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• NH4
+-N was chemostatic with respect to

discharge in the upstream section.
• NO3

−-N increasedwhile NH4
+-N decreased

with time along the river in dry season.
• The specific substrate concentration de-
cided the rate of the N transformation.

• Along the river, advantage of denitrifica-
tion over nitrification was enhanced.

• Closed-tide gate improved riverine N re-
moval through nitrification-
denitrification.
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This study aimed to evaluate the nitrogen (N) dynamics in Lijiang River, a tide gate-controlled river flowing into South
China Sea, and to quantify the biochemical processes affecting nitrate fate and transport during the closed-tide gate
period. The continuous on-line water monitoring indicates a chemostatic NH4

+-N pattern with respect to variable dis-
charges in the upstream section. The survey via daily grab water sampling from July to December 2020 at four equi-
distant locations in the lower stretch showed that a gradual increase in NO3

−-N and decrease in NH4
+-N concentrations

occurred along the river from upstream to downstream sections and with the time from September to December (the
closed-tide gate period). Themean difference between nitrification and denitrification rate peaked at 0.43mg L−1 d−1

in October in the upper section and gradually reduced to−0.26 mg L−1 d−1 in December in the middle section, indi-
cating the increased advantage of denitrification over nitrification with time. A gradual increase in the mean NO3

−-N
assimilatory uptake rate with time and a decrease from upstream to downstream were also observed. These results
show that the closed-tide gate promoted N biotransformation in Laingian River and significant N removal was
achieved through coupled nitrification-denitrification.
1. Introduction

Rapid urbanization has greatly altered rivers via impoundments and di-
versions, and over a half of large river networks is under dams/sluices
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control (Nilsson et al., 2005; van Looy et al., 2014; Wang et al., 2018).
The impacts of dams/sluices construction or demolishment on downstream
water conflicts and ecosystem safety have been extensively studied and
widely acknowledged. For example, Okyereh et al. (2019) investigated
the potential impacts of the development and operation of the Bui Hydro-
power Dam on downstream water usage competition (domestic, livestock
and industrial purposes). Koutrakis et al. (2019) evaluated ecological
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flows and habitat availability for fishes in the downstream section of dams/
sluices in highly regulatedMediterranean rivers. Among themultiple objec-
tives and interests of dams/sluices regulation, flood control and water re-
source allocation are the top priority. Consequently, dams/sluices
operations vary between cycles of dry and wet seasons, thus influencing
waste stream discharge, water quality and aquatic ecosystem in the up-
stream and downstream sections of dams/sluices (Luo et al., 2021).

Tide gates, a kind of dams/sluices installed between estuaries and riv-
ers, are generally doors or flaps mounted on the downstream ends of rivers
near the sea, which allow upstream waters to drain while preventing in-
flows from the sea due to tidal surges or flood events. Different from
dams/sluices installed in an inland area, a tide gate experiences rise and
fall of water levels in bidirectional flow; water moves toward the land
and away from the sea in the flood phase, whereas water flows into the
sea during the ebb phase. In flood season, opening tide gates at low tide
is launched more often and continues for a longer time; in the dry season,
to guarantee the demand of water usage, the tide gates stay closed for
most of the time. Therefore, the operation of tide gates has to take account
of complicated hydrodynamic conditions and leads to various ecological
and environmental consequences (Wright et al., 2015; Zhao et al., 2020).
We name the above-mentioned dry season condition as the closed-tide
gate period in this study.

When tide gates are closed, contaminants mainly comprised of nitrogen
(N) species are released from agricultural lands and wastewater treatment
plants (WWTPs) and accumulate in the blocked river sections, thus creating
eutrophication, harmful algal blooms, hypoxia, and other ecological prob-
lems (Lin et al., 2020; Yu et al., 2020). In contrast, the close of tide gates
also prolongs the residence time, enhances particle settling and nutrient
transformation and uptake, thus leading to higher N removal (Lembi,
2001). As tide gates are designed and operated forflow regulation, irrespec-
tive of accumulation or removal of N pollutants, discharge flows with un-
predictable N loads are often generated, threatening the estuary
ecosystems (Caraco and Cole, 1999). Considering the increasing demand
for dams/sluices globally (Zarfl et al., 2015), there is an urgent need to in-
vestigate into the relationship between N pollution and tide gate regulation
to propose the best management strategies for environmental sustainabil-
ity.

Whenflow conditions are limited by a closed-tide gate, its upstream sec-
tion serves as a reaction tank, and biochemical processes including assimi-
latory N uptake, nitrification and denitrification most likely govern N fate.
Among the biochemical processes, denitrification is considered the primary
pathway for permanent N removal via N2 gas production (Zhao et al.,
2015). Many batch incubation experiments with the addition of inhibitors
or isotopes to water column samples has been conducted to determine the
rates of individual biochemical processes (Andersson et al., 2006;
Damashek et al., 2016; Sebilo et al., 2006). However, these water column
studies ignored the interaction of benthic sediments, which have strong in-
fluence on nitrification and denitrification (Lehmann et al., 2003; Sebilo
et al., 2003; Xia et al., 2008).Moreover, limited samplesmay not accurately
represent the diverse field environments, especially for tide gate-controlled
rivers with large spatiotemporal variations on N distribution. To assess the
extent of biogeochemical processes in a large-scale river, in situ examina-
tion is still considered irreplaceable, despite its difficulties (Kraus et al.,
2017).

Therefore, this study investigated the transformation of N species in a
tide gate-regulated river during the closed-tide gate period via long-term
water grab sampling and on-line water quality monitoring. Since nitrate
is both the substrate of denitrification and the product of nitrification and
is the sole assimilable N source for most algae and plants (Meyer and
Stitt, 2001), nitrate dynamics is crucial in exploring the biochemical pro-
cesses in riverine N cycle (Jarvie et al., 2018; Kraus et al., 2017). The spe-
cific objectives include: 1) to assess the seasonality of N dynamics and
impacts of storm events onwater quality during the survey year; 2) to quan-
tify the extent of change in nitrate through biochemical processes during
the closed-tide gate period; and 3) to unveil the impacts of the tide gate
on the upstreamN transport and transformation, and to identify key factors
2

controlling assimilatory nitrate uptake, and the coupled nitrification-
denitrification. To the best knowledge of the authors, this study is the
first-of-its-kind to conduct in-situ investigation into N transformation in
tide gate-regulated rivers and shall shed new light on sustainable manage-
ment of estuaries.

