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ABSTRACT

Wetland is a special ecosystem formed by the interaction between water and land, which cannot be
separated from the support and protection of water resources. Therefore, it is necessary to study
the ecological environment water demand of wetland. This paper takes the sediment-laden river
wetland-Sanmenxia Reservoir wetland as an example, constructed the calculation model of 10
indexes of consumable eco-environmental water demand and non-consumable eco-environmental
water demand. At the same time, 3S technology was used to extract the area of various types of
the Sanmenxia Reservoir wetland, the monthly water demand process and the annual optimal
eco-environmental water demand of the Sanmenxia Reservoir wetland were calculated under
the conditions of average precipitation for many years. The main conclusions are as follows: (1)
On the basis of other scholar’s research, increased water requirement indicators such as envi-
ronmental purification water requirement, leaky water requirement, landscape protected water
requirement and recreational water requirement. (2) The total water requirement for the most
suitable eco-environmental in the Sanmenxia Reservoir is 16.6918.5 x 108 m®. Meanwhile, consid-
ering the particularity of the operation mode of Sanmenxia Reservoir, this study gives the pro-
cess of the most suitable eco-environmental monthly water demand, which provides a scientific
basis for the optimal allocation of wetland water resources in the reservoir. (3) Non-consumable
eco-environmental water demand in Sanmenxia Reservoir is the main type of water demand, and
among all types of eco-environmental water demand indexes, environmental purification water
requirement is the largest. Therefore, controlling pollutant discharge is the primary task for the
ecological environment restoration of Sanmenxia Reservoir.

Keywords: 3S technology; Sanmenxia Reservoir wetland; Computation model; Water requirement
process; Suitable eco-environmental water requirement

1. Introduction

In recent years, under the influence of human activities,
climate change and other factors in the basin, the amount
of water and sand in the Yellow River decreased signifi-
cantly compared with the annual average amount of water
and sand, but the Yellow River basin for the first, the second
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industry and living water consumption increased year
by year, from a large number of eco-environmental water,
leading to the ecological process of the Yellow River basin
is impeded and its functions decline, fragile ecological envi-
ronment, and reduce the species diversity and a series of
problems.
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Wetland, as a unique ecosystem formed by the inter-
action between land and water, which plays an indispens-
able role in improving water quality, improving climate,
replenishing groundwater and maintaining ecosystem
balance, and eco-environmental water requirement is the
most important factor to maintain the health of wetland
ecosystem and its evolution [1], which involves hydrology,
ecology, environmental science and other disciplines. With
the deepening of people’s understanding of wetland ecosys-
tem, a large number of researchers have carried out in-depth
research on wetland eco-environmental water demand.

The research on eco-environmental water demand in
foreign countries is earlier and mainly focuses on river eco-
environmental water demand. Firstly, in terms of water
demand index calculation, Eamus et al. [2] improved the
calculation method of wetland vegetation and soil water
demand index, Keddy [3] improved the calculation method
of water demand index of plants and animals in wetlands.
Secondly, different scholars explained the key points of
wetland conservation from their own research perspec-
tives, Raskin et al. [4] pointed out that water demand of
plants and animals is a key link to maintain the health
of wetland ecosystem, Sajedipour et al. pointed out that
the optimal allocation of wetland water resources is the
most effective way for wetland restoration. In the domes-
tic, at present, a large number of domestic scholars have
also conducted in-depth research on wetland eco-envi-
ronmental water demand, firstly, the classification of wet-
land eco-environmental water demand index is studied,
Zhou et al. [6] divided wetland eco-environmental water
demand into consumable eco-environmental water demand
and non-consumable eco-environmental water demand.
Secondly, different scholars define the concept of wetland
eco-environmental water demand from their own research
perspectives, Shen [7] defined the concept of wetland
eco-environmental water demand in a broad sense, Cui and
Yang [8] defined the concept of wetland eco-environmen-
tal water demand in a narrow sense, Guo et al. [9] defined
wetland eco-environmental water demand as the amount of
water needed to maintain the ecological balance of wetland
ecosystem and ensure the normal functioning of wetland
ecosystem services. The above research provides multiple
research perspectives and references for the study of wetland
eco-environmental water demand in Sanmenxia Reservoir.

