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Abstract

We examined the dynamics and production of dissolved organic carbon (DOC) on a large continental
shelf in the northern South China Sea, which is largely shaped by a river plume and coastal upwelling, based
on a cruise in summer 2008. The plume water extended from the mouth of the Pearl River estuary to the
middle shelf and was characterized by high DOC concentrations, while the upwelled water occupying the
nearshore area featured low DOC concentrations. Biological production of DOC was observed in both the riv-
er plume and the coastal upwelling zones with different behavior between regions. The system appeared to
be autotrophic in terms of DOC throughout the plume, while in the upwelling circulation, the metabolism
of DOC was mixed trophic. Nevertheless, the integrated net DOC production rate of 11.5 + 6.9 mmol C m™?
d~! in the upwelling zone was comparable to that in the plume (7.1 + 7.0 mmol C m 2 d~"). The net DOC
production correlated strongly with net consumption of dissolved inorganic carbon (DIC) and inorganic
nutrients, suggesting that the net DOC production was highly coupled to net community production (NCP)
in both the plume and upwelling zones. Both regimes had similar DOC/NCP partitioning, with 19-27% of
NCP in the plume and 24-26% of NCP in the upwelling zones converted to DOC. A positive correlation was
also found between particulate organic carbon (POC) and net DIC consumption, with higher POC produc-
tion in the upwelling zones where large phytoplankton prevailed. Most NCP removal occurred through POC
sinking and/or the diffusion and horizontal transport of DOC.

As one of the largest carbon reservoirs in the ocean, dis- 1994, 2000). Elsewhere in some low-latitude regions, for
solved organic carbon (DOC) is a critically important compo- example, in the Arabian Sea, net DOC production is reported
nent of carbon cycling (Hansell and Carlson 2001). Hansell during the period of the Northeast Monsoon (Hansell and
and Carlson (1998) summarize that annual global net DOC Peltzer 1998). Because of higher rates of primary productivi-
production is ~2.0 Pg C yr~!, the magnitude of which is ty, the coastal ocean is a regime where net production of
similar to the net ocean-atmosphere CO, exchange flux (1.9 DOC is frequently observed (Alvarez-Salgado et al. 2001; Dai
Pg C yr~') (Carlson and Hansell 2015 and references there- et al. 2009; Wu et al. 2015).
in). However, characterizing and quantifying the source, pro- However, the high degree of interplay among physical,
duction, fate, and bioavailability of marine DOC remains a  biological, and chemical processes in the coastal ocean
difficult problem (Hansell 2013). In addition to riverine  makes quantification of net DOC production difficult. Two
inputs (Dai et al. 2012), it is generally known that marine important processes often shape DOC distribution in the
DOC is produced by primary producers, frequently observed coastal ocean: river plumes and coastal upwelling. The input
during phytoplankton blooms, and the modification and of organic matter by the river plume increases coastal DOC

fate of DOC are often controlled by microbes (Azam 1998).  concentrations, and the upwelling of low-DOC water
Due to temporal and spatial decoupling of biological produc- decreases DOC concentrations. However, nutrients supplied
tion and removal (Carlson and Hansell 2015 and references by the river plume and/or coastal upwelling enhance biologi-
therein), net DOC production is always present in the high-  cal production, elevating DOC concentrations.

latitude regions during the bloom season (Carlson et al. Low DOC is often observed during the early stages of

coastal upwelling events (Doval et al. 1997). Increases in
DOC concentrations can be observed following a phyto-
*Correspondence: mdai@xmu.edu.cn plankton bloom stimulated by upwelled nutrients, often
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downstream of the upwelling circulation (Alvarez-Salgado
et al. 1999, 2001). For example, net DOC production of ~37
pumol L™! was measured in the surface water of the Oregon
upwelling system (Hill and Wheeler 2002). Similarly, in the
coastal upwelling system off the Ria de Vigo (NW Spain),
excess DOC production of ~21 ymol L™! was found in the
surface water following a phytoplankton bloom (Doval et al.
1997).

The dynamics of DOC in a river plume are additionally
complicated due to multiple processes associated with its
sources and sinks. Processes contributing to the source of
DOC include: the river inputs, phytoplankton production,
sediment efflux, particle desorption, and atmospheric deposi-
tion (Bauer and Bianchi 2011). DOC can then be removed
and/or transformed via microbial and photochemical degra-
dation, as well as particle sorption (Bauer and Bianchi 2011).
Net production of DOC is often present in river plumes at
mid-high salinity regimes, where photosynthetically active
radiation (PAR) favors phytoplankton growth associated with
net dissolved inorganic carbon (DIC) consumption (Guo
et al. 2009). Examples include many river-dominated sys-
tems such as the Mississippi River estuaries, Chesapeake Bay,
and the Amazon River plume (Benner and Opsahl 2001;
Chen and Gardner 2004; Wang et al. 2004; Meador and Alu-
wihare 2014). However, net removal of DOC in the river
plume is reported on the Eastern Siberian Arctic shelf due to
the degradation of terrestrial DOC and limited addition of
DOC by marine phytoplankton production (Alling et al.
2010). Therefore, it remains an open question why in some
river-dominated plume systems we see net DOC consump-
tion, while in others net production is observed.

Here, we examined the northern South China Sea (NSCS)
in the summer, a physically and biogeochemically complex
system shaped largely by both a river plume and coastal
upwelling. Our focus was DOC and particulate organic car-
bon (POC) dynamics, including biological production. By
adopting a three end-member mixing model, we were able
to semiquantitatively estimate the relative rates of net DOC
production in the river plume and upwelling zones. Coupled
with our parallel examination of nutrients and the carbonate
system (Cao et al. 2011; Han et al. 2012), we assessed the
carbon partitioning of the net community production (NCP)
in the plume and coastal upwelling zones.

