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Abstract

A field survey from the coastal upwelling zones to the offshore pelagic zones of the
northeastern South China Sea (SCS) was conducted during the inter-monsoon period
of May 2014 when the region was characterized by prevailing low-nutrient conditions.
Comprehensive field measurements were made for not only hydrographic and bio-
geochemical properties but also phytoplankton growth and microzooplankton grazing
rates. We also performed estimations of the vertical turbulent diffusivity and diffusive
nutrient fluxes using a Thorpe-scale method and the upwelling nutrient fluxes by Ek-
man pumping using satellite-derived wind stress curl. Our results suggest that phyto-
plankton patchiness in the northeastern SCS during the study period could be largely
controlled by vertical nutrient fluxes with combined contributions from both turbulent dif-
fusion and curl-driven upwelling. Our results also reveal the generally increasing role
of turbulent diffusion but decreasing role of curl-driven upwelling on vertical transport
of nutrients from the coastal upwelling zones to the offshore pelagic zones in the north-
eastern SCS. Elevated nutrient fluxes observed near Dongsha Island were found to
support high new production leading to net growth of a diatom-rich phytoplankton com-
munity, whereas the low nutrient fluxes near southwest Taiwan resulted in a negative
net community growth leading to a decline of a picoplankton-dominant phytoplankton
bloom.

1 Introduction

Nutrient fluxes from below the euphotic zone are essential for phytoplankton primary
production in the surface ocean (Eppley and Peterson, 1979), while the mechanisms
regulating those fluxes are still poorly understood in the South China Sea (SCS), one
of the largest margin seas in the world. Wind-driven coastal upwelling is an important
mechanism supplying nutrients to the euphotic zone of the northern SCS (Liu et al.,
2002; Gan et al., 2010). Vertical diffusion is commonly invoked for input of new nitrogen
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supporting phytoplankton production in the ocean; however, the observed net diffusive
fluxes were often not balanced by new production in the offshore extension zones dur-
ing the summer (Liu et al., 2013; Lin et al., 2010). In the Viethamese upwelling region
of the southern SCS, phytoplankton primary productivity during July 2003 was found
to be largely supported by the upwelled nitrate fluxes (~ 85 %), with the diffusive ni-
trate fluxes and the fluxes from nitrogen fixation accounting for only 14 and < 1 %,
respectively (Bombar et al., 2010). On a long-term time scale, it was also suggested
that atmospheric deposition of anthropogenic nitrogen could be an important source of
nitrogen in the northern SCS, which could contribute up to ~ 20 % of the annual new
production in the remote deep-water regions (Kim et al., 2014).

Diapycnal mixing by turbulent dissipation was recently found to be important for the
supply of new nitrogen in the northern SCS, where the vertical turbulent diffusivities
could be an order of magnitude higher than the adjacent West Pacific Ocean (Tian
et al., 2009; Liu and Lozovatsky, 2012; Yang et al., 2014). It was also suggested
that phytoplankton blooms off the west coast of the SCS could be induced by wind
stress curl-driven upwelling during the spring inter-monsoon season (Wang and Tang,
2014), which would cause a local uplift of isopycnals leading to nutrient injection into
the euphotic zone with subsequent changes of community structure and productivity
(Rykaczewski and Checkley, 2008). As both intermittent turbulent diffusion and wind-
driven Ekman pumping influencing the vertical transport of nutrients on temporal scales
similar to the generation time of phytoplankton, they would thus have large impacts on
the plankton dynamics of the upper ocean (Cullen et al., 2002). It is therefore important
to investigate the roles of these two mechanisms in driving the variability of phytoplank-
ton biomass and primary production in the large area of the northern SCS.

Spatial distribution of phytoplankton at sea is a result of complex interactions be-
tween physical and biological processes (Davis et al., 1991; Abraham, 1998). In addi-
tion to the vertical nutrient fluxes, phytoplankton biomass and productivity of the north-
ern SCS were influenced by growth-grazing dynamics (Chen, 2005; Huang et al., 2011;
Zhou et al., 2011; Chen et al., 2013). Shifts in the dominance of phytoplankton species
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in the western SCS were believed to be driven by a close coupling of the mortality
rates of different phytoplankton groups via common grazers such as nanoflagellates
(Chen et al., 2009). There was on average ~ 61 % of phytoplankton growth lost to mi-
crozooplankton grazing in coastal upwelling regions of the northern SCS in response to
increased nutrient fluxes, whereas growth and grazing mortality rates were mostly bal-
anced on the shelf and shelf break areas without upwelling events (Huang et al., 2011).
It was also suggested that the balance of phytoplankton growth and microzooplankton
grazing in the pelagic northern SCS could be perturbed by physical disturbances such
as eddies, fronts, and typhoons, leading to large deviations of planktonic ecosystem
from the steady state (Zhou et al., 2011; Chen et al., 2013).

