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Abstract

The Zhujiang River Estuary is becoming eutrophic due to the impact of anthropogenic activities in the past
decades. To understand nutrient dynamics and fluxes to the Lingdingyang water via four outlets (Humen,
Jiaomen, Honggimen and Hengmen), we investigated the spatial distribution and seasonal variation of dissolved
nutrients in the Zhujiang River Estuary, based on fourteen cruises conducted from March 2015 to October 2017,
covering both wet (April to September) and dry (October to March next year) seasons. Our results showed that
riverine fluxes of dissolved inorganic nitrogen (DIN) and dissolved silicate (DSi) into the Lingdingyang water
through four outlets varied seasonally due to the influence of river discharge, with the highest in spring and the
lowest in winter. However, riverine flux of phosphate exhibited little significant seasonal variability. Riverine
nutrients into the Lingdingyang water most resulted through Humen Outlet. The estuarine export fluxes of DIN
out of the Zhujiang River Estuary derived from a box model were higher than fluxes of riverine nutrients in May,
likely due to the influence of local sewage, while lower than riverine flux in August. The export fluxes of phosphate
were higher than the fluxes of riverine phosphate in May and August. In contrast, large amounts of DSi were
buried in the estuary in May and August. Although excess DIN was delivered into the Zhujiang River Estuary,
eutrophication effect was not as severe as expected in the Zhujiang River Estuary, since the light limitation

restricted the utilization of nutrients by phytoplankton.
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1 Introduction

The massive anthropogenic activities have dramatically in-
creased the loading of riverine nutrients on a global scale (Nixon,
1995). Increasing nutrient export from land to sea is considered
as an important source of coastal pollution (Wang et al., 2006; ht-
tp://www.nmdis.org.cn/hygb/zghyhjzlgb/). Riverine nutrient in-
put leads to nutrient enrichment in estuarine and coastal waters,
simulating primary production and causing hypoxic events
(Turner and Rabalais, 1994; Cloern, 2001; Rabalais et al., 2007; Li-
ang and Xian, 2018), which is recognized as a major threat to eco-
systems (Billen and Garnier, 2007). For example, increasing nu-
trient export out of the Changjiang River Estuary has resulted in
eutrophication in coastal waters of the East China Sea and in-

creases the frequency of algal blooms (Qu and Kroeze, 2010).
Hypoxia in the northern Gulf of Mexico is driven by the in-
creased input of nutrients from Mississippi River (Malakoff,
1998).

The Zhujiang River (ZJR) is the third longest river (2 200 km)
in China with a drainage area of 453 700 km?. The ZJR Estuary
(ZJRE) is located within the subtropical monsoonal climate zone
with annual rainfall of 1 600-2 300 mm (Huang et al., 2003). The
physical and biogeochemical processes in the ZJRE system vary
seasonally due to the exchange between southwesterly and
northeasterly monsoon wind and seasonal variations of river dis-
charge (Huang et al., 2003). The annual river discharge from the
ZJR is approximately 3.3x10!! m3/a, 70%-80% of which occurs
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from April to September (wet season) and 20%-30% from Octo-
ber to March (dry season) (Wei and Wu, 2014). The ZJR dis-
charges to the South China Sea (SCS) through three waters, Lind-
ingyang (LDY), Modaomen and Huangmaohai (Fig. 1). This
study will focus on LDY, the principal estuary of the ZJR, which is
traditionally known as the ZJRE (Cai et al., 2004). It is estimated
that the ZJRE receives 50%-55% of the ZJR freshwater discharge
through four outlets (Humen (HM), Jiaomen (JM), Honggimen
(HQM) and Hengmen (HeM)) (Cai et al., 2004).

