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Abstract

To understand the temporal and spatial variations in nutrient dynamics, as well as the potential cross-shelf
transport of nutrients between the East China Sea (ECS) shelf and the northwestern Pacific Ocean, six field
observations covering the ECS were conducted in spring, summer, and autumn in 2011 and 2013. Nutrient
dynamics in the ECS and nutrient exchange between shelf water and the open ocean were examined. High
concentrations of dissolved inorganic nutrients were detected in the nearshore surface layer and offshore bottom
layer in different seasons, and the concentrations of dissolved inorganic nutrients in surface seawater were lower
in summer and autumn than in spring. The concentrations of dissolved organic nutrients in Kuroshio surface
water were slightly lower in summer than in spring, but the concentrations in Kuroshio subsurface water were
slightly higher in summer than in spring. There were abundant nutrient reservoirs in the euphotic zone of the
ECS, which explained the high primary productivity. The evaluation of cross-shelf transport indicated that
nutrients from shelf water were transported out across the 200 m isobath through the surface layer with the
density (σ) less than 23.0 kg/m3 in spring. The flux of dissolved inorganic nitrogen transported from the ECS shelf
to the Northwest Pacific Ocean in spring was equivalent to 21% of the atmospheric nitrogen deposition in the
Northwest Pacific Ocean. In summer, the onshore flux in the surface and bottom layers accounted for 80% of the
total flux, and the transportation of nutrients along the surface layer to the continental shelf contributed to the
nutrient storage and primary productivity of the euphotic zone in the ECS shelf in summer.
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1  Introduction
Marginal seas play a crucial role in the global material and

energy cycle (Ji et al., 2020; Tsunogai et al., 1999; Yool and
Fasham, 2001). Recent studies suggest that continental marginal
seas are significant contributors of terrestrial materials, such as
iron (Fe) and aluminum (Al), for the open ocean through cross-
shelf transport. This process may potentially enhance the
primary productivity of open oceans (De et al., 2012; Middag
et al., 2012;Misumi et al., 2021; Waite et al., 2016; Wang et al.,
2021). The East China Sea (ECS), located between mainland
China and the Ryukyu Islands, is one of the largest continental
marginal seas in the northwestern Pacific Ocean. The ECS plays
an important role in transporting materials from the Asian con-
tinent to the western Pacific Ocean (Liu et al., 2000; Qiao et al.,
2023; Ren et al., 2015; Yuan et al., 2018).

Nutrients have a critically important effect on marine primary
productivity (Wang et al., 2022). The ECS is a highly productive

marginal sea (Liu et al., 2010; Zhang et al., 2019) due to the high
nutrient supply from the rivers and exchanges with the open
ocean (Chen, 1996; Liu et al., 2009; Zhang et al., 2007; Zhao and
Guo, 2011; Zheng et al., 2022). The current system in the ECS is
complex and experiences significant seasonal variations because
of the East Asian monsoon (Chen, 2009; Guo et al., 2023; Lin
et al., 2021; Su and Wang, 1987; Su et al., 1994). The Kuroshio, a
strong western boundary current of Pacific Ocean (Wei et al.,
2023), has a large onshore water flux greater than 1 × 106 m3/s to
the ECS continental shelf and its main axis flow northeastward
along the shelf slope (Ding et al., 2019; Guo et al., 2006; Hu et al.,
2020; Zhou et al., 2015). The invasion of Kuroshio Subsurface Wa-
ter (KSSW) can be traced from the continental slope onto the
shelf (Hu et al., 2020), which bring replete nutrients to the ECS
shelf, indeed, its nutrient contribution to the ECS shelf is even
greater than that of the Changjiang River (Yangtze River) (Che
et al., 2022; Chen et al., 1995; Chen, 1996; Liu et al., 2000; Zhang  
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et al., 2007). The Changjiang River Diluted Water (CDW) extends
mostly northeastward toward Cheju Island in summer and hugs
China’s southeast coast in winter (Chang and Isobe, 2003; Kim
et al., 2023; Zeng et al., 2017). Cross-shelf exchange between the
ECS shelf and the open ocean occurs year-round across the shelf
break, and the 200 misobath is defined as the boundary (Ding
et al., 2016; Guo et al., 2013; Hsin et al., 2008; Hu et al., 2020). The
exchanges of materials and energy has significant effects on nu-
trients dynamics, primary productivity, and the ecosystem in the
ECS (Che et al., 2022; Zhang et al., 2007; Zhao and Guo, 2011).

Numerous oceanographic studies have analyzed spatial and
temporal variations in the nutrients of the ECS as well as nutrient
budgets for the ECS shelf, including nutrient fluxes carried by the
Kuroshio incursion to the ECS shelf (Chen, 2008; Ding et al.,
2019b; Gong et al., 2000; Huthnance, 1995; Yang et al., 2023;
Zhang et al., 2007; Zhao and Guo, 2011). It is unclear how and
where nutrients are transported across the shelf, as well as its
temporal and spatial variations. Limited research has been con-
ducted on the transportation of nutrients from the shelf to the
open ocean, and there is a lack of understanding about the flux
and its seasonal variations across various density layers (Liu
et al., 2022b; Xu et al., 2023; Zhao and Guo, 2011). In this study,
we examined the nutrient dynamics in the ECS and the nutrient
exchange fluxes between the shelf water and the open ocean dur-
ing the spring and summer. We aimed to enhance our under-
standing of the temporal and spatial variations in nutrient dy-
namics and the potential cross-shelf transportation of nutrients
between the ECS shelf and the northwestern Pacific Ocean.

