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Abstract: Urban lake degradation caused by intensive urbanization necessitates systematic
solutions, with water connectivity being a crucial ecological restoration strategy. This study
evaluates the two-year effects (2020-2022) of connectivity interventions on seven lakes
in Yangshuo, Guilin, classified by connectivity: multi-channel (Mc), single-channel (Sc),
and non-connected (Nc). Regular monitoring of the physicochemical parameters and
microbial communities revealed significant patterns: multi-channel connected lakes ex-
hibited superior water quality improvement, with trophic state downgrading (weak eu-
trophic — mesotrophic), but the water quality of Sc-BQ was deteriorating. Seasonal
variations showed wet season peaks in pH, DO, CODyyy,, and Chl-g, versus dry season ele-
vations in NH3-N, NO3-N, TN, and TP. Correlation analysis identified organic matter as the
primary driver of eutrophication, with TN strongly linked to NH3-N, indicating persistent
domestic sewage contamination. Microbial community restructuring was accompanied by
changes in water quality, and the abundance and diversity of OTUs decreased after restora-
tion. Notably, Limnohabitans dominated Mc lakes (31.82-35.1%), while Pleurocapsa prevailed
(37.85%) in Nc-LH under weak eutrophic conditions. These findings demonstrate that
multi-channel connectivity effectively enhances hydrodynamic conditions and pollutant
dispersion, whereas inadequate connectivity exacerbates nutrient accumulation. The study
provides critical empirical evidence for optimizing urban lake management, emphasizing
the necessity of multi-dimensional connectivity designs and targeted control of untreated
sewage inputs in water system rehabilitation projects.

Keywords: water system connectivity; inner town lake; water quality assessment;
eutrophication; microbial community structure

1. Introduction

As an influential body of water in cities, urban lakes not only provide recreational and
ecological services for residents, but also play an irreplaceable role in the urban ecosystem,
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such as rainwater storage and climate regulation [1,2]. The urbanization process has ac-
celerated the unceasing growth of the agglomerated population, and urban construction
has crowded out ecological space, leading to the shrinkage of natural lakes and ponds in
urban areas and the deterioration of water quality, affecting the biodiversity and ecological
balance of water. Strengthening the pollution prevention and control of inner-city lakes,
reducing the discharge of pollutants, improving the water quality environment, and pro-
tecting lake ecosystems and public health has become one of the critical issues in today’s
sustainable urban development.

Currently, measures to restore lake ecosystems include mainly physical, chemical,
and biological approaches. Physical methods mainly include dredging, artificial aeration,
mechanical algae removal, and water transfer through water system connection, which
are primarily applicable to lakes with a small area [3]. Chemical methods, such as floc-
culation, sedimentation, and oxidation, can quickly remove suspended solids and algae
from contaminated water, but their high cost and vulnerability to the risk of secondary
contamination preclude their use in the long-term [4,5]. The main physical treatment
technologies include microbial remediation, biofilm, ecological floating beds, and artificial
wetlands, which are used to improve water quality by degrading organic pollutants and
adsorbing inorganic pollutants such as heavy metals. These methods are suitable for lakes
with a small degree of pollution, but its remediation process takes a long time, and natural
environmental factors such as rainfall and temperature have a greater impact on the effect
of water quality improvement, causing many uncertainties [6-8].

Among these methods, river and lake water system connectivity not only improves
the mutual complementary capacity of river and lake water resources, but also enhances
their self-purification capacity, which results in improving water quality [9,10]. Since 1987,
when Lake Horowhenua in New Zealand diverted sewage from the town of Levin, external
loads of nitrogen and phosphorus decreased by about 20% and 90%, respectively [11]. In
order to alleviate the serious eutrophication problem in Lake Tega, Japan constructed the
North Chiba Passage in 2000 to transport water from the Tone River to the lake, which
has resulted in a reduction of phosphorus concentration in the lake through dilution [12].
In the first phase of a program to improve water quality in Egypt’s Lake Burullus from
2017 to 2019, which included measures to dredge the lake and deepen its connection to
the Mediterranean Sea, the water exchange between the lake and the sea water led to a
decrease in Chl-a concentration compared to previous studies, thanks to the deepening and
widening of the inlet [13]. The water quality of the South-to-North Water Diversion Project
in China was “excellent” in terms of seasonal and spatial patterns during the monitoring
period from 2016 to 2019, with significant improvements in water quality [14]. In the test
of water transfer from 2002 to 2003, the results of a water quality assessment showed that
water transfer had a positive effect on the improvement of the water quality of Lake Taihu,
in which the key factor of eutrophication, TP, was improved by 31%, and the concentration
of CODppn by 19% [15]. The river diversion project carried out in 2007 decreased TP and
TN concentrations by 19% and 16%, respectively, and significantly improved the self-
purification capacity of Lake Chaohu [16]. From 1985 to 2013, during the implementation
of water diversion and other comprehensive remediation of the West Lake in Hangzhou,
the TP concentration in the outer lake and Xili Lake of the West Lake decreased by 58% and
78%, respectively, and the TN concentration decreased by 16.7% and 7.7%, respectively,
with a significant improvement in transparency [17]. The 2014 Changshu urban water
diversion test for water environment assessment showed that structural connectivity of
river and lake systems can improve river water quality by more than 30% [18]. Lake
Bosten has effectively reduced the lake’s annual endogenous TDS pollutant discharge, and
consequently the TDS content of the entire lake, and homogenized it, after three years of
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engineering implementation since 2018 by taking measures to introduce water from the
Kaidu River and the Huangshuigou River [19]. The above engineering measures have had
a profound impact on the evolution of urban river and lake systems and the improvement
of water quality [20]. The above domestic and international connectivity projects are
characterized by a large regional span and a wide area of river and lake basins; however,
there are fewer research results on changing the water flow characteristics of miniature
lakes in towns and cities for the purpose of improving water quality.

