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Abstract

Nutrient concentrations among the Chinese rivers and bays vary 10-75 fold depending
on nutrient elements. The silicic acid levels in South China rivers are higher than those
from North China rivers and the yields of dissolved silicate increased from the north to
the south of China, indicating the effect of climate on weathering. The nutrient levels in
Chinese rivers are higher than those from the large and less-disturbed world rivers such
as Amazon and Zaire, but comparable to the values for European and North American
polluted and eutrophic rivers like the Loire and Po. This may be ascribed to both of
extensive leaching and influences from agricultural and domestic activities over the
drainage basins of Chinese rivers. DIN:POi_ ratios in most of Chinese rivers and bays
are higher (up to 2800) than the other rivers in the world. The atomic ratios of DIN to
POi’ in the major Chinese rivers and embayment decrease in exponential trend with

increase in the atomic ratios of POZ' to Si(OH),, indicating that primary production
in coastal environments changes with the nutrients transport when the urbanization
develops to a certain extent, and the potential limited nutrient elements can be changed
from phosphorus to nitrogen limitation, which can modify aquatic food webs and then
the ocean ecosystem.

A simple steady-state mass-balance box model was employed. The output shows
that the estuaries and embayment behave as a sink or source of nutrients. For the
major Chinese estuaries, both residual and mixing flow transport nutrients off the estu-
aries, and nutrient transport fluxes in summer is 3—4 fold that in winter except compa-
rable for NH; . These fluxes are 1.0-1.7 fold that estimated by timing riverine nutrient
concentrations and freshwater discharge. For the major Chinese embayment, nutrient
elements are transported to China Seas except POi' and Si(OH), in Sanggou Bay
and Jiaozhou Bay. Seasonally, nutrients transport fluxes off the bays in the summer
are 2.2-7.0 fold that in the winter. In the embayment, the exchange flow dominated
the water budgets, resulting in average system salinity approaching the China seas
salinity where river discharge is limited. The major Chinese estuaries and embayment
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transport 1.0-3.1% of nitrogen, 0.2-0.5% of phosphorus and 3% of silicon necessary
for phytoplankton growth for the China Seas. This demonstrates regenerated nutri-
ents in water column and sediments and nutrients transport fluxes between the China
Seas and open ocean play an important role for phytoplankton growth. Atmospheric
deposition may be another important source of nutrients for the China Seas.

1 Introduction

The coastal ocean represents a surface area of only 10% of the global ocean surface,
but accounts for ~25% of global ocean primary production and 80% of global organic
carbon burial (Berner, 1982; Smith and Hollibaugh, 1993). Drastic increases in delivery
of river-borne nutrients owing to land-use transformation and anthropogenic emission
are known to result in eutrophication, hence to modify aquatic food webs and more se-
vere hypoxic events in coastal marine environments (Humborg et al., 1997; Ragueneau
et al., 2002; Pahlow and Riebesell, 2000; Turner and Rabalais, 1994; Turner, 2002).
High phytoplanktonic productivity at the boundary between terrestrial and marine sys-
tems, make the estuary vulnerable to global change in relation to human activities
(Valeila et al., 1997). The degree to which estuaries modify the transport of nutrients
from land to the ocean can be an important factor affecting the sustainability of near-
shore ecosystems, and perhaps over long periods of time, the ocean itself (Nixon et
al., 1986).

Riverine transport from China represents ca. 5-10% of total surface runoff and 15—
20% of the continental sediment to the global ocean (Table 1). The drainage area
of China covers a region of 5-55° latitude in East Asia, with climate changing from
tropical to cold temperate. Under tectonic control, most of the major Chinese rivers
originate in the western part of the country and flow eastward, emptying into the coast
of the Northwest Pacific Ocean. This provides a natural place to deal with the climate
influence on the weathering and erosion over the country from the north to the south.
The estuaries and embayment along the coast of China mark human disturbance,

393

BGD
6, 391-435, 2009

Nutrient budgets for
Chinese estuaries

S. M. Liu et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/391/2009/bgd-6-391-2009-print.pdf
http://www.biogeosciences-discuss.net/6/391/2009/bgd-6-391-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

prominent impacts on the coastal environment and ecosystem have been observed.

The present work summarizes data from biogeochemical surveys of the major Chi-
nese estuaries and embayment, including Changjiang (Yangtze River), Zhujiang (Pearl
River), Huanghe (Yellow River), Jiaozhou Bay, etc. So as to understand how the coastal
zone of China affects nutrient fluxes to NW Pacific through biogeochemical processes
and its relationship to environmental change, gain a better understanding of the cycles
of plant nutrient species (N, P, Si).

2 Materials and methods

The present study summarizes data from biogeochemical surveys of a number of
large Chinese estuaries, embayment, and adjacent shelf regions (Fig. 1). Riverine
and estuarine systems in China include, from the north to the south, the Yalujiang,
Liaohe, Shuangtaizihe, Luanhe, Huanghe (Yellow River), Daguhe, Huaihe, Changjiang
(Yangtze River), Qiantangjiang, Yongjiang, Jiaojiang, Oujiang, Minjiang, Jiulongjiang,
and Zhujiang (Pearl River). Nutrient budgets were focused on Yalujiang, Daliaohe,
Huanghe, Changjiang, Minjiang, Jiulongjiang, and Zhujiang. The other Chinese rivers
and Han, Keum and Yeongsan from Korea side were included to understand nutrient
transport fluxes to the China seas. Table 1 tabulates the drainage areas and long-
term water and sediment loads of the major rivers empty into the China Seas. The
data for nutrients of the rivers used in this study are basically from scientific investiga-
tions. The data were obtained from: the Yalujiang, three cruises in August 1992 and
1994 and May 1996; the Daliaohe, two cruises in May and August 1989 and 1992; the
Shuangtaizihe, one cruise in August 1993; the Luanhe, one cruise in August 1991; the
Huanghe, four expeditions between 1984 and 1986 and monthly cruises in 2001; the
Changjiang, multi-year observations at Nantong since 1997; the Jiaojiang, one cruise
in August 1994; the Zhujiang, two cruises in August 2001 and January 2000, and the
references for the other rivers.

Embayment along the coast of China includes Taizhou Bay, Sanggou Bay, Hangzhou
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Bay, Xiangshan Bay, Sanmen Bay, Jiaozhou Bay, Daya Bay, and Dapeng Bay. And the
adjacent shelf regions, that is the Bohai, Yellow Sea, East China Sea and South China
Sea. The data sets for the Bohai were obtained from 1998—-2001, from 1997-1998 for
the Yellow Sea (KORDI, 1998; Liu et al., 2003b), from 1999-2003 for the East China
Sea (Zhang et al., 2007b) and the reference for the South China Sea (Zhang and Su,
2006).

Rainwater and aerosol samples were collected in the Changdao at the tip of Shan-
dong Peninsula to the south of Bohai, an island located in Bohai Strait in 1995 (Zhang et
al., 2004), from Fulongshan in Qingdao, the west of the Yellow Sea during 2004—2005,
Qianliyan Island in the northwest of the Yellow Sea during 2000-2005 and the Shengsi
Archipelago in the western East China Sea during 2000—-2004 (Bi, 2006; Zhang et al.,
2007a).

Water samples were taken on board with Niskin sampler in the China Seas and 21
acid-cleaned polyethylene bottles attached to the end of a fiber-glass reinforced plastic
pole in rivers. After collection samples were filtered immediately through acid cleaned
0.45 um pore size acetate cellulose filters in a clean plastic tent, and the filtrates were
poisoned by saturated HgCl,. All the nutrient data were measured by spectrophoto-
metric method with precision of <3% (Liu et al., 2003a; Zhang et al., 2007b).

3 Biogeochemical modeling approach

Constructing nutrient budgets are essential tools to examine the relative importance
of external nutrient inputs versus physical transports and internal biogeochemical pro-
cesses (Savchuk, 2005), and to assess nutrient retention including denitrification (Gor-
don et al., 1996; Chen and Wang, 1999; Webster et al., 2000; Hung and Kuo, 2002).
The LOICZ guidelines for constructing such budgets concentrate on the simplest case
where an estuary or embayment is treated as a single box which is well-mixed both
vertically and horizontally and at steady-state (Gordon et al., 1996). Further descrip-
tion and application of the LOICZ approach can be found at http://nest.su.se, Webster
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et al. (2000), Hung and Kuo (2002), Hung and Hung (2003), de Madron et al. (2003),
Souza et al. (2003), and Simpson and Rippeth (1998). Budget for the Yellow Sea
(Chung et al., 2000) and Jiulong River estuary (Hong and Cho, 2000), and Pearl River
Delta (Cheung et al., 2000) were the product of the LOICZ guidelines.

