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Abstract. The Ulleung Basin (UB), located in the southwest- field observations will be necessary to improve our under-
ern part of the East/Japan Sea (EJS), is considered havingtanding of the current marine ecosystem in the UB as an
an unusually high productivity for a deep basin. Recentlyimportant biological production area in the EJS.

changes have been reported in physical, chemical, and bia-
logical properties. Here we measured the primary and new

productivities in the UB using &£C-°N dual isotope tracer

technique. Measurements took place every month for the first  Introduction

time throughout a year for a better estimate of the annual pri-

mary production in the EJS. Temporal variations of temper-The East/Japan Sea (hereafter the EJS) is a semi-enclosed
ature, salinity, and density() in the study area were highly marginal sea surrounded by the Korean peninsula, the is-
seasonal as expected for an ocean in the temperate zon@nds of Japan, and the Russian coast. Although the area
Nutrient distributions reflected these seasonal fluctuations i the EJS is only about 1.0410°km?, it contains sev-

the vertical structure of the water column. Diatoms wereéeral deep £ 3000 m) basins and different types of subpo-

in general the most dominant phytoplankton ranging fromlar fronts in the surface layer between warm and cold water
15.5 to 82.2% with an average of 42.0% (Ssb+9.9%).  Masses. Because of dynamic oceanographic conditions such
Based on those average daily productivities from ouras large scale current systems, mesoscale eddies, subpolar
month|y measurements, the annual primary, new, and refront and deep water formation, the EJS has been consid-
generated production in the UB were 273.0gCyr1, ered as an ideal “Miniature Ocean” for studying large-scale
62.6gNnm2yr1 and 48.7gN m2yr—1, respectively. Our ~Ooceanic processes (Lee et al., 2009; references therein).
estimated highf ratio (0.59) in the UB, indicated that the ~ The Ulleung Basin (UB) is located in the southwest of the

predominant nitrogen source for primary production was EJS. The prevailing Surfa(:;e currentinthe UBis the TSUShima
nitrate. This is comparable with the nitrogen source in aWarm Current (TWC), which branches off from the Kuroshio

productive coastal-upwelling region. New carbon produc-Current, a warm and saline ocean current of the Western Pa-
tion by phytop|ankt0n is estimated as 145.6 g szr*]- cific Ocean (WPO) The TWC flows northward through the
(S.D.=+40.8gCnt2yr-1) which indicates that a large East China Sea (ECS) and enters the EJS through the Ko-
portion (53.9 %) of the total annual primary production might rea/Tsushima Strait. Upon entering the UB, the TWC flows
potentially be exported from the diatom-dominated euphoticover the top of the East/Japan Sea Proper Water (ESPW)

zone to a deeper zone in the UB. Further intense integrate§Chang et al., 2004). Despite the prevalence of the nutrient-
poor surface water mass of the TWC, primary production
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in the southwest EJS (i.e. the UB) is relatively high com- and thereby, varying nutrient concentrations in the euphotic
pared to those in the Yamato Sea and Japan basins (Yamadane (Howarth et al., 1988; Marty et al., 2008). Primary pro-
et al., 2005; Hyun et al., 2009; Yoo and Park, 2009; Lee etduction can be operationally partitioned into new produc-
al., 2009). Based on satellite observations from 1998 to 2006tion, and regenerated production, based on the different avail-
Yoo and Park (2009) proposed that the high productivity inable sources of nitrogen (Dugdale and Goering, 1967). New
the region is maintained mainly by frequent wind-driven up- production is defined as the portion of primary production
wellings along the Korean coast throughout the seasons exhat utilises nitrogen supplied from outside the euphotic zone
cept winter. In contrast, Onitsuka et al. (2007) reported thatmainly by vertical mixing (Dugdale et al., 1992). In contrast,
the nutrient supply from the Tsushima Current through theregenerated production is the portion of primary production
western channel of the Tsushima/Korea Strait is the mairutilising regenerated nitrogen mainly in the form of ammo-
source for the high primary production in the southwesternnium (NHZ{) derived from metabolic products of several bio-
part of the EJS. Recent studies reported an ecologically imiogical processes within the euphotic zone. The phytoplank-
portant role of warm eddies in the UB (Kim et al., 2012; ton productivity measured from ship-board commonly leads
Lim et al., 2012). Kim et al. (2012) found that high chloro- to an underestimation or overestimation of the overall annual
phyll a concentrations were enhanced by eddy-induced upproduction depending on the sampling season especially in
welling nutrients in the UB during the summer season with amidlatitudinal zones such as the EJS. In order to have a bet-
nutrient-depleted condition in the euphotic zone. In addition,ter estimate for an annual production, we measured primary
Lim et al. (2012) found high early spring primary production and new productivities in the UB. We did this every month
enhanced by anticyclonic eddies, using the first Korean Geofor more than a year, from May 2010 to June 2011. There-
stationary Ocean Colour Imager (GOCI). A physical upward fore, the main objective in this study is to investigate monthly
water flux movement at the periphery of the anticyclonic ed-variations in the primary and new productivities according to
dies could keep the phytoplankton in the euphotic zone tophysical and chemical properties in the UB for a better un-
sustain high productivity in the UB, even when the stratifica- derstanding of the mechanisms for such high phytoplankton
tion for a seasonal spring bloom is not well developed in theproductivity in the Basin as an important biological produc-
water column during early spring (Lim et al., 2012). tion area in the EJS.