2  Materials and methods

2.1  Sample collection
In spring, summer, and autumn of 2011 and 2013, six field ob-

servations were conducted covering the ECS (Fig. 1). In 2011,
three field observations were conducted from 11 May to 7 June
(spring) by the R/V Shiyan 3, from 10 to 31 August (summer) and
from 17 to 29 November (autumn) by the R/V Beidou. In 2013,
another three field observations were conducted from 6 to 21
May (spring) by the R/V Beidou, from 4 to 31 August (summer) by

the R/V Dongfanghong 2, and from 11 October to 6 November
(autumn) by the R/V Beidou. Hydrological parameters such as
temperature and salinity at every station were measured using a
Sea Bird 911plus CTD (conductivity-temperature-depth system).
Discrete water samples were collected by 10-L Niskin bottles at
depths determined by CTD readings. After collection, the water
samples were filtered through pre-cleaned 0.45 μm pore-size cel-
lulose acetate filters using a 500 mL Nalgene filtration apparatus
to determine nutrient concentrations. The filtered water samples
were stored in high density polyethylene bottles (Nalgene) and
frozen at –20℃ until they were transported back to the laborat-
ory for analysis.

2.2  Chemical analysis
NO−

 NO−
 NH+

 Si(OH)−
PO−



NO−
 NO−

 NH+


NO−
 NO−

 NH+


The concentrations of , , ,  (DSi), and
 (DIP) were measured using a nutrient auto-analyzer

(SkalarSANplus) (Liu et al., 2011). The concentration of dissolved
inorganic nitrogen (DIN) was the sum of , , and .
Total dissolved nitrogen (TDN) and phosphorus (TDP) were
measured using the alkaline potassium persulfate (K2S2O8)
oxidation method as described by Grasshoff et al. (2009). The
analytical precision was 0.06 μmol/L, 0.01 μmol/L, 0.09 μmol/L,
0.15 μmol/L, 0.03 μmol/L, 0.68 μmol/L, and 0.02 μmol/L for

, , , DSi, DIP, TDN and TDP, respectively. The
concentrations of dissolved organic nitrogen (DON) and phos-
phorus (DOP) were estimated by subtracting DIN from TDN and
DIP from TDP, respectively.

3  Results

3.1  Hydrographic conditions
In the ECS, the main circulation regimes include the Kurosh-

io, the CDW, and the Taiwan Warm Current (TWC) (Figs 2-4)
(Gong et al., 1996; Ichikawa and Chaen, 1993; Sun et al., 2023;
Teague et al., 2003). The CDW, which is characterized by low sa-
linity (S < 31), expanded southeastward to 124°E at the surface in
spring. In summer, the expansion direction of CDW shifted to the
northeast and covered a larger area, reaching 126.5°E near the
Cheju Island. In autumn, the CDW mainly extended southward
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Fig. 1.   Map of the East China Sea showing sampling stations for six cruises in spring, summer, and autumn of 2011 (a) and 2013 (b).
The mainly circulation regimes included the Changjiang River Diluted Water (CDW), the Taiwan Warm Current (TWC) and the Kur-
oshio.
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along the coast within 122.5°E. In 2011 and 2013, the seasonal
changes of the CDW were similar (Figs 3 and 4).

On the outer side of the ECS shelf, the influence of the Kur-
oshio current was dominant. The Kuroshio is one of the most
powerful ocean currents in the world (Nitani, 1972). It is charac-
terized by high salinity, originated in the North Equatorial Cur-
rent System. The current flows northeast, passing through the
northeastern of Taiwan Island, generally following the 200 m
isobath, and ultimately deflects eastward into the Pacific Ocean
through the Tokara Strait (Nitani, 1972). The Kuroshio intruded
onto the ECS shelf from the northeast of Taiwan Island as it
moved north (Chen, 1996; Zhou et al., 2015). The warm (T >
23℃), salty (S > 34) Kuroshio surface water (KSW) was observed
along the ECS continental slope at the surface layer, and its tem-
perature varied with the seasons (23−26℃ in spring and autumn,
25−31℃ in summer) in 2011 and 2013 (Figs 2−4).In spring 2011
and 2013, the slightly cooler (15−23℃), high salinity (>34.4)
KSSW invasion occupied in the shelf edge and the middle shelf
region, especially at the bottom layer, where the incursion can
reach 30°N near the Changjiang River Estuary. In summer of 2011
and 2013, the temperature of KSSW increased slightly (15−25℃),
and the salinity remained high. The KSSW invasion could be ob-
served from the continental slope onto the shelf to a water depth
of ca. 40 m in the near-bottom water off the Changjiang River Es-
tuary in summer. In autumn 2013, the temperature of KSSW de-
creased slightly (15−23℃), and the invasion area reduced cover-
ing the continental shelf edge to the 100 m isobaths in the bot-
tom layer. Cold (T < 15℃), salty (S > 34.2) Kuroshio Intermediate
Water (KIW), was observed in spring 2011 and summer 2013 at
stations located at water depths greater than 200 m. KIW ap-
peared to be a stable water mass with no discernible seasonal
variations.

The TWC originates from the Taiwan Strait and the intrusion
of Kuroshio, which is characterized by relatively high temperat-
ure and low salinity (Weng and Wang, 1984; Guan, 1994). It
spread over the middle and outer shelf, covering the upper water
layers at a depth of 10−50 m. The salinity of the shelf mixed water
(SMW) was higher than that of the CDW but lower than that of
the Kuroshio. Additionally, the temperature of the SMW also
lower than that of the KSW (Fig. 2).

