark diving behavior in the HI offshore waters tightly mirrors the diel
vertical migration (DVM) of the DSL (Figure from Jorgensen et al. 2012). 
(Right) White shark
diving behavior in the same region; white line shows the diel cycle of light intensity (Figure from
Weng et al. 2007a).

Ferguson & Wood 5

Figure 3 
(Top Left) Available white shark PAT data near our cruise track (GIS Image courtesy
Mike Castleton, Tuna Research and Conservation Center (TRCC)), 
(Top Right) 
Our cruise track
mapped on a Chlorophylla satellite image, in which purple to dark blue represent oligotrophic
waters and light blue to green colors represent nutrientrich waters. (
Bottom
) Tracklines and
points representing PAT data of 13 blue marlin near our cruise track.

It is at this latitude that a decade of Stanford @ SEA data reveals a shoaling of the OMZ from
about 400 m at 20˚N, to about 100 m (
Figure 4
). Due to their highperformance physiology, both white
sharks and marlin (Carey et al. 1982, 
Prince & Goodyear 2006) are dependent on an oxygenrich
environment, which exists only near the surface in the ETP. Prince & Goodyear (2006) demonstrated
that the shallow thermocline and the hypoxic conditions of deeper water in this region compress the
vertical habitat of some billfish, and several studies have shown that where oxygen is limited, it is a
greater constraint to organisms than is temperature (Randall 1970, Diaz 2001). Because marlin spend the
vast majority of their time above 100 m, this compression does not seem to rigidly constrain their vertical
habitat in this epipelagic zone. Jorgensen et al. (2009) suggested that the OMZ may be limiting white
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shark expansion at the “Cafe”, the offshore focal area within the eastern boundary of the North Pacific
Gyre where white sharks gather (Weng et al. 2007b, Jorgensen et al. 2012).

Figure 4 Depth profile of the partial pressure of oxygen across the 2011 Stanford @ SEA transect
reveals the shoaling of the OMZ. Overlaid above are physiological thresholds (60
µmol/kg=1.3mL/L and 22 µmol/kg= 0.49mL/L) (Hofmann et al. 2011) and nets that were
deployed along the cruise track. (Koenig & Lee 2011).

As the earth’s climate changes, the oceans are not immune to atmospheric and climatic stresses.
Increased temperatures alter precipitation and ocean circulation patterns, the oceanatmosphere heat
budget, oceanic pH and alkalinity, and dissolved oxygen content (Maeter & Hirst 2003; Paulmier et al.
2011). Of increasing interest in ocean basins across the globe is the shoaling and vertical expansion of
oxygen minimum zones related to climate change. Depths to the oxycline and the dimensions of OMZs
are affected by climateforced shifts in the thermocline, that then heavily influence the habitability of
ocean basins across the globe (Deutsch et al. 2011). The ETP features distinct oceanographic qualities
characterized by the latitudinal transition from the North Pacific Subtropical Gyre to equatorial features
and the northern lobe of the Southern Pacific Subtropical Gyre (Karstensen et al. 2008; Fiedler & Talley
2006). Here, distinct water masses meet and flow past each other to create intense current shears that
shape unique chemical and physical oceanographic boundaries like dramatic changes in clines,
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exacerbated by climate change. Depth to the oxycline as a result of changing climate affects the vertical
and latitudinal dimensions of the pelagic ocean for inhabitant organisms (Hazen et al.2012). Stramma 
et
al. (2010) analyzed a 30 year time series in the ETP, recording meridional shoaling of the OMZ at the
rate of 
−
0.55 µmol/kg*yr. Expansion of the OMZ is predicted to continue vertically and horizontally,
promising serious implications to top pelagic predator habitat in the ETP and all the world’s oceans,
already explored by Hazen et. al (2012) and Prince & Goodyear (2006).

