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Abstract: Incremental ecological service value is an important assessment indicator for ecosystem
restoration projects, such as the interconnected river system network project in western Jilin Province,
China. In this paper, a fuzzy two-stage chance-constrained stochastic programming (FTSCCP) model
is proposed for the optimization of regional incremental ecological service value through adjustments
to the original water diversions and ecological water supplement schemes for ecosystem restoration
under different management requirements and scenarios. The proposed method can effectively
address uncertainties such as fuzzy parameters, probability distributions, and random variables in
optimizing processes simultaneously. The results reveal that, under the requirement of meeting the
original plan, a decrease in restoration scale would mainly appear under low-flow scenarios, and for
the other scenarios, the original plan would be fully realized with an increase in flood utilization and
a decrease in normal water supplementation. For the requirement of maximizing the incremental
ecological service value, the adjustments would mainly be increases in water supplementation
for reed wetlands and marsh wetlands and decreases in water surface area, including fish ponds
and crab ponds. The ecological service values would be 11,256.79 million CNY (Chinese Yuan),
16,465.11 million CNY and 17,639.59 million CNY under low-, normal- and high-flow scenarios,
respectively, with increases of 3.2%, 6.9% and 14.5% compared to the values based on the requirement
of meeting the original plan. The results would be helpful for guiding regional ecosystem restoration
and water resource management in the western Jilin Province.

Keywords: water supplementation; ecological service value; wetlands; optimization; uncertainty;
fuzzy two-stage programming

1. Introduction

Ecosystems are an important part of the environment that directly influence the survival and
development of animals and humans through providing necessary ecological services [1–3]. In recent
decades, significant progress has been made regarding the theory and assessment technologies used
for ecological service evaluation, and ecological service value has become a significant indicator of
ecosystem function [4–8]. Moreover, ecological service value can be used as an important assessment
index of ecosystem restoration projects [9]. For example, in the western Jilin Province, an analysis of
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the ecological service value caused by interconnected river system network projects could improve the
evaluation of wetland restoration projects and ecosystem restoration in general.

The project seeks to create an interconnected river system network combining water diversion,
storage, irrigation, drainage and supplementation for significant regional lakes, ponds and wetlands,
thus providing ecological services (e.g., supply services, adjustment services, support services, and
culture services) by restoring and improving the ecosystems [10]. As a result, this project would
generate certain ecological service values to the regional society, economy, and environment. Moreover,
the project can efficiently utilize flood resources, which are always treated as a kind of natural disaster,
and would not only generate a considerable additional benefit to the economy and society, but also
reduce the possibility of flood risks through the optimal allocation and sustainable utilization of water
resources. However, there are many uncertainties in the environmental water system, such as the
variability in the availability of water resources (especially flood resources), stochastic variability
in the water quotas of ecosystems, fuzzy variability in water requirements, and the complexity of
the interconnected processes. All these uncertainties present challenges for optimal water resource
allocation to maximize ecological service values [11–13].

Previously, several optimization approaches have been developed for water resource allocation
and water resource management under uncertainty [14–19]. Among these approaches, two-stage
stochastic programming (TSP) is an effective method for addressing problems where uncertain
parameters are expressed as probability distribution functions, which can be easily integrated
with other optimization approaches to address multiform uncertainties [20]. For example,
Maqsood et al. [15] presented an interval-parameter fuzzy two-stage stochastic programming (IFTSP)
method for the planning of water resource management systems under uncertainty. Xie et al. [21]
developed an inexact two-stage water resource management model for multi-regional water resource
planning in the Nansihu Lake Basin, China. In a previous study, Cai et al. [22] developed a
double-sided chance-constrained integer linear program (DCCILP) method integrating double-sided
chance-constrained programming (DCCP) with an integer linear program and applied the method to
optimize the incremental ecological service value. However, few studies have been reported to address
such multiple constraints as simultaneously fuzzy and random variables for optimization problems in
the optimization of ecological service values.

Therefore, to add to the previous studies, in this article, a fuzzy two-stage chance-constrained
stochastic programming model integrating fuzzy programming, two-stage programming,
and chance-constrained stochastic methods has been developed and applied to research on the
optimization of regional incremental ecological service values in the western Jilin Province under
different policy scenarios through optimal water resource allocation to different ecosystems and
the efficient utilization of flood resources. The results provide valuable advice to the regional
decision-making authority for the development of optimal schemes and adjustments to water
diversions, water resource allocation, and ecosystem restoration from different perspectives.

2. Case Study

The interconnected river system network project in the western Jilin Province is located in plains
on the right bank of the Nenjiang River and east bank of the Songhua River and covers Baicheng City
(including Zhenlai County, Da’an City, Taonan City, Tongyu County and Taobei District), Songyuan
City (including Qian’an County and Qianguo County), and Changchun City (Nong’an County),
with an area of 4.46 × 104 km2. In this area, the main rivers are the Nenjiang River, Songhua River,
Taoer River and Huolin River, and because of the regional distinctive geological conditions and water
system changes, a large area of wetlands has been formed in low-lying lands and along the river banks.
There are four national nature reserves, Xianghai, Momoge, Chagan Lake and Boluo Lake, among
which Xianghai and Momoge have been listed as Ramsar sites, as significant habitats of international
migratory birds and homes to the red-crowned crane, which plays an irreplaceable role in protecting
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global biodiversity. The geographical position of the project in western Jilin Province is shown in
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Figure 1. The geographical position of the interconnected river system network project in western
Jilin Province.

However, since the 1970s, because of climate change and a reduction in natural inflow, a portion
of rivers have dried, and the groundwater level has declined; combined with the unceasing regional
population growth and reclamation of wetlands, these factors have led to the increasing shrinking of
lakes, ponds and wetlands in this area. In 2014, the area of wetlands in western Jilin Province was
approximately 24.41 × 104 ha, only 43.6% of that in the 1950s. Moreover, some lakes have dried, and
water quality has deteriorated gradually, threatening the habitat of rare and endangered protected
animals (e.g., oriental white stork and white crane) and regional species diversity and leading to a
serious decline in wetland ecological functions; these concerns have become the dominant problems of
regional ecosystems.