Wetland eco-environmental water demand is unique,
for different study areas, the calculation models are also
different [10]. At present, a large number of scholars have
conducted in-depth studies on the definition and calcula-
tion methods of wetland eco-environmental water demand,
but its research area mainly concentrates in the general river
and lake and so on wetland ecosystem, and there are few
studies on the specific wetland sediment-laden river wet-
land ecological environment water demand. In this paper,
the sediment-laden river wetland-Sanmenxia Reservoir
wetland as the study area, Sanmenxia Reservoir wetland
is formed under the special water and sand condition of
the Yellow River, November to April of the following year,
the reservoir impoundment, the wetland water level rises,
the water’s surface area increases, May to October, reser-
voir flood discharge sand, the wetland water level drops,
the water’s surface area decreases, the river wetland and

beach wetland in the reservoir evolved alternately, the area
of each type of wetland cannot be accurately measured
by hand, this paper relies on 3S technology, which refers
to remote sensing, geography information systems and
global positioning systems, to carry out quantitative anal-
ysis on the area of various types of wetlands, it can avoid
the errors caused by the uncertainty of the area of various
types of wetlands to the greatest extent. At the same time,
according to the characteristics of Sanmenxia Reservoir
wetland, on the basis of other scholar’s research, increased
water requirement indicators such as environmental puri-
fication water requirement, leaky water requirement,
landscape protected water requirement and recreational
water requirement, the calculation model of consumption
ecological environment water demand and non-consump-
tion ecological environment water demand is established,
among them, water demand for ecological environment
refers to the amount of water consumed by wetland eco-
system, it includes plant evapotranspiration water demand,
water’s surface evaporation water demand, leakage water
demand and soil water demand. Non-consumable eco-
environmental water demand refers to the surface water
storage to maintain the healthy development of wetland
ecosystem, it includes habitat water demand, sand transport
water demand, environmental purification water demand,
landscape protection water demand, ecological base flow
and recreational water demand. Combined with the basic
data of perennial precipitation, water surface evaporation,
runoff and sediment transport in the reservoir, moreover,
Tennant method and key species hydraulics were used to
calculate the suitable eco-environmental water demand
in Sanmenxia Reservoir, and its water demand process
and annual change rule are analyzed, analyze the water
demand process and the law of annual change, and dis-
cuss the leading factors affecting the annual change of
eco-environmental water demand in the reservoir. In terms
of theory, this study has improved the eco-environmental
water demand calculation model of silt river wetland, this
model can meet the requirement of purifying pollutants in
wetland, so as to play a guiding role in the study of eco-
environmental water demand of similar wetland. In prac-
tice, the results of this study can provide scientific basis for
the allocation of wetland water resources and the restoration
of wetland ecological environment in Sanmenxia Reservoir.

2. Wetland type information extraction
based on 3s technology

2.1. Study area

Sanmenxia Reservoir, located at the junction of Shanxi,
Shaanxi and Henan Provinces, belongs to the middle reaches
of the Yellow River. Its coordinates are 34°21'-35°50'N,
108°45'-111°20'E, the controlled basin area is 688,400 km?,
accounting for 91.5% of the total area of the Yellow River
basin. According to the river characteristics, Sanmenxia
Reservoir can be divided into Longmen to Tongguan County,
Tongguan County to Sanmenxia Dam, Weihe River to the
section where Lintong meets the Yellow River, and North
of Luohe River to Weihe River. In this paper, Tongguan
County to Sanmenxia Dam is divided as the research area,
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the reservoir section is 113.2 km long, 1-6 km wide and the
channel width is about 0.5 km. At present, the main tasks
of Sanmenxia Reservoir are irrigation, flood control, water
supply, flood prevention, power generation, water regu-
lation and sand regulation, its application mode has gone
through the stage of impoundment and sediment deten-
tion, and finally changed to impoundment and sediment
discharge, the reservoir has played an important role in
water and sand regulation. The concrete operation mode
is from November to April of the following year, the res-
ervoir impoundment, the reservoir water level rise, May to
October, the reservoir flood discharge sand, the reservoir
water level drops. The wetland in Sanmenxia Reservoir is
closely related to the construction of Sanmenxia Reservoir
wetland. Wetland types in the reservoir mainly include river
wetland, beach wetland, marsh wetland, lake and pond wet-
land, etc. In the flood season and non-flood season, with
the change of reservoir operation mode, the area of each
type of wetland will change correspondingly. Study area
location and administrative zoning map (Fig. 1).

