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ABSTRACT: Migratory dynarmcs and dietary change of sooty shearwaters Puffinus griseus sampled in 
the North Pac~fic from May to September in 1990 and 1991 were investigated using the method of 613C 
and 615N analyses 613C and 615N values of muscle tissues of shearwaters ranged from -21.9 to -15.1%0 
and from 8.1 to l6.6%0, respectively. The 6I5N values of immature shearwaters collected east of longi- 
tude 170" W differed from those west of this longitude. In the northwestern Pacific. 6I3C and 615N of 
both mature and immature birds were lowest in May (both mature and immature: 613C -20.7 0.9%0, 
615N 8.8 * 1.074,; mean * SD) and then gradually increased until early summer. In contrast, no seasonal 
variations in 613c and 6 1 5 ~  of mature birds were observed in the northeastern Pacific and 613C and 6I5N 
of immature birds in the northeastern area were the highest In May (6I3C -15.9 * 0.5%0. 6I5N 15.9 t 
0 8Ym; mean + SD), and then gradually declined. We attribute these isotopic trends pnmanly to differ- 
ences in the lsotopic signatures of food-web components due to oceanographic factors, and the influ- 
ence of sooty shearwater rmgrations. Low or high 6I3C and 615N values of immature and mature shear- 
waters in the western and eastern North Pacific in ~ V a y  may be caused by the transient effects of food 
consumed in the Southern Hemisphere before or during the northward migration In particular, the 
high 615N of the immature birds in the northeastern area seems to be caused by feeding on 15N rich 
diets in the eastern tropical Pacific, off Peru and California, during the northward migration, where 
occurrence of denitrificatlon with a high nitrogen isotope fractionation factor of up to 1.04 is well 
known. The pattern of the mgratory behaviour of sooty shearwaters m the Pacific Ocean was success- 
fully clarified by their isotopic signature. 
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INTRODUCTION 

Seabird species, especially those of large popula- 
tions with high biomass and extensive distributions, 
are important indicators of ecological phenomena 
occurring in marine environments. Studies to deter- 
mine their distributions, diets, and trophic relation- 
ships can thus help us to elucidate characteristics of the 
food-web structures in marine ecosystems. However, 
detailed ecological studies of seabirds in the open 
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ocean are quite difficult because of the logistical diffi- 
culty in obtaining information about them. 

The sooty shearwater Puffinus gnseus comprises 
about 20 to 50% of seabird numbers and about 30 to 
70% of seabird biomass in the subarctic North Pacific 
in summer (Sanger & Ainley 1988). This seabird domi- 
nates the North Paclfic avifauna in summer and is 
extensively distributed over oceanic regions between 
40" and 55" N (Ogi et al. 1981, Guzman & Myres 1983, 
Ogi 1984, Briggs & Chu 1986). Sooty shearwaters 
breed mainly around New Zealand, southeastern Aus- 
tralia, and southern South America from September to 
April (Marchant & Higgins 1990). In the non-breeding 
season, most of the population migrates to the North 
Pacific, but some birds migrate to the North Atlantic or 
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remain in the Southern Hemisphere (Marchant & 
Higgins 1990). Shuntov (1972) showed that the birds 
breeding in the New Zealand or southeastern Aus- 
tralia areas migrate along the western North Pacific. In 
contrast, sooty shearwaters from the southern South 
American breeding grounds migrate along the eastern 
North Pacific (Shuntov 1972). Most adults depart 
breeding islands by the second week of April, with a 
few remaining until May (Marchant & Higgins 1990). 
Chicks remain for up to a month longer before leaving 
(Marchant & Higgins 1990). The western Pacific popu- 
lation arrives at the east of northern Japan by late May, 
while the eastern Pacific population reaches southern 
California by May (Marchant & Higgins 1990). Little 
information exists on the migratory behaviour of the 
sooty shearwater (Shuntov 1972). 