The ZJR delta region is located in a highly populated and eco-
nomically developed region. The discharge of industrial and do-
mestic wastewater in Guangdong Province increased from
4.48x10'%t/a in 2 000 to 9.04x101° t/a in 2018 due to economic
development ( http://stats.gd.gov.cn/). Large amounts of nutri-
ents are delivered to the LDY through four outlets (Harrison et
al., 2008; Dai et al., 2014). The concentrations of dissolved inor-
ganic nitrogen (DIN) in the ZJR delta have increased from 110
pmol/L in 1984 to 149 pmol/L (Lu et al., 2009). Nitrate (NO3)
concentrations in the ZJR are extremely high (up to 100 pmol/L)
(Xu et al., 2008b), while phosphate concentrations are relatively
low (~1 pmol/L), resulting in high N:P concentration ratio in the
ZJRE, ranging from ~30 in the lower estuary to over 100 in the up-
per estuary (Huang et al., 2003; Harrison et al., 2008). P limita-
tion might restrict N utilization by phytoplankton. Meanwhile,
eutrophication and hypoxia have emerged in the estuarine and
coastal waters and become an issue of concern (Dai et al., 2014;
Qian et al., 2018; Li et al., 2020). Much attention has been paid to
tempo-spatial in the nutrient levels (Cai et al., 2004; He et al.,
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Fig. 1. Location of sampling stations in the Zhujiang River Estu-
ary during March 2015-October 2017. The solid circles denoted
the sampling stations 1-20 during March 2015-October 2017; tri-
angles, sampling stations 21-34 in May and August 2015. HM, JM,
HQM and HeM represented the Humen, Jiaomen, Honggimen
and Hengmen, respectively. Dashed Line A was the boundary of
riverine flux to the Lingdingyang water via four outlets; Line B
showed the boundary of the budget systems as previous study
(Liu et al., 2009).

2014; Li et al., 2017), nutrient fluxes at the sediment-water inter-
face (Zhang et al., 2014), export fluxes of nutrients from the ZJRE
to coastal water (Liu, 2006; Liu et al., 2009), fluxes of riverine nu-
trients from the river network based on physical-biological mod-
el (Hu and Li, 2009; Hu et al., 2012; Gan et al., 2014), physical pro-
cesses (Cai et al., 2018; Gong et al., 2018) and harmful algal
blooms (Tang et al., 2003; Lu and Gan, 2015) in the ZJRE.
However, little was known the fluxes of riverine nutrients via vari-
ous outlets to the ZJRE, which was important to quantify the con-
tribution of riverine nutrients to the nutrient inventory in the es-
tuary.

The objectives of the present study were to quantify riverine
nutrient fluxes to the LDY through four outlets on the seasonal
basis, and to assess potential eutrophication effects induced by
riverine nutrients in the ZJRE.

2 Materials and methods

2.1 Study area

The ZJRE was divided into three zones following previous
studies (Dai et al., 2014; Guo et al., 2009). The upstream of HM
Outlet was defined as the upper estuary, the inner LDY as the
middle estuary and the region in the outer LDY as the lower estu-
ary (Fig. 1). Cruises were carried out in the upper reach of the
ZJRE and the top of the LDY (Stations 1 to 20 for each cruise)
which stretched from the HM Outlet upward to the suburbs of
Guangzhou on the seasonal basis (March, May, August and Octo-
ber) during 2015-2017 and in the middle and lower parts of the
ZJRE (Stations 21-34) in May and August 2015 (Fig. 1). Salinity
and temperature were determined by a Seabird 911 plus con-
ductivity-temperature-depth (CTD). Samples for nutrients,
chlorophyll a (Chl a) and dissolved oxygen (DO) concentrations
were taken at the surface.

The determination of nitrite (NO ) is based on the reaction of
NO, with an aromatic amine, and the product is quantified by
spectrophotometry (Hansen and Koroleff, 1999). NO; and am-
monium (NHZ') were determined using the Cu-Cd column re-
duction method and the indophenol blue color formation, re-
spectively (Hansen and Koroleff, 1999). The concentration of DIN
was the sum of NO3, NO, and NHj . Dissolved inorganic phos-
phate (DIP) was measured by the ascorbic acid method (Hansen
and Koroleff, 1999). Dissolved silicate (DSi) was analyzed using
molybdate, oxalic acid and a reducing reagent (Hansen and
Koroleff, 1999). The analytical precision for NO3, NO,, NHI, DIP
and DSi was <5%.

Chl a was extracted in 10 mL of 90% (v/v) acetone at 4°C in
the dark for 14-24 h and then determined before and after the
acidification with 1 pmol/L HCl using a Turner designs Trilogy
fluorometer (Parsons et al., 1984). DO concentration was determ-
ined using the Winkler method (Oudot et al., 1988).