The interconnected river system network project has been established for water supplementation
to important lakes, ponds, and wetlands in the western Jilin Province, based on guaranteeing water
supply for the regional economy and society by the rational allocation and utilization of flood resources.
Moreover, the project could also recharge groundwater and restore and improve the ecological
environment. The project plans to supply water resources to reservoirs, lakes and surrounding
wetlands in western Jilin Province, with an average annual water diversion of 54,500 × 104 m3,
including flood resources of 33,900 × 104 m3 and normal water diversions of 20,600 × 104 m3.
According to the water supplementation scheme, this project would restore 5.81 × 104 ha of wetlands,
increase the water surface area by 4.27 × 104 ha, and restore and expand lakes, ponds, and wetlands to
a total area of 48.91 × 104 ha, thus bringing considerable ecological service value to this area.
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3. Model Formulation

3.1. Model Development

This study considers different uncertainties in water diversion and supplementation for lakes
and ponds in the western Jilin Province, such as the fuzzy uncertainties of the dynamic development
of restoring lake and pond areas in long-run programming, the upper and lower bounds of different
ecological function zones (fish ponds, crab ponds, reed wetlands and marsh wetlands), and the
stochastic uncertainty of rainfall and available flood resources in different scenarios, which would
have a remarkable effect on water diversion and supplementation planning in western Jilin Province.
The developed fuzzy two-stage chance-constrained stochastic programming (FTSCCP) model is
considered suitable for addressing local issues. The objective function for the FTSCCP model is to
maximize the reginal ecological services value by adjusting the water diversion plan and ecological
water supplement scheme for different ecosystems. Therefore, the FTSCCP for the optimization of the
ecological services value of the interconnected river system network project in western Jilin Province
can be formulated as follows:

max f =
198
∑

i=1

4
∑

j=1

15
∑

k=1
EBWijk · EISjk · FAij

−
198
∑

i=1

4
∑

j=1

15
∑

k=1

3
∑

h=1
ph · PEBWijk · EISjk · DFAijh

−
198
∑

i=1

3
∑

h=1
ph · (CWIi ·QAIih + CWNi ·QAIih + CWFi ·QAFih)

(1)

where f is the total ecological services value (millions CNY) caused by water diversion and ecological
water supplementation through an interconnected river system network project in the western Jilin
Province; i denotes the lakes and ponds in the project region; j denotes different ecosystems in each
lake or pond (j = 1 for fish pond, j = 2 for crab pond, j = 3 for reed wetland, and j = 4 for marsh
wetland); k denotes different ecological services in each ecosystem; h denotes different scenarios of
rainfall and flood resources (h = 1, 2, and 3 for low-, normal-, and high-flow years, respectively); EBWijk
represents the service value of k in ecosystem j in lake or pond i(millions CNY/104 ha); EISjk is a
0–1 parameter that represents whether ecosystem j has ecological service k or not; FAij represents the
initial planned supplementation area of ecosystem j (104 ha); ph denotes the occurrence probability of
scenario h; PEBWijk denotes the reduction in unit value of service k in ecosystem j in lake or pond i
when the water supplement is delivered (millions CNY/104 ha); DFAijh denotes the adjustment to
the water supplement area of ecosystem j in lake or pond i under scenario h (104 ha); QAIih, QANih
and QAFih represent the local water resources, the normal water supplement and the flood resources
in lake or pond i under scenario h(104 m3); and CWIi, CWNi and CWFi represent the costs of water
utilizations of local water resources, the normal water supplement and flood resources, respectively, in
lake or pond i (millions CNY/104 m3).

Constraints:

(1) Constraints for water diversion and supplementation

QAPih + QAWih ≤ (QAIih −QLIih) + (QAIih −QLNih) + (QAFih −QLFih), ∀i, h (2)

(APi − DAPih) ·QWRi ≤ QAPih, ∀i, h (3)

4

∑
j=3

(
FAij − DFAijh

)
·QPij ≤ QAWih, ∀i, h (4)

where QAPih and QAWih denote the amounts of water supplements for water surface areas and
wetlands, respectively, in lake or pond i under scenario h (104 m3); QLIih, QLNih and QLFih
denote the water conveyance losses of local water resources, the normal water supplement and
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the flood resources, respectively, in lake or pond i under scenario h(104 m3); APi denotes the
initial planned water surface area in lake or pond i(104 ha); DAPih denotes the adjustment of the
original schemes of water surface area in lake or pond i under scenario h(104 ha); QWRi denotes
the water demand quota of the water surface area in lake or pond i(104 m3/104 ha); and QPij
denotes the water demand quota of ecosystem j in lake or pond i(104 m3/104 ha).

(2) Constraints for the prioritization of water supplementation to different ecological function zones
in each lake and pond

QAWih =


(QAIih −QLIih) + (QANih −QLNih) + (QAFih −QLFih)−QAPih,

i f APi − DAPih ≥ APimin
0, i f APi − DAPih ≤ APimin or Yi3, Yi4 = 0

, ∀i, h (5)

(FAi4 − DFAi4h) ·QPi4 =


QAWih − (FAi3 − DFAi3h) ·QPi3,

i f FAi3 − DFAi3h ≥ FAmini3 and Yi4 = 1
0, i f FAi3 − DFAi3h ≤ FAmini3 or Yi4 = 0

, ∀i, h (6)

where APimin is a fuzzy variable that denotes the minimum requirement of water surface area
in lake or pond i(104 ha); this part reflects the priority of water supplementation with respect to
water surface area (including fish pond and crab pond), reed wetlands, and marsh wetlands.

(3) Scale constraints for different ecological function zones

APi − DAPih ≥ 0, ∀i, h (7)

FAij − DFAijh ≥ 0, ∀i, j, h (8)

2

∑
j=1

FAij − DFAijh ≤ APi − DAPih, ∀i, h (9)

FAij − DFAijh ≤ FAmaxij ·Yij, ∀i, j, h (10)(
APi − DAPijh

)
+

4

∑
j=3

(
FAij − DFAijh

)
≤ PLAi, ∀i, h (11)

where FAmaxij is a fuzzy variable that denotes the area limit of ecosystem j in lake or pond
i(104 ha); PLAi denotes the planned area limit of lake or pond i(104 ha).

