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Tracking apex marine predator movements in a
dynamic ocean
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A.-L. Harrison5, J. E. Ganong1, A. Swithenbank1, M. Castleton1, H. Dewar6, B. R. Mate7, G. L. Shillinger1, K. M. Schaefer8,
S. R. Benson9, M. J. Weise5, R. W. Henry5 & D. P. Costa5

Pelagic marine predators face unprecedented challenges and uncer-
tain futures. Overexploitation and climate variability impact the
abundance and distribution of top predators in ocean ecosystems1–4.
Improved understanding of ecological patterns, evolutionary con-
straints and ecosystem function is critical for preventing extinctions,
loss of biodiversity and disruption of ecosystem services. Recent
advances in electronic tagging techniques have provided the capacity
to observe the movements and long-distance migrations of animals
in relation to ocean processes across a range of ecological scales5,6.
Tagging of Pacific Predators, a field programme of the Census of
Marine Life, deployed 4,306 tags on 23 species in the North Pacific
Ocean, resulting in a tracking data set of unprecedented scale and
species diversity that covers 265,386 tracking days from 2000 to
2009. Here we report migration pathways, link ocean features to
multispecies hotspots and illustrate niche partitioning within and
among congener guilds. Our results indicate that the California
Current large marine ecosystem and the North Pacific transition
zone attract and retain a diverse assemblage of marine vertebrates.
Within the California Current large marine ecosystem, several
predator guilds seasonally undertake north–south migrations that
may be driven by oceanic processes, species-specific thermal
tolerances and shifts in prey distributions. We identify critical
habitats across multinational boundaries and show that top preda-
tors exploit their environment in predictable ways, providing the
foundation for spatial management of large marine ecosystems.

Large marine predators are important top consumers in marine
ecosystems, and their depletion can have cascading effects on lower
trophic levels in both coastal and open-ocean waters3,7,8. Although some
taxa are protected internationally from direct harvest, intense over-
exploitation by high-seas fisheries and anthropogenic environmental
change are threatening global marine biodiversity. The management
and conservation of highly migratory marine predators depends on
understanding how movements relate to ocean processes; however,
the dynamic relationships among behaviour, physiology and oceano-
graphy over a range of temporal and spatial scales remains unclear4,9,10.

Tagging of Pacific Predators (TOPP) examined the distribution of
species that inhabit and migrate into the coastal upwelling region off
the west coast of North America. Using simultaneous tag deployments,
we tracked seven top-predator guilds (sharks, tunas, albatrosses, shear-
waters, turtles, pinnipeds and rorqual whales) concurrently for nearly
a decade. Habitat use, residency patterns and migration pathways to
North American waters were previously unknown or poorly docu-
mented for most of these animals5,6,11–13.

Deployments of 4,306 electronic tags yielded 1,791 individual
animal tracks from 23 species, totalling 265,386 animal tracking days
(Fig. 1 and Supplementary Tables 1–3). The tracking technologies used
had different location precisions, and include ARGOS satellite tags

(n 5 1,183), archival and satellite transmitting tags (n 5 1,008) and
archival geolocation tags (n 5 2,115); the latter two provide estimates
of position based on sunrise and sunset times and sea surface temper-
ature (SST). We used a state-space modelling approach14 to estimate
daily locations, and their uncertainty, from each track while account-
ing for the differing precisions of the tracking technologies.

The tracking data show that the California Current large marine
ecosystem (CCLME; Supplementary Fig. 1) is an important habitat
(Figs 2–4) for tunas (Pacific bluefin, Thunnus orientalis; yellowfin,
Thunnus albacares; albacore, Thunnus alalunga), sharks (shortfin
mako, Isurus oxyrinchus; white, Carcharodon carcharias; salmon,
Lamna ditropis; blue, Prionace glauca; common thresher, Alopias vul-
pinus), cetaceans (blue whale, Balaenoptera musculus), pinnipeds
(northern elephant seal, Mirounga angustirostris; California sea lion,
Zalophus californianus), seabirds (Laysan albatross, Phoebastria
immutabilis; black-footed albatross, Phoebastria nigripes; sooty shear-
water, Puffinus griseus) and sea turtles (leatherback, Dermochelys cor-
iacea; loggerhead, Caretta caretta). Annual migratory periodicity was
evident in the movements of many tagged animals that showed fidelity
to the cool, nutrient-rich waters of the CCLME (Figs 2 and 3).
Extended residency within the CCLME was revealed by examining
tracks that spanned multiple seasons, using a behavioural switching
state-space model14. Numerous species (leatherback sea turtles, black-
footed albatrosses, sooty shearwaters, bluefin tunas and salmon sharks;
Fig. 2b) had a strong attraction to the CCLME and undertook long
migrations (.2,000 km) from the western, central or south Pacific
basin. Some species (bluefin and yellowfin tunas; mako, white and
salmon sharks; blue whales; male elephant seals; and leatherback sea
turtles; Fig. 3a and Supplementary Fig. 2) undertook a seasonally recur-
ring north–south migration in the North Pacific and within the
CCLME. Other taxa undertook movements between near-shore and
offshore waters, with a residency period within the CCLME or the
Gulf of Alaska, followed by an offshore migration that ranged into the
North Pacific transition zone (NPTZ) (female elephant seals,
salmon sharks and Laysan albatrosses), the subtropical gyre and north
equatorial current (blue and mako sharks and leatherback sea turtles),
or the ‘Café’ region of the eastern Pacific and the Hawaiian Islands
(white sharks; albacore tunas, Thunnus alalunga; and black-footed alba-
trosses). The mechanisms and cues underlying fidelity to seasonally
modulated migration pathways are not entirely known, but may rep-
resent a capacity to discriminate among areas of seasonal significance
for foraging or reproduction.