The LOICZ biogeochemical budget model is a steady-state box model from which
nutrient budgets can be constructed from nonconservative distributions of nutrient and
water budgets, which in turn are constrained from the salt balance under a steady-
state assumption. It is assumed that either water volume remains constant or that the
change of water volume through time is known, then net water outflow from the system
can be estimated by difference (Gordon et al., 1996). The seawater outflow delivers
salt advectively, and the change in salinity of the system results in inward mixing of
salt. The salinity of the outflowing seawater is taken to be the average of the system
of interest (system 1: designated by subscript syst) and adjacent systems (system 2:
designated by subscript ocn) salinity.

The flux of phosphate and dissolved silicate are assumed to be an approximation
of net metabolism, because phosphorus and silica are not involved in gas-phase re-
actions. Nitrogen and carbon both have other major pathways such as denitrifica-
tion, nitrogen fixation, and gas exchange across the air-sea interface, and calcification.
However, the biogeochemical pathways of carbon and nitrogen can be approximated
from phosphate and silicate flux and C-N-P-Si stoichiometric ratios of reactive parti-
cles coupled with measured flux for carbon and nitrogen. Briefly, under steady-state
condition, the water mass balance can be estimated by:

Ve =Vin—Vour=Vo+Vp—Ve+ Vg +Vy (1)

Where Vj is denoted as residual flow, which is equal to the net input of freshwater; V,
Vo, Ve, Vg, Vi, Vin, Vour @re mean flow rate of river water, precipitation, evaporation,
groundwater, waste water, advective inflow and advective outflow of water from sys-
tem 1. |/; is relatively small and negligible in this calculation because over-extraction
of groundwater is a feature of the area. Vj,, is also negligible as no data are available.
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Taking salinity as 0 psu for fresh water (I, Vo and V), the salt balance in system 1,
therefore, can be derived:

SpVr = Vx(Socn — Ssyst) (2)

Where Sgp=(Seyst+Socn)/2 and Sy and S, are mean salinity in system 1 and sys-
tem 2; Vy is water exchange flow or mixing flow between system of interest and ad-
jacent system. The total water exchange time (1) of the system of interest can be
estimated from the ratio V5 /(Vz+Vy), where Vs is the volume of system 1.

Nutrient budgets are estimated from water budgets and nutrient concentrations.
Non-conservative fluxes of phosphate (A DIP) can be derived from the following equa-
tions:

ADIP = 3 DIPjy — > DIPgyqu = VoDIPg + VpDIPp — VDIP — VyDIPy, (3)

where DIPg, DIPg, DIPy,, DIPp, DIP; and DIPy denote mean phosphate concen-
tration in the river runoff, system 1, system 2, precipitation, residual-flow boundary
(DIPg=(DIPgs+DIP,.,)/2) and mixing flow (DIPy=DIPg,~-DIP,,). A positive non-
conservative flux of nutrient components (e.g. A DIP) indicates that the system of inter-
est is a sink, and a negative non-conservative flux of nutrients indicates that the system
of interest is a source. The other nutrient element flux equations, such as dissolved
silicate (DSi) and NO;, are similar to those in DIP in budget derivation.

4 Results and discussion
4.1 Nutrients in the rivers and embayment

4.1.1 Chinese rivers and embayment

Differences in nutrient levels among the Chinese rivers are shown in Table 2a. Vari-
ations of nutrient concentrations were 30-60 fold for NH, and POi‘, and 8 fold for
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NO; and Si(OH),. High levels of NO; were observed from the Huanghe, Yalujiang,
Daliaohe and Shuangtaizihe; high levels of NHZ were observed from the Huanghe,
Zhuijiang, Jiulongjiang and Daliaohe; while Huaihe, Yongjiang and Jiaojiang surpasses
the others in PO;?'; and the Jiulongjiang, Minjiang and Yongjiang surpasses the others
in dissolved silicate; other rivers (Luanhe, Qiantangjiang and Oujiang) show intermedi-
ate values. Evidently, the dissolved silicate levels in South China rivers (e.g. Minjiang)
are higher than those from North China rivers (e.g. Daliaohe and Huaihe). This can be
related to the effect of climate on weathering, which results in an extensive leaching
of silica from drainage areas, followed by higher riverine concentrations in subtropical
zones relative to temperate zones. Changjiang and Zhujiang represent more than 80%
of total riverine nutrient transport fluxes to the China Seas except POi‘ in winter, NO,
in both winter and summer. Nutrient transport fluxes in summer were higher than those
in winter (Table 2b).

Comparison with those in unpolluted rivers, the nutrient levels in Chinese rivers are
higher than those from the large and less-disturbed world rivers (Meybeck, 1982) such
as Amazon and Zaire, etc., but comparable to the values for European and North
American polluted and eutrophic rivers (Liu et al., 2003a) like the Loire, Po, Rhine,
Seine etc. This may be ascribed to both of extensive leaching and influences from
agricultural and domestic activities over the drainage basins of Chinese rivers. As
the ratios of nitrogen to phosphorus fertilizers used in China may be up to 10-20 or
even more, and nitrogen is much easier to be leached away from drainage basin than
phosphorus. Therefore, N:P ratios in most of Chinese rivers are higher (up to 2800)
than the other rivers in the world (Billen and Garnier, 2007), for example N:P ratio is 24
in Amazon River, 13-38 in Po River, Rhine River and Seine River.

The areal yields of nutrients can be estimated by the product of nutrient concentra-
tions with the river discharge divided by the drainage area to illustrate the contribution
of nutrients from each drainage areas. Dissolved silicate is mainly delivered via weath-
ering, which is restrained by the interaction of tectonic conditions, rock/soil and climate.
The areal yields of dissolved silicate varied from 0.8 to 1270 mol km™—2 day‘1 in large
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Chinese rivers. The yields of dissolved silicate in the Jiulongjiang, Minjiang, Oujiang,
Zhujiang, Qiantangjiang and Changjiang in the south China were higher than in the
Yalujiang, Shuangtaizihe, Daliaohe etc. in the north China (Table 2c). The yields of
dissolved silicate increased from the north to the south of China. This can be related to
that chemical weathering is much stronger in the hot and wet south than in the cool and
dry north watersheds. The increases of rainfall and temperature lead to development
of vegetation, enhancing chemical/biological weathering relative to physical denudation
(Qu et al., 1993). As a consequence of climate influence on weathering, rivers in the
south often have higher values of dissolved silicate than those in the north of China.
The nitrate yields in the Yalujiang, Shuangtaizihe were higher than Qiantangjiang,
Minjiang, Zhujiang, Jiulongjiang, Oujiang, Changjiang etc. While the ammonium yields
in Jiulongjiang is higher than Minjiang, Zhujiang, Changjiang, Daliaohe; the phosphate
yields in Jiulongjiang, Qiantanjiang, Minjiang, Zhujiang, Yongjiang were higher than in
Jiaojiang, Haihe and the others (Table 2c¢). Higher areal yields of dissolved nitrogen and
phosphorus in some rivers may indicate that where there are more intensive domestic
and agriculture activities and the effects of soil type and agriculture on nutrient levels.
Concentrations of nutrients in major Chinese bays are shown in Table 3. Variations
of nutrient concentrations were 55-75 fold for NO;, POi_ and Si(OH), and ~20 fold for

NHZ and NO,. High concentrations of NO;, Si(OH), and POi' were observed from
Hangzhou Bay, followed by Xiangshan Bay, Sanmen Bay, Taizhou Bay, then Jiaozhou
Bay and the other bays; while high concentrations of NH:{ were observed in Jiaozhou
Bay, followed by Sanggou Bay, then the others. This can be related to the effects of
riverine transport, tidal conditions, and biological activities. Nutrient concentrations in
Chinese bays are lower compared to Chinese rivers.

The atomic ratios of DIN: POi_ were 15-390, indicating that P may be the potential
limiting element for phytoplankton growth; the atomic ratios of Si(OH),:DIN were 0.2—
6.7 (Table 3), demonstrating that ratios were higher in Daya Bay and Dapeng Bay (0.6—
6.7) although freshwater discharge into Dapeng Bay is quite limited, this is consistent
to the above statement: the dissolved silicate levels in South China rivers are higher

399

BGD
6, 391-435, 2009

Nutrient budgets for
Chinese estuaries

S. M. Liu et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/391/2009/bgd-6-391-2009-print.pdf
http://www.biogeosciences-discuss.net/6/391/2009/bgd-6-391-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

than those from North China rivers. The atomic ratios of Si(OH),:DIN were 0.7-1.7 in
Hangzhou Bay, Xiangshan Bay and Sanmen Bay, while quite lower (<0.5) in the other
bays. The nutrient compositions indicate that P is the potential limiting element for
primary production in major Chinese bays, and Si too in Jiaozhou Bay.