2.2. Wetland type information extraction

According to “Wetland and Ramsar Convention” [11]
and other relevant norms, combined with the results of
field investigation and research purposes, the types of wet-
lands in the study area are divided into river wetland, beach
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wetland, marsh wetland, lake and pond wetland. Basic
data include the data of soil type, vegetation type, climate
and hydrological conditions in the study area of Landset-8
remote sensing image of earth resources with spatial resolu-
tion of 30 m in the fourth period of March, May, August and
November 2017. ENVI software was used to enhance and clip
the image, radiometric calibration, atmospheric correction
image of the collected remote sensing image. Finally, ENVI
and ArcGIS software were used for human-computer inter-
action interpretation to obtain the distribution characteristics
of wetland types in the study area (Fig. 2) and the area of
each type of wetland (Table 1). Due to the small fluctuation
of each type of wetland area in adjacent months, the data of
March, May, August and November respectively represent
the wetland area of the reservoir from January to March,
April to June, July to September, October to December.

3. Data and methodology
3.1. Basic data

The basic data required for the calculation of wetland
eco-environmental water demand in Sanmenxia Reservoir
include temperature, humidity, wind speed, water surface
evaporation, precipitation, runoff and sediment transport.
Temperature, humidity and wind speed data were collected
from the Sanmenxia Meteorological Station and Tongguan
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Fig. 1. Study regional location and administrative zoning map.
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Fig. 2. Wetland type map of Sanmenxia Reservoir in 2017: wetland types in (a) March, (b) May, (c) August and (d) November.

Table 1

Area of various types of wetlands in Sanmenxia Reservoir in 2017 (km?)

Month

River wetland Beach wetland Lake and pond wetland Marsh wetland Total area
3 115.82 81.36 15.61 3.16 215.95
5 103.62 88.24 13.42 3.29 208.57
8 53.21 134.89 10.87 2.86 201.83
11 93.35 101.72 12.98 3.32 211.37

Meteorological Station in each month from 1981 to 2017.
Data of water surface evaporation and precipitation were
collected from each month of Sanmenxia Meteorological
Station and Tongguan Meteorological Station from 1972 to
2017. Runoff and sediment discharge data were collected
from the Sanmenxia Hydrological Station and Tongguan
Hydrological Station in each month from 2008 to 2017.

3.2. Calculation method of wetland eco-environmental
water demand index

3.2.1. Water requirement for evapotranspiration of vegetation

Vegetation evapotranspiration water demand mainly
refers to Vegetation surface transpiration water consump-
tion and soil evaporation water consumption. There are
many types of wetland vegetation in Sanmenxia Reservoir,
among which reed is the dominant species of wetland in
the reservoir. In this study, the evapotranspiration amount

of reed community is generalized into the evapotrans-
piration amount of wetland vegetation in the reservoir.
The calculation formula is as follows:

W, =0.0014, -ET, )

In the formula, W_, is the vegetation evapotranspiration
water demand (m®); A, is the vegetation area (m?); ET,. is the
evapotranspiration (mm).

The calculation formula of actual evapotranspiration
of reed community is as follows:

ET. =K. -ET, @)

In the formula, ET. is the actual evapotranspiration
(mm/d); ET, is the reference crop evapotranspiration (mm/d);
K_ is the crop coefficient [12], because there is no measured
data, the wetland reed crop coefficient K. in the reservoir
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was obtained by using the recommended value of FAO-
56 and through adjustment.

The FAO Penman-Monteith formula [13,14] is used to
compute amount of Sanmenxia Reservoir wetland refer-
ence crop evapotranspiration ET, the formula considers the
factors affecting evapotranspiration comprehensively, and
the simulation results are good and the accuracy is high.
The calculation formula is as follows:

0.408A(R, -G)+ T902073 U, (e, —e,)
ET, = X = ®)
+7(1+0.34U,)

In the formula, ET, is the reference evapotranspiration
refer to evapotranspiration (mm); G is the soil heat flux (MJ/
m?d); R, is the net canopy surface radiation (M]J/m?/d); e, is
the saturation vapor pressure (KPa); ¢, is the actual vapor
pressure (KPa); y is the hygrometer constant (KPa/°C);
A is the slope of saturation vapor pressure and temperature
curve (KPa/°C); U, is the wind speed at 2 m height (m/s);
T is the average temperature (°C).