Here, we present results of a field survey from the coastal upwelling zones to the
offshore pelagic zones in the northeastern SCS conducted during the spring inter-
monsoon transition of May 2014, when the region was characterized by prevailing low
nutrient conditions as a result of weak and variable winds (Lin et al., 2010). Compre-
hensive measurements were made for hydrographic and biogeochemical properties,
as well as biological rates including phytoplankton growth and grazing rates and net
nutrient consumption rates. We also performed estimations of the vertical turbulent
diffusivity and diffusive nutrient fluxes using a Thorpe-scale method (Gargett and Gar-
ner, 2008; Li et al., 2012) and the upwelling nutrient fluxes by Ekman pumping using
satellite-derived wind stress curl (Gill, 1982; Risien and Chelton, 2008). In synthesizing
these field data, the purposes of this paper are to (1) investigate the spatial patterns
of vertical nutrient fluxes in the northeastern SCS, (2) determine the relative roles of
turbulent diffusion and Ekman pumping to vertical transport of nutrients in the upper
ocean, and (3) understand the linkage between vertical nutrient fluxes and phytoplank-
ton dynamics in the northeastern SCS during the spring inter-monsoon period.

6726

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/6723/2015/bgd-12-6723-2015-print.pdf
http://www.biogeosciences-discuss.net/12/6723/2015/bgd-12-6723-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2 Materials and methods
2.1 Site description, field sampling, and measurements

The northern South China Sea is influenced by river discharge, seasonal monsoons,
upwelling, mixing, internal waves and eddies. There are typically high nutrients in the
coastal regions of the northern SCS due to river discharge and inter-shelf transport, as
well as upwelling/mixing (Gan et al., 2010), in contrast to the oligotrophic low-latitude
offshore regions with strong stratification. The northern SCS is also influenced by the
penetration of the Kuroshio Current through the Luzon Strait, which is a northward
flowing oligotrophic current along the east coast of the Philippines (Farris and Wim-
bush, 1996). The penetrated Kuroshio waters with high temperature and salinity but
extremely low nutrients are transported westward via eddies and Ekman advection
(Centurioni et al., 2004) influencing a large area of the northern SCS on seasonal and
annual time-scales.

A field survey of the northeastern SCS (Fig. 1) was conducted during May 2014
aboard the R/V Shiyan Ill of the South China Sea Institute of Oceanology. From 14
to 16 May 2014, a transect from the coastal upwelling zone near Shantou to the off-
shore pelagic zone near the Luzon Strait was comprehensively sampled to investigate
the spatial patterns of hydrographic and biogeochemical properties in the region. One
station (S; of 22°N, 119.5° E) served as a time-series reference station with continu-
ous CTD sampling including 13 casts within 24 h (start: 10.00a.m., 18 May 2014). Two
stations with one located near the southwest of Taiwan (Station A: 21.9° N, 120° E with
a bottom depth of 1547 m) and the other in the southeast of Dongsha Island (Station B:
20.5°N, 117° E with a bottom depth of 607 m) were selected for dilution experiments
to quantify phytoplankton growth and microzooplankton grazing rates, which will be
further described in next few sections.

For each station, discrete seawater samples at depths of 0, 25, 50, 75, 100, 200, 300,
500, and 700 m were collected using a SeaBird SBE 9/11 CTD rosette water sampler
system, which also provides high resolution hydrographic measurements of the upper
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water column with internal pressure, conductivity, and temperature sensors. After in-
line filtrations from the PVC Niskin bottles through 0.8 um Nuclepore filters, seawater
samples for nutrients were frozen immediately and stored in a refrigerator until final
analyses after the cruise. For chlorophyll a sampling, 500 mL of seawater was gently
filtered (< 50 mmHg) through a GF/F (Whatman) filter, which was wrapped in a piece
of aluminum foil and kept at —20°C on board. Upon return to the lab, chlorophyll a sam-
ples were sonicated for 20 min and extracted in 5 mL 90 % acetone at 4°C in the dark for
24 h. These samples were centrifuged at 4000 rpm for 10 min before final determina-
tions by standard fluorescence methods (Parsons et al., 1984) using a Turner Designs
Model 10 Fluorometer. Concentrations of nitrate plus nitrite (NOz + NO,), phosphate
(PO,) and silicate (SiO,) were determined by standard colorimetric methods (Li and
Hansell, 2008) using a Seal AA3 auto analyzer (Bran-Lube, GmbH).

2.2 Remote sensing observations

High-resolution satellite observations, including sea surface temperature (SST), sea
surface chlorophyll (SSChl), surface geostrophic currents, as well as surface wind
stresses and Ekman upwelling velocities, were used to assess the surface distributions
of hydrographic and biogeochemical properties in the northern SCS during the period
of the survey. Monthly averaged sea surface chlorophyll a (0.04° x 0.04°) was acquired
from the NASA’s Moderate Resolution Imaging Spectroradiometer data observed by
the Aqua Satellite (MODIS-Aqua). Near real time geostrophic currents (0.2° x 0.2°)
were from the NOAA’s CoastWatch data based on the daily sea level height anomaly
and a climatological mean dynamic height field by NOAA/AOML. Daily sea surface
temperature (0.1° x 0.1°) was acquired from the NOAA’s Geostationary Operational
Environmental Satellite—Polar Operational Environmental Satellite program (GOES-
POES). Daily Ekman upwelling velocities and surface wind stresses with a resolution
of 0.25° x 0.25° were derived from the Advanced Scatterometer data by the European
Meteorological and Operational satellite program (METOP-ASCAT). The Ekman pump-
ing velocity (w,, negative for downwelling) at the depth of Ekman layer is calculated as
6728
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1 ( T
W::——Vx—) 1
o= 5o (V%7 (1)
where p,, is the density of seawater, which is assumed constant at 1024 kg m=3; f is
the Coriolis parameter; 7 is the vector of wind stress.

