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The Yellow River Basin is of great significance to China’s economic and social
development and ecological security. The Yellow River Basin is not only an important
ecological barrier but also an important economic zone. In this article, natural
hydrological conditions were taken as a reference, a habitat simulation model of the
key sections of the Yellow River was constructed based on the MIKE 21 model,
and an ecological water requirement assessment method for river ecological integrity
combined with habitat simulation and features of the hydrological reference group was
established, which took account of the survival and reproduction of indicator species.
The suitable flow rates for the spawning period (i.e., April to June) of Silurus lanzhouensis
in Lanzhou (LZ) and Cyprinus carpio in Longmen (LM) were 350720 and 260-400 m®/s,
respectively. Therefore, high pulse flow with a low flow peak should be guaranteed
in mid- to late April. The peak flow should be at least approximately 1,000 m3/s to
ensure that fish receive spawning signals, with a high pulse flow process occurring 1-
2 times in May to June. The annual ecological water requirement of the Lanzhou and
Longmen section was 9.1 x 109-11 x 10° and 4.7 x 109-11.3 x 10° m3. The model
quantitatively simulated the changes in ecological water requirement of indicator fishes
in key sections of the Yellow River, and an effective and realistic tool for ecological water
requirement accounting of the Yellow River was provided.

Keywords: ecological water requirement (EWR), habitat simulation, MIKE 21 model, ecological water requirement
process, the main stream of the Yellow River

KEY POINTS

- A new assessment method of ecological water requirement process was proposed to maintain
the ecological integrity of the Yellow River.

- The ecological water requirement process and pulse flow process were determined based on the
ecological flow elements.

- The changes of ecological water requirement of the Yellow River in different periods have been
simulated quantitatively and effectively.
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INTRODUCTION

With the continuous improvement in human understanding of
river ecosystems, ecological problems caused by human activities,
such as the construction of water conservancy structures, have
become increasingly serious. Thus, the concept of “river health”
has begun to emerge and has been accepted throughout the
world in order to solve the problems of river pollution and the
deterioration of water ecosystems, which have attracted wide
attention from various countries (Richter, 1997; Norris and
Thoms, 1999; Norris and Hawkins, 2000; Wu and Chen, 2018;
Virkki et al., 2021). The ecological water requirement of a river is
one of the important indicators of its health status (Thame, 2003;
Rolls and Bond, 2017). With the emergence of flood disasters,
river outages, and water pollution, research on ecological water
requirement has generally been carried out for river ecosystems,
mainly focusing on minimum and optimal flow according to
the physical requirements of the river (e.g., the characteristics
of fish) (Bartschi, 1976; Tennant, 1976; Bovee, 1996; Bunn and
Arthington, 2002). In recent years, relevant studies have begun
to consider the vertical connection of river flows, the integrity
of river ecosystems has been paid attention to, the adaptability
of river ecosystems has been analyzed from the perspective of
flow changes, the limitations of river ecosystem types in related
research have been overcome, and comprehensive analysis of
different ecosystem types has gradually expanded (Hughes, 1999,
2001; Yang et al., 2020; Liu et al., 2022). A large number of studies
on ecological water requirement have been carried out based
on the preferences of species for certain habitats, and a habitat
simulation method considering the direct relationships between
runoff and organisms was established to evaluate ecological
water requirement. The physical mechanism was clear, and it
can provide the ecological water requirement process with dry
and wet changes rather than a fixed minimum ecological water
requirement (Nikghalb et al., 2016; Poff, 2018), which has been
widely used in ecological water requirement assessments (Hao
and Shang, 2008; Cai et al., 2010; Sun et al., 2013; Theodoropoulos
et al., 2018; Wang et al., 2018; Shang et al., 2020). However,
habitat simulation has mainly focused on the flow conditions
in order to shape the biological habitat, and the life rhythm
signals that trigger key life activities have been ignored, such
as high flow pulses. Despite decades of research, the process of
maintaining the ecological water requirement of the indigenous
aquatic communities of rivers has not been effectively solved
(Edwards and Twomey, 1982; Baumgartner et al., 2014; Brown
and Williams, 2016; Arthington et al., 2018).