Materials and methods

Study area and cruise background

The NSCS shelf in summer is a system under the influence
of both a river plume and coastal upwelling. The strong river
plume originates from the Pearl River, the 17 largest river
in the world in terms of water discharge volume (Dai et al.
2014), with 80% of the discharge during the summer wet
season. Coastal upwelling currents occur in both alongshore
and cross-shore directions owing to the prevailing southwest
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monsoon and the highly variable shelf topography (Gan
et al. 2009a,b; Han et al. 2012 and references therein). Our
cruise to the NSCS shelf on board the R/V Shiyan was con-
ducted in summer 2008 within the framework of the South
China Sea Coastal Oceanographic Process Experiment
(SCOPE) project. The cruise consisted of two legs. During Leg
1 (30 June to 08 July), seven cross-shelf transects covering
the major plume-upwelling regions were intensively investi-
gated. Transects 2-5 were repeated during Leg 2 on 09-12
July. An additional station (S401b) was located between
Transects 4 and 5 along the inner 30 m isobaths (Fig. 1).

Cao et al. (2011) indicated that continuous heavy rain
occurred for about 10 d prior to our cruise. This resulted in
the Pearl River discharge peaking at ~43,000 m* s~! on 16
June but falling to ~22,000 m*® s~* on 15 July. Such river dis-
charges were much higher than the annual mean of about
6700 m® s!, or the monthly long-term average of
~14,000 m® s™! in wet seasons from June to August (Han
et al. 2012).

Sampling and methods

Sample collection

Hydrographic measurements and water sampling were
undertaken with a Seabird 911 conductivity-temperature-
depth (CTD) unit mounted on a rosette sampling assembly.
Samples for DOC were filtered through inline precombusted
GEF/F filters held in acid-washed polycarbonate filter holders.
The filter holder was attached directly to the Niskin bottle
with an acid-cleaned and Milli-Q water rinsed silicon tube.
Samples were collected in 40 mL precombusted EPA vials,
stored at —20°C, and then shipped to the laboratories on
land. For POC samples, 4 liter of seawater was filtered
through a 25-mm diameter quartz microfiber filter (nominal
pore size ~1.0 um) for further analysis (Zhou et al. 2013).

DOC and POC analysis

All DOC samples were analyzed using a Shimadzu TOC-V/
TN system, following the processes described in Wu et al.
(2015). Seawater DOC standards, including the low carbon
water (1-2 umol L™') and deep seawater (41-44 umol L),
produced at Hansell’s laboratory at the University of Miami,
were analyzed to maintain data quality control. Samples
were checked against the low carbon and deep reference
waters every 5 and 10 sample runs, respectively. The coeffi-
cient of variation of replicate measurements was approxi-
mately 2%. The standard deviation of deep reference waters
throughout our measuring time series was = 0.8 ymol L7,
which was a useful index of our analytical precision.

All POC samples were placed in Petri dishes and fumed
using concentrated hydrochloric acid for 24 h to remove car-
bonates. Then, POC and particulate organic nitrogen (PON)
concentrations were determined using a PE-2400 SERIES II
CHNS/O analyzer, following the methods in Zhou et al.
(2013). Replicate procedural C and N blanks from sampling
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Fig. 1. NSCS topography and sampling stations during June-July, 2008. Circles denote sampling sites during Leg 1 on 30 June to 08 July, and crosses

denote those in Leg 2 on 09-12 July.

and instrumental carbon determination were tested by Chen
(2008) and Zhou et al. (2013), and were all less than 6 and 2
ug N, respectively, which accounted for less than 10% of the
sample POC and PON. The precision of our POC measure-
ments was always <10% (Chen 2008).

Three end-member mixing model

A well-validated three end-member mixing model as
introduced in Cao et al. (2011) and Han et al. (2012) was
applied to derive conservative concentrations of DOC in this
dynamic system influenced by the river plume and upwell-
ing. This three end-member mixing model was based on
mass balance equations for potential temperature, salinity,
and the water fractions originating from the three end-
members as follows:

Or1Frr+0surFsur +OsusFsup=0in situ (1)
SriFrr+SsurFsur +SsupFsup=Sin situ (2)
Fri+Fsyr+Fsyp=1 3)

where 0;, sir, and Si, sy are the potential temperature and
salinity in the water samples; the subscripts RI, SUR, and
SUB represent the three different sources: the Pearl River
plume, the South China Sea (SCS) surface water, and the
subsurface water; and Fg;, Fsyr, and Fsyp are the respective
water fractions of the river plume, the SCS surface water,
and the subsurface water. The conservative concentrations of
DOC (DOC?) could then be calculated by mixing the three
end-members as:

975

DOC°=DOCRg;Frr+DOCsyrFsur +DOCsypFsus (4)
where DOCg;, DOCsygr, and DOCgyp are the DOC concentra-
tions of the three end-members. The difference between the
conservative and measured DOC concentrations represent
the biologically modulated DOC, or ADOC (Eq. 5). Positive
values indicate net DOC production and negative values sug-
gest net DOC consumption.

ADOC=DOC;, sin,—DOC’ (5)
The potential temperature and salinity of the three end-
members were defined to calculate the water fractions con-
tributed by each. Briefly, the SCS surface water with values
of 0=28.6°C+1.0°C and S=~33.7+0.2 served as the end-
member of the offshore surface water, and the colder SCS
subsurface water with values of 0 =17.3°C = 1.0°C (in Leg 1),
0=16.8°C+1.0°C (in Leg 2), and S = 34.6 = 0.05 was used as
a proxy of upwelling in the surface waters. We defined the
plume water end-member as water with 0=27.0°C = 1.0°C
and S = 24.5 using previous measurements off the Pearl River
estuary mouth (Gan et al. 2009a).

