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Abstract. The northern East China Sea (ECS) serves as ﬁlSNNo3 lower than expected from this fractionation effect
spawning and nursery ground for many species of fish andnight be explained by contribution of atmospheric nitrogen
squid. To clarify the basis of the food web in the north- and/or nitrification to N@ dynamics in the surface and sub-
ern ECS, we examined the nitrate ()Cdynamics along surface layers. If the latter were a dominant process, this
four latitudinal transects based on stable nitrogen and oxygemould imply a tightly coupled nitrogen cycle in the shelf wa-
isotopes of NQ (§*°Nno, and§*®0no,) and temperature— ter of the northern ECS.

salinity dynamics in both winter (February 2009) and sum-
mer (July 2009 and July 2011). Tlié°Nno, ands'80no,,
which were distinctly different among the potential O 1 |ntroduction

sources, were useful for clarifying N®Gources and its actual

usage by phytoplankton. In winter, Kuroshio Subsurface Wa-Surrounded by China, Korea, Japan, and Taiwan, the East
ter (KSSW) and the Yellow Sea Mixed Water (YSMW) pre- China Sea (ECS) is a very productive marginal sea that is
dominantly contributed to NeXistributed in the shelf water. used as a spawning and nursery ground by many species of
In the surface water of the Okinawa Trough, Nftom the  fish and squid (Sakurai et al., 2000; Hiyama et al., 2002).
KSSW, along with a temperature increase caused by an intruFor example, the jack mackerel, one of the most commer-
sion of Kuroshio Surface Water (KSW), seemed to stimulatecially important fish resources, hatches during winter in the
phytoplankton growth. In summer, Changjiang Diluted Wa- southern ECS, and juveniles migrate in early summer to
ter (CDW), Yellow Sea Cold Water Mass (YSCWM), and northern areas along the shelf-break region of the central
KSSW affected the distribution and abundance oNi@the ~ ECS and then move farther north in late summer (Sassa et
northern ECS, depending on precipitation in the Changjiangal., 2006, 2009). Therefore, primary production and subse-
drainage basin and the development of the YSCWM in thequent zooplankton production in the ECS during each sea-
shelf bottom water. Although isotopic fractionation during son, as well as the corresponding nutrient supplies support-
NO3 uptake by phytoplankton seemed to drastically increaséng phytoplankton growth, need better understanding be-
81°Nno, ands*8Ono, in summer, relatively light nitrate with  cause of their importance as food sources for juvenile fishes.
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Changing nutrient conditions in the ECS, such as reducedial and temporal variation in these nutrient supplies and their
silicate (Gong et al., 2006), limited phosphorus (Chai et al.,availability to phytoplankton remain uncertain.
2009), and eutrophication (Li and Daler, 2004), are impor- Stable isotopes of N©have been effectively applied to
tant factors effecting the ecosystem, including primary pro-clarify NOs dynamics in several coastal areas and in oceanic
duction (Gong et al., 2006), blooms of the dinoflagelRute- waters. Both of the heavier isotopes of NQ.e., 1°N and
rocentrumspp. (Dai et al., 2013; Kiyomoto et al., 2013), and 180) react more slowly in enzyme-mediated reactions, such
the numbers of the giant jellyfisiemopilema nomurdUye, as NG assimilation and denitrification, resulting in a grad-
2008), which preys on fish eggs and larvae and competesal increase in heavier isotopes of the remainingsN®a
with juvenile fishes for micro- and mesozooplankton. specific ratio (e.g.28:1% = 1 for assimilation by eukary-
Nitrate is the predominant DIN (dissolved inorganic ni- otic phytoplankton and cyanobacteri&; :1° ¢ = 2 for het-
trogen) species in the ECS, and new nitrogen is supplied byerotrophic bacteria [Granger et al., 2004, 2010]; &% 1>
many rivers (Wong et al., 1998; Wang, 2006; Siswanto et al.. = 0.5 to 1.0 for denitrification [Chen and MacQuarrie,
2008a; Liu et al., 2010b), intrusions from surrounding oceans2005; Granger et al., 2008], whet® and1%¢ [%0] are ki-
(see below), bottom water (Hung and Gong, 2011; Shiozakinetic isotope effects expressed as the ratio of the reaction
et al., 2011) and occasional deposition from the atmosphereates k] for the heavy and light isotopes as followe
(Nakamura et al., 2005, 2006; Kodama et al., 2011). The wa{'%¢] = (16k /18 [1%k /1% ] — 1) x 1000) and various values in
ter on the continental shelf in the northern ECS is a mix-each N pool of the natural environment. Therefore, when the
ture of Changjiang Diluted Water (CDW), Kuroshio Surface values of stable isotopes of each Nédurce are distinct from
Water (KSW), Kuroshio Subsurface Water (KSSW), Yellow those of other sources, the information can be used to trace
Sea Cold Water Mass (YSCWM), and Taiwan Warm Cur- the contribution of each N§source (Leichter et al., 2007).
rent Water (TWCW) (e.g., Ichikawa and Beardsley, 2002; Also, when NQ is taken up by phytoplankton and bacteria
Liu et al., 2010b). Shelf mixed water (SMW) forms from following a Rayleigh fractionation model in a closed system,
these with a mixing ratio that varies with location and sea-a linear relationship is observed between the log-transformed
son (e.g., Zhang et al., 2007a). In summer, the nutrient-riciNOs concentration (In[N@]) and §1°N in NOs (Sigman et
Changjiang buoyant plume disperses eastward and reaches als, 1999; Teranes and Bernasconi, 2000). This provides evi-
far as the shelf break (Isobe et al., 2004), whereas in winterdence of actual uptake of Nby phytoplankton and other
when precipitation is limited and a northerly wind prevails, species (e.g., denitrifying bacteria), and the extent of any
CDW flows southward along the coast (Chen, 2008; Han etdeviation from linearity suggests the presence of other bi-
al. 2013). In summer, Taiwan Strait Warm Water (TSWW) ological reactions in the N cycle, such as nitrogen fixation
flows dominantly northeastward along with KSW, and these(Sigman et al., 2005) and nitrification (Wankel et al., 2007;
waters merge northeast of Taiwan due to impingement of the&Sugimoto et al., 2009). Because isotopic signatures provide
Kuroshio on the continental shelf and by onshore intrusiontime- and space-integrated evidence of multiple biogeochem-
caused by frontal eddy motion around the shelf edge (Zhu eical processes (Wankel et al., 2007), this information should
al., 2004; Guo et al., 2006; Lee and Matsuno, 2007). In north-be helpful for better understanding of N@ynamics on the
ern areas of the ECS, the southern part of YSCWM devel-shelf of the ECS, which have previously been explored from
ops in summer and decays in fall (Zhang et al., 2008). Thenpnly snapshot surveys and water mass analysis.
in winter, the warm Kuroshio intrusion becomes gradually Therefore, in this study, we investigated the primary mech-
stronger relative to the YSCWM, and contacts nutrient-richanisms that contra@*®N ands*80 values in NQ in northern
SMW, triggering diatom proliferation (Chiang et al., 2004). ECS areas. The investigation explored the sources of NO
Hence, water characteristics and associated nutrient suppliesipplied to northern ECS areas and the actual use afliyO
in the ECS are very complex and show significant seasongphytoplankton in winter and summer, based on information
variation. Some nutrient budgets for shelf areas of the ECSrom multiple isotopes of N@ combined with other tradi-
have so far been evaluated by box models based on the ntional conservative parameters (salinity and temperature).
trient concentrations of each water mass and the concept
of conservation of water and salt masses (Chen and Wang,
1999; Zhang et al., 2007a) or in combination with Ra (ra-2 Materials and methods
dium) isotopes (Zhang et al., 2007b). However, nutrient bud-
get models do not indicate a contribution of each water-mass2.1  Study site
derived nutrient to primary production on the shelf. More-
over, the possibility of a higher contribution of nitrification The ECS is a marginal sea surrounded by the Eurasian con-
to NOs dynamics in the euphotic zone (Shiozaki et al., 2011)tinent and a chain of islands, and is connected to the Yel-
and a lowerf ratio on the shelf (Chen et al., 2001, Chen low Sea in the north and the South China Sea through the
and Chen, 2003) make it difficult to assess the contributionTaiwan Strait in the south (Fig. 1). More than 70 % of the
of each new source of nitrogen to primary production. Spa-area of the ECS is shallow<(200 m) continental shelf, but
the deep Okinawa Trough (ca. 1000 to 2000 m) is located in
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Fig. 1. Map of East China Sea showing the sampling stations in February and July 2009 and July 2011. A schematic image of the Kuroshio
Current, Taiwan Warm Current Water (TWCW), Yellow Sea Cold Water Mass (YSCWM) and Changjiang Diluted Water (CDW) during
summer and Yellow Sea Mixed Water (YSMW) during winter is also shown. The dashed lines indicate the isobath.