The Yellow River Basin is very important for China’s economic
and social development and ecological security. The basin is
not only an important ecological barrier but also an important
economic zone in China. However, water supply to ecological
environment along the Yellow River has been occupied by
industrial or agricultural activities through the process of
urbanization in recent years, and the amount of water in the
main channel of the Yellow River cannot maintain the health of
the channel. Earlier studies on the ecological water requirement
of the Yellow River were focused on discussing the ecological
water requirement “quantity,” which did not involve analysis

of the specific flow process, duration, and frequency and other
river hydrological conditions, and the connection and response
relationship between the river ecological water requirement
process and runoff elements have not been established (Zhang
et al., 2008; Zhao et al., 2011; Wang et al., 2020). Research on
the ecological requirements of the middle and upper reaches
of the main stream of the Yellow River has mainly focused
on ecosystem protection, and research on the downstream area
has mainly focused on sediment water transport (Huang et al.,
2004; Hao et al.,, 2006; Ma et al., 2007; Liu, 2009; Wang et al,,
2009). Furthermore, subsequent research was based on the actual
status of the ecological environment and ecological protection
goals of the Yellow River, improving the accuracy of ecological
water requirement models. However, the relationship between
the ecological hydrological process of the river and the response
of the ecosystem has not been fully clarified (Lian et al., 2011;
Zhao et al., 2011; Ma et al., 2014; Huang et al., 2016).

This research aims to maintain the integrity of the indigenous
communities in the Yellow River. Habitat simulation was
performed, and the natural hydrological conditions were taken
as a reference. The characteristic values of the natural hydrology
were extracted to supplement and modify the habitat simulation
results. Specifically, the MIKE 21 model was used to construct
a habitat simulation model, and the changes in the water level
and flow rate of the important section of the main stream of
the Yellow River were analyzed and simulated. The features of
the hydrological reference group were extracted according to the
natural runoft conditions, and an ecological water requirement
assessment method for river ecological integrity was established
by supplementing and modifying the habitat simulation results
with the features of the hydrological reference group. The new
method proposed in this article was helpful for quantitatively
simulating the changes in the ecological water requirement
of indicator fish in key sections of the Yellow River, and an
effective tool was provided for the actual calculation of ecological
water requirement.

STUDY AREA

The Yellow River is the second longest river in China, with
a length of 5464 km and a drainage area of 752,000 km?,
It originates from the Qinghai-Tibet Plateau (northwest) and
flows to the Bohai Sea (east) (Figure 1). The average annual
precipitation in the entire Yellow River Basin is approximately
466 mm, showing a decreasing trend from southeast to
northwest. The source of the Yellow River to Hekou town in
Inner Mongolia is the upper reaches of the Yellow River, with a
channel length of approximately 3,472 km and a watershed area
of approximately 428,000 km?. The length from Hekou town to
Taohuayu in Zhengzhou encompasses the middle reaches of the
Yellow River, with a channel length of approximately 1,206 km
and a drainage area of approximately 344,000 km?. The middle
reaches are the main sources of floods and sediments in the
Yellow River. Below Taohuayu in Zhengzhou is the lower Yellow
River, with a channel length of approximately 786 km and a
watershed area of approximately 23,000 km?.
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FIGURE 1 | The main stations of the Yellow River Basin (YRB). LZ, Lanzhou; LM, Longmen; H LJX reservoir, Liujiaxia reservoir; QTX reservoir, Qingtongxia reservoir;
WJZ reservoir, Wanjiazhai reservoir; SMX reservoir, Sanmenxia reservoir; XLD reservoir, Xiaolangdi reservair.
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In the past 30 years, the features of fish species in the Yellow
River have changed significantly due to the dramatic impact of
human activities (Feng, 2010). There are few species in the upper
reaches of the Yellow River, and the community is relatively
simple (Ru et al., 2010; Wang et al., 2020). The species in the
middle and lower reaches are more abundant than the ones in the
upper reaches. The number of species gradually increases from
the upper reaches to the lower reaches (Wu et al., 2006; Huang
et al,, 2016; Wang et al., 2017).

