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To better understand the cause of high summer primary productivity in the Ulleung Basin located in the
southwest part of the East/Japan Sea, the spatial dynamics of primary, new, and regenerated
productivities (PP, NP, and RP) were examined along the path of the Tsushima Warm Current system
in summer 2008. We compared hydrographic and chemical parameters in the Ulleung Basin with those
of the Kuroshio Current in the Western Pacific Ocean and the East China Sea. In summer, integrated
primary productivity (IPP, 0.37–0.96 g C m−2 d−1) and integrated new productivity (INP, 26–
221 mg N m−2 d−1) within the euphotic zone in the Ulleung Basin were higher than those in the East
China Sea and the Western Pacific Ocean (0.17–0.28 g C m−2 d−1, 2−5 mg N m−2 d−1, respectively). In
contrast, there was no pronounced spatial variation in integrated regenerated productivity (IRP, 43–
824 mg N m−2 d−1). Strong positive correlations between IPP and INP (also the f-ratio), and between
nitrate uptake rate in the mixed layer and nitrate upward flux through the top of pycnocline in summer
in the Ulleung Basin imply that the high IPP was mainly supported by supply of nitrate from the
underlying water in the euphotic zone. Shallowing of the pycnocline depth as the current enters the East/
Japan Sea facilitates nitrate supply from the nutrient-replete cold water immediately below the
pycnocline through nitrate upward flux. A subsurface maximum in PP at or above the pycnocline and
a high f-ratio further support the importance of this source of nitrate for maintaining the high summer
PP in the Ulleung Basin. In comparison, the high PP layer was observed at the surface in the following fall
and spring in the Ulleung Basin. Our results demonstrate the importance of hydrographic features in
enhancing PP in this oligotrophic Tsushima Warm Current system.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The East/Japan Sea (hereafter, the EJS), located in the north-
western Pacific Ocean, is a marginal sea with an area of
1.01�106 km2 (Fig. 1). Of the three major deep basins (the
Ulleung, Yamato, and Japan basins), the Ulleung Basin (UB) is
located in the southwest of the EJS. The prevailing surface current
in the UB is the Tsushima Warm Current (TWC), which branches
off the Kuroshio Current, a warm and saline western boundary
current of the Western Pacific Ocean (WPO). The TWC flows
northward through the East China Sea (ECS) and enters the EJS
through the Korea/Tsushima Strait. Upon entering the UB, the TWC
ll rights reserved.
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).
flows over the cold East/Japan Sea Proper Water (ESPW) (Chang
et al., 2004). Despite the prevalence of the nutrient-poor surface
water mass of the TWC, primary production in the southwest EJS
(i.e. the UB) is relatively high compared with that in the Yamato
and Japan basins within the EJS and the adjacent seas (Yamada
et al., 2005; Hyun et al., 2009; Yoo and Park., 2009).

Primary production in the temperate oceans shows seasonality
mainly caused by seasonal dynamics of physical factors including
variations of light, wind, vertical mixing, and stratification, and
thereby varying nutrient concentrations in the euphotic zone
(Howarth et al., 1988; Marty et al., 2008). The importance of
nitrate supply into the euphotic zone in regulating primary
production has been demonstrated in many cases in the ocean,
where seasonal stratification is a dominant feature (Eppley et al.,
1979; Vitousek and Howarth, 1991). Based on the source and
species of nitrogen (N), primary production is operationally
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Fig. 1. Overview of the study region. The circles, squares and stars indicate sampling stations in summer, fall and spring, respectively. The shaded arrows indicate major
currents of the study area.
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partitioned into new production and regenerated production
(Dugdale and Goering, 1967). New production is defined as the
portion of primary production that utilizes N supplied from out-
side the euphotic zone. The N sources include nitrate (NO3

−)
supplied from the deeper layer by vertical mixing, and other N
species transported via river discharges, atmospheric deposition,
and biological N2 fixation (Chen et al., 1999). Among these sources,
nitrate supplied by vertical mixing has been known to be the
dominant inorganic species in the oceanic environment (Dugdale
et al., 1992). Regenerated production is the portion of primary
production that utilizes regenerated N, mainly in the form of
ammonium (NH4

+) and urea, that derives from the metabolic
products of biological processes within the euphotic zone.
In summer, nitrate-based new production is restrained because
the development of stratification limits nutrient supply, thus
primary production is mainly supported by ammonium-based
regenerated production and is generally low in temperate oceans
(Dugdale and Goering, 1967; Bode et al., 2002). Therefore, if nitrate
is supplied to the euphotic zone, a high rate of nitrate uptake may
enhance primary productivity even in a well-stratified oceanic
environment (Eppley et al., 1979; Metzler et al., 1997; L’Helguen
et al., 2002).