2. Materials and methods

2.1. Site description

The Lianjiang River ismajor river in eastern Guangdong, China,flowing
through the two cities of Jieyang and Shantou. It has a catchment area of
1353 km2, and the center of the basin is located at 116.33°E, 23.26°N.
The mainstream is 71 km in length, connecting inland Puning City at
166.15°E, 23.36°N and the South China Sea at the HaiMen Bay (HMB),
where the tide gate is located 2 km away from the river mouth (Fig. 1).
The annual average runoff of the river is 1.353 billion m3 and the average
annual rainfall is 1618mm. The rainfall was unevenly distributed through-
out the year, with a lower amount in winter and spring (~36.1 % of precip-
itation) and a higher amount in summer and autumn (~63.9 % of
precipitation). The strong seasonal variation in rainfall is related to the sub-
tropical monsoon climate, and leads to a prominent seasonal pattern of tide
gate operation. In the dry season (October toMarch of the coming year), the
tide gate remains closed most of the time, and the monthly accumulated
opening time amounts to 0.5–2 days with an opening frequency of 5–-
14 events/month, while it reaches 5–6 days in the flood season (May to
July) with an opening frequency of 19–26 events/month (Table S1).

The tide gate at HMB was a large-scale water conservancy project de-
signed to prevent sea water intrusion and improve the storage of freshwa-
ter. Since its operation in the 1970s, it has significantly reduced the salty
water intrusion on>300,000 acres of farmland, effectively improved the ir-
rigation of 187,000 acres of farmland and supplied water for domestic and
industrial uses for >1,000,000 people. Despite these benefits to local devel-
opment, the wetland ecosystems of Lianjiang Estuary have been signifi-
cantly changed (Zhao et al., 2020). Moreover, the high population density
in the basin and the unregulated development of textile and dyeing industry
along the river resulted in pollution loads exceeding the ecological capac-
ity. This study focused on the highly polluted lower stretch of Lianjiang
River between Linbadu Bridge (LB) and the tide gate at HMB. The river dis-
charge and the water quality showed both strong seasonal and interannual
variations, due to the collective influence of storm events, treated wastewa-
ter effluent, agricultural and fishery releases and tide gate control.

2.2. Sampling campaigns and chemical analyses

Water samples were collected daily at 4 equidistant locations (LB, HP,
ZG, HMB) in the lower stretch of Lianjiang River daily from July 23rd toDe-
cember 30th in 2020. The closed-tide gate period (September 21st to De-
cember 30th, 2020) was one of the driest and lowest flow periods of
record for the study area, during which nearly no rainfall (7.7 mm) events
were recorded. Therefore, the regional WWTP effluents became an impor-
tant input to the river discharge, and the daily input accounted for 1.36 %
of the total river volume in average. During this period, the mixing of the
river water with seawater was almost completely blocked, providing an
ideal low-flow condition for in-situ examination of the N biotransforma-
tion.

Water samples were collected 1.0 m below the surface with a 2-L
plexiglass sampler, acidifiedwith H2SO4 to pH≤ 2 and immediately stored
in a cooler at 4 °C as per the China National Standard (HJ493-2009) for
sample preservation. All samples were delivered to the laboratory within
24 h for filtration and chemical analyses. Total nitrogen (TN), ammonia ni-
trogen (NH4

+-N), nitrate nitrogen (NO3
−-N), nitrite nitrogen (NO2

−-N) and
Chlorophyll-a (Chl-a) in water samples were measured using spectrophoto-
metric methods, according to China National Standards, i.e., HJ 636-2012,
HJ 535-2009, HJ/T 346-2007, GB 7493-1987, and HJ 897-2017, respec-
tively.



Fig. 1. The study area and the sampling sites.
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Within the study region, three WWTPs (XS, HPZ1 and HPZ2) discharge
different amounts of treated sewage into the river at separate locations.
Sites HP and ZG were located close to the discharge points of the WWTPs.
The daily effluent discharge data were collected from the WWTPs, and
the N species in the effluent were assumed to be just meeting the national
discharge standard for municipal WWTPs (GB18918-2002),
i.e., 15 mg·L−1 of TN and 10 mg·L−1 of NO3

−-N.

2.3. On-line data collection and processing

Online water quality monitoring data were collected from two water
monitoring stations: one at HMB, 0.04 km upstream from the tide gate,
and the other at QYS, 12.20 km upstream from LB. The water quality mon-
itoring stations monitored velocity and river discharge; recorded tempera-
ture, turbidity, specific conductivity, dissolved oxygen and pH hourly;
and analyzed TN and NH4

+-N once every 4 h, using the persulfate digestion
method (HJ 636-2012) and the salicylate/hypochlorite colorimetric
method (HJ 536-2009), respectively.

The weekly variations of river discharge and NH4
+-N concentration

were quantified in term of the coefficient of variation (CV) according to
the following equation:

CV ¼ RMSE
Cmean

(1)

where RMSE is the root mean square error of the 4 h−1 resolution NH4
+-N

concentrations or river dischargeswithin oneweek (n=42),while Cmean is
the mean NH4

+-N concentration or river discharge in that week.
To elucidate the hydrological impacts on NH4

+-N dynamics, the NH4
+-N

-discharge hysteresis patterns and metrics were analyzed using the 1-h−1

resolution discharge and NH4
+-N data from the water monitoring station

in QYS. The storm events leading to a maximum discharge increase of
>20 × 104 m3·h−1 (55.56 m3·s−1) and a subsequent decrease of at least
50 % compared to the discharge peak were selected. The starting time of
a storm event was defined as the first moment when a 10 % increase in
3

discharge was recorded (Rozemeijer et al., 2010). The discharge peaks
were merged into one storm event if they occurred within 6 h.

The NH4
+-N concentration-discharge (C-Q) curves were plotted for the

selected storms to characterize their hysteresis behavior, i.e., their direction
or rotation patterns. The difference in the mean NH4

+-N concentration be-
tween the rising and falling limbs of the C-Q curves, i.e., the hysteresis
index (HI), was determined based on the method of Lloyd et al. (2016). A
positive HI indicates clockwise direction of the hysteresis loop, whereas a
negative value suggests anticlockwise direction. The slope of the C-Q hys-
teresis curve is quantified by the relative change in NH4

+-N concentrations
(ΔC) according to the following equation (Butturini et al., 2008):

ΔC ¼ Cq,peak � Cbase

Cmax
(2)

where Cq,peak is the NH4
+-N concentration at the peak discharge, Cbase is the

NH4
+-N concentration at baseflow before the storm, and Cmax is the maxi-

mal NH4
+-N concentration in the storm. A positive ΔC indicates the solute

flushing effect of a storm, whereas a negative ΔC reflects solute dilution.

