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Abstract: There is a demand for flood control in densely populated river network areas. Therefore,
small floodgates are used for long-term and rapid water flow regulation in such contexts. However,
people often disregard these floodgates” potential interference with the natural water environment.
This study focused on an urban floodgate-controlled reach and monitored the monthly data of four
main pollutant indicators (TN, TP, CODy,,, and NH3-N) from 2016 to 2018 at six fixed sampling points
(51-56). The difference analysis and cluster analysis results indicated that floodgate adjustments
were the dominant driving factor of water quality changes in the reach, with pollutant concentration
differences observed between the floodgate opening and closing periods. The results of the Canadian
Council of Ministers of the Environment Water Quality Index evaluation showed that the water
quality of the floodgate-controlled reach was categorized as “marginal” or “poor”. It is particularly
important to note that the concentration of nitrogen compounds exceeded the allowable limits. The
results of the Mann—Kendall trend and time series analyses revealed an overall upward trend in
NH3-N concentration and a localized upward trend in TP concentration and presented periodic
concentration fluctuations of four pollutants (TN, TP, CODyy,, and NH3-N). This study highlights
that flood control management using small floodgates can pose a risk of deteriorating water quality.
Therefore, it is necessary to develop scientific water quality management methods.

Keywords: water flow regulation; small floodgates; potential interference; risk of deteriorating water
quality; management methods

1. Introduction

Rivers are essential natural waterway systems on Earth, and their flow characteristics
profoundly impact ecosystems, human societies, and the environmental balance around
their banks [1,2]. As a critical habitat for biodiversity, rivers not only supply essential
potable water resources for residents but also provide the necessary productive water
supply for urban agriculture, industry, and others [3]. Moreover, rivers are also a part of the
urban landscape, offering residents recreational spaces and serving as an integral aspect
of city life [4]. However, with the rapid pace of urbanization, rivers also face numerous
threats. Urban expansion and changes in land use result in river dredging and filling, which
disrupt natural landscapes and the ecological pathways of rivers [5], undermining their
ecological functions. Moreover, urban residents’ industrial wastewater, domestic sewage,
and agricultural runoff enter the water cycle [6], further leading to severe water pollution.
This affects aquatic life and human health and threatens the quality and sustainability of
water sources [7,8]. Dams are not only a part of the water system but also a product of
urbanization [9]. The higher the level of urbanization, the higher the requirements for water
system control [10]. There is also a relatively large number of dams being built [10,11]. In
addition, the dam itself does not produce pollutants, but the pollution emitted by the city
will accumulate at the dam site [12,13].
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Firstly, dams alter the natural flow of rivers, causing a slowdown in water flow,
followed by upstream silt deposition and downstream riverbed erosion processes [14-16].
The natural transport of sediments is crucial for maintaining ecological balance in riparian
areas and the stability of riverbanks [17]. Under conditions of reduced hydrodynamic force,
rivers cannot effectively carry away silt and bottom sediments, leading to alterations in the
natural state of the riverbed and an increased risk of flooding [18,19]. Secondly, reservoirs
formed by dams are prone to accumulating pollutants [20,21]. Domestic wastewater,
agricultural fertilizers, and industrial waste may accumulate in these areas, contaminating
water resources and posing a threat to aquatic life and human health [22,23]. Additionally,
dam construction has long-term impacts on the surrounding ecosystems, groundwater
levels, and ecological balance. They can lead to the disappearance of natural wetlands,
disruption of wildlife habitats, and changes in groundwater levels [16,24]. Finally, due to
the development of cities and population gathering, in order to protect the property of
urban residents from flood threats, the demand for urban flood control will likely continue
to rise [19]. As a type of dam, floodgates are mainly used to protect the lives and property
of residents in the watershed from flood threats [25]. Therefore, they are extensively built-in
highly urbanized areas. In the majority of instances, the higher the degree of urbanization
in the watershed, the higher the requirements for flood control [26,27]. Floodgates hinder
“river connectivity” within the watershed, reduce river flow, result in the accumulation
of water pollutants in rivers, as well as cause water quality deterioration during this
process [28,29]. Due to their management rules, they often exhibit characteristics of counter-
seasonal water level adjustment [27]. Floodgates are usually opened during periods
when the water level is high and closed during periods when the water level is low [30].
This characteristic leads to a longer hydraulic retention time in the floodgate-controlled
reach [31]. Therefore, when planning and managing floodgate projects, it is necessary to
continuously track the water quality status of the floodgate-controlled reach. At the same
time, measures can be taken to reduce the risk of water quality deterioration in urban rivers
and ensure the sustainability of water resources [32-34].