Curiously, primary production in summer in the UB has been
observed to be high. Therefore, the UB is an abnormal case that
does not follow the dogmatic Sverdrup theory for the seasonality
of primary production (Sverdrup, 1953). There are several exam-
ples that have dealt with a mechanism of such an abnormal event
in the North Pacific Subtropical Gyre where summer blooms were
observed (Dore et al., 2008; Wilson et al., 2008). However, the
cause for this abnormality in the UB is not well understood.
Revealing the mechanism responsible for the high PP in summer
may further our understanding on one of the most important
biological parameters. Also, continued high PP in summer may
indicate high biological pump efficiency for CO2-sequestration.
Several studies attemped to explain the cause of the unexpectedly
high PP, including coastal upwelling (Hyun et al., 2009; Yoo and
Park., 2009). Upwelling of nutrient-rich subsurface water on the
southeast coast of the Korean peninsula occurs when S−SW wind
blows along the coast during the summer monsoon (Lee, 1983; Lee
and Na, 1985). The hypothesis is that once upwelling brings
nutrient-replete water to the surface near the coast, the East
Korean Warm Current, a branch of the TWC, transports the
nutrient-rich coastal water into the central UB expanding the area
of high primary productivity (Isoda and Saitoh, 1993; Chang et al.,
2004; Shin et al., 2005). However, the upwelling events occur
episodically during a short duration. Furthermore, satellite images
showed that the cold water from the upwelling formed a narrow
stream (cf. Hyun et al., 2009; Yoo and Park., 2009), thus the
affected area might be rather limited. Therefore, there may be
another mechanism to cause the high primary productivity
observed in the broad area of the UB in addition to coastal
upwelling.

In order to better understand the mechanism responsible for
maintaining high primary productivity in summer in the UB, we
examined the spatial variability of various hydrographic and
chemical parameters in the UB and compared them to those of
the WPO and the ECS that belong to the same TWC system.
Additionally for temporal comparison, we also examined primary
production and the related hydrographic features in the UB for the
following fall and spring.
2. Materials and methods

2.1. Study sites

Two field campaigns were carried out along the pathway of the
TWC from the Kuroshio Current in the west Pacific through the
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ECS to the EJS: one during the early summer (2–25 June 2008) in the
WPO and the ECS, aboard R/V Onnuri, and the other during themiddle
of summer (6–14 August 2008) in the EJS aboard R/V Haeyang 2000
(Fig. 1). A total of 14 stations were occupied during these cruises.
Stations WPO1 and WPO2 were in the warm pool in the WPO.
Stations ECS-N and ECS-S were in the ECS where the TWC branches off
the Kuroshio Current. Stations C1–C5 were on the continental shelf
(o250m deep) off the east coast of the Korean peninsula. Station C1
was representative of an upwelling site, and Stations U1–U5 were in
the UB. In order to examine the seasonal variability in the UB, two
more campaigns were carried out in the following fall (28 October–8
November 2008) and spring (11–15 May 2009) aboard R/V Eardo and
R/V Tamyang, respectively. Four stations were occupied on an east–
west transect crossing the UB (Stations C6, U6, U7, and U8 in spring
and Stations C7, U9, U10, and U11 in fall).

2.2. Sampling

Water samples for total carbon dioxide (TCO2) for determination of
carbon uptake rate, nutrient analyses, and biochemical measurements
were collected from six depths corresponding to 100%, 50%, 30%, 15%,
5%, and 1% of surface irradiance, using a CTD-rosette system equipped
with 10 L Niskin bottles. Temperature and salinity were measured
using a CTD (SBE 911 Plus, Seabird Electronics Inc., Bellevue, USA), and
irradiance was measured using a PAR sensor (OSP200L, Biospherical
Inc., San Diego, CA) between surface and the depth of the euphotic
zone (designated in this study as the depth at which light intensity
was 1% of surface irradiance). Light intensity was also measured on
board to determine the daily irradiance and experimental conditions
using a PAR sensor (Li-1400, Li-cor Inc., Lincoln, USA). Water samples
for nutrient analysis were filtered through pre-combusted (at 450 1C
for 2 h) Whatman GF/F filters, immediately transferred into acid-
washed polyethylene bottles, and stored frozen at −20 1C until analysis
in the land-based laboratory. Approximately 1 L and 500mL of water
samples for chlorophyll a, and particulate organic carbon (POC) and
nitrogen (PON) analyses, respectively, were gently filtered onto 25 mm
pre-combusted (450 1C, 2 h) Whatman GF/F filters after pre-filtration
through 200 μm Nytex net. Upon visual inspection, no large phyto-
plankton colonies or chains were detained on the screen. The filters
were kept frozen at −20 1C until analysis.

