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phytoplankton densities were not necessarily high in
years of a deep winter mixed layer (Table 1). On the
other hand, significant positive correlations were
detected between winter nitrate and spring chl a/
phytoplankton (Table 1). Along the GR2 routes, a
deeper winter mixed layer did not always lead to a
higher winter nitrate concentration.

Fig. 9 represents the time-series of MLD and
nitrate concentration along the GR2a route (0° to 0.5°
south of the Kuroshio axis) in 2005 and 2006. 2005
(2006) is the year when the winter mixed layer was
deep (shallow). Although the winter mean MLD in
2005 (181 m) was much greater than in 2006 (76 m)
(Fig. 9a), the winter mean nitrate concentration in
2005 (0.25 mmol N m−3) was not as high as in 2006
(0.44 mmol N m−3) (Fig. 9b); this was unlike the situ-
ation along route GR1c on the northern side of the
Kuroshio axis (Fig. 7a).

The independence of nitrate concentration from
MLD is shown in the area where nitrate-poor water
was distributed below the surface mixed layer. Fig.
10a depicts the modeled vertical cross-section of ni-
trate in February 2005. A vertical inversion of nitrate
concentration was seen at the depth of 130 to 170 m at
31.4° N on the southern side of the Kuroshio axis.
During such an inversion, mixed layer deepening is
expected to entrain nitrate-poor water and to reduce
the nitrate concentration in the surface mixed layer.

Such vertical inversions of nitrate concentration
(represented by the occurrence rate of a nitrate min-
imum layer just below the surface mixed layer, based
on the eddy-resolving coupled physical−biological
model) frequently occur on the southern side of the
Kuroshio axis, whereas they rarely occur on the
northern side (Fig. 11). While the rate was <10% in

the waters 0 to 3° north of the Kuroshio axis (GR1),
the rate was 15 to 20% on the southern side (GR2).
Thus, a deeper winter mixed layer did not always
lead to higher nitrate concentrations in the surface
mixed layer along the GR2 in the model.

Nitrate vertical inversions were actually observed
on the southern side of the Kuroshio axis. A nitrate
inversion was seen at around 100 m depth from 29.5°
to 32.5° N (Fig. 10b). As for the modeled data, obser-
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Fig. 8. Mean vertical sections of nitrate across the Kuroshio axis along 142° E in (a) February and (b) April, according to the
ecosystem model. Average distance (°) from the Kuroshio axis is given for 2001 to 2007; the positive (negative) numbers denote 

north (south) of the axis. White line: mixed layer depth

Fig. 9. (a) Mixed layer depth (MLD; m) and (b) nitrate con-
centration averaged in the surface mixed layer, and the rate
of nitrate supply (in mmol N m−2 d−1) to the mixed layer for 

the GR2a route (0° to 0.5° south of the Kuroshio axis)
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vational data analysis did not detect correlations
between spring phytoplankton and winter MLD
along the GR2 either (Table 1).

DISCUSSION

Positive correlations were detected between winter
MLD and spring phytoplankton density in the water
mass that is transported by the Kuroshio along the
route 0° to 0.5° north of the Kuroshio axis in both the
observations from 1998 to 2006 and the ecosystem
model for 2001 to 2007, where the deeper winter
mixed layer entrains higher nitrate concentrations, re-
sulting in enhancement of the spring phytoplankton
bloom. The route 0° to 0.5° north of the Kuroshio axis
and to the KE was a main transport route of sardine
larvae, and there were significant positive correlations
between MLD and sardine recruitment during the pe-
riod from 1978 to 1994 (Nishikawa et al. 2013). Espe-
cially, the regime shift of the mixed layer from deep to
shallow in 1988 might have caused the sudden de-
crease of sardine stock (Yasuda et al. 2000, Nishikawa
& Yasuda 2008, 2011, Nishikawa et al. 2011, 2013).
Combination of the these previous studies and our re-
sults, and the positive correlation between MLD and
phytoplankton density give an important implication
for sardine stock variation. Since copepod eggs and
 nauplii are the main food source of sardine larvae
(Nakata et al. 1995), low spring chl a, corresponding
to a shallow winter mixed layer, might worsen the
feeding conditions for sardine larvae; this is because
the relationship between chl a and nauplius density is