The sea temperature varied seasonally and spatially. The sur-
face temperature gradually increased from spring (14−24℃) to
summer (22−30℃) and then decreased in autumn (18−25℃). In
spring (May in 2011 and 2013), the surface temperature gradu-
ally increased from north to south and from near the shore to the

outer-shelf (Fig. 2). In the summer (August in 2011 and 2013) and
autumn (November in 2011 and 2013), the surface temperature
gradually increased from the Changjiang River Estuary to the off-
shore area. High temperatures were mainly distributed over the
southeast and southwest of the ECS and were strongly affected by
the Kuroshio and the TWC. In different seasons, the bottom wa-
ter temperature was negatively correlated with water depth, with
the exception of a high value in the northern Taiwan Strait
caused by the TWC. In addition, there was a low temperature wa-
ter mass at the bottom layer in the north of the ECS, which was
affected by the Yellow Sea Cold Water (YSCW)(Figs 3 and 4).

In both the surface and bottom layers of the ECS shelf, salin-
ity increased from nearshore to offshore. Seawater with high sa-
linity (S > 34) was mainly distributed in the southeast regions that
were occupied by the Kuroshio, and in the southern regions that
were occupied by the TWC. The surface salinity of the ECS shelf
was lower in summer (August in 2011 and 2013) than in spring
and autumn (November in 2011 and October in 2013) because of
the greater expansion of the CDW (Figs 2−4). Salinity in the bot-
tom water was higher in the summer, suggesting that the KSSW
invasion was stronger. For stations with water depths less than 20
m near the Changjiang River Estuary, the temperature and salin-
ity of the bottom water were similar to the temperature and salin-
ity of surface water because of strong vertical mixing in spring
(May in 2011 and 2013). In the summer, the CDW mainly spread
at the surface. Significant stratification even occurred in the estu-
ary area where the water depth is shallow; thus, the salinity of
bottom water at the Changjiang River Estuary was higher (S > 31)
in summer than in spring. In areas with deep water depths (espe-
cially greater than 50 m in spring and 20 m in summer and au-
tumn), obvious stratification of the water column occurred.

3.2  Nutrients
The DIN and DSi concentrations were quite high, which is

consistent with reported DIN and DSi concentrations exceeding
100 µmol/L in the Changjiang River freshwater (Dai et al., 2011;
Ding et al., 2019a). The nutrient concentrations of the CDW were
enriched with DIN [(27.92 ± 7.11) µmol/L for six cruises] and de-
pleted in DIP [(0.63 ± 0.29) µmol/L] relative to the KSSW and
KIW. Nutrients in the surface water of the ECS were mainly af-
fected by the mixture of the CDW and KSW, and decreased
quickly from the inner shelf (depth < 50 m) to the outer shelf
(100 m < depth < 200 m) in surface water. The inorganic nutrient
concentrations of KSW were the lowest, and the DIN concentra-
tion of the KSW was lower in summer than that in spring and au-
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Fig. 2.   Temperature (℃) and salinity (S) diagrams of different seasons. Water masses were based on Ichikawa and Beardsley, 1993;
Gong et al., 1996 and Ren et al., 2015. CDW: the Changjiang River Diluted Water; TWC: the Taiwan Warm Current; KSW: the Kuroshio
Surface Water; KSSW: the Kuroshio Subsurface Water; KIW: the Kuroshio Intermediate Water; SMW: the shelf mixed water.
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tumn. In spring (May in 2011 and 2013), the DIN and DSi con-
centrations at the surface layer were higher than 5.0 µmol/L in
most areas. The concentration of DIN was low (<5.0 µmol/L) only
in the eastern part of the surveyed area, and the DSi concentra-
tion was low (<5.0 µmol/L) only in the southeast of the ECS,
which is affected by the KSW. In most of the surface area in the
ECS, DIP concentrations were lower than 0.2 μmol/L (2011) or
0.4 μmol/L (2013) (Fig. 5). In summer (August in 2011 and 2013)
and autumn (November in 2011 and October in 2013), the distri-
bution trend of dissolved inorganic nutrients (DIN, DIP and DSi)
in the surface water was similar to that in spring (Figs 6 and 7). In

general, the concentrations of DIN and DSi in surface seawater
were lower in summer and autumn than in spring.

The inorganic nutrient concentrations of KSSW were relat-
ively high, and the mean concentrations of DIN, DIP and DSi
were (11.15 ± 3.99) µmol/L , (0.72 ± 0.18) µmol/L and (12.61 ±
5.39) µmol/L, respectively. The inorganic nutrient concentra-
tions in surface water of the TWC were low and were close to
those of the KSW. The inorganic nutrient concentrations in the
deep water of the TWC were higher and were close to those of the
KSSW. The invasion of the KSSW significantly affected the distri-
bution of nutrients in the subsurface layer, and patterns of inor-
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Fig. 3.   Horizontal distribution of temperature in surface (a) and near-bottom (b) waters and salinity in surface (c) and near-bottom
(d) in spring; temperature in surface (e) and near-bottom (f) and salinity in surface (g) and near-bottom (h) in summer; and temperat-
ure in surface (i) and near-bottom (j) and salinity in surface (k) and near-bottom (l) in autumn of the East China Sea.
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ganic nutrient concentrations affected by KSSW invasion were
different in different seasons. The area with high inorganic nutri-
ent concentrations (DIN > 15.0 µmol/L, DSi > 20.0 µmol/L) in the
outer shelf was smaller in summer than in spring and autumn. In
spring and autumn, the area with high inorganic nutrient con-
centrations were caused by the invasion of KSSW, which could
even extend to the middle shelf (with a water depth of ca. 50 m)
of the southern ECS. This suggests that relatively few nutrients
were imported into the ECS shelf because the invasion of the
KSSW was low in summer. The inorganic nutrient concentra-
tions of KIW were the highest, and the mean concentrations of
these cruises were (25.42 ± 6.28) µmol/L, (1.75 ± 0.31) µmol/L
and (46.36 ± 14.43) µmol/L for DIN, DIP and DSi, respectively.