In this research, we propose three hypotheses: 1. At a certain time of the year, when
the water quality of the floodgate-controlled reach undergoes drastic changes in a short
period of time, the influencing factor of “floodgate control” plays a dominant role. 2. The
impact of floodgates on water quality may not be entirely negative. For example, opening
the floodgate may improve the water quality of the reach. 3. The floodgate opens and
closes at a fixed time every year. So, in a complete regulatory cycle (close/open), there may
be regularity in the variation in the pollutant concentration.

2. Materials and Methods
2.1. Study Area

Wuxi is located in the southern part of Jiangsu Province, China, in the Yangtze River
Delta Economic Zone. It is an important city in the Yangtze River Basin. One of Wuxi’s
most significant geographical features is its proximity to Lake Taihu, Wuxi is also part
of the the Taihu Basin, and its relatively low elevation makes it susceptible to flooding
(Figure 1). Therefore, the Wuxi municipal government has implemented a series of flood
control measures, including embankments, floodgates, and pumping stations, to protect the
city from flood damage. According to data from the Wuxi Water Resources Bureau, as of
September 2023, Wuxi has constructed 228 floodgates, including 214 small-scale floodgates
(https:/ /water.wuxi.gov.cn/: 7 September 2023).
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Figure 1. Study area.

7

This study selected a floodgate-controlled reach in the “urban flood control system”
of Wuxi city (Figure 1). The region belongs to the plain area of the Yangtze River Delta;
here, the presence of various water bodies affects the terrain fluctuation, making the city
generally maintain a flat terrain [35]. Plain landforms provide favorable land use conditions
for urban development [35]. The climate in this area is distinguished by four seasons (spring,
summer, autumn, and winter), and there is a periodic pattern in the hydrological season
(high flow period, normal flow period, and low flow period) (https://water.wuxi.gov.cn/).
Summer is relatively humid and hot, winter is relatively cold, and precipitation is relatively
abundant; it belongs to a subtropical monsoon climate [36]. The water system surrounding
this reach of the river crisscrosses vertically and horizontally. The upstream flow mainly
derives from the Beijing—-Hangzhou Grand Canal, and the downstream flow eventually
enters the Taihu Lake (Figure 1). The urban area near the reach is densely populated, and
transportation here is well-developed [37]. With the increase in urbanization, Wuxi city
continuously invests in environmental protection work, promoting green city construction
and sustainable development [38].

2.2. Sample Collection and Laboratory Analysis
2.2.1. Parameter Selection

This study selected six water quality sampling points (51-56) at intervals of 100 m
within a 500 m range along the river over three years (2016-2018) (Figure 1). This study se-
lected three critical flow periods defined by the local conservancy bureau: the high flow pe-
riod (June-September) (https:/ /water.wuxi.gov.cn/), the normal flow period (February-May),
and the low flow period (October-January). Four main pollutants, namely total nitrogen
(TN), total phosphorus (TP), chemical oxygen demand (CODyy,), and ammonia nitrogen
(NH3-N), were selected [39]. According to the environmental governance targets proposed
by the Wuxi Municipal Government, the concentrations of these pollutants should comply
with the class IIl water quality standard of the national surface water environmental quality
standard (Table S1 in the Supplementary Materials) [40].