the southeastern and eastern ECS. A strong western bound—10 February 2009 aboard the R@ko-Maru(Fisheries

ary current, much like the Gulf Stream, the Kuroshio origi- Research Agency) and 17-27 July 2009 and 15-25 July
nates from bifurcation of the North Equatorial Current east2011 aboard the training vessel (TWggasaki-Maru(Na-

of Mindanao Island of the Philippines in the North Pacific gasaki University). One main latitudinal transect (Line D:
Ocean, and a main branch of the Kuroshio flows northward31°45.00 N), from the deep Okinawa Trough to the mid-
through the Okinawa Trough. The climate in the ECS duringshelf area, had been intensively surveyed throughout the
summer (May to October) is roughly categorized as the rainythree cruises. During the two summer cruises, surveys were
season, due to monsoonal southerly oceanic winds and troglso conducted along three other transects (Line A5320

ical typhoons, whereas during winter (November to April) N; Line B: 32°30.00 N; and Line C: 3215.00 N), along

it is classified as the dry season largely due to the northerlywhich the runoff from the Changjiang River is commonly
monsoon originating from the Asian continent. Accordingly, distributed during summer.

seasonal changes in the discharge of the Changjiang River,

which is one of the five largest rivers in the world by dis- 5 5  Field observations

charge volume, and the development of the YSCWM and
TWCW highly affect the hydrographic characteristics and

potentially the nutrient dynamics of the ECS. by profiling from the surface to within 5m of the bot-

Field observations and water sampling for chemical anal-
ses were carried out in the northern ECS on three crwsestom using a conductivity—temperature—depth (CTD) recorder
y (SBE 9plus; Seabird Electronics, Inc.) attached with a

Hydrographic conditions were measured along the transects

www.biogeosciences.net/11/1297/2014/ Biogeosciences, 11, 12472014
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chlorophyll fluorometer (Seapoint chlorophyll fluorometer, 3 Results
Seapoint Sensors, Inc.) and a dissolved oxygen sensor
(SBE43; Seabird Electronics, Inc.). CTD casts were made ag
intervals of about 23.7 km in February 2009 and at intervals™
of about 31.2 km in July 2009 and July 2011.

Water samples were collected from different layers (i.e., The vertical distributions of physical and chemical parame-
surface, 10m, 20m, 30m, 50 m, 75m, 125m, 200 m, 400 mters along the observational transects (Figs. 2 and 3) clearly
600 m, and chlorophyll maximum, 5m from the bottom, showed seasonal and year-to-year differences in water dy-
varying with the water depth) using 12 Niskin bottles (5L) namics on the shelf of the northern ECS.
mounted on a Rosette sampler (General Oceanics, Inc.) with In winter, when the strong northwest monsoon prevailed
a CTD probe (SBE 9/11; Seabird Electronics, Inc.) andand surface water was cooled, water on the shelf was com-
then were filtered through 0.2 um cellulose acetate filterspletely mixed from surface to bottom with an increasing off-
Aliquots for analysis of nutrients and stable isotopes 0NO shore gradient of salinity and temperature (Fig. 2a, d). Wa-
were put immediately into acrylic tubes and polyethyleneter density was nearly constant throughout the study area,
bottles, which were rinsed with distilled water followed by except for the shelf-break region (Sta. D12-16) due to the
two rinses with sample water. All samples were kept frozenpresence of a warmer (i.e., 18-2D, Fig. 2d) and more

1 Hydrographic characteristics

at—20°C until analysis. saline (i.e., more than 34.5, Fig. 2a) water mass at the sur-
_ _ face. Although the N@ concentration in this warm sur-
2.3 Nutrient and stable isotope analyses face water was relatively low (i.e., 1.6 to 1.7 uM), nutrient

. , o content remained above 1.0 M even in the surface water
The concentrations of nitrate ([N{), nitrite (INO2]) and  hrqughout the transect (Fig. 2p). Higher chlorophyll fluores-
other nutrients ([NH], [PO4]) in the water samples were conce \was observed in surface water at the Okinawa Trough
measured colorimetrically using an autoanalyzer (AACS 4;(Sta. D16-18, Fig. 2m), where the water was relatively warm

BLTEC, Japan). For water samples with more than about(i_e' 17-18C) and had 3.0 to 4.0 pM N§XFig. 2p). How-
1.5pM- NG, the stable nitrogen and oxygen isotope ratios gyer, chlorophyll fluorescence was lower in surface water of

. 15 18 - - -
(i.e., 5N ands™*0) in NGz + NO, were determined using  {he mid-shelf, where the water was relatively cold (i.e., 10—
the denitrifier methods of Sigman et al. (2001) and Casuottllzoc) despite higher N@concentrations of 9.0 to 11.0 uM.

etal. (2002). Although the samples included a small amount |, symmer 2009 and 2011, strong stratification due to heat-

of NO (i.e., less than 3 and 15 % of nitrate in summer and;nq and freshwater from the Changjiang River was observed
winter, respectively), N@was not removed, so N NO;

! : 1 X _in the surface water (Fig. 2h, i). In 2011, along the south-
|f_s gertt;after_ described simply as nitrate (Y@nless speci- o transect, Line D, a lower-salinity water mass existed in
ied otherwise.

X ) ) , the surface layer (Sta. D@-ig. 2c), while a cold water mass
In brief, NOs was converted into nitrous oxide {§8) by

L ) X (Sta. D6-9, Fig. 2f) was observed at the bottom layer. Some
denitrifying bacteria that lack dD-reductase activity. The patches with a few micromoles NQSta. D11, salinity of

N20 was stripped from the sample vial using He as the car-3q 3y ere distributed in the surface water in 2011 (Fig. 2r),
rier gas, purified using cryogenic trapping (Precon Systemy, ;+ not in 2009, while most of the surface water from the

Finnigan MAT, Bremen, Germany), separated chromato-piq_shelf to shelf-slope zone was completely depleted in nu-
graphically (Finnigan GasBer;ch), and anglyzeds UsiNg MaSkients in summer. Nitrate concentration increased by up to
spectrometry (Finnigan DeftéXP). The ratios of °N: 1N 1, UM from the subsurface water to the bottom water. The

and 0 :1%0 were expressed relative to atmospheric nitro- layer of maximum chlorophyll was at a depth of about 10
gen and Vienna standard mean ocean water (V-SMOW), e, 4t the mid-shelf area (Sta. D2-5) but gradually decreased

spectively, and were calculated as follows: to the subsurface layer at a depth of 30 to 40 m towards the
515N, 5180={| R (samplg, R (standardl]—1} x 1000 (%), (1) shelf edge and then deeper than 50 m in the shelf—slope area
(Sta. D16) (Fig. 2n, o). Higher oxygen concentration (mg
where R =15N /14N or 180/160. The isotope values were L~1) corresponded to the subsurface-layer chlorophyll max-
calibrated using the laboratory working standard and theimum, reflecting active primary production, while a lower
internationally recognized nitrate standards IAEA-N3 and oxygen concentration of less than 4.0 mgtlwas observed
USGS34. Based on replicate measurements of standards ameéar the bottom layer on the shelf in summer (Fig. 2k,I).
samples, analytical precision f6#°N and5180 was gener-  In the northern shelf area (i.e., lines A, B, and C), where
ally better thant-0.2 %0 and+0.3 %o, respectively. the Changjiang River plume spreads out in summer (Isobe
and Matsuno, 2008), lower salinity in the surface layer was
distributed over a larger area (Fig. 3a—d) compared to the
southern area (i.e., Line D, Fig. 2a—c). Therefore,sN&
mained, even at shallower depths, at many locations in sum-
mer (Fig. 3u—x), and higher chlorophyll concentration was