However, the KIW mainly existed in the slope area, and no intru-
sion of the KIW into the ECS shelf at water depths less than 200 m
was observed in these surveys.

The vertical distributions of DIN, DSi, DIP, TDN and TDP fea-
tured high concentrations in the nearshore area (affected by
the CDW) and the offshore bottom layer (affected by the
KSSW)during different seasons(Figs 8 and 9). For stations at
depths < 20 m near the Changjiang River Estuary, the distribu-
tion of nutrient concentrations in the water column was relat-
ively uniform because of intense vertical mixing in spring.
However, the water column began to stratify in the area at depths
≥ 50 m, leading to low concentrations of DIN, DSi and DIP in the
upper layers. In summer, the vertical pattern of temperature,
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Fig. 4.   Horizontal distribution of temperature in surface (a) and near-bottom (b) waters and salinity in surface (c) and near-bottom
(d) in spring; temperature in surface (e) and near-bottom (f) and salinity in surface (g) and near-bottom (h) in summer; and temperat-
ure in surface (i) and near-bottom (j) and salinity in surface (k) and near-bottom (l) in autumn of the East China Sea.
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salinity, and nutrient concentrations was similar to that in the
spring, and the difference was that stratification was more in-
tense.

For most of the ECS surface in spring, the concentration of
DON was higher than 5 µmol/L and the concentration of DOP
was higher than 0.2 µmol/L. The distribution of DON and DOP
was opposite to that of dissolved inorganic nutrients. The con-
centrations of DON and DOP in KSW were the highest, followed
by the CDW and TWC in spring. The concentrations of DON and
DOP increased outwards from the Changjiang River Estuary and
gradually decreased from the surface to the bottom. The DON
and DOP concentrations in the three distinct water masses (KSW,

KSSW, and CDW) in summer were relatively high and similar [av-
eraged (3.77 ± 0.06) µmol/L for DON, and (0.38 ± 0.05) µmol/L for
DOP]. The concentrations of DON and DOP in the KSW were
slightly lower in summer than in spring, but the concentrations
in the KSSW were slightly higher in summer than in spring. Areas
with high concentrations of DON in summer were distributed in
patches. The concentration of DON was lower than 5 µmol/L in
most of the ECS surface water in summer. The DON distribution
of the bottom layer was similar to that of the surface layer, but the
concentrations were lower. High concentrations of DOP were ob-
served in the middle area of the ECS shelf, and the DOP concen-
tration was relatively high (0.6−1.2 µmol/L) from the surface to
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Fig. 5.   Horizontal distribution of nutrients DIN concentration in surface (a) and near-bottom (b) waters, DIP concentration in sur-
face (c) and near-bottom (d) waters, DSi concentration in surface (e) and near-bottom (f) waters, DON concentration in surface (g)
and near-bottom (h) waters, and DOP concentration in surface (i) and near-bottom (j) waters of the East China Sea, in spring 2011.
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the bottom layers in summer. Although the concentrations of
DON and DOP in surface water were slightly lower in summer
than in spring, the high concentrations of dissolved organic nu-
trients could reach a depth of close to 100 m on the ECS shelf.
This indicated that the influence of biological activities could
reach deeper water depths in summer. The concentrations of
DON and DOP were generally lower in autumn than in spring.
The DOP concentrations in the surface layer gradually decreased
from the Changjiang River Estuary outward, whereas DON con-
centrations showed the opposite pattern. This suggested that the
effect of primary production and biological activities weakened
in the autumn.

4  Discussion

4.1  Nutrient composition in the ECS
In the estuary area, the influence of terrestrial input was more

significant compared to other ocean regions (Jauzein et al., 2017;
Wong et al., 2002). Dissolved inorganic nutrients were the
primary constituents of total dissolved nutrients (TDN and TDP)
in CDW. Dissolved organic nutrients were affected by various
factors, such as terrestrial inputs and marine biological activities.
DON accounted for 10%−20% of TDN, and DOP accounted for
30%−45% of TDP in the CDW in spring and summer of 2011 and
2013.The proportion of DON in TDN, and DOP in TDP in the
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Fig. 6.   Horizontal distribution of nutrients DIN concentration in surface (a) and near-bottom (b) waters, DIP concentration in sur-
face (c) and near-bottom (d) waters, DSi concentration in surface (e) and near-bottom (f) waters, DON concentration in surface
(g) and near-bottom (h) waters, and DOP concentration in surface (i) and near-bottom (j) waters of the East China Sea, in summer
2013.
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CDW decreased (both below 10%) in autumn. In the KSW, DON
and DOP accounted for more than 70% of TDN and TDP in the
KSW over three seasons of two years, and dissolved organic nutri-
ents were the main components of total dissolved nutrients (TDN
and TDP). The primary production process and biological activit-
ies in the upper water body led to a higher content and propor-
tion of dissolved organic nutrients (Wang et al., 2008). Dissolved
inorganic nutrients were the main components of total dissolved
nutrients in the KSSW. DON only accounted for 25%−29% of
TDN, and DOP accounted for 13%−27% of TDP in the KSSW in
spring 2011 and 2013. In the summer, DON accounted for about
30% of TDN and DOP accounted for about 40% of TDP; in au-