2.2.2. Water Sampling Time

This study was conducted from January to December 2016-2018, with sampling taking
place in the middle of each month, including wet and dry seasons. A suitable temperature
was required to reduce the interference from external factors, such as rainstorms, on water
quality. Water samples were taken 0.5-1.0 m below the water surface and far away from
the river shore to reduce the impact of edge effects due to shallow rivers. When collecting
the samples, all the floodgates were closed.
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2.2.3. Water Sample Processing

First, river water was taken to clean and moisten the water extractor before sampling.
Then, a polyethylene storage bottle was washed more than 3 times using the water in the
water extractor, and the water sample was immediately taken in full and placed into the
cryogenic storage box for preservation. All the water samples were stored at 4 °C in a
laboratory refrigerator, and water quality data analysis was completed within 24 h. In order
to minimize potential errors and depict real water body conditions accurately, we obtained
six water samples at each location, conducting three tests for each water sample.

2.2.4. The Detection of Water Quality Indicators

Following the national standards of H]636-2012 and H]671-2013 [41,42], we used the
“Alkaline potassium persulfate ablation UV spectrophotometric method” to detect the TN
concentration [41], and we used the “Ammonium molybdate spectrophotometric method”
to detect the TP concentration [42]. Also, to follow the national standards of GB11892-89
and HJ/T195-2005 [43,44], we used the “Permanganate index method” [43] to detect the
CODwn concentration, and we used “Gas-phase molecular absorption spectrometry” to
detect the NH3-N concentration [44].

2.3. Statistical Methods
2.3.1. Difference Analysis

The Kruskal-Wallis test (for more than two groups) and the Mann-Whitney U test (for
two groups) are based on the fundamental idea of combining data from different groups
into a single dataset, ranking the combined data, and assessing the significant differences
in the sum of the ranks [45]. They are non-parametric testing methods; non-parametric test
methods do not rely on assumptions about the data’s distribution or parameters such as
variance. Instead, they are based on the ranks or order of data for statistical inference [46].
These methods are typically more robust and suitable for various types of data, especially
small samples or non-normally distributed data [47]. The significance level is usually set at
0.05, which is a widely accepted standard in statistics [48]. These two methods can detect
differences in data groups. In this study, we conducted significance tests on three flow
periods and two adjustment periods of the reach. To determine whether the adjustment of
the floodgate is the dominant factor driving changes in water quality within reach.

2.3.2. Cluster Analysis (CA)

Cluster analysis is typically employed to discover latent structures in data, aiding in
understanding how the data are organized and the relationships between objects [49]. In
hierarchical clustering, one common strategy used is the within-group linkage method,
which calculates the distance or similarity when two clusters are merged during the cluster-
ing process. This is often referred to as “single linkage” or “minimum linkage” [50,51]. This
method can simultaneously identify multiple long sequence data. We used this method to
cluster months of data with internal similarity.

2.3.3. Water Quality Index

The Canadian Council of Ministers of the Environment Water Quality Index (CCME
WQI) assesses and reports surface water quality [52]. It provides a numerical value or rating
that summarizes the overall water quality at a specific location, making it easier for the pub-
lic and decision-makers to understand water quality data (Table S2, Formulas (S1) and (52)
in the Supplementary Materials) [53]. The index’s thorough evaluation of water quality
parameters is incredibly valuable for decision-makers in China [54]. This water quality
index helps us present the water quality status in a quantitative way. We used this method
to evaluate the state of pollution in reach at different times. At the same time, quantify
the degree of floodgates on river water quality and determine the proportion of pollutants
exceeding the standard.
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2.3.4. Mann—Kendall Trend

Mann-Kendall trend analysis is a commonly used non-parametric statistical method
used to detect the presence of trends or the direction of trends (increasing or decreasing)
in time series data (Table S3, Formulas (S3) and (S4) in the Supplementary Materials) [55].
It does not require time series data to conform to the assumptions of normal distribution
or other parametric distributions, making it effective for various types of data, especially
when data do not meet the assumptions of a normal distribution [56,57]. This method can
reflect the possible changes in the water quality of the reach in the future. We used this
method to test the trend of changes in the concentrations of four pollutants throughout the
entire monitoring cycle.