2.2 Estimation of riverine nutrient fluxes into the estuary
2.2.1 Riverine nutrient fluxes into the estuary

Based on nutrient concentrations of the freshwater end-
members and on the assumption that the nutrients remained in a

steady state during the investigation, we used Eq. (1) to calculate
the riverine fluxes through the outlet into the estuary:

F=CQ, M

where Fis the flux of each nutrient species during investigation;
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Cis nutrients concentration in the freshwater end-member; Q is
the freshwater discharge during the study periods (March
2015-October 2017) which was obtained from http://www.pearl-
water.gov.cn/. HM, JM, HQM and HeM provide 35%, 33%, 20%
and 12% of the bulk freshwater discharge of the ZJR, respectively
(Kot and Hu, 1995).

2.2.2 Export fluxes of nutrients from the estuary into the sea

Dissolved nutrient budgets for the study system were con-
structed based on the Land-Ocean Interactions in the Coastal
Zone box model (Gordon et al., 1996). This model has been
widely used to construct nutrient budgets defining the internal
biogeochemical processes (e.g., denitrification) and external nu-
trient inputs of estuarine and coastal ecosystems (Savchuk, 2005;
Liu et al., 2009). In this model, the study system is assumed to be
single box, which is well-mixed and assumed to be at a steady
state. Taking salinity as 0 for fresh water (water from the river dis-
charge, rainfall and evaporation), therefore, the water mass bal-
ance and salinity balance based on water budgets were estim-
ated according to Eqs (2) and (3), respectively:

VR:Vin_ out:_VQ_VP_VG_VW+VE7 (2)

Vx(81 — S2) = SpVk, (3)

where V;, is the residual water flow exported from the estuary in-
to the adjacent coastal zone, and Vg, Vy, Vg, Vi, Vg, Vyy, V,,cand
Vy are the river discharge, precipitation, groundwater, wastewa-
ter, evaporation, inflow of water to the system of interest, outflow
of water from the system of interest and the mixing flow between
the system of interest and adjacent system, respectively. In Eq.
(3), Sg=(S; + S,)/2, where S, and S, are the average salinity of the
system of interest and the adjacent system, respectively.

For the water budget, the daily precipitation and evaporation
in the wet season were estimated using the following equations:

Vp = 80% x a x H/t, @)

Vg = 63% x a x H/t, 5)

where a denoted the area of the ZJRE, which is reported to be
1180 km? (Liu et al., 2009). H denoted rainfall or evaporation, ¢
denoted the days of the wet season. Precipitation is significantly
correlated with the water discharge (Dai et al., 2014). The 80% of
the ZJR discharge occurs in the wet season (Huang et al., 2003).
Hence, it was assumed that 80% of the annual rainfall took place
in the wet season (April to September). The evaporation in winter
was approximately accounted for 60% of the evaporation in sum-
mer (Liu et al., 2009). Thus, it was assumed that the evaporation
in the dry season was accounted for 60% of the evaporation in the
wet season. Hence, it was estimated that 63% of the annual evap-
oration took place in the wet season. Previous study pointed out
that the section from the HM Outlet upward to Guangzhou re-
ceived most of the waste water and sewage discharged from
Guangzhou (Dai et al., 2006). Hence, sewage discharge (V,,) was
included in river discharge to compute the water budget of the
estuary. Groundwater (V) in Chinese rivers and coastal areas
contributed to a small fraction of nutrient fluxes (Liu et al., 2009).
In addition, recirculated seawater could account for 75% to 90%
of the bulk submarine groundwater discharge (Moore, 1996; Beck
et al., 2008), which increases with precipitation (Guo et al., 2008).
Hence, V; is negligible in the calculation of the water budget. The
residual flow (V) was calculated from the sum of (-V, - Vj, + V)

as a result.

Non-conservative fluxes of nutrient can be derived based on
water budgets and nutrient concentrations (Fig. 2). Nutrient
fluxes from the estuary to the adjacent system were estimated as
the sum of the net residual flux (V;Cp) and the mixing flux (Vi Cy)
(Fig. 2), where Cy is the average element concentration in the re-
sidual flow boundary, C; = (C, + C,)/2; Cy is the mixing flow, Cy =
(C, - C,)/2. C, and C, are the average nutrient concentrations of
the estuary and the adjacent system, respectively. The difference
(4) between the sum of (V;Cy + V4 Cy) and the riverine input (F =
CQ) was used to estimate the estuarine processes that may mag-
nify the riverine flux (Fig. 2).

