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• Eutrophication in Xiangshan Bay is 
driven by distant Changjiang River 
nutrient load. 

• Contributions of the outer bay-derived 
DIN and DSi were more significant 
than DIP. 

• Inter-regional management is recom
mended for coastal bay eutrophication 
mitigation.  
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A B S T R A C T   

With accelerating anthropogenic activities, the overloading of land-derived nutrients and the resultant eutro
phication are threatening coastal aquatic habitats worldwide. In semi-enclosed coastal bays, eutrophication is 
always considered a local problem that can be mitigated by nutrient reduction at a regional scale. However, as 
the main nutrient drains major global river discharges can have far-reaching effects over hundreds of kilometers 
alongshore, which are usually not precisely recognized in local coastal zone management. Here, we first quan
tified the contributions from both local and remote nutrient sources in Xiangshan Bay (XSB), a eutrophic semi- 
enclosed bay in China 200 km south of the mouth of the Changjiang River (CJR, the world's third largest river), 
employing a salinity-based conservative mixing model. We found that the nutrients in Xiangshan Bay were 
mainly supplied by intruded coastal water fed by CJR discharge, contributing 63 % of dissolved inorganic 
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nitrogen (DIN), 65 % of dissolved silicon (DSi), and 49 % of dissolved inorganic phosphorus (DIP) during the 
summer of 2017, and 75 % of DIN, 75 % of DSi and 60 % of DIP during the winter of 2019. Additionally, long- 
term interannual trends in the nutrient concentrations of XSB were generally synchronous with those of the 
downstream portion of the CJR, indicating that CJR discharge seems to be a strong driver of the eutrophication 
observed in XSB. In contrast, the impact of local nutrient inputs, such as riverine sewage drainage, aquaculture, 
biogenic activities, and elemental recycling, was much lower and was regionally limited to the inner bay. 
Interestingly, the DIP contributions of the local and remote sources were similar, indicating the greater relevance 
of the internal process. Overall, to mitigate eutrophication in large river-adjacent coastal bays, the inter-regional 
united practices for nutrient source regulation and ecosystem restoration should be permanently applied along 
the entire river basin-estuary-coastal continuum.   

1. Introduction 

Eutrophication in coastal marine ecosystems is generally caused by 
nutrient overloading and has become severe in recent decades, owing to 
the impact of accelerating anthropogenic activities (Conley et al., 2009; 
Nixon, 1995). Fertilizer use, fossil fuel emissions, and industrial waste
water release significantly increase the nitrogen (N) and phosphorous 
(P) concentrations in coastal waters (Conley et al., 2009; Galloway et al., 
2008). As the controlling nutrient for diatom growth, coastal silica (Si) is 
affected by complex factors, including increased weathering triggered 
by global warming and decreased export due to the construction of dams 
and reservoirs along river basins, leading to a change in N:P:Si ratios 
(Gaillardet et al., 1999; Humborg et al., 1997; Nixon, 1995). Conse
quently, a series of ecosystem problems ensue, such as the proliferation 
of harmful algal blooms (HAB), oxygen deficiency or even hypoxia/ 
anoxia, food web structure disruption, and habitat loss of living organ
isms (Anderson et al., 2002; Hallegraeff, 1993; Schindler, 2006). Thus, 
the identification of nutrient sources, source contributions, and proper 
strategies for nutrient management are urgently required for the sus
tainability of coastal water ecosystems and human living conditions. 

Coastal bays usually suffer from serious eutrophication because of 
their semi-enclosed nature, complex hydrodynamics, dense populations, 
and various nutrient sources (Cloern et al., 2020; Greening et al., 2014; 
Han et al., 2021; Lane et al., 2010; Murphy et al., 2022). Local anthro
pogenic activities that include nutrient inputs are generally regarded as 
the main cause and have led to sustained efforts for decades to facilitate 
emission reduction of local wastewater and agricultural release (Boesch, 
2019). These management measures have been proven to effectively 
mitigate eutrophication in estuarine bays such as Tampa Bay and 
Chesapeake Bay, USA (Greening et al., 2014; Murphy et al., 2022). In the 
case of bays with intensive aquaculture activities such as Sanggou Bay, 
China, ameliorative integrated multi-trophic aquaculture has also hel
ped reduce nutrients and recover the inner-bay ecosystem (Fang et al., 
2016). However, such local nutrient reduction strategies are rarely 
successful in other types of bays, such as those near large river estuaries. 

Large rivers are the major drains of land-derived substances, espe
cially nutrients (Seitzinger et al., 2005), which may extend along the 
coast over hundreds of kilometers driven by wind and tides (Horner- 
Devine et al., 2015), and possibly reach the mouth of adjacent, or even 
distant bays (Wu et al., 2019; Yang et al., 2018). For bays without strong 
local flushing, the inner-bay water is mainly supplied by externally 
intruded coastal water (Bugica et al., 2020; Lao et al., 2022a), which is 
usually considered to dilute the local land-derived nutrient load accu
mulated in a semi-enclosed bay with a long residence time (Duarte and 
Krause-Jensen, 2018). Nutrient enrichment and eutrophication are 
continually reported in the world's major river estuaries, adjacent 
coastal waters, and connected open gulfs, such as in the northern Gulf of 
Mexico which is mainly fed by the Mississippi and Atchafalaya Rivers, 
and in Chinese coastal waters fed by three major rivers, the Changjiang 
River, Pearl River, and Yellow River (Boesch, 2019; Lao et al., 2023; 
Strokal et al., 2014; Turner et al., 2012). The supply of remote nutrient 
sources, i.e. long distance transportation of the coastal currents fed by 
large river-derived nutrients, is noticed at the mouth of the coastal bays 
(Han et al., 2021; Lane et al., 2010; Lao et al., 2022a; Lao et al., 2022b; 

Yang et al., 2018), and the coastal bays adjacent to the large river es
tuary are always seems to be more eutrophic than the bays without the 
impact of a large river discharge (e.g., Hangzhou Bay adjacent to 
Changjiang estuary and Fourleague Bay adjacent to the Atchafalaya 
River) (Lane et al., 2010; Wang et al., 2021b; Wu et al., 2019). However, 
much less is known about the quantitative contribution of such nutrient- 
laden water masses on the entire environmental conditions of the semi- 
enclosed coastal bays, which are often the resource base of the local 
population. 

