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Abstract: In this work, an interval-parameter two-stage stochastic programming (IPTSP) model
of water resources allocation was established for maximizing the restored habitat area of large,
rare, and endangered water birds by adjusting the recommended scheme of water replenishment
under different scenarios and constraints. The established model can efficiently deal with the
uncertainties, such as the interval parameters and random variables, in the management system of
water resources simultaneously. A case study was conducted in the Momoge National Nature Reserve
(MNNR) in northeast China to maximize the restored habitat area of large, rare and endangered
water birds based on limited water resources. According to the previous studies, a water area with
a depth of 0–40 cm is a suitable habitat area in the MNNR for the Siberian crane, oriental stork,
and red-crowned crane. The results of the present work show that the habitat area restored by
water replenishment schemes under low, medium, and high flood flow scenarios after optimization
increased in comparison to 13.36 × 103 ha of the recommended scheme, with an increase of [0.62, 5.23],
[1.49, 6.42], and [2.43, 7.17] × 103 ha, respectively (the two numbers within each bracket represent
the lower and upper bounds of the restored habitat areas). As a result, the carrying capacity of
suitable habitat areas increased by [0.82, 6.88], [1.96, 8.45], and [3.21, 9.43] × 103 birds, correspondingly.
The restored wetland area of the project recommendation scheme was 34.23 × 103 ha, and that of the
optimal water replenishment schemes was [29.35, 41.01], [31.02, 44.13], and [33.88, 46.04] × 103 ha,
respectively under the three flood flow scenarios. The results reveal that the model constructed in
this work realizes the optimization and adjustment of the initial scheme to an increased restored
wetland and habitat area with an increase in the flow level. Here, the upper bound of the interval
value mentioned above is significantly higher than the lower bound value, which indicates that a
feasible decision space was provided for decision makers to optimize and adjust the recommended
scheme on the basis of the actual situation. The model-optimized schemes significantly improved
the utilization of limited water resources. The results of this study can provide valuable theoretical
support for the restoration and protection of rare and endangered water bird habitats and planning
and management of water resources.
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1. Introduction

A wetland is known as the “kidney of the earth” that not only provides important ecological
services such as material production, flood control, water storage, pollution degradation, and climate
regulation [1–4], but also is an important habitat and breeding ground for rare and endangered water
birds [5]. The Momoge National Nature Reserve (MNNR) in the Jilin Province of China is an important
stopover site for large, rare and endangered water birds such as the Siberian crane (Grus leucogeranus),
oriental stork (Ciconia boyciana), and red-crowned crane (Grus japonensis) [6]. Affected by natural factors
such as climate change and man-made development and construction activities, the wetland area in
the MNNR has been greatly reduced due to water shortage. As a result, the suitable habitat area for
the endangered water birds has been decimated, resulting in a sharp decline in their numbers [7].

The study species have been listed as threatened species on the “red list” of the International
Union for Conservation of Nature (IUCN) and are also the First-Grade State Protection animals in
China. These are large water birds that depend on shallow wetlands for their survival. Water depth
is the most important factor limiting the use of a habitat area by water birds [8,9]. The water depth
can determine whether a habitat can be used by the water birds [10], and it also affects their feeding
behavior and feeding efficiency [11,12]. The study species are wading birds, unable to reach and use
deep-water habitats. They generally live in marshes or shallow water areas having a water depth
below their tarsus (40 cm) [13–16]. Further, due to the limitations of their body size, especially the
length of their beak, legs, and neck, they generally feed in shallow water areas having a depth of less
than 40 cm, such as reed marshes and fish ponds [15–18]. Further, they cannot survive in regions
with very less water, as they need to put much effort to find food or cannot peck out food at all [14].
The depth of water in an area can also affect the selection and use of habitat by the water birds by
affecting the distribution of food resources [19,20]. The maximum species abundance usually occurs in
shallow water areas of wetlands [21] that are rich in food resources. The bulb of Scirpus planiculmis is
the main food of the Siberian cranes in the MNNR [22], which has a strong growth and reproduction
capacity in the water area of 0–30 cm [23] and its optimal growth depth is 20–30 cm. When the water
depth is more than 30 cm, its density begins to decrease. In a water area having a depth of more
than 40 cm, it is completely replaced by reeds and papyrus [24,25]. Oriental storks mainly feed on
fish, while red-crowned cranes are omnivorous birds mainly feeding on snails and shellfish in the
MNNR. A wetland area with a water depth of 0–40 cm can provide sufficient food resources and a
suitable habitat area for the study species. Therefore, increasing the wetland area with a water depth
of 0–40 cm can increase the habitat area of large rare and endangered water birds, which is conducive
to their population increase. At present, many studies on such habitats for endangered water birds
such as the Siberian crane have focused mainly on the assessment of habitat suitability [26–28], habitat
selection [24,29], habitat impact factors [5,14,18,22,30], and so on, which mainly involves studies on
the existing habitats. However, there are few studies on the restoration of habitat areas based on
practice. At the same time, most of these studies consider only a single species [22,26,27], and only a
few consider multiple species simultaneously.

Ecological water replenishment is one of the most efficient and direct ways to restore wetland
functions and rebuild the wetland ecosystem [31,32]. Wetlands represent one of the most important
types of ecosystems, as they provide important ecosystem services that have an influence on the
survival and development of animals and humans [33–35]. In recent decades, significant progress
has been made in the study of the theory and evaluation techniques used for ecological service valve
evaluation, and ecological service value has become a significant indicator of ecosystem functions [36,37].
Moreover, ecological service value can be used as an important assessment index of wetland restoration
projects [38]. Thus, it is not only the restoration of the habitat areas for water birds but also other
factors such as ecological service value and the water supply capacity, which should be considered
in the process of ecological water replenishment for wetlands, especially in the MNNR where water
resources are scarce [39]. Under such circumstances, preparing a reasonable and scientific ecological
water replenishment scheme for the MNNR taking all of these factors into consideration becomes
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an important question. The system optimization model can connect the system components such as
hydrology, ecology, and management, allowing managers to evaluate options for allocating scarce
resources to optimize management objectives [40]. Due to its complexity, a water resource management
system inevitably has some uncertain factors, including water supply and demand, flood resources,
and economic parameters, and so on [41,42]. In the water resource management system of the MNNR,
parameters such as the water supply capacity, planning scope of lakes, wetland ecological water
demand, and the ecological benefits per unit area are often shown as the interval form fluctuating
within a certain range and are difficult to express by certain numbers. Moreover, affected by rainfall
and other factors, the flood resources are subject to random uncertainty, which is a significant factor
affecting the water resource allocation and restoration of the wetland area of the MNNR. Different flood
resource scenarios will bring forth multiple difficulties during the realization and optimization of the
ecological water replenishment plan for the MNNR. The traditional deterministic model cannot deal
with interval parameters and random uncertain parameters efficiently, thus resulting in non-optimal
and even incorrect model results [43]. Interval programming and two-stage stochastic programming
respectively can address these uncertainties. Interval programming can process the interval parameters
in the system in the form of interval values [44,45], whereas a two-stage stochastic method can efficiently
process random parameters in the form of a probability distribution [46,47]. The inexact two-stage
stochastic programming (ITSP) coupling method constructed by Huang et al. [48] can effectively deal
with both interval parameters and random variables at the same time [49], thus having been widely used.
For example, Fu et al. [50] presented an ITSP model for multi-conflict regional water resources allocation
in the south-to-north water benefited area. Li et al. [51] developed an interval-parameter two-stage
stochastic programming model for supporting sustainable water resources planning in Zhengzhou City,
China. Meng et al. [52] proposed an ITSP model for supporting water resources allocation and total
amount control of the pollutant emissions in the Yinma River Basin in northeast China.

