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Abstract: Small- and medium-sized rivers are facing a serious degradation of ecological function
in water resource-scarce regions of Northern China. Reservoir ecological operation can restore the
damaged river ecological environment. Research on reservoir ecological operation and watershed
management of urban rivers is limited in cold regions of middle and high latitudes. In this paper,
the urban section of the Yitong River was selected as the research object in Changchun, Northern
China. The total ecological water demand and reservoir operation water (79.35 X 10° m® and 15.52
X 10° m?, respectively) were calculated by the ecological water demand method, and a reservoir
operation scheme was established to restore the ecological function of the urban section of the
river. To examine the scientific basis and rationality of the operation scheme, the water quality
of the river and physical habitat after carrying out the scheme were simulated by the MIKE 11
one-dimensional hydrodynamic-water quality model and the Physical Habitat Simulation Model
(PHABSIM). The results indicate that the implementation of the operation scheme can improve the
ecological environment of the urban section of the Yitong River. A reform scheme was proposed for
the management of the Yitong River Basin based on the problems in the process of carrying out the
operation schemes, including clarifying department responsibility, improving laws and regulations,
strengthening service management, and enhancing public participation.

Keywords: ecological water demand; reservoir ecological operation; MIKE 11 model; PHABSIM
model; watershed management

1. Introduction

With the rapid development of urbanization and industrialization, the ecological environment of
rivers is severely affected by human activities [1]. Research on river ecological restoration has been
carried out based on the damaged ecological function of rivers [2,3]. Reservoir ecological operation
plays an important role in river ecological restoration [4-6]. Research on river ecological restoration is
mainly focused on the scheme and management of reservoir ecological operation [7].

River ecological protection is an important component of reservoir operation decisions [8].
Reservoirs can operate based on specific conditions [9,10]. Since the 1980s, in order to eliminate the
adverse impact of dams on the ecological health of downstream rivers, the mode of reservoir operation
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has been adjusted from two aspects by the management and decision departments of some developed
countries. First, operation modes are optimized, and supporting technical facilities are studied; second,
the impact of technical methods on the ecological environment is evaluated. When the ecosystem is not
obviously disturbed, the improved effects of rivers are ensured. Studies on the theory and method of
ecological operation have been carried out in the Yangtze River and Yellow River in China, including
water operations, sediment operations, and water quality operations [11-13]. However, most research
on reservoir ecological operation is focused on large rivers with abundant water in Southern China [14].
Studies on river ecological operation are limited in Northern China. Supplying water is the main
function of reservoirs in the water resource-scarce region of Northern China, resulting in neglecting
the requirement of water resources for downstream river ecosystems [15]. The improper operation
of reservoirs with limited water resources will pose a serious hazard to river health and regional
ecological safety [16]. Therefore, to supply water for downstream rivers, the ecological operation mode
of northern water supply reservoirs should be improved.

The river ecological water demand needs to be calculated, and the water supply of basins should
be considered in the development of reservoir ecological operation schemes [17-19]. The purpose is
to determine whether river ecological restoration needs are met. Therefore, watershed management
is crucial. Mature watershed management includes the establishment of watershed management
institutions, the implementation of coordinated power, and the establishment of a water rights trading
market [20-23]. Current research on watershed management is still in the theory stage in China [24].

In this study, the urban section of the Yitong River was selected as the research object in Changchun.
The objectives of our study are as follows: (1) to establish an ecological operation scheme of the
Xinlicheng Reservoir in the upstream Yitong River; (2) to examine the scientific basis and rationality
of the reservoir ecological operation scheme; and (3) to propose construction and provide advice for
watershed management of the Yitong River.

2. Materials and Methods

2.1. Study Area

The Yitong River is the second tributary of the Songhua River, with a total length of 343.5 km and
a basin area of 8440 km?2. Most of the Yitong River is located in Changchun, Jilin Province, China. The
Xinlicheng Reservoir is 20 km south of Changchun and was established in the upstream Yitong River.
The Xinlicheng Reservoir is a water supply reservoir with a total storage of 5.92 X 108 m3. The annual
average water storage of the Xinlicheng Reservoir is 0.61 x 108 m®. There is no clear ecological water
supply purpose except supplying water for human activities.