(4) Constraints for the regional water diversion of different resources

Pr


Ir
∑

i=1

[ (
APi − DAPijh

)
·QWRi + (FAi3 − DFAi3h) ·QPi3

+(FAi4 − DFAi4h) ·QPi4(ω)−QAIih −QANih

]
≤ QTFrh + RFrh(ω)

 ≥ 1− θr, ∀r (12)

QAIih ≤ QIi, ∀i, h (13)

QANih ≤ QNi, ∀i, h (14)

where r denotes the administrative area division depending on different water resources; QTFrh
denotes the available flood resources in region r under scenario h(104 m3); RFrh denotes the rainfall
in region r under scenario h(104 m3); and θr denotes the probability of violating the constraint.

(5) Other constraints
DAPih ≥ 0, ∀i, h (15)

DFAijh ≥ 0, ∀i, j, h (16)
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In this part, the nonnegativity restriction of DAPih and DFAijh is to realize the purpose of
maximization of ecological service value under low flow scenario, and optimal water resources
allocations on the premise of achievement of the initial water supplementation schemes, under higher
flow scenarios. Additionally, release the variables DAPih and DFAijh as real numbers would modify
the proposed model above (model 1) into a new model (model 2), in which adjustments to the original
ecosystem restoration schemes would increase or decrease, following the scale constraints of each
ecosystem, for the purpose of maximization of ecological service value and full use of water resources
under different scenarios.

3.2. Parameters

In this study, according to the water diversion planning of the interconnected river system network
project in the western Jilin Province, local water resources and the normal water supplement are fixed,
and the flood resources are stochastically uncertain and divided into three scenarios: low, normal, and
high flow levels. The probabilities of each scenario and available flood resources are shown in Table 1,
and the initial planned water supplement for different ecosystems in each region are shown in Table 2,
according to the interconnected river system network project schemes in western Jilin Province. Table 3
lists the unit ecological service value of different ecosystems, which were determined based on service
indexes (including 4 first-class indexes, 12 second-class indexes, and 15 third-class indexes) constructed
for ecological service value assessment in the western Jilin Province in previous studies [22].

Table 1. Scenario probabilities and regional available flood resources in western Jilin Province.

River Regions
h = 1 h = 2 h = 3

(Low Flow Level) (Normal Flow Level) (High Flow Level)

Scenarios probabilities 0.55 0.3 0.15

Available flood resources (104 m3)

Songhua River

r = 1 1470 2940 3528
r = 2 5093 10,187 12,224
r = 3 4459 8919 10,703
r = 4 509 1018 1222
r = 5 338 676 811

Huolin River r = 6 1585 3171 3805

Tao’er River

r = 7 215 430 516
r = 8 6073 12,146 14,575
r = 9 4255 8511 10,213
r = 10 3995 7989 9587
r = 11 665 1331 1597

Table 2. The initial planned water supplement area of different ecosystems by the interconnected river
system network project in western Jilin Province (104 ha).

River Basin Regions Water Surface Area Fish Pond Crab Pond Reed Wetland Marsh Wetland

Songhua River

r = 1 1.20 0.75 0.28 0.41 0.31
r = 2 3.86 3.45 0.02 0.91 0.13
r = 3 1.60 0.17 0.18 0.15 0.28
r = 4 0.15 0.15 0.00 0.02 0.00
r = 5 0.16 0.00 0.00 0.00 0.19

Huolin River r = 6 0.11 0.00 0.00 0.13 0.51



Water 2019, 11, 68 7 of 21

Table 2. Cont.

River Basin Regions Water Surface Area Fish Pond Crab Pond Reed Wetland Marsh Wetland

Tao’er River

r = 7 0.07 0.03 0.01 0.16 0.01
r = 8 1.21 0.84 0.14 0.10 0.20
r = 9 0.94 0.91 0.02 0.27 0.34
r = 10 1.22 1.19 0.02 0.07 0.25
r = 11 0.16 0.00 0.00 0.11 0.10

Nenjiang River

r = 12 1.63 0.36 1.27 1.15 3.41
r = 13 0.06 0.00 0.06 0.07 0.04
r = 14 0.50 0.14 0.36 0.14 0.31
r = 15 0.17 0.15 0.02 0.04 0.00

Table 3. Assessment index system for the incremental value of ecological services in western
Jilin Province.

Index System Ecosystems Values (Millions CNY/104 ha)

First Class Indices Second Class Indices Third Class Indices Fish
Pond

Crab
Pond

Reed
Wetland

Marsh
Wetland

Supply service

Food production
Fish 240 0 0 0

Crab 0 360 0 0

Raw material production Reed 0 0 18 0

Water supply Water supply 116.25 116.25 0 0

Adjustment service

Carbon sequestration Carbon sequestration 0 0 5.55 0.9

Atmosphere regulation Oxygen release 0 0 54 9

Water regulation and storage Water storage and
regulation 78 78 54 54

Microclimate adjustment Microclimatic
modification 7.5 7.5 264 264

Support services
Pollution degradation Plant fixation 0 0 280.5 280.5

Assimilative capacity 0 0 150 150

Biodiversity protection Biodiversity 19.5 19.5 19.5 19.5

Cultural services

Scientific culture Scientific culture 3.75 3.75 3.75 3.75

Tourism development Tourism development 55.5 55.5 55.5 55.5

Landscape aesthetics
Urban landscape 15 15 15 15

Nature landscape 6 6 6 6

Total ecosystem values 541.5 661.5 925.8 858.15

4. Results, Analysis and Discussion

The total incremental ecological service value was obtained by solving the developed FTSCCP
model (model 1), with values of 10,912.32 million CNY, 15,400.50 million CNY, and 15,400.50 million
CNY under scenarios of low, normal, and high flow levels, respectively. With an increase of available
flood water resources under different scenarios, there would be adequate water resources for the
planned water supplementation to regional lakes and ponds in the western Jilin Province. In low-flow
years, insufficient water resources would lead to an adjustment of the initial water supplement schemes
and reduction in ecological service value.