Biogeosciences, 11, 1297317, 2014 www.biogeosciences.net/11/1297/2014/
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Fig. 2. Vertical distribution of physical parameters, chlorophyll fluorescence, and nitrate concentrations along Line D in February and July
2009 and July 2011. The black circles in the NONO» figure indicate the location where N@oncentration was more than 1.5 uM, and
815N ands180 in NO3 were analyzed.
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Line A (July, 2009) Line B (July, 2009) Line A (July, 2011) Line C (July, 2011)
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Fig. 3. Vertical distribution of physical parameters, chlorophyll fluorescence, and nitrate concentrations along lines A and B in July 2009 and
lines A and C in July 2011. The black circles in the NONO figure are the same as in Fig. 2.

correspondingly observed in shallow depth in the northernand 5180N03) along the southern line, Line D (Fig. 4, Ta-

area (Fig. 30-t). bles 1-3). Relatively lowes!®N and §%0 values (i.e.,
819N < 6.0 %o, 5180 < 4.0%0) were observed in the deep
3.2 Spatial distribution and characteristics of nitrate layer at the Okinawa Trough (Sta. D16-18) and in the bottom

water of the shelf-slope area (Sta. D14-15), irrespective of
There were lateral and vertical variations in both the nitro-season. SimiIaBl5NN03 and518ONo3 values were observed
gen and oxygen stable isotope signatures o N&°Nyo,

Biogeosciences, 11, 1297317, 2014 www.biogeosciences.net/11/1297/2014/
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Table 1. Nitrate concentration ans>N and §180 in nitrate at each layer of the sampling stations in February 2009. The depth (m) in
parentheses indicates the water depth, and the layers with asterisks are the chlorophyll maximum.

Station Latitude Longitude Layer [ND+NO,] [NHJ1 [PO3 ] N* 415N 580 salinty  Date
D-2 31.80 124.83 0 11.1 0.2 0.8 14 6.7 7.0 32.63 Feb09
10 14.1 0.6 0.7 6.4 6.7 8.0 32.63
30 14.4 0.2 0.8 4.7 6.6 6.9 32.67
45(48) 14.5 0.7 0.7 6.9 6.8 7.4 32.68
D-4 31.80 125.25 0 10.9 1.5 0.7 41 7.2 8.1 32.92 Feb09
10 11.1 2.0 0.6 64 7.0 8.6 32.92
30(50) 11.1 1.8 0.7 4.6 7.2 7.7 32.96
D-6 31.80 125.75 0 7.0 5.3 05 7.2 7.1 8.4 33.38 Feb 09
10 7.0 1.3 05 3.2 6.9 8.5 33.38
30 7.1 1.8 0.5 3.8 7.0 7.6 33.38
60(75) 7.3 42 05 64 67 7.7 3338
D-8 31.80 126.25 0 3.8 3.2 0.3 51 7.3 11.2 33.83 Feb09
10 3.9 2.1 0.3 41 7.1 13.4 33.83
30 4.3 0.7 0.3 31 6.7 10.0 33.79
75(85) 48 12 04 25 67 94 3376
D-10 31.80 126.75 0 5.0 1.0 04 25 6.5 8.6 34.02 Feb09
10 5.0 0.9 04 24 6.6 9.6 34.02
30 4.8 0.4 04 17 6.5 9.3 34.02
75 4.8 1.4 04 27 6.4 9.0 34.01
100(104) 4.8 1.4 0.4 27 6.3 9.4 34.01
D-12 31.80 127.25 0 24 2.7 0.2 4.8 8.0 10.7 34.48 Feb09
10* 2.3 1.2 0.2 3.2 8.1 9.0 34.48
30* 2.3 2.8 0.2 48 8.3 8.6 34.46
50 4.6 1.9 0.4 3.0 5.7 5.8 34.42
75 5.2 2.0 0.4 3.7 5.6 5.9 34.45
121(125) 11.4 0.3 0.8 1.8 55 4.2 34.51
D-14 31.80 127.75 0 2.9 2.2 0.2 4.8 7.2 10.9 3450 Feb09
10 2.8 1.2 0.2 3.7 7.4 9.3 34.50
30* 2.4 1.6 0.2 3.7 7.6 119 34.50
75 3.6 1.0 0.3 27 6.4 7.8 34.47
125 13.8 1.3 1.0 20 5.8 3.9 34.50
139(141) 14.1 23 09 49 56 36 3449
D-15 31.80 128.25 0 1.6 2.3 0.2 3.6 7.2 9.6 3455 Feb 09
10* 1.6 0.8 02 21 7.3 8.5 34.55
30* 1.5 2.3 0.1 51 7.4 9.4 34.55
75 1.9 0.2 0.2 1.8 6.5 7.9 34.54
125 10.2 1.9 0.7 3.8 5.7 4.0 34.52
165(168) 14.6 1.3 1.0 28 5.8 4.0 34.50
D-16 31.80 128.75 0 1.7 1.7 0.2 31 8.5 11.4 3454 Feb09
10 1.8 1.2 02 27 8.8 11.1 34.54
30* 2.4 2.4 0.2 45 7.5 8.4 34.52
75 4.8 1.5 04 28 5.8 6.1 34.48
125 5.8 2.4 0.4 47 55 6.5 34.47
200 6.0 2.5 0.4 5.0 6.0 6.9 34.51
300 19.5 1.5 1.2 4.7 6.1 3.4 34.43
500(762) 30.6 0.7 21 0.6 6.4 3.0 34.36

www.biogeosciences.net/11/1297/2014/
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Table 1.Continued.

Station Latitude Longitude Layer [NP+NO,] [NH;] [PO3] N* 15N 6180 salinity  Date
D-17 31.80 129.25 0 3.9 0.7 0.3 27 7.8 9.1 34.48 Feb09
10* 3.5 0.1 03 17 7.8 8.7 34.48
30 4.0 1.3 0.3 34 7.7 8.7 34.47
75 5.0 2.8 0.4 43 6.7 7.5 34.47
125 11.4 1.5 0.7 46 5.8 3.9 34.51
200 16.7 2.0 1.1 4.0 5.9 3.5 34.48
300 24.0 3.8 15 6.7 6.1 3.6 34.38
500(757) 334 1.1 20 54 61 34 3437
D-18 31.80 129.67 0 3.4 2.3 0.3 3.8 7.1 10.8 34.48 Feb09
10* 3.1 0.4 0.2 3.2 7.5 9.7 34.48
30 3.3 0.6 0.3 20 7.1 9.6 34.48
75 4.9 0.8 04 22 6.0 8.0 34.48
125 5.4 1.0 0.4 29 6.5 6.5 34.43
200 15.6 0.8 1.1 1.7 6.0 3.9 34.48
300(450) 22.8 0.3 1.5 20 5.9 3.5 34.38