2.3 Thorpe-scale analyses and vertical diffusivity

We applied a Thorpe-scale based approach (Thorpe, 1977; Galbraith and Kelley, 1996;
Gargett and Garner, 2008; Li et al., 2012) to estimate fine structure and turbulent diffu-
sivity for each station using CTD downcast data. The method combined several criteria
to determine the real overturns from a density profile (Li et al., 2012), including the
test of minimum thickness, the run-length and water mass tests (Galbraith and Kel-
ley, 1996), as well as the tests of minimal overturn ratio and maximal 7/S tightness
(Gargett and Garner, 2008). These criteria ensure that the maximal density difference
within an overturn is greater than twice the measurement noise (0.001 kg m'3). The
length scale of an overturn is larger than twice the vertical resolution (Nyquist theorem)
and larger than a minimum thickness (Galbraith and Kelley, 1996). The percentage of
positive/negative displacements within an overturn (the overturn ratio) is larger than 0.2
and the deviations on a 7/S diagram are less than 0.003 (Gargett and Garner, 2008).
The vertical resolution of CTD sampling during the cruise was ~ 10 cm with a fall rate of
~2.4ms~". Therefore, only overturns larger than 0.5 m are included, to obtain five data
point resolution. Data from the upper 10 m were discard, as the Thorpe approach is not
strictly valid there. Once an overturn is identified, the Thorpe scale (L) is calculated
from the root mean square of the vertical displacement (d,) as L1 = (Zdzz)o'5.
Turbulent kinetic energy dissipation rate (¢) is calculated from L and N by

_ 2 3
£=064-L2-N (2)
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where N is the buoyancy frequency given by N? = —gp61(6,o/62) with g the gravita-
tional acceleration, p, the mean density, and 8p/0z the density gradient across each
overturn (Galbraith and Kelley, 1996). According to Osborn (1980), the vertical diffusiv-
ity (K,) can be estimated from ¢ and N by

K,=02.¢-N2 (3)

The diffusive nutrient fluxes at the depth of interest can be estimated by multiplying the
diffusivity (K,) by the local nutrient gradient (0C/0z).

2.4 Setup of dilution experiments

Phytoplankton growth and microzooplankton grazing in the surface waters of stations A
and B near the edge of continental shelf (Fig. 1) were assessed on board using dilution
technique (Landry and Hassett, 1982; Landry et al., 1998; Li et al., 2011) on 13 May
and 17 May 2014. All the bottles, tubing and carboys were soaked in 10 % (v/v) hy-
drochloric acid solution for over 24 h and they were rinsed several times with deion-
ized water and seawater before each experiment. Surface seawater, collected by an
acid-washed polyethylene bucket, was screened through a 200 um mesh before being
transferred into polycarbonate carboys as raw seawater. A dilution series was prepared
with 0, 25, 50, 75, and 100 % unfiltered seawater in duplicated polycarbonate bottles.
Measured amounts of particle-free seawater, obtained by filtering the raw seawater
with 0.45 pm filters, were added to 2.4 L polycarbonate bottles. These samples were
then enriched with additional nutrients to promote constant growth of phytoplankton.
Finally, each bottle was gently filled with unfiltered seawater to its capacity. There was
also one bottle filled with 100 % unfiltered raw seawater without nutrient enrichment to
serve as the control for our experiment. All the bottles were tightly capped and incu-
bated for 24 h in a deck incubator, which was covered with a neutral density screen
to mimic the natural sunlight and filled with flowing seawater from the sea surface to
control the temperature. Duplicate 300 mL samples were taken from each bottle before
and after the dilution experiments for chlorophyll 2 measurements.
6730
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Specific rates of nutrient-saturated phytoplankton growth (u,, d_1) and microzoo-
plankton grazing (g, d‘1) are estimated by least-square regression between the net
growth rates (17, d™') and the dilution factors (D) as

n=1m () =u-0-0 @
t \R n

where P, and P, are the initial and final concentrations of chlorophyll a, respectively and
t is the duration of the incubation. The natural phytoplankton growth rate (), which is
often subjected to nutrient limitation (Landry et al., 1998), is finally estimated from the
net growth rate of raw seawater without nutrient enrichment (1,,,,) by 4 = Naw + 9-

To examine the response of the phytoplankton community to nutrient enrichment, two
bottles of raw seawater with nutrient additions were incubated for 4 days, with chloro-
phyll a and nutrient samples taken at the very beginning and each day afterwards.
Nutrient data within the exponential growth phase was used to estimate the specific
net nutrient consumption rate (m) of the incubated community by linear regression of

In(C) and t assuming
dC
E =-m-C (5)

where C is the concentration of dissolved nutrients in the sample.

3 Results
3.1 Hydrographic dynamics of the northeastern South China Sea

Based on satellite data and field observations during the survey of May 2014, three
regions could be distinguished in the northeastern SCS (Fig. 1): the coastal upwelling
zone (stations C4_g), the offshore pelagic zone (stations C,_4,), and the water-intrusion
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zone near the Luzon Strait (stations Cy_43). These three different zones are influ-
enced by a diverse set of physical processes. The coastal upwelling zone, which could
be further separated into two different subregions including the near-shore area (sta-
tions C,_,) and the continental shelf (stations C5_g), was strongly influenced by wind-
driven upwelling processes including Ekman transport and Ekman pumping (Gan et al.,
2010). The near-shore area was characterized by extremely low sea surface temper-
ature (Fig. 2a) as a result of deep, cold water upwelled via Ekman transport driven by
southwest monsoon along the shore, while Ekman pumping induced by wind stress
curl showed a significant increase near the edge of the continental shelf far away from
the coastline (Fig. 2b). Upward transport of the deeper water with lower temperature
but higher salinity along the sharp shelf ridge was clearly observed during the survey
(Fig. 3a and b), giving direct evidence for wind-induced coastal upwelling. Both the
offshore pelagic zone and the water-intrusion zone were far from the coast with bot-
tom depths more than 2000 m (Fig. 1). The offshore pelagic zone was relatively stable
with weak surface geostrophic currents, while the water-intrusion zone was strongly
influenced by intrusion of the Kuroshio Current into the SCS through the Luzon Strait.