3.2.2. Water demand for surface evaporation

Water surface evaporation plays an important role in
wetland water cycle. Therefore, water surface evaporation
demand must be taken into account when calculating eco-
logical environment water demand. The calculation formula
is as follows:

W, =0.001A-T (@)

In the formula, W, is the evaporation requirements
(m®); A is the area of water surface (m?); T is the average
evaporation of water surface (mm).

3.2.3. Soil water demand

Soil water demand refers to the water quantity first met
when the wetland in the reservoir restores water, which is
mainly affected by soil bulk density, soil layer thickness and
wetland soil area, etc. In this paper, soil weight moisture
content method is used to calculate soil water demand [15].
The calculation formula is as follows:

ya AH_+ya, A H
WF( : . [aivi f) )

In the formula, W, is the soil water demand (m?®); y is soil
bulk density (g/cm’); A, is the area of water’s surface (m?);
a, is the percentage by weight of water in a soil at satura-
tion (%); H_ is the thickness of the soil layer on the water’s
surface of wetlands (m); p is the density of water (g/cm®);
Af is the non-water’s surface area of wetlands (m?); a, is the
percentage water content by weight when the soil reaches
the field capacity (%); H, is the thickness of the soil layer
in a wetland non-water’s surface area (m).

3.2.4. Leakage water demand

Wetlands mainly supply groundwater through leak-
age. Therefore, leakage water demand must be considered

in the calculation of eco-environmental water demand [16].
The calculation formula is as follows:

W, =KAT Q)

In the formula, W, is the leakage water demand (m®);
K is the permeability coefficient (m/d); A, is the seepage
profile area (m?); T is the calculated period length (d).

3.2.5. Habitat water requirement

The Sanmenxia Reservoir wetland is rich in animal and
plant resources. The habitat water requirement is the habi-
tat needed to maintain the survival of animals and plants,
and the basic water quantity to protect biodiversity, which is
related to the habitat area and the water depth required for the
survival of organisms. The calculation formula is as follows:

W,

hml

=A H, @)
In the formula, W,  is the habitat water requirement
(m?); A, is the water’s surface area of the habitat (m?); H, is the
average water depth (m).

3.2.6. Environmental purification water requirement

Wetland has the ecological service function of degrading
pollutants and purifying water quality. Therefore, the water
demand for environmental purification must be considered
in the calculation of eco-environmental water demand.

Due to the lack of water quantity and water quality
data such as sewage and reclaimed water discharged from
reservoirs, it is impossible to use water quality predic-
tion model to calculate environmental purification water
demand, but the lowest monthly average flow rate method
in the last decade can be used [17]. At present, this method is
widely used in China, which can estimate the flow rate and
environmental purification water demand meeting the gen-
eral river pollution prevention and control. The calculation
formula is as follows:

T n
WZ = ;zQimin (8)
i=1

In the formula, W, is the environmental purification
water requirement (m?); Q. is the driest monthly average

flow in the i year (m®); n is the number of years counted;
T the calculated period length (d).

3.2.7. Ecological base flow

Ecological basal flow is the basic flow that maintains
the river ecosystem. In this study, Tennant method [18,19]
was used to estimate the basal flow in the reservoir (Table 2).

The calculation formula is as follows:

W=a-Q ©)

In the formula, W. is the ecological basal flow (m®); a is
the average flow percentage (%); Q, is the average monthly
runoff (m?).
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Table 2
Tennant method recommended flow rate criteria

Qualitative description of flow

Recommended base flow rate (average flow percentage) (%)

and corresponding habitat

General water use period Spawning period of fish
(October to March of the next year) (April to September)

Maximum 200 200

Best range 60-100 60-100

Best 40 60

Very good 30 50

Good 20 40

Medium 10 30

Poor or minimum 10 10

Serious degradation <10 <10

3.2.8. Sand transport water requirement

Sediment transport is not only an important ecolog-
ical service function of wetland ecosystem, but also an
important task of wetland management. Therefore, sedi-
ment transport water demand must be considered when
calculating the eco-environmental water demand of wet-
land in sediment-laden rivers. In this paper, sediment
transport capacity method [20] is adopted to calculate sedi-
ment transport water demand of wetlands in the reservoir.
The calculation formula is as follows:

W, =n"-W, (10)
W, = - 11)
ys
V\/sin
n= (12)

sout

In the formula, W_is the sand transport water require-
ment (m°); 1 is the sediment transport efficiency, a is the
index (Its value according to determine the efficiency of
sediment transport, when the sediment transport effi-
ciency is less than 1, take o = 1; When the sediment trans-
port efficiency is greater than or equal to 1, take o = 0);
W is the clean water (m?®); W is the volume of runoff (m?);
W_is the amount of sand transported (t); v, is the weight
per unit volume of sediment (Generally take 2.65 t/md);
W_ . and W__  are the amount of sand transported of

in out

import and export stations respectively (t).

3.2.9. Landscape protection water requirement

Wetland natural landscape and cultural landscape in
Sanmenxia Reservoir is rich, among which water, marsh,
reed and lotus is the most important part of Sanmenxia
Reservoir landscape. The calculation formula is as follows:

Vvlc = ch ' Alc (13)

In the formula, W, is the landscape protection water
requirement (m®); H, is the water level of landscape
protection (m); A, is the area of landscape protection (m?).

3.2.10. Recreational water requirement

In recent years, the Sanmenxia Reservoir wetland has
been developed on a large scale, and the number of tour-
ists is increasing year by year. Recreational water demand
refers to the basic amount of water needed to ensure the
landscape and traffic conditions for tourists’” entertainment.
The calculation formula is as follows:
W,=H,-A, (14)

In the formula, W, is the recreational water require-
ment (m’); H, is the recreational water level (m); A, is the
area of the entertainment area (m?).

3.3. Calculation method of optimal total eco-environmental
water demand

The above eco-environmental water requirements
exist cross-repetition, simple addition is not reasonable.
Therefore, this paper adopts the following methods to
determine the optimal total amount of eco-environmen-
tal water demand in each month and year. The calculation
formula is as follows:

12
Q=20 (15)
n=1
Q, = max{ W, W, W, W, W, W} + W, + W, + W, + W, - P
(16)
P=0.001p- A (17)

In the formula, Q is the annual optimal total eco-envi-
ronmental water demand (m®); Q, is the optimal amount
of eco-environmental water demand in the n-th month

(m?); W, is the habitat water requirement (m’); W, is the
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environmental purification water requirement (m?); W, is
the ecological base flow (m®); W_is the sand transport water
requirement (m®; W,_ is the landscape protection water
requirement (m?®); W, is the recreational water requirement
(m®); W_, is the plant evapotranspiration water requirement
(m®); W, is the water’s surface evaporation water requirement
(m®); W, is the soil water requirement (m?); W, is the leaky
water requirement (m®); P is the total precipitation (m?);
p is the precipitation (mm); A is the wetland area (m?).

4. Results and discussion

4.1. Calculation of consumable ecological environ-
ment water demand

4.1.1. Plant evapotranspiration water requirement

According to the calculation method in section 3.2.1,
combined with the existing meteorological data, calculate
the amount of vegetation evapotranspiration ET.. The veg-
etation in the reservoir mainly grows in the marsh wetland
and beach wetland, and the sum of the area of marsh wet-
land and beach wetland is set as the vegetation area. The
water demand level is divided according to the vegeta-
tion growth status (early growth (March), middle growth
(April to August), late growth (September to October) and
non-growth (November to February of the following year).
The results are calculated according to the vegetation evapo-
transpiration ratio of 0.5, 0.9, 0.8 and 0.5 respectively (Table 4).

4.1.2. Water’s surface evaporation water requirement

According to the calculation method in section 3.2.2,
combined with the existing monthly average evaporation
data of Sanmenxia Meteorological Station and Tongguan
Meteorological Station from 1972 to 2017, the monthly aver-
age water surface evaporation volume and annual aver-
age water surface evaporation demand of the Sanmenxia
Reservoir wetland are counted and calculated (Table 4).