VQCQ ViCr

—

VxCx

Estuary

Fig. 2. Total Nutrient flux (residual flux (V;Cy) and mixing ex-
change flux (V4 Cy)) from the Zhujiang River Estuary to the South
China Sea derived from box model and riverine input (VQCQ) to
the estuary.
2.3 Statistical analysis

Statistical analyses were performed using the software SPSS
20.0 by IBM. The Pearson’s correlation efficient was performed to
determine the correlation between two variables at the level of
p<0.05. The independent ¢-test was employed to compare in dif-
ference between two variables at the level of p<0.05. ANOVA was
used to analyze the individual effects of seasons on variations in
nutrient concentrations at the level of p<0.05.

3 Results and discussion

3.1 Spatial and temporal variations in nutrient concentrations
Temperature and salinity exhibited clear seasonal variability
(Fig. 3, Table 1) (p<0.05). In the wet season (May and August), sa-
linity at Station 1 to Station 20 was low (0.08-7.41, the average of
0.54). In the dry season (March and October), salinity increased
from Station 1 to Station 11 (Fig. 3). Salinity in the wet season was
significantly (p<0.05) lower than in the dry season. Similarly, dis-
charge was higher in the wet season than the dry season (p<0.05)
(Table 1). Temperature was the highest (23.9-28.6°C) in summer
(August), followed by spring (13.6-27.9°C) and fall (25.8-28.6°C),
the lowest (18.7-21.6°C) in winter (March) (Table 1) (p<0.05).
The highest NO; and NHJ concentrations (up to 270 pmol/L
for NO3 and 180 pmol/L for NH; ) occurred in waters (Station 1
and Station 2) near the HM Outlet. In general, NO3 concentra-
tions were significantly higher ((141.0+44.3) pmol/L) in the dry
season (March and October) than those ((117.0+33.1) pmol/L) in
the wet season (May and August) (p<0.05) (Fig. 4). NH; concen-
trations reached the highest ((147.0+35.7) umol/L) in March. In
contrast, DSi concentrations were generally higher ((278.0+85.2)
pmol/L) in the wet season (May and August) than the dry season
((228.0£89.1) pmol/L) (Fig. 4). The highest DSi concentration
((313.0+65.8) pmol/L) occurred in spring (May) among four sea-
sons, when the river discharge reached a peak (Fig. 4 and Table 1).
DIP concentrations were higher ((2.20+1.91) umol/L) in the dry
season (March and October) than those ((1.44+0.85) pmol/L) in
the wet season (May and August) (p<0.05) (Fig. 4). However, DIP
showed the different pattern from DIN. The DIP concentrations
were the highest ((2.65+2.26) pmol/L) in October and the lowest
((1.16£0.55) pmol/L) in May (p<0.05) (Fig. 4). DIN:DIP concen-
tration ratios were generally more than 100:1 (Fig. 5), suggesting
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Table 1. Discharge, temperature and salinity at Stations 1-20 during March 2015-October 2017. The average values were shown in

parentheses
Month Discharge/(m3-s1) Temperature/°C Salinity
March 3 669-9 904 (7 296) 18.7-21.6 (20.4) 0.13-16.7 (5.66)
May 10 383-19 700 (15 480) 23.6-27.9 (26.2) 0.08-1.99 (0.30)
August 12 866-16 938 (14 968) 28.6-32.1 (30.6) 0.08-7.41 (0.79)
October 11 855-15 034 (13 367) 25.8-28.6 (26.8) 0.11-21.4 (5.90)
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that P was potentially limiting phytoplankton growth in the study
area, in agreement with the early reports (Xu et al., 2008b). Simil-
arly, high N:P concentration ratio is also reported in the Changji-
ang River Estuary (Liang and Xian, 2018). DSi:DIN concentration
ratios were higher in the wet season than the dry season due to
relatively high concentration of DSi (Fig. 5).

Temporal variability in NO;, DIN and DSi concentrations was
obvious in the ZJR (Fig. 6). The concentrations of NO3, DIP and
DSi declined from the middle to lower estuary (Fig. 6). Both DIN
and DSi had a significant (p<0.05) relationship with salinity (Fig. 6).
Chl a concentration was the highest in August ((17.2+12.3) pg/L)
and the lowest in May ((11.4+9.34) pg/L) (Fig. 7a). The concen-
tration of Chl a could reached a peak ((50.4+15.1) pg/L) at Sta-
tion 2 in October.