The Changjiang River (CJR, or Yangtze River) is one of the world's 
largest rivers, delivering 115 ± 6.26 × 109 mol yr− 1 of dissolved inor
ganic nitrogen (DIN), 96.7 ± 5.6 × 109 mol yr− 1 of dissolved silicon 
(DSi), and 1.79 ± 0.13 × 109 mol yr− 1 of dissolved inorganic phos
phorus (DIP) into the East China Sea (ECS) and Yellow Sea during the 
mid-2000s to the mid-2010s, which increased dramatically since the 
1980s due to accelerating fertilization and urbanization along the river 
basin (Liu et al., 2018; Zhang et al., 2021). Driven by the Asian 
monsoon, the tides, and discharge variation, the majority of the CJR 
plume extends southward along the coast of the Zhejiang and Fujian 
provinces in winter, possibly reaching the Taiwan Strait about 600 km 
away, which is known as the Zhe-Min Coastal Current (ZMCC) (Wu 
et al., 2021; Zhang et al., 2022); while in summer, the southward 
alongshore transportation of the Changjiang Diluted Water (CDW) is 
relatively weak, with the major plume extending north-eastward off- 
shore (Beardsley et al., 1985; Wu et al., 2014). The mean annual runoff 
of downstream CJR was 8931 × 109 m3 yr− 1 according to Changjiang 
Water Resources Commission, China (http://www.cjh.com.cn/), which 
was much larger than that of the Qiangtangjiang River (166 × 109 m3 

yr− 1) (Zhang et al., 2015), the largest local river discharge in Zhejiang 
Province. Considering the great disparity of the runoff between CJR and 
the other local river discharges alongshore, the nutrient-laden CDW is 
undoubtedly the main source of freshwater and nutrients for the 
northern ECS inshore water (NEIW) (Fig. 1a). 

Xiangshan Bay (XSB), a semi-enclosed bay about 200 km south of the 
CJR mouth, is one of the most eutrophic bays along the Chinese coast 
(Fang et al., 2021). Large-celled phytoplankton (mostly diatoms and 
harmful dinoflagellates) blooms frequently occur in this temperate bay 
with sufficient nutrient supply, relatively stable water flow, and 
increasing temperature (Jiang et al., 2019b), resulting in food web 
simplification and ecosystem degradation (Du et al., 2020). Aquaculture 
effluents and land-derived nutrient loads, including local river catch
ment, sewage draining, and agricultural wastewater release are the 
major local nutrient sources (Nobre et al., 2010). However, management 
interventions to reduce the locally-derived inputs since the mid-2000s 
did not efficiently reduce the nutrient inventories of the whole inner 
bay, which were to restrict land input, such as fertilizers use, and to 
decrease the overloading of nutrients during the aquaculture activities 
(Ning and Hu, 2002; Wu et al., 2013; Yang et al., 2018), indicating that it 
is fueled by another source. Therefore, we hypothesized that this is a 
remote effect of the nutrient-laden CJR plume. The objectives of this 
study were to (1) quantify the nutrient fluxes introduced by the remote 
alongshore-transported large river discharge, local draining, and inter
nal recycling in XSB; (2) evaluate the far-reaching effect of CJR 
discharge on XSB on seasonal and interannual scales; and (3) provide 
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suggestions for nutrient reduction in eutrophic coastal bays under a 
systemic view of the land-ocean aquatic continuum. 

2. Materials and methods 

2.1. Study area 

Xiangshan Bay (XSB) is a narrow and shallow bay, with a length of 
about 60 km (Fan and Jin, 1989). The bay covers an area of 560 km2, 
including approximately 30 % tidal flats and 70 % permanently water- 
covered areas (Ning and Hu, 2002). Three branching bays, Tie Inlet 
(TI), Huangdun Inlet (HI), and Xihu Inlet (XI) open into the upper and 
middle bay. Surrounded by low hills and small rivers, the local fresh
water discharges into XSB are very limited (the total mean annual runoff 
of all the river discharges to XSB is 1.29 × 109 m3 yr− 1, which is about 
0.15 ‰ of the CJR annual runoff), with two of the major local rivers, 
Fuxi Stream and Yangonghe Stream, draining into upper branching bays 
(Gao et al., 1990; Yuan et al., 2014). Driven by horizontal tidal residual 
circulation, the adjacent NEIW constantly intrudes into the lower bay 
along the outer-bay channels, Niubi Channel and Fodu Channel. How
ever, in the narrow middle and upper bay, hydrodynamics are generally 
controlled by gravitational circulation, with the outer bay water 
intruding at the bottom, while the inner-bay water flows out at the 
surface (Dong and Su, 2000; Xu et al., 2016) (Fig. 1b). The residence 
time of water in the lower bay is 5 to 15 days (for 90 % water exchange), 
and increases to approximately 60 days in the middle bay and approx
imately 80 days in the upper bay (Dong and Su, 1999). 

2.2. Sampling strategy 

Two cruises were conducted in XSB during the summer of 2017 (30 
and 31, July) and the winter of 2019 (15 to 17, January). Both cruises 
were conducted during neap tide, without strong winds or precipitation. 
Surface (0.5 m depth) and bottom (1 m above the seabed) water were 
collected at 12 inner-bay stations (S1 to S12) using Niskin bottles, which 
were guided by a conductivity-temperature-depth (CTD) recorder (Sea- 
Bird). The in-situ temperature and salinity were measured directly on 
board. Based on the topography and hydrography, the stations are 
separated into four segments (Fig. 1b): (i) the upper bay segment (UB, 
including station S1, S2, S3, and S4); (ii) the middle bay segment (MB, 
including station S5, S6, S7 S10, and S11); (iii) the lower bay segment 
(LB, including station S12); and (iv) the Xihu Inlet segment (XI, 

including station S8, S9). The temperature and salinity of the outer bay 
channels were also measured from the surface to the bottom at five sites 
during the winter cruise (Fig. 1b), whereas the summer outer bay 
datasets used in this study were published data obtained during the 
summer of 2007 (Zeng et al., 2011). 

