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INTRODUCTION

Changes in wind stress (Aebischer et al. 1990), sea-
ice extent (Loeb et al. 1997), sea-surface temperature
(SST; Bertram et al. 2001, Frederiksen et al. 2006),
and upwelling (Thayer & Sydeman 2007, Schroeder
et al. 2009) affect the foraging and breeding of sea -
birds through changes in food web structure. In addi-
tion to these ‘bottom-up’ effects, changes in seasonal
and spatial patterns of prey influences seabird diet

and breeding performance (Durant et al. 2005, Gré -
millet et al. 2008). Adverse local weather (low air
temperature, heavy rain or snow, or strong winds)
may limit accessibility to nesting grounds (re viewed
by Schreiber 2002). Thus, various mechanisms may
underlie the responses of seabirds to climate variabil-
ity and change.

To understand climatic drivers of marine ecosystem
change, it is necessary to examine how seabird diet
and breeding performance varies with climatic fac-
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tors on multiple spatial and temporal scales. Seabirds
may respond to climate fluctuations on immediate to
interannual (Gaston et al. 2009, Moe et al. 2009),
decadal (regime shift) (Anderson & Piatt 1999,
Durant et al. 2004), and long-term (ocean warming)
(Jenouvrier et al. 2009) scales. Responses may also
vary between regions (Frederiksen et al. 2007),
depending on regional geo graphy, marine physics,
and ecosystems, and vary between species depend-
ing on the species-specific constraints (Furness &
Tasker 2000). Thus, long-term information from mul-
tiple species in multiple regions is useful for testing
mechanisms.

The Japan Sea lies between the Eurasian continent
and Japan (Fig. 1). Here, increases in air temperature
(www.data.kishou.go.jp/ climate/ cpdinfo/ temp/ an_jpn)
and SST (Yeh et al. 2010) have been reported and
related to global climate change. In addition, the
warm Tsushima Current (TC) heats the sea during
the late spring and summer, while westerly winds
cool the ocean in winter (Hase et al. 1999, Chiba &
Saino 2003). These latter factors vary at 2 time scales.
(1) A decadal change in the surface air pressure in
Siberia has influenced wind stress and SST; the SST
was lower between the late 1970s and late 1980s and
has been higher since then (Minobe et al. 2004, Yeh
et al. 2010). This climatic regime shift induced a
change in phytoplankton and zooplankton (Chiba &
Saino 2003, Chiba et al. 2005), as well as pelagic fish
communities (Tian et al. 2008). (2) Annual changes in
SST are related to air pressure anomalies in the
northwestern Pacific represented by variation of the

Aleutian Low, which drives the warm TC northward,
from the Tsushima Strait in the southern Japan Sea
(Minobe et al. 2004).

To understand the relationships between local and
large-scale climate fluctuations and seabird biology
in the Japan Sea we studied the chick diets and
breeding performance of Cerorhinca monocerata
(rhinoceros auklets, RHAU), Phalacrocorax filamen-
tosus (Japanese cormorants, JCOM), and Larus cras-
sirostris (black-tailed gulls, BTGL) on Teuri Island
(Fig. 1) over 26 yr, 1984 through 2009. We examined
long-term trends and the effects of interannual varia-
tion in air temperature, SST, other local climate fac-
tors, and prey availability on the timing of breeding,
chick diets, and breeding success. We discuss how
these local factors are influenced by broad-scale cli-
mate change.

MATERIALS AND METHODS

Study area and species

We conducted our study on Teuri Island (44° 25’ N,
141° 52’ E). Data were collected in 1984, 1985, and
1987, and from 1992 to 2009 (n = 21 yr). Additional
data on the breeding of BTGL were collected in
1980. Table 1 summarizes the breeding biology and
chick diets of the 3 studied species. The population
sizes varied from year to year. RHAU feed on sand-
lance Ammodytes personatus, juvenile Japan Sea
greenling Pleurogrammus azonus, and krill Thysa-
noessa longipes and T. inermis in spring (Ito et al.
2009) and on sandlance, sardine Sardinops mela -
nostictus, and anchovy Engraulis japonicus in sum-
mer. JCOM feed on benthic fish in spring (M. Ito
unpubl. data) and on epipelagic fish (sandlance and
anchovy), benthic rock fish Sebastes spp., flat fish
(Pleuronectiformes), and epibenthic greenlings in
summer. BTGL feed on krill T. inermis and fish in
spring (Tomita et al. 2009) and mainly on sandlance
in summer. All 3 species spend winter around the
Japan archipelago.

Study plots and breeding biology

RHAU nest in burrows 1 to 2 m deep on cliff shoul-
der slopes. JCOM nest on cliff ledges and rock
stacks, and BTGL on glassy slopes. A single RHAU
study plot (ca. 20 × 50 m) containing ~1000 burrows
was set-up on a gentle slope in 1984. To in crease the
number of JCOM samples while minimizing plot size

184

Fig. 1. Study area. ★ = Teuri Island. Around the colony, we
measured local sea-surface temperature (SST) in Area A
(60 × 150 km), chlorophyll a in Area B, and SST for determin-
ing the date of warm water arrival (WWA) within foraging 

range of rhinoceros auklets (Area C)
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and thus disturbance of BTGL, we set 2 to 4 JCOM
plots (ca. 20 × 30 m) on cliff faces by map and 2 to 4
BTGL plots (ca. 10 × 10 m) on slopes within stakes.
Artificial nest boxes were set in part of the RHAU
plot. Breeding success and chick growth did not dif-
fer between natural burrows and nest boxes (Kuroki
et al. 1998).