2.3. Onboard sample treatment for determination of carbon and
nitrogen uptake rates

TCO2 was determined onboard by single-point addition of HCl
(0.01 N) and pH measurement before and after the acid addition
(Edmond and Gieskes, 1970). Water samples for carbon and nitrogen
uptake measurements were pre-filtered through 200 μm Nytex net
and dispensed into two sets of acid-washed, transparent polycarbo-
nate bottles (Nalgene, 1 L). For determination of primary productivity
by carbon uptake rate, NaH13CO3 (98 atom %, Isotec, Sigma-Aldrich,
Miamisburg, OH, USA) solution was added to each sample to a
resulting concentration of 0.2 mM, corresponding to about 10% of
the ambient concentrations. Na15NO3 (98 atom %, Isotec) and 15NH4Cl
(98 atom %, Isotec) were added to each sample for determina-
tion of new and regenerated productivities, respectively, to resultant
concentrations equivalent to about 10% of the ambient nitrate and
ammonium concentrations. The minimum nitrate and ammonium
concentrations were 0.09 μM and 0.05 μM, respectively. The uncer-
tainties in measurements of nitrogen uptake rates are known to
increase as the ambient nutrient concentrations become low because
addition of dissolved 15N in nitrogen-poor water enhances N-uptake,
resulting in the overestimation of uptake rate (L’Helguen et al., 2002).
The amounts of 15N to be added were decided based on numerous
nitrate and ammonium concentration data previously measured in the
study area, so that, in most cases, the added amounts were less than
10% of the ambient concentrations. However, in a few cases where
ammonium concentrations were very low, addition of minimum
amount of 15N resulted in up to about 50% of the ambient concentra-
tions. The bottles were covered with calibrated layers of neutral
density screen to adjust the irradiance to be equivalent to those at
the six depths where the water samples were collected. The water
samples were incubated on deck under natural light for three to four
hours (from 8 to 9 a.m. to noon) in order to minimize isotope dilution
effects due to nitrogen recycling (Glibert et al., 1982b; Kanda et al.,
1987; Peña et al., 1992). Incubation temperature was controlled to be
similar to in situ temperature by running surface seawater for the
samples from the upper three depths and by a cooling system for
the samples from the lower three depths. At the termination of
the incubation, the waters were filtered through pre-combusted
(450 1C, 2 h) Whatman GF/F filters under a low vacuum of about
100 mm Hg. The sample filters were stored at −20 1C until laboratory
analyses. More detail on the experimental procedures is given in
Hama et al. (1983) and Dugdale and Wilkerson (1986).

2.4. Laboratory analyses

Dissolved inorganic nitrogen species (nitrate, nitrite, and
ammonium) were determined by standard spectrophotometric
methods (Parsons et al., 1984). Chlorophyll a was extracted with
90% acetone in the dark at 4 1C for 20 h, and was determined
fluorometrically using a Turner Designs fluorometer (Sunnyvale, CA)
(Parsons et al., 1984), with a precision (SD) of 70.05 μg L−1. The
filtered samples, for measurements of POC, PON and the 13C and 15N
isotope ratios, were fumed with HCl for 12 h to remove carbonate
and were subsequently freeze-dried. The dried samples were ana-
lyzed with a CHN elemental analyzer (Eurovector 3000 Series, Milan,
Italy) coupled with a continuous-flow isotope ratio mass spectro-
meter (IsoPrime, GV Instruments, Manchester, UK). The uncertainties
for δ13C and δ15N measurements were 70.1‰ and 70.3‰, respec-
tively. Every sample was analyzed in duplicate and mean values are
reported.

2.5. Calculation of carbon and nitrogen uptake rates and nitrate
upward flux

Carbon and nitrogen (nitrate and ammonium) uptake rates
were calculated following Hama et al. (1983) and Dugdale and
Wilkerson (1986), respectively. Ammonium uptake rates were not
corrected for isotope dilution because the incubation time was
short and errors due to isotope dilution by ammonium recycling in
oceanic samples are reported to be small (Kanda et al., 1987; Peña
et al., 1992). Only daytime uptake values were used to calculate
daily nitrogen uptake rates because of a lack of nighttime data.
Daily primary productivity and nitrate uptake rates were esti-
mated by multiplying measured C and N uptake rates by photo-
period conversion factors (Kanda et al., 1985; Fan and Glibert,
2005) (the ratios of daily total irradiance to integrated irradiance
during incubation). Finally, daily nitrate uptake rates and daily
ammonium uptake rates were corrected to correspond to 12 h, and
18 h periods, respectively, to reflect that ammonium uptake is less
light-dependent than nitrate uptake (McCarthy et al. 1996). Details
of this correction are described in Parker et al. (2011). Depth-
integrated uptake rates were calculated by trapezoidal integration
of the entire euphotic zone (1–100% of surface irradiance) and
reported as g C m–2 d–1 and g N m–2 d–1. The f-ratio was calculated
as a fraction of nitrate uptake to the sum of nitrate and ammonium
uptake (Eppley and Peterson, 1979).

