
The post-breeding movement and behavior of the

majority of seabirds has been poorly documented, in

contrast to the growing levels of information about

their movements and behavior during the breeding

season (Shealer 2002). Information on post-breeding

movement of seabirds would help to identify key ge-

ographical areas and help to increase our understand-

ing of population dynamics (Harris et al. 2005; Fur-

ness et al. 2006) and/or help to address conservation

issues (Phillips et al. 2005, 2006). Satellite transmit-

ters or Global Positioning System (GPS) devices

have proved to be effective in determining the move-

ment of relatively large-sized seabirds, yet these sys-

tems have limitations in terms of large device size

(usually �20 g) and short recording durations

(Phillips et al. 2003). Recently, miniature light-level

loggers (geolocator) have been developed for track-

ing long-distance movements of marine animals

(Afanasyev 2004; Phillips et al. 2004; Shaffer et al.

2005). Some studies using geolocators have shown

that seabirds exhibit wide movement ranges and uti-

lize habitats that are markedly different from those

used during the breeding season (Weimerskirch and

Wilson 2000; Croxall et al. 2005; Shaffer et al. 2006;

González-Solís et al. 2007). Although bird positions

derived from light-based geolocation have much

lower accuracy (�186 km; Phillips et al. 2004) than

satellite transmitters or GPS devices, the small device

size and long recording durations of geolocators have

provided opportunities to examine post-breeding

movements and activities of small/medium–sized

seabirds.

Streaked Shearwaters Calonectris leucomelas

breed on islands around East and South-east Asia

(Oka 2004). The breeding biology of this species has

been studied at various breeding colonies in Japan

and Korea (Yoshida 1962; Yoshida 1981; Oka et al.

2002; Lee & Yoo 2004). The species has been ob-

served around the seas off New Guinea or northern

Australia during winter (Marchant & Higgins 1990),

but these at-sea observations do not differentiate

among the numerous possible origins of the individu-

als observed. Information about bird movement and
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behavior after the breeding season at the individual

level has been lacking, except for some occasional

ring recovery records that suggests that some individ-

uals spend their winter as far as the Philippines or

northern New Guinea (Yoshida 1981). Therefore, the

purpose of this study was to examine the movement

and behavior of Streaked Shearwaters breeding on

Mikura Island during the post-breeding period, using

recently developed geolocation techniques.

METHODS

The study was carried out on Mikura Island

(33°52�N, 139°36�E), Izu, Japan, where approxi-

mately 1.75–3.5 million birds nest in burrows, com-

prising 68–81% of world population of the species

(Oka 2004). Deployments of geolocators or Global

Location Sensor loggers (GLS-Mk4, 25�18�7 mm,

4.5 g, built by the British Antarctic Survey;

Afanasyev 2004) were conducted between 29 Sep-

tember and 1 October 2004. Loggers were attached to

plastic leg rings (total mass 7 g; 1.3% of the average

body mass of the study birds, 535�68 (SD) g) and

the rings were placed on the tarsi of 11 Streaked

Shearwaters captured from different nest burrows

(Fig. 1). Bird sex was estimated from vocalizations

(Arima & Sugawa 2004). A metal leg-ring was also

attached on each bird for identification. Burrows

were marked with bamboo stakes, and were visited in

the following breeding seasons to retrieve devices.

The BAS geolocator records time, light intensity,

immersion in seawater and water temperature. Light

levels were measured every 60 s, and the maximum

value over each 10 min recording interval was

logged. Immersion in seawater was checked every 3 s

and integrated at 10 min intervals, thereby providing

a value from 0 to 200 representing the proportion of

time in the water during that period. Temperature was

recorded only after a 20 min period of continuous im-

mersion, as it takes 10 min for the temperature sensor

reading to stabilize (temperature sensor accuracy

�0.5°C, with a resolution of 0.0625°C).

Light data were analyzed with ‘TransEdit’ and

‘BirdTracker’ software developed by British Antarc-

tic Survey. Sunset and sunrise times were estimated

from thresholds in the light curves, latitude was de-

rived from day length, and longitude from the time of

local midday with respect to Greenwich Mean Time

and Julian day, providing two locations per day

(Phillips et al. 2004). During processing, locations

derived from light curves with obvious interruptions

around sunset and sunrise, or that required unrealistic

flight speeds (�35 km/h sustained over a 48 h period)

were identified and later excluded, following Phillips

et al. (2004) (10.7% of total positions). Locations

were unavailable for variable periods around the

equinoxes when it is impossible to directly estimate

latitude from daylight data (Wilson et al. 1992; Hill

1994). Simultaneous deployment of geolocators with

satellite tags (ARGOS Platform Terminal Transmit-

ters) on Black-browed Albatrosses Thalassarche

melanophyrys around South Georgia have shown a

mean location error of 186 km (Phillips et al. 2004),

but location error may be higher in lower latitudes

(Hill 1994). Maps were created with the Maptool pro-

gram (Coyne & Godley 2005), with original data of

monthly average Chlorophyll a concentration ob-

tained by NOAA.

