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Abstract

The Ulleung Basin (UB), located in the southwestern part of the East/Japan Sea (EJS),
is considered having an unusually high productivity for a deep basin. Recently changes
have been reported in physical, chemical, and in biological 3properties. Here we mea-
sured the primary and new productivities in the UB using a 13¢-"5N dual isotope tracer
technique. Measurements took place every month for the first time throughout a year
for a better estimate of the annual primary production in the EJS. Temporal variations
of temperature, salinity and density (o;) in the study area were highly seasonal as
expected for an ocean in the temperate zone. Nutrient distributions reflected these
seasonal fluctuations in the vertical structure of the water column. Diatoms were in
general the most dominant phytoplankton ranging from 15.5 to 82.2% with an av-
erage of 42.0% (S.D.=+9.9%). Based on those average daily productivities from
our monthly measurements, the annual primary, new, and regenerated production in
the UB were 273.Ong‘2yr‘1, 62.69Nm‘2yr‘1, and 48.7gNm'2yr'1, respectively.
Our estimated high f-ratio (0.59) in the UB, indicated that the predominant nitrogen
source for primary production was nitrate. This is comparable with the nitrogen source
in a productive coastal-upwelling region. New carbon production by phytoplankton is
estimated as 212.890m'2 yr'1 (S.D. = :|=89.7ng'2 yr'1) which indicates that a large
portion (78 %) of total annual primary production might potentially be exported from
the diatom-dominated euphotic zone to a deeper zone in the UB. Further intense inte-
grated field observations will be necessary to improve our understanding of the current
marine ecosystem in the UB as an important biological production area in the EJS.

1 Introduction

The East/Japan Sea (hereafter the EJS) is a semi-enclosed marginal sea surrounded
by the Korean peninsula, the islands of Japan, and the Russian coast. Although the
area of the East Sea is only about 1.01 x 10%km?, it contains several deep (> 3000m)
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basins and different types of subpolar fronts in the surface layer between warm and
cold water masses. Because of dynamic oceanographic conditions such as large scale
current systems, mesoscale eddies, subpolar front and deep water formation, the EJS
has been considered as an ideal “Miniature Ocean” for studying large-scale oceanic
processes (Lee et al., 2009; references therein).

The Ulleung Basin (UB) is located in the southwest of the EJS. The prevailing sur-
face current in the UB is the Tsushima Warm Current (TWC), which branches off from
the Kuroshio Current, a warm and saline ocean 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 flows over
the top of the 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 to those in the Yamato Sea
and Japan basins (Yamada et al., 2005; Hyun et al., 2009; Yoo and Park 2009; Lee
et al., 2009). Based on satellite observations from 1998 to 2006, Yoo and Park (2009)
proposed that the high productivity in the region is maintained mainly by frequent wind-
driven upwellings along the Korean coast throughout the seasons except winter. In
contrast, Onitsuka et al. (2007) reported that the nutrient supply from the Tsushima
Current through the western channel of the Tsushima/Korea Strait is the main source
for the high primary production in the southwestern part of the EJS. Recent studies
reported an ecologically important role of warm eddies in the UB (Kim et al., 2012;
Lim et al., 2012). Kim et al. (2012) found that high chlorophyll a concentrations were
enhanced by eddy-induced upwelling nutrients in the UB during the summer season
with a nutrient-depleted condition in the euphotic zone. In addition, Lim et al. (2012)
found high early spring primary production enhanced by anticyclonic eddies, using the
first Korean Geostationary Ocean Color Imager (GOCI). A physical upward water flux
movement at the periphery of the anticyclonic eddies could keep the phytoplankton in
the euphotic zone to sustain high productivity in the UB, even when the stratification for
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a seasonal spring bloom is not well developed in the water column during early spring
(Lim et al., 2012).

Recently, Chiba et al. (2008) found a dramatic change in vertical distribution of chem-
ical properties occurring in the EJS during the last 50—60 yr which indicate a shift in
the ventilation system. In the surface layer, changes in seawater temperature, precip-
itation, strength of thermal fronts, volume transport by the Tsushima Current and the
mixed layer depth suggest a climatic regime shift that occurred in 1976/77 (Chiba et al.,
2008). In fact, Kang et al. (2003) reported that the sea surface temperature (SST) in
winter and spring steadily increased in the southern region of the EJS. Based on re-
cent decadal surface chlorophyll a concentrations from the ocean color satellite data
(SeaWiFS and MODIS), Lee et al. (2013) found that the average chlorophyll a con-
centration from 2008-2011 was rather higher than that from 1998-2001 in the EJS,
especially along the coastal areas and the sub-polar fronts. In addition, the patterns
of the chlorophyll a concentration such as duration and intensity of the phytoplankton
spring bloom were observed to be substantially different between the two periods from
2008-2011 and 1998-2001.