in the bottom water from the outer shelf to near the mid-shelf4 Discussion
(Sta. D9, 10 12, and 13, Fig. 4b) in July 2009, although the
extent of similar values was limited to the bottom water ofthe 4.1 Hydrographic characteristics and nitrate dynamics
shelf-slope zone (Sta. D13, Fig. 4c) in July 2011. Similarly, on the continental shelf
a slight increase id*°Nno, ands'80yo, in the bottom wa-
ter was observed in different zones of the continental shelf inA matrix of temperature—salinity data (hereaft€rS dia-
different years (i.e., [Sta. D5/Jdn 2009 (Fig. 4b) and [D4 gram) was established for the water monitored during each
11] in 2011 (Fig. 4c))8*°Nno, and$180no, values gradu-  survey (Fig. 6) to check seasonal and year-to-year differences
ally increased in subsurface and surface water, reaching 8.® the contributions of water masses and associated new-NO
and 13.4 %o, respectively, in winter (Fig. 4a) and up to 21.7 inputs from adjacent areas to the SMW.
and 25.9 %o, respectively, in summer (Fig. 4b and c). The ra- In winter, the formation of SMW was simple (Fig. 6a).
tio betweens180 ands1®N increases 45180/ AS15N) from  Intrusion of warm KSW with low N@ concentration was
several potential N@sources, such as bottom water on the observed at the surface around the shelf-slope area. Zhang
shelf and Changjiang River water, seemed to be almost conret al. (2007a) estimated that the water mass and associated
stant around 1 in summer, while within the range of 1 to 3 in NO3 supplied to the broad shelf region during winter was
winter. In winter, heavier values were observed extensivelydominated by high-salinity water from the TWCW, which
in the surface water from the Okinawa Trough to the outeris formed mainly by intrusion from the Kuroshio around
shelf zone, but heavier values were observed in the subsuthe region to the east of Taiwan. This occurs because the
face layer from the outer shelf to the mid-shelf in summer. northerly monsoon prevails over the ECS, and Changjiang
Values in July 2011 were heavier than those in July 2009. Ir-effluents are restricted to the western side of the ECS and dis-
respective of season and year, these heavier values seem perse southward along the China coast (Chen, 2008). At the
have occurred in layers where a chlorophyll maximum wasnorthern ECS, however, tHE-S diagram and vertical pro-
observed (Fig. 4, Tables 1-3). files along the southern line, Line D, suggested that the wa-
These characteristics 6#°Nno, and§180no, along the  ter mass and N@in the inner mid-shelf area were supplied
southern line, Line D, were also observed in the northernby the NGQ-rich Yellow Sea Mixed Water (YSMW), which
mid-shelf and outer shelf areas (i.e., lines A, B, and C; Fig. 5,came from the north (oval no. 1, Fig. 6a). The water in the
Tables 1-3). mid-shelf and outer shelf zones appeared to be composed of
a mix of YSMW and NQ-depleted KSW (diluted KSSW),
which entered the ECS northeast of Taiwan and flowed along
the shelf-slope (oval no. 2, Fig. 6a). Moreover, in the bot-
tom layer at the outer shelf (Sta. D14, 15), Nfich KSSW,
which flows along the shelf—slope, seemed to mix with shelf
water, probably because of frontal eddy motion (oval no. 3,
Fig. 6a) (e.g., Yanagi et al., 1998). Therefore, thesNi{©h
YSMW and KSSW could be major sources of new NO
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Table 2. Nitrate concentration ant#°N ands180 in nitrate at each layer of the sampling stations in July, 2009. The depth (m) in parentheses
indicates the water depth, and the layers with asterisks are the chlorophyll maximum.

Station Latitude Longitude Layer [ND+NO,] [NHJ] [PO3 ] N* 15N s'%0 salinity Date
A-1 32.91 124.59 1% 3.8 0.8 0.1 5.9 7.7 7.8 30.11 Jul09
30 11.9 0.0 0.6 5.2 6.2 3.9 32.67
61(67) 11.9 0.1 0.6 5.3 6.1 4.3 32.77
A-5 32.92 125.50 10 2.5 0.2 0.0 5.6 7.5 7.8 29.89 Jul09
30 10.4 0.0 0.4 6.9 7.4 5.6 32.41
60 11.3 0.1 0.8 1.5 6.7 4.6 33.23
89(92) 11.4 0.0 0.8 1.5 6.7 4.5 33.24
A-11 3291 127.00 50 7.6 0.0 0.4 4.1 7.1 3.8 33.98 Jul09
102 11.0 0.1 0.8 1.2 6.0 2.9 34.48
B-1 32.50 124.59 0 2.4 0.3 0.0 5.6 12.7 13.4 29.14 Jul 09
10 3.3 0.6 0.1 5.2 12.0 11.2 29.48
15* 5.3 0.5 0.0 8.7 9.6 6.6 29.85
30 14.1 0.0 0.3 12.2 7.8 5.0 31.04
40(47) 14.9 0.1 0.4 11.5 7.3 5.5 31.17
B-5 32.50 125.50 30 9.4 0.1 0.3 7.6 7.8 6.3 32.24 Jul09
70.5(75) 11.0 0.1 0.7 2.8 6.9 5.1 32.93
B-11 32.52 127.00 40 51 0.1 0.4 1.7 6.4 5.2 34.48 Jul 09
75 6.4 0.1 0.4 3.0 5.8 35 34.01
115(122) 11.5 0.1 0.9 0.1 5.7 4.1 34.57
D-5 31.78 125.50 i) 2.4 0.5 0.0 5.6 10.5 12.8 31.52 Jul09
55(59) 115 0.0 05 64 68 55 32.19
D-6 31.78 125.83 18 3.3 0.3 0.0 6.3 13.2 15.8 31.67 Jul09
30 11.2 0.0 0.4 7.7 7.1 6.0 32.17
50 11.8 0.0 0.6 5.1 6.5 5.0 32.53
60(68) 11.0 0.0 06 43 62 50 3274
D-7 31.78 126.17 22 9.2 0.2 0.4 5.9 14.7 15.6 31.85 Jul09
30 3.3 0.0 0.0 6.0 7.9 7.4 32.34
70(76) 8.1 0.0 0.5 3.0 6.2 3.8 33.26
D-9 31.78 126.50 50 5.7 0.1 0.4 2.3 5.7 2.4 33.69 Jul09
90(95) 10.9 0.0 0.8 1.0 5.6 3.1 34.26
D-10 31.78 126.83 33 2.6 0.0 0.2 2.3 8.6 7.2 33.67 Jul09
60 7.0 0.1 0.5 2.0 54 2.3 33.96
90(100) 111 0.0 0.8 1.2 5.1 2.3 34.38
D-12 31.78 127.17 50 8.8 0.1 0.6 2.2 5.9 3.0 34.08 Jul09
75 9.1 0.0 0.6 2.4 5.4 2.3 34.15
115(121) 12.1 0.0 0.9 0.6 5.0 3.1 34.54
D-13 31.78 127.50 75 7.8 0.5 0.6 1.6 5.2 3.8 34,54 Jul09
120(132) 13.3 0.0 09 18 54 39 3454
D-16 31.78 128.75 06 1.8 0.1 0.2 1.6 6.8 6.3 34.46 Jul 09
125 6.2 0.0 0.5 1.1 5.1 4.4 34.52
200 11.6 0.0 0.8 1.7 5.6 35 34.54
750(770) 34.9 0.1 25 -2.1 5.7 2.5 34.37
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Table 3.Nitrate concentration argt®N ands180 in nitrate at each layer of the sampling stations in July, 2011. The depth (m) in parentheses
indicates the water depth, and the layers with asterisks are the chlorophyll maximum.

Station Latitude Longitude Layer [ND+NO,] [NHJ] [PO3 ] N*  s15N  s180 salinity Date
C-1 32.26 124.63 0 27.1 0.5 0.0 30.3 12.8 8.9 23.51 Julll
13.4 2.3 0.2 0.0 51 18.0 20.3 31.26
20 12.4 0.2 0.2 12.8 7.0 6.4 31.70
40.9(44) 12.0 0.3 0.3 10.7 6.9 6.6 31.78
C-3 32.25 125.00 0 24.8 0.7 0.0 28.2 13.8 9.7 23.07 Julli
14.9¢ 10.1 0.2 0.0 12.5 8.4 7.7 31.85
46.8(51) 135 0.2 0.6 7.6 6.4 5.2 32.37
C-5 32.25 125.51 0 7.6 0.6 0.0 10.8 13.7 14.8 29.30 Julli
10 4.4 0.4 0.0 7.4 14.8 15.9 30.07
25.5¢ 6.5 0.2 0.1 8.7 11.5 11.6 32.47
40 8.7 0.2 0.5 4.3 7.2 6.7 33.33
67.3(69) 8.6 0.2 0.5 34 7.2 6.4 33.49
C-9 32.25 126.50 0 2.5 0.4 0.0 55 21.6 23.4 30.35 Julll
107(109) 8.4 0.1 0.5 3.2 6.4 4.6 33.80
D-4 31.76 125.34 3 2.2 0.8 05 -28 17.0 21.9 30.59 Jull1l
10 2.0 0.7 0.0 5.3 16.1 20.7 31.29
16.4° 2.3 1.0 0.0 6.0 11.3 11.7 32.32
30 11.0 0.5 0.0 14.1 11.8 6.7 32.54
40 10.9 0.5 0.1 135 6.2 5.5 32.59
50.1(55) 11.2 0.1 0.5 6.2 6.0 5.2 32.61
D-6 31.75 125.83 50 8.5 0.5 0.5 3.6 7.4 6.2 3351 Julll
63.3(68) 8.6 0.8 0.5 3.6 6.8 6.0 33.53
D-7 31.75 126.17 25 2.3 0.5 0.1 4.1 11.4 11.9 33.44 Julll
50 8.9 0.5 0.6 3.3 6.5 5.9 33.57
72.9(77) 8.9 1.0 0.6 3.7 7.4 6.2 33.58
D-9 31.75 126.50 50 8.3 0.3 0.5 3.3 6.6 55 33.73 Julll
92.9(97) 7.6 0.8 0.5 35 6.7 5.6 33.73
D-11 31.75 127.00 k! 3.1 1.0 0.0 6.7 20.0 19.3 30.30 Julil1
104(109) 8.4 0.3 0.5 3.3 6.2 4.3 33.94
D-13 31.75 127.50 275 0.9 0.7 0.0 4.2 21.7 25.0 33.73 Julll
30 2.8 0.3 0.1 5.0 12.4 12.8 33.82
50 9.6 0.2 0.6 2.5 54 3.1 34.51
100 12.7 0.2 0.9 1.7 5.8 3.3 34.64
129(132) 12.9 0.2 0.9 2.2 5.7 3.4 34.55
D-16 31.75 128.75 65 1.50 0.4 0.1 2.5 9.3 10.8 34.41 Julll
100 5.8 1.2 0.4 4.1 51 4.0 34.45
200 9.4 0.2 0.7 1.8 55 4.0 34.57
400 18.9 0.3 21 -11.2 5.9 4.5 34.37
600 324 0.5 28 -9.1 6.0 2.7 34.37
759(770) 34.3 1.0 2.8 -6.6 6.2 2.5 34.38