Recently, Chiba et al. (2008) found a dramatic change
in vertical distribution of chemical properties occurring in ,
the EJS during the last 50-60yr, which indicate a shift in2 Materials and methods
the ventilation system. Ip Fhe_ surface layer, changes in sea; 4 Study sites
water temperature, precipitation, strength of thermal fronts,

volume transport by the Tsushima Current and the mixedr, find out annual dynamics of phytoplankton community

layer depth suggest a climatic regime shift that occurred ingy,ctyre and primary, new, and regenerated productivities in
1976/1977 (Chiba et al., 2008). In fact, Kang et al. (2003)e g, eleven cruises were made between May 2010 and

reported that the sea surface temperature (SST) in winter ang\, o 2011 at three stations, one located over a steep slope
spring steadily increased in the southern region of the EJS(UBl 600 m), the others over the deep sea (UB2 and UB3
Based on recent decadal surface chlorophgbncentrations 5160 'm 2150 m respectively) in the UB (Fig. 1). Water sam—,
from the ocean colour satellite data (SeaWiFS and MODIS),p”ng and onboard experiments were conducted aboard the

Lee et al. (2013) found that the average chlorophytion- RV Haeyang 2000(May 2010 and March 2011Eardo
centration from 2008-2011 was rather higher than that from(Ju|y and November 2010), artamgu 3(the rest of the

1998-2001 in the EJS, especially along the coastal areas arlguises).

the sub-polar fronts. In addition, the patterns of the chloro-

phyll @ concentration such as duration and intensity of the2 2 Water sampling

phytoplankton spring bloom were observed to be substan-

tially different between the two periods from 2008-2011 andWater samples for carbon and nitrogen uptake rates, nutrient

1998-2001. analysis and biochemical measurements were collected from
At the base of all oceanic food webs critical to ecosys- six optical depths to which 100, 50, 30, 15, 5, and 1% of

tem functioning is phytoplankton productivity which drives surface irradiance was determined by a secchi disk (Poole

the oceanic biological pump and, therefore has the potentiahnd Atkins, 1929), using a CTD-rosette system equipped

to affect global atmospheric GQevels and its associated cli- with 5L Niskin bottles. Additional samples to know verti-

mate forcing. Changes in atmospheric4£xan inturn have a  cal distribution of nutrients and pigments were collected at

feed back on phytoplankton productivity by changing oceanstandard depths of 50, 75 (80), 100, 150, and 200 m. Tem-

pH, stratification, and circulation patterns. Primary produc-perature and salinity were obtained with a CTD (SBE 911

tion in temperate oceans shows a strong seasonality mainllus, Seabird Electronics Inc., Bellevue, USA). The surface

caused by seasonal dynamics in physical processes includingixed layer depth was defined as a density increase of 0.125

variations of light, wind, vertical mixing, and stratification, o, from surface values (Gardner et al., 1995). Surface light

Biogeosciences, 10, 4408417, 2013 www.biogeosciences.net/10/4405/2013/



J. H. Kwak et al.: Monthly measured primary and new productivities in the Ulleung Basin 4407

(@) (b)

53°N

48

43

125°E

Fig. 1. Schematic map of the East/Japan S&anfodified from Lee et al., 2009) with sampling locations in the Ulleung Basijrofie
steep slope station, UB1 and two deep basin stations, UB2 and UB3) from May 2010 to June 2&Lifha® Current, NKCC= North
Korean Cold Current, EKWE: East Korean Warm Current, TWEETsushima Warm Current, SRFSubpolar Front, UB= Ulleung Basin,
YB = Yamato Basin, JB= Japan Basin).

intensity was observed on board to determine the daily andlerived from Zapata et al. (2000). Canthaxanthin was used
experimental irradiance using a PAR sensor (Li-1400, Li-coras an internal standard to correct for analytical errors. Sol-
Inc., Lincoln, USA). Water samples for nutrient and pigment vent A was methanol: acetonitrile: aqueous pyridine solu-
analysis were gently filtered through 47 mm Whatman GF/Ftion (0.25M pyridine) (50 25: 25, v : v : v) and solvent B
filters. Water samples for particulate organic carbon (POC)was a mixture of methanol: acetonitrile: acetone:(80: 20,