4.1.3. Soil water requirement

Based on field investigation and relevant literature
research [21], comprehensive determine the Sanmenxia
Reservoir wetland main soil types for swamp soil. Soil
bulk density and density of water are 1.3 g/cm® and 1 g/
cm® respectively. When the soil reaches saturated water
content, set a, to 50%. When the soil reaches the amount of
water held in the field, set a. to 30%. The thickness of soil
layer on the surface of wetland is 1.5 m. The thickness of the
soil layer in the non-surface area of the wetland was 2.5 m.

Table 3

The water surface area of the reservoir is the sum of the
average monthly area of river wetlands, lakes, ponds and
marshes, while the average monthly area of beach wet-
lands is taken from the non-surface area. By using Eq. (5),
the soil water demand of the reservoir wetland in 2017 is
2,041.9 million m2.

4.1.4. Leaky water requirement

According to the research of Gong [22], Tongguan-
Sanmenxia reach is an underground river, which shows
groundwater recharge surface water. The recharge of surface
water to groundwater only occurs in the season of abundant
water, and the supply amount is very small. Therefore, the
leakage water demand of the Sanmenxia Reservoir wetland
can be neglected from the perspective of the whole year

(Fig. 3).

4.2. Calculation of non-expendable eco-environmental
water demand

4.2.1. Habitat water requirement

Sanmenxia Reservoir is rich in wetland bird resources,
which is an important wintering place for whooper swans.
According to the research of Zhou et al. [23], the living water
depth of wetland birds (whooper swans) in the reservoir
(Table 3).

The Sanmenxia Reservoir wetland is rich in fish
resources, mainly grass carp and silver carp. In this paper,
the carp living in the bottom of the water body as an exam-
ple. Studies on fish at home and abroad show that the min-
imum depth required for fish life is three times the length
of fish. In this paper, the length of carp was set at 35 cm,
and the water depth required for carp survival was 1.05 m.

Comparing the water depth required by fish and
birds, the larger values of the two were set as 1.05 m for
the average water depth required by habitat. Since fish
generally live in rivers, lakes and reservoirs, the surface
area of habitat is the sum of the area of river wetlands,
lake and pond wetland. Because habitat water demand is
non-consumptive water demand, annual water demand is
the average of monthly water demand, formula (7) can be
used to calculate the habitat water demand of wetlands in
the reservoir in each month (Table 4).

4.2.2. Environmental purification water requirement

According to the calculation method in section 3.2.6
and combined with the existing monthly average runoff
data of Sanmenxia Hydrological Station and Tongguan

Water depth requirement of birds in Sanmenxia Reservoir wetland (m)

Time Average depth of water required Range of water requirements Cause of water demand

April to June 0.1 0.1-0.5 Breeding

July to October 0.5 0.2-0.8 Birds grow and reproduce
to March of

November to March of ., , 0.1-1 Birds wintering

the following year
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Fig. 3. The annual variation trend of the total water demand of consumption-oriented eco-environment and the water demand of
various indicators in the Sanmenxia Reservoir wetland in each month.

Hydrological Station from 2008 to 2017, the average monthly
runoff and water demand for environmental purification
of the Sanmenxia Reservoir wetland in recent ten years
were calculated and counted (Table 4).

4.2.3. Ecological base flow

According to the calculation method in section 3.2.7,
during the normal water use period (October to March of
the following year), the percentage of the average flow was
20%, and during the spawning period (April to September),
the percentage of the average flow was 40%. Based on the
monthly average runoff data of Sanmenxia Hydrological
Station and Tongguan Hydrological Station from 2008 to
2017, the monthly average runoff and ecological base flow
of Sanmenxia Reservoir wetland in recent ten years are
calculated and counted (Table 4).

4.2.4. Sand transport water requirement

According to the calculation method in Section 3.2.8
and the monthly average runoff and sediment transport
data of Sanmenxia Hydrological Station and Tongguan
Hydrological Station in 2017, the water demand for wetland
sediment transport in Sanmenxia Reservoir is calculated
(Table 4).