Stable isotope analysis can be used to determine diet 
and trophic level of an animal. It is well known that the 
stable nitrogen isotope ratio shows a stepwise enrich- 
ment along trophic levels in marine ecosystems 
(DeNiro & Epstein 1978, Wada et al. 1987, Fry 1988, 
Hobson & Welch 1992). Consequently, nitrogen iso- 
tope ratios in animals reflect the trophic levels within 
food chains, increasing by 3 to 4Ym per trophic level 
(DeNiro & Epstein 1981, Minagawa & Wada 1984). In 
contrast, animal 6I3C is quite close to that of its corre- 
sponding diet (DeNiro & Epstein 1978). Since the 
turnover time of diet in the tissues of consumers 
changes according to the metabolic rates of each tissue 
(Thompson 1953), stable isotope analysis of each tissue 
can thus provide different time-integrated dietary 
information (Hobson 1993). In laboratory studies of 
stable isotope turnover rates in birds, the half life of 
carbon in muscle tissues of Japanese quails Coturnix 
japonica was 12.4 d (Hobson & Clark 1992a). Although 
the turnover rates of carbon and nitrogen in muscle tis- 
sues of wild birds are unknown, stable isotope ratios of 
muscle tissue are considered to reflect the diet of at 
least the previous few weeks. Consequently, by ana- 
lyzing stable isotopes in the tissues of seabirds, dietary 
information over a few weeks can be obtained. In this 
sense, stable isotope analysis provides time integrated 
and quantitative information on Eood habits and migra- 
tory mechanisms of seabirds in the open ocean. Stable 
isotope analysis of particulate organic matter (POM) 
and various organisms also helps to reveal trophic rela- 
tionships. 

Recently, stable isotope analysis has been used to 
determine trophic relationships and diets of seabirds 
(Hobson 1987, 1990, 1991, 1993, Mizutani et  al. 1990, 
Hobson et al. 1994). However, changes in the stable 
isotope signatures of seabirds during their migrations 
have not yet been thoroughly studied (Minami et al. 
1995). According to Schell et al. (1989), stable isotope 
analyses of bowhead whale Balaena mysticetus baleen 

provided useful indicators of variations in regional 
habitat usage and seasonal changes in diet. 

The 613C and 615N in muscle of extensive migratory 
seabirds should vary, depending upon the regional 
changes in those of their prey organisms, which are 
further affected by regional oceanographic factors 
(Minami et al. 1995). The Pacific Ocean has unique 
characteristics with respect to the distribution and vari- 
ation of phytoplankton SI5N. According to Wada & 

Hattori (1991), the western part of the ocean involving 
the south and east China Sea is characterized by the 
occurrence of cyanobacteria Trichodesmiurn spp. 
which have St5N values as low as -2% due to molecu- 
lar nitrogen fixation. In contrast, highest 615N values 
up to 10% are well known for phytoplankton in the 
eastern tropical Pacific Ocean, where a huge amount 
of denitrification occurs in the intermediate oxygen- 
deficient water mass accompanied by a large isotope 
fractionation factor of up to 1.04 (CLine & Kaplan 1975). 
These geographical values of 615N can thus provide a 
useful key to clarify the migratory behaviour of sooty 
shearwaters. 

In this study we measured the stable carbon (613C) 
and nitrogen (615N) isotope ratios of muscle tissue of 
sooty shearwaters to elucidate their feeding behaviour 
and dietary changes during northward migrations in 
the North Pacific. The accurate evaluation of temporal 
and geographic variations of seabird diets by using 
stable isotopes was also performed to provide a signif- 
icant advance in using seabirds as bio-indicators of 
marine ecosystems. 