Therefore, in this work, an optimal allocation model of water resources was constructed based on
the interval-parameter two-stage stochastic programming (IPTSP) method for maximizing the restored
habitat area of rare water birds. The constructed model was applied to investigate the optimization of
the restored habitat area of the study species in the MNNR in the Jilin Province by optimization and
adjustment of the ecological water replenishment of the recommended plan under different flood flow
scenarios. The results are expected to provide advice for the administrative department to make scientific
and effective water replenishment schemes, thus improving the utilization of limited water resources.

2. Case Study

The project involved in the recommended scheme is located on the right bank of the Nenjiang River
and the plain on the left bank of the Songhua River, covering eight counties, including Zhenlai county.
The study area of the MNNR is located in the southeast of Zhenlai county, Baicheng. The reserve is
rich in biological species, and a wetland reserve takes in rare water birds such as cranes and storks and
conserves their habitats as protected objects [53]. The MNNR is not only an important habitat and
migration station for these endangered water birds, but is also the largest stopover site in the world
for the Siberian cranes. At its peak, 3800 Siberian cranes were detected in the MNNR, accounting for
more than 95% of the world’s population of this species [54]. Their rest time in the MNNR has also
been observed to be the longest. Therefore, the MNNR is of great international significance for the
protection of global biodiversity.

There has been a shortage of water resources in the MNNR. This is because the annual rainfall in
the region is less than 400 mm. However, the annual evaporation is up to 900–1000 mm. In addition,
the distribution of precipitation is very uneven and is mainly concentrated between the months of June
and August. The lack of natural precipitation in the reserve, combined with wetland reclamation and
the construction of water conservancy projects and roads, has brought about a substantial shrinking
and degradation of the wetland area, a decline in the ecological function of the wetland, and drying up
of some lakes. As a result, shrinking and fragmentation of the habitat area, on which Siberian cranes
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and other large rare water birds rely for survival and breeding, were exacerbated, and the population
of the protected birds that come here to live and breed has decreased. The population of the Siberian
crane in the MNNR was more than 2000 from 2004 to 2011 [24], reaching a peak of 3800 in 2012 and
dropping to 1800 in the autumn of 2015. Historically, the resting population of oriental storks reached
400–800, which was 40–80 in spring 2013 and 83 in 2014 [54]. Red-crowned cranes, the migrant birds,
have a small population with only 10 to 20 resting population from 2009 to 2013. The largest resting
population was 22 in the autumn of 2012, while it decreased to 11 in the spring of 2013. From these
numbers, it is clear that the function of the MNNR as an important stopover site on the migratory route
of rare birds has been greatly reduced.

According to the project recommendation scheme, in order to restore the wetland area of the
MNNR and to protect these large rare water birds, the water demand of the wetland should be met in
the first place. The MNNR mainly relies on the “Yinnenrubai” water replenishment project, which
connects 66 lakes via 54 km trunk channels and affiliated branch channels. In this work, 18 lakes
in the MNNR were selected as the study areas, which are replenished by four water intakes. They
are the third branch channel of the Baishatan irrigation area (BIA), Zhushan pumping station (ZPS),
Shijiangfang intake gate (SIG), and Haernao pumping station (HPS), respectively. BIA supplies water
to 9 lakes, including the Etou Lake. Its available normal water and flood replenishment in the project
recommended scheme are 7633 × 104 m3/year and 2997 × 104 m3/year, respectively. ZPS supplies
water to 3 lakes, including the Zhushan Lake. Its available flood replenishment is 2014 × 104 m3/year.
SIG supplies water to four lakes, including the Haernao Lake. Its available flood replenishment is
2297 × 104 m3/year. HPS supplies water to four lakes, including the Nashi Lake and its available flood
replenishment is 288 × 104 m3/year. The project recommendation scheme would restore a wetland area
of 34.23 × 103 ha. The geographical locations of the MNNR and 18 lakes are shown in Figure 1.

Figure 1. The geographical locations of the study area (MNNR = Momoge National Nature Reserve).
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3. Modeling

3.1. Model Establishment

The optimal allocation of water resources in the MNNR is aimed at maximizing the restoration
and expansion of the habitat area of rare water birds while taking into account the economic and
ecological benefits. The study species are first-class protected animals in China and are also the main
protected species in the MNNR. Thus, they were selected as the objects of study in this work. According
to the living habits of the study species, they can only inhabit and forage in water areas of depth
between 0–40 cm [15–18]. Thus, the present work considers the water area with this as a suitable
habitat for them. In order to facilitate the calculation, the longitudinal profile of the lakes was assumed
to be a regular parabola and the relationship curve of the water level-area-volume of the 18 lakes in
the MNNR was simulated and established by referring to the data of the water level-area-volume
capacity of the 18 lakes in the recommended project. Based on the relationship curve, the relationship
coefficient, C1, between the habitat area suitable for the endangered water birds and the water area
having a depth greater than 40 cm, was calculated. The proportion of habitat area to total area was
observed to decrease with an increase in the water level. Its correlation function was complex and
difficult to calculate. Thus, in order to simplify the calculation, a minimum value was taken in this
work. A good linear relationship was observed between the total area of the lake and the water volume,
and their relationship coefficient, C2, was obtained by a linear fitting function. Finally, the relationship
coefficient, C, between the habitat area and the water volume was calculated based on C1 and C2.

