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A B S T R A C T   

An important consequence of storms in river-estuary systems is major changes in hydrology and nutrients being 
fluxed from the land to the coastal ocean. However, the impacts of storms on the nature and amount of dissolved 
inorganic nitrogen (DIN) in the river-estuary continuum are poorly understood. In this study, two week’s 
continuous observations on two lower riverine fixed stations and an estuarine fixed station in the Jiulong River 
(SE China) were carried out during a complete storm event in June 10th to 23rd 2019. Suspended particulate 
matter (SPM), nitrogen species and their isotopic ratios, nitrifying and denitrifying functional genes were 
measured. The increased river discharge caused the freshwater-brackish water boundary to move downstream 
and altered the pattern of particle distribution and the location of the estuarine turbidity maximum. The 
increased river SPM and inorganic nitrogen was associated with watershed soil erosion, sediment scour and land 
use. Both in the river and estuary, the peak concentration of ammonium arrived faster than nitrate. Apart from 
river inputs, there was an additional increase of 40 ± 8% of DIN supplied within the tidal river and estuary. The 
additional DIN mostly came from resuspended sediments and catchment runoff, while increased nitrate also 
came from soil and ground waters, increased nitrification and decreased denitrification in the estuary. These 
results suggest that during baseflow conditions the wetlands in the upper estuary acts as a temporary nutrient 
trap and biogeochemical incubator, while in storms the transformed pollutant N was fluxed from the river- 
estuary continuum to the adjacent coastal areas.   

1. Introduction 

Anthropogenic nitrogen is a major pollutant which has increased 
dramatically as a result of major fertilizer use to enable us to feed the 
world’s increasing population (Galloway et al., 2008; Tilman et al., 
2002; Vitousek et al., 1997) with greater than 80 million tons of this 
extra nitrogen now produced artificially by the Haber process (Liu et al., 
2005; Tilman et al., 2002). Much of this excess anthropogenic nitrogen is 
eventually discharged into rivers and from rivers transported via estu
aries to coastal waters causing eutrophication problems (Canfield et al., 
2010; Duce et al., 2008; Galloway et al., 2004). The nature of the ni
trogen reaching the river system depends on the balance of 

anthropogenic activities in the catchment. In a mixed activity catchment 
such as the Jiulong River in S.E. China, an important source of excess 
nitrogen is from the washout of excess fertilizers applied to the land in 
the form of ammonia and/or urea fertilizers (Lin et al., 2020a). These 
fertilizers accumulate in surface soil waters and are subsequently dis
charged into the river often after having been converted to nitrate by in- 
situ nitrification processes (Huang et al., 2020; Zhang et al., 2021). The 
other main source of anthropogenic nitrogen in the Jiulong river system 
is from human sewage discharges from the population centers and from 
wastes from intensive animal farming (Bai et al., 2019; Lin et al., 
2020b). Once discharged into the river channel microbial and other 
biological processes can change the nature of the anthropogenic 
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nitrogen by biological uptake, nitrification, denitrification, anammox 
and other more minor processes both in the river, reservoirs and estuary 
(Kaushal et al., 2021; Lin et al., 2020a). 

While all of these processes occur during normal river flow, the 
largest fluxes of nitrogen from the catchment to the sea occurs during 
major storms (Gao et al., 2018; Koschorreck and Darwich, 2003; Roze
meijer et al., 2021). During major storms, there is generally higher soil 
erosion resulting in higher suspended particulate matter (SPM) in the 
river channel (Baborowski et al., 2004; Chen et al., 2018b). Excess fer
tilizers, flushed from the fields, soil waters and groundwater, are dis
charged into streams and rivers and transported at higher water 
discharge rates (De Girolamo et al., 2017; Marcé et al., 2018). Storm 
flow also often causes increased water flow into and through sewage 
treatment works and intensive agricultural farms (Whitehead et al., 
2015). Together these processes result in a pulse of higher nitrogen 
down the river and through the estuary to the sea. 

Estuaries are important locations for biogeochemical processes 
which can alter nutrient fluxes to the coastal sea. During normal flow, 
upper estuaries act as traps for nutrients (Sanders et al., 1997). An 
important component of this trapping is particulate matter with its 
associated labile particle organic matter (PON) which is deposited 
(Kaiser et al., 2014), in adjacent creeks and mudflats (Jickells et al., 
2016). In sub-tropical estuaries such as the Jiulong River, an important 
component of such areas is fringing mangrove forests (Yu et al., 2015). 
Such wetland locations can act as biogeochemical incubators in which 
diagenetic changes occur in surface sediments which result in changes in 
chemical nature of the pollutant nitrogen by processes such as ammo
nification and nitrification and in loss to the atmosphere by denitrifi
cation and anammox (Dong et al., 2009; Kessler et al., 2018; Smith et al., 
2015). Such processes are particularly important in the surficial sedi
ments of mangrove wetlands (Wang et al., 2019; Wang et al., 2021; 
Zhang et al., 2020). Recently the wetland areas of estuaries worldwide 
are being reduced as a result of land reclamation which reduces the 
ability of estuaries to act as nutrient traps (Jickells et al., 2016) and 
changes the niche and community of nitrogen cycling microbes (Ocz
kowski et al., 2020). This general process has also occurred in the Jiu
long River estuary (Wang et al., 2018). However, during storms, 
sediment from these wetlands can be resuspended, releasing the trans
formed nutrients into the water column and hence fluxed through the 
estuary to the coast (Chen et al., 2018a; Chen et al., 2018b). An 
important effect of climate change is that there are more frequent 
extreme weather events, including larger storms (Annamalai and Liu, 
2005; Rozemeijer et al., 2021). These general changes increase the 
importance of understanding in detail the effects of major storms on 
anthropogenic nitrogen processes and fluxes into the river catchment 
and through the estuarine system discharging into the ecologically 
vulnerable coastal areas. 

River watersheds and coast seas were traditionally regarded as two 
separate systems. We have recognized the importance of adopting a 
holistic perspective in the studies as well as management of these two 
systems as a whole body, but simultaneous observations are still limited. 
In this study we set out to determine in detail the effect of a major storm 
on the concentration and flux of nitrogen species, to and through the 
Jiulong river-estuary system in S.E. China. We intensively sampled the 
river both at the freshwater discharge points from the North and West 
Jiulong River and at a station in the middle of the estuary, to determine 
the rate of water discharge, and the concentrations of SPM, the nitrogen 
species and their isotopic content. The aim was to identify and quantify 
the fluxes out from the river catchment and estuary during the storm and 
particularly to examine and understand the biogeochemical and mi
crobial processes which caused increases in the amount and changes in 
the nature of the nutrients fluxing through the estuary to the coast 
during the storm. The study particularly shows how transformative 
processes in the upper estuary sediment incubator changes the nature 
and flux of N species through the river-estuary system under storm 
condition. 