Data on immersion in seawater and water tempera-

ture were summarized daily to examine seasonal

changes. Gaps in the data due to occasional corrup-

tion in the logger memory meant that immersion and

temperature data were unavailable on a small number

of days (4.6% of total recording duration).

RESULTS

Of the initial 11 study birds (from 11 nest burrows)

fitted with geolocators in September–October 2004,

four birds were recaptured in their original nests and

their geolocators retrieved in August 2005. For other

seven nests, non-instrumented pairs (birds not fitted

with geolocators) occupied three study burrows, and

none occupied the remaining four. According to the

results from another study in the same colony, the
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Fig. 1. A geolocator attached on the right leg of a Streaked

Shearwater.



rate of non-instrumented birds returning to the same

nests between 2005 and 2006 were 29.3% (or 17 re-

turned in 2006 out of 58 birds ringed in 2005)

(Daisuke Ochi unpublished data), which is compara-

ble to the return rate of geolocator birds (36.4% or 4

out of 11 birds). The reason for the low return rates

would be that some birds could not be recaptured

possibly because they changed their nests to other

burrows in the following year (Daisuke Ochi personal

communication).

Of the four geolocators retrieved, data were down-

load successfully only from two loggers due to prob-

lems of water incursion. The two loggers from Bird

A (male) and B (female) provided light, immersion

and water temperature data for 290 and 94 days re-

spectively (Figs. 2–4.). Data for Bird A were full

records until the recapture in August 2005, whereas

those for Bird B were partial records until the logger

failed in early January 2005 probably due to water in-

cursion. Bird positions could not be determined from

light data during the equinox periods, for 1–20 Octo-

ber 2004 (autumnal equinox) and 22 February-3

April 2005 (vernal equinox) for Bird A, and 1–15

October 2004 (autumnal equinox) for Bird B (Fig. 4).

Bird A remained within the seas off Japan between

25°N and 40°N between October and December 2004

(Figs. 2, 4). Then, the bird moved south from 33°N to

5°N during a 6-day period (28 December–2 January),

when the sharp rise in water temperature from 16.7 to

29.0°C was recorded (Fig. 4). From early January to

late February, the bird stayed around the sea off

northern New Guinea, around the area of 2°S–8°N,

139–143°E, about 3400 km away from Mikura Is-

land, their breeding colony in Japan. Although bird

positions could not be obtained subsequently from

late February to early April due to the vernal equi-

nox, water temperature showed a sharp decrease from

28.6 to 16.6°C (Fig. 4) during a 10-day period (26

February–8 March), suggesting northward migration.

During April–July, bird A remained within the seas

off Japan between 27°N and 41°N (Fig. 4). From the

immersion records, the bird spent 77�17 (SD) % of

time on water daily during the winter months (De-
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Fig. 2. Movement of a Streaked Shearwater (Bird A) from

Japan to the sea north of New Guinea (21 Oct. 2004 to 21 Feb.

2005). The star indicates Mikura Island, where the breeding

colony is located. Bird positions were obtained with a light-

based geolocation device, and the location accuracy is esti-

mated to be 186 km or lower. The base map shows the

monthly average Chlorophyll a concentrations for December

2004, when Bird A started southern migration (see Methods).

Fig. 3. Movement of a Streaked Shearwater (Bird B) from

Japan to the Gulf of Carpentaria, Australia (16 Oct. 2004 to 13

Jan. 2005). The base map shows the monthly average Chloro-

phyll a concentrations for October 2004, when Bird B started

southern migration (see Methods).



cember–February), which is relatively high compared

to 29�26 (SD) % after April (Fig. 4). The immersion

and light data suggested that the bird was continu-

ously in the nest burrow for 9 days (25 June–3 July

2005) and 11 days (13–23 July 2005), probably for

two incubation shifts.

Bird B moved south from 35°N to 13°S during a

14-day period (16–29 October) (Figs. 3, 4), passed

through the Arafura Sea then to the Gulf of Carpen-

taria, Australia. Water temperature gradually in-

creased from 17.3 to 28.4°C during this period (Fig.

4). Thereafter, the bird stayed in the Gulf of Carpen-

taria, around the area of 8–15°S, 137–141°E, approx-

imately 5200 km away from Mikura Island, until the

end of the period when data were recorded on 13 Jan-

uary. During the winter months (December–January),

the bird spent 85�5 (SD) % of the time on the water.