At the base of all oceanic food webs and critical to ecosystem functioning is phyto-
plankton productivity which drives the oceanic biological pump and therefore has the
potential to affect global atmospheric CO, levels and its associated climate forcing.
Changes in atmospheric CO, can in turn have a feed back on phytoplankton produc-
tivity by changing ocean pH, stratification, and circulation patterns. Primary production
in temperate oceans shows a strong seasonality mainly caused by seasonal dynamics
in physical processes including variations of light, wind, vertical mixing, and stratifica-
tion, and thereby, varying nutrient concentrations in the euphotic zone (Howarth et al.,
1988; Marty et al., 2008). Primary production can be operationally partitioned into new
production and regenerated production, based on the different available sources of
nitrogen (Dugdale and Goering, 1967). New production is defined as the portion of pri-
mary production that utilizes nitrogen supplied from outside the euphotic zone mainly
by vertical mixing (Dugdale et al., 1992). In contrast, regenerated production is the
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portion of primary production utilizing regenerated nitrogen mainly in the form of am-
monium (NHZ) derived from metabolic products of several biological processes within
the euphotic zone. The phytoplankton productivity measured from ship-board com-
monly leads to an underestimation or overestimation of the overall annual production
depending on the sampling season especially in midlatitudinal zones such as the EJS.
In order to have a better estimate for an annual production we measured primary and
new productivities in the UB. We did this every month for more than a year from May
2010 to June 2011. Therefore, the main objective in this study is to investigate monthly
variations in the primary and new productivities according to physical and chemical
properties in the UB for a better understanding of the mechanisms for such high phy-
toplankton productivity in the Basin as an important biological production area in the
EJS.

2 Materials and methods
2.1 Study sites

To find out annual dynamics of phytoplankton community structure and primary, new
and regenerated productivities in the UB, eleven cruises were made between May
2010 and June 2011 at three stations, one located over a steep slope (UB1, 600 m),
the others over the deep sea (UB2 and UB3, 2160 m 2150 m, respectively) in the UB
(Fig. 1). Water sampling and onboard experiments were conducted aboard the R/V
Haeyang 2000 (May 2010 and March 2011), Eardo (July and November 2010), and
Tamgu 3 (the rest of the cruises).

2.2 Water sampling

Water samples for carbon and nitrogen uptake rates, nutrient analysis and biochem-

ical measurements were collected from six optical depths to which 100, 50, 30, 15,

5, and 1% of surface irradiance was determined by a secchi disk (Poole and Atkins,
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1929), using a CTD-rosette system equipped with 5 L Niskin bottles. Additional sam-
ples to know vertical distribution of nutrients and pigments were collected at standard
depths of 50, 75 (80), 100, 150, and 200 m. Temperature and salinity were obtained
with a CTD (SBE 911 Plus, Seabird Electronics Inc., Bellevue, USA). The surface mixed
layer depth was defined as a density increase of 0.125 ¢; from surface values (Gardner
et al., 1995). Surface light intensity was observed on board to determine the daily and
experimental irradiance using a PAR sensor (Li-1400, Li-cor Inc., Lincoln, USA). Water
samples for nutrient and pigment analysis were gently filtered through 47 mm What-
man GF/F filters. Water samples for particulate organic carbon (POC), and nitrogen
(PON) analyses were filtered through 25 mm pre-combusted (450 °C, 2 h) Whatman
GF/F filters, after pre-filtration through a 200 pm Nytex net. The filtered seawater sam-
ples were immediately transferred into acid-washed polyethylene bottles and frozen at
—20°C and the filter samples were wrapped in aluminum foil and then stored in a deep
freezer (—80 °C) until analysis.