4.1. Incremental Ecological Service Values and Analysis of Restored Areas

Figure 2 describes the total incremental ecological service values of different ecosystems in
the western Jilin Province under low, normal, and high flow levels. With the same trend in total
incremental ecological service value, the values for fish ponds, crab ponds, reed wetlands, and marsh
wetlands under a low flow level would be 2735.88 million CNY, 1056.08 million CNY, 2923.11 million
CNY, and 3797.77 million CNY, respectively, which are significantly lower than those obtained for
normal and high levels, with reductions of 38.0%, 32.9%, 15.2%, and 27.1% compared to the original
planning schemes.



Water 2019, 11, 68 8 of 21

Water 2019, 11, x FOR PEER REVIEW  8  of  21 

 

The total incremental ecological service value was obtained by solving the developed FTSCCP 

model (model 1), with values of 10,912.32 million CNY, 15,400.50 million CNY, and 15,400.50 million 

CNY under scenarios of low, normal, and high flow levels, respectively. With an increase of available 

flood water resources under different scenarios,  there would be adequate water resources  for  the 

planned water supplementation to regional lakes and ponds in the western Jilin Province. In low‐

flow years, insufficient water resources would lead to an adjustment of the initial water supplement 

schemes and reduction in ecological service value. 

4.1. Incremental Ecological Service Values and Analysis of Restored Areas 

Figure 2 describes the total incremental ecological service values of different ecosystems in the 

western  Jilin  Province  under  low,  normal,  and  high  flow  levels. With  the  same  trend  in  total 

incremental ecological service value, the values for fish ponds, crab ponds, reed wetlands, and marsh 

wetlands under a low flow level would be 2735.88 million CNY, 1056.08 million CNY, 2923.11 million 

CNY, and 3797.77 million CNY, respectively, which are significantly lower than those obtained for 

normal and high levels, with reductions of 38.0%, 32.9%, 15.2%, and 27.1% compared to the original 

planning schemes. 

 

Figure 2. Incremental ecological service values in western Jilin Province under different scenarios. 

Table 4 presents the trend in incremental ecological service values based on the ecological service 

assessment  index  system  under  different  scenarios  in  the western  Jilin  Province.  The  ecological 

service values of all assessment  indexes would decrease under a  low flow level. Taking the third‐

class indexes as an example, the ecological service values of 10 indexes (e.g., fish, crab, water supply, 

water  storage  and  regulation,  and  biodiversity) would  significantly decrease with  respect  to  the 

original  planning  schemes, with  reductions  of more  than  thirty  percent.  In  addition,  the  value 

proportions of 9 indexes (fish, crab, and water supply) would decrease from the original levels; the 

proportion reductions of fish, crab, water supply, water storage and regulation would be 12.5%, 5.3%, 

13.7%, 5.8%, and 3.8%, respectively, for biodiversity and all culture service indexes. For the other 6 

indexes, the ecological value proportions would have a certain improvement, with values of 19.7% 

(reeds), 16.2% (carbon sequestration), 16.1% (oxygen release), 8.4% (microclimatic modification), and 

9.3% (plant fixation and assimilative capacity). Among these indexes, the proportions of fish, reeds, 

water supply, carbon sequestration, and oxygen release have larger changes, and the changes in the 

ecological service value pattern would be highly affected under the low flow level. 

Based on the above analysis, the planned scale of ecosystem restoration would not be realized 

in low flow years because of the decrease in flood water resources, leading to a decrease in ecological 

0

1000

2000

3000

4000

5000

6000

Fish pond Crab pond Reed wetland Marsh wetland

In
cr

em
en

ta
l v

al
ue

 (
m

ill
io

ns
 

¥)

low flow level normal flow level high flow level original plan

Figure 2. Incremental ecological service values in western Jilin Province under different scenarios.

Table 4 presents the trend in incremental ecological service values based on the ecological service
assessment index system under different scenarios in the western Jilin Province. The ecological service
values of all assessment indexes would decrease under a low flow level. Taking the third-class indexes
as an example, the ecological service values of 10 indexes (e.g., fish, crab, water supply, water storage
and regulation, and biodiversity) would significantly decrease with respect to the original planning
schemes, with reductions of more than thirty percent. In addition, the value proportions of 9 indexes
(fish, crab, and water supply) would decrease from the original levels; the proportion reductions of
fish, crab, water supply, water storage and regulation would be 12.5%, 5.3%, 13.7%, 5.8%, and 3.8%,
respectively, for biodiversity and all culture service indexes. For the other 6 indexes, the ecological
value proportions would have a certain improvement, with values of 19.7% (reeds), 16.2% (carbon
sequestration), 16.1% (oxygen release), 8.4% (microclimatic modification), and 9.3% (plant fixation
and assimilative capacity). Among these indexes, the proportions of fish, reeds, water supply, carbon
sequestration, and oxygen release have larger changes, and the changes in the ecological service value
pattern would be highly affected under the low flow level.

Based on the above analysis, the planned scale of ecosystem restoration would not be realized in
low flow years because of the decrease in flood water resources, leading to a decrease in ecological
service values; furthermore, the values of indexes mainly from water surface ecosystems (e.g., fish,
crabs, water supply, water storage and regulation) would present more significant decreasing trends.

Figure 3 presents the restoration of water surface and ecosystem areas by water diversion and
supplementation under different scenarios. The restored areas under the low flow level would be
far smaller than those under normal and high flow levels, which are equal to the original planning
schemes shown in Table 2. Compared to the original plans, in low-flow years, the areas of water
surfaces, fish ponds, crab ponds, reed wetlands, and marsh wetlands would decrease by 39%, 38%,
33%, 15% and 27%, respectively. The water surface area, fish ponds and crab ponds show greater
decreases, corresponding to the more significant decreasing trends in the values of indexes mainly
from the water surface ecosystem.
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Table 4. Incremental values based on ecological service assessment index system in Jilin Province.