On the basis of the above-mentioned points, by taking the water supply capacity, the planning
scope of the lakes, the ecological water demand of the wetland, the ecological benefits, and the net
carbon sink as the constraints, an optimal model of water resource allocation based on the IPTSP
method was constructed to maximize the restored habitat area of the rare water birds. The constructed
model took the optimal water supply target of each lake as the first stage and the water shortage,
caused by the actual water supply not meeting the water supply target, as the second stage. The model
comprehensively considered the interval parameters such as the ecological water demand of the
wetland and the ecological functional area and the stochastic uncertainty of flood resources in the
water resource management system of the MNNR. The model was used to optimize and adjust the
initial plan of the ecological water supplement under the scenarios of low, medium, and high flood
flow. The random variables were expressed in the form of a probability distribution and the interval
parameters were expressed in the form of its upper and lower bounds. The upper bound value of
the interval parameter is “+", while the lower bound value is “−". The optimization model built is
as follows:

Max f± =
18∑

i = 1

C±i ·QT±i −
18∑

i = 1

3∑
h = 1

Ph ·C±i ·QS±ih, (1)

where f± is the restored habitat area of rare water birds (in 103 ha), i denotes the 18 lakes in the
MNNR, and h denotes the flood flow scenario with h = 1, 2, 3 representing the low, medium, and high
flood flow scenarios, respectively. Ph represents the probability of different flow scenarios, C±i is the
relationship coefficient between the habitat area and the water volume (in 103 ha/104 m3), QT±i is the
optimal water replenishment target of each lake (in 104 m3), and QS±ih represents the water shortage
under the different flood flow scenarios (in 104 m3).

Constraints:

(1) Constraint for minimum water demand:

QT±i −QS±ih ≥
4∑

j = 1

A±i jmin ·QR±i j,∀i, h, (2)
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where j denotes the four different ecosystems with j = 1, 2, 3, 4 representing the fish pond, the crab
pond, the reed wetland, and the marsh wetland, respectively, A±i jmin is a variable denoting the

minimum requirement for different ecological function areas of the lakes (in 103 ha), and QR±i j is

the ecological water demand per unit area of the different ecosystems (in 104 m3/103 ha).
(2) Constraints for the water supply capacity:

QT±i −QS±ih ≤ QID±ih + QND±ih + QFD±ih −QL±i ,∀i, h, (3)

9∑
i = 1

QFD±ih ≤ QTF±nh, n = 1,∀h, (4)

12∑
i = 10

QFD±ih ≤ QTF±nh, n = 2,∀h, (5)

16∑
i = 13

QFD±ih ≤ QTF±nh, n = 3,∀h, (6)

18∑
i = 17

QFD±ih ≤ QTF±nh, n = 4,∀h, (7)

QID±ih ≤ QI±i ,∀i, h, (8)

QND±ih ≤ QN±i ,∀i, h, (9)

where QID±ih,QND±ih, and QFD±ih represent the local inflow water, the normal replenishment water,
and the flood replenishment water, respectively, corresponding to the flood flow scenarios, h,
of each lake after optimization (in 104 m3), QL±i is the loss of water transmission (in 104 m3),
and n denotes the four water intakes in the MNNR with n = 1, 2, 3, 4 representing BIA, ZPS, SIG,
and HPS, respectively. QTF±nh is the total amount of available flood resources of intakes, n, under
the different flood flow scenarios (in 104 m3).QI±i and QN±i are the available local inflow water
and the available normal replenishment water, respectively (in 104 m3).

(3) Constraints for the water replenishment order:

4∑
j = 3

FA±i jh ·QR±i j =



QID±ih + QND±ih + QFD±ih −QL±i −
2∑

j = 1
FA±i jh ·QR±i j,

i f
2∑

j = 1
FA±i jh ≥

2∑
j = 1

A±i jmin

0 , i f
2∑

j = 1
FA±i jh ≤

2∑
j = 1

A±i jmin

,∀i, h, (10)

FA±i4h ·QR±i4 =


4∑

j = 3
FA±i jh ·QR±i j − FA±i3h ·QR±i3, i f FA±i3h ≥ A±i jmin

0 , i f FA±i3h ≤ A±i jmin

,∀i, h, (11)

where FA±i jh denotes the area of the ecosystem j in the lake i under scenario h (in 103 ha).
The constraint reflects that the priority order of water replenishment in the project is the fish and
crab pond, reed wetland, and marsh wetland, respectively.

(4) Constraints for the function zone area:

4∑
j = 1

FA±i jh ≤ TFA±i ,∀i, h, (12)
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FA±i jh ≤ A±i jmax,∀i, j, h, (13)

4∑
j = 1

FA±i jh ≥ C±i · (QT±i −QS±ih),∀i, h, (14)

4∑
j = 1

FA±i jh ·QR±i j = QT±i −QS±ih,∀i, h, (15)

where TFA±i denotes the upper limit of the planning area of the lake i (in 103 ha), and A±i jmax

denotes the upper limit of the area of the ecosystem j in the lake i (in 103 ha).
(5) Constraints for the ecological benefit:

OTEB±kh =
18∑

i = 1

4∑
j = 1

FA±i jh ·Y
±

i j · ESV±jk,∀k, h, (16)

OTEB±kh ≥ TEB±k ,∀i, h, (17)

18∑
i = 1

4∑
j = 1

FA±i jh ·Y
±

i j ·
19∑

k = 1
ESV±kh −

18∑
i = 1

(QT±i −QS±ih −QFD±ih) · 0.18

−

18∑
i = 1

QFD±ih · 0.11 ≥ SEB±m,∀h
(18)

where k denotes the ecosystem services in the MNNR, OTEB±kh is the benefit of the ecological
service k generated by the optimal water replenishment scheme under different flood flow
scenarios (in 106 CNY), Y±i j is a variable between 0 and 1, ESV±jk denotes the ecological benefit per

unit area of the ecological service k of ecological function area j (in 106 CNY), TEB±k denotes the
benefit of the ecological service k generated by the project recommendation scheme (in 106 CNY),
SEB±m denotes the total ecological benefits of the project recommendation scheme (in 106 CNY),
and the normal and flood water replenishment costs are 0.18 and 0.11 (in CNY/m3), respectively.
This work only considers the cost of water transmission.