We estimated the nitrate upward flux through the bottom of
the mixed layer as representing the nitrate supply from the
underlying water (King and Devol, 1979). The nitrate upward flux
(Fn, μmol NO3 m−2 h−1) was a product of the vertical nitrate
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gradient (ΔNO3
–/ΔZ, mmol m–4) and the coefficient of vertical

eddy diffusivity (KZ, cm2 s–1). We adopted the same KZ values
estimated from an empirical equation determined by density
gradients and nitrate gradients below the mixed layer (King and
Devol, 1979) in eastern tropical Pacific water, as follows: KZ (cm2 s–1)
¼643.0� (106E)–1.61, where 106E was the unit of stability with depth
(Z) in meters.
3. Results

3.1. Spatial variability in the TWC system

Vertical profiles of density (st) exhibited marked spatial varia-
tion in vertical stratification and pycnocline depths (Fig. 2). Along
the pathway of the TWC from the WPO to the EJS, pycnocline
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depth was observed to become shallower. Density changed gra-
dually with depth and hence pycnoclines did not form clearly at
the stations in the WPO and at Station ECS-S. In contrast, ECS-N
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stratification, with the pycnocline depths being shallower than
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the ECS: with the exception of Station C1, a thin layer of low-
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gradient between the surface and this depth exceeded 0.1 m−1

(Chen et al., 2001), was extremely shallow (o10 m) in the SW EJS.
The stability index, calculated as the ratio of difference in st
between the surface and bottom of the euphotic zone to the
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Table 1
Spatial and seasonal variations of the mixed layer depth (ZML), the euphotic depth (ZE), the stability index and depth-integrated values for nitrate, chlorophyll a (Chl. a),
primary production (IPP), new production (INP), regenerated production (IRP), ƒ-ratio, and IPPML:IPP ratio (IPPML/IPP) in the euphotic zone.

Season Site Depth
(m)

ZML

(m)
ZE
(m)

Stability
index

ΣNO3

(mmol m−2)
Chl. a
(mg m−2)

IPP
(g C m−2 d−1)

INP
(mg N m−2 d−1)

IRP
(mg N m−2 d−1)

ƒ-Ratio IPPML/IPP

Summer WPO1 4887 13 95 0.017 26 16 0.23 2 43 0.04 0.12
WPO2 5500 17 115 0.019 68 36 0.17 4 160 0.03 0.16
ECS-S 605 63 80 0.012 38 49 0.28 5 164 0.03 0.33
ECS-N 117 20 55 0.039 221 21 0.28 5 89 0.06 0.51
C1 70 2 13 0.042 91 120 2.41 1051 131 0.89 0.24
C2 240 3 43 0.100 603 59 1.59 804 397 0.67 0.23
C3 105 3 32 0.170 302 91 0.97 151 193 0.44 0.10
C4 133 3 46 0.082 482 46 0.45 74 90 0.45 0.20
C5 242 5 54 0.083 321 157 1.70 606 824 0.42 0.14
U1 1365 8 43 0.082 444 45 0.96 221 288 0.43 0.19
U2 756 5 54 0.074 361 84 0.71 203 434 0.32 0.11
U3 2171 8 57 0.076 175 30 0.54 112 197 0.36 0.11
U4 2156 9 46 0.071 491 50 0.37 26 136 0.16 0.11
U5 1652 4 57 0.079 187 53 0.44 74 127 0.37 0.16

Fall C6 133 5 16 0.029 37 11 0.45 74 86 0.46 0.39
U6 1054 30 60 0.030 585 10 0.39 14 68 0.17 0.70
U7 2167 46 50 0.018 320 15 0.38 17 128 0.12 0.97
U8 2156 39 60 0.026 361 14 0.40 8 69 0.11 0.78

Spring C7 218 8 16 0.026 358 29 0.49 166 50 0.77 0.63
U9 2200 22 32 0.011 337 24 0.83 242 80 0.75 0.88
U10 2166 22 32 0.012 212 26 0.61 80 222 0.27 0.79
U11 2053 17 38 0.013 299 21 0.94 156 90 0.63 0.68
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those in the ECS and the WPO (Table 1). Coastal upwelling is
known to occur in the region near Station C1 (Yoo and Park, 2009),
and the station seemed to be affected by upwelling during the
study period. At this station, temperature (salinity) decreased
(increased) gradually with increasing depth.