2.3 Nutrient and phytoplankton pigment analysis

In the laboratory, dissolved inorganic nitrogen (NO, and NHZ), phosphate (POi_), and
silicate (Si(OH),) were determined by standard spectrophotometric methods (Parsons
et al., 1984). The filters for the photosynthetic pigment analysis were extracted with
95 % methanol (5mL) for 12h in the dark at —20°C and sonicated for 5min to fos-
ter cell disruption. Prior to analysis, the extracted solution was centrifuged to remove
the particulate materials. Supernatant was filtered through a 0.45um PTFE syringe
filter and then 1 mL of filtered solution was mixed with 300 pL of water. 100 pL of this
solution was analyzed by reverse-phase high-performance liquid chromatography (Shi-
madzu Co. system) equipped with a Waters Symmetry Cg (4.6 x 150 mm, particle size:
3.5pum, 100 A pore size) column, using the method derived from Zapata et al. (2000).
Canthaxanthin was used as an internal standard to correct for analytical errors. Solvent
A was methanol : acetonitrile : aqueous pyridine solution (0.25 M pyridine) (50 : 25 : 25,
v:v:v) and solvent B was a mixture of methanol : acetonitrile : acetone (20: 60 : 20,
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v:v:v). Linear and step binary gradient profiles were regulated for separating pig-
ments: 0—22 min, 40 % solvent B; 22—28 min, 95 % solvent B; 28—-38 min, 95 % solvent
B; 38—40 min, 100 % solvent A; 40-45min, 100 % solvent A. The flow rate was fixed
at 1mLmin~". The pure standard pigments, obtained from Sigma Chemical (St. Louis,
MO, USA) and DHI (Hamburg, Germany), were used to determine pigment peaks and
to adjust pigment concentrations on the basis of peak areas. Quantification of standard
pigments was obtained by spectrophotometer with the known specific extinction coeffi-
cients after Jeffrey et al. (1997). Sample peaks were identified based on their retention
time compared to those of pure standards.

2.4 Chemotaxonomic analysis of phytoplankton pigments

The CHEMTAX software was used to estimate phytoplankton community composi-
tion on the basis of pigment composition and concentrations (Mackey et al., 1996).
The CHEMTAX program utilizes factor analysis and a suitable algorithm to determine
the chlorophyll a contributions of all algal groups. Twelve diagnostic biomarker pig-
ments (i.e. chlorophyll a, fucoxanthin, 19'-hexanoyloxy-fucoxanthin, 19'-butanoyloxy-
fucoxanthin, neoxanthin, peridinin, chlorophyll b, prasinoxanthin, lutein, violaxanthin,
alloxanthin, and zeaxanthin) were used for the program. The class-specific pigment
ratios, modified from the values in Lee et al. (2011), were used as the input pigment
ratios of the CHEMTAX program.

2.5 Carbon and nitrogen uptake experiments

Samples for carbon and nitrogen uptake experiments were pre-filtered through 200 pm
Nytex net and dispensed to two sets of acid-washed, transparent polycarbonate Nal-
gene bottles (0.5L). For determination of carbon uptake rate, NaH1SCO3 (98 atom %,
Isotec, Sigma-Aldrich, Miamisburg, OH, USA) solution was added to each sample for
incubation to a final concentration of 0.2 mM, corresponding to about 10 % of the am-
bient concentrations. Na15N03 (98 atom %, Isotec) and 15NH40I (98 atom %, Isotec)
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were added to each sample for determining nitrate and ammonium uptake rates, re-
spectively. This resulted in concentrations equivalent to about 10% of the ambient
nitrate and ammonium concentrations. The bottles were covered with calibrated lay-
ers of neutral density screens to adjust the irradiance equivalent to those at six optical
depths. Then the water samples were incubated on deck under natural light for three to
four hours in order to minimize isotope dilution effects due to nitrogen recycling (Glibert
et al., 1982; Kanda et al., 1987; Pena et al., 1992), starting at 8-9a.m. and ending
at local noon. Incubation temperature was regulated to be similar to in situ tempera-
ture by running surface seawater between the incubation bottles. After the incubation,
the experimental water samples were gently filtered through pre-combusted (450 °C,
2h) Whatman GF/F filters, and sample filters were stored at —20°C until analysis. In
the laboratory, the samples for POC, PON, and 13C and °N isotope ratio measure-
ments were fumed with HCI for 2 h to remove carbonate and were subsequently dried
at 60°C. The dried filters were analyzed with a CHN elemental analyzer (Eurovector
3000 Series, Milan, Italy) coupled with a continuous-flow isotope ratio mass spectrom-
eter (IsoPrime, GV Instruments, Manchester, UK).