For RHAU we walked in the plot and checked the
presence of eggs or chicks in 10 to 66 nests annually,
including nest boxes, every 5 d. As RHAU are sensi-
tive to disturbance during egg laying and incubation,
we monitored them primarily after hatching. Chicks
that disappeared from the nest after 40 d were con-
sidered to have fledged (Takahashi et al. 2001). We
monitored the contents of 26 to 62 JCOM nests annu-
ally every 5 d from ca. 50 m away using a 20× to 40×
telescope due to difficulties in approaching the nests.
Chicks that disappeared after 45 d were considered
to have fledged (Kato et al. 2001). For BTGL we
walked in study plots and marked each nest with a
numbered stake when we found newly laid eggs and
banded newly hatched chicks. We monitored 30 to
104 nests annually and checked the presence of
banded chicks every 5 d. Chicks that disappeared
after 30 d or after attaining 500 g were considered to
have fledged (Watanuki 1987b).

As the indices of the timing of breeding in each
year, we used the mean laying date of the first egg
in BTGL nests, and the mean hatching date of
RHAU (Fig. 2a). The mean hatching date of the first
JCOM chick in nests was used as timing index for
this species, as we did not identify egg laying by
JCOM in some years. Development period of em -
bryo, i.e. incubation period, is relatively constant in
most homoeo thermic bird species so both the timing
of egg-laying and the timing of hatching can be
used as an index for the timing of breeding. As an
index of breeding success for RHAU, we used the
number of fledglings produced per chick hatched
per pair (Fig. 2b). For JCOM and BTGL, we used
the number of fledglings produced per pair that had
eggs.

Collection and analysis of seabird diet

RHAU bring back food cross-wise in their bills in
the evening and night, and JCOM and BTGL, in the
stomach during the day. We caught RHAU arriving
with prey after sunset and collected 64 to 226 bill-
loads each year. Chicks and adults of BTGL and
JCOM sometimes vomited food when they were
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                                             Rhinoceros auklet (RHAU)            Japanese cormorants (JCOM)         Black-tailed gull (BTGL)

No. of active nests                       190,000−290,000a                                    500−1600a                                   2500−30,000a

Body mass (kg)                                    0.5−0.6b                                              2.3−3.2e                                         0.5−0.6h

Foraging mode                        Wing-propelled diving                      Foot-propelled diving                       Surface feeding
Diving depth (m)                   14.0 (median), 50 (max.)b             7.2−15.1 (mean), 26−39 (max.)e                            −
Foraging range (km)                       87 (0.5−164)c                                            10−22f                                  Around the islandi

Wintering area                     Along Japan archipelagod                Along Japan archipelagog           Along Japan archipelagoj

Percent chick diet in 1984−2009 (median)l

Sardine                                                 0−24 (0)                                              0−19 (0)                                         0−53 (0)
Sandlance                                           2−57 (13)                                            3−92 (21)                                       8−86 (41)
Anchovy                                              1−95 (69)                                            0−49 (13)                                       0−65 (20)
Juvenile Japan Sea greenling            1−50 (9)                                                  0 (0)                                                0 (0)
Greenlings                                              0 (0)                                                 0−60 (22)                                        0−34 (0)
Demersal fish                                          0 (0)                                                 3−69 (16)                                        0−12 (0)

Egg laying datel                             1 Apr−24 Aprk                                   8 Apr−27 Mayk                             5 May−28 May
Hatch datel                                     16 May−9 Jun                                   6 May−24 June                              2 Jun−25 Junk

Clutch sizel                                                1                                                     2.6−4.0                                           1.4−2.6
No. of fledglings per nestl   0.3−0.9 per nest with chick                0.5−2.6 per nest with egg            0.0−1.2 per nest with egg

aOsa & Watanuki (2002), Watanuki et al. (unpubl. data), bKuroki et al. (2003), cKato et al. (2003), dA. Takahashi (pers.
comm.), eWatanuki et al. (1996), fWatanuki et al. (2004), gNelson (2005), hChochi et al. (2002), iOlssen & Larsson (2004), Y.
Osa pers. comm., jWatanuki (1987a), kCalculated from incubation period: 46 d (median) for RHAU (Gaston & Jones 1998),
28 d (mean) for JCOM (E. Hayashi pers. comm.), and 28 d (mean) for BTGL (Niizuma et al. 2005), lPresent study

Table 1. Cerorhinca monocerata, Phalacrocorax filamentosus, Larus crassirostris. Total number of nests, body mass, foraging
pattern, and foraging range in rhinoceros auklets (RHAU) Japanese cormorants (JCOM) and black-tailed gulls (BTGL). Range
of the annual mean values of the mass proportion of fish prey in chick diet, the timing of breeding (hatching date for RHAU,
hatching date of the first chick in a brood for JCOM, clutch initiation date for BTGL), clutch size, and the number of fledglings 

per active nest (nests with ≥ 1 hatchling or egg)
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Fig. 2. Larus crassirostris, Cerorhinca monocerata, Phalacrocorax filamentosus. Interannual changes in (a) timing (mean
±1 SD) of breeding, (b) breeding success, and (c,d) dietary composition of  black-tailed gulls (BTGL), rhinoceros auklets
(RHAU), and  Japanese cormorants (JCOM). (a) The timing is represented by egg laying for BTGL and hatching for RHAU and
JCOM. (b) Breeding success is shown as the mean number of fledglings per pair. (c) Changes in the mass proportion of sardine
and anchovy in the diet. (d) Changes in the mass proportion of 0+ sandlance and >1+ sandlance in the diet of RHAU and 

JCOM, and of all sandlance in the diet of BTGL
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caught, and we collected 19 to 115 regurgitations
from BTGL and 21 to 37 from JCOM each year.