The quarterly predator density in relation to the median satellite-
derived SST measurements within the CCLME (Fig. 3b and Sup-
plementary Fig. 3) suggests that seasonal warming (quarter three) along
the Baja California peninsula may trigger northward movements of
predator populations. Increased metabolic expenditures in ectotherms

1Stanford University, Biology Department, Hopkins Marine Station, Pacific Grove, California 93950, USA. 2Dalhousie University, Department of Biology, Halifax, Nova Scotia B3H 4J1, Canada. 3San Jose
State University, Department of Biological Sciences, San Jose, California 95192, USA. 4NOAA Southwest Fisheries Science Center, Environmental Research Division, Pacific Grove, California 93950, USA.
5University of California, Santa Cruz, Department of Ecology & Evolutionary Biology, Long Marine Laboratory, Santa Cruz, California 95060, USA. 6NOAA Southwest Fisheries Science Center, Fisheries
Research Division, La Jolla, California 92037, USA. 7Oregon State University, Hatfield Marine Science Center, Newport, Oregon 97365, USA. 8Inter-American Tropical Tuna Commission, La Jolla, California
92037, USA. 9NOAA Southwest Fisheries Science Center, Protected Resources Division, La Jolla, California 92037, USA.
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as the ocean warms, subsurface hypoxia15 and declines in primary
productivity (Fig. 3b and Supplementary Fig. 3g) all potentially decrease
the suitability of this habitat. In the northern waters of the CCLME
(Fig. 3b and Supplementary Fig. 3a–d), cooler temperatures (9–11 uC),
particularly during the spring upwelling season, limit cardiac func-
tion13,16 in many fishes and sharks, reducing their capacity to exploit
these environs. Predators were observed moving south into warmer
water despite regions of persistent productivity in the north (Fig. 3b).
A similar relationship may hold for endotherms, such as seabirds, pin-
nipeds and whales, but the linkage is indirect as the physiological con-
straints are largely on their prey.

Tracking data typically were acquired for less than one year;
however, for some taxa (tunas, turtles and sharks) multiyear tracks were
obtained (maximum of 1,380 days, for salmon sharks; Supplementary
Table 1 and Supplementary Fig. 4). To account for abbreviated tracks and
for variation in sample size among taxa, we applied time weighting and
species normalization schemes before examining multispecies density
patterns (Supplementary Methods). The relative spatial density of large
marine predators indicates that high-use areas in the northeastern Pacific
occur both on the high seas (NPTZ; Fig. 4a and Supplementary Fig. 1)
and within the exclusive economic zones of North America (CCLME;
Fig. 4b). These observed patterns differ markedly from those expected
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Figure 1 | All TOPP species state space position estimates and distribution
from electronic tagging. a, Daily mean position estimates (circles) and annual
median deployment locations (white squares) of all tagged species. b, Daily
mean position estimates of the major TOPP guilds (from left): tunas (yellowfin,
bluefin and albacore), pinnipeds (northern elephant seals, California sea lions

and northern fur seals), sharks (salmon, white, blue, common thresher and
mako), seabirds (Laysan and black-footed albatrosses and sooty shearwaters),
sea turtles (leatherback and loggerhead) and cetaceans (blue, fin, sperm and
humpback whales).
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Figure 2 | Fidelity and attraction to the CCLME.
a, Examples of pelagic predators released and
electronically tracked in the CCLME that show
fidelity to deployment locations and the CCLME.
We show the release locations (square), pop-up
satellite end point locations (triangle) and daily
mean positions (circles) of the following species:
yellowfin tuna (yellow), bluefin tuna (white), white
shark (red), elephant seal (blue) and salmon shark
(orange). b, Individual tracks of pelagic animals
released .2,000 km away from the CCLME that
are indicative of cross-basin or ecosystem
attraction to, and temporary residency within, the
eastern North Pacific. Symbols are as in a, for
leatherback sea turtles (green), sooty shearwaters
(pink), fur seals (pale yellow), black-footed
albatrosses (black) and salmon sharks (orange).
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derived SST measurements within the CCLME (Fig. 3b and Sup-
plementary Fig. 3) suggests that seasonal warming (quarter three) along
the Baja California peninsula may trigger northward movements of
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as the ocean warms, subsurface hypoxia15 and declines in primary
productivity (Fig. 3b and Supplementary Fig. 3g) all potentially decrease
the suitability of this habitat. In the northern waters of the CCLME
(Fig. 3b and Supplementary Fig. 3a–d), cooler temperatures (9–11 uC),
particularly during the spring upwelling season, limit cardiac func-
tion13,16 in many fishes and sharks, reducing their capacity to exploit
these environs. Predators were observed moving south into warmer
water despite regions of persistent productivity in the north (Fig. 3b).
A similar relationship may hold for endotherms, such as seabirds, pin-
nipeds and whales, but the linkage is indirect as the physiological con-
straints are largely on their prey.

Tracking data typically were acquired for less than one year;
however, for some taxa (tunas, turtles and sharks) multiyear tracks were
obtained (maximum of 1,380 days, for salmon sharks; Supplementary
Table 1 and Supplementary Fig. 4). To account for abbreviated tracks and
for variation in sample size among taxa, we applied time weighting and
species normalization schemes before examining multispecies density
patterns (Supplementary Methods). The relative spatial density of large
marine predators indicates that high-use areas in the northeastern Pacific
occur both on the high seas (NPTZ; Fig. 4a and Supplementary Fig. 1)
and within the exclusive economic zones of North America (CCLME;
Fig. 4b). These observed patterns differ markedly from those expected
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Figure 1 | All TOPP species state space position estimates and distribution
from electronic tagging. a, Daily mean position estimates (circles) and annual
median deployment locations (white squares) of all tagged species. b, Daily
mean position estimates of the major TOPP guilds (from left): tunas (yellowfin,
bluefin and albacore), pinnipeds (northern elephant seals, California sea lions