the SMW in winter. Because N{s not actively taken up

Generally, in summer, in the surface ECS water, TWCW

by phytoplankton during winter (Chen et al., 2001) and sointensifies gradually while the Kuroshio intrusion weakens
tends to behave as a conservative parameter, the relationshiuo et al., 2006), and a buoyant plume of CDW disperses
between salinity and N@also indicates that YSMW and eastward and reaches as far as the shelf edge with a 2-month
KSSW are the main sources of N@ the SMW (Fig. 7a). time lag from the time of discharge at the river mouth (Isobe
and Matsuno, 2008; Yamaguchi et al., 2012). However, the
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formation of SMW from the surface to the bottom in the
northern ECS in summer was very complex in our surveys
and varied year by year. In July 2011, the YSCWM spread
eastward in the northern ECS, and a higher-density water
mass (i.e.or = 25.5) was largely present from the bottom
to the middle layer as compared to the water mass (i.e.,
or = 24.5) during the same period in 2009 (Figs. 2h—i, 3i—
lected at the layer of chlorophyll maximum. The dotted line and thel, 6b, ¢). The relatively lower-density water mass of 2009
seemed to have originated from mixing between the shelf
bottom water and surrounding water masses of lower den-
values in the lower stream of the Changjiang River and Changjiangsity (i.e., mix with CDW and KSSW as suggested by ovals
River Estuary, reported by Li et al. (2010) and Chen et al. (2013),no0. 1 and no. 5, respectively, in Fig. 6b). The contribution
of KSSW-derived NQ in the shelf bottom water to upper
NO3 observed in the Changjiang River Estuary and adjacent westNo3 pool in the SMW may be activated by vertical eddy
diffusion and intermittent turbulence associated with internal
waves (Matsuno et al., 1994, 2006). Shiozaki et al. (2011)

Biogeosciences, 11, 12472014
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estimated that the diapycnal N@®lux associated with these
physical processes was 64 to 1200 pmol-Nemi—1 in the

20 o
a) E }W'Sflc.f Y P ECS. Unlike the situation in 2009, KSSW did not make di-
e Dt ouer Jr rect contact with YSCWM on the shelf in 2011 but con-
615 0" o tacted TWCW-origin surface water around the shelf-slope
L 1AE N area (i.e., ovals no. 4 and no. 5 in Figure 6c). The Kuroshio
o D-17.18 } Trough onshore flux, which merges with TSWW northeast of Tai-

12 7 e -- R wan and along the shelf-slope southwest of Kyusyu (Lee and
: Matsuno, 2007), shows strong seasonal variation with a min-
imum (0.5 Sv) in summer and a maximum (3 Sv) in autumn
(Guo et al., 2006). Considering this seasonal change in the
onshore flux and the fact that the southern YSCWM develops
- ‘ - : in summer and decays in fall (Zhang et al., 2008), the results
Sa“fit'f, WO s 30 of this study may provide evidence that the annual shift in
’ the southern YSCWM development in summer controls the

Potential temperature ({0

February, 2009

b) ° [ cow relative contribution of KSSW-derived nutrients to the SMW
during summer. The distribution of the YSCWM is associ-
- 25 ated with the circulation of waters in the Yellow Sea (YS)
= ° and ECS generated by the monsoon and the tidal currents
g 201¢ (Moon et al., 2009). The sea level increase in the northern
g 2 areas of the YS due to the southeasterly summer monsoon
g5 14 winds and intrusion of TWCW into surface YS generates
E = the compensation movement, a southward flow at the bot-
Eo» 10 Je tom water (Jacobs et al., 2000; Zhang et al., 2008). Therefore
~ the southward spreading of YSCWM during summer can be
affected by the strength of the southerly summer monsoon
30 winds and velocity of TWCW. On the other hand, interan-
Salinity nual variations of the Kuroshio intrusion flux at a lower layer
c) of continental shelf is reported to be strongly influenced by

wind-forced variations in the interior North Pacific, which
propagates westward as long Rossby waves (Li et al., 2013).
Although itis likely that the stronger southerly summer mon-
soon also stimulates KSSW intrusion onto the shelf due to
compensation of eastward surface Ekman transport, the ex-
act mechanisms involved in the combination of remote and
local forcing among the years remain to be clarified.

In July 2011, the buoyant plume of CDW traveled farther
offshore and mixed with warm TWCW (i.e., oval no. 1 in

Potential temperature ({0
FrrO000PYYPY 2

"
Eoobb>>eeeoc

.
]
]
i
i
]
1
]
]
]
]
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1
l

5 m | YsCwMm LI Fig. 6¢) and then gradually mixed with bottom YSCWM
2130 L200 300 310 320 330 340 (ovals no. 2 and no. 3 in Fig. 6¢). China suffered from se-
Salinity vere drought during most seasons of 2009, but a series of

floods occurred in central China, Changjiang River Basin,
Fig. 6. Plot of salinity—temperature data collected from the surfacefrom June to September 2011 (World Meteorological Orga-
to the bottom at each station (a) February 2009(b) July 2009, njzation, 2009, 2011). The different freshwater discharges
and(c) July 2011. The typical salinity—temperature ranges of eaChfrom the Changjiang River in 2009 and 2011 could be an-

water mass — Kuroshio Surface Water (KSW), Kuroshio Subsur- h : : :

. . . rf r controlling the formation of SMW an ntial
face Water (KSSW), Kuroshio Intermediate Water (KIW), Taiwan gguerceascf)? I\? (; (;uorin gsturin?er Ztsowgll is YSiéV(\jll\F/l)oc';Zv:aﬁ
Warm Current Water (TWCW), Changjiang Diluted Water (CDW), 9 !

Yellow Sea Cold Water Mass (YSCWM), Yellow Sea Mixed Wa- opme_nt. . . . .
ter (YSMW) and shelf mixed water (SMW) — are from Zhu et Unlike the case in winter, there was no clear relationship

al. (2004), Zhang et al. (2007a, b, 2008), and Chen (2008). The ovaP€tween salinity and N§xoncentrations in summer (Fig. 7b
circles of the dotted line with numbers show the potential mixing of and c). This observation is probably explained by several rea-
different water masses, which can be partly enhanced by turbulenceons: (1) nutrients did not behave as conservative parameters
and diffusive convection. Low-salinity waters that were out of range during summer because of active uptake by phytoplankton;
are additionally depicted with salinity values(). (2) NO3 concentrations in the Changjiang River, which is one
of the main nutrient sources of the northern ECS in summer,
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varied with time; and (3) in addition to the mixing of multiple

40
water masses suggested by theS diagram, higher temper- a) KW
atures might have stimulated bacterial remineralizationinthe ~ Line-D o o |
water column and surface sediment and subsequent nitrifica- % 30 o
tion (see below). E :KSS W
= ! : A
E 204 : Ysmw e |
. . . e . 1 CDW : YSMW o
4.2 Nitrate dynamics and identification of new nitrate 5 g . i
that supports phytoplankton growth based ons'°N 5 R D
in nitrate g 10y ! A
5 ; = .
2 ‘ SMW v‘
Our estimated contributions of each water mass to the SMW R — — : oW

provide information on the potential sources of N®low- 2 %26 28 30 323436

ever, this does not necessarily indicate that the; MOuld
in fact stimulate and sustain phytoplankton growth, partly