Each food sample was weighed, and prey items
were sorted and weighed separately. Prey items
were identified to the lowest possible taxonomic
level. We estimated the length of prey fish from
otolith size (Ishikawa & Watanuki 2002) or we
 measured the total length of undigested fish. The
sandlance were categorized into cohorts of 0+ yr
(<110 mm total length) and >1+ yr (≥110 mm) (Taka-
hashi et al. 2001), although it was sometimes difficult
in food samples of BTGL, since these were degraded.
We also calculated the percentage mass of important
prey (sardine, anchovy, 0+ and >1+ sandlance) in the
total each year (Fig. 2c,d).

Prey abundance

As indices of the availability of major prey in spring
(krill, sandlance) and summer (anchovy, sandlance),
we used the reported stock size of anchovy, catch per
unit effort (CPUE) for krill, and the total annual catch
of 0+ sandlance from fisheries (Fig. 3a). Krill and 0+
sandlance are harvested in March to April and May,
respectively, around the island. We used the CPUE
for krill (KrillCPUE, annual catch per fishing days as
reported by fishermen on Yagishiri Island, ~4 km
east of Teuri Island, in 1992 to 2007) and the annual
catch of 0+ sandlance around Teuri and Yagishiri
Islands (CatSL0, published by the Department of
Fisheries and Forestry from 1980 to 2005, and on
www.pref.hokkaido.lg.jp from 2006). The Tsushima
anchovy stock is distributed from the west coast of
Kyushu to the Japan Sea coast, and is seasonally
available for seabirds breeding on Teuri Island when
its distribution extends to the north. Its stock size
(ENGstock) has been estimated annually by the Fish-
eries Agency since 1991, and its trend has been vali-
dated by local acoustic surveys (http:// abchan. job.
affrc. go.jp, in Japanese).

Local climate and broad-scale climate indices

Wind, rain, snow, ice or low air temperatures can
cause freezing of the Teuri nesting grounds, meta-
bolic stress, and difficulty in finding food. Changes in
ocean temperature (indexed by SST) may influence
the distribution and abundance of prey. We used
monthly (February to July) average air temperature
(Temp.) and monthly rainfall (Rain) recorded on Yag-
ishiri Island, and the total snowfall in March (Snow),

when seabirds arrive at the colony, recorded at
Haboro weather station (~30 km east of Teuri Island)
(www.data.jma.go.jp, in Japanese) to measure local
weather conditions. We used monthly mean SST in
an area of 60 × 150 km around the island (Area A in
Fig. 1, Fig. 3b) to index ocean temperature. Local SST
in this sector was reported by Hakodate Kaiyou Kisy-
odai from 1985 (www.jma-net. go. jp/ kahodate/ menu/
sea.html, in Japanese); it was based on MGDSST
(merged satellite and in situ data global daily SST)
collected by the AVHRR (advanced very high resolu-
tion radiometer) sensor on NOAA (US National
Oceanic and Atmospheric Administration) satellites
and the Japanese multi-functional transport satellite
(MTSAT).

Anchovy is harvested from waters with a SST of 12
to 15°C around Hokkaido (Mihara 1998), and season-
ally expands its distribution northward during sum-
mer. RHAU switches prey from sandlance and juve-
nile greenling to anchovy when warm water (SST =
13°C) arrives at the southern edge of its maximum
foraging range (164 km; Table 1, Area C in Fig. 1) in
late April to late June (Watanuki et al. 2009). We
used the date of warm water arrival (WWA, www.
jma-net. go.jp/ kahodate/ menu/ sea. html, in Japanese)
in the region as an index of the seasonal availability
of anchovy to breeding seabirds.

We used an index of the flow rate of the TC (area
of the water at 100 m depth with tem pe rature
>10°C) (www. data. kishou. go. jp/ kaiyou/ shindan/ e_2/
maizuru _  tsushima/ maizuru_ tsushima. html, in Japan-
ese; Fig. 3c) to understand the effects of the flow on
SST and the timing of the northern expansion of
anchovy distribution. Surface chlorophyll a concen-
tration (chl a) in spring was hypothesized to relate
to the timing of breeding through the availability of
local prey during the spring (krill and sandlance)
and to the chick diets through availability of sand-
lance in summer. We used monthly (March to May)
chl a in an area of 81 × 81 km around Teuri Island
(Area B in Fig. 1, Fig. 3b) that was obtained from
Ocean Color Web (http:// oceancolor. gsfc. nasa. gov/)
at a spatial resolution of 9 km by the SeaDAS 6.2
data analysis system reported after 1998 (http://
oceancolor. gsfc. nasa. gov/ seadas/).