and northern fur seals), sharks (salmon, white, blue, common thresher and
mako), seabirds (Laysan and black-footed albatrosses and sooty shearwaters),
sea turtles (leatherback and loggerhead) and cetaceans (blue, fin, sperm and
humpback whales).
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Figure 2 | Fidelity and attraction to the CCLME.
a, Examples of pelagic predators released and
electronically tracked in the CCLME that show
fidelity to deployment locations and the CCLME.
We show the release locations (square), pop-up
satellite end point locations (triangle) and daily
mean positions (circles) of the following species:
yellowfin tuna (yellow), bluefin tuna (white), white
shark (red), elephant seal (blue) and salmon shark
(orange). b, Individual tracks of pelagic animals
released .2,000 km away from the CCLME that
are indicative of cross-basin or ecosystem
attraction to, and temporary residency within, the
eastern North Pacific. Symbols are as in a, for
leatherback sea turtles (green), sooty shearwaters
(pink), fur seals (pale yellow), black-footed
albatrosses (black) and salmon sharks (orange).
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multispecies hotspots and illustrate niche partitioning within and
among congener guilds. Our results indicate that the California
Current large marine ecosystem and the North Pacific transition
zone attract and retain a diverse assemblage of marine vertebrates.
Within the California Current large marine ecosystem, several
predator guilds seasonally undertake north–south migrations that
may be driven by oceanic processes, species-specific thermal
tolerances and shifts in prey distributions. We identify critical
habitats across multinational boundaries and show that top preda-
tors exploit their environment in predictable ways, providing the
foundation for spatial management of large marine ecosystems.

Large marine predators are important top consumers in marine
ecosystems, and their depletion can have cascading effects on lower
trophic levels in both coastal and open-ocean waters3,7,8. Although some
taxa are protected internationally from direct harvest, intense over-
exploitation by high-seas fisheries and anthropogenic environmental
change are threatening global marine biodiversity. The management
and conservation of highly migratory marine predators depends on
understanding how movements relate to ocean processes; however,
the dynamic relationships among behaviour, physiology and oceano-
graphy over a range of temporal and spatial scales remains unclear4,9,10.

Tagging of Pacific Predators (TOPP) examined the distribution of
species that inhabit and migrate into the coastal upwelling region off
the west coast of North America. Using simultaneous tag deployments,
we tracked seven top-predator guilds (sharks, tunas, albatrosses, shear-
waters, turtles, pinnipeds and rorqual whales) concurrently for nearly
a decade. Habitat use, residency patterns and migration pathways to
North American waters were previously unknown or poorly docu-
mented for most of these animals5,6,11–13.

Deployments of 4,306 electronic tags yielded 1,791 individual
animal tracks from 23 species, totalling 265,386 animal tracking days
(Fig. 1 and Supplementary Tables 1–3). The tracking technologies used
had different location precisions, and include ARGOS satellite tags

(n 5 1,183), archival and satellite transmitting tags (n 5 1,008) and
archival geolocation tags (n 5 2,115); the latter two provide estimates
of position based on sunrise and sunset times and sea surface temper-
ature (SST). We used a state-space modelling approach14 to estimate
daily locations, and their uncertainty, from each track while account-
ing for the differing precisions of the tracking technologies.

The tracking data show that the California Current large marine
ecosystem (CCLME; Supplementary Fig. 1) is an important habitat
(Figs 2–4) for tunas (Pacific bluefin, Thunnus orientalis; yellowfin,
Thunnus albacares; albacore, Thunnus alalunga), sharks (shortfin
mako, Isurus oxyrinchus; white, Carcharodon carcharias; salmon,
Lamna ditropis; blue, Prionace glauca; common thresher, Alopias vul-
pinus), cetaceans (blue whale, Balaenoptera musculus), pinnipeds
(northern elephant seal, Mirounga angustirostris; California sea lion,
Zalophus californianus), seabirds (Laysan albatross, Phoebastria
immutabilis; black-footed albatross, Phoebastria nigripes; sooty shear-
water, Puffinus griseus) and sea turtles (leatherback, Dermochelys cor-
iacea; loggerhead, Caretta caretta). Annual migratory periodicity was
evident in the movements of many tagged animals that showed fidelity
to the cool, nutrient-rich waters of the CCLME (Figs 2 and 3).
Extended residency within the CCLME was revealed by examining
tracks that spanned multiple seasons, using a behavioural switching
state-space model14. Numerous species (leatherback sea turtles, black-
footed albatrosses, sooty shearwaters, bluefin tunas and salmon sharks;
Fig. 2b) had a strong attraction to the CCLME and undertook long
migrations (.2,000 km) from the western, central or south Pacific
basin. Some species (bluefin and yellowfin tunas; mako, white and
salmon sharks; blue whales; male elephant seals; and leatherback sea
turtles; Fig. 3a and Supplementary Fig. 2) undertook a seasonally recur-
ring north–south migration in the North Pacific and within the
CCLME. Other taxa undertook movements between near-shore and
offshore waters, with a residency period within the CCLME or the
Gulf of Alaska, followed by an offshore migration that ranged into the
North Pacific transition zone (NPTZ) (female elephant seals,
salmon sharks and Laysan albatrosses), the subtropical gyre and north
equatorial current (blue and mako sharks and leatherback sea turtles),
or the ‘Café’ region of the eastern Pacific and the Hawaiian Islands
(white sharks; albacore tunas, Thunnus alalunga; and black-footed alba-
trosses). The mechanisms and cues underlying fidelity to seasonally
modulated migration pathways are not entirely known, but may rep-
resent a capacity to discriminate among areas of seasonal significance
for foraging or reproduction.

The quarterly predator density in relation to the median satellite-
derived SST measurements within the CCLME (Fig. 3b and Sup-
plementary Fig. 3) suggests that seasonal warming (quarter three) along
the Baja California peninsula may trigger northward movements of
predator populations. Increased metabolic expenditures in ectotherms

1Stanford University, Biology Department, Hopkins Marine Station, Pacific Grove, California 93950, USA. 2Dalhousie University, Department of Biology, Halifax, Nova Scotia B3H 4J1, Canada. 3San Jose
State University, Department of Biological Sciences, San Jose, California 95192, USA. 4NOAA Southwest Fisheries Science Center, Environmental Research Division, Pacific Grove, California 93950, USA.
5University of California, Santa Cruz, Department of Ecology & Evolutionary Biology, Long Marine Laboratory, Santa Cruz, California 95060, USA. 6NOAA Southwest Fisheries Science Center, Fisheries
Research Division, La Jolla, California 92037, USA. 7Oregon State University, Hatfield Marine Science Center, Newport, Oregon 97365, USA. 8Inter-American Tropical Tuna Commission, La Jolla, California
92037, USA. 9NOAA Southwest Fisheries Science Center, Protected Resources Division, La Jolla, California 92037, USA.
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as the ocean warms, subsurface hypoxia15 and declines in primary
productivity (Fig. 3b and Supplementary Fig. 3g) all potentially decrease
the suitability of this habitat. In the northern waters of the CCLME
(Fig. 3b and Supplementary Fig. 3a–d), cooler temperatures (9–11 uC),
particularly during the spring upwelling season, limit cardiac func-
tion13,16 in many fishes and sharks, reducing their capacity to exploit
these environs. Predators were observed moving south into warmer
water despite regions of persistent productivity in the north (Fig. 3b).
A similar relationship may hold for endotherms, such as seabirds, pin-
nipeds and whales, but the linkage is indirect as the physiological con-
straints are largely on their prey.