tumn, the proportions decreased to around 20% for both DON
and DOP in the KSSW. Similarly, dissolved inorganic nutrients
were the main component of total dissolved nutrients in the
TWC, and the proportion of dissolved organic nutrients being
slightly higher in spring and summer (approximately 40%) than
in autumn (approximately 20%). The concentration of dissolved
inorganic nutrients in KSSW and TWC was higher in autumn
than in spring and summer. The stratification of the water be-
came weak, and more dissolved inorganic nutrients were replen-
ished to the upper-middle depth water in autumn. The propor-
tion of dissolved organic nutrients in KIW was small (<10%), and
there was no obvious seasonal variation.
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Fig. 7.   Horizontal distribution of nutrients DIN concentration in surface (a) and near-bottom (b) waters, DIP concentration in sur-
face (c) and near-bottom (d) waters, DSi concentration in surface (e) and near-bottom (f) waters, DON concentration in surface
(g) and near-bottom (h) waters, and DOP concentration in surface (i) and near-bottom (j) waters of the East China Sea, in autumn
2013.
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Fig. 8.   Vertical distribution of temperature (a), salinity (b), σ (c) and DSi concentration (d), DIN concentration (e), DIP concentration
(f), DON concentration (g) and DOP concentration (h) in PN section (depth less than 200 m), spring (May, 2011).

 

122°
0

50

100

150

200

124° 125°123° 126° 127°E 122°
0

50

100

150

200

124° 125°123° 126° 127°E

122°
0

50

100

150

200

124° 125°123° 126° 127°E 122°
0

50

100

150

200

124° 125°123° 126° 127°E

122°
0

50

100

150

200

124° 125°123° 126° 127°E 122°
0

50

100

150

200

124° 125°123° 126° 127°E

122°
0

50

100

150

200

124° 125°123° 126° 127°E 122°
0

50

100

150

200

124° 125°123° 126° 127°E

30
25
20
15
10
5
0

20
21
22
23
24
25
26

Te
m

pe
ra

tu
re

/℃

30
25
20
15
10
5
0

D
Si

co
nc
en
tra
tio
n/
(μ
m
ol
·L

−1
)

σ/
(k
g·
m

−3
)

35

25

30

20

Sa
lin
ity

D
IN

co
nc
en
tra
tio
n/
(μ
m
ol
·L

−1
)

50
40
30
20
10
0

D
IP

co
nc
en
tra
tio
n/
(μ
m
ol
·L

−1
)

2.0

1.5

1.0

0.5

0

2.0

1.5

1.0

0.5

0

D
O

P
co
nc
en
tra
tio
n/
(μ
m
ol
·L

−1
)

D
O

N
co
nc
en
tra
tio
n/
(μ
m
ol
·L

−1
)

10
8
6
4
2
0

a b

c d

e f

g h

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

 

Fig. 9.   Vertical distribution of temperature (a), salinity (b), σ (c) and DSi concentrations (d), DIN concentration (e), DIP concentra-
tion (f), DON concentration (g) and DOP concentration (h) in PN section (depth less than 200 m), summer (August, 2013).
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The DIN/DIP molar ratio in seawater has been widely used to
determine nutrient structure. The DIN/DIP ratio of different wa-
ter masses was different. In spring 2011, the DIN/DIP ratio of
CDW was 80.7, and there was a high correlation between DIN
and DIP (r = 0.75). In spring 2013, the ratio was 47.5 (r = 0.94).
The DIN/DIP ratio of CDW was 58.5 (r = 0.85) in the summer of
2011, and 52.4 (r = 0.88) in the summer of 2013. However, the
DIN/DIP ratio of CDW was lower in autumn than in spring and
summer of 2011 and 2013. The DIN/DIP ratio of CDW was 44.2
(r = 0.83) in November 2011, and 24.6 (r = 0.94) in October 2013.
The higher DIN/DIP ratio of CDW primarily stemmed from the
impact of the freshwater transported from the Changjiang River
into the ECS. The nutrient concentrations of the Changjiang
River freshwater were enriched with DIN and depleted in DIP,
which is related to anthropogenic inputs (Li et al., 2009) and the
adsorption of DIP to particulate matter (Liu et al., 2009; Zhang
et al., 2021). Changjiang River’s dry season runs from October to
April every year, and its runoff discharge accounted for 28.9% of
the annual total discharge (Tang et al., 2015). The flooding sea-
son runs from May to September and its runoff accounted for
71.1% of the annual discharge; thus, more fresh-water flows into
the ECS (Tang et al., 2015). The CDW in the flooding season was
more strongly affected by the freshwater discharge. This might
explain why the DIN/DIP ratio of the CDW in May and August
was greater. Previous studies have detected a high DIN/DIP ratio
(>30) in the Changjiang River Estuary and adjacent waters in
spring and summer (Wang et al., 2003; Liu et al., 2022a; Sun et al.,
2023a). Other studies have also pointed out that the DIN/DIP ra-
tio in the Changjiang River Estuary and its adjacent areas was
typically between 15 and 60 in early spring (Zhou et al., 2008).
Based on in-situ incubation experiments in the Changjiang River
Estuary, when DIN/DIP molar ratio is greater than 30, the growth
of phytoplankton is P-limited (Hu et al., 1990; Shen et al., 2008;
Sun et al., 2023b). Most of the DIN/DIP ratios of the six surveys in
the CDW were greater than 30 (only slightly less than 30 in the fall
of 2013). Thus, the growth of phytoplankton in the CDW was P-
limited. The correlation between DIN and DIP in KSW and TWC
was not significant and the nutrient concentrations in most sta-
tions were low. There was obvious stratification in the water bod-
ies in spring, summer and autumn, and the nutrients in the KSW
were basically depleted. There was a relatively strong correlation
between DIN and DIP (r ≥ 0.78, p < 0.01) in the KSSW and KIW,
and the DIN/DIP ratio was close to the Redfield ratio. The DIN/
DIP ratio in KSSW ranged from 14.3 to 14.6, and the DIN/DIP ra-
tio of KIW ranged from 13.8 to 14.4. There was no obvious sea-
sonal change in the DIN/DIP ratio of KSSW and KIW. In each sur-
vey, the DIN/DIP ratio of KIW was slightly lower than that of
KSSW.

