








Canada and Alaska, or further offshore, that may be less well

represented in our data (Figures S1 & S2).

The blue whales in this study were generally concentrated in

regions of typically high summer productivity along the upper

continental slope from central to southern California. Summer

upwelling throughout the California Current System produces

high concentrations of euphausiids [44], while currents and

bathymetric features aggregate them [45,46], creating patches

dense enough for blue whales to profitably feed on. The two areas

of highest use were near the Gulf of the Farallones and at the

western part of the Channel Islands. Both locations are sites of

active upwelling, primary productivity, and krill [47,48,49,50] and

places where blue whales traditionally congregate [50]. Other

regions of high krill density along central California presented in

Santora et al. [47] also correspond to a large extent with the blue

whale HRs and CAUs presented here, indicating a close

association between high krill abundance and blue whale presence

throughout the EEZ. The relatively low degree of overall CAU

overlap compared to the amount of HR overlap throughout the

tagged whales’ summer range suggests that, while blue whales

return to the same broad area to forage in predictable prey

habitat, they will focus their foraging effort in different fine-scale

areas within this range based on where they find specific prey

patches. A similar pattern was found for fin whales in the

Mediterranean [51].

The northward progression of tagged whale locations later in

the season (Figure 4) confirms the findings of Burtenshaw et al.

[12] that the location of calling blue whales shifted northward

from late summer into winter. The trend follows the timing of

productivity generated by the spring bloom as it moves north

along the California coast [12,52]. Upwelling off southern

California (33–36uN) occurs nearly year round, though at only

moderate intensity [52]. The upwelling season occurs later and

gets progressively shorter with increasing latitudes, and the

greatest intensity of upwelling, and therefore, the region of highest

productivity, occurs off northern California (36–42uN) [52].

Aggregations of euphausiids that are dense enough for blue

whales to forage on have been shown to lag increases in primary

productivity by 1–4 months [48,53,54]. The maximum rate of

upwelling in the California Current System occurs from early-mid

June off southern California to mid-August off northern California

and Oregon [52], suggesting the whales may arrive in southern

California early in the summer to forage on prey generated there

by the moderate, early productivity until more intense upwelling to

the north has developed and the density of prey increased. While

the northern California portion of the California Current System

produces greater upwelling intensity, the variability in timing and

overall productivity of the region is much higher than the southern

Figure 2. Individual overlapping 90% Home Range areas (A) and 50% Core Areas of Use (B). Kernel derived Home Ranges and Core Areas
of Use were created from blue whale satellite tracks with . = 30 daily locations inside the U.S. Exclusive Economic Zone. Shading in the figure
represents the number of individual home range and core areas of use that are overlapping in that area. Number of overlapping areas was used as a
metric to characterize how much an area was used by the tagged whales. Tags were deployed off California from 1998–2008.
doi:10.1371/journal.pone.0102959.g002

Figure 3. Relative time spent by satellite tagged blue whales in
quarter degree grid cells. Relative time spent was calculated from
satellite-tagged blue whale tracks using weighted locations to account
for unequal tracking durations among individuals. Tags were deployed
off California from 1998–2008.
doi:10.1371/journal.pone.0102959.g003
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California portion [52], which may explain some of the observed

variability between years in the timing and extent of the shift to

more northern latitudes. Interestingly, while a few whales in this

study traveled up to the waters off Washington, Vancouver Island,

and Alaska, they all left well before late December, while

Burtenshaw et al. [12] recorded blue whales in those areas until

February or March in many years. This suggests significant inter-

annual variability in use of the more northern latitudes, or that use

of the area was not fully captured by the tracks presented here.

The lack of a statistical difference in HR and CAU areas

between years was surprising given that foraging behavior

occurred significantly farther north in some years [28] and line-

transect surveys have observed blue whale distribution varying

from year to year [55]. The California Current System is a highly

variable ecosystem and blue whales might be expected to search

over a larger area during years with lower productivity in order to

find enough food [5]. This study captured the movements of blue

whales during poor productivity years, including a severe El Niño

event in 1998 [56,57,58] and another year of severely delayed and

reduced upwelling in 2005 [59], and also during periods of very

high productivity during La Niña events in 1999 and 2008

[60,61]. It is possible that the relatively small and variable sample

sizes across the years and high individual variability combined

with the varying months of tag deployment obscured other

underlying trends. Additional work correlating the whale tracks to

environmental and prey data would be worthwhile to understand

the factors driving the whales’ movements.