2.4. Quantification of NO3
−-N transformation

The rate of change in NO3
−-N concentrations in three sections of the

river divided by sampling sites, i.e., LB-HP, HP-ZG and ZG-HMB, was calcu-
lated using the daily grab water sampling data. In the study section, river
discharge was not measured, which made it difficult to determine the
fluxes. Therefore, instead of calculating the fluxes, we decided to use the
concentration-based travel time model (Jarvie et al., 2018; Kraus et al.,
2017) to analyze the removal of NO3

−-N along the river, based on the fol-
lowing facts and assumptions: 1) during the closed-tide gate period, the
river discharge was maintained at the base flow, which was almost con-
stant; 2) the daily input (water volume) of treated wastewater effluent ac-
counted for 1.36 % of the total river volume in average, therefore, the
river discharge change due to additional wastewater effluent could be neg-
ligible; and 3) the N species carried from the treated wastewater effluent
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were assumed to undergo no biochemical reactions or assimilatory uptake
within the river section that received the effluent. They were subjected to
biotransformation and assimilatory uptake in the following section.

The Environmental Fluid Dynamics Code (EFDC) model version 7.1
(Hamrick, 1992) was applied to simulate the flow in the river for the
whole dry season of the study year, as detailed previously by Zhao et al.
(2020). Briefly, the river was divided into 3D calculation cells, with a spa-
tial resolution ranging from 100 to 300 m in the horizontal direction and
5 layers in the vertical direction in the sigma coordinate, and theflow veloc-
ity in each cell was calculated at a resolution of once every 8 h. From this,
the average velocity of each section (LB-HP, HP-ZG and ZG-HMB) was de-
termined at the same resolution. The density distribution plot (Fig. S1) of
the average velocities showed a log-normal distribution, indicating that
low baseflow dominated over the dry season. For simplicity of calculation,
the overall average velocity across the closed-tide gate period was deter-
mined for each section. Then, the average travelling time of the simulated
water parcel was determined to be 3.48 days, 2.00 days and 2.53 days for
the section LB-HP, HP-ZG and ZG-HMB, respectively.

The change in NO3
−-N concentration within a section was calculated as

the difference between the NO3
−-N concentration in a water parcel out of

the section at time t2 and the initial NO3
−-N concentration in the parcel trav-

elling into the section at time t1, as shown in Eq. 3.

ΔNO−
3

� �
Upper−Lower ¼ NO3½ �t2Lower− NO3½ �t1Upper ð3Þ

The apparent rate of change in NO3
−-N concentration per day

(mg·L−1·d−1) was then obtained from Eq. 4:

RNO−
3
¼

ΔNO−
3

� �
Upper−Lower

t2−t1
ð4Þ

where t2 � t1 is the water parcel travelling time as aforementioned. Simi-
larly, the apparent rate of change in TN concentration per day
(mg·L−1·d−1) was calculated using Eq. 5. Both RNO �

3
and RTN of the

three sections were calculated once every day for the closed-tide period,
using the daily grab water sampling results.

RTN ¼ ΔTN½ �Upper � Lower

t2 � t1
(5)

The important processes affecting the daily NO3
−-N change rate in the

river include the input from WWTPs, removal via denitrification, and as-
similatory uptake via photosynthesis. Hence, the overall mass balance of
NO3

−-N was calculated according to Eq. 6:

RNO−
3
¼ REFF þ RNitrif−RDenitrif−RUptake ð6Þ

where REFF is the rate of NO3
−-N input from WWTPs effluents, RNitrif is the

nitrification rate, RDenitrif is the NO3
−-N removal rate via denitrification,

RUptake is the assimilatory NO3
−-N uptake rate due to photosynthesis. As de-

scribed above, the daily WWTPs effluents contributed merely 1.36 % of the
total river discharge, but introduced a considerable amount of NO3

−-N due
to the relatively higher concentration of NO3

−-N. From the equation, the net
effect of microbial nitrification and denitrification (RNitrif � RDenitrif ) could
be quantified.

2.5. Determination of the assimilatory NO3
−-N uptake rate

This study obtained a regressed equation correlating the assimilatory
NO3

−-N uptake rate with the concentration of chlorophyll-a using the
grab water sampling data at HMB and extrapolated it to other sites. To es-
timate the assimilatory NO3

−-N uptake rate at HMB, the diurnal dissolved
oxygen (DO) curves were analyzed to quantify the DO production rate
due to primary production, which was associated with assimilatory NO3

−--
N uptake via a stoichiometric equation of photosynthesis and respiration.
The details are as follows.
4

The Delta method, which can be used to estimate photosynthesis, respi-
ration and reaeration in a river system where oxygen deficit dose not vary
spatially, was adopted to calculate the DO production rate due to autotro-
phic primary production. The Deltamethod gives a piecewise analytical so-
lution of oxygen deficit based on mass balance of DO in conjunction with
on-line measurements (Chapra and di Toro, 1991). The DO mass balance
was analyzed according to Eq. 7.

dD=dt þ kaD ¼ ERav � GPPav tð Þ (7)

where,D is the DO deficit (mg·L−1), t is the time (d), ka is the reaeration co-
efficient (d−1), ERav is the average DO consumption rate due to microalgal
respiration (mg·L−1·d−1), and GPPav is the average DO input rate due to
gross primary production (mg·L−1·d−1).

The hourly DO on-line monitoring data in HMB were used to calculate
the reaeration coefficient (ka) using the empirical curve (Figs. S2& S3) ob-
tained by Chapra and di Toro (1991). After screening out low-quality DO
data, the remaining data were clustered into three groups according to
the time lag between the maximum DO and solar noon (Φ): 1.5 h (n =
11), 2.5 h (n = 7), 3.5 h (n = 9). Then, the average DO input rate due to
gross primary production (GPPav) was determined according to the Eq. 8
(Chapra and di Toro, 1991). Where Δ is the diurnal oxygen range; T is the
duration of a diurnal cycle (24 h), and f is the duration of photoperiod.