For the end-member values of DOC in the offshore sur-
face and subsurface waters, we used the average measured
DOC concentration of each water mass. In order to better
define the end-member value of DOC in the Pearl River
plume, we constructed a mixing line of DOC in the Pearl
River estuary based on measurements from a later cruise con-
ducted in August 2008. We observed that DOC remained
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overall conservative at S < 24.5, consistent with the observa-
tion that DOC mixes conservatively in the mid-estuary (Call-
ahan et al. 2004; He et al. 2010; Dai et al. 2014). Assuming
that the DOC concentration at $=0 during our sampling
periods was similar to that in August 2008, we obtained an
average DOC concentration at S =24.5 (the plume end-mem-
ber), of 86 ymol L.

Because the dissolved Ca®" is almost conservative in sea-
water, in spite of small changes resulting from CaCO? pro-
duction or dissolution (Cao and Dai 2011), we can use the
Ca®" data measured in Leg 1 to evaluate the applicability of
our three end-member mixing model. Based on the water
fractions derived from Egs. 1-3 and the end-member values
of Ca®*, we calculated the model-predicted Ca** in the mix-
ing waters. The model predictions and the observations were
strongly correlated with a slope of nearly 1 (y=0.9992X,
R*=0.986, N=162, p<0.0001), suggesting that the three
end-member mixing model worked well in predicting the
concentrations of Ca®>" on the NSCS shelf. This provided
direct evidence for the applicability of our three end-
member mixing model.

To better quantify the net production rates of DOC in the
plume and upwelling regions, the uncertainties derived from
the three end-member mixing model need to be further con-
strained. Based on Egs. 1-5, the sources of uncertainty in the
derivation of ADOC values were associated with the uncer-
tainties of potential temperature, salinity, and the DOC con-
centrations of the three end-members.

Similar to Han et al. (2012), we used the deviations of
DOC in the surface and subsurface end-members, i.e., 2 and
1.5 umol L', as the uncertainties of DOC. We based the
DOC variability in the river plume end-member (at S = 24.5)
on the August 2008 cruise data from the Pearl River estuary,
assigning a value of 3 ymol L™'.

We then calculated the corresponding uncertainties of
average net DOC production induced by the variations of
potential temperature, salinity, and DOC in the end-
members as ~0.6 ymol L™!, which was much smaller than
the standard deviations of average ADOC values in the
plume (5.6 ymol L™ ') and upwelling zones (4.1 ymol L™1).
Other DOC sources such as rainfall may also add additional
uncertainty to our estimations. Based on the reported
regional precipitation rates and typical rainwater DOC con-
centrations (Jurado et al. 2008; Li et al. 2010; Li et al. 2013),
we found that the precipitation fluxes of DOC and DIC on
the NSCS shelf are very small, accounting for 1.5-8.7%
(average = 4.2%) of DOC production and 0.7% of DIC con-
sumption. Most importantly, considering the mixed-layer
depth and the average residence time in the plume and
upwelling regions, these atmospheric input fluxes of DOC
(0.31 umol L' in the plume and 0.46 umol L' in the
upwelling zones) are well within the range of uncertainty
(0.6 umol LY in our study and are much smaller than the
standard deviation of average ADOC values. Thus, we
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concluded that the estimation of net DOC production using
our model was reasonable.

Results
Hydrography

Cao et al. (2011) and Han et al. (2012) describe the basic
hydrology of the NSCS shelf measured during the cruise
(Legs 1 and 2). Briefly, the hydrological characteristics of the
study area were highly controlled by a strong river plume
and coastal upwelling. This was further reflected in the T-S
diagram (Fig. 2), which showed that the water masses in our
study area were mainly a mixture of the river plume, the
SCS surface water, and the SCS subsurface water. In general,
patches of plume water spread eastward across the NSCS
shelf. During Leg 1, two low-salinity centers were found, one
on the inner shelf between Transects 1 and 2 and the other
on the middle shelf at Transect 5. These plume centers disap-
peared during Leg 2 as a result of the weakened riverine dis-
charge (Fig. 3). Low-temperature (22.8-26.0°C) and high-
salinity (33.9-34.3) waters similar to the SCS subsurface end-
member outcropped on the inner shelf with the center locat-
ed in the nearshore water between Transects 4 and 5 (Fig. 3)
during Leg 1. However, the coastal upwelling water occupied
a much smaller area during Leg 2.

The temperature and salinity distribution along Transect
2 indicates that cold deep water upwelled along the slope
and toward the shore during Legs 1 and 2 (Fig. 4). Water
outcropping nearshore along Transect 2 was colder during
Leg 2 than during Leg 1, suggesting stronger upwelling
intensity. Surface salinity (Fig. 3) was higher in Leg 2, sug-
gesting the weakened input of river plume water. Transect 5
was characterized by warm, freshwater in the upper water
column, although saline upwelled water is apparent near-
shore during both legs and less influence by the plume is
evident during Leg 2. The alongshore extension of the river
plume tended to inhibit nearshore outcropping of the cold
water, which originated near Transect 2 where the strongest
upslope cold water advection was located according to Gan
et al. (2009a).

Distribution of DOC and POC

The distribution of DOC was also modulated by the mix-
ing of water masses sourced from the plume, upwelled sub-
surface water, and offshore surface water. In general and as
shown in Fig. 2, DOC concentrations were highest in the
plume, with relative decreases in the offshore surface and
subsurface waters. Additionally, enhanced biological produc-
tion due to the large nutrient supply from the river plume
and subsurface upwelling (Gan et al. 2010) would also influ-
ence the distribution of DOC on the NSCS shelf. The biogeo-
chemical controls on the distribution of DOC on the NSCS
shelf are presented in detail for surface and vertical distribu-
tion of DOC and POC in the sections below.
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during Legs 1 and 2. Surface T, S, and Chl g data are shown in Cao et al. (2011) and Han et al. (2012).