In general, surface DO concentration was higher ((5.77+1.96)
mg/L) in the dry season than that ((4.91+1.86) mg/L) in the wet
season, especially in HM channel (Fig. 7b). The lowest surface
DO was 0.77 mg/L in March at Stations 1 and 2 (Fig. 7b). Surface
DO concentration increased gradually from suburbs of Guang-
zhou to HM Outlet and upper reach of the LDY, in agreement
with previous reports (Dai et al., 2006; He et al., 2014). In the dry
season, seawater could intrude up to 50 km of the upstream of
HM Outlet (Harrison et al., 2008). The seawater-freshwater mix-
ing resulted in a seaward increase in DO in the dry season when
DO rich seawater intruded the upper reach of the LDY (Figs 3 and
7b). In addition, the highest rate of the total oxygen consumption
normalized to the substrate was observed in summer (He et al.,
2014), which might also lead to the lower level of DO in the wet
season.

3.2 Riverine nutrient fluxes to the Lingdingyang water via four
outlets
The fluxes of DIN and DSi to LDY via four outlets varied sea-
sonally (Table 2). The fluxes of DIN and DSi reached a peak
((6.37£1.67)x107 mol/d for DIN and (9.68+3.73)x107 mol/d for
DSi via the HM Outlet, (3.30+0.76)x107 mol/d for DIN and
(7.65+2.58)x107 mol/d for DSi via the JM Outlet, (1.10+0.38)x107
mol/d for DIN and (2.60+0.95)x107 mol/d for DSi via the HQM
Outlet, 1.98x107 mol/d for DIN via the HeM Outlet) in spring. In
contrast, the lowest fluxes of DIN and DSi ((2.50+£0.99)x107 mol/d
for DIN and (2.47+1.21)x107 mol/d for DSi via the HM Outlet,
(1.23+0.45)x107 mol/d for DIN and (2.05+0.84)x107 mol/d for DSi
via the JM Outlet, (0.45+0.16)x107 mol/d for DIN and (0.71+
0.28)x107 mol/d for DSi via the HQM Outlet, 0.55x107 mol/d for
DIN via the HeM Outlet) occurred in winter (Table 2) (p<0.05).
Riverine nutrient fluxes via four outlets differed. Nutrient
fluxes via the HM Outlet were the highest (1.57x10° t/a for NOg,
2.30x10° t/a for DIN, 1.11x103 t/a for DIP, 3.03x105 t/a for DSi)
among four outlets, followed by the JM and HeM outlets, the low-
est (3.84x10* t/a for NOj, 4.36x10% t/a for DIN, 4.80x102 t/a for
DIP, 8.82x10* t/a for DSi) for the HQM Outlet (Table 3) (p<0.05).
The difference in nutrient fluxes was primarily attributed to
different river discharge. The fluxes of NO;, DIN and DSi were
significantly (p<0.05) correlated with river discharge, rather than
DIP (Fig. 8). Seasonality in the river discharge was responsible for
seasonal variability in nutrient fluxes to the LDY (Table 2). The
maximum nutrient fluxes of DIN and DSi in spring were related
to the highest river discharge. However, fluxes of DIP lacked sea-
sonality (Table 2). Furthermore, NO3 was significantly (p<0.05)
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correlated with DSi, while DIP was not significantly correlated

with NO3 and DSi, respectively (Fig. 9). These results suggested

that NO; and DSi primarily resulted from the watershed while

DIP most likely originated from the local sewage. Our results

agreed with previous reports that the river discharge delivered

NO; and DSi (Yin et al., 2000; Xu et al., 2008b) and P results from
the point sources of industrial and domestic waste (Zhang et al.,

1995; Strokal et al., 2015).

There was a significant (p<0.05) correlation between NO3 and
DIN in three seasons (March, August and October) (Fig. 10). In



94 Zhang Li et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 6, P. 88-98

Table 2. Estimation of nutrient fluxes (Mean+SD) via four outlets in four seasons

Discharge/(mis*l) FNO;/(IOG mol-d-1) FDIN/(106 mol-d-1) FDIP/(IO6 mol-d-1) FDSi/(IOG mol-d-1) FoniFop FpsitFpin FpsisFpp