2.3. Measurements of nutrients and chlorophyll a 

Water samples were filtered onboard through a pre-washed cellulose 
acetate membrane filter with a pore size of 0.45 μm. The ammonium 
(NH4

+) concentration was measured onboard immediately after sam
pling, following the seawater-adapted indophenol blue spectrophoto
metric procedures, with a detection limit of 0.5 μmol L− 1 (Pai et al., 
2001). Concentrations of nitrate plus nitrite (NO3

− + NO2
− ), DSi, and DIP 

were determined in the laboratory following the adapted standard 
spectrophotometric method (Grasshoff et al., 2009) on an AA3 auto- 
analyzer (SEAL Analytical GmbH, Norderstedt, Germany), with the 
water samples stored frozen (− 20 ◦C) immediately after filtration. The 
detection limits for NO3

− + NO2
− , NO2

− , DSi, and DIP were 0.1, 0.04, 0.08, 
and 0.08 μmol L− 1, respectively. The precisions estimated by repeated 
determinations of selected samples were ± 1 % for NO3

− + NO2
− , NO2

− , 
DSi, ±2 % for DIP, and ± 4 % for NH4

+. The concentration of DIN is 
defined as the sum of the NO3

− , NO2
− , and NH4

+ concentrations. 
Water samples for chlorophyll a (Chl-a) analysis were frozen 

immediately in liquid nitrogen after being filtered through 25 mm 
diameter GF/F filters (Whatman®, Maidstone, UK). The concentration 
of Chl-a was determined using a Turner Design®(San Jose, USA) Fluo
rometer fitted with a red-sensitive photomultiplier (Strickland and 
Parsons, 1972). The detection limit and precision are 0.025 mg L− 1 and 
± 5 %, respectively. 

All the reagents we used for the measurement were from Aladdin®, 
Shanghai, China. 

2.4. Definition of the major nutrient sources 

Nutrient dynamics in XSB are controlled by a multitude of processes 
and sources along the land-ocean aquatic continuum (Fang et al., 2021; 
Jiang et al., 2020; Ning and Hu, 2002; Peng et al., 2022; Yang et al., 
2018). The three major sources are (i) the nutrients contributed by the 
external intrusion of the NEIW (eNut); (ii) the nutrients introduced by 
the inner-bay freshwater sources (fNut), including local river discharges 
with sewage and agricultural wastewater draining along the catchment, 
and submarine groundwater discharges; and (iii) the nutrients added or 
removed by regional processes not controlled by the transportation of 
the major water masses (rNut), including local point sources input (e.g. 
land-sea direct wastewater drainage), grazing or excessive feeding by 
aquaculture, internal biogenic consumption or regeneration, atmo
spheric deposition, and recycling from sediments and suspended 
particles. 

2.5. Salinity-based conservative intrusion/mixing model 

2.5.1. Outer bay intrusion model for eNut estimation 
As a semi-enclosed bay with only one path connecting it with the 

outer bay water, the water masses in XSB are supplied by two major 
sources: local freshwater discharge and NEIW intrusion. Regulated by 
the seasonal variation in the CJR plume, the water masses of NEIW are 
generally constant on a seasonal scale (Wu et al., 2014), thus, the 
intrusion of the NEIW adjacent to the outer bay could be considered a 
conservative process with a residence time of the inner-bay water 
increasing from 10 to 80 days from lower bay to upper bay (Dong and 
Su, 1999). As the main source of saline water, a simplified conservative 
intrusion model based on the mass balance of salinity (Fig. 2a and b) was 
employed to express the contribution of the NEIW intrusion to XSB [Eq. 
(1) and Eq. (2)], 

Fig. 1. The maps of the study area. The location of Xiangshan Bay and the 
northern ECS inshore water (NEIW) are shown in Figure (a) by yellow box and 
pink shading. Study sites during the 2017 summer and 2019 winter cruises are 
shown in Figure (b) by dots, with the four segments, i.e. upper bay (UB), middle 
bay (MB), Xihu Inlet (XI), and lower bay (LB) distinguished by blue, green, 
yellow, and orange, respectively. The hydrological study sites of outer bay 
channels are shown by dark blue triangles. The horizontal tidal residual cir
culation in the outer bay channels is shown by the pink (intrusion) and purple 
(export) solid arrows, and the inner bay circulation is shown by the dotted 
arrows, with the bottom water intruding and surface water exporting. 
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f0 + fNEIW = 1 (1)  

f0S0 + fNEIW SNEIW = Sin− situ (2)  

where the fraction of the local freshwater discharge and intruded saline 
NEIW is represented by f0 and f NEIW, respectively. SNEIW represents the 
salinity of NEIW and Sin-situ represents the in-situ salinity. The salinity of 
the internal freshwater (S0) equals 0, so that f NEIW can be expressed by 
Eq. (3). Hence, eNut for each study site can be estimated using fNEIW and 
the nutrient concentrations of NEIW (NutNEIW) [Eq. (4)], 

fNEIW = Sin− situ/SNEIW (3)  

fNEIW NutNEIW = eNut (4) 

Since the water in the outer bay channels is constantly occupied by 
adjacent NEIW (Dong and Su, 2000; Xu et al., 2016), the endmember of 
the intruding NEIW (Table 1) was defined along the ECS coastal water 
adjacent to the mouth of XSB depending on the salinity range of the 
outer bay channels, which was 29.0 to 31.0 in summer (Zeng et al., 
2011), and 24.5 to 26.5 in winter (Fig. 3). The endmember of NEIW were 
defined with the data of the Chinese coastal investigation during 2006 
and 2007 (Ji, 2016; Wang et al., 2014), and the selected sites repre
senting the NEIW endmember during summer and winter are shown in 
Fig. 2c and d, respectively. The study sites affected by phytoplankton 
blooming (with dissolved oxygen saturation higher than 100 %) during 
the summer cruise were not included in the selection of the NEIW 
endmember. As shown in Fig. S1, the ranges of the selected NEIW 

endmember during summer and winter generally cover the range of the 
nutrient concentrations of the NEIW at the same salinity during July 
2006, January 2007, August 2009, and August 2011, except for the 
extremely low nutrient concentrations during summer. With the domi
nating contribution of CJR nutrient loads, the diagrams of nutrients to 
salinity for the NEIW are generally on the linear dilution lines from the 