Δ
GPPav tð Þ≅

T− f þ 0:2
f
T

� �2

ka≤1:0 d−1� �
1−e−0:5ka
� �2
0:5ka 1−e−kað Þ þ 0:0511 1:0 d−1 < ka≤5:0 d−1� �

πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2a þ 2πð Þ2

q ka > 5:0 d−1� �

8>>>>>>>><
>>>>>>>>:

ð8Þ

According to previous studies (Hall and Tank, 2003; Jarvie et al., 2018),
around 50%of the DO input frommicroalgal photosynthesis would be con-
sumed by microalgal respiration. Therefore, the obtained values of GPPav
were converted into the DO input rate due to net primary production
(NPP), assuming that autotrophic respiration consumed 50 % of the
GPPav. Based on the stoichiometric equation (Eq. 9) ofmicroalgal photosyn-
thesis and respiration in the fresh water (Stumm and Morgan, 1996), NPP
was converted into the assimilatory NO3

−-N uptake rate (RUptake) according
to Eq. 10.

106CO2 þ 16HNO3 þH3PO4 þ 122H2O↔ CH2Oð Þ106 NH3ð Þ16H3PO4

þ 138O2 ð9Þ

RUptake ¼ 7
138

NPPav (10)

From this, a linear regression (R2 = 0.9148) could be fitted into the
curve of RUptake vs chlorophyll-a (Chl-a) obtained at HMB (Eq. 11), which
was applied to other sites due to the short distance between each site.

RUptake ¼ 0:0042� Chl � αþ 0:0841 (11)

2.6. Statistical analysis

The two-way ANOVA and Fisher's LSD tests were conducted to reveal
the significance of differences using the software Origin.

3. Results

3.1. Dynamics of rainfall, river charge and NH4
+-N indicated from the on-line

monitoring data

The rainfall intensity in the area was 1156.8 mm in the survey year
(2020) with a total of 25 rainfall events (Fig. 2a). The primary rainfall



Fig. 2. The daily NH4
+-N concentration, rainfall intensity, and the 2-h river discharge of year 2020 recorded at QYS on-line monitoring station (a), and the coefficient of

variations of NH4
+-N and river discharge on a weekly basis (b). The grey shadow represents the closed-tide gate period.
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events occurred inAugust,May, September, andAprilwithmonthly rainfall
of 347.5 mm, 245.8 mm, 160.4 mm and 144.5 mm, respectively. The least
monthly rainfall (3.0 mm) was recorded in October. Within the year,
22 days showed a daily rainfall intensity >20 mm.

The river discharge ranged from−21.38 to 161.04×104m3·h−1, with
the base flow fluctuated around 25 × 104 m3·h−1. Compared to other sea-
sons, more river discharge peaks were observed in summer (June–August)
and mainly in August, while the largest discharge of 161.04× 104 m3·h−1

occurred in May.
The NH4

+-N concentrations also showed a large variation from
0.33 mg·L−1 to 12.79 mg·L−1 and averaged 5.51 mg·L−1; the mean NH4

+-
N concentrations in winter (December–February, 7.34 mg L−1) and spring
(March to May, 6.58 mg L−1) were higher than those in summer (June to
August, 4.20 mg L−1) and autumn (September to November,
3.90 mg L−1). The NH4

+-N concentration fluctuated dramatically with the
river discharge during storm events.

The coefficients of variation of the river discharge and NH4
+-N concen-

tration ranged from 0.25 to 1.57 and 0.06 to 0.45, respectively (Fig. 2b).
The tide gate at HMB was typically opened 1–3 days earlier or later than
a rainfall event, leading to a river discharge peak inconsistent with the rain-
fall events. Hence, tide gate regulation rather than rainfall events was the
primary factor controlling streamflow in Lianjiang River, resulting in com-
plex and asynchronous variations in NH4

+-N concentration and river dis-
charge.

The ratio of coefficients of variation (CV) of concentration and dis-
charge, CVc/CVq, is widely used to evaluate the relative variability of con-
centration and discharge. A low CVc/CVq value indicates a low variability
of concentration, which is termed as chemostatic behavior; while a high
CVc/CVq value (≥0.5) suggests a chemodynamic regime (Knapp et al.,
2022). The weekly CVc (NH4

+-N)/CVq values in the study year were in
the range of 0.076 to 0.48 with a mean of 0.28, indicating a chemostatic
pattern of NH4

+-N in the upstream section of Liangjiang River.
To further elucidate the impacts of precipitation-induced discharge on

NH4
+-N dynamics, the hysteresis patterns of 15 storm events occurred in

2020 were analyzed (Fig. 3). Among the 15 events, 10 events showed a
clockwise hysteresis pattern, indicating a dilution effect (HImean > 0, ΔC < 0)
on NH4

+-N (Table S2), while the remaining 5 events with an anticlockwise
hysteresis pattern resulted in an increase in NH4

+-N with flow, reflecting a
nutrient-flushing effect, except the storm on Sep. 24 (Fig. 3o). Noticeably, all
the 4 N-flushing anticlockwise hysteresis patterns (Fig. 3c, d, h, and n) oc-
curred at a lower peak discharge range of 25× 104–70× 104 m3·h−1, com-
pared to the typical range of 100× 104–120× 104 m3·h−1 for the clockwise
5

hysteresis patterns. This suggests that the low intensity rainfall would cause
the increase in river NH4

+-N concentrations, while the high intensity rainfall
would dilute NH4

+-N, instead. Two clockwise hysteresis regimes (Fig. 3g and
j) had apeakdischarge of 60×104–70×104m3·h−1; however, as the second
storm events following the first ones immediately, their dilution effects on
NH4

+-N were highly expected.
The C-Q curve on Sep. 24 (Fig. 3o) was the only anticlockwise hysteresis

showing a slight dilution effect on NH4
+-N. This could be attributed to the

tide gate regulation, which postponed the discharge peak by 4 days (Ta-
ble S2) and reduced the influence of flow change on the transport of nutri-
ents from catchment to the stream. Therewere one- or two-days differences
between the discharge and rainfall peaks in other storm events (Fig. 3a, k,
and n), however, the hysteresis patterns seemed not to be affected. This sug-
gests that the hysteresis pattern in NH4

+-N concentration-discharge during
storm events was primarily decided by the rainfall intensity, and tide gate
regulation might reduce this impact in a few cases when tide gate opening
was delayed for a prolonged period (~4 days).