Index System Incremental Ecological Service Values (Millions CNY)

First Class Indexes Second Class Indices Third Class Indices Low Flow Level Normal Flow Level High Flow Level

Supply service

Food production Fish 1212.58 1956.00 1956.00

Crab 574.64 856.80 856.80

Raw material production Reed 56.83 67.00 67.00

Water supply Water supply 927.00 1515.98 1515.98

Adjustment service

Carbon sequestration Carbon sequestration 21.51 26.12 26.12

Atmosphere regulation Oxygen release 210.33 255.63 255.63

Water regulation and storage Water storage and
regulation 1031.46 1546.01 1546.01

Microclimate adjustment Microclimatic
modification 2061.70 2683.25 2683.25

Support service
Pollution degradation Plant fixation 2127.01 2747.03 2747.03

Assimilative capacity 1137.44 1469.00 1469.00

Biodiversity protection Biodiversity 303.36 445.26 445.26

Cultural services

Scientific culture Scientific culture 58.34 85.63 85.63

Tourism development Tourism development 863.42 1267.29 1267.29

Landscape aesthetics Urban landscape 233.36 342.51 342.51

Nature landscape 93.34 137.00 137.00
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Figure 3. Sizes of restored ecosystem areas in western Jilin Province under different scenarios.

Figures 4 and 5 provide comparisons of the restored water surface area (including fish ponds and
crab ponds) and wetlands under different scenarios in different regions. The figures show the same
trends as those obtained for the whole western Jilin Province: the restored areas of water surfaces
and wetlands under normal and high flow levels would be equal to those of the original planning
schemes, and there would be decreases of different degrees under low flow levels. For example, in
Nong’an County, Songhua River basin (r = 1), the restored water surface area under the low flow
level would be 0.99 × 104 ha, with a decrease of 17.1% compared with the original restored area
of 1.20 × 104 ha; in Qianguo County (r = 2), the restored water surface area under a low flow level
would be 2.83 × 104 ha, a decrease of 1.10 × 104 ha or 26.6% with respect to the original plans; and
in Tongyu County, Huolin River basin, the reduction would reach 65.1%, representing a decrease
from 0.11 × 104 ha to 0.04 × 104 ha. For wetlands, in region 1, the restored area under a low flow level
would be 0.61 × 104 ha, a 14.3% decrease compared to that under normal and high levels; in region 6,
the decreased area would be 0.23 × 104 ha, 36.7% that of the original planning scheme. However, in
regions 2, 3, 4 and 5, there would be no decrease under a low flow level; these results show varying
trends in different ecosystems and regions.

Figures 6 and 7 describe the relative decreases in water surface area, fish ponds, crab ponds,
reed wetlands, and marsh wetlands under low flow levels. Different ecosystems would show various
degrees of decrease in each region. For example, in region 1, the decrease in water surface area,
fish ponds, crab ponds, reed wetlands, and marsh wetlands would be 17.2%, 16.9%, 0, 25.1%, and 0,
respectively; in region 7, the corresponding relative decreases would be 36.3%, 44.5%, 57.7%, 1.4%, and
0. The main reasons for these results are that (1) the ratio of ecological service value and water demand
quota in marsh wetlands is higher than that in other ecosystems, and thus more water resources would
be allocated to marsh wetlands when the minimal water requirements of each ecosystem were satisfied;
and (2) the development of fish and crab ponds as part of water surface area is different from those in
other regions, leading to a difference in the relative decreases in water surface area, fish ponds and crab
ponds. However, in regions 4 and 15, the decreases in marsh wetlands would be 100%, because the
priority of water supplementation would be water surface area, reed wetlands, and marsh wetlands.
In these regions, there would not be adequate water resources to supplement for the water surface
area; as a result, no water resources would be supplied to restore wetlands.
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Figure 4. Sizes of restored water surface areas in western Jilin Province under different scenarios.
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Figure 5. Sizes of restored wetland area in western Jilin Province under different scenarios.

In addition, regional ecosystem planning plays a significant role in optimal adjustments to the
original ecosystem restoration planning schemes under low flow levels. For example, in regions
5, 6 and 11, there was no fish or crab breeding in the water surface area with a lower ecological
service value; thus, water resources would be mainly supplied for reed wetlands and marsh wetlands,
combined with different minimal requirements of water surface areas. The decreases in these regions
would be 37.6%, 65.2% and 56.2%, respectively. For wetland ecosystems, in region 5, without reed
wetland development, there would be no decrease in marsh wetlands; in region 11, the decreases in
reed wetlands and marsh wetlands would be 10% and 0, respectively. However, in region 6, there
would be a 23.8% and 40.0% decrease in reed wetlands and marsh wetlands, respectively; in this
region, the priority of water supplementation and lack of water resources would play the leading role
in the adjustment of water supplement schemes for the restoration of ecosystems.

Above all, differences in ecosystem structure would lead to different optimal adjustments of
water supplementation planning schemes in lakes and regions. Nevertheless, the amount of flood
resources and regional water resource structure for ecosystem water supplementation would be the
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key factors in adjusting the original water supplement schemes and maximizing the regional ecological
service values.
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scenario of a low flow level.Water 2019, 11, x FOR PEER REVIEW  12  of  21 

 

 

Figure  7. Reduction  in  initial planned  restored wetland  area  in western  Jilin Province under  the 

scenario of a low flow level. 

4.2. Water Diversion and Supplement Analysis 

Table  5  presents  the  water  diversion  schemes  and  adjustments  to  the  original  ecosystem 

restoration schemes in 15 regions in western Jilin Province under low flow level. The proportion of 

flood resources  is a significant  factor  in adjusting  the original ecosystem restoration schemes. For 

example, in region 1, flood resources only account for 20.1% of the total water resources, and there 

would  be  only  17.2%  and  14.3%  reductions  in  the  restored  water  surface  area  and  wetlands, 

respectively; in region 7, where the proportions of local water resources and normal supplementation 

reach 86.5%, the reductions would be 36.3% and 1.2%, respectively. In contrast, in region 6, there is 

no normal water supplement planning, and  the amount of  local water resources  is only 755 × 104 

m3/year. The reductions in restored water surface area and wetlands would reach 65.2% and 36.8%, 

respectively. 