not linear (Dr. Tohru Ikeya pers. comm. in 2010), and
egg production stops at a chl a density lower than a
certain threshold value; in the case of Calanus sinicus,
for example, eggs are produced when the chl a
density is >0.5 mg m−3 (Uye & Murase 1997). Along
the route 0° to 0.5° north of the Kuroshio axis, the
mean (from 1998 to 2006) observed spring chl a den-
sity was 0.56 mg m−3. But the density was <0.5 mg m−3

in shallow mixed layer years, 1999 and 2006 (Fig. 4a),
when sardine recruitment was also low (Fisheries
Agency and Fisheries Research Agency of Japan
2007). The shallow winter mixed layer (<100 m) 0° to
0.5° north of the Kuroshio axis may thus have caused
unfavorable feeding conditions for sardine larvae and
decreased recruitment from 1988 to 1990. Nishikawa
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Fig. 10. Vertical cross-sections of nitrate according to the (a) ecosystem model from 31° to 32° N along 133° E on 20 February
2005 and for (b) observations from 29° to 34° N along 137° E in winter 2010 during the Ryofu Maru cruise (Japan Meteorologi-
cal Agency 2010). Broken lines denote the Kuroshio axis. Since the grid interval is different between the model (0.1°) and 

observations (0.5°), the latitudinal ranges differ between (a) and (b)

Fig. 11. Frequency (in percent) of the model grids with the
nitrate minimum layer just below the surface mixed layer
from 130° to 160°E around the Kuroshio axis in March. The
positive (negative) numbers denote north (south) of the 

Kuroshio axis
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et al. (2011) showed that the mean February MLD
0° to 0.5° north of the Kuroshio axis and from 130° to
160°E from 1988 to 1990 was 77 m, whereas it was
109 m from 1980 to 1987 accor ding to OFES data.

In observations, positive correlations were also
seen between winter MLD and spring chl a of the
water mass along the transport route 0.5° to 1° north
of the Kuroshio axis. Since MLDs that larvae experi-
ence along this route are positively correlated with
sardine recruitment (Nishikawa et al. 2011, 2013),
MLD variation on this route might also affect the sur-
vival of sar dine larvae through feeding conditions.
These 2 areas 0° to 1° north of the Kuroshio axis with
positive correlations between winter MLD and spring
chl a are the main larval transport routes. More than
15% of total larvae are distributed here (Nishikawa
et al. 2013). These large proportions of the larval dis-
tribution suggest the importance of the winter MLD
along these 2 routes for sardine recruitment.

Considering our findings that winter MLD varia-
tions do not necessarily lead to spring phytoplankton
variability, winter MLD variations south of the Ku ro -
shio axis may not be a dominant factor contributing
to recruitment variability, although Nishi kawa et al.
(2011, 2013) reported significant positive correlations
just south of the Kuroshio axis, where a significant
amount of  larvae are transported.

The shallow mixed layer near the Kuroshio axis at
the end of the 1980s was caused primarily by acceler-
ation of the Kuroshio jet and the re duction of surface
cooling (Nishikawa & Yasuda 2011). The strong cur-
rent velocity reduces the time during which the
mixed layer is exposed to wintertime cooling. As a
result, the winter mixed layer does not deepen. These
climate changes also cause a high SST (Nishi kawa &

Yasuda 2011). High SST in 1988 co-
occurring with a shallow mixed layer
could have a negative influence on lar-
vae and recruitment. Larval growth rate
is highest at 16.2°C (Takasuka et al.
2007). However, the SST that larvae
experienced along the GR1c route from
1988 to 1992 was 17 to 18°C, 0.5°C
higher than in the early 1980s (Nishi -
kawa et al. 2012).