As the increase in nitrogen and phosphorus are ascribed to anthropogenic activi-
ties, especially agricultural and domestic activities, and nitrogen is much easier to be
leached away from drainage basin than phosphorus. In general, phosphate concen-
trations are higher in the rivers emptying through urban areas due to the effects of
domestic wastewater discharge, for example, the concentrations of POﬁ‘ in wastewa-
ter from sewage treatment plants in Qingdao can be more than 80 uM (Liu et al., 2005).
While dissolved silicate is mainly delivered via weathering. Therefore, the atomic ratios
of POi' to Si(OH), can be used to indicate the nutrient contributions from urbanization
extent relative to weathering function of the drainage basin. When nutrient elements
from the major Chinese rivers and embayment are put together, the atomic ratios of
DIN to PO;?' decrease in exponential trend with increase in the atomic ratios of POi‘
to Si(OH), at p=0.01 (Fig. 2). These relationships among the nutrient elements may
indicate that primary production in coastal environments changes with the riverine nu-
trients transport when the urbanization develops to a certain extent, and the potential
limited nutrient elements can be changed from phosphorus limitation to nitrogen limi-
tation, which can modify aquatic food webs and then the ocean ecosystem.

4.1.2 Korean rivers empty into the Yellow Sea

The Korean rivers draining into the Yellow Sea has not received sufficient attention and
limited data set is available. As the South Korea is relatively small country (99 585 km2)
with rugged terrain leaves only less than 30% of the land is habitable or cultivable, with
a large population (48.4x106), the land usage is extremely demanding and nutrient
load is relatively great among the world rivers. And most agricultural and population
centers are concentrated in the lower reaches of the rivers flowing into the Yellow Sea.
The concentrations of NHZ and POi' are higher than the Chinese rivers, NO; and
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Si(OH), are comparable to the Chinese rivers (Table 2a). Regional climate — summer
wet monsoon, typhoon in the autumn, dry winter-spring, and uneven rainfall — causes
heavy soil erosion of the watershed. Therefore, the concentration of dissolved nutrients
as well as other materials in the river increases with water discharge rate (Fig. 3).
Recently Millennium Ecosystem Assessment argued that nitrogen fluxes in rivers to the
sea over the past four decades have increased 17 folds in the south Korea, mostly due
to the application of fertilizers, which is the most largest change in the world (Millennium
Ecosystem Assessment, 2005, Table 4-1). Baskin et al. (2002) had also asserted
that doubling N content in the Yellow Sea occurs every 3 years during the 1994—1997
due to the human derived N inputs. These two assessments need to be assessed
independently for the clear understanding the nutrient dynamics in the Yellow Sea.

4.2 Nutrients in the China Seas

Nutrients in the China Seas are shown in Table 4, which is highly dynamic with dif-
ferent characteristics for various parts from the north to the south. The China Seas
change from semi-enclosed shallow water region (i.e. the Bohai) to the epi-abyssal
basin (i.e. South China Sea), with vast shelf seas (i.e. Yellow Sea and East China
Sea) in between. Nutrient concentrations in the Bohai display short-term variability, im-
posed on seasonal oscillation and annual change. Nutrient levels are higher in shallow
coastal waters than in the Central Bohai (Zhang et al., 2004). Nitrate concentrations
increased, but phosphate and silicate levels decreased in the last forty years (Liu et al.,
2008). Such a change in nutrient regimes has a profound influence on phytoplankton
composition in the Bohai, ratio of diatoms to dinoflagellates was dramatically reduced
in the Bohai in recent years (Wang and Kang, 1998; Kang, 1991; Sun et al., 2002).
Concentrations of nutrients are higher in the coastal than the central parts of the
Yellow Sea; and seasonal variability of nutrient distribution is observed. The nutrient
patterns in the Yellow Sea reflect the effects of the Changjiang effluent plume, surface
runoff in the west and east coasts and the circulation. The high concentrations of
nitrogen compounds and Siog' in Jiangsu coastal zone and southwest result most

401

BGD
6, 391-435, 2009

Nutrient budgets for
Chinese estuaries

S. M. Liu et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< | 4
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/391/2009/bgd-6-391-2009-print.pdf
http://www.biogeosciences-discuss.net/6/391/2009/bgd-6-391-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

likely from convergence of Yellow Sea Coastal Current and the Changjiang effluent.
The application of LOICZ model-approach demonstrate the dominance of advection
on the nutrient budgetary issues, the active sink/source terms account for >65% of
annual input/export flux in the region (Liu et al., 2003b).

The influence of Changjiang on the nutrient dynamics of East China Sea is limited to
the inner and middle shelf, whereas the exchange across the shelf edge with Kuroshio,
the western boundary current of North Pacific Ocean, is of great importance on the
productive fisheries and nutrient budget (Chen and Wang, 1999). The incursion of
Kuroshio Sub-Surface Waters (KSSW) can be an important source of nutrients sus-
taining phytoplankton blooms and peak rates of primary production in spring over the
East China Sea Shelf favored by vertical mixing driven by the northeast monsoons
starting in late autumn and winter. Also in winter, the riverine influx is at the annual
minimum in this region, and circulation drives land-source nutrients southward along
the coast of China. In summer the dispersal of river plumes over the shelf increases
buoyancy effects, and the southern monsoon induces coastal upwelling. The land-
source supplies abundant nutrients with replete nitrogen relative to phosphorus, so that
the primary production relies on the contribution and/or compensation by KSSW intru-
sion that provides with allochthonous sources for phosphate relative to nitrogen (Chen,
2008). This offshore phosphorus source, however, is inhibited by the strong stratifi-
cation on the shelf in summer. Hence the broad ECS Shelf behaves as a transition
region where photosynthesis changes from P-limitation in the coast to the N-limitation
further off-shore in the open Kuroshio, particularly in summer when the riverine (e.g.,
Changjiang) influx is maximum. Revised nutrient box-model budgets for the ECS Shelf
indicates that the ECS shelf is a sink of nutrients and hence carbon in terms of material
flux from land (i.e., Asia) to the open ocean (i.e., NW Pacific) (Zhang et al., 2007).

The South China Sea comprises of a wide range of sub-ecosystems, such as the
shelf, coral reefs, upwelling region and deep basin, with different nutrient dynamics.
The coral reefs form a distinctive landscape of the South China Sea, where the nu-
trients cycle is very efficient within the atoll lagoons; the exchange with open waters
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is rather limited, however. Nutrient profiles in the deep basin of the South China Sea
resemble to other Southeast Asian Basins, being devoid of nutrients at surface and
concentration increasing with depth (Zhang and Su, 2006).

Comparison nutrients in different parts of the China Seas, surface concentrations
are higher in the Bohai and Yellow Sea, followed by the open shelf of ECS, while
South China Sea has low level of nutrients except for the coastal waters affected by
the land-source input. In the South China Sea Proper, horizontal gradient of chemical
properties is small and vertical processes control the distribution of nutrients. In the
Bohai, horizontal movement of water and spatial variations tend to determine the dis-
tribution of chemical parameters. While vertical structure of nutrients is concerned, the
South China Sea shows the typical open-ocean nutrient profiles with vertical distribu-
tion stable and unchanged, while the other China seas change from season to season
and with strong signature of inter-annual variability.

4.3 Nutrient budgets in estuaries and embayment

Water and salt budgets for large Chinese estuaries are shown in Table 5a. As fresh-
water discharge surpass both precipitation and evaporation, the residual flow is off the
estuaries and is similar to riverine water discharge. Both residual flow and water ex-
change flow or mixing flow in summer is higher than that in winter. The total water
exchange time of the estuaries is lower than 16 days, and the total water exchange
time in winter is 2-5 fold that in the summer.

Water budgets for Chinese embayment are shown in Table 5b. Generally, freshwa-
ter discharge into the bays is lower than 10x10°m?® day‘1 except Hangzhou Bay and
Taizhou Bay. The residual flow or net water exchange is from the bays to ocean except
that in winter, Sanggou Bay, Jiaozhou Bay, Daya Bay and Dapeng Bay are from ocean
to the embayment. The exchange flow was 1-48 times the total freshwater inputs. Ap-
parently, the exchange flow dominated the water budgets, resulting in average system
salinity, approaching the China seas salinity where river discharge is limited. The total
water exchange time of the bays ranged from 13—1042 days, and total water exchange
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time in winter is higher than that in summer except Sanmen Bay.