Vertical distribution of nitrate showed considerable spatial varia-
tion (Fig. 3). In the figures, we only presented the results of
representative stations: WPO1 for WPO, ECS-S for ECS, C1 for an
upwelling station, C3 for coastal stations in the UB, and U3 for offshore
stations in the UB (see Appendix A for the complete results). At Station
ECS-N and the EJS stations (Fig. 3), nitrate concentration increased
sharply with increasing water depth below the mixed layer, from 0.0–
3.7 μM within the mixed layer to 0.5–21.3 μM below the mixed layer.
In contrast, at Stations ECS-S, WPO1 and WPO2, nitrate concentration
was low (0.11–0.80 and 0.02–0.40 μM, respectively) within the eupho-
tic zone. Nitrate standing stock (ΣNO3) in the euphotic zone was 16–
68mmol m–2 in the WPO, 38–221mmol m–2 in the ECS, and 91–
603mmol m–2 in the EJS (Table 1). Ammonium concentrations
showed no significant variation either with depth or among sampling
sites. The ammonium concentration in the euphotic zone ranged from
0.0 to 1.4 μM (average7S.D.¼0.470.3 μM). Further discussion on the
detailed profile data was not introduced here.

Concentration and vertical distributions of chlorophyll a varied
spatially as well (Fig. 3b). The summer chlorophyll a concentration
was lower than 0.7 μg L–1 near the surface with the exception of
the upwelling-influenced Station C1 (∼4.0 μg L–1). In the EJS, the
subsurface chlorophyll a maximum (SCM, 1.2–4.8 μg L–1) layer was
pronounced near the nitracline. In contrast, the SCM was not
clearly observed in the ECS and the WPO. Chlorophyll a concen-
trations at these stations were low (0.8 and 0.5 mg L–1, respec-
tively) and showed small vertical variation. Depth-integrated
chlorophyll a standing stock over the euphotic zone was much
higher in the EJS (30–157 mg m−2) than those in the WPO and the
ECS (21–49 and 16–36 mg m−2, respectively).

Primary productivity (PP) determined by carbon uptake rate
was consistently higher in the EJS than that in the ECS and the
WPO (Fig. 3c). The maximum PP in the ECS and the WPO was
observed near the surface, and the values immediately below the
surface were small and uniform with depth. In contrast, at most
stations in the EJS, the maximum PP was observed at depths
corresponding to the nitracline and the SCM. PP in the mixed layer
was considerable, although chlorophyll a concentration was very
low. The highest PP, up to 290 mg C m−3 d−1, was observed at the
surface of Station C1. Depth-integrated PP over the euphotic zone
(IPP) was considerably higher at the EJS stations than at the ECS
and the WPO stations. The proportion of integrated PP in the
surface mixed layer (IPPML) in IPP was generally low (Table 1).

Vertical distributions of new productivity (NP) determined by
nitrate uptake rate were similar to those of PP (Fig. 3d). NP values
were significantly higher (Mann-Whitney U test, po0.001) in the
EJS than in the ECS and the WPO. The highest NP values, up to
100 mg N m−3 d−1, were observed at Station C1. NP within the
mixed layer in the EJS was low but considerable compared to that
in the ECS and the WPO. The maximum NP at each station was
observed at the depth where the PP was maximal in the EJS,
whereas NP was nearly undetectable over the entire euphotic zone
in the ECS and the WPO. Depth-integrated NP (INP) over the
euphotic zone varied from 2–5 mg N m−2 d−1 in the ECS and the
WPO to 26–1051 mg N m−2 d−1 in the EJS, showing large spatial
variability. Regenerated productivity (RP) determined by ammo-
nium uptake rate was comparable to NP in the EJS, but was higher
than NP in the WPO and at ECS-S. Although the RP at the SCM
layer was significantly higher in the EJS than in the ECS and the
WPO (Mann-Whitney U test, po0.001), depth-integrated RP (IRP,
43–824 mg N m−2 d−1) over the euphotic zone did not exhibit any
significant spatial difference (Kruskal-Wallis ANOVA, p¼0.065).
The f-ratios, [INP/(INP+IRP)], in the euphotic zone varied greatly
between 0 and 1. The values were higher in the EJS (0.16–0.89)
than in the ECS and the WPO (0.03–0.06) (Table 1).

3.2. Seasonal variability in the EJS

The temperature in the surface water decreased from 423.3 1C
in summer (with the exception of Station C1) to o20.9 1C in fall
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and o16.8 1C in the following spring. The mixed layer became
thicker (30–40 m) in fall, although the water column was still well
stratified (Fig. 4a). By the following spring, the pycnocline became
unclear (Fig. 4b). A slight increase in nitrate concentration
(41.49 μM) in surface water was observed in fall at the basin
stations of the EJS (Fig. 5a). Nitrate concentration increased with
increasing depth from the surface in spring, whereas nitrate
concentration increased sharply at below the mixed layer in
summer.