2. Materials and methods 

2.1. Study site 

The Jiulong River is the second largest river in Fujian province 
(Southeast China), which flows into Xiamen Bay and thence to the 
Taiwan Strait (Fig. 1), with 14,740 km2 drainage area and 3.5 million 
population in the river catchment. The multi-year average rainfall in the 
watershed is 1400–1800 mm (Chen et al., 2018a), which is concentrated 
between May and August (Fig. 2a). Its subtropical monsoon climate 
causes high temperature and rainfall in summer, when is frequently 
buffeted by tropical cyclones and storms. The average daily total river 
discharge arriving to the estuary from the closest hydrological stations 
(ZD and PN, Fig. 1) during 2016 to 2019 were 741 (2016 El Niño year), 
374, 224 (2018 La Nina year) and 425 m3 s− 1, respectively. 

The water discharge in baseflow to the Jiulong River Estuary (JRE) is 
derived mainly from the North River (NJR; 66%) with the West River 
(WJR) supplying the remaining 34% (Chen et al., 2018a). The upper 
reaches of the NJR pass through Longyan City and adjacent areas where 
it receives discharges of domestic and animal waste (Lin et al., 2020a). 
The downstream flow is regulated by step hydropower stations (Lin 
et al., 2020a). The upper reaches of the WJR pass through large-scale 
pomelo orchards and then flows past Zhangzhou City, which dis
charges treated domestic sewage into the river. During periods of high 
flow, dikes on both the NJR and WJR are opened to control potential 
flooding upstream and to generate electricity (Chen et al., 2018a). The 
characteristics of the JRE in baseflow period is a semi-enclosed macro
tidal estuary, with 100 km2 open water area, 3–16 m depth, 2.7–4 m 
tidal range, typical semidiurnal tide and 2–3 days of average flushing 
time (Cao et al., 2005). The southern channel of the JRE contains 90% of 
the discharge to Xiamen Bay. 

Three fixed sampling stations are shown in Fig. 1. The lower river 
stations (stations ZS and JD) were chosen to be located above the rea
ches affected by tides and represent the downstream boundaries of WJR 
and NJR. The estuarine Station E is in the middle channel of the southern 
JRE, and is the core area of estuarine turbidity maxima (ETM) during 
baseflow period (Yu et al., 2020; Yu et al., 2019). The catchment areas of 
WJR and NJR are 4011 km2 and 9635 km2, respectively. The tidal reach 
drainage areas above Station E are 306 km2. 

2.2. Sampling campaign 

The monitored storm event was the second major storm in the wet 
season of June 10th to 23rd 2019 (Fig. 2a). There was a period of 
increased flood discharge from June 11th to June 18th both in the NJR 
and WJR (Fig. 2a, b). The daily river total discharge was up to a 
maximum of 2250 m3 s− 1. We divided the storm event into four phases 
(Initial, Rising, Falling and Ending) according to river total discharge 
(Fig. 2b). The periods of Initial, Rising, Falling and Ending were from 
10th to 11th (2 samples), 11th to 15th (32 samples), 15th to 18th (21 
samples) and 18th to 23rd (21 samples) in Station E, respectively. The 
definition of Baseflow and Flood respectively are the periods when the 
river discharge is less than and more than 1.2 times of the baseflow, as 
used in our previous research by an automatic segmentation procedure 
(BFI (F): Smoothed Minima method) (Chen et al., 2018a; Gao et al., 
2018; Yu et al., 2019). According to the definition of flooding, the storm 
event also can be divided into two major states, Baseflow (Initial and 
Ending) and Flood (Rising and Falling). 

A total of 76 water samples were collected in Station E during the 
storm, including 10 times periods of intensive observation and sampling 
including 14 h time-series measurement (11th to 17th, 19th, 21st and 23rd; 
Fig. 2b). One sample was taken for isotopic nitrate and one sample for 
isotopic ammonium were collected at Station E each day from June 10 to 
June 19. The water samples were collected using the 5 L plexiglass 
samplers at 0.5 m depth, situated several meters away from the estuarine 
bank to ensure that we were sampling the main estuarine conditions. 
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These water samples were immediately transferred to 1 L brown bottles 
using the bottom silicone tube on the plexiglass samplers. All samples 
were immediately placed in portable fridges at 4℃ and then transported 
to lab every three days to analyze. Immediately before being sampled for 
analysis, the brown bottles were shaken vigorously. An In-situ multi- 
parameter sensor (Aqua TROLL 600, USA) was fixed on the bottom 
water of Station E (1 m above surface sediments) to acquire hourly 
turbidity and salinity. 

A total of 14 water samples were collected in each river station (ZS 
and JD) per day during these periods of intensive sampling. In Station ZS 
(WJR), a total of 9 isotopic nitrate samples and 9 isotopic ammonium 
samples were collected per day. In Station JD (NJR), a total of 8 isotopic 
nitrate samples were collected per day. The sampling and storage 
schemes in river stations were the same as for Station E. 

2.3. Physicochemical analysis 

In the lab, about 500 mL of the water samples were filtered using 47 
mm GF/F (0.7 μm) filters. Suspended particulate matter (SPM) was 
determined as the difference between the unfiltered and filtered GF/F 
filters after oven-drying (105℃) to constant weight. The filtrate was 
stored at 4℃ before being analyzed for ammonium (NH4-N), nitrate 
(NO3-N), nitrite (NO2-N) by segmented flow automated colorimetry 
(San++ analyzer, Germany) and was determined within less than one 
week. The precision of nutrient was estimated by repeated de
terminations of 10% samples with less than 5% relative error. The limit 
of detection of ammonium, nitrate and nitrite was 0.4 μmol L-1, 0.1 μmol 
L-1 and 0.04 μmol L-1, respectively. Another 50 mL filtrate was stored at 
− 20℃ for subsequent isotopic analysis. The determination of isotopic 
δ15N-NO3 and δ18O-NO3 was carried out by the denitrifier method 
(Casciotti et al., 2002; Sigman et al., 2001), using Isotope Ratio Mass 
Spectrometer 100 (IRMS, UK). Isotopic δ15N-NH4 was determined by 
ammonia diffusion method (Holmes et al., 1998), using an isotope ratio 
mass spectrometer (IRMS, Germany). 

2.4. Molecular analysis 

An additional 1 L of water samples was filtered for analysis of ni
trifying and denitrifying functional gene abundances, using the methods 

given in detail in Lin et al. (2020a). Briefly DNA samples were fileted by 
3 μm and 0.22 μm Isopore TM Membrane (47 mm, Millipore, USA) and 
then stored at − 80 ℃. DNA extraction used FastDNATM Spin Kit for Soil 
(Millipore, USA). The 3 μm and the 0.22 μm filters were used for col
lecting particle-attached (PA) and free-living (FL) microbes, respec
tively. Nitrification microbes include ammonia-oxidizing archaea (AOA) 
and bacteria (AOB) by amoA gene and nitrite-oxidizing bacteria (NOB) 
by nxrA gene (Table S1). Denitrification reduces nitrate and nitrite by 
narG (nitrate reductase) and nirS (nitrite reduce). The primers of amoA 
(AOA), amoA (AOB), nxrA, narG and nirS came from Francis et al. 
(2005), Rotthauwe et al. (1997), Wertz et al. (2008), López-Gutiérrez 
et al. (2004) and Jung et al. (2011), respectively (Table S1). The qPCR 
amplification used a Bio-Rad CFX96 qPCR (Table S2). 