and nitrogen (PON) analyses were filtered through 25 mmv : v : v). Linear and step binary gradient profiles were reg-
pre-combusted (45CC, 2 h) Whatman GF/F filters, after pre- ulated for separating pigments: 0-22 min, 40 % solvent B;
filtration through a 200 um Nytex net. The filtered seawa-22-28 min, 95% solvent B; 28-38 min, 95% solvent B;
ter samples were immediately transferred into acid-washe®8-40 min, 100 % solvent A; 40—-45 min, 100 % solvent A.
polyethylene bottles and frozen-a0°C and the filter sam-  The flow rate was fixed at 1 mL mit. The pure standard
ples were wrapped in aluminum foil and then stored in a deepigments, obtained from Sigma Chemical (St. Louis, MO,

freezer (-80°C) until analysis. USA) and DHI (Hamburg, Germany), were used to deter-
_ _ _ mine pigment peaks and to adjust pigment concentrations on
2.3 Nutrient and phytoplankton pigment analysis the basis of peak areas. Quantification of standard pigments

i . o was obtained by spectrophotometer with the known spe-
In the laboratory, dissolved inorganic nitrogen (N@nd  jfic extinction coefficients after Jeffrey et al. (1997). Sample
NH,), phosphate (P), and silicate (Si(OH) were de-  peaks were identified based on their retention time compared
termined by standard spectrophotometric methods (Parsong those of pure standards.
et al., 1984). The filters for the photosynthetic pigment anal-
ysis were extracted with 95% methanol (5mL) for 12h in 2.4 Chemotaxonomic analysis of phytoplankton
the dark at—20°C and sonicated for 5min to foster cell pigments
disruption. Prior to analysis, the extracted solution was cen-
trifuged to remove the particulate materials. SupernatanfThe CHEMTAX software was used to estimate phytoplank-
was filtered through a 0.45 um PTFE syringe filter and thenton community composition on the basis of pigment compo-
1mL of filtered solution was mixed with 300 uL of water. sition and concentrations (Mackey et al., 1996). The CHEM-
100 pL of this solution was analysed by reverse-phase highTAX programme utilises factor analysis and a suitable al-
performance liquid chromatography (Shimadzu Co. systemyorithm to determine the chlorophyl contributions of all
equipped with a Waters Symmetryg (4.6 x 150 mm, parti-  algal groups. Twelve diagnostic biomarker pigments (i.e.
cle size: 3.5um, 108 pore size) column, using the method chlorophyll a, fucoxanthin, 18hexanoyloxy-fucoxanthin,
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19-butanoyloxy-fucoxanthin, neoxanthin, peridinin, chloro- GF/F filters, and sample filters were stored-&0°C until
phyll b, prasinoxanthin, lutein, violaxanthin, alloxanthin, and analysis. In the laboratory, the samples for POC, PON, and
zeaxanthin) were used for the programme. The class-specifit’C and >N isotope ratio measurements were fumed with
pigment ratios, modified from the values in Lee et al. (2011)HCI for 2 h to remove carbonate and were subsequently dried
were used as the input pigment ratios of the CHEMTAX pro- at 60°C. The dried filters were analysed with a CHN elemen-

gramme. tal analyser (Eurovector 3000 Series, Milan, Italy) coupled
with a continuous-flow isotope ratio mass spectrometer (Iso-
2.5 Carbon and nitrogen uptake experiments Prime, GV Instruments, Manchester, UK).