Chlorophyll a concentration was generally low (o0.5 μg L−1) in
fall (Fig. 5b). The maximum chlorophyll a concentration of
1.1 μg L−1 was observed at the SCM depth at Station C6. In spring,
chlorophyll a concentration was higher than that in fall and the
SCM was developed at Station C7. Depth-integrated chlorophyll a
in the euphotic zone was slightly lower in fall (11–15 mg m−2) than
in spring (21–29 mg m−2) (Table 1).

Primary productivity ranged between 2.8 and 43 mg C m−3 d−1

in fall and between 1.0 and 58 mg C m−3 d−1 in spring (Fig. 5c).
Vertical profiles of PP in fall and spring were different from those
in summer: PP was highest at the surface and decreased sharply
with increasing depth. IPP in the UB (Stations U1–U11 in Table 1)
were 0.37–0.96, 0.39–0.45, and 0.49–0.94 g C m−2 d−1 in summer,
fall, and spring, respectively (Table 1), exhibiting no significant
seasonal variation (Kruskal−Wallis test, p¼0.110).
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NP in the UB in fall was nearly constant with depth and
generally low (o 1.0 mg N m−2 d−1). NP in spring (1.6–8.7 mg
N m−3 d−1) was slightly higher than that in fall (0.1–5.1 mg
N m−3 d−1). There was no clear tendency in vertical distribution
(Fig. 5d). INP in the UB was 26–221, 8–74, and 80–242 mg
N m−2 d−1 in summer, fall, and spring, respectively (Table 1),
exhibiting significant seasonal variation (Kruskal-Wallis test,
p¼0.043). RP in the UB ranged from 0.06 to 9.0 and from 0.81 to
15 mg N m−3 d−1 in fall and spring, respectively (Fig. 5d). Vertical
profiles of RP in fall and spring were similar to those of ammonium
concentration (data not shown), with a peak at the subsurface
layer at a few stations. IRP in the UB was 127–434, 68–128, and
80–222 mg N m−2 d−1 in summer, fall, and spring, respectively
(Table 1), exhibiting no significant seasonal variation (Kruskal-
Wallis test, p¼0.070).
4. Discussion

An interesting feature in spatial distribution of PP in the study
area in summer is that IPP greatly increased along the northward
pathway of the TWC system from the WPO through the ECS to the
EJS. Summer IPP in the UB was about 2–3 times higher than those
in the WPO and the ECS. Because it is widely accepted that PP in
summer is lower than in spring or fall in temperate oceans, high
PP in summer in the UB is abnormal. Previous reports also showed
that the SW EJS had higher IPP than the WPO and offshore ECS
(Shim and Park, 1986; Chung et al., 1989; Falkowski and Wilson,
1992; Chen, 1996; Hama et al., 1997; Gong et al., 2000; Chen and
Chen, 2006; Hyun et al., 2009). Annual primary production is high
(222 g C m−2 y−1) in the UB (Yamada et al., 2005) compared the
values (144–155 g C m−2 y−1) in the subtropical WPO and the
offshore ECS (Gong et al., 2000; Behrenfeld et al., 2006).

It is agreed upon that nutrient supply is the main key for the
observed high IPP in the UB (see Shim and Park, 1986; Lee et al.,
2009). However, mechanisms of nutrient supply are not well
understood. Because nutrient supply to the UB from the Korean
peninsula along the pathway is limited (Yoo and Park, 2009), other
mechanisms need to be invoked. It was suggested that the north-
ward flowing TWC and the East Korean Warm Current transport
nutrient-rich water originating from upwelling on the southeast
coast of Korea, enhancing primary production in the UB (Onitsuka
et al., 2007; Hyun et al., 2009; Yoo and Park, 2009). However, upon
examination of the satellite-SST, the affected area of cold SST was
restricted to the coast and relatively narrow current streams (Yoo
and Park, 2009). In our study period, the increase of surface PP due
to nutrient-rich water supply by the upwelling was confined to
Station C1, and features of the upwelling were not observed at
Stations C2 and U1 located in the expected pathway of upwelled
water and at other stations in the UB. Furthermore, IPP in the
mixed layer (IPPML) at locations where the upwelled water is
presumed to occupy, accounted for only o20% of the IPP (Table 1).