Surface distribution

DOC distribution patterns over the shelf reflected the
coinfluence of the river plume and coastal upwelling (Fig.
3). Within the plume water, DOC concentrations were sig-
nificantly elevated, ranging from 70 to 98 umol L™ '. There
were no obvious differences in the DOC concentrations of
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plume water between the two legs. The surface regions
occupied by upwelled waters had low DOC concentrations
(~63 umol L™ 1Y), even lower than those in the outer shelf
surface water of the NSCS, as subsurface waters are charac-
terized by the lowest DOC concentrations. Note that dur-
ing Leg 2, relatively higher DOC concentrations (~76
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Fig. 4. Vertical distribution of temperature (T), salinity (S), Chl a (ug L"), DOC (umol L™"), POC (umol L™"), and PON (umol L™") along Transects 2
and 5 on the NSCS shelf during Legs 1 and 2 in summer 2008. T, S, and Chl a data are shown in Cao et al. (2011) and Han et al. (2012).

pumol L™') were measured in the coastal upwelled waters
of Transects 2 and 4 than were measured during Leg 1
(~68 ymol L™1).

Surface POC and PON showed similar patterns on the
NSCS shelf with high values in zones influenced by the river
plume and upwelling. POC and PON were in the range 2.8-
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22.1 and 4.6-27.8 and 0.3-3.6 and 0.5-4.6 umol L' in Legs
1 and 2, respectively. During Leg 1, POC and PON concen-
trations in the plume and upwelling were comparable. How-
ever, POC and PON concentrations in the upwelling zones
during Leg 2 (14.0-27.8 and 2.3-4.0) were relatively higher
than those observed during Leg 1 (10.5-22.1 and 1.5-3.6),
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suggesting enhanced POC and PON production during Leg 2
due to greater primary production caused by additional
nutrients being upwelled from the subsurface water.

Vertical distribution

Vertical distributions of DOC, POC, and PON along Trans-
ects 2 and 5 during Legs 1 and 2 are shown in Fig. 4. The
surface DOC inversely correlated with salinity. Along Tran-
sect 2, values of surface DOC ranged from 76 to 87 ymol L™*
during Leg 1, but increased to 82-92 ymol L' in Leg 2. Sur-
face chlorophyll a (Chl a), POC, and PON concentrations
along Transect 2 also increased from ~2.7 to ~6.6, ~19.8 to
~21.7, and ~2.2 to ~3 umol L™ !, respectively, suggesting ele-
vated biological production of organic matter during Leg 2.
Along Transect 5, however, surface DOC concentrations
ranged from 81 to 98 ymol L' during Leg 1, but decreased
to 71-88 umol L' during Leg 2. Note that during Leg 1, the
plume center occupied the middle shelf along Transect 35,
owing to the eastward transport of the river plume, and con-
tained higher DOC and POC concentrations than within the
plume along Transect 2, suggesting DOC and POC produc-
tion during the course of plume water transport.

A strong onshore DOC gradient is apparent beneath the
plume water along Transect 2, owing to the cold and DOC-
depleted water (DOC < 56 ymol L™ ') at 150 m depth on the
slope. Compared to Leg 1, DOC, POC, and PON concentra-
tions increased from ~59 to ~67, ~9.1 to ~24.0, and ~1.5 to
~3.5 umol L™}, respectively, on the inner shelf along Tran-
sect 2 during Leg 2, suggesting enhanced DOC, POC, and
PON production. This is supported by the fact that along
Transect 2, Chl a also increased from ~1.2 ug L™ 'during Leg
1 to ~2.9 ug L' during Leg 2. However, on the inner shelf
along Transect 5, DOC concentrations were lower during Leg
2 than Leg 1, which is consistent with the observation that
nutrient concentrations along Transect 5 were higher during
Leg 2 than Leg 1 as a result of the intensified upwelling rath-
er than advection of high DOC plume water to the region.
Note that Chl a, POC, and PON displayed a subsurface maxi-
mum layer in Transect 2, suggesting that both PAR and
nutrients in the subsurface layer were available for the
growth of phytoplankton.

Discussion

Both surface and vertical distributions of DOC suggested
that the dynamics of DOC were influenced mainly by the
river plume and upwelling on the northern SCS shelf during
the summer. In addition to this physical control, the biologi-
cal alteration of DOC was apparent in the plume and upwell-
ing zones. Moreover, Cao et al. (2011) and Han et al. (2012)
observed the significant net removal of DIC and nutrients in
the river plume and upwelling zones, suggesting that the
plume and upwelling systems are generally autotrophic. In
order to differentiate the extent that DOC distributions are
controlled by physical mixing vs. biologically modulated
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DOC production in this plume-upwelling system, we
adopted a three end-member mixing model that was also
used for carbonate (Cao et al. 2011) and nutrient systems
(Han et al. 2012) during the same cruise. To draw compari-
sons with previous studies, and between Legs 1 and 2, model
results from Transects 2-5, which were visited during both
Legs, are discussed in detail below.

Net DOC production derived from the three end-member
mixing model

A comparison between the field measured and the model
predicted DOC is shown in Fig. 5. At DOC <60 ymol L™*,
the model predictions agreed well with the field measure-
ments (Fig. 5a), confirming the utility of the model. Howev-
er, it was clear that most predicted DOC values were lower
than the field measurements at DOC > 60 umol L™" during
both legs, indicating additional DOC sources, most likely
from biological production. In Transects 2-5 (Fig. 5b), a con-
stant offset was found between the field measured and mod-
eled DOC during Legs 1 and 2, suggesting that DOC
production was comparable between Legs 1 and 2. Based on
the difference (ADOC) between the predicted and measured
values, the net production of DOC in Transects 2-5 during
Legs 1 and 2 was quantified.