Methods
White sharks were tagged with popup acoustic transmitting tags (PAT tags) off the coast of
central California as previously described in Jorgensen et al. (2010); IndoPacific blue marlin were
tagged by Block Lab of Stanford University using similar techniques between August 2000 and
December 2010 (Block, unpublished). We analyzed data from the 2 sharks that transmitted tag data along
our cruise track during the appropriate season, as well as 1 retrieved archival tag, for a total of 3
individual records. Similar data for blue marlin has been recorded by 13 PAT tags, each of which
location, depth, and ambient temperature recorded up to four times daily. Using Ocean Data View (v
4.5.6) and Microsoft Excel (Microsoft v 14.3.5), we analyzed variables that gave us the greatest insight
into the relationship these animals have with observed and measured oceanographic features. We
analyzed time spent in each depth bins for each individual, as well as the average time spent in each
depth bin for all sharks and for all marlin. We created 3 latitude categories based on the observed
shoaling of the hypoxic boundary depth: 2017˚N, 1712˚N, and 1210˚N. For each of these categories,
we calculated average time spent at depth for individual sharks and for all marlin.

Figure 5 
Cruise S247 stations (blue dots) on the downward leg and
initial northward leg. Inside the red box are the selected stations used to
describe the transect.

For white sharks data was organized into 10 bins, with edges defined by
1 (surface), 5, 10, 50, 100, 150, 200, 250, 300, 500, and 700 meters.
Because so few tagged individuals provided data relevant to the study, no
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accurate mean could be calculated and sharks were observed as individuals. For marlin, data were sorted
into bins with edges defined by 0, 5, 10, 25, 50, 100, 150, 200, 250, 300, 350, 500 and 1000 meters. Our
transect extended from the Hawaiian Island Chain at around 20˚N to Palmyra Atoll at 8˚N (
Figure 5
). It
transects several major geostrophic currents: North Equatorial Current (NEC), the North Equatorial
Countercurrent (NECC), and the South Equatorial Current (SEC), which overlays the Equatorial
Countercurrent (ECC) (Kessler 2006). To understand the physical oceanographic features of the Eastern
Equatorial Pacific, we also examined ten years of historical SEA data recording depth profiles of
temperature, chlorophylla, pH, and pO
2 when it became available in 2009. At each of the 18 stations
along the downward leg of our cruise track from O’ahu, Hawai’i a hydrocast equipped with an SBE 43
Dissolved Oxygen Sensor recorded dissolved oxygen content at a resolution of one sample per 6 meters
of depth to depths of ~ 600m. A conductivity temperature and depth probe sampled simultaneously. This
data was then compared to the historical data set of CTD measurements spanning 10 years from the five
previous Stanford @ SEA cruises along this track in the months of May and June to create a time series
of the trends in the physical oceanographic features, and comparable to the white shark and marlin data of
the last decade.

Results
Analysis of the oceanographic data collected by SEA over the past decade shows that the depth to
the thermal boundary, top of the thermocline, and depth to hypoxic waters, top of the oxycline, shoals
during our 2013 (S247) across approximately 5˚ of latitude. Ocean Data View plots interpolating
temperature and pO
2 values from 18 stations along the cruise track extending from O’ahu, Hawai’i to
Palmyra Atoll, over ~20˚ of latitude from 2013 (
Figures 6a & 6b) 
illustrate the deep hypoxic boundary
shoaling from ~500m to ~120m. From 20˚N to 17˚N, the thermal boundary and top of the thermocline
exists near 200m below the surface. Between 17˚N and 12˚N, the thermocline shoals and at 12˚N reaches
150m. South of 12˚N, the depth to this boundary sits near 100m.
6a.
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6b.

Figure 6 a. 
Temperature at depth versus latitude along the cruise track from O’ahu, Hawai’i to
Palmyra Atoll and 
b
. from 17˚N to 10˚N. Overlaid is the contour of 20˚C, a thermal boundary for
many organisms and the top of the thermocline. Moving south, the thermocline shoals from 350m
to nearly 100m, compressing toward 10˚N.