In recent years, with Yangshuo’s rapid social and economic development, the city space
continues to extend outward, the population density has increased, and the construction of
towns and cities has changed drastically. In particular, the pattern of the water environment
in the county has changed significantly compared to the 1980s, with a reduction of about
6.0 hm? of water surface area in the urban area, the rainwater storage space was reduced
and flooding increased during the wet season. At the same time, the poor connectivity
of water systems between lakes in urban areas has significantly reduced the capacity of
water bodies to accommodate pollution, leading to worsening eutrophication, which had a
direct impact on the health of water ecosystems. In order to improve the problem of poor
connectivity of the water system in Yangshuo urban area, and enhance the drainage capacity
of the urban area as well as improve the water quality of the urban lakes, we built and
renovated the urban water system from March 2019 to July 2020, including the construction
of a new canal for Shuangyue River-Gongyuan Lake, Gongyuan Lake-Shuangyue River,
and Diecui Lake-Pantao Lake, the widening of the Youjiao Lake-Diecui Lake link canal,
and connecting Shuangyue River and Guihua River. Due to topographic and elevation
constraints and the varying number of connecting channels between the seven inner lakes
studied and the surrounding rivers, we classify them into three types with different degrees
of connectivity: multi-connected (two channels and more) (multi-connected, Mc), single-
channel connected (simply connected, Sc) and non-connected (non-connected, Nc).

In order to explore the changes in water quality of urban lakes after the implemen-
tation of the project, we conducted monthly water quality monitoring from July 2020 to
July 2022 to evaluate water quality conditions and determined the microbial community
structure of the lakes through 16srRNA high-throughput sequencing technology. We ana-
lyzed and explored the trend of water quality change in the completed lakes, the influence
of seasonal changes in the wet and dry seasons, as well as the changes in microbial com-
munity structure in the lakes with different degrees of connectivity in order to provide a
theoretical basis for evaluating the impacts of the river-lake system connectivity project on
the aquatic ecosystems.

2. Methods and Materials
2.1. Study Area

Yangshuo is situated in the northeastern part of the Guangxi Zhuang Autonomous
Region and the southern part of Guilin City, belonging to a mid-subtropical monsoon
climate. Yangshuo has an average temperature of 19.2 °C, an average rainfall of 1507 mm,
with rainfall concentrated from March to August, and an average evaporation of 382.9 mm.
Yangshuo covers an area of 4.60 km?, and the water system mainly consists of Shuangyue
River and Guihua River. The length of the main stream of Shuangyue River is 3.19 km, with
an average drop of 3%, and a rainfall catchment area of 4.95 km?. Guihua River is a tributary
of Shuangyue River, with a total length of 1.18 km. Shuangyue River runs through the
northern part of Yangshuo, connected to Baoquan Lake. Lianhua Lake is to the northeast of
Baoquan Lake. The water diverted from Shuangyue River to the urban area is channeled
into Youjiao Lake through a channel with a width of 0.9 m, a height of 1.1 m, and a length
of 21.0 m. When the water surface of Youjiao Lake rises, part of the water flows through the



Water 2025, 17, 1398

40f21

channel on its south side to Diecui Lake, Pantao Lake, and Dujia Lake. The water flows from
Dujia Lake into Guihua River, which is located in the southern part of Yangshuo and then
passes through Guihua River into Shuangyue River (SY River). The water eventually into
Lijiang River (Figure 1). The multi-channel lakes include Youjiao Lake (Mc-Y]), Diecui Lake
(Mc-DC), Pantao Lake (Mc-PT), and Dujia Lake (Mc-DJ); the single-connected lake includes
Baoquan Lake (Sc-BQ); and the non-connected lakes include Lianhua Lake (Nc-LH) and
Gongyuan Lake (Nc-GY). The connectivity project was completed on 10 July 2020. The first
year after completion of the water system connection, assessments were conducted from
July 2020 to July 2022.
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Figure 1. Connecting water system of Guilin Yangshuo lakes, the blue arrows represents the direction
of the water flow.

2.2. Sampling Locations and Analytical Indicators

Samples were collected and monitored once a month from July 2020 to July 2022
at seven lakes with different degrees of connectivity and Shuangyue River in Yangshuo
urban area, but water samples were not taken in February 2021. The area is under a
wet season from March to August and a dry season from September to February. We
operated a multi-parameter water quality analyzer HACH HQ 40d (HACH Corporation,
Loveland, CO, USA) in the field to determine the pH and DO of overlying water. The
water samples were collected at a depth of 0.5 m into 500 mL polyethylene bottles using a
Plexiglas water sampler and stored in the refrigerator at 4 °C for determination as soon
as possible. TN was based on the national “Water quality-Determination of total nitrogen-
Alkaline potassium persulfate digestion UV spectropho-tometric method” (GB11894-1989)
for determination [21]. TP was based on the national “Water quality-Determination of total
phosphorus-Ammonium molybdate spectrophotometric method” (GB11893-1989) for deter-
mination [22]. NH3-N was based on the national “Water quality-Determination of ammonia
nitrogen-Nessler’s reagent spectrophotometry” (HJ535-2009) for determination [23]. NO3-
N was based on the national “Water quality-Determination of nitrate-nitrogen-Ultraviolet
spectrophotometry” (HJ /T346-2007) for determination [24]. Chl-a was based on the national
“Water quality-Determination of chlorophylla-Spectrophotometric method” (HJ897-2017)
for determination [25]. CODyy, was based on the national “Water quality-Determination of
permanganate index” (GB11892-1989) for determination [26].
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We collected water samples from Mc-Y], Mc-DC, Mc-PT, and Nc-LH in December 2021
and December 2022 for an analysis of the microbial community structure in water bodies in
different years.