According to Gan et al. (2010), the plume water is defined
as water with salinity < 33.0 on the shelf. The ADOC values
in the plume therefore ranged from —5 to 22 and —1.6 to 16
umol L™! in Legs 1 and 2 (Fig. 6a). The majority of ADOC
values were positive, suggesting significant biological produc-
tion of DOC in the river plume. As salinity increased, the
ADOC values became higher on the NSCS shelf, suggesting
the enhancement of net DOC production during the trans-
port of plume water on the shelf. Although the plume area
appeared to be reduced during Leg 2 when the river
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2008.

discharge became weakened, the average ADOC values dis-
played no significant difference (p=0.198), with values of
6.7 + 6.6 umol L' during Leg 1 and 8.6 = 4.6 umol L™' dur-
ing Leg 2. The average ADOC in the plume (both Leg 1 and
Leg 2) was 7.7+5.6 umol L™! comparable to the total
organic carbon (TOC) production (19 =13 umol LY in the
Amazon River plume within the margin of error (Meador
and Aluwihare 2014). Together with an assumed mixed-layer
depth of ~13 m (Cao et al. 2011) and an average residence
time of 12.3 d for the river plume during Leg 1 (Liu et al.
2012), we estimated a net DOC production rate of 7.1 7.0
mmol C m~% d~! during Leg 1.

The behavior of DOC in the Pearl River estuary has been
previously studied (e.g., Callahan et al. 2004; He et al. 2010).
In the upper reaches of the Pearl River estuary, the net
removal of DOC is observed, which is consistent with the
decrease in DOC biodegradation rates from the head to the
mouth of the estuary (He et al. 2010). In the lower mid-high
salinity regimes of the Pearl River estuary, DOC behavior is
conservative, suggesting that heterotrophic removal of DOC
is weak and balanced by autotrophic production (He et al.
2010). Our observations (unpubl.) in the Pearl River estuary
prior to the SCOPE cruise conducted on the NSCS shelf con-
firmed the relatively conservative mixing of DOC in the low-
er Pearl River estuary, suggesting a balance of DOC
production and removal therein. In this study, due to the
high river discharge, the river plume extended to the NSCS
shelf from the Pearl River estuary. In contrast to the Eastern
Siberian Arctic shelf where the net removal of DOC is caused
by the degradation of terrestrial DOC with low additions of
DOC from marine phytoplankton production (Alling et al.
2010), the elevated Chl a concentration and primary produc-
tion data in the present river plume on the NSCS shelf sug-
gested significant primary productivity associated organic
carbon production (Han et al. 2012). Indeed, our results con-
firmed significant net DOC production as the river plume
was transported along the shelf. Similarly, Meador and
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Aluwihare (2014) observed high nutrient concentrations and
primary production rates in the Amazon River plume,
accompanied by net DOC production and DIC consumption
during its transport to the Atlantic Ocean. It appears that in
river-dominated systems where biological production is stim-
ulated, net production of DOC is often observed. Indeed,
many river-dominated systems of this nature tend to be net
autotrophic, producing organic carbon and acting as strong
sinks of atmospheric CO2 (Gattuso et al. 1998; Wollast 1998;
Bauer et al. 2013; Guo et al. 2015).

According to Gan et al. (2010), upwelled water on the
NSCS shelf is defined as having salinity > 33.75 in the near-
shore upper 20 m. All of the ADOC values in these regions
during the two legs were positive, indicating net DOC pro-
duction in upwelled subsurface water (Fig. 6b). Most of the
ADOC values were distributed between 1.3 and 11.3 umol
L' during Leg 1, and 0.4 and 15.2 umol L™' during Leg 2.
Within the margin of error, the average ADOC value in Leg
1 (5.0%3.0 umol LY was comparable to that in Leg 2
(6.9+4.8 ymol L !). However, average ADOC values in
Transect 2 and at Sta. S401b (the upwelling center) during
Leg 2 were 10+ 3.6 yumol L', which was much higher than
those (2.7 = 0.6 umol L™') in Leg 1. This suggested that net
DOC production was enhanced when the upwelling was
strengthened and outcropped during Leg 2. Assuming a
mixed-layer depth of ~20 m and a residence time of ~8.7 d
on the nearshore shelf during Leg 1 (Liu et al. 2012), the net
DOC production rate in the upwelling zone was estimated as
11.5+ 6.9 mmol C m~2 d™'. Although Cao et al. (2011) and
Han et al. (2012) estimate that NCP in the plume is slightly
higher than or comparable to that in the upwelling zone,
and Gan et al. (2010) also simulate relatively lower surface
primary productivity in upwelled waters relative to the
plume, the average net DOC production rate (7.1=*7.0
mmol C m 2 d') for the plume water was comparable to
the upwelled water mass (11.5 = 6.9 mmol C m~ 2 d ) with-
in the margin of error.
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Many factors influence the production and bioavailability
of DOC during coastal upwelling (Doval et al. 1997; Lgnborg
et al. 2010; Halewood et al. 2012; Wear et al. 2015). For
example, the extracellular release (ER) of DOC by phyto-
plankton may differ over upwelling stages, with low ER val-
ues during the intensified upwelling period, and relatively
high ER values under lower nutrients concentrations over
the relaxed upwelling period (Carlson et al. 1998; Wetz and
Wheeler 2003). This would result in relatively high DOC
productivity when nutrient concentrations are low in the
upwelling zone. Correspondingly, the elementary stoichiom-
etry, molecular size, and composition of DOC may differ
over these upwelling stages, and in combination with nutri-
ent concentrations will also influence the bioavailability of
DOC (Williams 1995; Halewood et al. 2012). Halewood et al.
(2012) report the relatively high bioavailable DOC fractions
during upwelling, and lower fractions during the transition
of upwelling to back to stratified conditions. In this study,
during the intensified upwelling period, the positive correla-
tions (not shown) between net DOC production and Chl a
suggested that the accumulated DOC was mainly contribut-
ed by the phytoplankton. The DOC released from phyto-
plankton is readily bioavailable and can be quickly utilized
by the bacteria (Shen et al. 2012). Given the ADOC and the
field measured DOC, we estimated that the bioavailable frac-
tion of DOC could account for 10% *= 5% of the total DOC
pool in the upwelling zone, which was comparable with pre-
vious results (17% = 6% and 9-18%) reported in the upwell-
ing systems of the Ria de Vigo (NW Iberian Peninsula) and
Santa Barbara Channel (Lonborg et al. 2010; Halewood et al.
2012).