Tracking data typically were acquired for less than one year;
however, for some taxa (tunas, turtles and sharks) multiyear tracks were
obtained (maximum of 1,380 days, for salmon sharks; Supplementary
Table 1 and Supplementary Fig. 4). To account for abbreviated tracks and
for variation in sample size among taxa, we applied time weighting and
species normalization schemes before examining multispecies density
patterns (Supplementary Methods). The relative spatial density of large
marine predators indicates that high-use areas in the northeastern Pacific
occur both on the high seas (NPTZ; Fig. 4a and Supplementary Fig. 1)
and within the exclusive economic zones of North America (CCLME;
Fig. 4b). These observed patterns differ markedly from those expected
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Figure 1 | All TOPP species state space position estimates and distribution
from electronic tagging. a, Daily mean position estimates (circles) and annual
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and northern fur seals), sharks (salmon, white, blue, common thresher and
mako), seabirds (Laysan and black-footed albatrosses and sooty shearwaters),
sea turtles (leatherback and loggerhead) and cetaceans (blue, fin, sperm and
humpback whales).
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Figure 2 | Fidelity and attraction to the CCLME.
a, Examples of pelagic predators released and
electronically tracked in the CCLME that show
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We show the release locations (square), pop-up
satellite end point locations (triangle) and daily
mean positions (circles) of the following species:
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albatrosses (black) and salmon sharks (orange).
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as the ocean warms, subsurface hypoxia15 and declines in primary
productivity (Fig. 3b and Supplementary Fig. 3g) all potentially decrease
the suitability of this habitat. In the northern waters of the CCLME
(Fig. 3b and Supplementary Fig. 3a–d), cooler temperatures (9–11 uC),
particularly during the spring upwelling season, limit cardiac func-
tion13,16 in many fishes and sharks, reducing their capacity to exploit
these environs. Predators were observed moving south into warmer
water despite regions of persistent productivity in the north (Fig. 3b).
A similar relationship may hold for endotherms, such as seabirds, pin-
nipeds and whales, but the linkage is indirect as the physiological con-
straints are largely on their prey.

Tracking data typically were acquired for less than one year;
however, for some taxa (tunas, turtles and sharks) multiyear tracks were
obtained (maximum of 1,380 days, for salmon sharks; Supplementary
Table 1 and Supplementary Fig. 4). To account for abbreviated tracks and
for variation in sample size among taxa, we applied time weighting and
species normalization schemes before examining multispecies density
patterns (Supplementary Methods). The relative spatial density of large
marine predators indicates that high-use areas in the northeastern Pacific
occur both on the high seas (NPTZ; Fig. 4a and Supplementary Fig. 1)
and within the exclusive economic zones of North America (CCLME;
Fig. 4b). These observed patterns differ markedly from those expected
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bluefin and albacore), pinnipeds (northern elephant seals, California sea lions

and northern fur seals), sharks (salmon, white, blue, common thresher and
mako), seabirds (Laysan and black-footed albatrosses and sooty shearwaters),
sea turtles (leatherback and loggerhead) and cetaceans (blue, fin, sperm and
humpback whales).
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as the ocean warms, subsurface hypoxia15 and declines in primary
productivity (Fig. 3b and Supplementary Fig. 3g) all potentially decrease
the suitability of this habitat. In the northern waters of the CCLME
(Fig. 3b and Supplementary Fig. 3a–d), cooler temperatures (9–11 uC),
particularly during the spring upwelling season, limit cardiac func-
tion13,16 in many fishes and sharks, reducing their capacity to exploit
these environs. Predators were observed moving south into warmer
water despite regions of persistent productivity in the north (Fig. 3b).
A similar relationship may hold for endotherms, such as seabirds, pin-
nipeds and whales, but the linkage is indirect as the physiological con-
straints are largely on their prey.

Tracking data typically were acquired for less than one year;
however, for some taxa (tunas, turtles and sharks) multiyear tracks were
obtained (maximum of 1,380 days, for salmon sharks; Supplementary
Table 1 and Supplementary Fig. 4). To account for abbreviated tracks and
for variation in sample size among taxa, we applied time weighting and
species normalization schemes before examining multispecies density
patterns (Supplementary Methods). The relative spatial density of large
marine predators indicates that high-use areas in the northeastern Pacific
occur both on the high seas (NPTZ; Fig. 4a and Supplementary Fig. 1)
and within the exclusive economic zones of North America (CCLME;
Fig. 4b). These observed patterns differ markedly from those expected
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bluefin and albacore), pinnipeds (northern elephant seals, California sea lions

and northern fur seals), sharks (salmon, white, blue, common thresher and
mako), seabirds (Laysan and black-footed albatrosses and sooty shearwaters),
sea turtles (leatherback and loggerhead) and cetaceans (blue, fin, sperm and
humpback whales).
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as the ocean warms, subsurface hypoxia15 and declines in primary
productivity (Fig. 3b and Supplementary Fig. 3g) all potentially decrease
the suitability of this habitat. In the northern waters of the CCLME
(Fig. 3b and Supplementary Fig. 3a–d), cooler temperatures (9–11 uC),
particularly during the spring upwelling season, limit cardiac func-
tion13,16 in many fishes and sharks, reducing their capacity to exploit
these environs. Predators were observed moving south into warmer
water despite regions of persistent productivity in the north (Fig. 3b).
A similar relationship may hold for endotherms, such as seabirds, pin-
nipeds and whales, but the linkage is indirect as the physiological con-
straints are largely on their prey.