2.3. Statistical Analysis

Microsoft Excel 2019 was utilized to process the relevant raw analytical data. SPSS
Statistics 27 was used for principal component analysis and correlation analysis. The
correlation between the water quality parameters and the TLIs conformed to the pattern
of normal distribution, so Pearson’s coefficient was used for correlation analysis. Mann—
Whitney U non-parametric test was used for significance analysis of the differences in
the two-year and seasonal variations in the water quality of the lakes. The composition
of the microbial community structure of the lakes was analyzed through the 16sRNA
high-throughput sequencing technology. The images were analyzed using Origin 2022.

In the alpha diversity index, Chao is an index that estimates the number of OTUs
contained in a community using the Chaol algorithm [27]. The formula is as follows:

ni(ng —1)

SChaol = Sobs + 2(112 T 1)

where Scj401 denotes the estimated number of OTUs, S, denotes the estimated number of
OTUs, 17 denotes the number of OTUs containing only one sequence, and 7, denotes the
number of OTUs containing only one sequence.

Shannon is one of the indices used to estimate microbial diversity in samples and is
often used to reflect alpha diversity [28]. The higher the Shannon value, the higher the
diversity of the community. The formula is as follows:

Sobs i ¢, T
Hshannon = _Ziifﬁlnﬁ

where S,,; denotes the estimated number of OTUs, n; represents the number of sequences
contained in the ith OTU, and N represents the number of all individuals, in this case the
total number of sequences.

3. Results
3.1. Analysis of Changes in Water Quality Parameters in Lake Water Bodies

The pH of the lakes (Figure 2a) fluctuated within the normal range of 6 to 9 during
the two years after completion and was overall higher than that of the upstream SY River.
Most lakes had higher mean pH values in the second year compared to the first year. Sc-BQ
and Mc-DC increased from 7.81 and 7.66 in the first year and to 8.32 and 7.99 in the second
yeatr, or 6.55% and 4.33%, respectively. Mc-PT and Nc-LH increased by 2.26% and 1.34%,
respectively, with insignificant changes over the two years compared to Sc-BQ and Mc-DC.
Single-channel connected and non-connected lakes had generally higher pH averages than
multi-channel connected lakes.

Average DO concentrations (Figure 2b) in the two years after completion of the urban
lakes were much greater than the upstream SY River. The average concentration of DO
in the second year of Sc-BQ was 11.28 mg/L, which was a significant (p < 0.05) increase
of 70.99% compared to the first year, and it is the highest average concentration of all
lakes. Mc-DC was raised by 12.76% in the second year. Compared with the first year,
the average DO concentrations in the second year of Mc-Y] and Mc-PT were reduced by
7.07% and 14.87%. However, the two-year average DO concentration of Nc-LH did not
change significantly, which was from 8.29 mg/L to 8.01 mg/L, but it was generally higher
than Mc-PT. The study shows synergy between pH and DO concentration, due to the fact
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that when aquatic plants release O,, they likewise take up CO;, resulting in a continual
accumulation of bicarbonate in the water column and a rise in pH [29]. The pH and DO
concentrations of Sc-BQ and Mc-DC showed the same increasing trend, and the increase in
DO concentration within a certain range showed an increase in the self-purification ability
of the water body; the DO concentration of the Sc-BQ water body reached an oversaturation
state, which might be the result of the influence of eutrophication of the water body.
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Figure 2. Boxplots of water quality parameters for seven lakes with different levels of connectivity in
two years.
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Average CODy, concentrations (Figure 2c) were higher in urban lakes than the SY
River in both years, especially Sc-BQ and Nc-LH. The second year of the multi-channel con-
nected lakes was slightly higher than the first year, with Mc-DC increasing from 2.22 mg/L
to 2.67 mg/L and Mc-PT increasing from 2.22 mg/L to 2.67 mg/L. The average concentra-
tion of Sc-BQ increased from 2.18 mg/L to 5.34 mg/L; the difference between the two years
was highly significant (p < 0.01). The average concentration of Nc-LH decreased by 18.37%
from 5.54 mg/L to 4.53 mg/L. Sc-BQ was surrounded by approximately two residential
buildings and over five hotels and condominiums; therefore, untreated sewage, microplas-
tics, as well as stormwater runoff from roads and rooftops can enter and accumulate in the
lake water, thus leading to elevated CODy, concentrations. Compared to Sc-BQ, Nc-LH
was not contaminated by organic pollutants entering the water body through the con-
nection with SY River. Although its concentration had decreased, it was surrounded by
a vegetable market and numerous roadside vendors. The food scraps, rotting produce,
animal waste from the vegetable market, and plastic, oil, and untreated wastewater from
roadside vendors may enter the water body. Thus, the active economic activity around the
lake is also a contributing factor to water quality [30].

Average NH;3-N concentrations (Figure 2d) in Mc-Y] and Mc-DC were much lower
than SY River in both years. The mean concentrations of Mc-PT and Mc-DJ were essentially
unchanged from SY River. Overall NH3-N concentrations along the course of the multi-
channel connected lakes showed a decreasing and then increasing trend. Most of the multi-
channel connection lakes remained largely unchanged for two years. Nc-LH decreased from
2.24 mg/L to 2.03 mg/L in two years; the change was not significant. Increased average
NH;3-N concentrations in Sc-BQ may also be related to domestic wastewater discharges
from neighboring residential areas as well as continued inputs of pollutants from the
upstream SY River. The reason for the lower concentration of Mc-Y] in both years may be
that nitrogen-containing pollutants entering the lake through connecting channels were
diluted by the increased volume of stowed water. At the same time, the sedimentation of
suspended particulate matter in the water body that adsorbs ammonia nitrogen in the lake
body can also achieve the effect of reducing the concentration. The pattern of decrease in
NHj3-N concentration of Mc-DC and Mc-PT was also similar to that of Mc-Y].