The nutrient budgets for large Chinese estuaries are provided in Table 6a. Atmo-
spheric depositions of nutrients are very limited relative to riverine input owing to lim-
ited surface area. Both residual and mixing flow transport nutrients off the estuaries.
Table 6a illustrates the net source of NO, POi_ and Si(OH), in large Chinese estuar-

ies except that POi' in the Huanghe in summer. The model shows that the estuaries
behave as a sink of NH; except that in the Changjiang and Daliaohe in both the winter
and summer, in Zhujiang in the summer, in Huanghe and Jiulongjiang in the winter.

The nutrient budgets for major Chinese embayment are shown in Table 6b. Riverine
transports are more important than atmospheric deposition for NO, POi‘ and Si(OH),
except Dapeng Bay for NO, and Si(OH), and Daya Bay for NO in summer, in contrast,
atmospheric deposition play an important role than riverine input for NHZ. From nutrient
budgets, nutrients net sink into sediment or transformed into other forms or export off
the bays depending on nutrient elements and the bays. However, the result is not
conclusive because of the absence of waste load and aquaculture, limited data for
riverine inputs.

4.4 Nutrients transport from estuaries and embayment to the China Seas

Eutrophication has been a growing problem in many coastal and estuarine ecosys-
tems around the world (Justi et al., 2003; Rabalais et al., 2002). The transformation
of nutrients within estuaries affects the transport of nutrients from land to the ocean
and eventually the sustainability of nearshore ecosystems (Nixon, 1995). Nutrients
transport from estuaries and embayment to the China Seas are estimated to be the
sum of net water flow (Cgl/z) and mixing flow (CyVy) based on nutrients budget as
discussed above, that is model results F4e1=CrVg+CxVy. Nutrient transport fluxes
show conspicuous seasonal variations with higher values in summer and lower val-
ues in winter except NHZ in Zhujiang due to wastewater discharge (Table 7a). To-
tally, nutrient transport fluxes from major Chinese estuaries to coastal areas in summer
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are 512x10° molday ™' for NO;, 24.7x10° molday ™" for NH}, 4.77x10° molday ™" for

Poi‘ and 775x10° mol day'1 for Si(OH),, which are 3—4 fold that in winter except com-
parable for NHZ. These fluxes are 1.0—1.7 fold that estimated by timing riverine nutrient
concentrations (C) and freshwater discharge (i.e. riverine input F;,,,=CVj), indicating
that estuary processes exist, for example, scavenging and/or regeneration, waste dis-
charge.

Nutrient elements are transported from major embayment to China Seas except
POi_ and Si(OH), in Sanggou Bay and Jiaozhou Bay (Table 7b) based on model out-

put as the concentrations of POi‘ and Si(OH), in the bay are lower than offshore areas.
Seasonally, nutrient elements transport fluxes off the bays in the summer are 2.2-7.0
fold that in the winter. Compared with nutrient transports from the riverine input to the
bay, model output fluxes off the bay are 1.3-3.0 fold that the riverine input for POi‘
and NHZ, but are comparable to the riverine input for NO; and Si(OH),. Comparison
nutrient fluxes from estuaries with embayment to the China Seas, model outputs show
that estuaries transports are 8-56 fold that from embayment.

4.5 The effects of nutrients transport on the ecosystems of the China Seas

Rates of primary productivity in estuaries are among some of the highest on earth. Ex-
change of matter and energy between estuaries and coastal ecosystems affects phy-
toplankton growth rates and community composition in offshore ocean. The coastal
ocean is a highly dynamic and spatially heterogeneous compartment of the Earth sys-
tem affected by anthropogenic activities. Primary production in China Seas changes
with season and region (Table 8). In both the Bohai and East China Sea, primary pro-
duction is the highest in the summer and the lowest in the winter. In the Yellow Sea,
primary production is the highest in the spring, followed by fall and is the lowest in the
winter. In the shelf (bottom depth <200 m) of the northern South China Sea, primary
production is comparable in the summer and winter, which are higher than in the spring
and fall; in the basin waters (bottom depth >2000 m), primary production is the highest
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in the winter and the lowest in the summer.

Given the surface area of 7.7x10% km2, 38x10* km2, 53x10% km? and 200x10* km?
over the Bohai, Yellow Sea, East China Sea shelf and South China Sea shelf region
at water depths <200 m, respectively, the total primary production would be 3.0, 12.6,
27.3and 166.0x10*tCday ™" in the Bohai, Yellow Sea, East China Sea shelf and South
China Sea shelf in the summer, respectively; and 1.2, 2.9, 15.7, 164.0x10* tCday ™ in
the Bohai, Yellow Sea, East China Sea shelf and South China Sea shelf in the winter,
respectively, with average total primary production of 208.9 and 183.8><104thay‘1
in the China Seas in the summer and winter, respectively. Taking into account the
Redfield stoichiometric ratio for phytoplankton nutrient elements (C:N:P=106:16:1), pri-
mary producers would fix 262.5 and 231.0x10% mol day‘1 of nitrogen, and 16.4 and
14.4x10° molday‘1 of phosphorus in the summer and winter, respectively. The major
Chinese estuaries and embayment transport 811.7 and 236.9x10° mol day‘1 of nitro-
gen, and 8.35 and 3.08x10° molday'1 of phosphorus to the China Seas in the sum-
mer and winter, respectively, which account for 1.0-3.1% of nitrogen and 0.2—0.5% of
phosphorus necessary for phytoplankton growth. This demonstrates that regenerated
nutrients in water column and sediments and nutrients exchange between the China
Seas and open ocean play an important role for phytoplankton growth. Atmospheric
deposition may be another important source of nutrients for the China Seas, for exam-
ple in the Yellow Sea, atmospheric deposition represents 51% of nitrogen load (Liu et
al., 2003b).

4.6 The effects of silicon transport on the ecosystems of the China Seas

It is well known that with eutrophication, i.e. the addition of N and P and the reduction
of water column dissolved silicate, diatom growth and biomass have the potential to
be limited by dissolved silicate, which changes the food web dynamics (Conley et al.,
1993). In China Seas, phytoplankton species composition changed a lot. For exam-
ple, in the Bohai, the replacement of diatoms by dinoflagellates was the main feature
of phytoplankton community changes in the Bohai in recent years (Wang and Kang,
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1998; Kang, 1991; Sun et al., 2002) and the dominant species changed from small
cell diatoms and Chaetoceros spp. to big cell diatoms coexisting with dinoflagellates
between 1958 and 1999 (Sun et al., 2002). In the Yellow Sea, dominant phytoplankton
species composition shifted from diatoms to non-diatoms, such as dinoflagellates and
cyanophytes, thus increasing the proportion of the small-sized phytoplankton in the
size structure of phytoplankton communities (Lin et al., 2005). Frequent harmful algal
blooms (Prorocentrum dentatum and Karenia mikimokoi) exist in coastal waters of the
East China Sea (Zhu et al., 1997; Li et al., 2007). Diatom species dominant blooms de-
creased, but non-diatom species dominant blooms increased (Li et al., 2007). Hypoxia
phenomenon is reported off the Changjiang Estuary (Li et al., 2002) and extended from
the Changjiang plume ~400 km offshore and ~300 km southward along the coast of the
ECS (Chen et al., 2007). On a long view, silicon plays an important role affecting the
ecosystems of the China Seas.