MATERIALS AND METHODS 

Sampling locations and growth stages. The pectoral 
muscle tissues of the 87 sooty shearwaters used for the 
stable isotope analysis were obtained from birds which 
had become entangled In gill nets set for squid in the 
North Pacific (3.5" 16' to 46" 30' N, 150" 07' E to 150" 
27' W; Fig. 1) from May through September during 
1990 and 1991. Some of the sooty shearwater SI3C and 
615N data came from a report by h4inami et al. (1995). 
Birds were classified as mature or immature based on 
the shapes and sizes of sex organs (Shiorni 1993) and 
the existence of the Bursa of Fabricius (Shiomi 1993). 
Birds 1 to 2 yr of age were categorized as immature, 
while birds of 3 yr and older were considered mature. 
First pairing of sooty shearwater probably occurs at 3 
to 4 yr, but possibly this bird does not breed until 
between 5 and 7 yr (Richdale 1963). 

Stable isotope measurements. Muscle tissue from 
sooty shearwaters was ground into a fine powder after 
lipid was extracted using a 2:l chloroform:methanol 
solution. The procedures for analyzing carbon and 
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Longitudinal variations in stable carbon and In the northwestern Pacific, the 6I3C and SlsN values 
nitrogen isotope ratios of sooty shearwaters of both mature and immature birds were lowest ~n May 

after northward migration (both mature and immature: 6I3C -20.7 ? 0.9%0, 6I5N 
8.8 ? 1.0%0; mean ? SD) and then gradually increased 

There were longitudinal variations in 613C and 615N until they plateaued in early summer (Fig. 3; both 
of sooty shearwaters that arrived in the Northern mature and immature in July: 6I3C -18.6 ? 0.7Xo, 6I5N 
Hemisphere in May and June (Fig. 2). The difference 11.6 i 1.2760; C: p < 0.01; N: p 0.01; Mann-Whitney U- 
in 6I5N values between immature birds sampled from test between May and  July). From July to September, 

140 E 1m E 160-E 170 E 180 170 VJ 162 W 1 %  W IW'N east and west of long~tude 170" W in 
I , , , ,  I I I I I I I I ,  

the North Pacific was clear. The car- 
bon isotope ra t~os  of immature birds 
collected east of longitude 170" W 
were somewhat higher than those of 
birds in the west. Therefore, the North 

-. -. 
'>.: F-' Pacific populations of this species 

were classified into 2 distinct groups: 
the northwestern and northeastern 
Pacific populations, divided by longi- . .a, . .. a . ' l  
tude 170" W 

0 . .  .a • • The mean 6I3C and 6I5N values of . immature birds in the northwestern 
area were -18.7 + 1.2 and 10.6 3 1.8760, 

30'N - 

- 

tively. Immature birds in the north- 

Fig 1 Sampling locat~ons of sooty shearwater in the North Pacific from May eastern area exhibited 
through September in 1990 and 1991 higher 613C and 6'" values than those 

in the northwestern area (C: p < 0.05; 
N: p < 0.01; Mann-Whitney U-test). 

nitrogen isotope ratlos were the same as those re- The mean 6I3C values of mature birds in the north- 
ported by Minagawa et al. (1984) and Minami et al. western and northeastern areas were -20 2 ? 1.1 and 
(1995). A quartz tube containing 10 to 20 mg of pow- -19.6 ? 0.8%0, respectively, while the mean S1"N values 
dered muscle, 1 g of CuO, 0.5 g Cu and a plece of sil- were 9.4 + 1.1 and 10.8 + 1.5760, respectively, with a 
ver foil was evacuated, sealed, preheated at 500°C for wide overlap (C,  p z 0.05; N: p > 0.05; Mann-Whitney 
30 min, and combusted at 85OoC for 2 h .  After cooling U-test). The changes In the 6'" and 615N values of 
overnight, CO2 and N, were separated cryogenically mature birds with longitude were insignificant in con- 
with a dry ice-ethanol mixture and liquid nitrogen. trast to those of immature birds. 
Carbon and nitrogen isotope ratios were measured No significant differences in the 6I3C and 615N val- 
w ~ t h  Finnigan MAT 251 and Delta-S mass spectrome- ues between mature and immature birds existed in the 
ters fitted with dual inlet and triple collector systems. northwestern area (C: p > 0.05; N: p > 0.05; Mann- 
Isotope ratios were expressed as %0 deviations from Whitney U-test), while in the northeastern area,  the 
standards as defined by the following equation: carbon and nitrogen isotopes in muscle tissue of the 