PP beneath the surface mixed layer accounted for the majority
of IPP in the UB (Fig. 3). The high PP at the subsurface layer is
believed to be related to shallowing of the pycnocline and thereby
positioning of nutrient-replete water within the euphotic zone. In
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addition, PP and NP in the mixed layer of the UB constituted low
proportions of IPP and INP but were relatively high compared to
the WPO and the ECS. Vertical advection and diffusion are
expected to be an important source of nitrate to the mixed layer.
We used the nitrate upward flux (Fn) at the bottom of the mixed
layer as a qualitative indicator of nitrate supply to the mixed layer.
Horizontal advection may also supply nutrients. However, estima-
tion of the nitrate flux by horizontal advection was not possible
because of the lack of spatial gradient in nitrate concentration.
Nutrients in the TWC entering the EJS, were already depleted.
Therefore, this source of nitrate may be small compared to the
vertical supply. It is plausible that the sheer generated by the
strong flow of the TWC may enhance the vertical supply of nitrate
into the mixed layer. We expect that the eddy diffusivity originally
obtained from the eastern tropical Pacific was probably smaller
than the actual value in the UB. In this sense, the usage of the
nitrate upward flux hence estimated should be considered as a
conceptual model for future validation by more rigorous estima-
tion of the eddy diffusivity in the study region. Although it can be
important in the oligotrophic ocean, production based on N2

fixation in the Kuroshio and the South China Sea was reported to
be very low (Chen et al., 2008) compared to our new productivity



J.H. Kwak et al. / Deep-Sea Research I 79 (2013) 74–8582
results. The nitrate upward flux at the bottom of the mixed layer in
the EJS was higher than those in the ECS and the WPO (Table 2).
Nitrate uptake rate in the mixed layer (Qn) was strongly correlated
with Fn in summer (Fig. 6a), clearly suggesting that the supply of
nitrate from the underlying water enhanced primary production in
the mixed layer. Therefore, it appears that shallowing of the
Table 2
The diffusion coefficient (Kz), nitrate gradient (ΔNO3

−/ΔZ), the upward flux of
nitrate at the bottom of the mixed layer (Fn), and nitrate uptake rate in the mixed
layer (Qn) in summer.

Station Kz (cm2 s−1) ΔNO3
−/ΔZ

(mmol m−4)
Fn (μmol NO3

m−2 h−1)
Qn (μmol NO3

m−2 h−1)

WPO1 0.21 0.00 19 16
WPO2 4.46 0.01 31 36
ECS-S 0.37 0.02 1 1
ECS-N 3.27 0.24 3 1
C1 1.58 1.50 851 1220
C2 0.20 1.52 106 124
C3 0.37 0.62 83 65
C4 0.59 0.64 135 216
C5 0.53 0.35 66 40
U1 0.79 0.32 90 111
U2 0.42 0.42 64 117
U3 0.51 0.15 28 42
U4 0.15 0.08 4 4
U5 0.35 0.22 28 19
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pycnocline, and consequent positioning of the nutrient-replete
water beneath the mixed layer facilitates high upward flux of
nutrients. Consequent increase in PP in the mixed layer and at the
SCM depth seems most likely process for the enhancement of IPP
in summer in the UB. Indeed, the subsurface maximum PP, NP and
chlorophyll a concentration that are closely associated with the
nitracline immediately below the mixed layer further support this
interpretation. In relation to the vertical distribution of chlorophyll
a, SCM is commonly observed in marine environments character-
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condition of the UB. This suggests that the low C:N uptake ratio
was not a methodological artefact but reflected a natural phenom-
enon caused by factors such as light and nitrate levels. In addition,
phytoplankton assemblage and physiological status may also affect
C:N uptake ratio (Banse 1994; Suárez and Marañón, 2003). Pre-
vious studies showed that C:N uptake ratios did not always
correspond to C:N composition ratios of the particulate matter
(Slawyk, 1979; Metzler et al., 1997; Hung et al., 2000). Hung et al.
(2000) measured IPP and INP using 14C and 15N methods with the
correction by nitrate reductase activity in the ECS and reported the
depth-integrated C:N uptake ratios of 2.0–6.5 within the euphotic
zone, showing much lower ratios in nitrate-replete waters and
slightly lower in light-deficient waters than the Redfield ratio.
A large variation of 0.1–25.1 in the C:N uptake ratios has also been
reported in the Indian Ocean, decreasing with decreasing available
radiation (Slawyk, 1979). Metzler et al. (1997) also found an
extremely broad range of C:N uptake ratios (0.04–150) at the
highly stratified shelf in the South Atlantic Ocean off Brazil. They
observed that enhanced nitrogen uptake associated with the
supply of nitrate led to the low ratio (0.04) at the bottom (1% of
surface light intensity) of the euphotic zone. The low C:N uptake
ratios obtained in the study area were consistent with these
results.