Broad-scale climate indices are known to influence
local climate and then marine ecosystems in the
North Pacific (Chiba & Saino 2003, Minobe et al.
2004, Chiba et al. 2005). We used the Pacific Decadal
Oscillation (PDO) index (www. data. kishou. go. jp/
shindan/ b-1/pdo/pdo.html), which reflects changes
in air pressure and SST over the Pacific; the North
Pacific Index (NPI; www.data.kishou.go.jp/db/
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climate/  pdo/npiwin.txt), which reflects the strength
of the Aleutian low pressure; and the Arctic Oscilla-
tion (AO) index (www. cpc. ncep. noaa. gov. products/
precip/ CWlink/daily_ao_index), which reflects the
difference in air pressure between the Arctic and
mid-latitudinal area of the North Pacific.

Analyses

To test for long-term interannual trends in seabird
diet and breeding, we used simple linear regression
analyses. To identify effects of local climatic factors
and prey availability indices on variation in the tim-
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Fig. 3. (a) Estimated Tsushima anchovy Engraulis japonicus stock size (ENGstock), annual fishery harvest of 0+ sandlance
Ammo dytes personatus (CatSL0), and catch of krill Thysanoessa longipes and T. inermis per day (KrillCPUE) around Teuri Is-
land. (b) Sea-surface temperature (SST) in Area A (Fig. 1) in April and June and surface chlorophyll a concentration in Area B
(Fig. 1) in April. (c) Annual mean SST over the northeastern Japan Sea (www.data.jma.go.jp) and the Tsushima Current flow 

index in June



Watanuki & Ito: Climatic effects on breeding seabirds

ing of breeding, diet, and breeding success (the
dependent variables), we used path analysis with
Amos V. 6.0 software (Amos Development Corpora-
tion). For Temp., Rain, and SST in February to June,
we used those in the month in which each had the
strongest correlation (largest Pearson’s r) with the
dependent variables. In addition, we used annual
values of Snow in March, CatSL0, KrillCPUE, and
WWA. To simplify the analysis, indirect effects such
as those of the TC flow on SST were not included in
the models but examined separately. If correlation
between potential independent variables was signif-
icant, co-variance between these was included in the
potential path models. Year was included as a poten-
tial independent factor to test for trends in seabird
diet and breeding performance. The model giving
the smallest value of the Akaike Information Crite-
rion (AIC) was selected as the best fitting model, and
the top 3 models (ΔAIC < 2.0) were considered as
potential models (Burnham & Anderson 1998). Fol-
lowing Frederiksen et al. (2004), we examined
whether the slopes of factors were significant using
Type III sums of squares, and used the R2 value (coef-
ficient of determination) as the proportion of variance
explained by each model.

The TC flow can indirectly affect the breeding biol-
ogy and diets of seabirds through changes in SST
and WWA (Watanuki et al. 2009). To look at the
effects of the flow index on SST and WWA, we per-
formed linear regression analyses using 1985 to 2009
data. To understand how broad-scale climate relates
to the local climate factors, we performed path analy-
ses using long-term data (1943 to 2008) in which
PDO, NPI, and winter average AO were independent
and Temp. in April, Snow, mean February wind
speed recorded at Yagishiri Island, and the TC flow
index in June were dependent variables.

Chl a data were collected from 1998. Because of
the small sample size (12 yr), we used simple linear
regression analyses to examine the effects of chl a on
the availability of krill and sandlance that were har-
vested around the island and the proportion of these
species in the diet.

RESULTS

Trends in climate and seabird parameters

We found no significant 1 yr lagged autocorrela-
tions in the timing of breeding or breeding success of
any species (p > 0.05). No significant inter-annual lin-
ear trends were found in the timing of breeding or

the breeding success in all 3 seabird species, or in the
mass proportion of 0+ sandlance, >1+ sandlance, and
sandlance in the diet of RHAU, JCOM, and BTGL,
respectively (p > 0.05; Fig. 2). There were increasing
trends in the mass proportion of anchovy in the diet
of RHAU (r = 0.788, n = 21, p < 0.01) and BTGL (r =
0.614, n = 18, p < 0.01), though that for JCOM
showed no trend (p > 0.05), presumably because no
JCOM diet data were available before 1991 (Fig. 2c).
Negative trends were found in the mass proportion of
0+ sandlance in the diet of JCOM (r = −0.510, n = 18,
p < 0.05) and that of >1+ sandlance in the diet of
RHAU (r = 0.767, n = 21, p < 0.001; Fig. 2d).

During the study period, there were increasing lin-
ear trends in Temp. (r = 0.448 to 0.539, n = 21, p <
0.05), except in June (p > 0.05) and in the TC flow
index (r = 0.477 to 0.658, n = 20, p < 0.05). No trends
were observed in Rain (p > 0.05), except in May (r =
0.546, n = 21, p = 0.009), Snow, SST and WWA (p >
0.05). ENGstock and KrillCPUE showed no signifi-
cant trends (p > 0.05), but CatSL0 showed a decreas-
ing trend (r = 0.492, n = 19, p = 0.03).