2.5. Auxiliary data, calculations carried out and statistical analysis 

Hourly river discharge was obtained from local government at the 
closest hydrological stations (ZD and PN, Fig. 1). The tidal range at 
Shima tide-gauge was obtained from the National Maritime Information 
Service (https://www.cnss.com.cn/tide/). 

The river fluxes were calculated using the formula Flux NJR/WJR =

Concentration NJR/WJR × Discharge NJR/WJR respectively, where the 
concentration was the measured daily concentration and the discharge 
was the river discharge at the river exit points. The estuarine flux was 
calculated using the formula Flux JRE = Concentration low tide ×

(Discharge NJR × 1.03 + Discharge WJR × 1.08), where the concentration 
was the measured concentrations at low tide (0 PSU) multiplied by the 
summed daily river discharge modified using the ratios of catchment 
area, which was 1.03 (NJR) and 1.08 (WJR) between hydrological sta
tions (ZD and PN) and Station E. To identify the impact of the storm 
events on estuarine velocity and salinity, a three-dimension numerical 
model (Regional Ocean Modeling System, ROMS), which has been 
developed for the JRE (Cheng et al., 2019; Cheng et al., 2020). This 
model calculates salinity and velocity with 15 layers (0.3 m depth per 
layers), using 48–800 m grid spacing and 339 × 165 grid points. The 
river discharge conditions used in the model was the measured river 
discharge during the storm and the average discharge of Baseflow (745 
m3 s-1). The Δ water velocity shown in Fig. 2d indicates the difference 
between modeled hourly estuarine velocities under the storm and 

Fig. 1. Map of the Jiulong River Estuary showing the estuary sampling location (E), the tide gauge site at Shima (SM) and the two river gauges in the lower river (ZS 
and JD). The hydrological stations (ZD and PN) are the closest hydrological stations of sampling location. Light blue indicates shallow water. Red circles are the 
stations sampled regularly in previous studies (Chen et al., 2018a; Chen et al., 2018b; Yu et al., 2019). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Baseflow conditions. Δ Concentration/Flux indicate the difference be
tween the estuary (Station E) and the flow-weighted mean river con
centration/summed flux (Stations ZS and JD). 

ANOVA analysis was performed using the SPSS program to test the 
difference of hydrological parameters and N species at low/high tides 
during the four phases of the storm, using the Kolmogorov-Smirnov test 
and variances homogeneous test. 

3. Results 

3.1. Hydrological conditions 

During the storm, the NJR contributed 73% ± 4% of the total river 
discharge to JRE, while the WJR discharge was the remainder. The 
average hourly river total discharge was 730 ± 88 m3 s-1 in the Baseflow 
increasing to 1544 ± 442 m3 s-1 in the Flood (Table 1). The hourly 

Fig. 2. Hydrography of the river discharge: (a) shows the total discharge through all of 2019 including the peaks and estimated baseflow, (b) shows the hourly total 
river discharge and estuary discharge during the period of the storm and the tidal changes. The sampling events are shown as red circles, (c) shows the water velocity 
simulated by daily river discharge at Station E in the Jiulong River Estuary during the period of intensive sampling (sampling events are shown as red circles). 
Positive values of estuary discharge and velocity were periods during the ebb tide, while negative values were during the flood tide when the net flow was landward. 
(d) shows the difference (Δ) of simulated water velocity between with and without the effects of the storm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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estuary discharge and velocity at Station E respectively were 330 ±
1388 m3 s-1 and 0.12 ± 0.44 m s-1. The Δ water velocity, i.e. the increase 
caused by the storm, was significantly higher during the Rising (0.21 ±
0. 08 m s-1) than the other periods (Fig. 2d). 

During the Baseflow, Station E had low salinity (0–3 PSU) at high 
tide and freshwater at low tide. As the discharge increased (Rising and 
initial part of the Falling), freshwater occupied Station E. As the 
discharge decreased (Falling to Ending), there was again increased 
salinity during periods of high tide at Station E (Fig. 3a, b). 

3.2. Variation of suspended particulate matter (SPM) 

The average concentration of SPM discharged from the two rivers 

during the Baseflow was 17 ± 8 mg L-1 (WJR) and 32 ± 1 mg L-1 (NJR) 
contributing to the total SPM measured in the JRE of 105 ± 25 mg L-1 

(Fig. 4a). These concentrations resulted in a calculated riverine SPM flux 
of 5049 ± 4701 t d-1 (NJR) and 918 ± 645 t d-1 (WJR) to the JRE, which 
represented in total 27% ± 10% of the flux calculated as passing through 
the estuary (20365 ± 12469 t d-1; Fig. 5a). 

The SPM discharged from the two rivers increased reaching a peak of 
92 mg L-1 and 17839 t d-1 (total calculated concentration) towards the 
end of Rising (Fig. 3c). The average concentration and flux of SPM from 
the river then decreased back to Baseflow values of 27 ± 6 mg L-1 and 
2007 ± 438 t d-1 by the Ending period. During the storm period, in 
addition to SPM from the rivers, there was additional SPM present in the 
water column at Station E (Fig. 4a). The flux and Δ flux of SPM at Station 
E were considerably higher during the Rising than during the other 
periods (Table 1). In addition to these major average changes in SPM, 
there were also relatively minor changes in the concentration of SPM at 
Station E between low tide and high tide (Fig. 1a). The concentration of 
SPM in surface water was significantly correlated with water velocity 
during the Baseflow, both in ebb tide and flood tide (Fig. S2a), while the 
turbidity in bottom water was positively correlated water velocity dur
ing the storm, only in flood tide (Fig. S2b). 

3.3. Changes in nitrogen species 

Both the WJR and NJR contributed riverine nitrogen input to estu
ary. The WJR had higher concentrations of NH4-N, NO3-N, and NO2-N 
than NJR (Fig. 4), which resulted in similar total fluxes to the JRE 
(Fig. 5). Riverine NH4-N and NO2-N increased in concentration during 
the Rising and peaked in the middle of Rising, before the maximum 
discharge. Then they decreased to a minimum at the beginning of 
Falling, and returned to baseflow values during the Ending. By contrast, 
the concentration of NO3-N in both the NJR and WJR, decreased as the 
discharge increased during the beginning of Rising and then increased 
getting close to baseflow concentrations by the beginning of Falling. The 
storm event changed riverine nitrogen fluxes with different patterns for 
the NJR and WJR (Fig. 5). All nitrogen species increased fluxes with 
rising discharge and gradually recovered to Baseflow conditions from 
the last day of the Rising. Higher fluxes of NH4-N and NO3-N were 
measured in the NJR during the Baseflow, while the fluxes in the WJR 
exceeded NJR during the Flood. 