The synergetic effects of feeding and
environ mental temperature changes
could affect larval survival. Fig. 12 illus-
trates our hypothesis that climatic vari-
ability induces sardine stock collapse.
Sardine spawning grounds are formed
from the coasts south of Japan to the Ku -
ro shio axis. Eggs and larvae are trans-

ported by the Kuroshio near the Kuroshio axis, and,
as observed, large portions are transported to the
Kuroshio Extension (Sugisaki 1996, Kinoshita 1998).
Here we hypo thesize that im portant factors affecting
sardine re cruitment variability through feeding con-
ditions may be limited by winter MLD variability 0°
to 1° north of the Kuroshio axis, the area usually
regarded as Kuroshio frontal zone. The winter MLD
variability is caused by variability of local wind cool-
ing and the Kuroshio jet velocity.
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Temporal split Example Number of files 
analyzed

All data All data files (no splits) 1
Overall by year 2003 (all data), 2004 (all data), etc. 7
Overall by month January all years, February all years, etc. 12
Overall by season Summer (all years), winter (all years) 2
Overall by season year Summer 2003, summer 2004, etc. 14
Overall pre-Kat All data pre-Katrina 1
Overall post-Kat All data post-Katrina 1
Pre-Kat by month ‘January’ for all years before Katrina 12
Post-Kat by month ‘January’ for all years post-Katrina 12
Pre-Kat by season Winter for all files before Katrina 2
Post-Kat by season Winter for all files post-Katrina 2

Appendix 1. Sightings km−1 effort analyzed: temporal splits used in spatial analysis

Island Pre-Kat Post-Kat 1 Post-Kat 2 Total

Cat 1515.92 784.66 637.13 2937.71
Ship 1174.56 882.04 782.31 2838.91
Horn 122.56 545.27 716.02 1383.85
Deer 14.44 12.60 27.31 54.35
Petit Bois 35.96 0 0 35.96
Total 2863.44 2224.57 2162.77

Appendix 2. Survey effort (km) for each of the islands, calcu-
lated within the 1 km buffer zone (see Fig. 1). Note: tracks 

also occurred outside of the buffer zone
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rents generate zooplankton-rich upwelling hotspots
above the ledges at fine temporal and spatial scales.
We documented the zooplankton prey field available
to phalaropes foraging in the Brier Island region of
the Bay of Fundy and demonstrated the importance
of physical forcing in structuring zooplankton abun-
dance and species composition at fine spatial and
temporal scales. At broader scales, we observed high
variation in the density of surface zooplankton sam-
ples due to the extremely dynamic nature of this
area, demonstrating the need for careful survey
design and methods in future assessments of zoo-
plankton distributions in this region, particularly in
efforts to quantify phalarope prey. It is particularly
important to capture this source of variation in the
distribution of prey, so that we can accurately assess
the potential drivers of the demography of red-
necked phalaropes in the Bay of Fundy.
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restricted areas such as Adam’s Inlet where they rely
on the tidal floods to bring prey into the inlet or closer
to the surface. Because Adam’s Inlet also contains an
Arctic tern colony site, we cannot discount the influ-
ence of proximity to nesting area; however, data
available on their foraging range suggest that this
should not be a restriction (Pearson 1968, Hatch
2002).

Implications for species richness

In this paper, we examined the influence of tidally
driven currents on the fine-scale habitat use of mar-
ine birds in Glacier Bay, Alaska. Our study was
unique because we were able to link bird observa-
tions to instantaneous environmental factors, includ-
ing depths and currents at fine spatial-temporal
scales. Our results indicate that foraging groups dis-
played clear differences in habitat use based on cur-
rent, water depth and tidal direction. Within these
groups we also found considerable between-species
variation in habitat use, suggesting varying levels of
resource partitioning. Owing to dramatic variability
in bottom topography—especially the presence of
numerous sills, islands, headlands and channels—
and large tidal ranges, we suspect that Glacier Bay
offers a greater-than-average range of fine-scale
 foraging habitats. This temporally sensitive habitat
diversity may explain the high marine bird diversity
in the bay. Although this work was conducted in a
topographically complex fjord ecosystem, the con-
cepts of resource partitioning based on tidally driven
depth and current associations should be applicable
to other coastal areas. As fine- or meso-scale current
modeling becomes more available in other areas, it
would be instructive to examine the role of current
speed and tides on the spatial-temporal availability
of habitats and its role in determining the local
 diversity of marine birds.
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Appendix 1. Species observed during 14 US Antarctic Marine Living Resource (AMLR) surveys January − March, 2003−2011
(sorted alphabetically within frequency of surveys). Conservation status is provided by the International Union for Conservation

of Nature (IUCN; www.iucnredlist.org); see Rodrigues et al. 2006 for details about the IUCN Red List