(6) Constraints for the net carbon sink:

OTCS±ih =
4∑

j = 1

FA±i jh ·Y
±

i j ·NCSA±i j,∀i, h, (19)

OTCS±ih ≥ TCS±i ,∀i, h, (20)

where OTCS±ih is the net carbon sink of the ecological function area j of the lake i caused by the
optimal scheme (in t), NCSA±ih denotes the net carbon sink capacity of the ecological function area
j of the lake i (in t/103 ha), TCS±i is the net carbon sink of the ecological function area j of the lake i
caused by project recommendation scheme (in t).

(7) Other constraints:
QS±ih ≥ 0,∀i, h, (21)

QFD±ih ≥ 0,∀i, h. (22)

Based on the interactive algorithm [48], the IPTSP model was divided into two sub-models that
correspond to the lower and upper bounds of the desired objective function value, f+ and f−. By solving
the two sub-models, f+opt, f−opt,QTi,QS−ihopt, and QS+

ihopt were obtained. By combining the solutions,

the optimal solutions of the IPTSP model were found to be f±opt =
[

f−opt, f+opt

]
,QS±ihopt =

[
QS−ihopt, QS+

ihopt

]
,
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and the optimal water replenishment schemes were Q±ihopt = QTi −QS±ih,∀i, h. The solution processes
of IPTSP model are shown in Supplementary Materials. And the definition of constraints can be seen
in Section B in Supplementary Materials.

3.2. Revision of the Evaluation Index System of the Ecosystem Service Value in the Momoge National Nature
Reserve (MNNR)

Ecosystem services refer to the direct, indirect, tangible, and intangible benefits provided by
natural ecosystems and ecosystems modified by humans [55]. There are many classification systems for
the ecosystem services, among which the division of ecosystem services proposed by the Millennium
Ecosystem Assessment (MA) has been widely accepted and applied. It provides a paradigm and a
standard for the value evaluation of the wetland ecosystem services. MA [55] divides the ecosystem
service functions into four categories. The first category is the supply services, which include the service
of providing ecosystem products such as food for humans. The second category is the regulation
services which include the regulation of climate. The third category is the support services, which
include functions such as providing habitats. The fourth category is the cultural services, which include
educational value.

The project involved in the recommended scheme is an ecological water conservancy project
primarily developed for the restoration and protection of wetlands. The project pays attention to not
only the socio-economic and environmental benefits, but also the ecological benefits [56]. Therefore,
based on the evaluation index system built by Cai et al., [56] and the classification system of MA,
an evaluation index system of the ecosystem service of the MNNR, which comprehensively considered the
socio-economic, environmental, and ecological benefits, was appropriately revised [57,58]. The revised
index system includes four first-level indicators such as supply service, 14 s-level indicators such
as food production, and 19 third-level indicators such as oxygen release. Based on the evaluation
index system, the ecological service value per unit area of the different ecological function areas was
calculated. In order to take the inflation into account, it was necessary to discount the value of the
ecological services per unit area to 2017 by referring to the changes in the average output value of
three kinds of grains in China, consumer price index, the producer price index, and the price index of
investment in fixed assets from 2005–2017. The calculation results are shown in Table 1. The evaluation
method of the third-class indices is provided in Supplementary Materials.
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Table 1. Revision system of ecosystem service value evaluation index in the Momoge National Nature Reserve (MNNR) (106 CNY/103 ha).

First Class Indices Second Class Indices Third Class Indices
Ecological Service Value

Fish Pond Crab Pond Reed Wetland Marsh Wetland

Supply service

Food production Fish [24.00, 28.80] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00]
Crab [0.00, 0.00] [36.00, 43.20] [0.00, 0.00] [0.00, 0.00]

Raw material production Reed [0.00, 0.00] [0.00, 0.00] [3.00, 3.60] [0.00, 0.00]
Scirpi [0.00, 0.00] [0.00, 0.00] [0.00, 0.00] [0.16, 0.19]

Water supply Water supply [12.80, 15.35] [12.80, 15.35] [0.00, 0.00] [0.00, 0.00]

Regulating services

Carbon sequestration Carbon sequestration [0.00, 0.00] [0.00, 0.00] [0.69, 0.83] [0.11, 0.13]
Atmosphere adjustment Oxygen release [0.00, 0.00] [0.00, 0.00] [6.38 7.65] [0.96, 1.15]

Flood regulation Flood regulation [30.80, 36.95] [30.80, 36.95] [4.53, 5.44] [4.53, 5.44]
Microclimate adjustment Cooling and humidification [1.80, 2.16] [1.80, 2.16] [11.88, 14.26] [11.88, 14.26]

Support services

Degradation pollution Plant adsorption [0.00, 0.00] [0.00, 0.00] [12.63, 15.16] [12.63, 15.16]
Assimilative capacity [0.00, 0.00] [0.00, 0.00] [18.29, 21.94] [18.29, 21.94]

Biodiversity maintenance Biological habitat [2.34, 2.68] [2.34, 2.68] [2.34, 2.68] [2.34, 2.68]
Rare water bird protection [15.53, 18.63] [15.53, 18.63] [15.53, 18.63] [15.53, 18.63]

Soil conservation Soil conservation [3.77, 4.52] [3.77, 4.52] [9.35, 11.21] [9.35, 11.21]
Nutrient cycle Nutrient cycle [0.28, 0.34] [0.28, 0.34] [0.74, 0.88] [0.74, 0.88]

Cultural Services

Scientific culture Scientific culture [0.47, 0.56] [0.47, 0.56] [0.47, 0.56] [0.47, 0.56]
Leisure tourism Leisure tourism [3.35, 4.01] [3.35, 4.01] [3.35, 4.01] [3.35, 4.01]

Aesthetic landscape Urban Landscape [1.83, 2.20] [1.83, 2.20] [1.83, 2.20] [1.83, 2.20]
Natural landscape [0.74, 0.88] [0.74, 0.88] [0.74, 0.88] [0.74, 0.88]

Note: The two numbers, a and b, within each bracket, represent the lower and upper bounds of the ecosystem service value.
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3.3. Parameters Descriptions

In this work, 18 lakes in the MNNR were selected as the study area, and the IPTSP model was
solved mainly based on the basic data related to the ecological benefits and other constraints in
the project recommendation scheme. Among them, the flood resource is stochastically uncertain
and was divided into low, medium, and high flow levels, among which the flood resource of the
project recommended scheme corresponds to a medium flow level. On the basis of the water resource
sequence of the Nenjiang River in the “Jilin Province Water Resources” from 1956 to 2010, Monte Carlo
simulations using the Oracle Crystal Ball (Oracle, Redwood Shores, CA, USA) software were carried
out to obtain the probability distribution of the water resources and the results of the calculation are
shown in Figure 2. From the figure, it can be seen that the probabilities of the low, medium, and high
flood flow levels in the predicted year were 0.50, 0.38, and 0.12, respectively. The available flood
resources of the four water intakes in the study area under the three flood flow scenarios are listed in
Table 2. The ecological function planning areas, ecological water demand, and net carbon sink capacity
per unit area are shown in Table 3. The relationship coefficient between the habitat area and water
volume in shown in Table 4.