The downstream Xinlicheng Reservoir is a natural watercourse without human disturbance, with
a length of 9.77 km. After entering the urban area of Changchun, the watercourse was artificially
expanded and hardened. The study area was located from downstream of the Xinlicheng Reservoir to
the Yangjiawaizi Bridge of the Yitong River (Figure 1).

2.2. Ecological Water Demand Calculation

River ecological water demand includes the watercourse base flow, evaporation water demand,
leakage water demand, self-purification water demand, river outside water demand, and sediment
transport water demand [25,26]. In the study area, sewage from tributaries, open trenches, and sluices
must be treated by sewage treatment plants, further purified by constructed wetlands, and then
discharged into the Yitong River after reaching the Class V standard of surface water. The major
pollution load of the basin has been effectively resolved. Therefore, self-purification water demand can
be neglected in the process of calculating the river ecological water demand. Because the sediment
concentration of the study area is low, the sediment transport water demand can also be neglected.
The rivers of Northern China have a nonfrozen period from April to October and a frozen period from
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November to March in the next year. Therefore, ecological water demand is calculated from April

to October.
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Figure 1. Location of the study area.
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Watercourse base water demand (W), m3) can be calculated by the Tennant method. Table 1
shows the standard of flow classification [27]. Because the Yitong River is located in the water resource
scarce region of Northern China, general or poor was selected as the base flow standard. The minimum
ecological flows from October to March and from April to September are 10% and 30% of the average

flow, respectively.

Table 1. Tennant method for the recommended base flow standard.

Qualitative Description of Flow

Recommended Base Flow Standard (The Percentage of Average Flow)

Values and Corresponding Habitat

General Water Period
(October-March)

Fish Spawning Breeding Season
(April-September)

Maximum
Optimum range
Very good
Good
Better
General or poor
Poor or minimum
Severe degradation

200
60-100
40
30
20
10
10
<10

200
60-100
60
50
40
30
10
<10
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Evaporation water demand is the water needed to maintain the normal environmental function of
river ecosystems. When precipitation is lower than evaporation, the lost water needs to be supplied
from outside the watercourse. Evaporation water demand can be calculated by the following equation.

A(E-P) E>P
W, = 1
: { 0 E<P )

where W, is the evaporation water demand (m?3); A is the average water surface area (m?); E is the
average evaporation (mm); and P is the average precipitation (mm).

Leakage water demand is the sum of water supplementation from rivers and groundwater.
Leakage water demand can be calculated by the following equation.

W, =KxA @)

where W; is the leakage water demand (m?); K is the empirical coefficient; and A is the leakage
area (m?).

River outside water demand is mainly the vegetation water demand outside of the river, and it
can be calculated by the following equation.

QEZFfXZf+PuXle (3)

where Q, is the river outside water demand (m?3); F 1 is the farmland area (hm?); Z  is the water quota
of the farmland ecological environment (m3/hm?); F, is the urban greenbelt area (hm?); and Z,, is the
water quota of the urban greenbelt ecological environment (m3/hm?).

River ecological water demand (W, m?) is the sum of the watercourse base flow, evaporation
water demand, leakage water demand, and river outside water demand. River ecological water
demand can be calculated by the following equation.

Ws =W, + W, + W+ Qe 4)
2.3. Water Supplement Scheme Examination

2.3.1. MIKE 11 One-Dimensional Hydraulics-Water Quality Model

MIKE 11 is a one-dimensional hydraulics-water quality model that is mainly used for the
simulation, design, and management of river basin systems. The basic model was established by four
types of data files, including river network generalization files, riverbed section files, watercourse
boundary condition files, and initial condition files. To ensure the accuracy and reliability of the
results, the model was further corrected for hydrodynamics and water quality. A one-dimensional
hydrodynamic-water quality model was established for the study area.

The model includes an HD hydrodynamic module, an SO controllable building module, and an
AD convection diffusion module in this study. The HD hydrodynamic module is the basic module,
and it can be calculated by the following equation.