The patterns of nitrogen concentration and flux observed in the es
tuary were different from the rivers (Fig. 4, Fig. 5). Estuarine NH4-N and 
NO2-N reached its maximum concentration and flux at the beginning of 
the Rising, while another peak value of NO2-N was detected during the 
Ending (Fig. 6). The ratio of NH4-N/DIN increased from 11.4% to 13.5% 
during the Rising (Table 1). By contrast, the concentration and flux of 
NO3-N started to rise at the beginning of Rising and continued to in
crease reaching a maximum at the end of Rising (Fig. 5, Fig. 6). Both the 
Δ concentrations and fluxes of NH4-N and NO3-N were considerably 
higher during the Rising, while NO2-N remained roughly similar 
(Table 1). Comparing the concentration between low tide and high tide, 
low tide had higher NH4-N and lower NO2-N, without any significant 
difference of NO3-N (Fig. S1). 

3.4. Nitrate and ammonium isotopes 

The riverine and estuarine nitrate and ammonium isotopic values are 
shown in Fig. 7. The ratios of δ15N-NO3 at Station E (7.0‰ ± 1.6‰) were 
lower than the samples from the exits from the rivers (7.6‰ ± 0.9‰ 
WJR and 8.5‰ ± 2.1‰ NJR), except on June 17th. The NJR diluted 
δ15N-NO3 to 7.2‰ during the Initial and then increased to 9.2‰ during 
the Rising, which then gradually decreased with decreasing discharge. 
The WJR decreased δ15N-NO3 from 8.2‰ (Initial) to 6.0‰ (Rising) and 
then increased to 8.1‰ (Falling). By contrast, δ15N-NH4, estuarine 
values were lower than the WJR during the Initial and then surpassed it 
during the Rising until the late Falling. The relationship between δ15N- 

Table 1 
Hydrology, particles, nitrogen species concentrations and fluxes (mean ± SD) at 
Station E during the storm event.  

Parameter (unit) The storm event (June 10th to 23rd 2019)  

Initial Rising Falling Ending 

Total river 
discharge (m3 

s-1) 

699.1 ±
53.6c 

1679.2 ±
410.8a 

1360.9 ±
443.7b 

737.0 ±
96.3c 

Seaward 
discharge (m3 

s-1) 

966.0 ±
343.6c 

1282.1 ±
377.0a 

1209.3 ±
449.8b 

637.4 ±
199.1c 

Landward 
discharge (m3 

s-1) 

1323.1 ±
572.5b 

1184.5 ±
615.2b 

1745.6 ±
988.5a 

688.2 ±
27.5c 

Seaward velocity 
(m s-1) 

0.39 ± 0.1c 0.43 ± 0.12a 0.41 ± 0.11b 0.38 ± 0.11c 

Landward 
velocity (m3 

s-1) 

0.41 ±
0.18b 

0.35 ± 0.18c 0.52 ± 0.28a 0.48 ± 0.25b 

SPM (mg L-1) 129.5 ±
59.4b 

187.5 ±
112.5a 

171.8 ±
57.2a 

129.9 ±
57.1b 

DIN (μmol L-1) 216.6 ± 5.4c 265.3 ±
10.6a 

242.8 ±
15.6b 

207.9 ± 9.4c 

NH4-N (μmol L-1) 22.6 ± 1.4b 36.1 ± 15.8a 24.2 ± 6.8b 20.8 ± 5.1b 

NO3-N (μmol L-1) 182.5 ±
6.2b 

210.0 ±
39.0b 

225.1 ±
23.5a 

177.0 ±
12.6c 

NO2-N (μmol L-1) 7.7 ± 1.2c 8.2 ± 1.0b 7.2 ± 0.6c 8.6 ± 3.0a 

NH4-N/DIN (%) 11.4 ± 1.1b 13.5 ± 2.8a 9.7 ± 1.5b 10.2 ± 1.3b 

NO3-N/DIN (%) 85.0 ± 1.0a 83.5 ± 3.1b 87.3 ± 1.7a 85.8 ± 0.9a 

ΔSPM (mg L-1) 75.8 ± 23.3 123.0 ±
19.4 

118.6 ± 53.3 102.3 ± 23.3 

ΔDIN (mg L-1) 57.3 ±
16.9b 

93.6 ± 16a 65.6 ± 8.9b 38.1 ± 23.6b 

ΔNH4-N (μmol L- 

1) 
12.8 ± 0.5b 18.8 ± 6.5a 9.8 ± 1.3b 7.3 ± 2.6b 

ΔNO3-N (μmol L- 

1) 
40.3 ±
16.6b 

72.0 ± 9.7a 52.4 ± 9.8b 25.7 ± 20.8b 

ΔNO2-N (μmol L- 

1) 
4.2 ± 0.2 2.8 ± 0.7 3.5 ± 0.6 5.2 ± 1.6 

SPM (t d-1) 10497.0 ±
908.7b 

37408.0 ±
9769.7a 

16879.8 ±
2092.0b 

12769.7 ±
3301.3b 

DIN (t d-1) 419.9 ±
113.6b 

685.7 ±
122.9a 

296.4 ±
58.7c 

222.8 ±
62.5c 

NH4-N (t d-1) 43.1 ±
12.8b 

92.7 ± 35.0a 28.9 ± 2.1b 22.7 ± 9.6b 

NO3-N (t d-1) 363.5 ±
97.4b 

575.3 ±
111.7a 

259.3 ±
55.7b 

191.9 ±
51.4c 

NO2-N (t d-1) 13.2 ± 3.5b 17.7 ± 4.8a 8.2 ± 1.0b 8.1 ± 4.2b 

ΔSPM (t d-1) 7000.9 ±
291.4b 

24568.8 ±
5386.8a 

11829.3 ±
3383b 

10762.3 ±
2928.3b 

ΔDIN (t d-1) 158.2 ±
103.1b 

314.8 ±
69.7a 

94.5 ± 25.1b 56.4 ± 43.7b 

ΔNH4-N (t d-1) 23.3 ± 6.5a 55.9 ± 33.4a 13.5 ± 1.1b 9.4 ± 8.9b 

ΔNO3-N (t d-1) 127.6 ±
94.4b 

252.8 ±
59.9a 

77.1 ± 24.0b 42.1 ± 35.6b 

ΔNO2-N (t d-1) 7.4 ± 2.3 6.2 ± 3.6 4.0 ± 0.1 4.9 ± 3.8 

Note: The data of discharge and velocity is hourly data. a, b, c and d represent 
significant differences (p < 0.05) among the four phases of the storm event 
(Initial, Rising, Falling and Ending). The Δ Concentration/Flux shows the dif
ference between the estuary site (E) and the summed river concentration/flux. 
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NH4 and daily total river discharge was negative in the WJR but positive 
in the JRE (Fig. 7d). 