2.3.5. Time Series Analysis

Time series analysis is a statistical method used to study time series data. It aims
to identify patterns, trends, seasonality, and cyclic features within the data to enable
forecasting, interpretation, and decision support [58]. The exponential smoothing method
used in this study smooths data by applying weighted averages to time series data, giving
more weight to the observations [59]. It suits data with strong seasonality or trends [60].
We used exponential smoothing methods to determine the periodic variation intervals of
pollutant concentrations and describe their changing characteristics.

3. Results and Discussion
3.1. Risk Periods Identification

In the initial stages of the analysis, it is crucial to address a fundamental question:
Will the water management process of the floodgate significantly drive changes in reach
water quality? Transitions between flow periods generally lead to significant changes in
river water quality. Therefore, this section uses a difference test to determine whether
the dominant factor in the changes in water quality in the floodgate-controlled reach is
the change in the flow period or the adjustment of the floodgate. The analysis results are
outlined below.

In the difference analysis results, significant differences in water quality were observed
for CODpn and NH3-N across the three flow periods (p < 0.05), while no significant
differences were detected for TN and TP (p > 0.05) (Table 1). This indicates that changes
did not influence TN and TP in the three flow periods. Among the indicators that showed
differences, CODy, and NH3-N refined multiple comparisons and revealed decisions of
“acceptance” in the comparison between the high flow period and the low flow period
and between the low flow period and the normal flow period (p > 0.05/3). In contrast, a
decision of “rejection” was observed in the comparison between the normal flow period
and the high flow period (p < 0.05/3) (Figure 2). This suggests that the differences in
CODwn and NH;3-N during the transition from the normal flow to the high flow period
were the primary cause of the overall significant differences. The transition from a normal
flow period to a high flow period occurred in June. Before this, the floodgate was closed
for an extended period, and due to the increase in flood risk in the river, the floodgate
began frequent water level regulation activities afterward [27]. Therefore, the CODpn
and NHj3-N concentrations of the reach undergo significant changes after the floodgates
are opened [9]. Mann—-Whitney U tests were conducted for TN and TP before and after
June, revealing significant differences for TN as well (p < 0.05) (Figure 2). There were
also significant differences in CODyp,, NH3-N, and TN at this time point. Therefore, this
section suggests that the main reason for the significant differences in water quality in the
floodgate-controlled reach was the adjustment of the floodgate rather than the changes in
the flow periods.
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Table 1. Hypothesis testing summary for the four assessed pollutants (average from 2016 to 2018).

Index Hypothesis Significance Decision (0.050)
TN The distribution of 0.058 Acceptance
TP water quality data are 0.059 Acceptance
CODpwin the same at different 0.012 Rejection
NH;3-N water quality periods 0.018 Rejection
Multiple comparisons of three flow periods Mann Whitney U-test of two adjustment periods

NH;-N TN TP
The Bonferroni correction was used to correct the Mann Whitney U-test used to determine differences
P-value under multiple comparisons between two sets of data (n=2)
(Kruskal-Wallis test )
p<0.05/3 Rejection p<0.05 Rejection
p>0.05/3 Acceptance p>0.05 Acceptance

Figure 2. Analysis of the differences between the four pollutants in different periods (average from
2016 to 2018).

There were no significant differences in the TP concentration during the flow change
period or at the adjustment time point of the floodgate (accept assumptions) (Figure 2).
This might be attributed to the low hydraulic conditions in the floodgate-controlled reach,
which facilitate the settling of larger particulate matter. TP primarily consists of particulate
phosphorus; particulate phosphorus is a large particle substance that easily undergoes
sedimentation, and a significant portion of externally introduced particle phosphorus
deposits to the bottom of the water body after entering the reach [61,62]. Therefore, the
sedimentation of particle phosphorus in the floodgate-controlled reach may explain why
there was no difference in the TP concentration during these specific periods.