HR and CAU size varied by as much as almost two orders of

magnitude among individuals within years, suggesting there were

considerable behavioral differences among individual whales. In

2004, two HRs were approximately 36 times smaller than a third

HR, which included both smaller HR areas. All three whales were

tagged within four days of each other and had long duration tracks

(76 and 156 d for the small HRs and 107 d for the large HR).

Since feeding is the main factor driving blue whale distribution

during the summer time [48,50], the different HR areas appear to

indicate that food requirements or ability to find prey may vary

among individuals. While the method and scale that whales use to

detect prey patches is unknown, they do vocalize while foraging

[62], which can be heard up to 500 km away [63], so it is unlikely

that ability to find prey was a factor. We therefore speculate that

the difference in HR sizes represent different foraging strategies by

individuals where some whales (represented by the smaller HRs)

may choose to remain in a marginally productive (but known) prey

patch while other whales (represented by the larger HRs) may

choose to leave marginal prey patches in search of more

productive areas. There is evidence suggesting that geographic

foraging preferences also exist within the EEZ [2] and the different

foraging strategies may reflect a preference for different prey

species. While it is generally accepted that ENP blue whales in the

California Current System will forage on both of the dominant

euphausiid species Thysanoessa spinifera and Euphausia pacifica
[48,50,64], there is some evidence for whales preferring one

species [50] and the offshore waters used by some of the

population (.30 miles [2]) are outside the typical range of T.
spinifera [65]. A future project characterizing measures of

productivity and feeding success could assess their influence on

residence time.

While ENP blue whales are thought to forage throughout their

migration range [28], they would be expected to maximize their

food intake in the California Current System for as long as prey

concentrations are favorable prior to departure. However, in this

study it did not appear that the timing of EEZ departure varied

with increased or decreased productivity on the foraging grounds.

The only year when whales departed significantly later was 2004,

when the North Pacific was affected by a weak El Niño, but the

impacts were not noticeable in the California Current System

[66]. There was no observable difference in departure date during

the very strong 1998 El Niño event [56,57,58], and departure

occurred slightly later in 2005, a year with severely delayed onset

of upwelling [59]. Conversely, departure was not delayed during

the extremely productive year of 1999 [60] when prey would have

Figure 4. Latitude (Top) and number (Bottom) of blue whale satellite locations plotted by week. Locations used in the figure were from
portions of blue whale satellite tracks that occurred within the U.S. Exclusive Economic Zone waters. The red line indicates the median value.
doi:10.1371/journal.pone.0102959.g004

Figure 5. Julian day of U.S. Exclusive Economic Zone departure
by satellite tagged blue whales. Circles in the boxes are median
values.
doi:10.1371/journal.pone.0102959.g005
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been plentiful. The measures of foraging effort used in this study

(number of ARS patches per track, average ARS patch duration,

longest ARS patch duration, duration of the last ARS patch prior

to departure, and overall fraction of all track locations that were

classified as ARS behavior) also did not significantly affect the

departure date, suggesting that the whales foraged for as long as

prey was available. Studies have shown that dense patches of

euphausiids generally persist into October in the central and

southern California Current System [48,53] and likely later in the

northern California Current System where the spring bloom starts

later. The characteristics of individual prey patches, rather than

overall prey density or availability, have been shown to predict the

distribution of smaller marine predators [67], so blue whales may

forage until the quality of available prey patches has been reduced

below a threshold value.

The multi-year track of whale No. 3300840 provided an

unprecedented opportunity to document year-to-year variability

in migration timing and areas used by an individual blue whale.