Carbon uptake rate was estimated following Hama et al. (1983). Nitrogen (nitrate
and ammonium) uptake rates were calculated following Dugdale and Wilkerson (1986).
Daily carbon and nitrogen uptake rates were calculated by multiplying measured hourly
C and N uptake rates by photoperiod conversion factors (Kanda et al., 1985; Fan and
Glibert, 2005) (i.e. the ratios of daily total irradiance to integrated irradiance during
incubation). Integrated uptake rates were calculated using the trapezoidal rule and
integration of the entire euphotic zone (1-100 % of surface irradiance) and expressed
as mng'2 d™" and mgNm'zd'1. The f-ratio was calculated as a fraction of nitrate
uptake to the sum of nitrate and ammonium uptake (Eppley and Peterson, 1979).
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3 Results
3.1 Hydrography structure and inorganic major nutrient concentrations

Vertical profiles and temporal variations of temperature, salinity and density (o;) at the
three stations during the study period represented typical seasonality of the temper-
ate open ocean with slightly different fluctuations among stations (Fig. 2). In general,
was the surface water column more stable in spring and summer (May—September
2010) than in fall and winter (October 2010-March 2011). During the strong stratifi-
cation period of spring—summer, a steep thermocline was observed in between the
10—20 m depth at UB1, UB2, and UB3 and thus cold water was found within this layer.
In particular dropped the temperature below 10°C in between 10-20 m depth at Sta-
tion UB1 in summer. In June 2010, cold intermediate water was expanded to 20—40 m
depth throughout the entire study area. The highest surface temperature was observed
in September (27.5°C) and the lowest was recorded in March (9.5°C). Salinities of
surface waters were generally low (< 33.4) in summer (July—September 2010). The
vertical profiles and temporal fluctuations of water density (o;) with its resulting pycno-
cline represented a similar pattern as those of the thermocline structures The monthly
mean depth of the surface mixed layer varied largely from 5+ 1 m (September 2010) to
121 £29m (February 2011) during the study period (Fig. 3) showing a distinct annual
cycle: shallowing during springsummer and deepening during fall-winter.

Generally, nutrient distributions reflected seasonal fluctuations in the vertical struc-
ture of water column (Fig. 4). Only in summer were nitrate concentrations of surface
waters depleted (< 1 uM) at all stations when the nitracline was elevated up to the up-
per part of euphotic zone (20—-30 m depth). In fall and winter, when stratification was
weakened, surface nitrate concentration increased up to 8 uM and a nitracline became
unclear. Nitrate concentrations in spring and fall were lower than those in winter in the
euphotic zone. Phosphate and silicate concentrations showed similar seasonal vari-
ations to nitrate concentrations. Silicate concentrations in spring were generally low
compared to those during the other seasons. Silicate concentrations were dramatically
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increased particularly at the depth below the surface mixed layer in summer. Relatively
low N/P ratios (4—13) compared to the Redfield ratio (16) were observed at the surface
layer from spring to fall, that increased with depth. In contrast, N/P ratios (14—19) at the
surface layer during late fall and winter (December 2010-March 2011) were according
to the Redfield ratio, being relatively homogenous throughout the entire water column.

3.2 Chlorophyll a concentration and Phytoplankton community structure

Seasonal variations of chlorophyll a concentration and group-specific chlorophyll a con-
centrations of eight groups of phytoplankton to the total chlorophyll a at each station are
represented in Fig. 5. Chlorophyll a concentrations from surface to 100 m ranged from
Oto3.6pg L™, and the chlorophyll a maximum layer varied with season. In early spring
(April 2011), relatively higher concentrations of chlorophyll a (0.2—-3.4 ug L'1) were ob-
served at the surface layer. In late spring, the subsurface chlorophyll maximum (SCM)
layer was well developed in the upper 75m depth layer. In summer, the SCM layer
was clearly observed at 10-30 m depth. During fall and winter, the SCM layer disap-
peared and chlorophyll a concentrations tended to be generally low and homogeneous
(<0.5ug L™") in the water column. During spring and summer 2010, the SCM layer
corresponded to the depth of maximum contribution of diatoms (> 90 %). In general, di-
atoms were the most dominant phytoplankton throughout the year except in July 2010
(Fig. 5). The diatom contribution averaged from three stations to total phytoplankton
community in the euphotic zone ranging from 15.5 to 82.2 % with an average of 42.0 %
(S.D. = £9.9 %). Cryptophytes contributions increased in spring but decreased sharply
in summer. Dinoflagellates and pelagophytes contributions increased between spring
and summer at 10—40 m: a depth where other phytoplankton groups had very low den-
sities. During the stratification period, cyanobacteria contributions increased at the sur-
face layer with depleted dissolved inorganic nutrients. Contributions of prasinophyte,
prymnesiophytes, and chlorophytes were very low (< 0.1 pug L~ at most stations).