A | 9Q _
) SN ©
Q. 2(Q ., 00 _
w+ﬁ(7)+gAx+gm—0

where A is the cross-sectional area (m?); t is the time (s); Q is the flow (m3/s); x is the distance coordinate
(m); g is the inflow of the side (m3/s); & is the water level (m); C is the Chezy coefficient; R is the
hydraulic radius (m); and g is the gravitational acceleration.
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The SO controllable building module can simulate the operation mode of hydraulic buildings and
set different operation schemes and operation orders. If a suitable control point and target point are
selected, the simulated capability of the MIKE 11 model will be improved.

The AD convection diffusion module is on the basis of the HD hydrodynamic module and
mainly used to establish a river water quality model. Water quality should be simulated based on the
hydraulics model. The convection diffusion process of pollutants in water can be simulated by setting
the attenuation coefficient and diffusion coefficient. It can be calculated by the following equation.

ac dc 8( 80)_kc

ETRREA M (e ©)

where c is the pollutant concentration (mg/L); Ey is the convection diffusion coefficient; v is the river
flow speed (m/s); k is the attenuation coefficient; x is the spatial displacement (m); and ¢ is the time (s).

2.3.2. Physical Habitat Simulation Model (PHABSIM)

The habitat conditions required by aquatic organisms for growth and reproduction can be
simulated by PHABSIM based on the calculation of hydraulics combined with the theory of physical
habitat simulation and according to the specific flow determined from the different hydraulic conditions
in the different life cycles of representative aquatic organisms. In general, fish are the dominant species
in river ecosystems for measuring the ecological health of rivers [28,29]. The dominant fish species
in the Yitong River is Cypriniformes. Therefore, carp was selected as the representative species to
simulate habitat.

The calculation process of PHABSIM includes a hydraulic simulation and habitat simulation.
The relationship between the water level and flow can be predicted by the MANSQ method of the
hydraulic simulation. Furthermore, the relationship between the flow and weighted available area of
the study area can be estimated based on the hydraulic simulation result and accommodation curve of
the carp habitat.

3. Results and Discussion
3.1. Ecological Water Demand

3.1.1. Watercourse Base Water Demand

The watercourse base water demand of the study area can be calculated from the monthly average
flow of the Yitong River (Table 2). The total watercourse base water demand of the study area was
12.56 x 10° m? from April to October.

Table 2. Basic flow and water demand of the study area from April to October.

Month April May  June  July August  September October  Average/Total
Monthly average ) 153 199 488 5.69 1.37 0.92 239
flow (m?/s)

Minimum ecological = 19 37 g0 146 1.71 0.41 0.09 0.69

flow (m?/s)

Monthly water

demand (106 m?) 0.48 0.97 1.52 3.83 4.48 1.04 0.24 12.56

3.1.2. Evaporation Water Demand

The average water surface area in the study area was 3.2 X 10° m?. The evaporation water demand
of the study area from April to October can be calculated by Equation (1) (Table 3).
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Table 3. Evaporation water demand of the study area from April to October (10° m3).

Month April May June @ July August  September October Total

Evaporation

0.63 0.88 0.51 0.06 0.11 0.33 0.30 2.82
water demand

3.1.3. Leakage Water Demand

The empirical coefficients of the natural and artificial sections of the Yitong River were 1.0 m
and 0.5 m, respectively. The leakage water demand of the study area from April to October can be
calculated by Equation (2), with a total leakage water demand of 0.17 x 10° m3.

3.1.4. River Outside Water Demand

The main crop in the study area is corn. The water quota of corn is 4275 m3/hm? [30,31]. The water
supplement area of study is approximately 3300 hm?. The quota water of the greenbelt in the urban
section of the river was obtained from “Water Quota (Local Standard of Jilin Province)” (DB/T389-2010).
The river outside water demand of the study area can be calculated by Equation (3) (Table 4).

Table 4. River outside water demand of the study area.

Section Area (hm?) Water Quota (m3/hm?) Total Water Demand (10° m3)
Natural 3300 4275 14.10

Urban 12426 4000 49.70

Total 15726 - 63.80

3.1.5. River Ecological Water Demand

The total river ecological water demand of the study area from April to October can be calculated
by Equation (4) (Table 5).