Fig. 2. The diagrams of the salinity-based conservative intrusion/mixing model (take DIN as an example). The relationship between the in-situ DIN concentration 
(μmol L− 1) and salinity in XSB during (a) summer 2017 and (b) winter 2019 are shown by black circles. The upper bay endmember (Supper, DINupper) and lower bay 
endmember (Slower, DINlower) are shown by green squares, while the inner-bay conservative mixing line is indicated by the green solid line. The pink triangles in 
Figure (a) (b) indicate the NEIW endmember (SNEIW, DINNEIW), while the pink solid line indicates the variation of the NEIW-derived DIN (eDIN) concentration with 
salinity, which was defined as the “NEIW intrusion line”. A random water sample (Si, DINi) during winter cruise (b) is marked with blue, with the contribution of 
eDINi, fDINi, and rDINi to the in-situ DIN concentration marked on the axis of DIN concentration by pink, gray, and yellow shadow, respectively. The location of the 
NEIW endmember during (c) summer and (d) winter are marked on the map of the XSB adjacent coastal area, with the distribution of the water salinity at 8 m depth 
shown by the color gradient. The datasets of NEIW are collected from Ji (2016) and Wang et al. (2014). 

Table 1 
Characteristics of endmember water masses in Xiangshan Bay. Values are re
ported as averages ± one standard deviation.  

Water masses Season Salinity Nutrient concentration of the 
endmember 
(μmol L− 1) 

Northern ECS 
Inshore 
Water 
(NEIW)  

SNEIW DINNEIW DSiNEIW DIPNEIW 

Summer 30.3 ±
0.4 

24.6 ± 4.4 25.2 ± 3.2 0.68 ±
0.18 

Winter 25.6 ±
0.5 

39.3 ± 5.4 45.5 ± 4.7 0.99 ±
0.14 

Upper bay 
water  

Supper DINupper DSiupper DIPupper 

Summer 24.7 ±
1.1 

44.4 ± 6.1 43.1 ± 6.6 1.71 ±
0.44 

Winter 20.3 ±
2.0 

83.5 ±
22.3 

65.7 ±
12.3 

1.84 ±
0.15 

Lower bay 
water  

Slower DINlower DSilower DIPlower 

Summer 29.3 ±
0.1 

26.1 ± 0.4 30.7 ± 0.5 0.90 ±
0.01 

Winter 24.9 ±
0.2 

45.0 ± 0.3 40.0 ± 0.1 1.06 ±
0.04  
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CJR mouth to the off-shore seawater, without significant seasonal and 
interannual variation. According to Chen et al. (2020), obvious change 
in the nutrient ranges in NEIW only happened on a decadal scale with 
the CJR nutrient loads accelerated from the 1980s to the 2010s. Since 
the nutrient loads of CJR were generally fluctuating at similar levels 
during the 2010s (Ran et al., 2022; Zhang et al., 2021), the nutrient 
concentrations of the NEIW with a salinity range of approximately 25 to 
30 would fluctuate in a constant range. 

2.5.2. Inner-bay mixing model and the estimation of rNut and fNut 
As illustrated in the temperature-salinity (T-S) diagram (Fig. 3), the 

inner-bay mixing generally consisted of two distinguishable water 
masses: upper bay low-salinity water and lower bay high-salinity water. 
Water temperature is not considered a conservative indicator for source 
distinction, because it is significantly influenced by the heat exchange 
with the atmosphere and tidal flats in shallow coastal bays (Kong et al., 
2022). Thus, the nutrient concentration mainly governed by inner bay 
mixing processes (cNut) is estimated with a simplified two-endmember 
mixing model (Han et al., 2012; Yang et al., 2018) (Fig. 2a and b). 
Because the inner-bay freshwater sources were concentrated and 
regionally well mixed in the upper bay with a relatively long residence 
time (Dong and Su, 1999), all UB stations (stations S1 to S4) were 
selected as the upper bay endmembers for the inner-bay mixing model, 
which was characterized by relatively low salinity and high nutrient 
concentrations. The LB station (station S12) was selected as the lower 
bay end member, characterized by higher salinity and lower nutrient 
concentrations, representing water transported upward into the bay 
from the lower bay area (Table 1). Salinity mass balance was used to 
calculate the water fractions of the upper bay endmember (fupper) and 
lower bay endmember (flower) at each study site [Eq. (5) and Eq. (6)]: 

fupper + flower = 1 (5)  

fupperSupper + flowerSlower = Sin− situ (6)  

where Supper and Slower represent the salinities of the upper and lower 
bay endmembers, respectively. Hence, cNut of each study site was 
estimated using the nutrient concentration and water fractions of the 
two endmembers [Eq. (7)]: 

fupperNutupper + flowerNutlower = cNut (7)  

where Nutupper and Nutlower represent the nutrient concentrations of the 
upper and lower bay endmember, respectively. The upper and lower bay 
endmembers were defined based on the T-S diagram (Fig. 3, Table 1). 

rNut was defined as the difference between the in situ measured 
nutrient concentration (Nutin-situ) and cNut [Eq. (8)]. The negative (− ) 
value of rNut indicates the amount of nutrient removed by processes 
such as biogenic consumption and adsorption by particulate matters; 
while the positive value indicates the nutrient added by regeneration, 
regional point source, and desorption from the particulate matters. 

rNut = Nutin− situ–cNut (8) 

Because the water in the XSB consisted of the mixing of the local 
freshwater discharge and the NEIW intrusion, fNut was estimated by the 
difference between cNut and eNut [Eq. (9)]. 

fNut = cNut–eNut (9) 

The uncertainties of eNut, fNut, and rNut caused by the uncertainties 
of the parameters in the endmembers were calculated using error 
propagation formulas (Han et al., 2021; Taylor, 1997) (details of the 
uncertainty calculation are outlined in S3), and the sum of the un
certainties was lower than the calculated result (Table 2). 