Sea surface temperature from satellite remote sensing showed a generally increas-
ing trend from the coastal regions near Shantou to the offshore regions near Luzon
Strait due to the decreasing latitude (Fig. 2a). Substantial differences of surface tem-
perature were also observed during the survey, with an average of 24.0 £ 0.6°C near
the coast, 25.2 + 0.2°C on the continental shelf, 28.4 + 0.5°C in the offshore pelagic
zone, and 29.1 £ 0.5°C near the Luzon Strait (Fig. 3a). The observed cross-shelf gra-
dient of surface temperature from the discrete bottle samples was in good agreement
with the satellite SST image. Surface salinity was less variable than temperature from
near-shore to offshore with a difference of less than 0.3 during the survey (Fig. 3b). Sur-
face salinity was on average 33.9 + 0.2 in the near-shore area and increased slightly
to 34.1 £ 0.1 on the continental shelf. Though the surface salinity between the offshore
pelagic zone (33.8 £0.1) and the water-intrusion zone (33.9 £ 0.3) differed only slightly,
substantially higher subsurface salinities were observed in the latter one (Fig. 3b), pos-
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sibly resulting from Kuroshio intrusions that carried higher temperature and salinity
North Pacific waters into the South China Sea through the Luzon Strait (Chao et al.,
1996).

As suggested by the satellite geostrophic current data during the survey (vectors of
Fig. 2a), there were anticyclonic and cyclonic eddies found in the southwest and the
southeast of the Dongsha Island, respectively. Station B was located at the edge of
these two mesoscale eddies, with strong southward-flowing surface geostrophic cur-
rents from the eddy—eddy interactions. These could lead to increased vertical mixing
in the upper water column (Mahadevan and Tandon, 2006). Prevailing wind stresses
in the northeastern SCS were generally southwest during the study period except two
regions where wind stress changed direction (vectors of Fig. 2b): one in the north-
west of Dongsha Island with southerly winds and the other in the Luzon Strait with
westerly winds. The magnitude of upwelling/downwelling velocity by Ekman pump-
ing was always less than 10°ms™' during our study (Fig. 2b). There was sporadic
curl-driven upwelling observed in several places of the offshore pelagic zone and the
water-intrusion zone, though these regions were predominantly downwelling. Strong
curl-driven upwelling (> 0.5 x 107° ms"1) was only found near the edge of the conti-
nental shelf over abrupt changes of bathymetry.

3.2 Spatial patterns of chlorophyll a and nutrients in the northeastern South
China Sea

Sea surface chlorophyll a in the northeastern SCS during May 2014 was very high in
the coastal upwelling zone — particularly in the near-shore regions — and decreased
slightly on the continental shelf (Fig. 2c). In contrast, there was generally low sea sur-
face chlorophyll a in the large areas of the offshore pelagic zone and the water-intrusion
zone. The measured surface chlorophyll a from discrete samples during our survey
(Fig. 3c), varying from 0.04 to 0.92 ug L™, were in good agreement with the satel-
lite remote sensing data. In particular, surface chlorophyll a along the section showed
a general seaward-decreasing trend from the costal regions of 0.72 £ 0.36 ug L™ to
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the offshore regions of 0.09 + 0.04 pug L™, which was consistent with the decrease of
surface nitrate concentrations from > 1.0 umoIL'1 near coast to < 1.0 pmoIL'1 in off-
shore (Fig. 3d). Surface chlorophyll patches (~ 0.3 ug L_1) found between the offshore
pelagic zone and the water-intrusion zone during the transect study (Fig. 3c) resulted
from a surface phytoplankton bloom spreading from the southwest coast of Taiwan to
the offshore regions of the central northern SCS (Fig. 2c).

Phytoplankton chlorophyll a was generally vertically well mixed in the coastal up-
welling zone, with clear subsurface maxima of chlorophyll a only found in the offshore
pelagic zone and the water-intrusion zone (Fig. 3c). The depth of the subsurface chloro-
phyll maxima followed the o, =23.5isopycnal, which became much shallower when
approaching the continental shelf from offshore. The vertical distribution of nutrients
along the section generally followed the isopycnal surfaces in the upper water column
(Fig. 3d—f), revealing the importance of physical control on upper ocean biogeochem-
istry. The observed uplift of isopycnals as well as the depths of chlorophyll maximum
and nutricline at the shelf station Cg and the offshore station C,, were consistent with
positive upwelling velocities driven by wind stress curl (Fig. 2b). Interestingly, there
were substantially higher nutrient concentrations and nutrient gradients at depths of
~ 250 m (across the o, = 25.5isopycnal) for both stations Cq and C4; in the offshore
regions, which could be due to either a horizontal or diapycnal injection event prior to
our survey. Elevated chlorophyll a found at station C,4 was consistent with high nutrient
concentrations below the euphotic zone. Curiously, low chlorophyll a was observed at
station Cg, which had the highest nutrient concentrations and nutrient gradients. Along
the density interval of o, =25 and o4 =26 in the water-intrusion zone there was evi-
dence for isopycnal mixing of the high-nutrient South China Sea waters with adjacent
waters from Luzon Strait with much lower nutrient, but higher temperature/salinity, pre-
sumably from Pacific intermediate water.
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3.3 Vertical diffusivity and diffusive nutrient fluxes