3.2. Variations of TN, NH4
+-N, NO3

−-N, NO2
−-N and Chl-a in the grab samples

The monthly average water quality data of the grab samples were
shown in Table 1. From the late summer (July) to early winter (December),
the water temperature at HMB declined from 33.62 °C to 16.20 °C, while
the pH values were stable in the range of 7.41 to 8.84. For the grab water
samples, seasonal and spatial variations were prominent (Fig. 4). The
mean TN concentrations ranged from 2.80 mg·L−1 to 7.51 mg·L−1 along
the river, and the mean in December was higher than other months. The
mean NO3

−-N concentrations was in the range of 0.56 mg·L−1 to
4.33mg·L−1 showingan increasingorder of September<October<Novem-
ber<December (p< 0.001), with the highest mean at the upstream site LB.
Conversely, the mean NH4

+-N concentrations declined from 4.55 mg·L−1 to
0.38mg·L−1 during the closed-tide gate period (October to December). The
mean NO2

−-N concentration was lower than other N species and fluctuated
between 0.07 mg·L−1 in September and 0.63 mg·L−1 in July.

Huge variations were observed for Chl-a concentrations in each month,
and the mean Chl-a concentrations ranged from 27.95 μg·L−1 in July to
81.85 μg·L−1 in December. In particular, the SD values reached
43.63 μg·L−1 in August when storm events caused large and rapid fluctua-
tion of stream flow.

There was a clear difference between the rainfall period, characterized
by regular storm events from mid-July to late September, and almost no
rainfall (merely 7.7 mm) within the closed-tide gate period from October



Fig. 3.The hysteresis curves of NH4
+-N vs discharge of selected storm events occurred in 2020. ‘A’ and ‘B’ denotations in the storm event date differentiate thefirst and second

storm events occurred on the same day.
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to December (Fig. 4). Spatially, the concentrations of NO3
−-N showed no

significant difference in the upstream section between LB and HP (p =
0.767), but a decreasing trend from HP to the downstream sections
(p < 0.001), i.e., LB = HP > ZG > HMB during the closed-tide gate period.
While for other nitrogen species, i.e., TN, NH4

+-N and NO2
−-N, significant

(p < 0.03) decreasing patterns from upstream to downstream sections
(LB >HP> ZG>HMB) was prominent. No apparent trend in Chl-a concen-
trations was found at the sample site LB, HP, and ZG, while the mean Chl-a
concentrations at HMB tended to be the lowest during the closed-tide gate
period (Oct to Dec).
3.3. Removal of N along the river

The major inputs of N to a section were the N conveyed from upstream
andWWTPs outfalls in the region. OneWWTPwas located between sites LB
and HP, discharging 8070 m3 of treated effluent containing approximately
15 mg·L−1 TN (including 10 mg·L−1 NO3

−-N) into this section daily, which
resulted in an REFF ∣ LB � HP of 0.10 mg·L−1·d−1 during the closed-tide gate
period. For the section HP-ZG, another twoWWTPs discharging 2540m3 of
treated effluent resulting in an REFF ∣ HP � ZG of 0.03 mg·L−1·d−1. As no
WWTP outfalls were located between sites ZG and HMB, the input of
WWTP effluent was null in this section.
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During the closed-tide gate period, a clear elevation in NO3
−-N concentra-

tions in conjunction with a decrease in NH4
+-N concentrations was observed.

From Eq. 4, the rate of change in NO3
−-N concentrations within the two adja-

cent sampling sites was determined. As shown in Table 2, the net rate of
change in NO3

−-N between LB and HP (RNO �
3 ∣ LB � HP) was positive in the

early stage (Sep. to Oct.) of the closed-tide gate period, but turned negative
afterwards; while the other sections showed negative RNO �

3
values within

the whole study period, indicating the increasing NO3
−-N removal along the

river. This is most prominent for the middle section HP-ZG.
The TN removal rate (RTN) ranged from −0.12 mg·L−1·d−1 to

−1.14 mg·L−1·d−1 along the river, and it seemed not to be significantly
(p > 0.10) affected by months. Along the river, the middle section (HP-ZG)
had the largest TN removal rate, while the upstream and downstream sections
(LB-HP and ZG-HMB) showed similar rates (p=0.26). Most of the time, RTN

was negative, indicating the removal of TN along the river, although positive
values occurred in a fewcasesmost probably due to unpredictable inputs, such
as fishery or other non-point pollutions within the study period.
3.4. Assimilatory NO3
−-N uptake

Assimilatory NO3
−-N uptake at HMB was determined by the Delta

Method as described earlier. During the study period, the time lag between



Table 1
Themonthly water quality data of Lianjiang River from July to December 2020. Temperature and pHwere recorded from the on-linemonitoring station in HMB,while other
water quality parameters were from the grab water sampling campaigns. The data were in mean ± standard deviation (SD).

Mon. Site Temp. (°C) pH TN (mg·L−1) NO3
−-N (mg·L−1) NO2

−-N (mg·L−1) NH4
+-N (mg·L−1) Chl-a (μg·L−1)

Jul. LB – – 6.44 ± 1.13 1.99 ± 0.22 0.65 ± 0.26 3.50 ± 0.39 58.05 ± 33.21
HP – – 6.10 ± 1.70 2.20 ± 0.20 0.64 ± 0.19 2.17 ± 0.27 42.07 ± 15.47
ZG – – 3.84 ± 0.98 2.24 ± 0.37 0.44 ± 0.06 1.07 ± 0.13 50.19 ± 16.51
HMB 32.49 ± 0.77 7.79 ± 0.50 2.80 ± 0.60 1.65 ± 0.34 0.43 ± 0.11 0.14 ± 0.04 27.95 ± 8.70

Aug. LB – – 5.43 ± 1.47 1.01 ± 0.32 0.08 ± 0.07 4.20 ± 0.59 70.58 ± 43.63
HP – – 5.18 ± 0.90 1.11 ± 0.41 0.13 ± 0.15 3.21 ± 0.64 58.13 ± 33.48
ZG – – 4.87 ± 1.05 0.96 ± 0.42 0.18 ± 0.15 2.88 ± 0.74 76.96 ± 39.28
HMB 31.20 ± 1.09 7.53 ± 0.51 4.50 ± 0.86 1.02 ± 0.37 0.24 ± 0.14 2.13 ± 0.97 59.40 ± 31.61