The record of this whale’s movements during the entire 2005

foraging season confirmed that the movements by the other whales

presented here were representative of their behavior. The whale

stayed in the southern portion of the California Current System

during the late spring, where upwelling generally occurs earlier

compared to further north [52]. Occasional excursions further

north may have been investigations of the prey field in other areas.

As summer progressed, the whale moved north, suggesting it was

foraging on local increases in prey density generated by the

northward progression of the spring bloom until it was time to

migrate south again. The high degree of overlap between the 2004

and 2005 HRs showed that this whale had very strong site fidelity

to particular areas despite year-to-year differences in the

productivity of the California Current System. While the other

whales in this study aggregated in places such as off the Channel

Islands and the Gulf of the Farallones during multiple years, the

precision of the timing of arrival to the area by whale No. 3300840

is remarkable and suggests that it was likely timed to coincide with

a seasonal increase in abundance of zooplankton similar to what

was observed by Visser et al. off the Azores Archipelago [54].

There was also remarkably similar timing of its departure from the

EEZ in both years, considering the poorer productivity during

2005 [59] and the significantly later 2004 departures observed in

other whales in this study.

While the whales in this study generally occupied a wide region,

most of the areas of highest concentration were close to large

human population centers and busy port terminals. International

shipping lanes transit through the two areas that were most heavily

used from July to October (Channel Islands and the Gulf of the

Farallones, Figure 7 A & B), raising the likelihood of anthropo-

genic impacts on the whales, either through increased underwater

sound [8,9], or through vessel collisions [10]. An assessment of

ship-strike risk for three whale species, including blue whales, off

southern California was recently conducted, concluding that blue

whale ship-strike risk could not be reduced substantially in the area

because the habitat-modeled densities were similar throughout

southern California waters, and all shipping lane alternatives

would cross moderate-to-high density areas [68]. This contrasts

with the core areas identified from the telemetry data in our study.

While we show that blue whales used the entire southern

California waters, the high-use area at the western part of the

Santa Barbara Channel suggests that moving the shipping route

southwards would reduce the risk of ship strikes for blue whales,

particularly during July to October.

Although blue whales in this study occurred all along the coast

off central California, the greatest overlap among individuals was

off Cordell Bank and along the 200–500-m isobaths. Closing the

northern shipping lane heading to and from the ports in San

Figure 6. One whale was tracked for 504 d allowing for multi-year comparisons of space use. Locations within the U.S. Exclusive
Economic Zone were recorded from 20 August to 12 November in both 2004 and 2005 for one whale. 90% Home Range (A) and 50% Core Areas of
Use (B) were created from the locations to characterize the areas used by the whale in 2004 (blue) and 2005 (transparent yellow to better see
overlap). The full summer tracks from 2004 and 2005 are included in the first image for reference.
doi:10.1371/journal.pone.0102959.g006
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Francisco Bay during August to November may help to reduce the

likelihood of a ship strike in this area for blue whales. Another

alternative would be to create one east-west lane that extends to at

least the 2000-m isobath before branching so that it crosses the

high-density areas as quickly as possible and in a limited area.

The comparatively higher spatial and temporal resolution of

tracking data was well suited to identifying areas of high use

relative to broader-scale ship-based surveys, especially in the case

of predicting overlap with geographically small features like

shipping lanes. These data also provide additional insight relevant

to future habitat modeling effort, which may better explain some

of the observed variability in home range size and migratory

timing. The possible changes to shipping lanes identified here to

minimize overlap with areas heavily used by tagged blue whales,

demonstrate the utility of this type of data in providing relevant

information to managers tasked with making necessary changes to

reduce anthropogenic impacts on blue whales, while minimizing

impacts to commercial and recreational interests. As they attempt

to understand and mitigate whale-human interactions, the data

presented here, in combination with existing survey results, will

allow managers to understand where interactions are most likely to

occur and how that likelihood changes seasonally and across years.

Supporting Information

Figure S1 Areas used by three blue whales that left and
returned to the U.S. EEZ. Kernel derived Home Ranges and

Core Areas of Use were created from blue whale satellite tracking

data within the U.S. Exclusive Economic Zone. Whales were

tagged off California and traveled to Vancouver Island, British

Columbia in 2004 (A), 2005 (B), and 2008 (C) before returning to

the US Exclusive Economic Zone waters.