MATERIALS AND METHODS

The ecological water requirement in the upper reaches of the
Yellow River were analyzed by selecting the LZ section in the
upper reaches, the LM section in the middle reaches. Moreover,
Silurus lanzhouensis (the Lanzhou Amur catfish) was selected as
the indicator species of the LZ and XHY sections, while Cyprinus
carpio (the Yellow River carp) was selected as the indicator
species of the TDG, LM, and HYK sections.

The approach for ecological water requirement accounting
of the key sections of main stream of the Yellow River is
shown in Figure 2. The MIKE 21 model, regarded as one of
professional engineering software for simulating the current,
wave, sediment and environment of rivers (Dhi, 2011) was used
to construct a habitat simulation (Dai et al., 2010; Xu, 2010;
Doummar et al, 2012; Zhang et al, 2016). The changes in
the water level and flow rate in the important sections of the
main stream of the Yellow River were analyzed and simulated
based on the MIKE 21 model. The features of the hydrological
reference group were extracted according to the natural runoff
conditions. An ecological water requirement assessment method

for river ecological integrity was established by supplementing
and modifying the habitat simulation results with the features of
the hydrological reference group.

Process for Determining Ecological

Water Requirement

The process for ecological water requirement included the
ecological base flow, the ecological flow during the fish spawning
period, and the flood pulse maintaining the stability of the river
channel during the flood season (Poff et al., 1997; Nikghalb et al.,
2016; Wang, 2017; Poft, 2018; Wang et al., 2018). River ecological
base flow aims to maintain the vertical connectivity of the river,
provide nutrients to the wetland, maintain an appropriate water
surface width of the river fish habitat, and ensure the smallest
living water area available for fish. A certain flow rate is required
during the fishes spawning period in order to provide guidance,
and the flow pulse surge is required to ensure that fish are
stimulated by the flow required for spawning at an appropriate
time. The flood process in the flood season mainly scoured the
riverbed sediment, stabilized the river channel structure, and
provided a migration channel for fish.

Assessment of the Ecological Water Requirement
Process of Indicator Species

Combined with the basic hydrological and meteorological data
of the river and the life habits in different life cycles (Morrison
et al., 1992; Jiang et al., 2005; Liu et al., 2008; Dudgeon, 2010;
Jiang and Wang, 2012; Shang et al., 2020), the MIKE 21 model
was used to simulate the changes in the river hydrological
process, the changes in the habitat of the indicator species
under different flows were analyzed, and the ecological water
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FIGURE 2 | The framework for ecological water requirement accounting from the perspective of habitat conservation.
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FIGURE 3 | The flow — habitat area curve of the indicator species in growing
period.

requirement process of the indicator species were evaluated
through habitat simulation. The peak value of the habitat area
during the growth period of the indicator species was Hi, yax.
In this article, we specified that when the area of the habitat
(i.e., Hpax) was 1/3, the minimum flow range suitable for the
survival and development of the indicator species was Gin Gmax
(Figure 3; Wang et al.,, 2020). Meanwhile, the peak value of the
habitat area of the indicator species in the overwintering period
was Hj, max, the minimum flow range suitable for winter was
Winin Winax» the peak value of habitat area in the spawning period
was H3_ jnax, and the minimum flow range was SyinSmax-

Extraction of Key Features of the Hydrological
Reference Group

When the reservoir had not been built upstream of the
hydrological station, the measured hydrological conditions were
used as a proxy for the natural hydrological conditions, and the
measured daily runoff series during this period was used as the
hydrological reference group (Ma et al., 2014). The characteristic
values of the hydrological reference group mainly focused on the
minimum flow and the high flow pulse.