2.6. Nutrient inventories estimation 

Nutrient inventories contributed by eNut, fNut, and rNut were 
calculated by multiplying the concentrations with the water volume of 
each station unit. The area and average depth of each station were 
measured using an online sea chart (https://ais.msa.gov.cn/). The total 
inner bay nutrient inventories include all segments except LB. 

2.7. Historical datasets 

Nutrient concentrations of XSB during the recent four decades (from 
the 1980s to the 2010s) were collected from the literature (Fan and Jin, 
1989; Hu et al., 1995; Jiang et al., 2019b; Jiang et al., 2013; Liu et al., 
2000; Lü, 2015; Ning and Hu, 2002; Zeng et al., 2011; Zhang et al., 2007; 

Fig. 3. The diagrams of temperature (◦C) to salinity (T-S) of Xiangshan Bay 
(XSB). T-S diagrams during the 2017 summer and 2019 winter cruise are shown 
by red and blue hollow circles, respectively; the T-S diagrams of the outer bay 
channels of summer and winter are shown by red and blue triangles. 

Table 2 
List of the concentration ranges for eNut, fNut, and rNut.  

Season Concentration range (μmol L− 1) 

Summer eDIN eDSi eDIP 
18.6 to 24.4 (0.8) 18.2 to 23.8 (0.6) 0.50 to 0.66(0.08) 
fDIN fDSi fDIP 
6.3 to 30.6 (1.7) 2.2 to 35.2 (1.5) 0.23 to 1.61(0.25) 
rDIN rDSi rDIP 
− 7.7 to 8.2 (0.9) − 6 to 3.2 (0.9) − 0.47 to 0.51(0.16) 

Winter eDIN eDSi eDIP 
29.9 to 44.4 (1.0) 25.9 to 38.4 (0.8) 0.65 to 0.96(0.09) 
fDIN fDSi fDIP 
0.0 to 82.6 (2.7) 0.8 to 59.2 (3.9) 0.07 to 1.77(0.36) 
rDIN rDSi rDIP 
− 14.3 to 12.8 (1.7) − 6.7 to 4.2 (3.1) − 0.31 to 0.49(0.27) 

The estimated nutrient concentration ranges of eNut, fNut, and rNut are listed 
with the calculation uncertainty (Han et al., 2021; Taylor, 1997) in parentheses 
(details for the calculation uncertainty are outlined in S3). “− ” represented the 
nutrient removal. 
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Zheng et al., 2000) (with the description of the collected data listed in 
Table S1). 

3. Results 

3.1. Physico-chemical properties 

The spatial distributions of water temperature and salinity during the 
two cruises are shown in Fig. 4a, b, g, and h. The summer water tem
perature of XSB varied from 26.5 to 31.6 ◦C, gradually decreasing 

Fig. 4. The distribution of surface (red triangle) and bottom (black hollow triangle) water per station of (a) (g) temperature (◦C), (b) (h) salinity, and the con
centration of (c) (i) DIN (μmol L− 1), (d) (j) DSi (μmol L− 1), (e) (k) DIP (μmol L− 1), and (f) (l) surface Chl-a (μg L− 1) during the 2017 summer and 2019 winter cruises. 
The three branching bays (TI: Tie Inlet; HI: Huangdun Inlet; XI: Xihu Inlet) are displayed by gray shading. The ranges of upper bay (UB), middle bay (MB), and lower 
bay segment (LB) are marked on the top of the graphs. 
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outward from the shallow UB to the LB. While in winter, the range of 
water temperature was 9.3 to 11.1 ◦C, with the coldest water in the 
shallow branch bays, and warmer water in LB. On average, the summer 
water temperature (29.8 ± 1.5 ◦C) was about 20 ◦C warmer than that in 
winter (10.2 ± 0.5 ◦C). The salinity of XSB water was 22.4 to 29.4 in 
summer and decreased to 16.8 to 25.0 in winter. A decrease from LB to 
UB was observed in both seasons, with the salinity of the bottom water 
in LB always being the highest. The range of salinity in MB was 26.0 to 
28.8 in summer and 22.8 to 24.7 in winter, with a downward decrease in 
both seasons. For UB, the water was fresher than MB with a wider range, 
which was 22.4 to 25.8 in summer and 16.8 to 22.6 in winter. The 
surface salinity was lower than that at the bottom by 2 at the heads of the 
TI and HI, indicating buoyant riverine freshwater discharge. In addition, 
the salinity in XI was slightly lower than that of the ambient MB water. 

The spatial distribution trends of nutrient concentrations were 
similar during the summer and winter cruises; however, the values were 
much higher in winter, especially for DIN and DSi. In summer (Fig. 4c, d, 
and e), the concentration ranges for DIN, DSi, and DIP were 30.4 to 53.2 
μmol L− 1, 25.9 to 55.2 μmol L− 1, and 0.85 to 2.41 μmol L− 1, which 
increased to 60.9 to 123.6 μmol L− 1, 52.7 to 86.4 μmol L− 1, and 1.03 to 
2.15 μmol L− 1 in winter (Fig. 4i, j, and k), respectively. Matching with 
the low salinity, the nutrient levels in the UB were very high. The con
centration of DIN, DSi, and DIP in UB was 43.1 ± 6.6 μmol L− 1, 44.4 ±
6.1 μmol L− 1, and 1.71 ± 0.44 μmol L− 1 in summer, while 83.5 ± 22.3 
μmol L− 1, 65.7 ± 12.3 μmol L− 1, and 1.84 ± 0.15 μmol L− 1 in winter, 
respectively, with the highest nutrient concentrations constantly 
observed at the head of HI (station S3). The nutrient concentrations 
decreased rapidly outward from UB to MB, where the concentration 