In general, chlorophyll a concentrations integrated within the euphotic zone remained
relatively constant ranging from 12.2 to 53.9mg m™2 (Fig. 6). During the spring-summer
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stratification period, the chlorophyll a concentration showed a relatively a high spatial
variation (Fig. 6).

3.3 Phytoplankton productivity and f-ratio

Daily primary productivity in the euphotic zone ranged from 1.8t0 113.9mgC m=2d~"in
terms of daily rates per cubic meter (average +SD = 18.9+17.9 mng‘3d‘1) among
the three productivity stations in the UB (Fig. 7). Maximum rates were mostly ob-
served at the upper euphotic layer (0-20m) throughout the year except summer.
Daily new productivity ranged from 0.3 to 15.2 mgNm_‘o’d_1 (average £SD=3.2+
2.8 mgNm'3d'1) (Fig. 7). A seasonal variation of new productivity was slightly dif-
ferent from that of the daily primary productivity in the UB. During summer-fall, the new
productivity increased with depth up to 9.9 mgNm'Sd'1 at 1 % light depth, but was rel-
atively low and homogeneous in the entire water layer of the euphotic zone in winter. In
comparison, daily regenerated productivity ranged from 0.2 to 26.4 mgN m=3d™" (aver-
age +SD=3.7+4.8mgN m‘3d‘1) (Fig. 7). The seasonal variation of the regenerated
productivity did not usually correspond to that of the new productivity. Maximal regen-
erated productivities (up to 26.4 mgNm’sd‘1) were generally observed in the upper
layer of the euphotic zone (< 10 m).

Since there was no statistical difference in phytoplankton production among the three
stations in the UB, daily productivities integrated within the euphotic zone from surface
to 1 % optical depth were averaged for each month in Fig. 8. Daily primary productivity
ranged from 379.5 to 1113.7 mng_zd_1. The daily integrated primary productivity
was maximal in spring (1074 £ 65 and 1026 + 81 mng'2 d~"in May 2010 and June
2011, respectively) in the study region (Fig. 8). The primary productivity tended to
decrease gradually during summer and fall, and a minimum (550 + 72 mng‘zd'1)
was observed in November 2010. Daily integrated new and regenerated productivi-
ties ranged in between 41.2-371.3mgN m~2d~" and 15.5-350.7 mgN m=2d~" , respec-
tively. Integrated regenerated productivities showed similar seasonal patterns with that
of primary productivity. Regenerated productivity decreased in summer and remained
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relatively low during fall and winter. In contrast, integrated new productivity did not show
a clear annual cycle. New productivity was highest in June, September and December
2010 coinciding with a shallowing of thermocline and nitracline. Based on the mea-
sured new and regenerated productivities in this study, generally high 7-ratios ranging
from 0.4 to 0.8 were found in the UB throughout the year. Annual variation of 7-ratios
were reversed compared to that of the surface mixed layer depth, except for September
2010 (Fig. 8).

4 Discussion and conclusion

Seasonal variations of primary productivity illustrate both generation and destruc-
tion of the SCM layer in the study area (Fig. 2 and 7). Surface primary productivi-
ties in spring, fall and winter (31.6—-113.9, 13.4-28.9, and 6.4—22.9 mng‘Sd‘1, re-
spectively) tended to be higher than those in the subsurface euphotic zone. In sum-
mer, maximal primary productivities (14.3-32.5 mng‘Sd‘1) were observed in the
subsurface layer, coinciding with a strong stratification, and thereby surface nutri-
ent depletion and the formation of the SCM layer. The monthly primary productiv-
ity ranged from 379.5 mng'2 d" in November to 1113.7 mng"gd‘1 at May 2010
with an average of 747.9 mng'2 d-’ (S.D.= £232.8 mng‘Zd'1). The primary pro-
ductivity (747.9 mng‘zd‘1) averaged from the annual observations are almost two
times higher than a previous estimate (about 400 mng'zd'1) in the UB by Yamada
et al. (2005) based on satellite data to estimate PP and chlorophyll a concentrations.
In comparison, Kwak et al. (2013) found a rather similar but still lower rate than in this
present study. They showed that their primary productivity was ranging from 374.5 to
964.4 mng_zd'1 an average of 551.7 mng'zd'1 (S.D. = +£248.8 mng'zd'1) in
the UB of the EJS which is considerably higher than those in the ECS and the WPO
mainly from June—August 2008. The main reason for the difference between this and
their studies must be different seasonal measurements. They measured mainly sum-
mer primary productivity from June—August 2008. We measured primary productivity
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every month from May, 2010 to June, 2011. Therefore, the monthly measurement for
primary productivity is necessary in the UB for better estimating annual production
in the region, especially at middle latitudes with significant seasonal variations in the
productivity and biomass of phytoplankton.