40
because of low concentrations (and flux) of nutrients and/or b) 9 fKiw!
other limiting factors such as light, phosphorus, or trace met- = Line-A ¢ Line-B 4 Line-D ® ;' i
als. Hence, we attempted to identify the sources of kQhe I LU o
northern ECS that were newly supplied from outside the sys- g i \ oot
tem and actually used by phytoplankton in winter and sum- § : P
mer based on information on N@sotopes. E 207 CDW ,_Y_S_QW_'\."_..‘i :

51Nno, and §'80no, at a depth of 200 to 300m 2 | LA ey |
below the euphotic zone in the Okinawa Trough (i.e., 2 | S S
KSSW, 815N =5.5-6.0 %o, 6180 =3.5-4.0 %0, [NQ]=10- s g RV
25 uM, salinity = 34.4—-34.6) were almost steady year-round, E PO ST
even compared to the values in deep Kuroshio water (i.e., 0 M

81N =5.5-6.1 %o, below 500 m northeast of Taiwan) col-

- ) Salinity
lected 20 years ago in é]uly 1992 (Liu et al., 1996). Fur-
thermore,§1°Nno, and §180yo, in deep KSSW were dis- 40
tinct from those3 of other msajor N sources, such as C) l"W
the Changjiang River (i.e.3*°N=8.3%o, §180=2.6%o, = Line-A ¢ Line-C 4 Line-D e .
[NO3]=66.7 uM, salinity=0; river water collected at 2 39 ST Lo
Zhangjiagang from the lower stream of the Changjiang River, 8 Poa ‘ KSSW
Li et al., 2010;8*°N = 2.0 %o, 180 = 1.9 %o, [NG3] = 13.0— 8 50 g i,
15.0 upM, salinity=31.0-32.0; sea water collected at & i ocow P EWM
Changjiang River Estuary, Chen et al, 2013), and £ : 0 1,80 le
NOs from wet deposition (i.e.,§1°N=—0.44 2.9 %o, S 1074 Y o
§180=73.3+:9.8 %0, [NO3]=35.94+44.4uM, salinity=0 = , i SMwW Lo e
[n=47], Nagasaki City location facing the ECS, Y. z S Y O-l $8.° KsW
Umezawa, unpublished data). The differences among these 0 o 2% a3 30 3 34 36
values of potential N@sources can be useful for tracing the Salinity

contribution of each N@source, assuming that any changes

in 81%NNo, and§'80no, by biological and physical activi-  Fig. 7. Relationship between salinity and nitrate concentration in
ties during transportation are correctly compensated for. Levthe northern ECS ia) February 2009(b) July 2009, andc) July

els 0f515NN03 and8180N03 in the northern ECS seemed to 2011. The abbreviations of water masses are the same as those in
be higher in the chlorophyll maximum irrespective of seasonfi9- .

and year (Figs. 4 and 5). In addition, the ratio of enrichment

of heavier O and N isotopes from the potential N€durces

(i.e., AS180: A§15N) was about 1.0 in summer and spread northern ECS at least during summer, but other factors can
over the range from 1.0 to 3.0 in winter, although the re-also modify the values.

ported’® :15 ¢ associated with N@assimilation by eukary- First, as a basis for discussiat®Nno, values were plot-
otic phytoplankton is almost 1.0 under incubation conditionsted as a function of the log-transformed pl@ncentration
(Granger et al., 2004). Therefore, isotopic fractionation dur-(i.e., In[NG3]) to investigate the effect of phytoplankton up-
ing NOs uptake by phytoplankton was expected to be a ma-take ons'°N in NOs (Figs. 8 and 9). When Ngis biologi-

jor factor causing changes #°Nyo, and 8180y, in the  cally consumed following a Rayleigh fractionation model in
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(Line D) a closed system (i.e., NOs not supplied continuously), a

0_1 0 0 0 50 30 20 linear relationship exists between In[NJ&ands°N in NOs.
' in[NO3]. ’ ' In eutrophic aquatic systems, nitrogen isotope fractionation
(*%¢) has been found to be in the range of 1.5 to 5% in

Fig. 8. Nitrate 519N versus [NQ] plotted as its natural logarithm  the field (e.g., Altabet et al., 1991; Teranes and Bernasconi,
for the samples collected at each location along transect @)in  2000; Sugimoto et al., 2009) and 2.0-20 %o in culture condi-
February 2009(b) July 2009, andc) July 2011. The numerical tions (e.g., Waser et al., 1998; Needoba et al., 2003; Granger
values near the symbols indicate water depth at locations where wagt al., 2004, 2010), where primary production is based on
ter was sampled, and other symbols are as those in Fig. 4. The crog§o,.
symbols aré'*Nyo,~In[NOs] collected in the Changjiang Estuary  pased on pigment analyses and microscopic observations,
and adjacent ECS, where active phytoplankton uptake was observe :

S >~ "*Cyanobacteria Synechococc)s prochlorophytes, chryso-
(Chen et al., 2013). The dotted straight lines and a curved line 'n_f}f/1ytes chloroiiyytes and p?lyrr?nesiophyﬁez exist ev{anly in

dicate the expected shift 512N associated with N@assimilation h ) I ! | shelf £ th
following the Rayleigh models(= 3.0) and the steady-state model € nutrient-depleted continental shelf area of the ECS
(e = 3.0), respectively (see Fig. 10). The two-dot chain line indi- throughout the year, whereas diatoms (eXhalassiosira

cates thﬁgl5NN03 of the deep KSSW. spp., Chaetocerosspp., Pseudo-nitzschiaspp.) become
the most abundant taxa when nutrients are supplied by
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Changjiang River plumes and the intrusion of KSSW (Fu-
ruya et al., 2003; Chiang et al., 2004). Moreover, in recent
years, the dinoflagellat®rorocentrumspp. has been fre-
guently observed on the continental shelf, especially from
spring to summer (Dai et al., 2013; Kiyomoto et al., 2013).
Nitrogen isotope fractionatiode) during NOs assimilation =
by these phytoplankton has been reported to be variable inw
culture conditions (e.g., 5.6—13.5 %o f@halassiosiraspp.,

2.7 %o for Chaetocerospp., and 2.2-5.4 %o fdynechococ-
cusspp.; Waser et al., 1998; Needoba et al., 2003; Granget
et al., 2004, 2010). Although sevet&k values (i.e 1% = 0,

3, 6) were tested for interpretation of the observational data
(Fig. 10), % = 3 was provisionally applied as a represen-
tative value in the following discussion. The expected lines
along whichs*N in NO3 remaining in the water column
after biological uptake would shift from the initidF°Nyo,

are shown in th615NN03—In[N03] diagram (Figs. 8 and 9).  Fig. 10.Examples of the eXpecté&5NNo3 shift for a given [NQ]

A linear relationship between these parameters in the nat¢plotted as its natural logarithm) for the casesef 0, 3.0, and 6.0,
ural environment provides evidence of actual biological up-based on both the Rayleigh model (closed system model, solid line)
take of NG with some extent of isotopic fractionation, under and the steady-state model (open system model, dotted line). When
the assumption that new NQs supplied in pulses or water I\_IO3 is assimilated by organisms_ V\_/i_th iigtopic fractiona_tion, ini-
parcels such that Ngis consumed in a quasi-closed system, ial values (e.g., In[N@]=3.0 and initials"*Nno, = 5.0) will be
When NG; from the Changjiang River spreads out in a buoy- shifted following Eq. (1) according to the Rayleigh model in the

. . ase of a closed system (i.e., new Hi®not continuously supplied)
ant plume in the nutrient-depleted surface water, the Close(ir following Eq. (2) according to the steady-state model in the case

system model is more applicable. On the other hand, in the; o, open system (i.e., new N@ continuously supplied), or, most

SL_IbSUFfaCe layer where new N@an be _Con'Finuoust SUP-  Jikely, according to some intermediate condition (e.g., Sigman et al.,
plied from the bottom layer by upward diffusion flux and up- 1999: Sugimoto et al., 2009).

welling, phytoplankton can take up new N@s well as N@
remaining in the pool (e.g., Sigman et al., 1999). Therefore, a
steady-state model (Fig. 10) should also be considered in adi'>Nyo, = initial $1°Nno, +& x (1— /),  (2)

dition to the Rayleigh model because natural systems Oﬁer\}vhere/ is the fraction of NQ remaining in the water column from