Carbon uptake rate was estimated following Hama et
Trace clean technique was used for collecting and processal. (1983). Nitrogen (nitrate and ammonium) uptake rates
ing samples (Fitzwater et al., 1982). Samples for carbornwere calculated following Dugdale and Wilkerson (1986).
and nitrogen uptake experiments were pre-filtered througtDaily carbon and nitrogen uptake rates were calculated by
200 um Nytex net and dispensed to two sets of acid-washednultiplying measured hourly C and N uptake rates by pho-
transparent polycarbonate Nalgene bottles (0.5L). For exitoperiod conversion factors (Kanda et al., 1985; Fan and
periments of primary, new, and regenerated productivitiesGlibert, 2005) (i.e. the ratios of daily total irradiance to inte-
six bottles were prepared for each sampling depth. Labelledjrated irradiance during incubation). Integrated uptake rates
reagents were injected separately into each bottle. Duplicatevere calculated using the trapezoidal rule and integration of
experiments for measurements of carbon, nitrate, and ammadhe entire euphotic zone (1-100 % of surface irradiance) and
nium uptake rates were performed and the values were aveexpressed as mg CtAd~1 and mgNnT2d-1. The f ratio
aged. For determination of carbon uptake rate, Na; was calculated as a fraction of nitrate uptake to the sum of
(98 atom %, Isotec, Sigma-Aldrich, Miamisburg, OH, USA) nitrate and ammonium uptake (Eppley and Peterson, 1979).
solution was added to each sample for incubation to a fi-
nal concentration of 0.2 mM, corresponding to about 10 %
of the ambient concentrations. N&lOs (98 atom %, Isotec) 3 Results
and1®NH,4Cl (98 atom %, Isotec) were added to each sample
for determining nitrate and ammonium uptake rates, respec3.1 Hydrography structure and inorganic major
tively. This resulted in concentrations equivalent to about nutrient concentrations
10 % of the ambient nitrate and ammonium concentrations.
The ambient concentration of substrate at the time of isotop&/ertical profiles and temporal variations of temperature,
additions was estimated from the long-term monitoring nu-salinity and densityd;) at the three stations during the study
trient data provided by Annual Report of Oceanographic Ob-period represented typical seasonality of the temperate open
servations of National Fisheries Research and Developmerdcean, with slightly different fluctuations among stations
Institute of Republic of Korea and also our own previous (Fig. 2). In general, the surface water column was more sta-
data obtained from the same area during several years. Howsle in spring and summer (May—September 2010) than in fall
ever, the concentrations of isotope additions were sometimeand winter (October 2010—-March 2011). During the strong
over 10% of the ambient nitrate and ammonium concen-stratification period of Spring—Summer, a steep thermocline
trations as some productivity stations had low ambient nu-was observed in between the 10—20 m depth at UB1, UB2,
trient concentrations< 0.1 pM). Although inoculating with  and UB3 and thus, cold water was found within this layer. In
nitrate or ammonium stable isotopes into incubation bottlesparticular, the temperature dropped below?Cdin between
might have elevated the in situ uptake rates of phytoplank-10—20 m depth at Station UB1 in summer. In June 2010, cold
ton (Maclsaac and Dugdale, 1972), adding nutrient isotopesntermediate water was expanded to 20-40 m depth through-
would not cause serious elevations in phytoplankton uptakeut the entire study area. The highest surface temperature
rates because of the relatively short incubation time (3-5h)was observed in September (27& and the lowest was
used in this study (Dugdale and Wilkerson, 1986). The bot-recorded in March (9.5C). Salinities of surface waters were
tles were covered with calibrated layers of neutral densitygenerally low & 33.4) in summer (July—September 2010).
screens to adjust the irradiance equivalent to those at six opFhe vertical profiles and temporal fluctuations of water den-
tical depths. Then the water samples were incubated on deckity (o;) with its resulting pycnocline represented a similar
under natural light for three to four hours in order to min- pattern as those of the thermocline structures. The monthly
imise isotope dilution effects due to nitrogen recycling (Glib- mean depth of the surface mixed layer varied largely from
ertetal., 1982; Kanda et al., 1987;fRect al., 1992), starting 5+ 1m (September 2010) to 12129 m (February 2011)
at 08:00-09:00 and ending at local noon. Incubation temperduring the study period (Fig. 3), showing a distinct annual
ature was regulated to be similar to in situ temperature bycycle: shallowing during spring—summer and deepening dur-
running surface seawater between the incubation bottles. Afing fall-winter.
ter the incubation, the experimental water samples were gen- Generally, nutrient distributions reflected seasonal fluctu-
tly filtered through pre-combusted (450, 2h) Whatman  ations in the vertical structure of water column (Fig. 4). Only
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Fig. 2. Contour plots of physical parameters (temperat@fe)(salinity, and densityo{)) observed at the three stations during our study
period.

3.2 Chlorophyll a concentration and phytoplankton

0 .
T g% community structure

Seasonal variations of chlorophylt concentration and
group-specific chlorophylt concentrations of eight groups
Mo T A & 6 ND I F WM AW of phytoplankton to the total chlorophylt at each sta-
2010 2011 tion are represented in Fig. 5. Chlorophylconcentrations
Fig. 3. Annual variation of surface mixed layer depth in the Ulleung from surface to 100m ranged from 0O to 3.6 ug'l- and

Basin during our study period. The grey line represents an averagéle chlorophylla maximum |a¥er Vari.ed with season. In
of surface mixed layer depth. early spring (April 2011), relatively higher concentrations