Based on nutrient budgets in large Chinese estuaries and embayment, the total
Si(OH), fluxes to the China Seas are 1070 and 280x10° mol day‘1 in the summer
and winter, respectively. For biogenic silica, there are very limited data for these estu-
aries and embayment (Table 9). In May 2003, dissolved silicate, biogenic silica (BSi)
and lithogenic silica (LSi) were measured for the main stream and major tributaries
of the Changjiang when the river discharge was approaching the annual average with
average concentrations of 88.1+28.4 umol ™" of Si(OH),, 2.0+1.6 umol I~ of BSi and
21.1x121 umoll'1 of LSi (unpublished data). With respect to total silicon, Si(OH),
represented 79%, BSi accounted for 2% and LSi was 19%, in which BSi percent is
lower than the values Conley reported (Conley, 1997) due to high sediment load. In
the total river discharge and sediment load in China side, the Changjiang represents
more than 60% of the total water discharge, and the Huanghe accounts for more than
90% of the sediment load. Suppose the contributions of BSi in the Changjiang is
similar to the other major Chinese large rivers, BSi fluxes from large Chinese estu-
aries to China Seas would be 11.2x10° molday‘1. The concentrations of BSi in the
bays and shelf regions varies from 0.36—2.42 umol 1”1, the preliminary estimated BSi

407

BGD
6, 391-435, 2009

Nutrient budgets for
Chinese estuaries

S. M. Liu et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/391/2009/bgd-6-391-2009-print.pdf
http://www.biogeosciences-discuss.net/6/391/2009/bgd-6-391-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

fluxes from the major embayment to China Seas would be 1.14x10° molday ™' based
on Si(OH), and BSi transport fluxes between Jiaozhou Bay and the Yellow Sea (42.5
and 2.7x10* mol day_1, respectively). Therefore, the total Si(OH), and BSi fluxes from
large Chinese estuaries and embayment would be 523.2x10° mol day‘1, in which BSi
represents 2.3%. Assuming that diatoms account for ca. 75% of the primary produc-
tion in China Seas and taking into account the Redfield stoichiometric ratio for phy-
toplankton nutrient elements (C:N:Si=106:16:16), diatom primary producers would fix
185x 108 mol day'1 of silicon. Both Si(OH), and BSi fluxes can contribute 3% of silicon
necessary for diatom growth. This demonstrates that regenerated silicon in water col-
umn and sediments and silicon transport flux between the China Seas and open ocean
play an important role for diatom growth.

5 Summary

The present work summarizes data from biogeochemical surveys of the major Chinese
estuaries and embayment such as Changjiang and Hangzhou Bay. Nutrient concen-
trations among the Chinese rivers and bays vary 10-75 fold depending on nutrient
elements. The river continuum into the sea experience of lowering residence time and
hence increase in plant utilization deplete the level of nutrients in the estuary than in
the river. The dissolved silicate levels in South China rivers are higher than those from
North China rivers and the yields of dissolved silicate increased from the north to the
south of China, indicating the effect of climate on weathering, which results in an exten-
sive leaching of silica from drainage areas, followed by higher riverine concentrations
in subtropical zones relative to temperate zones. The nutrient levels in Chinese rivers
are higher than those from the large and less-disturbed world rivers such as Amazon
and Zaire, but comparable to the values for European and North American polluted
and eutrophic rivers like the Loire, Po, Rhine, Seine etc. This may be ascribed to both
of extensive leaching and influences from agricultural and domestic activities over the
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drainage basins of Chinese rivers. DIN:POE‘ ratios in most of Chinese rivers and bays
are higher (up to 2800) than the other rivers in the world. As the increase in nitro-
gen and phosphorus are ascribed to anthropogenic activities, especially agricultural
and domestic activities, and nitrogen is much easier to be leached away from drainage
basin than phosphorus. While dissolved silicate is mainly delivered via weathering.
The atomic ratios of POi' to Si(OH), can be used to indicate the nutrient contributions
from urbanization extent relative to weathering function of the drainage basin. The
atomic ratios of DIN to Poi‘ in the major Chinese rivers and embayment decrease

in exponential trend with increase in the atomic ratios of POj‘ to Si(OH), at p=0.01,
indicating that primary production in coastal environments changes with the nutrients
transport when the urbanization attains to a certain extent, and the potential limited nu-
trient elements can be changed from phosphorus limitation to nitrogen limitation, which
can modify aquatic food webs and then the ocean ecosystem.

For the embayment, the exchange flow dominated the water budgets, resulting in
average system salinity, approaching the China seas salinity where river discharge is
limited. For large Chinese estuaries, atmospheric depositions of nutrients are very
limited relative to riverine input. Both residual and mixing flow transport nutrients off
the estuaries. For major Chinese embayment, riverine transports are more important
than atmospheric deposition for NO;, POi‘ and Si(OH), except Dapeng Bay for NO,
and Si(OH), and Daya Bay for NO; in the summer, in contrast, atmospheric deposi-
tion play an important role than riverine input for NHZ. Nutrient transport fluxes from
major Chinese estuaries to coastal areas in the summer are 3—4 fold that in the winter
except comparable for NHZ. These fluxes are 1.0-1.7 fold that estimated by timing
riverine nutrient concentrations and freshwater discharge. Nutrient elements are trans-
ported from major Chinese embayment to China Seas except POi‘ and Si(OH), in

Sanggou Bay and Jiaozhou Bay based on model output as the concentrations of POi‘
and Si(OH), are lower in the bays than offshore areas. Seasonally, nutrient elements
transport fluxes off the bays in the summer are 2.2—7.0 fold that in the winter. Compari-
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son nutrient fluxes from estuaries and embayment to China Seas, model outputs show
that estuaries transports are 8-56 fold that from embayment. Taking into account the
Redfield stoichiometric ratio for phytoplankton nutrient elements (C:N:P=106:16:1), the
major Chinese estuaries and embayment transport 1.0-3.1% of nitrogen, 0.2—0.5% of
phosphorus and 3% of silicon necessary for phytoplankton growth. This demonstrates
that regenerated nutrients in water column and sediments and exchange between the
China Seas and open ocean play an important role for phytoplankton growth. Atmo-
spheric deposition may be another important source of nutrients for the China Seas.
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Table 1. Length, drainage area, long-term average water and sediment loads of large rivers
discharging into the China Seas.

River Length Drainage area Water discharge Sediment load
(km) (x10* km?) (x10°m3yr")  (x10%tyr™)
Huanghe 54637 75.2° 42.6° 1089.3¢
Luanhe 877° 5.4 4.7° 22.2°
Daliaohe 1390° 21.9° 3.8 17.1'
Shuangtaizine  1390% 6.0 43.0/ 20.0/
Yalujiang 7959 6.3° 32.8° 1.1°
Huaihe 1000 27 26.4" 9.87
Daguhe 179 0.56° 0.5° 0.96°
Changjiang 6300 180.9° 928.2" 500"
Han 469.7 2.62 20.9 12.42
Keum 401.4 0.99' 5.8 3.95
Yeongsan 115.8' 0.28 21" 1.24'
Qiantangjiang 494 4.1 34.2) 4.4
Yongjiang 121 0.43" 1.02¢ 0.36"
Jiaojiang 198 1.0 2.30 1.2
Oujiang 376 1.79 14.6¢ 2.67
Minjiang 577 6.1 53.6 7.8
Jiulongjiang 258 15° 1.7 25
Zhujiang 2214 59.0/ 482.1) 95.9

2 Ren et al. (2002); ® Zhang (1996); © Liu et al. (2005); ¢ National Compilation Committee
of River and Sediment Communiqué (2000); ° Feng and Zhang (1998); " National Compilation
Committee of Hydrology Almanac (1982); 9 Liu and Zhang (2004); " Liu et al. (2003a); i Hong et
al. (2002); ' Zhang (2002); * Ministry of Hydrology Power of People’s Republic of China (2004);
' Gao et al. (1993)
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Table 2a. Concentrations (uM) of various nutrient species in major Chinese and Korean rivers
transport to the China Seas.

BGD
6, 391-435, 2009

River Season NO;, NH; NO, PO} Si(OH), Reference
Daliaohe May 1992 159.2 171 121 1.19 71.2 Jiang et al. (1995)
Daliaohe Aug 1992 52.1 3.14 856 1.71 34.2 Jiang et al. (1995)
Shuangtaizihe Aug 1993 181 3.0 0.05 040 105 Zhang (2002)
Luanhe Aug 1991 74.4 02 0.51 87.2 Zhang (1996)
Huaihe Dec 2004-Feb 2005 76.3 165 1.71 4.02 38.1 Unpublished data
Huanghe Winter 238 36.8 742 0.62 115 Zhang (1992)
Huanghe Summer 225 514 393 0.33 99.8 Tan (2002)
Yalujiang Aug 1992, 1994 268 238 0.37 0.30 127 Liu and Zhang (2004)
Yalujiang May 1996 76.3 578 0.17 0.09 146
Daguhe Mar 2002, 2004 1428 065 16.6 0.08 11.5 Liu et al. (2005, 2007)
Daguhe Aug 2002, 2005 1565 0.60 157 0.58 101.1
Han Jun 1992 57.1 75.8 2.0 3.5 36.9 Hong, unpublished
Jun 2000 976 2175 127 Kim et al. (2004a)
Keum 1997-1998 160 265 1.5 1.4 85 Yang et al. (1999a)
Yeongsan 1998-2000 37.1 3.9 72.2 Cha and Cho (2002)
Changjiang Jan 1997-2001 62.7 16.0 0.61 0.49 112.0  Unpublished data
Changjiang Jul 1997-2001 702 464 0.07 0.34 100.2
Qiantangjiang  Aug 2004 101 070 154 1.00 128 Unpublished data
Yongjiang May 2002 119 111 3.2 183 Unpublished data
Jiaojiang Oct 1994 123 0.59 2.21 162 Zhang (2002)
Oujiang Aug 2004 723 321 044 0.30 150 Unpublished data
Minjiang Winter 65 413 165 1.45 208 Hu et al. (1996)
Minjiang Summer 45 3.61 084 0.0 156
Jiulongjiang Summer 36.2 10.70 0.61 261 Chen et al. (1985, 1997),
Jiulongjiang Winter 36.2 19.60 0.91 279.4  Wang et al. (2006)
Zhujiang Aug 1999 786 215 171 0.85 116.3  Unpublished data
Zhujiang Jan 2000 58.1 220 2.06 0.66 106.2
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Table 2b. Nutrient transport fluxes (x 1 o® mol/day) from rivers to the China Seas.