(TIF)

Figure S2 Areas used by two blue whales that left and
returned to the U.S. EEZ. Kernel derived Home Ranges and

Core Areas of Use were created from blue whale satellite tracking

data within the U.S. Exclusive Economic Zone. Whales were

tagged off California and traveled to the Gulf of Alaska in 2007 (A)

and to the southern tip of Baja, Mexico in 2008 (B) before

returning to the U.S. Exclusive Economic Zone waters.

(TIF)

Figure S3 1998 individual overlapping 90% Home
Range areas (A) and 50% Core Areas of Use (B). Home

ranges and Core Areas of Use were kernel derived from blue

whale satellite tracks with . = 30 daily locations inside the U.S.

Exclusive Economic Zone. Tags were deployed off California.

(TIFF)

Figure S4 1999 individual overlapping 90% Home
Range areas (A) and 50% Core Areas of Use (B). Home

ranges and Core Areas of Use were kernel derived from blue

whale satellite tracks with . = 30 daily locations inside the U.S.

Exclusive Economic Zone. Tags were deployed off California.

(TIFF)

Figure S5 2004 individual overlapping 90% Home
Range areas (A) and 50% Core Areas of Use (B). Home

ranges and Core Areas of Use were kernel derived from blue

whale satellite tracks with . = 30 daily locations inside the U.S.

Exclusive Economic Zone. Tags were deployed off California.

(TIFF)

Figure S6 2005 individual overlapping 90% Home
Range areas (A) and 50% Core Areas of Use (B). Home

ranges and Core Areas of Use were kernel derived from blue

whale satellite tracks with . = 30 daily locations inside the U.S.

Exclusive Economic Zone. Tags were deployed off California.

(TIFF)

Figure 7. Number of overlapping blue whale Core Areas of Use near commercial shipping lanes. The Core Areas of Use were created
from blue whale satellite tracks with . = 30 daily locations inside the U.S. Exclusive Economic Zone. The regions shown are the Channel Islands (A)
and the Gulf of the Farallones (B). Tags were deployed off California from 1998–2008. Hashed polygons represent the commercial shipping lanes
transiting the area. Inset histograms show the overall number of blue whale locations recorded in the U.S. Exclusive Economic Zone (gray), and the
number of locations recorded in the area shown (black).
doi:10.1371/journal.pone.0102959.g007
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Figure S7 2006 individual overlapping 90% Home
Range areas (A) and 50% Core Areas of Use (B). Home

ranges and Core Areas of Use were kernel derived from blue

whale satellite tracks with . = 30 daily locations inside the U.S.

Exclusive Economic Zone. Tags were deployed off California.

(TIFF)

Figure S8 2007 individual overlapping 90% Home
Range areas (A) and 50% Core Areas of Use (B). Home

ranges and Core Areas of Use were kernel derived from blue

whale satellite tracks with . = 30 daily locations inside the U.S.

Exclusive Economic Zone. Tags were deployed off California.

(TIFF)

Figure S9 2008 individual overlapping 90% Home
Range areas (A) and 50% Core Areas of Use (B). Home

ranges and Core Areas of Use were kernel derived from blue

whale satellite tracks with . = 30 daily locations inside the U.S.

Exclusive Economic Zone. Tags were deployed off California.

(TIFF)

Figure S10 Latitude of blue whale locations from 1998
(A), 1999 (B), 2000 (C), and 2004 (D). Locations used in the

figure were from portions of blue whale satellite tracks that

occurred within the U.S. Exclusive Economic Zone waters. The

red line indicates the median value.

(TIF)

Figure S11 Latitude of blue whale locations from 2005
(E), 2006 (F), 2007 (G), and 2008 (H). Locations used in the

figure were from portions of blue whale satellite tracks that

occurred within the U.S. Exclusive Economic Zone waters. The

red line indicates the median value.

(TIF)
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