As anticipated from two previous sets of cruise data from 2009 (S223) and 2011 (S235), in 2013
(S247) from 20˚N to 17˚N, the depth to the oxycline is about 500m (
Figure 7
). The shoaling trend
persist between 17˚N and 12˚N such that the depth to waters with pO
2 < 22µmol/Kg rises to 250m and
south of 12˚N rises to ~100m.
7a.
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7b.

Figure 7 a. Oxygen at depth (meters) versus latitude from along S247 cruise track from O’ahu, Hawai’i
to Palmyra Atoll and 
b. 
from 10˚N to 17˚N. Overlaid are the 60 µmol/kg and 22 µmol/kg contours, which
represent hypoxic and anoxic boundaries, respectively. The 60 µmol/kg also represents the top of the
oxycline.
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Figure 8. 
Depth (meters) to hypoxic boundary (red squares) and depth to thermal boundary (blue
diamonds) plotted against latitude from O’ahu, Hawai’i to Palmyra Atoll with data points
2 
representing hydrocast stations. Overlaid are linear regressions and accompanying R
values.

There is a strong correlation of decreasing latitude with decreasing depth to hypoxic water,
2
represented by R
= 0.75953. A similar, though slightly weaker correlation can be seen with
Hypox
2
decreasing latitude and decreasing depth to the thermal boundary, with R
= 0.474.
Therm

Over our transect, the depth to the thermal boundary showed a less significant correlation to decreasing
2
latitude than did the depth to the hypoxic boundary as indicated by their R
values of linear regression

lines in figure 8
. This figure show there to be a more dramatic trend of the depth to the hypoxic
boundary, with dramatic shoaling form over 500m at 20˚N to near 100m less than 10˚N. In this figure, it
is evident that less than 10˚N, the depths to the hypoxic boundary and depth to the thermal boundary are
much similar, thereby reducing the midwater depths between them to nearly nothing.
9a.
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9b.

Figure 9 a. 
Depth (m) to the hypoxic boundary (defined as < 60 µmol/kg pO
) across latitude
2
from three years of SEA cruises: 2009 (S223, blue diamond), 2011 (S235, red squares), 2013
(S247, green triangles). 
b. 
Depth to the hypoxic including data from all three cruises, overlain
with a fitted regression curve. The depth begin to increase beyond 7˚N as latitude decreased.

This second degree polynomial curve (
Figure 9
) shows a strong relationship between latitude and the
shoaling of the oxycline and hypoxic waters without over overestimating the complexity of the
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2
phenomenon. There is a positive strongly significant relationship (R
= 0.84707) between decreasing
Hypox 

latitude and decreasing depth to the hypoxic layer until it reaches a consistent minimum depth of
approximately 115m at 7˚N.
10a.

10b.

Figure 10 
a. 
Depth to thermal boundary (defined as < 20˚C) versus latitude of three cruise tracks:
2009 (S223, blue diamond), 2011 (S235, red squares), 2013 (S247, green triangles). 
b. 
Depth to
thermal boundary (<20˚C) versus latitude of all three aforementioned cruise tracks show a
2
moderately significant trend across the three years, with R
= 0.43906.
Therm

Beyond 10˚N, the depth to both the thermocline and hypoxic boundary reach a statis between 100 and
150m (
Figures 9 & 10
). Interestingly, the change in depth to the thermal boundary was not as steep as
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anticipated; whereas the hypoxic boundary rose nearly 400m over ~10˚ of latitude, the thermocline rose
2
2
merely 150m over the same distance. Additionally, R
Therm was almost half of R
Hypox describing the trend

of latitude versus depth to thermocline as less robust than the trend of latitude versus depth to hypoxic
water. This can probably be explained by water’s high specific heat and the tendency for the bodies of
water meeting and mixing in the ETP, though distinct in their characteristic temperatures and oxygen
signatures, are not vastly different.