Average NOs3-N concentrations (Figure 2e) in Mc-PT and Mc-D]J were slightly lower
than the SY River in both years, and the concentrations of Sc-BQ and Nc-LH were much
lower than the SY River. The average NO3-N concentration in Mc-Y]J increased from
0.4 mg/L to 0.99 mg/L, showing a significant increase from the first year (p < 0.01). Al-
though the increase is higher, its content is lower. In addition, there was a decreasing trend
in the average concentration of Mc-PT. Sc-BQ and Nc-LH had essentially no significant
change in average NO3-N concentrations between the first and second years of the pro-
gram. As the faster water flow makes more oxygen available to the water body, the aerobic
environment promotes the microbial nitrifying flora to oxidize NH4* to NO3 ™~ [31]. This
explains the increased NOs3-N concentrations in the Mc-Y] water body. The decrease in
Sc-BQ concentration may be attributable to the fact that CODyyy, in the lake water body
provides a carbon source to promote denitrification, so nitrate did not accumulate. Nc-LH
average concentrations of NO3-N in both years were the lowest of all lakes. Probably
due to the lack of connectivity, the water flow in Nc-LH was slower than that in multi-
channel lakes and single-channel lakes, and the anaerobic environment at the bottom
of the lake provides a good environment for anaerobic microorganisms to survive, so
denitrification occurs mainly in the water body. Although Nc-GY is a non-connected lake,
NOs-N concentrations were extremely low in both years and did not change significantly.
Therefore, the increase in carbon source due to the sink of Nc-LH organic matter and the
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anaerobic environment at the bottom of the lake were the principal factors that caused
more drastic denitrification.

Average TN concentrations (Figure 2f) in urban lakes with different levels of con-
nectivity showed similar patterns to NH3-N in both years. The TN concentrations in the
multi-channel connected lakes were less than the SY River. Except for Mc-Y], which showed
an increase in average TN concentrations compared to the first year, all other multi-channel
connected lakes showed decreases in average TN concentrations. Mc-DC and Mc-PT
decreased by 16.31% and 7.67%, respectively. However, Sc-BQ and Nc-LH showed a signifi-
cant increase in average TN concentrations. Sc-BQ increased from 1.69 mg/L to 4.33 mg/L
by 156.95% (p < 0.01), and Nc-LH increased 88.58% from 4.37 mg/L to 8.25 mg/L. It can be
observed that changes in TN concentrations in Sc-BQ and Nc-LH are mainly influenced
by NH3-N. The NH3-N concentrations of Mc-Y] increased from 0.29 mg/L to 0.53 mg/L,
while NO3-N concentrations increased from 0.4 mg/L to 0.99 mg/L, an increase of 143.3%.
It suggests that the TN concentration in Mc-YJ was composed mainly of NO3-N. Similarly,
the changes in TN concentration in Mc-DC and Mc-PT were affected by changes in NO3-N
concentration; on the other hand, the mean TN concentrations of Sc-BQ and Nc-LH were
more significantly elevated, with NH3-N as the major component.

Average TP concentrations (Figure 2g) in the multi-channel connected lakes were less
than the SY River in both years. Mc-Y] decreased from 0.14 mg/L to 0.08 mg/L, a 41.2%
decrease (p < 0.05), and Mc-DC increased from 0.1 mg/L to 0.12 mg/L. Sc-BQ had lower
average concentrations in the first year, while Nc-LH had similar TP concentrations to
Mc-Y]J and Mc-DC. However, Sc-BQ and Nc-LH remained prominent in the second year
at 0.32 mg/L and 0.34 mg/L, respectively, much higher than in the first year. Sc-BQ had
the largest increase in average TP concentration of all the lakes at 184.22%. The cause may
be that the water body in Sc-BQ and Nc-LH was less mobile, and TP was easily released
from the sediment and accumulated, resulting in the increase in TP content in the water
body [32]. Secondly, water pH similarly affects the release of sediment phosphorus, as
pH affects phosphorus diffusion in sediments mainly through adsorption-dissociation
and ion-exchange effects [33]. It has been shown that the release of phosphorus from
sediments is promoted when the pH of the water body was elevated, and the release of
sediment phosphorus was more significant under alkaline conditions than under acidic
conditions [34].

Average Chl-a concentrations (Figure 2h) in Sc-BQ and Nc-LH were overall signifi-
cantly higher than in the multi-channel connected lakes in both years. In the multi-channel
connected lakes, although the average Chl-a concentration in Mc-DC was relatively high,
compared to the first year, it decreased by 13.73% in the second year. There is a tendency
toward improvement in water quality. In contrast, the Chl-a concentrations of Mc-Y]J, Mc-
PT, and Mc-DJ did not change significantly between the two years and remained relatively
stable. The average Chl-a concentration in Sc-BQ increased from 30.51 ug/L to 167.21 pg/L,
which may reflect some changes in the ecological environment or trophic status of the water
body in the region. Similarly, although the magnitude of Nc-LH elevation was not as signif-
icant as that of Sc-BQ, it also showed some degree of increase and may had been influenced
by the external environment or internal ecological processes. Nitrogen and phosphorus
concentrations are key factors influencing algal growth in lakes. Concentrations of TP and
TN in Mc-Y], Mc-PT, and Mc-DJ were low in both years, and Chl-a concentrations were
also relatively low, fluctuating in the range of 10 to 50 pug/L, but slightly elevated in the
second year compared with the first year. Chl-a concentrations were significantly elevated
in both Sc-BQ and Nc-LH, which were mainly influenced by TN concentrations.
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3.2. Changes in Water Quality Parameters of Lakes During Dry and Wet Seasons