The invasion range of KSSW was from the shelf slope to the
50 m isobath in the near-bottom layer in spring (Figs 3d and
8b), from the shelf slope to the 40 m isobath in the near-bottom
layer in summer (Figs 4h and 9b), and from the shelf slope to the
100 m isobath in the near-bottom layer in autumn (Fig. 4l). The
intrusion of the KSSW not only transported a significant quantity
of nutrients to the ECS shelf, but also altered the nutrient struc-
ture on the ECS shelf. The ratio of DSi and DIN was close to the
Redfield ratio (≈1:1). For different water masses, the DSi/DIN
molar ratios of the CDW were slightly less than 1.0, and the
DSi/DIN molar ratios of KSSW, KIW and TWC were about 1.0.
Generally, a non-limiting DIN and DSi supply at a DSi/DIN mol-
ar ratio large than 1 promotes the development of diatoms, which
increases the abundance of zooplankton and fish, whereas lower
DSi/DIN molar ratios lead to reduced zooplankton grazing
(Fransz et al., 1992; Makareviciute et al., 2020) and the frequent

occurrence of harmful algal blooms (Dai et al., 2011; Wang, 2006;
Wang et al., 2022). There was a decrease in the riverine DSi/DIN
molar ratio, from >5 in the 1960s to <1 in the 2000s (Dai et al.,
2011). The DSi/DIN molar ratio in the CDW decreased to 0.85 in
the 2000s (Wang, 2006). If the trend in nutrient structure change
continues, the species composition of phytoplankton and ecosys-
tem structure in the Changjiang River Estuary and its adjacent
areas will change significantly, and harmful algal blooms may oc-
cur more frequently.

4.2  Nutrient storage in the euphotic zone
The euphotic layer of the sea refers to the layer where phyto-

plankton can photosynthesize, and this layer shows typical sea-
sonal variations. The nutrient storage in the euphotic zone is
closely related to marine primary productivity. Three surveys
(spring 2011, summer 2013 and autumn 2013) with a large invest-
igated region were selected to analyze the nutrient storage in
the euphotic zone of the ECS shelf. The euphotic zone depth var-
ied greatly in the ECS shelf. Based on the MODIS-derived results,
the euphotic zone depth of the ECS shows typical seasonal vari-
ation (Shang et al., 2011). The euphotic zone depth in the high
turbidity area near the Changjiang River Estuary (with water
depth < 20 m and S < 31) was extremely shallow in spring, sum-
mer and autumn (<10 m). Further offshore, the euphotic zone
depth of the ECS shelf was mostly 40−80 m in summer and 30−60 m
in spring and autumn.

Based on the nutrient concentrations and euphotic zone
depth, the nutrient storage in the euphotic zone was estimated
for the ECS shelf with a surface area of 0.5 × 106 km2. In spring
2011, the DIN, DIP and DSi storage in the euphotic zone was
1.37 × 1010 mol, 0.53 × 109 mol, 0.84 × 1010 mol, respectively. In
summer 2013, the DIN, DIP and DSi storage in the euphotic zone
was 1.08 × 1010 mol, 0.89 × 109 mol, 1.31 × 1010 mol, respectively.
And in autumn 2013, the results were 0.75 × 1010 mol, 0.70 ×
109 mol, 1.09 × 1010 mol for DIN, DIP and DSi, respectively. Dur-
ing these surveys, the water showed obvious stratification in
spring, summer and autumn, and the nutrient concentration in-
creased with depth. On the one hand, the euphotic zone depth
was deeper in summer than in spring and autumn. On the other
hand, the expansion range of the CDW was large and even close
to Cheju Island (Fig. 4g), and the Kuroshio water could even
reach near stations with water-depth of 40 m (Figs 4h and 9b),
suggesting that the effects of the CDW and the Kuroshio were more
significant in the upper layer in summer and led to greater amou-
nts of nutrients. The primary productivity of the ECS shelf was
significantly higher in summer than in spring and autumn (Gong
et al., 2003; Xu et al., 2022). The rich nutrient storage in the eu-
photic zone in summer explain the higher primary productivity.

In summer, abundant nutrients were stored in the euphotic
zone, especially for DIP and DSi. The DIN/DIP ratio of the nutri-
ent storage in the euphotic zone was closer to the Redfield ratio
in summer (12.1) than that in spring (25.8) and autumn (10.7).
The nutrient composition in the euphotic zone of the ECS shelf
during spring indicated a trend of P-limitation. The DSi/DIN
concentration ratio of the nutrient storage in the euphotic zone
was lower than 1.0 in spring (0.61) and higher than 1.0 in the
summer (1.21) and autumn (1.45). In spring, the nutrients reser-
voir in the euphotic zone had relatively low levels of DIP and DSi
due to the limited amount of CDW and the exchange between
shelf water and the Kuroshio. The relatively low levels of P and Si
in spring was more likely to cause harmful algal blooms (Fu et al.,
2012). At the beginning of the dry season (autumn), the nutrient
inputs from the Changjiang River to the euphotic zone of the ECS
decreased significantly. As the water temperature did not be-
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come low in autumn, phytoplankton grew vigorously and con-
sumed large amounts of nutrients. A large amount of DIN was
converted into particulate organic matter and sank below the eu-
photic zone. Because the cycling and regeneration of phosphate
were faster than that for DIN (Lin et al., 2004; Hollister et al.,
2020), the decline in the concentration of DIN in the euphotic
zone was much more significant compared with DIP. This might
explain why the DIN/DIP ratio was low in autumn.