of chlorophylla (0.2-3.4 ug 1) were observed at the sur-

face layer. In late spring, the subsurface chlorophyll max-
in summer nitrate concentrations of surface waters were deimum (SCM) layer was well developed in the upper 75m
pleted « 1pM) at all stations when the nitracline was ele- depth layer. In summer, the SCM layer was clearly observed
vated up to the upper part of euphotic zone (20-30 m depth)at 10-30 m depth. During fall and winter, the SCM layer dis-
In fall and winter, when stratification was weakened, sur-appeared and chlorophyllconcentrations tended to be gen-
face nitrate concentration increased up to 8uM and a nitrerally low and homogeneous 0.5 pg L=1) in the water col-
acline became unclear. Nitrate concentrations in spring andimn. During spring and summer 2010, the SCM layer cor-
fall were lower than those in winter in the euphotic zone. responded to the depth of maximum contribution of diatoms
Ammonium concentrations (data not shown) ranged from(> 90 %). In general, diatoms were the most dominant phy-
0.01 to 0.91 (average S.D.=0.24+ 0.19) between surface toplankton throughout the year except in July, 2010 (Fig. 5).
and 200 m depth. Ammonium concentrations showed no sigThe diatom contribution averaged from three stations to total
nificant temporal variation with depth among sampling sites.phytoplankton community in the euphotic zone ranging from
Phosphate and silicate concentrations showed similar sea5.5 to 82.2 % with an average of 42.0 % (S:54+9.9 %).
sonal variations to nitrate concentrations. Silicate concentraCryptophytes contributions increased in spring but decreased
tions in spring were generally low compared to those duringsharply in summer. Dinoflagellates and pelagophytes contri-
the other seasons. Silicate concentrations were dramaticallputions increased between spring and summer at 10-40m: a
increased particularly at the depth below the surface mixediepth where other phytoplankton groups had very low densi-
layer in summer. Relatively low N/P ratios (4—13) comparedties. During the stratification period, cyanobacteria contribu-
to the Redfield ratio (16) were observed at the surface layetions increased at the surface layer with depleted dissolved
from spring to fall, that increased with depth. In contrast, N/P inorganic nutrients. Contributions of prasinophytes, prymne-
ratios (14—19) at the surface layer during late fall and wintersiophytes, and chlorophytes were very low.1 pg =1 at
(December 2010-March 2011) were according to the Redmost stations).
field ratio, being relatively homogenous throughout the entire  In general, chlorophyl: concentrations integrated within
water column. the euphotic zone remained relatively constant ranging from

-
[9)]
o

Surface mixed layer depth
(m)
g8 8

N
o
o
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Fig. 4. Contour plots of chemical parameters (nitrate @ Gbhosphate (P4, and silicate (Si@)) observed at the three stations during our
study period.

12.2 to 53.9mgm? (Fig. 6). During the spring-summer gion (Fig. 8). The primary productivity tended to de-
stratification period, the chlorophyll concentration showed crease gradually during summer and fall, and a mini-

a relatively a high spatial variation (Fig. 6). mum (550+72mgCn2d-1) was observed in Novem-
ber 2010. Dally integrated new and regenerated produc-

15.5-350.7 mgNm2d—1, respectively. Integrated regener-

Daily primary productivity in the euphotic zone ranged ated_productivities_showed similar seasonal p_at_ternswith that
from 1.8 to 113.9mgCm3d-1 in terms of daily rates gf primary product|V|t_y. Regem_erated produ_ctlwty decrea_sed
per cubic metre (averageSD= 18.9+ 17.9mg C m3d-1) in summer and remalned relatively low QL_Jrlng_ fall and win-
among the three productivity stations in the UB (Fig. 7). ter. In contrast, integrated new p_ro_ductlvny phd not_show a
Maximum rates were mostly observed at the upper euphotié:Iear annual cycle. New productlvny was hlghest In June,
layer (0—20m) throughout the year except summer. Da”y_September and_ Decembe_r 20_10 coinciding with a shallow-
new productivity ranged from 0.3 to 15.2 mgNfhd-1 ing of thermocline and nltracl!ng. Bz_ised_ on the measured
(averaget SD=23.2+2.8mgNnT3d-1) (Fig. 7). A sea- new and _regenergted productivities in this study_, generally
sonal variation of new productivity was slightly different high £ ratios ranging from 0.4 to 08 were fognd in the UB
from that of the daily primary productivity in the UB. Dur- throughout the year. Annual variation ¢f r:'?ltIOS was re-
ing summer—fall, the new productivity increased with depth versed compared 1o that of the surface mixed layer depth,
up to 9.9mgNm3d-1 at 1% light depth, but was rela- €XCePt for September 2010 (Fig. 8).
tively low and homogeneous in the entire water layer of the
euphotic zone in winter. In comparison, daily regenerated
productivity ranged from 0.2 to 26.4mgNthd—1 (aver- 4 Discussion and conclusion
age+ SD=3.7+4.8mgNnr3d-1) (Fig. 7). The seasonal
variation of the regenerated productivity did not usually cor- Seasonal variations of primary productivity illustrate both
respond to that of the new productivity. Maximal regeneratedgeneration and destruction of the SCM layer in the
productivities (up to 26.4 mg N n¥ d—1) were generally ob-  study area (Figs. 2 and 7). Surface primary productivi-
served in the upper layer of the euphotic zorelQ m). ties in spring, fall and winter (31.6-113.9, 13.4-28.9, and

Since there was no statistical difference in phytoplankton6.4-22.9mgCm3d—1, respectively) tended to be higher
production among the three stations in the UB, daily produc-than those in the subsurface euphotic zone. In summer, max-
tivities integrated within the euphotic zone from surface to imal primary productivities (14.3—32.5 mg Cthd—1) were
1% optical depth were averaged for each month in Fig. 8observed in the subsurface layer, coinciding with a strong
(one-way ANOVA, P > 0.3 for four cases). Daily primary stratification, and thereby surface nutrient depletion and the
productivity ranged from 379.5 to 1113.7 mgCfu 1. formation of the SCM layer. Although primary productivity
The daily integrated primary productivity was maximal in the surface layer was restricted by nutrient limitation dur-
in spring (1074: 65 and 1026:81 mgCnm2d-! in May ing the stratification period, integrated primary productivity
2010 and June 2011, respectively) in the study re-was enhanced by subsurface maximal primary productivity