The changes in various water quality parameters of lakes in Yangshuo urban area
from July 2020 to July 2022 during the wet and dry seasons are shown in Figure 3. Research
showed that urban lake water quality parameters exhibit significant seasonal variations,
regulated by hydrological connectivity, temperature, and exogenous pollution. Multi-
channel connected lakes (such as Mc-PT and Mc-DJ) had smaller seasonal fluctuations
in pH (Figure 3a) and DO (Figure 3b), while single-channel (Sc-BQ) and non-connected
lakes (Nc-LH) experienced a significant increase in pH during the wet season (e.g., Nc-
LH’s pH increased by 10.8% from the dry to wet season), which may be related to the
enhanced photosynthesis of aquatic plants consuming CO, during the wet season. DO was
generally higher in the wet season than in the dry season (e.g., Mc-PT’s DO concentration
increased by 24%), but high temperatures in summer reduce oxygen solubility, leading
to a decrease in DO from July to August. Elevated surface runoff during the wet season
contributed to increased organic pollution, with Mc-PT exhibiting a 21.8% rise in CODyn
concentration. In contrast, Sc-BQ reached a peak CODy, concentration of 10.42 mg/L
during the dry season, likely due to inflows from surrounding domestic sewage (Figure 3c).
There was a significant difference in nitrogen forms: NH3-N (Figure 3d) accumulated
significantly in single-channel /non-connected lakes during the dry season (e.g., Sc-BQ’s
NH3-N concentration was 1.47 mg/L, 97% higher than the wet season), mainly due to
low temperatures inhibiting microbial nitrification; NO3-N (Figure 3e) increased during
the wet season due to increased runoff input and aerobic nitrification (Mc-YJ’s NO3-N
concentration in the wet season was 0.91 mg/L, 58% higher than the dry season). TN
(Figure 3f) and TP (Figure 3g) concentrations were generally higher in the dry season
than in the wet season, especially in non-connected lakes like Nc-LH (TN concentration
in the dry season was 9.05 mg/L, 123% higher than the wet season; TP concentration in
the dry season was 0.41 mg/L, 57.7% higher than the wet season), reflecting hydraulic
stagnation promoting nutrient release from sediments. Chl-a (Figure 3h) concentration
generally increased during the wet season due to optimized light and nutritional conditions
(e.g., Mc-PT’s concentration in the wet season increased by 48%), but Sc-BQ and Nc-LH
maintain high values throughout the year (Chl-a > 90 pg/L), indicating their persistent
eutrophication risk.

The seasonal differences in driving mechanisms and their management implications
can be attributed to three key factors: (1) temperature regulates microbial activity, with low
temperatures during the dry season inhibiting nitrification, leading to NH3-N accumula-
tion [35,36]; (2) hydrological connectivity affects pollutant migration, with multi-channel
lakes diluting pollutants through water exchange, while non-connected lakes exacerbate
internal source release due to stagnant flow [37]; and (3) spatiotemporal variability of
external inputs, with runoff carrying surface source pollutants (CODy,, NO3-N) during
the wet season, and point source wastewater input dominating NH3-N increases during the
dry season [38]. Non-connected lakes (such as Nc-LH) become “sinks” for nutrients due to
the lack of hydraulic disturbance and require priority implementation of ecological water
replenishment or sediment dredging. It is recommended to focus on intercepting surface
source pollution during the wet season and strengthening internal source control and
aeration for oxygen enrichment during the dry season to alleviate the risk of eutrophication.
Future management needs to develop dynamic strategies based on seasonal characteristics
to optimize the ecological functions of urban water.
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4. Discussion
4.1. Evaluation and Comprehensive Analysis of Eutrophication in Lake Water Bodies
4.1.1. Evaluation of Eutrophication of Water Bodies

The degree of eutrophication in seven lakes in Yangshuo urban area was evaluated
using the integrated trophic state index (TLI) method [39]. With the exception of Sc-BQ,
the TLI of lakes in the second year were all lower than in the first year, indicating that
overall eutrophication of urban lake waters improved over time. All of the multi-channel
connected lakes were weak eutrophic during the first year, with Mc-DC having the highest
TLI at 55.3. Sc-BQ had a TLI of 48.2, which was the lowest of all lakes at the mesotrophic
level. Nc-LH was the most eutrophic of all the lakes, with a TLI of 68.7, which was middle
eutrophic. Comparing the second year to first year, the TLIs of the multi-channel connected
lakes generally reduced, all at mesotrophic levels, with TLIs ranging from 42 to 46. The
TLI of Nc-LH decreased to 56.1 in the second year and was at weak eutrophication level.
The TLI for the second year of Sc-BQ was 57.1, a shift from mesotrophic to weak eutrophic,
with a trend of deteriorating water quality (Figure 4a).

(a) (b)
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B First vear [l Sccond year - Wet season - Dry season

70 70
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60

weak eutophic
50

40 mesotrophic
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20
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Figure 4. Comprehensive trophic state indices for seven lakes with different levels of connectivity.
(a) The first year and second year; (b) the wet season and dry season.