Table 5. Ecological water demand of the study area (10° m3).

Water Demand Watercourse Base Evaporation Leakage River Outside Total

Amount 12.56 2.82 0.17 63.80 79.35

The river ecological water demand of the study area from April to October is shown in Table 6.
The largest ecological water demand was in August because the aquatic biodiversity and biomass were
the largest in the river, and the plants were abundantly growing.

Table 6. River ecological water demand of the study area from April to October (10% m3).

Month April May June July August  September  October Total
Total 0.08 0.10 0.11 0.16 0.18 0.09 0.07 0.79

3.2. Ecological Water Supplement and Ecological Operation of the Xinlicheng Reservoir

The southeast sewage treatment plant of Changchun, which has a designed daily treatment
capacity of 15 x 10* m?, is located between natural and urban sections of the Yitong River downstream
of the Xinlicheng Reservoir. The daily treated water is approximately 7 X 10* m® and is discharged
into the Yitong River. Therefore, the water from the sewage treatment plant in the study area is 14.70 X
10 m3 from April to October, which can meet the watercourse base water demand of the urban section
of the Yitong River.
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The annual precipitation and effective precipitation of the study area were 575 mm and 85.50 x
10% m?, respectively, based on meteorological data from Changchun from 1980 to 2011. Therefore,
precipitation can meet the river outside water demand of the study area.

As mentioned above, the ecological water supplement of the Xinlicheng Reservoir for the study
area includes the watercourse base water demand of the natural section, evaporation water demand,
and leakage water demand. The ecological water supplement from April to October can be calculated
from the monthly river ecological water demand, the watercourse base water demand of the urban
section and the river outside water demand of the study area (Table 7).

Table 7. Ecological water supplement and daily release of the Xinlicheng Reservoir from April

to October.
Month April May June July August  September  October Total
Ecologicalwater 13 g7 505 301 461 1.39 0.56 15.52
supplement (10° m°)
Daily release (m?/s) 0.44 0.70 0.79 1.46 1.72 0.54 0.21 —

3.3. Model Simulation

3.3.1. Simulation of the MIKE 11 One-Dimensional Hydrodynamic-Water Quality Model

The simulation points are located at typical gate dams in the study area. The MIKE 11
one-dimensional hydrodynamic model was estimated from the measured meteorological data,
boundary water level, and reservoir release in 2010. Figures 2—4 show that the predicted water
level by MIKE 11 and the measured water level fit well. The Nash-Sutcliffe coefficients (R?) used in
evaluation of the hydrological model for Cross Sections A, B, and C are 0.96, 0.95, and 0.97, respectively.
The simulated results show that the MIKE 11 model has high reliability and accuracy.

Water level (m)
g

—o0— Measured value

Predicted value

8-5-2010 18-5-2010 28-5-2010 7-6-2010 17-6-2010 27-6-2010 7-7-2010 17-7-2010 27-7-2010 6-8-2010 16-8-2010 26-8-2010 5-9-2010 15-9-2010 25-9-2010 5-10-2010 15-10-2010 25-10-2010 4-11-2010 14-11-2010 24-11-2010
Time

Figure 2. Simulated result of the water level at Cross Section A.

Water level (m)

] ——0—— Measured value
1932 9 .
1 Predicted value
1930 7
8-5-2010  18-5-2010 28-5-2010 7-6-2010 17-6-2010 27-6-2010 7-7-2010 17-7-2010 27-7-2010 6-8-2010 16-8-2010 26-8-2010 5-9-2010 15-9-2010 25-9-2010 5-10-2010 15-10-2010 25-10-2010 4-11-2010 14-11-2010 24-11-2010
Time

Figure 3. Simulated result of the water level at Cross Section B.
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Figure 4. Simulated result of the water level at Cross Section C.
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Chemical oxygen demand (COD) and ammonia nitrogen (NH3-N) are used as simulated objects
in the water quality model. In the simulated process, the COD and NHj3-N of the study area were
calculated in 2010. Figures 5 and 6 show that the predicted variations in water quality are consistent
with the measured variation trends. The R? of COD and NH;3-N in the model are 0.82 and 0.84,
respectively. This indicates that the simulation effect of the model is good based on the evaluation
criterion of the goodness of fit. Therefore, the MIKE 11 one-dimensional hydrodynamic-water quality
model can be used in the research of the study area.