The range of new productivity was from 41.19mgNm_2d‘1 in  November
to 371.34 mgNm‘zd'1 in June 2010 with an average of 171.50 mng‘zd'1
(£83.48 mg m‘2d'1) whereas the regenerated productivity ranged from from
15.54mgNm~2d~" in Feburary to 350.70 mgNm~2d~" in May, 2010 with an average of
133.40 mng'zd'1 (£95.62mg m™2 d'1). Kwak et al. (2013) reported that their sum-
mer time new productivity ranged from 25.9 to 221.4 mgNm_z d™' in the UB of the
EJS. Given a subsurface maximum productivity and a high f-ratio, they confirmed that
nitrate upward flux largely maintained the higher summer productivities in the UB.

Based on those average daily productivities from our monthly productivity mea-
surements, the annual primargl, new, and regenerated production in the UB were
273.Ong‘2yr‘1, 62.6gNm~ yr‘1, and 48.7gNm‘2yr‘1, respectively. Our annual
primary production (about 270 ng_2 yr‘1) estimated in the UB from this present study
was rather higher than those reported in similar regions by Lee et al. (2009) but con-
siderably higher than those in other regions in the EJS such as along the Russian
coast and in the middle of the Japan Basin (Yamada et al., 2005; Lee et al., 2009).
Mean annual primary production estimates using a satellite-based primary production
model were 191 and 22290m‘2 yr‘1 in the southeastern and southwestern areas of
the EJS, respectively which were relatively higher than those (161—170ng'2yr‘1)
along the Russian coast and in the middle of the Japan Basin (Yamada et al., 2005;
Lee et al., 2009). In comparison to other regions, this annual primary production in
the UB as a deep basin (> 2000 m water depth) was remarkably higher than those in
oceanic regions (Table 1). The annual primary production based on CZCS data in the
Mediterranean Sea ranged from 110 to 16090m‘2 yr‘1 in the Eastern and Western
Basin, respectively (Estrada, 1996). In general, the production was less than about
1OOQCm‘2 yr’1 in offshore ocean areas (Eppley and Peterson, 1979).
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The mean assimilated C/N ratio in the UB was 3.4 (S.D. = £0.8) in this study, which
is lower than the Redfield ratio of 6.6 : 1 (Redfield et al., 1963). The possible overes-
timation of nitrogen uptake rates of the phytoplankton by the addition of nitrate and
ammonium isotopes must be low since the ambient concentrations of nitrate and am-
monium in the water column were not depleted at most of the sampling periods ex-
cept in surface waters at times. Similarly Hung et al. (2000) reported depth-integrated
C/N uptake ratios of 2.0-6.5 within the euphotic zone in the ECS with much lower
ratios in nitrate-depleted conditions and slightly lower in light-deficient conditions. In
contrast, a large variation of 0.1-25.1 in the assimilated C/N uptake ratios has been
previously reported in the Indian Ocean, those were decreasing with increasing water
depth (Slawyk, 1979). Metzler et al. (1997) reported an extremely large range of C/N
uptake ratios from 0.04 to 150 at the highly stratified shelf in the South Atlantic off
Brazil. They found that enhanced nitrogen uptake associated with the supply of NO
led to the lowest ratio (0.04) at 1 % light depth. In comparison, the mean C/N ratio of
particulate organic matter was 5.5 (S.D. = £2.0) which was relatively higher than the
mean assimilated C/N uptake ratio (3.4) of phytoplankton in this study, mainly because
of detritus effects on the C/N ratio of particulate organic matter in the water column.
Both lower C/N ratios of assimilation and particulate organic matter suggest less nitro-
gen stress to phytoplankton growth in the UB. The phytoplankton with lower C/N ratios
provided more nitrogen-enriched food for higher trophic levels in the water column as
well as for the benthic environments in the UB.