Cannot_be described with only ?Ssmgle model (Flgs._ 8and 9)the initial NOz concentration, anelis the isotopic fractionation fac-

In winter (February 2009)5"Nno, (ca. 6.0%o) in the o (i %, units) for NG, utilization by organisms.
deep layer of the Okinawa Trough (Sta. D17, 18) and ad-
jacent shelf-slope (Sta. D15, 16) was nearly constant, while
NO3 concentrations in the shelf—slope region gradually de-
creased from the original deeper depth value (Fig. 8a). Thistarted from the diluted KSSW (KSW) (Fig. 8a). Because
phenomenon likely indicates dilution of N@ich KSSW by  this zone corresponded to the chlorophyll maximum zone,
NOs-depleted KSW (Gong et al., 1996) becausesMéduc-  diatom blooms were likely stimulated by increase of trans-
tion associated with phytoplankton uptake is improbable beparency and temperature associated with warm KSW and
low the euphotic zone. Similarly, from the mid-shelf zone NOz supply from KSSW. However, shifts i8115NN03 were
(Sta. D2-8) to the outer shelf zone (Sta. D9-14), where thdimited compared to those in summer because of loweg NO
T-S diagram suggested that the water was composed of aptake by phytoplankton, as discussed above.
mixture of YSMW and KSW (ovals no. 1 and no. 2, Fig. 6a),  During summer (in both 2009 and 20143°N values were
the YSMW-specifics?®Nno, (ca. 6.7 %o) in the inner mid-  again nearly constant from the deep water to middle layer at
shelf (Sta. D2) did not change even after gradual mixingthe Okinawa Trough (i.e., KSSW) and up to the bottom wa-
with the NG;-depleted KSW (Fig. 8a). Low light- and low ter on the shelf to a different extent in each year (i.e., from
temperature-limited primary productivity on the shelf dur- the continental slope to the mid-shelf area [Sta. D9] in 2009
ing winter (Chen et al., 2001; Chiang et al., 2004; Liu et al., (Fig. 4b), but limited to the edge of the outer shelf [Sta. D13]
2010a) could have caused W@ch YSMW to experience in 2011 (Fig. 4c)), despite a gradual decrease inzGN-
only dilution with little change ir*®Nno, due to biological ~ centration, suggesting simple dilution of ly@ch KSSW by
uptake. On the other han&iil,5NNo3 at depths between 0 and NOs-depleted KSW (Figs. 8b,c). The trace of KSSW-specific
30m in the Okinawa Trough and shelf—slope zone increased°N values (ca. 6.0 %o) reinforces the idea that the difference
slightly to 7.8 %o (Sta. D17) and 8.8 %o (Sta. D16) follow- in the expansion of KSSW-derived N@ the shelf areas be-
ing the expected fractionation line £ 3), which likely tween years was likely controlled by the development of the

o

8¥5NNo, = initial 815NNg, — & x In(/) @
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YSCWM, which corresponds with the suggestion from the 15 to 30 m at Sta. D#13), 815NN03 values for 2009 were
T-S diagram analysis (Sect. 4.1). located near the line beginning from the values of KSSW-
The slight increase iréilE’NNo3 and 3180N03 in the bot-  origin NO3 and those for 2011 were located near the line
tom water below the euphotic zone on the continental shelbeginning from YSCWM-derived N®(Fig. 8b and c). The
(i.e., [Sta. D5, §in 2009 (Fig. 4b) and [Sta. D411]in 2011  difference in the estimated NGources for the phytoplank-
(Fig. 4c)) was evaluated considering the following two pos-ton growth on the ECS shelf between the years corresponds
sibilities: (1) isotopic fractionation associated with pl@s-  with hydrographic characteristics resulting in differences in
similation by denitrifying bacteria, and (2) addition of NO KSSW and YSCWM development (see Sect. 4.1).
from different sources. The effects of various N and O iso- In the surface and subsurface water in the mid-shelf area
topes ranging from 5 to 25 %o wittfs :15 ¢ ratios of 0.6 to  (e.g., Sta. D7in 2009, and Sta. D11 and 13 in 2011), where
1.0 have been reported in culture experiments with denitri-lower salinity was observet;ﬁ,lSN,\jo3 was plotted near the
fying bacteria (Granger et al., 2008). In the field, active den-fractionation line starting from the typical NOvalue ob-
itrification in the water column and an associated increaseserved in the lower reach of the Changjiang River (Fig. 8b
in 8*°Nno, and §'80no, have been reported in oxygen- and c). This is a piece of strong evidence that CDW-carried
deficient layers with less than 4 umotL oxygen (Sigman NOz was actually used by phytoplankton. On the other hand,
et al., 2005). Moreover, positive Nflux from the water  the nitrate sampled at the inner mid-shelf area in 2011 (e.g.,
column to the sediment and subsequent denitrification hav¢Sta. D4] (Fig. 8c) and [Sta. C1-3] (Fig. 9b)) were plot-
been widely reported on the continental shelf (Christensen eted around the center of fractionation lines originating from
al., 1987), and several types of N@eduction (e.g., respi- CDW-derived NQ and YSCWM-derived N@(Fig. 8c). Be-
ratory denitrification, anammox, and dissimilatory pe2- cause there are variations B%5NN03—In[N03] values in
duction to ammonium) have been estimated at the surfac€DW observed near the Changjian River Estuary (cross
sediment of the ECS inner-shelf area near the Changjiangymbols in Figs. 8 and 9; Chen et al. 2013), these values,
Estuary (Song et al., 2013). However, the minimum oxy- which were observed in lower-salinity water, can be also ex-
gen level of bottom water observed during our cruises walained as remaining N§after active uptake of Changjian-
more than 100 umolt!, which is too high to cause active River-originated N@ by phytoplankton. As another poten-
denitrification in the water column. Furthermore? N.e., tial mechanism, surface CDW and subsurface YSCWM may
[DIN]-16 x [Poﬁ_] +2.9) at the bottom layer on the conti- have moderately mixed at shallower depths on the inner mid-
nental shelf was positive (i.e., 0.6—6.4 in July 2009 and 2011shelf as suggested if-S diagrams (see Sect. 4.1; oval no. 2,
Tables 2 and 3), while Nin the water mass intruding from Fig. 6¢), and similar trends were also observed in the north-
the deep layer of the Okinawa Trough to the continental shelfern area (lines A and C; oval no. 2, Fig. 6¢, and Fig. 9b).
was negative (i.e5-11.5 to—2.1 below 200 m depth in July Therefore, the contribution of both CDW- and YSCWM-
2009 and 2011; Tables 2 and 3), implying that the effect ofderived NQ is sufficient to explain the characteristics of
denitrification at the sedimentary boundary layer on thggNO NOs sampled at the inner mid-shelf area in 2011. In July
characteristics of the ECS shelf water was insignificant dur-2011, when Changjiang River discharge increased and the
ing our observation period. On the other hand, locations aty SCWM was developed widely on the shelf, both YSCWM
which water with slightly increased vaIue&l?NNo3 =6.5— and CDW seemed to be major sources of \&hd actu-
7.5 %0 and<$18ONo3 =5.0-7.0%0) was sampled overlapping ally supported primary productivity on the continental shelf
with the zone of YSCWM intrusion expected from tiie-S (Figs. 8c and 9b).
vertical profiles, and similar values were also observed inthe The uncertainty about isotopic fractionation associated
bottom water of the northwestern area (i.e., lines A, B, andwith NO3 assimilation by phytoplankton species might have
C; Figs. 5, 9) where YSCWM enters the ECS during sum-lead to misunderstanding of predominanti\sdurces. How-

mer. Therefore, the slightly increased valuz&?l(\h\,o3 =6.5—  ever, the NQ@ sources for phytoplankton growth, which were
7.5 %o and5180No3 =5.0-7.0%o) are considered to be char- evaluated by multiple isotopes of NChad good correspon-
acteristic of the YSCWM. dence with the water dynamics determined by a physical ap-