DISCUSSION

Although the sample size is limited and thus these

initial results have to be confirmed by future studies,
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Fig. 4. Seasonal changes in latitudinal positions, percent time on water (per day) and water temperature recorded by a logger

mounted on the leg of two Streaked Shearwaters (Bird A and B). The arrows indicate the periods where the data on the wintering

movements (Figs. 2, 3) were shown. Increases in water temperature were associated with southern movements of the birds (28

Dec. to 2 Jan. for Bird A; 16–24 Oct. for Bird B). Bird positions could not be determined from light data during 22 February–3

April 2005 (vernal equinox period) for Bird A (see Methods).



the present study revealed some new aspects to the

migratory and wintering behavior of Streaked Shear-

waters breeding in Japan. This included new informa-

tion on the timing and route of southern migration,

and wintering areas.

The two tracked Streaked Shearwaters moved from

the seas off Japan to tropical waters, but with differ-

ent timing of the southern migration: one migrated in

late October (Bird B: female) and the other in late

December (Bird A: male) (Fig. 4). Although we do

not have data on the timing of breeding for our study

birds, Bird A appeared to stay around Japan at least

for a month after breeding. This is because 1) it

showed a relatively high proportion of time spent on

water during December, though apparently there were

no regular visits back to the colony, and 2) a previous

study on Mikura Island showed that parents cease

chick provisioning by 7 November (range�29 Octo-

ber–22 November) (Oka et al. 2002). This suggests

that at least some breeding adults may stay around

the seas off Japan after their breeding season, though

the factors affecting timing of southern migration is

uncertain.

Recent studies on post-breeding migration of

Sooty Shearwaters Puffinus griseus (Shaffer et al.

2006) and Cory’s Shearwaters Calonectis diomedea

(González-Solís et al. 2007) suggested that the migra-

tion route of the birds may be associated with global

wind circulation patterns over the Pacific and Atlantic

Oceans, respectively. During migration, the heading

of our Streaked Shearwaters was south or south-

southwesterly. Generally, northerly or northeasterly

winds blow in this region of the north-western Pacific

during winter (Spear & Ainley 1999; Liechti 2006),

thus we hypothesize that the birds might be able to

use northerly tail winds during their southern migra-

tion.

The two tracked birds utilized the seas north of

New Guinea or the Gulf of Carpentaria during the

winter months (Figs. 2, 3), which is consistent with

previous ship-based surveys reporting relatively large

flocks of Streaked Shearwaters in both areas

(Marchant & Higgins 1990; Blaber & Milton 1994).

The relatively high proportion of time spent at the sea

surface during winter months (Fig. 4) suggests that

both birds did not need to fly for long periods to

search for new prey patches, thus possibly they

stayed in favorable areas for foraging. The Gulf of

Carpentaria is a shallow (�70 m) continental shelf

known to have high primary productivity due to the

supply of nutrients from land drainage (Motoda et al.

1978), which may provide suitable foraging habitat

for shearwaters. In contrast, the seas north of New

Guinea lie within the ‘Western Pacific Warm Pool’

biome, which is characterized by very low chloro-

phyll concentrations (Longhurst 1998). However, this

region supports the highest fishery catches of Skip-

jack and other tuna in the Pacific Ocean (Lehodey et

al. 1997), an enigma difficult to explain (Longhurst

1998). In tropical seas, surface-feeding seabirds, in-

cluding shearwaters, often accompany subsurface

feeders such as tunas and dolphins (Au & Pitman

1988). We hypothesize that feeding association with

tuna may be a possible explanation for the distribu-

tion of Streaked Shearwaters north of New Guinea.

The western equatorial Pacific region, where

Streaked Shearwaters winter, is currently experienc-

ing substantial changes in the marine environment

due to atmospheric forcing (Lehodey et al. 1997;

Sugimoto et al. 2001) and/or fisheries impacts (Harris

& Poiner 1991; Evans & Wahju 1996). The two

tracked birds did not move between local wintering

areas, rather they stayed in one area (north of New

Guinea or the Gulf of Carpentaria) for relatively long

periods (Figs. 2, 3), suggesting their susceptibility to

local conditions. If individual shearwaters utilize cer-

tain wintering areas repeatedly over years as in found

in some albatross species (Weimerskirch & Wilson

1990; Phillips et al. 2005), then the effects of envi-

ronmental changes in local wintering area on birds

may be important. Further studies on inter-annual and

individual variations in migration and wintering be-

havior would be required to assess how environmen-

tal changes in southern wintering area affect Streaked

Shearwater populations in Japan via migratory con-

nectivity (Webster et al. 2002).
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