River Season NO; NH; NO, PO  Si(OH),
Daliaohe May 1992 0.75 0.08 0.057 0.006 0.34
Daliaohe Aug 1992 110 0.07 0.181 0.036 0.72
Shuangtaizihe Aug 1993 21.3 0.35 0.006 0.047 12.4
Luanhe Aug 1991 0.96 0.003 0.007 1.12
Huaihe Dec 2004—Feb 2005 552 1.19 0.12 0.29 2.76
Huanghe Winter 123 0.19 0.038 0.003 0.59
Huanghe Summer 254 0.058 0.044 0.004 1.12
Yalujiang Aug 1992, 1994 292 026 0.040 0.033 13.8
Yalujiang May 1996 4.81 0.37 0.011 0.006 9.21
Daguhe Mar, Aug 2002, 2004 0.22 0.001 0.024 0.0005 0.08
Han Jun 1992 3.3 4.3 0.11 0.20 2.1
Jun 2000 5.6 125 0.73 - -

Keum 1997-1998 25 0.4 0.02 0.02 1.4
Yeongsan 1998-2000 - 0.2 - 0.02 0.4
Changjiang Jan 1997-2001 65.9 16.8 0.64 0.51 117.7
Changjiang Jul 1997-2001 2774 183 0.28 1.34 395.9
Qiantangjiang  Aug 2004 946 0.066 0.14 0.094 12.0
Yongjiang May 2002 0.33 0.031 0.009 0.51
Jiaojiang Oct 1994 0.78 0.004 0.014 1.02
Oujiang Aug 2004 289 0.13 0.012 6.00
Minjiang Winter 448 028 0.11 0.10 14.3
Minjiang Summer 12.5 1.00 0.28 0.14 43.2
Jiulongjiang Summer 2.6 0.78 521 0.04 19.1
Jiulongjiang Winter 0.5 0.30 19.7 0.01 4.2
Zhujiang Aug 1999 1171  3.20 255 1.27 173.3
Zhujiang Jan 2000 172  6.51 0.61 0.20 31.4
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Table 2c. The areal yields of nutrients (mol km™2 day'1) in major Chinese rivers.

River Season NO;, NH; NO, PO} Si(OH),
Daliaohe May 1992 28.36 3.05 216 0.212 12.7
Daliaohe Aug 1992 4139 249 6.8 1.358 27.2
Shuangtaizihe Aug 1993 3554 0.10 589 0.785 206.2
Luanhe Aug 1991 17.7 0.05 0.122 20.8
Huaihe Dec 2004—Feb 2005 20.4 0.46 4.42 1.077 10.2
Huanghe Winter 163 0.05 0.25 0.004 0.79
Huanghe Summer 3.37 0.06 0.08 0.005 1.50
Yalujiang Aug 1992, 1994 463.7 0.64 4.12 0519 2197
Yalujiang May 1996 76.4 0.17 579 0.093 146.2
Daguhe Mar, Aug 2002, 2004 39.2 4.23 0.16 0.086 14.7
Han Jun 1992 125 166 4 8 81
Jun 2000 213 475 28 - -
Keum 1997-1998 257 43 2 2 136
Yeongsan 1998-2000 - 76 - 8 148
Changjiang Jan 1997-2001 36.4 035 930 0.285 65.1
Changjiang Jul 1997-2001 153.3 0.15 10.13 0.743 218.8
Qiantangjiang  Aug 2004 230.8 351 160 229 292.5
Yongjiang May 2002 773 7.23 2.08 118.9
Jiaojiang Oct 1994 77.5 0.37 1.39 102.1
Oujiang Aug 2004 161.6 717 0.670 3352
Minjiang Winter 734 186 466 1.64 234.9
Minjiang Summer 204.3 3.81 16.39 227 708.1
Jiulongjiang Summer 176.2 521 297 1270.2
Jiulongjiang Winter 36.4 19.7 0916 281.3
Zhujiang Aug 1999 1985 432 543 215 293.7
Zhujiang Jan 2000 291 1.03 11.0 0.33 53.3
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Table 3. Concentrations (uM) of nutrient species in major Chinese bays.
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Bay Season NO; NO, NH; PO} Si(OH), Reference
Sanggou Bay Spring 262 041 098 0.11 1.34 Unpublished data
Summer 293 1.44 150 0.15 3.95
Fall 820 162 556 0.68 6.90
Winter 582 0.38 4.83 0.31 5.36
Jiaozhou Bay Spring 55 0.88 135 045 3.7 Liu et al. (2005, 2007)
Summer 165 24 10.0 0.28 4.4
Fall 49 24 73 044 6.5
Winter 11.0 1.14 8.35 0.41 5.02
Hangzhou Bay  Spring 553 024 1.09 0.94 67.9
Summer 644 1.02 295 1.00 94.7
Fall 56.7 027 1.32 1.57 98.6
Winter 581 05 264 1.54 60.3 Gao et al. (1993)
Xiangshan Bay Summer 434 156 243 1.05 32.8 Zhang et al. (2006),
Winter 474 050 1.88 1.66 47.3 Zhang et al. (2003)
Sanmen Bay Jul2005 309 187 190 0.66 41.8
Apr2005 354 025 237 0.70 38.6 Wang et al. (2007)
Taizhou Bay Summer 7.08 0.68 1.78 0.42 Chinese Compilation
Winter 241 039 085 1.17 Committee of
Embayment (1993)
Daya Bay Spring 112 0.10 1.27 0.17 16.7
Summer 2.16 0.41 187 0.16 25.2
Fall 1.80 050 262 0.17 21.7
Winter 217 024 220 0.30 16.1 Qiu et al. (2005)
Dapeng Bay Summer 3.86 059 1.86 0.28 12.0 Li et al. (2004),
Winter 250 0.93 291 0.11 3.72 Chinese Compilation

Committee of
Embayment (1998)
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Table 4. Nutrient concentrations (uM) for the China seas.

BGD
6, 391-435, 2009

Sea Season/Area NO; NH,
Bohai®
Summer 1.19+1.60 1.76+0.89
Winter 4.19+1.96 2.05+0.68
Yellow Sea®
Summer 0.51-5.75 (2.96) 0.13-2.5(0.91) 0.11-0.60 (0.47) 2.75-12.0 (11.9)
Winter 0.73-9.1 (4.1)  0.01-1.9(0.99) 0.15-0.78 (0.43)  0.2-17.8 (8.5)
East China Sea Shelf®
Summer 0.5-6.1(3.5) 0.32-1.1 (0.71) 0.07-0.38 (0.17) 5.95-13.2 (6.0)
Winter 2.4-8.8 (5.6) 0.32 0.23-0.65 (0.44) 6.0-16.0 (11.0)
South China Sea Shelf®
Surface 6.5 3.5
Near-bottom 4.5 3
South China Sea Proper®
Surface 0.25 0.45
Near-bottom 45