Based on the above considerations, newsN& the  proach based ofi—S diagrams. The analysis made by com-
northern ECS during summer seemed to originate from thebining thes®Nno,—In[NO3] diagram and thg'—S diagram
Changjiang River discharge, KSSW, and YSCWM. At the clarified the reliable N@sources that were actually used by
relatively deeper chk maximum in the Okinawa Trough phytoplankton in the SMW of the northern ECS. Although
(i.e., depth of 65-75m at Sta. D1®}5NN03 data points TWCW and Kuroshio water, which contribute most to the
from both 2009 and 2011 were located near the fractionatiorwater budget of the region, have been estimated to be ma-
line that starts from the value of KSSW diluted with B{O  jor sources of N@ based on nutrient budget models (Chen
depleted water, suggesting that phytoplankton in the subsurand Wang, 1999; Zhang et al., 2007a), our results show that
face layer at the Okinawa Trough used N@iginating from  CDW, YSCWM and KSSW are important nutrient sources
the KSSW (Fig. 8b and c). At the subsurface ahinaxi- for primary production at different locations on the northern
mum from the mid-shelf to the outer shelf (i.e., depth of continental shelf of the ECS.
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4.3 Contributions of nitrification and atmospheric lation rate (1500 umol N rr? d—1) and the vertical N@flux
nitrogen to nitrate dynamics on the shelf (98 pmol N nT2d~1) on the continental shelf of the ECS in
July 2007, suggesting a contribution of nitrification within
In the previous section, we assumed thatdf®Nno, data  the euphotic zone. This is also supported by the existence
points located between the fractionation liné& (=3) of of nitrifying Archaea (based on amoA gene), although the
Changjiang-River-carried N and YSCWM-carried N@ vertical flux of new NQ was higher on or near the continen-
were attributed to Changjiang-River-carried N®aving tal shelf in the ECS than in the open ocean (Shiozaki et al.,
temporal variation 08°Nno,—IN[NOs] or mixing between ~ 2011). Therefore, in the subsurface layers on the continen-
the two water types. On the other hand, if Changjiang-tal shelf in the northern ECS, for which the valuéiNno,
River-discharged N@is continuously supplied to CDW, the vs. In[NG;z]) was plotted below the fractionation line of
815NN03 could also move to below the fractionation line Changjiang-River-discharged NQ@Figs. 8 and 9), the con-
based on the steady-state model (Fig. 10). However, in théribution of nitrification to NQ dynamics at least in summer
open shelf, where the Changjiang River plume drifts in awas also supported by stable isotope signatures ig. NO
northeasterly direction, it is not probable that river-derived Inthe Okinawa Trough, on the other hand, Liu et al. (1996)
NO3 was continuously supplied to the patch of the plume.attributed relatively Iowe|615NNo3 at shallow depths than
The other most likely explanation is contribution of isotopi- in the deeper layer to the contribution of NQlerived
cally lighter NG; from other sources. from N fixation and estimated that JNfixation supplies
Although deviation of$'®Nyo, and §'80no, from the 500 ug N nT?day 1, which accounts for 8 % of the new ni-
1:1 pattern and relatively lighte?'>Nyo, expected from  trogen in the KSW. Shiozaki et al. (2010) also estimated that
NO3 consumption (i.e., phytoplankton assimilation and den-the mean bulk water Nfixation by pico-, nano-, and micro-
itrification) were potentially observed in the northern ECS planktonic diazotrophs was 23254.8 pmol N nt2day 1 in
(Figs. 4, 5, 8 and 9), a similar deviation pattern observed inKuroshio and ECS areas based dfiM,-tracer method. Rel-
other oceanic locations has been interpreted as evidence attively higher N values in the water column on the conti-
nitrification in the presence of assimilation by phytoplank- nental shelf rather than that in deep water at the Okinawa
ton (Wankel et al., 2007; Sugimoto et al., 2009) and/gr N Trough also corresponded with the contribution of fi-
fixation in the zone of denitrification (Sigman et al., 2005). ation (Tables 1-3), although*Nmay be also enhanced due
When isotopic fractionation occurs during M@ptake to river-derived nutrients having higher N/P ratios (Wang
following the Rayleigh model, the organic products (e.g., et al., 2006). In addition, subtle increase of [jJ@ith rela-
phytoplankton and denitrifying bacteria) will have isotopi- tively lower salinity of the surface water in the Philippine Sea
cally lighter values than the residual NOAfter the or-  next to the ECS was reported to be attributed to rainwater-
ganic products are consumed by heterotrophic organismgjerived NG (Kodama et al., 2011), and total amounts of DIN
isotopically lighter ammonium is excreted because of iso-supplied through the atmospheric dry deposition to ECS was
topic discrimination in the catabolic processes of N com-estimated to be comparable to the N supplied by biological
pounds through many chemical reactions, such as transanN; fixation (Yamada et al., 2013). ThE°Nyo, in rainwa-
ination (Balter et al., 2006). Furthermore, due to the largeter is also very low, around 0% (see Sect. 4.2), asds N
difference in isotopic fractionatiore) between ammonium fixation-derived nitrogen; howeve&,15NNo3 lower than that
assimilation and nitrification to N§) the nitrogen directed of the deep layer was not observed in shallow layers through-
back into the N@ pool has lowes1°N (indicated in Wankel  out the northern ECS, including the Okinawa Trough, dur-
et al., 2007). Therefore, the contribution of ammonium pro-ing our survey periods. This is probably because there was
duced by decomposition and the subsequent ammoniumnro rainfall around the transects before and during our sur-
oxidized NG to the NG pool inthe ECS may resultin lower veys, and N fixation occurs only occasionally in time and
615NNo3 vs. In[NOs] compared to the values expected from space in response to sporadic supply of the limiting nutrients
residual NQ during uptake by phytoplankton based on the (Fe and/or P) necessary fop fixation to occur (Shiozaki et
Rayleigh model. al., 2010). Moreover, probable contribution of atmospheric
Many studies have reported the ratio (ratio of NG- nitrogen to NQ dynamics in the oligotrophic surface and
based new production to primary production) in ECS areassubsurface layer could be masked by a methodological lim-
from the China coast to the shelf edge. Although the esti-itation (i.e.,815NNo3 was not measured for water samples
mated f ratios showed spatial and temporal variation (e.g.,with [NO3] less than 1.5uM). On the other hand, in case
0.25 to 0.74 in summer and 0.14 to 0.98 in winter; Chennitrification and/or atmospheric nitrogen contribute to NO
et al., 2001), the values are generally less than 0.5 (Fudynamics at surface and subsurface layers, the contribution
ruya et al., 1998; Chen et al., 1999, 2001; Chen and Chenpf new NQ; having heavie$'°N values (e.g., Changjiang-
2003), suggesting a high contribution of in situ remineral- River-discharged Ng) may have been offset and underesti-

ized nitrogen, directly as ammonium or as Ntbrough ni-  mated. Therefore, the contribution of CDW-derived Nay
trification, to primary production. Shiozaki et al. (2011) ob- be re-evaluated to be higher, especially at the location where
served a considerable discrepancy between the &Simi-  salinity was relatively low (e.g., Sta. Al, B1 in July 2009;
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Table 2 and Fig. 9a), although the use of CDW-derivetsNO ern ECS. Isotopic fractionation during N@ptake by phy-

in surface and subsurface water seemed to be limited in Julyoplankton had drastically increaséélf’N,\jo3 and 8180,\103

2009 based 08°Nno,—IN[NOs] diagram (see Sect. 4.2). in summer, and provided evidence on the utilization ofsNO
Because there is considerable uncertainty about the spesriginated from each source that stimulated phytoplankton

cific isotopic fractionation occurring during NCassimila-  growth at different locations. RelativelyIighté’rf’NNo3 than

tion in plankton species, the extent of the contributions ofexpected from the fractionation effect during algal uptake

nitrification and nitrogen fixation, their spatial and temporal might be explained by contribution of atmospheric fixed ni-

variation, and the absolute rates and contributions of eaclirogen and/or nitrification to N©dynamics in the surface

biological process (i.e., assimilation, remineralization, nitri- and subsurface layers. If nitrification was the major contribu-

fication, and nitrogen fixation) were not accurately quantifiedtion to the isotopically light N@, this would imply a tightly

in this study. However, the N§Xynamics (i.e., supply, dilu- coupled nitrogen cycle in the shelf water of the northern ECS.

tion, and reduction due to biological use) in the bottom water

and deep areas below the euphotic zone seemed to be con-

trolled mainly by physical factors, such as intrusion of and AcknowledgementsVe thank T. Matsuno (Kyusyu Univ.),
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