Humen
March 947 15.0+3.01 25.0+9.90
May 3302 36.2+15.8 63.7£16.7
August 3146 35.6+12.5 49.6+11.9
October 2229 36.7+£5.72 42.4+4.37
Jiaomen
March 893 10.7 +4.54 12.3+4.54
May 3114 30.0 +8.47 33.0+7.60
August 2966 23.0+12.4 24.2+12.7
October 2101 19.8+2.10 229+1.29
Honggimen
March 325 3.75+1.65 4.51+1.62
May 1132 10.5 +4.02 11.0+3.81
August 1078 8.40 +£4.80 8.80 £ 4.87
October 764 7.49 £0.70 8.93+0.44
Hengmen?
March 541 3.80 5.48
May 1887 16.3 19.8
August 1797 16.6 20.5
October 1274 10.9 12.7

0.17+£0.05 247+12.1 148 1.00 150
0.13+0.03 96.8 £37.3 490 1.52 744
0.19+£0.10 69.7 £30.0 255 1.41 359
0.38+0.24 46.3 £27.1 113 1.09 124
0.11+£0.05 20.5+8.41 109 1.67 183
0.26 £ 0.04 76.5+25.8 124 2.32 289
0.38+0.16 58.5+23.3 63.0 2.42 152
0.33+£0.22 41.8+21.0 69.7 1.82 127
0.05+0.03 7.05+2.84 90.3 1.56 141
0.11+0.04 26.0 £9.51 114 2.17 248
0.12+0.04 21.2+7.96 75.8 241 183
0.11+0.09 14.9+7.06 83.6 1.67 140

0.04 N/A 138 N/A N/A

0.13 N/A 150 N/A N/A

0.16 N/A 130 N/A N/A

0.11 N/A 111 N/A N/A

Note: N/A means no data; a, data from Liu (2006).

Table 3. Summary of the yearly average nutrient flux (103 t/a)

F NO;” Fpin Fpp Fig

Humen 157 230 1.11 303
Jiaomen 106 118 1.39 251
Honggimen 38.4 43.6 0.48 88.2
Hengmen 60.7 74.6 0.57 N/A
Riverine flux 362 466 3.55 N/A
Export flux 491 585 10.8 609

Note: N/A means no data.

contrast, NH/ was significantly (p<0.05) correlated with DIN in
March and May. Furthermore, the peak of NHZ’ occurred in
March (Fig. 10). NH/ primarily originates from the local sewage,
especially in the upstream in the surface waters (Dai et al., 2006),
while NO3 comes from the agriculture (Turner and Rabalais,
1991; Strokal et al., 2015). These results indicated that N source of
DIN changed seasonally, which was possibly linked to seasonal
changes in anthropogenic activities (e.g., fertilization in agricul-
ture and sewage discharge). It is also reported that nitrate con-
centrations in the Changjiang River likely are associated with the
intensive agricultural activities over the drainage region (Zhang
et al., 1995; Liang and Xian, 2018).

The flux ratio of DIN:DIP varies seasonally and with the out-
lets (Table 2). In the HM Outlet, the flux ratio of DIN:DIP was the
highest among four outlets, likely owing to higher NO;3 loading
from the watershed, since N:P flux ratio of nutrients from agricul-
tures is high while N:P flux ratio of nutrients in the sewage is less
than Redfield ratio (Xu et al., 2008a). The discrepancy in N:P flux
ratio corroborated the statement that nutrient sources were dif-
ferent through various outlets.

3.3 The export fluxes of nutrients out of the Zhujiang River Estu-
ary during the wet season
The water budget was calculated according to Eq. (4), where
the annual rainfall (1 845 mm/a) and evaporation (2 160 mm/a)
data of Guangdong in 2015 (Statistical Bureau of Guangdong

Province, 2015) were used. Thus, the daily water budgets derived
from precipitation and evaporation both in May and August were
estimated to 9.68x106 m3/d and 9.33x106 m3/d, respectively (Fig. 11).
The bulk freshwater discharge (V,,) into the ZJRE through four
outlets during our observation period was 9 141 m3/s in May and
6 572 m3/s in August 2015, respectively (the water discharge data
were collected from http://www.pearlwater.gov.cn/). Based on
the water mass balance, the residual flow (V) from the estuary to
the SCS was estimated to be 7.91x108 m3/d in May and 5.69x
108 m3/d in August, respectively. The water exchange flow (Vy)
between the SCS and the estuary was 6.64x108 m3/d in May and
5.88x10% m3/d in August, respectively (Fig. 11).