90

g0 ®m = Measured Cepy,

Predicted Cgp

Ceop(mg/L)

Month

Figure 5. Simulated results of the COD concentration in 2010.
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Figure 6. Simulated results of the NH3-N concentration in 2010.
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The water quality of the Xinlicheng Reservoir before and after carrying out the ecological operation
scheme was simulated by the established model from April to October. After ecological operation,
the COD concentration decreased significantly in the downstream river, especially from June to July
(Figure 7). However, the effect of the ecological operation on the NH3-N concentration is not significant.
The simulated result shows that the NH3-N concentration is 3—4 mg/L after the ecological operation,
which has not yet reached the Class V standard of surface water (Figure 8). Therefore, when ecological
operation is carried out, the water quality of the Xinlicheng Reservoir should also be improved. To
reduce the NH3-N concentration in the river, the nonpoint source pollution of the Xinlicheng Reservoir
and the Yitong River should be reduced, and the purification effect of water quality in the riverside
wetlands should be promoted.

40

35
304

25

20 4

Ccop(mg/L)

—— Without ecological operation
Ecological operation

0 T T T T T T
4 5 6 7 8 9 10

Month

Figure 7. Simulated COD concentration before and after the ecological operation scheme.
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‘sn -/_hf—/\'*ji
E
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0 T T T T T T
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Month

Figure 8. Simulated NH;3-N concentration before and after the ecological operation scheme.

3.3.2. Simulation of the PHABSIM Model

The relationship between the flow and weighted available area of the study area is shown in
Figure 9. When the flow of the study area is less than 1.58 m%/s, the weighted available area of carp
physical habitat increases with increasing flow. When the flow of the study area is 1.58-3.00 m%/s, the
weighted available area decreases with increasing flow. When the flow of the study area is greater than
3.00 m3/s, the weighted available area reaches a steady state.
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Figure 9. Weighted available area of the study area vs. flow.

The Xinlicheng Reservoir stores water in a brief rain period and discharges floods in an abundant
rain period. The flow of the river is extremely small, and the phenomenon of intermittent flow occurs
in the brief rain period. However, the flow of the river can reach 50-60 m3/s in abundant rain periods,
which cannot meet the need for a suitable ecological environment for carp. After ecological operation,
the flow of the river can be maintained at 0.44-1.72 m3/s, and the physical habitat area of carp can
remain from 0.60 X 10% to 3.10 X 10° m?/km from April to September. Maintaining physical habitat
areas can improve the ecological environment of the river.

The simulated results of the MIKE 11 one-dimensional hydrodynamic-water quality model
and PHABSIM model indicate that the ecological operation scheme can better restore the ecological
environment of the Yitong River urban section. However, implementation of the water supplement
scheme requires sufficient water resources from the Xinlicheng Reservoir. According to the storage
capacity and hydrological statistics of the Xinlicheng Reservoir, the annual water storage of the
reservoir is approximately between 44.3 X 106 and 134 x 10° m> with a guarantee rate of 50%~98%.
The annual average water storage capacity is approximately 61 x 10° m3. The Xinlicheng Reservoir
needs to supply 88 X 10® m? of domestic water to Changchun every year. The supplemental water for
ecological operation is approximately 15.52 x 10° m®. Therefore, the water storage of the Xinlicheng
Reservoir cannot guarantee the realization of ecological operation under the condition of meeting the
domestic water supply. To achieve ecological operation, the inflow of the Xinlicheng Reservoir should
be scientifically managed.

3.4. Watershed Management Reform and Suggestion for the Yitong River

The Xinlicheng Reservoir is a water supply reservoir in the Yitong River Basin. To solve the water
shortage problem of the Xinlicheng Reservoir, the water distribution and management of the Yitong
River Basin should be reformed.