Sep. LB – – 4.66 ± 1.55 0.69 ± 0.17 0.06 ± 0.02 3.74 ± 0.83 43.46 ± 24.67
HP – – 4.42 ± 1.92 0.78 ± 0.22 0.07 ± 0.03 3.07 ± 0.63 31.69 ± 14.92
ZG – – 3.93 ± 1.09 0.68 ± 0.28 0.08 ± 0.04 2.80 ± 0.52 46.40 ± 32.97
HMB 30.42 ± 1.47 7.35 ± 0.48 3.81 ± 1.22 0.56 ± 0.15 0.09 ± 0.03 2.35 ± 0.48 36.14 ± 22.80

Oct. LB – – 6.54 ± 1.07 1.68 ± 0.78 0.38 ± 0.21 4.55 ± 0.50 52.80 ± 16.46
HP – – 5.59 ± 1.30 2.21 ± 0.74 0.43 ± 0.15 3.30 ± 0.49 65.32 ± 41.79
ZG – – 4.34 ± 1.48 1.69 ± 0.45 0.40 ± 0.08 2.62 ± 0.71 53.38 ± 25.17
HMB 26.29 ± 1.56 7.99 ± 0.29 3.77 ± 0.62 1.01 ± 0.27 0.33 ± 0.08 1.11 ± 0.35 40.71 ± 29.09

Nov. LB – – 6.57 ± 1.00 3.44 ± 0.48 0.45 ± 0.13 3.23 ± 0.33 66.23 ± 38.37
HP – – 5.33 ± 1.03 2.97 ± 0.56 0.33 ± 0.08 2.24 ± 0.22 75.51 ± 34.86
ZG – – 3.14 ± 0.69 1.99 ± 0.38 0.28 ± 0.06 1.61 ± 0.40 59.05 ± 23.33
HMB 23.51 ± 1.22 7.90 ± 0.40 2.69 ± 0.47 1.24 ± 0.28 0.24 ± 0.05 0.48 ± 0.22 34.15 ± 21.93

Dec. LB – – 7.51 ± 0.63 4.33 ± 0.68 0.50 ± 0.12 2.72 ± 0.29 56.35 ± 28.16
HP – – 6.36 ± 0.53 4.13 ± 0.71 0.33 ± 0.12 1.54 ± 0.22 81.85 ± 35.68
ZG – – 3.97 ± 0.65 2.78 ± 0.46 0.29 ± 0.08 1.28 ± 0.20 72.13 ± 31.68
HMB 19.46 ± 1.30 7.88 ± 0.20 2.84 ± 0.60 1.74 ± 0.41 0.22 ± 0.05 0.38 ± 0.14 38.72 ± 22.32
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the maximum DO and solar noon (Φ) could be categorized into three
groups: 1.5 h (11 sampling days), 2.5 h (7 sampling days), and 3.5 h (9 sam-
pling days) (Fig. S4& Table S3). As shown in Fig. 5, linear regression (R2=
0.9148) between RUptake and Chl-a concentration was obtained for the Φ of
3.5 h, while no linear regression curve could be fitted when all Φ were in-
cluded. Several unreasonable DO data were obtained for Φ of 1.5 and
2.5 h, which could be caused by many factors, such as fishery and uninten-
tional discharge from agricultures. This result corresponds well with the
study of Chapra and di Toro (1991), who determined a Φ of 3.93 h.

The linear regression between GPPAV and Chl-a concentrations was ap-
plied to other sites, from which the average NO3

−-N uptake rate of the two
adjacent siteswas determined as the assimilatoryNO3

−-N uptake of the section
between the two sites. Fig. 6a shows the variation of daily RUptake in different
sections during the closed-tide period, which followed a general increasing
trend with time from September to late November. In December, huge varia-
tions in the dailyRUptake were observed, and two rapid rising cycleswere prom-
inent. This corresponds well with the Chl-a concentration in the rive (Fig. 4e).
Among the three sections, the downstream section ZG-HMB showed a consid-
erably lower RUptake than the other two upstream sections. To better compare
the results, the monthly averaged RUptake was summarized in Table 2; the
range of monthly averaged RUptake was from 0.18 ± 0.06 mg·L−1·d−1 in ZG-
HMB inSeptember to 0.40±0.12mg·L−1·d−1 inHP-ZG inDecember. A grad-
ual increase inRUptake with time (fromSeptember toDecember) and a decrease
from upstream to downstreamwas prominent, which is similar to the trend of
TN removal. From Table 2, the daily assimilated proportion of nitrogen was
determined to be 40%–75% of the total nitrogen removal, indicating the im-
portant role of assimilatory uptake of nitrate in Lianjiang River during the
closed-tide gate period.
3.5. NO3
−-N transformation

In the study region, nitrification and denitrification were the two major
processes governing NO3

−-N transformation in the river in addition to as-
similatory NO3

−-N uptake by algae. Nitrification is a two-step process in-
volving the first oxidation of NH4

+-N to NO2
−-N and then to NO3

−-N. Both
steps are affected by numerous environmental factors, whichmakes it diffi-
cult to quantify the rates. Therefore, the overall effect of nitrification and
denitrification was evaluated by comparing the difference between RNitrif

and RDenitrif .
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As shown in Table 2 & Fig. 6b, positive values of RNitrif � RDenitrif were
recorded for all three sections in September and October, with a decreasing
trend from upstream to downstream, suggesting the dominance of nitrifica-
tion in the upstream section of the river. In November and December,
RNitrif � RDenitrif turned to negative values in HP-ZG and ZG-HMB, indicat-
ing the dominance of denitrification in the downstream section in winter.
Noticeably, RNitrif � RDenitrif in HP-ZG showedmuch greater absolute values
than that in ZG-HMB, which always had the least RNitrif � RDenitrif value.
Therefore, nitrification and denitrification seemed to reach a steady state
in the lowermost section of Lianjiang River.