4.3  Cross shelf transport of nutrients
Based on the distribution of water masses, the CDW spread

outward along the surface layer, and the Kuroshio water mainly
invaded the ECS shelf near the bottom layer. A nutrient plume
that originated from the coast and transported outwards in the
subsurface layer was detected, suggesting that there might be nu-
trient transport from near-shore to the open sea. For example,
the cross-shelf gradient of DSi was relatively prominent in the
surface layer and across the broader shelf (Fig. 10). At the bottom
layer, there was a nutrient gradient from the shelf slope to the
continental shelf caused by the invasion of KSSW (Figs 6 and 7).
Two surveys conducted in spring 2011 and summer 2013, encom-
passing the entire ECS with water depths ranging from 10 m
to ≥1 500 m, were utilized to measure nutrient transport across
the ECS shelf. The 200 m isobath was defined as the boundary

between the shelf water and the Kuroshio water to study the
cross-shelf transport of nutrients. Parameters such as temperat-
ure, density (σ), and DSi show strong stratification along the
200 m isobath, in which the concentrations of nutrients in-
creased from the surface to the bottom layers along the 200 m
isobaths (Fig. 11).

Guo et al. (2006) reported that the mean water volume trans-
ports through the 200 m isobaths was 1.46 × 106 m3/s, and the
surface layer showed the largest variation. Zhou et al. (2015) re-
ported the net water flow of 1.17 × 106 m3/s across the 200 m
isobath. Hu et al. (2020) reported the net water flow of 1.43 ×
106 m3/s across the 200 m isobath. The net water exchange in the
bottom layer (150 m to 200 m) was onshore, and it mostly oc-
curred in spring and summer (Hu et al., 2020; Zhou et al., 2015).
Ding et al. (2016) estimated the cross-shelf transport of sea water
across the 200 m isobath in the ECS from 1993 to 2014, and the
results showed that the mean flux was 1.70 × 106 m3/s. The above
results are relatively similar. Based on the temperature and salin-
ity, the low-salinity CDW spread outwardly along the surface, and
the KSSW invaded the ECS shelf below the surface. Because the
CDW mainly expanded to the northeast in summer, except for
the northern part of the ECS, the surface of other regions was
strongly affected by the KSW. The expansion of low saltwater (S <
31) toward the open ocean was obvious in spring (Figs 8 and 9).
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Fig. 10.   Horizontal distributions of DSi concentration at surface layers with σ = 23.0 kg/m3 (a) and σ = 23.5 kg/m3 (b) in spring 2011;
and DSi concentration (μmol/L) at surface layers with σ = 22.0 kg/m3 (c) and σ = 22.5 kg/m3 (d) in summer 2013.
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These observations were basically consistent with the simulation
results for the direction and trend in water transport across the
200 m isobath. Guo et al. (2006) established a high-resolution
cross-shelf water exchange model, which was used to calculate
the cross-shelf nutrient transport flux. The authors divided the
seawater column into four layers according to depth (0−50 m,
50−100 m, 100−150 m, and 150−200 m) to study water exchange
between the ECS shelf and the Kuroshio. Because the density and
depth can be well matched along the 200 m isobath, the density
layers corresponding to the depth layer are σ ≤ 23.0 kg/m3,
23.0 kg/m3 < σ ≤ 23.5 kg/m3, 23.5 kg/m3 < σ ≤ 24.0 kg/m3 and
σ > 24.0 kg/m3 in spring, and σ ≤ 22.0 kg/m3, 22.0 kg/m 3 < σ ≤
23.0 kg/m3, 23.0 kg/m3 < σ ≤ 23.5 kg/m3, σ > 23.5 kg/m3 in sum-
mer. Based on the water volume transports and the nutrients
concentrations, the fluxes of nutrients across the 200 m isobath
could be calculated (Tables 1 and 2).

In spring, nutrients (1.16 kmol/s for DIN, 0.03 kmol/s for DIP,

and 0.52 kmol/s for DSi, with the DIN/DIP molar ratio ˃ 30) in
the ECS shelf transported out across the 200 m isobath through
the surface layer with σ < 23.0 kg/m3, which highlighted the im-
portance of surface cross shelf transport. Below the surface, wa-
ter and nutrients entered the ESC shelf. Overall, the Kuroshio on-
shore flux in spring was 0.44 × 106 m3/s for water volume, 8.93
kmol/s for DIN, 0.46 kmol/s for DIP, and 8.22 kmol/s for DSi. The
Kuroshio subsurface water upwelling brought nutrients into the
ECS shelf mainly through the bottom layer (σ > 24.0 kg/m3, depth
> 150 m). The results indicated that the continental shelf water in
the ECS spreads seaward in the surface layer in spring and mixes
with the northwestern Pacific water, whereas the KSSW upwells
and intrudes to the continental shelf mainly in the bottom layer.