The minimum value of natural flow N,,;, was considered
to be the lower limit of flow that all indigenous aquatic
organisms could tolerate. The minimum flows in the growth,
overwintering and spawning periods were NG, min> Nw, min>
and Ny, in, respectively. Statistics of the characteristics of high-
flow pulses under natural conditions were used to evaluate the
high-flow pulses among the ecological water requirement. To
calculate the variation range of the high flow pulse duration,
peak flow, rise rate, and fall rate under natural conditions, the
interval from the 1/3 quantile to the 2/3 quantile was taken as the
suitable range of the ecological water requirement of high flow
pulse duration (Py), peak flow rate (P,ay), rising rate (Prgre.r),
and falling rate (P4, f). The average flow rate of high-flow pulses
under natural conditions was taken as the appropriate value of
the average flow of the ecological water requirement of high-flow
pulses (Ppean)-

Determination of Ecological Water Requirement by
Coupling Results of the Habitat Simulation and
Features of the Hydrological Reference Group
Ecological base flow was provided throughout the year, and the
overlapping range of the flow range suitable for the indicator
species and the natural flow range was taken as the base flow
variation range Ejp, ,inEp, max»> as shown in equations 1, 2.

EG,min = max ( Gmin, NG,min) (1)

EG,max = min (Gmuxa NG,mux) (2)

A high flow pulse process based on the hydrological reference
group was focused on. The overlapping range of the flow range
suitable for spawning of the indicator species and the range of
low flow changes in the flooding period under natural conditions
were used to estimated the reproduction flow Es inEs, max> as
shown in equations 3, 4.

Es,min = max (Smina Ns,min) (3)

Es,max = min (Smax: Ns,max) 4)

To maintain the safety of life and properties in the floodplain
area, only non-floods are considered in this study. Based on
the flow-habitation area curve, a high-flow range suitable for
indicating the habitat of adult and larval species was selected.

Establishment of a Habitat Simulation
Model

Determination of Model Parameters

Solution Format

This study aimed to simulate water flow changes. The low-order
spatially discrete format could meet the accuracy required for
the simulation results and saved program run time. Therefore,
the low-order numerical calculation method was selected. The
minimum and maximum number of time step sets in this model
were 0.005 and 6000, respectively.

Wet and Dry Water Depths

In terms of dry and wet areas, it was necessary to set the dry water
depth, wet water depth, and submerged depth to avoid or reduce
the instability of the model. In this article, the recommended
values of dry water depth hg;,, submerged water depth hgy,4, and
wet water depth Ay, are 0.005, 0.05, and 0.1 m, respectively.

Vortex Viscosity Coefficient

In the model, the concept of “vortex viscosity” was used to
describe the integral of the fluid particles. In this article, the
form of the eddy viscosity coeflicient was set as a constant in the
simulation area, and the default value of the program was 0.28.

Roughness of the Bed Bottom

Roughness was one of the main parameters of the hydrodynamic
model. Whether its value was appropriate or not directly
affected the accuracy of the model and played a vital role in
the hydrodynamic model. Therefore, in this study, the change
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in water depth was an important process, and the Manning
coefficient should be selected as the bed bottom roughness. The
land use map was used to refer to the roughness table to extract
the most suitable Manning coefficient map.

Establishment of a MIKE 21 Hydrodynamic Model of
the Yellow River

The main steps for constructing the MIKE 21 hydrodynamic
model include splitting the terrain grid, creating boundary
conditions, calibrating sensitive parameters, and verifying model
results. The terrain grid file (*. mesh), time series file (*. dfs0),
result file (*. dfsu), and control file (*. m21) were all indispensable
files for building the model.

The quality of terrain meshing directly affects the accuracy of
the simulation results. MIKE Zero’s Mesh Generator was applied
for meshing terrain. The grid generator generates an ASCII file
that includes the geographic coordinates of each grid point,
elevation data, and the topological relationship between the grid
cells. The grid division needs to first determine the simulation
area of the model and the resolution of the terrain grid, and
then, the land boundary and the open boundary were defined.
After the grid division, the existing elevation data were used for
terrain interpolation.