Figure 2. Probability distribution of the water resources in the Nenjiang River.

Table 2. Available water resources of 4 intakes under different scenarios (in 104 m3/year).

Intakes Normal and Local Water
Flood

h = 1 (0.50) h = 2 (0.38) h = 3 (0.12)

BIA [6993.40, 9163.90] [2158.38, 2413.19] [2697.98, 3447.41] [3372.47, 4136.90]
ZPS [3470.05, 4491.60] [1450.66, 1621.91] [1813.32, 2317.02] [2266.65, 2780.42]
SIG [2524.1, 3190.8] [1653.84, 1849.09] [2067.30, 2641.55] [2584.13, 3169.86]
HPS [375.65, 489.9] [207.36, 231.84] [259.20, 331.20] [324.00, 397.44]

Note: h = 1,2,3 represent low, medium and high flood flow scenarios; BIA = third branch channel of the Baishatan
irrigation area; ZPS = Zhushan pumping station; SIG = Shijiangfang intake gate; HPS = Haernao pumping station.
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Table 3. Ecological function planning areas, ecological water demand, and net carbon sink capacity per
unit area.

Intakes Lakes Fish Pond Crab Pond Reed Wetland Marsh Wetland

Ec
ol

og
ic

al
fu

nc
ti

on
pl

an
ni

ng
ar

ea
s

(i
n

10
3

ha
)

BIA

Yuanbaotu Lake [0.00, 0.00] [0.40, 0.72] [0.45, 0.81] [0.86, 1.57]
Wulanzhao Lake [0.00, 0.00] [0.19, 0.40] [0.22, 0.46] [0.42, 0.88]

Momoge Lake [0.00, 0.00] [0.36, 0.66] [0.41, 0.75] [0.80, 1.45]
Etou Lake [0.00, 0.00] [0.42, 0.88] [0.48, 1.00] [0.92, 1.92]

Taipingshan Lake [0.00, 0.00] [0.14, 0.25] [0.16, 0.29] [0.31, 0.55]
Datun Lake [0.00, 0.00] [0.12, 0.28] [0.14, 0.32] [0.27, 0.61]

Gaomian Lake [0.00, 0.00] [0.42, 0.76] [0.47, 0.86] [0.92, 1.66]
Huoshao Lake [0.00, 0.00] [0.05, 0.12] [0.06, 0.15] [0.11, 0.27]

Wobu Lake [0.00, 0.00] [0.10, 0.18] [0.11, 0.21] [0.22, 0.41]

ZPS
Zhushan Lake [0.00, 0.00] [0.63, 1.24] [0.95, 1.88] [2.72, 5.39]
Houbutai Lake [0.00, 0.00] [0.33, 0.48] [0.26, 0.38] [1.50, 2.18]

Shaoli Lake [0.00, 0.00] [0.15, 0.26] [0.11, 0.21] [0.66, 1.20]

SIG

Haernao Lake [2.17, 3.94] [0.00, 0.00] [0.88, 1.60] [1.47, 2.68]
Wujiazi Lake [0.00, 0.00] [0.07, 0.19] [0.02, 0.05] [0.07, 0.17]
Qunyin Lake [0.00, 0.00] [0.46, 0.98] [0.02, 0.04] [0.05, 0.10]

Yinhoutai Lake [0.00, 0.00] [0.07, 1.80] [0.00, 0.00] [0.02, 0.05]

HPS
Nashi Lake [0.00, 0.00] [0.43, 0.62] [0.12, 0.17] [0.01, 0.02]

Baoshan Lake [0.00, 0.00] [0.12, 0.30] [0.10, 0.24] [0.02, 0.05]

Ecological water demand per unit area
(in 104 m3/103 ha) [653, 718] [653, 718] [698, 767] [480, 528]

Net carbon sink capacity per unit area
(in t/103 ha) [0, 0] [0, 0] [3713, 4950] [387, 517]

Note: BIA = third branch channel of the Baishatan irrigation area; ZPS = Zhushan pumping station; SIG = Shijiangfang
intake gate; HPS = Haernao pumping station.

Table 4. Relationship coefficient between the habitat area and water volume (in ha/104 m3).

Intakes Lakes Sequences Relationship Coefficient

BIA

Yuanbaotu Lake i=1 [0.64, 0.74]
Wulanzhao Lake i=2 [1.47, 1.69]

Momoge Lake i=3 [0.20, 0.23]
Etou Lake i=4 [1.41, 1.62]

Taipingshan Lake i=5 [0.08, 0.09]
Datun Lake i=6 [1.63, 1.88]

Gaomian Lake i=7 [0.43, 0.50]
Huoshao Lake i=8 [1.30, 1.49]

Wobu Lake i=9 [1.17, 1.35]

ZPS
Zhushan Lake i=10 [1.21, 1.39]
Houbutai Lake i=11 [0.31, 0.35]

Shaoli Lake i=12 [0.43, 0.49]

SIG

Haernao Lake i=13 [0.11, 0.13]
Wujiazi Lake i=14 [0.18, 0.21]
Qunyin Lake i=15 [0.56, 0.65]

Yinhoutai Lake i=16 [0.27, 0.31]

HPS
Nashi Lake i=17 [0.70, 0.80]

Baoshan Lake i=18 [0.30, 0.34]

Note: BIA = third branch channel of the Baishatan irrigation area; ZPS = Zhushan pumping station; SIG = Shijiangfang
intake gate; HPS = Haernao pumping station.
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4. Results, Analysis, and Discussion

4.1. Adjustment of Allocation Scheme of the Water Resources in the Momoge National Nature Reserve (MNNR)
through the Interval-Parameter Two-Stage Stochastic Programming (IPTSP) Model

The loss of wetlands in natural reserves is the most important factor leading to a global decline in
many species of water birds and poses a serious threat to the health and population integrity of the
water birds [59]. Ecological water replenishment is one of the most efficient and direct ways to restore
wetland functions [31,32], and this method is also conducive to the restoration and expansion of the
habitat area of rare water birds. In order to recover the maximum habitat area of rare and endangered
water birds, an optimal allocation model of water resources in the MNNR was established by using the
IPTSP method. The Lingo11.0 tool [39] was used for solving the model and the optimal water supply
targets of 18 lakes, and the water replenishment schemes under different flood flow scenarios were
obtained, as shown in Table 5.