3.4.1. Main Problems of Watershed Management
(1) Lack of watershed management institution

The “River Chief” was proposed to take charge of the protection and management of rivers and
lakes in December 2016 and was assumed by the principles of the party and government. Jilin Province
further instituted a “River Sheriff” and established specifications, task goals, and responsibilities.
However, a unified management department is lacking for achieving the cooperation of public
security, environmental protection, water conservancy, and animal husbandry. Each department works
independently, causing conflict in water supply and affecting ecological operation.

(2) Incomplete legal framework of the basin
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At present, there is only a national water law for watershed management of the Yitong River.
Although river protection ordinances have been proposed, there is no law applied to basins. Law
enforcement of water administration is mainly based on the “Water Law” (revised in 2016) and the
“Water and Soil Conservation Law” (revised in 2010). The pertinence of the current legal framework is
not strong, and the cost of violating the law is low, resulting in wasted water resources.

(3) Unscientific water distribution

The water service of the Yitong River is managed by Jilin Province and the local water service
institution. Every water service institution can draw water based on requirements, resulting in
an imbalance of water distribution and a reduction in reservoir inflow in the Xinlicheng Reservoir.
Ecological operations cannot be carried out.

3.4.2. Countermeasures and Suggestions for Watershed Management

The following reforms and suggestions are proposed based on the main problems of water resource
management in the Yitong River Basin combined with the feasibility of the ecological operation of the
Xinlicheng Reservoir.

(1) Clarify department responsibility

The “Yitong River Basin Comprehensive Management and Protection Committee” should be
established. This committee can further optimize water resource management, strengthen the
communication and cooperation of departments, reduce the conflict between supply and demand, and
maximize the utilization of water resources based on the overall Yitong River Basin.

(2) Improve law and regulation

A law is recommended to establish a basin, such as the “Yitong River Basin Management
Regulation”. This law can clarify the responsibilities of departments related to water resource
management and establish the legal status for the “Yitong River Basin Comprehensive Management
and Protection Committee” to carry out the management work of supervision, overall planning,
and coordination. The cost of violating laws can be increased, leading to the avoidance of wasting
water resources.

(3) Strengthen Water Service Management

The water service group of the Yitong River Basin is proposed to manage the related work of
water supply, drainage, and water pollution treatment. Competition and performance mechanisms are
introduced to promote development. However, the premise of carrying out water service reform is
that there is a complete and feasible legal system and management model. The reasonable and efficient
allocation of water resources is still a long and complicated process.

(4) Enhance Public Participation

Public and stakeholder participation is more beneficial to manage water resources. A publicly
administered institution can be introduced to give real rights for publics. Their participation can get
more rights for themselves and contribute to the sustainable development of watershed. Through
public participation, watershed management builds a sense of community, helps reduce conflicts,
increases commitment to the actions necessary to meet environmental goals, and ultimately improves
the likelihood of success for the watershed management scheme.

4. Conclusions

The calculated river ecological water demand was 79.35 X 10° m? for the urban section of the Yitong
River. An ecological operation scheme was proposed for the Xinlicheng Reservoir, including a water
supplement of 15.52 x 10° m? and daily release from April to October. The MIKE 11 one-dimensional
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hydrodynamic-water quality model and the PHABSIM model were used to simulate the water quality
and physical habitat of the river urban section. The simulated results indicate that the estimated
models have higher accuracy and reliability. The water quality and physical habitat were simulated by
the models after carrying out ecological operation. The results show that the COD of the river can be
improved, but the improvement effect of NH3-N was not obvious. Further water pollution control of
the basin should be carried out. The increase in the physical habitat area and the ecological environment
of the river can be improved after ecological operation. To realize the ecological operation of the
Xinlicheng Reservoir, the “Yitong River Basin Comprehensive Management and Protection Committee”
is proposed to establish the basin. Establishing “Yitong River Basin Management Regulations” should
be suitable for the local characteristics. A water service investment group can be established to realize
comprehensive reform and improvement of the water resources in the Yitong River Basin. Public
participation should be enhanced to improve the likelihood of success for the watershed management
scheme. This research can serve as a reference for reservoir ecological operation and watershed
management in small and medium cities of the same latitude or type.
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