Timing of breeding

RHAU bred later in years with cold Temp. in April
(Fig. 4), heavy Snow, and little Rain in April in the top
3 models, though ΔAIC were small among models
(Table 2). JCOM bred later in years with cold air tem-
perature and lower SST in April in the top 3 models,
though as was seen for RHAU, ΔAIC were small
among models (Fig. 4, Table 2). For the laying date of
BTGL, ΔAIC were too small among top models to
pick consistently significant factors (Table 2). Chl a
peaked in April in 10 out of 12 yr and in May in the
other years. Simple linear regression analyses indi-
cate that Chl a in March to May did not relate to the
timing of breeding for any species (p > 0.05).

Chick diet

In the 2 top models, RHAU fed more on anchovy in
years when WWA was earlier, though ΔAIC were
small among models (Table 3). However, surprisingly
ENGstock was not included in the top 3 models
(Table 3). JCOM fed more on 0+ sandlance in years
with high CatSL0 in 3 top models (Table 3). The null
model was selected as top model, and no factors
explained the proportion of sandlance in the diet of
BTGL (Table 3). Chl a in March to May did not relate
to the spring prey availability indices (KrillCPUE:
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Fig. 4. Cerorhinca monocerata, Phalacrocorax filamentosus, Larus crassirostris. Relationships between the mean air tempera-
ture (Temp.) in April (a, b, c; d) or sea-surface tem pera ture (SST) around the colony in April (d, e, f; s), the mean egg laying date
of black-tailed gulls (BTGL) and the mean hatching dates of rhinoceros auklets (RHAU) and Japanese cormorants (JCOM)

Species        ΔAIC            Year               Temp. (Apr)       Snow (Mar)        Rain (Apr)         SST (Apr)         Krill CPUE         R2

RHAU         0.000              –                      –3.115                 0.063                –0.119                    –                        –              0.584
(hatching)                                            (0.895, <0.001)    (0.024, 0.008)    (0.049, 0.014)                                                             
                    0.529               –                      –2.216                 0.068                –0.112               –2.217                    –               0.598
                                                              (1.122, 0.048)     (0.023,0.003)    (0.047, 0.017)    (1.712, 0.195)               
                    1.654               –                      –3.179                 0.064                –0.103                    –                    –0.002          0.560
                                                             (0.887, <0.001)    (0.024,0.007)    (0.048, 0.032)                              (0.003, 0.491)         

JCOM         0.000           1.007                   –4.556                –0.057                    –                    –7.595                    –               0.759
(hatching)               (0.259, <0.001)     (1.815, 0.012)     (0.036, 0.108)                              (2.793, 0.007)
                    0.122           0.883                   –3.789                     –                         –                    –8.137                    –               0.699
                                 (0.276, 0.001)      (1.930, 0.050)                                                          (2.971, 0.006)
                    1.066           1.026                   –4.531                –0.059                    –                    –7.555               –0.005          0.773
                                (0.253, <0.001)     (1.770,0.010)     (0.035, 0.092)                              (2.725, 0.006)    (0.005, 0.347)         

BTGL          0.000               –                           –                          –                         –                    –0.732                    –               0.112
(laying)                                                                                                                                 (0.498, 0.141)               
                    0.085               –                           –                          –                     0.026                –0.987                    –               0.276
                                                                                                                    (0.018, 0.137)    (0.469, 0.035)               
                   0.276               –                          –                         –                          –                       –                        –               0.000

Table 2. Cerorhinca monocerata, Phalacrocorax filamentosus, Larus crassirostris. Fitted path models relating timing of breed-
ing (laying date for black-tailed gulls [BTGL]; hatching date for rhinoceros auklet [RHAU] and Japanese cormorant [JCOM])
to monthly mean air temperature (Temp.) in April, total snowfall (Snow) in March, total rainfall (Rain) in April, local sea-
 surface temperature (SST) in April, and krill capture per unit effort (CPUE). Year is also included as a factor. Covariance be-
tween Temp. in April and SST in April was significant (r = 0.446, p < 0.05) and included in all models. Models having ΔAIC <
2.0 but up to the third-best models are shown. ΔAIC, parameter estimates (with SE and significance in parentheses), and 

the coefficient of determination (R2) are also shown. – = independent variable not selected
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p > 0.05; CatSL0: p > 0.05). Chl a in these months did
not relate to the proportion of 0+ or >1+ sandlance in
the diet of RHAU and BTGL (p > 0.05) either. There
was significant negative correlation between Chl a in
April and the proportion of 0+ sandlance in the diet of
JCOM (r = −0.629, n = 12, p = 0.03), though its biolog-
ical significance was unclear.

Breeding success

For RHAU, the top 3 models showed that breeding
success was greater in years with earlier onset of
breeding and earlier WWA (Table 4). For JCOM, the
top 3 models showed that breeding success was
greater in years with earlier breeding, lower Temp.
and less Rain in June, earlier WWA, and greater
CatSL0 (Table 4). The breeding success in BTGL var-
ied widely between years and appeared to be greater
in years with earlier WWA.