Calibration and Verification of the Model
The model is calibrated using the flow velocity measured in 2015
to determine the simulated flow velocity and water depth. The
simulation time step was 600 s, the roughness coefficient and
Manning coefficient of the water area adopt the default value of
the model, and the roughness coefficient and Manning coefficient
of the reed area assigned according to the relevant research
results. The calibration period and the verification periods were
shown in Table 1, the calibration period was from 01/04/2015 to
01/05/2015, and the verification was divided into the following
two periods: the fish spawning period (15/07/2015 to 14/08/2015)
and flood period (01/09/2015 to 01/10/2015). The calibration
parameters were shown in Table 2. In this study, the fitting
coefficient R?, Nash Sutcliffe (ENS) and the relative error (RE)
between the measured value and the simulated value have been
used to evaluate the simulation accuracy of the model. The value
of ENS was between — co and 1. When it closer to 1, the reliability
of the model was higher; when it was much less than 0, the model
result was not credible. The magnitude of R? determined the close
correlation between measured and simulated values. When R?
was closer to 1, it means that the simulated value was closer to
the measured value, and the error between them was small.

By comparing the simulated flow with the measured flow,
it was found that the fitting coefficient R*> was 0.83-0.96, the
ENS was 0.82-0.95, and the RE was less than 5% (Table 3).

TABLE 1 | Calibration and verification of MIKE 21 model.

Start time End time Days Target

01/04/2015 01/05/2015 31 Calibration
15/07/2015 14/08/2015 31 Verification
01/09/2015 01/10/2015 31 Verification

TABLE 2 | Parameters setting of MIKE 21 model.

Parameters Value Parameters Value
Simulation 01/04/2015— Dry and wet water Dry water depth
time 01/05/2015 depth 0.005 m, wet water
depth 0.1 m
Step 600 s Roughness Spatial variation
coefficient and
Manning coefficient
Simulation 4,320 Initial flow velocity 380 m; initial flow
time steps and water depth velocity was 0

TABLE 3 | Calibration and verification results of the MIKE 21 model.

Sections Periods R2 Ens RE (%)

Lanzhou (L2) Callibration (14/04/2015) 0.95 0.86 4.7
Verification (03/08/2015) 0.96 0.95 3.0
Verification (25/09/2015) 0.85 0.83 3.0

Longmen (LM) Calibration (14/04/2015) 0.89 0.83 4.9
Verification (03/08/2015) 0.93 0.91 34
Verification (25/09/2015) 0.83 0.82 3.4

The verification results are shown in Figure 4. The above
results were generally reasonable. The established calculation
model was consistent with the characteristics of the basin’s flood
evolution, and the model’s calibration parameters could meet the
requirements. The model can be used to evaluate the ecological
water requirement.

Data Source

Meteorological Data

The precipitation, evaporation and wind speed data were
obtained from the China Meteorological Data website,!
specifically, the n/)poration and wind speed data were obtained
from the China Meteorological DatV3.0),” which contained the
daily values pressure, temperature, precipitation, evaporation,
relative humidity, wind direction, wind speed, sunshine hours
and 0 cm ground temperature elements of the 166 stations in
China since January 1951.

Land Use Data

The land use data were obtained based on the actual land
use maps already available for the Yellow River Basin.” The
land use maps included categories such as dry land, rural
settlements, sandy land, forested land, marshland, lakes, and
other land use types.

The Manning coeflicient was a very important parameter
in the hydrodynamic model, and the rationality of its value
directly affected the accuracy of the model simulation results.
To make the results of the model more realistic, it was usually
necessary to select different Manning coefficients as objects of
simulation to determine the appropriate Manning coefficient. In
the HD module of the MIKE 21 hydrodynamic model, a suitable

Uhttp://data.cma.cn/
thtp://wwwmesdc.cn/
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Manning coefficient map was extracted from the land use map to
refer to the roughness table.