Tracking data typically were acquired for less than one year;
however, for some taxa (tunas, turtles and sharks) multiyear tracks were
obtained (maximum of 1,380 days, for salmon sharks; Supplementary
Table 1 and Supplementary Fig. 4). To account for abbreviated tracks and
for variation in sample size among taxa, we applied time weighting and
species normalization schemes before examining multispecies density
patterns (Supplementary Methods). The relative spatial density of large
marine predators indicates that high-use areas in the northeastern Pacific
occur both on the high seas (NPTZ; Fig. 4a and Supplementary Fig. 1)
and within the exclusive economic zones of North America (CCLME;
Fig. 4b). These observed patterns differ markedly from those expected
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and northern fur seals), sharks (salmon, white, blue, common thresher and
mako), seabirds (Laysan and black-footed albatrosses and sooty shearwaters),
sea turtles (leatherback and loggerhead) and cetaceans (blue, fin, sperm and
humpback whales).
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under a null model of random diffusion from tag deployment locations
(Supplementary Fig. 5 and Supplementary Methods), confirming that the
observed density patterns are not driven by the tag deployment locations.

The CCLME is a highly retentive area for many species tagged there,
and is an attractive area for animals undergoing long migrations from
the western and central North Pacific and the Gulf of Alaska (Figs 2 and
4a, b). Pacific bluefin and yellowfin tunas spent significantly more time in
the CCLME than expected on the basis of null model simulations
(Supplementary Fig. 6). Several species (tunas, white, mako and salmon
sharks, leatherback sea turtles and blue whales) had substantial residency
periods within, or were return migrants to, the CCLME, according to
behavioural inferences from a switching state-space model14 (Fig. 4c).
Additionally, all species tagged outside the CCLME spent significantly
more time on average in the CCLME than expected on the basis of
null model simulations (Supplementary Fig. 6). Representatives from
several guilds exhibited cross-basin migrations (.2,000 km) into the
CCLME from the western (leatherback sea turtles and bluefin tunas),
central (black-footed albatrosses and salmon sharks) and south Pacific
basins (sooty shearwaters; Fig. 2b). The retention within and attrac-
tion to the CCLME is consistent with the high productivity of this
region, which supports large biomasses of krill, sardines, anchovies,
salmon, groundfish and squid that provide a predictable forage base
for top predators2,17. The NPTZ is another important region, serving
as an east–west migration corridor (Fig. 4a) and foraging region for
elephant seals, salmon and blue sharks (Fig. 4c), Laysan and black-
footed albatrosses, and bluefin tunas (Fig. 1). This is a complex region
encompassing an abrupt north-to-south transition between sub-
Arctic and subtropical water masses with dynamic frontal regions18.

To investigate which aspects of the biophysical environment puta-
tively attract these predators, we explored both presence/absence and
relative habitat use with generalized additive mixed models19. We
examined the collective response of 16 marine predator species to
environmental covariates (Supplementary Fig. 7 and Supplementary
Methods). In the binary presence/absence model, predator incidence
showed a strong positive relationship with SST across a broad temper-
ature range that peaked near 15 uC (Supplementary Fig. 7a). Tagged
animals occupied a small portion of cool, nutrient-rich water in coastal
regions and northern latitudes in preference to the broadly available
warm oligotrophic waters in lower latitudes (Supplementary Fig. 3).
Relative density models showed a strong positive relationship between
density and chlorophyll a suggesting that the suite of tagged species
preferentially occupy regions of high productivity (Supplementary Fig.
7c). The observed patterns of predator distribution in this study may be
indicative of trade-offs between access to areas of higher productivity

and physiological thermal tolerances, either directly by the predators
or indirectly by their lower-trophic-level prey.

To examine how closely related taxa partition marine resources, we
compared thermal preferences from in situ, tag-based SST measurements
for sympatrically occurring species within three guilds (albatrosses, tunas
and sharks). Differences in habitat use evident among congeneric species
illustrate how more-recently divergent species partition the oceanic envir-
onment (Fig. 5). During the June–November post-breeding phase, black-
footed albatrosses were associated with a broader range of higher SSTs
primarily in the eastern Pacific, whereas Laysan albatrosses were associated
with a narrower range of lower SSTs in the western and central North
Pacific (Fig. 5a and Supplementary Table 9). Bluefin tunas ranged farther
north in the colder waters of the CCLME, whereas yellowfin tunas occupied
warmer waters in the southern CCLME (Fig. 5b and Supplementary Table
10). These differences are consistent with physiological specializations in
bluefin tuna cardiac performance16. The lamnid sharks had a more com-
plex separation of habitats. Salmon sharks, with their cold-tolerant cardiac
physiology13, occupied the cooler, sub-Arctic waters in the North Pacific.
Most salmon sharks, but not all, migrated seasonally into the warmer
NPTZ and CCLME waters (Fig. 5c and Supplementary Table 11). White
sharks overlapped with salmon sharks in the near-shore CCLME but also
migrated into warmer, offshore waters of the subtropical gyre12 and the
Hawaiian Islands (Fig. 5c and Supplementary Table 11). Shortfin mako
sharks were distributed throughout the CCLME and into the subtropical
gyre but occupied a thermal range intermediate between the two modes of
the white shark range (Fig. 5c and Supplementary Table 11).

Species such as black-footed albatrosses, sooty shearwaters, leather-
back sea turtles and salmon sharks have evolved migration or foraging
strategies that entail long-distance journeys to productive foraging habi-
tats within the CCLME and the NPTZ. Shearwaters6 and leatherback sea
turtles tagged in the south and western Pacific arrived in the central and
northern portions of the CCLME each year, when SSTs were seasonally
highest. These patterns indicate that resources within the CCLME and
the NPTZ are valuable to species throughout the Pacific basin, highlight-
ing the importance of maintaining ecological connectivity across hemi-
spheres. It is likely that other areas of the Pacific, not extensively covered
by our tagging efforts, are similarly important. For example, estimates of
global marine species richness peak around Southeast Asia, and richness
of primarily oceanic taxa peaks at latitude 30u (north or south) along
boundary currents such as the Kuroshio in the western Pacific20.