Interactions of local and large-scale climate

The TC flow index in May and June was nega-
tively related to WWA (r = −0.588 to −0.495, n = 17,
p = 0.03 to 0.01), indicating that warm waters
arrived later when the flow rate was reduced. June
SST increased when the June TC flow was stronger
(r = 0.493, n = 17, p = 0.027). Temp. in April was
positively associated with the winter AO index in
the top 3 models (Table 5). The mean wind speed in
February was negatively associated with the winter
AO index and positively associated with the NPI in
the top 3 models (Table 5). Snow in March was neg-
atively associated with winter AO and in creased
interannually in the top 2 models. The TC flow
index in June was negatively associated with the
PDO index and in creased interannually (see Fig. 3c
also) in the top 3 models. This indicates that anom-
alously low SST on the western side of the Pacific
related to a weak TC in June.
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Species                    ΔAIC            Year                 SST (Jun)              WWA             ENGstock           CatSL0                  R2

                                                                                                                                                                                                
RHAU                      0.000           3.258                       –                     –1.787                    –                         –                     0.722
(anchovy)                              (0.506, 0.001)                                  (0.609, 0.003)                                                                    
                                1.087           2.988                       –                     –1.874                    –                         –                     0.714
                                              (0.495, 0.001)                                  (0.593, 0.002)                                                                    
                                1.203           3.023                   13.181                     –                         –                    –0.019                0.679
                                              (0.519, 0.001)      (4.765, 0.006)                                                          (0.018, 0.282)               

JCOM                      0.000               –                           –                          –                         –                     0.039                 0.415
(0+sandlance)                                                                                                                                  (0.011, <0.001)              
                                0.366               –                       3.789                      –                         –                     0.041                 0.484
                                                                          (2.884, 0.189)                                                        (0.011, <0.001)              
                                0.389               –                           –                     –0.481                    –                     0.037                 0.442
                                                                                                      (0.370, 0.194)                             (0.011, <0.001)              

JCOM                      0.000           1.688                       –                          –                         –                         –                     0.148
(>1+ sandlance)                   (0.979, 0.085)                                                                                                                            
                                0.743               –                           –                          –                         –                         –                     0.000
                                1.644               –                           –                          –                         –                    –0.028                0.065
                                                                                                                                                          (0.026, 0.289)

JCOM                      0.000               –                           –                          –                         –                         –                     0.000
(anchovy)                0.918               –                           –                     –0.585                    –                         –                         
                                                                                                      (0.559, 0.296)                                                               0.062

BTGL                       0.000               –                           –                          –                         –                         –                     0.000
(sandlance)              0.631               –                           –                          –                         –                     0.034                 0.072
                                                                                                                                                          (0.029, 0.249)               
                                1.053               –                           –                          –                     0.057                     –                     0.061
                                                                                                                               (0.058, 0.330)

Table 3. Cerorhinca monocerata, Phalacrocorax filamentosus, Larus crassirostris. Fitted path models relating the mass propor-
tion of anchovy (for rhinoceros auklet [RHAU] and Japanese cormorant [JCOM]), 0+ and >1+sandlance (for JCOM) or sand-
lance (for black-tailed gulls [BTGL]) in bird’s diet to local sea-surface temperature (SST) in June, the date of arrival of 13°C wa-
ter within the RHAU foraging range (WWA), the stock size of anchovy (ENGstock), and the annual catch of 0+ sandlance
(CatSL0). Year is also included as a factor. Covariance between WWA and SST in June was significant (r = −0.664, p < 0.05)
and was included in all models. Models having ΔAIC < 2.0 but up to the third-best models are shown. ΔAIC, parameter esti-
mates (with SE and significance in parentheses), and the coefficient of determination (R2) are shown. – = independent 

variable not selected
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DISCUSSION

We conducted an analysis of seabird−climate
relationships for the northern Japan Sea, there by
updating previous long-term studies of this re-
gion, prey and seabirds (Takahashi et al. 2001,
Deguchi et al. 2004, Ito et al. 2009, Wata nuki et
al. 2009). In the present paper, we focused on ex-
amining trends in climatic factors and seabird
parameters as our time series is now of sufficient
duration to investigate directional climate
change as well as climate variability. The present
study is significant, as relatively few long-term
seabird studies have been carried out in the
western North Pacific (Kitaysky & Golubova
2000, Watanuki et al. 2009). Our approach was to
test for trends in large-scale and local climate in-
dices and seabird parameters, and to relate fac-
tors using regression and AIC model selection
procedures. We first tested the seabird parame-
ters and found no evidence of autocorrelation.