DEM Data

The DEM data of the study area were extracted from the existing
DEM database (Geospatial Data Cloud?). The DEM used in this
article had a resolution of 30 m x 30 m.

Hydrological Data and Aquatic Biological Data

The hydrological data (1946-1956) of the study area
were collected from the Yellow River Water Conservancy
Commission.* The aquatic biological data of the study area were
extracted from the data published in Wu et al. (2006), Huang
etal. (2016), and Wang (2017).

RESULTS AND DISCUSSION

The ecological water requirement in the upper reaches of the
Yellow River was analyzed by selecting the LZ section in the
upper reaches, the LM section in the middle reaches. The runoff
of the QTX reservoir before construction (before 1958) and
WIJZ reservoir before construction (before 1994) was regarded
as approximately natural runoff, and the measured daily runoft
characteristics of the section from 1946 to 1956 were counted.
Moreover, S. lanzhouensis was selected as the indicator species
of the LZ section (Figure 5A), and C. carpio was selected as the
indicator species of the LM section (Figure 5B) to simulate the
process of the ecological water requirement in different periods.

The Habitat Distribution of the Main

Stream of the Yellow River
A habitat simulation model was established by the MIKE 21
model to simulate the habitat distribution of S. lanzhouensis in

*http://www.gscloud.cn/
*http:/fwww.yrcc.gov.cn/

different stages under different ecological flows (Figure 6). The
ecological water requirement process was obtained based on the
results of habitat simulation and features of the hydrological
reference group.

A habitat simulation model was established by
using the MIKE 21 model to simulate the habitat
A November to next March

. Soin Water depth 0.5 - 2 (m)
Spawning behavior is triggered

by stimulation of gonadal
development by water flow

May - June
Water flow 0.1 - 0.5 (m/s)
Water depth 0.5 - 2 (m)

July — October
Water flow 0 — 0.6 (m/s)
Water depth 1 - 2 (m)

November to next March
Water depth 0. 5 - 1.25 (m)

B

Spawning behavior is triggered
by stimulation of gonadal
development by water flow

April - June
Water flow 0.1 - 0.7 (m/s)
Water depth 0.5 - 1.25 (m)

July — October
Water flow 0 - 1.5 (m/s)
Water depth 0.25 - 3.25 (m)

FIGURE 5 | Environmental factors of fish habitat in the Yellow River (Wu et al.,
2006; Huang et al., 2016; Wang, 2017). (A) The environmental factors of
Silurus lanzhouensis habitat in the Yellow River. (B) The environmental factors
of Cyprinus carpio habitat in the Yellow River.
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FIGURE 6 | The habitat distribution of Silurus lanzhouensis at different flow rates of LZ. (A) Habitat distribution in spawning period. (B) Habitat distribution in growing
period.

distribution of C. carpio at different stages under different simulation and features of the hydrological reference
flows (Figure 7). An ecological water requirement group was used to obtain the ecological water
assessment method that coupled the results of habitat requirement process.
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FIGURE 7 | The habitat distribution of Cyprinus carpio at different stages
under different flows of LM. (A) Habitat distribution in spawning period.
(B) Habitat distribution in growing period.

The Key Features of the Hydrological
Reference Group

The river runoff before the construction of the LJX reservoir
(before 1958), the QTX reservoir (before 1958), the WJZ
reservoir (before 1994) and the SMX reservoir (before 1957)
was approximated as the natural river runoff, and the measured
daily runoft characteristics of the Lanzhou section from 1946 to
1956 were obtained. The characteristic values of the hydrological
reference group mainly focused on the minimum flow and the
high flow pulse.

For the LZ section, under natural conditions, the minimum
flow during the growing period of S. lanzhouensis (July
to October) was 614 m?/s, the minimum flow during the

The rising period of the main stream of the Yellow River was
from April to June. The daily average flow process of the Lanzhou
section from 1946 to 1956 showed that the high-flow pulses were
mainly concentrated in April and early to mid-June. Flow events
with a flow rate exceeding 1,180 m?/s (flow rate with a cumulative
frequency of 25% during the flood period in the natural period)
and a duration of more than 3 days are regarded as high flow
pulses. The occurrence of high flow pulses in the LZ and LM
section is shown in Tables 4, 5.