We propose a conceptual model to explain the observed spatial
variability in PP along the pathway of the TWC, based on a
hypothesis that the high PP in the UB is supported by high
nutrient (in particular, nitrate) availability in the euphotic zone,
which is facilitated by hydrographic conditions (Fig. 8). Density at
stations in the WPO and Station ECS-S increases gradually with
increasing depth. This gradual increase expands well below the
bottom of the euphotic zone. Nutrient concentrations, represented
by nitrate, were uniformly low to a depth of 100 m or deeper.
Hence, nutrient supply from the deeper waters to the euphotic
zone is limited. As the surface current progresses through the ECS
and enters the EJS, the pycnocline depth shallows dramatically as
the warm water flows over the denser and colder ESPW that is
replete with nutrients (Chang et al., 2004; Lee et al., 2009;
references therein). As a result, strong stratification develops in
shallow subsurface layer. The abundant nutrients immediately
below pycnocline can be supplied into the mixed layer and also
stimulate PP.
Flow direction of the Tsushima Warm Current

Western Pacific Ocean

WPO1 WPO2 ECS-S ECS-N U stations

East China Sea East/Japan Sea

Shallowing of
the pycnocline

Nitrate flux
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Fig. 8. A cartoon showing physicochemical and biological factors in the TWC
system from the WPO to the EJS. SCM, subsurface chlorophyll maximum; PP,
primary productivity; NP, new productivity.
We further compare the production-related parameters in fall
and the following spring to better understand the summer time
abnormality in the EJS. Although observations in fall and spring
were not made at exactly the same stations as those in summer,
they were within a good proximity for comparison for seasonal
variability. Vertical structure of PP was quite different from
summer through fall to spring with varying water column stability
and vertical distributions of nutrient and chlorophyll a concentra-
tions. In fall, the INP and the f-ratio were lower than those in
summer and spring along with an increase in standing stock of
ammonium (data not shown), while total nitrate in fall and spring
showed a similar range to that in summer. This result suggests that
the deepened surface mixed layer and the nitracline probably
lowered nitrate availability in the euphotic zone in fall (Eppley and
Peterson, 1979; Harrison et al., 1987). It has been generally
accepted that phytoplankton prefer ammonium over other forms
of nitrogen sources (Conway, 1977; McCarthy et al., 1977; Syrett,
1981; Glibert et al., 1982a). Ammonium concentration may control
nitrate utilization by phytoplankton since a small relative increase
in ammonium concentration can result in a dramatic reduction in
the f-ratio (Murray et al., 1989; Wheeler and Kokkinakis, 1990;
Peña et al., 1992). In spring, nitrate concentration increased
sharply in the upper euphotic zone, while the standing stock of
ammonium decreased. Such a vertical distribution of nitrate
suggests that strong mixing replenished nitrate in the euphotic
zone. This nutrient dynamics seems to explain the increase of the
INP (also the f-ratio) in spring. High PP and low nitrate concentra-
tion in the surface water implies that the replenished nitrate is
effectively utilized for primary production enhancing high surface
PP, and further, to sustain high spring IPP.

A typical seasonal variation in IPP for a sea in the temperate
zone (i.e. low primary productivity in summer rather than in
spring and fall) was not observed in the UB. The seasonal variation
in PP in the UB is not consistent with satellite-derived pattern in
the UB (Yamada et al., 2005). In contrast to the subsurface
maximum in summer 2008, PP was highest at the surface in fall
2008 and spring 2009. While summer PP and chlorophyll a
concentration at the surface layer were lower than those in fall
and spring, summer values at the subsurface layer were compar-
able to those in the surface water in fall and spring. These results
show that high IPP in summer was mainly maintained by high PP
at the SCM depth. This has implication in estimation of PP based
on satellite observation: primary production based on satellite-
based data (i.e. surface temperature and chlorophyll a concentra-
tion) could be largely underestimated in the UB especially in
summer. For example, the mean of summer IPP in the UB (about
600 mg C m−2 d−1) was about 1.5 times higher than a previous
estimate (about 400 mg C m−2 d−1) by Yamada et al. (2005).
5. Summary

A few interesting features are revealed from examination of
hydrographic, chemical and biological parameters along the path-
way of warm surface water of TWC system from the source region
in the WPO through the ECS to the EJS. Primary productivity in the
EJS is significantly higher than that in the upstream of the TWC
system. As the TWC flows over a colder and denser water mass in
the southwest EJS, the bottom of the pycnocline and the surface
mixed layer become shallower to be located above the euphotic
depth. In the EJS, the observed high PP and NP at the SCM depth
are believed to be sustained by shallowing of the pycnocline and
thereby positioning of nutrient-rich water within the euphotic
zone. The high productivities in the mixed layer and at the SCM
depths were supported by an upward flux of nutrients across the
pycnocline to the mixed layer (Fig. 8). High nitrate availability due
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to such a hydrographic feature in summer can be an important
mechanism for high PP in the UB in addition to an existing
hypothesis of upwelling-derived enhancement of PP. PP in the
UB in summer was not significantly lower than those in spring and
fall. The high PP is believed to be sustained by a subsurface
maximum of chlorophyll a and PP. Our summer data also imply
that IPP estimation by satellite-based chlorophyll a data needs to
be interpreted with caution in the regions of similar hydrographic
features as in the EJS.
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