Table 5. Actual optimal water supply of each intake in the Momoge National Nature Reserve (MNNR)
of the Jilin Province under different flood flow scenarios (in 104 m3/year).

Intakes
Optimal Water
Supply Target

Optimal Actual Water Supply

Low Flow Level Medium Flow Level High Flow Level

BIA 11859.40 [9151.78, 11577.09] [9691.38, 11859.40] [10365.87, 11859.40]
ZPS 7272.02 [4920.71, 6113.51] [5283.37, 6808.62] [5736.70, 7272.02]
SIG 6360.66 [4177.94, 5039.89] [4591.40, 5832.35] [5108.23, 6360.66]
HPS 901.14 [583.01, 721.74] [634.85, 821.10] [699.65, 887.34]

Note: BIA = third branch channel of the Baishatan irrigation area; ZPS = Zhushan pumping station; SIG = Shijiangfang
intake gate; HPS = Haernao pumping station.

It can be seen from Table 5 that the optimal water supply target of each water intake is the same
in the different flood flow scenarios, and on the whole, the targets could not be fully satisfied for
any of the three flow scenarios. Among them, the water shortage corresponding to the low flood
flow scenario was large, with values of [2941.00, 7559.79] × 104 m3, while that corresponding to the
middle flow scenario was [1071.75, 6192.23] × 104 m3. The smallest water shortage occurred in the
high flow scenario, with values of [13.80, 4482.78] × 104 m3. From these results, it is clear that with
the increase in the inflow, the water shortage of each intake decreases gradually, and the optimal
water supply in the MNNR continuously increases. At the same time, these results also indicate that
the supply from the water resources in the MNNR is less than the demand, and the MNNR is in a
state of water shortage. This is mainly because even though the water supply scheme of the project
can alleviate the water shortage of the MNNR, the water supply for the MNNR is still limited [60].
It can be seen from Table 5 that the upper bound value of water supply of the ZPS and SIG were
just enough to meet the water supply target under high flood flow scenario, while the upper bound
value of the BIA met its water supply target under middle and high flood flow scenarios and there
was even surplus water supply. In the case of the medium flood flow scenario, the water supply of
the BIA was [9691.38, 12611.31] × 104 m3, and the upper bound value was 751.91 × 104 m3 larger
than the water supply target. In the case of the high flood flow scenario, the water supply of the BIA
was [10365.87,13300.80] × 104 m3 and its upper bound value still had a surplus of 1441.39 × 104 m3.
Although the water supply target was not met by the lower bound value, it is still only 12.6% less. This
indicates that the water supply target of the BIA could be satisfactorily met. However, the water supply
target of HPS was not met under any of the three flood flow scenarios. Therefore, the decision-making
department can divert the remaining water from the BIA to ZPS and SIG under medium flood flow
scenario and redirect the remaining water to the HPS under the high flood flow scenario, so as to
reduce the water shortage and effectively utilize the limited water resources.
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Figure 3 shows the optimal water supply target of each lake in the MNNR under different flood
flow scenarios, corresponding to the initial allocation plan, and the water supply reduction required in
the second stage since the optimal water supply target could not be met in the initial plan. As can
be seen from the figure, the optimal water supply target for each lake under the different flood flow
scenarios was unchanged, with a total volume of 26393.22 × 104 m3, an increase of 33.68% with respect
to the recommended scheme. The actual optimal water supply is determined by the difference between
the optimal water supply target and the water shortage [39]. Due to the different inflow under different
scenarios, i.e., high flow level > middle flow level > low flow level, the water shortage of each lake
under the different flood flow scenarios was also different. Figure 3 shows that the optimal water
supply targets of lakes 2, 4, 6, 8, and 9 of the BIA were fully met under all three flow scenarios. This
indicates that the BIA gave priority to the water replenishment of these five lakes. The two reasons
for this observation are (1) lakes 2, 4, 6, 8, and 9 have the five largest habitat area-water volume
relationship coefficients among the nine lakes, and a larger habitat area can be gained with the same
amount of water replenishment in these lakes; (2) the total water supply target of lakes 2, 4, 6, 8,
and 9 was 4691.03 × 104 m3, accounting for only [40.5%, 51.3%] of the actual water supply under
the low flood flow scenario, which was easy to meet. In order to maximize the restored habitat area,
the model gives priority to the water replenishment of these five lakes. Under the three flood flow
scenarios, the water shortage of lake 7 was the largest, which was, respectively [0, 1011.24], [0, 1011.24],
and [0, 405.08] ×104 m3. However, it can be seen from Figure 3 that the water replenishment order of
lake 7 was superior to that of lake 3. From the results of the analysis, it can be seen that the model had
to fulfill the minimum water demand of lake 3 to maintain its ecosystem function and then supply
water to lake 7. In addition, the water supply target of lake 7 was too large to be met. This indicates
that the relationship coefficient and the water supply target are two important factors affecting the
water replenishment sequence of lakes, among which the relationship coefficient is the leading factor.
In order to maximize the restored habitat area of rare water birds, the model mainly sorts a water
replenishment sequence of the lakes based on the relationship coefficient. For ZPS, it can be seen from
Figure 3a that the water replenishment order of lake 11 was superior to that of lake 12, while from
Figure 3b, the water replenishment order of lake 10 was superior to that of lakes 11 and 12. The priority
order of water replenishment for the four lakes of the SIG was lake 15 > 16 > 14 > 13. For the HPS,
lake 17 had priority of water replenishment over lake 18. The sequence of water replenishment of lakes
in each intake is the same as that of the corresponding relationship coefficient, which is consistent with
the above conclusions.

Figure 3. Cont.
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Figure 3. Water supply of each lake in the Momoge National Nature Reserve (MNNR) under different
flood flow scenarios. Panel (a) shows the upper bound, while panel (b) shows the lower bound. L, M,
and H denote low, middle, and high flow scenarios, respectively. The blue part represents the optimal
actual water supply, while the red part represents a water shortage.

4.2. Calculation of the Habitat Area for Rare Water Birds before and after the Interval-Parameter Two-Stage
Stochastic Programming (IPTSP) Model Employed in the Momoge National Nature Reserve (MNNR)

Based on the water level-area-volume relationship curve, the relationship coefficient between
the habitat area of endangered water birds and the water volume in each lake bubble was obtained.
On this basis, the restored habitat area of the endangered water birds in each lake was calculated as
per the water replenishment schemes under the three flood flow scenarios. The results are shown in
Table 6.