The Ecological Water Requirement
Process of the Main Stream of the Yellow

River

The ecological water requirement process of the key sections of
the main stream of the Yellow River was obtained by coupling the
results of habitat simulation and the features of the hydrological
reference group (Figure 8).

Lanzhou Section

The habitat spread throughout the main trough when the flow
was small, the habitat area gradually decreased as the flow
increased, and the habitat mainly spread in the caves or aquatic
plants on the edge of the water or in the middle of the river
with a suitable flow rate of 300-3,000 m®/s. The spawning season
was from late May to early July, and the suitable flow was 350-
720 m®/s during the spawning season. During the period from
November to the next March, the river mainly provides a winter
habitat for fish, and a flow of 120-200 m>/s could be fully satisfied.

Longmen Section

The habitat spread throughout the main trough when the flow
was small, the habitat area gradually decreased with the increase
in flow, and the habitat gradually concentrated on the edge of
the water area. The back-beach area of the floodplain formed a
suitable habitat, and the suitable flow range was 200-1,800 m?/s.
For the spawning ground, the habitat area increased significantly
when the flow was 300 m®/s during the spawning period (April-
June), which indicated that the river section was suitable for
the spawning of the C. carpio, for which the flow should reach
300 m®/s. During the period from November until the next
March, the river mainly provides a winter habitat for fish, and
a flow of 120-260 m3/s could be fully satisfied. In addition,
considering the actual conditions of the Yellow River water
volume and the demand for fish survival, the minimum flow
condition for meeting the water requirement of C. carpio in the
LM section was approximately 200 m3/s.

The Yellow River is famous for having a small amount of
water and a large amount of sand, and the amount of sediment
transport is an important part of its ecological water requirement.
As shown in Table 6, the suitable flow rates in the growing period
in the LZ and LM section were 300-3,000 and 200-1,800 m?/s;
the suitable flow rates in the spawning period in the LZ and
LM section were 350-720 and 260-400 m>/s; the suitable flow
rates in the overwintering period in the LZ and LM section were
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TABLE 4 | Characteristic values of the high flow pulse of Lanzhou during flood period before 1957.

Index Number Peak flow/(m?3/s) Average flow/(m3/s) Duration/days Ascent rate/[m3/(SD)] Decline rate/[m3/(SD)]
Mean 3 2,050 1,493 31 54 71
Max 1,250 1,200 20 28
Min 1.2 2,225 1,193 9 172 90
1/3 quantile 1 2,295 1,720 275 157
2/3 quantile 2 2,350 1,563 14 240 145
TABLE 5 | Characteristic values of the high flow pulse of Longmen during flood period before 1957.
Index Number Peak flow/(m?3/s) Average flow/(m®/s) Duration/days Ascent rate/[m3/(SD)] Decline rate/[m3/(SD)]
Mean 2.2 2,060 1,114 11 1983 165
Max 5 3,070 1,143 22 407 440
Min 0 1,120 980 4 150 150
1/3 quantile 1 1,220 1,046 7 70 70
2/3 quantile 2 2,070 1,193 12 200 180
A 4 High flow pulse: B 4 | High flow pulse:
Peak 1000-1400 m?/s; Flood: 1800-3300 m?3/s Peak 1000-1600 m?/s; Flood: 1700-2500 m?3/s
above 1000 m?/s lasts for 10-15 days lasts 4-5 days each time above 1000 m?*/s lasts for 10-15 days lasts 4-5 days each time
N
=y Spawning: % Spawning:
= 350-720 nf?/ o 260-400m3/s
é ecological > 7 days é ecological > 7 days
2 base flow: , 2 base flow:
290-350 m?/ -3 3
2 Sl ecological base flow | 2 2050 m & ecological base flow
S o / ’
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FIGURE 8 | The ecological water requirement process of the key sections of the main stream of the Yellow River.