Biogeosciences, 10, 4408417, 2013 www.biogeosciences.net/10/4405/2013/
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Fig. 5. Contour plots of chlorophylt and eight phytoplankton groups (diatoms, dinoflagellates, cryptophytes, cyanobacteria, prasinophytes,
prymnesiophytes, pelagophytes, and chlorophytes) observed at the three stations during our study period.

and thereby remained at relatively high level compared to esincrease from August to September. The mismatch could be
timates by the satellite image. explained mainly by the existence of the SCM layer generally
Two uncoupled events between phytoplankton biomassobserved from May to October in the study region (Rho et al.,

and primary productivity were observed during the stratifi- 2012). Although surface chlorophyllconcentration signifi-
cation periods. First, surface chlorophyltoncentration was cantly increased in September, no significant difference was
increased from August to September along with the enhancesbserved in integrated chlorophyilconcentration between
ment of nitrate availability as reflected by the increase of newAugust and September (Studentest, P =0.619) because
productivity andf ratio (Figs. 4, 6, and 8). However, pri- the chlorophylla concentration at the SCM layer largely
mary productivity integrated for the euphotic depth did not contributed to the total chlorophytl concentration (up to
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(S.D.=+232.8mgCm?d-1). The primary produc-

© 4 ,

B } ! } tivity (747.9mgCnr2d-1) averaged from the annual
Eg 24 observations are almost two times higher than a previous
5o 1 estimate (about 400 mg CTAd~1) in the UB by Yamada et
8 - /§ al. (2005) based on satellite data to estimate PP and chloro-
3 gl Te ¥ e -— . phyll a concentrations. In comparison, Kwak et al. (2013)
60 found a rather similar summer primary productivity in the
£ 50 present study (Student test, P =0.766). They showed
§~g 401 T 1 % that their primary productivity was ranging from 374.5 to
5o 3 o1 T 964.4mgCm?d-! an average of 604.5mgCTthd !

3E 20 I i i/f Q\E/ 2 .

T L0l (S.D.=4237.7mgCm<d—") in the UB of the EJS which

£ 0 is considerably higher than those in the ECS and the WPO

o’ A S OND M AN mainly from June—August, 2008. The main reason for the
_ o _ difference between this and their studies must be different
Fig. 6. Ann.ual variations of surfa(.:e anc.l integrated Chlorgpb’y" seasonal measurements. They measured mainly summer
concgntratlon in the Ulleung Basm during our study period. The primary productivity from June—August 2008. We measured

grey line represents an average of integrated chlorophgdincen- . .
tration. primary productivity every month from May 2010 to June
2011. Therefore, the monthly measurement for primary
productivity is necessary in the UB for better estimating an-
nual production in the region, especially at middle latitudes
87.5%) in August. In addition, maximal primary productiv- with significant seasonal variations in the productivity and
ity in summer was also observed at the subsurface layer nedriomass of phytoplankton.
nitracline or the SCM depth without any great change from The range of new productivity was from
August to September (Figs. 4, 5, and 7). Second, the othe#1.2mgNnt2d-1 in November to 371.3mgNnfd1
interesting event was that while photosynthetic efficiency atin June, 2010 with an average of 171.5mgCid—1
the surface was high with low chlorophyliconcentrationin ~ (+83.5mgnt2d=1) whereas the regenerated produc-
June, this was reversed in September (Figs. 6 and 7). Photdivity ranged from from 15.5mgNm?d-1 in February
synthetically available radiation (PAR) peaked in May 2010to 350.7 mgNm?2d-1 in May, 2010 with an average
coinciding with spring bloom, and development of stratifica- of 133.4mgCm2d—! (+95.6mgnT2d-1). Kwak et
tion. PAR gradually decreased from May 2010 to Februaryal. (2013) reported that their summer time new productivity
2011. During the spring bloom of the initial stage of strat- ranged from 25.9 to 221.4mgNTAd~! in the UB of the
ification, the highest productivity was observed at the sur-EJS and the range being consistent with that in the present
face. In the course of stratification, the SCM layer devel-study (Student test, P =0.836). Given a subsurface max-
oped and maximal productivity was observed at the subsurtimum productivity and a highy ratio, they confirmed that
face. During the stratification period, phytoplankton commu- nitrate upward flux largely maintained the higher summer
nity composition was shifted from small-sized cryptophytes productivities in the UB.
in June to large-sized dinoflagellates in August and diatoms Based on those average daily productivities from
in September (Fig. 5). These phenomena may be caused lpur monthly  productivity measurements, the an-
light adaptation and cell size of phytoplankton in relation to nual primary, new, and regenerated production in the
photosynthetic efficiency. Ryther (1959) distinguished phy-UB were 273.0gCm?yr—1, 62.6gNnm2yr-1, and
toplankton into light adapted and non-light adapted species48.7 g N nt2yr—1, respectively. Our annual primary produc-
While the former group can accommodate the high light in-tion (about 270 g C m? yr—1) estimated in the UB from this
tensity, the latter behaves like shade plant. Accordingly, thepresent study was rather higher than those reported in similar
latter may explain dominant phytoplankton observed at sub+egions by Lee et al. (2009), but considerably higher than
surface layer in midsummer when water-column is stratified.those in other regions in the EJS such as along the Russian
If chlorophyll a concentrations are uniformed, photosyn- coast and in the middle of the Japan Basin (Yamada et al.,
thetic efficiency decreases with increasing cell size caused b2005; Lee et al., 2009). Mean annual primary production
self-shading effect (Morel and Bricaud, 1981; Finkel, 2001). estimates using a satellite-based primary production model
In addition, Key et al. (2010) illustrated that small cells are were 191 and 222gCnfyr—! in the southeastern and
more sensitive to photoinactivation of photosystem Il andsouthwestern areas of the EJS, respectively, which were rel-
thereby had higher maximum metabolic rates than large diatively higher than those (161-170g Cfyr—1) along the
atoms. Russian coast and in the middle of the Japan Basin (Yamada
The monthly primary productivity ranged from etal., 2005;Lee etal., 2009). In comparison to other regions,
379.5mgCm?d~! in November to 1113.7mgCmdd-1 this annual primary production in the UB as a deep basin
at May, 2010 with an average of 747.9mgC#a?! (> 2000 m water depth) was remarkably higher than those
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Fig. 7. Contour plots of primary productivity (PP), new productivity (NP), and regenerated productivity (RP) observed at the three stations
during our study period.