3.5. Abundances of nitrogen functional genes 

The abundances of nitrifying and denitrifying genes at Station E 
changed during the storm (Fig. 8). Nitrifying genes amoA (AOA), amoA 
(AOB) and nxrA (NOB) increased 1.7, 2.6 and 2.1 times during the 
Flood. The amoA (AOA) and nxrA genes initially decreased during the 
first day of Falling and then returned to Baseflow values at the end of 
Falling, while amoA (AOB) remained at peak abundance in the middle of 
Falling and then decreased during the Ending. For those genes associ
ated with nitrifiers, AOA and NOB reached their maximum abundance 
faster than AOB. NOB was always less than AOA and AOB during the 
Baseflow, while it exceeded ammonia-oxidizing microbes (AOA and 
AOB) during the Flood. AOB was always more than AOA. AOB peaked 
during the Falling. 

By contrast, denitrifying genes narG and nirS decreased 2.1 and 1.9 
times during peak discharge (Fig. 8d, e). The difference between narG 
and nirS abundances was similar during the Initial and increased with 
increasing discharge, resulting in far less narG than nirS. The nirS gene 
reached low abundance earlier than the narG gene. 

4. Discussion 

4.1. Effects of the storm on estuarine hydrological and sedimentological 
conditions 

During normal baseflow the freshwater-brackish water boundary is 
in the region of A5-A7 (Fig. 1), upstream of Station E (Chen et al., 2018b; 
Yu et al., 2020). This is the location of the ETM zone. During storm flow, 
the freshwater-brackish water boundary moves downstream depending 
on the intensity of storms and the corresponding increase in freshwater 
discharge (Chen et al., 2018a). This was also the pattern in this study 
(Fig. 3). During the Baseflow, there was fluctuating salinity at Station E 
changing from 0‰ to 3‰, which is the characteristic of the ETM (Fig. 3a, 
b). During the Rising and the most of Falling, the water column at Sta
tion E was entirely fresh. Therefore, the flow changed to the higher flow 
rate characteristic of typical river storm flow during the storm (Fig. 3a, 
b). Once the discharge decreased at the end of Falling and through the 
Ending period, the freshwater-brackish boundary migrated upstream to 
mid-estuary (Station E) again, which had tidal changes in salinity again. 

These changes in estuarine circulation have important consequences 
on sediment dynamics. Under normal baseflow conditions, sediments 
brought down the river together are deposited in the upper estuary 

Fig. 3. (a) shows the modelled hourly salinity profile of at Station E over the entire water column during the storm. (b) shows the measured hourly salinity at the 
bottom depth (1 m above the sediment). (c) shows the hourly turbidity from a meter located 1 m from the bottom in NTU units. The red line is the polynominal fitting 
curve of the turbidity data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(above Station E) forming a layer of relatively unconsolidated sediments 
in the main channel and in the adjacent wetland and side creeks 
including mangrove wetlands (Chen et al., 2018a; Yu et al., 2020). As 
typically occurs in storms, there was an increase in total SPM at Station 
E, which correlated with the increase in freshwater discharge during the 
Rising (Table 1). This increased SPM was due both to an increase in 
sediments brought down the river, and an additional increase of SPM 
due to sediment supplied by local resuspension processes in the upper 
estuary (Fig. 4a). During rainstorms, the sediments load out from the 
Jiulong River watershed increases (Chen et al., 2018b). This increase is 
caused by soil erosion in both the WJR and NJR catchments together 
with deliberate flushing of sediments behind some of the hydroelectric 
dams, particularly in the NJR (Chen et al., 2018a). 

In addition, there are also resuspended sediments scoured from the 
upper estuary channel and particularly adjacent wetlands and creeks 
(De Haas and Eisma, 1993; Wengrove et al., 2015). In the case of the 

Jiulong estuary, an important component of these areas are mangrove 
wetlands (Yu et al., 2015). These sediments, deposited during previous 
periods of low flow, are likely to be rich in labile organic matter when 
deposited (Yu et al., 2019). Under the extant conditions of relatively 
high temperatures especially in summer, these sediments act as a 
biogeochemical incubator undergoing characteristic diagenetic changes 
(Chen et al., 2018b; Tan et al., 2020; Zhang et al., 2020). As a result of 
the resuspension of these sediments and their pore waters during the 
storm, there were considerable changes in the N biogeochemistry of the 
water column (see following sections). The maximum turbidity was 520 
NTU (Rising; Fig. 3c), which was considerably higher than Baseflow 
values, but less than many previous storms. Thus Yu et al. (2019) found 
the maximum SPM in the JRE was up to 1500 mg L-1 during the peak 
discharge of 3000 m3 s-1 in 2016. The magnitude of SPM during storms is 
a result of complex interaction of factors, including the magnitude of the 
discharge and the period of time since the last major storm (Chen et al., 

Fig. 4. Temporal concentrations of (a) SPM, (b) ammonium, (c) nitrite and (d) nitrate in the lower river sites (ZS and JD) in the upper diagrams and comparison 
between the estuary site (E) and the summed river concentrations in the lower diagrams during the storm. The Δ Concentration, shown as a dashed line shows the 
difference between the estuary site (E) and the summed river concentration. 

Fig. 5. Temporal fluxes of (a) SPM, (b) ammonium, (c) nitrite and (d) nitrate in the lower river sites (ZS and JD) in the upper diagrams and comparison the addition 
between the estuary site (E) and the summed river fluxes in the lower diagrams during the storm. The river fluxes were calculated using the formula Flux NJR/WJR =

Concentration NJR/WJR × Discharge NJR/WJR respectively. The estuarine flux was calculated using the formula Flux JRE = Concentration low tide × (Discharge NJR ×

1.03 + Discharge WJR × 1.08). The ratios of catchment area were 1.03 (NJR) and 1.08 (WJR) between hydrological stations (ZD and PN) and the E site. The Δ Flux 
shows the difference between the estuary site (E) and the summed river flux. 
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2018b). It is suggested the relatively low SPM during this storm (June 
2019) maybe because this storm was not as intense as some previous 
storms and because it was the second one of a succession of storms 
(Fig. 2a) and thus much of the previously deposited sediments had 
already been flushed out from the upper estuary. 

The variation of SPM at Station E was also partially controlled by 
tide. Throughout the storm, there was higher SPM in the surface water 
during low tide, because the surface water was carrying higher amounts 
of river derived SPM (Fig. S1). In addition, there was a significant pos
itive correlation between water velocity and SPM (Fig. S2). The 
maximum values of landward velocity and SPM were both during the 
Rising (Table 1). During Baseflow condition, there was relatively higher 
SPM in ebb tide bringing river derived particles than in flood tide, which 
contained a higher proportion of particles derived from the brackish part 
of the estuary. By contrast in the bottom water, there was no difference 
in the amount of SPM in the water column between ebb and flood tides. 