immature birds were higher than those of mature birds 
613C, 6I5N (Rs,~rilp~e/R,,,,iddr~ - 1) . 1000 (C: p < 0.001; N: p < 0.001; Mann-Whitney U-test). The 

where R = l3C/I2c or " N / ~ ~ N .  Peedee belemnite and variations in 6I3C and 615N of the sooty shearwaters 
atmospheric nitrogen were used as the carbon and ni- across longitude 170" W may reflect differences in prey 
trogen ~sotope standards, respectively. Standard devi- selection or variation in oceanographic factors. 
ations for stable isotope measurements were always 
less than 0.1 %0 for carbon and 0.2%0 for nitrogen. 

Seasonal variations in stable carbon and nitrogen 
isotope ratios of sooty shearwaters in the 

RESULTS northwestern and northeastern Pacific 

-Y 

respectively (mean ? SD). In the north- 
eastern area,  the corresponding iso- 
tope values of immature birds were 
-16.7 + 1.4 and 15.2 + l .1%0, respec- 
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E3 Immature 

S Q Mature 

Longitude 

Fig. 2.  Puff~nus gnseus. Longltud~nal vanations In 613C and 
615N values (%, mean * SD) of ~rnmature and mature sooty 
shearwaters In the North Paclfic Dotted hne dlvldes the 2 
distlnct regions (western and eastern North Paclflc). Sample 

slzes glven In parentheses 

when the birds fed on prey in the North Pacific for over 
1 mo after the northward migration, the mean 613C and 
615N values of mature and immature birds In the north- 
western area were - 18.7 + 0.6 and 11.6 + 1.1 Yw, respec- 
tively. 

In contrast to the immature blrds in the northwestern 
Pacific, the 613C and 6I5N values of immature birds in 
the northeastern Paclfic were the highest during May 
(6I3C -15.9 * 0.5%, 615N 15.9 + 0.8Ym) and then gradu- 
ally decreased (Fig 3; immature in July: 613C -18.0 + 
1.0%0, 6I5N 13.2 + 1.5Ym; C: p < 0.05; N: p < 0.05: Mann- 
Whitney U-test between May and July). The mean 
6I3C and 6I5N values of the immature birds in the 
northeastern area from July to September, when sooty 
shearwaters were in the North Pacific. were -18.4 * 1.0 

and 12.6 + 1.5%0, respectively, while the corresponding 
613C and 615N values of the mature birds were -19.4 + 
1.2 and 12 1 k 1.6Y~,  respectively. 

DISCUSSION 

The 6I5N values of animals in a marine food web 
increase by about 3.4 + 1.1 %O per trophic level (Mina- 
gawa & Wada 1984, Wada et al. 1987, 1991, Wada & 
Hatton 1991). However, Mizutani et al. (1991) and 
Hobson & Clark (1992b) estimated 6I5N enrichment 
values of 2.4 and 1.4 %O in muscles of captive common 
cormorants Phalacrocorax carbo and ring-billed gulls 
Larus delawarensis, respectively. ''N enrichments in 
muscle tissue relative to the diet of piscivorous birds 
are less than those of other marine organisms (Hobson 
& Welch 1992). The 613C values of animals and birds 
increase about l %O per trophic level and are very close 
to those of thelr diet (DeNiro & Epstein 1978). The 6'3C 
abundance thus indicates 6I3C values of the available 
food source (Fry 1988, Hobson & Welch 1992). In this 
study, we used a 6I5N enrichment value of 2.4%0 to esti- 
mate the food habits of the sooty shearwater according 
to the method descnbed by Hobson & Welch (1992). 