_ 1400 Western Basin, respectively (Estrada, 1996). In general, the
%;iggg 5\5\ I/% >>>>>>>>>>>>> s production was less than about 100 g Ciyr—1 in offshore
8 8001 T ocean areas (Eppley and Peterson, 1979).
SO 600 '\I\f ./§ ————————————— e The mean assimilated C/N ratio in the UB was 3.4
£E 29 (S.D.=£0.8) in this study, which is lower than the Redfield
= T — ratio of 66: 1 (Redfield et al., 1963). The possible overesti-
500 mation of nitrogen uptake rates of the phytoplankton by the
5.~ 4001 addition of nitrate and ammonium isotopes must be low since
22 300 A\ % the ambient concentrations of nitrate and ammonium in the
Eg 2001 . 1 water column were not depleted at most of the sampling pe-
SE o] T e §/ 1 ( [ e riods except in surface waters at times. Similarly, Hung et
- al. (2000) reported depth-integrated C/N uptake ratios of 2.0—
5 500 6.5 within the euphotic zone in the ECS with much lower ra-
gr 200 tios in nitrate-depleted conditions and slightly lower in light-
83; 3001 i deficient conditions. In contrast, a large variation of 0.1-25.1
g Z 500/ #}\‘ : in the assimilated C/N uptake ratios has been previously re-
SE | L= ported in the Indian Ocean, those were decreasing with in-
é’ 102 o ‘I\‘ """ ’/ii/t/! . creasing water depth (Slawyk, 1979). Metzler et al. (1997)

reported an extremely large range of C/N uptake ratios from

1.0

08l } 0.04 to 150 at the highly stratified shelf in the South Atlantic
o o6l T - / e o f\i off Brazil. They found that enhanced nitrogen uptake associ-
N % B * Ne-® ated with the supply of NO led to the lowest ratio (0.04) at

02 1% light depth. In comparison, the mean C/N ratio of par-

0'0 ticulate organic matter was 5.5 (SB=£2.0) which was rel-

M J J ASONDIJIFMAM.) atively higher than the mean assimilated C/N uptake ratio
2010 2011 . . . .
(3.4) of phytoplankton in this study, mainly because of detri-
Fig. 8. Annual variations of integrated primary, new and regener- tus effects on the C/N ratio of particulate organic matter in
ated production, and ratio in the Ulleung Basin during our study the water column. Both lower C/N ratios of assimilation and
period. The grey line represents an average of each value. particulate organic matter suggest less nitrogen stress to phy-
toplankton 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
in oceanic regions which are offshore waters in areas deeper

than 200 m (Table 1). The annual primary production baseaenwronments in the UB,

. . The relative importance of regenerated and new sources
on Costal Zone Colour Scanner data in the Medlterranea%f nitrogen is important to distinguish because regenerated
Sea ranged from 110 to 160 g CAyr—1 in the Eastern and 9 P 9 9
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Table 1.Previous results of primary production, new production, gndtio in the other regions.