Nutrient fluxes from the estuary to the SCS were the sum of
the net residual flux (VzCy) and the mixing flux (VyCy) based on
the water budget (Fig. 2 and Table 4). The export fluxes of NOj,
DIN, DIP and DSi to the ZJRE were 1.21x108 mol/d, 1.49x108
mol/d, 1.05x108 mol/d and 5.97x107 mol/d in May, respectively
(Table 4). The net fluxes of NOj3, DIN, DIP and DSi in May were
-4.93x107 mol/d, —4.67x107 mol/d, -3.00x105 mol/d and 8.53x107
mol/d, respectively. These results suggested that the export
fluxes of NO3, DIN and DIP to the ZJRE exceeded the fluxes of
nutrients to ZJR via four outlets except for DSi. Hence, extra nu-
trients (NOg, DIN and DIP) most likely originated from the local
sewage. Interestingly, the net flux of NO; was more than DIN in
May, implying that the quantity of riverine NH; loss induced by
biological utilization or nitrification. Riverine NHJ was trans-
formed to NOj in the ZJRE, leading to an increase in the net flux
of NOj3, rather than the input of NO; . In addition, NH; was pref-
erentially taken up by phytoplankton over NO; (McCarthy, 1981;
Xu et al., 2012; Glibert et al., 2016). Riverine NHI loss induced by
biological utilization resulted in a decline in the export flux of
DIN out of the ZJRE, rather than NO3, which might partly inter-
pret higher net flux of NO3 than DIN.

In comparison, the export fluxes of NO;, DIN, DIP and DSi
out of the ZJRE were 7.18x107 mol/d, 8.04x107 mol/d, 8.60x105
mol/d and 6.00 x 107 mol/d in August, respectively. Furthermore,
the export fluxes of NO3, DIN, DIP and DSi were lower than the
fluxes of nutrients to the ZJRE via four outlets. As a result, the net
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Fig. 8. Relationship between riverine nutrients fluxes to the
Lingdingyang water via four outlets and the river discharge at the
sea surface.

fluxes of NO3, DIN, DIP and DSi in August were 3.60x106 mol/d,
1.07x107 mol/d, -8.00x10% mol/d and 1.10x108 mol/d, respect-
ively (Table 4). This indicated that large amounts of NO3, DIN
and DSi were buried in the sediment or biologically utilized. The
net fluxes of DSi did not follow the pattern of DIN and DIP, which
were 8.53x107 mol/d and 1.10x108 mol/d in May and August, re-
spectively.

In addition, the export fluxes of DIP out of the ZJRE were
higher than the fluxes of DIP to the ZJRE via four outlets in May
and August, indicating that DIP derived from local sewage which
was possibly an important source of DIP in the ZJRE. N:P concen-
tration ratio in the sewage is 8:1-10:1 (Xu et al., 2008a), less than
the Redfield ratio (16:1). Hence, nutrient from the local sewage
played an important role in regulating nutrient dynamics in the
ZJRE (Xu et al., 2008a). Riverine DIN:DIP concentration ratios
(Table 2) differed from the concentration ratio of N:P in the local
sewage (8:1-10:1), which was responsible for the fact that the net
export of DIP out of the ZJRE was distinct from DIN in August.
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Fig. 9. The relationship of riverine nutrient fluxes at the sea sur-
face at Stations 1-20 during March 2015-October 2017.