This section utilized cluster analysis to identify the internal structure of the dataset,
divide the samples into different clusters, and discover hidden patterns and associations in
the data. The analysis results are as follows (Figure 3):

In the cluster analysis, the system classified the 12 months into two clusters, with
December to May forming Cluster I and June to November forming Cluster II (Figure 3).
This indicates that the data within Cluster I (December to May) and Cluster II (June to
November) in this floodgate-controlled reach have internal correlations. This could be
attributed to significant differences in river conditions during these two periods. Cluster
I, comprising December to May, represents a cluster of months when the floodgates were
closed, during which substances both upstream and downstream of the floodgates cannot
flow naturally. The floodgates hinder the natural chemical cycling of the river [11]. Cluster
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COoD,,,

TP

Jan.

11, consisting of the months from June to November, represents a cluster of months when the
floodgates are open. During this period, water was frequently exchanged between the area
upstream and downstream of the floodgates, inducing the dispersion and redistribution of
retained pollutants [63]. In other words, the former is closer to the “lake” state, while the
latter is closer to the “river” state [64].

Cluster I Cluster II

—,|7‘|||I|

Feb. Mar. Apr. May. Dec. Jun. Jul. Aug. Sep. Oct. Nov.

Figure 3. Cluster analysis for 12 months and pollutant concentration heat map (average from 2016
to 2018).

In the heat map results, the period represented by Cluster I has a wide span of
concentration changes for each pollutant. In contrast, the period represented by Cluster
II has a narrow span of concentration changes for each pollutant (Figure 3). The reason
for this may be that the hydrodynamic forces during the period represented by Cluster
I were much smaller than those represented by Cluster II, where higher hydrodynamic
forces have a better water self-cleaning ability and weaker hydrodynamic forces will lead
to a continuous accumulation of pollution [65]. The impact of river hydrodynamic forces
on river water quality is relatively direct [66,67]. Therefore, the impact of the floodgate
on river water dynamics is an important reason for the occurrence of two water quality
clusters in the floodgate-controlled reach.

3.2. Level and Degree of Contamination

In this section, the CCME WQI model was used to assess the level of river pollution
by utilizing monthly average water quality data and 12 key variables (from January to
December) obtained from two data clusters. For the convenience of comparing different
periods, we quantified these 12 months as independent water quality scores. The analysis
yielded the following results (Figure 4):
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Period type
Figure 4. CCME WQI score in the adjustment cycle of the floodgate (average from 2016 to 2018).

Firstly, in the water quality evaluation results of all months, more than half of the river
periods were in a “Poor” state, and the best river periods were only slightly stronger in
a “Marginal” state (Figure 4), indicating that the overall water quality of the floodgate-
controlled reach was not ideal. This may be due to the obstruction of river connectivity
by the floodgate [29]. The pollutant input from the outside accumulates in the floodgate-
controlled reach, and the river’s water quality deteriorates during this process [12]. There-
fore, the existence of floodgates has a significant impact on river water quality [20].

In addition, the worst November score (42.9) in Cluster II was higher than the best
May score (42.5) in Cluster I (Figure 4), indicating that the overall water quality score
of Cluster II was better than Cluster I. This may be because there are differences in the
mechanism of pollutant concentration changes between these two periods. Cluster I was in
the closed state of the floodgate, during which pollutants accumulated in the reach; the
concentration of pollutants increased at this stage. Meanwhile, Cluster II was in the open
state of the floodgate. During this state, polluted water masses were released in the reach,
and the concentration of pollutants decreased [68,69].

Finally, the alternating periods of May-June and November-December are two im-
portant time points: 1. The floodgate opens after a long closure period. 2. The floodgate
closes after a long period of opening. The former quickly reaches the “Marginal” state
after a month from the “Poor” state, while the latter slowly decreases from 42.9 points to
39.0 points (both in the “Poor” state) after a month (Figure 4). For score changes at the same
time interval, the former was much greater than the latter, which may be because after the
floodgate was closed, the accumulation of pollutants took a certain amount of time. The
water quality is slowly deteriorating, so the score changes gradually [70]. After opening
the floodgate, the accumulated pollution will be quickly washed and diluted by the water
flow, and the concentration will also decrease soon, so the score changes quickly [71].