range of DIN, DSi, and DIP was 31.0 to 35.8 μmol L− 1, 27.8 to 34.4 μmol 
L− 1, and 0.85 to 1.11 μmol L− 1 in summer, while 44.7 to 63.6 μmol L− 1, 
41.1 to 53.5 μmol L− 1, and 1.08 to 1.88 μmol L− 1 in winter, respectively. 
The lowest nutrient values were observed in LB water, containing 30.7 
± 0.5 μmol L− 1 of DIN, 26.1 ± 0.4 μmol L− 1 of DSi, and 0.90 ± 0.00 
μmol L− 1 of DIP in summer, and to 45.0 ± 0.3 μmol L− 1, 40.0 ± 0.1 
μmol L− 1, and 1.06 ± 0.04 μmol L− 1 in winter, respectively. There was 
no vertical variation in the nutrient concentrations in the MB and LB in 
summer, whereas the surface values of the MB were slightly higher in 
winter. However, the nutrient concentration in UB was higher in the 
surface water than in the bottom water, especially in HI. The DIN con
sisted mainly of NO3

− in the whole bay and relatively high values of NO2
−

and NH4
+ were observed only in UB (Fig. S2). 

The Chl-a concentration was much higher in summer (1.7 to 4.3 μg 
L− 1) than in winter, (0.1 to 0.7 μg L− 1). The highest Chl-a was observed 
in the upper MB during summer (Fig. 4f, and I). 

3.2. Contribution of eNut, fNut, and rNut to the XSB nutrient inventory 

Based on our calculations, the total inner-bay inventory of DIN, DSi, 
and DIP was 124.0 × 106 mol, 112.0 × 106 mol, and 3.68 × 106 mol in 
summer, which was higher by >50 % in winter and amounted to 199.8 
× 106 mol, 173.1 × 106 mol, and 5.48 × 106 mol, respectively (Fig. 5a, b 
and c). 

NEIW-derived eNut dominated the nutrient inventories in all parts of 
XSB. Seasonally, the inventory of eDIN, eDSi, and eDIP increased 
dramatically from 82.3 × 106 mol, 80.4 × 106 mol, and 2.2 × 106 mol in 
summer, to 151.9 × 106 mol, 131.4 × 106 mol, and 3.3 × 106 mol in 

Fig. 5. The contribution of eNut, fNut, and rNut to the inventories of (a) DIN (106 mol), (b) DSi (106 mol), and (c) DIP (106 mol), together with the concentration 
distribution per station of (d) (g) eDIN (μmol L− 1), fDIN (μmol L− 1), and rDIN (μmol L− 1) (e) (h) eDSi (μmol L− 1), fDSi (μmol L− 1), and rDSi (μmol L− 1) (f) (i) eDIP 
(μmol L− 1), fDIP (μmol L− 1), and rDIP (μmol L− 1) during summer and winter. N represents the in situ nutrient concentration and inventory. The contribution of eNut, 
fNut, and rNut are displaied by pink, gray, and yellow columns, respectively. 
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winter. The contribution of eNut gradually increased outwards from the 
UB to the LB (Fig. 5d to 5i). In summer, the contribution percentage of 
eNut were 46 %, 45 %, and 31 % for DIN, DSi, and DIP in the UB, and 79 
%, 91 %, and 73 % in the LB, respectively; in winter the contribution in 
the UB was almost similar to that in summer and increased to >90 % in 
the LB. 

The inventory of local freshwater-derived fDIN and fDSi showed no 
seasonal variation, amounting to 48.4 × 106 mol and 42.8 × 106 mol in 
summer, and 50.6 × 106 mol and 40.0 × 106 mol in winter. In contrast, 
the fDIP inventory in summer (2.3 × 106 mol) was nearly twice as high 
as that in winter (1.3 × 106 mol), which was similar to that of eDIP. In 
contrast to eNut, the spatial distribution of the fNut contribution 

decreased outwards from the UB to the MB, particularly in winter, 
indicating the accumulation of local freshwater-derived nutrients in the 
UB. In summer, the contributions of fDIN, fDSi, and fDIP to the UB were 
50 %, 53 %, and 63 %, respectively, and decreased outward from 36 %, 
33 %, and 49 % in MB to 21 %, 9 %, and 27 % in the LB, respectively; in 
winter, the contributions of fDIN, fDSi, and fDIP decreased outward 
from >50 % in the UB to about 20 % in the MB and < 10 % in the LB. 

The impact of the non-conservative rNut was limited to some areas 
without an apparent spatial gradient. In summer, rNut was negative at 
most of the stations, particularly in the MB. The total inventory of rDIN, 
rDSi, and rDIP was − 6.7 × 106 mol, − 11.2 × 106 mol, and − 0.84 × 106 

mol, indicating the nutrient removal processes. While, in winter, the 

Fig. 6. The long-term trend of average nutrient concentrations in XSB and NEIW. Green circles indicate the annual average nutrient concentrations in the whole part 
of XSB with the standard deviation denoted by error bars (aver. ± std.) (Fan and Jin, 1989; Jiang et al., 2019b; Jiang et al., 2013; Liu et al., 2000; Lü, 2015; Ning and 
Hu, 2002; Zeng et al., 2011); the light green circles without error bar indicate the years with only the annual average data published (Hu et al., 1995; Zhang et al., 
2007; Zheng et al., 2000). Gray shading shows the average annual nutrient concentration of CJR mouth at 0 salinity (Li et al., 2007; Ran et al., 2022; Wang, 2006; 
Wang et al., 2021a; Xu et al., 2021; Zhang et al., 2021), while the blue and red shading indicates the NEIW nutrient concentrations at a salinity of 25 and 30, 
respectively. 
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general rDIN inventory decreased to − 2.3 × 106 mol, and the inventory 
of rDSi and rDIP turned positive, amounting to 2.7 × 106 mol and 0.84 
× 106 mol, respectively, indicating nutrient addition. The impact of 
rDIN and rDSi was apparent only in the branch bays, however, rDIP was 
positive for most stations, contributing 13 % of DIP to the TI, 22 % to the 
upper MB, and 12 % to the lower MB. 