Turbulent diffusivity estimated from Thorpe analyses during the survey of May 2014 var-
ied substantially from the edge of continental shelf to the west of Luzon Strait (Fig. 4)
with an average K, of 2.5 x 107*m?s™ " in the upper 300 m for the offshore deep-water
stations. This is much higher than the oceanic background diffusivity of 10~°m?s™" but
is comparable with previous basin-scale estimates from the northeastern SCS (Tian
et al., 2009; Liu and Lozovatsky, 2012). There were relatively high mean diffusivities
of 3.6 x107% and 3.3 x 10™*m?s~" at stations Cg and Cy4, respectively, but an order
of magnitude lower diffusivity of 2.5 x 10™°m?s™" at station Cy. The estimated diffu-
sive nitrate flux at the base of euphotic zone was only ~ 0.26 mmolm~2d~" for station
Cy, substantially lower than the ~ 1.7 mmolm~2d~" of station C41, even though the ni-
trate gradient for Cq4 (0.12 mmolm‘z) was about twice of that of C4; (0.06 mmolm'z).
The elevated Thorpe scales and diffusivities at stations Cg and C44 were consistent
with their high chlorophyll a concentrations: the diffusive nutrients from below would
expected to support higher euphotic zone phytoplankton production. Our data also re-
vealed a general decrease of mean diffusivity from 1.1 x 103 m?s™" at station Cs on
the continental shelf, to 6.3 x 10™*m®s™" of station Cg over the continental slope, and
t0 9.1x 10°m?s™" at station C- in the offshore pelagic regions. These estimates of
turbulent diffusivity from the continental shelf to offshore were in good agreement with
previous microstructure measurements from the northeastern SCS. Yang et al. (2014)
measured the eddy diffusivity due to turbulent kinetic energy dissipation using a mi-
crostructure profiler along a short section near the edge of the continental shelf south-
west of Taiwan during May 2004 — about the same place as our stations Cz to C,
(Fig. 1). Their results showed high turbulent mixing over the continental shelf with
a mean diffusivity of 1.6 x 1073 m?s™" but a much lower diffusivity of 5.2 x 10~ m?s™!
over the slope (Yang et al., 2014).

The vertical structure of diffusivity was quite patchy due to the intermittent nature
of turbulence dissipation (Figs. 4 and 5). Turbulent diffusivities at the two incubation
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stations (stations A and B) were compared to those of a time-series reference sta-
tion S; (Fig. 5), which had been continuously sampled with up to 13 CTD casts over
24 h, thus providing better vertical resolution of diffusivity for the study area. The pat-
tern of diffusivity in station A showed a good agreement with that at the reference
station S; (Fig. 5), as the stations were very close to each other (Fig. 1). However,
there was much higher diffusivities found at station B compared to station S; (Fig. 5),
which could be attributed to wave-induced turbulence southeast of Dongsha Island.
It had been suggested that the internal tides propagating westward from the Luzon
Strait would produce high-frequency internal waves over the shoaling bathymetry east
of Dongsha lIsland, leading to diapycnal diffusivity on the order of 103 m?s™’ during
April 2000 (Lien et al., 2005). The average diffusivity at 100 m during our field study
was about 1.6 x 10™*m?s™" for station A but about 4.4 x 10~*m?s™" for station B. The
corresponding diffusive nitrate fluxes at the base of euphotic zone would thus be about
0.65mmolm~2d™" for station A and 3.03mmolm=2d™" for station B, given their nitrate
gradients of 0.05 and 0.08 mmol m~2 at 100 m, respectively (Table 1).

3.4 Phytoplankton growth and microzooplankton grazing

Two representative stations with one southwest of Taiwan (station A) and the other
southeast of Dongsha Island (station B) were intensively studied with a comprehen-
sive suite of measurements including both biogeochemical variables and phytoplankton
growth and microzooplankton grazing rates. Station A was located at the edge of a sur-
face phytoplankton bloom (Fig. 2c), which was spreading from the southwest coast of
Taiwan to the offshore pelagic regions, while station B was close to the central north-
ern SCS with very low sea surface chlorophyll a (< 0.1 ug L'1). Except for the surface
layer, chlorophyll a concentrations at station B were generally much higher than that at
station A throughout the water column. There was a clear subsurface chlorophyll max-
imum of ~ 0.4 ug L~" at 50m for station B (Fig. 6), while double peaks of chlorophyll a
were found for station A with a surface maximum of ~ 0.3 ug L~! and a subsurface
maximum of ~ 0.1 ug L~ at 75m. The hydrographic and biogeochemical conditions of
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these two stations were quite different, with much higher temperature and salinity but
lower nutrients and nutrient gradients at station A than station B (Fig. 6). These results
were consistent with previous reports (e.g., Chao et al., 1996), which suggested that
the upper water column of the southwest Taiwan was influenced by the upwelled Pa-
cific intermediate waters with generally high temperature and salinity but low nutrients
after their penetration through the Luzon Strait into the SCS.