The dry and wet season TLIs of the multi-channel connected lakes tend to fluctuate
between 47 and 49, at mesotrophic levels. Mc-DC had a TLI of 52.6 in the dry season,
which was higher than the TLI in the wet season and was in a weak eutrophication level.
Sc-BQ had overall higher TLIs than the multi-channel connected lakes in both seasons.
The wet and dry season TLIs were 53.7 and 51.5, respectively, and both seasons were
at a weak eutrophication level. Nc-LH had a TLI of 61.5 and 63.3 in the wet and dry
seasons, respectively, and the TLIs were the highest of all the lakes, which were at the
middle eutrophication level. The wet and dry season combined trophic state indices of
urban lakes were not significantly different from each other. The wet season index was
higher than the dry season for connected lakes, and the dry season was higher than the wet
season for non-connected lakes (Figure 4b). The water quality of the connected lakes was
poorer during the wet season, and exogenous pollutants were more likely to sink into the
lakes with rainwater and spread continuously. The exchange of water between the multi-
channel connected lakes dilutes the concentration of pollutants and greatly reduces the
accumulation of pollutants within the lakes, leading to lower levels of nutrient fertilization
compared to the non-connected lakes. Nc-LH was higher and did not change significantly
in TLI during the wet and dry seasons, which indicates that the water body was mainly
affected by endogenous pollution and that the water body had insufficient self-purification
capacity and poor water quality.
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Nitrogen and phosphorus are major factors controlling plant biomass in lakes. It is
widely recognized internationally that eutrophication of water bodies is highly likely to
occur when the TN concentration in lake water reaches 0.2 mg/L and TP concentration
reaches 0.02 mg/L. Redfield has suggested that phosphorus is considered the limiting factor
when the nitrogen/phosphorus ratio exceeds 16:1; when the ratio is less than 16:1, nitrogen
is usually considered the limiting factor [40]. The average concentration of TP in lakes is
0.03mg/L, and TN concentration exceeding 1 mg/L can be considered to reach the level of
pollution in China [41]. In this study, although most of the lakes in the urban area showed
some improvement in water quality, the concentrations of TN and TP were well above
the critical values of 0.2 mg/L for TN concentration and 0.02 mg/L for TP concentration
for nutrient enrichment of the water body. Therefore, the input of exogenous pollutants
should be controlled. The main solution to the wastewater discharged from restaurants
and residential areas around Sc-BQ and Nc-LH is to prevent excessive inputs of nitrogen
and phosphorus nutrients, which would weaken the inhibition effect on algal growth.

4.1.2. Correlation Analysis

To investigate the relationship between water quality parameters and TLI in urban
lakes, Pearson correlation analyses were performed on TLI and eight water quality param-
eters (Figure 5). The results showed that TLI was significantly and positively correlated
with CODy,, Chl-a, TP, and TN with correlation coefficients of 0.7, 0.61, 0.51, and 0.35,
respectively. This illustrates that eutrophication is the result of algal blooms caused by
organic pollutants and increased nitrogen and phosphorus in water bodies. pH was signifi-
cantly and positively correlated with DO with a correlation coefficient of 0.74. This is in
agreement with the previous results of a similar synergistic trend of elevated pH and DO
concentrations for both Sc-BQ and Mc-DC. It was noted that the decrease in pH was due
to the decomposition of land plants during flooding, and the decomposition reduced the
amount of oxygen while increasing the concentration of CO, in the environment [42]. This
accounts for the positive correlation between pH and DO concentration. The correlation
coefficient between NH3-N and TN was 0.74, which was a significant positive correlation.
The correlation analysis further illustrated that the NH3-N increased, indicating that Sc-BQ
and Nc-LH mainly reflected the trend of TN.
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Figure 5. Correlation analysis of physical and chemical properties of urban lakes.
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4.1.3. Principal Component Analysis

The first principal component (PC1) has a high variance contribution of 35.2%, which
is higher than the 31.0% of the second principal component (PC2). The first principal
component has large loadings on Chl-a, TP, TN, NH3-N, and CODy, of 0.33, 0.487, 0.454,
0.397, and 0.447, respectively. The second principal component has large loadings on
pH and DO, 0.507 and 0.564, respectively (Figure 6). This explains the fact that the first
principal component mainly reflects the pollution level of organic and inorganic oxidizable
substances and the concentration of nitrogen and phosphorus nutrients in Nc-LH and Sc-
BQ. Combined with the previous correlation analysis, it can be shown that eutrophication
is more severe in Sc-BQ. The second principal component characterizes the concentration of
hydrogen ions in the water body of the lake as well as oxygen in the water body. This result
revealed differences in environmental factors among connectivity lakes. Non-connected
and single-channel connected lakes had more significant changes in environmental factors
compared to the multi-channel connected lakes. This result further illustrates that multi-
channel connected lakes made it easier for pollutants to be diluted and dispersed due to
their better hydrodynamic conditions, thus reducing the impact of pollutant loads on water
quality and maintaining its relative stability. Hydrologic connectivity can improve water
quality in multi-channel connected lakes, while negatively affecting water quality in single-
channel connected lakes. However, the influence of the water system connection project on
the water quality of lakes was a long-term process with a certain lag [43-45], and the water
quality condition of lakes will fluctuate. Therefore, long-term and continuous monitoring
of the water quality of lakes is necessary to evaluate the effectiveness of the project.
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Figure 6. Principal component analysis of physical and chemical properties of urban lakes.

4.2. Characterization of Microbial Community Structure in Lake Water Bodies
4.2.1. Alpha Diversity of Microbial Communities

Four lakes with different degrees of connectivity, Mc-Y]J, Mc-DC, Mc-PT, and Nc-LH,
were chosen for this study. We collected three parallel samples from each lake for 16sRNA
high-throughput sequencing in December 2021 and 2022, and calculated the Shannon,
Chaol index, which reflects the alpha diversity of the microbial community from the OTUs.

Compared to 2021, the number of OTUs for Mc-Y], Mc-DC, Mc-PT, and Nc-LH in 2022
declined from 986, 1016, 1824, and 1369 to 718, 420, 1249, and 826, respectively, indicating a
decrease in the number of bacterial species in the water of the lakes. The largest number
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of bacterial species was observed in Mc-PT in both years, followed by Nc-LH, Mc-Y], and
Mc-DC (Figure 7a).
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Figure 7. Alpha diversity of microorganisms in lakes with different levels of connectivity. (a) OTU;
(b) Shannon; (c¢) Chaol.