Han et al. (2012) reported that DIC and nutrients are
regenerated during the alongshore advection of subsurface
water to Shanwei (Fig. 1), observing a northward increasing
trend of DIC and dissolved inorganic nitrogen (DIN) (nitra-
te + nitrite) consumption along the upwelling coastal current
from Shanwei (Transect 2) to Shantou (Transect 5) (Fig. 1).
For further discussion of the coupling of DOC production
with DIC and DIN consumption on the NSCS shelf, the dis-
tributions of ADOC, ADIC and ADIN along Transects 2 and
5 are presented in Fig. 7. Here, ADIC and ADIN denote the
differences in DIC and DIN between model predictions and
the field measured values. Positive values reflect net con-
sumptions of DIC and DIN.

As expected, most of the ADOC, ADIC, and ADIN values
along Transects 2 and 5 were positive, especially in the
plume of Transects 2 and 5, suggesting the coupling of DOC
production with the consumption of DIC and DIN. Interest-
ingly, it should be noted that positive ADOC values and neg-
ative ADIC and ADIN values were found in the cross-shelf
upwelling water of Transect 2, linking DOC production to
the addition/regeneration of DIC and DIN. Previous studies
demonstrate that the decomposition of POM results in the
regeneration of DIC and DIN in upwelled water masses (Cao
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et al. 2011; Han et al. 2012). During this decomposition,
some POM can be transformed to dissolved organic matter
(DOM) via bacterial hydrolysis (Smith et al. 1992). In addi-
tion, regenerated nutrients in the upwelling zone, when
transported to nearshore areas, could stimulate the growth
of phytoplankton and organic carbon production.

The comparisons of ADOC, ADIC, and ADIN between
Transects 2 and 5 reflected the biological alteration of DOC,
DIC, and DIN during the transport of the plume and the
upwelled water mass. Consistent with the increase of ADIC
and ADIN in the plume from Transect 2 to Transect 5,
ADOC was also higher in Transect 5 than in Transect 2, indi-
cating the enhancement of DOC production during plume
transport. Similarly, along with the northward consumption
of DIC and DIN along the inner shelf during the transport of
upwelled water from Shanwei (Transect 2) to Shantou (Tran-
sect 5), DOC production was also enhanced during Leg 1.
However, during Leg 2, ADOC in the inner shelf of Transect
2 was higher than in Transect 5, suggesting the decomposi-
tion of accumulated DOC during the northward transport of
upwelled water, which also explained the regeneration of
nutrients observed by Han et al. (2012).

Carbon partitioning of NCP in the plume and
upwelling zones
DocC

Assuming that the uptake ratio of DIC: DIN: dissolved
inorganic phosphate (DIP) by the phytoplankton followed the
Redfield ratio (106 : 16 : 1), the NCP is equivalent to ADIC,
6.6ADIN, or 106ADIP. In order to quantify the fractions of
the NCP transformed to DOC, ADOC was plotted with ADIC,
6.6ADIN, and 106ADIP in the plume and upwelling zones. As
shown in Fig. 8a-c, significant correlations were observed
between ADOC and ADIC, 6.6ADIN and 106ADIP in the
plume during Legs 1 and 2, indicating the coupling of net
DOC production with the net consumption of DIC, DIN, and
DIP in the plume, which was consistent with the previous
observation (Meador and Aluwihare 2014) that DOC produc-
tion increases linearly with the enhanced consumption of
DIC in the Amazon River plume. The slopes of the linear
regressions of ADOC vs. ADIC, 6.6ADIN, and 106ADIP in the
plume were comparable between Legs 1 and 2, in the range
of 0.19-0.26, 0.26-0.27, and 0.49-0.82, respectively. The
slopes of ADOC vs. ADIC were close to that of ADOC vs.
6.6ADIN, confirming that 19-27% of the NCP was converted
to DOC in the plume water. However, the slopes of ADOC vs.
106ADIP (0.49-0.82) were much higher than those of ADOC
vs. ADIC and 6.6ADIN. Indeed, Han et al. (2012) also find
apparent non-Redfield uptake ratios (> 16 : 1) of DIN : DIP in
the river plume, likely due to the quick decomposition of
DOP (dissolved organic phosphorus). Thus, the NCP or organ-
ic production in the river plume estimated based on the net
consumption of DIP would be subject to large uncertainty.
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Fig. 7. Distributions of ADOC (umol L™"), ADIC (umol L™"), and ADIN (umol L") along Transects 2 and 5 on the northern SCS shelf in summer
2008 during Legs 1 and 2. ADIC, ADIN, and ADIP, representing the biological alterations of DIC, DIN, and DIP on the northern SCS shelf, are the dif-
ferences between measured and model predicted concentrations, as estimated by Cao et al. (2011) and Han et al. (2012). Positive values of ADIC,
ADIN, and ADIP indicate net consumption, while the negative values suggest net production/addition.