The concentration and residency of multiple predators at predictable
locations in the Pacific reveals the importance of these regions as
biological hotspots. Given the high density of tracked animals in these
regions, predators may have an important top-down role in structuring
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tracks contributing to the time series. b, Seasonal
climatologies in the California Current for tunas
(Pacific bluefin, blue; yellowfin, black), sharks
(salmon shark, brown; shortfin mako, black; white
shark, blue) and blue whales relative to median
chlorophyll a densities and SST values between
2000 and 2009.
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Seasonal*Migra9on*across*la9tudes Seasonal*Migra9on*in*rela9on*to*SST*and*CHL&a

these ecosystems. The impact that the removal of top predators has had
on the trophic dynamics of coastal and oceanic ecosystems is conten-
tious3,21. For example, a failure to manage marine resources effectively in
the Atlantic has led to a decline of pelagic species such as the Atlantic
bluefin tuna3 and the porbeagle shark22, and has brought demersal fish,
such as cod, to the brink of ecological extinction23. In the Pacific, com-
mercial fisheries removed over 50 million tonnes of tunas and sharks
from pelagic ecosystems between 1950 and 200421, resulting in signifi-
cant declines in populations of large fish. Furthermore, unsustainable
levels of fishery bycatch mortality has decimated populations of Pacific
sea turtle (leatherback and loggerhead) and threatened some popula-
tions of albatross24,25. The impact of these top-predator biodiversity
losses on ecosystem stability is unknown. Establishing the population
baselines for top-predator populations and conserving remaining
populations in regions such as the CCLME, and quantifying the ecosys-
tem services they provide, remains an important management priority26.
Our study provides a clearer understanding of where predators are
concentrated in the North Pacific and which environmental parameters
can be used to predict their occurrence.

Tracking data can be used to examine behaviours and distributions,
inform population assessments and improve estimates of natural and
fishery-induced mortality27–29. Despite their high monetary and con-
servation value, population assessments of many predators in this
study are rare or non-existent. Long-term observations of predator
movements provide information on the spatial extent of highly migratory
populations and potential rates of exchange among them. High archival
tag returns (Supplementary Table 1) for bluefin (56%) and yellowfin
(39%) tunas indicate that high fishery-induced mortality currently
occurs within the CCLME. The recovery of cetacean populations, such
as blue whales, which are endangered, can be enhanced through the use
of electronic tracking data to identify high-use areas and coordinate
policy actions that mitigate anthropogenic risks30 (for example ship
strikes). Finally, an improved understanding of the horizontal and
vertical spatiotemporal distribution of leatherback sea turtles and
North Pacific albatrosses in relation to pelagic fisheries could better
inform management protocols (for example time–area closures and
gear mitigation) to reduce bycatch of these endangered and threatened
species.

165° W 150° W

Paci!c blue!n tunas

135° W 120° W 105° W
Longitude

10° N

20° N

30° N

40° N

50° N

60° N a

c

10 °C

25 °C

R
el

at
iv

e 
de

ns
ity

 (1
° ×

 1
°)

10–8

10–6

10–4

10–2

130° W 125° W 120° W 115° W 110° W

  25° N

  30° N

  35° N

  40° N

  45° N
b

R
el

at
iv

e 
de

ns
ity

(0
.2

5°
 ×

 0
.2

5°
)

10–6

10–5

10–4

10–3

10–2

White sharks

Yellow!n tunas

Leatherback sea turtles

Short!n mako sharks

Northern elephant seals

Salmon sharks

Residency
probability

0 0.2 0.4 0.6 0.8 1

Blue whales

La
tit

ud
e

Figure 4 | Predator density maps and residency
patterns. a, Density of large marine predators
within the eastern North Pacific. Densities of the
time-weighted and species-normalized position
estimates of all tagged individuals were summed
within 1u3 1u grid cells. b, Density of large marine
predators within the CCLME at a 0.25u3 0.25u
resolution. c, Patterns of resident (slow, area-
restricted movements) versus transient (fast,
directed movements) behaviours of predators that
primarily occupied or migrated to the CCLME,
estimated using a switching state-space model. The
coloured points grading from blue to yellow display
the posterior mean probability of the resident
behaviour associated with each daily mean position
estimate. Each panel displays residency patterns for
ten individuals. Uncertainty in position estimates
in a and b is included by calculating densities using
all 2000 Markov chain Monte Carlo samples from
the joint posterior distributions of the daily
positions, rather than using only the posterior
means. SST contours in a are denoted by solid
white lines. Exclusive economic zones are
delineated by solid black lines.
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Figure 5 | Niche separation within three predator guilds. Spatial distribution
and thermal habitat use (insets) across three guilds of sympatric species: Laysan
and black-footed albatrosses (n 5 55 individuals, 8,743 daily SSTs; a), Pacific
bluefin and yellowfin tunas (n 5 376 individuals, 75,177 daily SSTs; b), lamnid
(salmon, mako and white) sharks (n 5 137 individuals, 12,971 daily SSTs;

c). SST profiles are daily means of tag-derived SSTs. Linear mixed-effects model
estimates of mean (695% confidence interval) SST for each species are
displayed as diamonds at the top of each inset graph. The distribution of daily
mean SSTs for each species is displayed along the x axes.
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TOPP: Preliminary Synthesis Conclusions 
(3) Hot spots for foraging, migration and reproduction 