4.2. Nature of nitrogen discharges into the river during periods of normal 
flow 

Anthropogenically derived inorganic nitrogen chemical species are 

discharged into the river and transported towards the estuary (Lin et al., 
2020a). Higher fluxes of NH4-N and NO2-N were detected in the NJR 
than WJR during the Baseflow (Fig. 5b, c). Most of the riverine NH4-N 
and NO2-N comes from domestic secondary sewage discharge from 
Zhangzhou city in the lower reaches of WJR (Chen et al., 2014; Chen 
et al., 2015) and Longyan City in the upper reaches of NJR (Lin et al., 
2020a). An additional important source of these nitrogen compounds is 
animal wastes, particularly from the intensive pig production in the 
upper NJR catchment (Cao et al., 2015; Lin et al., 2020a). By contrast 
NO3-N predominantly comes from excess ammonium fertilizer added to 
upstream fields, which is nitrified in or on the soil and then runs off into 
the river channels. Evidence confirming this pattern comes from the 
isotopic ratios determined in the water column (Fig. 7) and a recent 
study by Huang et al. (2020). The slightly lower δ15N-NO3 in the WJR 
compared with NJR (Fig. 7a), is inferred to be due to the high fertilizer 
application in the intensive pomelo orchards in the upper WJR catch
ment (Lin et al., 2020a). In addition, both manure & sewage (MS) and 
ammonium fertilizer (AF) can be oxidized by nitrification to nitrate in 
the oxic water column of the river channels and within surface riverine 
sediments, particularly during the wet summer season with higher 
ambient temperature (Lin et al., 2020a). The isotopic content from the 
Initial to Ending are shown in Fig. 7. The values are consistent with 
leached soil and groundwater, which resulted in lower δ15N-NO3 from 
extensive in-situ nitrification (Fig. 7a, b). Previous work has found that 
the isotopic values of δ15N-NO3 and δ18O-NO3 in both the NJR and WJR 
during normal flow were the result of nitrate being flushed out into the 
river from different types of land use (Huang et al., 2020; Lin et al., 
2020a). The dominant nitrate source in the NJR was derived from the 
nitrification of domestic and animal derived sewage (Huang et al., 2020) 
and as a result had elevated δ15N-NO3 (+9.2‰ to + 29.7‰, Johannsen 
et al. (2008)), as shown in Fig. 7a. By contrast in the WJR, most of the 
nitrate was derived from ammonium fertilizer (Fig. 7b), which was 
applied to agricultural soil in the watershed and had lower δ15N-NO3 (0 
± 4‰, Kendall (1998)). 

4.3. Effects of the storm on riverine nitrogen 

As discharge increased during storms, there had an increase in 
anthropogenic DIN exported from the Jiulong watershed to the estuary 
(Gao et al., 2018), as has been observed in other river systems (Mooney 
and McClelland, 2012; Peierls et al., 2003). NH4-N and NO2-N increased 
rapidly in both concentration and total flux (Fig. 4, Fig. 5). A major 
source of these increased nitrogen compounds was from the flushing of 
domestic waste from the sewage treatment works of the Zhangzhou City 
on the WJR (Lin et al., 2020b) together with surface runoff from other 
agricultural pollutants, such as manure, animal waste and some types of 
fertilizer from fields in the lower watershed of both WJR and NJR (Chen 
et al., 2012). Other possible sources are from animal waste particularly 
in the NJR, though this will take some time before it reaches the estuary 
(Cao et al., 2015). The negative relationship of δ15N-NH4 with river 
discharge in the WJR (Fig. 7d) indicates that dilution by rainfall was the 
major factor changing the fraction of riverine nitrogen isotope, since the 
rainwater in South China has a lower δ15N-NH4 (-12.4‰ to − 0.6‰; Jia 
and Chen (2010)). The only exception was on June 12th (Rising) when 
there was an increase in isotopic ratio, likely due to ammonia addition of 
urban sewage with higher δ15N-NH4 (+9.2‰ to + 29.7‰; Lee et al. 
(2016)). 

By contrast to reduced nitrogen, the increase in concentration of 
riverine NO3-N was delayed somewhat with the concentration initially 
decreasing at the beginning of Rising presumably by rainfall dilution 
and then increasing to peak value in the later part of Rising (Fig. 4d). 
This pattern has been observed previous in the Jiulong River (Gao et al., 
2018) and in the Elbe River (Jacob et al., 2016). It is likely that this delay 
is because a major source of NO3-N is from nitrate present in the surface 
soil and groundwater, which is leached out as the rainwater infiltrates 
into the soil and washes the interstitial nitrate out into the stream and 

Fig. 6. The intensive measured concentration of (a) ammonium, (b) nitrite and 
(c) nitrate determined at 0.5 m water depth at Station E in the estuary through 
the entire sampling period. Red lines are the polynominal fitting curves. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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hence river channels (Johannsen et al., 2008). 

4.4. Effects of the storm on estuarine nitrogen 

In addition to the increase in nitrogen reaching the estuary during 
the storm as a result of increased river discharge, there was extra inor
ganic nitrogen added to the estuary water by processes within the tidal 
river and estuary. This additional concentration and flux was consider
ably higher during the Rising than other periods (Table 1). This also was 
the period in which there was major sediment scour from the upper 
estuary wetlands and catchment runoff. This scour caused the sediment 
pore waters, which are rich in nitrogen species (dissolved and adsorbed) 
together with their associated bacteria to be released into the overlying 
water and observed fluxing past Station E. 

In the middle of the Rising, there was a major net increase in NH4-N 
which tripled from 24 µmol L-1 to a maximum 67 µmol L-1 (Fig. 6a), 
which represented a net increase of greater than 100 t d-1 NH4-N added 
to the estuary compared to the river flux (Fig. 5a). The anoxic conversion 
of labile PON to ammonium, is an important process in estuarine sedi
ments, particularly in recent mangrove wetlands, salt marshes and creek 
sediments adjacent to estuaries (Chen et al., 2018a; Sumi and Koike, 
1990). This ammonium is likely to be flushed out by surface sediment 
scour and catchment runoff in the tidal river during the storm (Fig. S1b). 