In the upwelling zones, significant correlations between
ADOC and ADIC and 6.6ADIN and 106ADIP were found only
during Leg 1 (Fig. 8d-f). This was because most of the ADIC
values observed during Leg 2 were negative, due to the DIC
addition caused by the remineralization of POM in the near-
bottom onshore-flowing water (Cao et al. 2011). However, the
trend of higher ADOC values as ADIC decreased was still
apparent during Leg 2, suggesting that DOC production was
enhanced as the regenerated nutrients and DIC were trans-
ported to the inner shelf and stimulated primary production.
The slopes of ADOC vs. ADIC and 6.6ADIN and 106ADIP in
the upwelling zone during Leg 1 were relatively constant as
0.24, 0.25, and 0.26, suggesting that 24-26% of the NCP was
converted to DOC in this region. Similar carbon partitioning
of NCP is also observed in the Ria de Vigo upwelling system
(Iberian margin of the North Atlantic), where DOC produc-
tion accounts for 20% of net primary production (Alvarez-Sal-
gado et al. 2001). Note that although primary production and
the phytoplankton community structure (W. Lei unpubl.) in
the plume and upwelling zones were different, the fractions
of NCP accumulated as DOC in the river plume and upwelled
water masses were comparable. Our study supported the
notion that DOC production accounts for approximately 20%
of NCP in the coastal ocean (Hansell and Carlson 1998).
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Suspended POC

The similar distribution of POC and Chl a suggested bio-
logical production of POC while the phytoplankton bloomed
in the plume and upwelled water. Moreover, the slopes of
POC/PON in the plume (6.3 +0.6) and upwelled water
(6.4 +£0.9) were consistent with the Redfield ratio, further
confirming the marine source of POM. The POC/Chl a ratio
in the coastal ocean is often used to distinguish freshly pro-
duced POM (Liu et al. 2007; Cai et al. 2012). The freshly pro-
duced POM has a POC/Chl a ratio lower than 200 (Cifuentes
et al. 1988; Liu et al. 2007). In the plume, POC/Chl a was in
the range 47.3-326.4 and 24.3-380 with averages close to
200 (175.7+86.2 and 165.3 +116.4 during Legs 1 and 2,
respectively), indicating that POC in the plume was contrib-
uted mainly by biogenic particles such as detritus, bacteria
and viruses. However, POC/Chl a values in the upwelling
zones were lower than 200 with averages of 54.8 +38.7 and
71.2 = 52.3, respectively, suggesting that phytoplankton car-
bon dominated POC in upwelled subsurface water.

As shown in Fig. 9, positive linear correlations were
observed between POC and ADIC in the plume during both
legs and in the upwelling zone during Leg 1, suggesting that
the POC production was associated with the net consump-
tion of DIC. Similar to ADOC, the negative correlation
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Fig. 8. ADOC vs. ADIC (a, d), 6.6ADIN (b, e), and 106ADIP (¢, f) in the plume (a—c) and upwelling (d—f) on the NSCS shelf in summer 2008 dur-

ing Legs 1 and 2.

between POC and ADIC confirmed enhanced organic matter
production while the regenerated DIN/DIC in the upwelled
subsurface water was transported to the inner shelf, stimulat-
ing primary production. The intercepts of the linear regres-
sion lines (8.3 and 8.6 ymol L' in the plume during Legs 1
and 2, and 7.7 yumol L™' in the upwelling zone during Leg 1)
represented the initial POC concentrations in the plume and
upwelled water prior to the net DIC consumption. Therefore,
the net biological production of POC (APOC) in the plume
and upwelled water, due to the net consumption of DIC,
could be roughly estimated as the subtraction between the
field measured POC and the POCupic-o. Accordingly, we
could estimate that the APOC was in the range —3.0 to 11.2
pumol L' during Leg 1 and —1.0 to 13.5 umol L™' during
Leg 2 in the plume, and —1.3 to 7.8 umol L™ during Leg 1
in the upwelling zone. The high POC production (up to
11.2-13.5 umol LY is present in the plume and upwelling
zones with high NCP. The slopes of POC vs ADIC (0.14-0.18
in the plume and 0.27 in the upwelling zone) indicated that
POC production accounted for 14-18% and 27% of the NCP,
respectively, in the plume and upwelling zone. Furthermore,
we  estimated that the net TOC  production
(ATOC = ADOC + APOC) was in the range —4.7 to 33.0 ymol
L~ ! during Leg 1 and 0.3-28.2 ymol L™! during Leg 2 in the
plume, and 0.8-20.4 ymol L™! during Leg 1 in the upwelling
zone. The average values of APOC and ATOC in the plume
(4.8+2.8 and 11.4+9.5 ymol L™ ! in Leg 1; 5.0+2.1 and
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14.0+5.3 pmol L' in Leg 2) were comparable to those
(4.0+2.8 and 8.9+5.6 ymol LY in the upwelling zone.
Given the residence times of plume and upwelling waters on
the NSCS shelf during Leg 1, we estimated that the net POC
production rates in the plume and upwelling zone were
5.1%3.0 and 9.2+ 6.4 mmol C m ? d™', and the net TOC
production rates were 12.1 +10.1 and 20.5+12.9 mmol C
mZdh

Although APOC and ATOC were comparable between the
plume and the upwelling zones within their uncertainties,
the partitioning of TOC production displayed different pat-
terns. As shown in Fig. 9¢,d, the slopes of APOC vs. ATOC in
the plume (0.32-0.46) and upwelling zones (0.58) indicated
that POC production accounted for 32-46% of TOC produc-
tion in the plume, and 58% in the upwelled water. DOC pro-
duction dominated the TOC production in the plume, while
it was less than POC production in the upwelling zones. The
relatively high POC production in the upwelled water was
consistent with reports in other upwelling systems (Wetz
and Wheeler 2003; Halewood et al. 2012). Previous studies
suggest that organic carbon production partitioning during a
phytoplankton bloom is correlated with the community
structure and food web dynamics (Carlson et al. 1998, Lomas
and Bates, 2004). Organic carbon is partitioned mainly into
POC when diatoms dominate the biomass during a phyto-
plankton bloom (Engel et al. 2002; Wetz and Wheeler 2003),
and into DOC when the picoplankton dominate (Casareto
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Fig. 9. POC (a, b) vs. ADIC and APOC (¢, d) vs. ATOC in the plume (a, €) and upwelling (b, d) during Leg 1 (blue dots) and Leg 2 (red triangles).