Rates of phytoplankton growth and microzooplankton grazing at the surface esti-
mated from dilution experiments were substantially different between the two stations.
The nutrient-saturated phytoplankton growth rate was 1.24 d~" at station B, which was
about three times of that at station A (0.44 d‘1). On the other hand, the microzooplank-
ton grazing rate of 0.43d™" at station A was only slightly lower than the grazing rate
of 0.60d™ " at station B (Fig. 7). The natural growth rate of phytoplankton, after cor-
rection for the effects of nutrient enrichment as described in Sect. 2.3, was 0.28 d!
at station A, much lower than the rate of 1.18d"" in station B. The rates measured at
station B during May 2014 were comparable with previous estimates of growth rates
of 1.03d™" and grazing rates of 0.62 d~! near Dongsha Island during July 2009 (Chen
et al., 2013). Our results for station A were also in good agreement with those found in
the non-upwelling area of the south Taiwan Strait (Huang et al., 2011), which suggested
mean rates of 0.4-0.5 and 0.3-0.7d"" for phytoplankton growth and microzooplankton
grazing during July 2004 and 2005.

Nutrient-enriched incubations of phytoplankton at station A indicated that phyto-
plankton chlorophyll a showed an exponential growth response within the first two days
before reaching a stable growth phase on the third day and a decay phase on the
fourth day; the chlorophyll a of the control experiment with raw seawater without nutri-
ent additions quickly decreased as nutrients were consumed in the bottles (Fig. 8a). In
contrast, phytoplankton of station B showed no response to nutrient enrichment within
the first two days of incubation compared to the control experiment (Fig. 8b). Significant
increase of incubated phytoplankton chlorophyll a for station B was only found during
the last two days of incubation (Fig. 8b). Nutrient utilization during nutrient-enrichment
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incubations at these two stations were also quite different, with a much slower rate of
nutrient consumption at station B (0.46 d‘1) than at station A (1.03 d’1). These results
suggest that there was stronger nutrient limitation of the phytoplankton community at
station A than station B.

4 Discussion

4.1 Roles of turbulent mixing and curl-driven upwelling on nutrient fluxes of
the northeastern SCS during the spring inter-monsoon transition period

As mentioned previously, nutrient inputs into the euphotic zone are rather complicated
in marginal seas such as the northeastern SCS. Besides vertical mixing and upwelling,
nutrient fluxes in this region could be influenced by a number of processes such as
river discharge, Kuroshio intrusions, nitrogen fixation, atmospheric depositions, and
mesoscale eddies. Nutrient inputs from river discharges together with inter-shelf nutri-
ent transport are important in the northern SCS (Gan et al., 2010; Han et al., 2013),
while their contributions to primary production could be limited to coastal regions as
these nutrients are mostly utilized in the coastal waters before reaching the large area
of the northeastern SCS. Kuroshio intrusion will lead to dilution of the SCS waters by
the low nutrient North Pacific waters (Farris and Wimbush, 1996), which however tends
to be much weaker during April-September (Centurioni et al., 2004). Contribution of
nitrogen fixation to the new production of the northern SCS is generally negligible com-
pared to the nitrate-based new production (Chen et al., 2005). Atmospheric deposition
of anthropogenic nitrogen could support up to about 20 % of annual new production in
the northern SCS exceeding those from riverine inputs (Kim et al., 2014). But its con-
tribution would be much less during the spring inter-monsoon season as the reduced
rate of atmospheric deposition (Lin et al., 2009). Nutrient injection by mesoscale eddies
could be important for phytoplankton production in the northern SCS during the inter-
monsoon transition period (Lin et al., 2010), while the mechanism is actually through
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the eddy-induced Ekman pumping (Gaube et al., 2013). In summary, during the spring
inter-monsoon transition period, the mostly important ways of new nitrogen into the
surface ocean of the northern South China Sea are nutrient fluxes from below the eu-
photic zone including the vertical mixing by turbulent dissipation and the wind-induced
upwelling by Ekman transport and Ekman pumping.

If the horizontal and atmospheric inputs are ignored, the vertical nutrient flux into
the euphotic zone (Jyy,) should be the sum of diffusive flux due to turbulent dissipa-
tion (Jyt = K,0C/0z) and the advective flux due to upwelling (J, = wC, negative for

downwelling):
oc
Jiotal = KZE +wC (6)