Table 6. Comparison of the habitat areas of rare and endangered water birds restored by different
water replenishment schemes (in 103 ha).

Habitat Area Recommended
Scheme

Optimization Schemes

Low Flow Level Medium Flow Level High Flow Level

Total value 13.36 [13.99, 18.59] [14.85, 19.78] [15.80, 20.53]
Expectation 13.36 [14.53, 19.28]

Table 6 lists the total and the expected values of the habitat area of rare water birds restored
by the optimal water replenishment scheme under the three flood flow scenarios and the project
recommendation scheme in the MNNR. On the whole, the habitat area restored by the recommended
scheme and the optimized schemes under low, medium, and high flood flow scenarios accounted for
39.04%, [45.34%, 47.66%], [44.82%, 47.60%], and [44.58%, 46.64%], respectively, of the total restoration
wetland area. Xia et al. [5] found that the habitat area of birds was 24–63% of the natural wetland area,
while Cui et al. [25] found that the proportion was 65.30%. The results of this work are consistent with
the two previous studies. It can be seen from Table 6 that the habitat area of rare water birds restored
by the optimization schemes under the three flood flow scenarios are increased by [4.7%, 39.1%],
[11.1%, 48.0%], and [18.2%, 53.6%], respectively as compared to that due to the recommended scheme.
The area increase is the largest under the high flood flow scenario (as shown in Figure 4). Further,
the expected value was [8.8%, 44.3%] larger than the planned value. This shows that the optimized
model can effectively increase the restored habitat area of rare water birds. Alminagorta et al. [40]
confirmed this by using the optimization model to increase the habitat area of water birds by the
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optimization scheme to twice that of the basic scheme. On the other hand, on comparing the interval
value of the restored habitat area by the three optimization schemes, it can be found that the upper
bound value improved significantly as compared to the lower bound value, which is also highlighted
from a comparison of Figure 4b,c. This indicates that the model results have a large decision space
for managers to use. In addition, with the increase in the water supplement, the habitat area of rare
water birds recovered under the low, medium, and high flood flow scenarios is also seen to increase.
As compared to the low flood flow scenario, the habitat area in the case of the medium and high
flood flow scenarios increases by [6.2%, 6.4%], and [10.4%, 13.0%], respectively. This indicates that the
decision-making department can propose more scientific, rational, and effective water replenishment
schemes with the help of the optimization model to improve the utilization rate of flood resources [39].

Figure 4. Schematic diagram of the habitat area restoration of some lakes under different water
replenishment schemes. Panel (a) shows the recommended scheme, panels (b) and (c) show the lower
bound and upper bounds of the optimal scheme under the high flood flow scenario.

According to the ecological habits of the Siberian crane, oriental stork, and red-crowned crane,
they migrate to the MNNR in spring and autumn and stay there for one to two months [61]. According
to the project recommendation scheme, Siberian cranes and oriental storks migrate here in autumn
with their young ones. Siberian cranes move here between early September to early October and leave
between late October to early November. Oriental storks arrive in the middle of September and depart
in early November. Red-crowned cranes move here in early October and leave during late October
to early November. The water replenishment period of the MNNR is from July to September, and it
is completed just at the time of their migration, such that a suitable habitat area for them is restored
and expanded. Therefore, a larger number of such suitable habitats and foraging areas, as well as
abundant food, are available for them, which increases the carrying capacity of suitable habitat areas
in the MNNR for rare water birds. According to Xiao [62], the distribution density of the study species
in the MNNR is about 0.76 ha/number. From the calculations done in this work, the total carrying
capacity of the MNNR according to the optimization schemes under low, medium, and high flood flow
scenarios was [18.40, 24.46] × 103, [19.54, 26.03] × 103, and [20.79, 27.01] × 103 birds, respectively, with
an increase of [0.82, 6.88] × 103, [1.96, 8.45] × 103, and [3.21, 9.43] × 103 birds, respectively, as compared
to that of the recommended scheme. This result is in line with the estimated result of Xiao [62].
As a result, the survival chances of the study species, as per the optimization schemes, were improved
by [4.7%, 39.1%], [11.1%, 48.0%], and [18.2%, 53.6%], respectively, as compared to that predicted by
the project recommendation scheme. The increase of the habitat area is conducive to the growth
and survival of chicks and a guarantee for their continued southward migration [63]. The mortality
during their southward migration can be reduced, thus enabling their recovery and increase in their
population, which is of great significance to the safety of the rare water birds [25].
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Figure 5 shows the relationship between the habitat area of rare water birds restored by the project
recommendation scheme and that restored by the optimized water replenishment scheme under the
three flood flow scenarios in the 18 lakes of the MNNR. It can be seen from the figure that for the
BIA, the restored habitat areas of lakes 2, 4, 6, 8, and 9 all reach a peak and do not change under the
three flood flow scenarios. In addition, the restored areas are larger than the restoration achieved
by the recommended scheme, with an increase of [50.0%, 72.5%], [50.0%, 72.5%], [28.3%, 47.6%],
[105.4%, 136.3%], and [57.1%, 80.6%], respectively, for the five lakes. The primary reasons for this are
as follows: (1) the water supply targets of these lakes in the optimization schemes were larger than
the corresponding targets in the project recommendation scheme; (2) these lakes were given priority
for their water replenishment so that the water supply targets of these lakes were met under all three
flood flow scenarios. Under the different flood flow scenarios, the variation of the restored habitat
area of the lakes corresponding to the BIA fluctuated only by a small amount. This is mainly because
the optimal water supply of the BIA was relatively adequate and close to the optimal water supply
target. For the ZPS, the restored habitat area of lake 10 increased with the increase in flood flow level,
while that of lake 11 and 12 did not change due to being affected by the water replenishment sequence.
Further, the total inflow was insufficient, and thus the model chose to supply water to lake 10 as much
as possible. In the case of the lakes fed by the SIG and HPS, the restored habitat area of each lake
using the optimal scheme under the different flood flow scenarios had little change and also showed
little difference from the results achieved by the project recommendation scheme. On comparing the
restored habitat areas of each lake, it can be seen that the restored habitat areas of lakes 1, 2, 4, 6, 7,
and 10 were the largest. Their total habitat area accounted for more than 51.3% under different flood
flow scenarios. These lakes also had the highest carrying capacity for rare water birds and the highest
probability of Siberian cranes and other rare water birds inhabiting here. These results are in line
with the actual situation in which a large number of rare water birds such as Siberian cranes can be
observed in Yuanbaotu Lake, Wulanzhao Lake, Etou Lake, Zhushang Lake, Datun Lake, and Gaomian
Lake [15,18].