Considering the possibility of differences in the levels of different pollutants exceeding
the standard in this reach, it is necessary to refine the differences to explore the key points
of pollution control in the floodgate-controlled reach. Therefore, this section explores the
excess proportions of four pollutants through the F, variable in the CCME-WQI model.
The analysis results are outlined in Figure 5.



Sustainability 2024, 16, 185

9of 15

6.0

2
o

I:Close period (Cluster I) 1I:Open period (Cluster IT)

by
o

The "target" is the local water quality basic standard (Class III), with the
proportion exceeding/below the basic standard as the Y-axis benchmark.

Proportion
P

g
o

Target 1
1
1.0 T I T T 11 - T . L It
0.0 2016 2017 2018 | 2016 2017 2018 | 2016 2017 2018 | 2016 2017 2018 |
N TP CODpy NH;-N
Indicator type

Figure 5. The proportion of the four pollutants exceeding the standard (2016-2018).

From Figure 5, it can be seen that TP and CODy, reached the target water quality in
all periods, NH3-N did not reach the target water quality in some periods, and TN did not
reach the target water quality in any periods. The TP and CODy, were relatively light
at the floodgate-controlled reach, while the nitrogen compounds were more severe. The
reason for this may be that nitrogen compounds derive from various sources, including
industrial, transportation, wastewater treatment, and combustion activities [72]. Wuxi has
a high urbanization rate, and there may be many points and non-point sources of nitrogen
compound emissions [37,73,74]. So, the pollution released within the city, combined
with the substantial accumulation in the floodgate-controlled area, significantly disturbs
the nitrogen cycle in this region [75]. Meanwhile, in the comparison between Cluster I
and Cluster II, the concentrations of TP and CODyy, exhibited a relatively small disparity,
whereas the TN and NH;3-N concentrations displayed a significant contrast (Figure 5); this is
perhaps due to the fact that the closed period experiences a greater deposition of pollutants
compared to the open period. CODyy, and TP are more susceptible to sedimentation effects
in a reach than TN and NH;3-N [76].

3.3. Fluctuation and Trend of Pollutants

In this section, the Mann—Kendall trend test was performed on the concentration
data of the four pollutants to investigate the characteristics of the fluctuation in these
concentrations and identify potential trends in pollutant concentration changes. The
analysis results are as follows (Figure 6):

TN General trend Type:-1 ($=-0.0375, Z=-2.1385) TP General trend Type:0 (B=0, Z=-0.6947)

Upstream Floodgate Downstream Upstream Floodgate Downstream

COD,, General trend Type:-1 (B=-0.01, Z=-1.2259) NH;-N General trend Type:3 (B=0.0151, Z=1.975)

Upstream Floodgate Downstream Upstream Floodgate Downstream
- Upward Trends

The larger the absolute value, the more obvious the trend, and the general trend is calculated separately.
\:l Downward trends

1:Not significantly increased -1:Not significantly decreased 0:No change

2:Slightly significant increase
PB:Slope Estimate
3:Significant increase

4:Extremely significant increase Z:Statistic

Figure 6. Mann-Kendall trends of the four pollutants over three years (2016-2018).
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In the trend test results, TP shows an overall trend type of “0” (no change). At the same
time, TN and CODy,, exhibit a general trend type of “—1" (not significantly decreased)
(Figure 6). The concentrations of TP, TN, and CODy, do not display a significant overall
trend, suggesting that these pollutants have reached a relatively stable state of concentration
increase and decrease during the annual opening and closing periods. However, NH3-N
exhibits a significant overall and localized increasing trend (Figure 6), which may be
attributed to the high population density in Wuxi city. The discharge of industrial and
domestic wastewater in urban production and daily life was relatively large [77]. This
wastewater enters the floodgate-controlled reach, which results in a sustained increase in
the NH3-N concentration [75,78].