In summer, water and nutrients entered the ECS shelf at four
layers. The onshore flux in summer was 5.13 kmol/s for DIN,
0.41 kmol/s for DIP, and 6.42 kmol/s for DSi. The onshore flux in
the surface and bottom layers accounted for 80% of the total flux.
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Fig. 11.   Vertical distribution of temperature (a), salinity (b) , σ (c) and DSi concentration (d) along 200 m isobath in spring; and tem-
perature (e), salinity (f) , σ (g) and DSi concentration (h) along 200 m isobath in summer.

 

Table 1.   Fluxes of water mass and nutrients across 200 m isobath on the East China Sea Shelf in spring 2011 (positive value represen-
ted invasion onto the shelf, and negative value represented transport out of shelf)

σ/(kg·m−3) Depth/m
DIN concentration/

(μmol·L−1)
DSi concentration/

(μmol·L−1)
DIP concentration/

(μmol·L−1)
Water flux/
(106 m3·s−1)

DIN flux/
(kmol·s−1)

DSi flux/
(kmol·s−1)

DIP flux/
(kmol·s−1)

23.0−23.4 0−50 4.30 3.72 0.19 −0.14 −1.16 −0.52 −0.03

23.4−23.8 50−100 7.92 9.34 0.58 0.03 0.44 0.68 0.02

23.8−24.4 100−150 9.67 13.2 0.78 0.05 0.78 0.66 0.03

>24.4 150−200 17.6 14.8 0.88 0.50 8.81 7.40 0.44

Total − − − − 0.44 8.93 8.22 0.46

      Note: − represents no data.
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The transportation of nutrients along the surface layer to the con-
tinental shelf in summer made an important contribution to the
nutrient storage and primary productivity of the euphotic zone in
the ECS shelf. Although no nutrient transportation to the western
Pacific Ocean through the 200 m isobath was observed in sum-
mer, part of the water with large amounts of nutrients was trans-
ported from the ECS continental shelf to the Japan/East Sea via
the Tsushima Strait, which greatly affects the marine ecosystem
(Chang and Isobe, 2003; Zhao and Guo, 2011).

In both spring and summer, the DIN/DIP molar ratios of
onto-shelf nutrients were closed to the Redfield ratio. As men-
tioned above, DIP was a potential limited nutrient for phyto-
plankton growth in the Changjiang River Estuary and its adjacent
areas. The invasion of KSSW proceeded from the shelf slope to
50 m isobaths along the near-bottom layer in spring and from the
shelf slope to 40 m isobath along the near bottom layer in sum-
mer. Thus, the Kuroshio incursion not only supplied the nutri-
ents, but also helped to alleviate the potential P-limitation in the
ECS shelf area. Although the nutrient output flux through the sur-
face only accounted for about 6% (for DSi and DIP) to 11% (for
DIN) of these nutrients supplied by the Kuroshio invasion to the
ECS shelf in spring, the significance of the nutrient output to the
Northwest Pacific Ocean cannot be ignored. Nitrogen was the
limiting element for phytoplankton growth in the Northwest Pa-
cific (Howarth, 1988; Zhang et al., 2020). Cross-shelf transport of
nutrients from shelf water to the open ocean with a relatively
high DIN/DIP molar ratio (˃30) could relieve the N-limited state
of the surface water in the Northwest Pacific. This might improve
the primary productivity and carbon fixation of the open ocean,
which has an important influence on the global carbon and
nitrogen cycle. Based on the DIN flux transported out across the
200 m isobaths (1.16 kmol/s), the off-shelf transport flux of
DIN throughout the spring (three months) can be estimated as
128 Gg N. The annual average atmospheric nitrogen deposition
was 605 Gg/a over the Northwest Pacific Ocean (Itahashi et al.,
2016). Cross shelf transport flux of DIN in spring could represent
21% of the atmospheric nitrogen deposition in the Northwest Pa-
cific Ocean. For the Northwest Pacific Ocean, it is important to
consider the effect of nutrient inputs from marginal seas on the
ecosystem, as well as their temporal and spatial changes, in addi-
tion to atmospheric nitrogen deposition.

5  Conclusions
The nutrient concentrations and their distribution in the ECS

showed obvious temporal and spatial changes. In the ECS, the
distribution of nutrients was significantly affected by the trans-
portation of different water masses, such as the incursion of Kur-
oshio, and the CDW. Dissolved organic nutrients were affected by
multiple variable, such as terrestrial inputs and marine biologic-
al activities. In the Changjiang River Estuary and its adjacent
areas, DIP was a potentially limiting nutrient for phytoplankton
growth during the investigated seasons. The rich-nutrients stor-
age in the euphotic zone explained the high primary productivity
in the ECS.

In spring, nutrients in coastal water were transported out
across the 200 m isobath through the surface layer with σ less
than 23.0 kg/m3, which highlights the importance of surface
cross-shelf transport. The cross-shelf transport flux of DIN in
spring was equivalent to 21% of the atmospheric nitrogen depos-
ition in the Northwest Pacific Ocean and cross-shelf transport of
nutrients to the open ocean with a relatively high DIN/DIP molar
ratio (˃30). The cross-shelf nutrient transport could relieve the
N-limited state of the surface water in the North Pacific. In sum-
mer, shelf water nutrient transportation across the 200 m isobath
was not observed over the entire water column. Nutrient trans-
portation from the Kuroshio to the ECS shelf primarily occurred
in the surface and bottom layers, with these two layers account-
ing for 80% of the total flux. In both spring and summer, the
DIN/DIP molar ratios of on-shelf nutrients were close to the Red-
field ratio. The Kuroshio incursion not only provided nutrients
but also helped alleviate potential P-limitation in the ECS shelf
area.
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