3.3. Long-term trend of the nutrient concentrations in XSB 

The DIN concentration of XSB increased gradually from the 1980s to 
the 2000s by about 160 % and reached the climax in 2010 (63 ± 22 
μmol L− 1, Fig. 6a). In the 2010s there was no obvious trend, concen
trations fluctuated around 40 to 60 μmol L− 1. The long-term pattern of 
DIP (Fig. 6c) in XSB similarly increased rapidly from the 1980s to the 
2000s by about 140 %, reached the climax in 2010 (2.5 ± 0.8 μmol L− 1), 
and then decreased gradually during the 2010s. Unlike DIN and DIP, the 
DSi concentration of XSB (Fig. 6b) was constantly fluctuating at around 
35 to 45 μmol L− 1 in recent decades, with the highest value (53 ± 2 
μmol L− 1) appearing in 2015. 

4. Discussion 

4.1. Predominant contribution of NEIW intrusion to XSB nutrient 
inventories 

According to our calculations, eNut dominated the nutrient in
ventories, especially for DIN and DSi, contributing 63 % of DIN, 65 % of 
DSi, and 49 % of DIP in summer, whereas the contributions increased to 
75 %, 75 %, and 60 % in winter. Because of the limited local freshwater 
discharge, the inner bay water is mainly supplied by NEIW intrusion 
(Gao et al., 1990; Yuan et al., 2014). Hence, the nutrient inventories of 
XSB are mainly controlled by the nutrients of intruded NEIW, which are 
strongly impacted by the southward transported CDW. In winter, with 
the majority of the CDW transported southward along the ZMCC, the 
NEIW is characterized by relatively lower salinity and higher nutrient 
concentrations (Wu et al., 2021; Zhang et al., 2022). In summer, with the 
major CJR plume extending northeastward off-shore, the southward 

transportation of the CDW is relatively weak (Beardsley et al., 1985; Wu 
et al., 2014). The disappearance of the strong ZMCC in summer allows 
for more in-shelf seawater and possibly upwelled Taiwan Warm Current 
(TWC) water to contribute to the NEIW, diluting the impact of eutrophic 
CDW with low-nutrient seawater (Zhu et al., 2004) (Fig. 7). As the in
ventories of local-derived nutrients (the combination of fNut and rNut) 
did not display seasonal variation (Fig. 5a, b, and c), it is reasonable to 
believe that the much higher inner-bay inventories of DIN, DSi, and DIP 
in winter were controlled by the strengthened southward delivery of 
CDW. 

4.2. Nutrient contribution by local draining and internal regeneration/ 
removal process 

Local freshwater discharge was the second-largest nutrient source for 
XSB, which supplied 37 % of DIN, 35 % of DSi, and 51 % of DIP in 
summer, and 25 % of DIN, 23 % of DSi, and 24 % of DIP in winter. With a 
long residence time of about 80 days and limited local riverine runoff, 
most of the local freshwater-derived nutrients accumulated in the 
shallow UB (Fig. 5d to i), apparently intensifying regional eutrophica
tion as documented by the Chl-a concentration of 2.3 ± 0.3 μg L− 1. In 
addition, as represented by rNut, the nutrients added or removed by 
local point sources and internal recycling were generally <10 % of the 
total inventory. Even so, this may cause rapid and intensive regional 
deviations. The value of rNut was negative for most of the stations in 
summer, especially in the upper MB (Fig. 4d, e, and f), where the highest 
concentration of Chl-a (3.5 ± 0.6 μg L− 1) was observed (Fig. 4f), 
matching with the high frequency of phytoplankton blooms reported 
from the upper MB (Jiang et al., 2019b). However, in winter, negative 
rNut was found only in the upper XI and TI (Fig. 4g, h, and i), which was 
possibly related to uptake by kelp and oyster farming during the cold 
season (Jiang et al., 2019a; Jiang et al., 2020). Meanwhile, a positive 
rNut was constantly found in HI close to a sanitary sewage outlet, 
especially for DIP and DIN. 

Interestingly, local-derived DIP was quantitatively more significant 
than DIN and DSi, similar to the contribution of NEIW intrusion. As 
reported for phosphorus-rich estuaries and bays (e.g., Scheldt and CJR 

Fig. 7. Conceptual sketch of the processes controlling the nutrients in XSB. The nutrient inputs by outer bay coastal water intrusion (eNut), local freshwater dis
charging (fNut), and regional additional/removal processes (rNut) are displayed by pink, gray, and yellow arrows, respectively. The currents contributing to the 
northern part of the East China Sea (ECS) coastal waters (NEIW) are shown on the map. In summer (red arrows), the southward Changjiang Diluted Water (CDW) is 
relatively weak and mixes with the residual coastal seawater and possibly the upwelling-fueled northward Taiwan Warm Current (TWC). In winter (blue arrows), the 
majority of the CDW flows southward, extending into the Zhe-Min Coastal Current (ZMCC). 
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estuary) (van der Zee et al., 2007; Xu et al., 2015), most of the inner-bay 
DIP was trapped in the local area, where the higher salinity triggered the 
release of DIP that was adsorbed onto the surface of suspended particles 
and sediments, while the high turbidity at the bay mouth significantly 
absorbed the exported DIP. Besides, according to the estimation by 
Nobre et al. (2010) and Wu et al. (2017), the land-derived P/N ratio in 
XSB (0.08 to 0.11) was much higher than the DIP/DIN ratio of the 
nutrient inventories in XSB (0.030 in summer and 0.027 in winter), 
indicating a surplus land-derived P supply in XSB. The additional inner- 
bay DIP supplementation released the P limitation of the intruded NEIW 
(Chen et al., 2020; Xu et al., 2015), thereby supporting the high fre
quency of large-cell phytoplankton blooms and increased deposition of 
organic matter during warm seasons (Jiang et al., 2019b). 