Timing of breeding

Climate factors affected the timing of breed-
ing, but differently between species. RHAU bred
earlier in years with a warm and wet spring and
little snow, probably because frozen soil and
snow prevent them from excavating their bur-
rows (Watanuki 1987a, Wata nuki et al. 2009).
JCOM bred earlier in years with higher spring
SST and air temperature. Catches of adult Japan
Sea greenlings in the study region tended to be
higher in years with a warmer winter (Hoshino
et al. 2009), and flatfish come to shore during
early spring and spawn earlier in warmer
regions (Nagasawa & Torisawa 1991, Minami
1995). Thus, the abundance and seasonality of
these prey species of JCOM in spring (M. Ito
unpubl. data) might be related to the timing of
JCOM. BTGL laid eggs earlier in years when the
spring SST was from 3.0 to 4.9°C (Tomita et al.
2009), since swarms of krill, i.e. the main prey of
BTGL in spring, occur at the surface with this
range of SSTs in this region (Hanamura et al.
1989). However, we could not find any consis-
tent linear effects of spring SST and krill CPUE
on BTGL timing (Fig. 4, Table 2), so that longer
term studies including other climate factors and
more appropriate prey availability measures
should be carried out before conclusions can be
drawn.
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Using path analyses the effect of year on the timing
of JCOM was significant (Table 2) presumably be -
cause JCOM timing was extraordinary late in 2005
and 2006 (Fig. 2a). Thus, at least between 1992 and
2009, there did not appear to be long-term linear
trends in the timing of breeding in seabirds in our
region. During the past 30 to 50 yr, the timing of
seabird breeding has advanced in the Arctic (Gaston
et al. 2009, Moe et al. 2009), but has been delayed in
the Antarctic (Barbraud & Weimerskirch 2006). In the
temperate zone, results are more variable; laying or
hatching occurs later in the western North Sea (Fred-
eriksen et al. 2004, Wanless et al. 2008), where the
North Atlantic Oscillation index has been decreas-
ing, but earlier in the Canadian Pacific (Bertram et al.
2001, but see Hipfner at www.dfo-mpo. gc. ca/ CSAS/
Csas/ publications/ resdocs-docrech/ 2010/ 2010 _053_ e.
pdf), where SST has been increasing. No apparent
trends were observed for auklets off the California
coast (Thayer & Sydeman 2007, Schroeder et al.
2009), but murres have been ob served earlier (W.
Sydeman pers. comm.). No change has been ob -
served for Southeast Alaska (Slater & Byrd 2009).
Thus, the impact of global warming on the timing of

seabird breeding appears to be variable among
regions, presumably depending on the local eco -
system and climate system. There could also be age-
dependent differences (Pinaud & Weimerskirch
2002) in seabird responses to climate variability and
change. We cannot evaluate this hypothesis for our
unmarked populations in the Japan Sea, but the vari-
ability observed in global patterns of seabird timing
in relation to climate certainly may be related to age-
specific breeding phenology and the age structure of
studied seabird populations.

Chick diet

Decadal and interannual variability of local climate
factors and prey availability affected the seabird diet.
RHAU and BTGL fed on sardine and sandlance from
1984 to 1987, but RHAU fed on anchovy and BTGL
on sandlance after 1992 (see also Deguchi et al.
2004). These decadal changes in chick diet reflected
the cold-to-warm regime shift in the late 1980s in the
TC region (see also Fig. 3c), with a steep decrease in
the catch of cold-water sardine and an increase in the
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                                ΔAIC                    Year                            PDO                              NPI                           AOav                   R2

Temp. (Apr)             0.000                       –                                  –                                   –                             1.071                 0.142
                                                                                                                                                                   (0.335, 0.001)              
                                0.924                    0.008                               –                                    –                              0.901                 0.148
                                                      (0.007, 0.285)                                                                                      (0.368, 0.014)              
                                1.201                       –                                   –                                0.144                          1.014                 0.142
                                                                                                                                (0.161, 0.370)             (0.334, 0.002)              

Wind (Feb)              0.000                       –                                   –                                0.312                         –0.687                0.170
                                                                                                                                (0.130, 0.017)             (0.288, 0.017)              
                                1.639                       –                              –0.066                           0.269                         –0.680                0.165
                                                                                           (0.154, 0.668)               (0.154, 0.080)             (0.288, 0.018)              
                                1.974                    0.001                               –                                0.319                         –0.708                0.174
                                                      (0.006, 0.849)                                                   (0.308, 0.014)             (0.308, 0.022)              

Snow (Mar)             0.000                    0.478                               –                                    –                            –24.739               0.124
                                                      (0.211, 0.023)                                                                                     (10.329, 0.017)             
                                1.071                    0.543                          –4.372                               –                            –26.775               0.144
                                                      (0.218, 0.013)              (4.521, 0.334)                                                 (10.295, 0.009)             

Flow (Jun)               0.000                    4.383                         –55.414                              –                                 –                    0.499
                                                     (0.664, <0.001)          (14.794, <0.001)                                                                                     
                                0.535                    4.078                         –52.700                              –                             40.033                0.515
                                                     (0.708, <0.001)          (14.654, <0.001)                                               (33.173, 0.228)             
                                1.271                    4.296                         –46.814                         14.138                             –                    0.505
                                                    (0.666, <0.001)          (16.878, <0.001)            (15.849, 0.372)                                                

Table 5. Fitted path models relating local physical factors (air temperature in April at Yagishiri, Temp. [Apr]; average wind
speed at Yagishiri in February, Wind [Feb]; total snowfall in March at Haboro, Snow [Mar]; Tsushima current flow index in June,
Flow [Jun]; to Pacific Decadal Oscillation [PDO], North Pacific Index [NPI] and average winter Arctic Oscillation [AOav; Decem-
ber to February]) index. Year is also included as a factor. Covariance between Year and PDO (r = 0.310, p < 0.05),  between year
and AO (winter) (r = 0.345, p < 0.001), and between PDO and NPI (r = −0.531, p < 0.01) were significant and  included in all mod-
els. Models having ΔAIC < 2.0 but up to the third-best models are shown. ΔAIC, parameter estimates (with SE and sig nificance 

in parentheses), and the coefficient of determination (R2) are shown. – = independent variable not selected
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catch of warm-water anchovy (Tian et al. 2008).
Anchovy spawn in the western North Pacific at a SST
of 15 to 28°C, and sardine, at 13 to 20°C (Takasuka et
al. 2008). Cumulative mortality through the early life
stages of sardine between 1988 and 1991, when SST
was higher, apparently caused the stock to crash
(Watanabe et al. 1995).