4.2.5. Landscape protection water requirement

Reed and lotus are the most important components
of the natural landscape in Sanmenxia Reservoir. Among
them, the optimum water depth for reed growth is 0.5-1 m,
and the optimum water depth for lotus root growth is
0.05-1 m [24]. In view of the wetland vegetation condition
in Sanmenxia Reservoir, the water level for landscape pro-
tection is 0.8 m. Because reed and lotus mainly concentrate
on marsh wetland and beach wetland, but beach wetland
does not consider water level, so the area of landscape

protection is set as marsh wetland area. Because reed and
lotus are mainly concentrated in marsh wetland and beach
wetland, but beach wetland does not consider water level,
so the area of landscape protection is set as marsh wet-
land area. Moreover, the water demand for landscape
protection belongs to non-consumable water demand, so
the annual water demand is equal to the average water
demand of each month, the water requirement for land-
scape protection in each month of wetland in reservoir can
be calculated by formula (13) (Table 4).

4.2.6. Recreational water requirement

Boats can be rowed on a surface with a depth greater
than 0.7 m, the water depth greater than 2 m is suitable
for mechanical vessels to navigate [24]. Considering the
actual situation of wetland in Sanmenxia Reservoir, the
recreational water level should be 1 m. Because the flow
velocity of the main channel of the Yellow River is too
high to be suitable for recreation, the recreation area is set
as the area of lakes and reservoirs [25,26]. Moreover, rec-
reational water demand belongs to non-consumable water
demand, so the annual water demand takes the average
of water demand in each month, the water requirement
for landscape protection in each month of wetland in
reservoir can be calculated by formula (14) (Fig. 4).

4.3. Calculation of the optimum total eco-environmental
water demand

4.3.1. Calculating the total precipitation of wetland

Based on the monthly average evaporation data of
Sanmenxia Meteorological Station and Tongguan Meteoro-
logical Station from 1972 to 2017, the monthly average
precipitation and total monthly average precipitation
of the Sanmenxia Reservoir wetland are calculated by
formula (17) (Table 4).
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Fig. 4. The variation trend of the total water demand of non-consumption-oriented eco-environment and the water demand of

various indicators in the Sanmenxia Reservoir wetland in each month.

4.3.2. The most suitable water requirement process of
eco-environment monthly

According to the calculation results of various eco-
logical and environmental water demand indexes of wet-
lands, the optimal monthly water demand process of the
Sanmenxia Reservoir wetland can be obtained by using
formula (16) (Table 4).

4.3.3. Total water requirement for the best ecological
environment in the year

According to the calculation results of water demand
process of the most suitable ecological environment in
each month in section 4.3.2, and using Eq. (15), the total
water demand of the Sanmenxia Reservoir wetland is
166.9185 billion m>.

4.4. Discussion

e The area of marsh wetlands, lake and pond wetland
in Sanmenxia Reservoir is small and has little change
in the year. The area of river wetlands decreases first
and then increases with time and the area of beach
wetland increases first and then decreases with time
(Table 1). Combining with Fig. 2, it is found that there
is an obvious conversion between river wetland and
beach wetland in the year. Through field investiga-
tion and research, it is found that the main reasons
for this phenomenon are different operation modes of
Sanmenxia Reservoir in the year, reservoir impound-
ment in non-flood season, rising water level of wet-
lands, flooding of a large number of beaches, flood
discharge and sand discharge of reservoirs in flood
season, decline of water level of wetlands, gradual
bareness of beaches and increase of beach area.

e The total wetland area in Sanmenxia Reservoir decreases
first and then increases with time (Table 1). Through

field investigation, it is found that the main reason for
this phenomenon is the interference of human activi-
ties. In the non-flood season, some beach wetlands were
reclaimed as farmland, while in the flood season, the
reclaimed farmland was submerged and turned into
wetland again.

The variation range of the most suitable eco-environ-
mental water requirement of the Sanmenxia Reservoir
wetland is 94,290-294,039 million m® with the mini-
mum value occurring in February and the maximum
value occurring in October. During the non-flood sea-
son, the water requirement of ecological environment
changed little in each month. The main water require-
ment types were the water requirement of environmen-
tal purification and ecological basic flow, and the water
requirement was stable at about 1 billion m® [27]. The
main reason for the increase of water demand for eco-
logical environment in flood season is the influence of
sand transport water requirement. The most suitable
water demand for ecological environment dropped
sharply in November (Fig. 5, Table 4), the reason for
this phenomenon is the operation mode of Sanmenxia
Reservoir. In November, the gate of Sanmenxia Dam
closed and the reservoir began to store water and
retain sediment.