Region Note Primary New Reference f ratio Reference
production production
@Cm2yr  (gNm-2yr 1

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

Atlantic 102 Eppley and Peterson (1979)

Pacific 55 Eppley and Peterson (1979)
Mediterranean Eastern Basin 109 18 Estrada (1996) 0.11-0.37 L'Helguen et al. (2002)

Western Basin 158 52 Estrada (1996) 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 Yamada et al. (2005)

Southeastern area 191 Yamada et al. (2005)

Southwestern area 222 Yamada et al. (2005)

Ulleung Basin 270 61 Present study 0.39-0.81 Present study

nitrogen maintains cells in a healthy state whereas new nitroratios  0.5) during the summer time (Fig. 8). In fact, the
gen increases rates of primary production and, thus the popmeany ratio (0.59) in UB is comparable with those obtained
ulation size which is passed on to higher trophic levels (Dug-in a eutrophic region (Dugdale and Wilkerson, 1992) and the
dale and Goering, 1967). The ratio of new production (nor-nitrate-rich waters in the Southern Ocean (Lee et al., 2012).
mally nitrate uptake) to total primary production (the sum of Based on the C/N uptake ratio in the each layer, new
nitrate and ammonium uptake rates) is theatio which is  carbon production by phytoplankton was estimated as
an ecologically important parameter of nitrogen uptake, pro-145.6 g Cm2yr—1 (S.D.= +40.8 g C nr2yr—1), indicating
viding qualitative information on the nature of the sinking that a large portion (53.9 %) of total annual primary produc-
POC (Eppley and Peterson, 1979). In our study, the mean artion might potentially be exported from the euphotic zone
nual f ratio was 0.59 (S.D= £0.14), ranging from 0.4t0 0.8  to the deeper zone in the UB. This high portion of exported
(Fig. 8). This indicates that the predominant nitrogen sourcecarbon production is correlated with the composition of phy-
for primary production is nitrate and about 59 % of the total toplankton species in the UB. Generally diatoms, as deter-
annual primary production was new production in the UB. mined by levels of the pigment fucoxanthin, were dominant
Our £ ratio could be overestimated, as it was estimated basethroughout the year with an average of 40 % of their contri-
solely on the relative uptake rates of nitrate and ammoniunbution to the total chlorophylt concentration in the euphotic
(Yool et al., 2007; Tremblay et al., 2008). For comparison, zone in the UB (Fig. 5). Diatoms are generally considered as
the potential nitrification was not considered here althoughthe most efficient phytoplankton species for a high sinking
regenerated nitrate can form more than 70 % of the total nivate and thus, high biological pump efficiency, because di-
trate pool in the euphotic zone (Yool et al., 2007). In fact, atoms commonly form large aggregates of settling particles
currently there are no comparable data foratios from the  (Smetacek, 2000; Ducklow et al., 2001; Honda, 2003). In
EJS available since no measurements were made previouslfact, the average biological pump efficiency (Sarmiento and
Kanda et al. (2003) reportefiratios in the ECS, that ranged Gruber, 2006) based on nitrate concentrations in this study is
from 0.29 on the shelf to 0.33 in the pelagic waters. Chenabout 60 % in the UB which is relatively higher than those in
(2005) found a similar range of ratios in the South China other areas of the EJS (Lee et al., 2009). Lee et al. (2008)
Sea ranging from 0.290.36 in early mid-March and from reported a high organic carbon content (2.7 %) in the up-
0.14-0.20 from late March to October. She found the high- permost 5cm sediment in the UB reflecting a high export
est ratio (0.47) in winter. In the Mediterranean Sea, whichproduction. Consistently, the organic carbon flux estimation
has similar marine environmental conditions as those in thg8.8 g C nT2yr—1) by the time-series sediment trap at a wa-
EJS, L'Helguen et al. (2002) reported 0-40.37 f ratios in  ter depth of 1,020 m in the UB was three times higher than
frontal zones and adjacent systems. Similarly, Van Wambekehat in the Bering Sea (Lee et al., 2008). Their organic car-
et al. (2002) found that the highest megratio was 0.38  bon flux estimation (8.8gCnfyr—1) at a water depth of
along the continental margin of the Gulf of Lions, northwest- 1,020 m was about 6.0% of our estimated new production
ern Mediterranean Sea. Indeed, theatio from this study  (145.6gCm2yr—1) and about 3.2% of our total produc-
was comparatively high compared to those, especially theion (273 gCnt2yr—1) in the present study. These represent
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generally high carbon fluxes for open oceans (Muller-KargerReferences
etal., 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 upwellingAS'g:"a"\;l" Can ‘; @{Qﬁgﬁ'g'@ D-agliz'lc%i cSaI iﬁﬂcefdrs'arlfgzgéshgﬁaﬁﬁf'
(1705t 2008 Yoo s o 2009 s s (WS o et S Gosarotapy 16122135550
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