Table 5. Water diversion and ecosystem restoration schemes under  low flow  level  in western Jilin 

Province. 

Regions 

Water Diversion Schemes (104 m3)  Reduction Ratio 

Local Water Resources  Normal Supplement  Flood Resources 
Water Surface 

Area 
Wetlands 

r = 1  2481  3381  1470  0.17  0.14 

r = 2  9110  7551  5093  0.27  0.00 

r = 3  4128  0  4459  0.42  0.00 

r = 4  118  0  509  0.47  0.35 

r = 5  1083  0  338  0.38  0.00 

r = 6  755  0  1585  0.65  0.37 

r = 7  1376  0  215  0.36  0.01 

r = 8  958  435  6073  0.61  0.24 

r = 9  653  0  4255  0.58  0.32 

r = 10  157  1806  3995  0.51  0.00 

r = 11  949  0  665  0.56  0.05 

r = 12  7127  7503  10,880  0.36  0.30 

r = 13  158  0  517  0.60  0.35 

r = 14  1117  0  2168  0.44  0.38 

r = 15  116  0  518  0.51  0.32 

In addition, as shown in Table 5, the reductions in water surface area would be higher than the 

reductions  in wetlands  in each region. Taking region 1 as an example, Table 6 presents  the water 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

re
ed

 w
et

la
nd

m
ar

sh
 w

et
la

nd

r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 r=10 r=11 r=12 r=13 r=14 r=15

Low flow level Reductions

Figure 7. Reduction in initial planned restored wetland area in western Jilin Province under the
scenario of a low flow level.

4.2. Water Diversion and Supplement Analysis

Table 5 presents the water diversion schemes and adjustments to the original ecosystem restoration
schemes in 15 regions in western Jilin Province under low flow level. The proportion of flood resources
is a significant factor in adjusting the original ecosystem restoration schemes. For example, in region 1,
flood resources only account for 20.1% of the total water resources, and there would be only 17.2% and
14.3% reductions in the restored water surface area and wetlands, respectively; in region 7, where the
proportions of local water resources and normal supplementation reach 86.5%, the reductions would
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be 36.3% and 1.2%, respectively. In contrast, in region 6, there is no normal water supplement planning,
and the amount of local water resources is only 755 × 104 m3/year. The reductions in restored water
surface area and wetlands would reach 65.2% and 36.8%, respectively.

Table 5. Water diversion and ecosystem restoration schemes under low flow level in western
Jilin Province.

Regions Water Diversion Schemes (104 m3) Reduction Ratio

Local Water Resources Normal Supplement Flood Resources Water Surface Area Wetlands

r = 1 2481 3381 1470 0.17 0.14
r = 2 9110 7551 5093 0.27 0.00
r = 3 4128 0 4459 0.42 0.00
r = 4 118 0 509 0.47 0.35
r = 5 1083 0 338 0.38 0.00
r = 6 755 0 1585 0.65 0.37
r = 7 1376 0 215 0.36 0.01
r = 8 958 435 6073 0.61 0.24
r = 9 653 0 4255 0.58 0.32

r = 10 157 1806 3995 0.51 0.00
r = 11 949 0 665 0.56 0.05
r = 12 7127 7503 10,880 0.36 0.30
r = 13 158 0 517 0.60 0.35
r = 14 1117 0 2168 0.44 0.38
r = 15 116 0 518 0.51 0.32

In addition, as shown in Table 5, the reductions in water surface area would be higher than the
reductions in wetlands in each region. Taking region 1 as an example, Table 6 presents the water
diversion schemes and reductions to the original ecosystem restoration schemes in regional lakes and
ponds. In lakes 1 and 3, there would be adequate local water resources for the original ecosystem
restoration schemes, and flood resources would be allocated to the other lakes with crab ponds and
marsh wetlands, e.g., lakes 5 and 7. The flood resources at lakes 5 and 7 would be 484.97 × 104 m3

and 365.89 × 104 m3, respectively, accounting for 33.0% and 24.9% of the total water resources.
There would be no reductions in crab ponds and marsh wetlands, and a 30% reduction in reed
wetlands, which would only meet the minimal requirement. Moreover, in lakes 2 and 6, although
the ecological service values of the water surface area and fish ponds are lower than that of the reed
wetland, because of the higher minimal requirements for water surface area, there would be lower
reductions in the water surface area and fish ponds than reed wetlands.

Table 6. Water diversion schemes and reductions with respect to the original ecosystem restoration
schemes of lakes and ponds in western Jilin Province (Nong’an County in the Songhua River basin, for
example).

Lakes and
Ponds

Water Diversion Schemes (104 m3) Reductions of Original Restoring Ecosystem Schemes

Local Water
Resources

Normal
Supplement

Flood
Resources

Water Surface
Area

Fish
Pond

Crab
Pond

Reed
Wetland

Marsh
Wetland

i = 1 651.46 0 0 0 0 - 0 0
i = 2 1055.00 2700.00 509.45 17.5% 17.5% - 30.0% 0
i = 3 31.98 0 0 0 - 0 - -
i = 4 38.00 0 11.03 83.8% - - - -
i = 5 214.00 0 484.97 0 - 0 30.0% 0
i = 6 262.00 134.00 98.70 12.3% - - 30.0% 0
i = 7 229.00 547.00 365.89 0 - 0 30.0% 0