Simultaneously ammonium will be desorbed from resuspended sedi
ment particles, because the concentration of ammonium in the water 
column of JRE is much lower than that in the surface sediment pore 
waters (Yu et al., 2020). From its peak of 67 µmol L-1 at the beginning of 
Rising (Fig. 6a), ammonium steadily decreased through the remaining 
Rising and through Falling to ~ 20 µmol L-1. This decrease in added 
ammonium could be due to a decrease in the amount of ammonium 
associated with the scoured estuarine sediments after the first storm 
pulse (Fig. 2a). However, an additional and likely important contrib
uting factor to this decrease is nitrification in the water column. Evi
dence for this process comes several observations. Firstly, there was a 
major increase in nitrate in the water column (see below for discussion 
of possible other reasons for that increase). In addition, there was 
increasing gene copies of ammonia-oxidizing microbes with peak values 
of AOA found in the middle of Rising and AOB in the Falling (Fig. 8a, b). 
There was also a general decrease in δ15N-NO3 vs. δ18O-NO3 through the 
JRE (except for one anomalous point during the Falling) and a dramatic 
growth in δ15N-NH4 (Fig. 7). Such changes are characteristic of nitrifi
cation (Böttcher et al., 1990; Casciotti et al., 2002). The observed pos
itive relationship between δ15N-NH4 and daily river discharge in the JRE 
(Fig. 7d) suggests that the increased δ15N-NH4 could derive from nitri
fication (+14‰ to + 27‰, Casciotti (2009)), though it could also come 
in part from sewage inputs (+9.2‰ to + 29.7‰, Lee et al. (2016)), as 

Fig. 7. Distribution of (a) nitrogen isotopic δ15N-NO3 and (c) δ15N-NH4 through the sampling period (June 10th to 21st 2019) with the different discharge conditions 
shown as white/blue shading. The isotopic ratio of δ15N-NH4 was not measured in the NJR because ammonium concentration was less than the concentration 
required for isotope determination. (b) shows the distribution of δ15N-NO3 and δ18O-NO3 in the rivers (NJR and WJR) and the estuary (JRE). Typical values of 
possible nitrate sources are shown from Kendall (1998). (d) shows the relationship between δ15N-NH4 and river daily discharge determined from samples taken daily 
from both the JRE and WJR. The linear correlations were determined for all samples excluding June 12th for the WJR. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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shown in Fig. 7c. 
The concentration of nitrate between the lower river stations and 

Station E increased considerably from 175 µmol L-1 (Initial) to a 
maximum of 290 µmol L-1 at the end of Rising (Fig. 6c). Part of this 
increase in nitrate was likely due to nitrification in the water column 
from ammonium which decreased by 56 µmol L-1 from its maximum at 
the beginning of Rising compared with its concentration at the end of 
Rising. However, the increase in concentration of nitrate of 115 µmol L-1 

was much greater than the decrease in ammonium, while the calculated 
flux of nitrate through the estuary during the Rising was five times more 
than the flux of ammonium (Table 1). This means that there had to be 
other sources of nitrate to the estuary other than in-situ nitrification in 
the water column. There are several possible additional processes which 
could add nitrate to the estuary during storms. In estuarine and 
mangrove sediments, there are typically a peak in nitrate at or close to 
the sediment water interface due to a nitrification–denitrification 
couple. As surface sediments are resuspended, both nitrate and ammo
nium will be released into the water column. The relative amounts of 
nitrate and ammonium will depend on the depth of scoured sediments. It 
is likely to be particularly rich in nitrate in sediments which are peri
odically exposed during tidal changes as is typical in mangrove wet
lands. An additional contributing factor to this increase in nitrate was a 
decrease in denitrification. It was observed that there was a decrease in 
the abundances of denitrifying genes towards the end of Rising, where 
these genes reached pre-storm abundances only after the Falling 
(Fig. 8d, e). This is suggestive of a more oxic/less anoxic system in the 
JRE during the storm. Finally, as noted above for the river sections 

during storm flow, there was a substantial increase in nitrate which 
came from ground and soil water discharge, which was slightly delayed 
from the initial increase in water discharge. It is likely that there was a 
similar addition of nitrate from the areas in the immediate catchment of 
the estuary i.e. that the heavy rainfall will cause previously formed ni
trate in the adjacent fields and mudflats to be flushed out into the es
tuary during storm flow. It is not possible without a total nitrate budget 
to determine the relative importance of these various processes to the 
observed increase in nitrate through the JRE during the peak of the 
storm. 

During the storm, the concentration of nitrite decreased from the 
Initial until halfway through the Rising (Fig. 4c), suggesting that nitrite 
was being diluted by increased discharge more than the increase of ni
trite as an intermediate from in-situ nitrification. Nitrite started to in
crease through the Rising-Falling boundary with the major increase at 
the end of Ending. During the Baseflow the amoA gene (ammonia- 
oxidizing microbes) was greater than the nxrA gene (nitrite oxidation 
bacteria), while the nxrA gene increased substantially during the Flood 
(Fig. 8a, b, c), when ammonium and the ratio of NH4-N/DIN had 
increased in the water column (Table 1). Yan et al. (2019) showed that 
the ammonium oxidation rate occurred 10–20 times faster than the ni
trite oxidation rate during periods of normal flow in the JRE. Thus, ni
trite accumulated in normal baseflow condition as a result of incomplete 
nitrification at the ETM area (Yu et al., 2019). These results suggest 
there was more complete nitrification during the Flood. Higher deni
trifying ratio of nirS/narG could also accelerate net nitrite consumption 
by denitrification (Fig. 8d, e). As the estuary reverted to baseflow during 

Fig. 8. Distributions of nitrifying (amoA and nxrA) and denitrifying (narG and nirS) gene abundances at Station E through the period of sampling with the 
different discharge. 
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the Ending, nitrite increased while nitrate decreased in the water col
umn (Fig. 6). This implied that there were non-steady state changes in 
nitrification and denitrification rates. The sampling was not continued 
for long enough for the system to revert to its initial steady state 
condition. 

It has been shown, in previous studies of estuaries carried out during 
normal baseflow, that the wetlands and creeks adjacent to the upper 
estuary are locations where nutrients are removed and stored (Jickells 
et al., 2014; Sanders et al., 1997). However, as a result of recent land 
reclamation in many estuaries, these areas of wetlands have been 
reduced, thus decreasing the ability of estuaries to act as filters for 
anthropogenic nutrients fluxing into coastal areas (Jickells et al., 2000; 
Jickells et al., 2016). In the Jiulong River estuary, the total area of the 
mangrove wetlands has been considerably reduced over the past 20–30 
years (Wang et al., 2018). Despite this reduction of the wetland area, the 
upper estuary still represents an important location for the removal of 
anthropogenic nitrogen during normal baseflow (Yu et al., 2019). This 
area traps sediment containing a high content of labile organic matter 
(Yu et al., 2015). These surficial sediments then act as a biogeochemical 
incubator, with diagenetic changes taking place in which labile PON is 
broken down, ammonia generated, and nitrate formed in the oxic 
environment found in the surface layers of these tidally affected sedi
ments. It is also a location of considerable dissimilatory and other nitrate 
reduction (Cao et al., 2016; Zhang et al., 2020). However, in this study, 
it has been shown that this removal of nutrients is only temporary, since 
during storms, a large fraction of this anthropogenic nitrogen is remo
bilised as resuspended sediment which results in an increased pulse of 
diagenetically altered nitrogen down the estuary to the coastal region. 
The relative efficiency of the upper estuary as a temporary nutrient filter 
and biogeochemical incubator depends on various factors including how 
long the sediment remains in the wetlands and creek, what the ambient 
temperature was for controlling microbial reaction rate, when and how 
large the storm is and thus how much of sediment is resuspended. 