4.3. Persistent effect of the CJR discharge on the XSB nutrients 

The long-term variation in XSB nutrients is generally synchronous 
with that of the downstream CJR portion (Li et al., 2007; Ran et al., 
2022; Wang, 2006; Wang et al., 2021a; Xu et al., 2021; Zhang et al., 
2021) (Fig. 6). The nutrient concentrations of the NEIW adjacent to the 
outer bay were estimated assuming linear dilution from the CJR mouth 
to the ECS coastal water when the salinity was approximately 25 to 30 
(the general salinity range of the XSB outer bay water) (described in S5). 
Deviations exist between the true values of the long-term nutrient con
centrations of NEIW and the estimated values using a simplified linear 
dilution coefficient because of the temperate processes, such as biogenic 
activities and recycling of the legacy nutrients, however, the trend of the 
approximate nutrient concentrations in NEIW on the interannual scale 
could still be revealed in this way. The DIN and DSi concentrations in 
NEIW generally comprised 50 % to 90 % of those in XSB, indicating the 
persistent dominance of NEIW fed by CJR discharge (Fig. 6a and b). The 
DIP concentration of NEIW was approximately 40 % to 50 % of that of 
XSB, indicating a similar contribution of local and remote DIP sources 
(Fig. 6c). 

The DIN and DIP of CJR increased from the 1980s to the 2000s and 
reached a peak from 2010 to 2015, owing to the accelerating anthro
pogenic activities (e.g., industrial and agricultural productions and do
mestic sewage draining) along river basin with rapid economic and 
social development in China (Wang et al., 2018; Zhang et al., 2021); 
while the DSi concentration did not display a temporal trend under the 
combined effects of dam building and the change of weathering (Ran 
et al., 2022). The observed decrease in DIN and DIP in the CJR in the late 
2010s was likely related to policies and management focusing on the 
systemic restoration of the CJR basin since the mid-2010s, particularly 
in terms of fertilizer use reduction (Sills et al., 2020; Zhang et al., 2021). 
With the systematic consideration of land-use change in the CJR 
catchment and the sewage draining of downstream megacities such as 
Shanghai (Zhang et al., 2021) by policy and management, the nutrient 
input from the CJR into coastal waters will likely remain at a lower level 
or even be reduced further in the future. 

4.4. Implication for eutrophication management 

In the case of XSB, fed by large river discharge, the intruded outer 
bay coastal water is not the “solution” (by dilution) to eutrophication as 
in many other cases, but it is instead the main cause for the nutrient 
accumulation in such a narrow bay (Fig. 7). Because of their morphology 
and physical setting, semi-enclosed bays with a rather long water resi
dence time can act as an amplifier of the coastal eutrophication driven 
by large river discharges, that is, a high frequency of HAB and ecosystem 
degradation (Du et al., 2020; Jiang et al., 2019b). As in XSB, the coastal 
bays under the cover of the CJR alongshore transportation are also 
suffering from severe eutrophication problems, including Hangzhou 
Bay, Sanmen Bay, Yueqing Bay, and possibly Sansha Bay, (Gao et al., 
2022; Wang et al., 2021b; Wu et al., 2019; Zhu et al., 2022), in which the 
nutrients supplied by of the intruded coastal water fed by CJR discharge 

should be carefully considered for local management. 
The alongshore long-distance transport of the world's large river- 

diluted water is a permanent feature with seasonal variations in direc
tion and flux, regulated by wind force, tidal current, Ekman transport, 
and runoff variation (Horner-Devine et al., 2015). Significant remote 
effects of large river discharges also exist along the northwestern coast of 
the Gulf of Mexico fed by the Mississippi-Atchafalaya River discharge, 
the impact of which can extend westward over 600 km along the 
Louisiana-Texas shelf, transporting nutrient-laden water to the mouth of 
Terrebonne Bay, Fourleague Bay, and possibly Galveston Bay with 
decreasing local freshwater discharges (Bugica et al., 2020; Lane et al., 
2010; Turner et al., 2012; Zhang et al., 2012). The plums of the Peal 
River, China, together with the coastal land input, can also extend along 
the Guangdong Coastal Current, reaching Zhanjiang Bay, approximately 
360 km west of the river mouth, where the local freshwater discharge 
decreased, and the contribution of the outer-bay intruded water was 89 
% in summer and 94 % in winter (Lao et al., 2022a). Research about the 
water mass alongshore transport driven by large river discharges 
revealed the fact that the nutrient-laden water can reach the mouth of 
the bays over hundreds of kilometers away from the large river estuary 
(Lao et al., 2022b; Yang et al., 2018; Zhang et al., 2012). With limited 
local freshwater input, the intrusion of the coastal water becomes the 
major water source for a semi-enclosed coastal bay, which can also be an 
important nutrient source for the local water. The eutrophication of 
coastal bays governed by the far-reaching effect of large river discharge 
may be a worldwide phenomenon of local importance that has gained 
much less attention than the large-scale direct effects of major world 
river inputs. Therefore, a quantitative understanding of the far-reaching 
effect of the world's large river discharges on coastal bays of such type is 
necessary for managers to consider local eutrophication mitigation in a 
wider context. 

5. Conclusions 

This study proved the hypothesis that the nutrient inventories in 
Xiangshan Bay, especially for DIN and DSi, are dominantly driven by the 
intrusion of NEIW fed by the southward alongshore transport of the 
Changjiang discharge, which is strengthened in winter. The contribution 
of the local sources is relatively more important to DIP than to DIN and 
DSi. In such a semi-enclosed bay with a rather long water residence time 
of weeks to months, eutrophication would be much enhanced with 
relatively stable water flow and the accumulation of both remote- and 
local-derived nutrients. Strict regulation of local sewage draining and 
the ameliorative integrated multi-trophic aquaculture are no doubt 
positive actions for nutrient reductions on a regional scale, however, 
practices limited on the local scale are not enough to mitigate the 
eutrophication in the coastal bays under the impact of a remote large 
river discharge, which can extend alongshore through hundreds of ki
lometers with nutrient-laden water. Therefore, inter-regional manage
ment depending on long-term monitoring, quantitative modeling, and 
systematic nutrient source tracing is urgently needed to mitigate the 
eutrophication in coastal bays like XSB. 
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