Figures 8–10 show the water diversion schemes of local resources, normal water supplementation
and flood resources under different levels. Figure 8 shows that local water resources would have no
change under the three scenarios, indicating that local water resources would be utilized prior to the
other water resources.
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As shown in Figures 9 and 10, only regions 1, 2, 8, 10, and 12 have planned normal water
supplements. Along with the increase in available flood resources, under normal flow level, there
would be no change in normal water supplementation and an obvious increase in flood resource
utilization compared to those under a low flow level. Under a high flow level, there would be an
obvious decrease in normal water supplementation and higher flood resource utilization than under
a normal-level scenario. Because the original ecosystem restoration scheme could be realized under
both normal- and high-flow-level scenarios, the proposed model would not only reduce normal water
supplementation and the cost of water resources but also improve the utilization rate of flood resources,
thus realizing higher effective water resource utilization.
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However, this model was developed based on meeting the target of ecosystem restoration
planning schemes to realize the optimal adjustment of the original plans under the low-flow-level
scenario and water diversion schemes under normal- and high-flow-level scenarios, ignoring further
developments in terms of ecosystems restoration and higher ecological service values. Meanwhile,
this model would fail to make full use of flood resources and avoid possible flood risk under
high-flow scenarios.
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4.3. Study on the Maximization of Ecological Service Value

Compared to model 1, the total increase in ecological service value obtained by solving model 2
would be 3.2%, 6.9%, and 14.5%, with values of 11,256.79 million CNY, 16,465.11 million CNY, and
17,639.59 million CNY, under low-, normal- and high-flow scenarios, respectively.

Figure 11 provides a comparison of the incremental ecological service value obtained by the two
models under different scenarios. Different ecosystems show different variation trends. Compared to
model 1, the incremental ecological service values of fish ponds and crab ponds obtained by model
2 would decrease, in contrast to reed wetlands and marsh wetlands. For example, under low-flow
scenarios, the ecological values of fish ponds and crab ponds would decrease from 2735.88 million CNY
and 1056.08 million CNY to 2423.42 million CNY and 982.49 million CNY, respectively; in contrast,
the values of reed and marsh wetlands would increase from 2923.11 million CNY and 3797.77 million
CNY to 3204.19 million CNY and 4292.97 million CNY, respectively. The main reason for this difference
is that for most lakes in the western Jilin Province, the ecological service value of fish and crab ponds
is lower than that of wetlands, so more water resources would be allocated to wetlands after meeting
the minimal requirement of each ecosystem to obtain higher ecological service values. In addition, the
total ecological value would increase with a gradual increase in available flood resources, although the
value of marsh wetlands under the high-flow scenario would be lower than that under the normal flow
scenario, indicating that model 2 could realize the maximization of ecological service value through
the optimal allocation of water resources under different scenarios.

Table 7 lists comparisons of the incremental ecological service values of the two models based on
assessment indexes. Under low- and normal-flow scenarios, the values of fish, crabs, water supply,
water storage, and regulation obtained by solving model 2 would decrease compared to those of
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model 1. For example, under the normal-flow scenario, the ecological service values of water supply,
water storage, and regulation would decrease from 1515.98 million CNY and 1546.01 million CNY
to 1300.64 million CNY and 1524.10 million CNY, respectively, mainly because the ecological service
values of these four indexes are mainly due to the ecosystems of fish and crab ponds. For the other
indexes, because the main service values are generated from wetland ecosystems, the values would
have a certain increase under different scenarios. For example, the values of oxygen release would
increase from 210.33 million CNY, 255.63 million CNY, and 255.63 million CNY to 231.92 million CNY,
299.87 million CNY, and 335.46 million CNY under low-, normal- and high-flow scenarios, respectively.
For biodiversity, ecological service values would increase from 303.36 million CNY, 445.26 million
CNY, and 445.26 million CNY to 304.16 million CNY, 453.40 million CNY, and 492.74 million CNY,
respectively, with lower relative increases than those obtained for oxygen release. This difference
might be because of the approximate equivalent service values among different ecosystems of indexes,
such as scientific culture, tourism development, urban landscape, and natural landscape.
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Figure 11. Comparison of incremental ecological service value obtained by the two models under
different scenarios.

Figures 12 and 13 describe the trends in restored water surface area and wetlands based on model
2 in the western Jilin Province under different scenarios. Figure 12 shows that, except for regions 1 and
6, the restored water surface area would increase with a gradual increase in flow levels. For example,
in region 2, the restored areas would be 2.33 × 104 ha, 3.36 × 104 ha and 3.77 × 104 ha, and in region
12, the areas would be 0.98 × 104 ha, 0.98 × 104 ha, 1.30 × 104 ha, respectively. In region 6, the restored
water surface area under different scenarios would be a consistent 0.04 × 104 ha, mainly because of
the lower service value without fish or crab breeding and the high proportion of wetlands in lakes
and ponds.

For wetlands, Figure 13 shows a similar trend to that obtained for water surface area, and the
restored area would increase as the flow levels gradually increased. However, under normal- and
high-flow scenarios, there would be little or no increase in restored wetland areas. For example, in
region 2, the restored areas of wetlands would be 1.40 × 104 ha under the three scenarios; in region 12,
the restored areas would be 3.33× 104 ha, 5.47× 104 ha, and 5.67× 104 ha under low, normal and high
flow scenarios, respectively. This indicates that in the western Jilin Province, more water resources
would be allocated to wetland ecosystems to obtain higher ecological service values. In normal-flow
years, the restored area of wetlands would approximately reach the maximum planned value; as a
result, there would be no obvious increase in high-flow years.
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Table 7. Comparison of incremental ecological service values based on assessment indexes
(million CNY).

Assessment Index
Low Flow Level Normal Flow Level High Flow Level

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

Fish 1212.58 1074.09 1956.00 1793.53 1956.00 2012.52
Crab 574.64 534.59 856.80 658.70 856.80 755.99
Reed 56.83 62.30 67.00 76.52 67.00 89.46

Water supply 927.00 829.35 1515.98 1300.64 1515.98 1493.10
Carbon sequestration 21.51 23.71 26.12 30.62 26.12 34.29

Oxygen release 210.33 231.92 255.63 299.87 255.63 335.46
Water storage and regulation 1031.46 1013.50 1546.01 1524.10 1546.01 1672.77
Microclimatic modification 2061.70 2287.89 2683.25 3268.59 2683.25 3376.50

Plant fixation 2127.01 2374.03 2747.03 3383.72 2747.03 3485.19
Assimilative capacity 1137.44 1269.54 1469.00 1809.48 1469.00 1863.74

Biodiversity 303.36 304.16 445.26 453.40 445.26 492.74
Scientific culture 58.34 58.49 85.63 87.19 85.63 94.76