The results of this study showed the key importance of non-steady 
state floods in increasing the total flux of DIN exported from the river- 
estuary systems to the nearby coast. Floods not only result in an 
increased flux of anthropogenic nitrogen from the river and tidal river 
catchment but they also remobilize nitrogen which had been tempo
rarily deposited in the estuary during periods of low-normal flow. It is 
also noted that this storm was a relatively moderate storm in terms of 
total water discharge. It is likely that storms which occur after a longer 
period of quiescence and/or storms with higher water discharge, are 
likely to result in even greater flushing out of pollutant N from the river- 
estuary system to the coast. This increased DIN flux is likely to result in 
greater estuarine and coastal eutrophication. 

5. Summary 

The increased discharge of water from the river during the storm 
altered the pattern of estuarine salinity, the particle distribution and the 
location of the ETM. The original location of the ETM during the Base
flow bracketed Station E. However, during the peak of strom flow the 
freshwater-brackish water boundary moved downstream. The distance 
downstream was controlled by the strength of storm flow. During the 
storm in June 2019, the water passing Station E was only freshwater 
during the high discharge of Rising and then changed back to the tidally 
changing brackish water characteristic of normal flow conditions as the 
discharge decreased. 

During the storm, the input of SPM brought down the rivers to the 
estuary increased substantially. In addition, there was also a major in
crease in sediment added (scoured) in the upper estuary both from the 
estuary channel and from the adjacent mangrove wetlands and small 
creeks. As the discharge decreased during the Falling and particularly 
Ending, both the riverine SPM and added estuarine SPM decreased. 
Meanwhile, tide also had an effect on the estuarine SPM with higher 
concentrations during low tide. High water velocity both during high 

flow periods of ebb and flood tides caused higher SPM. 
Both concentrations and fluxes of river inorganic nitrogen increased 

during the storm. The different land use of the Jiulong River resulted in 
spatial differences of inorganic nitrogen between the NJR and WJR. The 
NJR had high ammonium and nitrite from domestic sewage effluent and 
intensive animal farming in the upper reaches, which were partially 
oxidized to nitrate by nitrification in the river channel resulting in 
elevated δ15N-NO3. The WJR had higher nitrate from excess ammonium 
fertilizer in upstream pomelo orchards, resulting in decreased δ15N-NO3. 
In addition, the different sources of inorganic nitrogen also resulted in 
the different response times of the peak value. Ammonium and nitrite 
reached peak values at the river mouths faster than nitrate both in the 
NJR and WJR. The major source of ammonium and nitrite were from 
domestic waste from the sewage treatment works together with surface 
runoff from other agricultural pollutants such as manure, animal waste 
and some types of fertilizer from fields, which caused the peak value of 
δ15N-NH4 in the first day of Rising. However, rainfall decreased δ15N- 
NH4 in most river samples. By contrast, nitrate was delayed somewhat 
with the concentration firstly decreasing by dilution and then increasing 
to peak value in the Rising. The major source of nitrate was from leached 
soil and groundwater, where in-situ nitrification had oxidized ammo
nium fertilizer. 

Apart from the river inputs, the flux of estuarine DIN had increased 
by 40% ± 8% over the elevated values reaching the estuary during the 
storm. The additional fluxes of NH4-N, NO3-N and NO2-N were signifi
cantly higher in the Rising (55.9 ± 33.4 t d-1, 252.8 ± 59.9 t d-1 and 6.2 
± 3.6 t d-1, respectively), particularly for NH4-N with increased ratio of 
NH4-N/DIN. This additional nitrogen mostly came from the scour of 
surface sediments and catchment runoff in the tidal river, which had 
been deposited in the upper estuary and adjacent mangrove wetlands 
and small creeks during periods of normal flow. Following falling 
discharge, the concentration of NH4-N decreased both because of 
decreasing supply from sediment scour after the first storm pulse and 
due to increased nitrification in the water column. Evidence in support 
of this was from increased gene copies of nitrifiers (AOA and AOB), 
which caused a general decrease in δ15N-NO3 vs. δ18O-NO3 and a dra
matic increase in the δ15N-NH4. The sources of additional NO3-N in the 
estuary came partly from increased nitrification. However, the large 
increase in NO3-N flux compared with NH4-N flux suggested that there 
were additional processes fluxing nitrate into and through the estuary. 
One such process was the scouring of surficial mangrove sediments 
which had a large peak of nitrate in the tidally exposed sediment. 
Decreased denitrification in the water column was confirmed by the 
number of copies of the relevant genes (higher nxrA and lower narG). An 
additional major nitrate source came from ground and soil water 
discharge in the local estuarine catchment, resulting in the delayed peak 
value as noted above for the river sections. 

This study shows the importance of the upper estuary as a temporary 
location for nitrogen storage in surface sediments, which act as a 
biogeochemical reactor. At least part of these sediments are resuspended 
during storms and result in altered nitrogen species being transported 
into the estuary and from there to the coast. 
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Böttcher, J., Strebel, O., Voerkelius, S., Schmidt, H.-L., 1990. Using isotope fractionation 
of nitrate nitrogen and nitrate oxygen for evaluation of microbial denitrification in a 
sandy aquifer. J. Hydrol. 114 (3-4), 413–424. 

Canfield, D.E., Glazer, A.N., Falkowski, P.G., 2010. The evolution and future of earth’s 
nitrogen cycle. Science 330 (6001), 192–196. 

Cao, W., Hong, H., Yue, S., 2005. Modelling agricultural nitrogen contributions to the 
Jiulong River estuary and coastal water. Global Planet. Change 47 (2-4), 111–121. 

Cao, W., Huang, Z., Zhai, W., Li, Y., Hong, H., 2015. Isotopic evidence on multiple 
sources of nitrogen in the northern Jiulong River, Southeast China. Estuar. Coast. 
Shelf Sci. 163, 37–43. 

Cao, W., Yang, J., Li, Y., Liu, B., Wang, F., Chang, C., 2016. Dissimilatory nitrate 
reduction to ammonium conserves nitrogen in anthropogenically affected 
subtropical mangrove sediments in Southeast China. Mar. Pollut. Bull. 110 (1), 
155–161. 

Casciotti, K.L., 2009. Inverse kinetic isotope fractionation during bacterial nitrite 
oxidation. Geochim. Cosmochim. Acta 73 (7), 2061–2076. 

Casciotti, K.L., Sigman, D.M., Hastings, M.G., Böhlke, J.K., Hilkert, A., 2002. 
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