Furthermore, TP’s trend type at the S1 sampling point was “4” (extremely signifi-
cant increase); at the S2 sampling point, it was “3” (significant increase) (Figure 6). This
indicates that the local concentrations of TP at sampling points S1 and S2 have shown
a notable upward trend over three years. This trend could be associated with the influx
of dissolved phosphorus as sampling points S1 and S2 are closest to the upstream area,
making them particularly susceptible to the impact of dissolved phosphorus input from
upstream sources [79].

In addition, this section utilizes time series analysis to identify trends in concentration
data and to explore the characteristics and range of changes in the concentration of these
pollutants. The findings are presented below:

In the exponential smoothing fitting curve of the four pollutants, the stationary R?
was significant at more than 0.6 (Figure 7), indicating the periodic fluctuation in the four
pollutants. This may be due to the regularity of river hydrological changes (including flow,
rainfall, and temperature) in the floodgate-controlled reach [21]. Hydrological changes
are the main basis for the adjustment of floodgates, resulting in periodic changes in the
concentration of pollutants in the floodgate-controlled reach affected by the adjustment
of floodgates [9,78]. In addition, due to narrow urban river channels, the concentration
changes in various pollutants are relatively similar [80].

Period

e Fiit
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Figure 7. Time series analysis of the four pollutants based on the exponential smoothing method
(2016-2018).
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As shown in Figure 7, for TN, there was a decreasing range from March to November
and an increasing range from November to February. TN peaks from April to May each
year and reaches its trough from October to November with the most significant change
trend. NH;3-N not only exhibits obvious fluctuation characteristics but also shows an
upward trend over the three years (double exponential smoothing) (Figure 7). This could
be attributed to the high levels of nitrogen compound emissions in the vicinity of this area,
leading to the most pronounced fluctuations in TN and NH3-N concentrations within the
floodgate-controlled region [6,81]. Furthermore, the general fitting curve for TP remains
relatively consistent, with occasional periods of data fluctuation (Figure 7). This can be
attributed to the presence of particulate P in TP, which tends to accumulate significantly
after entering the floodgate-controlled area, causing frequent fluctuations in TP [82]. Lastly,
the fitting curve for CODyy, also displays some fluctuations. Still, it exhibits the lowest
level of seasonal fitting among the four pollutants (R? = 0.659) (Figure 7). This could be
attributed to the presence of urban parks adjacent to the river (Figure 1), where vegetated
areas exert an inhibitory effect on the fluctuation in the CODyy, concentration [83].

4. Conclusions

Water quality changes were primarily driven by the adjustment of the floodgate in the
floodgate-controlled reach, and the changes exhibited significant temporal heterogeneity.
The 12 months that we assessed can be divided into two distinct phases: the opening and
closing periods. The overall water quality of the reach can be categorized as “Poor” or
“Marginal”. Unfortunately, these two states are at the lowest two levels in the CCME WQJI;
therefore, the water quality in the floodgate-controlled reach was not ideal. During the
closing period, the floodgates accumulate pollutants, which are released during the opening
period. All four pollutants exhibited periodic fluctuations. These water quality changes
may be related to the obstruction of hydrodynamic forces by floodgates and factors related
to urban sewage discharge (especially wastewater containing nitrogen compounds and
dissolved /particulate phosphorus), underlining the complex interplay of factors affecting
water quality. These findings collectively emphasize that the flood control procedures
involving urban floodgates significantly impact water quality. Implementing a scientifically
sound water resource management approach is imperative to reduce the risk of water
quality deterioration.

Some suggestions for water resource management include the following: 1. During ex-
tended periods of floodgate closure, proactive river dredging can reduce the sedimentation
of pollutants. 2. During the opening period of the floodgate, concentrated filtration can
be applied to the water body to prevent pollution diffusion upon reopening. 3. Measures
should be taken to reduce pollution levels in runoff from surrounding areas, especially
upstream water bodies, minimizing the influx of pollutants into the floodgate-controlled
reach. 4. In the vicinity of the floodgate-controlled reach, comprehensive control efforts
must be implemented to address both point and non-point sources of pollution, focusing
on nitrogen compounds and dissolved /particulate phosphorus, to prevent the generation
of pollution.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Mann-Kendall trend types and features; Formulas (S1)-(54).
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