Tourism development 863.42 865.68 1267.29 1290.46 1267.29 1402.42
Urban landscape 233.36 233.97 342.51 348.77 342.51 379.03
Nature landscape 93.34 93.59 137.00 139.51 137.00 151.61

Table 8 presents adjustments to the original ecosystem restoration schemes of lakes and ponds in
Nong’an County, Songhua River basin. In Table 8, the positive values and negative values represent
decreases and increases with respect to the initial planned schemes, respectively. In general, adjustment
schemes would mainly comprise an increase in crab ponds or marsh wetlands and a decrease in reed
wetlands. For example, in lake 2, the restored area of marsh wetlands would increase by 0.043 × 104

ha under all three scenarios; in low- and normal-flow years, the area of reed wetlands would decrease
by 0.08 × 104 ha, and in high-flow years, the area would increase by 0.04 × 104 ha because of abundant
water resources. In lake 5, the restored area of marsh wetlands would increase by 0.021 × 104 ha
under all three scenarios, and for reed wetlands, the area would decrease by 0.01 × 104 ha in all three
scenarios; in low-flow years, because of a lack of water resources, the restored area of crab ponds
would decrease by 0.038 × 104 ha, and in normal- and high-flow years, the area would increase by
0.011 × 104 ha. However, in lake 1, different adjustment schemes are shown, with an increase of 0.021
× 104 ha in reed wetlands and a decrease of 0.003× 104 ha in marsh wetlands under the three scenarios.
Combined with water diversion schemes, there were adequate local water resources and no need
for other water supplements for original restoration plans in this lake. Model 2 could realize higher
ecological service values through the optimal adjustment of water resource allocation. Moreover, in
lake 2, adjustments to fish pond restoration would decrease by 0.181 × 104 ha, increase by 0.136 × 104

ha, and increase by 0.06 × 104 ha under low-, normal- and high-flow scenarios, and for reed wetlands,
the adjustments would decrease by 0.08 × 104 ha and 0.08 × 104 ha and increase by 0.04 × 104 ha,
respectively. Although there would be more available flood resources under a high-flow scenario
and the ratio of ecological service value to water demand quota in fish ponds is higher than in reed
wetlands, a decrease in fish ponds and an increase in reed ponds appeared compared to normal-flow
scenario. This result indicated that some water resources would be transferred from higher-valued
ecosystems to lower-valued ecosystems to realize the full use of water resources and maximization of
ecological service value by the constraint of the planned lake scale.
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Figure 12. Sizes of restored water surface area based on model 2 in the western Jilin Province under
different scenarios.
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Figure 13. Sizes of restored wetland area based on model 2 in western Jilin Province under
different scenarios.

Figure 14 provides a comparison of flood resource utilization based on two optimal models under
the high-flow scenario. The utilization of flood resources in model 2 would be more than in model 1,
indicating the full use of flood resources, and decrease the possible flood risk to a certain extent.
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Table 8. Adjustments to the original ecosystem restoration schemes of lakes and ponds in western Jilin
Province (Nong’an County in the Songhua River basin, for example).

Lakes and
Ponds

Ecosystems Initial Planned
Schemes

Adjustment Schemes (104 ha)

Low Flow
Level

Normal Flow
Level

High Flow
Level

i = 1

Fish pond 0.027 0.003 0.003 0.003
Crab pond 0 0 0 0

Reed wetland 0.067 −0.021 −0.021 −0.021
Marsh wetland 0.023 0.003 0.003 0.003

i = 2

Fish pond 0.723 0.181 −0.136 −0.060
Crab pond 0 0 0 0

Reed wetland 0.267 0.080 0.080 −0.040
Marsh wetland 0.133 −0.043 −0.043 −0.043

i = 3

Fish pond 0 0 0 0
Crab pond 0.009 −0.001 −0.001 −0.001

Reed wetland 0 0 0 0
Marsh wetland 0 0 0 0

i = 4

Fish pond 0 0 0 0
Crab pond 0 0 0 0

Reed wetland 0 0 0 0
Marsh wetland 0 0 0 0

i = 5

Fish pond 0 0 0 0
Crab pond 0.071 0.038 −0.011 −0.011

Reed wetland 0.033 0.010 0.010 0.010
Marsh wetland 0.067 −0.021 −0.021 −0.021

i = 6

Fish pond 0 0 0 0
Crab pond 0 0 0 0

Reed wetland 0.007 0.002 0.002 −0.003
Marsh wetland 0.033 −0.011 −0.011 −0.011

i = 7

Fish pond 0 0 0 0
Crab pond 0.203 0.002 −0.031 −0.031

Reed wetland 0.033 0.010 0.010 0.010
Marsh wetland 0.051 −0.016 −0.016 −0.016
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5. Conclusions

In this study, a FTSCCP model was developed for the optimization of ecological service values
in the western Jilin Province based on water diversion and ecological water supplementation for
regional lakes and ponds through the interconnected river system network project. The developed
model can simultaneously address uncertainties such as fuzzy values, probability distributions, and
random variables. In addition, through different selections of decision variables, two different models
were built for optimal adjustments to the original water diversion and ecological water supplement
schemes to maximize the ecological service value under different scenarios. By solving the first model,
optimal schemes to decrease the original restoration plans for ecosystems under low-flow scenario and
optimal adjustments of water resources under normal- and high-flow scenarios would be obtained.
Under low-flow scenarios, a decrease relative to the original restoration plans would mainly appear
in the water surface area, including fish ponds and crab ponds; for the other scenarios, the original
restoration plans would be all realized, and compared to the normal-flow scenario, there would
be an increase in flood resource utilization and a decrease in normal water supplementation under
the high-flow scenario. The results of the second model would show certain increases in ecological
service value and the full use of flood resources, with increases of 3.2%, 6.9%, and 14.5%, based on
the first model under low-, normal- and high-flow scenarios, respectively. The results could provide
valuable support from different perspectives for ecosystem restoration and optimal water resource
management in the western Jilin Province, and the proposed model can also be applied in other regions
and management optimization problems.
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