APOC and ATOC denote the net POC and TOC (POC + DOC) production.

et al. 2012 and references therein). The phytoplankton com-
munity structure data derived from the same cruise (W. Lei
unpubl.) showed that diatoms dominated in the phytoplank-
ton biomass of the upwelling zone, which may have caused
the relatively high POC production in this water mass during
our study.

Biogeochemical implications

Owing to the abundant nutrients carried by the Pearl Riv-
er plume (Dai et al. 2008a,b; Han et al. 2012; Dai et al. 2014)
and coastal upwelling (Gan et al. 2010; Han et al. 2012), the
phytoplankton bloom resulted in significant consumption of
DIC and DIN, and the production of organic carbon on the
NSCS shelf during summer. Apart from the organic carbon
accumulated in the water column, the fate of the NCP in the
plume and upwelled water massed included organic carbon
being removed from the water column through the sinking
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of the POM, the diffusion and turbulent mixing of DOC,
and/or the horizontal transport due to advection. The parti-
tioning of organic carbon produced in the coastal ocean can
have important implications for the fate of NCP by affecting
the carbon transport pathways (Wetz and Wheeler 2003).
Chen (2003) reports that at least 4% of the global net pri-
mary production of the coastal ocean is exported to the adja-
cent open ocean as DOC, which accounts for at least 15% of
the DOC accumulated in the surface layer of the global
ocean (Lenborg and Alvarez-Salgado 2012 and references
therein). In the coastal upwelling system off Iberia and NW
Africa, the export of DOC induced by upwelling accounts for
~58% of the generated NCP (Alvarez-Salgado et al. 2007).
Our results showed that similar fractions (~27%) of the NCP
were transformed to DOC, in spite of the different phyto-
plankton community structures between the plume and
upwelling zones. However, some studies show that DOC
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production represents a major fraction of the NCP when
nutrients are depleted. For example, Hill and Wheeler (2002)
report that up to 63% of NCP is transformed to the DOC
pool during the upwelling season in Oregon coastal water,
owing to the decay of the phytoplankton bloom induced by
the depletion of nitrate. Meador and Aluwihare (2014) also
report that ~61% of NCP is partitioned into the accumulat-
ing TOC in the Amazon and Orinoco river plumes. The high
DOC production from primary production is always accom-
panied by non-Redfield ratio uptake of carbon to nitrogen,
which is demonstrated in both incubation experiments and
field studies (Bury et al. 2001; Wetz and Wheeler 2003). The
carbon-rich DOM accumulated in the euphotic zone may
enhance carbon sequestration, once it was transported to the
deep water through physical mixing and advection, or the
sinking of aggregates. However, the accumulated DOM in
the eutrophic layer was highly bioavailable. Compiling all
the published BDOC (bioavailable DOC) data in the coastal
ocean, Lenborg and Alvarez-Salgado (2012) conclude that
BDOC accounts for 22% = 12% of DOC. The export of bio-
available DOM from the coastal ocean would fuel new pro-
duction and influence bacterial metabolism in the open
ocean.

Partitioning of the NCP into POC is correlated with the
sinking flux of POC (Eppley and Peterson 1979). Cai et al.
(2015) also find a positive correlation between POC export
fluxes and POC stocks on the NSCS shelf, implying that POC
production in the euphotic layer could enhance the POC
export. Given the estimated NCP and the production rates
of TOC (DOC + POC) in the water column of the plume and
upwelling zones, our mass balance showed that the removal
rates of TOC were 19.9 +12.4 and 12.5+8.1 mmol C m™?
d™!, respectively, which accounted for 60-63% and 59% of
the NCP in the plume and upwelling zones. These values
were comparable or slightly higher than the previous esti-
mates of vertical POC export flux (10.7 = 11.6 mmol C m™?
d™') on the NSCS shelf during summer based on the method
of 234Th: 238U disequilibria (Cai et al. 2015), indicating
that sinking POC dominated the removal of TOC, and that
the export flux of POC might be enhanced in the plume and
upwelling zones. Our results also showed relatively high
average POC production rates in the upwelling zones. How-
ever, we noted that the average removal rate of TOC in the
upwelling zones was comparable to or slightly lower than
that in the plume. As mentioned above, the regeneration of
DIC and nutrients observed in the upwelling suggested the
decomposition of POM, which may diminish the POC
export flux.

Conclusions

Our observations demonstrated that DOC dynamics on
the NSCS shelf, under the coinfluence of the river plume
and upwelling, were jointly controlled by physical and
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biological forcing. Along with estimations for the net con-
sumption of DIC and nutrients, a three end-member mixing
model was used to estimate semiquantitatively the net pro-
duction of DOC in this complex circulation system. DOC
appeared to be autotrophic throughout the alongshore
transport of the plume, while the upwelling circulation sys-
tem was mixed trophic in terms of DOC net production.
Nevertheless, the integrated biologically mediated DOC net
production was comparable in the present river plume and
upwelling system on the NSCS shelf. Both DOC and POC
production in the plume and upwelling zones were signifi-
cantly correlated with NCP. The partitioning of NCP into
DOC was similar in the two regimes. However, the parti-
tioning of NCP into POC was significantly higher in the
upwelling zones than in the plume. Nevertheless, most por-
tions of the NCP in the both regimes were removed from
the water column through the sinking of POC. Such parti-
tioning of the NCP in the eutrophic coastal ocean has
important implications for carbon cycling in the coastal
ocean.

Taken together with prior research in plume systems (Ben-
ner and Opsahl 2001; Chen and Gardner 2004; Wang et al.
2004; Meador and Aluwihare 2014), we contend that the
predominant production of DOC in river-dominated shelf
systems might be a ubiquitous phenomenon, likely caused
by strong primary production, stimulated by abundant
nutrients transported from rivers. Whether a system coin-
fluenced by plumes and upwelling possesses net DOC pro-
duction, however, warrants a quantitative assessment, such
as that presented here for the NSCS.
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