The 613C and 6I5N values of immature birds of the 
northeastern population were significantly higher than 
those in the northwestern population, strongly sug- 
gesting that the immature birds in the 2 populations 
fed on prey with different isotope ratios. Since sooty 
shearwaters in the western South Pacific are consid- 
ered to migrate along the western Pacific, whereas the 
birds in the eastern South Pacific migrate along the 
eastern Pacific (Shuntov 1972), the observed differ- 
ence was likely caused by the geographical variation 
of the stable isotope ratios in the Pacific Ocean. 
According to Shuntov (1972), the birth place of the 
population which migrates to the northwestern Pacific 
is New Zealand or southeastern Australia, while that of 
the population which migrates to the northeastern 
Pacific IS southern South America. Consequently, 2 
maln causes for the isotopic differences between the 
sooty shearwaters sampled in rh.e northwestern and 
northeastern Pacific can be proposed: differences in 
prey selection and/or differences in isotopic signatures 
of food-web components due to the oceanographic fac- 
tors in the North Pacific. 

To examine the influence of prey selection, the stom- 
ach contents of the birds sampled in the 2 areas were 
compared. In the subtropical western Pacific in June, 
fish (Cololabis saira) was the most important food item 
in the stomachs of sooty shearwaters by mass (78.1 %), 
followed by barnacles (Clrripedia sp., 10.9%) and jel- 
lyfish (Vellela lata, 8.8%) (Ogi 1984). In the subtropical 
eastern Pacific from May through July, sooty shearwa- 
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Fig. 3. Puffinus grlseus. IvIonthly 
changes in FI3C and 6I5N values ('L, 
mean SD) of immature (D) and 
mature (0) sooty shearwaters col- 
lected from the western and eastern 
North Pacific. Sample sizes given in 

parentheses 

Western North Pacific Eastern North Paclflc 

-16 , 

-. 7J 
5 6 7 8 9 1 0 4 5 6 7 8 9 1 1 )  

Month Month 

ters fed primarily on juvenile rockfish (Sebastes spp.) 
and northern anchovy (Engraulis mordax), while squid 
(Loligo opalescens) and euphausiids (Thysanoessa 
spinifera) were minor components of the diet (Chu 
1984). Shiomi & Ogi (1992) showed that fish (Sardinops 
melanosticta, Cololabis saira; 51.4%), squid (Berry- 
teuthis anonychus, 30.9 %) and pelagic barnacles 
(Lepas fascicularis, 15.2%) were the main prey of the 
birds in the subtropical western and eastern Pacific 
(approximate longitude 150" E to 140' W) in June and 
July. Japanese sardine, Pacific saury and rockfish con- 
stituted the most important prey items for sooty shear- 
waters in the North Pacific (Chu 1984, Shiomi & Ogi 
1992). Although there were slight differences in shear- 
water prey selection between the northwestern and 
northeastern areas, the trophic levels of the prey in the 
2 areas were almost identical. The marked differences 
in sooty shearwater 6'" and FI5N values between the 
northwestern and northeastern Pacific were unlikely 
to have been caused by differences in prey selection. 

To assess the influence of oceanographic factors on 
food web, 6I3C and 615N values of primary producers, 
sooty shearwater prey and other marine organisms in 
the North Pacific during spring and summer were sum- 
marized (Table 1). Marine organisms in the northwest- 
ern feeding area have somewhat lighter isotopes as 
compared to those in the northeastern area. We pre- 
dicted the 615N values of sooty shearwaters by a simple 
trophic effect of 2.4SW, assuming that the birds fed on 
only 2 species, Pacific saury (Cololabis saira) and a 
euphausiid. 