Shark diving behavior
Two sharks, Shark 6025 and Shark 5028, transmitted tag data along our cruise track in late spring, the
season during which we collected oceanographic data. While there is variation between these two
individuals, and indeed among all tagged sharks, they display similar diving behavior in each latitude
category (
Figures 12, 13, 14, 15
). 5028 was not tracked in the last latitude category (1210˚N), so only
data from 6025 was analyzed for this range (
Figure 15
). Across all latitudes, both individuals spent a
significant portion of their time between 300500 m, which corresponds to the depth of the deep DSL.
Both sharks spent >20% of their time between the thermocline and the hypoxic boundary depth in every
latitude category. While 6025 displayed bimodal diving behavior in all latitude categories, spending a
large portion of its time at the surface as well as at great depth, 5028 did not display this behavior, instead
spending its time more evenly among all shallower depth bins. Shark 6025 and, to a degree, Shark 5028
spent an increased amount of time in the midwater (~100300 m) between latitudes 1712˚N (
Figure 11
).
Both sharks spent ≥ 20% of their time between the thermocline and the hypoxic boundary depth at all
latitudes. The trend for the surface is the opposite; 6025 spends less time at the surface in every latitude
category, and 5028 spends the same percentage of time at the surface in both latitude categories for which
we have data.
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Figure 11. 
Average percentage of time spent in midwater (100300 m) from 1712˚N, roughly the
depths between the thermocline and the hypoxic boundary. As the hypoxic boundary shoals, the
shark spends increasingly more time between these biogeographic barriers.

Ferguson & Wood 16

Figure 12. 
Average percentage of time spent in each depth bin between latitudes 2017˚N for one
shark (6025), MayJune. The 1 m depth category is explained by the tag breaching the surface of
the water and can properly be considered “surface”, or 0 m. Red line indicates thermocline depth.

Figure 13. 
Average percentage of time spent in each depth bin between latitudes 2017˚N for one
shark (5028), AprilJune. Red line indicates thermocline depth.
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6025 displays bimodal diving behavior between 2017˚N, spending the majority of its time at the surface
and between 300500 m (
Figure 12
), the depth of the DSL. Little of its time was spent between the
shallow and deep extremes, apparently in transit between the two. 5028 spends the largest portion of its
time between 300500 m in the northernmost latitude category (
Figure 13
). Unlike 6025, however, 5028
does not spend a large portion of its time at the surface; rather, when not at the DSL, its time is more
evenly distributed among all shallower depth bins. The hypoxic boundary is as deep as the DSL at these
latitudes (~400500 m) and lies within the 300500 m depth bin in which both sharks are spending a
significant portion of their time. For this reason, no hypoxic boundary line was drawn, and no midwater
was defined. It is noteworthy, however, that neither shark is spending significant time between 100300
m, the range over which we define as midwater in the middle and southern latitude categories.

Figure 14. 
Average percentage of time spent in each depth bin between latitudes 1712˚N for one
shark (6025), MayJune. Red line indicates thermocline depth. Blue line indicates depth to
hypoxic boundary.
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Figure 15. 
Average percentage of time spent in each depth bin between latitudes 1712˚N for one
shark (5028), AprilJune. Red line indicates thermocline depth. Blue line indicates depth to
hypoxic boundary.

Between 1712˚N, the latitudes over which the hypoxic boundary shoals rapidly, 6025 continues its
bimodal diving behavior, spending the majority of its time at the surface and between 300500 m (
Figure
14
). Shark 6025 spends ~25% of its time in midwater, a dramatic increase from the northern latitudes.
This midwater range lies between the thermocline and the hypoxic boundary (~150300 m) and above the
DSL. Shark 5028 also spends the largest portion of its time between 300500 m in this latitude category
(
Figure 15
). Similar to its behavior at more northern latitudes, 5028 does not spend a large portion of its
time at the surface; rather, when not at the DSL, its time is more evenly distributed among all shallower
depth bins, including the midwater between the thermocline and the hypoxic boundary (~150300 m).
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Figure 16. 
Average percentage of time spent in each depth bin between latitudes 1210˚N for one
shark (6025), MayJune. Red line indicates thermocline depth. Blue line indicates depth to
hypoxic boundary.