The Shannon index reflects biodiversity; the larger the Shannon, the higher the biodi-
versity. The Shannon indices for Mc-Y], Mc-DC, Mc-PT, and Nc-LH showed a decreasing
trend from 4.60, 4.25, 4.51, and 4.71 in 2021 to 4.09, 2.65, 4.34, and 4.50 in 2022, respectively,
with the most significant decrease for Mc-DC (p < 0.05). Shannon’s index was largest for
Nc-LH and smallest for Mc-DC in both years. The decreasing trend in Shannon’s index
indicates a decrease in biodiversity (Figure 7b).

The Chaol index reflects the richness of the community; the greater the Chaol, the
richer the community. The Chaol index was consistent with the pattern of change in the
Shannon index, with a decreasing trend in the second year compared to the first year.
Mc-Y], Mc-DC, Mc-PT, and Nec-LH decreased from 1074.9, 1105.2, 2155.5, and 1736.9 to
777.9,426.0,1459.5, and 923.9, respectively. The Chaol in Mc-PT was the highest and lowest
in Mc-DC (Figure 7c).

The Chaol index and Shannon index of Nc-LH in 2021 were 1736.9 and 4.71, respec-
tively, and the nutrient level of the water body in that year was at the level of middle
eutrophic; the eutrophication level of the water body declined to the level of weak eutroph-
ication in 2022. However, the Chaol index of Mc-PT was greater than that of Nc-LH for
two years, and that of Mc-DC and Mc-Y] for two years smaller than Nc-LH. The abundance
of microorganisms may not be a valid reflection of the water quality of the lake. On the
contrary, the two-year Shannon indices of Nc-LH were higher than those of the other
multi-channel connected lakes, indicating that the water bodies had more microbial species
and were more seriously polluted. The results showed that the water bodies with Shannon
indices of 4.7 or more were middle eutrophic, and the overall water quality was weak
eutrophic or mesotrophic in the range of 4-4.7.

4.2.2. Composition of Microbial Phylum Level Communities in Lake Water Bodies

Changes in the relative abundance of microorganisms in lake waters are important
indicators of the health of lake ecosystems, environmental changes, and the impact of
human activities [46,47]. The composition and dynamics of microbial communities are
closely related to the physicochemical properties, nutrient cycling, pollutant degradation,
and ecological functions of water bodies, and changes in their relative abundance have an
important impact on the carbon and nitrogen cycles [48]. For example, an increase in the
relative abundance of methanogenic bacteria in the carbon cycle reflects enhanced anaerobic
decomposition of organic matter, and a decrease in the relative abundance of denitrifying
bacteria in eutrophic lakes may lead to the accumulation of nitrate and increased water
pollution. In addition, changes in the relative abundance of microbial communities for
different pollution indicators allow for monitoring the degree of pollution in lakes.



Water 2025, 17, 1398

15 of 21

Both temporal and spatial variations affect microbial community structure in wa-
ter bodies [49]. There were high relatively abundances of Pseudomonadota, Bacteroidota,
Actinomycetota, and Cyanobacteriota in four lakes. The highest relative abundance in 2021
was Pseudomonadota, which accounted for 24.8% to 54.6% of the total bacterial abundance;
Mc-PT had the highest relative abundance of Pseudomonadota among all lakes. Bacteroidota
accounted for 10.4% to 26.9% of the total abundance, with Pseudomonadota and Bacteroidota
in Mc-PT being the highest among all lakes. Actinomycetota accounted for 9.4% to 26.9% of
the total abundance, while Nc-LH was the highest. Cyanobacteriota accounted for 1.6-30.2%
of the total abundance, with Mc-DC, Nc-LH, and Mc-Y] were higher at 30.2%, 26.8%, and
24.6%, respectively (Figure 8a).
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Figure 8. Community structure of microorganisms in water bodies of urban lakes at phylum level in
(a) 2021 and (b) December 2022.

Pseudomonadota remains the more abundant phylum in the four lakes in 2022. Mc-PT
decreased from 54.6% to 50.8%; Mc-DC and Mc-Y] increased from 42.7% and 24.8% to
49.5% and 33.4%, respectively. Pseudomonadota remained the dominant phylum in Mc-PT
and Mc-DC. Nc-LH decreased significantly from 27.4% to 0.3%, and its relative abundance
changed more significantly compared to other lakes. The most pronounced change in
relative abundance of Bacteroidota was Mc-DC, which increased from 12.7% to 28.3%. The
changes in the relative abundance of Actinomycetota were more pronounced in Mc-DC and
Nec-LH. Mc-DC increased from 9.4% to 17.2%, while Nc-LH decreased significantly from
26.9% to 6.5%. The most significant changes in the relative abundance of Cyanobacteriota
were Mc-DC and Nc-LH. Mc-DC decreased significantly from 30.2% to 0.3% (p < 0.01), and
Nc-LH increased from 26.8% to 40.5% (p < 0.05) (Figure 8b).
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Microbial community composition at the gate level in the four lakes in this study was
similar to that of most lakes. The abundance of Pseudomonadota in the Fu River in winter
was 42.59%, which was the highest abundance among all the groups of bacteria [50]. The
relative abundance of Pseudomonadota ranged from 27.80% to 81.04% in the river and lake
mouths of the Poyang Lake basin, and similarly, the relative abundance of Bacteroidota and
Actinomycetota was also high [51]. Pseudomonadota has been shown to remove nitrogen
and phosphorus pollutants from water bodies and may play a key role in the degradation
of pollutants [52-54]. In particular, NO3-N is utilized to make it proliferate, and Pseu-
domonadota is strongly correlated with NO3-N concentration. This also accounts for the
lower average NO3-N concentrations in Mc-DC and Mc-PT compared to the previous year,
which was possibly due to the consumption of NO3-N concentrations by the breeding
of Pseudomonadota. Actinomycetes are usually microorganisms that represent better water
quality, whereas an increase in Cyanobacteriota is a sign of severe eutrophication of the water
body [55]. The elevated relative abundance of Cyanobacteriota in Nc-LH also explains the
higher average Chl-a concentration in both years. The same is consistent with the previous
results that the TLI of Nc-LH was 68.7 and 56.1 in the first and second years, respectively,
at the level of middle and weak eutrophication degrees. Secondly, the decrease in the
abundance of Actinomycetota was also associated with the growth of cyanobacterial blooms,
which were negatively correlated with each other [56]. Cyanobacteriota abundance in Nc-LH
was significantly higher than in the multi-channel connected lakes in the second year, and
the abundance of Actinomycetota was lower than that of the multi-channel connected lakes.
This may be due to the lack of exchange of Nc-LH with other lake water bodies, and the
easy accumulation of nutrients such as nitrogen and phosphorus. The frequent exchange of
water between lakes in multiple channels dilutes the concentration of nutrients to a certain
extent, making it difficult for Cyanobacteriota to reproduce and grow.