In the northwestern area,  the 615N value of birds that 
fed exclusively on either Pacific saury or euphausiids is 

predicted, by this model, to be  11.6 and 9.8%0, respec- 
tively, corresponding to the given 615N value of Pacific 
saury and euphausiids of 9.2 and 7.4 'Xm. In contrast, the 
6I5N value of sooty shearwaters in the northeastern 
area feeding on euphausiids exclusively is calculated 
to be 13.0%, since the 6I5N value of the euphausiids 
there is 10.6% (Table 1) .  If the Pacific saury 6I5N is 1 to 
2%0 higher than that of the euphausiids in the north- 
eastern area,  as in the northwestern area,  then the 
615N value of sooty shearwaters feeding exclusively on 
Pacific saury would be 14 to 15%0. 

However, the low 613C and 6I5N values for the 
mature birds in the 2 areas and for the immature birds 
in the northwestern area in May are  clearly different 
from those predicted by the model for the North 
Pacific. Furthermore, the isotopic composition of im- 
mature birds in the northeastern area in May was 
heavier than that predicted by the model. Thus, the 
differences in isotope ratios among the birds in ques- 
tion could not be explained only by the above simple 
trophic model. 

Instead, the low or high 6I3C and 615N values might 
reflect the life history of each population, that is, differ- 
ences in the isotopic signatures of food-web compo- 
nents due  to oceanographic factors of the feeding areas 
before or during migration. Minami et al. (1995) 
showed that low stable isotope ratios of sooty and 
short-tailed (Puffinus tenuirostris) shearwaters on the 
Pacific coast of northern Japan in April and May had 
been strongly affected by the isotope ratios of their 
prey in the Southern Hemisphere before or during 
their northward migrations. This transient effect could 
also be  taking place in the present case. The low stable 
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Table 1. 613C and 6% values (%) of marine food-web components in the Pacific Ocean 

I Samples (n) 6'.'C SiSN Month Location Source 

Western North Pacific 
Particulate organic matter - 5.4 J ul 39" 59' N, 138" 05' E Sugisaki et al. (1991) 

-70.3 - J un 41" 00' N, 142" 20' E Sugisaki (1989) 

Euphausia 
Eupha usia pacifica 

Fish 
Engraulis japonicus (1) 
Cololabis saira (15) 

Jun 

-18.7 8.9 Jun 
-18.5 r 0.58 9.2 i 0.58 Jun 

Eastern North Pacific 
Part~culate organic matter (3) 2 1 . 6  i 0.2 6.8 * 0.1 

Kelp 
Macrocystisintegrifolia(3) -16 .9 i0 .3  8 . 1 i 0 . 4  
Nereocystis luetkena (3) -16.7 * 0.4 9.3 + 0.3 

1 Egregia menziesii (2) -15.6 i 0.3 9.0 + 0.3 

Minami et al. (1995) 

41" 00' N, 155" 00' E Minami et al. (1995) 
39" 22' N, 155" 04' E Minami et al. (1995) 

May-Aug Barkley Sound region Hobson et al. (1994) 

May-Aug Barkley Sound region Hobson et al. (1994) 
May-Aug Barkley Sound region Hobson et al. (1994) 
May-Aug Barkley Sound region Hobson et al. (1994) 

Euphausia 
Euphausia sp. (5) -18.6 i 0.4 10.6 + 0.6 May-Aug Barkley Sound region Hobson et al. (1994) 

isotope ratios of the mature birds in the 2 areas and the 
immature birds in the northwestern area in May are 
affected by the isotope ratios of their prey in the South- 
ern Hemisphere before or during their northward 
migrations. The high 6'" and 6"N values of sooty 
shearwaters in the North Pacific observed after July 
(613c: 1 9  to -18%0; St5N: 12 to 13%0) imply that feeding 
on prey such as euphausiids and Pacific saury with 
high isotopic values caused the increase in isotopic 
values of sooty shearwater muscle. 