In the southernmost latitude category (1210˚N), 6025 again spends the majority of its time between
300500 m (
Figure 16
). Only ~12% of its time is spent at the surface and ~22% of its time is spent
between the thermocline and hypoxic boundary, which has shoaled further (~100200 m). Shark 5028 did
not transit into these latitudes, instead returning north to Hawaii.
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Figure 17 Trackline of blue marlin (ID# 5509009) in Summer and Fall of 2009, after being
tagged with a PAT tag during the “Great Marlin Race” (image courtesy of Mike Castleton,
TRCC). Red points represent data transmission from JulyAugust, orange represents
SeptemberOctober, purple represents NovemberDecember, and green represents January to
February.

Unlike white sharks, blue marlin repeatedly went beyond the 12˚10˚N boundary. 
Figure 17 
depicts the
trackline of a representative marlin (ID# 5509009 or 009) that swims beyond 12˚10˚N and even far
beyond the equator. In the months of September and October, shown with orange dots and lines, 009
spends time just at or very near the boundary region between 12˚N and 10˚N that seems to prevent white
shark expansion southward due to physiologically limiting oxygen and temperature regimes.

18a.
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18b.
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18c.

18d.

Figure 18. Marlin average time spent at depth (m) across designated latitudinal ecoregion
regimes 
a. 
lee of the Hawaiian Islands, from 20˚17˚N 
b. 
shoaling of the oxycline, from 17˚12˚N
c. shallowest oxygenlimited region, from 12˚10˚N 
d. equatorial region nearing Palmyra Atoll,
10˚2˚N. Red line indicates thermocline depth. Blue line indicates depth to hypoxic boundary.

The observed blue marlin behavior is similar to results found in previous studies (Holland et al. 1990,
Dutton et al. 2010). In all four latitude categories, data from the 13 tagged marlin demonstrate that the
fish spent, on average, well over 50% of their time the top 5m of water. At least 80% of their time was
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spent above 50m across all latitudes. Interestingly, in the 10˚ to 2˚N region, more time is spent between
25m and 50m than is spent just above the thermocline and hypoxic water boundaries near 100m. This is
dissimilar to the other 3 latitudinal categories which, as anticipated, marlin spend their time diving to
depths of 100m to 150m to feed on the shallow scattering layer. Between 12˚10˚N and 10˚2˚N, a shift
occurs in the amount of time spent in the 50100m bin and 2550m bin; moving towards lower latitudes,
suddenly, the second most occupied bin of depths is 2550m rather than 50100m or just above the
expected scattering layer. As the hypoxic water expands vertically into the region of deepest diving
exhibited in higher latitudes, at these lower latitudes more time is spent in 2550m. The habitat seems to
experience vertical compression potentially mirroring the boundaries of the shallow scattering layer and
thus source of marlin prey, as well as the physiological boundary for marlin.