4.2.3. Genus Level Community Composition of Microorganisms in Lake Water Body

The top 20 populations in microbial abundance levels in four lakes were chosen for the
analysis of genus level structure. The dominant genera in Mc-PT in 2021 were Limnohabitans
(29.33%), Flavobacterium (19.21%), and Tabrizicola (12.80%). Neochroococcus was the dominant
genus in Mc-DC (35.09%) and Mc-Y] (30.14%), which belongs to Cyanobacteria and it is the
dominant genus in the occurrence of blooms. Trichocoleus (16.23%) and Tetrasphaera (14.20%)
were the dominant genera in Nc-LH. Limnohabitans is a genus of bacterioplankton with
diverse metabolism, rapid growth, and diverse morphology, occurring in high abundance in
almost all lake systems worldwide [57,58] (Figure 9a). Limnohabitans typically have higher
abundance in alkaline environments. This strain transfers carbon from primary producers
to more advanced producers [59,60], and has a strong denitrification function, can remove
nitrogen in the water body, improve water quality, and remove organic matter in the water
body, playing an important role in water quality [61]. Flavobacterium is a denitrifying
microorganism of high abundance [62] and can survive cold environments [63,64]. In full
sunlight, it is able to utilize the degradation of cyanobacteria and other algal organic matter
to obtain the energy needed for growth [65], which is important for the improvement of
water quality in lakes.

The abundance of Limnohabitans and Flavobacterium in Mc-PT in 2022 increased to
35.1% and 32.8%, respectively, while there was not any significant change in the abundance
of Tabrizicola. The shift in Mc-PT from middle eutrophic to mesotrophic levels may be a
consequence of Flavobacterium inhibiting algal growth by ingesting input organic matter.
Nitrogenous nutrients were also consumed by denitrification to remove nitrates from the
water body. In addition, Flavobacterium immobilized in alginate was able to degrade PCP
efficiently in scale-up batch reactor experiments, with a gradual decrease in degradation
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efficiency as the rate of PCP loading in influent water increased or the hydraulic retention
time decreased. This finding revealed the potential of Flavobacterium in PCP degradation
and its characterization by exterior factors [66]. Therefore, the ability of Flavobacterium to
become a dominant genus in Mc-PT connectivity to improve water quality was due to
the appropriate rate of water movement and hydraulic retention time. The abundance
of Neochroococcus in Mc-DC decreased significantly from 35.09% to 0.15%, at which point
the dominant genus was Limnohabitans, with a relative abundance of 31.82%. The relative
abundance of Neochroococcus in Mc-Y] decreased from 30.14% to 3.68%, and at this time,
Chitinophaga (18.13%) and Ralstonia (16.52%) became the dominant genera. Microorganisms
such as Chitinophaga and Ralstonia are capable of degrading organic pollutants in water
bodies, which serve to maintain the health and stability of water bodies. Pleurocapsa (37.85%)
was the dominant genus in Nc-LH in 2022, and the increase in these microorganisms can
likely lead to turbidity, odor, and other undesirable effects in water bodies (Figure 9b).
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Figure 9. Community structure of microorganisms in water bodies of urban lakes at genus level in
(a) 2021 and (b) December 2022.
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5. Conclusions

The two-year investigation demonstrated that hydrological connectivity critically
regulates water quality evolution in urban lacustrine systems. Interannual monitoring
revealed divergent trajectories: multi-channel connected lakes exhibited overall improve-
ment, particularly Mc-Y] with elevated parameters contrasting with declines in Mc-DJ and
Mc-PT. Conversely, single-channel and non-connected lakes displayed marked deteriora-
tion. Seasonal patterns were characterized by wet-phase maxima in pH, DO, CODyyy,, and
chlorophyll-a, opposing dry-phase peaks in TN, TP, NH3-N, and NO;z-N. Trophic state tran-
sitions corroborated these dynamics, with Mc systems progressing to mesotrophic status,
whereas Sc-BQ and Nc-LH reverted to weak eutrophic conditions. Critically, microbial
signatures substantiated connectivity-mediated mechanisms—Cyanobacteriota suppression
coupled with Bacteroidota enrichment in Mc-DC indicated remediation efficacy, contrasting
with Cyanobacteriota dominance in Nc-LH signaling degradation. Taxon-specific shifts
(e.g., Flavobacterium prevalence in Mc-PT) further delineated hydrological connectivity as a
pivotal driver of microbial succession and nutrient cycling processes.
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