3.4 Eutrophication effects in the ZJRE

High loading of riverine nutrients has caused severe eutroph-
ication in estuaries and coasts (Jickells, 1998). The river source
was one of the most important sources through four outlets to
LDY (Table 3). Large amounts of anthropogenic nutrients input
led to nitrogen over-enrichment in the estuary and coastal re-
gion (Tables 3 and 4). Severe eutrophication effects, such as algal
blooms and hypoxic events, occur in the ZJRE and adjacent
coastal waters (Lu and Gan, 2015; Qian et al., 2018). Nutrient
concentrations in the upper reach of the ZJRE (Fig. 4) were al-
ways greater than the half saturation constants (DIP: 0.1-0.5
pmol/L; DIN: 1-2 pmol/L; DSi: 1-5 pmol/L; Fisher et al., 1988)
for nutrient uptake of phytoplankton. However, phytoplankton
biomass was not as high as expected (Fig. 4). The maximum
phytoplankton biomass was regulated by DIP availability in the
ZJRE where P was the potential limiting nutrient. At Stations
1-20, the DIP and Chl a were on average 1.80 pmol/L and 14.7
pg/L during our study period, respectively. Assuming the ratio of
Chl a : DIN concentration ratio (0.9 pg/pmol) (Yin et al., 1996)
and Redfield ratio (16DIN:1DIP), Chl a concentrations reached
40.6 pg/L when DIP were converted to phytoplankton biomass.
Therefore, nutrients were underutilized in the upper ZJRE. Our
results were similar to previous observations (Yin and Harrison,
2008). Previous studies point out that suspended particulate mat-
ter (SPM) control primary productivity by reducing the light level
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Fig. 11. Water budgets for the Zhujiang River Estuary. The water
flux is in 105 m3/d. Vi, Vp, Vi, Vy and Vy are the river discharge,
precipitation, evaporation, the residual flow and the mixing flow
between the system of interest and the adjacent system, respect-
ively. The words a and b refer to May and August 2015 cruises, re-
spectively.

in the water column (Cloern, 1987; David et al., 2005; Liu et al.,
2018), especially in the upper estuary with high turbidity. There
exists a turbidity maximum zone near the four outlets (Wai et al.,

2004). Phytoplankton growth was primarily light-limited due to
high SPM concentrations (on average 32.5 mg/L) during the
study period which reduced light levels. Our results agreed with
previous reports that phytoplankton growth was primarily lim-
ited by light in the ZJRE (Shen et al., 2011; Li et al., 2017). Excess
N was transported to the coastal waters of the ZJRE and the shelf
of the northern SCS.

Eutrophication mitigates the levels of DO in the bottom wa-
ters of estuaries and leads to large area of hypoxia (Harrison et
al., 2008). Low DO (<2 mg/L) in the surface water in the upper
reach of the ZJRE is observed (Dai et al., 2006; He et al., 2014; Fig. 8).
Recent studies have confirmed that nutrient enrichment leads to
eutrophication over large area (several thousand square kilomet-
er) in the transition region between the lower ZJRE and the adja-
cent shelf of the SCS (Lu et al., 2018; Zhao et al., 2020). Zhao et al.
(2020) pointed out that 45%+13% of the eutrophication-driven
production of organic matter in the plume fuels oxygen con-
sumption, which is the most likely responsible for hypoxia in the
coastal transition zone between the lower ZJRE and the adjacent
continental shelf off Hong Kong (Qian et al.,2018; Li et al.,
2020).
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Table 4. Estimation of riverine fluxes to Zhujiang River Estuary and export nutrient fluxes (10% mol/d) of the Zhujiang River Estuary

during May and August, 2015

May 2015 August 2015
Froy Fpin Fprp Fpsi Foy Fpin Fprp Fosi
Riverine flux (VC) 715 108 0.75 145 75.4 91.1 0.78 170
Residual flow (V,,Cy) -63.3 -77.6 -0.50 -31.1 -445 -51.1 -0.49 -47.7
Mixing exchange (VyCy) -57.5 -71.7 -0.55 -28.6 -27.3 -29.3 -0.37 -12.3
Export flux (V3 Cy + Vi Cy) 121 149 1.05 59.7 71.8 80.4 0.86 60.0
A = (export flux - riverine flux) -49.3 -46.7 -0.30 85.3 3.60 10.7 -0.08 110

Note: V;C; denoted residual nutrient transport out of the Zhujiang River Estuary; VyCy: mixing exchange flux of nutrients. Nutrient fluxes
from the Zhujiang River Estuary to the South China Sea (seaward export flux) were estimated as the sum of the V;Cy and VyCy. Positive and
negative values of A indicate that other processes may magnify or reduce the riverine fluxes.

4 Conclusions

The river discharge played an important role in regulating riv-
erine fluxes of DIN and DSi. Humen Outlet is the main path that
riverine nutrient transported to the ZJRE. The box model results
indicated that the export fluxes of phosphate out of the ZJRE were
higher than the fluxes of riverine phosphate to ZJRE in May and
August due to the influence of local sewage. Meanwhile, local
sewage also led to higher export fluxes of DIN out of the Z]JRE
than fluxes of riverine DIN in May. Large amounts of DSi would
be buried in the estuary in May and August. However, large
amounts of nutrients transported to the ZJRE did not induce
massive algal blooms due to the influence of light limitation.
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