To compare the roles of turbulent diffusion and Ekman pumping on vertical transport
of nutrients in the northeastern SCS, we estimated the diffusive and advective nitrate
fluxes at the base of euphotic zone from the continental shelf to the open sea during
May 2014 (see Table 1 for details). The vertical velocity (w) at the based of euphotic
zone was assumed equal to the Ekman velocity (w,) to estimate the upwelling fluxes.
Here, we have focused on Ekman pumping by neglecting Ekman transport as its effect
was restricted only to the near coast (Gan et al., 2010). Variations of Ekman velocity
by curl-driven upwelling/downwelling during the transect study is consistent with isopy-
cnal oscillations observed at depth along the section (Fig. 3), suggesting the important
role of Ekman pumping on the physical dynamics of the water column. At the con-
tinental slope station Cg, vertical nitrate fluxes were largely supported by curl-driven
upwelling, with turbulent mixing playing a minor role due to its low nitrate gradient. In
contrast, the diffusive nitrate flux was more than three times the upwelled nitrate flux
at station C,, immediately adjacent to station Cg. Except at station Cy,, curl-driven
downwelling was generally observed at the offshore pelagic stations during the tran-
sect study, which resulted in downward transport of low-nutrient surface water into the
deeper layer. Therefore, the upward fluxes of nitrate into the euphotic zone for these
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stations were determined by the intensities of diffusive fluxes working against the down-
welling fluxes. There was a negative nitrate flux found at station Cq where downwelling
was stronger than the upward diffusion, resulting in a loss of nitrate from the euphotic
zone. Our findings suggest that it is the interplay of turbulent diffusion and curl-driven
upwelling/downwelling that controls the vertical fluxes of nutrients into the euphotic
zone to support phytoplankton production in the northeastern SCS.

The integrated phytoplankton chlorophyll a biomass during the transect study
showed a positive correlation with upward nitrate flux ([Chl-dz =12.9 x Jgy + 10,

r? = 0.35) when station Cg was not included (Table 1), supporting the important role
of bottom-up control on phytoplankton production in our study area (Chen, 2005). The
largest diffusive nitrate flux found at station B, with an enhanced vertical diffusivity and
steeper nutrient gradient, could be attributed to strong vertical shear and large dis-
sipation induced by nonlinear internal waves that are generated at the edge of the
continental shelf near Dongsha Island (Lien et al., 2005). This wave-induced turbu-
lent mixing was related to enhanced surface chlorophyll a and net primary production
near Dongsha Island compared to adjacent areas with minimal influence of internal
waves during the summertime (Pan et al., 2012). It was surprising at first to find much
lower chlorophyll a biomass at station Cq than station C,, as substantially higher nu-
trient concentrations (NO3, PO,, SiO,) and gradients at the base of the euphotic zone
were observed at station Cq. Low chlorophyll a and high nutrient waters in the East
China Sea had been attributed to temperature limitation of phytoplankton growth dur-
ing winter 2008 (Han et al., 2013). Temperature, however, was likely less a limiting
factor during our warmer summer survey. Our results suggested that it was the fluxes
of nutrients that were responsible for the observed chlorophyll a difference between
these two stations. The net downward transport of nitrate at station Cg would result in
loss of phytoplankton biomass from the euphotic zone, while the high upward nitrate
flux at C44 would support net growth of phytoplankton leading to the accumulation of
biomass in the euphotic zone. Our measurements thus revealed a nutrient-flux-driven
phytoplankton distributional pattern in the northeastern SCS during May 2014.
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4.2 Impact of growth-grazing dynamics on phytoplankton chlorophyll biomass
in the northeastern South China Sea

Distributions of phytoplankton in the ocean are controlled by complex physical and
biological interactions. To study the influence of growth-grazing dynamics on phyto-
plankton chlorophyll a biomass in the northern SCS, two stations with distinct biogeo-
chemical settings and nutrient fluxes were selected for measurements of phytoplank-
ton growth and microzooplankton grazing rates. In addition, the community response
to nutrient enrichments at the two stations was assessed by continuous incubations for
up to four days. Substantially high phytoplankton growth rates observed at station B
southeast of Dongsha Island was in agreement with its high nutrient concentrations
and nutrient fluxes compared to station A south of Taiwan Strait. When released from
the constraints of nutrient limitation, the phytoplankton community would be expected
to shift from dominance by picoplankton toward a higher relative abundance of larger
phytoplankton such as diatoms, with their higher intrinsic capacity for growth (Agawin
et al., 2000). In fact, through phytoplankton pigment analyses higher diatom abundance
was observed at station B than station A, which was consistent with previous reports
that surface phytoplankton community in the southeast Dongsha Island was dominated
by both diatom and picoplankton such as Prochlorococcus, while picoplankton with
negligible diatoms were found in the non-upwelling area south of the Taiwan Strait near
station A during late spring and early summer (Yang, 2009; Huang et al., 2011).

The ratio of the microzooplankton grazing rate to the phytoplankton growth rate (g/u)
represents the percentage of the primary production consumed by microzooplankton
(Landry et al., 1998). High g/u ratios (~ 1.5) at station A suggest an elevated role of the
microbial food web in the south Taiwan Strait, promoting nutrient recycling that could
support further phytoplankton growth. Whereas, the relatively higher microzooplankton
grazing rate but lower g /u ratio at station B may indicate a greater efficiency of carbon
export near the Dongsha Island, as the loss of diatoms through sinking or grazing by
mesozooplankton in regions with high nutrient supply (Landry et al., 1998). The natural
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growth rate of phytoplankton at station B was much higher than the grazing mortality
rate, leading to a large net growth rate (growth minus grazing) of 0.58 d™', which is
consistent with the higher integrated chlorophyll biomass at station B. A negative net
growth rate of ~0.15d" was found at station A. The specific phosphate consumption
rate of 1.03d™" at station A was about twice of that of 0.46d™" at station B suggesting
a larger nutrient demand at station A. There was actually a faster response of phyto-
plankton chlorophyll a to nutrient enrichment at station A than at station B indicating
the potential for stronger nutrient limitation of the phytoplankton community in the south
Taiwan Strait. The negative net community growth and the higher nutrient consumption
rate at station A are consistent with the spring phytoplankton bloom of the southwest
Taiwan observed in the satellite data (Fig. 2¢) being in its decline phase. Indeed, the
area of the phytoplankton bloom decreased substantially within two weeks and was not
visible by the middle of June 2014 supporting the important role of grazing activity on
phytoplankton distribution in the northern SCS.