California  
Current 

Gulf of Alaska Eddies 
Transition Zone 
White Shark Café 

Hot*spots*for*foraging,*migra9on*and*reproduc9on

Niche*separa9on*within*three*predator*guilds

Albatrosses Tuna Sharks

Habitat*overlap*and*niche*par99oning

Pelagic marine predators face unprecedented challenges and uncer-
tain futures. Overexploitation and climate variability impact the
abundance and distribution of top predators in ocean ecosystems1–4.
Improved understanding of ecological patterns, evolutionary con-
straints and ecosystem function is critical for preventing extinctions,
loss of biodiversity and disruption of ecosystem services. Recent
advances in electronic tagging techniques have provided the capacity
to observe the movements and long-distance migrations of animals
in relation to ocean processes across a range of ecological scales5,6.
Tagging of Pacific Predators, a field programme of the Census of
Marine Life, deployed 4,306 tags on 23 species in the North Pacific
Ocean, resulting in a tracking data set of unprecedented scale and
species diversity that covers 265,386 tracking days from 2000 to
2009. Here we report migration pathways, link ocean features to
multispecies hotspots and illustrate niche partitioning within and
among congener guilds. Our results indicate that the California
Current large marine ecosystem and the North Pacific transition
zone attract and retain a diverse assemblage of marine vertebrates.
Within the California Current large marine ecosystem, several
predator guilds seasonally undertake north–south migrations that
may be driven by oceanic processes, species-specific thermal
tolerances and shifts in prey distributions. We identify critical
habitats across multinational boundaries and show that top preda-
tors exploit their environment in predictable ways, providing the
foundation for spatial management of large marine ecosystems.

Large marine predators are important top consumers in marine

Tracking apex marine predator movements in a
dynamic ocean
B. A. Block1, I. D. Jonsen2, S. J. Jorgensen1, A. J. Winship2, S. A. Shaffer3, S. J. Bograd4, E. L. Hazen4, D. G. Foley4, G. A. Breed2,5,
A.-L. Harrison5, J. E. Ganong1, A. Swithenbank1, M. Castleton1, H. Dewar6, B. R. Mate7, G. L. Shillinger1, K. M. Schaefer8,
S. R. Benson9, M. J. Weise5, R. W. Henry5 & D. P. Costa5

doi:10.1038/nature10082

Important*Findings
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What role for apex marine
predators in integrated 
ocean observing systems? ❖ Large&scale*biologging*in*the*North*Pacific

❖ Ocean*currents*and*leatherback*turtle*migra9on

❖ Habitat*use*and*segrega9on*among*foraging*Hawaiian*albatrosses

❖ Elephant*seal*foraging*in*fronts*and*eddies

❖ California*upwelling*and*blue*whale*migra9on

Building a Marine Life Observing System:  
Lessons from the Tagging of Pacific Pelagics 
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TAGGING OF 
PACIFIC 
PELAGICS 

Outline

Pacific Ocean 
1980:  ~ 91,000 adult females 
1995:  ~ 6,500 adult females 
2000:  ~ 3,490 adult females 
 
Eastern Pacific 
1995:  ~ 4638 
2000:  ~ 1690 
2005:  ~ <1000 
 
  Status: Critically Endangered  

 

Pan-Pacific hot spots of two populations  
of leatherback turtles 



The Leatherback Turtles
!

GOAL 1) Model the initial dispersion of Leatherbacks from the Playa Grande 
beach and understand the role of entrainment by large ocean eddies.

GOAL 2) Verify if Playa Grande is an optimal site to ensure an efficient 
dispersion away from the coast where mortality rates are higher.

Modeling the life cycle of Leatherback Turtles

!
APPROACH:
Use state of the art numerical ocean models to track the dispersion of 
particles and water masses from Playa Grande and explore how the statistics 
of dispersion from the beach are connected to the climate of the Pacific.

Modeling the life cycle of Leatherback Turtles

Playa Grande Beach

Modeling the life cycle of Leatherback Turtles

Jan. Mean Surface Ocean Currents [ cm/s ] 

The global ocean circulation model 
10 km resolution historical simulation 1950-2010
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Satellite Ocean Model

Playa Grande Beach Playa Grande Beach

The global ocean circulation model 
10 km resolution historical simulation 1950-2010

Is this accurate?

The offshore advection of 
Chlorophyll-a in the model is 

associated with dispersion

Zoom View of Playa Grande

Modeling the life cycle of Leatherback Turtles
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The model simulation captures very well the ocean eddies “highways”

Playa Grande Beach

Modeling the life cycle of Leatherback Turtles

Jan. Mean Surface Ocean Currents [ cm/s ] 

The global ocean circulation model 
10 km resolution historical simulation 1950-2010

Playa Grande Beach

Modeling the life cycle of Leatherback Turtles

Jan. Mean Surface Ocean Currents [ cm/s ] 

The global ocean circulation model 
10 km resolution historical simulation 1950-2010

Hatchling Turtle

ROMS nest #1

Regional Ocean Modeling 
System (ROMS) 

1) The higher resolution ROMS model 
is nested within the global model.

2) Use ROMS to study the details of 
passive dispersion of particles and 
water masses from Playa Grande.

3) Introduce active behavior to the 
dispersed particle to mimic the turtles.



 108oW  102oW   96oW   90oW   84oW   78oW 
   5oS 

   0o  

   5oN 

  10oN 

  15oN 

−0.1

−0.05

0

0.05

0.1

 108oW  102oW   96oW   90oW   84oW   78oW 
   5oS 

   0o  

   5oN 

  10oN 

  15oN 

−0.1

−0.05

0

0.05

0.1

 108oW  102oW   96oW   90oW   84oW   78oW 
   5oS 

   0o  

   5oN 

  10oN 

  15oN 

−0.1

−0.05

0

0.05

0.1

 108oW  102oW   96oW   90oW   84oW   78oW 
   5oS 

   0o  

   5oN 

  10oN 

  15oN 

−0.1

−0.05

0

0.05

0.1

SATELLITE     

Equatorial Counter Current Equatorial Counter Current

MODEL      

Playa Grande Beach
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The Regional Ocean Modeling System
10 km resolution historical simulation 2000-2008

Mean Circulation from Sea Level

Hypothesis: Playa Grande beach located on the ocean eddies “highways”
allowing the turtle to be transported away from the coast very efficiently.
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Modeling the life cycle of Leatherback Turtles

Dispersion from Playa Grande

Playa Grande Beach

Tracer is released between 
January-March 

when turtle leave the beach

red arrow denote mean ocean eddies “highways”

[concentration of dye]

NOTE: tracer is efficiently 
transported away form the 
coast by large-scale eddies

Modeling the life cycle of Leatherback Turtles

Dispersion from Nicaragua Beach

Nicaragua Beach

Tracer is released between 
January-March 

when turtle leave the beach

red arrow denote mean ocean eddies “highways”

[concentration of dye]

NOTE: tracer’s residence 
time along the coast is higher



Dispersion Statistics
statistics are compiled using release experiment from 2000-2008

Probability Density Function of Passive Tracer

Modeling the life cycle of Leatherback Turtles

Preliminary Modeling Results

Hypothesis: Playa Grande beach located on the ocean eddies “highways”
allowing the turtle to be transported away from the coast very efficiently.