TABLE 6 | The ecological water requirement for main sections of the main stream of the Yellow River.

Sections Ecological flow (m3/s)

Ecological flow in sensitive period (m3/s)

Ecological water requirement (m3/y)

9.1 x 109-11 x 109 m3

Lz 290-350 May-June: 350-720 (the spawning pulse: 1,000-1,400);
July-October: flood pulse (1,800-3,300)
LM 120-360 April-June: 260-400 (the spawning pulse: 1,000-1,600);

4.7 x 109-11.3 x 109 m3

July-October: flood pulse (1,700-2,500)

The flow during the breeding period should be maintained more than 5 days, the spawning pulse >10 days, and the flood pulse lasts 4-5 days.

120-200 and 120-260 m3/s, and the annual ecological water
requirement of the LZ and LM section was 9.1-11 x 10° and
4.7-11.3 x 10° m?, respectively.

According to the comprehensive planning of the Yellow River
Basin approved by the State Council points out that the minimum
ecological water requirement of Longmen section from April to
June was 180 m>/s, and the suitable ecological water requirement
was 240 m3/s (Yellow River Water Resources Commission, 2013).
In addition, it is proposed that the early warning flow of Longmen
section was 100 m?/s, and the minimum ecological flow of
each period obtained in this study was higher than the early

warning flow, and the results of ecological water requirement
were reasonable.

CONCLUSION

To maintain the ecological integrity of the river, a new assessment
method of ecological water requirement was proposed by
coupling the results of habitat simulation with the features
of the hydrological reference group, which was helpful for
quantitatively simulating the changes in the ecological water
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requirement of indicator fish in key sections of the Yellow River,
and it was effective for identifying the variations of the ecological
water requirement.

An ecological hydrological model of the main stream of the
Yellow River was constructed. Five cross-sections of the Yellow
River were selected to construct the eco-hydrological horizontal
pattern of the main stream of the Yellow River according to
the hydrological characteristics of different sections. The effective
habitat area of indicator fish under different characteristic
flows was simulated.

A method for the calculation of ecological water requirement
was proposed, combining habitat simulation results, hydrological
characteristics and the flood pulse. The ecological water
requirement process of indicator fish in the main stream of the
Yellow River was evaluated. The pulse flow process during the
spawning period from April to June was determined based on
the ecological flow elements from the simulation of daily runoff
processes in the LZ and LM sections from 1946 to 1956. For LZ
section, a high pulse flow process with a low flow peak should be
guaranteed in mid- to late May, and the peak flow should be at
least approximately 1,000 m>/s to provide spawning signals for
fish; the peak flow (i.e., from 1,200 to 1,600 m>/s) was 1 to 2
time during the high pulse flow process in May to June. For LM
section, a high pulse flow process with a low flow peak should be
guaranteed in mid- to late April, and the peak flow should be at
least approximately 1,000 m>/s to provide spawning signals for
fish; the peak flow (i.e., from 1,000 to 1,600 m3/s) was 1 to 2 time
during the high pulse flow process in May to June.

According to comprehensive habitat simulation of indicator
fish and the ecological water requirement process based on the
features of the hydrological reference group, the recommended
plans for meeting the ecological water requirement process of
the key sections of the main stream of the Yellow River have
been determined, including the flow peak, distribution time and
duration. The suitable flow rates in the growing period in LZ
and LM were 300-3,000 and 200-1,800 m>/s, respectively. The
suitable flow rates in the spawning period in LZ and LM were
350-720 and 260-400 m?/s, respectively. The suitable flow rates
in the overwintering period in LZ and LM were 120-200 and 120-
260 m*/s, respectively. The annual ecological water requirement
of the LZ, and LM section was 9.1 x 10°~11 x 10° and 7.9 x 10°-
15.4 x 10° m?, respectively.
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