Interannual variation in the proportion of anchovy
in the diet of RHAU was explained by the timing of
the arrival of warm water (SST = 13°C) within the
bird’s foraging range. In years with a strong TC,
RHAU switched prey earlier from cold-water species
(sandlance and juvenile greenlings; Nagasawa &
Torisawa 1991) to anchovy and hence fed more on
anchovy in these years (Watanuki et al. 2009). The
annual catch of 0+ sandlance was positively related to
the proportion of 0+ sandlance in the diet of JCOM,
supporting the relationship be tween the seabird diet
and local prey availability. The proportion of sand-
lance in the diet of BTGL, however, could not be ex-
plained by either local climate factors or the catch of
0+ sandlance. This is surprising as BTGL are surface
feeders and feed mainly on sandlance (Deguchi et al.
2004; Table 1, Fig. 2d). Possibly because of a narrow
foraging habitat, BTGL might not be able to switch to
anchovy when they become available.

Breeding success

There were no trends in the breeding success of
seabirds on Teuri Island. Breeding success of RHAU
was determined by the arrival of warm water in the
northern Japan Sea. Increasing breeding success was
correlated with earlier arrival dates of the warm TC
because anchovy were advected into this region with
the warm waters and provided more energy to chicks
than other prey (Watanuki et al. 2009). Yet, we found
no evidence that breeding success was significantly
influenced by the anchovy stock size (Table 4). The
seasonal ex pansion of the anchovy distribution to the
Teuri seabird foraging area might be important rather
than overall abundance of this Tsushima an chovy
stock, which was measured in the southern areas of
the Japan Sea. In years when the local availability of
epipelagic fish (anchovy and sandlance) was low,
JCOM fed on benthic and epibenthic fishes in coastal
areas 30 to 40 km from the colony, and, hence, their
feeding frequency was reduced (Wata nuki et al.
2004), ultimately affecting chick growth and survival
(Kato et al. 2001). Similar to RHAU, breeding success
of JCOM was greater in years when warm waters ar-
rived earlier, i.e. high local anchovy availability. An-

chovy stock size had no significant relationship with
this species either. The local annual catch of 0+ sand-
lance (important prey of JCOM; Table 1) positively af-
fected breeding success, also indicating the impor-
tance of the availability of this prey.

Why the breeding success of RHAU and JCOM was
higher in years when they bred earlier, as reported in
common murre Uria aalge in the North Sea (Votier et
al. 2009) and cassin’s auklet and common murre in
California (Schroeder et al. 2009), is unclear. RHAU
and JCOM feed on different prey during the pre-lay-
ing, laying, and chick-rearing periods (Kato et al.
2001, Ito et al. 2009, M. Ito unpubl. data), yet both
species showed an inverse relationship between tim-
ing and success. The effects of SST on prey availabil-
ity could differ between spring (egg laying) and sum-
mer (chick rearing). With simple regression analyses,
no annual trends were observed in the breeding suc-
cess of JCOM, though positive effects of year on it
(Table 4) could be related to interannual trends in
prey availability and timing of breeding.

No climate factors or prey availability indices
explained the large interannual variations in the
breeding success of BTGL. The gulls fed mostly on
sandlance (Fig. 2d). As found in the North Sea (Fur-
ness & Tasker 2000), BTGL that feed mainly on sand-
lance might be sensitive to changes in the availability
of sandlance, but the catch of 0+ sandlance was not
correlated with their breeding success. The potential
impact by feral cats on nesting BTGL (Watanuki
2010) might make it difficult to detect the climate fac-
tors and prey availability that are associated with
their breeding performance.

In regions where seabirds feed mainly on sand-
lance, climate factors have affected their breeding
success through bottom-up effects (Aebischer et al.
1990, Frederiksen et al. 2006). In our region, how-
ever, variability of local chl a concentration did not
relate to the availability indices of local seabird prey
(krill and 0+ sandlance), the proportion of these prey
in the diet, or the seabird timing of breeding. Rather,
interannual change in the availability of anchovy, an
important alternative prey to sandlance, that ap -
peared to be driven by the warm TC seemed to be
important in this area. Alternatively, chl a could be a
poor indicator of the abundance of availability of for-
age fish prey.

CONCLUSIONS

Interannual variations in broad-scale atmospheric
indices, the AO and the Aleutian Low (manifested as
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the PDO), are linked to winter wind stress and the
summer flow rates of the TC (Minobe et al. 2004, pre-
sent study), respectively. These factors influence the
chick diets and breeding performance of 2 species of
seabirds in northern Japan Sea, but not a third that
may be responding, mainly, to terrestrially based fac-
tors (invasive cats). In this area the seasonal range ex-
pansion of warm waters and anchovy plays a key role
in driving chick diet and breeding performance of
seabirds. Our study indicates that the mechanisms of
response from climate to seabirds are specific to the
regional ecosystem under study as well as variation in
the life histories of the seabirds under consideration.
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