The mean St3C and 615N values of food-web compo- 
nents in the Antarctic Ocean (around southern South 
America) were -27.0 and 5.1 %O for euphausiids, -25.4 
and 6.9%0 for squid (Kondakoria longimama), and 
-23.4 and 10.4°A for fish (Trematomus bernacchir), 
respectively (Wada et al. 1987). Rau et al. (1992) found 
that the isotopic values of 12 birds, 4 seals and 4 fish 
species collected in the Weddell Sea ranged from -31.3 
to -22.0% for 613C and from 4.4 to 11.2%0 for St5N. 
However, the high 6ISN values of immature shearwa- 

mature(9.0) 1mrnature(8.1) (dala in May) 

+ POM(0.5) 

malure(l0.5) 
(data In May) 

Fig. 4. Puffinus gnseus. Possible mi- 
gratory routes of immature (dotted 
line) and mature (solid line) sooty 
shearwaters in the Pacific Ocean 
based on stable isotopic analyses. 
Shaded areas in the tropical eastern 
Pacific Ocean denote the oxygen- 
deficient upwellmg regions where de- 
nitrification occurs extensively in the 
middle layers of the water column. 
Shaded areas in the tropical western 
Pacific Ocean indicate the regions 
where N2-fixing blue-green algae ap- 
pear dominantly. Numbers in paren- 
theses indicate 6I5N values (%). S15N 
values for mature and ~mmature  
sooty shearwaters in the Antarctic and 
the eastern tropical Pacific are from 
birds sampled in the North Pacific in 
May. 6"N values of part~culate or- 
ganic matter (POM) or particulate 
organic nitrogen (PON) are from Saino 
& Hattori (1987), Wada et al. (1987), 
S u g s a l  et  al. (1991) and Hobson et al. 
(1994); those of Trichodesrnium spp. 

are from Wada & Hattori (1991) 
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ters in the northeastern Pacific cannot be sufficiently 
explained by the isotopic signatures of those food-web 
components in southern South America. The high 6I5N 
values of the birds in the northeastern area seem to 
have a close correlation with the eastern tropical deni- 
trifying zones off Peru and California during their 
northward migration. The available food-web compo- 
nent 6I5N in the eastern tropical Pacific is significantly 
high. The 6I5N value of POM, the first trophic position, 
in the eastern tropical Pacific was higher than those 
from other areas (Saino & Hatton 1987, Liu & Kaplan 
1989). POM 6'" ranges from 6.6 to 14.4%0 (Saino & 
Hattori 1987), while netplankton 6I3C and 6I5N are  
-19.3%0 (Degens et al. 1968) and 11.4%0 (Libes & 
Deuser 1988), respectively. Therefore, the immature 
birds in the northeastern area might feed on prey with 
high isotopic values in the eastern tropical area during 
the northward migration, while mature birds in the 
same area might not (Fig. 4 ) .  The possibility that only 
mature birds in the northeastern area migrate from 
New Zealand or southeastern Australia should also be 
considered. 

Recently, Hobson (1993) suggested that 613C analysis 
was useful in distinguishing benthic and inshore feed- 
ing birds from those with pelagic and offshore feeding 
habits; the 6I3C of pelagic feeders was lighter than that 
of benthic feeders. If this conjecture proves to be the 
case, immature sooty shearwaters perhaps fed on 
inshore prey during migration because the 6'" in the 
immature birds in the northeastern area was heavier 
than that in other groups of birds. 

Isotopic analyses of migratory seabirds sampled in 
various locations at  different times can provide useful 
information on their migratory behaviour. In addition 
to the muscle analyses, isotopic analyses of tissues, 
such as liver and blood, with quick turnover rates 
(Hobson & Clark 1992a, 1993) are  also useful for the 
elucidation of feeding habits over short periods. The 
stable isotope technique thus provides time series and 
time-integrated, quantitative information on the feed- 
ing habits and migratory mechanisms of the sooty 
shearwater, which are  quite difficult to observe 
directly on the open ocean. 
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