The relative importance of regenerated and new sources of nitrogen is important to
distinguish because regenerated nitrogen maintains cells in a healthy state whereas
new nitrogen increases rates of primary production and thus the population size which
is passed on to higher trophic levels (Dugdale and Goering, 1967). The ratio of new
production (normally nitrate uptake) to total primary production (the sum of nitrate and
ammonium uptake rates) is the f-ratio which is an ecologically important parameter
of nitrogen uptake, providing qualitative information on the nature of the sinking POC
(Eppley and Peterson, 1979). In our study, the mean annual f-ratio was 0.59 (S.D. =
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+0.14), ranging from 0.4 to 0.8 (Fig. 8). This indicates that the predominant nitrogen
source for primary production is nitrate and about 59 % of the total annual primary
production was new production in the UB. Our f-ratio could be overestimated, as it
was estimated based solely on the relative uptake rates of nitrate and ammonium (Yool
et al., 2007; Tremblay et al., 2008). For comparison, the potential nitrification was not
considered here although regenerated nitrate can form more than 70 % of the total
nitrate pool in the euphotic zone (Yool et al., 2007). In fact, currently there are no
comparable data for f-ratios from the EJS available since no measurements were made
previously. Kanda et al. (2003) reported f-ratios in the ECS, that ranged from 0.29 on
the shelf to 0.33 in the pelagic waters. Chen (2005) found a similar range of f-ratios
in the South China Sea ranging from 0.29-0.36 in early mid-March and from 0.14—
0.20 from late March to October. He found the highest ratio (0.47) in winter. In the
Mediterranean Sea, which has similar marine environmental conditions as those in the
EJS, LHelguen et al. (2002) reported 0.11-0.37 f-ratios in frontal zones and adjacent
systems. Similarly, Van Wambeke et al. (2002) found that the highest mean f-ratio was
0.38 along the continental margin of the Gulf of Lions, Northwestern Mediterranean
Sea. Indeed, the f-ratio from this study was comparatively high compared to those,
especially the ratios (> 0.5) during the summer time (Fig. 8). In fact, the mean f-ratio
(0.59) in UB is comparable with those obtained in a eutrophic region (Dugdale and
Wilkerson, 1992) and the nitrate-rich waters in the Southern Ocean (Lee et al., 2012).

Based on the assimilated C/N ratio (3.4) from this study, new carbon production by
phytoplankton was estimated as 212.8 ng'2 yr'1 (S.D.= :|:89.7ng'2 yr‘1), indicat-
ing that a large portion (78.0 %) of total annual primary production might potentially be
exported from the euphotic zone to the deeper zone in the UB. This high portion of ex-
ported carbon production is correlated with the composition of phytoplankton species
in the UB. Generally diatoms, as determined by levels of the pigment fucoxanthin, were
dominant throughtout the year with an average of 40 % of their contribution to the total
chlorophyll a concentration in the euphotic zone in the UB (Fig. 5). Diatoms are gener-
ally considered as the most efficient phytoplankton species for a high sinking rate and
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thus high biological pump, because diatoms commonly form large aggregates of set-
tling particles (Smetacek, 2000; Ducklow et al., 2001; Honda 2003). In fact, the average
biological pump efficiency (Sarmiento and Gruber, 2006) based on nitrate concentra-
tions in this study is about 60 % in the UB which is relatively higher than those in other
areas of the EJS (Lee et al., 2009). Lee et al. (2008) reported a high organic car-
bon content (2.7 %) in the uppermost 5cm sediment in the UB reflecting a high export
production. Consistently, the organic carbon flux estimation (8.890m’2yr‘1) by the
time-series sediment trap at a water depth of 1020 m in the UB was three times higher
than that in the Bering Sea (Lee et al., 2008). Their organic carbon flux estimation
(8.8 ng_2 yr‘1) at a water depth of 1020 m was about 4.1 % of our estimated new pro-
duction (212.890m’2yr‘1) and about 3.2 % of our total production (27390m'2yr‘1)
in the present study These represent generally high carbon fluxes for open oceans
(Muller-Karger et al., 2001; Honda 2003).