Figure 5. Restored habitat areas of rare water birds in 18 lakes by the recommended scheme and the
optimization scheme under the different flow scenarios of water replenishment.
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4.3. Potential for Improvement of the Reed Wetland, Marsh Wetland, Fish Pond, and Crab Pond in the Momoge
National Nature Reserve (MNNR) Using the Interval-Parameter Two-Stage Stochastic Programming
(IPTSP) Model

Figure 6 shows the areas of the reed wetland, marsh wetland, fish pond, and crab pond restored by
the project recommendation scheme and the optimization schemes under the three flood flow scenarios
in the MNNR. On the whole, the total restored wetland area under the three scenarios is seen to
increase with the increase of the flow level, with the obtained values of [−14.3%, 19.8%], [−8.8%, 28.9%],
[−1.0%, 34.5%] as compared to that of the recommended project. The same law was also reflected in
the net carbon sink and ecological benefits.

Figure 6. The restored ecological functional areas of the Momoge National Nature Reserve (MNNR) by
recommended scheme and optimization schemes under different flow scenarios of water replenishment.

Locally, under the three flood flow scenarios, the restored area of the fish pond was unchanged,
and the added value was negative, [−0.66, −0.14] × 103 ha. This is mainly due to the fact that only
Haernao Lake has the function of raising fish. In addition, the actual water supply for Haernao Lake
was insufficient, and as a result, the demand for water replenishment was not met. The situation of the
crab pond is the same as the fish pond. The restored area of the crab pond using the optimal scheme
under the three flood flow scenarios had a minute change. However, all of them were larger than
that of the project recommendation scheme. This is because the ecological benefit per unit area of
the crab pond is the largest. In addition, the water quantity was insufficient on the whole, and thus,
the recoverable area was limited. In order to meet the constraints of the ecological benefits, the model
chose to increase the crab pond area used for raising crabs to some extent. As compared to the restored
area of the reed wetland under low, medium, and high flood flow conditions, it can be seen that with the
increase of the flow level, the restored area also increased by [−0.45, 1.09] × 103 ha, [0.22, 2.99] × 103 ha,
and [1.16, 3.37] × 103 ha, respectively. This is because of two main reasons: (1) although the ecological
benefit per unit area of the reed wetland is smaller than that of the crab pond, it is larger than that
of the marsh wetland. Therefore, the model chose to restore the area of the reed wetland in order to
obtain larger ecological benefits. (2) It was not only the economic benefits, but also the environmental
benefits that were considered in this work. Reed and marsh wetlands also have the ecological function
of carbon sequestration and oxygen release by vegetation as compared to the fish and crab ponds.
In addition, the capacity of vegetation in the reed wetland to sequester carbon and release oxygen is ten
times that of the marsh wetland due to the larger biomass per unit area of the reed wetland. Therefore,
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the increase in the reed wetland area can meet the constraint of net carbon sink efficiently and achieve
higher environmental benefits. However, the reed wetland has the largest water requirement per unit
area, and the overall water supply is insufficient, and thus, the increase in the restored area of the reed
wetland was small. The same observation is also reflected in the marsh wetland. The restored area of
the marsh wetland under the three flood flow scenarios was the largest and the range of change was also
the largest with an increase of [−3.40, 4.42] × 103 ha, [−3.40, 5.91] × 103 ha, and [−2.06, 7.08] × 103 ha,
respectively. This is mainly because, although the ecological benefits per unit area and the capacity of
carbon sequestration and oxygen release of the marsh wetland are small, the water requirement per
unit area is the smallest, which is only 0.69 times that of the reed wetland and 0.74 times that of the
crab pond. In the case of overall insufficient water supply, a larger quantity of water was chosen to be
supplied to the marsh wetland. In this way, not only the economic as well as environmental benefits
can be obtained, but the total restoration area of the wetland is also enhanced. This is also one of the
important reasons why the area of fish and crab ponds had a little change.

5. Conclusions

In this study, based on the interval-parameter two-stage stochastic programming method, an
optimal allocation of water resources was constructed to maximize the restored habitat area of the
Siberian crane, oriental stork, and red-crowned crane in the MNNR. The constructed model can
efficiently deal with the random uncertainty of the flood resources and the interval parameters in the
water resources system of the MNNR. Optimal water replenishment schemes for 18 lakes of the MNNR
under different flood flow scenarios were obtained, and the restored wetland and habitat areas of rare
and endangered water birds under the corresponding scenarios were estimated.

The optimal water supply target of the MNNR was not fully met under the three flood flow
scenarios. The water shortage was observed to decrease with the increase in the flood flow level, with the
water shortage of [2941.00, 7559.79] × 104 m3, [1071.75, 6192.23] × 104 m3, and [13.80, 4482.78] × 104 m3,
respectively. The results indicate that increasing the effective utilization of the flood resources can
alleviate the water shortage to some extent. Under the low, medium, and high flood flow scenarios,
the habitat area of rare water birds restored by water replenishment was larger than that estimated
according to the project recommendation scheme, with an increase of [4.7%, 39.1%], [11.1%, 48.0%],
and [18.2%, 53.6%], respectively. As a result, the carrying capacity for study species increased by
[0.82, 6.88], [1.96, 8.45], and [3.21, 9.43] × 103 birds in comparison to that estimated according to the
restored habitat areas of the recommended scheme, correspondingly. The results show that by using
the optimization model, the limited water resources can be effectively used to increase the restored
habitat area of study species for higher carrying capacity of them, recover the ecological functioning of
the wetlands, and achieve better ecological and environmental benefits under three flow scenarios.
The results of this study can provide valuable theoretical support for the administration of nature
reserves to restore and increase the habitat areas and population of rare water birds and to manage
and plan limited water resources under different scenarios. Moreover, the results of this study can
provide decision space for the administrative department to adjust the planning scheme according to
the actual situations. The model proposed in this work can also be applied to other areas and other
management optimization problems.

In this work, the IPTSP method was used to allocate normal water and flood resources under
three flood flow scenarios. However, only the water depth and potential food availability, but not
other influencing factors, were considered in the model when defining the suitable habitat for water
birds. In addition, the planning scopes of lake and wetland ecosystems by relevant national and local
authorities are often fuzzy and uncertain, but the fuzzy uncertainty was not taken into account in the
model. Further research is needed to solve the problem of the restoration and protection of habitat
area for rare water birds through replenishing water.
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