RESULTS:

✓The dispersion statistics of the circulation model show that passive tracers 

released at Playa Grande are rapidly and efficiently entrained by large ocean eddies 

and transported offshore away from the coast.

✓Beaches south of Playa Grande show a longer residence time of the passive tracer 

along the coast, hence minimizing the chances of turtle survivor.

✓The strength of the offshore transport from Playa Grande has an interannual 

modulation driven by El Niño activity in the preceding fall/winter hence providing the 

basis for some predictability. 

❖ Large&scale*biologging*in*the*North*Pacific

❖ Ocean*currents*and*leatherback*turtle*migra9on

❖ Habitat*use*and*segrega9on*among*foraging*Hawaiian*albatrosses

❖ Elephant*seal*foraging*in*fronts*and*eddies

❖ California*upwelling*and*blue*whale*migra9on
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Outline
Hawaiian Albatrosses

Body Size: 2.5 to 3.0 kg

Pop Center: NWHI

Est. Pop.: 590,000 pairs

Status: Vulnerable

Body Size: 3.0 to 3.5 kg

Pop Center: NWHI

Est. Pop.: 61,000 pairs

Status: Threatened

Laysan Black-footed



Questions
Laysan & Black-footed Albatrosses

S. Shaffer

• Do sympatrically breeding albatrosses partition oceanic resources 
when not breeding?

• If so, are there specific oceanographic habitats ‘favored’ by each 
species? In#biology,#two#species#or#popula4ons#are#said#to#be#sympatric#when#they#occur#in#the#same#

area#and#are#able#to#encounter#each#other.[1]#This#contrasts#with#parapatric#forms,#which#
have#adjacent#but#nonoverlapping#ranges,#and#allopatric#forms,#which#have#separated#
ranges.[2]#When#closely#related#but#dis4nct#species#are#sympatric,#this#may#indicate#that#
sympatric#specia4on#has#occurred,#a#controversial#mode#of#specia4on#in#which#a#popula4on#
splits#into#two#sympatric,#ini4ally#interbreeding#species.[3]

Fieldwork

• Tern Island, French Frigate Shoals (NWHI)
• 5 seasons (2002-2007)
• Breeding season: Dec-Jun
• Post-breeding: Jun-Dec
• Tagged over 200 individuals

Tagging

Microwave 
Telemetry 
Pico-100

• Satellite transmitters 
(20-40 g)

• 7-20 at-sea locations per 
day

• Attached to feathers with 
tape

Marc Romano, USFWS

• GLS/Temp. loggers 
(10 g)

• 9 min sampling rate
• Cable ties/epoxy

Post-breeding Distribution (2005-2006)

Red: Laysan (n = 17) Yellow: Black-footed (n = 21)



Home Range (2005)

Shaffer et al., 2010

Home Range (2006)

Core Habitat (2005)

50% UD for each variable

Core Habitat (2006)

50% UD for each variable



Laysan:

• Deep water (>5000 m)

• (+) SSH

• Low SST (<13°C)

• Low PP (<0.8 g C m-2 d-1)

Core Habitat

Black-footed:

• Shallower water (<2000 m)

• (-) SSH

• Higher SST (~14°C)

• High PP (>1.6 g C m-2 d-1)

Interannual persistence of 
associations indicates that each 

species tracks particular 
oceanographic conditions during 

foraging

Conclusions

• LAAL and BFAL showed distinct differences in 
post-breeding core habitats:

• LAAL foraged in Transition Zone & regions of 
enhanced mesoscale dynamics (anticyclonic 
eddies) within the Subarctic Gyre

• BFAL dispersed over the continental shelf and 
slope adjacent to the productive upwelling 
ecosystem of the California Current 

❖ Large&scale*biologging*in*the*North*Pacific

❖ Ocean*currents*and*leatherback*turtle*migra9on

❖ Habitat*use*and*segrega9on*among*foraging*Hawaiian*albatrosses

❖ Elephant*seal*foraging*in*fronts*and*eddies

❖ California*upwelling*and*blue*whale*migra9on
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Outline

Costa Lab, UCSC

Elephant Seals: Premier Oceanographers of the North Pacific

Elephant seals 2003-2006
Mexico & Año Nuevo
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Elephant Seals: 
Premier Oceanographers of the North Pacific

! 90% return rate
! ~50 dives/day
! 6-8 month tracks
! Track fidelity
! Gender segregation

TRACKS of 4 ELEPHANT SEALS; July 2004

CHL Gradient

CHL

Data from TOPP - Costa Lab, UCSC D. Palacios, NOAA/JIMAR



TRACKS of 4 ELEPHANT SEALS; September 2004
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Elephant Seal Diving Behavior Within Anticyclonic Eddy
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Outline Blue Whales

• 128 tags deployed during 
1993-2007

• Mean track duration 81 days (range 
0-504 days)

• Mean number of satellite positions 
per day = 2

• SSM on all tracks with duration of 7 
days or more

• 92 SSM tracks



Blue Whale Hot Spots

Bailey et al., 2010

ARS =  area-restricted search
Seasonal Movements

    Autumn  Winter   Spring       Summer

Whales tagged in 
September

Interannual Variability

1999 2005 2007

N = 15

Average  = 98 days 
duration

N = 14

Average  = 87 days 
duration

N = 14

Average  = 114 days 
duration

New*Species*Discovered*in*
Marine*Life*Census
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