Nutrient budgets for
Chinese estuaries

S. M. Liu et al.

2 Li et al. (2003); ° KORDI (1998), Liu et al. (2003b); ¢ Zhang et al. (2007); ¢ Zhang and

Su (2006)
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Table 5a. Water and salt budgets for the Chinese estuaries. Area is in km?, average depth in
m, volume in x10° m®, water fluxes in x10° m® day_1, salinity in psu, and 7 in days. In the table,
positive values indicate transport into the studied system; negative data show the export off the

studied system.
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Estuary Season Area Depth Volume Sy  Sien Vo Vo Ve Vr Vy T
Yalujiang Aug 1992, 1994 170 6 1020 559 2445 1139 1.3 0.80 -1144 91 5.0
May 1996 170 6 1020 7.42 26.78 63.1 0.1 0.20 -63 556 8.6
Daliaohe Aug 1992 39.4 4 157.6 1430 29.49 21.13 0.18 0.27 -21.0 303 31
May 1992 39.4 4 1576 10.46 28.14 474 0.011 0.047 -4.7 5.1 16.0
Huanghe Summer 3.6 2 7.2 27.00 31.20 11.67 0.015 0.038 -11.6 81 0.1
Winter 3.6 2 7.2 26.86 30.70 5.33 0.0007 0.0066 -5.3 40 0.2
Changjiang ~ Summer 3094 5 15470 766 26.91 3951 13.4 18 -3946.4 3544 2.1
Winter 3094 5 15470 13.98 28.81 1051 4.6 5.8 -1049.8 1515 6.0
Minjiang Summer 114 2 228 23.11 33.60 276.9 0.6 0.7 -276.8 748 0.2
Winter 114 2 228 2591 3360 68.9 0.2 0.3 -68.8 266 0.7
Jiulongjiang  Summer 85 6.47 550 27.40 33.97 73.0 0.6 0.7 -729 341 13
Winter 85 6.47 550 28.30 3223 15.1 0.1 0.1 -15.095 116 4.2
Zhuijiang Aug 1999 1180 7 8260 6.30 30.00 1490 114 7.4 -1494 1144 34
Jan 2000 1180 7 8260 20.60 33.30 296 1.4 4.4 -293 622 9.0
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Table 5b. Water and salt budgets for the Chinese embayment. Area is in km?, average depth
in m, volume in x108 m3, water fluxes in x10®m® day", salinity in psu, and 7 in days. In the
table, positive values indicate transport into the studied system; negative data show the export
off the studied system.

Embayment Season Area  Depth Volume Sy  Sip Vo Vo Ve Vg Vy T
Sangguo Bay ~ Summer  163.2 7.5 1224 3027 3179 144 092 0941 -141 289 40
Winter 163.2 7.5 1224  32.05 32.72 0.10 0.067 0.348 0.18 8.8 142
Jiaozhou Bay ~ Summer 390 6.26 2440 30.84 3179 551 1753 192 -534 1761 13
Winter 390 6.26 2440 3190 3272 0.379 0.154 0.594 0.06 24 1042
Hangzhou Bay =~ Summer 5000 8 40000 10.59 23.80 190.1 218 302 -181.7 2365 96
Winter 5000 8 40000 12.15 24.40 504 9.2 93 -503 750 319
Xiangshan Bay ~Summer 563 8 4504 2595 2492 55 3.3 33 -550 1351 32
Winter 563 8 4504 22.03 2740 15 1.1 1.1 -150 69 536
Sanmen Bay Jul 2005 775 8 6200 2421 25.13 3 1.6 17 -290 778 77
Apr 2005 775 8 6200 27.74 3055 115 5.1 4.3 -123 1276 44

Taizhou Bay Summer  911.561 10 9116  31.95 26.37 285 4.6 4.8 -28.3 1479 52
Winter 911.561 10 9116  24.94 2937 75 21 2.2 -7.40 454 173
Daya Bay Summer 432.9 9 3896 31.60 33.46 0.843 49 3 -2.74 480 77
Winter 432.9 9 3896 32.16 34.28 0.175 0.5 1.9 1.23 19.2 217
Dapeng Bay Summer  166.76 15 2501 31.76 33.46 0 3.6 1.9 -1.70 326 73
Winter 166.76 15 2501 31.84 34.28 0 0.4 1.2 0.80 10.8 249
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Table 6a. Box model outputs of nutrient budgets in the Chinese estuaries. The concentrations S. M. Liu et al.

of nutrients in the systems (Cy ;) and offshore oceans (C,,) are in uM, atmospheric nutrients
deposition (V-Cp), riverine input (V5Cp), the net nutrients transport (VzCz), mixing exchange
fluxes of nutrients (V,C,) and nutrients sink and/or source (A) are in x10°molday™". In the
table, positive values indicate transport into the studied system; negative data show the export
of nutrients off the studied system.

Csysl Cccn VH Cﬁ VX CX
Estuary Season NO; NH; POI Si(OH), NO; NH; PO} Si(OH), NOj NH; PO} Si(OH), NO; NH; POY  Si(OH),
Yalujang ~ Aug 1992,94 268 246 053 103 296 091 047 119 -155 -0193 -0057 -657 -241 -014 -0005 -830
Yalujang  May 1996 495 3804 0164 955 41 0973 029 85 -17 -0150 -0.014 -328 -253 -0.16 0007 -484
Daliache  May 1992 155.6 7.85 152 541 778 557 155 962  -05 -0031 -0007 -0.15 -040 -001 0000 -0.23
Daliache ~ Aug 1992 471 100 142 221 136 064 090 534 -06 -0017 -0024 -029 -102 -001 -0016 -051
Huanghe ~ Summer 632 288 020 411 954 229 03 24 -04 -0030 -0003 -038 -43 -005 0008 -138
Huanghe  Winter 698 80 054 300 419 205 048 815  -02 -0027 -0003 -010 -26 -024 -0.002 -0.87
Changjiang ~ Summer 628 338 068 930 316 071 057 387 -1863 -8070 -2467 -2598 -1107 -9.46 -0390 -192.4
Changjiang ~ Winter 56.7 794 079 748 26 032 063 296 -434 -4333 -0747 -5480 -465 -115 -0247 -68.47
Minjiang Jun 1986 223 314 052 915 35 071 017 60 -36 -0533 -0096 -1350 -141 -182 -0262 -64.0
Minjiang Oct 1986 35 196 088 994 56 032 044 110 -14 -0078 -0045 -380 -7.83 -044 -0117 -2354
Jiulongjiang  Summer 173 408 032 1533 305 057 02 384 07 -0169 -0019 -699 -484 -119 -0041 -39.13
Jiulongjiang  Winter 17.4 247 074 1234 1244 039 053 577 02 -0022 -0010 -137 -058 -024 -0024 -7.64
Zhujiang  Aug 1999 792 185 080  99.1 53 106 019 129 -631 -2174 -0740 -8369 -845 -0.90 -0.698 -98.67
Zhujiang  Jan 2000 346 151 035 561 038 157 009 213  -51 -2436 -0064 -853 -212 -839 -0162 -3357
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Table 6a. continued.
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VoCo VoCp A
Estuary Season NO; NH; POY SiOH), NO; NH; POJ Si(OH), NO; NH; POY  Si(OH),
Yalujiang Aug 1992,94 292 0.26 0.033 13.8 0.024 0.048 0.000 0.001 104 0.03 0.03 1.0
Yalujiang May 1996 3.88 0.083 0.0059 7.42 0.014 0018 0.000 0.000 033 021 0.00 0.7
Daliaohe May 1992 075 0.08  0.01 0.34 0.002 0.005 0001 0001 019 -0.04 0.00 0.04
Daliaohe Aug 1992 110 007 0036 072 0.009 0.020 0001 0001 054 -006 000 0.07
Huanghe Summer 254 006 0004 112 0001 0001 0000 0000 22 002 -0.01 0.6
Huanghe  Winter 123 036 0003 059 0.000 0.000 0.000 0.000 159 -0.10 0.00 0.4
Changjiang ~ Summer 2774 183 134 3959 0.188 0.402 0.001 0024 195 -120 1.51 56.3
Changjiang ~ Winter 659 16.8  0.51 117.7 0.357 0.641 0.001 0.009 236 -159 0.48 5.6
Minjiang Jun 1986 125 100 0.14 432 0.007 0.015 0.000 0001 52 134 022 343
Minjiang Oct 1986 448 028 0.0 143 0013 0024 0.000 0.000 47 021 0.6 13.0
Jiulongjiang  Summer 264 078 0.04 191 0.005 0.011 0.000 0001 29 057 002 27.1
Jiulongjiang ~ Winter 055 030 0.014 422 0010 0018 0.000 0.000 025 -0.05 0.02 438
Zhujiang Aug 1999 1171 320 127 1733 0072 0.153 0.000 0.009 305 -0.28 0.17 9.1
Zhujiang Jan 2000 172 651 020 314 0.136 0245 0000 0.003 9.0 407 0.03 10.7
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Table 6b. Box model outputs of nutrient budgets in the Chinese embayment. The concen- S. M. Liu et al.
trations of nutrients in the systems (Cy ) and offshore oceans (C,,) are in uM, atmospheric

nutrients deposition (V-Cp), riverine input (,Cp), the net nutrients transport (V;Cg), mixing ex-
change fluxes of nutrients (V,Cy) and nutrients sink and/or source (A) are in x10° mol day‘1.
In the table, positive values indicate transport into the studied system; negative data show the
export of nutrients off the studied system.