The TN removal rate (Fig. 6c) showed a similar trend with
RNitrif � RDenitrif , and both corresponded well with the NO3

−-N concentra-
tion profiles. For example, NO3

−-N concentrations gradually increased
from 0.42 mg·L−1 to 5.35 mg·L−1 from September to December at HP.
Meanwhile RTN in the section HP-ZG increased from 0.52 ± 0.15 to
1.20 ± 0.17 mg·L−1·d−1, and RNitrif � RDenitrif was decreased from
0.10 ± 0.11 to−0.26 ± 0.26 mg·L−1·d−1. This suggests that the total ni-
trogen removal and the denitrification ratewere largely affected by the sub-
strate (NO3

−-N) concentration.
From October to December, the NH4

+-N concentration declined from
5.34 mg·L−1 to 2.18 mg·L−1 at the site LB, where the highest NH4

+-N con-
centration was recorded. The section LB-HP had the highest
RNitrif � RDenitrif in October (0.43 ± 0.12 mg·L−1·d−1), indicating the ad-
vantage of nitrification over denitrification. Comparing with upstream
sites, the downstream site HMB had the lowest NH4

+-N and NO3
−-N

concentrations, and also the lowest absolute value of RNitrif � RDenitrif in sec-
tion ZG-HMB, suggesting that nitrification was also primarily dependent on
the substrate (NH4

+-N) concentration. Therefore, the rates of both denitrifi-
cation and nitrification in Lianjiang River were highly limited by the sub-
strate concentration.
4. Discussion

4.1. Impacts of hydrological and biogeochemical processes on N dynamics

The chemostatic pattern of NH4
+-N in the upstream section of Lianjiang

River infers the homogenous distribution of NH4
+-N in the watershed so

that precipitation-induced discharge changes did not result in significant
changes in solute concentrations (Fazekas et al., 2020). Similar chemostatic



Fig. 4. The daily water quality data from the grab water sampling; (a) TN, (b) NH4
+-N, (c) NO3

−-N, (d) NO2
−-N, and (e) Chlorophyll-a from July 23rd to December 30th.
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Table 2
The input and biotransformation rates of NO3

−-N, and the total removal rate of NO3
−-N and TN in the three sections (LB-HP, HP-ZG, ZG-HMB) in Lianjiang River (unit:

mg·L−1·d−1).

Month Section Rate of processes affecting NO3
−-N RNO �

3
RTN

REFF RUptake RNitrif − RDenitrif

Sep. LB-HP 0.13 ± 0.015 0.25 ± 0.08 0.10 ± 0.19 0.12 ± 0.10 −0.21 ± 0.25
HP-ZG 0.05 ± 0.001 0.21 ± 0.04 0.10 ± 0.12 −0.06 ± 0.13 −0.46 ± 0.30
ZG-HMB – 0.18 ± 0.06 0.12 ± 0.16 −0.06 ± 0.14 −0.12 ± 0.38

Oct. LB-HP 0.10 ± 0.011 0.33 ± 0.11 0.43 ± 0.14 0.20 ± 0.13 −0.32 ± 0.52
HP-ZG 0.03 ± 0.010 0.33 ± 0.13 0.07 ± 0.25 −0.23 ± 0.26 −0.68 ± 0.56
ZG-HMB – 0.28 ± 0.09 0.02 ± 0.16 −0.26 ± 0.16 −0.30 ± 0.51

Nov. LB-HP 0.09 ± 0.009 0.38 ± 0.13 0.17 ± 0.20 −0.12 ± 0.18 −0.31 ± 0.26
HP-ZG 0.04 ± 0.004 0.37 ± 0.12 −0.10 ± 0.36 −0.43 ± 0.34 −1.09 ± 0.48
ZG-HMB – 0.28 ± 0.08 −0.02 ± 0.19 −0.30 ± 0.17 −0.18 ± 0.32

Dec. LB-HP 0.100 ± 0.008 0.37 ± 0.12 0.27 ± 0.17 0.01 ± 0.13 −0.29 ± 0.24
HP-ZG 0.04 ± 0.003 0.40 ± 0.12 −0.26 ± 0.26 −0.62 ± 0.30 −1.14 ± 0.35
ZG-HMB – 0.31 ± 0.11 −0.07 ± 0.18 −0.38 ± 0.15 −0.40 ± 0.27
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patterns have been observed for dissolved organic carbon, nutrients, and
weathering products (Burns et al., 2019).

The hysteresis patterns of storm events reflect the complex influences of
internal (e.g., soils and land use) and external (e.g., precipitation intensity)
factors on C-Q relationships. Clockwise hysteresis in nutrient concentra-
tions is generally observed for urban watersheds, where dilution of nutri-
ents from point sources (e.g., combined sewer overflow and WWTP
effluent outfalls) often occur, with a short-lived spike as the precedent in
some cases (Burns et al., 2019). In contrast, the high nutrient content in ag-
ricultural land could be sustained in short-term precipitation, and typically
results in a rise in the stream nutrient concentration during a storm,
reflecting a nutrient flushing effect (Blaen et al., 2016; Jones et al., 2017).
Both clockwise and anticlockwise hysteresis patterns in NH4

+-N have
Fig. 5. The assimilatory NO3
−-N uptake rates and Chl-a concentrations at site HMB

during the closed-tide gate period (a) and their linear regression (b). Only the
uptake rates of the 3.5-h Φ were shown in (a); the black linear regression curve
was for all Φ, while the red was only for the 3.5-h Φ.
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been observed in this study, with the majority (10 out of 15) showing the
dilution effect, indicating the significance of point sources in NH4

+-N load
to the river. However, considering the mixed land use in Lianjiang River
catchment, transport of NH4

+-N from agricultural sources cannot be ig-
nored. Other than the land type, rainfall intensity seems to be a more prin-
cipal factor deciding the hysteresis patterns of NH4

+-N in storm events.
The grab water sampling from the downstream sections suggests a clear

decreasing trend in NH4
+-N concentrations with time in the dry season ac-

companied by an increase in NO3
−-N concentrations. Compared with the

wet season, a significantly higher level of NO2
−-Nwasmaintained relatively

consistently in the dry season. As the upstream input of N species was al-
most constant, this seasonality in N species in the downstream sections
could be most probably attributed to biogeochemical processes occurring
in the river. The tide gate regulation scheme, i.e., opening for a brief period
at a low frequency, sustained the least variation in hydrological conditions
in the dry season, thus facilitating the biogeochemical transformation of N
species along the river.
4.2. Effects of assimilatory uptake by phytoplankton on nitrate

The assimilatory nitrate uptake accounts for different fractions of the
total nitrateflux in streams depending on the type of phytoplankton. For ex-
ample, the assimilatory portion of nitrate by diatoms could amount to 30%
in a river during the low flow period (House et al., 2001). Nitrate assimila-
tion by plants accounted for 40 to 70 % of the measured nitrogen flux in
streams (Jansson et al., 1994).Macrophytes and algae in streams could con-
tribute to >40 % of the total nitrogen removal via assimilation, although
with huge uncertainties (Birgand et al., 2007). In another study, phyto-
plankton nitrate assimilation accounted for two-thirds of the total nitrate
flux (Triska et al., 1983). The daily assimilated proportion of nitrogen in
this study was about 40%–75%, which agrees well with the reported stud-
ies, indicating the important role of phytoplankton in assimilatory uptake
of nitrate in Lianjiang River.