Name Surveys IUCN
observed status

Antarctic fulmar Fulmarus glacialoides 14 Least Concern
Antarctic fur seal Arctocephalus gazella 14 Least Concern
Antarctic minke whale Balaenoptera bonaerensis 14 Data Deficient
Antarctic prion Pachyptila desolata 14 Least Concern
Antarctic tern Sterna vittata 14 Least Concern
Black-browed albatross Thalassarche melanophrys 14 Endangered
Black-bellied storm petrel Fregetta tropica 14 Least Concern
Blue petrel Halobaena caerulea 14 Least Concern
Brown skua Catharacta antarctica 14 Least Concern
Cape petrel Daption capense 14 Least Concern
Chinstrap penguin Pygoscelis antarctica 14 Least Concern
Fin whale Balaenoptera physalus 14 Endangered
Grey-headed albatross Thalassarche chrysostoma 14 Vulnerable
Humpback whale Megaptera novaeangliae 14 Least Concern
Light-mantled albatross Phoebetria palpebrata 14 Near Threatened
Southern giant petrel Macronectes giganteus 14 Least Concern
South polar skua Stercorarius maccormicki 14 Least Concern
Wandering albatross Diomedea exulans 14 Vulnerable
Wilson’s storm petrel Oceanites oceanicus 14 Least Concern
Gentoo penguin Pygoscelis papua 13 Near Threatened
Northern giant petrel Macronectes halli 13 Least Concern
White-chinned petrel Procellaria aequinoctialis 13 Vulnerable
Soft-plumaged petrel Pterodroma mollis 12 Least Concern
Kelp gull Larus dominicanus 11 Least Concern
Southern bottlenose whale Hyperoodon planifrons 11 Least Concern
Antarctic petrel Thalassoica antarctica 10 Least Concern
Arctic tern Sterna paradisaea 10 Least Concern
Macaroni penguin Eudyptes chrysolophus 10 Vulnerable
Thin-billed prion Pachyptila belcheri 10 Least Concern
Adelie penguin Pygoscelis adeliae 9 Least Concern
Killer whale Orcinus orca 9 Data Deficient
Snowy sheathbill Chionis albus 8 Least Concern
Snow petrel Pagodroma nivea 8 Least Concern
Antarctic shag Phalacrocorax bransfieldensis 7 Not Evaluated
Common diving petrel Pelecanoides urinatrix 7 Least Concern
Hourglass dolphin Lagenorhynchus cruciger 7 Least Concern
Southern elephant seal Mirounga leonina 7 Least Concern
Southern royal albatross Diomedea epomophora 7 Vulnerable
Weddell seal Leptonychotes weddellii 7 Least Concern
Leopard seal Hydrurga leptonyx 6 Least Concern
Long-finned pilot whale Globicephala melas 6 Data Deficient
Southern right whale Eubalaena australis 5 Least Concern
Crabeater seal Lobodon carcinophaga 4 Least Concern
Sooty shearwater Puffinus griseus 4 Near Threatened
Kerguelen petrel Lugensa brevirostris 3 Least Concern
White-headed petrel Pterodroma lessonii 3 Least Concern
Parasitic jaeger Stercorarius parasiticus 2 Least Concern
Emperor penguin Aptenodytes forsteri 1 Least Concern
Fairy prion Pachyptila turtur 1 Least Concern
Gray’s beaked whale Mesoplodon grayi 1 Data Deficient
King penguin Aptenodytes patagonicus 1 Least Concern
Mottled petrel Pterodroma inexpectata 1 Near Threatened
South Georgia diving petrel Pelecanoides georgicus 1 Least Concern
Sooty albatross Phoebetria fusca 1 Endangered
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