Coyst Cocn VaCr VxCx
Embayment ~ Season  NO; NH; POZ™ Si(OH), NO; NH; POZ SiOH, NO; NH; PO SiOH), NO; NH; PO  Si(OH),
SanggouBay ~ Summer 293 150 045 395 296 091 047 119 -0042 -0112 -0004 -011 001 -406 0.9 2.29
Winter ~ 582 483 031 536 41 099 043 85 0009 0005 0001 0013 -015 -034 001 0.28
JiaozhouBay ~ Summer 165 100 028 437 296 091 047 119 -0519 -0290 -0020 -0435 -2379 -1592  0.33 13.3
Winter ~ 11.00 835 041 502 41 099 043 85 00046 0003 0000 0004 -017 -018 0.0 0.08
HangzhouBay ~Summer 644 295 100 947 19 201 064 368 -758 -451 -149 -119.4 -107 -222 -085  -137
Winter 581 264 154 603 238 192 107 450 -206 -115 -066 -265 -257 —054 -035 -114
Xiangshan Bay Summer 434 243 105 328 341 032 052 201 -213 -0076 -0043 -145 -126 -28 -072 -171
Winter ~ 47.4 188 166 473 251 071 065 214 -054 -0019 -0017 -052 -154 -008 -007 -179

Sanmen Bay Jul2005 309 1.90 0.66 41.8 176 032 0.29 9.29 -0.70 -0.032 -0.014 -074 -104 -123 -0.29 -252
Apr2005 354 237 0.70 38.6 241 071 051 21.00 -366 -0.189 -0.074 -366 -144 -212 -0.24 -22.4

Taizhou Bay Summer 7.08 178 0.42 534 0.32 0.16 3.64 -1.76 -0.297 -0.082 -257 -2.16 -0.38
Winter 241 085 1.17 227 071 0.87 19.4 -1.73 -0.058 -0.075 -0.62 -0.06 -0.13

Daya Bay Summer 216 1.87 0.16 252 183 1.06 0.14 9.86 -0.05 -0.040 -0.004 -0.48 -0.16 -0.39 -0.009 -74
Winter 217 220 0.30 16.1 0.38 157 0.09 213 0.02 0.023  0.0024 0.11 -0.34 -0.12 -0.040 -27

Dapeng Bay Summer 386 1.86 0.28 12.0 1.83 1.06 0.14 9.86 -0.048 -0.025 -0.0036 -0.19 -066 -026 -0.046 -07
Winter 250 291 o0.11 3.72 0.38 1.57 0.09 213 0.012 0.018  0.0008 0.02 -023 -0.14 -0.0022 -0.2
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VpoCp VoCo A
Embayment Season NO; NH; POJ”  Si(OH), NO; NH; POS SiOH), NO; NH; PO}  Si(OH),
Sanggou Bay Summer 0.23 0.46 0.004 0.010 225 0.23 0.008 1.45 -24 3.5 -0.100 -3.6
Winter 0.13 0.17 0.001 0.003 014 0.2 0.000 0.01 -01 015 -0.012 -03
JiaozhouBay ~ Summer 056 1.10 0.010 0.023 863 087 0.032 557 151 1425 -0.350 -18.4
Winter 0.31 041 0.001 0007 054 006 0.000 004 -069 -03 -0002 -0.1
Hangzhou Bay Summer 3.03 650 0.013 0.383 2224 95 1901 2755 -423 -92 0427 -19.6
Winter 577 104 0021 0141 516 170 0968 598 -11.0 -10.4  0.021 220
Xiangshan Bay Summer 0.34 073 0.001 0.043 646 027 0055 800 795 1.9 0.708 10.5
Winter 065 1.17 0002 0016 149 005 0028 173 -006 -1.1  0.057 0.6
SanmenBay  Jul2005 0.47 1.01 0.002 0059 135 057 0.115 1666 -2.9 -0.3 0.184 9.3
Apr2005 0.89 1.61 0.003 0022 307 0.10 0058 356 1405 0.6 0.252 22,5
Taizhou Bay Summer 055 1.19 0.002 0.070 775 0.04 0.139 1021 -40 12 0.325
Winter 1.05 1.89 0.004 0026 775 0.04 0139 1021 -65 -1.8 0.066
Daya Bay Summer 0.26 0.56 0.001 0.033 004 001 0014 071 -009 -01 -0.003 7.1
Winter 050 0.90 0002 0012 1.02 023 0102 036 -12 -10 -0.066 22
Dapeng Bay Summer 0.10 0.22 0.000 0.013 0.00 0.00 0.000 0.00 06 007 0.049 0.87
Winter 0.19 0.35 0.0007 0.005 000 000 0.000 000 0.3 -02 0.00068 0.1
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Table 7a. Nutrient transport fluxes (x10° molday™), i.e. model output (VgCpq + VCy) from
major Chinese estuaries to China Seas. In the table, positive values indicate transport into the

studied system; negative data show the export off the studied system.
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Estuary Season NO;  NH; PO~ Si(OH),
Yalujiang Aug 1992,94 -39.6 -0.33 -0.063 -14.9
Yalujiang May 1996 -42 -031 -0.0073 -81
Daliaohe May 1992 -1.0 -0.04 -0.007 -0.4
Daliaoche Aug 1992 -17 -0.03 -0.040 -0.8
Huanghe Summer -48 -0.078 0.005 -1.8
Huanghe Winter -282 -0.26 —-0.005 -0.97
Changjiang  Summer -297 -175 —2.86 —452
Changjiang  Winter -89.9 -15.9 -0.99 -123
Minjiang Jun 1986 -176 -24 -0.36 -77.5
Minjiang Oct 1986 -923 -052 -0.16 -27.3
Jiulongjiang Summer -558 -14 -0.060 -46.1
Jiulongjiang  Winter -081 -026 -0.034 -9.0
Zhujiang Aug 1999 —-148 -3.1 -1.44 -182
Zhuijiang Jan 2000 -26.4 -10.8 -0.23 -421
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Table 7b. Nutrient transport fluxes (x10°molday ™), i.e. model output (V5Cp + VyCy) from
major Chinese embayment to China Seas. In the table, positive values indicate transport into

the studied system; negative data show the export off the studied system.
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Embayment Season  NO; NH; POS™  Si(OH),
Sanggou Bay Summer -0.034 -4.17 0.088 2.18
Winter -0.14 -0.33 0.011 0.29
Jiaozhou Bay Summer -243 -16.2 0.31 12.8
Winter -0.16 -0.17  0.001 0.088
Hangzhou Bay Summer -183.2 -6.73 -2.34 -256.2
Winter -46.3 -169 -1.01 -37.9
Xiangshan Bay Summer -14.7 -293 -0.77 -18.6
Winter -2.09 -0.10 -0.087 -2.31
Sanmen Bay Summer -11.1 -126 -0.30 -26.0
Winter -18.0 -2.31 -0.31 -26.1
Taizhou Bay Summer -433 -246 -047
Winter -235 -012 -0.21
Daya Bay Summer -0.21 -043 -0.013 -7.84
Winter -0.33 -0.098 -0.037 -257
Dapeng Bay Summer -0.71 -0.29 -0.049 -0.88
Winter -022 -0.13 -0.001 -0.15
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Table 8. Seasonal primary production (mgC m~2 day'1) in China Seas.

Region Spring Summer Fall Winter  Reference
Bohai 300+73 390+201 232172 161+33 Feietal. (1991); LU et

al. (1999); Sun et al. (2003)
Yellow Sea 2066 331 702 75 Yang et al. (1999b)

(66-5303) (67-1020) (281-1341) (15-221)
East China Sea 307+156 515+315 371+154  297+121 Gong et al. (2003)
Northern South China Sea
Shelf (<200 m) 620+220 830+420 4504240 820+40 Chen and Chan (2006)
Basin (>2000m) 440+300 310+140 320+140 530+190
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Fig. 1. Map of the east China and the west of South Korea, showing the location of large rivers
and embayment in this study and adjacent shelf region from north to south of the China Seas.
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Fig. 2. The atomic ratios of DIN to PO}~ versus PO to Si(OH), in large Chinese estuaries

and embayment.
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Fig. 3. Nutrient concentration (POf{_) and discharge rate of the Han River over the year, an
example for the Korean rivers (Data was taken from Kim et al., 2004b).
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