Discussion
Shark diving behavior
White sharks are endothermic animals, constantly thermoregulating to keep their body temperature at
~30˚C (Goldman 1997); however, at such great depths (300500 m), temperature is low enough (<10˚C)
that behavioral thermoregulation may necessary, as has been recorded in other largebodied pelagic
predators (Holland 1992; Carey and Johnson 1990). We propose behavioral regulation of oxygen is
similarly necessary because, like temperature, oxygen is extremely low at great depth (<60µmol/kg).
White sharks are aerobic largebodied predators with a high oxygen demand; we propose that oxygen
regulation accounts for the time spent in midwater, between the thermocline and the hypoxic boundary.
This combination of harsh conditions would make it difficult for a white shark to thrive at these latitudes
and may also explain the return of 5028 north before approaching the southernmost limit of tagged white
sharks (10˚N). Water temperature in this range is <20˚C, too cold to be explained by behavioral
thermoregulation, but oxygen concentration is >60µmol/kg, which exceeds the concentration found at the
hypoxic boundary previously defined. Activity here is unlikely to be explained by foraging, as relatively
few organisms spend significant in the midwater compared to the surface ocean and the DSL. This
behavior is likely not explained exclusively by travel between the surface and the deep because both
sharks spend either less time or an equal amount of time at the surface in lower latitudes compared to
higher.
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The retrieved archival tag (Shark 4009, AKA Tipfin) provides greater temporal resolution than do
the transmitted tags, recording depth data once every minute. This tag provides a window into the true
behaviors of white sharks in offshore Hawaiian waters. 
Figure 19 
is a plot of Tipfin’s diving behavior
over a 24 hour period at 15˚N, a day representative of the shark’s time in the middle latitude category
(1712˚N). At this latitude, the hypoxic boundary shoals to ~300 m. This data supports the oxygen
regulation hypothesis because Tipfin appears to avoid the hypoxic boundary when it is approached and
returns to the midwater, between the thermocline and the hypoxic boundary, after short dives.

Figure 19. 
Diving behavior of Tipfin over a 24 hour period at 15˚N. Yaxis represents depth in meters,
xaxis spans 24 hours on 5 June 2005 beginning at 00:00.

At 12:00 Tipfin approaches the hypoxic boundary, then remains above it for ~30 minutes before
making one deep dive, then returning to the surface. At 16:00 Tipfin dives below the hypoxic boundary
and “surfaces” in the midwater, above the boundary but below the thermocline, before making a second
longer, deeper dive. We propose these longer, deeper dives require a return to the surface for both
temperature and oxygen regulation, but that in some cases, after shorter dives (for example, the dive to
~425 m at 16:00, 
Figure 19
), white sharks can regulate oxygen in the midwater below the thermocline.
Tipfin’s behavior at 11˚N (
Figure 20
), the southernmost latitude recorded for this shark and the
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southernmost latitude category for this study, further supports the oxygen regulation hypothesis. At this
latitude, the hypoxic boundary shoals to ~200 m. Similar to the observed behaviors at 15˚N (
Figures 19,
20
), at 11˚N Tipfin hovers above the hypoxic boundary. After a morning deep dive to ~400 m, Tipfin
remains in the midwater, below the thermocline but above the hypoxic boundary, for several hours. After
a deeper, longer dive in the afternoon, Tipfin surfaces before returning to depth. This behavior is likely
explained by behavioral thermoregulation and, we propose, behavioral oxygen regulation.

Figure 20. 
Diving behavior of Tipfin over a 24 hour period at 11˚N. Yaxis represents depth in
meters, xaxis spans 24 hours on 10 June 2005 beginning at 00:00.
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Marlin diving behavior

21.

Figure 21 
Dive depth versus environmental temperature over 5 days between 27 September 2010 and 1
October 2009 of marlin 009.

Across its track, it exhibits a fairly consistent dive behavior characterized by once daily deep
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dives to depths of approximately 120m. However, this marlin reaches a maximum depth of 240m in the
southern hemisphere in late January. This dive behavior matches our anticipated results because marlin,
feed on the shallower scattering layer that exists near ~100m, while also relying on surface foraging.
Additionally, marlin are not fully endothermic top predators and utilize a specialized heater organ
embedded in their head behind their eye to keep their senses sharp without expending energy to regulate
their entire body temperature (Block et al. 1992). Marlin must then behaviorally thermoregulate by
returning to warmer surface waters after deep dives below the thermocline, where temperatures quickly
drop off to temperatures well below marlin body temperature (
Figure 21
).