The total water demand of different ecological environ-
ment indexes varies greatly in the whole year. Among
them, the water demand for environmental purification
is the largest (11.921 billion m®), followed by the water
demand for sediment transport (7.976 billion m®) and the
ecological base flow (7.454 billion m®) (Fig. 6). It shows
that the most important factor affecting the healthy
development of the Sanmenxia Reservoir wetland is the
pollution caused by human activities.

The total water demand and precipitation of consump-
tive eco-environment of the Sanmenxia Reservoir wet-
land changed little in each month, and the water demand
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Fig. 6. Annual water demand for each indicator of the Sanmenxia Reservoir wetland.

in each month was small. However, the trend of total
ecological and environmental water demand is basically
the same as that of non-expendable ecological and envi-
ronmental water demand, and the total water demand
in each month is very close (Fig. 5), which shows that
non-consumable ecological and environmental water
demand is absolutely dominant.

Compared with Zhou et al. [23] and others’ calcula-
tion results on the suitable eco-environmental water
demand of the Sanmenxia Reservoir wetland in 2005,
the research results in this paper increased by 2.285 bil-
lion m®. The reasons for this increase are as follows:
(a) On the basis of Weibo Zhou’s index system, this
study increased the water demand for leakage, envi-
ronmental purification, landscape protection and enter-
tainment. Compared with the previous index system,
the index system constructed in this study is more

comprehensive and scientific. (b) The calculation meth-
ods of the total amount of water demand for the most
suitable ecological environment for the whole year are
different. Zhou made the consumptive water demand
plus non-consumptive water demand equal to the most
suitable total eco-environmental water demand for the
whole year. However, this study considered that the
operation mode of Sanmenxia Reservoir led to different
trends of water demand for each ecological environ-
ment in the year. Therefore, in this paper, the maximum
value of monthly consumption water demand plus
non-consumption water demand is equal to the total
amount of suitable eco-environmental water demand
per month, and then the total amount of eco-environ-
mental water demand in each month is equal to the
optimal eco-environmental water demand in the whole
year. Compared with the previous research methods, the
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calculation method adopted in this study has improved
the accuracy and credibility of the research results.

5. Conclusion

Although domestic and foreign scholars have done a lot
of research on the water demand of wetland ecological
environment, there are differences between the ecolog-
ical and hydrological processes of different wetland
ecosystems. Taking the Sanmenxia Reservoir wetland
as an example, based on the research of other scholars
and combined with the characteristics of the wetland
in sediment-laden rivers, this study increased the envi-
ronmental purification water requirement, leaky water
requirement, landscape protection water requirement and
recreational water requirement, and improved the calcu-
lation model of the eco-environmental water demand of
the wetland in sediment-laden rivers. This model can sat-
isfy the requirement of purifying pollutants in wetlands,
so as to play a guiding role in the study of ecological
and environmental water demand of similar wetlands.
The results show that the optimum total water
requirement of the Sanmenxia Reservoir wetland is
166.9185 x 10® m°. Because of the particularity of the oper-
ation mode of Sanmenxia Reservoir, this study gives the
most suitable monthly water requirement process for the
ecological environment, which provides a scientific basis
for the optimal allocation of wetland water resources
in the reservoir.

The non-consumable eco-environmental water demand
of the Sanmenxia Reservoir wetland is the main type of
water demand. Among all kinds of eco-environmental
water demand indicators, the environmental purifica-
tion water demand is the largest. Therefore, the control
of pollutant discharge is the primary task of the current
wetland ecological environment restoration. It is sug-
gested that the relevant departments should strengthen
the protection of wetlands from many aspects. Firstly,
relevant laws and regulations should be perfected,
supervision strengthened and publicity strengthened
to make the concept of wetland protection popular; sec-
ondly, point source pollution should be controlled and
enterprises should adopt measures combining rewards
and punishments to promote enterprises to actively
reduce pollutant emissions; finally, non-point source
pollution should be controlled and wetlands in the occu-
pied reservoir should be completely protected. To stop
agricultural production and other activities, and then
indirectly reduce the pollution of chemical fertilizer
to wetland in reservoir, improve the coverage of forest
and grass in wetland, restore vegetation buffer zone on
both sides of the reservoir, and give some ecological
compensation to farmers who have returned farmland
from wetland in reservoir.
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