In conclusion, we have conducted a preliminary study on vertical nutrient fluxes and
phytoplankton dynamics in the northeastern SCS. Our results suggested that phy-
toplankton patchiness in the northeastern SCS during the spring inter-monsoon of
May 2014 was mainly controlled by vertical nutrient fluxes, which were driven by both
turbulent diffusion and wind stress curl-driven upwelling. Our results also revealed an
increasing role of turbulent diffusion but a decreasing role of curl-driven upwelling on
vertical transport of nutrients from the coastal upwelling zones to the offshore pelagic
zones in the northeastern SCS. Elevated nutrient fluxes observed near the Dongsha Is-
land were found to support high new production leading to net growth of a diatom-rich
phytoplankton community, whereas the low nutrient fluxes of the south Taiwan Strait
resulted in a negative net community growth leading to a decline of a picoplankton-
dominant phytoplankton bloom. As the findings presented here is limited by the very
narrow area and the very short period of sampling time, future studies may be improved
by addressing the variability of vertical nutrient fluxes and its relationship to phytoplank-
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ton dynamics on a much longer time scale over a much broader area of the northern
SCS.
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Table 1. Comparisons of integrated chlorophyll a ([Chl-dz), nitrate gradient (9C/0z), nitrate
concentration (NO;), vertical diffusivity (K,), upwelling velocity (w,), diffusive nitrate flux (Jgj),
upwelled nitrate flux (J,,,,), @and total nitrate flux (Jy,) for transect stations C4_1, and incubation
stations A and B at ~ 1 % light depth (~ 100 m depth).

Station [Chl-dz  8C/dz NO, K, w, Jgit ® Jopw Jrotal
[mgm™2] mmolm™] [mmolm™] [10™*m?s™"] [10°ms™"] [mmolm=2d™"] [mmolm™2d"] [mmolm=2d™"]
Ce 16.8 0.001 5.01 6.30 0.28 0.05 1.21 1.27
C, 20.2 0.077 6.42 0.91 0.03 0.60 0.17 0.77
Cg 221 0.079 7.47 3.60 -0.21 2.44 -1.36 1.09
Cy 15.4 0.122 9.52 0.25 -0.12 0.26 -0.99 -0.72
Cyo 21.7 0.082 9.37 3.45 -0.18 2.44 -1.46 0.99
Cyq 38.7 0.060 2.08 3.30 -0.27 1.71 -0.49 1.28
Cyp 20.7 0.029 3.93 1.53 0.05 0.39 0.17 0.56
Cis 13.2 0.046 1.98 2.26 -0.27 0.91 -0.46 0.44
A 15.7 0.047 2.09 1.60 -0.09 0.65 -0.16 0.49
B 24.8 0.080 4.82 4.40 2_0.41 3.03 -1.71 1.33

2 Data of we on 13 May 2014 with other on 15 May 2014.
b Assuming vertical velocity at the depth of 100 m is equal to w,.
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Figure 1. Sampling map in the northeastern South China Sea during May 2014. Dash lines
show the topography of the study area; solid dots are the stations for a transect study (C;_13)
during 14-16 May 2014; star is a time-series reference station (S,); filled squares are two
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stations where shipboard dilution experiments were performed (a and b).
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Figure 2. Spatial distributions of (a) sea surface temperature, (b) curl-driven upwelling velocity,
and (c) sea surface chlorophyll during the survey. Vectors in panel (a) and panel (b) are surface
geostrophic currents and wind stresses, respectively; geostrophic current is from daily altime-
try data from NOAA/AOML; upwelling velocity and wind stress are from daily METOP-ASCAT
data; sea surface temperature is daily GOES-POES data; sea surface chlorophyll a is monthly
MODIS-Aqua data.
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Figure 3. Vertical distributions of (a) temperature (7), (b) salinity (S), (€) chlorophyll a (Chl a),
(d) nitrate (NO;), (e) silicate (Si(OH),), and (f) phosphate (PO,) along the coastal transect of
the northern South China Sea. Overlaid white lines in each panel are isopycnals.
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Figure 5. Comparisons of vertical turbulent diffusivities (K,) between two stations A and B.
Black line is the result of the reference station S; with continuous CTD sampling up to 13 casts;
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circles are for station A (2 casts) with squares for station B (2 casts).
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Figure 6. Comparisons of vertical profiles of chlorophyll a (Chl a), temperature (T), nutrients
(Si(OH),, NO4, PO,), and nutrient gradients between two incubation stations A and B. Thick
lines in each panel are for bottom axis with thin lines (open symbols) for top axis; dash lines
are for station A with solid lines for station B.
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Figure 7. Dilution experiment plots of phytoplankton net growth rates against the dilution factors
for stations A and B. Filled circles are net growth rates of the raw seawater without nutrient

enrichments.
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Figure 8. Temporal variations of chlorophyll a and phosphate during incubations with and with-
out nutrient enrichments in stations A and B. Dash lines (filled symbols) are for chlorophyll a in
left axis with thin lines (open symbols) for phosphate in right axis; control is the incubation of

raw seawater without nutrient a
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