Figure 23 
Average percent time of 13 marlin spent at depths 0 to 10 m 50 to 100 m, 
25 to 50 m,

and
50 to 100 m as averaged over each degree of latitude.


Above, 
figure 23 has averaged the percent of time spent in this bin for all 13 marlin over each
degree of latitude and highlights an interesting trend is the relationship between time spent between 25m
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and 50 m (green line) versus time in the region just above the thermocline between 50 and 100 m 
(blue
line). While time between 50 m and 100 m gradually decreasing moving towards the equator, average
percent time spent between 25 m and 50 m increases across the same latitudinal section. This might be a
reflection of the hypoxic boundary shoaling to nearly 120m, thereby compressing the overlying marlin
habitat as well as marlin prey habitat and acting as a restrictive lower boundary. At the same time, marlin
on average are spending less time at the surface (red line) at low latitudes, where water is warmer and
potentially thermally prohibitive. This pattern suggests vertical habitat compression from below by the
hypoxic waters, and from above, by increased surface temperatures. Whereas sharks, as endothermic
animals, regulate their body temperature in hot water by expending energy to cool down, marlin are
subject to ambient temperatures and might not be physiologically strained by higher water temperatures
in the same way. Interestingly, though the scope of the latitudinal extent of our oceanographic data,
marlin return to deeper water beyond the equator where it is expected that water cools at the surface, and
both the thermal boundary and hypoxic boundary sink.

Significance
Global reported landings of sharks rose threefold from 1950 to 2000 (from 120,677 to 760,000
metric tons) (Stevens et al. 2000). Sadly, reported landings are a small fraction of true total landings,
which Worm et al. (2013) estimated to be more than 18.5 million metric tons per year due to illegal,
unregulated, and unreported (IUU) catch. Every year, millions of sharks are being caught as bycatch and
as trophies (Stevens et al. 2000, Worm et al. 2013); many are killed for their fins alone. There is
everincreasing pressure on sharks as a food source and as a luxury product, as well as increased stressors
from climate change and its varied effects on ocean health. But this story is not unique to sharks; we have
seen a global decline in nearly every Pacific predator (Myers and Worm 2003), with an estimated 79%
decline in IndoPacific blue marlin (Cox et al. 2006) and the 51st Standing Committee on Tuna and
Billfish calling the fishery “close to fully exploited” (Kleiber et al . 2002). Predators serve an
ecologically important role in regulating the balance of marine ecosystems (Scheffer et al. 2005; Meyers
& Worm 2003), as well as an economically important role. It is vitally important that we understand not
just the areas where these animals thrive, but also the boundaries limiting the expanse of distinct
populations.
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Reflections and Conclusions
Research into these animals’ ecology and life history is essential to their conservation, and this
study provides insight into the oceanographic features limiting their success in the ETP. These findings,
which bring together ten years of data from Stanford @ SEA, further our understanding of critical species
in a changing ocean. Though we can speak about ten years of temperature data across our cruise track
and five years of oxygen data, a decade of data lacks the scope to fully capture larger scale trends; at the
same time, because Stanford @ SEA has only collected oceanographic data in the months of May and
June, extrapolations to other times of the year are not necessarily appropriate. Thus, including cruises
from other seasons would improve the strength of our conclusions. Additionally, while the four tags from
sharks provided a window into the lives of these otherwise enigmatic creatures, our sample size is
insufficient to make statistically significant conclusions about white shark behavior at large. This also
presents an issue concerning the comparisons between white sharks and marlin, for which we had a
greater number of tags (14), but only of transmitted data. For this reason, we made qualitative
observations. In the future, having more transmitted shark tag data as well as archival tag data from
marlins would greatly improve the potential for the scope of our analyses. With a quantity of data, and
with greater spatial temporal resolution, potential for more accurate and insightful conclusions follows so
that we may better manage these poorly understood pelagic predators.
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