The estimated assimilatory NO3
−-N uptake rate (RUptake) clearly indi-

cates an increasing trend with time (Sep. to Dec.) during the closed-tide
gate period in this study. Temperature is often acknowledged as one of
the key factors affecting assimilation of phytoplankton. Zhao et al. (2019)
showed that phytoplankton uptake rate was almost linearly increased
with temperature from ~12.5 °C until 27.9 °C. While our study showed
that the mean RUptake increased from October to December with a decrease
in temperature from 26.29 °C to 19.46 °C, indicating that factors other than
temperature, e.g., the NO3

−-N concentration and clarity, also played impor-
tant roles in regulating phytoplankton growth in Lianjiang River.

The daily assimilatory NO3
−-N uptake per Chl-a of this study

(0.0042 mg·μg−1·d−1) is similar to the half-saturation constant of assimila-
tory N uptake of algae per Chl-a (0.0050 mg·μg−1·d−1) in Taihu Lake,
China, as determined by Zhao et al. (2019). This suggests that the low dis-
charge and high clarity conditions within the closed-tide gate period, have



Fig. 6. The rates of (a) assimilatory NO3
−-N uptake, (b) nitrification-denitrification,

and (c) TN removal, in different sections of Lianjiang River during the closed-tide
gate period.
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favored the growth of microalgae and rendered the lower section of
Lianjiang River a phytoplanktonic growth environment similar to shallow
lakes.

In our study, we applied an alternative approach integrating Chl-a data
estimated from grab water sampling and assimilatory NO3

−-N uptake rate
determined from continuous DO monitoring data to estimate daily assimi-
latory NO3

−-N uptake rate along the river. It shows that for long-term
10
phytoplankton effect in large-scale river systems, combination of on-line
water monitoring and grab water sampling may provide more reliable
data for dynamic phytoplankton studies.

4.3. Net effects of nitrification-denitrification

From upstream (LB) to downstream (HMB), a gradual decline in the
monitored N species (NO3

−-N, NH4
+-N and TN) was observed, suggesting

that a significant amount of nitrogen was removed from the river. During
the closed-tide gate period, no rainfall events occurred, and thus non-
point source pollution was negligible; N transport from upstream became
the sole N input to the river. In the early stage of the closed-tide gate period,
the highest RNitrif � RDenitrif in the upper section LB-HP with the highest
NH4

+-N concentration was observed, suggesting the dominance of nitrifica-
tion in this section. While denitrification became dominant in the middle
section HP-ZG, thus contributing to significant removal of N from the
river. With the decrease in substrate concentrations, the lowest
RNitrif � RDenitrif was recorded in the downstream section ZG-HMB. More-
over, the increase in NO3

−-N concentrations and the decrease in NH4
+-N

concentrations were also observed in the upstream section of QYS. There-
fore, the net nitrification-denitrification effect has resulted in the gradual
increase in nitrogen removal with time in Lianjiang River during the
closed-tide gate period.

The net effect of nitrification-denitrification depends on temperature
and the ratio of NO3

−-N/NH4
+-N (Zheng et al., 2016). Previous studies in an-

other subtropic river in South China— Pearl River indicated that the water
temperature was high enough in December to sustain significant denitrifi-
cation (Chen et al., 2009). Both rates of denitrification and nitrification in
rivers are highly dependent on the substrate concentration. For example,
the study by van Kessel (1977) showed an almost linear relationship
between the denitrification rate and NO3

−-N concentration. Risgaard-
Petersen et al. (1998) used an isotope pairing technique to trace N2 pro-
duced by denitrification in sediments and concluded the relative contribu-
tion of denitrification was dependent on the nitrate concentrations in the
water column. In addition, water residence time is also an important factor,
as a longer residence time in winter (dry season) resulted in a greater nitri-
fication extent compared to that in summer (wet season) in Pearl River (Ye
et al., 2016). The closed-tide period in Lianjiang River has facilitated the de-
velopment of both nitrification and denitrification along the river and with
time. As a consequence, greater N removal was observed in December than
in September.

Previous studies have shown that denitrification contributed to a signif-
icant amount of the total riverine N removal, e.g., >50 % (Ator and Garcia,
2016; Zhang et al., 2019) or 37% (van Breemen et al., 2002) or 47%–65%
(Hill and Sanmugadas, 1985). The rate of denitrification (RDenitrif ) was diffi-
cult to be estimated by grab water sampling due to its strong interaction
with benthic sediments in this study. However, as fixation of nitrogen by
micro phytoplankton could be neglected over the long study period, the
rate of TN removal (RTN) may represent the rate of denitrification.

5. Conclusion

Daily grab water sampling and on-line water monitoring were com-
bined to investigate the spatiotemporal variations in N species in the tide
gate-regulated Lianjiang River, and to elucidate the extent of nitrate trans-
formation during the closed-tide gate period. The major conclusions are as
follows.

1) The NH4
+-N concentrations were chemostatic in the upstream section of

Lianjiang River showing prominent seasonality. The flushing or dilution
effect of a storm event onN specieswas primarily decided by the rainfall
intensity.

2) During the dry season, the closed-tide gate condition allowed the devel-
opment of nitrification, denitrification and the assimilatory NO3

−-N up-
take by phytoplankton along the river. These biochemical processes
resulted in the prominent decrease in NH4

+-N concentrations and
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increase in NO3
−-N concentrations with time in the lower section of

Lianjiang River.
3) Along the river, the difference between nitrification and denitrification

rates turned from positive to negative values, and a significant amount
of N was removed from the river due to this net effect of nitrification
and denitrification.

This study clearly suggests the closed-tide gate condition promotes riv-
erine self-purification. However, more studies are needed to further under-
stand the impacts of seawater intrusion and other biochemical processes
such as anammox, to better predict the N flux into estuaries.
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