It has been argued that high productivity in the southern area (i.e. the UB) of the
EJS is related to coastal upwelling (Hyun et al., 2009; Yoo and Park 2009) and eddies
(Hyun et al., 2009; Kim et al., 2012; Lim et al., 2012). Recently, Kwak et al. (2013) pro-
posed that high phytoplankton productivity in the EJS is supported by nutrient supplies
from the underlying water, which is facilitated by the hydrographic conditions. However,
a combination of all these factors mentioned discussed above could sustain high pro-
ductivity and high biological pump efficiency in the UB. Biological hot spots in the ocean
are defined as locations where organisms tend to concentrate regularly or where there
is high biological activity (Palacios et al., 2006). They are normally created by physi-
cal processes such as eddies and fronts and have distinct oceanographic signatures,
which result in enhanced primary production and the aggregation of larger animals
(Olson, 2002). Thus, these biological hot spots must be carefully managed from a re-
source mangement perspective and need conservation efforts (Palacios et al., 2006).
In the EJS, there are different types of subpolar fronts in the surface layer between
warm and cold water masses. The location of the front formation, which is usually
found around 36°-42°N, 130°-140° E around the UB, varies according to seasonal
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and interannual ocean conditions (Chiba et al., 2008). The role of the front in struc-
turing the biogeography of EJS has been clearly shown in temperature, fluorescence,
and primary productivity (Ashjian et al., 2006). In addition, Kang et al. (2002) previ-
ously reported that the EJS is very diverse with respect to its physical phenomena
and biological characteristics. The UB can be considered as a biological “hot spot” in
terms of high phytoplankton productivity and biological pump efficiency supported by
hydrographic conditions that provide nutrient supplies from the underlying water (Kwak
et al. 2013). This way, the UB could be an important region for the marine ecosystem in
the EJS. At present, however, we do not have much knowledge about the current status
and structure of the pelagic ecosystem in the Basin. More seasonal and multiannual
field measurements under a variety of environmental conditions should be done to im-
prove our understanding of the current marine ecosystem in the UB as a biological “hot
spot” in the EJS. Through further intense integrated observations, we will be able to
better understand how ongoing climate change affects phytoplankton productivity and
higher trophic levels in the UB and the EJS.
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Table 1. Previous results of primary production, new production and f-ratio in the other regions.

Region Note Primary New Reference f-ratio Reference
production production
(@Cmyr") (gNm~*yr)

Upwelling waters 300 Ryther (1969) 0.57-0.82 Dugdale and Wilkerson (1992)
Oceanic 50 0.03-0.21
Continental shelf 100
Offshore ocean Indian 84 Eppley and Peterson (1979)

Atlantic 102

Pacific 55
Mediterranean Eastern Basin 109 18 Estrada (1996) 0.11-0.37 L'Helguen et al. (2002)

Western Basin 158 52 0.38 Van Wambeke et al. (2002)
Yellow Sea 141 Choi et al. (1988)
East China Sea 0.29-0.33 Kanda et al. (2003)
South China Sea 0.14-0.36 Chen (2005)
Southern Ocean 0.48-0.92 Leeetal. (2012)
East/Japan Sea  Russian coast 170 Yamada et al. (2005)

Japan Basin 161

Southeastern area 191

Southwestern area 222

Ulleung Basin 270 61 Present study 0.39-0.81 Present study
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Fig. 1. Sampling locations in the Ulleung Basin (UB1, UB2, and UB3) in the the East/Japan

Sea from May 2010 to June 2011.
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Fig. 2. Contour plots of physical parameters (temperature (°C) salinity, and density (o)) ob-
served at the three stations (one steep slope station, UB1 and two deep basin stations, UB2

and UB3) during our study period.
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Fig. 3. Annual variation of surface mixed layer depth in the Ulleung Basin during our study
period. Gray line represents an average of surface mixed layer depth.
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Fig. 4. Contour plots of chemical parameters (nitrate (NO3), phosphate (PO,) and silicate
(Si0,)) observed at the three stations (one steep slope station, UB1 and two deep basin sta-
tions, UB2 and UB3) during our study period.
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Fig. 6. Annual variation of integrated chlorophyll a concentration in the Ulleung Basin during
our study period. Gray line represents an average of integrated chlorophyll a concentration.
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Fig. 8. Annual variations of integrated primary, new and regenerated production, and f-ratio in
the Ulleung Basin during our study period. Gray line represents an average of each value.
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